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Introduct ion 

There i s  no doubt that the hydrogen-oqgen c e l l  possesses 
a number of important c h a r a c t e r i s t i c s  which have made it much e a s i e r  
t o  develop i n t o  p r a c t i c a l  u n i t s  capable of generating a useful amount 
of power, compared w i t h  hydrocarbon-air c e l l s .  It is perhaps worth- 
while b r i e f l y  t o  r ecap i tu l a t e  these cha rac t e r i s t i c s ,  and this w i l l  
make p l a in  the reasons for the  choice of the  p a r t i c u l a r  system which 
was developed at Cambridge, England. 

electrochemically much more e a s i l y  than any hydrocarbon f u e l ;  t h i s  
of course makes electrode design much eas ie r .  

possible t o  use a n  a lka l ine  e lec t ro ly te ,  which has obvious advantages 
i n  the lower cost  of mater ia ls  which can be employed f o r  the 
electrodes,  current c o l l e c t o r s  and other c e l l  par t s .  

Thirdly, the use of pure gases means that an unvented 
system i s  possible, and this eliminates the add i t iona l  problems 
which have t o  be faced when an i n e r t  d i luent ,  such as GO2 i n  a 
reformed hydrocarbon fue l ,  have t o  be vented from the system at 
the co r rec t  rate under a l l  load conditions; this would seem t o  
present qu i te  an i n t r i c a t e  con t ro l  problem, i f '  undue waste of f u e l  
i s  t o  be avoided. Moreover, groups of c e l l s  would presumably have 
t o  be f ed  i n  s e r i e s  wi th  the f u e l  gases, each group having i t s  
own control  valve; i t  would c l e a r l y  be too complicated t o  have a 
monitoring device on each c e l l  t o  regulate  the  gas f l o w  individual ly .  
Some of these arguments would a l s o  apply i f  a i r  i s  used instead of 
pure oqgen;and i n  addition, control  of the rate of  water removal 
from the vented system may be d i f f i c u l t  under conditions of varying 
air temperature and humidity. This i s  i n  contrast  t o  the hydrogen- 
oxygen system, i n  which the only react ion product i s  steam which 
can e a s i l y  be separated from the hydrogen i n  a simple air-cooled 
condenser, provided that the operating temperature of the c e l l s  i s  
somewhat above ambient; p a r a l l e l  f l o w  of hydrogen through a l l  the 
c e l l s  i n  a ba t t e ry  can be used without d i f f i c u l t y ,  and s m a l l  in- 
e q u a l i t i e s  of f l c w  through individual  c e l l s  a r e  of l i t t l e  consequence. 
Besides this, the higher partial pressures of the react ing gases, 
using pure hydrogen and oxygen, lead t o  a higher c e l l  performance 
and a higher l imi t ing  current.  

F i r s t  of a l l ,  i t  i s  w e l l  hown that hydrogen r e a c t s  

Secondly, t h e  use of pure hydrogen and oxygen makes i t  

It m u s t  be admitted that even w i t h  very pure gases, 
occasional venting of the system t o  atmosphere i s  usual ly  necessary, 
owing t o  the gradual build-up of i n e r t  d i luents ;  but this, i n  our 
experience at Cambridge, need only be done very occasionally, 
especial ly  i f  e l e c t r o l y t i c  gases a r e  used, and can e a s i l y  be done 
by hand. 
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Fourthly, there i s  t h e  poss ib i l i t y  of operat ing the ba t te ry  
a t  considerably e leva ted  pressures.  T k i s  has the advantage of reducing 
ac t iva t i cn  pc l a r i za t ion  of the  electrodes and so y ie ld ing  possible  
savings i n  weight, bulk and electrode cost .  The use of e levated 
pressures a l so  makes i t  possible  t o  operate with an increased partial  
pressure of  water vapour and hence a higher e l ec t ro ly t e  conductivity 
and a more compact ccndenser. It i s  r e l a t ive ly  simple t o  supply 
pure hydrogen and oxygen a t  e levated pressure, but,  with a hydro- 
carbon-air ce l l ,  t he re  would be complications and a heavy p a r a s i t i c  
load due t o  the compressors. 

be made s e l f - s t a r t i n g  frcm cold; th i s  w a s  not  a feature of the c e l l s  
developed at Cambridge, where the  decis ion had been taken t o  operate 
a t  t he  highest  p rac t icable  temperature so as t o  minimize the problems 
associated with e lec t rode  a c t i v i t y .  However, o ther  workers have 
demonstrated hydrogen-oxygen c e l l s  w i t h  lower temperatures of operation, 
which w i l l  s t a r t  from cold though r e l a t ive ly  cheap ca t a lys t s  a r e  used; 
a l t e rna t ive ly ,  very small  amcunts of precious metal ca t a lys t s  may be 
emplcyed with E G C d  results i n  tkis respect ;  i t  i s  assumed that one of  
the many nev t y p e s  cf electrode, which depend on a degree of semi- 
wetness i n  the a c t i v e  layers ,  wculd be used. 

I t  should be added that e f f o r t s  were made, qu i te  ea r ly  i n  
the work t o  th ink  i n  terms of a complete working system ra the r  than 
i n  terms cf s ing le  c e l l s ,  or even a ba t t e ry  of c e l l s ;  and before the 
work was clcsed down at Cambridge, a complete working system was 
evolved, including gas admission, and cont ro l  of  temperature, 
e l e c t r c l y t e  concentrat ion and pressure difference across  electrodes,  
under bo th  steady and rapidly varying loads, with a u n i t  of 40 c e l l s  
which wculd develop u p  t o  6 kw of power. (1) 

Personnel 

f i n a n c i a l  reasons, i t  w a s  e s s e n t i a l  t o  break as l i t t l e  f r e s h  ground 
as  possible ,  and the  p r a c t i c a l  experience of b o t h  ba t t e ry  and 
e l ec t ro lyse r  manufacturers was f r e e l y  drawn upon; up till  1941, t he  
authcr wGrked alone, t h e  work being supported by Merz and McLellan, 
the  well-known ccnsul t ing  engineers.  From 1946-51, addi t iona l  he lp  
was given by one part-time consultant,  the  work being done i n  the 
Departments of Col loid Science, and Metallurgy, Cambridge University. 
After this a small team w a s  gradually bu i l t  up i n  the Department of 
Chemical Engineering, Cambridge, the team ccns is t ing  of two chemists, 
cane meta l lurg is t ,  one engineer (author)  and three a s s i s t an t s ,  besides 
LLwc part-time consul tants ,  one being a physicis t  and t h e  other  an 
electrcchernist. This team was unfortunately completely disbanded rfn 
1956 cwing tc l ack  of support. 
by t h e  E l e c t r i c a l  Research Association, w i t h  addi t iona l  help from 
the  Ministry cf Fuel and Power, and the Admiralty. I n  1957, 
another  team was b u i l t  up with the  he lp  cf the  National Research 
Development Ccrpcration, a t  Marshall of Cambridge Ltd., the  t o t a l  
numbers of  the team reaching a m a x i m u m  of fourteen, including one 
chemist, om metallurgist and three  engineers,  besides f i v e  part-time 
consul tants ,  cne being a chemist, one a meta l lurg is t ,  one a control  
engineer and t w G  chemical engineers.  

F i f th ly ,  t he re  i s  the  importai t  f a c t  t h a t  hydrogen c e l l s  can 

As i t  w a s  only possible  t o  employ very small teams, for 

From 1946-56 the work was financed 

Once again the team w a s  completely 
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disbanded i n  1961 owing t o  lack of i n d u s t r i a l  support i n  England. 
It should be added that the help given by the consultants was 
invaluable; a l l  were men of wide t h e o r e t i c a l  howledge and much 
p r a c t i c a l  experience, and without their help some ser ious mistakes 
would undoubtedly have been made. 

Further Develoments i n  Hydropen-Oxygen Cel ls  

The author has not ca r r i ed  out any experimental work since 
1961, but i t  has been most i n t e r e s t i n g  t o  watch the  work of others 
during this time, p a r t i c u l a r l y  the wonderful developnents which have 
taken place i n  the United S ta tes .  

and r e l i a b l e  b a t t e r i e s ,  using hydrogen and oxygen, have been produced, 
these b a t t e r i e s  being completely equipped w i t h  controls  which w i l l  
dea l  w i t h  a l l  load conditions including rapidly varying loads; i n  
addi t ion t o  this ,  many a r e  s e l f - s t a r t i n g  from cold. The first cost 
i s  s t i l l  high, but this i s  systematical ly  being reduced. I s  it 
possible that some commercial app l i ca t ion  could now be found f o r  
this type of ce l l ,  apa r t  from space and m i l i t a r y  uses? 

Storage of Gases 

hydrogen-oxygen b a t t e r i e s  f o r  say t r a c t i o n  purposes is, i n  the 
author 's  view, associated w i t h  the storage of the gases, i n  pa r t i cu la r  
the storage of hydrogen; it seems inconceivable that l iqu id  hydrogen 
could ever become a commercial fue l .  It is, therefore,  very important 
t o  watch f o r  any new deve lopen t s  i n  science and engineering which 
could have a bearing on this d i f f i c u l t  problem of hydrogen storage. 
As recent ly  as 1959, the bes t  r a t i o  which could be quoted f o r  weight 
cf hydrogen ca r r i ed  t o  weight of container w a s  1 t o  100; this was 
f o r  nickel-cbome-molybdenum forged steel  cylinders,  w i t h  a working 
pressure of 3,000 p.s . i .  ( 2 ) .  Since that time, considerable d e v e l o p  
ment has taken place i n  the design of gas vessels  and a r a t i o  of 
1 t o  4 3  can be quoted f o r  weight o f  hydrogen t o  weight of s t e e l  w i t h  
a gas pressure of 3,600 p . s . i . ;  a low carbon chrome-molybdenum s t e e l  
i s  used a t  present, and welded construction; these f igu res  refer t o  
spheres, and assume that a l l  the gas can be used, which i s  not 
s t r i c t l y  accurate but which does not introduce a se r ious  e r ror .  
Taking an average voltage of 0 . 8 ~  per c e l l ,  and assuming the  above 

I weight r a t i o  of 1 t o  43  f o r  hydrogen, and assuming a l s o  that oxygen 
i s  ca r r i ed  as w e l l ,  the  weight of  gas vessels  + hydrogen + oxygen 

I comes out a t  about 8.1 lb/kwh. generated; w i t h  hydrogen alone, the 
weight would be 4.7 lb/kwh generated. 

These gas vessels  a r e  not a l l y  used i n  missiles and 
mi l i t a ry  a i r c r a f t ,  but a l s o  i n  c i v i l  a i r c r a f t  where very h igh  
standards of s d e t y  a r e  of course required. Pa r t ly  as a result of 
the American space programme, even f u r t h e r  improvements I n  design 
appear t o  be under way; but i t  seems impossible t o  prophesy when, 
or even whether, r e s i n  f i b r e  g lass  containers w i l l  become a 
p r a c t i c a l  proposit ion f o r  the storage of hydrogen under ordinary 
comerc ia1  conditions. The whole question of ultra N g h  s t r eng th  
mater ia ls  i s  being in t ens ive ly  s tudied i n  many parts of the world ( 3 )  , 
and i t  seems possible that, i n  the future ,  f u r t h e r  reductions i n  the 
weight of gas vessels  w i l l  be achieved. 

The s t age  has now been reached where completely automatic 

The p r inc ipa l  technical  d i f f i c u l t y  preventing t h e  use of 

, 
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Other f a c t o r s  which must be taken i n t o  account are volume, 
ccs t ,  safety and convenience, but i t  i s  not possible t o  go i n t o  these 
closely i n  this shor t  paper. I n  the past ,  it has always been the 
weight which has made gas s torage  r e l a t i v e l y  una t t rac t ive .  

Possible Applications f o r  Hydrogen-Oxygen Ca l l s  

t r a c t i o n  a re  the most promising appl icat ions f o r  f u e l  c e l l s ;  this I 

appl ies  pa r t i cu la r ly  i n  the  case of shor t  range t ransport  i n  ci t ies,  
using public s e rv i ce  vehic les .  
numbers of b a t t e r y  dr iven  de l ivery  vehic les  are used - the numbers 
have now r i sen  t o  over $0,000 - and these are able  t o  compete on 
l eve l  terms w i t h  engine dr iven vans, i n  s p i t e  of the weight and 
high f irst  cost  of the  lead/acid b a t t e r i e s ;  t h i s  i s  bas i ca l ly  
because of the lower cos t  per m i l e  of e l e c t r i c i t y  compared w i t h  
taxed gasoline,  and a l s o  because of the lower maintenance cos ts  of 
ba t t e ry  driven vehic les ,  under the rather spec ia l  s t o p s t a r t  
conditions under which de l ivery  vans have t o  operate) and this i s  
i n  s p i t e  of a much higher  c a p i t a l  cost ,  part of which i s  due t o  
the cos t  of t he  b a t t e r y  i t se l f ,  and part t o  the f a c t  t ha t  mass 
producticn methods cannot be used f o r  the small numbers of vehicles 
produced. It i s  hoped that the  f u e l  c e l l  w i l l  eventually extend the 
f i e l d  of ba t te ry  t r a c t i o n  i n t o  a reas  where the  weight of lead 
batteries precludes the p o s s i b i l i t y  of e l e c t r i c  t rac t ion ,  owing t o  
the fact tha t  a rather higher speed and longer range are required.  

ba t te ry ,  at 80 amp discharge,  has been given as 12.8 kwh.; t h i s  w a s  
f o r  a 20 cwt pay load  de l ive r  vehicle  w i t h  a speed of 15-18 m.p.h. . This capaci t  would requi re  a weight and a range of 25-30 miles (49 
of hydrogen + oxygen + gas vesse ls  of 12.8 x .1 = 104 lb .  Assuming 
that the  weight of modern low temperature low pressure hydrogen-oxygen 
batteries on normal load  i s  about 40 lb./kw., and also assuming that 
a power of 5.3 kw. i s  requi red  on normal load (4), the weight of the 

weight would be 316 lb. 
for a lead t r a c t i o n  ba t t e ry ,  on a 2-3 hour discharge basis, a 
conventional ba t t e ry  would weigh 1,220 lb .  If  these f igu res  can 
indeed be substant ia ted,  i t  would appear that hydrogen-oxygen 
batteries cannot be ruled out  f o r  sho r t  range road t r ac t ion ,  on a 
weight basis ;  i n  f a c t  they appear t o  be more or l e s s  subs tan t ia ted  
by W i l l i a m  T. Reid (5) i n  an  estimate deal ing w i t h  a passenger road 
vehic le  w i t h  a range of 150 miles a t  40 m.p.h. 
extremely d i f f i c u l t  t o  compete on l e v e l  terms w i t h  i n t e r n a l  combustion 
engines, espec ia l ly  if  a long range i s  required between re-fuel l ings;  
but a s i l e n t  fume-free propulsion system would have many a t t r ac t ions  
fcr publ ic  se rv ice  vehic les  i n  c i t i e s ,  where they could e a s i l y  re turn  
each night  t o  a c e n t r a l  r e fue l l i ng  s t a t ion ,  thus avoiding the high 
cost  normally assoc ia ted  w i t h  the  d i s t r ibu t ion  of hydrogen i n  cylinders. 
Reid (5) concludes that running costs ,  using e lec t ro lysers  f o r  gas 
production, would <compare favourably w i t h  gasoline-powered engines, 
even i n  the United S ta t e s ,  and the  comparison should be even b e t t e r  
i n  the  United Kingdom, though the ana lys i s  admittedly ignores the  t a x  
problem. Sc far, b a t t e r y  dr iven vehicles  have been exempt from any 
fcm of fue l  tax i n  the U.K. 

It has always seemed t o  the author that road and r a i l  

I n  the United Kingdom qui te  l a rge  - 

The e f f e c t i v e  capaci ty  of a typ ica l  lead-acid t r a c t i o n  

6 

ba t t e ry  alone would be 212 l b . ;  complete w i t h  gas vessels,  t he  t o t a l  \ Taking an up-to-date f igu re  of 10.5 wh/lb 

It i s  admittedly 

A s  regards the engineering problems 
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associated w i t h  the s torage and t r a n s f e r  of compressed gases, much 
experience w a s  obtained i n  England, before  and during the Second 
World War, i n  the use of compressed coal  gas as a f u e l  f o r  propel l ing 
buses, and no spec ia l  d i f f i c u l t i e s  were encountered (2) .  

Conclusion 

It has f o r  many years  been rea l ized  that there are two 
a l t e rna t ive  appl ica t ions  f o r  f u e l  c e l l s ;  one i s  the t a s k  of producing 
b a t t e r i e s  which w i l l  consume a hydrocarbon fuel  and a i r ;  the other  
concerns the p o s s i b i l i t y  of s t o r i n g  e l e c t r i c a l  energy; the author 
has always been drawn towards the l a t t e r  appl icat ion.  It i s  t r u e  
that  the ove ra l l  e f f ic iency  of the double process i s  not  l i k e l y  a t  
present t o  exceed 50 per cent (6)  and might indeed i n i t i a l l y  be 
somewhat below t h i s  f igu re  (7 ) ;  but i t  i s  hoped that, before  long, 
Scme of the  knowledge acquired by f u e l  c e l l  workers w i l l  be applied 
t o  the process of e l e c t r o l y s i s ;  th is  would e n t a i l  extensive tes ta  f o r  
endurance, i n  view of the present t rouble-free l i f e  of at  least ten  
years, which i s  now expected w i t h  ex i s t ing  designs. Further,. i t  i s  
l i k e l y  that, i n  the foreseeable  future, very cheap off-peak power 
w i l l  become ava i lab le  12 the  United Kingdom; i n  an a r t i c l e  on "Large 
Scale Storage of Energy A. B. H a r t  (8) states that w i t h  nuclear  
s t a t ions  off-peak power may be ava i lab le  f o r  s torage a t  a generating 
C G s t  of 0 .25 penny ( o r  2.9 m i l s )  per kwh, though t h i s  does not mean 
that i t  could be so ld  t o  a consumer a t  this  very low pr ice .  

can be  achieved, it would not be a very b ig  s t e p  t o  des ign  a la rger  
plant  su i t ab le  f o r  propel l ing r a i l c a r s ,  where the problems of weight 
and space a r e  much less severe than w i t h  road t ranspor t ;  many ba t t e ry  
driven r a i l c a r s  are now i n  use i n  Germany, where conditions are 
favowable  for this appl icat ion.  

If p r a c t i c a l  power p lan ts  f o r  shor t  range road t ransport  

Lastly,  i t  i s  hoped that the suggestions contained i n  this  
paper, which may be regarded as very react ionary,  w i l l  not be taken 
as de t rac t ing  i n  any way from the magnificent work which i s  being 
done i n  many pa r t s  of the world on hydrocarbon-air c e l l s ;  but the  l a t t e r  
pro jec t  s t i l l  seems some way from complete fu l f i lment ,  and it would, 
i n  t h e  au thor ' s  opinion, be of immense bene f i t  t o  the whole f u e l  Cel l  
scene if some subs t an t i a l  commercial appl ica t ion  could be found quite 
som,  even i n  a l imi ted  sphere such as the  one suggested. 
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HYDROCARBON-AIR FUEL CELL SYSTEMS 

D r .  Galen R. Frysinger  

Energy Conversion Laboratory 
U. S. Army Engineer Research and Development Laborator ies  

For t  S e l v o i r ,  Vi rg in ia  22060 

INTRODUCTION 

I n  reviewing t h e  s ta te-of- the-ar t  I wish t o  include a l l  hydrocarbon- 
a i r  s y s t e m  conf igura t ions .  This  i s  def ined broadly t o  inc lude  a l l  f u e l  c e l l  
systems which u t i l i z e  a hydrocarbon f u e l  and an a i r  oxidant. The f o u r  v a r i a t i o n s  
which have been under i n v e s t i g a t i o n  a t  t h i s  labora tory  are shown schematical ly  i n  
Figure 1. 

EXTERNAL REFORMER INDIRECT SYSTEM 

The e x t e r n a l  reformer i n d i r e c t  systems are based on t h e  use of s e p a r a t e  
hydrocarbon reformers t o  l i b e r a t e  the  bound hydrogen energy of a l i q u i d  hydro- 
carbon fue l .  
reforming process  has  been of commercial importance f o r  some t i m e .  
however, has emphasis been placed on s i m p l i f i c a t i o n  and minia tur iza t ion  of these 
process  p l a n t s  t o  become compact hydrogen genera tors  f o r  f u e l  c e l l  systems. The 
f i r s t  hydrogen generators  f o r  f u e l  cel l  systems which w e r e  constructed over t h e  
l a s t  few years  using n a t u r a l  gas ,  methanol, o r  JP-4 a s  t h e  f u e l  were q u i t e  bulky 
and heavy because they u t i l i z e d  l a r g e l y  s ta te -of - the-ar t ,  off-the-shelf type 
process  components. These hydrogen genera tors ,  themselves, weighed between 100 
and 200 lbs/KW equivalent  of hydrogen produced. 
Engelhard reformer f a b r i c a t e d  under cont rac t  t o  USAERDL, a s p e c i a l  f u e l  and 
water  pump and a i r  blowers were developed t o  g r e a t l y  reduce t h e  weight and t h e  
e l e c t r i c a l  power consumed by these  a u x i l i a r i e s .  
placed on t h e  design of very l ightweight  systems. 
systems which are s t i l l  a t  t h e  design (Contract DA-44-009-AEiC-967(T) with P r a t t  
and Whitney A i r c r a f t )  or very e a r l y  development s tage ,  i t  is est imated t h a t  about 
40-45 lbs/KW must be  assigned t o  t h i s  major component. 

Hydrogen produced from hydrocarbons by t h e  conventional steam 
Only recent ly ,  

I n  one ins tance ,  with the  

Only recent ly  has  emphasis been 
Based on hydrogen reformer 

A second major component of an i n d i r e c t  system is  t h e  hydrogen-air f u e l  
c e l l  s tack  o r  module. Based on e l e c t r o d e  performances of g r e a t e r  than 200 amps 
per  square f o o t  a t  0.8 v o l t s  per  s i n g l e  ce l l ,  t h i s  component should have a weight 
of 15-20 l b s  per  KW f o r  a 28 v o l t  s t a c k  i n  t h e  2-10 KW s i z e  range. 

A t h i r d  major component f o r  an a.c. fuel  c e l l  powerplant i s  t h e  combination 
vol tage  regula tor  and i n v e r t e r .  
USAERDL i n d i c a t e s  t h a t  i n v e r t e r  weights are within t h e  range of 10-15 lbs/KW of 
n e t  a .c .  output .  
evident  t h a t  only about 20 t o  30 lbs/KW are allowable f o r  t h e  a u x i l i a r i e s  i f  a 

Recent experience with hardware procured by 

By adding toge ther  t h e  weights of these  major components i t  is 
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power dens i ty  of 100-110 lbs/KW i s  t o  b e  obtained f o r  a t o t a l  a.c. output ,  
f u e l  c e l l  powerplant. 
with conventional engine genera tors .  

A power dens i ty  of 100 lbs/KW i s  roughly t h a t  obtained 

Therefore, f o r  a f u e l  c e l l  powerplant t o  be weight competitive, a major 
emphasis m u s t  be placed on process  s i m p l i f i c a t i o n .  
is b e s t  achieved by e l i m i n a t i o n  of unneeded components. To c i t e  one example, 
i n  an Army f u e l  c e l l  powerplant f o r  operat ion i n  the  f i e l d ,  adequate moisture 
must be reclaimed f o r  use i n  the  steam reformer t o  avoid t h e  need f o r  makeup 
water. In the  present  A l l i s  Chalmers 5 KW system (USAERDL Contract DA-44-009- 
AMC-240(T)), Figure 2 ,  p a r t  of  t h i s  moisture is  reclaimedfmm t h e  a i r  exhaust ,  
but t h e  major por t ion  comes from t h e  evaporation and condensation i n  an a i r  
s t ream of water removed from a c i r c u l a t i n g  KOH stream. 
water  removal p l a t e  be  included next  t o  each hydrogen e lec t rode  i n  each s i n g l e  
c e l l  t o  allow the  excess  moisture  t o  come i n  contac t  with and d i l u t e  t h e  
c i r c u l a t i n g  KOH. In  t h i s  system p a r t  of t h e  water is  reclaimed a l s o  from t h e  
reformer combustion exhaust .  

Major weight reduct ion 

This requi res  t h a t  a 

I n  a much s impl i f ied  s y s t e m  now being s tudied  (Contract DA-44-009-AMC-967(T) 
with P r a t t  and Whitney A i r c r a f t )  a l l  of t h e  moisture from t h e  c e l l  is  removed 
i n  t h e  a i r  exhaust which i s  used as the  combustion a i r  f o r  the  reformer burner. 
A s i n g l e  condensor is t h e r e f o r e  a l l  t h a t  would be required t o  condense t h e  
required water from t h e  burner  exhaust. This s i m p l i f i c a t i o n  would el iminate  
two condensors, blowers, va lves  and piping as  wel l  as  s implifying the  c e l l  s tack  
cons t ruc t  ion. 

Future  wide a p p l i c a t i o n  of i n d i r e c t  systems w i l l  be dependent on research 
t o  achieve grea t ly  improved cur ren t  d e n s i t i e s  and t o  p r o t e c t  the  reformer c a t a l y s t  
from the  s u l f u r  impur i t ies  found i n  present ly  ava i lab le  l i q u i d  hydrocarbon f u e l s .  
Research now i n  progress  i n d i c a t e s  t h a t  cur ren t  d e n s i t i e s  s e v e r a l  times t h e  200 
ASF a t  0.8 V ,  which is now state-of- the-ar t ,  may be achieved i n  hydrogen-air c e l l s  
with very l o w  o r  no platinum metal content  of t h e  e lec t rodes .  Likewise, research 
s t u d i e s  i n d i c a t e  t h a t  t h e  "guard c a t a l y s t " ,  renewable c a r t r i d g e ,  technique may be 
a p p l i c a b l e  t o  pro tec t  t h e  compact hydrogen generator  c a t a l y s t  from excessive 
degradat ion due t o  s u l f u r  impur i t ies .  

INDIRECT ACID ELECTROLYTE SYSTEMS 

The d e s c r i p t i o n  and weight pred ic t ions  already given a r e  based on a pure 
hydrogen a l k a l i n e  e l e c t r o l y t e  system which involves  a major weight penal ty  due t o  
t h e  inc lus ion  of a scrubber t o  remove the small  amounts of carbon dioxide present  
i n  t h e  incoming a i r  and f o r  a hydrogen d i f f u s i o n  membrane p u r i f i c a t i o n  system. 
For an i n d i r e c t  system based on an a c i d  e l e c t r o l y t e  hydrogen-air f u e l  c e l l  module, 
t h e  carbon dioxide scrubber would not  be required and a l s o  the  p o s s i b i l i t y  e x i s t s  
t h a t  an impure hydrogen contaminated with small o r  moderate amounts of carbon 
monoxide, may b e  u t i l i z e d  d i r e c t l y .  The a t t r a c t i v e n e s s  of t h e  acid e l e c t r o l y t e  
system, however, depends l a r g e l y  on t h e  power dens i ty  which can be achieved i n  
t h e  hydrogen-air c e l l  s tack  and t h e  e f f i c i e n c y  with which hydrogen and a i r  can 
b e  e lectrochemical ly  converted i n  t h e  ac id  e l e c t r o l y t e  system. Because of the  
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s i g n i f i c a n t  system s i m p l i f i c a t i o n s ,  research  emphasis is being placed on 
e lec t rode  s t r u c t u r e s  and e l e c t r o c a t a l y s t s  f o r  t h e  anodic oxida t ion  of hydrogen- 
carbon monoxide mixtures with a i r .  Under Contract DA-44-009-AMC-479(T) with 
General E l e c t r i c  a tungsten oxide-platinum black e l e c t r o c a t a l y s t  system has  
shown high a c t i v i t y  f o r  t h i s  mixture. 
p l a s t i c  c e l l  components and a c i r c u l a t i n g  e l e c t r o l y t e  coolant ,  a module of com- 
parable  power dens i ty  t o  t h a t  of an a l k a l i n e  system may be  achieved even with 
t h e  lower vol tages  of t h e  a c i d  e l e c t r o l y t e  s i n g l e  cell.  

Using very t h i n  e l e c t r o d e s  and l ightweight  

INTERNAL REFORMER INDIRECT SYSTEM 

The p r i n c i p a l  disadvantages of an e x t e r n a l  reformer are t h e  need t o  opera te  
t h e  reformer a t  temperatures  of about 1400'F t o  produce s i g n i f i c a n t  q u a n t i t i e s  
of hydrogen, and t h e  need t o  cont ro l  t h e  hydrogen production rate t o  match ex- 
a c t l y  t h e  f u e l  requirements of t h e  c e l l  a t  a l l  t i m e s .  
c e l l  developed by P r a t t  and Whitney (Contract DA-44-009-AMC-756(T) f o r  operat ion 
with hydrocarbons and a i r  may overcome some of these  problems. 
t h e  hydrocarbon-steam r e a c t i o n  occurs i n  a c a t a l y s t  bed which i s  i n  d i r e c t  
contact  with the  f u e l  c e l l  anode. With a concentrated potassium hydroxide 
e l e c t r o l y t e  the  c e l l  can be operated a t  500°F, a t  which t h e  equi l ibr ium f o r  
hydrocarbon-steam r e a c t i o n s  i s  such t h a t  only a s m a l l  percentage of hydrogen is 
produced. However, a s  t h e  f u e l  c e l l  anode consumes t h e  hydrogen by d i f f u s i o n  
through t h e  s i lver-pal ladium anode, t h e  equi l ibr ium is  s h i f t e d  so t h a t  it is  
poss ib le  t o  convert a high proport ion of  t h e  f u e l  t o  hydrogen and t o  u t i l i z e  
t h i s  hydrogen i n  t h e  anode reac t ion .  
s i n c e  t h e  endothermic reform reac t ion  takes  i t s  h e a t  requirement d i r e c t l y  from 
t h e  waste h e a t  of the c e l l .  Such a system is l a r g e l y  s e l f - c o n t r o l l i n g  s i n c e  
hydrogen is produced only as f a s t  as it is  required by t h e  anode. 

The i n t e r n a l  reforming 

In  t h i s  cel l ,  

This type of c e l l  can be more e f f i c i e n t  

The s t a t u s  of t h i s  system and i ts  a b i l i t y  t o  u t i l i z e  hydrocarbon f u e l s  w i l l  
be discussed i n  d e t a i l  i n  another  paper i n  t h i s  symposium. 

The p r i n c i p a l  research problem is t o  f i n d  t h e  optimum reforming c a t a l y s t .  
The c a t a l y s t  should have very high a c t i v i t y  ( f a s t  k i n e t i c s  f o r  t h e  hydrocarbon 
t o  hydrogen reac t ion)  a t  500'F and be s t a b l e  f o r  long term operat ion.  The 
commercially a v a i l a b l e  r e f o n i n g  c a t a l y s t s  designed f o r  higher  temperature  
(1500OF) operat ion a r e  not  n e c e s s a r i l y  t h e  b e s t  f o r  t h i s  lower temperature 
reforming. Ser ious c a t a l y s t  a c t i v i t y  decay problems have been encountered. 
The r e l a t i v e  a t t r a c t i v e n e s s  of t h e  i n t e r n a l  reforming hydrocarbon-air system w i l l  
depend l a r g e l y  on what improvements a r e  poss ib le  i n  t h e  long term s t a b i l i t y  of 
t h e  reformer c a t a l y s t s .  

PARTIAL OXIDATION OF L I Q U I D  FUELS 
AND MOLTEN CARBONATE FUEL CELLS 

The a i r  p a r t i a l  ox ida t ion  of l i q u i d  hydrocarbon f u e l s  is i n s e n s i t i v e  t o  
t h e  f u e l  type o r  t h e  amounts of s u l f u r  found i n  m i l i t a r y  f u e l s .  Under Contract 
DA-44-009-AMC-S4(T) (Texas Instruments) ,  marine white  gaso l ine ,  JP-4, kerosene, 
Number 2 d i e s e l  f u e l ,  and CITE engine f u e l ,  ranging i n  s u l f u r  content  from 30 ppm 
t o  3,200 ppm, were successfu l ly  converted t o  e l e c t r i c a l  power i n  a p a r t i a l  
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oxida t ion  molten carbonate  f u e l  c e l l  system. The unpurif ied product of 
p a r t i a l  oxidat ion i s  u t i l i z e d  d i r e c t l y  i n  the  molten carbonate f u e l  c e l l .  
The s u l f u r  is  car r ied  i n t o  the  anode a s  hydrogen s u l f i d e  but  does not  adversely 
a f f e c t  performance. The molten carbonate e l e c t r o l y t e  system, Figure 3 ,  due t o  
i t s  higher  temperature of opera t ion  tends t o  be more rugged and heavier  than 
competing systems. The a u x i l i a r i e s  a r e  s impl i f ied ;  no l i q u i d  water  must be  
condensed and the s t a c k s  can probably be a i r  cooled. The ce l l  s t a c k  i n  t h i s  
case represents  about 50% o f  the t o t a l  weight. This.means t h a t  t h e  current  
d e n s i t i e s  which can b e  achieved a r e  a very important f a c t o r  i n  determining 
t h e  t o t a l  weight of the  system. Today 30 wat t s / sq  f t  i s  rout ine ly  achievable 
and 40-60 watts /sq f t  can most l i k e l y  be achieved by minor engineering improve- 
ments. Power d e n s i t i e s  of g r e a t e r  than 100 watts/sq f t  a r e  requi red ,  however, 
i f  t h e  molten carbonate system i s  t o  be competitive i n  t h e  3-10 KW power range. 
S i g n i f i c a n t l y  more research  emphasis m u s t  be placed on understanding the e lec t rode  
l i m i t a t i o n s  with t h i s  mixed f u e l  and a i r  and t h e  design and t e s t i n g  of more a c t i v e  
e lec t rode  s t r u c t u r e s .  

D I R E C T  OXIDATION 

The s t a t u s  of d i r e c t  ox ida t ion  hydrocarbon f u e l  c e l l  research and preliminary 
engineer ing i s  being ably d iscussed  by o t h e r s  i n  t h i s  symposium. I wish t o  add 
t o  t h i s  only by s t r e s s i n g  two major po in ts .  

Tremendous progress  h a s  been made over the  l as t  s e v e r a l  years  i n  anodical ly  
oxid iz ing  hydrocarbon f u e l s  a t  an e lec t rode .  Whereas, t h r e e  years  ago the  
a b i l i t y  t o  oxidize s a t u r a t e d  hydrocarbons a t  lower temperature (150-200°C) and 
atmospheric pressure w a s  quest ioned,  today 10-15 wat t s / sq  f t  with n-octane can 
b e  rout ine ly  obtained with e lec t rodes  with usefu l  l i v e s  of over 1000 hours. 
Twenty watts/sq f t  is a l e g i t i m a t e  goal f o r  t h i s  year. The cur ren t  dens i ty  a t  
a c e l l  vo l tage  of 0 .5  t o  0.6 v o l t s ,  however, must be g r e a t l y  increased f o r  a 
d i r e c t  oxidat ion system t o  become a t t r a c t i v e .  A s e v e r a l  f o l d  increase  i n  current  
dens i ty  m u s t  be achieved whi le  a t  the  same t i m e  g r e a t l y  reducing t h e  platinum 
content  of t h e  e l e c t r o d e s .  The progress  has been very encouraging but a 
tremendous amount of research  must s t i l l  be  devoted t o  understanding the complex 
na ture  of hydrocarbon anodic oxidat ion.  

Most of the work t o  d a t e  has been done on pure s i n g l e  component hydrocarbon 
f u e l s .  Work now i n  progress  is determining t h e  to le rance  of e lec t rodes  t o  
o l e f i n i c ,  naptha l in ic  and aromatic  components. The f u t u r e  " fue l  c e l l  fuel"  
may not be what we burn i n  our automobiles today, but economics d i c t a t e  t h a t  it 
w i l l  be a multi-component f u e l  which can be  produced from a petroleum ref inery .  
Greater  research emphasis m u s t  be placed on t h e  d i rec t  oxidat ion of  r a f f i n a t e s  
and o ther  complex f u e l  mixtures .  

CONCLUSIONS 

I n d i r e c t  hydrocarbon f u e l  c e l l  s y s t e m s  a r e  c l o s e s t  t o  t h e  hardware s tage  
but requi re  addi t iona l  research  t o  s implify a u x i l i a r y  systems, t o  increase  
cur ren t  d e n s i t i e s  with l e s s  c o s t l y  e lec t rodes ,  and t o  p r o t e c t  reformers 
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from the  e f f e c t  of s u l f u r  impur i t i e s  present  i n  l i q u i d  hydrocarbon f u e l s .  
An i n t e r n a l  reformer system can Rchieve major e f f i c i ency  and c o n t r o l  advantages 
i f  present  research aimed a t  long l i f e  low temperature reformer c a t a l y s t s  is 
success fu l .  
s y s t e m  to  be competit ive f o r  po r t ab le  power p l an t s .  Tremendous progress  has  
been made with d i r e c t  ox ida t ion  bu t  much h ighe r  cu r ren t  d e n s i t i e s  must b e  
achieved wi th  multi-component f u e l s  f o r  a p r a c t i c a l  system. 
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CARBON -AIR ELECTRODES 

FOR LOW TEMPERATURE F U E L  CELLS 

by K. V. Kordesch 

P a r m a  Technical Center ,  P a r m a ,  Ohio 
' Union Carb ide  Corporation, Development Department  

I. INTRODUCTION 

The economy of a t e r r e s t r i a l ,  low t empera tu re  fue l  ce l l  sys tem 

depends strongly on the feasibility of using air  a t  a tmospher ic  p r e s -  

su re .  High cu r ren t  densities are  requi red  to keep ba t te ry  weight and 

s i ze  down; s imple  operation, preferably at a tmospher ic  p r e s s u r e ,  i s  

des i r ed  to avoid cost ly  and energy-consuming accesso r i e s .  Las t ,  but 

not leas t ,  the use  of noble meta l  ca ta lys t s  and expensive s t ruc tu ra l  

ma te r i a l s  mus t  b e  res t r ic ted  to a minimum. 

At the present  t ime,  low tempera ture ,  acidic-electrolyte ,  fuel 

ce l l  sys t ems  have not reached the development s tage  which would 

indicate  the i r  pract ical  utilization in  the nea r  future. 

the discussion will be  limited to a lkal ine electrolytes  only. 

phobic carbon e lec t rodes ,  i t  is a ma t t e r  of technical choice whether  

liquid or immobil ized electrolytes  a r e  used;  therefore ,  no differentia- 

tion will be  made.  

11. DISCUSSION 

1. 

F o r  this  reason,  

With hydro- 

The  Pe r fo rmance  of Carbon-Air  Electrodes.  

a )  Comparison of Polar izat ion Curves .  - The potential of a n  

electrode a t  a given load is  dependent on the act ivi ty  of the catalyt ic  

sys t em used. Carbon-oxygen (air) electrodes function a s  hydrogen, 

peroxide-producing, gas-diffusion electrodes,  and f o r  this  reason  

show a s t rong dependence on the peroxide-decomposing capability of 

the electrode sur face .  (1  ) 

Figure  1 shows the polarization curves  of t h ree  differently 

catalyzed carbon electrodes.  

of the Pt-catalyzed cathodes-Pt is deposited in  a quantity of 1 mi l l ig ram 

pe r  cm2 of geometr ic  surface.  

Charac te r i s t ic  i s  the high voltage level  

A ve ry  r emarkab le  per formance  is shown 
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by the th i rd  e lec t rode ,  containing no specially .added metals-only the 

peroxide-decomposing catalytic activity of the basic CoOA1203 spinel- 

containing ca rbon  is demonstrated.  (2) While the initial performance 

level i s  lower,  t h e  cu r ren t - ca r ry ing  abil i ty is g rea t e r  a t  very  high 

cu r ren t  dens i t ies .  

1 100 200 ' 300 400 500 
0 

CURRENT DENSITY - mA/cmg 
D- 1882 

Fig .  1 E lec t rode  Polar iza t ion  Curves  Employing Different 
Cata lys t s  (L inea r  Diagram). 

The  uppe r - th ree  cu rves  of Fig.  1 w e r e  obtained with so-called 

"fixed-zone", 0. 03 -inch thick composite e lec t rodes  consisting of a repel-  

lent porous nickel plaque (0. 008-inch thick) coated with layers  of cata- 

lyzed carbon. (3)  The fourth curve  in Fig. 1 was obtained with a platinum- 

catalyzed, 0. 25-inch thick carbon e lec t rode  (1  mg P t / cmz) .  

oxygen pe r fo rmance  (not shown) of 0. 25-inch and 0. 03-inch electrodes i s  

essentially equal, the per formance  with a i r  i s  very  different. 

electrode i s  c l e a r l y  diffusion-limited. 

While pure 

The thicker 

The  s a m e  vol tage-cur ren t  cu rves  of Fig.  1 ( l inear  d iagram)  a r e  

replotted in F ig .  2 using a logarithmic absc i s sa .  The s imi la r i ty  in e lec-  
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t rochemica l  behavior of the four  electrodes becomes m o r e  apparent  in 

the s e c m d  figure.  

decade a t  low cu r ren t  dens i t ies ) ,  but the voltage leve ls  a r e  different 

in accordance  with the chosen catalyst .  

of the  "mass - t r anspor t  limitation" (as expected, considering the  d i f -  

f e r ence  in e lec t rode  thicknesses).  

catalyzed" thin e lec t rode  is not accidental-this cha rac t e r i s t i c  i s  

consistently observed. 

The Tafel  slopes a r e  identical (40 to 50 mv per  

Also different is the extent 

The  c r o s s - o v e r  of the "spinel- 

1.10r 1.10 

> YPlNtL - 0.8~0.03"AIR-E~ECTRODES 

0.7b \ 
1 1 I 10 20 30 50 100 200 1000 

I I l l  1 I \  I J 

CURRENT DENSITY- mA/cmP 
D- 1883 

Fig.  2 Elec t rode  Polarization Curves  Employing Different 
Cata lys t s  (Logarithmic Diagram) .  

b )  Operational Life of A i r  Elec t rodes .  - Life of the electrodes 

depends,  first of a l l ,  upon the cu r ren t  density. 

mines  the operational voltage (as  F igs .  The 

"polarization level" ( te rmina l  voltage mmus  the voltage d r o p  i n  the 

res i s t ive  components of the ce l l )  i s  a m o r e  decisive pa rame te r  than 

the "terminal voltage". Thls " res i s tance- f ree ' '  voltage can be d e t e r -  

mined by means  of c u r r e n t  i n t e r rup te r  devices (4) ,  o r  suitably placed 

r e f  e r enc e electrodes.  

Cur ren t  density de te r -  

1 and 2 demonst ra te ) .  

1 
Y 
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The re la t ionship  between c u r r e n t  density and operational life 

s e e m s  to be  a n  exponential function. 

usually d e c r e a s e s  life to one-fourth the  t ime,  o r  v ice  v e r s a ;  cutting 

the cu r ren t  density in  half prolongs the electrode life fourfold. 

should be  cons idered  only a s  a "rule-of-thumb''  fitting o u r  present  

expe rienc e. 

Doubling the c u r r e n t  density 

This 

F i g u r e  3 shows the  per formance  life of 1965 Union Carb ide  

thin electrodes operating on a continuous load corresponding to 100 

A / S F  (105 ma /cm2) .  

has  been used. 

It should be noted that COZ-free ( scrubbed)  a i r  

- 0.03" AIR ELECTRODE PERFORMANCE -1.0 a: 

- 9 
- -0.0 g 

CONTINUOUS LOAD : 100 A/SF - SCRUBBED AIR , 12 N KOH, 65'C I" - - - I F  - - - 0 - 0.9 
MAY 65 

I I I I I I 
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c )  The  effect of C Q  on electrode life (ca ta lys t s ,  var ia t ion 

in  e lectrolytes ,  etc. ), and 

d )  Poss ib le  explanation of the effects. 

a )  The Effect of Carbonate  in the Electrolyte. - F o r  compar i -  

son,  two identical ce l l s  were  operated in 6 molar  KOH containing 0 .4  

mol  potassium carbonate ,  and 6 mola r  KOH containing 1. 0 mol  potas- 

s ium carbonate. The air supplied to the ce l l  was cleaned in  a gas  wash 

tower containing KOH; no additional COz was absorbed  during operation. 

No noticeable difference in performance was observed. 

b )  Rate of CQ-Contaminat ion through the Operating Electrode.  - 
The speed of COz-pickup f rom the air  through the wall of cathodes was 

f i r s t  tes ted with 0. 25-inch carbon cathodes continuously exposed to 

room a i r  in a concentr ic ,  t r iangular ,  7-cel l  bat tery (5). Table  I gives 

the data which show that the COz-takeup f rom the a i r  ( for  6 M KOH) was 

rapid during the f i r s t  few days,  then slowed down considerably. 

TABLE I 
RATE OF COZ-CONTAMINATION OF 6 M KOH 

IN AIR-EXPOSED CELLS (15 ma /cmz  LOAD) 
eb 

Time Elapsed Since Exposure of Titrate?- 
Cathodes (6 M KOH) to Air  M co, 

72 Hours  = 3 Days 0 .4  M 
720 Hours  = 4 Weeks 1. 0 M 

2160 Hours  3 Months 2. 5 M 

Adding KOH pellets to the par t ia l ly  neutral ized caus t ic  solution 

until the OH- ion concentration corresponded to 6 M KOH res to red  the 

o rigina 1 performance.  

c )  The Effect of C Q  on Electrode Life. - The 0. 25-inch c a r -  

bon electrodes -used ii, the concent r ic - ( t r iangular )  ce l l s ,  mentioned 

above, ca r r i ed  no special  meta l  catalyst .  

vived 4000 hours  a t  a cu r ren t  density of 15 ma /cmz ;  some  operated 

f o r  7000 h0ur.s. 
ditions of operation and a i r  exposure when 0. 25-inch, platinum- 

catalyzed (1  m g / c m z )  cathodes 

Most of the t e s t  ce l l s  s u r -  
. .  

Cell  life was  only about 800 hours  under  the same  con- 

w e r e  employed. 
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F igu re  4 i l lus t ra tes  the average  resu l t s  of these  tes ts .  The 

voltage level  of the noble metal-catalyzed cathodes was higher, but 

life was far sho r t e r .  

1.6 r I 
I r Pt . CATALYZED I 

- - - - - 

I5 mA/CM' 
20'C 

1.2 0.25" ELECTRODES 
- 

I I I I J 
0 1000 2000 3000 4000 6000 1.1 I 

D- 1884 
TIME (HOURS) 

Fig. 4 P e r f o r m a n c e  with C02-Containing Air ,  Comparing Noble 
Metal-Catalyzed vs. Spinel-Catalyzed Cathodes. 

In another  s e r i e s ,  platinum-catalyzed, thin electrodes (1963) 

w e r e  operated with COz-containing air ,  using 6 N KOH fo r  one s e t  of 

ce l l s ,  and 6 N NaOH f o r  the other. 

cathodes in NaOH outlived the cathodes in  KOH by a wide margin,  

again a t  the cos t  of the voltage level, however. 

F igure  5 shows the results-the 

E " I -  1.4 

+ 
I I 1 I I I I I I 

0 200 400 600 000 I (  2 1.01 

I ,  

1 

TIME (HOURS) D-1881 

F i g .  5 Per fo rmance  with COz-Containing Air ,  Comparing Plat inum- 
Catalyzed Cathodes-6 N KOH vs .  6 N NaOH. 
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A th i rd  combination (uncatalyzed e lec t rodes  i n  NaOH e lec t ro-  

lyte)  did not look promising f r o m  the ce l l -per formance  standpoint a t  

that time. This combination will be  t r i ed  in the fu ture  using newer,  
\ m o r e  act ive electrodes.  

d )  Poss ib le  Explanation of Effects  - Phys ica l  examination of 

the COz-damaged electrodes always revealed a mechanical  blockage. 

It s eems  that the degree  of repel lency of an  electrode de te rmines  the 
degree  of res i s tance  against  CO, damage. NaOH i s  l e s s  wetting than 

KOH, and platinum-catalyzed e lec t rodes  a r e  l e s s  repel lent  than elec-  

t rodes  without platinum catalyzation. 

density dependent; a heavily polar ized air electrode has  a shor t e r  

life in the s a m e  electrolyte  than does one showing a l e s s e r  deg ree  of 

polarization. 

C 4 - d a m a g e  is a l so  cu r ren t -  

Experiments  with porous me ta l  e lectrodes indicate that "wet"- 

operated electrodes ( g a s  p r e s s u r e  balance)  have a n  ex t remely  low 

tolerance for  COz. The po res  of such electrodes plug within a few 

hours ,  and physical damage (possibly by expanding carbonate)  is 

i r revers ib le .  Carbonate-plugged, 0. 25-inch carbon electrodes w e r e  

usually permanently damaged, and could not b e  revived. However,  

the newer thin composi te  e lectrodes have frequently been washed and 

reused. 

111. CONCLUSIONS 

Carbon-containing cathodes s e e m  to b e  the m o s t  des i r ab le  elec- 

t rodes  fo r  high-power density, economical, a i r - fue l  cel ls .  The  fuel  

source  for  such low t empera tu re  ce l l s  may be  hydrogen ' f rom hydro- 

carbon r e fo rmer  units, o r  hydrogen f r o m  alcohol o r  ammonia con- 

v e r t e r s .  

At present ,  C q  removal  i s  necessa ry  during air  operat ion in 

o r d e r  to a t ta in  long life a t  high cu r ren t  densi t ies .  However,  recogni- 

tion of the na ture  of carbon dioxide effects on today's e lec t rodes  is the 

f i r s t  s tep  towards possible  fu ture  remedy. 

In the au thor ' s  opinion, of a l l  the  avai lable  cathodes,  the carbon 

electrode is the l ea s t  sensi t ive to carbon dioxide damage. 
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PERFORMANCE OF A REFORMED NATUFAL GAS-ACID 
FUEL CELL SYSTEM 

Part  I. Hydrogen Generator Design 

by 

John Meek 
B. S. Baker 
A. C. Allen 

I n s t i t u t e  o f  Gas Technology 
Chicago, I l l i n o i s  

INTRODUCTION 

Natural gas can be used in low-temperature f u e l  c e l l  
systems i n  several  ways. Although t h e  d i r e c t  methane c e l l  has 
proven feas ib le ,  I’ present and forseeable technology of such 
systems w i l l  be very cos t ly  because of t h e  quant i ty  and type of 
c a t a l y s t  required f o r  d i r e c t  anodic oxidation. The i n d i r e c t  ce l l ,  
which requires t h e  reforming o f  methane followed by t h e  
u t i l i z a t i o n  of hydrogen, seems more a t t r a c t i v e  a t  t h e  present time. 
W i t h  a lka l ine  e l e c t r o l y t e  systems it i s  necessary t o  use high-purity 
hydrogen as t h e  f u e l .  
an  external  reformer and purifying t h e  gas with a palladium-silver 
d i f fuser ,  o r  by reforming t h e  gas i n  s i t u  i n  a fuel c e l l  t h a t  
employs a palladium-silver-hydrogen d i f fbs ion  anode. 
i n  t h e  gas industry,  it i s  e s s e n t i a l  that both f i r s t  cos ts  and 
operating costs  remain low. Accordingly, t h e  program at IGT has 
focused i t s  a t t e n t i o n  on development of a hydrogen generator-f ie1 
c e l l  system i n  which t h e  feed from t h e  reformer i s  r i c h  i n  
hydrogen but unpurif ied,  t h e  enrichment being achieved by 
conventional chemical processing techniques. It i s  r ea l i zed  that  
t h i s  implies t h e  use of a f u e l  c e l l  of the ac id  e l e c t r o l y t e  type 
which i s  present ly  more expensive than t h e  a lka l ine  e l e c t r o l y t e  f u e l  
c e l l .  Nevertheless we believe that t h e  cost  o f  t k a c i d  e l e c t r o l y t e  
c e l l  can be g r e a t l y  reduced e spec ia l ly  where t h e  f’uel i s  hydrogen. 
The other  fac tors  a f f ec t ing  t h e  decis ion t o  pursue t h i s  system have 
been outlined i n  an e a r l i e r  publ icat ion i n  t h i s  s e r i e s . 3  Design 
of a na tu ra l  gas-fueled hydrogen generator i s  described here i n  
which t h e  product i s  s u i t a b l e  for use i n  any acid e l e c t r o l y t e  fuel c e l l  

This may be obtained by steam reforming i n  

For appl icat ion 

HYDROGEN-GENERATION PROCESS 

The hydrogen generation process used i n  t h e  IGT system 
has been described i n  d e t a i l .  It consis ts  o f  th ree  stages:  F i r s t ,  
na tu ra l  gas i s  steam-reformed a t  8 O O 0 C  t o  produce a hydrogen-carbon 
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monoxide-carbon dioxide mixture. The e f f luent  from this f i r s t  
r eac to r  i s  then cooled and fed  t o  a carbon monoxide s h i f t  reac tor  
operat ing a t  about 270°C, wherein t h e  carbon monoxide content of 
t h e  gas i s  reduced from a typ ica l  15% (dry b a s i s )  t o  about 
2000 pa r t s  per  mi l l ion .  For c e r t a i n  ac id  f ie1 c e l l s  operating 
above 100°C t h i s  gas might prove t o  be  an acceptable feed, but,  
f o r  lower temperature c e l l s  it i s  des i rab le  t o  fu r the r  reduce t h e  
carbon monoxide content  of t h e  feed gas. This i s  achieved i n  
t h e  l as t  s tage by passing t h e  e f f luent  from the carbon monoxide 
s h i f t  reac tor  through a low-temperature ( 190°C), se l ec t ive  
methanation r eac to r  i n  which t h e  carbon monoxide content of t he  
gas  i s  reduced t o  approximately 20 p a r t s  per  mi l l i on  by reac t ion  
with hydrogen t o  produce methane. Typical gas compositions along 
i i i th  t h e  free energy f o r  these  reac t ions  are summarized i n  Tables 1 
2nd 2. It can be seen t h a t  the reforming and carbon monoxide s h i f t  
reac t ions  proceed, f o r  p r a c t i c a l  consideration, t o  equilibrium. The 
r eac t ion  based on the  methanation of carbon monoxide alone i s  a 
long iJay from equi l ibr ium and improvement might be expected. The 
l a rge  deviat ion from equi l ibr ium i s  probably due t o  r eac t ion  of 
ccrbon dioxide with hydrogen t o  produce carbon monoxide. 

HYDROGEN GENERATOR DESIGN 

For t h e  hydrogen generat ion process t o  be a t t r a c t i v e  it 
i s  necessary t h a t  an in t eg ra t ed  three-s tage,  gas-f i red hydrogen 
generator  that i s  se l f - con t ro l l i ng  be designed and constructed.  
Limited data  i s  a v a i l a b l e  on t h e  design of complete hydrogen generation 
systems with s m a l l  capaci ty .  4' 

because it represented a readi ly  packageable eas i ly  fabr ica ted  un i t  
v i t h  loii pressure drop. 

The f i r s t  problem encountered i n  t h e  design was t h e  
development of a gas- f i red  burner t h a t  could operate  on low-pressure 
gas ( 0  i n .  we), b r ing  the r e l a t i v e l y  compact reformer reac tor  t o  
operat ing temperature, and maintain t h e  desired heat input t o  
s u s t a i n  the endothermic steam-reforming react ion.  It was found 
tha t  reac tors  of t h e  present  design, or of almost any design, did 
not  have s u f f i c i e n t  heat t r a n s f e r  a r ea  t o  permit heat ing by a 
convective process.  To obta in  a higher e f f ec t ive  heat  t r a n s f e r  
coef f ic ien t ,  both s ides  of t h e  annular reac tor  were encased i n  
annular sect ions f i l l e d  w i t h  t h e  re f rac tory  material of high 
surface mea .  The sec t ions  could be brought t o  t h e  desired 
temperkture by convection and would i n  t u r n  heat t h e  reformer 
by rad ia t ion  from the re f rac tory .  
t h i s  system i s  shown i n  Fig. 1. The reforming s tage  of t h e  hydrogen 
generator,  which i s  capable of reforming 25 cu f t  o f  methane 
per  hour, is shown i n  Fig.  2.  

The second problem encountered i n  t h e  present system 
\res t o  f ind a means f o r  reducing the temperature of the  hot f l u e  
geses t o  meintain the second- and th i rd-s tage  reac tors  at t h e i r  
proper opereliing temperatures.  The so lu t ion  w a s  t o  cool both the  
f l u e  g:es from t h e  n e t u r a l  gas burner and t h e  product gas from t h e  
rerormer reac tor  b5i generat ing and superheating process steam. 
f l u e  gas end t h e  product gases a re  e f f ec t ive ly  cooled by t h i s  
procedure but t h e  achievable temperature control  was not accurate  

I n  t he  IGT system an annular reac tor  design was chosen 

A t yp ica l  burner design f o r  

The 
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. .  

enough f o r  t h e  s h i f t  and methanation s tages .  Obtainment of  temperature 
control  i n  these two reac tors  within t h e  desired limits, w a s  made 
possible  by jacket ing the  reac tors  with constant bo i l i ng  f lu ids .  
Dow-Therm A and Dow-Therm E have been chosen f o r  t h i s  purpose. 
The jacketed s h i f t  and methanation u n i t s  a r e  shown i n  Figs.  3 and 4. 
Temperature control  of these reac tors  i s  achieved by dependence of  
pressure on temperature of t h e  Dow-Therm liquid-vapor systems. The 
Dow-Therm vapor pressur izes  a Sylphon bellows which t ransmits  a pressure 
s igna l  t o  ac tua te  damper valves which control  t h e  d i r ec t ion  of 
flow of hot flue gases.  Water flow valves which, i n  tu rn ,  control  
t he  flow of cooling water t o  t h e  Dow-Therm vapor condensers a l so  
ac t iva ted  by t h i s  means. 

generator  t h a t  suppl ies  a constant amount of product gas.  The 
Sylphon bellows (Fig.  1) has t h e  f u r t h e r  advantage o f  not 
requir ing any p a r a s i t i c  power from t h e  f u e l  c e l l  system; it i s  
a l s o  r e l a t i v e l y  inexpensive. The only auxiliary power on the 
present reformer i s  t h a t  needed f o r  a small a i r  blower which 
provides combustion air. This blower draws about 40 watts at 
m a x i m u m  a i r  demand. The complete system i s  shown schematically 
i n  Fig. 5. 
shown i n  Fig. 0. 

This mode of  control  i s  espec ia l ly  su i t ed  t o  a hydrogen 

Th? ac tua l  unit with a 100 cu f t / h r  capaci ty  i s  

PERFORMAPJCE CHARACTERISTICS 

Hydrogen generators  very s imi l a r  i n  design t o  t h e  one 
described i n  t h e  present paper have been success f i l l y  operated a t  
IGT, producing the gas given i n  Table 1. The best  ove ra l l  
e f f ic iency  achieved w i t h  t h i s  type reformer i n  150 hours of 
i n t e rmi t t en t  opera t ion  has been 41%. This f igu re  w a s  obtained 
with a u n i t  tha t  has an output of 50 cu f t  of hydrogen per hour. 
The system present ly  under test has an  output capaci ty  o f  100 cu f t  
o f  hydrogen per hour; overa l l  e f f ic iency  f igures  of about 50% 
are ant ic ipa ted .  

Gas of t h e  type produced by t h i s  hydrogen generator  has 
been extensively t e s t e d  i n  low-temperature acid f u e l  c e l l s .  U s e  
o f  these  gases i s  the subject  of P a r t  I1 o f  t h i s  paper. 
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Table I 
Composition, Mole percent 

i Reactor Hz COa CH4 HpO CO Nz T°C 

' Reformer I n  o 0.107 * 0 87.268 0.046 800 -Q) 

Reformer Out 34.644 3.773 0.045 6.847 54.654 0.036 800 -7.287 
Shifter I n  34.644 3.773 0.045 6.847 54.654 0.036 270 -5.18211 

Shifter Out 41.346 10.475 0.045 0.146 47.952 0.036 270 -2.30975 

Methan. I n  41.346 10.475 0.045 0.146 47.952 0.036 190 -26.50958 

Methan. Out 41.030 10.505 0.190 0.001 48.236 0.036 190 -20.05782 
1 

*See Table I1 

Table I1 

'1 ', 
I 

I 

I 
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Fig. 1. -NATTJRAL GAS BURNER USED AS PRIMARY HEAT SOURCE FOR 
, KYDROGEN G m T O R ,  
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Fig. 2 .  -REFORMER AND CONTROL SECTION OF THE TiyDilOGEX GENERATOR 
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F i g .  3 .  -JACKETED CARBON MONOXIDE SHIFT REXCTOR 
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Fig. 4 .  -JACKETED METHANATION REACTOR 
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2 - Steam Reformation Reactor 
3 - CO Shift Reactor 
4 - Mcthonotion Reactor 
5 - Heat Exchangers 
6 - Condenser 
7 - Dowtherm A Condenser 
8 - Dowthcrm E Condenser 
9 - Dowtherm Vapor Actuoted 

10 - Dowtherm Vapor Actuoted 

11 - Counterbolance Bellows 
12 - Monuol Control Flue Damper 
13 -Automatic Control Flue Damper 
14 - Dowtherm A Jacket 
15 - Dowtherm E Jocket 
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Fig. 5 . - S C H E M A T I C  R E P E S E N T A T I O N  OF I G T  HYDROGEN GENERATOR SHOWING 
REACTORS AND CONTROL LOOPS 
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PERFORMANCE OF A EiEFORMED NATlTRAL GAS-ACID 
m c m  SYSTEM 

Par t  11. Fuel Cell Bat tery 

F. B. Le i tz  and W. Glass 
Ionics ,  Inc., Cambridge, Mass. 

I n s t i t u t e  of Gas Technology, Chicago, Ill. 
'. D. K. Fleming 

INTRODUCTION 

This i s  a report  on a jo in t  e f f o r t  of Ionics,  Inc. and 
The I n s t i t u t e  of G a s  Technology t o  develop an  air-breathing f u e l  
c e l l  system powered by na tura l  gas. The long range object ive o f  
t h e  project  i s  t h e  development of  an economical power source 
u s i n g  t h i s  r ead i ly  ava i l ab le  fuel, and which has a high degree 
o f  r e l i a b i l i t y  and s a f e t y  for r e l a t i v e l y  long periods of wat tended 
operation. The system se lec ted  for t h i s  program w a s  a low 
temperature, hydrogen-oxygen fuel c e l l  with an  ac id  e lec t ro ly te .  

The hydrogen-oxygen system i s  well advanced. 
r e l a t i v e l y  high e f f i c i ency  with fuels and oxidants t h a t  a r e  easy 
t o  obtain.  The fuel  can be generated from na tura l  gas or other  
hydrocarbons and t h e  oxidant i s  ava i lab le  from t h e  air. The process 
t o  generate hydrogen for this fuel c e l l  has been presented in an 
earlier publ ica t ion  i n  this series.' 
reformer u n i t  has been discussed i n  another paper during t h i s  session.* 

because o f  i t s  long l i f e ,  reduced corrosion problems, and low 
pressure  operation. These advantages are counterbalanced in pa r t  
by t h e  present high cost  of t h e  ca ta lys t .  

An ac id  e l e c t r o l y t e  system w a s  d i c t a t ed  by the  need for 
compatibi l i ty  with t h e  carbon dioxide which i s  formed during t h e  
reforming of na tu ra l  gas and which i s  a l so  present i n  room air. 
W i t h  t h e  acid system, expensive s teps  t o  pur i fy  t h e  hydrogen are 
not required.  Also, t h e  a i r  does not have t o  be scrubbed t o  
remove carbon dioxide.  

It provides 

The descr ip t ion  of a l O O - C w  

1 

A low temperature system w a s  selected for t he  invest igat ion 

I 
L 

1 

A dual ion-exchange membrane ba t t e ry  w a s  chosen f o r  i t s  
inherent  s a fe ty  and r e l i a b i l i t y .  With t h e  ac id  e l ec t ro ly t e  
contained between two membranes, and t h e  gases on t h e  outside of  
these membranes, the chances o f  gas intermixing are minimized. A 
pinhole i n  one membrane does not br ing two reac tan t  species 
together  i n  t h e  presence of  an ac t ive  ca t a lys t  which would cause 
failure. The s a f e t y  of operat ion i s  consis tant  with the  goals of 
t h e  project .  

BATTERY CONSTRUCTION AND OPmTION 

General Descr ipt ion 

wired i n  series and with p a r a l l e l  flows of gas  and e lec t ro ly te .  
An individual  c e l l  i s  diagramed i n  Figure 1. 
i n  t h e  center  o f  t h i s  diagram, i s  f i l l e d  with a polyethylene- 

The b a t t e r y  i s  a n  in t e rna l ly  manifolded s tack  o f  c e l l s  

The ac id  compartment, 
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Po~ypropylene woven c lo th  (70% void) t o  maintain t h e  e l e c t r o l y t e  
Spacing. On e i t h e r  s ide  of t h e  ac id  compartment are ca t ion ic  
ion-exchange membranes with woven g l a s s  backing. 
membranes i s  in t imate ly  contacted by an  electrode,  ei ther anode or 
cathode. These, i n  turn ,  are held i n  place by ribbed p l a t e s .  The 
P la t e s  a r e  embossed niobium sheets ,  5 mils  th ick .  They e l e c t r i c a l l y  
connect one cathode t o  t h e  adjacent anode and simultaneously 
d i s t r i b u t e  t h e  flow of gas t o  t h e  electrodes.  
e l ec t ro ly t e  compartment frames are made of 65 durometer bu ty l  
rubber. This i s  s u f f i c i e n t l y  f i r m  t o  r e t a i n  dimensional 
s t a b i l i t y  but s t i l l  has enough f l e x i b i l i t y  f o r  sealing. The 
e lec t rodes  a r e  platinum-black bonded t o  a tant2lum screen as 
manufactured by t h e  American Cyanamid Company. The c a t a l y s t  
loading i n  t h e  present  ba t t e ry  i s  9 grams pe r  square foot .  The 
M a l  thickness f o r  a single c e l l  is 140 m i l s  o r  about 1/7 inch. 

The manifolds f o r  t h e  movement of f r e s h  and spent material are holes 
punched i n  t h e  margins o f  the components. Channels connect t h e  
appropriate  compartments and manifolds. I n  t h e  present geometry, 
70 percent of t h e  t o t a l  a r e a  i s  ac t ive .  The a c t i v e  area of a c e l l  
i s  1 /4  square foot .  

respect ive compartments. Spent gas i s  removed from t h e  bottom of the 
ba t t e ry  t o  sweep out t he  l i q u i d  formed by t h e  reac t ion  or which 
has passed through the membrane by osmosis. The 25 percent 
s u l f i r i c  ac id  e l ec t ro ly t e  flows from t h e  bottom of the compartment 
t o  t h e  top. This removes gas which may be i n  t h e  compartments 
during s tar t -up.  The current  i s  taken from t h e  ba t t e ry  from the  
terminal co l l ec to r  p l a t e s .  These are heavier  than  the i n t e r i o r  
sheets  t o  reduce t h e  b a t t e r y ' s  e l e c t r i c a l  res i s tance .  

Each of these  

The gas and 

The i n t e r n a l  manifolding technique i s  shown i n  Figure 1. 

In  operation, t h e  reac tan t  gases a r e  fed t o  t h e  t o p  of t h e i r  

Heat and Mass Balance 

problems within t h e  cathode compartment of  t h e  c e l l  w a s  performed 
on a d i g i t a l  computer using f i n i t e  d i f fe rence  techniques.  This 
study indicated that t h e  a i r  required f o r  a thermal balance i s  
g rea t e r  than tha t  f o r  a water balance by a f a c t o r  of approximately 
30. Therefore, t h e  heat of reac t ion  must be removed by o ther  
means. 

Figure 2 shows t h e  heat  and mass balances during 
s teady-state  operat ion on reformed na tu ra l  gas.  
conditions are t y p i c a l  of those rea l ized  i n  t h e  laboratory.  A l l  
of  t h e  heat generated i n  the ba t te ry ,  plus  that which i s  
equivalent t o  the water condensed, i s  removed by t h e  r ise  i n  t h e  
a c i d ' s  temperature. If t h e  humidity of t h e  inlet a i r  were lower 
during operation, water would be removed from the b a t t e r y  and 
the acid concentration would r i s e .  The exit  a i r  i s  a f e w  degrees 
higher than t h e  acid temperature because most o f  t he  i r r e v e r s i b i l i t y  
of t h e  reac t ion  i s  a t  t h e  cathode. The i n l e t  air  temperature and 
humidity are maintained at  t h e  conditions of t h e  e x i t  air. 
f u e l ,  on t h e  o the r  hand, need not be excessively heated o r  
humidified f o r  stable operation. 

A de t a i l ed  ana lys i s  of t h e  heat  arnd mass balance 

The operat ing 

The 



-34-  ~ 

Pressure Drop 

i s  important i n  t h e  design of the e n t i r e  system. Air must be 
supplied a t  enough pressure t o  overcome the  losses  i n  the  
humidification process and within the bat tery.  O f  g r ea t e r  
importance, the reformer must be designed t o  supply gas at 
enough pressure t o  overcome the losses  on-the anode s ide  of 
t h e  ba t t e ry  from a l i n e  pressure of six inches. 

shown i n  Figure 3. From t h i s  graph, it can be observed tha t  the  
flow i n  the  cathode chamber i s  laminar; the pressure drop var ies  
d i r e c t l y  with t h e  flow r a t e .  W i t h  the  same design, t h e  pressure 
d r o p  f o r  an 80 percent hydrogen-20 percent carbon dioxide f ie1 
mixture, s imilar  t o  the  generator product, should be s i g n i f i c a n t l y  less  
than t h a t  of  t h e  air .  The pressure drop with this f u e l  mixture 
i s  so  low tha t  uneven d i s t r i b u t i o n  within the ba t t e ry  resu l t s .  
To correct  the d i s t r i b u t i o n a l  problem, the resis tance i n  the 
inlet t o  the f u e l  compartment from the f u e l  manifold i s  increased. 
I n  t h e  present design, t h e  r e s t r i c t i o n  i s  1/2 inch o f  19 m i l .  I . D .  
tantalum tubing. W i t h  t h i s  r e s t r i c t i o n ,  the pressure drop t o  
f u e l  flow i s  about t h e  same as t h e  pressure drop t o  a i r  flow. 
The flow within the  anode compartment, according t o  t h e  slope of 
t h e  l i n e  i n  Figure 3,  i s  not laminar but i s  i n  the t r a n s i t i o n  
region. 

t h r e e  t o  f ive  inches we. From t h e  e a r l i e r  paper on the  reformei 
cons tmct ion ,  it will be doted tha t  this  f i e 1  pressure i s  r e a d i l y  
obtainable from the  hydrogen generating system. Enough energy 
i s  avai lable  i n  the  reformer f l u e  gas t o  generate steam f o r  
e j e c t i n g  the a i r  required.  
according t o  Figure 2, an e j e c t o r  i s  a convenient technique f o r  air 
movement. I 

I f  extrapolated,  the pressure drops, a t  increased power w 

l eve ls ,  would be q u i t e  high. 
embossing the b ipo la r  p l a t e s  more deeply and shortening the  

1 

l eng th  of the r e s t r i c t i v e  tubing i n  the anode compartment. 

This non-uniformity presents  a problem w i t h  uneven flow 
d i s t r i b u t i o n  within t h e  ba t te ry .  
drops must be used i n  the  experimental u n i t s  f o r  uniform gas 
d i s t r i b u t i o n .  

The pressure drop of the  gas streams within the  ba t t e ry  

m e  pressure drop i n  the present ba t t e ry  design i s  

The pressure drop a t  expected operating conditions i s  

A s  the  air must be heated and humidified, 

I 

This problem can be avoided by 

The p l a t e s  a r e  now pressed manually and a r e  not ident ical .  

Relatively high pressure 

BATTERY PERFORMANCE I 
The i n i t i a l  invest igat ions o f  t h i s  program were performed 

on c e l l s  having an area of four square inches. 
t h e  b a t t e r i e s  i s  b e t t e r  than t h a t  of t& small c e l l s .  This i s  
ciue t o  improved con t ro l  f a c i l i t i e s .  
been constructed and tes ted .  Each has 13 c e l l s  with 1/4 square 
f o o t  of act ive area.  The power i s  nominally rated at  100 Watts 
each when cperated on reformed natural gas and air. 

Performance of 

Four of these b a t t e r i e s  have 
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Hydrogen-Oxygen Performance 

Polar izat ion curves for a 13 c e l l  b a t t e r y  operating on 
Various f u e l  and oxidant gases are shown i n  Figure 4. 
Figure 4 were taken with 500 hours t o t a l  operation on the electrodes,  
and j u s t  after a 100 hour run, t o  minimize t h e  e f f e c t s  of f r e sh  
ca ta lys t .  The hydrogen-oxygen performance o f  t h e  b a t t e r y  at 6OoC 
i s  t h e  standard of comparison f o r  t h e  operating conditions.  When 
these data  a r e  p lo t t ed  IR-free,with each electrode against  a 
reference,  it i s  found t h a t  t h e  anode r eac t ion  is e s s e n t i a l l y  
r eve r s ib l e  over t h e  range o f  current  density. By contrast ,  the  
oxygen electrode shows s u b s t a n t i a l  polar izat ion,  even when the  
c i r c u i t  i s  open. The i r r e v e r s i b i l i t y  of oxygen electrodes i s  well- 
known. It i s  an a rea  f o r  m r t h e r  c a t a l y s t  invest igat ion.  

The data for 

In t e rna l  Res i s  t ance 

Preliminary measurements of t h e  i n t e r n a l  r e s i s t ance  of 
the b a t t e r y  show 0.002 ohms-square foot  f o r  each c e l l .  This 
value w a s  determined by in t e r rup t ing  t h e  load on the  b a t t e r y  and 
instantaneously measuring the voltage r ise on an oscil loscope. 
This r e s i s t ance  f igu re  i s  probably high. More accurate  determinations 
w i l l  be possible  when f a s t e r  b a t t e r y  switching techniques have been 
perfected.  Figure 4 shows a curve for t h e  hydrogen-oxygen 
performance on an IR-free bas i s .  

i nd ica t e  that a neg l ig ib ly  s m a l l  f r a c t i o n  of t h e  i n t e r n a l  
r e s i s t ance  i s  Fn t h e  m e t a l l i c  components of t h e  ba t te ry .  The 
l i q u i d  e l e c t r o l y t e  area r e s i s t ance  i s  0.00046 ohm-square foot 
and t h e  membranes, which a c t  very much l i k e  porous media containing 
25 percent e lec t ro ly te ,  a r e  responsible for t h e  balance. 

Conductivity measurements of t h e  membranes and e l e c t r o l y t e  

Hydrogen-Air Performance 

with air  at the  cathode. The prime disadvantage i n  t h e  use of a i r  
i s  t h e  loss of cathode p o t e n t i a l  because of d i lu t ion .  This 
p o t e n t i a l  loss ranges from 40 t o  80 m i l l i v o l t s  pe r  c e l l  if s u f f i c i e n t  
a i r  i s  used. The voltage lo s s  increases  as c u r r e n t ' i s  increased. 
The loss a t  60 amps per square foot  (ASF) i s  approximately 70 
m i l l i v o l t s  per c e l l  o r  .91 v o l t s  for t h e  bat tery.  A po la r i za t ion  
curve f o r  hydrogen-air operation i s  included i n  Figure 4. 

The l o s s  of cathode po ten t i a l ,  as s t a t e d  above, depends 
upon t h e  use o f  s u f f i c i e n t  air. 
maximum e f f e c t i v e  feed r a t e  - that  is, t h e  point a t  which any 
f u r t h e r  increase i n  a i r  flow does not measureably increase t h e  
electrode poten t ia l .  A determination for t h i s  a i r  flow r a t e  i s  
presented i n  Figure 5. For a single c e l l ,  t h e  a i r  flow r a t e  at 
which a p o t e n t i a l  drop occurs i s  only s l i g h t l y  more than  t h e  
stoichiometric equivalent.  This i s  l e s s  than 20 percent excess a i r  
f o r  300 m i l l i v o l t  drop from a l i n e a r  extrapolat ion o f  t h e  
po la r i za t ion  curve, and l e s s  than 25 percent excess air for 

The goals  of t h e  p ro jec t  require  a system t h a t  operates 

This i s  designated as a 
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100 m i l l i v o l t  drop. 
excess a i r ) ,  no devia t ion  from the  s t r a igh t  l i n e  curve can be 
ob served. 

cur ren t  can flow through t h e  ba t te ry ,  a noticeable improvement 
occurs i n  the  b a t t e r y ' s  performance. 
a t  60 ASF with a decay t i m e  o f  up t o  6 hours depending upon the  
past h i s to ry  of t h e  ba t t e ry .  
t h e  cathode po ten t i a l  almost t o  t he  anode poten t ia l ,  a strongly 
reducing condition i s  produced at t h e  cathode which apparently 
c leans t h e  e l e c t  rode. 

D i lu t e  Fuel Performance 

The product o f  t h e  hydrogen generator  i s  pr imari ly  80 
percent hydrogen and 2 0  percent carbon dioxide, with t r a c e  amounts 
of methane and carbon monoxide. The methane and carbon dioxide 
d i l u t e  the anode feed whereas carbon monoxide has a polar iza t ion  
e f f e c t  which w i l l .  be discussed l a t e r .  

s ince  only hydrogen and carbon dioxide need be considered. The 
concentrat ion e f f e c t s  due t o  t h e  d i l u t i o n  of the  hydrogen are 
shown i n  Figures 6 and 7. 
Figure 4. I n  treating t h e  data,  it i s  convenient t o  def ine a 
u n i t  gas flow rate as a s toichiometr ic  equivalent ( o r  s t o i c h ) .  
This i s  a gas flow equal  t o  t h e  r a t e  at which t h e  reac tan t  gas 
i s  consumed under spec i f i ed  conditions.  For example, with a 
13 -ce l l  ba t t e ry  opera t ing  a t  15 amperes current ,  1 s to i ch  
equals  1460 m i l l i l i t e r s  per  minute of hydrogen. 
t h e  s toichiometr ic  r e l a t ionsh ips .  
and recycle  r a t i o  ( R ) ,  are shown f o r  an 80-20 percent mixture o f  
hydrogen and carbon dioxide.  

simulated by feeding a mixture of t h e  corresponding values of t h e  
pure gases. The average po ten t i a l  l o s s  at  60 ASF was then  calculated 
f o r  each condition. This voltage, expressed a s  m i l l i v o l t s  per  c e l l ,  
appears on Figure 6 nea r  t h e  in t e r sec t ion  o f  t h e  corresponding l i nes .  
The average po ten t i a l  loss i s  s t rongly influenced by excess feed 
and only s l i g h t l y  a f f ec t ed  by the recycle  r a t i o .  

condi t ions was used f o r  average reactant  concentration. A graph 
of  po ten t i a l  l o s s  aga ins t  t h e  average concentration i s  presented 
i n  Figure 7. The co r re l a t ion  i s  good. The th ree  poorest points  
occurred a t  low t o t a l  flow rates. With t h i s  condition, poor 
d i s t r i b u t i o n  between c e l l s  w a s  t he  most l i k e l y  cause, t h a t  i s ,  

Figure 7, there  i s  a wide range of conditions under which t h e  
p o t e n t i a l  loss can be held t o  approximately 20 mi l l i vo l t s  a t  60 ASF. 

Figure 7 i s  p lo t t ed  on semilog paper f o r  convenient 
presenta t ion  of t h e  da t a .  Also included on t h i s  graph i s  the  
l i n e  f o r  the  Nernst Equation which expresses the t h e o r e t i c a l  open 

A t  twice stoichiometric flow (100 percent 

If t h e  oxidant gas supply i s  in te r rupted  b r i e f l y  while 

This may amount t o  .65 vo l t s  

Since this . lack of reactant  s h i f t s  

The inves t iga t ion  of reac tan t  d i l u t i o n  i s  straightforward 

Polar iza t ion  da ta  is  included on 

Figure 6 shows 
Lines of constant f r e s h  feed ( j  ), 

J 
Experimentally, t h e  indicated feed and recycle  r a t e s  were 

The a r i thme t i c  mean of b a t t e r y  in le t  and ou t l e t  

one o r  two c e l l s  behaved d i f f e r e n t l y  from t h e  r e s t .  According t o  i 
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CiPCuit po ten t i a l  loss .  
t h e r e  appears t o  be a s ign i f i can t  d i f f u s i o n  problem at 60 ASF current.  
I n  t h e  range of probable operation, without recycle, the concen- 
t r a t i o n  e f f e c t  i s  not la rge .  

A t  low average feed concentrations, 

Figure 4 includes a curve f o r  the po la r i za t ion  of t h e  
13 -ce l l  b a t t e r y  on 80 percent hydrogen-20 percent carbon dioxide 
f u e l  m u r e  vs. air. Approximately 200 percent excess f u e l  was 
used i n  the  co l l ec t ion  of these data. . 

chamber, the  carbon monoxide concentrations of the bactery inlet and 
o u t l e t  gases were measured with a s e n s i t i v e  infra-red analyzer. 
W i t h  an inlet concentration from a bo t t l ed  mixture of 80 percent 
hydrogen-20 percent carbon dioxide containing 3 ppm o f  carbon 
monoxide, t h e  b a t t e r y  o u t l e t  concentration w a s  4 t o  5 p p  of 
carbon monoxide without load. 
the reverse water gas shift r eac t ion  at 60 C i s  20 ppm. 
t h e  flow conditions i n  the  bat tery,  t h e  r eac t ion  does not 
proceed rapidly over the platinum ca ta lys t .  

To check for carbon monoxide production i n  the anode 

The thermodpamic equilibrium Of 
Under 

Performance w i t h  Reformed Natural Gas Fuel 

The purpose of this p ro jec t  i s  t o  achieve s a t i s f a c t o r y  
b a t t e r y  operation on a f u e l  derived from na tu ra l  gas.  
gas o f  t h e  hydrogen generator contains 3000 ppm of methane and 
20 ppm of carbon monoxide i n  add i t ion  t o  t h e  hydrogen and carbon 
dioxide. The methane exer t s  a neg l ig ib l e  d i l u t i o n  e f f e c t  only, 
but the carbon monoxide, even i n  s m a l l  mounts ,  s i g n i f i c a n t l y  
a f f e c t s  t h e  b a t t e r y ' s  operation. It i s  believed tha t  t h e  carbon 
monoxide i s  adsorbed a t  the r eac t ion  s i t e  and r e s u l t s  i n  a 
poisming  e f f e c t .  

The product 

Figure 4 includes a l i n e  f o r  t h e  po la r i za t ion  of  the 
13-ce l l  b a t t e r y  at 6OoC when operating on reformed n a t u r a l  gas 
(RNG) fuel and a i r .  
on RNG f u e l  and inmediately after a 100 hour run at 40 ASF. 
po la r i za t ion  a t  60 ASF i s  1 . 2  v o l t s  for the 1 3  c e l l s ,  o r  l e s s  than 
100 m i l l i v o l t s  pe r  c e l l ,  when compared with pure hydrogen feed. 
As expected from the previous section, t h e  concentration po la r i za t ion  
due t o  t h e  presence of carbon dioxide i s  less than 20 m i l l i v o l t s  
p e r  c e l l .  The remainder i s  due t o  t h e  e f f e c t  o f  the carbon monoxide. 
The maximum power o f  the b a t t e r y  i s  112 watts at 80 ASF. 

The poisoning e f f e c t  j u s t  mentioned has occurred f o r  
6OoC operation. From tests on small c e l l s ,  the e f f e c t  a t  room 
temperature is  approximate18 300 m i l l i v o l t s  p e r  c e l l .  The 
operating temperature of 60 C was selected t o  minimize t h e  
poisoning e f f e c t  without reaching the temperature a t  which the 
f u e l  reduces the  s u l f u r i c  acid t o  hydrogen su l f ide .  

The Long term e f f e c t s  o f  carbon monoxide i n  t h e  feed 
stream a r e  now being investigated.  A t  present,  the t o t a l  operating 
t h e  on reformed n a t u r a l  gas i s  800 hours. 

These data  were taken a f t e r  300 t o t a l  hours 
The 

Apparently, t h e  a n d e  can be rejuvenated by two techniques. 
If the b a t t e r y  load i s  removed f o r  about an hour, t h e  output 
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voltage of an 80-20 fuel mixture i s  produced when t h e  load is  
restored.  Another technique t o  remove the  anode poisoning i s  
t o  short  c i r c u i t  t h e  b a t t e r y  without fuel. In  t h i s  case, t h e  
carbon monoxide apparent ly  i s  oxidized. It i s  not known i f  
either o f  t hese  rejuvenat ion techniques can be repeated 
indef in i te ly .  
f a l l o f f  rate wi th  repeated anode treatment. 

F'UTIJRE IMPROVEMENTS 

approximate ma te r i a l  cost  was $50,000 per ki lowatt  of power 
on hydrogen-oxygen feeds.  
kilowatt  with a n  RNG-air feed. The cost  must s t i l l  be reduced 
s ign i f i can t ly  f o r  th is  me1 c e l l  battery t o  be an  economical 
power source. There are severa l  points  of po ten t i a l  improvement 
i n  t h e  bat tery.  

f o r  a subs t an t i a l  loss of '  c e l l  po ten t i a l .  A majority of t he  
res i s tance  i s  i n  t h e  ion-exchange membranes. Research a t  Ionics 
has produced a membrene which could reduce the  res i s tance  by more 
than half ,  d o u b l i x  t h e  power output. It i s  l i k e l y  t h a t  addi t ional  
ef'fort w i l l  r e s u l t  i n  f u r t h e r  improvements i n  membrane technology. 

There i s  evidence of increasing po ten t i a l  

When t h i s  program was  s t a r t e d  two years ago, t he  

The present cost  i s  $3,000 per 

The e ? e c t r i c a l  res i s tance  of t he  e l ec t ro ly t e  accounts 

Experimental e lec t rodes  w i t h  a g rea t e r  to le rance  f o r  
carbon monoxide a r e  now being studied. These electrodes may 
reduce ' t h e  load on t h e  methanation system of the  hydrogen generator 
and permit lower temperature operation. Improvement o f  t he  
carbon monoxide po la r i za t ion  may be possible  w i t h  increased uni t  
power output. 

b a t t e r y  ma te r i a l  cos t s .  Although the electrodes have a high scrap 
valua, the platinum i s  a hlgh cos t  investment. While it i s  
unl ike ly  t h a t  platinum w i l l  be replaced as a ca ta lys t ,  a t  least on 
t h e  oxygen s ide,  t h e  p o s s i b i l i t y  of a more e f f ec t ive  use of  t he  
ca t a lys t  i s  s i g n i f i c a n t .  Experiments with electrodes using 
d i f f e ren t  amounts o f  platinum indica te  t h a t  t h e  effect iveness  of the 
platinum (at constant  p o t e n t i a l )  increases  s ign i f i can t ly  as  t h e  
platinum loading decreases.  Some success may be expected from 
attempts t o  p lace  small  amounts of ca t a lys t  on the  electrode 
sur face  most favorable  t o  t h e  react ion.  The anode polar iza t ion  
curve ind ica tes  tha t  reduction i n  ca t a lys t  loading may be possible 
now without penal ty  t o  performance. 

Electrode cos ts  are a s ign i f i can t  f r ac t ion  of t he  t o t a l  

The authors  wish t o  thank Southem Cal i fornia  Gas Company, 
Soutnzi-rl Counties G a s  Company o f  Cal i fornia ,  and Con-Gas Service 
Corp., m o  a re  sponsoring t h i s  invest igat ion,  f o r  permission t o  
publ ish these r e s u l t s .  
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-42-  

Fig 

EXCESS FEED, 

0 IO 25 50 100 200m 
IF 80% H2 FEED, PERCENT 

. 20 30 40 50 60 70 EO 
AVERAGE HYDROGEN CONCENTRATION, % 

re 7. -VOLTAGE LOSS DUE TO DILUTE ANODE FEED. 



-43- .  

THE PERFORMANCE OF SOLID-ELECTROLYTE CELLS AND BATTERIES 
ON CO-Hz MIXTURES; A 100-WATT SOLID-ELECTROLYTE 

POWER SlTpPLYw 

D. H. Archer, L. Elikan, and R. L. Zahradnik 

Westinghouse Research Laboratories 
Beulah Road, Churchill Borough 
Pittsburgh 35, Fennsylvania 

INTRODUCTION 

h e 1  cells employing a Zr02-based electrolyte are 
customarily operated at temperatures around 1000°C in order to 
promote high oxygen ion conductivity in this solid, ceramic 
material. At such high temperatures commercial fuels - coal and 
hydrocarbons - are thermodynamically unstable; they tend to 
crack forming solid carbon and hydrogen gas. 
carbon in solid-electrolyte batteries can be prevented by mixing 
with the incoming fuel a portion o f  the COa and H20 products 
emerging from the battery. 
CO and H2 which are then oxidized in the solid-electrolyte cells 
to produce power. Essentially, therefore, in utilizing 
commercial f’uels solid-electrolyte cells oprate on CO-H2 mixtures. 

Experiments have been performed to characterize the 
performance of solid-electrolyte cells on fie1 gas mixtures 
containing CO, Hz,  COa,  and HzO in various proportions. Open 
circuit voltages have been determined in single cells at various 
emperatures; the measured values of voltage agree with those 
computed from thermodynamic data within 3%. 
the operating voltage of solid-electrolyte cells on the current 
drain ( o r  current density) has also been studied at various 
temperatures for  different fbel mixtures. In general, cells 
operating on CO-C02 mixtures develop less output voltage than those 
operating on H2-H20 because of increased polarization voltage losses. 
The addition of H2-H20 to CO-CO2 mixtures, however, greatly reduces 
these losses. And the insertion o f  a catalyst into the cell which 
pxmotes the shift reaction 

The deposition of 

These gases reform the fie1 producing 

The dependence of 

CO + H20 * C02 + H2 

causes f’urther reduction in the observed polarizations to the extent 
that cell performance on CO-H2 fbel duplicates that on pure H2. 

bell-and-spigot cells of 7/16 in. diameter and 7/16 in. length 
have-been produced. They are leak-tight. Their resistance has been 

Tubular, solid-electrolyte batteries containing 20 

*The work recorded in this paper has been carried out under the 
sponsorship of. the Office of Coal Research, U.S.  Department of 
the Interior, and Westinghouse Research Laboratories. M r .  George 
M i c h ,  Jr. , is head of O.C.R.; .Neal P. Cochran, Director of 
Utilization, and Paul Towson have monitored the work for 0. C. R. 
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Gf oq-:?'en t o  gm-atoms of carbon i n  t h e  f u e l  gas mixture - and n i ,  
t:. :Cfiilar r c t i o  ~ O T  hydrogen and carbon. .' Experimental 
vclues of open-circuit  voltage are p lo t t ed  together  with 
theo re t i ce l  curves i n  Figures 2 and 3.  Except at  n b  = 1 . 0  
(usuzl ly  corresponding t o  pure C O )  and nd = 2.0,  n i  = 0.0 
( p w e  C:&) 1;ihere E, changes very rapidly w i t h  n d ,  Et, values a r e  
!.:i'hln = 3.; of the  predicted values.  
I o be ;.iiti-!in Liie l i n i i t s  of accuracy of t h e  measurements of cgmposition, I 

'L e!::pergi-7ax?2 and voltage involved. 1 

T h i s  agreement i s  considered 

The  sinsle so l id -e l ec t ro ly t e  c e l l  shown i n  Figure 1 was a l so  
us06 I-) deeter- ine  voltaee-current curves f o r  various mixtures of 
C O ,  E2, C02, and H20 a t  d i f f e ren t  temperatures. Some of the 
e: perimen-a1 r e s u l t s  a r e  shown i n  Figures 4-7. 

0,' he c e l l  drops below t h e  open-circuit voltage because o f  res i s tance  
lo s ses  i n  t h e  e l e c t r o l y t e  and electrodes and because of polarization 
v c l t a r e  losses associaied with i r r e v e r s i b l e  e lectrode process. 

IJnen a current  i s  drawn from t h e  terminals,  t h e  voltage 

V = E t - I R - V  P ( 2 )  

where V = t h e  reminal voltage of' the c e l l ,  v o l t s  

determined from Figures 2 o r  3 ) ,  v o l t s  
Et = the open c i r c u i t  voltage of t h e  c e l l  (which can be 

I = t he  load current  passing through t h e  c e l l ,  amperes 

R = t h e  e l e c t r i c a l  r e s i s t ance  of e lectrodes and e l ec t ro ly t e ,  
ohms 

V P = t he  po la r i za t ion  voltage loss, vo l t s .  1 
z 

An approximate value f o r  t he  r e s i s t ance  of the c e l l  shown i n  Figure 1 
can be computed from 

? 

R = Pbbb/Ab + ( Pe/de) ( Le/p,) 

Tihere pb = e l e c t r o l y t e  r e s i s t i v i t y ,  about 70 ohm-cm a t  1000°C 

( 3 )  
I' 

d b  = e l e c t r o l y t e  thickness,  0 .09  em 

Ab = a c t i v e  c e l l  area, 27.6 cm2 

pe/b, = r e s i s t i v i ty - th i ckness  quotient for the c e l l  electrodes, 

Le = mean d i s t ance  traveled by the e l ec t ron ic  current i n  the 

estimated t o  be 0.8 ohms 

e l ec t rodes  passing from the  p lus  t o  the  minum terminal 
of the  c e l l ,  estimated t o  be 4 cm 

Pe = mean width o f  the electrode perpendicular t o  the  d i rec t ion  
of e l e c t r o n i c  current flow, calculated as 3.4 cm 

r 
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R = C(70)(0.09)/27.61 + [(0.8)(4/3.4)1 

= 0.23  ohms + 0.94 ohms 

= 1 . 2  ohms; 

The c e l l  res i s tance  has a l s o  been determined by measuring the  voltage loss 
over t he  c e l l  while passing a current  w i t h  a i r  a t  both inner  and outer  
e lectrodes.  
i s  termed t h e  air-air res i s tance .  Generally, t h i s  r e s i s t ance  value 
checks t h e  res i s tance  as computed above. 
construct ion the air-air r e s i s t ance  of  t h e  c e l l  o f  Figure 1 checked 
the calculated resis tance.  Before t h e  data f o r  Figures 4-7 were 
obtained - t h ree  months later,  the e l e c t r o l y t e  component of c e l l  
r e s i s t ance  had gradually doubled. Presumably, the ac t ive  ce l l  
area had decreased t o  about one-half t h e  supe r f i c i a l  e lec t rode  
area.  

Values of t he  po la r i za t ion  vol tage Vp have been computed 
by Equation 2 from data of the  type presented i n  Figures 4-7. For 
these computations t h e  a i r - a i r  r e s i s t ance  values  were used, and 
Et values  were corrected by the use of Figures 2 and 3 where 
the c e l l  current  produced any appreciable  change i n  n&, t h e  oxygen 
content of t h e  f ie1 stream passing through the c e l l .  Table 1 
presents  the V 
i n  t he  simplifyed Tafel  equation3 

The constant slope of  t h i s  curve at h i&er  current  dens i t i e s  

Immediately after i t s  

values  and a l s o  g ives  derived values  o f  a n  and i o  

where a i s  an empir ical ly  determined f r ac t ion  of the e l e c t r i c a l  
work output by which the  free energy of ac t iva t ion  i s  
increased. A n  a value of about 0.5 i s  usua l ly  assumed 
i n  cases  where spec i f i c  knowledge i s  lacking. 

n i s  the  number o f  e l ec t rons  transferred f o r  each occurrence 
of the  i r r e v e r s i b l e  event causing the polar iza t ion  vol tage 
loss ;  n i s  assumed t o  be 2 i n  the electrochemical oxidat ion 
of co. 

I\ 

i i s  the  current  dens i ty  I/Ab,  amperes/cm2. 

io i s  the  exchange current  densi ty ,  the  equal but opposite rates 
a t  which the  polar izat ion-causing process and i t s  reverse  occur 
a t  open c i r c u i t  (assuming a r eve r s ib l e  e lec t rode  a t  t h i s  
condi t ion) .  

I 

I The following general  observations can be msde based on the  

\ ‘  

i 
data  f o r  pure, dry CO-C02 fuel mixtures presented i n  Figures 4-6 and 
Table 1: 

1) Polar iza t ion  lo s ses  i n  so l id -e l ec t ro ly t e  c e l l s  w i t h  
conventional e lec t rodes  are much g rea t e r  than those 
observed w i t h  H2-H20 fuel. 

increasing temperature. 
2 )  Polar iza t ions  w i t h  CO-C02 tend t o  decrease w i t h  
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determined by passing a current  through t h e  ba t t e ry  with a i r  at  

measured with pure H2 and with H2-CO mixtures a s  f i e l ,  and w i t h  
a i r  as t h e  oxidant. Over twenty-four of these batteries have 
been t e s t ed .  
and t h e i r  power output,  6 .7  f 0.8 watts. 
have been assembled i n t o  a system which produces over 100 watts 
v i t n  HZ or H2-CO fuel and a i r .  

both electrodes,  and their  fuel c e l l  performance has been I 
I 

i Their  average i n t e r n a l  r e s i s t ance  i s  8 . 2  f 1.8 ohms; 
Twenty of these b a t t e r i e s  

OPEN-CIRCUIT VOLTAGES 1 
( 

A s ingle  so l id -e l ec t ro ly t e  c e l l  has been employed t o  1 
measure t h e  open c i r c u i t  vol tages  developed by mixtures containing 
CO, H2, C O 2 ,  and H20 i n  var ious amounts. T h i s  c e l l  was fabricated 
by applying conventional, sintered-platinum e lec t rodes  outs ide and 
in s ide  of the  c e n t r a l  por t ion  of a tube of ( Zr02  ) o .  85 ( C a O )  o .  15 
e l e c t r o l y t e  mater ia l  as shown i n  Figure 1. A platinum screen w a s  placed 
i n  t h e  tube t o  serve a s  a current  co l l ec to r .  A c e l l  l ead  wire was 
at tached d i r e c t l y  t o  t h i s  screen. Platinum wires were womd around 
t h e  e lec t rode  on t h e  outs ide  of t he  tube and could be used either as 
cur ren t  leads or as vol tage  probes. 

I 

I 

Fuel mixtures obtained by mixing varying amounts of pure 
hydrogen w i t h  premixed CO-CO2 mixtures flowed ins ide  the  tubular  c e l l ,  
which was maintained a t  the  desired temperature i n  an e l e c t r i c a l l y -  

i 
! heated furnace. An a i r  atmosphere surrounded the  tube. 

The thermodynamically pred ic ted  open-circuit  vol tage 4 
of t h e  c e l l  can be ca lcu la ted  by 

\ 
), where 4F = 4( the  Faraday number) = quant i ty  of charge t ransfer red  / 

per mole of 02 passing through t h e  e l e c t r o l y t e  386,000 ' ,  

1 
coulomb s/mole 

R = universal  g a s  constant ,  8 .134 watt-sec./OK mole 

T = absolute  temperature of ce l l JoK 

= the  p a r t i a l  p ressure  of oxygen i n  t h e  air  surrounding the  

= the partial  pressure  of oxygen i n  t h e  f ie1  gas  atmosphere 
within t h e  cell .  

! P ~ 2 J a  ce l l ,  0 . 2 1  a t m .  

The value of Poz can be ca lcu la ted  from the composition o f  t he  h e 1  

by standard thermodynamic methods. " If the  water gas equilibrium, I 

. CO + H 2 0  t COz + H2 

is  achieved i n  t h e  c e l l ,  then the  f'uel composition, Po2 , f J  and hence 

Et can be determined from two parameters.n& - t h e  r a t i o  of gm-atoms 
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3 )  The CO-COB polar izat ions decrease with decreasing 
ve loc i ty  of f u e l  flow. 

4) Polar izat ions tend t o  increase more rapidly w i t h  
current a t  f u e l  compositions where the Et - nd 
curve i s  sharply dropping; conversely the polar izat ion 
voltage loss tends t o  remain more nearly constant with 
varying i a t  CO-COB fuel compositions where the  E t  - nd 
curve i s  horizontal .  

5) The an values i n  t h e  Tafel equation average about 1 .0  
as m i g h t  be expected from simple theory which assigns 
a the  value 0.5 and n the  value 2. For the 
p a r t i c u l a r  c e l l  employed i n  t h i s  invest igat ion the 
exchange current dens i t ies ,  io, averaged about 0 .7  
milliampere/cm2. Insu f f i c i en t  data are ava i l ab le  t o  
draw any f i r m  conclusions about t rends of  an and io 
w i t h  operating conditions i n  the c e l l .  

The data presented i n  Figures 6 and 7 demonstrate t ha t  
small quant i t ies  of hydrogen added t o  CO-C02 g r e a t l y  reduce 
polar izat ion voltage losses .  
the  performance of the  c e l l  i s  e s s e n t i a l l y  t he  same as  w i t h  
pure Ha. A hydro en content of 5 mol $ i n  a CO-H2 mixture 
flowing at 1 . 0  cc7sec w i l l  alone support a current of 400 
milliamperes; a t  t h i s  current the observed value of V from Figure 7 
i s  about 0.15 v o l t s  i f  the e f f e c t  of  current on n& an8  hence on E t  
i s  considered. A t  a t o t a l  current of over 1000 milliamperes 
(equivalent t o  about 40 rnilliamperes/cm2) t h e  c e l l  po la r i za t ion  
voltage l o s s  has r i s e n  only s l i g h t l y  t o  0.20 v o l t s .  I f  the 
current  i n  excess of 400 milliamperes were supported by t h e  
oxidation of CO, the data of Table 1 ind ica t e  tha t  po la r i za t ions  
lo s ses  i n  excess of 0.30 v o l t s  could be expected at 1000 milliamperes. 
Apparently, t h e  water gas s h i f t  process, 

With a hydrogen-carbon r a t i o  n i  = 0.5 

CO + H20 - CO2 + H2 , 

has provided s u f f i c i e n t  hydrogen t o  maintain c e l l  polar izat ion losses  
low. 

To inves t iga t e  flrrther the e f f e c t  of hydrogen addi t ions 
on the  polar izat ion l o s s e s  associated w i t h  CO-CO2 fuel mixtures - a 
th ree -ce l l  bat tery,  i l l u s t r a t e d  i n  Figures 8 and 9, was u t i l i z e d .  I n  
operating on hydrogen and a i r  t h i s  b a t t e r y  had higher r e s i s t ance  than 
is  usual ly  encountered i n  so l id -e l ec t ro ly t e  batteries of t h i s  t ~ - p e * ’ ~  
but polar izat ion losses  were neg l ig ib l e  as shown i n  Figure 11. 
operating on CO-CO2 and a i r ,  however, polar izat ions were observed as 
shown i n  Figure 11 and i n  Table 2. 
from the data are i n  good agreement wi th  those obtained wi th  the  
s ingle  c e l l .  
mixture and t h e  obsemred open c i r c u i t  voltage per c e l l  i n  the ba t t e ry  
i s  about 0 . 2 3  v o l t s ;  t h e  Tafel equation ind ica t e s  t h a t  such a 
polar izat ion corresponds t o  a current densi ty  of 6 .2  milliamperes/cm2 

I n  

The Tafel constants derived 

The difference between Et f o r  the  CO-CO2 f’uel 
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( or 12 mill iamperes/total  cu r ren t )  passing through the  c e l l s  a t  
open c i r c u i t .  This  currer,t i s  a t t r i b u t a b l e  t o  shunt paths i n  the  
seal regions. 

In a successful  e f f o r t  t o  reduce polar izat ion losses ,  the 
CO-COa fuel stream was humidified by passing it through a water 
bz-h at room temperature. At most 3 mol $ H20 was added t o  f’uel 
sxream. A ca t a lys t  material, Cr203, was s in t e red  on t h e  outs ide of 
n e  rfuel feed x b e  and /placed i n  the  batter;r as  shown i n  Figures 

10 aiid 8. The performance o f  t he  b a t t e r y  is  shown i n  Figure 11. 
( C a h l y s c  Tubes 1 and 2 d i f f e r  s l i g h t l y  i n  the  quantity of Cr203 
appl ied L O  ,he tube and the conditions of s i n t e r i n g . )  Essen t i a l ly  
tne perfomance curves f o r  the CO-CO2 h e 1  mixture d i f fe r  from the 
H2 lluel curve only by an amount equal t o  th ree  - for t h ree  c e l l s  - 
-irr.es t5e  difference i n  Et for the  d i f f e r e n t  f i e l s ;  CO-C02 mixtures 
can be u - i l i z e d  i n  s o l i d - e l e c t r o l y t e  c e l l s  with low po la r i za t ion  
losses i f  sone H2 or H 2 0  i s  present and i f  a su i t ab le  s h i f t  ca t a lys t  
i s  employed. 

Additirjnal experience on t h e  performance of CO-H2 fie1 
It1ivILures a t  hi;her cu r ren t  d e n s i t i e s  has been gained by a series o f  
tes:s on a 20 -ce l l  s o l i d - e l e c t r o l y t e  b a t t e r y  whose construction 
and H2-air performance have been previously described. The two 
H2 performance curves o f  Figure 1 2  check w i t h  predict ions based on 1 

the calculated c e l l  r e s i s t ance  and on the  va r i a t ion  of the  open 
c i r c u i t  voltage Et wi th  the  composition of t h e  h e 1  as it i s  gradually 
oxidized along the  l eng th  of t h e  ba t te ry .  Po la r i za t ion  voltage lo s ses  
a r e  apparently negl ib le .  The CO-H2 performance curve was obtained 
IriThou+, any s h i f t  c a t a l y s t  present i n  the  ba t t e ry .  The voltage with 
the CO-H2 mixture a t  a current  dens i ty  of 450 rnilliamperes/crn , 0.9 
ampere, i s  0 . 1  of a v o l t  per c e l l  less than with pure hydrogen a t  the  
same ne t  flow of H2, 3 cc/sec. It can be expected t h a t  t h e  addi t ion 
of c a t a l y s t  w i l l  b r ing  about appreciable improvement of t h i s  20-cell  
ba t te ry .  

I 

TWElLTY-CELL BATTERIES 

Twenty-five b a t t e r j e s  i d e n t i c a l  i n  construction t o  the  one whose ’ 
performance i s  presented i n  Figure 12 have been fabricated and tes ted .  
A l l  except one proved l eak - t igh t .  A t  t he  operating temperature of  
1000°C ba t t e ry  air-air  r e s i s t a n c e  - t he  voltage loss  divided by the  
current  value of 1 . 0  ampere - ranges from 6 . 4  t o  9 .4  ohms; the  
average and root  mean-square deviat ion values are 7.8 * 1 . 0  ohm. 
This average b a t t e r y  r e s i s t a n c e  i s  about 30% g rea t e r  than the 
value calculated from the e l e c t r o l y t e  r e s i s t i v i t y  and e l e c t r d e  
resistance/thickness values.  The open c i r c u i t  voltage developed 
by these b a t t e r i e s  on H2 or H 2 - C 0  f’uel and a i r  ranges between 19 and 
2 0  vo l t s ;  l o s ses  i n  t h e  generated voltage of t h e  so l id -e l ec t ro ly t e  
bell-and-spigot c e l l s  due t o  shunt currents  i n  the  seal region5 
a r e  thus less than 7$ o f  the  r eve r s ib l e  voltage.  The maximum power 
output of Lhe b a t t e r i e s  i s  6 .7  * 0.8 watts with complete combustion 
of H2 f u e l  a t  about 0.87 amperes o r  435 milliamperes/cm2. 

f 

I 
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1 The resis tance,  open c i r c u i t  voltage,  and power output of 

I 
b 

these b a t t e r i e s  a r e  i n  reasonable agreement with t h e o r e t i c a l  
calculat ions.  
y i e l d  a reasonably uniform product. 

And the methods used i n  f ab r i ca t ing  t h e  b a t t e r i e s  

100-WATT SOLID-ELECTROLYTE FU&-CEL;L POWER SUPPLY 
i 
used t o  construct a 100-watt so l id -e l ec t ro ly t e  f i e l - c e l l  power 

diameter metal base p l a t e  ( s e e  Figure 1 4 )  which provides support 

Twenty of t h e  20-cel l  b a t t e r i e s  described above have been 

\ Supply shown i n  Figure 13. The b a t t e r i e s  are mounted on a 4.5 in .  

I and manifolding f o r  up t o  twenty-four b a t t e r i e s .  The flow t o  each 
i b a t t e r y  from t h e  f u e l  plenum i s  regulated by a f i n e  needle valve - 

q one of which i s  shown on Figure 1 4 .  The valve posi t ion push rods 
a r e  adjusted t o  equalize the  flows t o  t h e  b a t t e r i e s .  The f u e l  

1 flows up the  feed tube t o  the  top of the bat tery;  i t  then f l o w s  
1 downward ins ide  the tube of c e l l s  react ing w i t h  the oxygen which 
; passes through the  e l e c t r o l y t e  a s  current i s  drawn from the  bat tery.  
I The combustion products a r e  carr ied down i n t o  the  upper plenum 
I of the  base p l a t e  and then i n t o  t h e  exhaust pipe. 

A i r  surrounds the batteries inside t h e  3-zone fkrnace ‘ ( s e e  Figure 13) which i s  used t o  maintain the  c e l l s  at the desired 5 operating temperature. P lugs  of i n su la t ion  5 in .  i n  diameter and 
: 4-1/2 in .  t h i ck  a r e  used t o  reduce heat losses  from the  t o p  and bottom 

of t h e  cy l ind r i ca l  heated region of the f i rnace.  The temperature 
d i s t r i b u t i o n  throughout the  batteries i s  indicated i n  Figure 15; the 
s m a l l  c i r c l e s  represent individual  b a t t e r i e s  i n  a plan view o f  t h e i r  
arrangement i n  t he  furnace. A t  the  top a r e  t h e  temperatures of the 

1 uppermost c e l l  i n  t h ree  b a t t e r i e s  indicated by Pt -Pt - lO$ Rh 
I thermocouples. The middle temperatures a r e  those on the t e n t h  c e l l  
I from the  top; a t  the  bottom a r e  shown temperatures of the lowest c e l l s  ‘ i n  the b a t t e r i e s .  
: \ \reading on a ba t t e ry  opposite t h e  
kfurnace the  temperatures are within &3O0C of the average value. ’ Even better uniformity can be achieved by a more caref’ul adjustment 

f 

i 

With the  excepthon of one low temperature 
crack” of the sp l i t - t ube  

of the  heat input t o  the various sect ions of t he  furnace. 

each group the  b a t t e r i e s  are e l e c t r i c a l l y  connected i n  ser ies .  
two groups, each containing 200 series-connected c e l l s ,  are used 

‘ t h i s  power supply i s  shown i n  Figure 16. The open-circuit  voltage i s  
‘200 vol t s ;  the  maximum power i s  102 w a t t s  a t  1 . 2  amperes wi th  HE flow 

. i n  p a r a l l e l  t o  supply power t o  the  load. The e l e c t r i c a l  performance of 

t. ,at a rate corresponding t o  2 . 1  amperes. This  power output i s  
about 20% lower than tha t  which might be expected from the 
measurements of the power output of s ing le  b a t t e r i e s .  A reduciion 
i n  temperature of b a t t e r i e s  caused by heat lo s ses  through the  s p l i t ”  
i n  the f’urnace and a non-uniform d i s t r i b u t i o n  of a i r  flow through t h e  
b a t t e r i e s  have been shown t o  cause i n  p a r t  t h i s  reduction i n  power. 5 With excess H2 flow, the  performance of the b a t t e r y  i s  improved as shown 

, i n  Figure 17 aqd a maximum power of 110 w a t t s  i s  achieved. 

of generating f’uel-cell power by means of banks of so l id -e l ec t ro ly t e  

1, 
The twenty b a t t e r i e s  a r e  divided inr;o two groups of ten; i n  

The 

I 
< The 100-watt  power supply demonstrates the f e a s i b i l i t y  

, b a t t e r i e s .  This, p lus  the  demonstrated a b i l i t y  of t h e  b a t t e r i e s  t o  produce 

, 
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p o m r  e f f i c i e n t l y  from carbon monoxide - carbon dioxide - water - 
nydro.:en a i x t u r e s  wi th  the  employment of a chrome oxide ca t a lys t  , 
deiyonstrates ;he t echn ica l  f e a s i b i l i t y  of generat ing t h i s  power 
from coal .  1 

I 
,i 

4 

1 
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Table 2 

Polarization Voltage Losses w i t h  CO-CO, i n  a Three-Cell 
Solid-Electrolyte Battery 

Fuel: 90 mol 3 CO, 10 mol $ Co2 
n' = 1.1 
5 3  cc/sec 

Oxidant: a i r  
Temperature : 1000°C2 

Cel l  area (ac t ive) :  2.0 cm 

2 Current density, I/AB = i, milliamperes/cm : 25 50 100 150 
Polarization o l tage  loss, V volts:  0.37 0.44 0.51 0.55 

P' 

2 Derived Tafe l  constants: on = 0.92 
. io = 0.6 milliamperes/cm 

i 

J 



53 

I 

A 

\ 

Materials Code ,035 in. - Platinum Electrode 
*x-..*aa. Platinum Screen 

lml (Zr02)0.85 (CaOjO. 15 ElectrolMe 

Fig. 1-Schematic cross section of fuel cell TCf8 
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Fig. 2 -Generated voltage of a fuel cell using a C-0 fuel 
mixture as a function of fuel mixture composition 
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Fip 3 --Generated voltage of a fuel cell using a C-H-O fuel mixture at 
1060°C as a function of fuel mixture composition 
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Fig. 10-Fuel feed tube for three-cell batterywith Cr203 catalyst coating 
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Fig. 15-Battery temprature  distribution as a function 
of axial position --at operating temperature 
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Fig. 16-100-watt battery performance before and after increasing a i r  flow 

. 

. 

I 

- - _  - - - - -  - 
Fig. 17-Performance of 100-watt solid-electrolyte fuel-cell power system 
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ALCOYOL A I R  FVEL CELLS - DEVSLOPb'IENT AND APPLICATION 
Pi. Vielstich 

Institiit f u r  Phvsikz: ische Chemie der Universitgt Bonn 

INTRODUCTION 

Taitelbaum ( 1 )  in 1910 was the first to convert the chemical 
energy of liquid fuels (e.g. petroleum, stearic acid and 
starch) in a galvanic cell into electricity. But the use of 
fuels like alcohols or aldehydes was proposed many years la- 
ter by Xordesch and Marko (2) and by Justi et a1 (3). 

Kordesch and !.lark0 studied the system formaldehyde/air. The 
cell with the alkaline o r  acid electrolyte contains an oxy- 
gen diffusion electrode and a porous fuel electrode. The 
fuel o r  fue1,'electrolyte mixture penetrates the fuel electro- 
de  from the back.  In this manner an enlargement of the two 
phase boundary is obtained. Idoreover, under proper operating 
conditions the fuel concentration is relatively small in the 
vicinity of the oxygen electrode, even if no diaphragm is 
use'. T!iis is pslrticularly important if the oxygen electrode 
contains a aetal which catalyses the fuel reaction. 

In an other metho? of-construction the alcohol i s  dissolved 
in the electrolyte and both electrodes dip into the fuel- 
electrolyte mixture ( ? , a ) .  
The use  of liquid fuels in general obviates the need for a 
three-phase boundary, and thus facilitates the construction 
of the fuel electrode. An additional advantage is that the 
fuel can be brought to the catalytic electrode in high con- 
centration. Thus, if the reaction is fast enough, high 
current densities can be obtained (up to 1 A/crn2 at room 
temperature). Such battery systems can be used conveniently 
for maintenance-free, continuous operation if air at ambient 
temperature and pressure is supplied to the oxygen electrode. 
Some examples of this type of fuel cell are discussed in the 
following. 

- 1  

i 
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NETIWBOL A I R  CELL FOR OPEIiATION AT LOW CUS3ENT D E N S I T I E S  

General Remarks 

\ In recent experiments ( 5 , 6 )  it has been shown, that the anodic 
oxidation of methanol proceeds via formaldehyde, and formate 
or formic acid respectivly. On open circuit at platinum metal 
electrodes one observes a hydrogenation/dehydrogenation- 
equilibrium ( 7 ) ,  while under load also methanol is not electro- 
chemically active itself. At potentials p c  + 400 mV versus 
the H2 potential in the same solution a preliminary dehydro- 
genation takes place. At more positive potentials the fuel 
reacts with the oxygen which has been chemically adsorbed by 
the electrode surface ( 8 , g ) .  Therefore, a suitable combination 
of catalyst, electrolyte and temperature has to be arranged to 
obtain the required current density in the desired potential 
range over the total oxidation up to C o 2  or COj 
In this connection two problems have to be solved when using 
an alkaline solution, which is the most suitable electrolyte 
for practical cells. 

-- respectively. 

B 

(i) An appreciable enrichment of formate has to be avoided: 
the use of mixed platinum and palladium catalysts is 
one possible solution ( I O )  

(ii) ,The electrode polarization increases with the concen- 
tration of CO -ions at current densities j > 5 - 10 

mA/cm2 at 20 - 50°C (11) .  To obtain a flat voltage/ 
time curve over the i;otal capacity of 6 electrons per 
molecule (i.e. CH30H + 8 OH-- COj 

exceeded, 

-- 
3 

-- + 6 H 2 0  + 6 e-), 
\ the critical current density should not therefore be 
I 1  

1 
I 

Experimental Results with Laboratory Cells 
\ 
\\ For the investigation in the laboratory glass vessels con- 

taining 1 liter of electrolyte/fuel mixture ( I O  N KOH and 
4.5 I L  methanol) were used. KOH is used because cells with 
Ma03 have higher polarizations, particularly on the oxygen 
side. The KOH concentration is chosen in such a manner that 
even after conplete reaction of the fuel the OH--concentration 
w i l l  be 1 - 2 molar. 



. .  
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Platinum on a porous carrier was found to be a better catalyst 
than Raney-nickel. Up to now 2 - 5 mg Pt/cm have been used, 
At this fuel electrode the oxidation potentials for methanol 
and formate up t o  current densities of 5 mA/cm* are about the 

methanol as fuel is very low. This reaults in a flat voltage- 
time curve (see Fig. 1 ), 

Since, for the intended application (see below), only a few 
mA/cm are needed, porous carbon without metallic additions 
is used on the oxygen side. Plate-like or cylindrical electro- 
chemically active carbon electrodes (surface area: 250 cm ) 
a r e  made hydrophobic with polyethylene dissolved in benzene to 
such a degree that the methanol/electrolyte mixture will not 
penetrate through the electrode even after 10.000 hours (the 
thickness o f  the electrode plates is 5 - 10 mm).  

The EMF of this methanol/air cell is about 0.9 volt; at a 
current drain of 0.5 amp the terminal voltage is 0.75 - 0.6 
volt. For short periods of time 2 amps can be withdrawn at 
0.6 - 0.5 volt. The long term experiments are performed ta- 
king into consideration that the end use will be periodic 
loads (2 seconds at 0.5 amp and 4 seconds O.C.). The perio- 
dic current interruption not only makes the diffusion of air 
easier but it also increases the life time andpreserves the I 

activity of the fuel electrode. 

2 

same, So the formate content of the electrolyte when using /. 

2 

2 

Typical discharge curves are shown in Fig. 1. The difference 
between theoretical and experimental current yields can be 
explained on the basis of analysis of the electrolyte by eva- 
poration of methanol through the porous carbon. The analysis 
also shows that the diffusioi of C02 from the air through the 
carbon can be neglected. 

The influence of temperature on the oxidation rate at constant 
electrode potential is very pronounced. Current density-poten- 
tial plots obtained after operation for one day at 10 mA/m 
are given in Fig. 2. 

1 

2 
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D i s c u s s i o n  

The s p e c i a l  f e a t u r e  o f  a m e t h a n o l / a i r  c e l l  as d e s c r i b e d  above 
i s  a h igh  Ah-capacity p e r  u n i t  volume o r  p e r  u n i t  weight :  
5.000 A h / l i t r e  me thano l ,  up t o  1.000 Ah/l f u e l - e l e c t r o l y t e  
m i x t u r e ,  o r  abou t  3 kg/kWh f o r  a n  o p e r a t i n g  time 6.000 hours .  

The e x p e r i m e n t a l  r e s u l t s  r e v e a l ,  however,  t h e  f o l l o w i n g  d i s -  
advan tages  : 

( i )  The c u r r e n t  d e n s i t i e s  a t  t h e  f u e l  e l e c t r o d e  a t  ambient 
t e n o e r a t i i r e s  a r e  r e l a t i v e l y  low,  i f  small amounts o f  
n o b l e  m e t a l  c a t a l y s t s  a r e  used. 

The v a p w p r e s s u r e  i s  unfavcumble f o r  modera te  tempera- 
t u r e  a p p l i c a t i o n s .  

( i i )  

( i i i )  Y i th  d e c r e a s i n g  t e n p e r a t u r e  t h e  power o u t p u t  o f  t h e  c e l l  
d rops  c o n s i d e r a b l y .  

FCWIC A C I D  AYD FORirATE A S  FUEL 

Anodic o x i d a t i o n  o f  fo rmic  a c i d ,  n a t u r e  o f  t h e  i n t e r m e d i a t e  
p r o d u c t  

In . , a . c id  e l e c t r o l y t e s  rne,thanol and formaldehyde  z r e  l e s s  r eac -  
t i v e  t h a n  f o r m i c  a c i d  (9,12,13).  The o x i d a t i o n  rate a t  2oten-  
t i e l s  y< 0.5 v o l t  ( v s .  SHZ) i s  de te rmined  by t h e  p o i s o n i n g  
e f f e c t  of a n  i n t e r m e d i a t e  p r o d u c t .  The p a r t i c l e s  adsorbed  a t  
a F t - e l e c t r o d e  a r e  p r o b a b l y  forr?.a.te r a d i c a l s  E n d - c e r t a i n l y  n o t  
car’bon monoxide o r  o x a l i c  a c i d  ( 1 4 ) .  A p o t e n t i o s t a t i c  p o t e n t i a l  
s c a n  i s  e s p e c i a l l y  s u i t e d . t o  g i v e  2 q u a l i t a t i v e  v iew o f  t h e  
r e a c t i o n  n e c % a c i s n .  Pi:;. 3 shows t h r e e  c u r r e n t  Gca.1:s d u r i n g  t h e  
a.noc?ic scan .  .‘?he f i r s t  iaxirn1.m i s  ?.ue .to t h e  r e a c t i o n  s t e p ’  ( 1 4 )  

I n  t l ie  r e g i o n  o f  t h e  second c.nd t h i r d  ?eaks  t h e  r u e 1  r e a c t s  
..:-ith checisorbec! oxygen as d e s c r i b e d  above f o r  tlie n e t h a n o l  
o x i d a t i o n .  The adso rbed  i n t e r n l e d l a t e  t o o  i s  o x i d i z e d  i n  t h i s  
n o t e ~ i t i a l  renge .  P ig .  4. c l e a . r l y  de rzons t r a t e s  tkie p o i s o n i n g  
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effect of the adsorbed product on a smooth platinum electrode I 
k 

at 0.5 volt. I 
I S  

'! Application of a mixed Pt/Ru-catalyst i 
$ <  t Recently Frumkin (15) has discovered that the use of a mixed 

platinum ruthenium catalyst diminishes the poisoning effect. 
This has been confirmed by the following experiment. An active 
carbon electrode (geom. surf. 24 cm , 12 m g  Pt-metal/cm ) was 
prepared (a) with 3 $ Pt (b) with 3 $ Pt/Ru (9:l) ratio by 
weight. The current densities observed at the two electrodes 
at 0.5 volt were for electrode (a) 2 mA/cm and for electrode 
(b) 10 mA/cm . In a long duration experiment with an HCOOH/ 
air cell (50cm 
using the two types of electrode was about 3.  The current 
yield which is about the same for the two cells is surprisingly 
low, less than 20 $ on a 2 electron/molecule basis. 

Formate ion-oxidation on mixed noble metal catalysts 

r! 
'1 

2 2 

2 

2 
2 elect'rodes, 2OoC) the ratio of power outputs 

In early investigations,of the anodic oxidation of methanol in 
alkaline solution with Raney-nickel (9) or platinum (6,lO) 
electrodes formate ion was usually found as the primary oxi- 
dation product. The further oxidation of the formate ions 
occured at a less favourable potential. Grimes and Spengler 
(lo), however, have observed that the use of mixed platinum 
and palladium catalysts allows the complete oxidation of me- I 

L 
nickel substrate as anode (9 mg Pd/Pt (5:l)/cm ) produced 
twice the power output of a similar methanol cell at the 

1 

1 

I 
thanol to carbonate. A formate ion/oxygen fuel cell with a 

2 

id same temperature. 
i 

$ These results demonstrate that the oxidation rate of formate 
ions is very sensitive to the composition and the structure 
of the metal catalyst. Moreover, the electrocatalytic effects 
are different for formate ion and methanol. 8 ,  

Our studies have shown that the formate Oxidation rate on 
platinum and palladium alloys varies over more than two orders 
of magnitude. The formate oxidation has been investigated on 
a series of smooth metal electrodes by use of the potentiosta- 

?. tic scanning method. An example of the current voltage d i a -  

, .  
. .  

. . . . . . . -. - . -- , '  - .  .-... ... . 
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grams obtained in 6 N KOH + 4 M HCOOH is given in Big. 5. 
The height o f  the high anodic current peak (during the anodic 
scan) is taken as measure of the catalytic activity of the 
metal. The activity of the metal surface is controlled by the 
potential range covered and the scanningspeed (100 mV/sec). 
Fig. 6 shows the strong influence of the electrode material 
on the peak current density for 20 and 4OoC. 

The relationship between electroqe material and current den- 
sity obtained offers of course only a first insight into the 
selection of the most suitable catalyst. In battery practice 
one has to deal with porous electrodes and continuous dischar- 
ge Therefore factors other than metal composition are also 
important. 

In preliminary tests of formate ion/air cells about 10 times 
the power output compared with methanol as fuel has been ob- 
served. Continuous discharge at 20 mA/cm2 at 20°C is readily 
0 btained. 

Di's cus si on 

By use of mixed Pt/Ru-anode catalysts the power output of a 
HCOOH/air cell at ambient operating conditions is of the same 
order as that of an alkaline methanol/air cell. The reaction 
product of the formic Bcid cell is C02 and therefore electro- 
lyte renewal is not required. On the other hand one needs for 
both electrodes noble metal catalysts. Another disadvantage 
is the high rate of the current-less decomposition. The in- 
fluence of the current density on the reaction yield has not 
yet been investigated. 

Due to the moderate current densities at ambient temperature 
a n d  pressure the formate ion/air cell with mixed Pt-metal 
catalysts at the fuel electrode offers a new field of appli- 
cations. In contrast to methanol the vapour pressure is low, 
80 that operating temperatures up to 100°C can be used. Com- 
pared t o  methanol, however only 2 electrons per molecule are 
obtainable. 

1 

.. 
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CXP7?II-ZWTS X T 3  GLYCOL AS FUEL 

I n  a c i d  e l e c t r o l y t e s  t h e  anod ic  o x i d a t i o n  o f  g l y c o l  l e a d s  t o  
C02 as end p r o d u c t .  The working p o t e n t i a l  i s ,  however,  l e s s  
f a v o u r a b l e  t h a n  w i t h  fo rmic  a c i d  as f u e l  ( 9 ) .  The o x i d a t i o n  
a t  a l k a l i n e  pH r e s u l t s  i n  t h e  f o r m a t i o n  of  o x a l a t e .  But a t  
moderate  t e m p e r a t u r e s  ( 6 0  - 9 0 ° C )  a s t r o n g  dehydrogenat ion  
t a k e s  p l a c e  

-- 
‘2’4 + Had CH20H-CH20H + 2 OH- 

8 Had + 8 OH- - 8 H20 + 8 e- 

and c u r r e n t  d e n s i t i e s  up t o  600 mA/cm2 c a n  be o b t a i n e d  ( 9 , 1 6 ) .  

Griineberg e t  a1  ( 9 , 1 6 , 1 7 )  have developed a g l y c o l / a i r  c e l l  
ope-2tir.g a t  emlsient t e m p e r a t u r e  and p r e s s u r e .  

T?’e a i r  e l e c t r o d e  was p r e s s e d  from a c t i v a t e d  carbon and poly-  
e t ’?ylene powder (500 kg/cm , 1 6 O o C )  and b u i l t  up i n  two l a y e r s .  
?he l a y e r  an t h e  e l e c t r o l y t e  s i d e  w a s  made on ly  weakly hgdro- 
phobic  and c o n t z i n e d  kg20 as c a t a l y s t .  The e l e c t r o d e  had s u c h  
good n e c h a n i c a l  s t a b i l i t y  t h a t  i t  cou ld  be used as an end p l a t e  
i n  t h e  c e l l .  Between t h e  a i r  e l e c t r o d e s  t h e r e  i s  a f u e l  e l ec -  
t r o d e  o f  t h e  s a n e  s i z e :  c o a r s e  g r a i n e d  Ni-DSK ( 3 )  i s  h e l d  i n  
p l a c e  by n i c k e l  s c r e e n s .  

The open c i r c u i t  p o t e n t i a l  o f  s u c h  a c e l l  ( 6  IT KOH + 2 M g l y c o l )  
i s  about  1.1 v o l t .  A t  a l o a d  o f  3 rnA/cm2 such  a c e l l  w i l l  have 
a p o t e n t i a l  of 0.0 v0l.t a t  room tempera tu re .  F o r  s h o r t  p e r i o d s  
o f  t i n e  c u r r e n t  d e n s i t i e s  up t o  30 mA/cm2 can  be  withdrawn, 

F o r  t h e  i n v e s t i g a t i o n  of h i g h  c u r r e n t  d e n s i t y  g l y c o l / a i r  c e l l s  
we have used as f u e l  e l e c t r o d e s ,  f lame-sprayed Raney-nickel  on 
a n i c k e l  s u b s t r a t e .  E l e c t r o d e s  up t o  a geomet r i c  a r e a  of 
20 x 70 cm have  b e e n  s t u d i e d .  A s  a l r e a d y  s t a t e d  by Boies  and 
Dravnieks  ( 1 8 )  t h e  a c t i v i t y  o f  t h e  e l e c t r o d e  i s  c r i t i c a l l y  de- 
pendent  on  t h e  g r a i n  s i z e ,  and t h e  s u b s t r a t e  must be c a r e f u l l y  
p repa red  
l a y e r .  The i n c r e a s e  of t h e  dehydrogena t ion  ra te  w i t h  tempera- 
t u r e  has a s t r o n g  i n f l u e n c e  on the shape  o f  t h e  c u r r e n t / v o l t a g e -  
c u r v e  ( F i g .  7 ) .  

The f e a t u r e s o f  t h e  g l y c o l  c e l l  o p e r a t i n g  a t  moderate  t empera tu res  

2 

1 

/i 

2 

t o  o b t a i n  good and s t a b l e  c o n t a c t  t o  t h e  c a t a l y t i c  I 

are : 
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noble metal catalysts are not required, high current densities 
1 can be obtained in direct oxidation from an easily handled 
, '  liq~id fuel, and strong gas evolution does not take place. 

The price of the fuel and the necessary renewal of the elec- 
trolyte are the main disadvantages. 

APPLICATIGKS OF I:LCOIIOL AIlI/CTLLS 

,\ General Remarks 

1 ?mbient air cells with methanol or formate ion as fuel are 
particularly suited for a maintenance-free, continuous opera- 
tion at low or aoderate current densities. Therefore they 
could be used to supply signal devices, stationary or mobile 
communication systems, isolated weatherstations etc. Such 
alcohol/air cells can start to compete with dry batteries and 
wet batteries of the system zinc/NaOH/air. 

1, 
I I' 

I '  

I 

i 

The high power glycol cell should be applicable e.g. as an 
emergency unit. In contrast to such a fuel cell the presently 
used Diesel engine has several disadvantages: 
it requires maintenance, unreliability of the rotating parts, 
uncertain starting in an emergency. 

Ecside battery construction cost, fuel cost and availability, 
the amount of  noble metal used for the electrodes is a peculiar 
problem in comilercial fuel cell application. In the alkaline 
methanol and formate cells developed so  far 2 - 5 mg/cm pla- 
tinum 2nd galladiurn are needed. To what extend this amount has 
t&e decreased to nake such cells economic depends very much 
on the special aaplicztion. 

Test of a GO 'fatt methanol/air battery for sea buoys 

On the basis o f  o u r  laboratory investigations described above 
Bro-m, Boveri a. Cie. have built a 6 volt 10 amp battery for a 
flashing buoy. The module contains 10 cylindrical cells 
(Fig. 8). In each cell 18 pairs of electrodes are connected 
in parallel in order to equalize the different performance 
of the individual cells and to prevent the failure of single 
electrodes. Prom the 400 litre fuel/electrolyte-mixture 180 k'?!h 

2 
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can be obtained. By using an electronic device the power 
output of the battery is stabilised ( 3 0  Watt in signal 
operation between 5 and 30°C) against changes of tempera- 
ture and changes in fuel concentration- which occur over 
a two years period of operation (intermittd2 sec load, 
4 sec 0.C. ) .  r 

The battery is presently in field test for serveral months. 
It is felt that the operation cost (methanol and caustic) 
will be cheaper than the present propane-consuming buoys. 

i 

! I 
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Fig. 1 Terminal voltage at periodic loads (2, sec load and 
4 sec O.C.) of a methanol/air cell, operating time 
7 > 72.000 hours with 4 electrolyte charges, tempe- 
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Fi -. cI E f f e c t  o f  t e ' n p e r a t u r e  on t h e  per formance  o f  a p l a -  
tlnurn a c t i v a t e d  c a r b o n  e l e c t r o c i e  i n  G N KOH + 2 M 
C X ~ O H  s o l u t i o n ,  P = 1 2  m2, 4,8 ng Pt/cm2; c u r v e s  
t a k e n  a f t e r  1 d a v  o r e r e t i o n  i L t  10 mA/cm 2 

(v 

€ 2  

€ 0  

0 . a 

0 0 6  1 2  
POTENTIAL VERSUS H2 

Fig. 3 T r i a n g u l a r  p o t e n t i a l  s c a n  on smooth P t  i n  1 N H2S04 
+ 1 HCOOH, 50 mV/sec, 2OoC 
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TIME, MIN. 

Fig. 4 Decrease of current with time on smooth Pt in 1 N 
H2S04 + 1 M HCOOH at constant potential 
( 1 )  at 0,5 volt (first current peak in Fig. 3) 
( 2 )  at 0.9 volt (second peak in the anodic scan of 

Fig. 3 )  

IO 
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Fig. 5 Triangular potential scan on smooth Pt/Ir (75:25)- 
alloy in 6 N KOH + 4 M HCOOK, 1-00 mV/sec, 4OoC 
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Current density-potential curves on flame sprayed 
Saney-nickel (grain size 200 p)  in 6 N KOH’+ 2 I\! 
G l y c o l ,  plots taken after 2 day operation at 50 mA/cm 
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P i g ,  8 Three c e l l s  of a 10 c e l l  60 Wat t -me thano l / a i r  b a t t e r y  
w i t h  c y l i n d r i c a l  a i r  d i f f u s i o n  e l e c t r o d e s  f o r  a 
f l a s h i n g  s e a  buoy 
(by  c o u r t e s y , o f  Brown, Bover i  and C i e . ,  Baden/Schweiz) 
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The Anodic Oxidation of Methanol on 
Raney-I'ype Catalysts of Platinum Metals 

-4. Binder, A .  Kbhling, G. Sandstede 

Battelle-Institut e.V., Frankfurt/Main, Germany 

1 .  IN~HODUCTIOX 

I'or a couple of' years methanol has played an important 
part in fuel cell research and development. It has proved 
to be the only alcohol that can be completely oxidized to 
carboii dioxide and water in a fuel cell operating with an 
aqueous alkaline electrolyte at. temperatures below 100°C and 
a 1)latirium catalyst ( 1 ) .  The disadvantage of a fuel cell 
system of this type is the cons,umption of the alkaline elec- 
trolyte due to formacion of the carbonate. Therefore, acid 
electrolytes would be more desirable; liowever, on platinum 
che oxidat ion of methanol requires a much higher overvoltage 
is acids than in alkaline solution. 

It has been the objective of these investigations to 
develop a suitable catalyst which does not require the large 
overvoltage during the anodic oxidation of methanol. From 
our previous investigations ( 2 )  it was concluded that there 
might be a more active catalyst among the group of platinum 
metals and their alloys and that the Raney method might be 
suitable for preparation of alloy catalysts at low tempera- 
cures. 

2. EXPERIMENTAL c o m I n o N s  

In our comparative appraisal of the catalysts we used 
electrodes of the type described in an earlier communication 
( 3 ) .  Accordingly, it contained the Raney catalyst in a gold 
skeleton to which sodium chloride was added for formation of 
macropores. The proportion of catalyst was kept constant 
with all electrodes. The catalysts were prepared in situ 
from Rariey alloys of type PtAlL+ or A0,-BO - A 1 4  by treatment 
with potassium hydroxide solution in tAe ;reformed electrode 
disk. In separate experiments following the periodic .poten- 
tial sweep method the electrochemically active surface area 
of the catalyst of such a test electrode was determined to be 
about 75 sq.m. per g .  in the case of platinum. X-ray dif- 

iium catalyst showed a solid solution of ruthenium in platinum 
wliicli is not quite homogeneous but still contains proportions 
of free ruthenium. 

r 

fraction measurements for the example of the ruthenium-plati- 1 

,J 

The electrolyte was j N potassium hydroxide solution and 
(4.3 X sulfuric acid (reagent grade: "pro analysi", E .  Merck, 
Darmstadt). In all experiments the methanol was used in a 
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concentration of c = 2 mole/liter (reagent grade of metha- 
nol: "pro analysi", E. Merck, Darmstadt). 

' I'he electrochemical measurements were made in the half- 
cell arrangement likewise described previously ( 3 )  according 
to the galvanostatic method. The current densities reported 
in this paper refer to the projected surface area and the 
potential relates to a hydrogen electrode in the same solu- 
tion. The ohmic drop between Luggin capillary and electrode 
was not accounted for.. 

The plots were taken first at decreasing and then at in- 
creasing current densities. 'This implies that a certain pro- 
portion of the reaction products was present in the electro- 
lyte. 

3.  RESULTS 

3 .1  Measurements in 6.5 N KOH Solution 

Figures 1 and 2 show the differences in the catalytic 
behavior of platinum metals in the oxidation of methanol in 
j N potassium hydroxide at 25OC and 80°C,  respectively. Mea- 
surements on electrodes with Raiiey gold serve for reference. 

It is noted that two platinum metals at a time show a si- 
milar activity. The three groups thus obtained conspicuously 
correspond to the dyads 

Hu R h  Pd 
Os Ir Pt 

O K  the platinum metals in the Periodic Table. Osmium and ru- 
thenium, and also gold are found to be unsuitable as fuel cell 
catalysts, since there will not be a constant poteritial at 
high polarization. At 8OoC, however, polarization with re- 
spect to the potential at a current density of 50  mA/cm2 which 
is reasonable in fuel cell operation, does not exceed that mea- 
sured on iridium and rhodium. 

3 . 2  Measurements in b . 5  N Sulfuric Acid 

In sulfuric acid polarization with all platinum metals is 
much larger than in potassium hydroxide solution. Particular- 
ly striking is the increased polarization ip the case of pal- 
ladium at 2 j ° C  (Fig. 3 ) .  which even at comparatively small cur- 
rent denslties reaches a potential range where corrosion occurs. 

Even at 80°C (Fig. 4) palladium shows only slightly lower 
polarization s o  that this metal is the least active catalyst in 
the conversion of methanol in sulfuric acid, whereas osmium, 
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featuring only low conversion at 2 5 0 C ,  is the most active 
catalyst among the platinum metals. If the potential at 
a current density of 50 mA/cm2 is taken as a measure f o r  
the "activity" of' the electrode and thus of the catalyst, 
the order at '8OOC is as follows: OsyIr = Ru>Pt>Rh>Pd. 

.In sulfuric acid the platlnum metals do not form three 
groups as has been observed in the conversion of methanol 
in potassium hydroxide solution. 

3 . 2 . 2  Alloys of Platinum Metals ___-_______-____-___-----  
The experimental results on pure platinum metals sug- 

Lest that catalysts 01- the lowest activity are found among 
tile palladium alloys. Figures 5 and 6 depict the potential/ 
current density curves o f  alloys of palladium with the ad- 
dition of  one of tile other platinum metals ( 5 0  atomic per 
cent). 

A distinct increase in the activity is observed by the 
addition of the second component. Worth noting is the ef- 
fect of ruthenium which -at a current density of 50 mA/cm2 
and 8 O O C  (Fig. 3 )  results in a decrease in polarization by 
280 mV and 2 j ° C  even causes a decrease by 300 mV(Fig. 6). 
It should be borne in mind that pure ruthenium proved al- 
most inactive at 2 5 O C .  

It now turns out that the most active catalysts are 
found especially among alloys containing ruthenium (Figs. 7 
and 8). A combination of pronounced activity is obtained by 
a rutlieriium-platinum alloy. A c  a current density of 5OiO/cm2 
and at 80°C (Fig. 7 )  such a Raney ruthenium-platinum elec- 
crode shows a potential o f  230 mV. Even at 2 5 O C  (Fig. 3) the 
correspoiiding potential does not exceed 1100 mV. These values 
f o r  the polarization are only about 50 mV higher than the 
corresponding values for the most active catalyst in potas- 
sium hydroxide solution, viz. platinum. 

rhis Raney ruthenium-platinum catalyst is the most ac- 
cive of all platinum metal alloys evaluated. This is il- 
lustrated by Table l which summarizes the potentials of all 
alloy catalysts of the composition A5OB (atomic per cent) and 
confronts them with those of the pure metals, as observed at 
a current density of 50 mA/cm2 and temperatures of 25OC 
values) and 80OC (upper values). 

(lower 

Next in the activity scale ranges the osmium-platinum 
alloy. .4 very low activity at 8 0 O C  is registered not only 
for palladium-gold but also for palladium-rhodium. 

r 

Our  test electrode consisting of Raney ruthenium-platinum I 

on a g o l d  skeleton enabled current densities of at least 
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3000 mA/crn2 to be reached (Fig. 9 ) ,  the potential remaining 
constant for extended periods of time. At a current density 
of 2000 mA/cm3 the potential did not increase by more than 
20 mV within 600 h (Fig. l o ) ,  provided that the concentra- 
tion of methanol was kept approximately constant. 

Ruthenium-platinum electrodes can also be used in the 
oxidation*of methanol in a potassium bicarbonate electrolyte 
from which the resultant carbon dioxide gas escapes. Also 
in this case polarization is much lower than in the case of 
platinum as catalyst (Fig. 1 1 ) .  

Figure 12 shows the potential of electrodes with Raney 
platinum metal catalysts at SO°C and a current density of 
20 m'/cm2 as a function of the composition of the catalyst. 
It is worth noting that in most cases the potential reaches 
a minimum only with catalysts where the two components are 
present in about equal proportions, whereas in gas-phase re- 
actions a synergistic effect is often caused even by minute 
additions. Attention is also called to the fact that an ad- 
clition of rhodium to palladium hardly affects the potential 
within a comparatively wide range. 

D i s c us s i on 

The order of the activity of platinum metals in the oxi- 
dation of methanol in potassium hydroxide solution determined 
by our measurements is Pt>Pd>Ru = RhrIr 7 0 s  =-Au and thus 
varies from the order Pd7Rh;rAuzPt reported in an earlier 
publication (4). Particularly striking is the extreme dis- 
crepancy in the case of platinum, which may possibly be ex- 
plained by the fact that 'ranaka (4) - in contrast to us - 
used the smooth metals. In addition, it has to be borne in 
mind that catalysts prepared by the Raney method contain alu- 
minum in varying proportions (order of magnitude from 0.1 to 
1 $) ,  which may have a bearing on the activity. 

In acid solutions, too, the order of the activity of pla- 
tinum metals Os > R u  = Ir 7Pt 7 R h  7Pd as determined by u s  va- 
ries from that reported by earlier authors (5). However, 
Breiter's values (5) are rion-stationary values, since they 
were derived by the periodic potential sweep method. These 
measurements do not involve enrichment of intermediates in 
the electrolyte to such an extent as would always be encoun- 
tered in fuel cell operatlon ( 6 ) ,  ( 7 ) .  

Since the consecutive products of the oxidation of metha- 
nol continue to react at different rates in the presence of 
the different platinum metals, the enrichment varies from one 
metal to the other. Formic acid, for example, in contact with 
Raney platinum in alkaline electrolytes is oxidized more slow- 
ly than methanol, but more rapidly in the acid medium. In 
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. 
contact with Haney palladium, on the other hand, formic acid 
reacts at a higher rate than methanol even in the alkaline 
electrolyte ( 3 ) .  Owing to this enrichment of the consecu- 
tive products all methanol electrodes act as multiple elec- 
trodes s o  that the measured potentials are mixed potentials. 

Because sf these difficulties there. is still some doubt 
about the oxidation mechanism of methanol, and this applies 
even to platinum, a material often examined thoroughly in ex- 
tensive investigations. rhe differences in the activity of 
platinum metals in sulfuric acid as found by our measurements 
encourage us to make the following speculations: 

As tlie activity drops in the order O s  z R u  = Ir >Pt z R h  
>Pd, the paramagnetic susceptibility of the metals qualita- 
tively rises in almost the same order (cf. Table 11); palla- 
dium with the largest susceptibility value is the least active 
catalyst. 

Table 11: Paramacnetic Susceptibility of Platinum Metals 
(10-6 cgs) 

Ru Rh Pd 

43.2 1 1 1  567 

os Ir Pt 

9 .9  25.6 202 

Since the paramagnetism of platinum metals results from 
unpaired d-electrons - the very high value for palladium is 
not unreasonable to assume a relationship between paramagnetic 
susceptibility and catalytic activity. 

connected with quasi-ferromagnetic regions ( 8 ) ,  ( 9 )  - it is I 

Even for the activity of alloys of platinum metals such 
a tendency can be qualitatively deduced: the addition of rho- 
dium to palladium improves the activity but slightly up to 
an amount of 50 at. $, whereas the addition of ruthenium has 
a favorable effect (Fig. 1 2 ) .  With respect to susceptibility 
(Fig. 1 3 ) .  the addition of small quantities of rhodium results 
in a minor increase, and only additions of larger quantities 
effect a decrease ( 1 0 ) .  Addition of ruthenium, even in low 
concentrations, reduces the susceptibility significantly ( 1 1 ) .  

The synergistic effect on the anodic oxidation of metha- 
n o l  observed with ruthenium-platinum alloys might be ascribed 
to an optimum value of susceptibility leading to optimum sorp- 
tion of all reactants. Since quantitative values for the para- 
magnetic susceptibility of our alloys are not yet available, 
the speculative nature of this statement is emphasized once 
more. Evidence for relatively weak sorption is provided by 
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the fact that intermediates of the anodic oxidation of higher 
or multivalent alcohols are desorbed by ruthenium-platinum 
to such an extent that they condense to form brown-black pro- 
ducts ( 1 2 ) .  

Hence, ruthenium-platinum alloys are almost specific for 
the conversion of methanol and its consecutive products, but 
these catalysts have also been found superior to platinum in 
other reactions ( l 3 ) ,  (14). Even in the oxidation of metha- 
nol the consecutive pro.duct - formaldehyde - is desorbed more 
easily than in conversions on platinum so  that in coulometric 
measurements according to those described in (1) complete 
conversion to carbon dioxide and water is not obtained at a 
temperature o f  80OC unless formaldehyde is not allowed to es- 
cape (12). 

In the meantime further references on the excellent pro- 
perties of platinum-ruthenium catalysts in the anodic oxida- 
tion of metkiariol have been mentioned (1 5). The catalyst de- 
scribed in these publications has been prepared according to 
i3rowri's method ( 1 6 )  by reduction of suitable salts with sodium 
borohydride. 

The experimental results available now show characteristic 
differences among the binary alloys of the platinum metals as 
concerns the activity in the anodic oxidation of methanol in 
acid medium. Some reveal a synergistic effect whereas others 
not even show an addition of the activity as a function of com- 
position. This dissimilar behavior might be due to the dif- 
ferences in the galvano-magnetic properties of the alloys. Fur- 
ther data are necessary for a quantitative explanation of the 
phenomena observed. 
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2M CH,OH 
4.5N H2SO4; 8OoC 
50 ma/cm2 

I 

I\ 

Table I Potentials at alloy catalysts ( 5 0  atomic $) 
with methanol in 4 . 5  N H2SO4 at 2 5 O C  (lower 
figures) and 8 O o C  (upper figures) ; current 
density: j O  ma/sq.cm. 

1 
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containing Raney ruthenium alloys with methanol 
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THE ANODIC OXIDATION OF METHANOL ON 
PLATINUM I N  ALKALINE SOLUTION 

D. Poul i  and J . R .  Huff* 
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Research Division, Allis-Chalmers Manufacturing Go. 

ABSTRACT 

The e lec t rochemica l  ox ida t ion  of methanol on platinum was 
s tud ied  a s  a func t ion  of temperature, composition of e l e c t r o l y t e  and 
pretreatment  of the  e l ec t rode .  The major i ty  of the d a t a  were obtained 
with the  l i n e a r l y  varying p o t e n t i a l  technique.  Resul t s  i n d i c a t e  
t h a t  the  oxida t ion  of methanol i n  a l k a l i n e  s o l u t i o n  proceeds a t  a 
p o t e n t i a l  some 200-300 mV. l e s s  p o s i t i v e  than  i n  acid,  ( p o t e n t i a l s  
versus  the  hydrogen e l ec t rode  i n  the same s o l u t i o n ) .  Peak cu r ren t s  
f o r  a b r i g h t  platinum e lec t rode  a r e  independent of s t i r r i n g  and 
inc rease  w i t h  i nc reas ing  vol tage  sweep r a t e s .  From t h e  e f f e c t  of 
temperature on the r e a c t i o n  r a t e ,  i t  is  ev ident  t h a t  t h e  formation 
of platinum oxide i s  no t  the  r a t e  determining s t e p .  Current t r a n s i -  
e n t s  a t  low p o t e n t i a l s  i n d i c a t e  t h a t  the i n i t i a l  s t e p  involves  
the  a b s t r a c t i o n  of a hydrogen atom; and t h a t  the  oxida t ion  of the 
remaining methanol fragment determines the  r e a c t i o n  r a t e .  

INTRODUCTION 

I n  r ecen t  years, the  anodic ox ida t ion  of methanol on 
platinum i n  both a c i d i c  and bas i c  media, has  been s tud ied  i n  consi- 
de rab le  d e t a i l .  The impetus f o r  these inves t iga t ions  i s  der ived 
from a search f o r  s u i t a b l e  f u e l s  t o  rep lace  hydrogen i n  the  f u e l  
c e l l .  B r e i t e r  e t .  a l .  (1,2) have s tud ied  the  oxida t ion  processes  
i n  ac id  so lu t ion ;  and found the  cu r ren t  t o  be p ropor t iona l  t o  the 
amount of  methanol adsorbed on the sur face  of t h e  e l ec t rode .  These 
au thors  propose t h a t  t h e  i n i t i a l  s t e p  i n  the r e a c t i o n  i s  the  d i r e c t  
ox ida t ion  of the  methanol molecule (adsorbed)  t o  a methanol r a d i c a l  
and a hydrogen ion .  

The anodic oxida t ion  i n  a l k a l i n e  s o l u t i o n  has  been s tudied 
b y  V i e l s t i c h  ( 3 )  and Buck and G r i f f i t h  ( 4 ) .  
t h a t  r a t h e r  than  the  d i r e c t  e lec t rochemica l  ox ida t ion  of the  methanol, 
t h e  platinum r e a c t s  t o  form a platinum hydroxide which i n  t u r n  oxi- 
d i z e s  the  methanol chemically. The formation of the  platinum 
hydroxide must then be r a t e  determining. V i e l s t i c h  suppor ts  h i s  
hypothes is  by the  f a c t  t h a t  the cu r ren t  peak i n  the  cur ren t -vol tage  
c h a r a c t e r i s t i c  i s  normally independent of the  oxid izable  substance.  
The f a c t  t h a t  methanol i n  6-8 Molar a l k a l i  i s  oxidized spontaneously 
a t  temperatuyes exceeding 80°C i s  explained by assuming a base 
ca ta lyzed  dehydrogenation mechanism. 

i n  both ac id  and a l k a l i  media. For t he  bas i c  system, these  au thors  

V i e l s t i c h  (3 )  concludes 

Buck and G r i f f i t h  ( 4 )  s tud ied  the  anodic ox ida t ion  processes 

* Present  Address : Globe-Union, Milwaukee, Wisconsin 
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ca lcu la t ed  a Tafe l  s lope  of 0.21 - 0.28V.; and they concluded t h a t  
t he  ' r a t e  determining s t e p  i n  a l k a l i n e  so lu t ion  involves  the r eac t ion  
of a methylate and two hydroxide ions  with the t r a n s f e r  of two e lec-  
t r o n s .  

Some f u r t h e r  work was done recent ly  b y  Liang and Frankl in  
(5), who s tudied  t h e  anodic 
dehyde i n  add i t ion  t o  t h a t  of methanol. Oxley, e t .  a l .  ( 6 )  inves- 
t i g a t e d  the anodic processes  i n  ac id  by s tudying the p o t e n t i a l  decay 
curves.  The e f f e c t  of t he  reduct ive  adsorpt ion of C02 was s tudied  
b y  Giner ( 7 ) .  

t h e  f a c t o r s  which govern t h e  shape of the  cu r ren t  - voltage curve 
obtained by t he  l i n e a r l y  varying p o t e n t i a l  technique (L.V.P.)  are ,  
i n  general ,  s t i l l  unknown. I n  t h i s  paper, we desc r ibe  some work 
c a r r i e d  out i n  order  t o  a s c e r t a i n  which va r i ab le s  d i c t a t e  the  
gene ra l  shape of t h e  I - V  curve determined by the technique c i t e d  
above. Furthermore, we w i l l  examine the  theo r i e s  ou t l ined  above 
concerning the  ox ida t ion  of methanol i n  the  l i g h t  of some cu r ren t  
t r a n s i e n t  measurements, and t h e  e f f e c t  of temperature.  

ox ida t ion  of formic ac id  and formal- 

Although a good d e a l  of work has been done i n  t h i s  f i e l d ,  

EXPERIMENTAL 

The e l e c t r o n i c  equipment used i n  these  experiments i s  
based on the use of ope ra t iona l  ampl i f i e r s  t o  con t ro l  the p o t e n t i a l  
of the working e l e c t r o d e .  The bas i c  c i r c u i t r y  i s  due t o  De Ford 
(8 ) .  A modi f ica t ion  permi t t ing  compensation of the I R  vol tage drop 
between re ference  and working e l ec t rodes  has been descr ibed e l s e -  
where ( 9 ) .  A b lock diagram i n d i c a t i n g  the e s s e n t i a l  components of 
t h e  instrument i s  shown i n  Fig .  I. The i n t e g r a t o r  shown i n  F ig .  I 
may be used t o  genera te  a s i n g l e  sweep or a t r i a n g u l a r  wave. I n  
normal experimentation, a t r i a n g u l a r  wave was appl ied t o  the working 
e l e c t r o d e .  

The e l e c t r o l y s i s  c e l l  was of the  conventional H-type wi th  
a s i n t e r e d  g l a s s  d i s c  between anode and cathods compartments. A 
working e l ec t rode  of b r i g h t  platinum f o i l  (lcm. ) was spot-welded 
t o  a platinum wire s e a l e d  i n  s o f t  g l a s s .  The counter e lec t rode  
cons i s t ed  of a p l a t i n i z e d  platinum f o i l ,  of lcm? geometric a rea .  

aqua r eg ia  followed by a d i l u t e  s o l u t i o n  of hydrof luor ic  ac id .  Fur- 
ther washing with copious q u a n t i t i e s  of  d i s t i l l e d  water was ca r r i ed  
o u t  before  t h e  c e l l  was assembled f o r  use.  The hydrof luor ic  ac id  
s o l u t i o n  d i d  no t  appear t o  have any d e l e t e r i o u s  e f f e c t s  on t h e  
plat inum-soft  g l a s s  s e a l .  

The e l e c t r o d e  assembly and c e l l  were washed i n i t i a l l y  with 

The e lec t rochemica l  c e l l  was thermostat ted i n  a water bath 
t o  + _ 0 . 2 O C .  Nitrogen was normally bubbled through the c e l l  a t  a l l  
t imes.  The n i t r o g e n  was pre-conditioned b y  passing i t  through a 
s o l u t i o n  i d e n t i c a l  t o  t h a t  i n  the c e l l .  

a l l  experiments.  
compensation was achieved e l e c t r o n i c a l l y ,  no g r e a t  care  was taken t o  
p lace  t h e  t i p  of t h e  re ference  e l ec t rode  very near t he  working e l ec -  
t rode  su r face .  A l l  p o t e n t i a l s  i n  t h i s  paper w i l l  be c i t e d  wi th  
r e s p e c t  t o  t h e  p o t e n t i a l  of t he  hydrogen e l ec t rode  i n  the same 

A mercury-mercuric oxide re ference  e l ec t rode  was used i n  
S ince  adequate I R  ( re ference  t o  working e l ec t rode  



-91-  

s o l u t i o n .  Rather than  ca l cu la t e  the p o t e n t i a l  of the  Hg/HgO e lec -  
t rode  versus t h a t  of t h i s  hydrogen e l ec t rode  f o r  each s e t  of condi- 
t i ons ,  i t s  value was determined experimental ly .  Before the  p o t e n t i a l  
of the  Hg/HgO reference  e l ec t rode  was measured, i t  was e s t ab l i shed  
t h a t  the p o t e n t i a l  of t h e  hydrogen e l ec t rode  i s  not  s i g n i f i c a n t l y  
a f f ec t ed  by t he  presence of methanol a t  temperatures  below 60°C. 

Harleco carbon dioxide f r e e  sodium hydroxide and ACS 
a n a l y t i c a l  reagent  grade methanol were used i n  a l l  experiments. The 
appropr ia te  concent ra t ions  of r e a c t a n t  and e l e c t r o l y t e  were pre- 
pared b y  d i l u t i o n  of the  concentrated m a t e r i a l  with doubly d i s t i l l e d  
water. 

Since i t  i s  normally d i f f i c u l t  t o  ob ta in  reproducible  
r e s u l t s  when the h i s t o r y  of t he  e l ec t rode  i s  not  c l e a r l y  defined, 
a pre-treatment was devised t o  promote reproduc b i l i t y .  I n i t i a l l y ,  
oxygen was evolved from the  e l ec t rode  a t  5mA/cmg f o r  5 seconds. 
The e lec t rode  p o t e n t i a l  was then reduced t o  the i n i t i a l  value f o r  
t he  subsequent l i n e a r l y  varying p o t e n t i a l  sweep. After maintaining 
the  p o t e n t i a l  a t  t h i s  value f o r  2 minutes, a r e p e t i t i v e  t r i a n g u l a r  
wave was appl ied t o  the  working e l ec t rode .  Nitrogen was bubbled 
through the e l e c t r o l y t e  t o  remove oxygen produced dur ing  the  pre- 
t reatment  a s  e f f e c t i v e l y  a s  poss ib le .  This  type of pre- t reatment  
normally gave r e s u l t s  reproducib le  t o  25%. 

RESULTS AND DISCUSSION 

The major po r t ion  of t h i s  work cons is ted  of an  i n v e s t i -  
g a t i o n  of the  s y s t e m ,  b r i g h t  platinum/2M methanol, 4.5 M sodium 
hydroxide. Unless s t a t e d  otherwise i n  the  t ex t ,  i t  w i l l  be assumed 
understood t h a t  t h i s  i s  t h e  experimental  system. The advantage 
of the high concent ra t ion  of methanol i s  t h a t  normally the  back- 
ground cu r ren t  caused b y  charging of the double layer  and adsorp- 
t i o n  of oxide or hydroxide spec ies  i s  neg l ig ib ly  smal l  over an 
apprec iab le  p o t e n t i a l  range, a s  compared t o  the oxida t ion  cu r ren t  
of the methanol. The l a s t  s ta tement  is  no t  necessa r i ly  t r u e  a t  
temperatures near  0°C. 

The s y s t e m  c i t e d  above was chosen t o  study the  e f f e c t s  
of vol tage sweep . ra te ,  temperature, and vol tage sweep range on the  
current-vol tage c h a r a c t e r i s t i c .  I n  addi t ion ,  a study was made of 
t he  e f f e c t s  of e l e c t r o l y t e  and methanol concent ra t ion  .on the  genera l  
f e a t u r e s  of t he  cur ren t -vol tage  curve, and on the  cu r ren t  a t  constant  
p o t e n t i a l .  

The normal vol tage  sweep range was wi th in  t h e  l i m i t s  of 
+300 t o  +1400 mV. It i s  f e l t  t h a t  the adsorp t ion  and poss ib l e  
evo lu t ion  of hydrogen a t  lower p o t e n t i a l s  and the  evo lu t ion  of 
oxygen a t  higher  p o t e n t i a l s  only complicates the i n t e r p r e t a t i o n  of 
t h e  d a t a .  'Of. course, i n  bas i c  Solu t ion  even a t  +300 mV. a small  
amount o f  hydrogen i s  adsorbed. 

LINEARLY VARYING POTENTIAL EXPERIMENTS 

General C u r r e n t  Voltage Curve and t h e  E f f e c t  of Temperature . 

I n  Fig.  2 we show the  l e a s t  complex of the  i - V  curves 
The Curve is  f o r  t h e  2M CH30H/4.5M NaOH obtained i n  t h i s  s tudy.  

system a t  60"c and a vol tage  sweep r a t e  of 100 mV./sec. Both the 
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1-V curves fo r  the  i n i t i a l  sweep and 
shown. By steady s t a t e ,  we r e f e r  t o  
vol tage  scans do not  a l t e r  the curve 

a "steady s t a t e "  curve a re  
t h e  condi t ion  when subsequent 
s i g n i f i c a n t l y .  

From Fig.  2, w e  note  t h a t  t he  cu r ren t  a t  low p o t e n t i a l s  
f o r  t h e  i n i t i a l  sweep l i e s  below t h a t  f o r  the  s teady s t a t e  curve. 
A t  h igher  p o t e n t i a l s ,  the  i -V curves c ross  snd the cu r ren t  f o r  t h e  
i n i t i a l  sweep exceeds t h a t  of t he  s teady s t a t e  scan.  This sequence 
of events  is  a func t ion  of  t h e  experimental  condi t ions .  The i - V  
curve f o r  i nc reas ing  p o t e n t i a l s  i n  Fig.  2 ( l a t e r  r e f e r r e d  t o  a s  the  
forward sweep) has a s i n g l e  maximum and no p l a t eaus  or i n f l e c t i o n s .  
This  f e a t u r e  i s  r a t h e r  d i f f e r e n t  from t h e  curve obtained b y  Breiter 
( 2 )  f o r  the  ox ida t ion  o f  a molar methanol i n  molar pe rch lo r i c  ac id  
s o l u t i o n .  Fig.  2 a l s o  shows t h e  i - V  curve f o r  the decreas ing  poten- 
t i a l  sweep ( l a t e r  r e f e r r e d  t o  a s  the r eve r se  sweep). 
maximum f o r  t h e  r eve r se  sweep does not  l i e  ou t s ide  the  forward i - V  
curve a s  has been observed f o r  some methanol-acid s y s t e m s  (1). The 
a c t u a l  p o t e n t i a l  of t h e  cu r ren t  peak f o r  the reverse sweep depends 
markedly on the  experimental  condi t ions ;  and w i l l  be considered i n  
some d e t a i l  l a t e r  on i n  t h i s  paper. 

gion, i . e .  a t  p o t e n t i a l s  below t h a t  of t h e  cu r ren t  maximum a r e  
g rea t e r  f o r  t h e  r eve r se  than  t h e  forward sweep. T h i s  "hys t e re s i s  
loop" i s  less ronounced i n  the  a l k a l i n e  than i n  t h e  ac id  s y s t e m  
( c . f .  Brei ter  7 4 ) ) .  Although the e f f e c t  decreases  w i t h  i nc reas ing  
temperature, i t  is  s t i l l  present  a t  60°C. 

a t  O°C. The a c t u a l  c u r r e n t s  a t  t h e  same p o t e n t i a l s  a r e  obviously 
much lower than a t  60"c .  Decreasing t h e  temperature has  a l t e r e d  
t h e  genera l  shape of t h e  i - V  curve q u i t e  considerably.  The cu r ren t  
f o r  the  i n i t i a l  forward sweep l i e s  below t h a t  of t h e  s teady s t a t e  
curve a t  a l l  p o t e n t i a l s ;  and t h e  loop formed a s  a r e s u l t  of t h e  
d i f f e r e n c e  between c u r r e n t s  fo r  forward and r eve r se  sweeps i s  
appreciably l a r g e r  than  a t  60°c. Furthermore, a t  the lower tempera- 
t u r e s  the i-V curve f o r  t he  reverse  sweep i s  much l e s s  symmetrical 
about t h e  p o t e n t i a l  o f  t h e  cu r ren t  maximum, and the  curve shows an 
i n f l e c t i o n .  The "back" s ide (nega t ive  r e s i s t a n c e  po r t ion )  of the 
forward curve, i . e .  a t  p o t e n t i a l s  exceeding t h a t  of t h e  cu r ren t  
maximum, shows a shoulder  a t  O°C which i s  absent  a t  60°C. 

i n  some d e t a i l ,  we s h a l l  now consider  poss ib l e  explana t ions  f o r  
t h e  "hysteresis loop" f o r  forward and r eve r se  sweep cur ren ts ,  and 
t h e  e f f e c t  of temperature  on t h e  shoulder  and i n f l e c t i o n  on t h e  1-v 
c h a r a c t e r i s t i c  shown i n  Fig.  3. 

h y s t e r e s i s  loop r e f e r r e d  t o  above. Giner (7 )  has  suggested t h a t  a 
reduced form of C02 i s  adsorbed on t h e  e l ec t rode  su r face  w h i l e  the 
e lec t rode  i s  maintained a t  i t s  i n i t i a l  p o t e n t i a l ;  say below 250 mV. 
i n  molar ac id .  The reduced C02 may be formed from e i t h e r  Cog o r  
carbonate  i n  s o l u t i o n  o r  from methanol. This  reduced Cog then  a c t s  
a s  a poison t o  the ox ida t ion  r eac t ion .  It has  a l s o  been suggested 
t h a t  the  e f f e c t s  might r e s u l t  from a lower concent ra t ion  of adsorbed 
methanol dur ing  t h e  r e v e r s e  sweep, and t h a t  ox ida t ion  proceeds more 
r e a d i l y  on a ba re  s u r f a c e .  

The cu r ren t  

A s  shown i n  Fig.  2 t he  cu r ren t s  i n  t h e  low p o t e n t i a l  re- 

Fig.  3 d e p i c t s  t he  i - V  c h a r a c t e r i s t i c  f o r  t he  same s y s t e m  

Having d i scussed  the genera l  p r o p e r t i e s  of t h e  1-V curves 

A number of sugges t ions  have been made t o  account for the  
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Although i t  cannot be denied t h a t  both explanat ions,  i n  
view of experimental  r e s u l t s  f o r  t h e  ac id  system, appear reasonable;  
t h e  r e s u l t s  f o r  the b a s i c  system do not support  t h i s  explanat ion.  
Let us consider the  reduced C02 hypothesis .  We have found t h a t  the  
h y s t e r e s i s  loop i s  no t  s i g n i f i c a n t l y  dependent on the  i n i t i a l  poten- 
t i a l  and on the time t h a t  the p o t e n t i a l  was maintained a t  i t s  i n i t i a l  
va lue .  I n  our work, the  i n i t i a l  p o t e n t i a l  was always maintained 
above the  p o t e n t i a l  of t he  hydrogen e l ec t rode  i n  t h e  same so lu t ion .  
Giner (73 r e p o r t s  t h a t  i n  t h e  ac id  system the reduced C02 spec ies  is 
produced below 250 mV.; but  i n  t h e  bas i c  s y s t e m  the corresponding 
p o t e n t i a l  should be s e v e r a l  hundred m i l l i v o l t s  l e s s  p o s i t i v e .  
According t o  t h i s  author,  t he  reduced spec ie s  i s  oxidized a t  poten- 
t i a l s  exceeding 400 mV. 
reduced Cog hypothesis  i s  appl icable  t o  the  bas i c  system. Further-  
more, one should observe an e f f e c t  of the  holding time (time t h a t  the 
p o t e n t i a l  Is  maintained a t  i t s  i n i t i a l  va lue )  a t  t he  i n i t i a l  poten- 
t i a l .  This i s  not  observed. A poss ib le  explanat ion i s  t h a t  the  
adsorp t ion  of t he  reduced spec ies  i s  s o  rap id  t h a t  when the  holding 
time exceeds one second, no f u r t h e r  e f f e c t  will be observed. 

To account f o r  the  h y s t e r e s i s  loop b y  assuming t h a t  the 
r e a c t i o n  occurs more r ap id ly  on a bare  sur face  would seem contra-  
d i c t o r y  t o  the  f a c t  t h a t  the  cu r ren t  a t  r e l a t i v e l y  high su r face  
coverages, 0.3 - 0.8, appears t o  be propor t iona l  t o  t h e  su r f ace  
coverage. 

of a poisonous in te rmedia te  a t  p o t e n t i a l s  when the  su r face  oxide i s  
p resen t  does no t  seem app l i cab le  s ince  the loop i s  present  even when 
t h e  most pos i t i ve  p o t e n t i a l  i s  l e s s  than  t h a t  where oxide adsorpt ion 
I s  poss ib l e .  It could be thought t h a t  the increased c u r r e n t s  on the  
r eve r se  sweep a re  due t o  a c t i v a t i o n  of the e l ec t rode  by adsorp t ion .  
and reduct ion  of t he  su r face  oxide r e s u l t i n g  i n  a d i f f e r e n t  r eac t ion  
product .  Although t h i s  p o s s i b i l i t y  cannot be discounted f o r  t he  
a l k a l i  system, i t  does not  seem va l id  i n  the ac id  s y s t e m  where the 
d i f f e rence  i n  cu r ren t  f o r  r eve r se  and forward sweeps i s  much too  
l a r g e .  The reason f o r  pos tu l a t ing  a d i f f e r e n t  r e a c t i o n  product f o r  
a more a c t i v e  e l ec t rode  i s  t h a t  the r e a c t i o n  roduct  is known t o  
depend on the  e l ec t rode  c a t a l y s t  ma te r i a l  (115. 

A poss ib le  explana t ion  f o r  t h i s  phenomenon, which t o  the 
b e s t  of our knowledge has not been explored previously,  I s  t ha t  a 
r e a c t i o n  cons i s t ing  of an adsorbed methanol spec ies  and a methanol 
molecule involving a bare  su r face  s i t e  is  respons ib le .  It i s  
proposed t h a t  t h i s  r e a c t i o n  occurs i n  conjunct ion w i t h  t h e  normal 
r e a c t i o n  of the  adsorbed methanol. I n  t h i s  manner, t h e  lower 
su r face  coverage i n  the reverse  sweep should y i e l d  a somewhat higher 
r e a c t i o n  r a t e  and a t  coverages between 0.3 and 0.8 the  r e a c t i o n  r a t e  
could be propor t iona l  t o  the  adsorbed ma te r i a l .  It must be empha- 
s ized ,  however, t h a t  t h i s  explanat ion i s  specula t ive  and more da ta  
regard ing  t h e  var ious  s t e p s  i n  the r e a c t i o n  mechanism a r e  necessary.  

smal le r  than t h a t  i n  ac id  may be due t o  a c lose r  concurrence of 
t h e  adsorp t ion  isotherm f o r  t he  forward and r eve r se  sweeps. To 
our mowledge, no da t a  regard ing  these isotherms are a v a i l a b l e  
for t he  bas i c  system. 

Hence, it does not  seem l i k e l y  t h a t  the 

A p o s s i b i l i t y  t h a t  the  h y s t e r e s i s  loop i s  due t o  removal 

The f a c t  t h a t  the  h y s t e r e s i s  loop i n  a l k a l i  i s  somewhat 
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, 
The i n f l e c t i o n  on the  i - V  curve f o r  t h e  r eve r se  sweep may 

Such an  explana- I be due t o  an apprec iab le  oxide reduct ion  cu r ren t .  
t i o n  i s  not s a t i s f a c t o r y ,  however, s ince  t h e  i n f l e c t i o n  changes t o  b 
a minumum when t h i s  cathodic  cu r ren t  i s  made neg l ig ib ly  smal l .  It 
i s  poss ib le  t h a t  t h i s  i n f l e c t i o n  r e s u l t s  from t h e  same process a s  
t h a t  which causes the  shoulder  on t h e  forward curve a t  OOC. The 
shoulder  i s  presumeably caused b y  i n t e r a c t i o n  of t he  sur face  oxide, 
a methanol spec ie s  and a bare  s i t e .  It seems improbable t h a t  the 
cu r ren t  can be ascr ibed  t o  removal of adsorbed methanol, o r  a d i f -  
f e r e n t  r eac t ion  occurr ing  on the  oxide su r face .  A t  these  po ten t i a l s  
t h e  sur face  concent ra t ion  of methanol must be very small ,  and i f  a 
d i f f e r e n t  r e a c t i o n  on the  sur face  oxide causes the shoulder,  then  
one would not  expect  t h e  cu r ren t  t o  decrease wi th  inc reas ing  poten- 
t i a l .  The oxide concent ra t ion  ( sur face  coverage) a t  t h e  p o t e n t i a l  
of the i n f l e c t i o n  i n  t h e  i - \ T  curve f o r  t h e  reverse  sweep should be 
very s i m i l a r  t o  t h a t  a t  the  p o t e n t i a l  of t he  shoulder on the  forward 
curve.  It is, the re fo re ,  not inconceivable t h a t  a r e l a t i o n  e x i s t s .  

1 

i 
1 

The l ack  of an  i n f l e c t i o n  a t  higher  temperatures (60°C) 
i s  probably due t o  t h e  f a c t  t h a t  t he  sur face  oxide i s  reduced a t  a 
h igher  p o t e n t i a l  and hence the  peak cu r ren t  f o r  t he  main r eac t ion  
f o r  t h e  reverse  sweep i s  much higher ,  thereby making the  "surface 
phenomena" l e s s  s i g n i f i c a n t .  

The s h i f t  of t he  p o t e n t i a l  of the  cur ren t  maximum on the  
r eve r se  sweep t o  lower va lues  a s  t he  temperature i s  lowered i s  
a l s o  thought t o  be a r e s u l t  of a s h i f t  i n  the  p o t e n t i a l  a t  which 
t h e  sur face  oxides  a r e  reduced. It i s  known t h a t  t he  reduct ion  of 
t h e  sur face  oxides  occurs  a t  l e s s  p o s i t i v e  p o t e n t i a l s  a s  the  temp- 
e r a t u r e  i s  lowered ( 1 2 ) .  Hence, the  cu r ren t  peak should a l s o  be 
s h i f t e d  t o  less p o s i t i v e  p o t e n t i a l s .  

The Dependence of t h e  T a f e l  Slope on Temperature 

methanol a t  60"c a r e  depic ted  i n  Fig.  4. 
i n i t i a l ,  and s teady  s t a t e  forward and reverse  sweeps a r e  12% 15 mV. 
and 170-1- 20 mV., r e s p e c t i v e l y .  These values  were found t o  bz 
e s s e n t i a l l y  independent of temperature f o r  the i n i t i a l  and steady 
s t a t e  reverse  sweeps. 

The T a f e l  s lope  fo r  the  s teady s t a t e  forward sweep f o r  
t h i s  range of p o t e n t i a l s  i s  markedly dependent on the  temperature.  
Decreasing the temperature  from 60" t o  0°C caused i t s  value t o  r i s e  
from l70-I-20 mV. t o  2401-25 mV. The l a t t e r  value i s  i n  reasonable  
accord wTth t h a t  reporzed b y  Buck and G r i f f i t h  ( 4 )  f o r  t h e  oxida- 
t i o n  of methanol on a p l a t i n i z e d  platinum b a l l  a t  25"C, a t  a vol tage 
sweep r a t e  o f  8 mV./sec.  and methanol concent ra t ion  below 0.025M. 
Hence, a s  t h e  temperature i s  r a i sed ,  the Tafe l  s lopes  f o r  steady 
s t a t e  reverse  and forward sweep converge. 

i n t e r p r e t e d  i n  terms of Z one e l e c t r o n  t r a n s f e r  mechanism having a 
symmetrical  energy b a r r i e r .  However, s ince  t h e  sur face  concentrat ion 
of methanol changes w i t h  p o t e n t i a l  during the  scan i t  cannot be 
assumed t h a t  t h i s  s lope  i s  c h a r a c t e r i s t i c  of the e l e c t r o n  t r a n s f e r  
r e a c t i o n .  B r e i t e r  (l), assuming Langmuir k ine t i c s ,  and co r rec t ing  
the  observedcuzrknts  f o r  the  e f f e c t  of t he  sur face  coverage, tal- 
cu la t ed  a value of 0.67 f o r  m, If we consider  t h a t  the e f f e c t  of 

j 
1 

I 

1 A few l o g  i - p o t e n t i a l  curves f o r  the anodic oxida t ion  of 
The Ta fe l  s lopes  fo r  the  

I 

B 
A value of 125t-15 mV. i s  r ead i ly ,  although poss ib ly  naively,  
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decreased su r face  coverage r e s u l t s  i n  an apparent ly  increased Tafe l  
slope,  it would appear t h a t  our value of l25mV. i s  s i m i l a r  t o  t h a t  
observed by B r e i t e r  . (  l ) ,  i n d i c a t i n g  t h a t  the r a t e  determining s t eps  
a r e  the  same I n  ac id  and base.  

The Ef fec t  of Voltage Sweep Range 

t ed  b y  the  vol tage sweep range provided the maximum and minimum 
p o t e n t i a l s  a re  not  wi th in  the  range  of oxygen o r  hydrogen evolu t ion .  

I n  general ,  t h e  Ta fe l  s lopes  a r e  not  s i g n i f i c a n t l y  affec-  

The cu r ren t  maxima normally decrease wi th  decreasing most 
pos i t i ve  p o t e n t i a l s  a t t a i n e d  during the  sweep and the  number of 
cyc le s  requi red  t o  a t t a i n  a s teady s t a t e  i - V  curve increases .  Fig. 
5 d e p i c t s  the  e f f e c t  of decreasing the  maximum p o t e n t i a l  a t t a i n e d  
dur ing  a p o t e n t i a l  scan.  Reference has  a l ready been made t o  the  
i n f l e c t i o n  on t h e  i - V  curve f o r  t he  r eve r se  sweep ( see  Fig.  3) .  
T h i s  i n f l e c t i o n  changes t o  a marked minimum a s  the  most p o s i t i v e  
p o t e n t i a l  during the sweep i s  decreased from 1400 t o  gOOmV. The 
na tu re  of the  h y s t e r e s i s  loop i s  not s i g n i f i c a n t l y  a f f ec t ed  b y  the 
maximum p o t e n t i a l  provided i t  exceeds the  p o t e n t i a l  of t he  cur ren t  
maximum during the  forward sweep. 

The Effe'ct of Voltage Sweep Rate 

A s  found b y  o the r  i nves t iga to r s ,  the  cu r ren t  maximum rises 
wi th  increas ing  vol tage  sweep r a t e .  The f a c t  t h a t  s t i r r i n g  does not  
e f f e c t  t he  cur ren t -vol tage  c h a r a c t e r i s t i c  shows t h a t  increased  
cu r ren t s  a t  h igher  sweep r a t e s  cannot be accounted f o r  b y  a d i f -  
f u s i o n  process  i n  the bulk  of the  so lu t ion .  I n  addi t ion ,  t he  
increased cu r ren t s  can n e i t h e r  be accounted f o r  by  higher  double 
l aye r  charging cur ren ts ,  s ince  these  a r e  n e g l i g i b l e  a t  t he  higher 
methanol concent ra t ions .  It would appear t h a t  t h i s  phenomenon i s  
a r e s u l t  of a higher  concent ra t ion  of adsorbed ma te r i a l s  a t  the  peak 
p o t e n t i a l  as the sweep r a t e  i s  increased .  It has  been shown ind i r ec t ly  
t h a t  the  concentrat ion of methanol on the  sur face  a t  cons tan t  poten- 
t i a l  inc reases  w i t h  i nc reas ing  sweep r a t e s  (1). Furthermore, the  
i n h i b i t i n g  e f f e c t  of t he  sur face  oxide should decrease a s  the sweep 
r a t e  i s  r a i s e d  s ince  the  oxide adsorp t ion  r e a c t i o n  i s  r a t h e r  
i r r e v e r s i b l e .  

E a r l i e r  re ference  has been made t o  the  shoulder  on the  
i - V  curve a t  p o t e n t i a l s  exceeding t h a t  f o r  t he  cu r ren t  maximum ( see  
F ig .  3). The d a t a  on Fig.  2 would seem t o  i n d i c a t e  t h a t  t h i s  f e a t u r e  
d isappears  a s  t h e  temperature i s ' r a i s e d .  However, even a t  60°c, the  
shoulder may be made t o  r e a p p a r  when the  vol tage  sweep , r a t e  i s  
increased  t o  500 mV/sec. Such behavior i s  c h a r a c t e r i s t i c  of a sur- 
f ace  r eac t ion ;  and i t  was i n t e r p r e t e d  i n  t h i s  manner e a r l i e r .  The 
g r e a t e r  prominence of t h e  shoulder a t  the  lower temperatures may be 
ascr ibed  t o  the f a c t  t h a t  t h e ' c u r r e n t  f o r  t he  main r e a c t i o n  i s  
r e l a t i v e l y  more temperature dependept . 

Raising the vol tage  sweep r a t e  causes the  p o t e n t i a l  of the  
cu r ren t  maximum f o r  t he  r eve r se  sueep t o  d*?ccrrease. T h i s  i s  not  too 
s u r p r i s i n g  s ince  i t  was assumed t h a t  the decrease i n  cu r ren t  beyond 
t h e  maximum on the  forward sweep i s  caused by sur face  oxides;  and 
t h e - p e a k  cur ren t  f o r  the oxide reduct ion  s h i f t s  t o  'lower p o t e n t i a l s  
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as the  sweep r a t e  is inc reased .  A t  increased sweep r a t e ,  the in -  
f l e c t i o n  on the  i - V  curve f o r  the reverse  sweep becDmes more promi- 
nent .  T h i s  f e a t u r e  appears only a t  the lower temperature.  

The Ef fec t  of So lu t ion  Composition 

A s  the  methanol concent ra t ion  i s  r a i sed ,  the cur ren t  a t  
cons tan t  p o t e n t i a l  i n c r e a s e s .  H3wever, a t  concent ra t ions  exceeding 
1 0  Molar, t he  cu r ren t  begins  t o  decrease .  For the concentrat ion 
range 0.1 -2M, t he  s lope  of the  log  i vs .  log  c p l o t  a t  constant  
p o t e n t i a l  i s  uni ty ,  i n d i c a t i n g  t h a t  the  rea 'ction i s  d i r e c t l y  propor- 
t i o n a l  t o  t h e  methanol concent ra t ion .  The shape of the cu r ren t  vol- 
tage curves over t h e  range of concentrat ions where t h e  log 1 vs .  l o g  
c p l o t  i s  l i n e a r  i s  not  s i g n i f i c a n t l y  a f f e c t e d  unless  the sur face  re-  
a c t i o n  i . e .  oxide adsorpt ion,  becomes apprec iab le .  T h i s  occurs a t  
the  higher sweep r a t e s .  

methanol. During the  r eve r se  sweep, cathodic  cu r ren t s  a r e  observed 
and the  normal r eve r se  sweep peak cu r ren t  i s  absent .  Furthermore, 
a cur ren t  minimum and a p l a t eau  a r e  observed on t h e  forward sweep. 
S imi l a r  f e a t u r e s  have been observed f o r  t he  anodic oxida t ion  o f  
methanol i n  ac id .  The phenomena a r e  d i f f e r e n t  i n  nature ,  however, 
i n  t h a t  f o r  the b a s i c  system the minimum and p la t eau  a re  due t o  the 
oxide adsorpt ion c u r r e n t s  which cannot be t h e  explana t ion  f o r  t h e  
ac id  system s ince  the  observed cu r ren t s  a r e  too  high.  

The e f f e c t  of t he  concent ra t ion  of sodium hydroxide 
between 0.01 and 4.5M i s  small .  The genera l  shape of t h e  cur ren t -  
vo l tage  curve does no t  seem t o  be a f f ec t ed  s i g n i f i c a n t l y  a s  t h e  
concent ra t ion  i s  va r i ed  between the  l i m i t s  c i t e d .  

F ig .  6 d e p i c t s  the  curve obtained f o r  a s o l u t i o n  0.1M i n  

Current Trans ien ts  

I n  these  experiments, t h e  p o t e n t i a l  was r a i s e d  t o  a value 
between 1 2 0 0  and 1400 mV., and maintained a t  t h i s  po in t  f o r  about 
10 minutes. The p o t e n t i a l  was then decreased ins tan taneous ly  t o  a 
value between 200 and 400 mV.; and the  cu r ren t  recorded. Fig.  7 
d e p i c t s  t h e  cu r ren t  t r a n s i e n t  f o r  the  condi t ions  c i t e d .  The i n i t i a l  
p o r t i o n  when the  c u r r e n t  i s  negat ive has been omitted and the cur ren t  
t o  the  l e f t  of the graph i s  a combination of the  reduct ion  of sur -  
f ace  oxide and the  ox d a t i o n  of methanol. The peak cu r ren t  a t  400 

a f t e r  one second. The a rea  under t he  curve corresponds t o  the 
charge required t o  oxid ize  a monolayer of hydrogen. The reason for 
t h e  experiment was t o  g a i n  some i n s i g h t  i n t o  the  r e l a t i v e  r a t e s  of 
adsorp t ion  and ox ida t ion  a t  lower p o t e n t i a l s .  It must no t  be 
concluded t h a t  the peak cu r ren t  r ep resen t s  the maximum r a t e  of 
methanol adsorp t ion  a t  t h i s  p o t e n t i a l .  Obviously t h e  r a t e  of ad- 
s o r p t i o n  i s  considerably f a s t e r ,  s ince  the peak value inc ludes  a 
ca thodic  oxide r educ t ion  cu r ren t .  

Fu r the rmore , ' i t  would appear t h a t  t he  i n i t i a l  r eac t ion  
involves  the a b s t r a c t i o n  of one o r  more hydrogen atoms which a r e  
oxidized ins tan taneous ly  a t  a p o t e n t i a l  of 400 mV. The s luggish  
r e a c t i o n  is then a sc r ibed  t o  the  ox ida t ion  o f  t he  remaining methanol 
r a d i c a l .  

mV. i s  about 2.5mA/cm h , some 20-50 t imes g r e a t e r  than  t h a t  observed 

I 
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CONCLUSIONS 

We have already c i t e d  the  r e a c t i o n  mechanism proposed by 
V i e l s t i c h  ( 3 ) ,  who assumes t h a t  t h e  anodic oxida t ion  of platinum t o  
a platinum hydroxide i s  the  r a t e  determining s t e p .  The methanol 
subsequently r e a c t s  chemically w i t h  t he  meta l  hydroxide. The author 
Supports  h i s  hypothesis  b y  t h e  f a c t  t h a t  normally the p o t e n t i a l  of 
t h e  peak cur ren t  i s  independent of t h e  ox id izable  substance.  T h i s  
phenomenon is equal ly  well explained b y  t h e  assumption t h a t  a sur face  
oxide o r  hydroxide i n h i b i t s  the  oxida t ion  r e a c t i o n .  For, t h e  forma- 
t i o n  of t h i s  i n h i b i t o r  is e s s e n t i a l l y  independent of f u e l .  Further-  
more, i t  has been shown b y  V i e l s t i c h  t h a t  a t  higher  temperatures the 
p o t e n t i a l  requi red  t o  oxidize methanol decreases .  Although the 
author  expla ins  t h i s  phenomenon b y  assuming a base catalyzed dehy- 
drogenat ion mechanism, we have found no evidence f o r  h i s  hypothesis  
s i n c e  t h e  i - V  curves and Ta fe l  s lopes  f o r  t he  i n i t i a l  sweeps a re  
no t  s i g n i f i c a n t l y  dependent upon temperature between 0" and 60°C. 

base systems shows t h a t  t he  p o t e n t i a l s  a t  which appreciable  cu r ren t s  
a r e  obtained s h i f t  about the  same amount f o r  both systems (about 
300 mV.) a s  t he  temperature i s  r a i s e d  from 25" t o  85°C. It should 
a l s o  be s t a t e d  t h a t  t h e  equi l ibr ium p o t e n t i a l  f o r  the  bas ic  system 
is  some 250 mV. more negat ive  than  t h a t  f o r  t he  ac id  s y s t e m ;  and if 
t he  r e a c t i o n  mechanism, Ta fe l  s lope and exchange cur ren t  a r e  t h e  
same f o r  both systems, the ox ida t ion  of methanol i n  the  b a s i c  
system a t  80"c should be q u i t e  apprec iab le  near  t h e  p o t e n t i a l  of 
t he  hydrogen e lec t rode  i n  t h e  same s o l u t i o n .  It would then be r ea -  
sonable t o  assume t h a t  i f  the  dehydrogenation is base catalyzed i t  
i s  a l s o  ac id  ca ta lyzed .  

would m s u l t  i n  the  formation of a carbon monoxide spec ies  on t h e  
e l e c t r o d e  su r face .  It has been shown t h a t  the  f i n a l  product of t he  
ox ida t ion  of methanol is e i t h e r  formate o r  carbonate (3) .  This  
impl ies  t h a t  carbon monoxide fragments on t h e  su r face  a r e  f u r t h e r  
ox id ized .  Since the  carbon monoxide normally i n h i b i t s  anodic pro- 
cesses  ( 7 )  it may be assumed t h a t  t h e  substance i s  s t rongly  adsorbed; 
and should, therefore ,  decrease t h e  r a t e  of dehydrogenation s ince  
the  e l ec t rode  sur face  i s  no longer  a v a i l a b l e  f o r  c a t a l y s i s .  It 
appears t o  us, therefore ,  t h a t  a base catalyzed dehydrogenation 
mechanism i s  not  respons ib le  f o r  t h e  increased  cu r ren t s  i n  the  base 
s y s t e m .  

measurements, t h a t  even a t  t h e  lower temperature t h e  r a d i c a l s  a r e  
most d i f f i c u l t  t o  oxidize and enhanced dehydrogenation should n o t  
in f luence  t h e  r a t e  appreciably, a t  l e a s t  no t  a t  the  lower poten- 
t i a l s .  It seems t o  u s  t h a t  t h e  i n i t i a l  r e a c t i o n  sequence can b e s t  
be descr ibed b y  t h e  fol lowing mechanism 

Furthermore, examination of  t h e  i - V  curves f o r  ac id  and 

I n  t h e  b a s i c  s y s t e m  complete dehydrogenation of methanol 

It  i s  our hypothesis ,  i n  view of t h e  cu r ren t  t r a n s i e n t  

The CH3OadS i s  then  f u r t h e r  oxidized, and a t  p o t e n t i a l s  
below 600 mV. t h i s  ox ida t ion  process  is t h e  r a t e  determining s t e p  i n  
the  r e a c t i o n .  The a c t u a l  in te rmedia te  formed from the  adsorbed 
C H 3 0  will probably depend on the  f i n a l  product, whether; t h i s  be 
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the carbonate or t h e  formate ion .  I n  general ,  it would be reason- 
able' t o  assume t h a t  the intermediate  lies between CH3O and formalde- 
hyde (or  adsorbed formaldehyde) s ince  t h e  l a t t e r  i s  much more 
r e a d i l y  oxidized than  methanol ( 3 ) .  

ACKNOWLEDGMENT 

Our thanks a r e  due to M r .  J . C .  Pearson f o r  f a i t h f u l l y  
ca r ry ing  o u t  t h e  experiments, and t o  M r .  J.  Seibold f o r  
many h e l p f u l  d i s c u s s i o n s  during t h e  wr i t i ng  of t h i s  paper. 

REFERENCES 

1. S.  Gilman and M.W. B r e i t e r ,  J. Electrochem. &., log, 1099 (1962) 

2. 

3. 

4 .  

5. 

6 .  

7 -  
8. 

M.W. B r e i t e r  and S. Gilman, Ib id ,  109, 622 (1962).  

W. Vie l s t ich ,  Chemie-Ing-Techn., 35, 362 (1963). 

R.P.  Buck and L.R. G r i f f i t h ,  J. Electrochem. SOC. 109, 1005 

C.  Liang and T.C. Frankl in ,  Electrochimica Acta, 2, 517 (1964). 

J .E.  Oxley e t .  a l . ,  H., 2, 897 (1964). 

J. Giner, E, 2, 63 (1964). 

D.D. de Ford, Divis ion of Analyt ical  Chemistry, 133rd National 
Meeting, A.C.S., San Francisoo, Calif ., Apri l  1958. 

- - -  
(1962). 

9 .  Dirk Pouli e t . a l . ,  Anal.' Chem., in  course of publ icat ion.  

10. W. Bold and M.W. B r e i t e r ,  Electrochimica Acta, 7, 25 (1962). 

11. P.G. Grimes, P r i v a t e  communication. 

12, J . R .  Huff and Dirk Pouli ,  unpublished d a t a .  



-99 - 

. .  

el 

Cur..nt ompl,l,er 

Reference electrode. 

Counter electrode 

Working electrode. 

Load r ~ s i s t o r  

IOOK 

Volrogc I O Y I C C I .  

1OI'l 

Stabflazeu odaer (Philbrick K2YJ. K2PJ) 
l""e,llnq .mpliflerl 

Stobilnzed o m p l ~ l w s  (Philbuck K2YJ. K 2 P 5  
I" ConrentlOnol ,"tcg,olol CIICUIt. 

jmbr14zed lol lare,  (Philbrick K2YJ. K1PJ). 

Compcnwrilng reinstor. continuously vorioble IO 10 ohms. 

- - 

FIGURE 1 

Voltammetric Circuit for Cantinuous Ohmic Voltage bmpenaotion 



- 100: 

I I 1 I I I 1 I 
0) CD r- CD In t 0 (u 

! :  
c j i  
= u  0 

c _ _ _ _ _ _ _ _ _ _ _ c _ _ _ _ -  z------ 

I 1 1 I I I 1 -8 
0- 0 0 0 0 0 0 

t 
0 
Q) t 0 !?! 

S 

z B 

N 

(ib4 3/Sd rC VI 11 I rC) I N  3b tl tl3 



-101- 

1 I I I 1 1 1 I 
aD b CD 0 t m <u 

(< W3/Sd W VI 11 I W) I N  3W n3 
- 

I 

w 



-102- 

4r 

-2 L I  I I I I I I 

300 500 700 900 1100 1300 1500 
POTE N T I A L (MI LL I VOLTS) 

FIGURE 6 
Current - Potcntiol Curve of the System, Bright Pt/O 1M 

CHjOH d 5M NnOH 01 30°C ond 5Wrnrr’uc 

25 

0 

, 

1 IO0 200 300 400 500 
TI M E (MI LLI SECONDS) 

FIGURE 7 

Current Transient at 4 W m v  for the $stem Bright 

Pt/ 1M CH30H/ 1M NaOH at 30°C 



-103- 

FORMATE I O N  - OXYGEN FUEL CELLS 

P .  G .  Grimes a n d  H .  H .  S p e n g l e r  
R e s e a r c h  D i v i s i o n ,  A l l i s - C h a l m e r s  Mfg. Co. 

Mi lwaukee ,  W i s c o n s i n  

I n t r o d u c t i o n  

F o r m a t e  i on  i s  o n e  of t h e  more r e a d i l y  o x i d i z a b l e  c a r b o n a c e o u s  
f u e l s  i n  bas ic  e l e c t r o l y t e .  I n  t h e  r a n g e  80-looo C ,  f o r m a t e  i o n -  
oxygen  f u e l  c e l l s ,  u s i n g  a p l a t i n u m - p a l l a d i u m  c a t a l y s t ,  h a v e  a p e r -  
f o r m a n c e  a p p r o a c h i n g  t h a t  of h y d r o g e n  o r  h y d r a z i n e  f u e l  c e l l s .  
Formate i o n - o x y g e n  f u e l  c e l l s  w i t h  a p l a t i n u m - p a l l a d i u m  c a t a l y s t  
h a v e  b e e n  shown t o  h a v e  a b o u t  twice t h e  o u t p u t  of m e t h a n o l  f u e l  
c e l l s  a t  a m b i e n t  t e m p e r a t u r e  (1). 

Formate s a l t s  a re  e a s i l y  h a n d l e d  as s o l i d s  o r  in s o l u t i o n ,  a r e  
s tab le ,  h a v e  low t o x i c i t y  a n d  are  p o t e n t i a l l y  low i n  c o s t .  Formic 
a c i d  may a l s o  be u s e d  as t h e  f u e l .  It a l s o  i s  s tab le ,  a n d  p o t e n -  
t i a l l y  low p r i c e d .  However ,  i t s  c o r r o s i v e  p r o p e r t i e s  demand t h a t  
i t  b e  h a n d l e d  w i t h  some care .  Formate s o l u t i o n s  i n  base a r e  s t a b l e  
a t  100' C .  A t  t h i s  t e m p e r a t u r e ,  t h e  f u e l  is n o t  v o l a t i l e  in c o n -  
t r a s t  t o  m e t h a n o l .  

T h e  i n v e s t i g a t i o n s  o f  t h e  formate f u e l  c e l l s  w e r e  e x t e n d e d  t o  
s t u d y  t h e  e f f e c t s  of t e m p e r a t u r e  o n , t h e  c e l l  o u t p u t .  F u r t h e r  s t u d -  
ies  i n v o l v e d  v a r i a t i o n  of c a t a l y s t  a n d  e l e c t r o l y t e  c o m p o s i t i o n  a n d  
f u e l  c o n c e n t r a t i o n .  

E x p e r i m e n t a l  

A s a n d w i c h  t y p e  f u e l  c e l l  was u s e d  i n  t h e s e  s t u d i e s .  Grooved  
a n d  m a n i f o l d e d  s t a i n l e s s  s t e e l  e n d  p l a t e s  h e l d  t h e  e l e c t r o d e s  a n d  
allowed u n i f o r m  f low of e l e c t r o l y t e - f u e l  a n d  o x y g e n  o v e r  t h e  e lec-  
t r o d e  s u r f a c e s .  An asbestos s h e e t  (0.060 i n c h  t h i c k )  s e r v e d  as 
t h e  s e p a r a t o r - s p a c e r  b e t w e e n  t h e  e l ec t rodes  ( 2 ) .  

was pumped t h r o u g h  t h e  c e l l  a n o d e  c o m p a r t m e n t  a n d  t h e n  b a c k  t o  t h e  
e x t e r n a l  h e a t e r  chamber .  Oxygen was s u p p l i e d  t o  t h e  c e l l  a t  o r  
s l i g h t l y  a b o v e  a t m o s p h e r i c  p r e s s u r e .  A p p r o p r i a t e  c e l l  t e m p e r a t u r e  
was m a i n t a i n e d  w i t h i n  2 10 C w i t h  a n  a u x i l i a r y  h e a t i n g  p a d .  The  
e x t e r n a l  h e a t i n g  a n d  pumping s y s t e m  was c o n s t r u c t e d  of T e f l o n ,  
g lass  a n d  s t a i n l e s s  s t e e l  materials. T h e  r e f e r e n c e  s a t u r a t e d  cal-  
omel e l ec t rode  (SCE) was c o n n e c t e d  t o  t h e  e l e c t r o l y t e  s y s t e m  b y  
means  o f  an e x t e r n a l  L u g g i n  c a p i l l a r y  t u b e .  

s u p p o r t  material .  E l e c t r o d e  p l a t i n g  s o l u t i o n s  were p r e p a r e d  b y  mix-  
i n g  a p p r o p r i a t e  a m o u n t s  (in a c c o r d a n c e  w i t h  t h e  r e q u i r e d  c a t a l y s t  
r a t i o )  o f  t h e  n o b l e  metal c h l o r i d e  s o l u t i o n s  c o n t a i n i n g  2 mg. of 

T h e  e l e c t r o l y t e - f u e l  mix ture ,  h e a t e d  i n  a n  e x t e r n a l  c h a m b e r ,  

P o r o u s  n i cke l  p l a q u e s  ( 0 . 0 2 8  i n c h  t h i c k )  were u s e d  as c a t a l y s t  
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metal p e r  m l .  a n d  t h e n  a d j u s t i n g  t h e  pH l e v e l  t o  1 w i t h  h y d r o c h l o r i c  
acid.  A vacuum f i l t r a t i o n  t e c h n i q u e  was u s e d  t o  d r a w  t h e  p l a t i n g  
s o l u t i o n  t h r o u g h  t h e  p o r o u s  n i c k e l  p l a q u e  a t  a s low f l o w  r a t e .  The  
r a t i o  of t h e  P d / P t  c h e m i d e p o s i t e d  o n  t h e  p l a q u e s  was t h e  same as 
t h a t  i n  t h e  m i x e d  p l a t i n g  s o l u t i o n s  ( 3 ) .  
washed  w i t h  d i s t i l l e d  water a n d  s t o r e d  i n  a d r y  a t m o s p h e r e .  A 
w a t e r p r o o f i n g  c o a t i n g  of T e f l o n  was a p p l i e d  o v e r  t h e  c a t a l y z e d  s u r -  
f a c e  o f  t h o s e  p l a t i n u m - p a l l a d i u m  : l e c t r o d e s , , w h i c h  were t o  b e  u s e d  
as c a t h o d e s  t o  p r e v e n t  e l e c t r o d  f l o o d i n g .  A l l  e l e c t r o d e s  were 
p l a t e d  w i t h  a t o t a l  of 60 mgfln'  o f  n o b l e  metal c a t a l y s t s .  
met r ic  area of t h e  e l e c t r o d e s  was 6.25 i o 2 ;  a n d  t h e  c u r r e n t  d a t a  
p r e s e n t e d  are e x p r e s s e d  in terms of a m p e r e s  p e r  s q u a r e  f o o t  (ASP).  

F u e l  c e l l  e l e c t r o d e s  were e v a l u a t e d  w i t h  a s i n e  wave ( 4 )  a n d  a 
square wave c o m m u t a t o r .  The  s q u a r e  wave c u r r e n t  was g e n e r a t e d  b y  a 
m e r c u r y  s w i t c h  f u n c t i o n  g e n e r a t o r .  O p e r a t i n g  power  was s u p p l i e d  by 
a 12 v o l t  s t o r a g e  b a t t e r y ;  a s e c o n d  12 v o l t  b a t t e r y  s u p p l i e d  t h e  
power  t o  o p e r a t e  t h e  a u x i l i a r i e s  of t h e  s q u a r e  wave g e n e r a t o r .  V o l t -  
age r e a d i n g s  were taken w i t h  a T e k t r o n i x  564 S t o r a g e  O s c i l l o s c o p e  
a n d  a R . C . A .  S e n i o r  vacuum t u b e  vo l tme te r  when u s i n g  t h e  s q u a r e  wave 
o r  s i n e  wave c o m m u t a t o r s ,  r e s p e c t i v e l y .  

s u p p l i e d  t o  t h e  c e l l  f o r  a p r e - p o l a r i z a t i o n  p e r i o d  of f i v e  m i n u t e s .  
E x p e r i m e n t a l  d a t a  a t  60 ASF were t h e n  t a k e n ,  1.e. a n o d i c  a n d  c a t h o d -  
i c  h a l f  c e l l  v o l t a g e s ,  t o t a l  c e l l  v o l t a g e  ( o h m i c  f r e e ) ,  a n d  t h e  oh- 
mic v o l t a g e  ( I R  d r o p )  of t he  c e l l .  

f o r  a t h r e e  m i n u t e  p o l a r i z a t i o n  p e r i o d  b e f o r e  t h e  p o t e n t i a l s  were 
m e a s u r e d .  F o r  t h e  l o w e r  t e m p e r a t u r e  (300 C) tests, t h e  c e l l  was 
o p e r a t e d  a t  a l t e r n a t e l y  h i g h  a n d  low c u r r e n t  d e n s i t i e s  t o  m a i n t a i n  
a n e a r l y  c o n s t a n t  t e m p e r a t u r e  i n  t h e  c e l l ,  h o w e v e r ,  i t  was n o t  nec -  
e s s a r y  t o  f o l l o w  t h i s  p r o c e d u r e  a t  1000 C .  

P l a t e d  p l a q u e s  were t h e n  

The  geo- 

For  t h e  h a l f  c e l l  s t u d i e s  a c u r r e n t  e q u i v a l e n t  t o  60 ASF was 

T h e  c e l l s  were n o r m a l l y  k e p t  a t  t h e  a p p r o p r i a t e  c u r r e n t  d e n s i t y  

R e s u l t s  a n d  D i s c u s s i o n  

Anode a n d  C a t h o d e  S t u d i e s  

F o r m a t e  s o l u t i o n s  i n  basic e l e c t r o l y t e  are s tab le  a t  e l e v a t e d  
t e m p e r a t u r e s ,  a l l o w i n g  o p e r a t i o n  of c e l l s  n e a r  t h e  b o i l i n g  p o i n t  of 
t h e  e l e c t r o l y t e  a t  a t m o s p h e r i c  p r e s s u r e .  S t u d i e s  a t  a m b i e n t  a n d  
e l e v a t e d  t e m p e r a t u r e s  w e r e  c o n d u c t e d  t o  d e t e r m i n e  t h e  p o l a r i z a t i o n  
c u r v e s  f o r  a n o d e s  a n d  c a t h o d e s  u s i n g  d i f f e r e n t  n o b l e  metal c a t a l y s t  
m i x t u r e s  w i t h  formate a n d  o x y g e n .  T h e  s t a n d a r d  p o t e n t i a l  f o r  t he  
a n o d e  r e a c t i o n  i s  1.02 v o l t s .  \ 

P r e v i o u s  s t u d i e s  h a v e  shown t h a t  formate i o n  i s  r e a d i l y  0x1- 
d i z e d  on a n  a n o d e  c a t a l y z e d  w i t h  a p l a t i n u m - p a l l a d i u m  mixture o r  
w i t h  p a l l a d i u m  (1, 3 ) .  P l a t i n u m  c a t a l y z e d  a n o d e s  are s e v e r e l y  p o l a r -  
i z e d  u n d e r  a p p l i e d  l o a d .  I n c r e a s i n g  t h e  p a l l a d i u m  c o n t e n t  of the  
c a t a l y s t  i m p r o v e s  t h e  a c t i v i t y  o f  t h e  a n o d e s  a t  30° C ( F i g u r e  1 ) .  
A l l  e l e c t r o d e s  h a d  a t o t a l  n o b l e  metal c a t a l y s t -  l o a d i n g  of 60 mg/in2. 
T h e  p a l l a d i u m  a n o d e  was t h e  least  p o l a r i z e d  o n  i n i t i a l  tests.  Upon 

I 



-105-  

e x t e n d e d  t e s t i n g  f o r  o v e r  a t h o u s a n d  h o u r s  a t  a m b i e n t  t e m p e r a t u r e ,  
a r a t i o  of f i v e  p a r t s  p a l l a d i u m  t o  o n e  p a r t  p l a t i n u m  b y  w e i g h t  
p r o v e d  t o  be  t h e  s u p e r i o r  c a t a l y s t  ( 1 ) .  

F o r m a t e  i o n  f u e l  c e l l s  were shown in t h e s e  s t u d i e s  t o  h a v e  
a b o u t  twice  t h e  p e r f o r m a n c e  o f  m e t h a n o l  f u e l  c e l l s  u n d e r  t h e  same 
c o n d i t i o n s  a t  a m b i e n t  t e m p e r a t u r e .  P e r f o r m a n c e  of t h e  m e t h a n o l  
a n o d e  is n o t  g r e a t l y  c h a n g e d  ( F i g u r e  2 )  when t h e  c e l l  t e m p e r a t u r e  
is ra ised t o  60° C ( l i m i t e d  b y  t h e  v a p o r  p r e s s u r e  of m e t h a n o l ) .  
However ,  a n o d e  p e r f o r m a n c e  of t h e  f o r m a t e  c e l l  is m a r k e d l y  improved  
b y  t h e  t e m p e r a t u r e  i n c r e a s e .  

Anode p o l a r i z a t i o n  c u r v e s  o b t a i n e d  f o r  c e l l s  o p e r a t i n g  a t  
90° C w i t h  4M p o t a s s i u m  formate a n d  4M p o t a s s i u m  h y d r o x i d e  e lec t ro-  
l y t e  a re  shown in F i g u r e  3 .  Th p o r o u s  n i c k e l  e l e c t r o d e s  were c a t -  
a l y z e d  w i t h  a t o t a l  of 60 mg/in5 of c a t a l y s t .  The  p e r f o r m a n c e  of 
a l l  t h e  a n o d e s  i m p r o v e s  w i t h  t e m p e r a t u r e  ( c o m p a r e  w i t h  F i g u r e  1 ) .  
O b v i o u s l y ,  t h e  data show t h a t  on i n i t i a l  tes ts ,  t h e  p a l l a d i u m  a n o d e  
g a v e  t h e  h i g h e s t  p o t e n t i a l  f o r  c u r r e n t s  b e t w e e n  1 a n d  200 ASF a t  
goo C .  T h e  same t r e n d ,  n o t e d  a t  t h e  l o w e r  t e m p e r a t u r e ,  of decreas- 
i n g  a n o d e  a c t i v i t y  w i t h  i n c r e a s i n g  p l a t i n u m  c o n t e n t  was o b s e r v e d ,  
e x c e p t  t h a t  t h e  p l a t i n u m  a n o  e was c o m p a r a b l e  i n  p e r f o r m a n c e  t o  the  
p a l l a d i u m  a n d  50 Pd/ lO P t / i n g  a n o d e s .  

The  e f f e c t  a t  30° a n d  900 of i n c r e a s i n g  p l a t i n u m  c o n t e n t  of 
a n o d e s  is d e p e c t e d  s c h e m a t i c a l l y  in F i g u r e  4 .  The m a r k e d l y  improved  
a c t i v i t y  o f  a p l a t i n u m  a n o d e  a t  goo C was u n e x p e c t e d  a n d  is i n e x p l i c -  
a b l e  a t  t h i s  t i m e .  

P r e v i o u s  c a t h o d e  s t u d i e s  w i t h  h y d r o g e n - o x y g e n  c e l l s  a t  a m b i e n t  
t e m p e r a t u r e  h a v e  shown t h a t  p l a t i n u m - p a l l a d i u m  m i x t u r e s  are more 
a c t i v e  t h a n  e i t h e r  p l a t i n u m  o r  p a l l a d i u m  ( 4 ) .  In t h e  4M p o t a s s i u m  
formate - 4M p o t a s s i u m  h y d r o x i d e  s y s t e m ,  t h e  oxygen  c a t h o d e  p e r f o r m -  
a n c e  i m p r o v e s  w i t h  i n c r e a s i n g  p l a t i n u m  c o n t e  t .  T h e  b e s t  c a t h o d e  
a t  30' h a s  a c o n t e n t  of 4 0  m g  Pd/20 m g  P t / i n '  c a t a l y s t .  The  p l a t -  
inum c a t h o d e  was h i g h l y  p o l a r i z e d  a t  30° C .  

The  oxygen  c a t h o d e  p o l a r i z a t i o n  c u r v e s  a t  goo C f o r  60 mg/in2 
of p l a t i n u m  a n d / o r  p a l l a d i u m  are  shown in F i g u r e  5. At ;  t h e  h i g h e r  
t e m p e r a t u r e s ,  t h e  a c t i v i t y  of t h e  c a t h o d e  c a t a l y s t  i n c r e a s e s  w i t h  
i n c r e a s i n g  p l a t i n u m  c o n t e n t .  However ,  a g a i n  t h e  p l a t i n u m  cathode 
is l e a s t  a c t i v e  a t  t h e  h i g h e r  c u r r e n t s .  The bes t  c a t h o d e  c a t a l y s t  
had e q u a l  a m o u n t s  of p l a t i n u m  a n d  p a l l a d i u m .  T h e  t r e n d  of c a t h o d i c  
a c t i v i t y  of p l a t i n u m - p a l l a d i u m  m i x t u r e s  i s  o p p o s i t e  t h a t  o f  a n o d i c  
a c t i v i t y  of t h e s e  same m i x t u r e s .  

The  e f f e c t  o f  formate i o n  c o n c e n t r a t i o n  on t h e  p o t e n t i a l  of 
t h e  oxygen  e l e c t r o d e  a t  goo C is shown in F i g u r e  6 .  A w a t e r p r o o f e d  
p o r o u s  n i c k e l  e l e c t r o d e  w i t h  e q u a l  a m o u n t s  o f  p l a t i n u m  a n d  p a l l a d i -  
um was u s e d  as t h e  c a t h o d e .  P o t a s s i u m  formate c o n c e n t r a t i o n  in t h e  
4M p o t a s s i u m  h y d r o x i d e  e l e c t r o l y t e  r a n g e d  b e t w e e n  0.5M t o  4M. 

c o n s i d e r a b l e  p o l a r i z i n g  e f f e c t  on t h e  b e h a v i o r  of t h e  c a t h o d e ;  a n d  
t h a t  t h e  e f f e c t  is greater  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of p o t a s -  
s i u m  f o r m a t e .  F u r t h e r m o r e ,  t h e  p o l a r i z a t i o n  of t h e  a n o d e  decreases 
s l i g h t l y  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of f u e l .  S imi l a r  r e s u l t s  
h a v e  b e e n  o b s e r v e d  f o r  t he  m e t h a n o l - o x y g e n  f u e l  c e l l  ( 5 ) .  E x p l a n a -  
t i o n s  f o r  a n  i n c r e a s e d  p o l a r i z a t i o n  of t h e  c a t h o d e  as t h e  c o n c e n t r a -  
t i o n  of t h e  d i s s o l v e d  f u e l s  are raised h a v e  n o t  b e e n  c o n s i d e r e d  i n  

It may be  s e e n  f r o m  F i g u r e  6 t h a t  t h e  f o r m a t e  f u e l  e x e r t s  a 
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d e t a i l .  I t  is f o r  t h i s  r e a s o n  t h a t  w e  s h o u l d  l i k e  t o  p r e s e n t  p o s s i -  
b l e  h y p o t h e s e s  f o r  t h i s  phenomenon.  The  d e c r e a s e  in a n o d e  p o l a r i z a -  
t i o n  as t h e  f u e l  c o n c e n t r a t i o n  is ra ised ( F i g u r e  6)  may be d u e  t o  
e i t h e r  a d e c r e a s e  i n  d i f f u s i o n  l i m i t a t i o n  o r  i n c r e a s e  i n  c o n c e n t r a -  
t i o n  of f u e l  in t h e  p r e - e l e c t r o d e  l a y e r .  S i n c e  t h e  i-V c u r v e s  do 
n o t  e x h i b i t  a d i f f u s i o n  l i m i t i n g  c u r r e n t  f o r  a n y  o f  t h e  c o n c e n t r a -  
t i o n s  s t u d i e d ,  i t  w o u l d  a p p e a r ,  t h e r e f o r e ,  t h a t  t h e  e f f e c t  of f u e l  
c o n c e n t r a t i o n  may b e  e x p l a i n e d  a p p r o x i m a t e l y  b y  t h e  c o n c e n t r a t i o n  
term in t h e  r a t e  e q u a t i o n .  

A l t h o u g h  t h e  n e t  r e a c t i o n  a t  t h e  oxy,gen e l e c t r o d e  is c a t h o d i c ,  
t h i s  e l e c t r o d e  may s t i l l  f u n c t i o n  as a n  a n o d e  f o r  formate i o n ,  p r o -  
v i d e d  a n  a d e q u a t e  s u p p l y  of f u e l  i s  p r e s e n t  a t  t h e  e l e c t r o d e  s u r -  
f a c e .  I f  t h i s  o c c u r s ,  t h e  n e t  c a t h o d i c  c u r r e n t  is less, a n d  l n -  
c r e a s e d  p o l a r i z a t i o n  w i l l  b e  o b s e r v e d .  

I t  h a s  b e e n  a s s u m e d  t h a t  t h e  a n o d i c  a n d  c a t h o d i c  r e a c t i o n s  are 
t o t a l l y  i n d e p e n d e n t  o f  o n e  a n o t h e r  o v e r  t h e  v o l t a g e  r a n g e  s t u d i e d .  
S i n c e  f o r m a t e  i o n  is p r o b a b l y  a d s o r b e d  on t h e  c a t h o d e ,  i t  wou ld  be 
r e a s o n a b l e  t o  a s s u m e  t h a t  t h e  s u r f a c e  c o v e r e d  w i t h  formate i s  n o t  
a v a i l a b l e  f o r  c a t a l y s i s  of  t h e  c a t h o d i c  r e a c t i o n .  However,  t h e  
p r e d o m i n a t i n g  f a c t o r  c o n t r o l l i n g  t h e  e f f e c t  of f u e l  on t h e  c a t h o d e  
p o l a r i z a t i o n  i n  t h e  s y s t e m  d i s c u s s e d  in t h i s  p a p e r  a p p e a r s  t o  be 
t h e  f o r m a t e  o x i d a t i o n  c u r r e n t ,  r a t h e r  t h a n  a d s o r p t i o n  o f  f u e l .  
T h i s  e x p l a n a t i o n  is s u p p o r t e d  b y  t h e  f a c t  t h a t  i n c r e a s e d  f o r m a t e  
c o n c e n t r a t i o n  r e s u l t s  in greater  c a t h o d e  p o l a r i z a t i o n .  F u r t h e r m o r e ,  
t h e  p e r f o r m a n c e  of  t h e  c a t h o d e  as  a f u n c t i o n  o f  t h e  c a t a l y s t  is t h e  
o p p o s i t e  o f  t h a t  shown f o r  t h e  a n o d e  I n  F i g u r e  6. 

O p e r a t i n g  C e l l s  

A c e l l  was c o n s t r u c t e d  u s i n g  a p l a t i n u m  a n o d e  a n d  a 30 mg Pd/ 
30 mg P t / i n 2  c a t h o d e .  T h e  s e l e c t i o n  of t h e s e  e l e c t r o d e s  was b a s e d  
on t h e  c a t a l y s t  s p e c t r u m  s t u d i e s .  T h e  p e r f o r m a n c e  of t h e  c e l l  u s -  
i n g  a 4M p o t a s s i u m  f o r m a t e  - 4M p o t a s s i u m  h y d r o x i d e  e l e c t r o l y t e  is 
shown i n  F i g u r e  7 .  An ohmic  f r ee  c e l l  v o l t a g e  of 0.82 v o l t s  a t  
2 0 0  amps  p e r  s q u a r e  f o o t  was o b t a i n e d  a t  goo C .  

Based  on t h i s  d a t a ,  a n  operating fdrmate i o n - o x y g e n  f u e l  c e l l  
s y s t e m  i n  s t r o n g  a l k a l i  e l e c t r o l y t e  c o u l d  p r e s e n t l y  b e  e x p e c t e d  t o  
p r o d u c e  120-170 ASP a t  0.8 v o l t s  p e r  c e l l  a t  goo C .  The  s y s t e m  c o n -  
s t r u c t i o n  w o u l d  b e  s i m i l a r  t o  t h a t  of a h y d r a z i n e  f u e l  c e l l  ( 2 ) .  
T h i s  p e r f o r m a n c e  a p p r o a c h e s  t h a t  of hydrogen-oxygen  a n d  h y d r a z i n e -  
o x y g e n  f u e l  c e l l s  a t  t h e  same t e m p e r a t u r e s .  F u r t h e r  s t u d i e s  of  t h e  
e f f e c t s  of t e m p e r a t u r e ,  formate i o n  c o n c e n t r a t i o n ,  a n d  c e l l  d e s i g n  
t o  m i n i m i z e  c o n t a c t  o f  f o r m a t e  w i t h  t h e  c a t h o d e  s h o u l d  l e a d  t o  
m a r k e d  i m p r o v e m e n t  in t h e  p e r f o r m a n c e  of t h e  f o r m a t e  i o n - o x y g e n  f u e l  
c e l l .  

T h e  o x i d a t i o n  of formate i o n  i n  t h i s  s y s t e m  p r o d u c e s  c a r b o n a t e  
i o n  a n d  consumes  h y d r o x y l  i o n .  C o n t i n u e d  o p e r a t i o n  of t h e  s y s t e m  
wou ld  c o n v e r t  t h e  c e l l  e l e c t r o l y t e  t o  c a r b o n a t e .  I f  t h e  c e l l  is t o  
b e  o p e r a t e d  a t  h i g h  pH, p e r i o d i c  r e p l a c e m z n t  o f  t h e  e l e c t r o l y t e  
wou ld  b e  r e q u i r e d .  However ,  i f  a small r e d u c t i o n  in p e r f o r m a n c e  1s 
n o t  a d e t r i m e n t ,  t h e  c e l l  c a n  b e  o p e r a t e d  u s i n g  a c a r b o n a t e  e l e c t r o -  
l y t e .  F i g u r e  8 s h o w s  t h e  c u r r e n t - v o l t a g e  c u r v e  o f  t h e  c e l l  Z i t h  4M 
p o t a s s i u m  formate  - 4M p o t a s s i u m  c a r b o n a t e  e l e c t r o l y t e  a t  90 C .  The 
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ohmic  f r e e  c e l l  v o l t a g e s  a t  200 and  100 ASP are 0.5 a n d  0.65 v o l t s ,  
r e s p e c t i v e l y .  

The p o l a r i z a t i o n  of t h e  f o r m a t e  a n o d e  is o n l y  s l i g h t l y  g r e a t e r  
i n  t h e  c a r b o n a t e  t h a n  i n  t h e  h y d r o x i d e  e l e c t r o l y t e s .  However ,  t h e  
p e r f o r m a n c e  o f  t h e  oxygen  c a t h o d e  i s  m a r k e d l y  p o o r e r  i n  t h e  c a r b o n -  
a t e  e l e c t r o l y t e .  The  d i f f e r e n c e  i n  p e r f o r m a n c e  o f  t h e  two c e l l s  
shown i n  F i g u r e  8 is d u e  p r i m a r i l y  t o  t h e  c a t h o d e  p o l a r i z a t i o n .  

I n  s p i t e  of t h e  greater p o l a r i z a t i o n  of t h e  c a t h o d e  in c a r b o n -  
a t e  e l e c t r o l y t e  s u c h  a s y s t e m  may r e a s o n a b l y  be  e x p e c t e d  t o  p r o d u c e  
100 t o  130 ASF a t  0.5 v o l t s  a t  90° C .  

C onc  l u s  i o n s  

The  f o r m a t e  i o n - o x y g e n  fue l  c e l l  w i l l  p r o d u c e  0.82 v o l t s  a t  
200 ASP (ohmic  f r e e )  a t  goo C w i t h  h y d r o x i d e  e l e c t r o l y t e .  Opera-  
t i o n  of t h e  f o r m a t e  i o n  c e l l  w i t h  a c a r b o n a t e  e l e c t r o l y t e  r e d u c e d  
t h e  p e r f o r m a n c e  of t h e  c a t h o d e ,  l o w e r i n g  t h e  o u t p u t  t o  0.5 v o l t s  a t  
200 ASP (ohmic  f r e e )  a t  goo C .  

P a l l a d i u m  a n d  p l a t i n u m  are t h e  b e s t  a n o d e  c a t a l y s t s  a t  t h i s  
t e m p e r a t u r e .  A mixed  c a t a l y s t  c o n t a i n i n g  e q u a l  a m o u n t s  of p l a t i -  
num a n d  p a l l a d i u m  is t h e  p o o r e s t  a n o d e  c a t a l y s t .  A t  30° C ,  how- 
e v e r ,  p a l l a d i u m  w a s  t h e  b e s t  a n o d e  c a t a l y s t  and  a c t i v i t y  d e c r e a s e d  
w i t h  i n c r e a s e  i n  p l a t i n u m  c o n t e n t .  The  mixed c a t a l y s t ,  r e f e r r e d  
t o  a b o v e ,  however ,  i s  t h e  b e s t  f o r  t h e  oxygen e l e c t r o d e  a t  b o t h  
30° and  goo C i n  t h e  p r e s e n c e  of f o r m a t e .  

of hydrogen  and  h y d r a z i n e - o x y g e n  f u e l  c e l l s .  T h i s  a l l o w s  t h e  f o r -  
mate Ion-oxygen  c e l l s  t o  be a p p l i e d  i n  spec ia l  a p p l i c a t i o n s .  

The  o u t p u t  of f o r m a t e  i o n - o x y g e n  f u e l  c e l l s  a p p r o a c h e s  t h a t  
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Fig. l.-EFFECT OF CATALXST ON ANODE POTENTIALS IN.4M 
POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 30°C 
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Fig. 2.-ANODE CURRENT-VOLTAGE CURVES FOR THE SYSTEMS 
4M METHANOL AND 4M POTASSIUM FORMATE I N  4M POTASSIUM 
HYDROXIDE AT 30" AND 60°C 
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1" Fig. 3 .  -EFFECT OF CATALYST ON ANODE POTENTIAL I N  4M 
POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 9 0 ° C  I 
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Fig. 4.-SCHEMATIC: ANODE VOLTAGE VS. CATALYST COMPOSITION 
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Fig. 5.-EFFECT OF CATALYST ON CATHODE POTENTIALS IN 4M 
POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 90°C 
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Fig. 6. -EFFECT OF POTASSIUM FORMATE CONCENTRATION ON ANODE 
AND CATHODE POTENTIALS IN 4M POTASSIUM HYDROXIDE AT 90°C 
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Fig.  7 .  -HALF-CELL VOLTAGES FOR THE BETTER ANODE AND CATHODE 
COR.IBINED I N  A S I N G L S  CELL W I T H  4M POTASSIUM FORllIATE AND 
4kI POTASSIUM HYDROXIDE 
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Fig. 8. -CURRENT-VOLTAGE CURVES FOR THE SYSTEMS FORMATE/4M 
POTASSIUM HYDROXIDE AND POTASSIUM FORMATE/4M POTASSIUM 
CARBONATE (OHMIC FREE) 
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AN ALKALINE METHANOL-AIR PRIMARY BATTERY SYSTEM 

R. E. Biddick & D. L. Douglas 

Research & Development Laboratory - Gould-National Batteries, Inc. 

Minneapolis, Minnesota 

A primary battery system operating on methanol dissolved in KOH, 
and air, has been developed to the laboratory hardware stage. Fuel-  
electrolyte solution flows by gravity through palladium-activated porous 
nickel electrodes. Teflon waterproofing and semi-permeable separators 
minimize fuel and electrolyte lo s s  through the cathode. Condensed i n  
a chimney, water i s  recycled from the emerging air stream. Extensive 
tes t s  carried out on a battery rated a t  30 W (one-third m a .  power) in -  
dicate that i n  series,  24 ce l l s ,  individually about one-fourth sq. ft. in  
area, deliver i 2  V. At  rated output, utilization of 5 molar CH30H/6 molar 
KOH fuel is ca. 55 Wh/lb. Single ce l l s  have been operated one year a t  
room temperatures, and cells in tes t  batteries have maintained 3000 hours 
of satisfactory output, A preliminary cos t  analysis indicates that the 
system can be competitive with existing primary and secondary batteries. 

INTRODUCTION 

The advantages of a methanol fuel and an alkaline electrolyte are well 
known i n  fuel cell lore. The two in combination suffer the disadvantage that alkali 
is consumed in the fuel cel l  reaction. Thus, for long term operation either a large 
reservoir must be provided or the electrolyte m u s t  be continuously purified of for- 
mate, carbonate and other reaction products. 

Three fairly comprehensive s tudies  of alkaline methanol systems have been 
reported in the literature. Murray and Grimes (I) describe a methanol-oxygen 
system in which methanol is metered into a circulating electrolyte. Temperature 
of the battery is controlled by a heat exchanger in the electrolyte loop. No means 
of reformation of carbonate ion to hydroxide ion was  provided, so that the s ize  of 
the electrolyte reservoir limits the operating t i m e -  about five hours in the system 
described. Electrodes are of a bipolar design. The anode consis ts  of a sintered 
nickel plaque impregnated with a palladium-platinum catalyst ,  and the  cathodes 
are fabricated from porous nickel plaques containing silver catalyst  and Teflon 
wetproofing. Considerable methanol is los t  through evaporation, but that which 
is oxidized goes to  carbonate. 

Vielstich (2) describes a methanol-air fuel battery and its application in a 
signaling device. In this case,  the electrodes are immersed in a container of 
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fuel-electrolyte solution,, the  spent  solution being replaced as required. 
Platinum ca ta lys t  on an unspecified porous carrier serves  as the anode, and the 
cathodes cons is t  of wetproofed porous carbon activated with silver. Natural 
convection and diffusion serve to  provide an adequate supply of air t o  open- 
topped cathodes. A 28-cel l  battery of this  design, fabricated by Brown, Boveri, 
Ltd. (Baden, Switzerland), was  tes ted  a s  a power source for a river navigation 
buoy over a s ix  month period. About a 10% loss in methanol (presumably by 
evaporation) w a s  experienced. Oxidation of fuel consumed is to carbonate ion, 

An alkaline methanol system in which dissolved sodium chlorite is used a s  
t h e  oxidizer h a s  been reported by Boies and Dravnieks ( 3 ) .  The development was 
not carried p a s t  the  s ingle  ce l l  stage. A fuel solution approximately 5M in 
methanol and 5M in  KOH is circulated past  an anode which consis ts  of a plati- 
nized substrate of flame-sprayed Raney nickel. The oxidant solution (4M in 
sodium chlorite and 5M in KOH) similarly flows through a cathode chamber. The 
cathode is flame-sprayed Raney nickel-silver and fuel and oxidant chambers are 
separated by a d ia lys i s  membrane. External heating of the reactant solutions is 
used to  maintain a c e l l  operating temperature of 55'C. An output of 144 mA/cmZ 
at 0.6 V is reported. Methanol is not oxidized pas t  the formate stage, and a 
considerable paras i t ic  l o s s  due to  chemical oxidation of methanol by chlorite 
occurs. 

This paper descr ibes  a study of a continuous flow alkaline-methanol fuel 
battery system which has  been carried through the. laboratory model stage. The 
work was  carried on as part of a joint research and development program of the 
Pure Oil Company and  Gould-National Batteries, Inc. A primary design objective 
was a reliable system capable  of unattended operation over periods of several 
months. Only s l ight ly  less important were f i rs t  cos t  and operating cost. A mini- 
mum of power-operated controls and auxiliaries are used. Natural forces, i.e., 
gravity and surface tension, serve to  effect and control the flow and distribution 
of reactants. 

CELL DESIGN 

Cell  design is shown schematically in Figure 1. A nickel sheet  forms one 
side of t h e  anode compartment, and a diaphragm forms the other side. The anode 
is a standard s intered-nickel  battery plaque in which palladium catalyst  has  been 
deposited. The cathode contains silver ca ta lys t  bonded to  nickel screen by 
Teflon particles in the  sub-micron size range, In s ingle-cel l  t es t s ,  electrode 
s i ze  has  been two or four inches square, while in  batteries the electrodes have 
been as large as one-fourth square foot in area. 

The diaphragm separating the electrodes may be either a semi-permeable 
membrane or a more porous separator such as asbestos .  In most of the cells con- 
structed t o  date, we have used Permion 300 or 320 type membranes such as have 
been used in  experimental silver-zinc batteries. 
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Electrical connection between ce l l s  is provided by a corrugated nickel 
screen which serves  a l s o  to  maintain sufficient separation between cells to  permit 
air convection. 

Electrolyte containing dissolved fuel is admitted to  the cell a t  the  top of the 
anode, flowing down under the influence of gravity through the anode compartment 
and dripping out of the cel l  into a collecting trough. 

SYSTEM DESIGN 

Cells  are stacked three per inch and are  held in place by compression be- 
tween end plates  connected by t ie  bolts. Fuel-electrolyte solution is distributed 
to  the ce l l s  in parallel flow by means of a system of wicks and manifold which 
is operable over a wide range of flow rates. 

Figure 2 of a 24-cell system. Natural draft over the height of the battery cabinet 
is sufficient t o  provide adequate air convection pas t  the cel ls .  Controls and de-  
sign features are provided t o  maintain flow rates  and temperatures within the 
l i m i t s  of satisfactory operation over a range of environmental conditions. 

Air enters the cabinet through a thermostatically controlled opening near 
the bottom. Air leaves the cabinet  through an opening near the top, entering a 
chimney of narrow rectangular c ross  section. Some water is condensed on the 
wal ls  of the chimney and returned to  the battery through the fuel distributor. To 
provide auxiliary cooling at high ambient temperature, metallic f ins  extend from 
each ce l l  through the back wall of the cabinet into a secondary air chamber 
through which natural air flow is thermostatically controlled. To prevent excessive 
heat  loss  in a cold environment, the cabinet and secondary air chambers are 
covered with a layer of polyurethane foam insulation. 

sponse to  battery output by means of a controller developed by Honeywell. 
Several types of valves and positioners have been tried. One type which resulted 
in good control characteristics consis ted of a needle valve having a s t e m  with a 
one-degree taper which was turned by a small reversible DC motor. 

The battery and fuel distributor are enclosed in a cabinet  as  shown in 

The feed rate of fuel-electrolyte solution is controlled automatically in re -  

. 

OPERATING CHARACTERISTICS 

A polarization curve for a typical natural-flow ce l l  at  room temperature is 
shown in Figure 3. In order t o  permit comparison with other types of cells in 
which electrolyte concentration changes are negligible, the data  in Figure 3 were 
obtained a t  a high feed rate. Maximum power output a t  t hese  conditions was 
about 10 W/ft2. 

flow of electrolyte, feed rate will be very slow in order to provide good utilization 
Ordinarily, i f  th is  natural-flow system is to  be operated with once-through 
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of reactants.  The effect of feed rate on output voltage is shown in Figure 4. 
These data were obtained with a six-cell uninsulated battery with natural con- 
vection of air. Voltage dependence shows two markedly different regions. At feed 
rates  between about 170-30070 of the theoretical  methanol ra te  (100-180% of 
theoretical potassium hydroxide rate), voltage is roughly proportional to feed rate. 
A t  higher feed r a t e s  voltage increases  only slightly with feed rate, and a t  very 
high rates voltage would decrease because of the cooling effect  of the feed. 

The explanation for this  operating character is t ic  lies in  the influence of re- 
actant  and product concentrations on reaction rate. At low fuel ra tes  concentration 
changes in the electrolyte are  extensive,  and a voltage gradient is observed 
through the cell along the  path of the electrolyte. The potentials of anode and 
cathode vs. a reference electrode both become more posit ive a s  the reference 
electrode is moved from the electrolyte inlet  to the electrolyte outlet. Single-cell 
data  illustrating t h i s  effect  are  shown in Table I. At  a feed rate of 275% of 
theoretical methanol, t h e  change in potential  between inlet  and outlet amounted 
to  0.14 V. 

TABLE I. EFFECT OF FEED RATE ON ELECTRODE POTENTIALS 

Feed: 5M CH30H - 6M KOH 
Current Density: 10 mA/cmZ 
Cel l  Temperature: 30'C 

Feed Rate, 
.% of Theoretical 
Methanol 

7 50 

470 

345 

295 

275 

Electrode Potentials vs. SCE in: 

Feed Effluent 

EAnode ECath. EAnode ECath. -- -- 
-.83 -.34 -.83 -.33 

-.80 -.32 -,80 -.32 

-.81 -.35 -.79 -.32 

-.80 - . 3 6  -.74 -.29 

-.78 -.39 -.65 -.24 

Measured 
Cel l  

Voltage 

.51 

.49 

.46 

.44 

.40 

Utilization of fuel,  in terms of specif ic  power output of the fuel solution 
in Wh/lb, can  be derived from the voltage dependence and is plotted in  Figure 4. 
If output voltage were strictly proportional to fuel rate in the  low rate region, 
then fuel uti l ization would be independent of fuel rate in t h i s  region. However, 
Figure 4 shows that fuel  utilization does increase sl ightly as fuel rate is 
decreased. 

Maximum fuel uti l ization with 5 M  CH30H-6M KOH fuel was  about 55 Wh/lb. 
I t  was  limited largely by methanol loss occurring by evaporation through the 
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diaphragm but a l so  by electro-osmotic flow of electrolyte through the diaphragm 
and cathode. These losses could be reduced through the use  of a more retentive 
diaphragm. Concentration of formate in the spent  electrolyte is less than 
0.05 mole/liter, indicating high selectivity t o  carbonate formation. 

solution and air. Table I1 lists operating temperatures of the 24-cell battery 
shown in Figure 2 at a fuel rate of about 30070 of theoretical based on methanol 
content of the 5M CH30H-6M KOH feed solution used; however, if  the fuel rate 
were calculated on the bas i s  of potassium hydroxide rather than methanol, it 
would be 180% of the theoretical rate required by the current. I n  these experi- 
ments air was forced through the cabinet at a metered rate rather than being 
allowed to flow by natural convection. 

Battery temperature is a function of current and of the flow ra tes  of feed 

TABLE 11; OPERATING TEMPERATURE OF 24-CELL BATTERY 

Ambient Temperature: 25'C 

Feed: 5M CH30H-6M KOH 

Feed Rate: 300% of Theoretical CH30H 

10 

10 

20 

Current Density Air Rate, Battery 
mA/cm2 70 of Theoretical Voltage 

200 10.8 

500 11.2 

200 8.6 

500 12.0 20 

Temperature, ' C  

61 

58 

79 

63 

At an am-lent temperature of 75'F, battery tempera u e  is roughly 60-65'6 
a t  current densi t ies  of 10-20 mA/cmZ and at the  air  ra tes  and feed rates  ordinarily 
used. At a low air  rate the boiling point of the fuel can be exceeded, resulting 
in severe reduction of output voltage. Cel l  voltages a t  these  currents are 
ordinarily between 0.4 and 0.5 V. 

USE AS A POWFR SOURCE WITH INTERMITTENT LOAD 

One possible application of this primary fueled-battery system is as a 
power source for signalling devices ,  many of which operate intermittently. A 
load of this  type was simulated by means of a timer operating for one second on 
and nine seconds off in  se r ies  with a 250 W, 12 V lamp. Since the current surge 
required to operate this  load was  greater than could be supplied directly by the 
fueled battery, a storage battery was connected in parallel  with the fueled 
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battery. The storage battery w a s  a 1 2  Ah, 10 V assembly of sealed nickel - 
cadmium cells". A schematic diagram of the system is shown in Figure 5. 

This system operated automatically for a three day test period, during 
which t i m e  the voltage under load remained within the range of 9.0 to 9.7 V. 
Although the storage battery w a s  operated under severe overcharge conditions for 
m o s t  of the tes t  period, i t  performed satisfactorily.  

LIFE TESTS 

Single ce l l s  have been tes ted at room temperature for periods up to one year ' 

under a continuous drain of 10 mA/cm'. Voltage decline has  occurred mainly a t  
the anode, amounting to 10 to 3070 of the- ini t ia l  voltage output. Cracks in epoxy 
edge s e a l s  have required some increase in feed rate during the progress of the 
tes t  in order to maintain cell performance at this  level. 

of operating time accumulated in  success ive  test batteries. The longest t ime  
which a battery has  been  operated thus far is 2000 hours; the battery was  utilized 
in system t e s t s  rather than battery life tests and was  subjected to more extreme 
operating conditions than  would be expected in  a n  optimum system design. 

cel l  reversals resulted i n  deposition of palladium and silver in the diaphragms to  
the extent  that electrical shorting occurred. The problem was eliminated by re- 
moving the cause  of cell reversal ,  namely, unequal feed rate to individual cells ' 
which resulted in excess ive  fuel depletion in some cells. 

Cel ls  in test bat ter ies  have maintained satisfactory output for 3000. hours 

In some early bat ter ies  containing cells with thin-membrane diaphragms, 

4 

OTHER FUELS 

Since the major c a u s e  of low methanol utilization in this system is the 
high volatility of methanol, one might expect legs  volatile fuels to overcome this 
difficulty. Ethyl alcohol,  for example, boils. 14'C higher than methyl alcohol. 
In a single cell test, however, fuel loss was  not reduced by the substitution of 
ethyl alcohol. Ethylene glycol is not a n  acceptable fuel because i t  forms an in- 
soluble oxidation product which plugs the cell passages.  

COSTS 

Based on a spec i f ic  power output of 50 Wh/lb of fuel solution and a cost 
of $O.iO/lb of methanol and potassium hydroxide, fuel cost would amount to  
$0.8 O/ kWh. 

complete system would be many times this amount in  s m a l l  scale production. 
Catalyst  cost is about $3/W, most of which is recoverable. Cost  of the 

* Manufactured by Alkaline Battery Division, Gould-National Batteries, Inc. 
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Even so, with a life of only one year the alkaline methanol-air system might be 
economically competitive with existing primary and secondary batteries. 

CONCLUSIONS 

Because a natural-flow fueled-battery system can operate with a minimum 
of moving parts, i t  should be inherently reliable. The system can  Operate auto- 
matically and unattended, giving power on demand and maintaining i tself  in 
standby condition under no load. 

depolarized primary batteries or with secondary batteries. The system is simply 
recharged for a new period of use  by refilling the fuel-electrolyte reservoir with 
fresh solution. Life t e s t s  of single cells indicate  a useful life of a t  l eas t  one 
year and possibly considerably longer. 

Power capability can be substant ia l ly  higher than is practical with air- 

Cos ts  may be competitive with existing low-energy power sources. 
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SOME ASPECTS OF THE DESIGN AND OPERATION 
OF DISSOLVED METHANOL FUEL CELIS 

by 

K.R. Williams, M.R. Andrew and F. Jones 
”Shell” Research Ltd., Thornton Research Centre, P.O. Box 1, Chester, U.K. 

INTROWCTION 

It has long been recognized’ that a soluble fuel such as methanol 

may conveniently be used in low temperature fuel cells. However most early 

attempts to realize this type of he1 cell involved the use of an alkaline 

electrolyte, which would have been rapidly converted to carbohate. Thus 

potassium or sodium hydroxide solutions do not meet the requirements of 

invariance implicit in the definition of a fuel cell. At low temperatures, 

that is at ambient temperature and slightly above, carbonate electrolytes 

are unsuitable; not only is the performance of the oxygen electrode poor 

and the anode subject to concentration polarization, but formation of the 

bicarbonates, which are of low solubility, makes it difficult to conceive of 

a reasonably invariant system when such an electrolyte is used. If 

operation at around 120°C is acceptable, then Cairns and his c o - ~ o r k e r s ~ ~ ~  

have shown that caesium and rubidium carbonates can be used as invariant 

electrolytes for methanol fuel cells. However, the performance of 

present oxygen electrodes in this electrolyte ialls short of that obtaincnl 

in strong acids and bases. 

only strong acids and bases can be used as electrolytes for low temperature 

fuel cells if high current densities are required. 

Furthermore, as Williams and Gregory4 have shown 

These considerations suggest that a strong acid is likely to be the 

most satisfactory electrolyte for a direct methanol fuel cell. Of the 

strong acids, sulphuric seems the best choice if operation at temperatures 

between ambient temperature and 60 or 70°C is required. 

high specific conductivity, is non-volatile and, although it is 

This acid has a 
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corrosive, t he  problems attendarrt upon i ts  use are not insurmountable. In 

our experience the  performance of oxygen electrodes i n  sulphuric acid is 

marginally b e t t e r  than i n  phosphoric acid,  t he  major a l te rna t ive ;  a l s o  the 

e l e c t r i c a l  conductivity of sulphuric ac id  i s  higher than tha t  of phosphoric 

ac id  a t  low temperature. Perchloric ac id  o f f e r s  no s ign i f i can t  advantage 

over sulphuric a c i d  with our e lec t rodes  and a s  there  i s  a possible f i r e  

hazard with perchlor ic  acid and methanol we preferred sulphuric acid. 

Another advantage of  ac id  e l ec t ro ly t e s  i s  t h a t  water removal i s  

e a s i e r  than with an a lka l ine  e l ec t ro ly t e .  This i s  because, with an ac id  

e l ec t ro ly t e ,  hydrogen ions discharge on the  a i r  electrode t o  form water 

which is r ead i ly  removed. 

has t o  be t ranspor ted  from the  fue l  electrode through the  e lec t ro ly te  t o  t ? 

a i r  electrode. This  process takes place against  the  concentration gradient 

as the  concentration of e l ec t ro ly t e  i s  highest ,  and hence vapour pressure of 

water lowest, a t  t h e  region from which water i s  evaporated. 

~~ _ _  

On the  other hand i n  a lka l ine  systems, water 

There are various reasons f o r  accepting an upper l i m i t  of 

operating temperature of 70°C fo r  the dissolved methanol c e l l .  I n  the  

f i r s t  place methanol, even i n  solution, i s  su f f i c i en t ly  v o l a t i l e  a t  

temperatures above 69°C a s  t o  necess i ta te  s t r ingent  precautions against loss 

by evaporation. 

that a wide range o f  cheap, commercially ava i lab le  p l a s t i c s  of fe rs  suf f ic ien t  

temperature and corrosion res i s tance  t o  be usefu l  f o r  f u e l  c e l l  construction. 

Additionally, cor ros ion  problems, pa r t i cu la r ly  in t he  v i c in i ty  of the a i r  

electrode, a r e  aggravated by increased temperatures and o f f e r  a fur ther  

incentive t o  r e l a t i v e l y  low temperature operation. 

designed t o  run a t  about 60°c, it w i l l  have a reasonable output a t  room 

temperature and w i l l  start eas i ly  from cold. 

Secondly, an upper temperature l i m i t  of about 70°C means 

Finally,  i f  a c e l l  i s  

2 
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The a b i l i t y  t o  operate an invar ian t  ac id  e l ec t ro ly t e  system at a 

re l z t ive ly  l o w  temperature may be of importance where extreme longevity is 

required. 

with increasing operating temperatures but even a t  the present s t a t e  of the  

art ,  l i v e s  o f  the  order of y'ears appear possible i f  temperatures can be 

kept f a i r l y  c lose  t o  30°C. 

In  our experience the  r a t e  of e lec t rode  de te r iora t ion  inc reases ,  

EXPERIMENTAL 

For  our a i r  e lec t rodes  we have developed a s t ruc tu re  i n  which micro- 

This subs t ra te  5 p o r m s  polyvinyl chloride (P.V.C.) i s  used a s  the  subs t ra te  . 
is  made conducting by being coated with a n  evaporated metal l a y e r ,  which 

may be thickened by electrodeposit ion of more metal. Finally,  a . c a t a l y s t  

i s  applied t o  the  electrode surface. 

gold as the conducting metal layer.  

acceptable, the i n t r i n s i c  value of t he  subs t ra te  (microporous polyvinyl 

chloride together with the  gold fi lm) i s  only about $ l .w per sq . f t .  

In ac id ' e l ec t ro ly t e s  we have used 

Since qu i t e  t h i n  layers  o f  gold are 

The performance of oxygen and a i r  electrodes of t h i s  type i n  ac id  

and i n  ac id  t o  which methanol has been added is shown in Figure 1 i n  which 

the  sca le  of the ordinate i s  exaggerated i n  order t o  emphasize the  

d i f fe rences  in  electrode performance. It can be seen t h a t  t he  voltage 

of  the  a i r  electrode throughout the cur ren t  range is within 50 mV of that 

of t he  electrode using pure oxygen. This i s  cha raa t e r i s t i c  of  electrodes 

of t h i s  type provided t h a t  the  c a t a l y t i c  a c t i v i t y  is high. 

presence of methanol i n  the  e l e c t r o l y t e  has a subs t an t i a l  e f f e c t  on the open 

c i r c u i t  voltage of the  a i r  electrode, a t  usefu l  cur ren t  dens i t i e s  1M illethanol 

Whilst the  

depresses the  po ten t i a l  of the  air  e lec t rode  by only 20-50 mV. 
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We have found that the  microporous p l a s t i c  also makes an idea l  

subs t ra te  f o r  methanol electrodes.  

both s ides  of the  mater ia l  t o  make a complete c e l l .  

subs t ra te  i s  used f o r  the  air  electrode and the other  s ide  f o r  the  methanol 

This qu i te  na tura l ly  led  t o  our using 

One s ide  of the  

electrode,  the  c e l l  thickness being the  thickness of t h e  porous p l a s t i c  

i t s e l f .  

with an in te r -e lec t rode  dis tance of 0.030 inch and having a very low 

Thus i t  is now a r e l a t ive ly  simple matter t o  make complete c e l l s  

1 

i n t e r n a l  res is tance.  

The performance of both methanol and a i r  e lectrodes i n  a complete I 

c e l l  a t  25°C and 60°c i s  shown i n  Figure 2. Over t h i s  temperature range, 

the  a i r  electrode is re l a t ive ly  unaffected by the  temperature of operation 

whereas the voltage of the  methanol e lectrode a t  reasonable current  dens i t i e s  

decreases by about 1 0 0  mV as the  temperature i s  raised. The in t e rna l  

res i s tance  of t he  f u e l  c e l l s  is, of course, varied by electrode separation. 

3 

A t yp ica l  voltage l o s s  due t o  i n t e rna l  res i s tance  at  a current  densi ty  of 

1 0 0  N s q .  cm would be 45 mV p e r  c e l l .  

Methanol-air ba t t e r i e s  with sulphuric ac id  e l ec t ro ly t e  have been 

b u i l t  from c e l l s  of t h i s  type. The a l t e rna t fve  design i n  which a separate  

piece of porous p l a s t i c  is used f o r  each electrode, with a r e l a t ive ly  th ick  

e l ec t ro ly t e  l a y e r  between the electrodes,  has a l s o  been used i n  the  
/I 

construct ion of ba t t e r i e s .  Both designs of c e l l  a r e  shown schematically 

i n  Figure 3. With both types of ba t te ry  in t e rna l  e l e c t r i c a l  connections 

from the  electrodes t o  the  conducting c e l l  separators  were made from gold- 

p la ted  p l a s t i c  mesh. Thus se r i e s  e l e c t r i c a l  connection is  b u i l t  i n to  

the  ba t te r ies .  The mesh chosen allows the  f r ee  passage of gas past  the  

a i r  electrodes,  escape of carbon dioxide bubbles from the  e lec t ro ly te  and 

cur ren t  co l lec t ion  from the  surface r a the r  than from the  periphery of the 
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electrodes.  

and Figure 4 shows a 300 w a t t  methanol-air b a t t e r y  of 4 0  c e l l s .  

The construct ion of this type of c e l l  is  described elsewhere 5 

During operation of an 8-ce l l  prototype methanol-air f u e l  c e l l  

using 6N sulphuric acid,  t h e  fue l -e lec t ro ly te  mixture developed an ester- 

l i k e  smell. 

analysed by gas-liquid,chromatography. 

The e l e c t r o l y t e  w a s  ext rac ted  w i t h  e ther  and t h e  extract 

I n  addi t ion t o  the intermediates 

normally encountered (formaldehyde and formic, acid),  t r a c e s  of ace t ic ,  

propionic, butyr ic  and isobutyr ic  ac ids  were detected together  with some 

unident i f ied compounds. These materials were n o t  present  i n  either the  

methanol used as f u e l  o r  i n  t h e  e t h e r  used f o r  t h e  extract ion.  

These s ide  products are present  i n  small quant i t ies  but may be 

s t rongly adsorbed on the e l e c t r o c a t a l y s t  thereby causing the observed slow 

decl ine i n  e l e c t r i c a l  output with t i m e .  Experiments i n  which small 

q u a n t i t i e s  of these materials were de l ibera te ly  introduced i n t o  a fresh 

e l e c t r o l y t e  - f u e l  mixture showed t h a t  they had a poisoning e f f e c t  on t h e  

methanol electrode. 

- 

We have car r ied  out some preliminary experiments t o  determine the  

source of these poisons. The first p o s s i b i l i t y  that  occurred t o  us  w a s  

t h a t  these mater ia ls  might arise as a r e s u l t  of a t tack  by the  acid 

e l e c t r o l y t e  on one o r  o ther  of the  p l a s t i c s  present i n  the c e l l  (polystyrene, 

Perspex, P.V.C., o r  polyethylene). 

of these  organic acids  a f t e r  prolonged anodic oxidation of methanol i n  

6N sulphuric ac id  i n  a l l -g lass  apparatus with a platinized-platinum anode. 

We were able  however t o  d e t e c t  t races  

, I  
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DISCUSSION 

I n  sp i t e  of t he  d i f f i c u l t i e s  of choosing inexpensive, acid- 

r e s i s t a n t  construct ional  mater ia ls ,  developing su i tab le  e lec t roca ta lys t s  and 

minimizing the e f f e c t s  of impuri t ies  on the  electrodes,  we have b u i l t  a 

s e r i e s  o f  sa t i s fac tory  methanol-air ba t t e r i e s .  

8-cei i  prototype - w a s  b u i l t  i n  September 1963 and is st i l l  operational,  

giving 2.85 watts a t  1 amp compared with its i n i t i a l  performance of 3.15 watts 

The first ba t te ry  - a s m a l l  

a t  the  same current  densi ty .  

f o r  t he  only servicing t h e  ba t te ry  has  received is  an occasional wash with 

d i s t i l l e d  water. 

This t e s t i f i e s  t o  the  longevity of'the system, 

Since t h e  prototype was b u i l t  we have been able t o  bui ld  la rger  

b a t t e r i e s  using improved e l e c t r o c a t a l y s t s  and t h i s  work has led  t o  the  

construct ion of a 40-cel l  ba t te ry  de l iver ing  300 wat ts  a t  12 v o l t s  a t  60°C. 

With t h i s  bat tery,  as w i t h  all t he  o ther  ba t t e r i e s  w e  have constructed, 

there has a l w a y s  been an e s t e r - l i ke  smell and organic acids  have been 

de tec ted  frequently.  

these  materials.  

It is i n t e re s t ing  t o  speculate on the  or ig ins  of 

Whilst rad ica l  dimerizations a re  f requent ly  encountered in electro-  

6 chemical processes , this type of reac t ion  does not seem l i k e l y  here. 

a rad ica l  were polymerizing then the  expected y ie lds  of acids would be 

butyr ic  << propionic << ace t ic .  

ac ids  is only q u a l i t a t i v e  it seems t h a t  they are present in quant i t ies  which 

I f  

Even though the  i so l a t ion  of t he  organic 

decrease only slowly as one goes up t he  homologous series. 

route  appears t o  be an a t t ack  of: a r ad ica l  on a methanol molecule. 

Thus the l i ke ly  

The exis tence of t h e  r ad ica l  H - C - OH has  been postulated i n  the 
I 1  
M 
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Fischer-Tropsch synthesis7 of organic compounds from carbon monoxide ahd 

hydrogen. 

workers8”, m i g h t  have t h i s  s t ruc ture  i n  the  adsorbed s t a t e  and, by 

Progressive condensations with methanol and subsequent rearrangements, would 

l ead  t o  aldehydes which, under the anodic conditions present, would be 

electrochemically oxidized t o  the  organic acids which have been detected. 

However, until a more thorough inves t iga t ion  of the spectrum of prcducts i s  

available,  the reac t ion  mechanism must remain obscure. 

Formaldehyde, which has been detected i n  so lu t ion  by severa l  

Finally,  although these s ide  reac t ions  cause some trouble,  the  

longevity of our prototype ba t t e ry  t e s t i f i e s  t o  the  f a c t  t h a t  they do not 

have a d isas t rous  e f f e c t  on c e l l  l i f e .  However, a t t en t ion  w i l l  have t o  be 

devoted not  only to improving the  e f f ic iency  of e lec t ro-ca ta lys t s  for the 

methanol oxidation but a l s o  t o  the  suppressionof s ide  reactions.  

i f  a ca t a lys t  is s u f f i c i e n t l y  good f o r  t he  overa l l  reac t ion  of methanol t o  

Probably, 

carbon dioxide, 
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4. K.R. 

5. K.R. 

Eng . 
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the  s ide  products w i l l  be formed i n  negl ig ib le  quant i t ies .  
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A COMPARISON BETWEEN EXTERNAL AND INTERNAL REFORMING 
METHANOL F U E L  CELL SYSTEMS 

Nigel I. P a l m e r ,  B. Lieberman and  M. A. Vertes  

Lee  sona Moos Lab0 ra t0  r i e s  
Division of Leesona Corporation 

Grea t  Neck, New York 

INTRODUCTION 

With the r e su l t s  of s eve ra l  y e a r s  work in  many labora tor ies  now available, 
it is possible t o  compare  the r a the r  l imited number  of fuel ce l l  sys t ems  capable 
of operating on carbonaceous fuels. 
conceptually simple,  it m u s t  be conceded that none m e e t  the or ig ina l  objectives of 
ultra-high efficiency and sys t em simplicity. 
leading to base compar isons  only on the cha rac t e r i s t i c s  of the cen t r a l  component, 
ice. , the fuel cell. 
c'omplete 6 kw fuel ce l l  sys t ems  operating on methanol and air. 

d i r ec t  anodic oxidation approach  r ema ins  conceptually the  m o s t  attractive.  
However, unsolved problems of catalyst  cos t  and stability, co r ros ion  and 
e lec t rochemica l  efficiency have so f a r  prevented i t  entering a development stage. 
The remaining approaches  may all be te rmed ' indirect '  in that  the anodic oxida- 
tion s tep  involves hydrogen produced f rom the fuel i n  a previous stage. System 
(2),  using a n  ac id  e lec t ro ly te  ce l l  re ta ins  some o f  the problems of the d i r ec t  
sys t em;  namely, ma te r i a l s  and catalyst  stabil i ty in  acid,  plus poisoning by . t race  
amounts of carbon monoxide. 
developed, re ta ins  the advantages of a basic electrolyte ce l l  by prepurifying the 
hydrogen - -  usually with a pa l lad ium/s i lver  diffuser. ' A var ia t ion  of this sys tem 
combining the l a s t  two s t ages  by the  use  of 
has been descr ibed  by Chodosh and Oswin. (') More  recently, Ver tes  and Har tner  
have descr ibed  an  a l te rna t ive  approach(2) originally developed at Leesona  Moos 
Labora tor ies  in which the  reforming, purification and anodic oxidation s t eps  a r e  
integrated within the anode s t ruc tu re  (System 5). 

Although many of the approaches  a r e  
, 

Because of this,  i t  may  be m i s -  

The object of th i s  paper is  t o  compare  designs for two 

Figure  1 i l l u s t r a t e s  the bas ic  sys t em options that a r e  available. The 

System ( 3 )  which is  undoubtedly the  m o s t  

a l l ad ium/s i lve r  anodes (System 4) 

This is r e fe r r ed  to as an 
' integral  reforming'  o r  ' in te rna l  reforming'  fuel ce l l  system. 

In principle all the  s y s t e m s  shown a r e  capable of operating on any 
carbonaceous fuel. Methanol, however, offers s eve ra l  advantages f o r  fuel ce l l  
use,  and the sys t ems  compared  have been designed fo r ' t h i s  fuel. 
f ac to r s  determining this choice were :  

Significant 

i. 

2. 

3. 

4. 

The favorable thermodynamics.  of methanol re forming  at 
relatively low tempera ture .  
The favorable kinetics and catalyst  stability obtained for the  
methanol re forming  reaction. 
The complete miscibil i ty of methanol and water  with resultant 
simplification of sys tem design. 
The availability of relatively cheap, high purity methanol. 
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INTERNAL REFORMING PRINCIPLES 

Before discussing the  overa l l  sys tems,  i t  will be necessa ry  to descr ibe  
briefly the operating pr inc ip les  of the in te rna l  reforming electrodes.  F igure  2 
i l l u s t r a t e s  the sequential s t eps  involved. 
water  is  vaporized and passed  through a catalyst  bed contained in a thin plenum 
chamber  behind the pal ladium/ s i lve r  membrane.  
methanol occurs  first,followed by shift conversion of the resultant carbon 
monoxide. 

An equimolar  mixture  of methanol and 

Here  dehydrogenation of the 

Dehydrogenation CH30H -CO t 2 H2 (1) I 

Shift CO t HZO-Hz t CO2 ( 2 )  
Overal l  CH30H t H20-CO2 t 3 H2 (3) 

I" 
7 .  1 1 .  --, _ _  - ~ - - -  1- _ _ _ _  _ _ _ _ _  A _-__ -u.ze diffuses through the pal ladium-si lver  

membrane  to the e lec t ro ly te  s ide  where  i t  is anodically oxidized. 
pal ladium/ 25% s i lver  membrane ,  1 mi l  thick, activated with palladium black(3) 
imposes  no r e s t r a in t  on the  reaction and limiting cu r ren t s  exceeding 1 a m p / c m 2  
have been obtained. 
base, but 8570 KOH h a s  been  p re fe r r ed  because of i t s  lower vapor p re s su re ,  lower 
cor ros ion ,  and the higher  per formance  obtained. 

In this sys t em the 
necessa ry  hea t  can be supplied d i rec t ly  by the waste heat produced in the cell  by 
entropy and polarization lo s ses .  Various side reactions such as the methanation 
reaction can be suppressed  by p rope r  selection of the catalyst. 
been obtained using a mixed  oxide type catalyst. It may be observed h e r e  that 
because of the physical separa t ion  of catalyst  f rom electrolyte,  optimization of 

Thermo- 
dynamically, conversion to hydrogen is 99% complete a t  16OoC. The lower 
t empera tu re  l imit  f o r  operat ion is  established at about this point by kinetic 
considerations.  
and ma te r i a l s  l imitations within the  cell  itself. 
operating tempera ture  r equ i r e s  an  ana lys i s  of se;eral other in te r re la ted  fac tors  
and i s  d i scussed  in a l a t e r  section on sys t em design. 

The 75% 

The e lec t ro ly te  employed can in principle be either acid o r  ,r 

The overall  re forming  reaction is  endothermic. 

Bes t  resu l t s  have 

t 

the catalyst  is substantially e a s i e r  than f o r  a d i rec t  oxidation anode. ,I 

A higher  operat ing l imi t  of 3OO0C is established by electrolyte 
Selection of the optimum I 

SYSTEM EFFICIENCIES 

The p r imary  r eason  f o r  using a fuel ce l l  is the  high efficiency of energy ! 
) I  conversion, although account  mus t  be taken of other fac tors  such as weight. 

volume, capital cost ,  etc. The pr ior i ty  of these  will be determined by the I' I 

requi rements  of a pa r t i cu la r  application. 
The net t he rma l  efficiencies of both fuel cell  sys t ems  can be expressed  a s  

functions of the same  s e t  of component efficiencies;  however, the in te r re la t ions  
and l imi t s  of these component efficiencies a r e  quite different fo r  the two cases.  
F igu re  3 shows the location of the points of energy l o s s  - expressed  as 
efficiencies. 
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The efficiencies considered are: 
N~~ system efficiency V N  = Net  e lec t r ica l  energy del ivered 

Heating value of CH30H supplied 

H2 produced in  the r e f o r m e r  
ff2 s toichiometr ical ly  available f r o m  

Conversion efficiency q c  

G H ~ O H / H ~ O  

Heat  exchange efficiency V E  I Heat 
Heat available 

H2 anodically consumed 
Tota l  H2 produced 

Utilization efficiency V U  

cell thermal efficiency V T  = Gross  e lec t r ica l  energy produced 
Heating value of H2 consumed 

~ ~ i l i ~ ~ i ~ ~  efficiency VA Net e lec t r ica l  energy  del ivered 
G r o s s  e lec t r ica l  energy produced 

Evidently, defined i n  this way the net  sys t em efficiency is expres sed  as a 
product of the component efficiencies. 

I where:   AH^^^ = lower heating value of H2 ( a t  ce l l  t empera ture)  
 AH^^^^ lower  heating value of CH30H (at room tempera ture)  

At any s teady operation condition, a s ta te  of thermal  neutrality m u s t  be obtained 
fo r  the system. 

neutrality is achieved in this sys t em by oxidizing the purge gases  f r o m  the 
hydrogen ex t rac tor  and supplying the heat produced to  the re former .  Provis ion 
mus t  a l so  be made f o r  removing the ce l l  waste  heat  which in  this sys t em is not 
utilized. 

Case  I. Externa l  Reforming System. The requi rement  of thermal  

' 

Writing a simplified energy balance f o r  the sys tem,  

L 

where: AHR E heat  requi red  to r e fo rm methanol ,Kcals /g .  mole 
A H v  z heat  to  vaporize and superhea t  methanol and water ,  

J 

Kcals /g .  mole  
Considering the components of efficiency: The conversion efficiency vc 

w i l l  have a theoret ical  limit establ ished by the thermodynamics of react ions (1) 
and (2). 
resu l t s  f r o m  kinetic fac tors ,  i. e . ,  need to  minimize the r e f o r m e r  volume. With 
external  reformlng this  res t r ic t ion  is not se r ious  and values for  QC as high a s  0.95 
m a y  be obtained. The ce l l  efficiency V T  has  a theoret ical  l imit  imposed  by the ce l l  
entropy lo s ses  (approximately 0. 9) a n d  a prac t ica l  l imit  determined by a tradeoff 
between the capi ta l  cos t  and  operating cost. Since the cel l  waste heat i s  not utilized, 
thermal  balance requirements  do not impose an additional limit. The auxi l iar ies  
efficiency vA can theoret ical ly  approach 1. 0 f o r  a s imple system; i n  prac t ice  i t  
w i l l  be as low as  0. 7 i n  small sys tems,  r is ing to  higher  values as the g ross  power 
level  increases .  

This  exceeds 0.99 a t  20OoC. In pract ice  however, the p r imary  limitation 
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' The H2 utilization efficiency has  a theoret ical  l imi t  in  ex terna l  re -  
forming sys tems,  imposed  by the need to  supply r e fo rmer  heat. 
w i l l  be determined by the convers ion  efficiency and the heat  exchange efficiency 
between the catalytic bu rne r  and the re former .  The interrelat ionship between 

q c  and V E  is given i n  equation (5) and is shown graphical ly  in F igure  4. 
F o r  a given conversion level  and hea t  exchange efficiency, the value of V U  in 
this  graph represents  the maximum utilization possible for  t he rma l  balance. 

Table 1 shows the effect  of component efficiencies on the sys tem net 
t he rma l  efficiency. Three  c a s e s  are considered;  the f i r s t  r e f e r s  to  ul t imate  
theoret ical  limits assuming complete  reversibi l i ty  of each  component, the second 
r e fe r s  t o  probable prac t ica l  l imi t s  that m a y  be approached,and the th i rd  gives  
s ta te-of- the-ar t  values employed i n  the present  designs. In  the second case  a 
limiting operating voltage of 1. 0 V is assumed. 

This  l imi t  

V u ,  

Table 1. Externa l  Reforming Sys tem - Component Efficiencies 

Eff ic iencies  

V C  
Cell  VT 
Auxiliaries 77A 
Heat Exchange VE 

VU 
Net  17, 

C onve r s ion 

Utilization 

Theoret ical  P rac t i ca l  
L imi t  Limi t  

1. 0 0.95 
0 .9  0. 75 
I. 0 0.95 
1. 0 0. 80 
6. 78 0. 77 

0. 80 0. 51 

P r e s e n t  Design 
(State of the Ar t )  

0. 91 
0. 62 
0. 83 
0. 70 
0. 76 

. 0.40 

.- 

Case  II.. In te rna l  Reforming System. Considering now the in te rna l  
reforming system, it is evident tha t  the same  express ion  (5)  f o r  net efficiencies . 
m u s t  hold. However, the expres s ion  fo r  t he rma l  neutral i ty  is  quite different 
s ince hea t  i s  now supplied by  the cell: 

rlc AHR t AHv = 3 Vc Vu V E '  (1 - V T )  AHox' (6) 

The ce l l  thermal  eff ic iency m a y  be expressed  in  t e r m s  of operating voltage (E): 

Substituting this into equation ( 6 ) ,  a n  express ion  i s  obtained relat ing the 
conditions f o r  the rmoneut ra l i ty  t o  the cell voltage: 

AHR t AHV 3 Vc Vu V E '  [AHox' - Z F E ]  (8) 
The hea t  exchange eff ic iency term qE' is defined essent ia l ly  as before , but 
has  components which themselves  m u s t  be optimized f o r  thermal  ba lance ;  

hea t  produced - l o s ses  to air - l o s ses  to  surroundings 
hea t  produced 

i. e. ,qE1 = 

A s  in the previous sys t em,  no theoret ical  limits ex is t  fo r  qc. 

m a y  be lower f o r  internal  reforming sys t ems ,  

Because 

This  is 
of cel l  temperature ,  s ize ,  and  hea t  t r ans fe r  considerat ions,  however, the 
prac t ica l  l imit  f o r  77 
due, it m u s t  be emphas ized ,  t o  kinetic ra ther  than thermodynamic considerations. 
It m a y  be mentioned at this point that where thermodynamic l imitat ions do 
apparent ly  occur, as f o r  example with hydrocarbons, they m a y  in  pract ice  be 
circumvented. This  r e su l t s  f r o m  hydrogen ex t rac t ion  through the membrane ,  

6 
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distorting the equilibrium until co  p e conversion has  occurred. This  is 
d iscussed  m o r e  fully elsewhere.  @$ [sf W i t h  the catalysts '  cur ren t ly  used  .at 
LML, a l imi t  of about 0. 9 is .obtained fo r  methanol. VU.has no theore t ica l  
l imi t  in this -system; but a prac t ica l  limit of 0. 9 7  is probably realist ic.  
tends to  be higher fo r  the internal'  reforming sys t em because of the fewer  
auxiliaries and-' simplified controls. 
l imi ted  by the requirement of thermal  neutrality. 
r e l a t ed  to ??cy 
dicates that adequate heat is available -from the ce l l  even at low hea t  exchange 
values. The apparent ' excess  of heat, however, is balanced by lo s ses  f r o m  the 
ce l l  which m a y  impose a heat deficit. 
the components of hea t  balance around. the in te rna l  reforming ce l l  as a function 
of g ross  power output; The heat requi rements  fo r  reforming a r e  given fo r  the 
theoretical  l imi t  of 100% conversion. 

Allowing f o r  hea t  input to the r e f o r m e r  plus losses to the cathode air 
s t r e a m s  and to the surroundings,  This  can  then 
be balanced by some fo rm of heat exchange. Two possible schemes  considered 
a re :  (a) inlet a i r  to.outlet  air exchange to reduce air cooling; (b) outlet air to 

\ ,  inlet  methanol to. reduce the vaporization load. Alternatively, if V C  is below 
0. 9, catalytic combustion of the residual fuel i n  the ce l l  exhaust m a y  be used, 
e. g., f o r  fuel vaporization. 

V A .  

Unlike the previous case ,  

V u ;  and  7 ~ ' .  Figure  5 shows this relationship graphically and in- 

r ]  T is theoretically 
'Equation (6) shows how this is 

This is  shown in  Figure 6, which presents  

a small hea t  deficit occurs. 

This  i s  the scheme employed in  the present  design 
I study. 

Table 2 shows values for  component efficiencies equivalent to.those 
Note that the hea t  . presented i n  Table 1 f o r  the external reforming system. 

exchange efficiency 7 ) ~ '  is de termined  by assuming a recovery  exchanger 
efficiency of 757'0 fo r  the non-utilized ce l l  hea t  losses .  It can be seen  that 
higher overa l l  sys tem efficiencies may be  anticipated for  the in te rna l  reform-. 
ing sys t em a t  all levels of development. 

Table 2. In te rna l  Reforming Sys tem - Component Efficiencies 
\ 

Theoretical  P rac t i ca l  Present  Design 
E f f ic i e  nc ie s Limi t  Limit (State of the Art)  

1 Conversion VC 1 .0  0. 9 1  0. 84 
, q  

I 

0. 73 0. 69 0. 64 
Auxiliaries VA 1.0 0.95 0. 86 
Heat Exchange VE 1. 0 0. 90 0. 69 

1.0 0. 9 7  0.95 H2 Utilization 

Net VN 0. 83 0. 66 0. 50 

Cell  VT 

VU 

6 K W DESIGN STUDLES 

' TO permi t  a ' r ea l i s t i c  compar ison  of the two approaches to be made, 
design studies of two complete 6kw sys t ems  have.been made. The normal  
operating output of 6kw (net)  was selected as being appropr ia te  f o r  probable 
initial commerc ia l  applications. The complete sys t ems  desc r ibed  have not 
yet been built,  although extensive testing of the components and ma jo r  sub- 
sys tems has eee,n proceeding since 1962. 
a typical 
single porous nickkl bicathode. 

t A s  an  example,  F igure  7 shows 
internal ' reforming bicell composed of. two 5" x 5" anodes and a 

' Figure 8 shows an  exper imenta l  0. 5 kw 
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multicell  stack with a s soc ia t ed  instrumentation. 

the ex terna l  re forming  sys tem.  
where it is f i r s t  vapor ized  and then catalytically reformed. 
operated at a t empera tu re  of 3OO0C, a p r e s s u r e  of 75 psig, and  a space velocity. 
of 1200 LHSV, 
gases.  
diffuser containing 8 ft' of 1 mil foil .and maintained a t  3OO0C by the hot gases  
f r o m  the burner.  The fue l  ce l l  employed opera tes  at 75OC with c i rcu la ted  5N 
KOH electrolyte.  Both anode and cathode a r e  lightweight "Teflon" *$ TFE-  
fluorocarbon r e s i n  bonded e lec t rodes  operating at 1 psig differential p re s su re .  
In the present  sys t em,  platinum activation is used but cheaper  ca ta lys t s  a r e  
under development. F igu re  10 shows the current-voltage cha rac t e r i s t i c  for  
the cell. E lec t ro ly te -water  concentration and  tempera ture  are controlled in  
separa te  subsys tems through which the e lec t ro ly te  is circulated. 
module contains a total of 189 ce l l s  with a total  e lec t rode  a r e a  of 64 ft 
a 
of the sys t em at  operating load is  4070. 
97 lbs /kw and 1. 1 f t  / k w  respectively.  

a. Externa l  Reforming: F igure  9 shows a simplified schemat ic  of 

The r e fo rmer  is 
Methanollwater i s  pumped to the r e fo rmer  

with hea t  supplied by catalytic oxidation of the ex t r ac to r  purge 
la rge ly  H2 and C 0 2  a r e  purified in  a palladium/silver Product  gases  

The ce l l  
2 providing 

g ross  pomer of 7 kw a t  no rma l  operating 1,oad. The net t he rma l  efficiency 
Sys tem specific weight and volume a r e  

3 

Table  3 s u m m a r i z e s  the weights and  volumes of the ma jo r  components. 
I 

Table 3. 6 kw E x t e r n a l  Reforming Sys tem - Component P a r a m e t e r s  

3 Component Weight (lbs) Volume ( f t  ) 

F u e l  Cell  130 1. 7 
Refo rmer  61 0. 77 
Ex t rac t  or 65 0.53 
B atte r y  87 0. 75 
Miscellaneous Auxi l ia r ies  239 3. 1 

Total S y s t e m  - - - - - - - -  582 6. 85 

In te rna l  Reforming: b. F igure  11 shows a schemat ic  of the internal 
re forming  system. 
the sys t em by ca ta ly t ic  combustion of the cell exhaust gases  to vaporize and 

involved in optimization of the ce l l  operating t empera tu re  have a l ready  been 
mentioned. Other f a c t o r s  which m u s t  be cons idered  are the requi rements  of 
hea t  t r a n s f e r  to the reac t ion  zone and  the need  to minimize  ce l l  volume. AS 
ce l l  t empera tu re  is inc reased ,  the ca ta lys t  activity inc reases  permitt ing a 
higher space  velocity a n d  thus a thinner ca ta lys t  bed f o r  the s a m e  conversion 
level. This  a l so  r e su l t s  i n  inc reased  heat t ransfer .  
sys t em indicated a n  optimum operating t empera tu re  of 225OC. 
cont ro l  of the s y s t e m  is achieved by circulating oil through jackets around the 
cells.  
a self-regulating bas is .  The air is scrubbed before entering the ce l l s  to p re -  
vent  carbonate formation. F igure  1 2  shows the voltage-current charac te r i s t ic  
f o r  the cells.  

As d i scussed  previously, t he rma l  balance i s  achieved i n  

superhea t  the me thano l lwa te r  feed. The thermqdynamic and kinetic fac tors  i 

t Analysis of the present  
Tempera ture  

Water  of reac t ion  is removed f r o m  the cathodes via the excess  air on I 
I 

Operating point at r a t ed  load is 210 amps / f t2  at 0. 8 V. 121 cells 

_-----  
+ IHSV is the idea l  hydrogen space velocity defined as the volume of hydrogen 

produced by s to ich iometr ic  conversion of the fue l  supplied p e r  hour divided 
by the r eac to r  volume. 

++ A DuPont r eg i s t e red  t rademark .  

I 
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2 with a total a r e a  of 40 f t  provide a g r o s s  normal  operating power of 7 kw. 
System net t he rma l  efficiency at this operating point is 50%. 
and volumes a r e  80 lbs/km and 0. 57 ft3/kw respectively.  
of the major  components a r e  summar ized  in Table 4. 

Table 4. 

Specific weight 
Weights and  volumes 

6 kw Internal Reforming Sys tem - Component P a r a m e t e r s  

Component Weight ( lbs )  
Volume (ft 3 ) 

Fuel  Cell  284 . 1.5 
Bat te ry  87 0. 75 
Miscellaneous Auxiliaries - 109 1. 2 

Tota l  Sys tem - - -  480 3.45 

\ 

t 

B 

i 

n 
R 

OVERLOAD AND CONTROL 

The ce l l  operating point is de termined  by the maximum overload re- 
quired in a par t icu lar  operation. I n  many applications,  particularly electro- 
mechanical, the overload may '  be high but of.relaiively sho r t  duration. Under 
such conditions, an optimum fo r  capital  cos t  and  s ize  may  be obtained by a 
hybrid combination of fuel ce l l  and  se.condary battery.  
transient overloads and is automatically recharged  by the fuel cell.  
ce l l  itself may then be sca led . to  satisfy the in tegra ted  power requi rement  
(i. e . ,  total kwh/ t ime)  while operating at nea r  peak power densities. This 
approach has  been incorpora ted  in  both of the p re sen t  sys t em designs. It 
may be noted that a ba t te ry  will i n  any c a s e  be requi red  to provide the s t a r t -  
up pone r  necessary  f o r  indirect  sys tems.  
te rmined  by e i ther  the overload requi rements  o r  the s t a r t -up  demands. 
the present design, lead  ac id  ba t te r ies  have been specified to provide 5 : l  
overload capability. 

t ro l s  i n  detail; however, some  of the f ac to r s  affecting response to varying 
loads should be mentioned. 
high p res su re  tanks, response i s  l imited only by gas flow and regulator opera- 
tion and i s  therefore  quite rapid. With an ind i rec t  sys t em,  however, the change 
in load mus t  be t ransmi t ted  to e a c h  of the previous stages.  Depending on the 
capacity and response  of these  s tages ,  s e r ious  cont ro l  lags may develop. 
provide a smoother response ,  a small hydrogen su rge  tank has been incorporated 
in the e s t e rna l  reforming design. 

The control problem is minimized  i n  the in te rna l  reforming sys t em 
because of the c lose r  integration of the reaction stages. 
hydrogen capacity of the pa l lad ium/s i lver  membrane  provides an  effective surge 
capacity corresponding to approximately 6 coulombs/cm . This i s  roughly 
two o r d e r s  of magnitude higher than f o r  a platinum activated electrode. 

This  ba t te ry  supplies 
The fuel 

The ba t te ry  capacity will be de- 
In 

' 

It  i s  impossible in the p re sen t  d i scuss ion  to analyze the sys t em con- 

I n  a simple hydrogenloxygen ce l l  supplied f r o m  

T o  

In addition, the high 

2 

CONCLUSIONS 

A n  analysis of the various f ac to r s  presented  indicates that a selection 
between the ex terna l  and in te rna l  reforming sys t ems  will depend la rge ly  on the 
requirements of the par t icu lar  application. 
higher sys tem efficiencies a r e  possible n i t h  in te rna l  reforming. 

It has  been shown that substantially 
This  w i l l  be 
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obtained however a t  the expense of a higher  capi ta l  cost  resulting f r o m  the 
higher  palladium content and m o r e  expensive ma te r i a l s  of construction used 
i n  the system. Because  of the f ewer  auxi l iar ies ,  the volume of the internal  
re forming  sys tem is substant ia l ly  smaller , though sys t em weights a r e  similar. 
The super ior  response  cha rac t e r i s t i c s  of this  sys tem m a y  be important  in 
var iable  load applications. 

forming sys tem can be  improved  mainly by increasing cell operating voltages. 
On the other  hand, t o  fu r the r  improve the efficiency of the internal  reforming 
sys t em will require  development of m o r e  act ive catalysts .  Thib is par t icular ly  
necessa ry  if operat ion is to be  extended to  the use  of hydrocarbon fuels. 
cos t  reduction w i l l  r equ i r e  the use of thinner  palladium membranes  and higher 
operating cell c u r r e n t  densities. 

Considering fu ture  development, the efficiency of the external  re- 

Capital 

W o r k  along these l ines  i s  i n  progress .  
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FIG. 7 METHANOL /A IR  FUEL CELL 



---I-- -- - -  
FIG.8 EXPERIMENTAL 0.5KW INTERNAL REFORMING SYSTEM 



-151 -  

i 
'. 
'j 

1 

f 

.1 
l' 

\' 

X 
w 

T l  



I .2 

I .o 

.8 

VOLTAGE 
E 

FIG. I O  

.6 

4 

.2 

- 1  52-  

AIR CATHODE 

~ 

FUEL CELL (INCLUDING I-R) 

HYDRO-GEN ANODE 
c I 1 I 

100 200 300 
CURRENT DENSITY (mA/cm2) 

E/ I  CHARACTERISTICS - HYDROGEN /AIR CELL 
I 



-15.3- 

rr a 
I 

0 

-I 
W 
3 
LL 

P 

c- 

-J 
0 z 
Q r 
t- 
W 
2 

I 

p 
+ $  

I t- cn 
I) 

I- 
X 
w 

a 

L 



I .2 

I .o 

.8 
VOLTAGE 

E 
.6 

2 

-154 -  

\ (INCLUDING I-R) 

METHANOL ANODE - I 1 1 

100 200 300 
CURRENT DENSITY (mA/cm2) 

/ 
FIG. 12 E/I CHARACTERISTICS-METHANOL/AIR CELL 

r ' l  



- 1 5 5 -  

SOME ASPECTS OF MOLTEN CARBONATE FUEL C E L L S  

A.D.S. Tantram, A.C. C .  Tseung and B. S. Harris 

Energy Conversion Limited, Chertsey Road, 
Sunbury-on-Thames , England ' 

The ultimate a i m  of f u e l  c e l l  deve lopent  i s  a system of 
acceptable c a p i t a l  cost  that can operate i n  an economic manner on low 
C O S L  fuels .  A l thoqh  much e f f o r t  has recently been put i n t o  
invest igat in& the  a l t e r n a t i v e  routes , t he  high temperature c e l l  remains 
a ravcured prospect. 

O f  t he  two main classes  of high temperature c e l l s  (a) s o l i d  
oxiae e l e c t r o l y t e  c e l l s  and (b)  molten carbonate e l e c t r o l y t e  cells, t he  
l a t t e r  has s i m i f i c a n t  advantages i n  i t s  lower temperature of 
c p r a t i o n  and i n  ?;lie wider avai lable  choice of materials. 

continued a t  Energy Conversion Limited, has invest igated a wide range 
CI" d i f f e ren t  concepts of t h e  molten carbonate c e l l .  These may be 
brcadly c l a s s i f i e d  as follows :- 

Work s t a r t e d  at  Sondes Place Research I n s t i t u t e  and 

1. Free e l e c t r o l y t e  c e l l s .  

2. Trapped e l e c t r o l y t e  c e l l s .  

2 . 1  Porous magnesia diaphragms. 

2 .2  "Semi-solid" o r  "paste" e l ec t ro ly t e  diaphragms. 

Non-eutectic type. 

I n e r t  f i l l e r  type. 

Various combinations and compromises between these types a r e  

In t h i s  paper we a r e  concerned i n  pa r t i cu la r  with our 

a l s c  possible.  

experiences with c e l l s  based on the  i n e r t  f i l l e r  type 'of semi-solid 
e l e c t r o l y t e  diaphragm. 

b r i e f l y  cur rnain findings with the other  types. 

' 

Before discussing t h i s  work, i t  i s  worth summarising very 

JTBE ELFCTROLYTE CELLS 

The three-phase in t e r f ace  i s  es tabl ished by t h e  use of dual 
pcrcsi ty  electrcd-es run v i t h  a pressure d i f f e r e n t i a l .  W e  had great  
dLfficulty i n  f ab r i ca t ing  electrodes of s u f f i c i e n t  s t r eng th  a t  the 
CperatiRg temperature t o  I~rithstand the  necessary d i f f e r e n t i a l  pressure. 
The f ac t c r s  ccntr ibut ing t o  t h i s  were:- t he  very high surface tension 
cf lihe carbcnate n e l t  (see Table l), t he  d e s i r a b i l i t y  of a small 
cc,arse pcre s i z e  t c  obtain a high react ion a r e a  and, pa r t i cu la r ly  
v i t h  the cathode , l i m i t e d .  chcice of mater ia ls .  From preliminary 
experiments with C e l l  6.esigm su i t ab le  f o r  ba t t e ry  constpuction, i t  
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was a l s o  c lear  that t h e  problem of seal ing the carbonate melt would  
be extremely severe.  

Table 1. Surface Tension of Carbonate Melts, Dyn es/cm. 

OC Li,  Na, K L i ,  N a  
9, 6, 5 mol r a t i o  1 1  

430 
480 

219.8 
217 
214 
211 
208.2 

MAGNESIA DIAFEUGM CEL;Ls 

233 
230.4 
228 

I n  the absence o f  any conimercial source, we developed 
o w  own porous magnesia diaphragms. 

The main problem that w e  found w i t h  these c e l l s  was 
l o s s  of e i ec t ro ly t e  ciue t o  creep. i t  became c l ea r  that a much 
smaller pore s i z e  w a s  desirable, coupled w i t h  very accurate  control  
of the m a x i m u m  pore s i z e .  
pract ice .  An add i t iona l  economic f a c t o r  w a s  the necessi ty  for a 
machining operation on the  s in t e red  diaphragms. 
were a l s o  d i f f i c u l t .  

T h i s  would prove very expensive i n  

Sealing problems 

SEMI-SOLID ELECTROLYTE. NON-EUTECTIC TYPE 

T h i s  type' depends on choosing a carbonate composition 
that i s  well  away f r o m  the eu tec t i c ,  so t h a t  there  i s  a range of 
temperature where the e l ec t ro ly t e  body i s  semi-solid. An example 
i s  Li2a3 78%, Na2C03 12%, MgO 10%. The function of the  small 
amount of magnesia i n  this context i s  t o  act as a nucleating agent 
t o  ensure the formation of small inter locking c rys t a l s  when the 
e l ec t ro ly t e  body s o l i d i f i e s  a f t e r  cast ing.  The example given has 
a usable range from about 53OoC (conductivity l i m i t )  t o  about 630OC 
( s t r eng th  l i m i t ) .  
completely molten a t  690Oc. Above this temperature, it can be cas t  
i n t o  any desired shape and this  f a c i l i t y  i s  the  main advantage of 
this type. We have successful ly  used this e l ec t ro ly t e  i n  the form 
of d iscs ,  spun c a s t  tubes and i n  a c e l l  design involving the  cast ing 
of the e l ec t ro ly t e  around performed porous electrodes.  The 
disadvantages are the narrow working temperature range and the f a c t  
that  the so1id: l iquid r a t i o  changes w i t h  temperature, making in t e r f ac  
cont ro l  d i f f i c u l t  and uncertain.  

It collapses under i t s  own weight at 670OC and i s  

SEWII-SOLID ELECTROLYTE. INERT FILTER TYPE 

I n  the normal version an extremely intimate mixture of 
a carbonate e u t e c t i c  and a subs t an t i a l  percentage of very f ine ly  
divided i n e r t  f i l l e r  (e.g.  M g O )  is  densif ied t o  form an impervious 
e l e  e t  r o l y t  e diaphragm. 

I 
e 

l 
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General ProperLies 

The physical propert ies  a r e  dependent, i n  par t icu lar ,  on 
the par t i c l e  s i z e  of t he  i n e r t  f i l l e r  and on the percentage used. 

AL the operating temperature, the carbonate component i s  
molten and i n  this s t a t e  the material i s  somewhat analagous t o  a 
clay-\rater system over a pa r t i cu la r  range of composition. 

Under compression the mater ia l  behaves i n  typ ica l  fashion, 
there  being an i n i t i a l  e l a s t i c  period ( w i t h  some hys te res i s )  leading 
'LO a f i n a l  y ie ld  point,  which i s  qui te  high enough t o  make the 
mater ia l  of prac t i ca l  use (e.g.  >50 p . s . i .  for 63% NO). Compressive 
creep i s  extremely small, being undetectable i n  normal use. F i  w e  1 
ShcT'S the i l l t egr i ty  of a diaphragm a f t e r  a 20-day c e l l  t e s t  a t  %Ooc,  
i n  bilicri a seal ing pressure of 1 0  p . s . i .  was used. 

I m x L  be avoided i n  any c e l l  o r  ba t t e ry  construction w i t h  this material .  

' p a r t i c l e  s i z e  and represents a compromise between s t rength  which 
increases with f i l l e r  content and conductivity which decreases w i t h  
f i l l e r  content;, 7.g. f o r  50 w% MgO the diaphragm fac to r  i s  2 .5  and 
f o r  63.5 TI$ MgO it i s  4.0.  

l i i th the sett ing-up of an optimum three-phase in te r face  a t  the electrodes.  
Electrolyze re ten t ion  i s  only a problem a t  the lower end of the  range 
cf usable f i l l e r  content. 

en t i r c ly  surface tension forces  and depend u on there  being, i n  
, pract ice ,  an extremely high meniscus length ?molten carbonate - i n e r t  

( f i l l e r )  a t  the surfaces of the  diaphragm. T h i s  i s  demonstrated by the 
fact %hat a sample fully immersed i n  molten carbonate loses v i r t u a l l y  
a l l  i t s  compressive s t rength.  

FABRICATION METHODS 

Shear s t rength  is, however, very l o w  and shear s t r e s ses  

Optimum composition i s  dependent i n  part on the f i l l e r  

There a r e  a l s o  r a the r  less definable requirements associated 

The forces holding these diaphragms together are almost 

' 

1 
\ 

I 11 Ccld Pressing and Liquid Phase  S in te r ing  

3 
I 

It i s  not possible  t o  produce high densi ty  diaphragms by 
~ k i s  methcd, although rather b e t t e r  r e s u l t s  a r e  obtained i f  the 
s in t e r ing  i s  carr ied out i n  vacuum. (See Figure 2 ) .  

Three s teps  normally take place i n  a l i q u i d  phase s inter ing.  , )  

, (a )  Pa r t i c l e  reerrangement under the influence of surface tension 

I prccess. ( e )  Solid s t a t e  s in t e r ing  of the  so l id  component. I n  the !\ 
' 1::dch T r i l l  r e s i s t  (a ) .  The s o l u b i l i t y  of magnesia i n  the molten 

), These 

Y 

forces.  

present case, rre a re  l i a b l e  t o  s t a r t  w i t h  a continuous magnesia network 

carbonates i s  too l o v  f o r  ( b )  t o  appreciably occur and the temperatwe 
is LCC 10x1 for appreciable s in t e r ing  of the magnesia ( e ) .  
f ac t c r s  explain why high density diaphragms cannot be made by cold 
pressing and l i q u i d  phase s in t e r ing .  

(b)  An increase i n  density by a solut ion and reprec ip i ta t ion  
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Hot Pressing 

(a) Above the carbonate melting point.  

We have had l i t t l e  success w i t h  s t r a i g h t  moulding of diaphragms 
by this method, due mainly t o  extrusion of the  mater ia l  between aunge r  
and mould. Some experiments w i t h  i n j ec t ion  moulding did, however, 
i nd ica t e  that this would be feasible w i t h  high precis ion e q u i p e n t .  

Below the carbonate melting point.  (b) 

We f ind  that j u s t  below the  carbonate melting point the mater ia l  
exhibits a high degree of p l a s t i c  flow and this method enables us t o  
mould diaphragms t o  a high densi ty  without any of the problems of extrusion 
c r  s t ick ing  t o  the  mould. The great  advantage of t h i s  method i s  that 
it  enables us t o  f a b r i c a t e  a wide var ie ty  of shapes t o  a f i n i s h  as good 
as that of the moulding equipnent. 
diaphragm made i n  this way. They are shown as pressed, some of the 
graphi te  used as the  mould release agent s t i l l  being present.  
a r e  cavited t o  form the e lec t rode  gas space, baf f led  t o  give-good gas 
a iscr ibuxion and have s i l v e r  current  cEl lectors  and connecting gaskets 
pressed on i n  the same operation. We ]rave a l s o  found it  possible t o  
form gasporting i n  the  same moulding operation. It i s  a l so  possible 
t o  press on electrodes at the same time, thus giving a complete unit 
c e l l  from one pressing operation. (Figure 4 ) .  We f ind ,  however, t h a t  
the  conditions normally used result i n  an excessive reduction i n  
e lec t rode  porosity leading t o  poor performance. Subsequent attachment 
of the electrodes i s  therefore  preferred.  

Pretreatment of the mater ia l  i s  important. The magnesia 
f i l l e r  and the a l k a l i  metal carbonates are int imately mixed by b a l l  
mi l l ing  and pref i red  at 7OO0C t o  750OC. 
t o  ensure intimate mixing, complete reac t ion  of impuri t ies  and complete 
e l iminat ion o f  adsorbed water, (more about this l a t e r ) .  It i s  

c e l l  operating temperature. This pretreatment i s  repeated at least 
once more. The material i s  then ground t o  below 20 mesh t o  provide 
the feed f o r  the hot pressing operation. Alternat ively,  it may be 
f u r t h e r  ground, cold pressed and s intered,  t o  form a "b iscu i t "  blank 
for the  hot moulding operation. 

Figure 3 s,hows some efiectrolyte 

They 

This pre f i r ing  treatment i s  

important that the p r e f i r i n g  temperature be above the maximum ultimate I 
I 

i 
The e f f e c t s  of some of the var iables  a r e  shown i n  f igure  2 .  

One of our  standard compositions i s  63.5% MgO, which was  
I 

based on measuring the porosi ty  of pure MgO hot pressed under the 
same conditions and computing t h e  amount of molten carbonate necessary 
t o  j u s t  f i l l  this porosi ty .  
higher  MgO contents can, i n  fact, be used due t o  the lubr ica t ing  
ac t ion  of the carbonate component. 

49OoC when using binary e u t e c t i c  ( N a  and L i  carbonates) and at 385OC 
when using ternary e u t e c t i c  ( N a ,  Li, K carbonates).  

i 
W e  see that i n  prac t ice  ( f igu re  2)  much 

O u r  normal se lec ted  pressing conditions are 5 t .s . i .  at 

41 
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Our densi-cy f igu res  for the  carbonate melts are:-(t  in°C) 

For Li,  N a  

1, 1 mol r a t i o ,  2.030 - 4.30 x lO-*(t-500) g/cc 

For Li,  N a ,  K 

9, 6, 5 mol r a t i o ,  2.085 - 4.87 x 10-4(t-400) g/cc 

I n f i l t r a t i o n  

An  i n f i l t r a t i o n  method has a l s o  been used successfully 
for the  fabricat ion of e l ec t ro ly t e  diaphragms. A cold pressed 
d.iap:hrae;m of loo$  magnesia w i l l  break up on i n f i l t r a t i o n ,  but the 
prccess may be successfully ca r r i ed  out i f  t h e  s t a r t i n g  material 
contains an appreciable percentage of the a l k a l i  metal carbonates. 
An example i s  as follows :- 

A mixture cf magnesia (33" 5w$ with sodium-lithium carbonates 
preiYrea,.ground and cold pressed a t  10  t .s . i .  T h i s  diaphragm 
i s  s intered a t  600°C, cooled and placed on a prepressed d i sc  
cf 1005 sodiuni-lithium carbonate. The whole i s  then reheated 
t o  600°C f c r  half  an hour. The addi t ional  carbonate infiltrates 
i n t o  the diaphragm as it melts. There i s  some danger that the 
i n f i l t r a t i n g  l i q u i d  w i l l  bypass some of the pores and leave 
these unfilled, but this can be overcome i f  the operation i s  
carr ied out under reduced pressure, a carbon dioxide atmosphere 
being advisable. Excess e l e c t r o l y t e  i s  ground off  t h e  diaphragm 
a f t e r  cooling. The product contains 46 w% of t he  carbonate 
e l ec t ro ly t e ,  has .a density of g rea t e r  than 97% of the theo re t i ca l  
and the l i n e a r  shrinkage i s  l e s s  than 0.5%. 

Operatiny: Ekperience 

relevant  t o  t he  use 0: semi-solid e l ec t ro ly t e .  
tes ted some 120 2-1/2 diameter c e l l s  ( 2 0  em2 ac t ive  area) and about 
60 of 4-1/2" diameter (80 em2 ac t ive  area). 
experiment.al stacks of 4-1/2" diameter, giving about 50 watts output. 
Figure 5 shovs one of these. s tacks complete with heater and i n s u l a t i m .  

A va r i e ty  of e lectrode materials have been used, but a 
typ ica l  example vould be - f o r  t he  anode, "B" nickel, granulated, 
presintepeti and graded t o  -100 -t 120 mesh- f o r  t h e  cathode, cosintered 
i?g/Cu20/Zn0 (25/2.5/72: 55 by t J t .  ) and graded -100 + 120 mesh. I n  
bcth cases these mater ia ls  a r e  made i n t o  a slurry with a s i l v e r  
suspension containing a temporary binder (giving 1% added s i l v e r )  and 
applied to the f aces  of the e l e c t r o l y t e  diaphragm i n  this form. 
21ect.pcdes are then s in t e red  i n  s i t u  as the c e l l  i s  brought up t o  
operating temperat.ure. Typical e lectrode thickness i s  .1 mm, porosity 
505 on a j mm thick e l e c t r o l y t e  diaphragn. 

We w i l l  l i m i t  ourselves here t o  points that are spec i f i ca l ly  
We have made and 

We have a l s o  made some 

The 
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A s  the e l e c t r o l y t e  component of the diaphragm melts, it 
expands t o  p a r t i a l l y  w e t  the  electrode and a stable three-phase 
in te r face  i s  s e t  up. This process takes r a the r  longer t o  equi l ibra te  
than one might imagine and i s  i l l u s t r a t e d  i n  f igu re  6, where the 
i n t e r n a l  res i s tance  of a new c e l l  i s  followed over an i n i t i a l  temperature 
cycle of 2 hours durat ion.  The extent and lcca t ion  of thetkree-phase 
in te r face  w i l l  depend on the  balance between the  surface tension forces 
i n  diaphragm and e lec t rodes .  It w i l l  be a f fec ted  i n  pa r t i cu la r  by the 
very f ine  microstructure i n  the electrode, f o r  instance by the  ac t iva t ion  
treatment mentioned la ter .  These f ac to r s  a r e  d i f f i c u l t  t o  control  and 
this  i s  one o f  the  disadvantages of t h i s  type of c e l l  construction. 

Performance and Endurance 

electrodes and those s p e c i a l l y  act ivated.  
ac t iva ted  i n  s i t u  by a control led p a r t i a l  oxidation, using a small 
percentage of oxygen i n  ni t rogen such that about 5w% of the nickel  
i s  oxidised, followed by reduction with the  f u e l  gas. The e f f ec t  of 
such an ac t iva t ion  i s  shown i n  f igure  7. 

An e lectrode ac t iva ted  i n  t h i s  fashion does, however, show 
a f a l l  i n  a c t i v i t y  w i t h  time and a f t e r  about 60 hours the performance 
is the same as  an unact ivated electrode, which would remain unchanged 
over this period. We have experimented, w i t h  some success, w i t h  
methods of s t a b i l i s i n g  this ac t iva t ion ,  but the  long term results 
reported here r e f e r  t o  the lower l e v e l  of performance. Figure 8 
shows the performance obtained w i t h  an ac t iva ted  nickel  e lectrode on 
pre-reacted methane-steam and on hydrogen. 
of the f a l l  i n  anode a c t i v i t y  and the longer term performance 
de ter iora t ion  discussed below. 

We must first of a l l  d i s t inguish  between "unactivated" 
The d c k e l  anode may be 

Figure 9 shows the e f f ec t  

I n i t i a l  endurance t e s t s  w i t h  these c e l l s  showed that there  

The behaviour was not pa r t i cu la r ly  reproducible and 
was a progressive de t e r io ra t ion  in performance occurring i n  the hundreds 
o f  hours region. 
d id  not show any t rend with temperature of operation or w i t h  current 
densi ty  and, i n  f a c t ,  similar r e s u l t s  were obtained w i t h  c e l l s  l e f t  

f a l l -o f f  was due t o  de t e r io ra t ion  of the e l ec t ro ly t e  diaphragms. 
Physical examination of  the  diaphragms a f t e r  the t e s t s ,  showed the 
presence of laminar faults. 
It should be noted that we have chosen pa r t i cu la r ly  extreme examples 
t o  i l l u s t r a t e  the phenomenon, the faults being usual ly  considerably 
less marked. These faults result i n  (a) an increased i n t e r n a l  res is tance 
and (b) increasing in te r -e lec t rode  leaks leading t o  f a l l i n g  performance. 
Using gas chromatographic techniques we were ab le  t o  obtain a 
cor re la t ion  between f a l l i n g  performance and increasing leaks.  
procedure was as follows:- 

on open c i r c u i t  f o r  the bulk of the time. It was suspected that the I 

i Examples of these are shown i n  f igure  10. 

~ 

The 
1 

With the c e l l  on open c i r c u i t ,  hydrogen feed t o  the anode - 
and air/carbon dioxide t o  the cathode, t he  nitrogen content of the  
anode ef f luent  w a s  analysed. T h i s  nitrogen could come by i n t e r -  
e lectrode d i f fus ion  o r  ,by d i f fus ion  through a gasket l eak  f rom the 
ex terna l  air. The cathode feed was then temporarily replaced by 
methane and the n i t rogen  estimation i n  the anode e f f luen t  was repeated. 
I n  this m-er a semi-quant i ta t ive measure of both gasket and in t e r -  
e lectrode leaks"  could be obtained. The gasket leak  did not 
normally a l t e r  w i t h  time and w e  were, i n  f ac t ,  able  t o  eliminate 
this, by making the  s e a l  d i r e c t l y  between the e l ec t ro ly t e  diaphragm 
and the  separator  i .e.  i n  e f r ec t  by abol ishing gaskets. 

I 

I ,  

( i  

I 

Figure 11 
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shcli:is an example cf the corre,lation between f a l l i n g  perf ormance ..and 
iiicrcasinp, inter-electrode leak. 

Diaphrapi deterioi-ation was overcome by ensuring complete 
elL!:.iiiiaticn of chemisorbed' water from the mater ia l  used f o r  hot 
.pressing. Any sti.11 present would be evolved during operation of 
.Lhs c e l l  i n i t i a t e  the lamination faults. These would tend t o  get  
i..'crse with time, ' due prcibably t o  erosion effects  a r i s i n g  from chemical 
cor.Ybusticn el' the f u e l  and oxygen d i f f u s i n g  i n t o  the diaphragm. 
Water is very tenaciously held by magnesium oxide and much longer 
prcr'irinS times are necessary than might be thought. I n  addition, the 
p?bfired mater ia l  t i i l l  qui te  readi ly  readsorb water and s t r i c t  precautions 

C t o  be ta1:ren t o  ciisure that this  does not  occur. Figure 12 i l l u s t r a t e s  

i .)CcJl paic"l Lo .these f ac to r s .  The increase i n  performance seen i n  the  
micl:C.lc: c:f tifls @ r t i c u l a r  Cest was not explained. F ina l ly  . f igure 13 
S!IC:~IS i;hc absence of f a u l t s  i n  an improved diaphragm after a c e l l  test 
ci' :+513 ]1c..us. 

C O ~  1 i" l i l  s i c:i:S 

s table  performance that can be obtained when s t r i c t  a t t en t ion  has 

Prac t i ca l  c e l l s  , based on "semi-solid" e l e c t r o l y t e  diaphragms, 
can bc im6.c w i t h  promising performance ,and endurance cha rac t e r i s t i c s .  
1wr'ihc.r inprovcments are. desirable  and the re  a r e  indicat ions t h a t  . 
thesa can bo achieved. 
- 

Careful ba t t e ry  design should be able t o  obviate the 

The hot pressing f ab r i ca t ion  technique should be amenable 

diss6.vantaps cf this type of  c e l l  and t o  exploi t  i t s  advantages. 

t o  m s s  production method-s, s ince the required conditions are not too 
Car rei-loved from e s i s t i n g  p l a s t i c  moulcling pract ice .  T h i s  could prove 
en ir;iportar;i f a c t o r  i n  achieving low c a p i t a l  cost .  

THE ANODE bECHA.NISM 

For  t ne  high temperature c e l l  t o  f u l f i l l  i t s  promise 
CcrislCerably 1xLC;her power dens i t i e s  are required. 
ic:;ical s t eps  i n  this d i r ec t ion  a b e t t e r  understanding of t he  elel:IJrode 
pr(:ccssss a i d  t h e i r  rate control l ing s t eps  i s  desirable .  
cli:rcfcrs-, taking a fresh look a t  this problem and the preliminary 

_ _  -init ial  s ' i~Liy ,  s ince i n  p rac t i ca l  c e l l s  the g rea t e r  p a r t  of the 
pclarisstici? i s  normally a t  t h i s  electrode. 

To be able  t o  take 

We are, 
. -  

rc^"'-7 u 3 L ~ - L s  ! are repcrte6. here. The anode process was chosen f o r  the 

nhz L A -  c zs t  c e l l  used. is shown schematically i n  f igu re  14. 
61sc l-.clucied, but -net shown, were a reference electrode and a 

r::ccouple pccl.ret. Ycth the counter electrode and reference 
cLrc.-'c __" 7:rzr-s CZ platinilrr! gauze p a r t i a l l y  immersed i n  the e l ec t ro ly t e  
b c t h  vieye supplied ind-ependently v i t h  a 2.5:l air - carbon dioxide 

; ~ ~ 1 5 t u r 2 .  The e l e c t r c l y t e  vas an equimolar mixture of sodium and 
lLtL>L-Lii? czpljcnates. 

n. lne pcsi t ioning device enabled the  e l e c t r o l y t e  crucible 
raiss5 cr lc?rered thus, controllLi.ng the  degree of electrode 

S i c ; ? .  S t a r t i n g  Vith the  e l e c t r o l y t e  l e v e l  below the  bottom 
e cest  electrcd-e, the crucible i s  raised. slowly :mt i l  " f i r s t  
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touch" i s  regis tered by an e l e c t r i c a l  cont inui ty  t e s t .  The r e su l t s  
quoted here are  a l l  w i t h  a fu r the r  immersion of 0 .1  inches. 
addi t ion  t o  this there  w i l l  be a meniscus about 0.25 inches high. 

chosen f o r  examination, one point being that the  la rge  difference 
i n  possible  hydrogen d i f f h i o n  r a t e s  through the  bulk metal could 
lead t o  i n s t ruc t ive  r e s u l t s .  The f o i l  e lectrodes were 0.005'' th ick  
and 1.15 ems wide. 
The f o i l s  were used as received, w i t h  no pretreatment. 

In 

I n i t i a l l y  both nickel  and silver-palladium f o i l s  were 

The silver-palladium used was t h e  23s s i l v e r  a l loy .  

The anode compartment was swept.with a la rge  excess of 
hydrogen a t  1 a t m .  

Results and discussion 

obtained under "white spot 
r e l a t i v e l y  low corrosion currents  a r e  possible  i n  t he  poten t ia l  
range o f  i n t e r e s t .  

hydrogen oxidation on n icke l  and silver-palladium at 55OoC. The 
n icke l  curve was not very reproducible. The reproducib i l i ty  
of  the  silver-palladium curves i s  discussed later. 

Figure 15 shows ;he corrosion curve f o r  t h e  silver-palladium 
nitrogen, and ind ica tes  that  only 

Figure 16 cmpares  the current voltage curves f o r  

Figure 17 shows p lo t s  of E versus log i f o r  hydrogen 
oxidation on silver-palladium a t  55OoC and 600 C respectively.  
It is seen tha t  t he re  i s  a very well defined l i n e a r  port ion 
extending over nearly two decades. 

between E and i w a s  very similar t o  tha t  between E and x, where 
x describes the composition o f  a p a r t i a l l y  reacted fue l  i n  the  
manner shown below. 

reac t  w i t h  COZ-, 

and that b m o l s  of  & r eac t  m r t h e r  with the  C02, 

equilibrium being reached. 

r e su l t i ng  mixture a r e  therefore ,  

A t  this s tage  it w a s  noticed that the re la t ionship  

Assume that w e  s tar t  w i t h  1 mol o f  H2 and tha t  x mols 

H2 + Cos2- = H20 + C02 + 2e ~ 

H2 + C O n  = H20 + GO 

For 1 a t m  t o t a l  pressure, the p a r t i a l  pressures i n  t h e  

and w e  can wri te  f o r  the water gas equilibrium 

= K  (x + b )  b 

........................... (1) C1 - (X + b)ICx - b l  
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I 

A t  a given temperature t h i s  equation can be solved t o  obtain 
values of b t o  correspond with selected values of x. The 
corresponding p a r t i a l  pressures may then de derived and, from them, 
the  c rresponding values f o r  E using the  equation 

Po; and Pco; r e f e r  t o  t h e  p a r t i a l  pressures a t  t h e  cathode. 

i s  t h e  equilibrium constant f o r  2H2 + 02 = 2H20. 

we can write 

KO 

A t  a given temperature and f o r  constant cathode conditions 

E = Constant + log, [l- ( x  + b ) ]  (1 + x )  
(X + b ) ( x  - b )  . . . . . . . . . . .  (3)  2F 

It i s  found t h a t  t h e  p lo t  of E versus loglox i s  l i n e a r  
over a wide range and i t  i s  t h e  slope (Sx) of t h i s  p lo t  t h a t  
2olicspondeC Ziosely with t h e  observed slopes (Si) of t h e  
i , L L i Z !  i ; ~ : p c - h ~ a t a l  E - l og lo i  p lo t s  a t  55OoC and 600OC. 
fl_xires Si'? tabulated i n  table 2. 

These 

Table 2,  Values of K, S,, S ; ,  and cy--. 

OC K sX 
mV 

si 
mV 

550 0.219 197 197 0 . 4 1 4  

600 0.295 226 233 0.383 

650 0.385 246 0.372 

-00 0.49 262 0.368 

ce7 1 336 0.343 

ax' i s  t h e  value derived from wri t ing Sx = 2 . 3  RT ' 

2Fa, 
A 

These considerations suzgested tk following picture .  
I n  t h e  low current region ( i . e .  down t o  about 0 . 9 5 ~ )  t h e  most 
important f a s t o r  i s  t h e  diffusion r a t e  of react ion products away 
from the reactlon s i te ,  on t h e  immersed portion of t he  electrode, 
thyoagh the  meniscus t o  t h e  bulk gas. 
proportionel t o  the cwcent ra t ion  difference and so the  
c.ncentration of products a t  the recct ion s i te  has t o  bu i ld  up 
appreciably before a reasonable diffusion rate i s  possible.  
This build up w i l l  a f f e c t  t he  electrode po ten t i a l  i n  a s imi l a r  
manner t o  thkt  defined by equation 3. A s  t h e  current i s  fu r the r  
incre.e.sed the  rate of hyarogen diff'usion t o  the react ion s i t e  
wo2ld become ;$e, mo?! h p o r t a n t  factor .  
~ : i i s  VL":.: LS LLIL.T; silver-psilac.ium, which- has an ado.itiona1 route f o r  

Thi:. rate should be 

Confirmatory evidence f o r  

--,. ..8.-c? . -  .:. ;:E2 <.ii'I".XLG:! th?rs:lg;h the  bull: metal, 
~ - ; ; Y ; Y ~ L I ~  s than nickel. supports much higher 



-164- 

n more p r e c i s e  statement of t h e  hypothesis i s  as follows:- 
A t  'a given current t h e  observed polar i sa t ion  i s  due t o  t h e  change i n  
surface concentrations necessary t o  produce the  diff 'usion rates 
of both reactants  and products t o  meet t h e  requirements of t h e  
processes occurring. 

Making t h e  following assumptions: - 

The p a r t i a l  pressures  of COZ, HzO and CO i n  t h e  bulk gas 
(Ha at 1 a t m .  ) are a l l  zero. 

The sur face  concentrations at t h e  react ion s i te  can be 

The d i f f u s i o n  r a t e s  are d i r e c t l y  proportional t o  the 

( C O F  + H2 = C02 + H20 + 2e) 

(Ha + C 0 2  = CO + H20)  fast, 

e tc . ,  i n  atrn. 'Ha described i n  terms o f  partial pressures, 

p a r t i a l  pressure differences.  

Rate of  discharge of COZ- = i 

R a t e  of  formation of CO = y 

t h e  r a t e s  being expressed i n  u n i t s  of  current,  i .e .  coulombs/sec. 
Then w e  can write,  

Rate of HZ in = i + y = kl (1 - P ) 

f a s t .  

hence P = kl - (i + y )  
k i  

hence PH20 = i + y 

hence Pco 

H2 Hz 

'H20 Rate of H20 out = i + y = k 
k2 

= i - y co 2 2 
Rate of  COz out = i - y = k3 P 

k3 

Rate o f  CO out = y = k4 Pco hence Pco = 

k4 

The k ' s  involve t h e  d i f f u s i o n  coeff ic ient ,  H e n r y ' s  l a w  constant 
and the  geometry of t h e  d i f fus ion  path. 
9ec-l a t m .  -I. 

The units will be coulombs. 

. For the water gas equilibrium, 

For the c e l l  e.m.f. at a given temperature 
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W e  cannot solve these equations without a knowledge of 
t h e  k values, but a c e r t a i n  amount of information can be obtained 
using t h e  analogy with t h e  equations i n  x and b, (1) and ( 3 ) ,  which 
can be solved. W e  f ind ( a )  t h a t  Si w i l l  be very l i t t l e  affected by 
the  value o f  kl provided t h a t  kl i s  appreciably g r e a t e r  than i + y 
i. e . ,  provided we are not near t h e  l imit ing current condition and 
( b )  that  Si w i l l  be appreciably affected by the  value of K1. The 
e::tclit of t h i s . v a r i a t i o n  can be seen by comparing the  var ia t ion  of g, with K i n  t a b l e  ( 2 ) .  
e a r l i e r ,  k~ ii4 would have t o  be f a i r l y  c lose t o  1. 

To explain the experimental f i t  noted 

k i  I C 3  

Attempts t o  obtain confirmatory experimental r e su l t s ,  
however, m e t  with some d i f f i c u l t y .  In a l l  cases a w e l l  defined 
l i n e a r  range on t h e  E - log i p lo t  was found, the individual 
curves reproduced well with r i s i n g  and falling current,  and the  
values of Si i n  a given series increased w i t h  temperature. 
O t h e i ?  hend t h e  v z h e s  f o r  Si, obtained i n  d i f f e ren t  series, done 
f o r  example on d i f f e ren t  dags, showed a wide s c a t t e r .  The following 
f igu res  show t h e  extremes recorded. 

On t h e  

( a )  A t  a given temperature (65OOC) 
Lowest Si = 165 mV , (ai = 0.555) 

Highest Si = 530 mV , (ai = 0.173) 

( b  ) A t  any temperature. 

Lowest Si = 147 mV , (ai = 0.536) at 52OoC. 

Highest Si = 800 mV , (ai = 0.121) a t  70OoC. 

A t  first s ight  it was d i f f i c u l t  t o  explain these var ia t ions 
on t h e  diffusion theory, since they implied a very wide va r i a t ion  i n  
the  value of kB k4 and it was hard t o  see how t h i s  could occur. 

ki k3 
It w a s ,  however, noticed t h a t  the value of Si w a s  dependent 

on t h e  h i s to ry  o f  the anode compartment conditions i n  t h e  following 
manner. If t h e  anode compartment had been l e f t  f o r  a long period 
under pure hydrogen, low values f o r  S were obtained. If, however, 
it had been l e f t  under carbon dioxide before t h e  t e s t s  with pure 
hydrogen, high values were obtained f o r  si. 
sugzested the  following explanation. 
decomposition of t h e  carbonate e l e c t r o l y t e  i n  t h e  anode compartment 
w i l l  occur, leaving i t  GOa depleted and r i c h  i n  M20. This w i l l  
mean t h a t  there  i s  a chemical sznk avai lable  f o r  t h e  carbon 
dioxide, produced when taking a current, and would be expected t o  
r e s u l t  in a very high value f o r  k3 (Cog) as compared with diffusion 
twough t h e  l i q u i d  t o  the bulk gas. There would a l s o  be a tendency 
f o r  k2(H20) t o  increase f o r  t h e  same reason, but s ince the  
equilibrium 

i 

This observation 
I n  t h e  former case some 

I . . .  
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2 blOH+ COZ = b12 COsm+H20 ............................ (6) 
i s  well over on t h e  carbonate s ide we might expect t he  e f f ec t  on 
k2 t o  be considerably l e s s  marked. If t h i s  i s  t rue  then we can see that  
the value of K1 w i l l  be considerably reduced and t h i s  w i l l  r e su l t  i n  
an abnormally low value f o r  Si. 
anolyte has been under C 0 2 ,  but starved of H20, similar considerations 
w i l l  d i c t a t e  a low value f o r  kz C O e )  and a high value f o r  k2 (H20) 

would expect a high value for K1 and hence S.. Confirmatory 
evidence i s  t h a t ,  i n  t h e  Con def ic ien t  condi%ion, unnaturally low 
open c i r c u i t  vol tages  were observed on hydrogen. This i s  t o  be 
expected ‘ f  the concentration of oxygen ions i n  the  anolyte i s  

Final ly  the  l imi t ing  current region was explored f o r  

One can a l so  postulate  that when the 

due to t h e  reverse of reac t ion  ( b ) above. I n  t h i s  case therefore  we 

increased Fz )- . 

various hydrogen-carbon dioxide mixtures on silver-palladium and 
the  r e s u l t s  a re  shown i n  figure 18. 
l i m i t i n g  current region w a s  very unstable.  

Conclusions 

It i s  poss ib le  t o  explain the experimental r e s u l t s  i n  terms 
of a diff’usion cont ro l  mechanism, but f b r t h e r ,  more rigorously 
control led experiments a r e  necessary t o  obtain a va l id  quant i ta t ive  
cor re la t ion .  We pos tu la te  t h a t  at a given current densi ty  the observed 
polar iza t ion  i s  due t o  the  change i n  surface concentrations necessary 

t o  meet the  requirements of the  processes occurring. It follows 
t h a t  i n  the lower current  densi ty  region the  diff’usion r a t e s  of t h e  
products a r e  the  dominant f ac to r s  and t h a t  i n  the  higher current density 
region t h e  r a t e  of hydrogen d i f fus ion  w i l l  become dominant. I n  t h e  
l a t t e r  case t h e  r a t e  o f  d i f f i s i o n  o f  hydrogen through’the bulk metal 
can be of great  s ignif icance.  

With pure hydrogen the 

’ t o  produce the d i f f i s i o n  r a t e s  o f  both reac tan ts  and products 

An e s s e n t i a l  p a r t  of the  treatment i s  the  assumption tha t  
t he  water gas s h i f t  occurs a t  t he  electrode surface and reaches 
e qui1 ibr ium. 

un l ike ly  i n  view of t he  wide va r i a t ion  i n  wi‘that w a s  found. 

influence the diff’usion rates of C02 and H20. 

metals and other fuels. 

Any explanation i n  t e r m s  of ac t iva t ion  control  seems 

P a r t i a l  decomposition of t he  anolyte could s t rongly 

The inves t iga t ion  will continue wi th  s tud ies  on other  
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Fig. l . -CEU AFTER 20 DAYS AT 650°C AND 10 PSI SEALING 
PRE3SURE, SHOWING LACK OF DIAPHRAGM CFUBP 
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Fig. 3 , -HOT -PRESSED ELECTROLYTE DIAPHRAGMS, 2 .5" 
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Fig. 4. -SECTION OF INTEGRAL CELL 
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FUEL CH4: H 2 0  ( 1 :  2 )  PREREACTED 65OOC. - 
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FIG. 8 INITIAL PERFORMANCE CELL H.f?48 
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Fig. LO.-SECTIONS OF ELECTROW DIAPHRAGMS AFTER 
450 HOURS AT 6 0 0 " ~ .  SHOWING SEVElB LAMINAR FAUU'S 
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FIG. 1 1  DETERIORATING DIAPHRAGM. PERFORMANCE --LEAK. 
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F i g .  l).-SECTION OF IMPROVED DIAF)inP.c,M AFTER 
450 HOURS AT 6OOuC, SHOWING ABSENCE OF LAMINAR 
FAULTS (see Fig, 10) 
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HYDROGEN 
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THE DOUBLE-DUTY ANODE FOR 
MOLTEN-CARBONATE FUEL CELLS 

R. W .  Hardy, W .  E .  Chase, and J .  McCallum 

B a t t e l l e  Memorial I n s t i t u t e  
Columbus, Ohio 

INTRODUCTION 

One of the  p r i n c i p a l  ob jec t ives  of r e sea rch  on molten-carbonate 
f u e l  c e l  s has been a b a t t e r y  which would opera te  on a carbonaceous f u e l  
and air.’-8 Natura l  gas  ha e n of s p e c i a l  i n t e r e s t  because of i t s  low 
c o s t  and wide a v a i l a b i l i t y .  8 ’ ’ 3 ’ 7 y g  However, i n  t he  r e fe rences  c i t e d  it 
has been recognized t h a t  hydrocarbons do not supply much c u r r e n t  when used 
d i r e c t l y  i n  the  f u e l  c e l l .  
a s  steam reforming o r  p a r t i a l  a i r  oxida t ion  t o  y i e l d  e lec t rochemica l ly  
a c t i v e  s p e c i e s ,  predominantly hydrogen and carbon monoxide. The r equ i r e -  
ments fo r  e f f e  t i v e  steam reforming i n  a f u e l  c e l l  were d iscussed  i n  a 
previous paper, and the  advantages of car ry ing  out t he  steam reforming 
on t h e  anode were descr ibed .  

There must b e  a preceding chemical s t e p  such 

6 

Three advantages a r e  r e a l i z e d  by steam reforming n a t u r a l  gas 
d i r e c t l y  on the  anode : 

(1) Good h e a t  exchange between the  exothermic e l e c t r o -  
chemical ox ida t ion  and the endothermic steam- 
reforming r e a c t i o n .  

(2)  Less steam requ i r ed  because product steam from 
e lec t rochemica l  ox ida t ion  of hydrogen i s  
a v a i l a b l e .  

(3)  More ex tens ive  conversion of methane because 
products (H + CO) a r e  being consumed. 

2 

The p o s s i b i l i t y  of r e a l i z i n g  these  advantages led  t o  the  f i r s t  g o a l  of 
e lec t rochemica l  r e sea rch .  The goa l  was t o  ob ta in  both  reforming and 
e lec t rochemica l  ox ida t ion  on the  anode. 

THE DOUBLE-DUTY-ANODE CONCEPT 

The idea of car ry ing  out steam reforming on the  anode i t s e l f  
has been y6oposed by previous yprkers .  
a pa t en t ,  
experiments w i t h  methane-steam mixtures on n i c k e l  b a t t e r y  p laques .  
descr ibed  resul ts  of experiments with mixtures of n a t u r a l  gas  and steam 
reformed i n  a s epa ra t e  c a t a l y s t  chamber i n  con tac t  w i th  the  c e l l .  

Linden and Schu l t z  sugges t  i t  i n  

4 and Schul tz  e t  a l .  desc r ibe  r e s u l t s  of some reforming 
Sandler  

Schu l t z ’ s  
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da ta  ind ica t ed  t h a t  a t  730 C ,  15 mole percent  hydrogen would be found i n  
a mixture reformed on a n i c k e l  b a t t e r y  plaque, and 12 percent  would be 
found when reforming on t he  e l e c t r o d e  holder  a lone .  The equi l ibr ium 
composition i s  about 75 pe rcen t  hydrogen. Thus, n i c k e l  b a t t e r y  plaques 
a r e  no t  p a r t i c u l a r l y  e f f e c t i v e .  Sandler  repor ted  almost complete ( i . e . ,  
equi l ibr ium)  conversion of methane t o  hydrogen on h i s  unspec i f ied  
c a t a l y s t  a t  580 C .  

The performance of a l l - n i c k e l  porous bodies as  steam reformers 
might be improved by forc ing  the  steam-methane mixture through the  pores 
of the  coa r se  l a y e r  r a t h e r  t han  simply passing the  gas mixture along one 
face  of t h e  porous plaque and allowing the mixture t o  d i f f u s e  i n t o  the  
r e a c t i o n  zone. It was t o  o b t a i n  t h i s  "forced-by" opera t ion  t h a t  t he  
double-duty anode shown i n  F igure  1 was designed. The t e r m  "forced-by" 
i s  used t o  d i s t i n g u i s h  t h i s  mode of f u e l  feed from o the r  modes such as 
d i f f u s i o n ,  "blow- through" , and "dead-end". 

The e l ec t rode  is  designed f o r  use wi th  a f r e e  e l e c t r o l y t e ;  
t h e r e f o r e ,  it, is a two-layer,  double-porosity e l ec t rode .  That i s ,  t he re  
i s  a f ine-pore  l aye r  which i s  flooded wi th  e l e c t r o l y t e  during opera t ion ,  
s e a l i n g  one face  of  t h e  c o a r s e  l aye r  a g a i n s t  gas  leakage. By s i n t e r i n g  
the  o the r  face  of t he  coa r se  l aye r  t o  t h e  e l e c t r o d e  holder ,  a gas passage 
is  formed so  tha t  f u e l  gas  in t roduced  a t  one edge of the  e l ec t rode  is  
forced through the  coarse  l a y e r  p a r a l l e l  t o  t h e  e l ec t ro ly t e -gas  i n t e r f a c e  

. and out  t h e  oppos i te  edge. The use of forced flow requ i r e s  t h a t  p ressure  
drop be cons idered .  For long flow p a t h s ,  i t  would be impossible t o  
main ta in  the  meniscus i n  t h e  f i n e  l aye r  near t h e  e x i t  edge without 
exceeding t h e  bubble p re s su re  near  t h e  i n l e t .  A r u l e  of thumb adopted 
fo r  des igning  e l ec t rodes  was  t h a t  t he  p re s su re  drop between the  i n l e t  
and e x i t  edges should no t  exceed 10 percent  of t he  bubble pressure  of 
the  f ine -pore  layer. 

To meet the  p r e s s u r e  drop requirements f o r  la rge-area  e l ec t rodes ,  
a holder  w a s  designed which provided s h o r t  flow paths without r e s t r i c t i n g  
the o v e r a l l  dimensions of t h e  e l e c t r o d e .  This design is shown i n  Figure 2 .  
The f u e l  i n l e t  and o u t l e t  channels  a r e  i n t e r l a c e d  t o  fo rce  the  methane- 
steam mixture  through a s e c t i o n  of t he  coarse  l a y e r .  

OPERATIONAL LIMITS FOR DOUBLE-DUTY ANODE 

Most f u e l  b a t t e r i e s  t o  be economically success fu l  must conver t  
a l a r g e  percentage of t h e  f u e l  t o  e l e c t r i c i t y .  This r equ i r e s  both  ex tens ive  
convers ion  of f u e l  t o  products  and h igh  e lec t rochemica l  e f f i c i e n c y .  While 
much emphasis has been p laced  on the  l a t t e r  cond i t ion  ( i . e . ,  vo l t age  
e f f i c i e n c y ) ,  many i n v e s t i g a t o r s  seems t o  have neglec ted ,  s o  f a r ,  t he  f i r s t  
requirement ( i . e .  , ex tens ive  conve r s ion ) .  When t h e  products of t he  e l e c t r o -  
chemical r e a c t i o n  are g a s e s ,  no t  only does d i l u t i o n  of  t h e  f u e l  occur,  bu t  
the  products reduce t h e  r e v e r s i b l e  p o t e n t i a l  as t h e i r  concent ra t ion  inc reases .  
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This was3well emphasized by Broers and Ketelaar12 and by Chambers and 
Tantram, who showed t h e  e f f e c t  of ex ten t  of conversion on the  t h e o r e t i c a l  
vo l tage  of a c e l l .  

Equilibrium gas compositions w e r e  c a l cu la t ed  f o r  each c e l l  i n  a 
s i x - c e l l  s e r i e s - f e d  module ( see  Reference 8 f o r  model). The c a l c u l a t e d  
compositions fo r  a 1:l methane-steam mixture a r e  g iven  i n  F igure  3. It 
is apparent t h a t  most c e l l s  w i l l  be suppl ied  wi th  H + CO i f  adequate 
reforming occurs.  
corresponding t o  70 percent  e lec t rochemica l  ox ida t ion .  This composition 
was designated " l ean  f u e l  gas". I n  the s i x - c e l l  modules, t h e  e l e c t r o -  
chemical consumption was p ro jec t ed  as 84 percent ;  t h e r e f o r e ,  t h e  l a s t  of 
the  s i x  c e l l s  m u s t  consume about h a l f  of the  f u e l  value suppl ied  t o  i t .  
The g o a l  e s t ab l i shed  w a s  100 ma/sq cm a t  a p o t e n t i a l  more nega t ive  than 
-0.78 v o l t  versus  ORE" with 50 percent  consumption of guel.  
was a l s o  e s t ab l i shed  on t h e  basis of the des ign  s tudy .  ) This p o t e n t i a l  
was chosen because n i c k e l i s  thermodynamically s t a b l e  t o  oxida t ion  according 
t o  the  r e a c t i o n  

2 Double-duty anodes were operated on the  composition 

(The goa l  

N i  + 112 O2 e N i O  

a t  p o t e n t i a l s  more nega t ive  than -0.78 v o l t  versus  ORE when aNiO = 1 ( i . e . ,  
when the m e l t  i s  s a t u r a t e d  wi th  NiO) and no o the r  r eac t ions  occur.  

The p o t e n t i a l s  c a l c u l a t e d  (assuming equi l ibr ium)  f o r  the f u e l  
mixture en ter ing  s e v e r a l  c e l l s  a r e  given i n  Table 1. Thus, t h e  l i m i t a t i o n s  
imposed on the  p o t e n t i a l  of the  anode i n  the  s i x t h  c e l l  by gas  composition 

TABLE 1. OPEN-CIRCUIT POTENTLAL OF FUEL GAS MIXTURES 

Open-circuit  Poten 1 1, Fa7 C e l l  (of 6)  a t  1.4 Atm,vs ORE 

1 en te r ing  

4 en te r ing  

6 en te r ing  ("Lean Fuel Gas") 

-1 .22  

-0.98 

-0.91 

i' 

i 
\ 

I 

(a) See foo tno te ,  page 5 ,  for  desc r ip t ion  of Oxygen 
Reference Elec t rode  (ORE) .  

and by the n i cke l  co r ros ion  p o t e n t i a l  l eave  only 0.13 v o l t  f o r  po la r i za t ion .  

* Unpublished r e s u l t s .  "ORE" i s  the  Oxygen Reference E lec t rode ,  a 
reproducib le ,  simple r e fe rence  e l ec t rode  f o r  use i n  molten carbonates .  
It c o n s i s t s  of a platinum wire s p i r a l  p a r t i a l l y  immersed i n  molten 
carbonate and bathed with a mixture of 70% CO and 30% 0 . With proper 
cons t ruc t ion  and s p e c i a l  a t t e n t i o n  t o  i s o l a t i o n  of the e l e c t r o l y t e  
chamber from the  bulk e l e c t r o l y t e ,  p o t e n t i a l s  a r e  wi th in  5 vf of the  
thermodynamically ca l cu la t ed  values .. 
l i m i t s  of  a poten t iomet r ic  r eco rde r .  In  p r i n c i p l e ,  t h i s  e l ec t rode  i s  l i k e  
those descr ibed  by Stepanov and Trunovl3 and by Janz and Saegusa.14 

2 

It is  r e v e r s i b l e  wi th in  t h e  loading 
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OPERATION OF THE DOUBLE-DUTY ANODE ON A 
LEAN FUEL GAS MIXTURE 

To e s t a b l i s h  t h a t  t h e  proper flow p a t t e r n  could be achieved,  
e l e c t r o d e s  were operated on f u e l  mixtures  conta in ing  hydrogen and carbon 
monoxide before  us ing  methane-steam mixtures .  Experiments on s t a b i l i t y  
of the  forced-by mode were combined with experiments t o  determine the 
e x t e n t  of the  f u e l  u t i l i z a t i o n .  

F i r s t  experiments  were performed with 2-sq-cm e l e c t r o d e s  mounted 
i n  a holder of t h e  type  i l l u s t r a t e d  i n  Figure 4 .  The f u e l  gas  w a s  introduced 
a t  the  arc-shaped recess on one s i d e  and was removed a t  t h e  recess on the 
oppos i te  s i d e .  S t a b i l i t y  of t h e  forced-by mode was e s t a b l i s h e d  i n  s e v e r a l  
experiments where c u r r e n t  d e n s i t i e s  up t o  100 ma/sq cm were obta ined  a t  
-0 .78 v o l t  versus  ORE. Occasional  f looding of t h e  anode occurred when f u e l  
pressure dropped a c c i d e n t a l l y  o r  i n t e n t i o n a l l y .  Flooding w a s  r e a d i l y  
cor rec ted  by c l o s i n g  t h e  e x i t  l i n e  t o  force  e l e c t r o l y t e  out  of t h e  coarse- 
pore layer .  No permanent l o s s  of  performance r e s u l t e d  from f looding .  Thus, 
s t a b l e  e l e c t r o d e  o p e r a t i o n  is p o s s i b l e  with the  forced-by mode. 

Most of the  e l e c t r o d e s  were operated f o r  only a few hours  a t  a 
g i v e n  performance l e v e l  t o  e s t a b l i s h  t h a t  t h e  mode of opera t ion  was s t a b l e .  
Some f a i l u r e s  occurred ,  r e s u l t i n g  i n  loss of gas  pressure .  F a i l u r e s  were 
t r a c e a b l e  t o  poor bonding of t h e  e l e c t r o d e  t o  the holder  or  of the  coarse  
l a y e r  t o  t h e  f i n e  l a y e r .  B u t ,  s a t i s f a c t o r y  long-term performance w a s  
ind ica ted  by o p e r a t i n g  a n  anode f o r  1 1 - 1 / 2  days.  I n i t i a l l y  the e l e c t r o d e  
and a s s o c i a t e d  tubing system showed l i t t l e  leakage,  but  a t  the end of 
1 1 - 1 / 2  days the leakage  of gas  i n t o  the  melt  had become too  g r e a t  f o r  
f u r t h e r  r e s u l t s  t o  have p r a c t i c a l  s i g n i f i c a n c e .  Performance remained the  
same throughout except  during one purging requi red  t o  remove a f looding 
condi t ion .  On lean f u e l  gas (18 percent H + GO) t h e  c u r r e n t  d e n s i t y  was 
7 5  ma/sq cm a t  -0.80 v o l t  versus  ORE.  F i fgy  t o  s i x t y  percent  of  t h e  f u e l  
va lue  was conver ted  e l e c t r o c h e m i c a l l y  throughout t h e  11-1/2-day opera t ion .  
This  e s t a b l i s h e d  t h a t  good f u e l  u t i l i z a t i o n  could be obtained along with 
adequate  performance . 

Cause of  t h e  gas  leakage can be seen  on the photograph i n  
F igure  5. Two types o f  f a i l u r e  a r e  apparent .  The s e p a r a t i o n  i n  the 
coarse  layer seen  i n  t h e  s e c t i o n  is  r e s p o n s i b l e  f o r  the l a r g e  bulge i n  
t h e  c e n t e r .  With a c t i v e  f u e l s  which do not  r e q u i r e  steam reforming,  
s e p a r a t i o n  has l ' i t t l e  e f f e c t  on e l e c t r o d e  performance. Separa t ion  is  a 
mechanical problem and can be c o r r e c t e d  by improved s i n t e r i n g  technique 
and by the use  of  a mechanical suppor t  i n  the  form of a honeycomb alumina 
s e p a r a t o r  between e l e c t r o d e s  i n  a c e l l  which reduces the unsupported span 
of t h e  s i n t e r e d  s t r u c t u r e .  

I 

I 
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Pockmarks and t h e  small mounds of powder which appear 
predominantly a t  the  edge of t he  e l e c t r o d e  were the  s i tes  of g a s  leakage. 
The loca t ion  of p i t s  near t h e  e x i t  s i d e  and of powder depos i t s  near t he  
i n l e t  s i d e  sugges ts  t h a t  the  g rad ien t  i n  reduct ion  p o t e n t i a l  from i n l e t  
t o  o u t l e t  s i d e s  is the  cause of t h i s  type of f a i l u r e .  A g r a d i e n t  i n  the 
reducing power of  the  gas  phase w i l l  r e s u l t  i n  a s i m i l a r  g r a d i e n t  i n  the 
melt wi th in  the  pores of the  anode. 
d i s so lves  ; i n  more reducing reg ions  i t  depos i t s .  Small p a r t i c l e s ,  r e l eased  
from the porous mat r ix  a t  one p o i n t ,  a r e  suspended i n  t h e  mel t  and a r e  
incorporated i n  the  su r face  where n i cke l  ions depos i t .  Despite t he  p o t e n t i a l  
se r iousness  of the  loss of m a t e r i a l ,  two measures can be  proposed t o  reduce 
the t r ans fe r  of n i cke l :  

I 

I n  more oxidizing reg ions  n i c k e l  

i 

(1) Provide more uniform gas d i s t r i b u t i o n  t o  minimize 
the  reduct ion  g rad ien t  ac ross  t h e  anode. 

( 2 )  Overlay the anode su r face  wi th  a f i n e  mesh sc reen  
t o  r e t a i n  p a r t i c l e s  loosened by d i s s o l u t i o n  of 
n i cke l .  Electroformed n i c k e l  sc reens  of 1000 l i n e s  
per inch a r e  a v a i l a b l e  and provide the  equ iva len t  
of a specimen prepared by powder metallurgy wi th  
l a r g e  p a r t i c l e - p a r t i c l e  con tac t .  Such screens  have 
g iven  s a t i s f a c t o r y  performance i n  shor t - t ime 
experiments where the  sc reen  w a s  used as  the f i n e -  
p o r e  l aye r .  

During the  opera t ion  of t h i s  small  (2-sq-cm) anode, a mass 
spec t romet r ic  a n a l y s i s  w a s  made of a sample of e x i t  g a s .  
95 percent of the sample w a s  carbon d ioxide .  The hydrogen-to-carbon 
monoxide r a t i o  was 1 t o  1 . 6 ,  i nd ica t ing  t h a t  even without a s p e c i a l  water- 
gas s h i f t  c a t a l y s t  about one - th i rd  of the  cu r ren t  w a s  der ived  from carbon 
monoxide. This r e s u l t  means t h a t  i t  w i l l  not be necessary t o  conver t  a l l  
the methane t o  hydrogen, and the  water-gas s h i f t  need not be complete.  

On a dry  b a s i s ,  

A laboratory-model f u e l  c e l l  having 18-sq-cm e l ec t rodes  was used 
for  s eve ra l  experiments w i th  lean  f u e l  g a s .  The anode holder of F igure  2 
was used i n  the  l abora to ry  c e l l .  Problems of s ea l ing  t h e  c e l l  aga ins t  
e l e c t r o l y t e  loss  were avoided by dipping both  e l ec t rodes  i n t o  a pot  of 
molten carbonate .  A re ference  e l ec t rode  was included i n  the  s e t u p  f o r  
recording s i n g l e  e l e c t r o d e  p o t e n t i a l s .  The b e s t  performance obta ined  wi th  
one of these anodes on l ean  f u e l  gas  was 25 ma/sq cm a t  -0.78 v o l t  versus  
ORE fo r  about two days.  The performance of the  18-sq-cm e l e c t r o d e  was some- 
what low because of des ign  and f a b r i c a t i o n  problems. Separa t ion  of the 
anode from the  holder allowed f u e l  t o  bypass some s e c t i o n s  of t he  e l ec t rode ,  
r e s u l t i n g  i n  a reduct ion  of the e f f e c t i v e  a r e a .  Improvements i n  the  design 
and f a b r i c a t i o n  a r e  expected t o  br ing  the  l e v e l  of performance of t he  l a r g e  
anode u p  t o  t h a t  of the  2-sq-cm anode, or 100 ma/sq cm a t  -0.78 v o l t  versus 
ORE. 
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STEAM REFORMING OF METHANE 
ON ANODE STRUCTURES 

Af te r  demonstrating t h a t  t h e  double-duty anode would opera te  
s a t i s f a c t o r i l y  i n  the  forced-by mode and t h a t  t he  lean  f u e l  gas reaching 
the  l a s t  of a s e r i e s  of s i x  c e l l s  could s u s t a i n  adequate c u r r e n t  d e n s i t i e s ,  
the  next s t e p  was use of a methane-steam mixture  i n . t h e  double-duty anode. 
A i  few experiments wi th  n i c k e l  double-duty anodes revea led  l i t t l e  a c t i v i t y  
f o r  steam reforming, i n  g e n e r a l  agreement wi th  the  work of Schul tz  e t  a l .  

A s u i t a b l e  steam-reforming c a t a l y s t  was sought f o r  incorpora t ion  
i n t o  the  n i c k e l  ma t r ix .  A survey of t he  l i t e r a t u r e  revea led  t h a t  a 
s u i t a b l e  supported c a t a l y s t  should be n i cke l  on p e r i c l a s e  ( n a t u r a l  magnesium 
oxide) . 
and carbon monoxide w e r e  r epor t ed .  Magnesium oxide i s  r e s i s t a n t  t o  a t t a c k  
by molten a l k a l i  ca rbona te s ,  a s  is n icke l  i n  the  f u e l  atmosphere. 

Near- t h e o r e t i c a l  conversipys of methane-steam mixtures t o  hydrogen 

i 

i 

r 

i 

Severa l  t r i a l  compositions lead  t o  a s u i t a b l e  mixture of nickel. 
and p e r i c l a s e  powders which maintained s t r u c t u r a l  i n t e g r i t y  a f t e r  press ing  
and s i n t e r i n g .  The compact cons i s t ed  of 15  weight percent  p e r i c l a s e  and 
85 percent  n i cke l .  Both were i n  t h e  form of 100-micron powders. Af te r  
press ing  and s i n t e r i n g  under hydrogen, t h e  compact was t r e a t e d  wi th  n i c k e l  
n i t r a t e  s o l u t i o n  and d r i e d  on a ho t  p l a t e .  The n i cke l  n i t r a t e  w a s  decomposed 
and reduced simultaneously b y  hea t ing  i n  a hydrogen atmosphere t o  760 C ,  
s l i g h t l y  above the  ope ra t ing  temperature of the c e l l .  

f 
0 

Pr io r  t o  making f u e l  e l e c t r o d e s ,  sma l l - sca l e  steam-reforming 
experiments were c a r r i e d  o u t  wi th  the c a t a l y s t - n i c k e l  powder mixture .  The 0 
sma l l - sca l e  reformer consisted of a 1/8-inch Inconel pipe (0.269-inch I D )  
wi th  b r a s s  tees  s i l v e r  so lde red  on each end. A 1/4-inch-OD Inconel  tube 
wi th  200-mesh n i c k e l  s c r e e n  over t he  end was i n s e r t e d  i n t o  the  p ipe .  The 
pipe was o r i en ted  v e r t i c a l l y  i n  a 1-1/4-inch-diameter,  12-inch-long tube 
furnace ,  and 1.4-cm l a y e r  o f  u n i i n t e r e d  n i c k e l  n i t r a t e - t r e a t e d  mixture 
was packed onto the  sc reen .  The system was sea l ed  we l l  enough t o  keep the  

furnace were i n s u l a t e d ,  and hea t ing  tapes were used on t h e  en t rance  l i n e  t o  
keep the  temperature above 100 C .  

/ 
l eak  r a t e  a t  only 1 m l  of hydrogen i n  13 minutes-a t  6 ps ig .  The ends of t he  4 

The usua l  t e s t  procedure was a s  follows: (1) purge t h i s  r e a c t o r  
wi th  hydrogen, (2) h e a t  t o  760 C t o  decompose t h e  n i cke l  n i t r a t e ,  (3) hold 
1 /2  t o  1 hour a t  t empera ture  t o  reduce t h e  n i c k e l  oxide i n  the  p e r i c l a s e ,  
(4) a d j u s t  the temperature t o  the  value shown i n  Table 2 ,  and (5) purge from 
4 t o  6 hours wi th  methane-steam mixture a t  the pressure  shown before  sampling 
t h e  e x i t  gas  f o r  a n a l y s i s  b y  mass spectrography. 
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The flow r a t e  of the methane was ad jus ted  t o  g ive  a res idence  time 
of about 0.1 minute. A blank run  was made wi th  n i c k e l  powder i n  the  reformer 
tube. Ana ly t i ca l  r e s u l t s  of these  two experiments and the  ca l cu la t ed  
equi l ibr ium composition a r e  g iven  i n  Table 2 .  . 

TABLE 2 .  COMPOSITIONS OF MIXTURES RESULTING FROM 
STEAM REFORMING OF METHANE I 

~~~~~ ~ 

Pres-  Tempera- Percent- 
s u r e ,  t u r e ,  age 

co co2 Reaction(a) C CH4 H2 Condition ps ig  

Theore t i c a l  
Equilibrium 5.9 . 727 7.8 69.2 20.8 2.2 74.6 

Nicke 1 
Powder 5.5 7 32 97.5 0.3 0 .8  0 .3  1.1 

Ca ta lys t  
Mixture 5.6 727 9.4 68.8 17.9 3.9 70 

16 (a)  Calcu la ted  from: 

] 100. 
% CH4 

% CH4 -I % CO 4- % C02 [.- % r e a c t i o n  = 

Percentage r e a c t i o n ,  ca l cu la t ed  by the  equat ion  of Arnold e t  al,,16 i s  a 
measure of methane r eac t ed .  The ex ten t  of the  water-gas s h i f t  r eac t ion  
cannot be measured by the  equat ion .  
of the c a t a l y s t  mixture f o r  steam-reforming methane. A number of other 
experiments wi th  d i f f e r i n g  amounts of c a t a l y s t  and somewhat d i f f e r e n t  
temperatures and pressures  a l s o  gave r e a c t i o n  percentages i n  the  reg ion  
of the t h e o r e t i c a l  va lues .  These o the r  experiments support  t he  v a l i d i t y  
of the  conclusion t h a t  the c a t a l y s t  mixture i s  e f f e c t i v e .  The s h o r t  . 
res idence  time permits use of a 0.05 t o  0 .06- inch- th ick  coarse  l aye r  i n  
an anode opera t ing  a t  100 ma/sq cm. 
15 weight percent ca ta lyzed  p e r i c l a s e  i n  the  coarse  layer  was a l s o  prepared. 
It  was a s t r u c t u r a l l y  i n t e g r a l  d i s c  a f t e r  press ing  and s i n t e r i n g .  

The r e s u l t s  demonstrate t he  e f f i cacy  

A smal l  double-layer anode containing 

, 
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SUMMARY 

Experiments have shown the f e a s i b i l i t y  of  obtaining good steam- 
reforming a c t i v i t y  from a supported n i c k e l  steam-reforming c a t a l y s t .  I t  
has  a l s o  been demonstrated t h a t  such mixtures  can be  incorporated i n  a 
s t r u c t u r a l l y  i n t e g r a l  two-layer e l e c t r o d e .  

Anodes were designed fo r  dual-purpose o p e r a t i o n  i n  a f r e e - e l e c t r o l y t e  
molten-carbonate f u e l  c e l l .  The a b i l i t y  of t h e  anode s t r u c t u r e  t o  funct ion 
properly with t h e  forced-by f u e l  flow mode was demonstrated.  S t a b l e  operat ion 
a t  100 ma/sq cm a t  -0.80 v o l t  versus  ORE was obtained with a f u e l  mixture  
containing only 18 pe rcen t  hydrogen and carbon monoxide. Such operat ion 
demonstrates t h a t  adequate  performance can be  obtained while  e lectrochemical ly  
oxidizing 85 pe rcen t  of t he  f u e l  value i n  a methane-steam mixture  a s  required 
f o r  t he  b a t t e r y  model d i scussed  i n  a n  e a r l i e r  paper.  Further  work i s  needed 
t o  e s t a b l i s h  long-time performance of t he  double-duty anode with methane- 
steam mixtures .  

The a u t h o r s  wish t o  thank members of t he  Fuel  C e l l  Research Group, 
who sponsored t h i s  work, fo r  permission t o  pub l i sh .  
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-J Nickel capi l lary  tubes 

N i c ke I electrode holder 

Layer of coarse nickel 
powder 

Layer  o f  f ine nickel 
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BOTTOM VIEW 

FIGURE 1. DOUBLE-DUTY ANODE DESIGN SHmWING FORCED-BY MODE. 
(WHEN COARSE LAYER CONTAINS CATALYST THE ELECTRODE 
PERFORMS BOTH FUNCTIONS, STEAM REFORMING OF METHANE 
AND ANODIC OXIDATION OF FUEL.) 

6 1  
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W I 
Anode Holder 

1 ' FIGURE 2 .  HOLDER FOR LARGE DOUBLE-DUTY ANODES. ELECTRODE AREA 
3 18 SQ CM. 
i 
< \  
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Electrochemical Utilizatjon, per cent 

FIGURE 3 .  CALCULATED EQUILIBRIUM G4S COMPOSITION I N  A FUEL BATTERY 
SUPPLIED WITH 1 : l  METHANE:STEAM MIXTURE AT 1000 K AND 
1 .4  ATMOSPHERES. 
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FIGURE 4 .  DETAILS OF 2-SQ-CM ANODES. ONE GAS I N L E T  
TUBE WITH FERRULE IS SHOWN. 
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FIGURE 5. APPEARANCE OF A 2-SQ-CM ANODE AFTER 11-1/2 
'DAYS OF OPERATION ON LEAN N E L  GAS. 
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Long run experiments on high temperature 
molten carbonate  f u e l  c e l l s  

G.H.J.  Broers and M. Schenke 

Central  Technical I n s t i t u t e  T.N.O., The H,ague, Netherlands "1 

INTRCDUCTIOX 

Research on high temperature f u e l  c e l l s  of t h e  molten carbonate  e lec t ro-  
l y t e  type,  by the  Dutch organisa t ion  TP.N.O. ,  was taken up i n  1950. The 
development o f  t h i s  work has  beendescribed i n  a s e r i e s  o f  p u b l i c a t i o n s  [ I  j - 
[ 6 ] .  Commentson the  work can a l s o  be found i n  [7]  and [8j. 

A s i g n i f i c a n t  s t e p  towards t h e  r e a l i s a t i o n  o f  the s t r i c t l y  necessary 
g a s t i g h t n e s s  was made by t h e  a p p l i c a t i o n  of t h e  so-called p a s t e  e l e c t r o l y t e  
[4] [ 5 j .  I t  i s  obtained by blending an i n e r t  powdered s o l i d  such as Mg0 with 
a given amount of binary o r .  t e r n a r y  a l k a l i  carbonate mixture (Li2C03, Na CG 

Above t h e  e u t e c t i c  mei t ing poin t  o f  the carbonates  (5G0°C f o r  Li-Sa; 
3 9 6 O C  f o r  Li-IJa-K) a s t i f f  and dense p a s t e  can be obtained when t h e  i n e r t  
s o l i d  t o  carbonates  weight r a t i o  remains above a c e r t a i n  cri t ical  value. This 
value depends on t h e  p a r t i c l e  s i z e  (and shape) of t h e  s o l i d  c o n s t i t u e n t  and 
the  composition of the  carbonate  mixture. As a rough-and-ready r u l e ,  a 50 s o l i d /  
5u l i q u i d  weight r a t i o  w i l l  y i e l d  a r a t h e r  s t i f f  p a s t e  when t h e  p a r t i c l e  s i z e  
of  t h e  s o l i d  (MgO) i s  below 1 micron; bu t  c l o s e r  readjustments  have t o  be made 
i n  accordance with thP b a s i c  m a t e r i a l s  used. A too high l i q u i d  conten t  w i l l  
cause p l a s t i c  flow, a too low one causes  an unneoessar i ly  high e l e c t r o l y t e  
r e s i s t a n c e .  Under optimal condi t ions ,  the  s p e c i f i c  r e s i s t a n c e  of a t y p i c a l  ' 

MgO/ternary carbonate  p a s t e  is about two t imes a s  l a r g e  a s  t h e  corresponding 
pure l i q u i d  r e s i s t a n c e  ( p a s t e  r e s i s t a n c e  - 1.5 61 cm a t  7OO0C) .  

The experiments t o  be d iscussed  here  were a l l  conducted on a labora tory  
s c a l e .  It w a s  f e l t  t h a t  technological  development work was j u s t i f i e d  only i f ,  
i n  addi t ion  t o  l e a k t i g h t n e s s ,  t h e  fol lowing demands could be s a t i s f i e d :  
1 )  a s p e c i f i c  power output  of a t  l e a s t  50 mW/cm2 at 0.5 v o l t  or b e t t e r ,  
2 )  fue l  and oxidant  u t i l i s a t i o n  o f  a t  l e a s t  80$, a t  cur ren t  d e n s i t i e s  of the! 

order  o f  100 mA/cm2, 
3)  a c e l l  l i f e  of  a t  l e a s t  severa l  months a t  t h e  j u s t  mentioned power outnut ,  

wi th  t h e  aim of ,  reaching a l i f e  o f  the order  o f  t h r e e  y e a r s  [ 6 ] ,  [ 91 i n  
f u t u r e  developments. 
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1 2. CZLL COXjTRUCTION, EXECTRODES AND FUELS 

For  purposes of fundamental research ,  a high temperature c e l l  should 
meet the  fol lowing demands: 1 .  p e r f e c t  gas t igh tness ;  2. absence of aty psra- 
s i t i c  cur ren t  paths ,  such as caused by m e t a l l i c  gaskets  i n  c o n t a c t  wi th  the  
e l e c t r o l y t e ;  3 .  r e l i a b l e  c o n t a c t s  between the  e lec t rodes  and t h e  e l e c t r o l y t e ;  
4. presence of  a s u l t a b l e  re ference  e l e c t r o d e ,  connected t o  t h e  systgm by some 

hea t ing  furnace;  6. a p p r i o p r i a t e  means t o  h o w  t h e  degree of ga lvanic  turnover,  
t h a t  is t h e  r a t i o  of t h e  Faradalc  cur ren t  t o  t h e  f u e l  and oxidant  f e e d  r a t e .  

\ 

I form of e l e c t r o l y t i c  5 r i d g e ;  5. no galvavic  contac ts  with t h e  surrounding 
\ 

h 

G o n d e n c e  on t h i s  subJec t  t o  the  labora tory  address:  
198, Iioogte Kadijk,  Amsterdam-C, !Tetherlands. 

B 



-194-  

2.1. Cells 

The mentioned demands a r e  s a t i s f a c t o r i l y  met by t h e  cons t ruc t ions  
shown i n  Fig.  1 and Fig.  2. I n  Fig. 1 the p a s t e  d i s c  is pressed f i rmly 
a g a i n s t  t h e  i n n e r  wal l  of a high-puri ty  A1203 tube a t  about 500°C. There 
is v i r t u a l l y  no r e a c t i o n  between the alumina mater ia l  and .  the  carbonate 
mel t  when t h e  former has  been p r e t r e a t e d  wi th  a s m a l l  q u a n t i t y  of molten 
carbonate f o r  a few days. The working e l e c t r o d e s  a r e  pressed aga ins t  the 
e l e c t r o l y t e  by means of  two a d d i t i o n a l  A1203 tubes with a number o f  
openings a t  the  s i d e  of t h e  e lec t rodes ,  providing gas passages f r o m  in- 
s i d e  t o  o u t s i d e  o r  conversely.  

means of s p r i n g s  with screw adjustments a t  t h e i r  cold ends. 
The p r e s s i n g  f o r c e  on t h e s e  tubes can b e  c a r e f u l l y  c o n t r o l l e d  by 

The r e f e r e n c e  e l e c t r o d e  i s  a P t  o r  hu wire,  dipping i n t o  a A1203 
c a p i l l a r y  f i l l e d  wi th  e l e c t r o l y t e  pas te .  This  "paste  br idge" serves  as  
a EaberLuggin type  connection t o  t h e  d i s c  sur face .  The phase boundarj  
of t h e  r e f e r e n c e  wire  thereby i s  e f f e c t i v e l y  screened f rom t h e  e lec t ro-  
l y t e  d i s c  proper ,  and no j-11-defined stray c u r r e n t s  can pass  through the 
re ference  wire ,  such as i s  most l i k e l y  the  case  with s o - c a l l e d  " i d l e  
e lec t rodes" .  (The l a t t e r  have t h e i r  phase boundary s i t u a t e d  d i r e c t  i n  
t h e  c u r r e n t  pa th  between the  working e lec t rodes . )  The r e f e r e n c e  i s  
f lushed  wi th  t h e  same gas  a s  the  working e lec t rode .  

-Two l e a d  w i r e s  may be connected t o  each of t h e  working e lec t rodes ,  
one serv ing  a s  c u r r e n t  l e a d  and t h e  o t h e r  as p o t e n t i a l  l ead .  Resis tance 
changes of each i n d i v i d u a l  e lec t rode  can t h u s  be measured too. 

Fig. 2 d e p i c t s  a s i m p l i f i e d  vers ion  of  t h e  c e l l  o f  Fig.  1 ,  being 
e a s i e r  t o  .assemble (as  i s  evident  f rom t h e  f i g u r e ) .  I n  t h i s  vers ion,  the 
re ference  e l e c t r o d e  i s  a P t  wire wrapped around t h e  o u t s i d e  of  one o f  . 
the  gas s e a l i n g  81203 tubes.  Use is  made o f  t h e  ( i n  i t s e l f  tedious)  
"creeping" e f f e c t  of t h e  carbonate melt a long  t h e  wal l  of t h e  tube. The 
"creeping f i l m "  s t a b i l i s e s  within one o r  t w o  days of c e l l  operat ion (it  
comes t o  a s t o p  a t  t h e  co lder  p a r t s  of t h e  tube)  and forms a v e q  effec-  
t i v e  e l e c t r o l y t i c  b r i d g e  between t h e  wire and the ring-shaped periphery 
o f  t h e  p a s t e  d isc .  

ilhereas i n  Fig.  1 t h e  re ference  p o t e n t i a l  i s  equal within 2 5 RV 
t o  t h e  corresponding working e lec t rode  p o t e n t i a l  a t  open c i r c u i t ,  t h e  
re ference  p o t e n t i a l  i n  Fig. 2 depends on t h e  gas atmosphere i n  the 
hea t ing  furnace.  Addition of a small COP f l u s h  t o  the  air  i n s i d e  t h e  
furnace y i e l d s  very  s t a b l e  p o t e n t i a l s .  

p a r t s  of t h e  c e l l  and t h e  (a.c.  hea ted)  furnace.  The just mentioned 
"creeping" may otherwise l e a d  t o .  severe  hum pick-up and e l e c t r i c  leakage 
t o  e i t h e r  t h e  a.c. mains or the  ground. 

Great c a r e  must be  taken t o  avoid d i r e c t  contact  between any hot  

2.2. E lec t rodes  

The porous f u e l  e l e c t r o d e s  discussed i n  t h i s  paper were a l l  n icke l  
specimens o f  v a r i o u s  or ig in .  Screens,  s i e v e  p i a t e s ,  s i n t e r e d  carQy1 
n i c k e l ,  n i c k e l  p l a t e s  f o r  secondary b a t t e r i e s  
p l a t e s  were used,  as wel l  as p r e s i n t e r e d  n i c k e l  powder obtained by 

and " f i b e r  n i c k e l  

* 
E.g. "Clevi te"  porous B i ;  C l e v i t e  Corporation, Cleveland, Ohio, U.S.A. 

Huyck Corpora t ion ;  Milford,  Connecticut,  U.S.A. 
** 
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reduct ion  o f  5 i 0  with H 
s p e c i a l  advaqtages over%i powder e l e c t r o d e s  and are,  at l ea s t  a t  t h e  
present-day p r i ces ,  by f a r  too  expensive t o  b e  used f o r  anything e lse  
b u t  research  purposes. 
' ,The  porous a i r  e l e c t r o d e s  were e i t h e r  of  s i l v e r  o r  copper oxide. 

S i l v e r  e l ec t rodes  were used i n  the  form of  wire screens and/or 

"he commercially a v a i l a b l e  types  have no 

very t h i n  l a y e r s  o f  Ag powder (0.1 mm o r  l e s s ) ,  adhered d i r e c t  t o  the 
e l e c t r o l y t e  surface.  

workers [7], [ lo] ,  i n  connection wi th  work on s o l i d  carbonate  e l ec t ro -  
l y t e  fue l  c e l l s .  I n  our  case, commercially a v a i l a b l e  CuO powder w a s  
s i x e d  with some 10% of Cu powder. Small discsoof  about 1 mm th ickness  
were pressed and subsequently s i n t e r e d  a t  800 C i n  an a i r  atmosphere. 
In  the  f i r s t  feir experiments, t h e  d i s c s  were connected t o  a l l -copper  
cu r ren t  l eads ,  i n  o rde r  t o  make su re  t h a t  t h e  electrochemical  a c t i v i t y  
could be a t t r i b u t e d  s o l e l y  t o  t h e  CUO - Cu20 system. I n  l a te r  tests,  
c u r r e n t  l e a d s  of  s t a i n l e s s  s t e e l  o r  P t  wi res  were connected t o  t h e  CuO 
material, thus  avoiding gradual  ox ida t ion  of t h e  l e a d s  i n  l o n g  run  
experiments. 

The use of  CuO as a i r  e l ec t rode  w a s  r epor t ed  by Justi  and GO- 

Whereas i n  low temperature c e l l s  t h e  i n i t i a l l y  chosen po ros i ty ,  
pore s i z e  d i s t r i b u t i o n  and c l e c t r o - c a t a l y t i c  a c t i v i t y  of the  e l ec t rodes  
I s  of c r u c i a l  importance, a q u i t e  d i f f e r e n t  s i t u a t i o n  e x i s t s  i n  h igh  
temperature cells. S i n t e r i n g  e f f e c t s ,  anodic d i s s o l u t i o n  and ca thodic  
p r e c i p i t a t i o n ,  ar.d both sur face-  and bu lk  oxide formation under varying 
po la r i za t ion  s t rong ly  tend  t o  a l t e r  t h e  i n i t i a l  e l ec t rode  s t r u c t u r e .  . 
Figs.  3a and 3b show n icke l  anode specimens be fo re  and af te r*use  
rgspec t ive ly .  I n i t i s l l y ,  t h e  cornmiercially a v a i l a b l e  m a t e r i a l  had a 
po ros i ty  of 70% and a th i ckness  o f  1.0 mm. Fig. 3a i s  a microphoto o f  
t h i s  mater ie l .  Fig. 3b s imi la rky  shows t h e  same material a f t e r  625 hours 
o f  continuous opera t ion  a t  700 C ,and (nominally) 100 mA/cm2, on an equi- 
l i b r i m  mixture of H2, CO,  H20 and COP. (iil-free p o l a r i z a t i o n  about 
; I I O  my r e l a t i v e  t o  open c i r c u i t . )  

shrinkage o f  about 15$ was observed. 

h igh  temperature c e l l s  on any b a s i s  d i f f e r e n t  from long  term opera t ion  
experience. One might s t a t e  t h a t  t h e  high temperature c e l l  t ends  t o  
seek i t s  own ope ra t ing  l e v e l ,  and no t  t h e  one p r e f e r r e d  by t h e  inves t i -  
g a t o r  on the  b a s i s  of  i n i t i a l  e l ec t rode  s t r u c t u r e s .  

A l s o ,  conclusions about c e l l  performances over pe r iods  of a few 
days have l i t t l e  meaning. Foth ove rop t imis t i c  and ove rpess imis t i c  in- 
p re s s ions  may then r e s u l t .  An example of t h e  l a t t e r  w i l l  b e  shown i n  
Sec. 3, ?ig. 5. 

The thickness had shrunk t o  0.6 mm (40% decrbase) and a l a t e r d  

Zvidently i t  i s  o f  no use  t o  p r e s e l e c t  e l ec t rode  s t r u c t u r e s  f o r  

2.3. Fue ls  

In  rnost of t he  experiments a "standard f u e l "  o f  1 m o l e  of H2 + 
1 nole  of C02 w a s  used. The "standard oxidant" was 2.5 ( v o l e )  a i r  + 
i 
1OC mA/cmC, 10 per  cent  of  t h e  f u e l  and t h e  oxidants  were consumed. 
m e  c e l l s  were operated a t  a tnospher ic  p re s su re -  

(vol . )  CO,. ,The feed  ra t .e  vas  usua l ly  chosen i n  such a way t h a t  a t  

G d  n i c k e l ,  type J.E.G.V. j Mond ?rickel Company, London, 
b g l a n d .  
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The o v e r a l l  ca thodic  and anodic r e a c t i o n s  can be w r i t t e n  a s  

cathode: 2 N + -2 0 + c@- + 2 A e- + 2 ' 2  2 '  

-L 2 $I2 + (1-A) O2 + ( I - A )  C02 +hCO 3 = '  (IC) 

anode : H2 + CO- + A CO = -. 

i (1-A) H2 + ( . l + A )  C02  + A H20 + 2 A e- - equi l ibr ium f u e l  

- . A i s  t h e  conversion degree of t h e  r e a c t a n t s ;  the  composition of 

2 3 

( l a )  

atmospheric .a i r  i s  taken  f o r  convenience as 2 N2 + 4 02. 

Although t h e  1 H 2  + 1 '202 f u e l  i s  n o t  i n  thermodynamic equilibrium 
a t  the i n l e t  of  the c e l l ,  i t ,  turns  out  t h a t  a t  the N i  anode the  equi l i - '  
brium is indeed e s t a b l i s h e d .  In  t h e  f i r s t  place,  the  l e s s  convenient 
t o  handle f u e l  1 CO + 1 H20 y i e l d s  t h e  same open c i r c u i t  p o t e n t i a l  as  
t h e  forme one. Secondly, t h i s  open c i r c u i t  p o t e n t i a l  E i s  v i r t u a l l y  
equal t o  the va lue  c a l c u l a t e d  on t h e  b a s i s  of the e q u i l i b r i m  f u e l  

. . composition and t h e  Nernst  l a w  (decadic  logari thm):  

where p and pc r e f e r  t o  anodic and ca thodic  p a r t i a l  p ressures  respec- 
t ively."  

For A = Ooin eqs. ( I C )  and ( l a ) ,  the  c a l c u l a t e d  E v a l u e s  a r e  
968 mV a t  1000 K and 980 mV at 700°C [ 6 ] .  The observed va lues  a t  700°C 
a r e  between 970 and 985 mV, a p a r t  from i n i t i a l  devia t ions  due t o  %on- 
aged" N i  e lec t rodes .  It w i l l  be shown i n  Sec. 4 t h a t  t h e  s tandard  f u e l  
can be cons idered  a s  be ing  oxid ised  a l ready  f o r  32g with r e g a r d  t o  an 
"optimal f u e l " ,  just  n o t  depos i t ing  carbon a t  1000 K. 

oquil ibr ium i n  that  case is n o t  e s t a b l i s h e d  at the  N i  e l e c t r o d e s ,  bu t  
i n s e r t i o n  o f  a s m a l l  amount o f  commercial ? T i  on N g O  reform c a t a l y s t ,  
i n  the anode space,  is s u f f i c i e n t  t o  y i e l d  equilibrium. 

I n  some o f  t h e  experiments,  CH4 + , C O 2  mixtures were used. Usually, 

3 .  OPERBTING CHARACTERISTICS AND POLARIZATION EFFXTS 
The c e l l s  under  d i s c u s s i o n  were all kept  under a continuous c u r r e n t  dra in  

of 1 0 0  mB/crn2 (whenever p o s s i b l e ) ,  u n l e s s  c u r r e n t  VS. vol tage curves were 
measured. The l a t t e r  measurements were c a r r i e d  out  over time i n t e r v a l s  of  a t  
l e a s t  a ful l  hour, s o  t h a t  a s teady  s t a t e  was always achieved. 

Individual  e l e c t r o d e  p o l a r i z a t i o n s  could be measured with the  a i d  of the  
r e f e r e n c e  e l e c t r o d e ,  u s i n g  a mercury-wetted r e l a y  f o r  fast  (0 2 usec)  Current 
i n t e r r u p t i o n  and a Tektronix type  535A osc i l loscope  t o  measure hi drops and 
potent ia l / t i rne t r a n s i e n t s .  The method i s  e s s e n t i a l l y  similar t o  t h e  one des- 
c r i b e d  by Trachtenberg [ l l ]  and makes use of t h e  "sweep delay" provis ion of 
t h e  C.R.O. time b a s e ,  t o  observe t h e  magnitude o f  t h e  i R  break conveniently 
and q u i t e  sharply.  

t y p i c a l  course of  t h e  e l e c t r o d e  p o t e n t i a l s  has  been p l o t t e d  on a l i n e a r  time 
s c a l e ,  f o r  two d i f f o r e n t  c u r r e n t  d e n s i t i e s  before  in te r rupt ion .  

on a t4 sca le .  The meaning of t h e  p a r t i a l  l i n e a r i t y  of these  p l o t s  w i l l  be 
d iscussed  h e r e a f t e r .  

The p r i n c i p l e  of  t h e  measurement m a y  be  c l e a r  from Fig. 4a, where a 

Fig. 4b shows t h e  corresponding ca thodic  and anodic t r a n s i e n s t  p l o t t e d  
1 
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Fig. 5 shows the  s teady s t a t e  ( i R  f r o e )  po ten t iahs  and t h e  i R  drop, 
a s  func t ions  of t h e  c u r r e n t  dens i ty ,  of a c e l l  a t  740 C with a " f i b e r  
n i c k e l "  mode and a s i l v e r  powder cathode. The x x a o i n t s  r e f e r  t o  t h e  t h i r d  
day of operat ion.  It  i s  seen t h a t  t h e  N i  anode p o t e n t i a l  p o s i t i v a i k s  "dange- 
rously" a t  about 80 mA/cm2, whereas t h e  Ag cathode p o t e n t i a l  v a r i e s  l i n e a r l y  
with t h e  cur ren t .  Also, the  open c i r c u i t  v o l t a  e of the  c e l l ,  1035 mV, is  too 
high,  960 mV being t h e  t r u e  equi l ibr ium value f6]. 

r a t h e r  s t r i k i n g  improvement of t h e  anode, now p o l a r i s i n g  l i n e a r l y  wi th  t h e  
c u r r e n t  up t o  160 rnA/cm2, where t h e  p o l a r i z a t i o n  i s  +lo5 mV*. The Ag cathode 
a l s o  shows some improvernent, t h e  p o l a r i z a t i o n  being -76 mV a t  160 mA/cm2. The 
open c i r c u i t  vo l tage  now shows t h e  proper  va lue ,  960 mV, i n d i c a t i n g  t h a t  t h e  
f u e l  gas a t t a i n s  t r u e  equi l ibr ium at  the  "aged" e lec t rode .  The i R  drop ob-- 
vlously has n o t  changed during the opera t ion  per iod  of 18 days. 

t i o n s  and i R  drop; a t  160 mA/cm2: 

12. drop = 340 mV > anode p o l a r i z a t i o n  = I O 5  mV > cathode p o l a r i z a t i o n  = 76 mir. 

The open c i r c l e  p o i n t s ,  taken a f t e r  18 days of opera t ion ,  r e v e a l  a 

The f i g u r e  c l e a r l y  shows t h e  r e l a t i v e  importance o f  e l e c t r o d e  polar iza-  

Fig. 6a shows similar r e s u l t s  f o r  a c e l l  wi th  a CuO cathode on t h e  27th 
dzy of operat ion at  72OoC. A t  200 mA/cm2: 

iR = 325 mV > an.pol. = 102 mV > cath.po1. = 70 mV. 

Both anodic and ca thodic  p o l a r i z a t i o n s  a r e  l i n e a r  with t h e  c u r r e n t  densi ty .  

t e r i s t i c s  f o r  the same c e l l ,  taken a t  d i f f e r e n t  t i n e s  and f o r  d i f f e r e n t  f u e l  
feeds.  %lo l i n e  27 i n  Fig.  6b corresponds with Fig. 6a. Line 13, on CH4.+ C02, 
i n  the  absence of a reform c a t a l y s t ,  r e v e a l s  t h a t  i n  t h i s  c a s e  no equi l ibr ium 
is e s t a b l i s h e d  a t  t h e  N i  e l e c t r o d e ,  otherwise a much h igher  open c i r c u i t  
p o t e n t i a l  would have been observed (about  1100 mV). Nevertheless ,  upon cur ren t  
d r a i n  a reasocable  performance can be obtained. (Addition o f  a few t e n t h s  o f  
a gram of reform c a t a l y s t  i n  thz  anode space y i e l d s  the c a l c u l a t e d  open c i r -  
c u i t  value and correspondingly improved resd-Ls . )  

The l i n e  28, on pure hydrogen, was taken on the  l a s t  day before  del ibe-  
r a t e  t e r m n a t i o n  of t h e  t e s t  per iod ,  with the main purpose t o  t e s t  t h e  leak- 
t igh tness .  The very h i &  open c i r c u i t  p o t e n t i a l  (1470 mV) shows t h e  absence 
of any s i g n i f i c a n t  leakage a f t e r  4 weeks of  operat ion.  A l s o  t h e  c a p a b i l i t y  
of the CuO cathode t o  d e l i v e r  c u r r e n t  d e n s i t i e s  of  250 mA/cm2 a t  about 90 mV 
p o l a r i z a t l o n  (on a i r  + C02) could be  demonstrated by t h l s  t e s t .  

The use  of t h i n n e r  e l e c t r o l y t e  d i s c s  (9  mm i n  t h e  case  of Fig.  5 and 
6.5 mn a t  rig. 6) y i e l d s  improved performances. The r e s u l t s  shohm i n  Fig. 4a, 
f o r  ins tance ,  rrere obtained with a p a s t e  d i  c of 5 mm thickness.  The terminal 
vo l tage  i n  t h i s  case  i s  695 mV a t  129 mA/cnh and s t i l l  540 mV a t  212 mA/cm2, 
~ l t h  an i R  drop of  282 mV i n  the l a t t e r  case. 

The given examples show t h a t  the  purely r e s i s t i v e  i R  drop i s  always the  
predoEinant term i n  the  t o t a l  v o l t a g e  drop of a c u r r e n t  d e l i v e r i n g  c e l l .  
ITevertheless, t h e  e lec t rode  p o l a r i z a t i o n  i s  by no means n e g l i g i b l e ,  and thero- 
f o r e  i t  1s i n t e r e s t i n g  t o  knok- whether i t  i s  mainly due to  mass t r a n s p o r t  
phenomena or t o  a c t i v a t i o n  c o n t r o l l e d  processes  ( s l o w  e l e c t r o n  t r a n s f e r ,  s lov  
Zdsorption o r  desorpt ion) .  A r a t h e r  ex tens ive  s tudy on t h i s  ques t ion  has  hscn 

Fig. 6b shows a number of terminal  vol tage vs.  cur ren t  d e n s i t y  charac- 

* '  p o l a r i z a t i o n  with r e s p e c t  t o  bpen c i r c u i t  anode p o t e n t i a l .  
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made by the p r e s e n t  au thors ,  b u t  i t s  d e t a i l s  f a l l  beyond the scope o f  t h i s  
a r t i c l e  and w i l l  be presented  elsewhere [12 J . 

Here i t  may be s u f f i c i e n t  t o  n o t e  t h a t  d.c., a.c, a n d  pu lse  methods, 
a p p l i e d  to  both "flat" model e l e c t r o d e s  ( i r .  the  form o f  smooth wires  o r  
s t r i p s )  and porous N i  and Ag e l e c t r o d e s ,  211 p o i n t  t o  mass t r a n s p o r t  con- 
t r o l l e d  p o l a r i z a t i o n  ( a t  l e a s t ,  above 600 C), Closer  study r e v e a l s  t h a t  the 
l i m i t i n g  f a c t o r  i s  t h e  presence of f l u i d  e l e c t r o l y t e  f i lms  on t h e  s u r f a c e  
o f  t h e  e l e c t r o d e s ,  through which the r e a c t a n t  and product gases  have t o  
d i f f u s e .  A t  the  IJi anode, the tqof f -d i f fus iont l  of the  products C02 and/or H2C 
through the  f i l m  i s  r a t e  determining, u n l e s s  the.H2 p a r t i a l  p ressure  beccmes 

(depending on t h e  r e l a t i v e  p a r t i a l  p r e s s u r e s ) ,  is determining. 
Evidence f o r  the d i f f u s i o n  c o n t r o l l e d  c h a r a c t e r  o f  t h e  r m c t i o n s  a t  the 

porous s l e c t r o d e s  i s  shown i n  Fig.  4b and Fig. 7. Though the  p o r o s i t y  o f  thel 
e l e c t r o d e s  is ill def ined ,  t h e i r  p r o p e r t i e s  may b e  approximated mathematic- 
a l l y  by the model of an " i n f i n i t e l y  long" homogeneom transmission l i n e  [ 161. 

of  t h e  porous e l e c t r o d e  i s  small enough a s  t o  y i e l d  an e s s e n t i a l l y  l i n e a r  
r e l a t i o n  between t h e  ins tan taneous  l o c a l  tension and the  corresponding cur ren t  
d e n s i t y ,  a mathematical  a n a l y s i s  of t h e  t ransmission l i n e  model y i e l d s  t h e  
fol lowing r e s u l t s  [ 121 : 

1 )  Steady s t a t e .  I f  t h e  s p e c i f i c  phase boundary r e s i s t a n c e  of  a p lanar  elec- 
t rode  , is  Rb (Q cm2) the  corresponding e f f e c t i v e  r e s i s t a n c e  I+, of a porousi 

electrods! is propor t iona l  t o  1 p b %, where P i s  the  s p e c i f i c  r e s i s t a n c e  

I 

' 

veTy l o w  (Sec. 4).  A t  t h e  Ag cathode the  d i f f u s i o n  of  e i t h e r  O2 o r  C02 : 

Provided t h a t  t h e  p o l a r i z a t i o n  tension a t  any spot  on t h e  phase boundary 

' 

* 

P - 

. of  the e l e c t r o l y t e  f i l m  and b i t s  t h i c h e s s .  

2 )  Al te rna t ing  c u r r e n t  impedance. S imi la r  t o  l ) ,  i f  the phase boundary 
impedance o€ a p l a n a r  e l e c t r o d e  is % = A - j B ,  where A i s  t h e  real and 

B the imaginary component of % and j = Ir- 1 ,  then t h e  ,corresponding 

impedance z 
___ 

of a porous e l e c t r o d e  i s  propor t iona l  t o j j p  B z,,. 
P 

3)  Calvanos ta t ic  t i - a n s i e n t  response.  It i s  well  known t h a t  f o r  a d i f f u s i o n  
c o n t r o l l e d  p r o c e s s  at a planar e lec t rode ,  t h e  overtension v, r e s u l t i n g  
f r o m  a shor t  constant.  c u r r e n t  p u l s e  A i ,  changes proport ional  t o  t h e  square 
r o o t  o f  time: 

For the  t rahsmiss ion  l i n e  model o f  the  porous e lec t rode  the  corresponding 
r e l a t i o n  cah now b e  m i t t e n  as: 

v = const .  a i  Vt. ~ 

- 
v = cons tan t  A i  \:-p-.i ti 

Mow Fig. 4b d e p i c t s  t h e  course of anodic (porous K i )  an&cathodic' 
(porpus Ag) p o l a r i z a t i o n  tens ions  a f t e r  cur ren t  i n t e r r u p t i o n  , a s  function; 
of  tZ. It is seen t h a t  t h e  curves for both 12'3 mA/cm2 (geometr ical  cur ren t  
d e n s i t y )  and 212 mA/crn2 show l i n e a r  p o r t i o n s ,  a s  pred ic ted  by t h e  l a t t e r  
formula. Moreover, t h e  s lopes  of these  l i n e a r  por t ions  a r e  propor t iona l  with 
the  current  d e n s i t y ,  bo th  f o r  the  anodic and ca thodic  Curves. The anodic and I 

+ 
The phase boundary r e s i s t a n c e  i s  def lned  a s  t h e  r a t i o  of p o l a r i z a t i o n  
tens ion  t o  Curren t  dens l ty .  The concept is v a l i d  f o r  s m d l  p o l a r i z a t i o n s  
only ( <  RT/F). 

I n  order  t o  observe t h e  p o l a r i z a t i o n  change accura te ly ,  o s c i l l o s c o p i c  . 
t r a c e s  were p h o t o p a p h e d  over t i n e  i n t e r v a l s  of  10-4, 1O-l and 
1 second. 

+* 
10-3, 
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ca thodic  s lopes  f o r  t h e  same c u r r e n t  dens i ty ,  
seen t h a t  t h e  anodic response i s  considerably 
one. 

1 
however, a r e  d i f f e r e n t .  I t  i s  
more s lugg i sh  than  t h e  cathodic 

The 'dev ia t ing  i n i t i a l  p a r t  of t h e  anodic curves  ( t h e  first 5 m i l l i -  
seconds) i s  probably due t o  t h e  i n t e r f e r e n c e  o f ,  double l a y e r  c a p a c i t y  e f f ec t s .  

Fig.  7 i s  a so-called Argand diagram of t h e  impedance Zp = % - j B 
a , n i c k e l  brush e l ec t rode .  In  t h e  diagram, t h e  real  p a r t  A of  t h e  observe3 

d i f f e r e n t  a.c. f r equenc ie s  between 10 C.P.S. and 50 kc. 

phase boundary impedance % i s  t h e  so-cal led Warburg impedance: 

% = wo w 

and n / 4  = 45' t h e  phase angle  ( a r c  t an  B/A). According t o  2), t h e  correspond- 
i n g  impedance, Zp o f  t he  porous e l ec t rode  should now be  propor t iona l  t o  

exp - j n / 8 .  I n  t h e  Argand diagram o f  t h e  impedance vec to r  end 

po in t s ,  the  l a t t e r  express ion  is  represented by a s t r a i g h t  l i n e  wi th  a s lope  

n/8 = 22$O, and I 2  I:$ = cons tan t .  I t  i s  seen t h a t  t h e  observed impedances 

sa t i . s fy  these demands only approxina te ly ,  wi th  the  greatest dev ia t ion  a t  high 
. f requencies .  When, however, a co r rec t ion  is  made f o r  t h e  in f luence  of  t h e  

double l a y e r  capac i ty  (by s t anda rd  v e c t o r i a l  sub t r ac t ion  methods) t h e  cross- 
p o i n t s  a r e  obtained, which s a t i s f y  t h e  t h e o r e t i c a l  p red ic t ion  very  well .  
S i m i l a r  r e s u l t s  h a w  been obta ined  f o r  porous anodes wi th  l e s s  i d e a l  geometry 
than t h e  brush form o f  t h e  presented example. 

The occurrence of t h e  square roo t  form VP.6- i n  t h e  va r ious  express ions  
f o r  t h e  p o l a r i z a t i o n  impl ies  t h a t  t h e  measured p o l a r i z a t i o n  always inc ludes  
a pu re ly  r e s i s t i v e  con t r ibu t ion  frorn t h e  e l e c t r o l y t e  f i l m .  Moreover, s ince  
t h e  t rue phase boundam r e s i s t a n c e  R b  only appears as i n  t h e  expression 
f o r  t h e  steady s t a t e  p o l a r i z a t i o n  of a porous e l ec t rode ,  t he  l a t t e r  w i l l  be 
r e l a t i v e l y  i n s e n s i t i v e  t o  small v a r i a t i o n s  of Rb, such as Can be  expected 
f o r  sli h t l  non-linear voltage-current r e l a t i o n s .  And f i n a l l y ,  because RT/F 
a t  1000 K has t h e  large va lue  of 07 mV, i t  i s  n o t  very  s u r p r i s i n g  a f t e r  a l l  
t h a t '  t h e  observed s t eady  s t a t e  p o l a r i z a t i o n s  (F igs .  5 and 6 )  a r e  e s s e n t i a l l y  
l i n e a r  with t h e  c u r r e n t  dens i ty .  

of 

I e l e c t r o d e  impedance h a s  been p l o t t e d  aga ins t  t h e  imaginary p a r t  B ,  f o r  

For  a pu re ly  d i f f u s i o n  c o n t r o l l e d  process  a t  a p l ana r  electrocle,  the 

-2- exp - j n / 4 ;  where W i s  a cons tan t ,  w t h e  angular  a.c. freqLency 

-. 

% = 
2 u-4. 

0 \ ' 
P 

\i 

7\ 

6 "  
i 

k 
4. FUZZ AND OXIDAIUT UTILISATION 

3.1. k i d a t i o n  o f  t h e  f u e l  

In  t h e  experiments of Sec. 3, t h e  f u e l  and oxidant u t i l i s a t i o n  was 
of t he  o rde r  of  lo$, a t  about 100 mA/cm2, r e l a t i v e  t o  t h e  feed. Wit'n 
regard  t o  t h e  f u e l ,  t h e  genera l  course of  i t s  oxida t ion  by  GO3= i o n s  
can be  v i s u a l i s e d  conveniently i n  t h e  triangular C-H-0 diagram o f  
Fig.  8 -  

( c f .  r eac t ion  ( l a ) ,  Sec. 2.37 proceeds a long  t h e  s t r a i g h t  l i n e  P - C O j ,  
and would be completed a t  po in t  Pe. Considering P a s  t h e  i n i t i a l  fuel, 
i t s  conversion degree h a t  P i s  zoro,  and A = 1 a t  Pe on t h e  l i n e  H20 - 
CD2. The "optimal fuel", however, which can b e . o x i d i s e d  along t h e  same 
pa th ,  i s  r ep resen ted  by Po on t h e  carbon depos i t i on  boundary (C.D.B.) 
curve [ 6 ] ,  [ 131. A t  IOOOOK and 1 a t n  t o t a l  p re s su re  the  composition of 
E, i s  0.17 C + 0.63 I! + 0.20 0. Is i s  easy t o  show t h a t ,  w i th  r e s p e c t  to 
oxide t ion  by CC3- ions ,  t h e  s tandard  f u e l  P i s  a l ready  ox id i sed  f o r  32% 
when Po i s  taken as t h e  i n i t i a l  fue l .  If A, r e p r e s e n t s  t h e  conversion 
& g e e  of  Po, then  A. = 0.32 + G.68 A (  h = conversion degree of P ) .  

The "s tandard  fue l"  1 H + 1 GO2 i s  r ep resen ted  by P. Its oxida t ion  
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It i s  p o s s i b l e  t o  c a l c u l a t e  the  t h e o r e t i c a l  (Nernst) mIF f o r  m y  
value.  of A or b, by means of equation ( 2 ) ;  Sec. 2.3 when the  equi l i -  
brium compositions o f  -the C-H-0 gas  phase on the  !+ne Po - Pe a r e  known. 
The author  (Broers )  has  found a simple method 114j t o  c a l c u l a t e  curves 
of constant  CH4 p a r t i a l  p ressure  (Fig.  8) and curves of cons tan t  D*p 
(Fig.  9 )  i n  the triangular diagram, SO t h a t  t h e  t h e o r e t i c a l  ENF values  
f o r  d i f f e r e n t  p o i n t s  on the  l i n e  Po - Pe can be read  d i r e c t l y  from it .  

i n t e r e s t ,  p4CH4) i s  r a t h e r  low, s o  t h a t  i n  good approximation only the.  
e q u i l  ibriurn: 

The CH l t i sobars"  of  Fig.  8 show t h a t  a t  1000°K, i n  the  range  of 

Ii2 + C02 i; H20 + CO 
, 

' needsto be considered. This  makes c a l c u l a t i o n s  of t h e  equi l ibr ium com- . 
p o s i t i o n s  along t h e  p a t h  Po - Pe f a i r l y  simple. 

Fig. 9. The curves i n  t h i s  f i g u r e  permit a d i r e c t  reading of t h e  "excess 
EMF", AE ( i n  m i l l i v o l t s )  , which has  t o  be added t o  Eo(H2), cf .  equation 

cont r ibu t ion  i n  ( 2 )  can of course be c a l c u l a t e d  s t r a i g h t  forwardly.  

A = .O t o  A = 1 ,  i s  shown i n  Fig.  11 ,  upper curve. The cathodic  p a r t i a l  
p ressures  pC(O2) and pc(C02) a r e  kept cons tan t  (0.14 atm and 0.28 atm 
r e s p e c t i v e l y ) ,  i n  agreement with t h e  experimental  set-up t o  be descr ibed.  

Now the course of t h e  p r a c t i c a l  c e l l  terminal  vo l tage  as a funct ion 
o f  A was determined as follows. Suppose we have a b a t t e r y  of n c e l l s ,  o f  - 

b a t t e r y  i n  s e r i e s  flow. Then each c e l l  converts  a f r a c t i o n  A A  of t h e  
fue l ,  a t  equal c u r r e n t  dens i ty .  When t h e  c u r r e n t  i s  i, and t h e  feed  r a t e  
o f  t h e  combustible p a r t  of the  f u e l  mixture i s  equiva len t  t o  n i, 
A), = l/n. The o v e r a l l  conversion degree a t  the  entrance of c e l l  k w i l l  
b e  A = ( k  - l ) /n ,  and a t  i t s  e x i t  A = k/n. Thus, i n  p r i n c i p l e  t h e  con- 
vers ion would be complete a t  t h e  e x i t  of c e l l  n. In  p r a c t i c e  t h i s  cannot 
be  r e a l i s e d ,  s i n c e  progress ive  f u e l  deple t ion  .and product accumulation 
tendto increase  t h e  (mass t r a n s f e r  c o n t r o l l e d )  p o l a r i z a t i o n , '  s o  t h a t  i n  
some given c e l l  o f  t h e  - b a t t e r y  tlie a c t u a l  c u r r e n t  dens i ty  becomes 3 s  
l i m i t i n g  one. 

c a r r i e d  out  with a s i n g l e  c e l l  a t  72OoC,  -by means of a s imula tor  tech- 
nique represented  i n  Fig.  10. When t h e  s tandard  fuel has been oxidised 
t o  a degree A , r e a c t i o n  ( l a ) ,  Sec. 2.3 has  occurred. - 

I n  order  to  r e a l i s e  t h i s  r e a c t i o n ,  the  necessary amom't of "CCJ- 
ions"  was suppl ied  t o  t h e  f u e l  i n  t h e  form of  gaseous 02 and C02 ( i n  t h e  
proper  r a t i o ) ,  s o  t h a t  the.  l a t t e r  gases  r e a c t e d  d i r e c t l y  i n  t h e  h o t  part ,  
o f  the  anode tube with t h e  incoming f u e l ,  before  reaching the  ele,ctrode. 

The supposed number of c e l l s  n w a s  chosen as 10. A t  a c e l l  cur ren t  
i the H2 feed was evolved e l e c t r o l y t i c a l l y  a t  a c u r r e n t  10 i, and the  
a d d i t i o n a l  equal C02 f e e d  (02  f r e e )  by accura te  flow meter adjustment.. 
02  simultaneously was evolved and suppl ied e l e c t r o l y t i c a l l y  a t  a cur ren t  
10 h i ,  ,and mixed wi th  an equiva len t  flow of 10 A i  C02 ( t h e  double amount 
o f  CO2 s g a i n s t  02 when expressed i n  moles/second). Thus the  conversion 

A s t i l l  more convenient method involves  t h e  use of the  diagram of 

( 2 ) ,  t o  ob ta in  t h e  E value wi th  regard  t o  anodic gases.  The cathodic  i 
I The course of  the  t h e o r e t i c a l  EMF along t h e  pa th  P - Pe, i.'e. 

equal sur face  a rea ,  connected i n  s e r i e s .  The f u e l  is passed through t h i s  I I 

Since no p r a c t i c a l  b a t t e r y  w a s  a v a i l a b l e ,  r e l e v a n t  experiments were 

J 

* 
Compare Fig. 2,  O2 + C 0 2  e n t e r i n g  through a u x i l i a r y  i n l e t .  
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of the f u e l - c p u l d  be ad jus ted  q u i t e  accura te ly ,  by ammeter readings .  
The oxidant flow r a t e  w a s  held cons tan t ,  .a t  a l a r g e  excess ,  i n  order  
t o  keep t h e  cathode p o t e n t i a l  constant .  

The r e s u l t s ,  a t  cur ren t  d e n s i t i e s  of 62 mA/cm2 and 125 mA/cm2 a r e  
shown i n  Fig. 11. Since A A  = 0.1 and e.g., .at  t h e  entrance o f  c e l l  no. 
4, A = 0.3, the  vol tage reading o f  c e l l  4 has  been p l o t t e d  a t  A = 0.35. 
The ac tua l  vo l tages  observed ( f u l l  curves)  have a l s o  been cor rec ted  
f o r  i R  drop, x i e l d i n g  the  dashed curves.  It i s  seen t h a t :  

1 .  A t  125 mA/cm2 about 70% of  the  s tandard  f u e l  ( P  m Fig. 8) can be 
u t i l i s e d ,  or about 80% of t h e  corresponding optimal f u e l  (Po i n  
Fig.  8; a x i s  i n  Fig.  11 ) .  The p a r t i a l  p ressure  o f  t h e  remaining 
f u e l  a t  A = 0.7 i s  0.11 atm. 

2 .  A t  62  mA/cm2, 90% of t h e  s tandard  f u e l ,  or 93% of t h e  optimal f u e l  
can be u t i l i s e d .  The p a r t i a l  p ressure  o f  the  r e m a m u g  f u e l  a t  
A =  0.9 i s  0.034 atm. 

3. The d i f f e r e n c e  between t h e  t h e o r e t i c a l  E curve and the  dashed curves,  
t h a t  i s  the  p o l a r i z a t i o n ,  appears t o  decrease with i n c r e a s i n g  f u e l  
conversion, till c l o s e  t o  t h e  p o i n t  where t h e  cur ren t  d e n s i t y  be- 
comes t h e  l i m i t i n g  one. 

This r a t h e r  s u r p r i s i n g  phenomenon may be explained by t h e  already 
known f a c t  t h a t  n o t  the  f u e l ,  bu t  t h e  products  C02 and E20 a r e  r a t e  
c o n t r o l l i n g  (Sec. 3 ) ,  and t h z t t h e  o v e r a l l  r a t e  o f  gas f l o w  increases  
with increas ing  conversion (equat ion l a ) .  Probably the e f f e c t  o f  the  
increas ing  C02 and H20 p a r t i a l  p ressures  is  counteracted SO much by the 
increas ing  flow r a t e ,  t h a t  t h e  o v e r a l l  e f f e c t  i s  i n  favour  of a polar iza-  
t i o n  decrease. But f i n a l l y  the  mass t r a n s p o r t  of t h e  H2 + CO f u e l ,  now 
at  r a t h e r  low p a r t i a l  p ressure ,  t akes  over the r o l e  of the r e a c t i o n  
products,  and t o t a l  deple t ion  a t  t h e  e lec t rode  sur face  starts very soon 
t h e r e a f t e r .  

These observat ions c l e a r l y  show t h a t  t h e  a t t a i n a b l e  f u e l  u t i l i s a -  
t i o n  i s  a pronounced funct ion of the  cur ren t  densi ty .  I n  order  t o  u3e 
the  g r e a t e s t  p o s s i b l e  f r a c t i o n  of the f u e l  feed ,  the  c u r r e n t  d e n s i t y  i n  
the  " l a s t  c e l l s "  of the b a t t e r y  has  t o  be decreased by i n c r e a s i n g  t h e i r  
sur face  area.  P r a c t i c a l l y ,  t h i s  becomes a matter  of opt imising t h e  in-  
c reas ing  icvestment c o s t s  aga ins t  t h e  decreasing f u e l  costs .  I n  t h i s  
sense,  the p o s s i b i l i t y  of 90% f u e l  u t i l i s a t i o n  a t  ( a t  l e a s t )  about 
60 &/cia2 seems a r a t h e r  encouraging r e s u l t .  

** 
4.2. U t i l i s a t i o n  o f  O 2 S 2  

. The conversion a t  t h e  cathode i s  given by equat ion ( l c ) ,  Sec. 2.3. 
The experimsntal  measurement o f  t h e  terminal  vol tage a s  a funct ion 

of h i n  an imaginary 10 c e l l  s e r i e s  b a t t e r y  was c a r r i e d  out as  follows: 
1. a c e s s  f u e l  ( 1  112 + 1 COz) was used a t  t h e  anode (about 10% conver- 

s i o n ) .  

w a s  l e d  i n t o  t h e  cathode space of the  c e l l ,  toge ther  with:  

i n  volurne/sec. 

r a t e  f o r  = C. 

2. A t  c e l l  c u r r c n t  1, an e l e c t r o l y t i c a l l y  generated 02 feed,  10 ( 1 - A )  i ,  

3. A C02 feed  ( 0 2  f r e e )  of 10 ( 1 - A )  i, t h a t  i s  twice the  0 2  flow r a t a  

4. A N 2  feed  ( 0 2  f r e e )  h e l d  cons tan t  a t  4 t imes t h e  oxygPn volume flow 

-~ 

* A l s o  t o  A va lues  n o t  corresponding with i n t e g r a l  c e l l  numbers. 
** 

The experiments descr ibed here  and i n  Sec. 4.1 were c a r r i e d  o u t  wi t : ]  
one c e l l ,  with a Ag powder cathode and a " f i b e r  n icke l"  anode. The 
measurements l a s t e d  17 days i n  a l l .  
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The t h e o r e t i c a l  vol tage a s  a funct ion of  h wa6: computed e a s i l y  
from the Nernst Law (equat ion ( 2 ) ,  S e ~ . ~ 2 . 3 ) ,  u s i n g  ( I C )  t o  c a l c u l a t e  
pc(02) and pc(C02). The r e s u l t  a t  720 C ,  a r e  shown i n  Fig. 12,  f o r  
cu r ren t  d e n s i t i e s  o f  125 mA/Cm"and 62 mA/cm2. The dashed curves re-  
present  t h e  i R  f r e e  voltages.  I t  i s  seen t h a t :  
1. A t  125 mA/cm2, about 85% of  the  "oxidant" & 02 + CO;! can be u t i l i s e d .  

A t  t h i s  conversion, the  remaining p a r t i a l  p re s su res  a re :  
p(02) = 0.034 atm; p(C02) = 0.067 atm. 

2. S imi l a r ly  a t  62 mA/cm2, about 95% u t i l i s a t i o n  i s  possi l j le ;  
p(02) = 0.012 atm; p(C02) = 0.024 atm. 

3. By maintaining a s l i g h t  excess of 02 a t  $25 mA/cm, , corresponding 
with h (02)  = 0.80, and s tudying t h e  e f f e c t  of h(C02) 10.80 s o l e l y ,  
the do t t ed  curve was found. Thus with r ega rd  t o  C02 conversion, 
about 90% can be u t i l i s e d  a t  125 mA/cm2. 

t h i s  value,  about 93% 02 u t i l i s a t i o n  could be reached. It seems 
the re fo re  t h a t  i n  f a c t  C02 i s  l i m i t i n g  when the  s to i ch iomet r i ca l  
02/C02 r a t i o  is used, but  t h e  match is  r a t h e r  close and may f a l l  
within t h e  accuracy of the  C02 flow meter c a l i b r a t i o n .  

5 .  In c o n t r a s t  with Fig. 11,  i nc reas ing  conversion now b r ings  about 
s l i g h t l y  i n c r e a s i n g  p o l a r i z a t i o n ,  up till h 0.75. Since t h e  overa l l  
f l o w  r a t e  i n  t h i s  cathodic  case decreases  with inc reas ing  A , ' t h i s  
is the r e s u l t  t o  be expected. Nevertheless ,  t h e  p o l a r i z a t i o n  increase 
i s  enjoyably small .  

2 

4. Conversely, by keeping h(CO?),at  0.80 and inc reas ing  h(02) beyond 

. From a pure ly  t h e o r e t i c a l  s tandpoint ,  t h e  m a x i m u m  p o s s i b l e  02 de- 
p l e t i o n  from t h e  a i r  f eed  i s  n o t  very important,  though a g r e a t  excess 
o f  a i r  i s  d e f i n i t e l y  unwanted i n  connection with t h e  h e a t  balance o f  a 
b a t t e r y  system. 

t h e  (assumedly) complete combustion of a hydrocarbon CnH2n+2- 
The ove rd l l  anode r e a c t i o n  is: 

. 

A q u i t e  d i f f e r e n t  s i t u a t i o n  p e r t a i n s  t o  C02 deplet ion.  Considor 

CnHh+* + ( 3 n + 1 )  C 0 3 = - ( 4 n + l )  C02 + ( n + l )  H20 + ( 6 n +  2) e- (3)  

Now the ox ida t ion  products a r e  t o  be recycled t o  the  cathode, and nixed 
with a i r  i n  such an amount t h a t  a t  l e a s t  ( 3 n +  1 )  C03= can be formed and 
a lso  u t i l i s e d .  S ince  (4n + 1 )  C02 i s  a v a i l a b l e ,  i ts conversion degree 
should be at  l e a s t :  

Thus the  c a t h o d i c  conversion degree of C02 should be b e t t e r  than 80% 
f o r  methane f u e l ,  and still  b e t t e r  than 75% f o r  h ighe r  hydrocarbons 
( n  >> 1 ) .  The experiments depicted i n  Fig. 12 show t h a t  conversion 
degrees of t h i s  magnitude can indeed be a t t a i n e d  at  c u r r e n t  d e n s i t i e s  
up t o  125 mA/cm2. 

To t h e  knowledge of t h e  au tho r s ,  experiments of t h e  kind discussed 
he re  have no t  been r epor t ed  e a r l i e r .  Only Chambers and Tantram [I51 
repor t ed  d a t a  on A2 conversion percentages,  but  d i d  n e i t h e r  spec i fy  the  
cu r ren t  d e n s i t y  nor the  a c t u a l  terminal  vo l t ages  observed. 
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LOTU'G RUN TXPSRIMZNTS AT CONSTANT CURRZNT DENSITY (100 mA/cm21 

.:'In ea.rl'ie.r.wprk .[.$, ..[ 61 ,' it was n o t  p p s s i b l e  to ,  draw: qurrent :  d e n s i t i e s  
Of  t h e ,  orcler, 100 mA/cmL,,.for more. than  about ..1 ..week. Improvement of the,  e lec t ro-  
l y t e  - p a s t e  p r o p e r t i e s  e l iminated t h e  i n s t a b i l i t y '  e f f e c t s  at  c u r r e n t  den ' s i t i es  
3 : 2 5  mA/cn2 v i r t u a l l y  c,ompletely, so . t h a t  a,. Long run t e s t  a t  ,190 mA/cm2 could 
be cacr,ied.,out on a p a i r  of small ''twin . c e l l s "  0.f 1 ,c,m2.'surface area each. 

t o  t h e i r  feed r a t e s .  Both c e l l s  had "reinforced! '  .Clev i te  porous' n i c k e l .  anodes 
( i n i t i a l l y ,  70% p o r o s i t y ) ,  which were used ,without any pretreatment.  The 
cathodes'  were  s l l v e r  ' screens (0 .5 m m  "wires with -equal ly  l a r g e  spac ings)  ; c e l l s  
construcctec,  a s '  shown in. Fig: 1.L.' ' ' 

Fig.  13, upper s e c t i o n ,  shows the  ' r e s u l t s  over' a 4600 hours  per iod '  ( a f t e r  
which the me-asurements were terminated d e l i b e r a t e l y ) ,  i n  terms .of 1. terminal  
vol tages , ,  2. i R  f r e e  v o l t a e e s , ' 3 .  open c i r c u i t  vol tages .  T h e ' l a t t e r  were ob- 

It i s  seen tha t :  
1. The performances run r a t h e r  s i m i l a r l y ,  the  terminal  v o l t a g e s  decreas ing  

slowly from about 750 mV i n i t i a l l y  down t o  470 mV a t  4600 hours. 
2. The i R  f r e e  vol tages  become p r a c t i c a l l y  constant  a f t e r  2-e- months,, s o  that 

the e lec t rode  p o l a r i z a t i o n s  a l s o  become constant  a f t e r  t h a t  period. The . 
catho-dic polar i , za t ions  ( n p t  shown s e p a r a t e l y  from t h e  anodic.  ones). s t a b i l i s e  

' , . .  . . , I . . : : ,  . i ,*:<,. . . . 

, ..-St,andard .fuel and oxidant  were, used at  7OO0C,  . ,with .IO$ conversion r e l a t l v e  

. 

served only o'ccasionally;  s e e  ,points  i ,ndicated.  . .  

. to. .about p. my, the  anodic ones t o  about 150 mV. .. 
. 3 . . I n i t i a l l y  there  i s  an, increase  i n - p o l a r i z a t i o n ,  which has  t o  be ascr ibed  t o  

a l t e r a t i o n s  of : the porous N i  anodes. ( S i n t e r i n g  e f f e c t s ,  compare Figs.  3a- 
3b, Sec. 2.2). With r e s p e c t  t8  t h e s e  a l t e r a t i o n s ,  "ageing" o f  t h e  e lec t rodes  
by a hea t  pretreatment  a t  800 C ,  i n  reducing atmosphere, i s  r a t h e r  favou- 
able .  

4. The open c i r c u i t  vo l tages  ( i n i t i a l l y  too high)  a t t a i n  t h e  c a l c u l a t e d  value 
980 mV within about 2 xeeks, up till the  end o f  t h e  t e s t .  This i n d i c a t e s  
t h a t  the  c e l l s  were s t i l l  g a s t i g h t  a f t e r  6 months. 

- 

Analysis  of  the e l e c t r o l y t e  p e l l e t s  revealed t h a t  about 50 mole $ of  the 
i n i t i a l  carbonate conten t  was l o s t  a f t e r  t h e  6 months period. In  Fig. 13, 
lower s e c t i o n ,  the  conduct iv i ty  o f  c e l l  3 ( c e l l  2 g ives  s i m i l a r  r e s u l t s )  has  
been p l o t t e d  a s  a func t ion  of the  o p e r a t i n g  time. It i s  seen t h a t ,  roughly 
speaking, the  decrease of t h e  conduct iv i ty  i s  propor t iona l  with time, and t h a t  
from 500 t o  4500 hours a 50% decrease has  occurred. This sugges ts  t h a t  t h e  only 
cause of t h e  performance decrease,  a f t e r  t h e  " s t a b i l i s i n g  per iod" of t h e  anode, 
i s  due t o  s l o w  vapor i sa t ion  of the carbonate  melt. 

vapor i sa t ion .  In  the condi t ions  o f  t h e  experiment, however, c reeping  of  the  
Li-Ba-I: carbonate melt comes t o  a s t o p  a t  t h e  cold p a r t s  of t h e  alumina tubes,  
within one o r  two days. Moreover, i t  i s  very unl ike ly  t h a t  l o s s e s  through 
creepage would a l t e r  t h e  r a t i o  of L i  t o  Na t o  K. 

t h a t  t h e  mentioned r a t i o  had changed considerably.  I n i t i a l l y  t h e  a l k a l i  atom 
f r a c t i o n s  were I 0.37 L i ,  0.39 Na, 0.24 K, 
whereas a f t e r  6 months they were : 0.47 L i ,  0.36 Na, 0.17 K. 

Thus the  r a t e  of K evaporat ion i s  t h e  l a r g e s t ,  t h a t  o f  L i  the  smal les t  
one. Though the r e l a t i v e  order  of a l k a l i  carbonate s t a b i l i t y  is j u s t  t h e  reverse  
with regard  t o  C02 vapour pressure  
present  experiments a r e l a t i v e l y  l a r g e  C02 p a r t i a l  p ressure  was maintained 611 
the  t i m e  on both s i d e s  of the e l e c t r o l y t e  p e l l e t .  
( A  blank experiment with a l i q u i d  Li-Na-K carbonate mixture under C02 of 1 atm 
a t  7C0°C, us ing  a "cold f inger"  to  condense the vapours,  y i e l d e d  q u a l i t a t i v e l y  
s i m i l a r  r e s u l t s .  I t  took severa l  weeks t o  c o l l e c t  a small q u a n t i t y  of condensed 
vapour. ) 

In  p r i n c i p l e ,  carbonate  l o s s e s  may occur by "creeping" 'as  well as by 

me chemical a n a l y s i s  of the  used e l e c t r o l y t e  p e l l e t s ,  however, proved 

[l 3, it should be kept  i n  mind t h a t  i n  the  

5.  

1 

h 
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3n t h e  b a s i s  of t h e  t o t a l  amount of f u e l  and oxidant gases  passed over 
t h e  e l e c t r o l y t e  p e l l e t s  i n  t h e  test per iod,  it can be c a l c u l a t e d  t h a t  1 mole 
of COj was l o s t  p e r  ( a b o u t )  105 moles of f u e l ,  a i r  and COP. Thus the  vaporisa- 
t i o n  r a t e  i s  q u i t e  small. 

melt i n  very s m a l l  q u a n t i t i e e  would r e s u l t  in a p r a c t i c a l l y  constant  perfor-  
mance over a pe r iod  o f  s e v e r a l  t imes the  one observed h e r e ,  t h a t  i s  i n  t h e  
ordor o f  a t  l e a s t  a few years .  

a t t a i n a b l e  gas  u t i l i s a t i o n  and l i f e  of the  e s s e n t i a l  c e l l  components, t h e  
p rospec t s  of the  high temperature  fused carbonate  c e l l  a r e  far more favour- 
ab le  than thought h i t h e r t o .  

b a t t e r i e s  i s  t e c h n i c a l l y ,  and if so,  a l s o  economically f e a s i b l e .  The authors  
f u l l y  apprec i a t e  t h a t  t h i s  s t i l l  a l ong  wqy t o  go. 

Th i s  i n  t u r n  w o u l d  mean t h a t  a (more or l e s e )  continuous supply o f  f resh 

I n  conclusion, I t  ma,y be s t a t e d  t h a t  with sega rd  t o  power output ,  

Only work on a l a r g e r  s c a l e  can' show whether t h e  cons t ruc t ion  of  
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fuel in----! ;,.-,.flue gas out 

anode terminal . 

A12 03 pressing tube 

reference PI wire 
film bridge t o  pastel 
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+ 

-2 S i m p l i f i e d  v e r s i o n  
of t h e  c e l l  cf. Fig.1. 

E l e c t r o l y t i c  b r i d g e  from 
r e f e r e n c e  wire  t o  p a s t e  disc 
f ormet? spontaneous lg  by Cree-. 
p i n g  of t h e  molten sal t .  .. 

Fig .3a  Porous N i  e l e c t r o d e  
(Mond Nickel '  Co . ) b e f o r e  use. 
Magni f ica t ion  125x ,be fo re  f i n a l  
$ rep roduc t ion .  

Fig.3b The same m a t e r i a l  
a f t e r  625 hours  of cont inuous  
anodic  o p e r a t i o n  a t  100 mA/cm: 
700 ' C  . 
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Fig. 4a. 
Determination o f  i R  
drop and e l e c t r o d e  Fola- 
r i z a t i o n  by means of 
fast  c u r r e n t  i n t e r r u p t i o n  
( ( 2  p s e c  1. 
Linea r  t ime s c a l e .  

Fig.4b. 

Cathodic and anod ic  po- 
t e n t i a l  t r a n s i e n t s  c f .  
Fig.42, bu t  p l o t t e d  on 
a tT time s c a l e .  

1 

Ag cathode 
0-0- 

L /==-.ao 

20% 02 conversion 
1 +200 - p w - o - -  
I 

Fig.5. Sieady s t a t e  (iR f r e e )  p o t e n t i a l s  and i R  drop of  a cell 
cf. Fig.2,  a s  functions of t h e  c u r r e n t  density. Cathode : 
Ag - powder,  anode : " f i b e r  n i c k e l t t .  x-x-x : 3rd day o f  oper-  
a t i o n ;  0-0-0-0 :18th day of ope ra t ion .  
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Fir.65, Terminal v o l t a r e  vs. c u r r e n t  densit:r c h a r a c t e r i s t i c s  
of t h e  c e l l  cf. FiT.Ga, over  a 4 wee,.: pe r iod .  
No i R  drop c o r r e c t  i o n s ,  ex'eyt upper curve (dashed) .  

Fip;.7. A.C.impedance v e c t o r  diacram (Argand diagram) o f  a 
n i c k e l  brush e l e c t r o d e , s i m u l a t i n g  an i d e a l l y  homoporous 
system. 0-0-0 : p o i n t s  observed; x-x-x : impedances 
c o r r e c t e d  f o r  i n f l u e n c e  of double l a y e r  capac i ty .  
Drawn s t r a i g h t  l i n e  : t h e o r e t i c a l  p r e d i c t i o n  f o r  pure  
d i f f u s i o n  control; 22+*slope, lZl a f ' / o -  cons t an t .  
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H 

Fig.2. C-H-0 t r i a n g u l a r  d i a g r m , r e p r e s e n t i n G  a t  1000°K and 
1 atm : 1) Carbon d e p o s i t i o n  boundary (CDB) ; 
2)  Equi l ibr ium p a r t i a l  p r e s s u r e  " i s o b a r s "  of CH (dashed) ; 
3 )  Oxidat ion p a t h  PPe of t h e  s tandard  f u e l  P , 'reacting 

1 .  with C O T  i o n s  ; 4) Optimal f u e l  composition Po t h a t  may 
\\ be oxid ised  alone: t h e  same path. 

P corresponds with 32% o x i d a t i o n  of Po 

I 

Cdb curve md aopothlld curve 
AE.carutont 01 mQK.latm 

> 
\ W0n.n arbant* c d  

Fig.9. C-H-0 aiaqrarn w i t h  CDE and curves  o f  c o n s t a n t  EMF with 
regard  t o  f u e l  cornposi t ion,for  molten carbonate  c e l l s  a t  
1000'K , 1 s t m .  

c f .  Eq.(2). 
a a E ( a n c d i c )  can be r e a d  d i r e c t l y  from t h e  diagram,in mV. 

' E ( c e l l ) =  Eo(H2)+ AE(anodic)+ bE( ca th .  ) ; 
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_-__ Fir.10. D e t e m i n a t i o n  of f u e l  utilj z a t i o n  i n  an imocinary 
10 c e l l  s e r i e s  b a t t e r y , b y  means o f  a s i n s l e  c e l l .  
El :E2 e l e c t r o l y z e r ;  E2: O2 e l e c t r o l y z e r ;  F and F2: 
c02 f lowmeters  wi th  r ecy la t inm v a l v e s  R1 and R2 ; 

1 

G : Talvanos ta t .  C e l l  cf. Fig.2.  I 
I 

H 2 * C 0 2 + A C O 3 ' 4 ( 1 - A l  H 2 + ( l + A I C O 2 * A  H 2 0  
entrance n r  1 A x 0  , n r 2  A . 0 1 .  e t c  

I '  I I 
1. 

2 1 3  i 4 j 5 j 6 1 7 i 8 j 9 1 1 0 I m V  
I I I I I I I .--- I 

mV 
.I^^ 

l u u u d  .Theoretical E (1000. K I  
t lUUU 

6001 e 

'"I 
o ai 0.2 0.3 0.4 . 3 A 0.6 0.7 0.8 0.9 1 

I1 

1, 

032 01 0.5 a6 --x,a7 OB 09 1 

R e s u l t s  o f  f u e l  u t i l i z a t i o n  experiments  a t  62 mA/cma 
and 125 r A / c m l .  X i s  t h e  conversion degree  r e l a t i v e  
t o  p o i n t  P i n  Fig.8, h e s i m i l a r l y  t o  p o i n t  Po i n  Fig.8. 
Anode: " f i b e r  n i c k e l " ,  cathode:  Ag sc reen .  T=720°C. 
T h e o r e t i c a l  E based upon equ i l ib r ium composi t ion of  
t h e  f u e l  mix tu re ;  der ived  from Fig.9 and EqS.(lc)& ( 2 ) .  

Fig.11. 
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2 N2+402 *C02 +2  Ae--2 N2 + (1-A)02 +(l -A 1 C02+  A CO; 

n r l  A.0 nr2 As01 . e t c  (at e n t r o n c e )  
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mV 1 ~ 2 ( 3 [ 4 1 5 ( 6 1 7 ~ 8 ( 9 ~ 1 0  m V '  
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Fig.12. R e s u l t s  o f  oxidant  u t i l i z a t i o n  experiments.  
P o i n t s  i n d i c a t e d :  equal  conversion degrees  o f  O2 and Co2. 
Dot c u r v e : X ( 0 2 )  h e l d  a t  0.8 ,x(cO ),0.8 . 
( S i m i l a r l y  f o r  t h e  t h e o r e t i c a l  E cugve.) 

' "1 300 
Febr 2a  

open 
circuit  

iR f r e e  
voltage 

terminol 
voltage 

Seot .6 I 

May 1 June 1 July I August 1 
0 500 1000 . 1500 2000 2500 3000 3500 4000 4500 hours 

500 2500 -c time(hours) 4000 

Fig.13. Lon? run +6 months) output  v o l t a g e s  of twin  c e l l s  
2 (x-x-x) and 3 (0-0-0) a t  7QO"C and 100 mA/crn:continu- 
ous ly .  Fue l :  1H + 1 CO , 10% conversion;  ox idant :  
2.5 a i r  +'1 GO ,210$ con4ersion.  Anode: "Clevite 
n i c k e l " ;  cathoge:  A T  screen.  
Lower s e c t i o n :  dec-ease o f  c e l l  conductance i n  t h e  same 
per iod .  



-212- 

! 
HYDROCARBON-AIR FUEL C E L L S  EMPLOYING SLURRIED MOLTEN 

\ 

CARBONATE ELECTROLYTES 1 
I s a a c  T r a c h t e n b e r g  

T e x a s  I n s t r u m e n t s  Inco rpora t ed ,  P. 0. Box 5936 
Da l l a s ,  T e x a s  75222 

F u e l  c e l l s  employing m i x t u r e s  of m o l t e n  a lka l i  c a r b o n a t e s  a s  t he  e l ec t ro ly t e  have  bee? 
d e s c r i b e d .  
c e r a m i c  i m p r e g n a t e d  wi th  the  e l ec t ro ly t e ,  a p a s t e  m a t r ~ x ~ - ~  cons is t ing  of 
a m i x t u r e  of f ine  c e r a m i c  p a r t i c l e s  and  the  e l ec t ro ly t e  tha t  i s  p r e f o r m e d ,  and a f r e e  
e l ec t ro ly t e7 '  In the  f i r s t  two groups ,  t h e  c e r a m i c - e l e c t r o l y t e  body 
is the  s t r u c t u r a l  m e m b e r  a n d  s u p p o r t s  not only i t se l f  but a l so  the  e l ec t rodes .  In the 
i r e e  e l ec t ro ly t e  c e l l s ,  the  e l e c t r o d e s  a r e  t h e  s t r u c t u r a l  m e m b e r s  and  m u s t  to a g rea t  
ex ten t  conta in  the  v e r y  d i f f icu l t  t o  handle  e l ec t ro ly t e .  
d e s c r i b e d  h e r e  t a k e s  advan tage  of the  b e s t  of the  c e l l s  men t ioned  above. T h e r e  i s  no 
n e e d  f o r  a p r e - s i n t e r e d  or  p r e f o r m e d  c e r a m i c - e l e c t r o l y t e  body. T h e  e l e c t r o d e s  a r e  
the  s t r u c t u r a l  m e m b e r s .  
t a in  the  e l ec t ro ly t e .  
s t r e n g t h .  

T h e s e  c e l l s  c a n  b e  d iv ided  in to  t h r e e  groups: t hose  that employ a fixed 

with no m a t r i x .  

T h e  s l u r r i e d  e l ec t ro ly t e  ce l l  ' 

T h e  c e r a m i c  p a r t i c l e s  s e r v e  as  a s e p a r a t o r  and he lp  con- 
T h e  e l e c t r o l y t e - c e r a m i c  s l u r r y  h a s  no r e q u i r e m e n t  f o r  structui-91 

/i C e l l  Desc r ip t ion  

F i g u r e  1 i s  a photograph of a n  a c t u a l  t e s t  c e l l  b e f o r e  opera t ion .  
two c e l l s  connec ted  e l e c t r i c a l l y  i n  p a r a l l e l  and  is r e f e r r e d  t o  a s  a 1 x 2 unit. 
g a s  supply  flows be tween  t h e  two anodes .  
wh ich  conta ins  t h e  ca thode  g a s  supply.  
and  the  anodes  t o  the  r e a r  plenum. 
b a r ,  and  c e l l  vo l tage  i s  m e a s u r e d  between t h e  l e a d s  coming f.rom the  top  of t he  front 
and  r e a r  plenums.  
c e r a m i c  e l ec t ro ly t e  reservoir cup. 
s u c h  e l e c t r o d e s  i n  p a r a l l e l ,  t h e r e  i s  a to ta l  g e o m e t r i c  e l e c t r o d e  a r e a  of 8 sq. i n . ,  or  
51.  6 sq. c m ,  of e a c h  e l e c t r o d e  (anode  and ca thode)  in  t h e s e  units.  

T h i s  unit  cons i s t s  o f -  
The fue l  

T h e  ca thodes  a r e  connec ted  to  the  f ron t  plenum 
T h e  unit  i s  p l aced  in  a fu rnace  c h a m b e r  

. , 
T h e  fue l  g a s  plumbing i s  u s e d  f o r  the c u r r e n t  bus.' 

' 

A s i l v e r  w i r e  u s e d  a s  a t h i r d  idling e l e c t r o d e  is p laced  in  the  
E a c h  e l e c t r o d e  is 1 in. x 4 in. S ince  t h e r e  a r e  t y o  

F i g u r e  1 shows oniy (i 
I 4 

/ 

one  of t he  two working ca thodes .  

-4 cutaway pe r spec t ive  of t h e  unit  is shown in Fig .  2. 
connec ted  toge the r  a t  t h e  p l enum but  a l s o  have a c o r r u g a t e d  n icke l  s c r e e n  welded 
between them to y ie ld  a s t r o n g e r  s t r u c t u r e ,  p rovide  b e t t e r  d i s t r ibu t ion  of the  g a s e s ,  
and to s e r v e  a s  a s e c o n d a r y  e l ec t rode .  In t h e  e x p e r i m e n t s  d e s c r i b e d  h e r e  magnes i a  
p a r t i c l e s  a r e  used  t o  f o r m  t h e  e l ec t ro ly t e  s l u r r y .  When the  unit is a s s e m b l e d ,  d r y  
M g O  of s e l ec t ed  p a r t i c l e  s i z e  (depending on the  e l e c t r o d e  s t r u c t u r e )  is p laced  between7 
the  work ing  ca thodes  a n d  anodes .  , A mix tu re ' o f  50 m o l  70 L i 2 C 0 3  and  50 m o l  70 
NaZC03  i s  p r e p a r e d ,  f u s e d ,  b r o k e n  into p i eces  about 2 t o  1 0 - m e s h ,  and p laced  in  the 
e l e c t r o l y t e  r e s e r v o i r  cup .  
ope ra t ing  t e m p e r a t u r e .  
c a p i l l a r y  ac t ion  up  t h e  MgO-fi l led a lumina  f eed  tubes  and into t h e  MgO p a r t i c l e s  
between the  working anodes  and  ca thodes .  
the  addi t iona l  e l ec t ro ly t e  i n  t h e  r e s e r v o i r  c u p  m e r e l y  r e m a i n s  t h e r e  until  i t  is needed 
to r e p l a c e  any  e l ec t ro ly t e  w h i c h  m a y  evapora t e  f r o m  the s l u r r y .  
unit  p e r m i t s  v e r y  e a s y  and r ap id  addi t ion  of e l ec t ro ly t e  t o  the  unit when  i t  is ope ra t ed  
cont inuous ly  f o r  ex tended  t i m e  in t e rva l s .  

T h e  p r i m a r y  anodes  a r e  not only 
J 

T h e  e n t i r e  a s s e m b l y  i s  p l aced  in a f u r n a c e  and r a i s e d  to 
At about  5OO0C the e l ec t ro ly t e  begins  to m e l t  and i s  drawn by 

Once the  e l ec t ro ly t e  h a s  sa tu ra t ed  the  LIgo,  

T h i s  f ea tu re  of the 
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E x p e r i m e n t a l  

f l  The  following d i scuss ion  wi l l  pe r t a in  t o  the  p e r f o r m a n c e  of s e v e r a l  of the  1 x 2 units 
i n  which the  s t r u c t u r e  of t he  e l e c t r o d e s  w a s  changed. 

I suppl ies  w e r e  held cons tan t .  The  fue l  g a s  supply  w a s  a s imula t ed  n a t u r a l  g a s  (CH4) 
r e f o r m a t e  cons is t ing  of approx ima te ly  8070 w e t  H2 and  2070 C 0 2 .  
wl th  the  s imula ted  n a t u r a l  g a s  r e f o r m a t e  h a s  shown tha t  t h i s  m i x t u r e  is w a t e r - g a s  
sh i f ted  in  the  s t ee l  plumbing to a n e a r l y  equ i l ib r ium (>90%)  m i x t u r e  of H2 ,  HZO, 
CO2, and CO a t  t he  ope ra t ing  t e m p e r a t u r e  of t h e  ce l l .  
the  f u r n a c e  c h a m b e r  w a s  80% a i r  and 2070 C 0 2 .  

In t h e s e  e x p e r i m e n t s  the  gas  

P r e v i o u s  expe r i ence  

The  ca thode  g a s  suppl ied  to 

The  c e l l s  w e r e u n d e r  s o m e  load f o r  m o r e  than  9570 of t h e , r e p o r t e d  ope ra t ing  life. 
Opera t ion  of a l l  the  c e l l s  d e s c r i b e d  w a s  voluntar i ly  t e r m i n a t e d  f o r  pos tope ra t ive  
examinat ion  while the c e l l s  w e r e  s t i l l  pe r fo rming  a t  a n  accep tab le  l eve l  (>20 wat t s / f t2 ) .  

T h e  da ta  p re sen ted  h e r e  w e r e  obtained from cur ren t -vo l t age  (E-I) c u r v e s  r e c o r d e d  
daily except  f o r  s o m e  of the  week  ends .  T h e s e  t r a c e s  w e r e  obta ined  f r o m  the  working 
ca thode  1 ;e rsus  the  working anode and f r o m  the  anode  and ca thode  individually v e r s u s  

\, ,the t h i r d  idling e l ec t rode .  The  l a t t e r  c u r v e s  w e r e  r e c o r d e d  to  d e t e r m i n e  to ta l  po lar i -  
zation of t:he individual e l ec t rodes .  
Variplott .er  o r  a Var i an  F80 X - Y  r e c o r d e r .  

T r a c e s  w e r e  obtained us ing  e i t h e r  an E A 1  1110 . 

C u r r e n t  i n t e r rup t ion  s tud ie s  s i m i l a r  to those  p rev ious ly  r epor t ed '  ' 
n1atri.s c e l l s  w e r e  pe r fo rmed .  T h e s e  s tud ie s  continued to show tha t  the to ta l  po la r i -  
zation i s  composed of two componen t s ,  ohmic  and  concen t r a t ion  polar iza t ion .  These  \ i n t e r r u p t e r  s tud ies  a l so  ve r i f i ed  the  1000 cyc le  r e s i s t a n c e  m e a s u r e m e n t s  of the  total 

f o r  s i n t e r e d  

I i n t e rna l  ce l l  r e s i s t a n c e  and d e t e r m i n e d  the  ind iv idua l  anode and  ca thode  ohmic  r e -  
s i s t ances .  

B P c r f o r m a n c e  and polar iza t ion  da ta  a s  a function of ope ra t ing  t i m e  w e r e  p re sen ted  to a 
7040 c o m p u t e r  to d e t e r m i n e  the  b e s t  l e a s t  m e a n  s q u a r e  s t r a i g h t  l i ne ,  t h e  s t a n d a r d  
e r r o r  of the  da ta  poin ts ,  and the  s t anda rd  e r r o r  of t he  s lope  of the  l e a s t  m e a n s  squa re  
l ine.  The ce l l  da ta  t r e a t e d  in th i s  m a n n e r  inc lude  power dens i ty  i n  w a t t s / f t 2  a t  a 
iixed t e r m i n a l  voltage,  open c i r c u i t  vo l tage ,  t o t a l  anode  po la r i za t ion ,  and  to ta l  cathode 

4 

' ' 
'\ polar iza t ion .  

! 

Tota l  anode  and ca thode  polar iza t ion  a r e  def ined  a s  t h e  d i f f e rence  
\ bet\veen the  potential  v e r s u s  the  t h i r d  idling e l e c t r o d e  a t  open  c i r c u i t  vo l tage  and  tha t ,  
"t the  given c u r r e n t  dens i ty .  T h e s e  da t a  a r e  d i s c u s s e d  in  de t a i l  i n  the  following sec t ion .  

D i scuss ion  of Resu l t s  

F i g u r e  3 shows t \vo  power v e r s u s  h o u r s  of ope ra t ion  c u r v e s  f o r  1 x 2 unit  #47-47. 
Th i s  ce l l  w a s  ope ra t ed  a t  6OO0C f o r  1100 h o u r s  be fo re  i t s  ope ra t ion  w a s  t e rmina ted  
voluntar j ly .  
plated 1 2 0 - m e s h  s t a in l e s s  :steel ca thodes .  A secondary  ca thode  of t he  s a m e  s i l v e r -  
plzited m a t e r i a l  w a s  a l s o  used  on  the cathode. ( T h i s  s econdary  ca thode  c a n  be s e e n  
on  t h e  ca thodc i  in Fig.  10 . )  T h e  MgO w a s  s i z e d  s o  that  i t  could be  conta ined  i n  the 
ic rcen . - ,  (7  120-mcsh) .  
sc.ntati\.e of a l l  of the points. The  solid l i n e s  a r e  the  b e s t  l e a s t  m e a n  s q u a r e  l i ne  at  
the t \ v o  ce l l  t e r m i n a l  vo l tages  of  0. 5 .and 0. 7 volt  respec t ive ly .  
indi';ites th,c s t anda rd  deviation of the points f r o m  the  l ine.  
0. j \.olt' >bows a sl ight i n c r e a s e  in  p o w e r  and tha t  a t  0. 7 volt  exhib i t s  a sl ight de -  
~ . : - ~ i s ; e  ~n pov'cr ;is a function of h o u r s  of ope ra t ion ;  ne i the r  obse rva t ion  is  s ta t i s t ica l ly  
,;ipniiic.;,nt. 

1 
' 
i\ 

It conta ins  1 2 0 - m e s h  N i  s c r e e n  p r i m a r y  and secondary  anodes  and  s i l v e r -  

\ 
\ 
18 
''\ 

The  data points shown w e r e  se l ec t ed  r andomly  and  a r e  r e p r e -  

T h e  dashed  l i ne  
Although t h e  l ine a t  

\ 

' 
' 

'I, T;,bl( .  I t h c  end of th i s  sec t ion) .  S i m i l a r  t r e a t m e n t s  of t he  open c i r c u i t  vo l tage ,  
Thc- c r r o r s  in both s lopes  a r e  g r e a t e r  than the  s lopes  t h e m s e l v e s  ( see  

1 
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anode  and  cathode po la r i za t ion  a t  c u r r e n t  d e n s i t i e s  u p  t o  75 m n / c m 2  also exhibit  
no s igni f icant  s lopes .  

F r o m  t h e s e  data i t  i s  conc luded  tha t  within t h e  l i m i t s  of reproducib i l i ty  of c e l l  pe r -  
f o r m a n c e  f r o m  day to day  t h e r e  w a s  e s sen t i a l ly  n o  .change i n  per ior r r iance  f o r  1100 
h o u r s  of opera t ion .  

Ce l l  #47-53 w a s  a n o t h e r  1 x 2 unit  o p e r a t e d  a t  60OoC. 
m a d e  by s in te r ing  p r e s i e v e d ,  highly ac t ive  n i cke l  p a r t i c l e s  onto 1 20 -mesh  n icke l  
s c r e e n .  
s i n t e r e d  p res i eved  s i l v e r  p a r t i c l e s  o n  1 2 0 - m e s h  s i lve r -p l a t ed  s t a i n l e s s  s t e e l  s c reen .  
T h e  MgO w a s  s i zed  to  be conta ined  b y  t h e  e l e c t r o d e s .  F i g u r e  4 i l l u s t r a t e s  the power 
a t  0. 5 volt  a s  a function of h o u r s  of opera t ion .  C e l l  ope ra t ion  w a s  voluntarily t e r m i -  
na t ed  a f t e r  828 hours .  
tw ice  tha t  of the  p reced ing  unit .  P o w e r  dens i ty  r e m a i n e d  42  to 48 wa t t s / f t2  f o r  m o r e  
than  400 h o u r s  of cont inuous  opera t ion .  
400 h o u r s  of opera t ion  and  cont inued  to about 500 h o u r s ,  when i t  l eve led  out f o r  the 
next 200 h o u r s  be fo re  r e s u m i n g  a s l o w e r  r a t e  of dec l ine  unt i l  ope ra t ion  w a s  volun- 
t a r i l y  t e rmina ted .  

F i g u r e  5 i l l u s t r a t e s  t he  e f f ec t s  o n  t h e  open c i r c u i t  vo l tage  and the  to ta l  po lar iza t ion  
of both the ,anode  and  ca thode  at 75 m a / c r n 2 .  
c a u s e  of dec l ine  i n  power output  of t he  ce l l  w a s  i n c r e a s e d  po la r i za t ion  of the cathode. 

I t  conta ined  p r i m a r y  anodes 
. 

The  ca thode  cons i s t ed  of No  secondary  e l e c t r o d e s  w e r e  used  i n  t h i s  unit. 

Not ice  tha t  t he  in i t ia l  power  dens i ty  of 50 w a t t s / f t Z  i s  about 

The  dec l ine  in  p e r f o r m a n c e  s t a r t e d  j u s t  a f t e r  

According to t h e s e  da t a ,  t he  m a j o r  

T h e r e  w a s  e s sen t i a l ly -no  change  in  the  open c i r c u i t  vo l tage  du r ing  the  entire opera t ion .  
However ,  po lar iza t ion  on  both e l e c t r o d e s  did i n c r e a s e .  
exhib i t s  a d i s t inc t  i n c r e a s e  i n  po la r i za t ion  s t a r t i n g  j u s t  a f t e r  400 h o u r s  and continuing 
to 'about 500 hours .  
a t  bes t  i t  exhib i ted 'a  s l igh t  d e c r e a s e  in polar iza t ion .  However ,  t h e  net r e s u l t  was  a ' 

d e c r e a s e  i n  power output. 

Pos t0pera t ix .e  
undergone additional s i n t e r i n g  s o m e t i m e  dur ing  t h e i r  ope ra t ing  life wi th  a n  accompany- 

Again notice tha t  the  cathode 

I: 
i T h e  anode  a t  t he  s a m e  t i m e  r e m a i n e d  a t  w o r s t  unchanged, and 

exainination of t h i s  c e l l  showed tha t  t h e  s i n t e r e d  s i l v e r  ca thodes  had 

ing d e c r e a s e  in s u r f a c e  a r e a .  
p a r t i c l e s  actually m e l t e d  in  s p o t s .  
tha t  a r e l a y  on the f u r n a c e  t e m p e r a t u r e  c o n t r o l l e r  s tuck ,  caus ing  overhea t ing  so that 
the  e l e c t r o d e  continued t o  s i n t e r .  
n i cke l  anodes ,  but t h e s e  e l e c t r o d e s  r e t a ined  m o s t  of t h e i r  o r ig ina l  porosity.  

T h e  e l ec t rode  a p p e a r e d  to b e  comple te ly  c losed  and the  
Li t t le  o r  no po ros i ty  r ema ined .  I t  is poss ib le  

S o m e  addi t iona l  s in t e r ing  w a s  a l s o  obse rved  on the 

F i g u r e  6 i l l u s t r a t e s  the  p o w e r  a t  0. 5 volt v e r s u s - h o u r s  of ope ra t ion  for c e l l  #47-140. 
Th i s  ce l l  contained 1 2 0 - m e s h  n i cke l  s c r e e n  p r i m a r y  anodes  and  5 0 - m e s h  n icke l  
s c r e e n  secondary anodes .  T h e  ca thodes  w e r e  s i l ve r -p l a t ed  1 2 0 - m e s h  s t a i n l e s s  s tee l  
z c r e e n s .  T h e  plating w a s  h e a v i e r  t han  tha t  u s e d  i n  c e l l  #47-47. 

2 
F r o m  100 to 500 h o u r s  of o p e r a t i o n  power output w a s  a t  a l eve l  of 35 to 40 w a t t s / f t  . 
Then  it i t a r t e d  to dec l ine ,  r each ing  22 w a t t s / f t 2  a t  1100 hours .  T h e  c e l l  w a s  t e r m i -  
na ted  \ oluntar i ly  a f t e r  11 17 h o u r s  of opera t ion .  

The  l e a s t  m e a n  s q u a r e  r e s u l t s  a r e  p re sen ted  i n  F ig .  7 and Tab le  I f o r  open c i r cu i t  
voltage and polar iza t ion  at 5 0  m a / c m 2  f o r  both anode and  ca thode  a s  a function of 
h o u r s  of opera t ion .  T h e  o r d e r  of cont r ibu t ion  t o  the  dec l ine  in power output of th i s  
unit a r e  open c i r cu i t  vo l tage  ..* ca thode  po la r i za t ion ,  . * anode  polar iza t ion .  Anode 
polarizati ,on,  however,  w a s  h ighe r  f r o m  the  s t a r t  than is usua l ly  obse rved .  T h i s  i s  
a t t r i bu ted  to the  u s e  of t h e  5 0 - m e s h  nickel s c r e e n  secondary  e l ec t rode .  
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Examinat ion of t he  e l e c t r o d e s  a f t e r  t e rmina t ion  showed tha t  t he  p r i m a r y  anode w a s  
flooded wi th  e l ec t ro ly t e  and  had undergone apprec iab le  oxidation. T,his oxidation i s  
cons ide red  the c a u s e  f o r  t he  d e c r e a s e d  open  c i r c u i t  vo l tage ,  but is  d i f f icu l t  t o  s ay  
wh ich  p r o c e s s  o c c u r r e d  f i r s t .  P r e v i o u s  e x p e r i e n c e  wi th  n icke l  anodes ,  however,  h a s  
shown tha t  nickel tends  .not t o  we t  e a s i l y  whi le  n i cke l  oxide does .  
l o s s  of ac t ive  ( fo r  the  fue l  c e l l  r eac t ion )  a r e a  m a y  also account  for t h e  i n c r e a s e  i n  
anode  polar iza t ion .  

T h e  accompanying 

S e v e r a l  t i m e s  dur ing  t h e  ope ra t ing  l ife of th i s  c e l l  a small f i r e  w a s  o b s e r v e d  on  one  
of t h e  ca thodes .  Although the  
f i r e  did not c a u s e  the c e l l  t o  fa i l ,  i t  did r e m o v e  t h e  s i l v e r  plating in  i t s  vicinity.  T h e  
r cd i s t r ibu t ion  of s i l v e r  r e su l t ed  in  a l o s s  of ac t ive  ca thode  s u r f a c e  a r e a ,  which could 
e a s i l y  account  f o r  the  i n c r e a s e  i n  ca thode  polar iza t ion .  Pos tope ra t ive  examinat ion  
of t h e s e  e l e c t r o d e s  conf i rmed  the  s i l v e r  r ed i s t r ibu t ion .  In many  p l a c e s  the  s t a in l e s s  
s t e e l  s c r e e n  w a s  exposed to  the  e lec t ro ly te .  

T h i s  f i r e  w a s  t h e  r e s u l t  of fuel r.eaching the  cathode. 

S i l \ . e r  mig ra t ion  o n  the  e l e c t r o d e s  and solubili ty in  the  e l ec t ro ly t e  c a n  b e  s e r i o u s  
p rob lems  in  any m o l t e n  ca rbona te  fuel ce l l .  
t h e r m a l  and concent ra t ion  g rad ien t s  along the  e l ec t rode .  T h e s e  g r a d i e n t s  c a n  be  
min imizcd  by good hea t  managemen t  and g a s  d is t r ibu t ion .  The  so lubi l i ty  a s p e c t s  
a r c  a l i t t l e  m o r e  compl ica ted .  
e l e c t r o d e  than the  amount  r e q u i r e d  f o r  good ca thodes .  Second, a n d  more impor t an t ,  
the  solubili ty of s i l v e r  c a n  l ead  t o  dendr i t e  fo rma t ion ,  wh ich  c a n  c a u s e  an e l ec t ron ic  
s h o r t  and subsequent  f a i l u r e  of t he  ce l l .  
h a s  a n  ad\.antage o v e r  t he  o t h e r  fixed m a t r i x  s y s t e m s .  3 j  

a mechan ica l  suppor t  f o r  the s i l v e r  dendr i t e s  th rough the  e l ec t ro ly t e .  
s)-stem provides  l i t t l e ,  i f  any, mechan ica l  suppor t  f o r  such  dendr i t e s ;  consequent ly ,  
i t  h a s  cons iderably  l e s s  tendency to form s h o r t s .  
2 0 0  c e l l s  containing s l u r r i e d  e l ec t ro ly t e  r evea led  no f a i l u r e s  b e c a u s e  of any  type of 
e l ec t ron ic  shor t ing .  
c e l l s .  

Mig ra t ion  c a n  be r e t a r d e d  by prevent ing  

F i r s t ,  m o r e  s i l v e r  m u s t  be  p r e s e n t  in i t ia l ly  o n  the 

In th i s  r e s p e c t  t he  s l u r r y - e l e c t r o l y t e  s y s t e m  
F i x e d  m a t r i x  ce l l s  p rovide  

T h e  s l u r r y  

Rel iab i l i ty  t e s t ing  of m o r e  than  

T h i s  w a s  not t he  c a s e  in  p rev ious  expe r i ence  w i t h  fixed m a t r i x  

Cel l  =33-1 \vas v e r y  s i m i l a r  t o  #47-140, but both secondary  and p r i m a r y  anodes 
\ \ e r e  cons t ruc t ed  of 1 2 0 - m e s h  n icke l  s c r e e n .  
0.  5 \.olt and the anode  and  ca thode  polar iza t ion  a s  a function of h0ur.s of opera t ion .  
T h r  open  c i r cu i t  voltage w a s  cons t an t  dur ing  th i s  per iod  of ope ra t ion .  
i o r  the power output a r e  shown. 
power output with t ime ;  however ,  th i s  s lope  is not s ign i f icant  ( s e e  T a b l e  I). 
c e l l  o p e r a t e d  a t  a n  a v e r a g e  power dens i ty  of 36-37 wa t t s / f t2 .  .It should  b e  noted that 
both anode  and ca thode  polar iza t ion  d e c r e a s e d  wi th  t i m e  and tha t . t hese  s lopes  a r e  
s ign i i ican t  ( s e e  Tab le  I ) .  However ,  when t h e i r  va r i a t ions  a r e  added t o  t h e  o the r  c e l l  
\ . a r i ab le s ,  no significant s lope  f o r  power output is obtained. 

F i g u r e  8 p r e s e n t s  t he  power  output a t  

All da t a  points 

The  
The  l e a s t  m e a n  s q u a r e  l ine  exhib i t s  a n  i n c r e a s e  in 

.4t 582 h o u r s  of ope ra t ion  additional e l ec t ro ly t e  w a s  added to  the  r e s e r v o i r  cup. 
powcr dec l ined  in  3 h o u r s  f r o m  4 2 .  5 w a t t s / f t 2  to 34. 5 wa t t s / f t2 .  
hour s  of ope ra t ion  it had dec l ined  f u r t h e r  to 31. 0 and  29. 8 wa t t s / f t2 .  At t he  s a m e  
t i m e  the polar iza t ion  a t  75 m a / c m 2  f o r  t he  ca thode  s t a r t e d  to  d e c r e a s e ,  whi le  that 
of the  anode inc reased .  T h e s e  obse rva t ions  m a y  b e  explained on  the  b a s i s  that  the 
additional e l ec t ro ly t e  i n c r e a s e d  the  wetting a t  both e l ec t rodes .  
c;+thode the  o r ig ina l  wetting w a s  l e s s  than op t imum,  whi le  a t  the anode i t  w a s  m o r e  
than opt imum. 

T h e  
At  602 and 625 

In the  c a s e  of the 
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+his-  c e l l  w a s  .allowed.to o p e r a t e  f o r  a total  of 2000 h o u r s  before  i t  was :voluntar i ly  
t e rmina ted .  Power  output  r e m a i n e d  above  24 w a t t s / f t  f o r  the e n t i r e  2000 !ours. . 

T h e s e  da t a  a l l  point t o  the  compos i t ion  and s t r u c t u r e  of the cathode as  the weakes t  
point in the p r e s e n t  c e l l  s t r u c t u r e  and s y s t e m .  
a t  app rec i ab ly  reducing o r  o v e r c o m i n g  t h i s  l imitat ion.  . Figure '  9 r e p r e s e n t s  a '  s t e p  ' ' 

toward  i n c r e a s e d  power p e r f o r m a n c e .  'A t  0 .60  volt  t h i s  'cel l  was  .producing 60 'wat ts l f t2 .  
At m a x i m u m  power i t s  output approached  70 w a t t s / f t 2 .  The total  anode polar izat ion '  
w a s  110 m i l l i v o l t s ~ a t  100"amps / f t2 .  whi le  the ca thode  po la r i za t ion  w a s  260 mil l ivol ts  
a t  t h e  s a m e  c u r r e n t  aens i ty .  
and the  m o r e  p romis ing  a r e a  for fu tu re  r e s e a r c h .  

Resea r , ch  on  new e l e c t r o d e s  i s  continuing. 
s t ruc t ion  i s  re la t ively new, a n d  a t  t h i s  wr i t ing  the  inves t iga t ions  a r - e . s t i l l ' o n  the lower 
por t ion  df the learn ing  c u r v e .  
a sus t a ined  stea'dy p e r f o r m a n c e  of 15 to 20 wa t t s l f t '  t o  3 5 t o  40 w a t t s / f t 2 .  
diff icul t , to  p ro jec t  what . the  power  output of s i m i l a r  c e l l s  w i l l  be in the future .  

Mul t ice l l  Unit 

A view of a 3 x 2. unit  is shown in  Fig.  10. 
i t  i s  thr-ee .1 x 2 units connec ted  e l ec t r i ca l ly  in s e r i e s .  
2 x 2 uni ts  'have been o p e r a t e d  on a m i x t u r e  of H2 , -  C 0 2 ,  and N 2  which s imula t e s  
p a r t i a l  oxidation of J P - 4 .  9 s  l o  The  C 0 2  supply f o r  the cathode is obtained by ,com-  
busting the .fuel gas effluent f r o m  the anodes  i n  t h e ' f u r n a c e  chamber .  
had in t e rmi t t en t .power  output i n  the  40 t o  60 w a t t s / f t 2  r ange  .for s h o r t  t i m e  i n t e r v a l s  ., 
(6  to 2 4  h o u r s ) ,  and 20 to  40 w a t t s / f t 2  for hundreds  of hour s  of opera t ion .  
ca thodes  employed in  t h e s e  un i t s  r e s e m b l e  those  used  i n  c e l l  #47-47. 

F i g u r e  11 is a view of a 6 x 6 uni t  cons is t ing  of t h r e e  p a r a l l e l  combina t ions  of two 
3 x 2 uni ts  in s e r i e s .  
Power  output has  been  a s  h igh  a s  33 w a t t s  a t  3.. 0 volt  and  has rema ined  between.25 
and 30 wa t t s  f o r  longer  than  500 hour s  o f -ope ra t ion .  

2 

. .  . .  
C u r r e n t  exp lo ra to ry  work  i s  a i m e d  

E v e n  in th i s  c e l l  t he  cathode p r e s e n t s  , .  the g r e a t e r  problem 

The  s lu ' r ry -e l ec t ro ly t e  c e l l  des ign  and  con- 

In l i t t l e  ove r  e ight  mon ths ,  p r o g r e s s  has  been  m a d e  fr'om 
It 1s 

. .  

T h i s  unit c o n s i s t s  of 6 cells.. Essen t i a l ly ,  
T h e s e  units and, s o m e  s i m i l a r  

These  units have 

The  

T h i s  uni t  conta ins  one s q u a r e  foot e a c h  of anode and ca thode .  

Conclusion 

F u e l  c e l l s  employing a m a g n e s i a  a lka l i  ca rbona te  s l u r r y  a s  the e l ec t ro ly t e  have been 
successfu l ly  ope ra t ed  f o r  ex tended  t i m e  i n t e r v a l s .  
than 2000 h o u r s  has  been  ach ieved .  Power  output i n  s m a l l  uni ts  opera t ing  on a s imu-  
l a t ed  n a t u r a l  gas r e f o r m a t e  fue l  h a s  been  ma in ta ined  a t  35 to  40 w a t t s / f t 2  f o r  longer  
than 1000 hour s .  Mul t ice l l  un i t s  have been  ope ra t ed  on a s imula t ed  fuel r e p r e s e n t a -  
t ive of pa r t i a l  oxidation of J P - 4  a t  n e a r l y  the s a m e  l eve l .  

Continuous ope ra t ion  f o r  m o r e  

New e lec t rode  composi t ions  and  s t r u c t u r e s  i n  t he  ini t ia l ,  r e s e a r c h  s t age  at t h i s  t i m e  
a r e  yielding power d e n s i t i e s  equiva len t  to 60 to  70 w a t t s / f t 2 .  

T h e r e  a p p e a r s  to be no fundamenta l  r e a s o n  why s l u r r i e d  mol t en  ca rbona te  fuel ce l l  
s y s t e m s  should not ach ieve  s ignif icant ly  h igher  power dens i t i e s  and longe r  opera t ing  
p e r i o d s  than those r e p o r t e d  h e r e .  
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T A B L E  I 

C o m p u t e r  Resu l t s  

L e a s t  M e a n  S q u a r e  F i t  of Da ta  P r e s e n t e d  in 
F i g u r e s  3-8 

: Std. E r r o r  of Std. E r r o r  of 
t Slope I n t e r c e p t  Slope Obse rva t ion  

wa t t s / f t2 /1000  h r s  w a t t s / f t 2  watts/ftL/lOOO h r s  wa t t s / f t2  ; 
. Dependent  or o r  o r  o r  

Unit Number  

. Var iab le"  v o l t s  / 10 00 h r  s vo l t s  vol ts /1000 h r s  volts 

#47 - 47 
P o w e r  0 .7  v -0 .7  17. 2 1 . 0  1 . 1  
P o w e r  0 . 5  v 1 . 5  25. 8 1 . 5  1 . 7  : 

#47-53  
P o w e r  0 . 5 ~  
Open c i r c u i t  vol tage 
Anode - pola r izat ion 

Cathode-polar izat ion 

2 

2 

75 m a / c m  

75 m a / c m  

#47-140 
P o w e r  0 . 5 ~  
Open c i r c u i t  vol tage 
Anode-polarization 

Ca thode -po la r i za t ion  
50 r n a / c m 2  

50 m a / c m 2  

- 3 4 . 6  
- 0 . 0 3  

.o. 12  

0 . 2 2  

-19 .6  
- 0 . 0 9  

0.06 

0. 07 

1 . 0  

52 
0. 92 

0. 1 5  

0. 05 

44 
1 . 0 1  

0. 1 6  

0. 1 3  

3.7 3.0 
0.01 0.009 

0. 03  0.02 
I 

0. 0 9  0. 07 i 

2.9 3 .0  
0 . 0 2  0 .02  . 

0 .02  0 .02  

5 
0 .01  1 0. 0 l 5  

i 

3.1 4. 8 
P33-1 

P o w e r  0 . 5 v  
, Anode-polar izat ion 

- 0 . 0 4  0.  17 0 . 0 2  0 .03  75 m a / c m  

75 m a / c m '  -0 .05  0. 30 0 .04  0 .05  
! 

2 

Cathode-polar izat ion 

I + H o u r s  of ope ra t ion  is the  independent  v a r i a b l e .  
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Fig. 

, 
0 

3 

1. -VIEW OF 1 x 2 UNIT SHOWING ONE WOFKUTG CATHODE, 
IDLING ELECTRODE, AND THE FLECTROLYTE RESERVOIR. 

THE 

ELECTROD FUEL 
PLENUM 

I 

Fig. 2 . - A  CUT AWAY PERSPECTIVE OF A 1 x 2 UNIT. 
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ANODE GAS:  WET H2 - 80% CATHODE GAS: A I R  - 80% 
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H O U R S  OF O P E R A T I O N  
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The Semi-Industriel Fuel Cel l  Element o f  t h e  Gaz de France 

A. Salvadori 

Center N o .  1 of t h e  D.E.T.N. of 
Experimental and Research 

Gaz de France 

INTRODUCTION 

The s tudies  undertaken by t h e  labora tor ies  of  Gaz de 
Frmce  i n  t h e  f i e l d  of energy conversion have been car r ied  out 
f o r  almost f o u r  gears  i n  order  t o  trensfomn d i r e c t l y  i n t o  
e l e c t r i c e l  energy i n  e LZlel c e l l  t h e  f r e e  energy of gases 
current ly  manufactured o r  d i s t r i b u t e d  by t h i s  na t iona l  service.  

Massive quant i t ies ,  r e l a t i v e l y  low pr ices  and ease of 
t ransport  of these  r a w  materials encourage research towards 
perfect ing i n d u s t r i a l  devices t h a t  would be simple, rugged, and 
inexpensive, but  capable o f  yielding s i g n i f i c a n t  power. Relatively 
i n e r t  f u e l s  a r e  t h e  usable gases:  both n a t u r a l  gas e i t h e r  
unreacted o r  c a t a l y t i c a l l y  steam reformed, and gas obtained by 
p a r t i a l  oxidation of gas and l i q u i d  hydrocarbons, nevertheless 
contain, although i n  s m a l l  quantity,  some impuri t ies  which seem 
t o  prohibi t ,  t o  our knowledge, t h e  use of s u f f i c i e n t l y  act ive,  
but  sens i t ive  c a t a l y s t s  which would allow f'unctioning at 
moderate temperatures and i n  an aqueous environment. Under these 
conditions,  it becomes necessary t o  counterbalance t h e  c a t a l y t i c  
e f f e c t  by an increase i n  tanperature  and hence t o  operate  i n  t h e  
precence of e l e c t r o l y t e s  made of molten salts .  
aake the best  use of t h e  notable advantages offered by the high 
tempera tues  providing t h e  condition t h a t  t h e  technological 
d i f f i c u l t i e s  and t h e  r e s u l t i n g  corrosion problems can be solved. 

The unavoidable heat re lease,  provoked by any type of 
3mct ioni rg  c e l l ,  i s  a l l  t h e  more inteiaesting t o  recover when t h e  
temperature of t h e  system i s  high and when t h e  dimensions of t h e  
imbtery a?e s i g n i f i c a n t .  The f u e l  c e l l  then becomes a means of 
base pioeuc Lion o f  e l e c t r i c a l  current  which i s  loca ted  upstream 
i n  a complex. 
energy release6 by t h e  c e l l .  

1. 

pr inc ip le  of an indust:-iel generator can be defined i n  a general 
sense m d  thus serve as a constant object ive towards which a l l  
- invest igat ions mst  be oriented. 

It seems b e t t e r  t o  

The o ther  devices of t h i s  complex can use t h e  thermal 

PRINCIPLES O F  OPERtTION FOR AN INDUSTRIAL GENERATOR 

Keepin: these  consideretions i n  mind, t h e  operating 

The p o t e n t i a l  at t h e  terminals  of an elementary c e l l  a r e  
~ W J .  For an i n s t a l l a t 5 o n  t o  be of i n d u s t r i a l  i n t e r e s t  it i s  
necess%r:r t o  group, i n  a u n i t  well adapted t o  isothermal operation, 
t h e  g r e e t e s t  possLble number of elements. However, as  these warn 
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each other ,  they must be spaced i n  the  most 
the’  regulat ing f l u i d  ensures as homogeneous 
D O s S i b l e  i n  a l l  D a r t s  of t h e  enclosure; fo? 

judicious vay so t h a t  
a temperature as  
obvious i’easons a i r  

;sed as an oxidant can be used f o r  this ro le .  

Two simple geometric forms may b e  considered a p r i o r i  f o r  
t h e  b a s i c  c e l l s :  t h e  plane and t h e  cylinder.  We have de l ibera te ly  
set our choice on t h e  l a t t e r  for t h e  following reasons: the thermal 
regula t ion  of an  assembly of bundles o f  the exchanger type i s  
i n d u s t r i a l l y  w e l l  known; the p r a c t i c a l  construct ion of f la t  and 
t h i n  electrodes of l a r g e  area presents  more d i f f i c u l t i e s  than t h a t  
of tubes; t h e  high temperature construct ion i n  the shape of a f i l t e r  
press  c rea tes  important sea l ing  problems and prevents any p o s s i b i l i t y  
o f  replacing an element without a complete s top  i n  the f’unctioning 
of  the bat tery;  the phenomena of d i f f i s i o n  o r  creepage of the 
e l e c t r o l y t e  a t  t h e  j o i n t s  or in any nonactive p a r t  o f  the c e l l  may 
be e a s i l y  eliminated i n  tubes by cooling o f  t h e  involved extremity, 
a t  a temperature s l i g h t l y  below t h a t  o f  the m e l t i n g  point of t h e  
f’used salts; the  r e a c t i n g  gas supply i s  g r e a t l y  s implif ied where 
a l l  t h e  c e l l s  have a n  electrode of the same s i g n  i n  a unique 
enclosure containing the corresponding gas; t h e  mechanical 
s t r e n g t h  o f  a tube made by successive layers  of the anode, of the 
e l e c t r o l y t e  and o f  the cathode, i s  better than  that of a plane 
sur face  made under i d e n t i c a l  conditions.  

The cons t ruc t ion  of a c y l i n d r i c a l  c e l l  b a t t e r y  i s  
advantageously made through a hor izonta l  d i s p o s i t i o n  of t h e  
elements ins ide  a heated paral le lepiped shaped container o f  which 
two opposite s i d e s  form supports and t o  which a r e  f ixed t h e  ends 
of the c e l l s  bearing the d i f f e r e n t  gas  d i s t r i b u t i o n  systems and 
the  current  c o l l e c t o r s .  I n  order  t o  determine orders  of magnitude, 
t h e  thickness of such an  i n s t a l l a t i o n  would be c lose  t o  one meter, 
and i t s  length and height  would be a f e w  meters. An unlimited 
number of c e l l s  may be used by placing them side by side separated 
by a passage l a r g e  enough t o  conduct e l e c t r i c  current  of 
s u b s t a n t i a l  s i z e .  

Figure 1 shows the sketch of an i n d u s t r i a l  u n i t  w h i c h  
would f’unction according t o  the above mentioned operating pr inciples .  

2 .  DESCRIPTION OF THE SINGLE CELL 

The conception of an element must s a t i s f y  the technological 
comtraints which have been enumerated and give an  answer t o  the 
economic problems t h a t  the d e v e l o p e n t  of a new technology can create.  

2 .1  Choice of Materials 

The m a t e r i a l s  w i t h  which the electrodes a re  made are 
genera l ly  expensive and rare, and it i s  necessary t o  use  them i n  
a small quant i ty  and t o  bui ld  them by simple methods re ly ing  on 
i n d u s t r i a l  techniques tha t  assure  reproducible f a b r i c a t i o n  of 
severa l  tens of thousand u n i t s .  The three phase contact problem, 
aseous (tb reac t ing  f l u i d s ) ,  l i q u i d  ( the  e l e c t r o l y t e )  and so l id  7 t h e  e lec t rodes) ,  has i n  t h e  beginning of  our work brought us t o  

follow t h e  method used very general ly  a t  t h e  t h e ,  which consis ts  
of using porous metals and looking for their  best operating conditions- 
Because, on the  one hand, of t h e  disadvantages that w e  have observed 
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i n  t h e  u t i l i z a t i o n  o f  a r e l a t i v e l y  th ick  layer ,  t h e  accumulation 
i n  t h e  pores e i t h e r  of products of combustion o r  ni t rogen from t h e  
air, and on the o ther  hand of t h e  knowledge o f  t h e  good difi’usion a t  
h ieh  temperature of gases through c e r t a i n  metals, we t r i e d  the use of 
these  metals i n  t h i n  compact sheets .  

The d i f fus ion  o f  hydrogen through palladium and platinum 
i s  ~t phenomenon which has been known f o r  a long time; f’urther t h e  
systematic s tud ies  t h a t  w e  have made i n  t h i s  f i e l d  have shown t h a t  
the  oxidant made o f  a i r  t o  which carbon dioxide has been added passes 
s u f f i c i e n t l y  rapidly through t h i n  s i l v e r  sheets  t o  give r e s u l t s  a t  
l e a s t  as good as wiih the porous substances. 

2.11 The Anode 

I n  s p i t e  of above mentioned advantages, t h e  u t i l i z a t i o n  
of palladium i n  a sheet cannot be considered for economical reasons, 
because it prohib i t s  t h e  use of any o ther  f u e l  gas than hydrogen. 
For these  reasons, t h e  anode i n  our c e l l s  i s  always a graphi te  
cyl inder  very l i g h t 1  
(c lose  t o  0.1 mg/crn29. 

Graphite has numerous advantages : good e l e c t r o n i c  
conductance, very low expansion coef f ic ien t ,  r e l a t i v e l y  good 
mechanical strepgth and easy construction. Furthermore, i n  t h e  
reducing environment i n  which it i s  s i tua ted ,  it has never shown 
s igns  of de te r iora t ion .  

covered on t h e  surface with palladium 

2 . 1 2  The Cathode 

t h e  only m e t a l  usable as a cathode. But used as i s  and without 
preliminary precaution, i n  t h e  presence of molten carbonates, 
it i s  subject t o  permanent corrosion. A systematic study has 
broL,ght t o  l i g h t  three pr inc ipa l  aspects  o f  t h e  s i l v e r  corrosion 
t h a t  can be summarized i n  the  following manner; one o f  machanical 
ne ture  due t o  a degradation of t h e  s t r u c t u r e  and which favors  g r a i n  
formation; another of a chemical nature  which can be defined by a 
l imi ted  d i s s o l u t i o n  i n  t h e  e lec t ro ly te ;  f i n a l l y  t h e  t h i r d  of an 
eiectrochemical nature making some s i l v e r  p r e c i p i t a t e s  appear i n  
the e l e c t r o l y t e ,  which, because of ,convection cur ren ts  and var iable  
p o t e n t i a l  l i n e s  i n  t h e  Punctioning c e l l s ,  can se t t le  at d i f f e r e n t  
points  betveen t h e  two electrodes.  

combinin5 i.rith re f rac tory  oxides either i n  the e l e c t r o l y t e  ba th  
o r  i n  t h e  cathode i t s e l f ,  have lead us t o  use a f i l m  of these  oxides 
i n  order  t o  mater ia l ize  the idea of protect ing t h e  s i l v e r  surface.  

Ylame s p r e y i G  and oYl”ers all t h e  q u a l i t i e s  of  a sheet. 

S i l v e r  cons t i tu tes  at t h e  present s t a t e  of  our knowledge, 

However, our observations on the  i n h i b i t i n g  r o l e  o f  

The f i h  i t s e l f  i s  made i n  a t h i n  l a y e r  ( 0 . 1  mm) by 

2 .  l3 The Elec t ro ly te  

Onlp e l e c t r o l y t e s  made of molten salts  are usable.  
k c o x  t h e  d i f f e r e n t  possible  solut ions,  carbonates i n  a mixture 
judiciousl:T chosen i n  r e l a t i o n  t o  the temperature have been employed 
f o r  C O 2  as one o f  t h e  reect ion products and i t s  presence i s  favorable 
i n  p a r t i c u l a r  t o  t h e i r  thermal s t a b i l i t y .  
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2 . 2  Bnployment of Materials 

f a c i l i t y  of assembling, good mechanical res i s tance ,  small q u a n t i t i e s  of 
mater ia ls ,  easy i n d u s t r i a l  operation, w e  have s tudied i n  t h e  most 
comprehensive way t h e  b e s t  method of construct ion based on t h e  
following pr inc ip les  : 

2.21 The Active Substance o f  t h e  Cell  (Fig.  2 )  

A l a y e r  o f  re f rac tory  oxide, preferably of magnesia or s t a b i l i z e d  

t h i n  layer ,  jus t  t h i c k  enough t o  assure  a good e l e c t r i c  insu la t ion  
contains  t h e  carbonates and thus serves as a support f o r  t h e  
e l e c t r o l y t e .  A s i lver -based  t h i n  f i l m  (0 .1  t o  0 . 2  mm) which 
c o n s t i t u t e s  t h e  cathode i s  then  deposited on t h e  assembly. This 
m e t a l l i c  f i l m  i s  t o o  t h i n  t o  insure  by i t s e l f  a s u f f i c i e n t  means 
f o r  current  removal and t h i s  i s  achieved by a s i l v e r  wire f ixed along 
the e lec t rode  which can be joined i n  a ba t te ry ,  t o  a cent ra l  
conduct o r  . 
2.22 The Top of t h e  C e l l  (Figure 3 )  

a b r a s s  piece which contains:  an axial nozzle t h a t  penetrates  t o  
t h e  bottom of t he  mode, i t s  role i s  t o  feed fie1 t o  the c e l l  and 
t o  c o l l e c t  t h e  anodic current ;  a r a d i a l  nozzle through which 
the  excess f i e 1  t h a t  has not reacted c a r r i e s  away t h e  products of 
t h e  r e a c t i o n  water vapor and carbon dioxide. 

This p a r t  of t h e  c e l l ,  i s  connected t o  the w a l l  o f  t h e  
e x t e r i o r  enclosure and i s  maintained a t  a lower temperature than  
t h a t  of  t h e  melting poin t  of carbonates; they s o l i d i f y  and t h e  
creepage phenomena t h a t  would provoke t h e i r  disappearance i s  
prevented. 

To s a t i s f y  the conditions preceedingly developed: compactness, 

On t h e  anode g r a p h i t e  finger palladium i s  deposited.  

’ alumina i s  deposited on t h e  anode by flame spraying. This very 

The open extremity o f  t h e  graphi te  f i n g e r  i s  f ixed  i n  

3 .  CONSTRUCTION OF A LABORATORY BATTERY USING SEMI-INDUSTRIAL ELEMENTS 

The experimentation w i t h  s i n g l e  c e l l s  of various dimensions 
and method of cons t ruc t ion  proceeds in d i f f e r e n t  d i rec t ions  w i t h  two 
goals;  f i r s t  t o  increase  e l e c t r i c a l  performances, and second t o  
prolong t h e i r  l i f e .  

dimensions which are a l ready  s u b s t a n t i a l  and t h e  b a t t e r y  t h a t  we have 
m d e  could e a s i l  be b u i l t  on a l a r g e r  scale. But current  d e n s i t i e s  

not permit such an extrapolat ion.  

The present  conception of t h e  c e l l s  would allow a u n i t  o f  

of t h e  order  of x 0 mA/cm2 a t  600 mV, and l imited longevi t ies ,  do 
I 

However, t h e  necess i ty  t o  come out with a development of 
gas  c e l l s  as quickly as possible  has lead  us t o  d e a l  with problems 
crea ted  by the  grouping of severa l  elements. 
t h e  following enumeration mentions only t h e  p r i n c i p a l  ones: 

The l a t t e r  are many and 

1. Regulation of  t h e  unit temperature 

2. Ef fec t ive  c o l l e c t i o n  of t h e  current  
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3. Evacuation and recuperation of the reac t ion  products. 

4.  

5. Current Efficiency 

0 .  

7. Analysis of r e s u l t s  and evaluat ion o f  t r u e  e f f ic iency  

l a r g e  laboratory proportions already using some elements at t h e  
semi- industr ia l  sca le ,  has been undertaken i n  p a r a l l e l  w i t h  research 
on s i n g l e  c e l l s .  

Controlled feeding of oxidant and fuel 

S t a r t i n g  and stopping of the  b a t t e r i e s  

-4ccordingly t h e  study and construct ion of a u n i t  of 

3.1 Description of t h e  I n s t a l l a t i o n  

3.1, Choice o f  the Number of Elements 

general ly  adopted for t h e  bundles of tubes,  we have chosen 7 elements 
of which one i s  c e n t r a l l y  located.  It i s  necessary t o  place them i n  
an oven chat w i l l  insure  t h e i r  heat ing a t  t h e  start  and t o  
compensate For Ileac l o s s e s  while i n  operation. 

3.12 The Oven (Figures 4 and 5 )  

seven elements and can be placed under an oxidant pressure of a few 
ten ths  of  a bar.  It contains three superposed res i s tances ,  the  
w i r i n g  and regula t ion  of which are independent, t h e  l i d  of  t h e  oven 
i s  f ixed and supports t h e  tubular  c e l l s ;  the  oven can be lowered t o  
give access t o  t h e  electrodes.  The lower par t  can a l s o  be taken 
apar t  and e a s i l y  repaired i n  the case of e l e c t r o l y t e  leakage; it i s  
provided, w i t h  devices that secure t he  posi t ioning and support of 
t h e  cathodes. This oven i s  a l s o  provided w i t h  a u x i l i a r i e s  that  
include: 

I n  order  t o  correspond t o  t h e  hexagonal d i s p o s i t i o n  

It permits heating t o  1000°C the volume containing the 

1. An e leva tor  assembly made of a platform capable o f  moving 
v e r t i c a l l y  which supports t h e  oven. 

2.  A l i f t i n g  crane for t h e  block of c e l l s .  

3. The regulat ion of t h e  independent e l e c t r i c a l  connections t o  the 

3.13 A-uxilieries Insuring the Functioning of t h e  Bat tery 

three  heat zones. 

F i r s t  l e t  us  mention t h e  i n l e t  and o u t l e t  c i r c u i t s  of  the 
reac tan ts  Irhich present a c e r t a i n  complexity s ince they must insure 
constant floim, pressures  and mixtures ( c a s e  of t h e  carbonated 
oxidanc) . Furthermore, t h e  products of t h e  reac t ion  a r e  col lected 
and sccounted for .  

The problem r e s u l t i n g  from t h e  u t i l i z a t i o n  of a current  
produced et  several  t e n s  of amperes under some hundreds of m i l l i v o l t s  
has been solved through the use of a r o t a t i n g  device. 

The oven i s  surrounded by a platform o f  dimensions large 
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enough t o  allow the  technic ians  t o  work d i r e c t l y  on the  tops  of 
the  c e l l s :  a l l  t he  con t ro l l i ng  and measuripg instruments are 
grouped a t  t h i s  l eve l .  

Figure 6 shows a general  view of the  system, it shows: 

1. I n  the  foreground t h e  platform. 

2. A t  t h e  l e f t ,  t h e  oven. 

' 3 .  A t  t he  right the  instruments for measwing, cont ro l l ing  and fue l  
supply assembled on the  same board. 

3 .  l4 Measuring Instruments 

flow meters, t h e  water produced i s  re ta ined  by co l l ec to r s  followed 
by weighings: t h e  carbon dioxide i s  sampled by a mass spectrometer 
(F ig .  7 ) .  

The o v e r a l l  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  b a t t e r y  and 
those o f  each single c e l l  a r e  recorded continuously i n  order  t o  
obta in  t h e  most information from each experiment. 

The gas r e a c t a n t s  a r e  supplied v i a  c l a s s i c a l  laboratory 

To account for r e s u l t s  and t o  ca l cu la t e  the  e l e c t r i c a l  
and electrochemical performances o f  t he  i n s t a l l a t i o n ,  s u i t a b l e  
meters are employed. Let u s  add t h a t  these measurements a re  
completed by tak ing  temperature at numerous poin ts  i n  the i n s t a l l a t i o n  
and in s ide  each c e l l .  
3.2 Experimental Resul t s  / 

The assembling of  the complete i n s t a l l a t i o n  has  j u s t  been 
completed but i t s  a u x i l l i a r y  apparatus for production of reformed 
gas  t h a t  i s  intended for use w i t h  it, i s  not yet  functioning. 
This  i n s t a l l a t i o n  has  been i n  operat ion for too short  a time t o  

f 'urther substant ia ted.  A s  an example we sha l l  give the r e s u l t s  obtained / 
during t h e  f i r s t  experiment w i t h  a s e t  of 7 c e l l s  made under iden t i ca l  
but not optimum i n d u s t r i a l  condi t ions.  

3.21 Charac t e r i s t i c s  of a Single  Cell 

make i t  possible  t o  publ i sh  d e f i n i t e  r e s u l t s  t h a t  ought t o  be I 

1 
T o t a l  Active Weight, m/ cm2 I 
Length, Mam., Surface, Refractory 

mm mm cm Cathode Anode Electrolyte Oxide 

800 18 220 0.130 graphite 0.048 0.170 / 

- J  
0.55 

0.002 
palladium 

I 

3.22 Operating condTtions i 

Oxidant a i r  + Cog ( 3 0 % ) ;  flow, 300 l /h  under 150 m bars. 
The flow of a i r  i s  r e l a t i v e l y  important due t o  the  oversized 
dimensions of the  oven. 
under 130 m bars. 
recycled a f t e r  use.  Temperature of operation: 600Oc. 

Fuel i n d u s t r i a l  hydrogen flow, 50 l /h  
f I n  t h i s  experiment the hydrogen i s  not 
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3 . 2 3  Pr inc ipa l  r e s u l t s  obtained 

This  experiment was p a r t i c u l a r l y  aimed a t  determining t h e  
e f f ic iency  of series and p a r a l l e l  assemblies and i n  both cases the  
current  p o t e n t i a l  curves shown on Figures 8 and 9. 

The performances obtained w i t h  these c e l l s  made under 
poor conditions and f o r  a r e l a t i v e l y  low t e s t  temperature a re  modest: 
20A a t  0.5v, which corresponds t o  a maximum power o f  l o w .  

The durat ion of the experiment which was l imi ted  to 
approximately t e n  hours cannot be taken i n t o  consideration. 

This experiment has shown, however, tha t  the  whole 
i n s t a l l a t i o n  can s a t i s f y  a l l  t h e  technological  ob jec t ives  t h a t  
we  had defined. Furthermore, it w i l l  be possible  t o  have 
twenty c e l l s  operate within the same dimensions and t h e  same 
connections and the usable  surface of each one of t h e  c e l l s  
may be f 'urther increased. 

4. CONCLUSIOITS 

dimensions which we have reached could, from the technological 
point of view, lead i n  t h e  f i t u r e ,  without major d i f f i c u l t y ,  
t o  the  construct ion of a p i l o t  u n i t .  Numerous problems f o r  
assembling and handling of mter ia ls  were solved. They permit t he  
construct ion of a b a t t e r y  which o f f e r s  the p o s s i b i l i t y  of studying 
t h e  behavior of c e l l s  fabr ica ted  under var ious condi t im. ,  
following operat ing methods ap t  t o  be used i n  industry.  

the causes of corrosion (some s i lver  cathodes preserved through 
combination with a coat of r e f r a c t o r y  oxide have shown no 
detectable  sign of corrosion after operat ing f o r  a f e w  hundred 
hours). 
we consider, the  construct ion of c e l l s  whose l i f e t i m e  exceeds a 
year.  

obtained from single c e l l s  are i n s u f f i c i e n t  t o  make a powerfbl 
generator operate under advantageous condi t ions and compete with 
standard methods of power generation. We do not bel ieve t h a t  t h i s  
problem i s  impossible t o  solve i n  a reasonable period of  time 
because it i s  d i f f i c u l t  t o  imagine performance of high temperature 
c e l l s  being i n f e r i o r  t o  those of  cold c e l l s .  

On t h e  other  hand the  l i f e t i m e  of gas c e l l s  which depends 
i n  p a r t i c u l a r ,  on many phenomena of corrosion, on t h e  modification 
and the  change wi th  t i m e  of t h e  proper t ies  of mater ia l s  a t  
various temperature, w i l l  r equi re  important e f f o r t s  i f  the  research 
i s  t o  be brought t o  the proper value. 

The conception of an elementary c e l l  of semi- industr ia l  

Important progress  has been made t o  considerably reduce 

It i s  now necessary t o  ensure an i n d u s t r i a l  appl icat ion t h a t  

The current  d e n s i t i e s  of some t e n s  MA/cm2 t h a t  we 

For t h i s  purpose, Gaz de I;"ranc'e i s  working i n  col laborat ion 
w i t h  special ized labora tor ies  a t  u n i v e r s i t i e s  or i n  industry and 
p a r t i c u l a r l y  u i t h  the  Compagnie Generale d '  E l e c t r i c i t d .  Gaz de 
_France has obtained a research contract  as a r e s u l t  of ac t ion  of the 
committee f o r  conversion of  energy which i s  p a r t  of the General 
Delegation f o r  Technical and S c i e n t i f i c  Research. 
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Figure 1 

Indust r ia l  scale  plant 
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,Figure 2: Main Section of a Single  Cell 
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rfikGie 3 : Seven-Element Battery, TOP view 
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Figure 5 : Seven-Element Battery, Bottom View 
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Figure 7: Recovery of the Reaction Products 
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EIXCTRODE FEWTIOMS OF CO AND CO2 IN MOLTEN CARBONATES 
Nina Borucka 

Canbridge University, Cambridge, England 

ABSTRACT 

Experiments have been made on the electrochemical 

reactions of CO/CO2 gas mixtures at gold electrodes in molten 

ternary eutectic of lithium, sodium and potassium carbonates at 

temperatures up to 900°C. At zero applied current, the electrode 

potential depends on the partial pressures of CO and 0 2  according 

to the Nernst equation for the reaction: CO + COS--= t ?Cog + 2e-. 
Anodic current/potential relationships have been studied up to 

polarizations of 500 mV; similar measurements in the cathodic 

range have been made within the limits set by the Boudouard reaction. 

\ 

$ ' 
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blOLTEP1 CARBONATE FITE;L CELL WITH WATER INJECTION 

J. Millet R.  Buvet 

Direct ion Des Etudes E t  Recherches 
De L ' E l e c t r i c i t e  de France 

17 Avenue de l a  Liberation 
Clamar t ,  Seine, France 

! 1. INTRODUCTION 

( 

[ 

Since the end of the  19 th  century, using the chemical 
c;iidaLion energy of fl-issil f u e l s  has been considered i n  order t o  
proclucs e l e c t r i c a l  energy d i r e c t l y  from f u e l  c e l l s .  

e spec ia l ly  a carbon containing gas has lead engineers t o  be in t e re s t ed  
for a long time i n  molten carbonates as an e lec t ro ly te .  
Tiorks of Osttrald (1) then those of Baur ( 2 )  and his eo-workers were I 

concerned rrith c e l l s  using gases which contain hydrogen and carbon I 

moiloxide. 

The f a c t  that a c e l l  i s  more e a s i l y  supplied wi th  a gas 

The first 

Davtyan ( 3 )  then Broers and Ketelaar ( 4 )  recommended a 

Salvadori  (8) have a l s o  recommended the use of molten carbonates 
i n  f u e l  c e l l s .  

las t  feu years, e spec ia l ly  by Broers, i n  the performance of molten 
carbonate c e l l s  by adding carbon dioxide t o  oxygen feed. 

molten e l e c t r o l y t e  f ixed  i n  a porous s o l i d  matrix. Gorin (5) ,  
J u s t i  (6 )  and more recenkly many others such as H a r t  (7 )  and d 

f 

An important improvement has been brought forward these 

2. USE OF ATif l3iXCTROUTE BUFFER 

Several goals of OUT research group have been aimed a t  
7mderstanding the mechanism of  exchange i n  the molten carbonates 
and the functioning of oxygen and hydrogen electrodes.  

The carbonate solvent  i s  e n t i r e l y  dissociated i n t o  the  
anion C03'- and cat ions and t h e  anion Cos2 i s  f u r t h e r  dissociated i' according to  the t qtlilibrium : 

I 
c032- C02 + 02- [11 

The system C032-/C02 can thus be considered an acid-base 
syszen assording t o  Lux ( 9 )  and Flood and Fcrland (10) wi th  exchange 
of  the 0 ions.  
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To the equilibrium [11 there  corresponds an equilibyium . 
The sol-ubili ty of C02 i n  carbonates has been measured 

c o r s ~ a n t  K = CO2- Pco2 that Dubois (11) has found equal t o  10 

I n  these formulas the  pressures are expressed i n  atmospheres 

A more recent  work of Busson and Palons (12) on the 

and the concentrations of so lu t ions  i n  molar i t ies .  

po ten t i a l  a t  zero current  of the  oxygen e lec t rode  i n  t h e  carbonates 
has ma6e i t  possible  t o  e s t a b l i s h  with precis ion the  constant of 
equilibrium t o  be K = 6. 

@I2-, the  negative logarithm of t h e  concentration o f  ions 02'. 

carbonates produces some O2 ions.  

p 

\ 
A so lu t ion  of molten carbonates can be defined by the  

The funct ion of the oxygen electrode i n  the  molten 

)i O2 + 4e z! 2 02- 

I n  t h e  v i c i n i t y  of t he  oxygen electrode,  t h e  concentration 
of  0'- ions increases  and t h i s  increase,  inasmuch as i t  i s  not  

wNch can be ca l l ed  a c i d i t y  polar izat ion.  

t he  production of O2 
the  solvent ,  which as the e f f e c t  of maintaining the p 0 2  
value. This i s  a buf'fer e f f e c t .  T h i s  e f f e c t  may be v isua l ized  
thrcugh FIG. 1. The diagram represents  po ten t i a l s  of the oxygen 
and hydrogen e lec t rodes  as a functioaTof p 0 ~  . 
AC arld BD are p a r a l l e l  and of slope 
current  i s  the  thermodynamic c e l l  
If the  hydrcgen e lec t rode  operates at p 0 2  = 0 and the  oxygen 

the  cverpc ten t ia l  of a c i d i t y  polar iza t ion  i s  AE-A 600~. 
overpc ten t ia l  i s  a t  the  m a x i m u m  of approximately 83 mV x 6 = 500 mV. 

The Po2-, of the  e l e c t r o l y t e  of t he  c e l l  can a l s o  vary 
a t  the f u e l  e lec t rode  through a contribc.tion of CO2 or  o f  o ther  
products or where the  pressure of C 0 2  i n  t h e  atmosphere rises 
abcve the  e l ec t ro ly t e .  

rrhich operates i n  a l l  circumstances, t o  maintain the  pO" of the 
e l e c t r c l y t e  constant on a l l  par t s '  o f  'the c e l l .  

! ccwter-balanced by d i f fus ion ,  produces a polar iza t ion  of  t he  c e l l  

To br ing  CQ2 t o  t he  oxygen electrode, i s  t o  counter-balance 
through the  contr ibut ion of t he  ac id  par t  of 

a t  a high 

The s t r a i g h t  l i n e s  \, ' 
( 

The poten t ia l  a t  zero 
p b t e n t i a l  equal t o  AB and CD. 

\ electroue at p0' 6, the po ten t i a l  of  the c e l l  i s  reduced t o  E 3  and 
This 

It i s  thus very important, i n  order  t o  obtain a c e l l  
?\ 

> 
,\ 
I 

/ 
'\ 
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Through assoc ia t ion  with the phenomena observed i n  
aquecus sol,utions, ue shall use weak ac id  systems r e l a t i v e  t o  
the  solvent .  

The o r t h o s i l i c a t e  me tas i l i ca t e  system f i t s  very well:  
ZSi o ~ ~ -  = 2si 03 2- + 02- 

The same app l i e s  t o  o ther  s a l t s  exchanging t h e  02- 

Our research has brought us t o  a much more simple and  

io;!. 

i n d u s t r i a l l y  p ro f i t ab le  system. It i s  the  water system. 

3 .  WATER I N  MOLTEN CARBONATES 

Water has t h e  proper t ies  of a weak ac id  i n  molten carbonates. 

The proper t ies  of water may be summarized by t h e  two 
equilibrium react ions : 

20H- + COz Hz0 + cos2- c3 1 
20H- Hz0 + 0'- C4 3 
The constants  Kgl&nc! KB a r e  arranged t o  correspond 

respec t ive ly  t o  these equi  ibria according t o  the  r e l a t i o n s :  

C ' - = K  'C02 ' OH A 
'HzO 

'HzO '0'- = KB 
5 H -  

c5 3 

c6 1 

These r e l a t i o n s  imply that t h e  chemical po ten t i a l  of t he  

COH- << ccog- [7 1 
I n  an ac id  environment, t he  pressure of COe determines 

the  equilibrium po ten t i a l ,  K being the equilibrium constant 111. 

so lvent  i s  constant,  that i s  

C8 1 
I n  t h e  presence of a water system, the  po ten t i a l  of the  

oxygen electrode i s  given by t h e  r e l a t i o n :  

/ 

f 
I' 

b' 

i 

, i  
I 

I 

, 

1 
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By varing the OH- concentration and the  partial pressures 
of iiater and oxygen i n  the-atmosphere i n  equilibrium wi th  the molten 
carbonates, ire have shown that p KB i s  c l o s e . t o  5. We conclude t h a t  
p KA = p K - p\KB = 1 . 5  (by taking the reference s t a t e s  of gases a t  
a pressure of one atmosphere). 

hydrogen electrode.  On the oxygen e lec t rode  the  contr ibut ion of water 
vapor has the  e f f ec t  of maintaining the bas i c  e l e c t r o l y t e  a t  a 
determined p O2 (below 6 .2) .  

There i s  a ccnstant contr ibut ion of water vapor a t  the 

4. APPLICATION TO FUEX CELLS 

The propert ies  of  a water systen: i n  carbonates have 
important consequences on the  functioning o f  c e l l s .  They allow a 
reduction of the a c i d i t y  polar izat ion as does the carbon dioxide 
fed  i i i t h  oxygen. 
use of carbon dioxide cons t i tu tes  a heavy burden from an i n d u s t r i a l  
point oT view whereas the use o f  water would be much easier and 
cheaper. 

fed on oxygen v i thout  any addi t ion,  w i t h  carbon dioxide and with 
iiater vapor, Ire were able t o  r ea l i ze  that  the  performances due t o  
the  addi t ion  of water are t h e  bes t  (Fig.  2 ) .  

of ~ i a t e r  vapor (po ten t i a l  of zero current  near  1 v o l t  i n s t ead  of 0.7 
v o l t )  but the  current  at the  same c e l l  po ten t i a l  i s  very superior  tc 
that cbtained i r i th  the use of GO2. T h i s  phenomenon seems t o  be 
comparable with the  increase of f lu idness  of molten carbonates i n  
the presecce of water. 

Final ly ,  the ac t ion  of water as a weak ac id  allows the  use 
of f u e l  gas containing carbon dioxide with an hydrogen electrode of 
porous mater ia l .  Indeed, l e t  us consider a c e l l  funct ioning with a 
water pressure of 0 .3  a t m ,  i n  an hydroxyl ion  environment. 

equilibrium. Consequently, any f u e l  gas containing a weaker carbon 
dioxLde2partial  pressure may be used without the r i s k  of modifying 
the p 0 cf the e l ec t ro ly t e .  

But as it was demonstrated by H a r t  (13): t he  

I n  comparing the  propert ies  of similar elements of a c e l l  

The polar iza t ion  i s  not only diminished by t h e  contr ibut ion 

Equation C51 gives 0.015 atrn as a value of p CO2 i n  

5. MAKLNG OF PROTOTYPES 

The preceding s tudies  have f i m t  lead t o  tests on elements 

We a r e  present ly  constructing severa l  prototypes of a power 

of c e l l s  cf a few watts. 

c l c se  t o  1 h r  iih?Lch vary i n  t h e i r  geometric conception ( v e r t i c a l  or 
hcr izonta l  e lectrodes)  but have the same electrochemical conception. 



Tne materials used a re  s t e e l  (25% Cr, 20% Ni) anc dense 
alumina for the containers,  th in  sheets of palladium (50 microns) , 

The prototypes w i l l  give r i s e  t o  a technico-economical 
s tudy  aimed a t  searching f o r  the place of this system i n  the 
i x i u s t r i a l  production o f  e l e c t r i c a l  energy. 
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Fig . 4. -WITICAL, ELECTRODE PROTOTYPE 
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OPERATIONAL CHARACTERISTICS OF HIGH-TENPERATITRE 
rn cms 
B. S. Baker 

L. G. Marianowski 
J. Zimmer 
G. Pr ice  

I n s t i t u t e  of Gas Technology 
Chicago , I l l i n o i s  

INTRODUCTION 

High temperature f u e l  c e l l s  have not received as much 
a t t e n t i o n  i n  the United S ta t e s  as t h e i r  low temperature counterparts. 
A s  a result, from t h e  viewpoint of a t o t a l  system, t h e  high temperature 
fue l  c e l l  is  f a r  less developed. The reason f o r  t h i s  i s  simple. High 
temperature f u e l  c e l l s  are not as a t t r a c t i v e  for most m i l i t a r y  and 
space applications as low temperature f u e l  c e l l s .  

In  Europe, especial ly  i n  France, England, and Holland, a 
much l a r g e r  portion of fuel c e l l  development i s  d i rec ted  toward 
commercial applications.  The high temperature f u e l  c e l l  i s  being 
more extensively investigated because it has a much more a t t r a c t i v e  
economic potent ia l .  A t  the I n s t i t u t e  o f  G a s  Technology, i n t e r e s t  
i n  fuel c e l l s  i s  very d e f i n i t e l y  directed toward comercdal goals. 
Bnphasis on both high and low temperature f u e l  c e l l  research i s  
aimed at t h e  development of inexpensive systems. This paper on t h e  
High-Temperature Molten Carbonate Fuel Cell  reports  on work which 
has been i n  progress a t  I G T  since 1960. 
work already appear i n  the l i t e r a t u r e .  

c e l l  a r e  the  elimination of expensive electrode c a t a l y s t s  from 
t h e  system and t h e  a b i l i t y  t o  operate with a va r i e ty  of f'uels 
and unpurified air. 

Detai ls  of much of t h i s  

The p r inc ip l e  advantages o f  the high temperature fuel 

However, r a i s ing  the  t'emperature t o  a t y p i c a l  f igure of 
900°F o r  above-in a f u e l  c e l l  which employs a water e l e c t r o l y t e  
would require  a r e l a t i v e l y  high pressure system. This would be 
undesirable from both a technical  a s  w e l l  as an economic viewpoint. 

To avoid t h i s  d i f f i c u l t y ,  two solut ions are possible.  
The e l ec t ro ly t e  can be e i t h e r  1) a s a l t  t h a t  m e l t s  a t  a high 
temperature and which has a very low vapor pressure at this  high 
temperature, o r  2 )  an ion conducting so l id  used at s t i l l  higher 
temperature (about 2000'F). Operating a t  this l a t t e r  very high 
temperature requires t h e  use of noble metals f o r  s t a b i l i t y  r a t h e r  
than f o r  c a t a l y t i c  purposes. This w e  want t o  avoid. For this  
reason, t h e  f u e l  c e l l  work a t  IGT i s  focused on t h e  use of a 
molten salt e l e c t r o l y t e  operating i n  t h e  range of 900 t o  1300~~. 
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The IGT moltgn carbonate fuel c e l l  i s  patterned a f t e r  
t h e  concept o f  Broers. I n  t h i s  system, a eu tec t i c  mixture of 
two or t h ree  a l k a l i  metal carbonates i s  mixed with an i n e r t  
mater ia l  such as a m e t a l  oxide. This forms a ceramic t i le- l ike 
s t ruc tu re  a t  room temperatures which becomes a non-Newtonian 
f l u i d  o r  paste a t  t h e  operating temperature. 

I n  t h e  IGT system, t h e  paste e l ec t ro ly t e  i s  held between 
a s i l v e r  film cathode about 10  microns t h i c k  and a porous f i b e r  
nickel  anode. The cathode i s  supported by a s t a i n l e s s  s t e e l  gr id .  
A completa fuel  c e l l  element of th i s  type with an ac t ive  area of one 
square foot  is shown i n  Figure 1. These elements can be stacked 
i n  various ways t o  produce b a t t e r i e s  of any voltage desired. 

reformed natuilal gas which i s  prepared by steam reforming i n  
t h e  presence o f  commercially avai lable  ca t a lys t s .  

A t  t h e  present time, t h e  f u e l  for t h e  I G T  c e l l  i s  

PERFOFUUNCE CHARACTERISTICS 

Performance cha rac t e r i s t i c s  of  high temperature molten 
carbonate fuel c e l l s  are usual ly  i n f e r i o r  t o  those obtained i n  
low temperature systems. Since t h e  elevated temperature should 
improve reaction rate k ine t i c s ,  an explanation f o r  t h e  poorer 
performance must be sought i n  terms of e lectrade propert ies  and mass 
t r a n s f e r  processes. Low temperature f u e l  c e l l  e lectrodes can be 
prepared w i t h  very high real t o  geometric surface areas .  This may 
be achieved using high surface area carbons, nickels  and precious 
metal blacks. I n  t h e  high temperature c e l l s ,  such a c t i v e  surfaces 
are unstable. They tend t o  s i n t e r  t o  form r e l a t i v e l y  low surface 
a rea  electrodes.  

A second f a c t o r  a f f ec t ing  performance l e v e l s  i s  t h e  
nature of tk gas-liquid-solid in t e r f ace  a t  t h e  electrode. I n  
low temperature c e l l s ,  i t  has been possible t o  achieve a r e l a t ive ly  
e f f ec t ive  in t e r f ace  i n  terms of mass t r a n s f e r  properties,  f o r  
example, a t h i n  f i l m  o f  e l e c t r o l y t e  on t h e  bulk of t h e  electrode, 
using e i t h e r  a double porosi ty  e lectrode s t ructure ,  waterproofing, 
ion exchange membranes, or matrices. In  molten carbonate f u e l  c e l l s ,  
t he re  has always been evidence o f  macros-copic flooding on electrodes 
which have been i n  operat ion f o r  some t i m e  - e.g.  over several  
hundred hours. 

B r o e r s 7  and we a t  IGT' have observed evidence f o r  
diff 'usion control i n  t h e  l i q u i d  f i l m  f o r  t h i s  type cel l .  
measurements i n  terms of  f i lm  theory have not been possible because 
of lack of information on t h e  s o l u b i l i t y  of hydrogen, oxygen, 
carbon monoxide, carbon dioxide, and water vapor i n  carbonate 
m e l t s .  Nevertheless, more e f f ec t ive  use of e lectrode surface i s  
c l e a r l y  warranted. 

To see i f  improved i n t e r f a c i a l  cha rac t e r i s t i c s  could be 
achieved, experiments a t  IGT have been conducted with a var ie ty  of 
matrix materials with d i f f e r e n t  surface areas  and p a r t i c l e  sizes. 
The use of high su r face  area metal oxides has l ed  t o  t h e  developrent 
of c e l l s  which show no evidence of macroscopic flooding after 
prolonged operation. 
Of t h e  type shown i n  Figure 2. 
shown i n  t h i s  Figure for comparison. 

Quantitative 

They have yielded performance cha rac t e r i s t i c s  
E a r l i e r  perfomance l eve l s  a r e  a l so  

I 
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All t e s t s  at  IGTaare performed on hot pressed e l ec t ro ly t e  

To prevent extrusion of t h e  e l ec t ro ly t e  
discs .  Those d iscs  are prepared by pressing e l ec t ro ly t e  powders 
at 8000 lbs/ in2 and g5OoF. 
between sect ions of t he  d ies ,  aluminum discs  are inser ted  i n  the  
pressing uni t .  
d i f ference i n  coef f ic ien t  of thermal expansion between the  s t e e l  
and aluminum t o  insure a sea l  t i g h t e r  than that which could be 
achieved by mechanical tolerances alone. 
f o i l  i s  placed between tLe e l ec t ro ly t e  powders and t h e  aluminum 
t o  f a c i l l i t a t e  re lease  of  t he  e lec t ro ly te  d iscs  from the  d i e  assembly. 

electrodes shown i n  Figure 3 ,  have yielded polar iza t ion  charac te r i s t ics  
shown i n  Figure 4. Higher density electrodes,  such as 43 and 62 
percent nickel,  show a high l eve l  of po lar iza t ion  and t h e  appearance 
of l imi t ing  currents.  Electrodes having a densi ty  of 15, 20, and 
33 percent y i e ld  equivalent performance within experimental e r ror .  
These d a t a  were taken with c e l l s  having an electrode area of three 
square centimeters. Results have since been duplicated with c e l l s  
having surface areas of 32 square centimeters. Cell l i fe t imes  of I 

850 hours a t  t h e  indicated performance l e v e l  is t h e  bes t  achieved so 
far. These c e l l s  a r e  s t i l l  being tes ted.  From these r e su l t s ,  it 
appears t ha t  f 'urther optimization o f  e l ec t ro ly t e  and electrodes 
may yield even b e t t e r  performance leve ls ,  placing a whole new 
perspective on t h e  use o f  t h i s  type fue l  c e l l  system. 

The d i sc s  are designed t o  take advantage of the  

A t h i n  palladium-silver 

A s e r i e s  of experiments on d i f f e ren t  density f i b e r  nickel 

In  the  next sect ions the  impact of these new polar izat ion 
curves on heat t r ans fe r  and overal l  system ef f ic iency  w i l l  be 
outlined. 

HEAT TRANSFER 

Considering the  voltage cha rac t e r i s t i c  shown i n  Figure 2, 
i t  i s  apparent that the  maximum voltage-current performance i s  
desired.  The volume, weight, and cost  of t he  fue l  c e l l  system i s  
decreased. It i s  of i n t e r e s t ,  however, t o  examine the  engineering 
implications espec ia l ly  as t o  how heat t r ans fe r  i s  a f fec ted  by the  
d i f fe ren t  voltage-current charac te r i s t ics .  

t r ans fe r  problem i n  a fuel c e l l  bat tery.  Figure 5, i s  a 
simplified diagram of the  f'uel ce i l .  Heat t r ans fe r  i n  such a 
c e l l  depends mainly on such fac tors  as ba t t e ry  dimensions, the  
voltage-current charac te r i s t ic ,  the degree of fue l  and air  
conversion, and the  physical propert ies  of t he  mater ia ls  used t o  
construct t he  c e l l .  The complete problem i s  too broad t o  discuss 
here. However, i n  Figure 6 t he  temperature d i s t r i b u t i o n  within 
such a f u e l  c e l l  i s  shown for the  voltage-current cha rac t e r i s t i c s  
o f  Figure 2. I n  a l l  cases, t h e  operating c e l l  po ten t i a l  would be 
800 mfl l ivol t  s. 

A t  IGT, w e  have considered thesthree dimensional heat 

It can be seen t h a t  t he  maximum temperature r i s e  from the 
center  of the  ba t te ry  t o  the  assumed isothermal walls ( i n  the  case of 
the 1963 voltage-current cha rac t e r i s t i c )  i s  only about 7'F. However, 
when the  performance of t he  c e l l  i s  improved (Best 1965), the  
maximum temperature rise increases t o  about 4 8 O O F .  
course, the w a l l s  of the  f u e l  c e l l  would not be isothermal. 
one can deduce from the experimental data that the  l o w  performance f u e l  
c e l l  would require  the  addi t ion of heat t o  keep it at  operating 
temperature. 
f r o m  the system having the  high performance charac te r i s t ic .  

In  pract ice ,  of 
Nevertheless, 

On the  other  hand, it would be necessary t o  remove heat 

P 
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This has been p a r t l y  ver i f ied  by constructing the  32-cell 
stack o f  elements shown i n  Figure 7. The performance of t h i s  
b a t t e r y  was based on t h e  1963 charac te r i s t ic .  
necessary t o  add heat t o  the  system. 
cha rac t e r i s t i c s  suggests another poss ib i l i t y .  
reforming ca t a lys t s  near  t he  electrodes so tha t  waste heat from the  
fie1 c e l l  can be used t o  sus t a in  the  endothermic reforming reaction. 
A t  t h e  sane time, t h i s  would provide a means f o r  cooling the c e l l .  

Here t h e  e f fec t  of conversion on temperature d i s t r ibu t ion  i s  shown. 
In  t h e  d i r ec t ion  of a i r  flow (Z), it can be seen tha t  as the 
conversion of oxygen i s  increased, two things happen. The f i r s t  
e f f e c t  i s  a r i s e  i n  the maximum temperature i n  the ba t te ry .  This would 
be expected since l e s s  gas i s  ava i lab le  t o  remove heat.  The second 
e f f e c t  i s  somewhat l e s s  expected. The flow of gas through thb c e l l  
causes a temperature d i s t r i b u t i o n  i n  the  c e l l  tha t  i s  not sy-mnetrical. 
Physically, t h i s  s i t u a t i o n  can be in te rpre ted  as follows: A t  a 
high r a t e  of' gas flow, heat i s  being removed f rm the  sec t ion  of 
t h e  ba t t e ry  near t he  gas  i n l e t  and i s  being red is t r ibu ted  t o  t h e  
sec t ion  near the  o u t l e t .  In  the  case o f  a low r a t e  of gas flow, 
complete symmetry i n  the Z d i r ec t ion  can be expected. 

As expected, it w a s  

This i s  t o  incorporate 
The improved performance 

A fur ther  va r i a t ion  i n  c e l l  performance i s  seen i n  Figure 8. 

/ 
The purpose of these heat t r ans fe r  considerations was t o  

determine some fee l ing  for the s i ze  and shape o f  f u e l  c e l l s  which 

however, it permits assumptions on t h e  nature of heat inputs  i n  
the system. It a l s o  es tab l i shes  what t h e  overal l  e f f ic iency  of 
such a system might be. 

w i l l  be b u i l t  at IGT within the next few years. More important, 1 

0 

EFFICIEXVCY 

I n  the high temperature molten carbonate f u e l  c e l l ,  a 
typ ica l  operating vol tage that i s  compatable v i t h  the mater ia ls  
from which the c e l l  i s  b u i l t  i s  about 0.7 t o  0.8 vol t s .  From the 
previous discussion, w e  have seen that c e l l s  operating a t  t h i s  
voltage l eve l  can be thermally self-sustaining.  Thus, t he  overa l l  
e f f ic iency  of t h e  system depends on the  e f f ic ienc ies  o f  f u e l  and 
a i r  conversion, and the refcrming requirements. A i r  conversion i s  
espec ia l ly  important i n  high temperature f ie1 c e l l s  where the  heat 
content o f  t he  oxidant i s  subs tan t ia l .  In  Figure 9, the overa l l  
e f f ic iency  of an ex terna l  reformer-molten carbonate fue l  c e l l  i s  
shown as a function of  the ef f ic iency  of fuel and oxygen conversion. 
The oxidant i s  a i r .  

the  external  reformer w a s  60 percent e f f i c i e n t  and 2 )  t h a t  no gas-to-gas 
heat exchange i s  poss ib le  but heat exchange from gas-to-boiling 
l i q u i d  i s  feas ib le .  These assumptions are based on the need f o r  
unreasonably la rge  gas-to-gas heat exchangers espec ia l ly  f o r  low 
oxygen conversion. While such heat exchangers could be b u i l t ,  they 
would cost  more than t h e  f u e l  c e l l  i t s e l f .  However, from a p rac t i ca l  
viewpoint, s t e m  generation i s  more feas ib le ,  and heat recovery f o r  
t h i s  purpose has been assumed. 

It can be seen that at low oxygen conversion, t h e  overa l l  
eff ic iency i s  not g rea t ly  affected by the  eff ic iency of f i e 1  conversion. 
It does become more important as the ef f ic iency  of t he  oxygen 
conversion improves. The reason f o r  this i s  that when t h e  f u e l  
conversion i s  high, but t h e  oxygen conversion i s  low, it i s  
necessary t o  maintain a separate  fuel supply t o  preheat the  air. 
A t  low fuel conversion, the  air  can be preheated by burning 
spent f ie l .  
system without gas-to-gas heat exchange w i l l  probably be between 
35 and 39 percent. 

For purposes of t h i s  example, it was assumed tha t  1) 

The maximum ef f ic iency  f o r  the  external  reforming 

I 

' F  
I 

i 
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I n  Figure 10,  a s imilar  analysis  i s  made f o r  an i n t e r n a l  
r e f O m I ! . r x  system. In  t h i s  case, t h e  heat f o r  t he  ref'ormer i s  
supplied by the  polar izat ion and entropic heats from t h e  f i e 1  
c e l l .  Again, t h e  concept of gas-to-gas heat exchange f o r  preheating 

f o r  t h i s  system i s  somewhat higher as might be expected. A f i gu re  
of about 40-43 percent seems t o  be possible with present technology. 

Finally,  i t  should be noted t h a t  oxygen conversions higher 
than 60 percent may be possible i n  t h e  future.  
efficiency of t h e  ove ra l l  system w i l l  be .even higher. However, it 
is not l i k e l y  t o  be g r e a t e r  than 50 percent unless l o w  cost  

ECONOMICS 

' feeds has been assumed t o  be impractical. The overal l  eff ic iency 

In,such a case, the 

8 gas-to-gas heat exchangers can be developed. 
n 

The only r e a l  basis f o r  economic evaluation of f u e l  c e l l s  
a t  t h e  present time i s  t h e  cost of materials.  Lack o f  knowledge 
and/or experience with manufacturing components and systems 
prohibi ts  any more extensive analysis.  To a c e r t a i n  extent,  
storage ba t t e ry  hardware can serve as  a guide but t h i s  breaks 
6own when confronted with a new component l ike  the  paste  e l ec t ro ly t e  
i n  t he  high tempeidature f u e l  c e l l .  

of molten carbonate f u e l  c e l l s  and related these costs  t o  t h e  
performance of IGT c e l l s .  
again presented our performance data  i n  t h i s  fashion, (Fig.  11). Material 

\,costs a r e  e s sen t i a l ly  t h e  same a s  i n  the  earlier publication. 
\can be readi ly  seen that progress has been made which gives r i se  t o  

1 considerable optimism f o r  t h e  economics of th is  type me1 c e l l .  
: '&pica1 performance. cha rac t e r i s t i c s  indicate  t h a t  material cos t s  of 

11 about $45 per kilowatt  can be achieved and t h e  best  performance 
data reduces t h a t  f i gu re  t c  l e s s  than $20 per kilowatt .  

With respect t o  f u r t h e r  improvement, w e  might look t o  

$ 

! 
In  an ea r ly  publication3 w e  estimated t h e  material costs  

Applying a s imilar  method, w e  have once 

It 

\ 
1 

, h u s L ~ g  copper i n  place of  s i l v e r  a t  t h e  cathode and t o  reducing 

) c e l l .  
I carbonate fuel c e l l .  Only more intensive experimental work can 

the amount of s t a i n l e s s  steel  used f o r  t he  current co l l ec to r  i n  the 
Lifetime remains t h e  big f a c t o r  i n  t h e  case o f  t h e  molten 

'find a solut ion t o  t h i s  problem. 
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Fig. 1. -SINGiX ELEMENT OF IGT HIGH-TEMPFXATLJlB FlTEL CEXG BATTERY 
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Fig. 3 .  -CIFFZRErJT CENSITY FIBER NICKEL ELECTRODES USED I N  IGT MOLTEN 
CARBONATE FUEL CELL (12OX) 
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Fig. 7.  -IGT 32-CELL HIGH-TEMPERATURE BATTERY 
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Fic. q .  -F,FF" OF A I R  CONVERSION AT HIGH PERFORMANCE LFvELs ON 
TEMPERt.TURE PISTRIBUTION I N  PIRECTION O F  GAS FLOW 

HYDROGEN CONVERSION, % 

~ ? g .  2 .  -0IERCLL SYSTEPI EFFICIENCY A S  A FUNCTION OF FUEL AND OXTJPrJT 
ZC:?T=RSIO?T 7 rITH /IT EXTERNAL REFORMER 



-264- 

HYDROGEN CONVERSION, x 
Fig. 10.  -OVERALL SYSTEM EFFICIENCY AS A FUNCTION OF FUEL AND 

OXIDANT CONVERSION WITH AN INTERNAL REFORMER 
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TESTING OF ELECTRODES FOR H I G H  TEMPERATTIRE 
SOLID ELFCTROLYTE FUEL C W  

E. F. Sverdrup, D. H. Archer, J. J. Alles,  and A. D. Glasser 

Westinghouse Research Laboratories 
Beulah Road, Churchi l l  Borough 

Pi t t sburgh  35, Pennsylvania 

INTRODUCTION 

e l e c t r o l y t e s  a r e  being developed both for e l e c t r i c  power generation 
and f o r  the  e l e c t r o l y t i c  regenerat ion of oxygen from carbon 
dioxide-water vapor mixtures.  P r a c t i c a l  devices operate a t  
temperatures i n  the  v i c i n i t y  of 1000°C i n  order  t o  ob ta in  high 
oxygen ion  mobil i ty  i n  the e l e c t r o l y t e  mater ia l .  
of the  energy l o s s e s  associated with e lec t rode  operat ion i n  air 
and f u e l  atmospheres under these  high temperature condi t ions i s  
the  subjec t  of t h i s  paper. 

ELECTRODE PROCESSES I N  THE SOLID FLECTROLTYE FUEL CELLS 

Fuel c e l l  systems u t i l i z i n g  zirconium dioxide ceramic 

The measurement 

A t yp ica l  s o l i d  e l e c t r o l y t e  f u e l  c e l l  b a t t e r y  i s  shown i n  
Fig.1. It cons is t s  of a s e r i e s  of bell-and-spigot shaped c e l l s  which 
nest  together  t o  form a tube. A f ie1 stream i s  passed through the  
in s ide  of the tube and a i r  surrounds the  outs ide.  The s t eps  involved 
i n  the  reac t ion  of t he  m e 1  and oxidant t o  produce r eac t ion  products 
and e l e c t r i c  power can be v isua l ized  with the  a id  of Fig. 2. Oxygen 
molecules d i f f i s e  through t h e  a i r  t o  the  a i r  e lec t rode  surface where 
they d i s soc ia t e  and a r e  adsorbed. Surface migration occurs over the  
e lec t rode  t o  si tes a t  t he  e l ec t rode -e l ec t ro ly t e  inteFfaces  where, combin- 
ing  _with two e l ec t rons  from t h e  e lec t rodes ,  an oxygen atom becomes 
an 0- ion  and e n t e r s  an oxygen ion  vacancy i n  the  c r y s t a l  l a t t i c e  
of t he  e l ec t ro ly t e .  Oxygen ion  t r anspor t  through the e l e c t r o l y t e  
occurs. 
up e l ec t rons  t o  t h e  e lec t rode  and r eac t  w i t h  f u e l  species  which have 
d i f fused  t o  and been adsorbed on the  f u e l  e lectrode surface.  The 
products of the  sur face- reac t ion  w i t h  t h e - f i e 1  a re  desorbed from the 
e lec t rode  and diff'use i n t o  the  f u e l  reaction-product stream. The e lec t rons  
t h a t  have been de l ivered  t o  t h e  f ie1 e lec t rode  pass  through t h e  
conducting sea l  t o  the  a i r  e lec t rode  of t h e  next c e l l  where they 
again take par t  i n  t he  formation of o gen ions.  
each c e l l  a generated vol tage a p p e a r s r i f  the  ex terna l  e l e c t r i c  
c i r c u i t  i s  open) which i s  given by: 

A t  the  f'uel e lec t rode ,  oxygen ions leave the  e l e c t r o l y t e  give 

A t  t h e  terminals  of 

E = open c i r c u i t  vol tage of t h e  c e l l  ( v o l t s )  g 

R 

T = absolu te  temperature ( O K )  

= gas constant ,  8.134 (joules/OK-mole) 
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F = Faraday number (96,500 coul/gm. equiv.)  

= oxygen p a r t i a l  pressure a t  the  a i r  e lec t rode  of the  

= oxygen p a r t i a l  pressure on the f i e 1  e lec t rode  of the 
'02' c e l l  

This vol tage r e f l e c t s  t h e  r eve r s ib l e  energy ava i l ab le  from the  
isothermal expansion o f  an i d e a l  gas between t h e  two oxygen p a r t i a l  
pressure l eve l s .  I f  t he  c i r c u i t  i s  closed so t h a t  e l e c t r i c  power 
i s  de l ivered  t o  an ex te rna l  load, the  vol tage VT appearing a t  t he  
terminals  o f  the c e l l  i s  decreased by i r r e v e r s i b l e  losses. 
b a t t e r y  operates  a t  a load  current I equal t o  t h e  reac t ion  o f  fin 

If t he  

c e l l  terminal  voltage i s  decreased both by the  ohmic r e s i s t ance  lo s ses  
caused by t h e  t ranspor t  o f  e lec t rons  through the  e lec t rodes  and O= 
ions through the e l e c t r o l y t e  and by the  i r r e v e r s i b l e  lo s ses  associated 
with the  t ranspor t  o f  r eac t an t s  and r eac t ion  products t o  and from the 
e lec t rodes .  I r r e v e r s i b l e  lo s ses  associated with t h e  adsorption, 
desorption and surface r eac t ion  s t eps  may also occur. 

P V T = E  - 1 R - V  g 

VT = terminal  vol tage of the  c e l l  ( v o l t s )  

Eg = generated, open c i r c u i t ,  vol tage o f  t he  c e l l  ( v o l t s )  

I = c e l l  cur ren t  (amperes) 

R = t o t a l  ohmic r e s i s t ance  between c e l l  terminals ,  e lectrodes 
and e l e c t r o l y t e  ( ohms) 

V = t o t a l  vo l tage  l o s s  due t o  non-ohmic i r r e v e r s i b l e  processes 
( v o l t s )  

The ohmic r e s i s t a n c e  l o s s  "R" may be conveniently separated 
i n t o  components due t o  e l ec t ron  t ranspor t  i n  t h e  air e lec t rode ,  t he  a i r  
e l e c t  rode- t o-e lec t ro ly t  e contact res i s tance ,  t h e  i o n i c  r e s i s t ance  of 
t h e  e l e c t r o l y t e ,  the  f i e 1  e lec t rode- to-e lec t ro ly te  contact res i s tance ,  
and the  e l ec t ron ic  r e s i s t ance  of t he  h e 1  electrode.  Techniques 
have been developed for i s o l a t i n g  and measuring these  separately.  
The po la r i za t ion  vol tage l o s s e s  are not as e a s i l y  separated but the 
o v e r a l l  po ten t i a l  loss assoc ia ted  with carrying out e i t h e r  t he  f i e 1  o r  
air e lec t rode  reac t ion  can be measured a s  a f i n c t i o n  of t he  reac t ion  
r a t e  ( e lec t rode  current  dens i ty)  by measuring the  non-ohmic po ten t i a l  
drop between the appropr ia te  e lectrode and t h e  e l e c t r o l y t e .  

AN ilpPARATuS FOR THE MEASUREMENT OF ELECTRODE LOSSES 

Figure 3 is  a schematic of an apparatus for measuring 
e lec t rode  losses .  It cons i s t s  of a f i rnace ,  a gas- t igh t  system for 
r eac t an t  de l ivery  and removal, and a number o f  spring-loaded probes 
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which bear on an electroded tes t  sample. Each probe i s  a P t - P t  
lo$ Rh thermocouple which can be used for sensing temperatures as 
w e l l  as p o t e n t i a l .  Fig. 4 i s  a photograph of t h e  test  cavi ty  showing 
t h e  probe arrangement. 
and probes bear on both t h e  upper and lower surfaces  of t h e  t e s t  
specimen when t h e  tester i s  assembled. 

allows a number of tests t o  be made. A s  can be seen from Fig. 5, 
t h e  tes t  sample i s  a wafer of  t h e  ceramic e l e c t r o l y t e  w i t h  t h e  
e lec t rode  t o  be t e s t e d  appl ied t o  one surface and a s u i t a b l e  counter 
e lec t rode  t o  tile ot:izr surface.  The electrode i s  applied as a 
b w d  leaving a por t ion  of the  bare e l e c t r o l y t e  surface exposed. 
3lvn 2-obes bear on t h e  electroded por t ion  of each siirface while 
t h e  s i x t h  probe rests on t h e  e l e c t r o l y t e  surface.  

allows t h e  important e lec t rode  c h a r a c t e r i s t i c s  t o  be measured. The 
techniques involved a r e  described i n  succeeding sect ions.  

An electroded test  wafer rests i n  t h e  cavi ty  

The probe arrangement shown i n  Fig. 4 and again i n  Fig. 5 

This choice of electrode and e l w t r o l y t e  probe loca t ions  

YEASUREDIENT OF THE OHMIC LOSSES ASSOCIATED WITH ELECTRON TRANSPORT I N  
THE ELECTRODE 

The l o s s e s  which are associated with t h e  t ranspor t  of 3 

e lec t rons  along the e lec t rode  fi lm t o  t h e  s i tes  where oxygen ions 
a r e  formed depend on t h e  e l e c t r o n i c  r e s i s t i v i t y  o f  the  e lec t rode  
mater ia l  and on the geometry of t h e  electrode.  Expressions which 
take i n t o  account t h e  non-uniform current  densi ty  d i s t r i b u t i o n  
i n  the  e lec t rode  a r e  e a s i l y  derived but are less u s e f u l  than t h e  
s implif ied approximation: - 

Rele  c t rode 

where 

Pe = e l e c t r o n i c  r e s i s t i v i t y  of t h e  electrode mater ia l  (ohm-cm) 

1, = e f f e c t i v e  length of e l e c t r - n  t r a v e l  along e lec t rode  (em) 

6, = e lec t rode  thickness  (cm) 

nD = circumference of h e 1  c e l l  (width of e lec t rode)  (cm) 

A s  t h i s  expression shows, t h e  parameter o f  i n t e r e s t  t o  t h e  

- 

f ie1 c e l l  designer i s  the,,elect;ode r e s i s t i v i t y  divided by t h e  
e lec t rode  f i l m  thickness  pe/Be . This quant i ty  i s  e a s i l y  measured 
i n  the e lec t rode  tester by passing a current  between two of the  
probes bearing on t h e  e lec t rode  and measuring, potent iometr ical ly ,  
the p o t e n t i a l  drop across  two o ther  e lec t rode  p o t e n t i a l  probes. 
Solution of t h e  two dimensional current  flow problem for t h e  geometry 
used'allows t h e  d i r e c t  determination of pe/6 from t h e  measured r a t i o  
of voltage t o  current  flow. 
p o t e n t i a l  problem by L. J. van d e r  Pauwl allows pe/6 
from measurements using four  probes placed a r b i t r a r i f y  on t h e  edges 
of an electrode film of  a r b i t r a r y  shape. The required measurements 
are indica ted  i n  Fig. 6.  The two voltage-to-current r a t i o s  y ie ld  
d i r e c t l y  a value o f  t h e  r e s i s t i v i t y / t h i c k n e s s  of t h e  e lec t rode  
film. I n  addi t ion,  t h e  use of two d i f f e r i n g  current  paths  i n  the  . 
measurements allows major changes i n  t h e  uniformity of t h e  fi lm 
during e lec t rode  operat ion t o  be e a s i l y  detected.  

Al te rna t ive ly ,  t h e  treatment of t h e  
t o  be calculated 

A s  an example of 



-4 - 

these measurements, Fig!. 7 compares the  temperature dependence of a 
porous s in te red  platinum e lec t rode  and a fused platinum film electrode,  
as determined by t h e  van de r  Pauw technique, w i t h  t he  ca lcu la ted  temper- 
a t u r e  va r i a t ion  of a sheet  of bulk platinum having the  same weight 
densi ty .  
s ec t ions  o f  these films, shown i n  Fig. 8, the  s in te red  e lec t rode  
d i sp lays  a pe/be about t h r e e  times t h a t  of bulk platinum. 
fused e lec t rode  film shows pe/be values  about 1.5 t imes g rea t e r  than 
bulk platinum. This increased e f f e c t i v e  r e s i s t i v i t y  g ives  some 
indica t ion  of t h e  microporosity o f  the  e lec t rode  film. Figure 7 
a l s o  shows the  i r r e v e r s i b l e  increases  i n  r e s i s t i v i ty / th i ckness  
parameter displayed by both types o f  e l ec t r3de  when exposed t o  
hydrogen-water atmospheres. 

A s  would be expected from the  character  of  t h e  cross- 

The 

rmsuREMEm AND SEPARATION OF ELECTRODE TO ~ C T R O L Y T E  LOSSES 

The vol tage l o s s e s  assoc ia ted  w i t h  t he  operat ion of  an 
e lec t rode  are measured us ing  the  e l e c t m d e  t e s t e r  by passing a 
current  through the  ( e l ec t rode ) - ( e l ec t ro ly t e ) - ( coun te r - e l ec t rode )  
test  wafer and measuring t h e  vol tage drop between two non-current 
carrying p o t e n t i a l  probes - one bearing on t h e  test electrode 
and t h e  o ther  on the  bare e l ec t ro ly t e .  I n  p r a c t i c e  current  i s  
introduced through the four  probes located at  the  corners  of the 
e lec t rode  and t h e  p o t e n t i s l  i s  monitored between the center  e lectrode 
probe and the  e l e c t r o l y t e  probe. The e l e c t r o l y t e  probe, as shown 
i n  Fig.  5 ,  i s  located as far as poss ib le  from t h e  edge of the electrode.  
The d i r e c t i o n  of current  flow determines the  d i r ec t ion  of oxygen ion 
t ranspor t  and the  r eac t ions  which take  p lace  at  t h e  t e s t  e lectrode.  
By appropr ia te  choice of cur ren t  d i r ec t ion  and atmosphere e i t h e r  
t he  a i r  o r  t he  f ie1 e l ec t rode  processes may be s tudied as i l l u s t r a t e d  
i n  Fig.  9. 

A Tektronix type 545 osci l loscope with a type D high gain 
d i f f e r e n t i a l  input-d. c. ampl i f i e r  i s  used t o  monitor t h e  po ten t i a l  
drop from the e lec t rode  t r ,  t he  e l ec t ro ly t e .  The d i f f e r e n t i a l  input 
r e j e c t s  noise  vol tages  common t o  both leads of  t h e  measuring c i r c u i t .  
The s ing le  t r a c e  mode of  sweep o p e r a t i m  i s  used and t h e  ga te  
outpiit,  a d .c .  vo l tage  o f  30 v o l t s  which becomes ava i lab le  a t  the  
f ron t  panel of t he  scope when t h e  sweep i s  i n i t i a t e d ,  i s  used i n  
conjunction with a boos ter  b a t t e r y  and a f a s t  r e l a p  t o  energize 
o r  de-energize t h e  e l ec t rode  current  c i r c u i t .  (F ig .  1 0 )  Oscilloscope 
t r a c e s  such as are shown i n  Fig. 11 are obtained. 

sample t h e  e lectrode t o  e l e c t r o l y t e  vol tage rises t o  an intermediate 
value so r ap id ly  t h a t  no t r a c e  can be detected on the  oscil logram and 
then r i s e s  a t  a slower rate u n t i l  the  steady s t a t e  po ten t i a l  drop 
corresponding t o  the  given e lec t rode  cur ren t  dens i ty  i s  reached. 

When t h e  r e l a y  c loses  e s t ab l i sh ing  cur ren t  through the 

*C. P.  Clare,  Model HG 1202 - operat ing time 5 mil l iseconds w i t h  
52.5 v o l t s  s tep  funct ion vol tage  appl ied t o  the  co i l .  
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Similar ly ,  when the  r e l ay  opens, t he  po ten t i a l  decays almost 
immediately t o  an intermediate  l e v e l  and then more slowly t o  zero. 
The fast processes,  which occur so  r ap id ly  t h a t  no t r a c e  i s  
recorded on the  oscil logram, are associated pr imar i ly  w i t h  t he  
r e s i s t i v e  voltage drop occasioned by the  passage of oxygen ions 
through the  e l ec t ro ly t e .  This can be seen by comparison o f  the 
magnitudes of t he  f a s t  component. of the po ten t i a l  dr3p with 
pred imions  of t h e  e l e c t r o l y t e  r e s i s t ance  based on t h e  known 
r e s i s t i v i t y  of t he  e l e c t r o l y t e  and the  geometry o f  t h e  sample. The 
s t rong temperature dependence of the  e l e c t r o l y t e  r e s i s t i v i t y  Offers 
a convenient method of separat ing e l e c t r o l y t e  r e s i s t ance  from 
other  possible  rap id  po la r i za t ion  processes which would be 
expected t o  show a d i f f e r e n t  temperature dependence. 

ALI i l l u s t r a t i v e  set of current  i n t e r rup t ion  photo r a  hs taken E P  on a fused-electrode t e s t  sample operat ing i n  oxygen a t  900 C a r e  
shown i n  Fig. 12 .  The fast component of the t o t a l  vo l tage  drop 
across  the  specimen, V , can be scaled from t h e  cur ren t  
i n t e r rup t ion  photographs and i s  680 mi l l i vo l t s .  Under t h e  
conditions o f  t h i s  t es t ,  a sample current  of 1000 milliamp; was 
being passed through t‘ne specimen. An overa l l  “ r e s i s t ance  of 
b8O mv/lOOO m a  = 0.68 ohms i s  indicated.  A t  900°C t h e  r e s i s t i v i t y  
of  ( Zr02)o. 9(Y203)o. electrol-yte  materials i s  1 2  ohm-em. The 
sample r e s i s t ance  ca lcu la ted  from geometry i s  then: 

4-10 

- - - -  Pb6b - 1 2  ( 0  - em) 0 .09  ( e m )  = o.80 
. em) 

(1) R 

where pb = e l e c t r o l y t e  r e s i s t i v i t y  (ohm-em) 

6b = e l e c t r o l y t e  th ickness  (em) 

A = e lec t rode  area (sq.  em) 

The easured  re s i s t ance  i s  85% of the  r e s i s t ance  estimated from 
sample geometry. 
a t  var lous temperatures between 8 0 0 O c  and 1000°C. 
p lo t t ed  i n  Fig. 13 and compared with ca lcu la ted  values  based on 
sample geometry. A s  i s  evident from Fig. 13, the temperature 
dependence of  t h e  sample r e s i s t ance  i s  the same as t h a t  of t he  
e l ec t ro ly t e ,  t he  t o t a l  sample r e s i s t ance  remaining 85% of t h e  
calculated except a t  the  lowest temperature - 800 C. 

Measurements of t o t a l  sample r e s i s t ance  were made 
The r e s u l t s  are 

The accuracy with which e lec t rode  area can be measured i s  
probably *5$ and t h e  e l e c t r o l y t e  r e s i s t ance  i s  known only t o  *5$, SO 
the  agreement betFeen the magnitude o f  the  r e s i s t ance  charac te r iz ing  
t h e  “fast  process 
e l e c t r o l y t e  seems sa t i s f ac to ry .  

MEAS- OF THE EL;ECTRICAL POSITION OF THE EZ;ECTROLYTE POTENTIAL PROBE 

po la r i za t ion  and t h e  ohmic r e s i s t a n c e  of the 

Figs.  12 ana 13 i l lust rate  the method used for es tab l i sh ing  
the  e l e c t r i c a l  pos i t i on  of t h e  e l e c t r o l y t e  po ten t i a l  probe. 
e l e c t r o l y t e  probe were posi t ioned away from the edge o f  the electrode,  a t  
a d is tance  which i s  large compared t o  t h e  spacing between electrodes,  

I f  the  
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O2 gas phase -. "= 

t h e  ohmic r e s i s t ance  of t h e  e l e c t r o l y t e  included i n  measurement 
between e lec t rode  and probe would approach one ha l f  t he  t o t a l  
e l e c t r o l y t e  res i s tance  o f  t h e  sample. I n  prac t ice ,  it i s  d i f f i c u l t  
t o  achieve a separa t ion  between e lec t rode  and probe of more than twice the  
e l e c t r o l y t e  thicknesses.  It i s  a l s o  d i f f i c u l t  t o  cont ro l  t h e  
pos i t i on  of t he  probe with respect  t o  the edge of the  electrode.  
A s  a consequence, t h e  e l e c t r i c a l  pos i t ion  of t h e  probe does not 
u sua l ly  f a l l  i n  the  cen te r  of t he  e l ec t ro ly t e .  A s  Fig. 2 shows, 
i n  Test XXXII t h e  probe w a s  posi t ioned e l e c t r i c a l l y  c lose r  t o  
the  f'used test  e lectrode,  t he  r a t i o  of  t h e  res i s tance  between t h i s  
e lec t rode  and probe ( R 4 - 7 )  and t h e  t o t a l  r e s i s t ance  (R4-10) being 
0.19/0.68 = 0.28. Figure 1 2  demonstrates. t h a t  t h i s  r a t i o  remained 
constant ,  independent of tes t  temperature and atmosphere. 

e l e c t r o l y t e  ( 3 )  

I'MSUmENT OF "SLOW" POLARIZATION PROCESSES 

Figure 1 4  i l l u s t r a t e s  t h e  usefulness  o f  t h e  current  
i n t e r rup t ion  technique i n  t h e  inves t iga t ion  of e lec t rode  
polar iza t ion .  Here t h e  po la r i za t ion  vol tages  of a p a r t i c u l a r  
e lec t rode  i n  oxygen and hydrogen-water atmosphere are compared. 
The e lec t rode  d isp lays  low polar iza t ion  vol tage lo s ses  when t e s t e d  
i n  oxygen atmospheres. I n  f'uel atmospheres, l a rge  po la r i za t ion  losses ,  
which decay on in t e r rup t ion  of t h e  current  i n  times of t he  order 
10  t o  100 mil l iseconds,  are typ ica l .  Volt-ampere c h a r a c t e r i s t i c s  
of t h e  e lec t rcde  sample constructed from current  i n t e r rup t ion  da ta  
taken i n  pure oxygen (F ig .  15) and i n  hydrogen (F ig .  1 6 )  are shown. 

Evidently , t h e  e l ec t rode  desorption reac t  ion: 

-t "lgas phase ( 2 )  
above e lec t rode  

and t h e  e lec t rode  adsorp t ion  react ion:  , 

which take place i n  oxygen atmospheres a r e  very near ly  r eve r s ib l e  
even at current  d e n s i t i e s  up  t o  750 ma/cm2. 
o v e r a l l  desorption r e a c t i o n  correspondint t o  reac t ion  ( 2 )  is: 

I n  fuel atmospheres the  

o= 1 e l e c t r o l y t e  HZ l gas phase -t H201gas phase + 2'1 e lec t rode  

(4) 
The ove ra l l  adsorpt ion r eac t ion  corresponding t o  reac t ion  ( 3 )  is :  

H201bulk + 2 e l P t  e l ec t rode  -.+ H21gas phase + e l e c t r o l y t e  
( 5 )  



I 

These reac t ions  are not revers ib le  a t  even moderate current  dens i t ies .  
The degree o f  i r r e v e r s i b i l i t y  corresponding t o  var ious cur ren t  
d e n s i t i e s  ( i . e . ,  reac t ion  rates) has been measured over a range 
from zero t o  750 ma/cm2 and over the  temperature range 1000°C to 
75OoC. The r e s u l t s  of these t e s t s  are presented i n  Fig. 17. 

Current in te r rupt ion  techniques have been used by others‘ 
t o  s tudy the  polar iza t ion  behavior of molten carbonate cel ls  a t  
600Oc. Polar iza t ions  of 0.3 - 0.6  v o l t  a t  current  d e n s i t i e s  o f  
100 ma/cm2 having decay times of  over one second are observed a t  
t h e  hydrogen electrode. A t  the  a i r  electrode,  po lar iza t ions  
of about 0.09 v o l t s ,  wi th  decay times between and 1 0  seconds, 
are reported.  These r e s u l t s  may be compared wi th  those presented 
i n  Figs.  14-17  which show hydrogen e lec t rode  polar iza t ions  of 
0.05 v o l t s  with decay t i m e s  of a b u t  10  
A i r  e l e c p o d e  polar iza t ions  a r e  less than 1 0  mv and decay i s  less 
than 10  seconds. 

secmds  a t  100 ma/cm2. 

ADDITIONAL CONSIDERATIONS IN THE INTERPRETATION OF EL;ECTFiODE TESTER 
RESULTS W T I N G  EFFECTS ON THE SAMPLB CURFZWT 

i n t e r r u p t i o n  oscillograms of  Fig. 11 shows t h a t  t he  current  
establishment oscillogram displays a r e s i s t i v e  component of 
500 mv 
i 4 5 0 m a  
i n d i c a t e s  a lowered r e s i s t i v e  component of - = 0.28 SZ. 

Measurements a t  o ther  current  l e v e l s  i n d i c a t e  that  the  r e s i s t i v e  
vol tage drop a s  measured from the current  establishment photographs 
i s  d i r e c t l y  proport ional  t o  current .  Res is t ive  drops measured from 
current  in te r rupt ion  photographs depart  from l i n e a r i t y  a t  high 
e lec t rode  current  d e n s i t i e s .  This  d i f fe rence  may be a t t r i b u t e d  t o  
hea t ing  of t h e  sample by the  passage of  current .  The s t rong temp- 
e r a t u r e  dependence of  e l e c t r o l y t e  r e s i s t i v i t y  causes appreciable 
changes i n  t h e  sample res i s tance .  Because polar iza t ion  may also 
be s t rongly  temperature dependent, t h i s  heat ing e f f e c t  must be 
taken i n t o  account i n  obtaining p o l a r i z a t i o n  data such as i s  shown i n  
Fig. 17. Since t h e  sample i s  i n  thermal equilibrium w i t h  t h e  tester 
f’urnace when current  establishment oscil lograms are taken, these 
oscil lograms may be used t o  i n d i c a t e  t h e  true res i s tance  corresponding 
t o  the known sample temperatures. The major po lar iza t ions  requi re  
times comparable t o  t h e  thermal time constants  of t h e  system t o  
reach equilibrium, hence their  measurement from current-make 
oscil lograms is  not accurate .  Current break oscil lograms which 
y i e l d  the  polar iza t ion  corresponding t o  s teady-s ta te  operat ion of 
the  e lec t rode  a t  a given current  dens i ty  are more r e l i a b l e .  An 
est imate  o f  t he  e lectrode operating temperature corresponding t o  
a given current break oscil logram can be obtained by s e l e c t i n g  t h e  
f i rnace  temperature a t  which a current  make oscillogram disp lays  an 
equal r e s i s t i v e  component. 

Comparison o f  t h e  current  establishment and current  

= 0.34 51 while the current  i n t e r r u p t i o n  photograph 
400 mv 
1450 m a  

EL;ECTRODE-TO-EL;ECTROLYTE CONTACT RESISTANCE 

The exis tence of appreciable contact r e s i s t a n c e  between 
e lec t rode  and e l e c t r o l y t e  due t o  the  e lec t rode  contact ing only a 
s m a l l  f r a c t i o n  of the e l e c t r o l y t e  surface can be detected using 
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current-make oscil lograms and comparing the  measured res i s tance  with 
ca lcu la ted  values based on the  samgle geometry. The theo re t i ca l  
ca l cu la t ions  of Eisenberg and Fick on t he  contact  res i s tance  of 
i dea l i zed  contacts  may be used t o  estimate the  e f f ec t ive  a rea  o f  
comac t .  

EFFECT OF HIGH FLECTRODE RESISTIVITY/THICKNESS PARAMETIB 

When the  e l ec t rode  r e s i s t i v i ty / th i ckness  parameter i s  less 
than one, t he  e lec t rode  sur face  can be considered an equipoten t ia l .  
A uniform current  dens i ty  i n  t h e  e l e c t r o l y t e  between the two 
e l ec t rode  can be expected. 
Tested, t h e  assumption of uniform current  dens i ty  w i l l  not hold 
and care  must be used i n  i n t e r p r e t i n g  tes ter  r e s u l t s .  The electrode-  
to-electrol j rce  probe w i l l  then ind ica t e  the r e s i s t i v e  and polar iza t ion  
drops assoc ia ted  with t h e  reduced current  dens i ty  ex i s t ing  i n  the 
e l e c t r o l y t e  near t h e  e l ec t rode  p o t e n t i a l  probe. A rough estimate 
of t h e  a c t u a l  current  dens i t , ,  a t  the  probe may be obtained from 
the  r e s i s t i v e  component o f  the  current  interruption-oscil logram. 
A back-up cu r ren t -d i s t r ibu t ion  screen has  been used i n  severa l  
experiments t o  makethe e l ec t rode  surface more near ly  an 
equipotenLial and t o  ob ta in  more r e l i a b l e  measurements of  po lar iza t ion .  

CONCLUSIONS 

If him r$s is tance  e lec t rodes  a r e  

An apparatus for t h e  t e s t i n g  of e lec t rode  s t ruc tu res  f o r  
h i g h  temperature,  s o l i d - e l e c t r o l y t e  f’uel c e l l s  has been described. 
Independent measurement o f  e lec t rode  res i s t iv i ty / th ickmess  and 
r e s i s t i v e  and po la r i za t ion  vol tage drops corresponding t o  
e l ec t rode  operation a t  var ious  current  dens i t i e s  ( r eac t ion  r a t e s ) ,  
temperatures,  and atmospheres have been car r ied  out us ing  current-  
i n t e r rup t ion  and current-establ ishment  oscillograms. These 
techniques have proved u s e f i l  and a r e  being used i n  our e f f o r t s  
t o  develop low cos t ,  l ong- l i f e  e lec t rodes  f o r  so l id -e l ec t ro ly t e  
f’uel cells .  
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I 

I 

Fig. l.-Bell-and-spigot fuel cells w i t h  
f i v e - c e l l  battery assembly 

1. Oxmen molecules diffuse through air to electrode sudace 
2. Adsorption and dissociation of O 2  
3. Surface migration to reaction site 
4. Oxygen combines wi!h electrons from fuel side of previous cell forming 0; ions 
5. Ionic l r a n s p r i  of 0- through electrolyte 
6. Deionization and surface reaction with fuel, deliveryof electrons 10 the fuel electrode 
7. Diffusion of fuel to fuel electrode surface 
8. Adsorption of fuel on electrode, surface migration to reaction site. 
9. Desorption of reaction product and diffusion into fuel stream 

A i r  S t r e a m  

A i r  Electrodes 

F u e l  S t r e a m  

Fig. 2.-An electrode reaction process chain 
for so l id  electrolyte fuel cells 
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Fig. 5-Probe locations i n  the electrode tester 

‘2-3 

‘6-5 
to 

Potentiometer 
- ’2-6 

!5-& (Z+k) 

IO io‘ 10’ 

Fig. 6-Measurements to determine the electrode resistivitylthickness parameter 
using the van der Pauw technique 
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m 4w 600 8 0 0 -  lam 
Temperature, O C  

Fig. 1-14 comparison of the temperature dependance of the resistivity/ i- thickness parameter, (pe/be), for sintered and fused platinum eledrcdes 

Sintered Platinum Electrode: lmOX 

Fused Platinum Electrode: I W O X  

Fig. 8, -Cross-section photomicra- 
graphs of platlnum electrodes 
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Fuel Cell- Fuel Electrode Simulated 

Fuel Atmosphere 

i-;s+ Ai r  Atmosohere 

20; 
Fuel Cell - A i r  Electrode Simulated 

Fig. 9-Simulation of air electrodeand fuel electrode operation by 
choice of current direction and surrounding atmosphere 

Dug. 7464197 

Electrode Probe Lead 
I 

-L 
5 

Probe Lead 

ou tpu t  :1 
' lJ Cur ren t  Make o r  Break Switch 

I I I I I I  
22.5 volts 
Booster - Battery 

Fig. 10-Circuit used for electrode to e\ectro\$e potential measurements D 
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1 
Sample Cur ren t  I 

i 

,I ( Voltage Drop Across 
a 1.00 ohm Resistor) 

Cur ren t  Establishment 
Oscillogram 

Cur ren t  Break 
Osci I log ram 

Vert ical Scale: 500 mv/cm 
Horizontal Scale: 5 msedcm 

Fig. 11-Current establishment and current in te r rup t ion  
oscil lograms 

Fused Pla t inum Electrode Test XXXIV 
H2 Saturated with H20 at 26OC 975OC 
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Current 
Interruption 

Relay - 0.19 R 

Fused 
Electrode 

680 mv 

- 0.68R R4-10 * 

/3 
I 

Fiq.1Z-lllustrating nlethod of rneasuringelectrical position of electrolyte patential probe using resistive 
component from current interruption tests 

0.0 Data of pgs. 52-56 Book 118702 

c- Data of pgs.43-52 Book 118702 

2 A Data of pgs. 45-52 Book 118702 

-- 2.0 - in H2 c 

0.80 0.82 0.84 0.86 0.88 0.90 0.92 
Reciprocal Absolute Temperature x Id. I l$/r), O K  

Fig.13-Measurements of the electrical position of the electrolyte potential 
probe 
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Fuel electrode performance in 
oxygen atmosphere 
Vertical scale: 100 mv/cm 
Horizontal Scale: 5 mslcm 
Indicated R = 0.1 ohms 
Indicated polarization: 0 mv 

150 

200 

- 2 %  

Fuel electrode performance in 
nydrogen saturated w i th  water at 70°C 
Vertical scale: 100 mv/cm 
Horizontal scale: 5 ms/cm 
Indicated R = 0.1 ohms 
Indicated polarization: 105 mv 

Fig. 14-Electrical performance of fused electrode sample 517 desorbing 
i n  oxyjen and hydrogen atmospheres 

Test X X X I I  Test Temp. 995OC 
Sample cu r ren t  1.0 amperes 
Electrode cu r ren t  density 740 ma/cm2 

Test xxx I I 
Sample 517 
Temperature looO°C 

1% 

0 V4-7 Total Electrode-Electrolyte 

0 Resistive Component o f f  lectrode- xx)  

Potential Drop 

Electrolyte Potential Drop 

1 
<' 

I 

i 
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i. 

0 V4-7 IR Component 

Fig. 16-Volt-ampere characteristic of fused electrode i n  H2 and H F  atmosphere at loo0 OC 

I I I I I I I 
- 0 8oooc 

- O 9OOOC / 
P 9 W 0 C  

Sample 515 . 
Test XXXlV 

40 60 80 100 200 400 600 800 lo( 
Electrode C u r r e n t  Density, " J  ". ma/cm2 

Fig. 17-Fuel electrode polarization as a function of electrolyte temperature 
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USING RADIOTRACERS TO STUDY HYDROCARBON ADSORPTION DIRECTLY AT ELECTRODES 

R .  J .  F lanne ry  and D .  C .  Walker 

Research and Development Department,  American O i l  Company, Whiting, Indiana 

INTRODUCTION 

Recent r e sea rch  on low-temperature  hydrocarbon f u e l  cel ls  has  
r evea led  t h e  importance of t h e  r o l e  of adso rp t ion  i n  va r ious  e l e c t r o d e  
p rocesses .  Knowledge of  t h e  c o n c e n t r a t i o n  and composition of adsorbed 
r e a c t a n t s ,  products ,  o r  i n t e r m e d i a t e s  on t h e  e l e c t r o d e s  and i n  t h e  e l e c -  
t r o l y t e  i s  needed f o r  a b e t t e r  understanding of such processes  a s  e l e c t r o -  
r e d u c t i o n ,  e l e c t r o o x i d a t i o n ,  and formation of i n t e r m e d i a t e s .  

Programed p o t e n t i a l  e l ec t rochemica l  techniques (1-3)  have 
y i e lded  some information abou t  r e a c t a n t  adso rp t ion  by in fe rence  from oxida-  
t i v e  s t r i p p i n g  o f  t he  e l e c t r o d e ,  b u t  no  adequate  techniques have been 
a v a i l a b l e  t o  p e r m i t  d i r e c t  measurements wh i l e  t h e  c e l l  i s  o p e r a t i n g .  How- 
eve r ,  t h e  f a c t  t h a t  r a d i o l a b e l e d  o rgan ic  molecules have been used success -  
f u l l y  t o  d e t e c t  adsorbed f i l m s  on s o l i d  s u r f a c e s  ( 4 , s )  has  lead t o  s e v e r a l  
s t u d i e s  of t h e  u s e  of r a d i o t r a c e r  techniques f o r  measuring e l e c t r o d e  r e a c -  
t i o n s .  For example, workers a t  t h e  U n i v e r s i t y  of Pennsylvania have used a 
t h i n ,  gold f o i l  a s  an e l e c t r o d e  and have counted a c t i v i t y  through t h e  f o i l  
( 6 ) ,  o r  have used a movable metal  t a p e  which i s  withdrawn from s o l u t i o n  
and counted (7,8). Such t echn iques  have permit ted s t u d i e s  of t h e  adsorp-  
t i o n  behavior  o f  some a romat i c s  (9,10), o l e f i n s  (ll), and amines (6 ,7)  on 
s e v e r a l  me ta l s .  Neve r the l e s s ,  t h e  t h i c k n e s s  o f  t h e  metal  foils l i m i t s  t h e  
s e n s i t i v i t y  of t h e  former measurements, and t h e  n e c e s s i t y  of withdrawing 
t h e  t apes  p reven t s  cont inuous samplings i n  t h e  l a t t e r  method. 

T o  avoid t h e s e  shortcomings,  w e  have adapted a method t h a t  w a s  
developed by Cook ( 4 )  and l a t e r  modif ied by Walker and R i e s  (5).  In our  
a d a p t i o n ,  a metal  f i l m ,  d e p o s i t e d  d i r e c t l y  on a mica s u b s t r a t e ,  i s  made 
t h e  e l e c t r o d e  i n  a f u e l  c e l l ,  and t h e  a c t i v i t y  of a r ad io l abe led  hydro- 
carbon i s  counted d i r e c t l y  through t h e  mica while  t h e  c e l l  i s  ope ra t ing .  
High s e n s i t i v i t y  i s  p o s s i b l e  because  t h e  metal  f i l m  i s  on ly  a few thousand 
angstrom u n i t s  t h i ck ,  and t h e  v e r y  t h i n  mica s h e e t  absorbs l i t t l e  r a d i a t i o n  
compared wi th  metals .  

We have solved t h e  major d e s i g n  problems a s s o c i a t e d  with the  
t echn ique .  We have been a b l e  t o  produce s t a b l e ,  r e u s a b l e ,  t h i n - f i l m  e l e c -  
t r o d e s  t h a t  a r e  t h i n  enough t o  a l low h igh  s e n s i t i v i t y  i n  count ing bu t  
t h i c k  enough t o  behave a s  e q u i p o t e n t i a l  e l e c t r o d e s .  The c e l l  i s  small  
enough t o  conserve the  r a d i o l a b e l e d  hydrocarbon, b u t  i s  easy  t o  f i l l  
and empty and is  f r e e  of components t h a t  would adsorb f u e l  from t h e  e l e c -  
t r o l y t e .  A i r  is excluded r i g o r o u s l y ,  and ope ra t ion  is confined t o  low t e m -  
p e r a t u r e s  to keep adso rp t ion  and o x i d a t i o n  r a t e s  low enough t o  be s t u d i e d  
w i t h  30-second counting pe r iods .  
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This  paper d e s c r i b e s  t h e  design and o p e r a t i o n  of t h e  c e l l  and 
summarizes our  s t u d i e s  of t h e  adsorp t ion  and oxida t ion  of v a r i o u s  concen- 
t r a t i o n s  of rad io labe led  n-butane a t  plat inum e l e c t r o d e s  i n  a s u l f u r i c  
a c i d  e l e c t r o l y t e  a t  25°C. 

EQUIPMENT AND PROCEDURE 

Apparatus 

The adsorp t ion  c e l l  and i t s  a s s o c i a t e d  e l e c t r o d e s  a r e  designed 
t o  minimize mixing of the  anode and cathode products  dur ing  e l e c t r o l y s i s .  
As shown i n  F igure  1, t h e  c e l l  body is  a shal low,  7-cc, g l a s s  cup,  about 
5 c m  i n  d iameter ,  t o  which two sidearms a r e  a t t a c h e d .  One sidearm i s  drawn 
t o  a f i n e  t i p  wi th in  t h e  c e l l  ( t o  s e r v e  a$ a Luggin c a p i l l a r y )  and i s  
equipped with a tapered j o i n t  t o  which an  autogenous hydrogen r e f e r e n c e  
e l e c t r o d e  (12) i s  a t t a c h e d  dur ing  e l e c t r o l y s i s .  The tapered  j o i n t  i s  a l s o  
used f o r  a t tachment  of a s y r i n g e  by which t h e  c e l l  i s  f i l l e d  o r  emptied. 
The o t h e r  sidearm conta ins  t h e  plat inum gauze e l e c t r o d e  t h a t  s e r v e s  as  a 
ca thode .  The conten ts  of t h e  c e l l  a r e  magnet ica l ly  s t i r r e d  a t  100 rpm. 

The t h i n - f i l m  e l e c t r o d e ,  which s e r v e s  a s  an anode, i s  mounted 
v e r t i c a l l y  t o  prevent  accumulation of gas bubbles on i t s  s u r f a c e .  
p r i s e s  a 2009-A l a y e r  of plat inum, bonded t o  a mica suppor t  by means of a 

'100- t o  200-A l a y e r  of tantalum on tantalum oxide .  It is  prepared a s  
fo l lows:  A mounted p i e c e  of I n d i a  Ruby Mica (Spruce P ine  Co.), about  
6 m i l s  t h i c k  and 4.3 cm i n  diameter ,  is degreased i n  benzene, c leaned  i n  
chromate c leaning  s o l u t i o n ,  mounted i n  a convent ional  s p u t t e r i n g  appara-  
t u s  (13), and evacuated overn ight  a t  4 x T o r r .  Then tantalum i s  
r e a c t i v e l y  s p u t t e r e d  onto t h e  mica i n  d r y  a i r  a t  0.05 Torr  and 2200 v o l t s  
a t  10 ma f o r  7 minutes .  The r e s u l t a n t  l a y e r  is purged with oxygen-free 
a rgon ,  and t h e  tantalum s p u t t e r i n g  i s  cont inued i n  argon f o r  20 minutes .  
F i n a l l y ,  plat inum i s  s p u t t e r e d  onto t h e  tantalum i n  argon a t  0.05 Torr  and 
1025 v o l t s  a t  5 ma f o r  32 minutes .  

It com- 

Before t h e  e l e c t r o d e  i s  s p u t t e r e d ,  t h o  mica s u b s t r a t e  i s  
mounted between two metal  r i n g s ,  one of plat inum and t h e  o t h e r  of  Unalloy 
50 (Fe-Ni) , a s  shown i n  F igure  2 .  The r i n g s  a r e  cemented t o  t h e  mica with 
Pyroceram Number 95,  v i t r i f i e d  a t  450°C. 
e l e c t r o d e  assembly i s  cemented t o  t h e  c e l l  with melted polye thylene .  When 
t h e  e l e c t r o d e  i s  i n  p o s i t i o n ,  t h e  a rea  of plat inum exposed t o  t h e  e l e c -  
t r o l y t e  i s  15.94 cm2, and t h e  a r e a  of mica exposed t o  t h e  c o u n t e r  i s  11.33 cm2. 
Measured from edge t o  c e n t e r ,  t h e  e l e c t r o d e  has  a r e s i s t a n c e  of about  1 ohm. 

A f t e r  t h e  s p u t t e r i n g ,  the f i n i s h e d  

The count ing equipment comprises a p r o p o r t i o n a l  counter  (Model 
D-47, Nuclear Chicago Corp.) employing P-10 feed g a s ,  and a t r a n s i s t o r i z e d  
s c a l e r  (Radiat ion Instrument  Development L a b o r a t o r i e s )  with a p r i n t - o u t .  
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The p o t e n t i a l  o f  t h e  t h i n - f i l m  e l e  t r o d e  i s  c o n t r o l l e d  by a 
Brinkman Model 61-R f a s t - r i s e  p o t e n t i o s t a t  i n  a convent ional  c i r c u i t .  A 
g a l v a n o s t a t  c o n s i s t i n g  of a h e l i p o t  and a 90-vol t  b a t t e r y  i s  used f o r  con- 
s t a n t - c u r r e n t  anodic  or c a t h o d i c  s t r i p p i n g .  P o t e n t i a l  du r ing  s t r i p p i n g  
i s  recorded on a 10-mv Brown r e c o r d e r  through a Ke i th ly  Model 610 elec- 
trome t e r  . 

M a t e r i a l s  

The r ad io l abe led  n-butane was obtained from t h e  New England 
Nuclear  Corporat ion.  
m i l l i m o l e  and w a s  used wi thou t  f u r t h e r  p u r i f i c a t i o n .  

It had a C I 4  a c t i v i t y  l e v e l  o f  1 .9  m i l l i c u r i e s  p e r  

The s u l f u r i c  a c i d  w a s  J .  T. Baker r eagen t  grade.  

Water f o r  d i l u t i o n  was l a b o r a t o r y  d i s t i l l e d  water t h a t  had been 
r e d i s t i l l e d  twice from qua r t z  i n t o  qua r t z  r e c e i v e r s .  It was deae ra t ed  by 
evacua t ion .  

Stock s o l u t i o n s  o f  b u t a n e  were s t o r e d  over  mercury and t r a n s -  
f e r r e d  by displacement  with mercury t o  prevent  c o n t a c t  with a i r .  
o t h e r  r eagen t s  and s o l u t i o n s  were deae ra t ed  b e f o r e  mixing, and t r a n s f e r r e d  
under p u r i f i e d  argon.  

A l l  

The argon was p u r i f i e d  by passage over  copper tu rn ings  a t  800°C. 

Procedures  

P repa ra t ion  of T e s t  So lu t ion .  Tes t  s o l u t i o n s  con ta in ing  
v a r i o u s  concen t r a t ions  o f  r a d i o l a b e l e d  n-butane i n  1N H S O 4  were prepared 
by d i l u t i n g  a l i q u o t s  o f  t h e  bu tane  s t o c k  s o l u t i o n  with oxygen-free e l e c -  
t r o l y t e  and oxygen-free,  d o u b l e - d i s t i l l e d  wa te r .  

Counting R a t e  C a l i b r a t i o n .  
a g a i n s t  a s t anda rd  s o u r c e  o f  known a c t i v i t y ,  and a l l  d a t a  were co r rec t ed  
f o r  a t t e n t u a t i o n  of a c t i v i t y  through t h e  mounted t h i n - f i l m  e l e c t r o d e  and 
f o r  background and s o l u t i o n  coun t s .  Reported count r a t e s  r ep resen t  t r u e  
v a l u e s  a t  t he  e l e c t r o d e  s u r f a c e .  

Counting ra tes  were c a l i b r a t e d  

. 

Determinat ion o f  E l e c t r o d e  Area. T o  determine t h e  a c t u a l  s u r -  
f a c e  a r e a  of t h e  t h i n - f i l m  e l e c t r o d e ,  t h e  s u r f a c e  was p o t e n t i o s t a t e d  a t  
1.2 v o l t s  i n  1N HSO, f o r  3 minutes .  Then t h e  oxide was s t r i p p e d  galvano- 
s t a t i c a l l y  a t  2 ma (125 
The t r u e  area was  c a l c u l a t e d  f r o m  t h e  t o t a l  number o f  coulombs r equ i r ed  t o  
s t r i p  t h e  oxide.  
(14) was used. 

pa/crn2). A sha rp  p o t e n t i a l  a r r e c t  was observed. 

A f a c t o r  of  0.3 millicoulombs/cm2 de r ived  from o t h e r  work 
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Adsorpt ion Measurements. In a t y p i c a l  adsorp t ion  r u n ,  t h e  c e l l  
was f i l l e d  with a b lank  1N H2SO4 s o l u t i o n  t h a t  contained no n-butane,  and 
t h e  t h i n - f i l m  e l e c t r o d e  was p r e t r e a t e d  (reduced) a t  0.1 v o l t .  Then t h e  
blank s o l u t i o n  was rep laced  with t h e  tes t  s o l u t i o n ,  and t h e  p o t e n t i a l  was 
c o n t r o l l e d  a t  one o r  more' predetermined vol tages  while  t h e  a d s o r  t i o n  a t  
t h e  t h i n - f i l m  e l e c t r o d e  was measured i n  counts  per  minute p e r  cm' of t r u e  
e l e c t r o d e  a r e a .  The r e f e r e n c e  e l e c t r o d e  w a s  opera ted  a t  5 m a / c m 2  i n  t h e  
same e l e c t r o l y t e  (1N HS04). 

RESULTS AND DISCUSSION 

In t h e  i n i t i a l  experiments ,  t h e  adsorp t ion  of radion-n-butane i n  
1N H2S04 a t  25OC was s t u d i e d  as  a f u n c t i o n  of t ime,  e l e c t r o d e  p o t e n t i a l ,  
and n-butane concent ra t ion .  For a p a r t i c u l a r  concent ra t ion  of n-butane,  
e l e c t r o l y s i s  was s t a r t e d  a t  0.1 v o l t  and adsorp t ion  was measured u n t i l  an 
equi l ibr ium va lue  was reached.  f l en  v o l t a g e  w a s  increased  by 50 t o  100 mv, 
and equi l ibr ium adsorp t ion  was aga in  noted.  This  procedure w a s  repea ted  
from 0.1 t o  0.5 v o l t  wi th  5 x 10-4 and 5 x 10-5 molal n-butane.  For  t h e  
l a t t e r  s o l u t i o n ,  t h e  v o l t a g e  was then decreased i n  s e v e r a l  increments .  

A s  shown i n  F igure  3, equi l ibr ium adsorp t ion  was n e g l i g i b l e  
below 0.2 v o l t ,  showed a maximum a t  0 . 3  v o l t ,  r e g a r d l e s s  of n-butane con- 
c e n t r a t i o n ,  and again was n e g l i g i b l e  above 0.5 v o l t .  However, when t h e  
v o l t a g e  was decreased ,  less n-butane was readsorbed a t  0 . 3  v o l t  and more 
was r e t a i n e d  a t  0.1 v o l t .  

Other  workers (7,lO) have found t h a t  t h e  p o t e n t i a l  a t  which 
maximum adsorp t ion  of n-decyl amine and naphthalene occurs  v a r i e s  with 
concent ra t ion .  They a t t r i b u t e  t h i s  concent ra t ion  dependence to  v a r i a -  
t i o n s  i n  t h e  e l e c t r o n i c  i n t e r a c t i o n s  of t h e  p i  e l e c t r o n  system of t h e  
adsorbed molecules with t h e  platinum. The f a c t  t h a t  we observed no such 
concent ra t ion  dependence may r e f l e c t  a l a c k  of e l e c t r o n i c  i n t e r a c t i o n  
between n-butane and t h e  e l e c t r o d e .  

G a l v a n o s t a t i c  d a t a  show t h a t  a t  l e a s t  p a r t  o f  t h e  butane  f i r s t  
adsorbed a t  0.3 v o l t  i s  d isp laced  by hydrogen atoms adsorbed when t h e  
p o t e n t i a l  i s  switched t o  0.1 v o l t .  
t h a t  t h e  butane adsorbed a t  0 . 3  v o l t  occupies  s i t e s  normally involved i n  
t h e  second hydrogen wave ( - 0 . 3 5  v o l t )  u s u a l l y  seen i n  p o t e n t i a l  sweep 
s c a n s .  The decrease  i n  adsorp t ion  a t  h i g h e r  v o l t a g e s  occurs  because 
oxida t ion  of n-butane begins  t o  compete w i t h  adsorp t ion  above 0 . 3  v o l t .  
The subsequent change i n  t h e  l e v e l  of a d s o r p t i o n  a s  t h e  vol tege.was 
decreased i n d i c a t e s  t h a t  an i r r e v e r s i b l e  r e a c t i o n  occurs  on t h e  e l e c -  
t r o d e  above about  0.3 v o l t .  
t ion- t ime behavior  of n-butane i s  a f f e c t e d  by a change i n  p o t e n t i a l ,  
Here, equi l ibr ium adsorp t ion  was e s t a b l i s h e d  a t  0.1 v o l t ,  and then  t h e  
p o t e n t i a l  was increased  0.3 v o l t  f o r  s e v e r a l  hours .  
was decreased t o  0.1 v o l t ,  some of t h e  n-butane was desorbed,  b u t  t h e  
e q u i l i b r i u m  concent ra t ion  r e t a i n e d  on t h e  e l e c t r o d e  was much h i g h e r  
than t h e  va lue  measured i n i t i a l l y  a t  0 .1  v o l t .  

Anodic p o t e n t i a l  sweep d a t a  sugges t  

For example, F i g u r e  4 shows how t h e  adsorp-  

When t h e  p o t e n t i a l  
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Examination of t h e  e l e c t r o d e  a s  t h e  p o t e n t i a l  was cycled 
r e p e a t e d l y  be tween 0.1 and 0.3 v o l t  showed t h a t  such adsorpt ion-desorp-  
t i o n  h y s t e r e s i s  i s  caused by t h e  formation of a r e s i d u e  on t h e  plat inum. 
The r e s i d u e  forms s lowly ,  w i l l  n o t  hydrogenate o f f  of the  e l e c t r o d e  a t  
0.1 v o l t ,  and w i l l  n o t  wash o f f  i n  blank e l e c t r o l y t e .  However, i t  can be 
removed completely by o x i d a t i o n  a t  1 . 2  v o l t s .  

I n  an e f f o r t  t o  q u a n t i f y  t h e  s u r f a c e  concent ra t ion  of t h i s  
res idde ,  we f i r s t  measured t h e  maximum adsorp t ion  of n-butane a s  a func-  
t i o n  o f  concent ra t ion  a t  0 . 3  v o l t .  Then w e  measured t h e  amount of r e s i d u e  
formed a t  each concent ra t ion  as a r e s u l t  of repea ted  r e c y c l i n g  between 0.1 
and 0.3 v o l t .  Based on t h e  t r u e  s u r f a c e  a r e a  determined f o r  t h e  e l e c t r o d e ,  
we were thus a b l e  t o  c a l c u l a t e  t h e  s a t u r a t i o n  adsorp t ion  of n-butane a t  
0.3 v o l t  and r e l a t e  it t o  t h e  amount of s u r f a c e  covered by t h e  res idue .  
The c o n c e n t r a t i o n  isotherms and t h e  s u r f a c e  coverage d a t a  a r e  shown i n  
F i g u r e  5 and Table I .  

R e s u l t s  of t h e  g a l v a n o s t a t i c  procedure used t o  measure t h e  
res idues  a r e  i l l u s t r a t e d  i n  F i g u r e  6. The residue-covered e l e c t r o d e  was 
f i r s t  p o t e n t i o s t a t e d  a t  0.3 v o l t .  
t i  n a t  63p a/cm*, whi le  t h e  number of coulombs passed and t h e  amount of 
C1' on t h e  window were recorded s imul taneous ly ,  s t a r t i n g  a t  0 . 3  v o l t  and 
te rmina t ing  a t  1 . 2  v o l t s .  A b l a n k  g a l v a n o s t a t i c  curve i n  1N H$O4 was 
obtained t o  c o r r e c t  f o r  coulombic c o n t r i b u t i o n s  from double- layer  charging 
and from oxida t ion  of  t h e  p la t inum s u r f a c e .  Coulometric r e s u l t s  were a l s o  
normalized t o  t h e  window a r e a  by using t h e  r a t i o  of window area  (11.33 cm2) 
t o  t o t a l  a rea  ex o s e d  t o  t h e  e l e c t r o l y t e  (15.94 cm2). 
ox id ized ,  t h e  ,IE l e a v e s  t h e  window presumably as  C1402 , and t h e  count 
r a t e  drops .  

The r e s i d u e  was then removed by oxida-  

A s  t h e  r e s i d u e  i s  

I n  Figure 6 ,  count  r a t e  and t o t a l  coulombs passed a r e  p l o t t e d  
vs .  p o t e n t i a l .  Oxidation of  t h e  r e s i d u e  begins  above 0.65 v o l t  as  r e -  
f l e c t e d  i n  both curves.  
of hydrogen t h a t  was p r e s e n t  on t h e  e l e c t r o d e  i n  t h e  blank e l e c t r o l y t e  
a t  0.3 v o l t  b u t  w a s  n o t  p r e s e n t  on t h e  residue-covered e l e c t r o d e .  
the  r e s i d u e  was much h a r d e r  to o x i d i z e  and a l i t t l e  s t i l l  remained a t  
1.2 v o l t s  i n  t h e  scan. (The remainder  can b e  oxid ized  i f  t h e  p o t e n t i a l  
is h e l d  cons tan t  f o r  a t i m e  a t  1 . 2  v o l t s . )  

The i n i t i a l  n e g a t i v e  va lues  r e p r e s e n t  ox ida t ion  

Some of 

A s  shown i n  Tgble  I ,  i f  w e  assume t h a t  t h e  n-butane molecules 
l i e  f l a t  and occupy 29 A*, s a t u r a t i o n  is  approached a t  a f r a c t i o n a l  
coverage,  8 ,  of 0.39. 
commonly assumed in  gas  phase adsorp t ion  work where imperfec t  packing i s  
concluded t o  occur, w e  f i n d  t h a t  8 is  0.98. I n  t h i s  work t h e  a c t u a l  a r e a  
occupied by butane m u s t  b e  taken i n t o  account  because t h e  remaining f r e e  
s u r f a c e  a r e a  is  a v a i l a b l e  t o  o t h e r  s o l u t i o n  s p e c i e s .  Our da ta  show t h a t  
t h e  amount of res idue  v a r i e s  w i t h  t h e  concent ra t ion  and accounts  f o r  about  
1 /4  of t h e  i n i t i a l  maximum amount of n-butane adsorbed a t  0.3 v o l t .  
the  d a t a  f o r  peak a d s o r p t i o n  a t  0.3 v o l t  v s .  c o n c e n t r a t i o n ,  an equi l ibr ium 
cons tan t  c a l c u l a t e d  f o r  t h e  a d s o r p t i o n  (7)  gives  Kea = 4.85 x 
corresponding f r e e  energy o f  a d s o r p t i o n ,  AFa, i s  3 kcal /mole.  

Whereas, i f  w e  t ake  t h e  va lue  of 50 A2/molecule 

From 

The 
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In our  d a t a  f o r  t h e  ox ida t ion  of t h e  r e s i d u e ,  t h e  count  ra te  i s  
d i r e c t l y  r e l a t e d  t o  t h e  number of butane molecules o r i g i n a l l y  adsorbed on 
t h e  e l e c t r o d e .  
e l e c t r o n s  each. The a c t u a l  coulombic y i e l d s  v a r i e d  with t h e  p o t e n t i a l  
and r e f l e c t e d  va r ious  s t a t e s  o f  ox ida t ion  o f  t hose  po r t ions  of the  r e s i d u e  
removed wi th  a g iven  charge increment.  In Figure  7 ,  t h e  number o f  m i l l i -  
coulombs measured i s  p l o t t e d  a g a i n s t  pe rcen t  C I 4  removed. 
t o  have fou r  l i n e a r  segments. On t h e  b a s i s  o f  t h e  count ra te ,  the known 
s p e c i f i c  a c t i v i t y ,  and 26 e l e c t r o n s  p e r  butane r e s i d u e ,  30 mil l icoulombs 
would be measured, and t h e  average t h e o r e t i c a l  s l o p e  shown would b e  followed. 
The f i r s t  two l i n e a r  segments (45% C I 4  removal) have s t e e p e r  s l o p e s ,  reflec- 
t i n g  p a r t i a l  ox ida t ion  of a s u b s t a n t i a l  amount of t h e  o t h e r  55% of  butane-  
equ iva len t  r e s idue .  The remaining 55% ~ 1 4  i s  removed a t  a s l o p e  equ iva len t  
t o  one-half  o r  less of  t h e  26 e l e c t r o n  s l o p e ,  showing c l e a r l y  t h e  e x i s t e n c e  
of an oxidized in t e rmed ia t e  t h a t  i s  d i f f i c u l t  t o  ox id i ze  f u r t h e r .  A t o t a l  
o f  37 millicoulombs were passed i n  removing 80% o f  t h e  r e s idue .  

I f  t h e s e  molecules were s t i l l  i n t a c t  they would y i e l d  26 

The cu rve  appears  

CONCLUSION 

The e x i s t e n c e  of t h e  r e s idue  i s  i n t e r e s t i n g  because previous 
(unpublished) work with va r ious  pu l se  techniques has shown t h a t  a t  h ighe r  
temperatures  t h e r e  i s  a time-decay i n  o x i d a t i o n  r a t e  which could r e s u l t  
from decay of a c t i v e  s i tes ,  r educ t ion  o f  minor amounts o f  s u r f a c e  oxide 
( r e s u l t i n g  from p re t r ea tmen t  t echn iques ) ,  or t h e  formation of a r e s i d u e  
which blocks c a t a l y s t  s i t e s .  Our r a d i o t r a c e r  da t a  s t r o n g l y  support  t h e  
l a t t e r .  Add i t iona l  experiments with s t r i p p i n g  t h e  r e s i d u e  have shown 
s i m i l a r  high i n i t i a l  and low f i n a l  s t r i p p i n g  r a t e s .  The p a r t i a l l y  ox i -  
d i zed  m a t e r i a l  might b e  an unsa tu ra t ed  coke having a C / H  r a t i o  o f  about 
1, perhaps s imi la r  t o  benzene. However, p a r t i a l l y  oxygenated spec ie s  
could a l s o  account f o r  t h e  observed s t a t e  of ox ida t ion .  Assignment of 
a n  exac t  s t r u c t u r e  i s  n o t  p o s s i b l e  wi th  t h e  r a d i o t r a c e r  method a l o n e .  
Examination o f  r e s idues  from o t h e r  f u e l  molecules,  modif icat ion of t h e  
r a d i o t r a c e r  technique t o  permit  simultaneous C14 and H 3  measurement, o r  
development of a spec t roscop ic  method f o r  examining t h e  r e s idue  would b e  
a i d s  i n  t h a t  d i r e c t i o n .  Knowledge o f  t h e  s t a t e  of ox ida t ion  of t h e  r e s i d u e  
and i t s  response t o  va r ious  t r ea tmen t s  would be h e l p f u l  f o r  an under-  
s t and ing  of t h e  process  of anodic  o x i d a t i o n  of hydrocarbons a t  plat inum. 
The r a d i o t r a c e r  method can supplement conventio_nal e lectrochemical  
measurements i n  t h a t  r ega rd .  

The r a d i o t r a c e r  method should b e  used t o  s tudy a number of 
problems i n  t h e  f u e l - c e l l  a r e a .  Adsorption behavior should b e  s t u d i e d  f o r  
a v a r i e t y  of f u e l  t ypes ,  such a s  a lkanes ,  o l e f i n s ,  aromatics  and naph- 
thenes ,  and on o t h e r  s u r f a c e s .  Residues from ox ida t ion  of t h e s e  f u e l  
t ypes  and from reduc t ion  of radio-carbon d iox ide  should b e  examined i n  
d e t a i l .  Su r face  coverage and s t a t e  of ox ida t ion  da ta  f o r  t hese  r e a c t a n t s  
may r evea l  much about  t h e  s t r u c t u r e  and composition of s u r f a c e  spec ie s  
and t h e i r  r o l e  i n  l i m i t i n g  t h e  r a t e  o f  t h e  ove r -a l l  process .  Competi t ive 
adso rp t ion  i n  mixed l i q u i d  f u e l s  should b e  explored,  and t h e  e f f e c t  of 
poisons such as  s u l f u r  and a r s e n i c  on adso rp t ion  behavior  should b e  assessed.  

A gene ra l  l i m i t a t i o n  e x i s t s  with regard t o  t h e  temperature  
range a v a i l a b l e  f o r  measurements. Adaptat ion of t h e  c e l l  and t h e  coun te r  
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f o r  u se  a t  h ighe r  temperatures  i s  r e l a t i v e l y  easy t o  accomplish t echn i -  
c a l l y .  But r e a c t i o n  r a t e s  f o r  adsorpt ion-desorpt ion and ox ida t ion  inc rease  
with temperature.  This e v e n t u a l l y  l i m i t s  t h e  method because f e a s i b l e  
coun t ing  per iods have a r e q u i r e d  minimum dura t ion .  For  a given level 
of r a d i o - a c t i v i t y ,  because o f  t h e  i r r e g u l a r  ra te  of decomposition of  C 1 4 ,  
a minimum count ing pe r iod  is requ i r ed  t o  o b t a i n  small da ta  s c a t t e r  i n  
r epea ted  counts  o f  t h e  same source.  For  our work, 6 seconds produced 
some s c a t t e r .  Appreciable  i n c r e a s e s  i n  r a t e s  of s o r p t i o n  or ox ida t ion  
p rocesses  would a l low fewer samplings of  count r a t e ,  even tua l ly  e l imina-  
t i n g  t h e  p o s s i b i l i t y  of s imultaneous measurements. 

In i t s  p r e s e n t  s t a t e  of development, t h e  method should accom- 
modate a c i d  and a l k a l i n e  e l e c t r o l y t e s  and many non-aqueous e l e c t r o l y t e s .  
A wide cho ice  of e l e c t r o d e  me ta l s  i s  p o s s i b l e .  Mica i s  the  p r e f e r r e d  
window m a t e r i a l  for hydrocarbons,  b u t  Mylar o r  Teflon may b e  use fu l  with 
o t h e r  r e a c t a n t s .  Because t h e  method has  many p o t e n t i a l  a p p l i c a t i o n s ,  
t h e  c e l l  s t r u c t u r e  should b e  chosen t o  s u i t  t h e  requirements o f  each 
s ys tern. 
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'!HE STUDY OF HYDROCARBON SURFACE PROCESSES BY THE MULTIPULSE 
POTENTIODYNAMIC (MPP) METHOD 

S .  Gilman 

General  E lec t r ic  Research Laboratory 
Schenectady, N e w  York 

I NTROD UCT I ON 

The u l t ima te  goa l  of  t he  hydrocarbon f u e l  anode r e sea rche r  is  to  
provide an i n t e l l e c t u a l  b a s i s  f o r  t h e  enhancement of  system r e a c t i v i -  
t y .  A s  a s t e p  toward t h a t  g o a l ,  w e  have undertaken the  e l u c i d a t i o n  
of  t h e  d e t a i l e d  mechanism of ope ra t ion  of a s i n g l e  well-defined s y s -  
t e m .  The ethane-platinum system was chosen for  its r e l a t i v e  s i m -  
p l i c i t y .  

Other than mass t r a n s p o r t ,  t h e  s i g n i f i c a n t  r eac t ions  of e thane 
a l l  occur  on the platinum s u r f a c e .  Some of t he  r e a c t i o n s  (such as 
e l e c t r o n  t r a n s f e r )  w i l l  depend on the  e l ec t r i c  f i e l d  s t r e n g t h  and 
may be c l a s sed  a s  e lec t rochemica l ,  o t h e r s  ( e . g . ,  poss ib l e  cracking 
r e a c t i o n s )  might be c l a s s e d  as surface-chemical ,  bu t  i n  a gene ra l  
sense  a l l  a r e  s u r f a c e  p rocesses .  I t  is immediately apparent  there-  
f o r e  , t h a t  f o r  mechanis t ic  s t u d i e s  of organic  e l ec t ro -ox ida t ion  t o  
tiave any bas i c  s i g n i f i c a n c e ,  such s t u d i e s  must inc lude  cha rac t e r i za -  
t i o n  of t h e  adsorp t ion  l a y e r ,  p re fe rab ly  under anode opera t ing  condi- 
t i o n s .  Such s t u d i e s  come r e a d i l y  wi th in  t h e  scope of e lec t rochemica l  
pu l se  techniques (1 ,2 )  . 

Since w e  are dea l ing  wi th  a complex adsorba te  (e thane)  and t h e  
platinum su r face ,  w e  are a c t u a l l y  dea l ing  wi th  not  one, bu t  a family 
of systems. Hence i t  is necessary t o  i n v e s t i g a t e  a l a rge  number of 
C 1  and C2 adsorba tes  ( s i n c e  these  w i l l  y i e l d  p e r t i n e n t  s u r f a c e  spec ies )  
as w e l l  as t h e  adsorp t ion  of hydrogen, oxygen and an ions .  In  t h i s  
paper ,  w e  w i l l  stress t h e  r e l a t i o n s h i p  of  two sub-systems (e thylene  
and acetylene-platinum) t o  the  ethane anode problem. 

EXPERIMENTAL 

Equipment and Chemicals 

The e l e c t r o n i c  equipment, g l a s s  tes t  v e s s e l  and e l e c t r o d e s  have 
been descr ibed  previous ly  ( 3 ) .  The e l e c t r o l y t e s  used were 1 N per- 
c h l o r i c  ac id  and 85% phosphoric a c i d ,  each prepared from A . R .  grade 
a c i d  using t r i p l y - d i s t i l l e d  water .  The e thy lene  and ace ty lene  used 
was P h i l l i p s  Research Grade. G a s  mixtures  of e thylene  or ace ty lene  
with argon were prepared from t h e  Research Grade hydrocarbon, b o t t l e d  
and analyzed by t h e  Matheson Co. The test e l e c t r o d e  w a s  a l eng th  
C.P. grade platinum w i r e  s e a l e d  i n  a s o f t  glass tube with 0.070 c m  
of a r e a  exposed. 
bead of  s o f t  g l a s s .  The va lue  of " s a t u r a t i o n  hydro en coverage",  

"roughness f a c t o r "  (R.F.) of 1 .4  i f  0 .21  mcoul./cm2 is taken  t o  
correspond t o  R . F .  = 1. A l l  measurements were made i n  a thermo- 
s t a t t e d  a i r  ba th  with c o n t r o l  t o  f 0.1OC. 

!If 
The exposed end of t h e  wire was sea l ed  i n  a smal l  

C$H, measured as previous ly  ( 3 )  was 0.296 mcoul./cm 5 , sugges t ing  a 
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Procedure 

The p o t e n t i a l  f u n c t i o n s  employed are diagrammed i n  F ig .  1 (time 
axes no t  t o  s c a l e ) .  The procedure followed dur ing  each s t e p  of Fig.  1 
is summarized i n  Table I along wi th  t h e  s i g n i f i c a n c e  of t h e  procedure. 
A l l  p o t e n t i a l s  were measured a g a i n s t  a r e v e r s i b l e  hydrogen e l e c t r o d e  
immersed i n  t h e  adsorbate-f ree e l e c t r o l y t e .  

RESULTS 

I .  Kine t i c s  of Adsorption of Ethylene and Acetylene ' 

Sequence I ,  Table I w a s  employed i n  making these  measurements. 
This  sequence is s i m i l a r  t o  t h a t  p rev ious ly  used i n  t h e  s tudy of CO, 
(3 )  i n  t h a t  t he  pas s ive  "oxygen" f i l m  is used t o  hold off  adsorpt ion 
u n t i l  reduced i n  s t e p  D .  The d u r a t i o n  of s t e p  B and the  p o t e n t i a l  of 
s t e p  C have been decreased  t o  avoid unnecessary exposure t o  oxidizing 
cond i t ions  (simply as a precaut ion)  without any s a c r i f i c e  of the 
su r f  ace r e p r o d u c i b i l i t y  p rev ious ly  r epor t ed  (3) . 

during s t e p  D may be measured by a p p l i c a t i o n  of sweep E of sequence 
I ,  Table I .  The t r a c e s  of F ig .  2a  and 2b were obta ined  a t  3OoC,  using 
s o l u t i o n s  of 1 N p e r c h l o r i c  a c i d  s a t u r a t e d  wi th  gas  mixtures  of. 
1.08% ethylene - 98.92% argon and 0.105% acetylene - 99.895% argon, 
r e spec t ive ly .  The t r a c e s  of F ig .  3 were obta ined  a t  120°C using an 
85% s o l u t i o n  of phosphoric a c i d  s a t u r a t e d  wi th  a gas  mixture of 
1.08% ethylene - 98.92% argon. For  e thy lene ,  t r a c e  1 of F ig .  2a 
was obtained i n  t h e  absence of e thy lene ,  and s e r v e s  as "solvent 
c o r r e c t i o n " .  The area inc luded  between t r a c e  1 and any subsequent 
t r a c e  is a charge Q which corresponds to t h e  o x i d a t i o n  of t h e  
hydrocarbon adsorbe j%ring  s t e p  D of t h e  sequence. For the  sweep 
speed employed and f o r  t he  concen t r a t ion  of hydrocarbon used, i t  may 
be ca l cu la t ed  t h a t  t h e  m a x i m u m  amount of hydrocarbon which may a r r i v e  
a t  the e l ec t rode  (by l i n e a r  d i f f u s i o n )  and be adsorbed and/or oxi-  
dized during s t e p  E, is s m a l l  compared w i t h  tha t  a l ready adsorbed 
dur ing  s t e p  D .  A s i m i l a r  charge,  QA, may be def ined  f o r  acetylene 
from F ig .  2b. 

A s  f o r  e thane  (4 )  i t  has been found (5) t h a t  t h e  charge def ined 
by t r a c e s  such as t hose  of F ig .  3a and 3b decreases  f o r  sweep speeds 
over approximately 10 v. /sec.  This is due t o  r e t e n t i o n  of a po r t ion  
of the ad-layer p a s t  t he  d u r a t i o n  of t he  f a s t  1 . a . s .  The smaller 
charge measured a t  h ighe r  sweep speeds  may be "ca l ib ra t ed"  however, 
so  t h a t  higher c o n c e n t r a t i o n s  of adso rba te  may be i n v e s t i g a t e d .  We 
may w r i t e  the expres s ions :  

The chargecorresponding t o  the  o x i d a t i o n  of hydrocarbon adsorbed 

* 
and 2) 4, = b QA 

* * where QENE and QA are the  high-speed values  of charge,  and a and b 
a r e  t h e  p r o p o r t i o n a l i t y  c o p s t a n t s  r e l a t i n g  these  charges  t o  the 
10 v. /sec.  v a l u e s .  For  example, f o r  1 N p e r c h l o r i c  a c i d  a t  30°C, a 
and b were found to have t h e  va lues  0.79 and 0.64, r e spec t ive  f o r  
a sweep speed of 100 v . / s e c .  (5). P l o t s  of QENE and QA v s  ob- 
t a ined  f o r  t h e  c o n d i t i o n s  of F ig .  2a and 2b appear i n  Fig.  4 .  The 
l i n e a r  p l o t s  sugges t  d i f f u s i o n - c o n t r o l l e d  adsorpt ion.  The r e l a t i o n -  
s h i p  f o r  s e m i - i n f i n i t e  l i n e a r  d i f f u s i o n  is ( 3 ) :  
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\ 

where n = number of e l e c t r o n s  t o  o x i d i z e  and desorb one molecule 
of adsorbed e thy lene  

DENE = d i f f u s i o n  c o e f f i c i e n t  of e thy lene  
CENE = bulk concen t r a t ion  of e thy lene  (mole/cm ) 

and QENE is expressed i n  coul./cm . A s i m i l a r  expres s ion  may be 
w r i t t e n  f o r  Q A .  For t h e  e thy lene  d a t a  of F ig .  4 ,  w e  choose 

3 

2 

= 3.3 x lo-' mole/cm ased  on t h e  s o l u b i l i t y  
C~~~ (3.04 x m o l e / c m  3 5  ., Ref. 6 )  a t  one atmosphere 

i n  1 M s u l f u r i c  a c i d  a t  3 O o C  and assuming appl ica-  
b i l i t y  of Henry's Law 

water a t  20°C, Ref. 7) 

s u r f a c e  C2H2 s p e c i e s  t o  carbon dioxide and water) 

2 = 1.56 x c m  /sec. ( t h e  va lue  f o r  ace ty l ene  i n  DENE 

n = 10 e l e c t r o n s  (assuming complete convellsion of a 

From these  va lues  w e  ob ta in :  
2 

= 0.147 Ti'2 x coul/cm . 4, QENE 
which e x a c t l y  agrees  wi th  t h e  experimental  p l o t  of F i g .  4 .  Con- 
s i d e r i n g  t h e  unce r t a in ty  i n  s o l u b i l i t y  and d i f f u s i o n  c o e f f i c i e n t ,  
t h e  p e r f e c t  agreement must be  assumed to  be f o r t u i t o u s .  The 
occurrence of  reasonable agreement s e r v e s  t o  e s t a b l i s h  t h a t  t h e  ad- 
s o r p t i o n  is indeed d i f f u s i o n  c o n t r o l l e d  (under t h e s e  cond i t ions )  
and t h a t  t h e  va lue  of n chosen is probably c o r r e c t  t o  20%. For the  
ace ty lene  d a t a  of F ig .  5, w e  assume t h e  same va lue  of D and n as 
be fo re .  The concent ra t ion  of ace ty lene  is taken t o  be 

3 C = 3.68 x mole/cm , based on t h e  s o l u b i l i t y  i n  
water a t  3OoC, Ref. 8) and assuming a p p l i c a b i l i t y  
of  Henry's Law. 

From these  va lues ,  w e  ob ta in  a t h e o r e t i c a l  va lue  o f :  
2 5) QA = 0.164 Tii2 x coul./cm 

which is i n  e x c e l l e n t  agreement wi th  t h e  s l o p e  of 0.160 of t h e  p l o t  
of F i g .  4 .  Again, t h e  p e r f e c t i o n  of agreement is probably f o r t u i t o u s ,  
bu t  t h e  gene ra l  agreement suppor t s  t h e  v a l i d i t y  of t h e  assumptions 
made. 

l i n e a r  d i f f u s i o n  l a w  f o r  more than  a few seconds (9), which makes t h e  
l i n e a r i t y  of t he  p l o t s  of F ig .  4 s u s p e c t .  I t  is p o s s i b l e  t o  check 
r e l a t i o n s h i p  (3)  f o r  va lues  of % of less than one second, by us ing  
more concent ra ted  s o l u t i o n s  of t h e  adso rba te  and h igher  sweep speeds.  
Resu l t s  (5) obta ined  i n  t h e  f r a c t i o n a l  second range sugges t  d i f fus ion -  
c o n t r o l  up t o  approximately 80% of  f u l l  coverage, followed by apparent 
a c t i v a t i o n  c o n t r o l .  This  l a t te r  negat ive  d e v i a t i o n  oppose p o s i t i v e  
d e v i a t i o n s  from l i n e a r  d i f f u s i o n  t o  keep t h e  p l o t s  of F i g .  4 1 i ne a r  
f o r  l a r g e  va lues  of TD. 

One would not  expec t  d i f f u s i o n  t o  a w i r e  e l e c t r o d e  t o  follow a 
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11. Surface Coverage f o r  Ethylene and Acetylene As A Function of Con- 
c e n t r a t i o n  and P o t e n t i a l .  

Sequence I1 of Table I1 w a s  employed for t h e s e  measurements. 
Although t h e  informat ion  r equ i r ed  is t h e  extent of adsorp t ion  during 
s t e p  E a t  p o t e n t i a l  U,  s t e p s  D and F must be in t roduced  t o  cope wi th  
t h e  compl ica t ion  of s u r f a c e  "oxygen" and wi th  i r r e v e r s i b i l i t y  of ad- 
s o r p t i o n ,  w i t h i n  regions of t h e  p o t e n t i a l  range  s t u d i e d .  The 
approach followed to o b t a i n  t h e  d a t a  of F i g .  5 - 8 ,  is a s  follows: 

A .  M a x i m u m  Adsorption a t  0 < U 5 0 . 6  V. 

1)  S t a r t i n g  wi th  Zero Surface Coverage - 
TD and TF of sequence 11, Table I were chosen as zero.  

The value of QENE or QA w a s  followed as a f u n c t i o n  of t i m e  a t  each 
concen t r a t ion  u n t i l  a p l a t e a u  value was reached.  The adsorp t ion  t i m e  
w a s  then increased t en - fo ld  t o  check on whether t he  maximum value had 
indeed been a t t a i n e d .  A n  adsorp t ion  t i m e  somewhat l a r g e r  than t h a t  
required was then used to  measure adso rp t ion  over  t he  p o t e n t i a l  range. 
For 0.1% ace ty l ene  and 1% ethy lene  an adso rp t ion  time of 100 s e c .  
was s a t i s f a c t o r y .  For 11% ethy lene ,  10 sec. s u f f i c e s  and f o r  0.01% 
e thy lene  200 s e c .  w i th  s t i r r i n g  s u f f i c e s .  

2) S t a r t i n g  wi th  F u l l  Surface Coverage - 
A t  p o t e n t i a l s  o t h e r  t han  approximately 0 . 2  - 0 . 4  v . ,  t h e r e  

a r e  processes  of o x i d a t i o n  (h igh  p o t e n t i a l s )  or hydrogenation-desorp- 
t i o n  (low p o t e n t i a l s )  competing w i t h  t h e  adso rp t ion  process.  At ta in-  
ment of an equ i l ib r ium va lue  is appa ren t ly  very slow. I t  is poss ib l e  
t h a t  equ i l ib r ium s u r f a c e  coverage does no t  e x i s t  i n  t he  strict sense 
because of i r r e v e r s i b i l i t y  in t he  adso rp t ion ,  deso rp t ion  and oxida- 
t i o n  processes ,  f u r t h e r  complicated by g radua l  changes in t h e  s t r u c -  
t u r e  of t h e  ad - l aye r .  I n s t e a d  of awai t ing  apparent equi l ibr ium, w e  
may assume a "quasi-equilibrium" va lue  t o  correspond to t h e  average 
of t h e  values  achieved when t h e  p o t e n t i a l  is app l i ed  a l t e r n a t i v e l y ,  
t o  t h e  i n i t i a l l y  uncovered and fu l ly-covered  s u r f a c e .  The lat ter 
measurement is accomplished by choosing TD a t  t h e  va lue  which r e s u l t s  
i n  f u l l  coverage f o r  t h a t  concen t r a t ion  a t  0 . 4  v.  P o t e n t i a l  U w a s  
app l i ed  f o r  a s i m i l a r  l e n g t h  of time TE, and t h e  r e s u l t i n g  decreased 
va lues  of QENE and QA w e r e  measured. 

B. Maximum Adsorption a t  U 2 0 . 7  v. 

1)  S t a r t i n g  wi th  Low Surface Coverage - 
A t  p o t e n t i a l s  above 0 . 7  v., t h e  rate of reduct ion  of t he  

pas s ive  oxygen f i l m  in t roduced  dur ing  s t e p  B is s m a l l  (or z e r o ) ,  
r e t a r d i n g  adso rp t ion .  T o  compensate f o r  t h i s  d i f f i c u l t y ,  TD w a s  
chosen a t  1 s e c . ,  dur ing  which t i m e  some (bu t  not complete) adsorp- 
t i o n  of t h e  hydrocarbon occurred.  TF w a s  a l s o  se t  at 10 msec., t o  
reduce s u r f a c e  "oxygen" depos i t ed  dur ing  s t e p  E ,  SO t h a t  t h i s  would 
not i n t e r f e r e  with subsequent de te rmina t ion  of t h e  Sur face  coverage 
du r ing  the  1.a.s.  

2) S t a r t i n g  wi th  F u l l  Surface Coverage - 

,1 

I 

T was chosen a t  t h e  value found t o  give f u l l  s u r f a c e  
coverage a t  8 . 4  v .  This t i m e  a l s o  s u f f i c e d  f o r  complete reduct ion  
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Of t h e  oxygen f i l m  from s t e p  B. Step  F w a s  chosen a t  10 msec. to. 
prevent  "oxygen" from i n t e r f e r i n g  wi th  t h e  subsequent measurement of 
s u r f  ace coverage. 

111. AdsorDtion (1.a.s.)  Traces f o r  CO and Ethane. 

Linear  anodic sweep traces corresponding t o  CO s u r f  ace 
coverage dur ing  adso rp t ion  and dur ing  ox ida t ion  of  CO appear  i n  
F ig .  9a  and 9b r e s p e c t i v e l y .  The c h a r a c t e r i s t i c s  of  t h e  e l e c t r o d e s  
used and t h e  method of measurement were desc r ibed  previous ly  (3,101. 
The sweep speed used w a s  360 v. /sec.  F i g .  9 a  corresponds to  adsorp- 
t i o n  from 1 N p e r c h l o r i c  a c i d  s a t u r a t e d  wi th  a gas  mixture Of 1% 
CO - 99$ argon. F i g .  9b corresponds t o  o x i d a t i o n  a t  1.0 v.  Of a 
monolayer of CO adsorbed a t  0 . 4  v .  from t h e  d i l u t e  CO s o l u t i o n .  The 
temperature  w a s  3OoC i n  bo th  cases. 

Traces  obta ined  dur ing  t h e  adso rp t ion  of e thane  f r o m  a 1 N 
perch lo r i c  ac id  s o l u t i o n  s a t u r a t e d  with pure e thane  a t  3OoC,  appear 
i n  F i g .  10 .  The cond i t ions  under which these  traces were obtained 
were descr ibed  previous ly  (4) . 

The cond i t ions  under which t h e  t r a c e s  of F i g ,  9 and 10 were 
measured are s imilar  t o  those  f o r  e thy lene  and ace ty l ene  i n  t h a t  
c u r r e n t s  corresponding t o  organic  ox ida t ion ,  correspond only  t o  
ma te r i a l  on the  s u r f a c e  be fo re  a p p l i c a t i o n  of t h e  1.a.s. 

D I SCUS S I ON 

I .  S t ruc tu re  of Adsorbed Ethylene and Acetylene.  

We w i l l  a t t empt  to  deduce c e r t a i n  a s p e c t s  of t h e  s t r u c t u r e  of 
t h e  ad-layer  on t h e  b a s i s  of  t he  r e s u l t s  of measurement of t h e  rate 
of  adsorp t ion ,  of  t h e  shape of t h e  charge ( su r face  coverage) p o t e n t i a l  
p l o t s  and of t h e  q u a l i t a t i v e  appearance of the adso rp t ion  (1 .a . s . )  
t r a c e s .  

A .  Terminology Used In Describing the  Adsorption Layer.  

A s  t h e r e  appears  t o  be no g e n e r a l l y  accepted vocabulary f o r  
d i scuss ing  the  d e t a i l s  of t h e  ad-layer ,  t h e  fol lowing terms and 
d e f i n i t i o n s  have been adopted: 

Stoichiometry of t h e  ad-layer  - The r e l a t i v e  amounts of t he  
va r ious  elements  (carbon,  hydrogen, oxygen, e t c  .) of t h e  adsorba te  
p re sen t  on t h e  s u r f a c e .  Th i s  is not  n e c e s s a r i l y  t h e  same a s  the  
s to ich iometry  of any s i n g l e  sur f  ace s p e c i e s .  

Stoichiometry of an  ad-species  - The r e l a t i v e  amounts of t h e  
e lements  p re sen t  i n  any p a r t i c u l a r  ad-species .  Th i s  does not  revea l  
t he  a c t u a l  number of atoms of each element i n  each s p e c i e s .  

Composition of an ad-species  - The number of atoms of each 
element present  in t he  ad-species ,  o t h e r  than  those  of t h e  adsorbent .  
This  may be represented  a s  a chemical formula.  

and the na tu re  of  t h e  va lences  between each  atom of the  ad-species 
and the  na tu re  of each valence between t h e  ad-species and t h e  sur -  
f a c e .  The "gross" s t r u c t u r e  permi ts  us  to  draw a q u a l i t a t i v e  

S t ruc tu re  of an ad-species  - This  inc ludes  i t s  composition 
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diagram showing t h e  bond o r i e n t a t i o n  of t h e  atoms of t he  ad-species 
to  each  o t h e r  and t o  t h e  s u r f a c e .  For a heterogeneous su r face ,  w e  
m u s t  expect  t h a t  for each  "gross" structure, t h e r e  w i l l  be a number 
( o r  perhaps a continuum) of " f ine"  structures. The f i n e  s t r u c t u r e  
inc ludes  informat ion  on bond l eng th ,  bond s t r e n g t h ,  etc. 

t h e  s t r u c t u r e  of t h e  i n d i v i d u a l  ad-species ,  and on t h e  s t r u c t u r e  of 
t h e  adsorbent  s u r f  ace. 

S t ruc tu re  of t h e  ad-layer  - This  inc ludes  a l l  information on 

As an example of t h e  a p p l i c a t i o n  of t h e  above terminology, we 
may desc r ibe  the  s t r u c t u r e  of t h e  CO ad-layer  on P t ,  suggested by 
Eischens and Pl i sken  (11 ) .  The s to ich iometry  of t he  ad-layer ,  and 
t h e  s to ich iometry  and composi t ion of each ad-species  corresponds to 
t h e  formula CO. I t  has  been suggested t h a t  t h e  s t r u c t u r e  of one CO 
ad-species  ( l i n e a r )  i nvo lves  a bond from carbon t o  oxygen and a bond 
from carbon t o  one s u r f a c e  s i t e .  The s t r u c t u r e  f o r  a second ad-spe- 
cies (bridged) involves  a bond from carbon t o  oxygen and from carbon 
m w o  su r face  sites. This  r e p r e s e n t s  only g r o s s  s t r u c t u r e  s i n c e  the  
v a r i a t i o n s  i n  bond l e n g t h  and s t r e n g t h  on v a E  s i tes  of t h e  hetero-  
geneous s u r f a c e  have n o t  been taken i n t o  account .  The gross s t r u c t u r e  
t h e  ad-layer i nc ludes  a c e r t a i n  propor t ion  of t h e  bridged and l i n e a r  
s u r f  ace s p e c i e s .  

I 
I 

B. Adsorption (1.a .s . )  Traces f o r  CO. 

Resul t s  ob ta ined  f o r  CO are h e l p f u l  i n  demonstrat ing the  
e f f e c t  of changing s u r f a c e  coverage on t h e  c h a r a c t e r i s t i c s  of t h e  

see t h a t  as t h e  s u r f a c e  coverage (charge)  wi th  CO inc reases  during 
adso rp t ion ,  t h e  shape of t h e  t r a c e  changes and t h e r e  is a marked 
s h i f t  of i n i t i a l  o x i d a t i o n  t o  t h e  r i g h t  on t h e  p o t e n t i a l  a x i s .  Such F 

a s h i f t  could occur  f o r  a v a r i e t y  of reasons .  For  CO, i t  has been 
suggested t h a t  t h i s  is because t h e  r e a c t i o n  mechanism involves  su r -  
f a c e  s i t e s  not  occupied wi th  CO (" reac tan t -pa i r"  mechanism, r e f .  12 ) .  
According t o  t h i s  exp lana t ion ,  t h e  s h i f t  is not  caused by a change in 
g r o s s  s t r u c t u r e  of t h e  ad-species. The impo*t po in t  to be made 
here  is t h a t  any a t tempt  t o  i d e n t i f y  an unknown s u r f a c e  spec ie s  as 
CO on t h e  b a s i s  of t h e  adso rp t ion  t r a c e ,  would be misleading un le s s  
comparison were made a t  (approximately) equa l  s u r f a c e  coverages.  
Since t h e  adsorp t ion  trace is a highly complex r ep resen ta t ion  of t he  
e lec t rochemica l  r e a c t i v i t y ,  it is important t h a t  a l l  o t h e r  cond i t ions  
(sweep speed,  temp., s u r f a c e  p repa ra t ion )  a l s o  be he ld  cons t an t .  
These p r i n c i p l e s  w i l l  be  used i n  a t tempt ing  t o  a r r i v e  a t  t h e  struc- 
t u r e  of t h e  hydrocarbon s u r f a c e  s p e c i e s ,  below. 

adso rp t ion  t r a c e  of a r e l a t i v e l y  s imple adsorba te .  From F ig .  9a ,  we I 

In t h e  traces of F ig .  9b, t h e  s u r f a c e  is i n i t i a l l y  covered wi th  
a monolayer of CO, and t h e  coverage is progress ive ly  decreased by 
ox ida t ion  at 1.0 v. W e  see t h a t  t he  traces tend t o  s h i f t  back t o  
t h e  l e f t  on t h e  p o t e n t i a l  a x i s ,  and when comparison is made a t  equal  
va lues  of t h e  surface-coverage,  t hese  t r a c e s  a r e  almost . i d e n t i c a l  
wi th  t h e  t r a c e s  obta ined  dur ing  adsorp t ion  (F ig .  9 a ) .  Small var ia -  
t i o n s  may be due t o  corresponding v a r i a t i o n s  i n  t h e  f i n e  s t r u c t u r e  
of t h e  ad-layer .  This  serves as f a i r  evidence t h a t  t h e  g ross  struc- 
t u r e  and i n  p a r t i c u l a r ,  t he  composition of t he  ad-species does not  
change a t  high p o t e n t i a l s  for t h i s  s imple adsorba te .  
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c .  Adsorption Traces  a t  0 . 2  v. < U <_ 0.4 v .  f o r  Ethylene and 
Acetylene i n  Pe rch lo r i c  Acid (30°C). 

Fig.  2a p r e s e n t s  1.a.s. t r a c e s  (v = 10 v./sec.) ob ta ined  dur- 
i ng  adsorp t ion  a t  U = 0.4  v . ,  of e thy lene  from p e r c h l o r i c  acid a t  
30°C. We s e e  t h a t  a s i n g l e  broad wave w a s  obtained,  which s h i f t s  
t o  the r i g h t  on the  p o t e n t i a l  a x i s  w i th  inc reas ing  s u r f a c e  coverage 
( cha rge ) .  The s h i f t  is not as marked as f o r  CO ( s e e  F ig .  9) .  Ad- 
s o r p t i o n  a t  t h e  concen t r a t ion  of adsorbate  used i n  F i g .  2a w a s  
complete wi th in  25 sec. The trace f o r  f u l l  coverage remained i d e n t i -  
cal  for up t o  1000 s e c . ,  e s t a b l i s h i n g  constancy of t h e  s t r u c t u r e  of 
t h e  ad-layer over  t h i s  per iod  of t i m e  and at  a p o t e n t i a l o f  0 . 4  v. 
S imi l a r  traces were obta ined  f o r  t h i s  concen t r a t ion  a t  a sweep speed 
of v = 100 v . / s e c .  These traces were then compared wi th  those ob- 
t a ined  us ing  a ten- fo ld  more concent ra ted  s o l u t i o n  f o r  which f u l l  
coverage is achieved wi th in  approximately 500 msec. The t r a c e s  f o r  
i d e n t i c a l  s u r f a c e  coverage but d i f f e r e n t  adso rp t ion  t i m e s  could be 
e x a c t l y  superimposed. On the  b a s i s  of t hese  experiments one may 
conclude t h a t  over t h e  e n t i r e  range of s u r f a c e  coverages the s t r u c -  
t u r e  of the ad- layer  remains cons t an t  from the  f rac t iona l -second t o  
t h e  1000 second range. Comparison of t r a c e s  obta ined  a t  10 v./sec.  
f o r  U = 0 . 2 ,  0.3 and 0.4 v .  r e v e a l  t h a t  t h e  same s t a t emen t  may be 
made f o r  each of t hese  t h r e e  p o t e n t i a l s .  

Traces for adsorbed ace ty l ene  appear i n  F i g .  2B. The dashed 
t r a c e s  a l low comparison of each trace wi th  t h a t  of e thy lene  a t  a 
value of QENE = QA ( t o  wi th in  1%). 
traces are almost i d e n t i c a l .  We t e n t a t i v e l y  conclude t h a t  the 
s t r u c t u r e  of t h e  ad-species is the  same for both  adsorbates .  The 
s l i g h t  d i f f e r e n c e  i n  t he  traces is asc r ibed  t o  d i f f e r e n c e s  i n  f i n e  
s t r u c t u r e  of t he  ad-layer (perhaps a d i f P e r e n t  d i s t r i b u t i o n  of 
species on t h e  s u r f a c e ) .  Study of the traces r e v e a l s  cons t an t  
s t r u c t u r e  of t h e  ad-layer over the same t i m e  and p o t e n t i a l  i n t e r v a l  
as for e thy lene .  

We see t h a t  t he  comparable 

D. Adsorption Traces f o r  Ethylene and Acetylene at U 2 0.5 v .  
i n  Pe rch lo r i c  Acid (30°C). 

Fig .  5a and 5b presen t  1 . a . s .  traces f o r  e thy lene  and 
acetylene r e s p e c t i v e l y  f o r  va lues  of U from 0 .3  t o  0 . 8  v.  Traces 2 
and 3 of each f i g u r e  are inc luded  t o  emphasize t h a t  t h e  adsorp t ion  
of l e s s  material at  0.3 v. is r e f l e c t e d  i n  a s h i f t  of t he  t r a c e  t o  
the  lef t  on t he  p o t e n t i a l  axis. Traces 4 and 5 of each  f i g u r e  
r e p r z t  lower va lues  of surface coverage (charge) than t r a c e  3, 
but  t hese  traces l i e  to t h e  r i g h t  of trace 3.  This  s h i f t  t o  t h e  
r i g h t  is c l e a r  i n d i c a t i o n  t h a t  t he  s t r u c t u r e  of the ad- layer  is 
d i f f e r e n t  a t  the  h igher  p o t e n t i a l s .  T h i s  change is f i r s t  (barely)  
d i s c e r n i b l e  a t  0.5 v .  One could argue t h a t  t h i s  r e p r e s e n t s  only 
d i f f e r e n c e s  i n  t h e  f i n e  s t r u c t u r e  of t h e  ad-layer.  For example, t h e  
composition of t h e  ad-layer might be t h e  same as a t  lower p o t e n t i a l s ,  
b u t  only s i t e s  involving r e l a t i v e  i n a c t i v i t y  (toward e l ec t rochemica l  
ox ida t ion )  of the  ad-layer might be covered. For CO, w e  have seen  
t h a t  there is no such marked change i n  r e a c t i v i t y  of t h e  ad-layer as 
w e  approach a g iven  s u r f a c e  coverage a l t e r n a t i v e l y  f r o m  zero coverage 
a t  low p o t e n t i a l ,  or from f u l l  coverage a t  high p o t e n t i a l .  By 
analogy, w e  conclude t h a t  t he  marked s h i f t s  i n  t h e  traces of F i g .  3 
correspond t o  g r o s s  changes i n  s t r u c t u r e ;  namely, t o  changes i n  the 
composition of t he  ad-species.  Hydrogen codepos i t i on  measurements 
suppor t  t h i s  view (5). One p o s s i b i l i t y  is t h a t  de-hydrogenation of 
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t h e  s u r f a c e  s p e c i e s  leads t o  a s to ich iometry  approaching t h a t  of ca r -  
bon. T h i s  choice is made t e n t a t i v e l y ,  based on t he  observa t ion  t h a t  
a l l  oxygen-containing carbon compounds examined t o  d a t e  show higher 
r e a c t i v i t y  than t h a t  sugges ted  by t r a c e s  4 and 5 of F ig .  3. 

( 

E. I n fe rences  from t h e  R e s u l t s  of Measurement of Kinetic= 
Adsorption of Ethylene  and Acety lene .  

Thus far, t h e  evidence sugges t s  t h a t  i d e n t i c a l  ad-species 
are obta ined  upon adsorb ing  e i t h e r  e thy lene  o r  ace ty l ene  a t  poten- 
t i a l s  below 0.5 v. The s i m p l e s t  p o s s i b i l i t y  f o r  the s to ich iometry  
of the ad-layer is t h e r e f o r e  CH. Exce l len t  agreement with d i f f u s i o n  
theory was shown ( i n  a p rev ious  s e c t i o n )  i f  w e  assumed t h a t  10 
electrons are requ i r ed  f o r  t h e  ox ida t ion-desorp t ion  of one mole of 
e i t h e r  adsorbate .  This  is p r e c i s e l y  the e l e c t r o n  requirement for 
conversion of t h e  a d s o r b a t e s  t o  C02 and water through s u r f a c e  i n t e r -  
mediates of CH s to i ch iomet ry .  Since the  s o l u b i l i t y  and d i f f u s i o n  
c o e f f i c i e n t s  could not  be expected t o  be r e l i a b l e  t o  more than 2@%, 
somewhat sma l l e r  r a t i o s  of hydrogen t o  carbon are a l s o  c o n s i s t e n t  
wi th  the  k i n e t i c  o b s e r v a t i o n s .  These obse rva t ions  f a i r l y  con- 
c l u s i v e l y  r u l e  ou t  t h e  presence of any oxygen i n  t h e  ad-species ( U C O . ~ ~ . ) ,  / 
however, s i n c e  t h i s  would d r a s t i c a l l y  change the  value of "n". 

I 

, 

The composition of t h e  ad-species obta ined  a t  l o w  p o t e n t i a l  is 
suggested by r e s u l t s  ob ta ined  by Niedrach (13 ) .  He found t h a t  
hydrogenation-desorption of an adsorbed ethylene l a y e r  y ie lded  pre- 
dominately ethane,  a rguing  f o r  the conse rva t ion  of t h e  carbon-carbon 
bond. Hence a t  low p o t e n t i a l s  and tempera tures  w e  conclude t h a t  the 
ad-spec ies  have t h e  composition C2H2. 
t e n t a t i v e l y  conclude t h e  formation of s p e c i e s  of composition C2H and 

A t  h ighe r  p o t e n t i a l s  w e  

F .  S t r u c t u r e  of Ethylene Adsorbed a t  Temperatures Above 30°C. 

The adso rp t ion  traces obtained a t  60°C i n  pe rch lo r i c  acid 
were similar to those  ob ta ined  a t  30°C, wi th  a s l i g h t  s h i f t  of the  
traces to t h e  l e f t  on the p o t e n t i a l  axis. A s  be fo re ,  only one broad 
wave was apparent .  
8 sec. i n  a s o l u t i o n  s a t u r a t e d  w i t h '  a g a s  mixture of 1.08% ethylene- 
98.9% argon, y i e lded  a va lue  2% higher  than t h e  corresponding value 
a t  3OoC.  This  is a reasonab le  r e s u l t  i f  we assume diffusion-con- 
t r o l l e d  adso rp t ion (as  a t  t h e  lower temperature) and an  inc rease  i n  
t h e  d i f f u s i o n  c o e f f i c i e n t  of about 40$. Hence we conclude t h a t  the 
s t r u c t u r e  t f  the a$-species and the mechanism of adso rp t ion  is the 
same a t  60 and 30 i n  p e r c h l o r i c  a c i d .  

Measurement of QWE a f t e r  an adso rp t ion  t i m e  Of 

F o r  e thylene in phosphoric acid a t  120"C, the adso rp t ion  traces 
(Fig.  4) are cons ide rab ly  d i f f e r e n t  than i n  p e r c h l o r i c  ac id .  N o t  
on ly  does o x i d a t i o n  of t h e  ad-layer begin a t  lower p o t e n t i a l s ,  but 
an i n f l e c t i o n  appears  i n  each t r a c e ,  sugges t ing  two overlapping Waves. 
Th i s  may be symptomatic of t he  formation of s p e c i e s  con ta in ing  a 
s i n g l e  carbon atom fo l lowing  r u p t u r e  of t h e  carbon-carbon bond. The 
values  of BENE obta ined  under these cond i t ions  do not have l i n e a r  
dependence on T1/2 and t h e  adso rp t ion  is t h e r e f o r e  r e l a t i v e l y  slow 
(compared wi th  d i f f u s i o n )  . Whereas the  inc reased  r e a c t i v i t y  of the 
ad- layer  is r e a d i l y  a s c r i b e d  t o  the  e f f e c t  of increased  temperature,  
t h e  exp lana t ion  f o r  t he  slow k i n e t i c s  of adsorp t ion  is not obvious. 
One p o s s i b i l i t y  is t h a t  t h e  su r face  s p e c i e s  formed a t  t h i s  higher  
temperature tend t o  e x e r t  long-range ("poison") e f f e c t s  on t h e  su r face .  
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Another p o s s i b i l i t y  is t h a t  adsorbed phosphate ions  (14) in f luence  
the  k i n e t i c s  of adsorpt ion.  

G .  S t r u c t u r e  of Adsorbed Ethane. 

Adsorption t r a c e s  f o r  e thane at 60°C i n  p e r c h l o r i c  ac id  
appear i n  F i g .  11. A s  p rev ious ly  (4) i nd ica t ed ,  each t r a c e  c o n s i s t s  
of a peak lying a t  r e l a t i v e l y  low p o t e n t i a l s  and of a broad m a x i m u m  
which ex tends  from about 0 . 8  v .  t o  oxygen evo lu t ion  p o t e n t i a l s  ( a t  
v = 10 v . / s ec . )  . The first peak is l a r g e l y  r e t a i n e d  upon appl ica-  
t i o n  of p o t e n t i a l s  approaching 0 v .  Niedrach (15) has suggested 
t h a t  t h e  f i r s t  peak corresponds t o  C - 1 s p e c i e s .  The broad m a x i m u m  
is removed by hydrogenation-desorption and i t  has a l r eady  been 
suggested t h a t  t h i s  s p e c i e s  has C2H2 composition on t h e  b a s i s  of 
o t h e r  evidence ( 4 ) .  T h i s  work tends t o  confirm t h a t  conclus ion  f o r  
p o t e n t i a l s  i n  t h e  range 0.2 - 0 . 4  v .  Since t h e  evidence sugges t s  
t h a t  t h e  C2H2 s p e c i e s  conver t  (poss ib ly  f u r t h e r  dehydrogenate) a t  
h igher  p o t e n t i a l s ,  t h i s  must a l s o  be t r u e  for t he  e thane  system. 

11. Dependence of Surface Coverage On Concentration, P o t e n t i a l  and 
Temperature f o r  Ethylene and Acetylene. 

A .  S ign i f i cance  of Q E ~  and Q A .  

In perch lo r i c  a c i d ,  i n  t he  p o t e n t i a l  range 0 .2  t o  0 . 4  v . ,  
t h e  r e s u l t s  sngges t  t h a t  t he  charges QENE and QA correspond t o  the, 
convers ion  of s u r f a c e  s p e c i e s  of t h e  composition C2H2 to C02 and 
H2O. Hence w e  may w r i t e :  

where %NE is t h e  concen t r a t ion  of t h e  ad-species i n  m o l e s / c m 2 ,  i f  
QENE is 'expressed i n  coul./cm2 (of geometric a r e a ) .  Conversion to, 
a t r u e  area" b a s i s  may be made by d i v i d i n g  by the  es t imated  s u r f a c e  
R . F .  of 1 . 4 .  A similar express ion  may be w r i t t e n  f o r  ace ty l ene .  

The f r a c t i o n a l  s u r f a c e  coverage w i t h  an adsorbate  is commonly 
def ined  in terms of the experimental  m a x i m u m  value (al though vacant 
s i t e s  may s t i l l  e x i s t ) .  In terms of charge,  w e  may w r i t e :  

where Q E N E ( ~ = . )  is the  l a r g e s t  p l a t eau  v a l u e  observed on t h e  charge- 
p o t e n t i a l  p l o t s .  A s imilar  express ion  may be w r i t t e n  f o r  ace ty l ene .  

Since w e  suspec t  dehydrogenation of t h e  ad-species a t  p o t e n t i a l s  
above 0.4 v . ,  t he  value of n of equat ion  (6) may drop from 10 t o  a 
minimum of 8 .  T h i s  c a n  in t roduce  an e r r o r  of no more than  20% i n  the  
e s t i m a t i o n  of e i t h e r  abso lu t e  or f r a c t i o n a l  surface coverage. 

"Saturat ion" su r f  ace coverage ( p e r c h l o r i c  a c i d ,  30°C) f o r  
e thy lene  and a c e t  lene adso rba te s  corresponds t o  va lues  of 
QENE = 0.64 x coul./cm2 and QA = 0.73 x coul./cm2. These 
charges  a r e  

mole/cm2 (geometric a rea )  or 5.4 x 10-'6u~ole/cm ( " t rue"  a r e a ) .  From 
hydrogen codepos i t ion  experiments (5) only 75% of the  hydrogen s i tes  
are obscured by C2H2 at  f u l l  coverage us ing  e thy lene  as adsorbate ,  

u i v a l e n t  80 rENE = 6.6 x mole/cm2 (geometric a r e a  
or 4 . 7  x 10-"9O mole/cm (hydrogen or " 'I area4 and r A  = 7.6 x 10 -10 
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and 85% of t h e  s i t e s  are obscured us ing  acetylene as adso rba te .  

B. E f f e c t  of P o t e n t i a l  on the Surface Coverage f o r  Ethylene 
and Acetylene. 

From F i g .  7, w e  see t h a t  f o r  bo th  e thy lene  and ace ty l ene ,  
t h e  s u r f a c e  coverage L cons tan t  over t h e  p o t e n t i a l  range 0.2 t o  
0.4 v. For p o t e n t i a l s  below 0.2 v . ,  t he  s u r f a c e  coverage drops o f f  
s h a r p l y .  Burke e t  a l .  (16,171 have shown t h a t  t he  hydrogenation of 
e thy lene  and a c e t y l e n e  are d i f f u s i o n  c o n t r o l l e d ,  and not  q u i t e  
d i f f u s i o n  c o n t r o l l e d ,  r e s p e c t i v e l y ,  a t  0 v .  I t  is t h e  hydrogenation 
p rocess ,  opposing t h e  adso rp t ion  process ,  which causes  t h e  s u r f a c e  
coverage t o  drop o f f  a t  t h e  low p o t e n t i a l s .  For both acetylene and 
e t h y l e n e ,  w e  n o t e  t ha t  d i f f e r e n t  coverages a r e  measured a t  a given 
p o t e n t i a l ,  depending on whether t h e  experiment is begun w i t h  zero 
(TD = 0 )  or f u l l  s u r f a c e  (TD = 100 s e c . )  coverage. The average 
va lue  f o r  each of t he  p o t e n t i a l s  probably approximates an e q u i l i -  
brium v a l u e .  

The s u r f a c e  coverages  obta ined  € o r  e thy lene  and ace ty l ene  a t  
p o t e n t i a l s  below 0.2 v. are no t i ceab ly  d i f f e r e n t .  This seems an 
anomaly i f  one a c c e p t s  the conclusion that  t h e  composition of t he  
ad-species is i d e n t i c a l  f o r  both adso rba te s .  An exp lana t ion  of 
t h i s  behavior is p resen ted  below. 

Let u s  assume t h a t  adso rp t ion  must precede hydrogenation (in 
t h e  l i m i t ,  t h e  s u r f a c e  coverage may be almost ze ro ,  however). For 
a c e t y l e n e ,  t h e  composition of t he  ad-species is t h e  same as t h a t  of 
t h e  adsorbate .  A t  p o t e n t i a l s  below 0.2 v . ,  t h e r e  w i l l  be  two 
competing r e a c t i o n s ,  i .e . ,  the adso rp t ion  of C2H2 and the hydrogena- 
t i o n  of s u r f a c e  C2H2. Both rates may be expected t o  be a func t ion  of 
s u r f a c e  coverage and of p o t e n t i a l .  S t a r t i n g  wi th  e i t h e r  the f u l l y -  
covered, or uncovered s u r f a c e ,  the s y s t e m  w i l l  a t tempt  t o  reach e q u i l i  
brium a t  a value of t h e  s u r f a c e  coverage a t  which the  two rate's are 
equa l .  I f  t h e  r a t e s  i n  ques t ion  are complex f u n c t i o n s  of t he  su r face  
coverage, and of t h e  concen t r a t ion  o f  d i s so lved  ace ty l ene ,  e q u i l i -  
brium may be a t t a i n e d  r a t h e r  s lowly,  as seems t o  be t h e  case. 

For e thy lene  a t  p o t e n t i a l s  below 0.2 v . ,  w e  might expect the 
o p e r a t i o n  of t h r e e  k i n e t i c  processes ,  i . e . ,  adso rp t ion  of e thylene 
t o  y i e l d  C2H2 s u r f a c e  s p e c i e s ,  hydrogenation of adsorbed C2H2 t o  
y i e l d  e thane  and ( u n l i k e  t h e  s i t u a t i o n  f o r  ace ty l ene  adso rp t ion ) ,  
t h e  hydrogenation of C2Hq (p re sen t  at  c l o s e  t o  zero concen t r a t ion  on 
t h e  s u r f a c e )  t o  y i e l d  e thane .  Only the second process  is held i n  
common wi th  the a c e t y l e n e  adsorba te  system, hence one would expect 
t o  a r r i v e  at d i f f e r e n t  equ i l ib r ium coverages f o r  t h e  two sys tems.  

The lower va lues  of s u r f a c e  coverage obta ined  (below 0.2 v.)  
f o r  e thy lene  as compared wi th  acetylene can be a consequence of a 
s lower  adso rp t ion  s t e p ,  or of an  apprec iab ly  l a r g e r  rate f o r  t h e  
r educ t ion  of t h e  C2H4 s p e c i e s .  Since the  o v e r - a l l  r a t e  of formation 
of e thane  from e t h y l e n e  is large- than f o r  acetylene (14,151 t h e  la t ter  
c o n d i t i o n  must be f u l f i l l e d .  This  is a l s o  an i n t u i t i v e  conclusion,  
if w e  accept  t h e  conc lus ion  t h a t  t h e  dehydrogenation of C2H4 t o  
C2H2 on t h e  s u r f a c e  is a spontaneous process  throughout t h e  p o t e n t i a l  
range s t u d i e d .  

I n  the  reg ion  of t h e  f l a t  p l a t eau  f o r  e thy lene  and acetylene 
( P i g .  8 )  w e  see t h a t  t h e  s u r f a c e  coverage f o r  ace ty l ene  adsorbate 
exceeds t h a t  f o r  t h e  e thy lene  adsorba te  by approximately 10%. 
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Hydrogen co-deposi t ion experiments (5) r e v e a l  t h a t  on ly  approximately 
85% of the  t o t a l  (hydrogen) s i t e s  a r e  covered even fo r  t h e  ace ty lene  
system. Since adsorp t ion  of e thylene  r e q u i r e s  a dehydrogenation on 
t h e  s u r f a c e  ( t o  C2H2) i t  seems reasonable  to  conclude t h a t  t h e  s u r f a c e  
might be s t e r i c a l l y  blocked a t  lower va lues  of t h e  s u r f a c e  coverage 
than f o r  acetylene,  f o r  which s y s t e m  no surface dehydrogenation is 
necessary.  

A t  p o t e n t i a l s  above 0 . 4  the  s u r f a c e  coverage drops o f f  with 
increas ing  p o t e n t i a l  f o r  bo th  ace ty lene  and e thane .  Both of these 
adsorba tes  undergo o x i d a t i o n  a t  t h e s e  p o t e n t i a l s .  One might argue 
t h a t  f u l l  coverage should y e t  be a t t a i n e d  u n l e s s  t h e  o x i d a t i o n  pro- 
cess were d i f f u s i o n - c o n t r o l l e d ,  because only then would i t  exceed 
t h e  r a t e  of adsorp t ion .  However, t h e  ra te  of adsorp t ion  is only 
r a p i d  a t  p o t e n t i a l s  w i t h i n  the range 0.2 - 0 .4  v . ,  where t h e  ad- 
s p e c i e s  are of cons tan t  composition. A t  p o t e n t i a l s  above 0.4 ,  w e  
have a l ready  seen  evidence t h a t  t h e  ad-species change composition. 
Resul t s  of measurement of rates of re -adsorp t ion  (5) sugges t  t h a t  as 
t h e  p o t e n t i a l  i n c r e a s e s ,  almost a combined monolayer of t h e  hydrogen- 
poor s p e c i e s  and s u r f a c e  oxygen r e s u l t s ,  wi th  the l a t t e r  c o n t r i b u t i o n  
increas ing  with p o t e n t i a l .  Tlie rate of adsorp t ion  from t h e  point  of 
incomplete coverage t o  f u l l  coverage is r e l a t i v e l y  s low.  Since the  
ra te  of re-adsorpt ion may be expected t o  depend a l s o  on t h e  concen- 
t r a t i o n  of t h e  adsorba te ,  w e  f i n d  the concentration-dependencies o f  
F i g .  6. 

C .  E f f e c t  of Concentrat ion of t h e  Adsorbate On Surface  Coverage. 

For e thylene ,  t h e  e f f e c t  of concent ra t ion  on BENE (and hence 
on the s u r f a c e  coverage) is presented ( p e r c h l o r i c  acid a t  30°C) in F i g .  
6. In  the ( p o t e n t i a l )  reg ion  of maximum QENE, we see t h a t  there  is 
no methodical i n c r e a s e  i n  s u r f a c e  coverage with concent ra t ion ,  of 
the  type g e n e r a l l y  a s s o c i a t e d  wi th  t h e  adsorp t ion  isotherms of 
systems e x h i b i t i n g  thermodynamically r e v e r s i b l e  adsorp t ion .  The rnax- 
imum s u r f a c e  coverage is taken as e s s e n t i a l l y  cons tan t  over  the  range 
of p a r t i a l  p ressures  covered. The average maximum value  of Q NE is 
0 . 6 2  mcoul./cm2, with an average d e v i a t i o n  of f 0.02 mcoul/cm~, o r  
f 3% average d e v i a t i o n .  The occurrence of f u l l  ( e f f e c t i v e l y ,  s i n c e  
a l l  adsorp t ion  s i tes  are not  n e c e s s a r i l y  covered) coverage at  low 
p a r t i a l  p ressures  of adsorba te  is not uncorpon f o r  systems which 
possess  a high heat of adsorp t ion .  

In t h e  P o t e n t i a l  range above 0 . 4  v . ,  w e  see cons iderable  e f f e c t  
of concent ra t ion  on the s u r f a c e  coverage. The s u r f a c e  coverage a t  
s t e a d y - s t a t e  (assuming t h a t  such  a s ta te  e x i s t s  i n  p r a c t i c e  f o r  an 
ad-layer which may undergo continuous change i n  s t r u c t u r e  with time) 
would correspond t o  the  value a t  which t h e  rates of adsorp t ion  and 
of ox ida t ion  are i n  balance.  Both of these  rates may be complex func- 
t i o n s  of s u r f a c e  coverage, bu t  t h e  r a t e  of adsorp t ion  m u s t  a l s o  be a 
func t ion  of concent ra t ion  of d i sso lved  adsorba te .  Hence i t  is p a r t i c u -  
l a r l y  t h e  rate of adsorp t ion  which must decrease w i t h  decreas ing  con- 
c e n t r a t i o n  of adsorbate ,  and t h e  s u r f a c e  coverage f a l l s .  I t  must be 
borne i n  mind, t h a t  i n  t h e  range of p o t e n t i a l s  above 0 . 4  v . ,  w e  a r e  
not  dea l ing  w i t h  d i f f u s i o n - c o n t r o l l e d  rates of adsorp t ion ,  as a t  
lower p o t e n t i a l s ,  s i n c e  t h e  s t r u c t u r e  of t h e  ad-layer is more com- 
p lex .  
t i o n ) t h a t  maintains  a f l a t  m a x i m u m  over  a wide range of p o t e n t i a l s  
f o r  t h e  m o s t  c o n c e n t r a t r a t e d  adsorbate  of F i g .  6, when t h e  experiment 
is begun w i t h  f u l l  coverage. The s l o w  approach toward equi l ibr ium 

I t  is probably the  high r a t e  of adsorp t ion  ( r e l a t i v e t o  oxida- 
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is f u r t h e r  argument a g a i n s t  t h e  shape of the s u r f a c e  coverage-poten- 
t i a l  p l o t ' s  being determined by e s s e n t i a l l y  e l e c t r o s t a t i c  f o r c e s .  

D. E f f e c t  of Temperature On Surface Coverage. 

F i g .  8 r e v e a l s  t h a t  a t  60° ,  t h e  max imum s u r f a c e  coverage 
achieved f o r  e thy lene  is 5% higher  than a t  30'C. 
adso rp t ion  sites are no t  f u l l y  occupied. One way i n  which t h e  tempera- 
t u r e  may inc rease  " f u l l "  coverage is t o  inc rease  the mobi l i ty  of t h e  
ad-layer ,  pe rmi t t i ng  c l o s e r  packing of t h e  ad-species.  

I t  h a s  a l ready been noted t h a t  a t  120°C and i n  phosphoric ac id ,  
t h e  k i n e t i c s  of adso rp t ion  and the  compositio of the ad-layer a r e  
complex. Values of BENE up t o  0 .83 mcoul./cm8 could be measured 
( a d s o r p t i o n  f o r  100 s e c . ) .  I f  w e  assumed C2H2 composition of t he  
ad-layer ,  t h i s  would be e q u i v a l e n t  to  95% of f u l l  coverage (on b a s i s  
of a v a i l a b l e  hydrogen s i t e s ) .  I t  is not u n l i k e l y  t h a t  t he  l a rge  
value of charge a c t u a l l y  corresponds t o  c l o s e  packing of cons iderable  
C - 1  s p e c i e s .  

I n  e i t h e r  case, a l l  

E. Comparison wi th  t h e  R e s u l t s  of Tracer  S tud ie s .  

The adso rp t ion  of e thy lene  on p l a t i n i z e d  platinum (1 N 
s u l f u r i c  a c i d ,  30 and 8OoC) has been i n v e s t i g a t e d  by J . O ' M .  Bockris 
e t  a l .  ( 1 8 ) ,  using tracer techniques.  The r e s u l t s  of t h i s  work 
d i s a g r e e  w i t h  those of o u r  predecessors  i n  s e v e r a l  ways .  An attempt 
t o  r e c o n c i l e  t h i s  disagreement appears below, on the  b a s i s  t h a t  t he  
only  s i g n i f i c a n t  d i f f e r e n c e  between t h e  two s y s t e m s  is the s u r f a c e  
r,oughness. Bockris (18) observes  only a gradual  i nc rease  of s u r  ace 
coverage w i t h  c o n c e n t r a t i o n  from approximately t o  1 .5  x 10- 
mole/ l .  bulk c o n c e n t r a t i o n  of e t h y l e n e ,  wi th  f u l l  coverage achieved 
a t  t h e  h igher  c o n c e n t r a t i o n .  I n  t h i s  work w e  a t t a i n e d  f u l l  coverage 
a t  a concen t r a t ion  of 3 x 10-7 mole/ l .  ( 1 .3  x Atmos.) . In our 
exper iments ,  t he  adso rp t ion  w a s  t r anspor t - con t ro l l ed  and required 
approximately 200 s e c .  f o r  completion i n  a w e l l - s t i r r e d  s o l u t i o n  
(3 x lo-' M./ l . ) .  
t i o n  would r e q u i r e  20 sec. f o r  ou r  s y s t e m .  For a p l a t i n i z e d  e l ec -  
t r o d e  wi th  a R.F. of 100, a s  used by our predecessors ,  an e q u i l i -  
b r a t i o n  time of 2000 sec. ,  or approximately 30 minutes would be re-  
q u i r e d .  I t  is p o s s i b l e  t h a t  such  time d u r a t i o n s  were not allowed 
r o u t i n e l y .  A second p o s s i b i l i t y  is t h a t  t h e  100 f o l d  g r e a t e r  r a t e s  
of ox ida t ion  (on b a s i s  of geometric a rea )  and hydrogeqation-desorption 
encountered on t h e  p l a t i n i z e d  e l e c t r o d e ,  tend t o  r e s u l t  i n  p a r t i a l  
d i f f u s i o n  c o n t r o l  f o r  t h e s e  r e a c t i o n s  even a t  low p o t e n t i a l ,  f o r c i n g  
t h e  s u r f a c e  coverage down. 

2 

s 

By comparison, adsorp t ion  from a M . / 1 .  solu-  

Bockris e t  a l .  ( 1 8 ) ,  a l s o  found t h a t  maximum adsorp t ion  was 
a t t a i n e d  only a t  h ighe r  p o t e n t i a l s  than i n  t h i s  work. The decrease 
i n  s u r f a c e  coverage encountered i n  t h i s  work, as the p o t e n t i a l  is 
lowered t o  l e s s  than 0 . 2  v . ,  has been ascr ibed t o  the e f f e c t  of 
t he  opposing r a t e  of hydrogenation-desorption, which inc reases  a s  
t he  p o t e n t i a l  is lowered. For t h e  p l a t i n i z e d  s u r f a c e  t h i s  r a t e  
would be increased  100-fold a t  comparable p o t e n t i a l s .  Such an 
enhanced r a t e  might l ead  t o  s u f f i c i e n t  d e p l e t i o n  of t h e  adsorbate  
t o  d r i v e  the s u r f a c e  coverage down a t  approximately 0 . 3  v . ,  as 
found by Bockris .  
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111. Mechanism of the Electrochemical Oxidation of Hydrocarbons. 

The s t u d i e s  of adsorp t ion  r epor t ed  i n  t h i s  paper a r e  a necessary 
pre l iminary  t o  f u t u r e  d e t a i l e d  s tudy of t h e  mechanism and k i n e t i c s  
Of t h e  e lec t rochemica l  ox ida t ion  of the hydrocarbons. I t  is poss ib l e  
a t  t h i s  time, however, t o  draw some q u a l i t a t i v e  conclus ions  on 
mechanism, based on t h e  a v a i l a b l e  information.  

y i e l d s  a v a r i e t y  of s u r f a c e  in t e rmed ia t e s ,  may be expressed i n  terms 
of t h e  p a r t i a l  c u r r e n t s  f o r  each of “n” s u r f a c e  s p e c i e s :  

The  rate of continuous ox ida t ion  of any complex molecule which 

where ni = number of e l e c t r o n s  r equ i r ed  t o  conver t  
s p e c i e s  ”i” t o  the  next i d e n t i f i a b l e  
s u r f  ace s p e c i e s  

ki = appropr i a t e  rate cons t an t  
f i  = a func t ion  r e l a t i n g  the c u r r e n t  f o r  s p e c i e s  “i” 

t o  the s u r f a c e  coverage wi th  t h e  va r ious  s p e c i e s  
(assuming i n t e r a c t i o n )  

p o t e n t i a l  f o r  s p e c i e s  “i” 
gi = a func t ion  r e l a t i n g  the c u r r e n t  t o  t h e  appl ied 

Equation ( 8 )  a l s o  covers  the s i t u a t i o n  f o r  any r e a c t i o n  path re-  
q u i r i n g  an adsorbed in t e rmed ia t e ,  even i f  t he  e f f e c t i v e  concent ra t -  
t i o n  of t h a t  s p e c i e s  is vanish ingly  small. I n  a d d i t i o n  t h e r e  may be 
r ! m r l  

s t a t e  (Rideal-Eley a s  opposed t o  Langmuir-Hinshelwood mechanism, 
r e f .  19):  

r e a c t i o n  paths  involving t h e  i n i t i a l  r e a c t a n t  i n  the  non-adsorbed 

= n. F k h .  (e l ,  e 2 , .  .. .e2 j j (U) 
J J J  9) I j  

where the symbols have s i g n i f i c a n c e s  s i m i l a r  t o  those f o r  equat ion  
( 8 ) .  The t o t a l  c u r r e n t  may then be expressed as: 

m 
I =  i. 11 + c , _  Ij 

i 
i=l j =1 

Since e thy lene ,  acetylene and ethane a l l  hold one group of s u r f a c e  
s p e c i e s  i n  common, w e  may d i s c u s s  the q u a l i t a t i v e  dependence of t he  
corresponding p a r t i a l  c u r r e n t  on s u r f  ace coverage, bea r ing  i n  mind 
t h a t  t h i s  is a s m a l l  p a r t  of a much l a r g e r  problem a r e a .  

For t h e  p o t e n t i a l  range 0 .2  - 0 . 4  v .  i n  p e r c h l o r i c  a c i d ,  i t  
appears t h a t  w e  have t h e  common s u r f a c e  s p e c i e s  C2H2. The t r a c e s  
of F i g .  2 r evea l  t h a t  as the  s u r f a c e  coverage wi th  t h i s  s p e c i e s  
i n c r e a s e s ,  t h e  corresponding t r a c e  s h i f t s  t o  the  r i g h t  on the  
p o t e n t i a l  axis, o r  i n  o t h e r  words, t he  i n i t i a l  ox ida t ion  becomes 
i n c r e a s i n g l y  more hindered. One i n t e r p r e t a t i o n  is t h a t  t h e  elec- 
t r o n i c  c h a r a c t e r  of t h e  s u r f a c e  changes with s u r f a c e  coverage. A 
more t a n g i b l e  p o s s i b i l i t y  is t h a t  the t r a n s i t i o n  s ta te  f o r  oxida- 
t i o n  of the s u r f a c e  s p e c i e s ,  involves  s u r f a c e  s i tes  not blocked by 
t h e  hydrocarbon ( “ f r e e “  s i t e s ) .  
( s ee  F ig .  9) l ed  t o  t h e  sugges t ion  of a “ r e a c t a n t  p a i r ”  mechanism, 
involving ad jacen t  sorbed CO and water molecules (3). For the  
complicated C2H2structure t h e r e  are s e v e r a l  p l a u s i b l e  explana t ions  
for s i m i l a r  dependence of ox ida t ion  r a t e  upon Pree s i tes .  

The s i m i l a r  observa t ion  f o r  CO 

These 
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inc lude  t h e  requirement of ex t r a  s i t e s  f o r  t h e  r u p t u r e  of carbon- 
carbon and carbon-hydrogen bonds. Addit ional  information w i l l  be 
r e q u i r e d  before  a conclus ion  may be reached i n  t h i s  area. 

For t h e  p o t e n t i a l  range above 0 .4  v .  ( p e r c h l o r i c  a c i d ) ,  t h e  
1 .a .s .  traces of F i g .  5 r e v e a l  t h a t  t h e  ad-species formed a t  higher  
p o t e n t i a l s  undergo i n i t i a l  o x i d a t i o n  less r e a d i l y  than  does t h e  
C2H2 s u r f a c e  s p e c i e s .  On t h i s  b a s i s  i t  has a l r e a d y  been suggested 
t h a t  t h e  s t r u c t u r e  may be approaching C2 s to ich iometry  a t  t h e  high 
p o t e n t i a l s .  If t h i s  conclus ion  is correct, s s q u e n t i a l  dehydrogena- 
t i o n  is one of t h e  p o s s i b l e  p a t h s  f o r  t h e  oxida t ion  of  a l l  of t h e  
C - 2 hydrocarbons. I t  is appar??t ly  t h e  path of smallest s p e c i f i c  
ra te  f o r  e thane ,  f o r  which a low p o t e n t i a l  wave appears i n  t h e  
1 .a .s .  t r a c e  (F ig .  10) .  For e thane ,  i t  has been suggested t h a t  an 
adsorbed e t h y l  r a d i c a l  is t h e  common antecedent  of both r e a c t i o n  
p a t h s  ( 4 ) .  The more r e a c t i v e  p a t h  is be l ieved  to involve C - 1 
s p e c i e s  (15) .  

CONCLUS I ON S 

1. Under the  c o n d i t i o n s  of our  experiments,  t h e  adsorp t ion  of 
e t h y l e n e  and ace ty lene  from p e r c h l o r i c  a c i d  w a s  d i f f u s i o n - c o n t r o l l e d .  
The e a r l y  onset  of d i f f u s i o n  c o n t r o l  implies  very rapid adsorp t ion  
k i n e t i c s  (equiva len t  t o  a f i r s t  o r d e r  e lec t rochemica l  rate cons tan t  
of g r e a t e r  than 0 . 1  cm/sec.) a t  low s u r f a c e  coverages.  

2.  The r e s u l t s  of t h e  adsorp t ion  measurements suggest  t h a t  the  
composition of t h e  ad-species  f o r  bo th  e thylene  and ace ty lene  ad- 
s o r b a t e s  is i d e n t i c a l .  In p e r c h l o r i c  acid, a t  p o t e n t i a l s  of 0 . 4  v. 
o r  less, t h e  ad-species has  t h e  composition C2H2. A t  p o t e n t i a l s  
above 0 . 4  v . ,  t h e  ad- layer  becomes more r e f r a c t o r y ,  poss ib ly  be- 
cause  of f u r t h e r  de-hydrogenation of t h e  a c e t y l e n i c  s u r f a c e  s p e c i e s .  
There is no evidence fo r  conversion of t h e  C2H2 s p e c i e s  t o  more 
e a s i l y  oxidized "oxygenated" s p e c i e s  a t  moderate temperatures .  

3. I n  phosphoric a c i d  a t  120°C, the  k i n e t i c s  of adsorp t ion  of 
e t h y l e n e  fol lows a complex l a w .  The s t r u c t u r e  of the  ad-layer is 
a l s o  complex. I t  is p o s s i b l e  t h a t  both temperature and s p e c i f i c  
an ion  e f f e c t s  play a s i g n i f i c a n t  role i n  the  system. 

4 .  The adsorp t ion  of e thane  from p e r c h l o r i c  ac id  is s l o w ,  and 
y i e l d s  two c a t e g o r i e s  of s u r f a c e  species represented  as two "waves" 
on t h e  l i n e a r  anodic  sweep traces. Wave I is not  ( s i g n i f i c a n t l y )  
desorbed a t  low p o t e n t i a l s ,  and is comparatively e lec t rochemica l ly  
a c t i v e  (wi th  r e s p e c t  t o  o x i d a t i o n ) .  Wave I1 is r e a d i l y  desorbed a t  
low p o t e n t i a l s  and i s  i d e n t i c a l  with t h e  a c e t y l e n i c  s p e c i e s  obtained 
upon adsorbing e t h y l e n e  o r  ace ty lene .  A t  moderate temperatures ,  
wave I1 does not c o n v e r t  t o  I a t  any apprec iab le  rate and hence 
( i n  a sense)  a c t s  as an undes i red  res idue  as compared with wave I .  
The v a r i a t i o n ,  with p o t e n t i a l ,  of t h e  composition of the  ad-species 
r e p r e s e n t e d  by wave I1 is t h e  same a s  t h a t  r e p o r t e d  f o r  e thylene  or 
ace t y l e n e .  

5. F u l l  coverage of t h e  s u r f a c e  is obta ined  ( i n  p e r c h l o r i c  
a c i d )  a t  p a r t i a l  p r e s s u r e s  of e thylene  as low as atmospheres. 
The shape of the  surface-coverage-potent ia l  p l o t  f o r  bo th  e thylene  
and a c e t y l e n e  is c o n s i s t e n t  w i t h  a model such t h a t  t h e  s u r f a c e  
coverage is dr iven  down a t  t h e  low and high p o t e n t i a l  regions by 
r a t e s  of hydrogenation-desorption and of o x i d a t i o n ,  which oppose 
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t h e  rate of adsorp t ion .  In t h e  h igh-poten t ia l  reg ion ,  t h e  combined 
coverage of adsorp t ion  s i t e s  with multiply-bonded carbon s p e c i e s  
and with "oxygen" is high,  even though t h e  s r f a c e  concent ra t ion  of 
t h e  organic  s p e c i e s  appears l o w  on a Mole/cm' b a s i s .  The rate of 
adsorp t ion  of e t h y l e n e  or ace ty lene  on a s u r f a c e  p a r t i a l l y  covered 
with t h e  h igh-poten t ia l  carbon s p e c i e s  is very s l o w  compared with 
t h a t  on a s u r f a c e  p a r t i a l l y  covered with C2H2. 
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Table 1. -PROCl$DURES FOLLOWED DURING POTENTIAL SEQUEXCES OF FIG. 1 
Step  

( r e f e r s  to 
Sequence pie. Fig .  1) 

I l ( a )  A 

D 

E 

Procedure - 
1. P o t e n t i a l  normally he ld  a t  0 . 4  v. 1. 

between experiments .  

2 .  Bubble gas* through s o l u t i o n  2 .  
w i t h  p a d d l e - s t i r r i n g  f o r  
Te - 2 seconds t .  

3. Continue gas  bubbl ing,  and s t i r -  3. 
r i n g  for 1/2  minute. Stop 
bubbl ing  and s t i r r i n g  and allow 
s o l u t i o n  to  become q u i e s c e n t  for 
1 1/2 minutes. T o t a l  va lue  of 
TC - 2 min.  

4 .  The adsorp t ion  is allowed to pro- 4 .  
ceed  f o r  TD seconds.  

5 .  Apply l i n e a r  anodio sweep E of 5 .  
speed ,  V. 

1 
\ 

Purpose 

T o  minimize exposure of e l e c -  , 
t rode  and adsorba te  to oxi-  
d i z i n g  or reducing condi t ions .  

To remove adsorbed m a t e r i a l s  ' 
from t h e  s u r f a c e ,  and t o  
produce a pass ive  f i l m  which 
b locks  re -adsorp t ion .  

The pass ive  f i l m  of s t e p  B 
is r e t a i n e d  while  desorbed ," 
m a t e r i a l s  and oxygen r e -  
leased  dur ing  s t e p  B a r e  / 
swept i n t o  t h e  bulk of the  ' 
s o l u t i o n  and d i l u t e d .  The 
s o l u t i o n  is allowed to  be- 
come q u i e s c e n t  t o  r e s t r i c t  ' 
mass t r a n s p o r t  t o  ord inary  
d i f f u s i o n  i n  subsequent 
s t e p s .  
The pass ive  f i l m  is l a r g e l y  
reduced dur ing  t h e  f i r s t  few 
mi l l i seconds ,  a l lowing ad- 
s o r p t i o n  of the  hydrocarbon " 
from s o l u t i o n .  
The amount of m a t e r i a l  ad- ' 
sorbed dur ing  time i n t e r v a l  

t h e  1 . a . s .  t r a c e .  

1 

I 

may be determined from 

I1 l ( b )  A - D 1 - 4 .  Same as for Sequence I .  1 - 4 .  Same a s  for Sequence I .  

c r e a s e  occurs  i n  the s u r f a c e  
coverage acquired i n  s t e p  D. 

E 5 .  The p o t e n t i a l  i s  r a i s e d  ( o r  l o w -  5 .  F u r t h e r  i n c r e a s e ,  or de-  
e r e d )  to  value U, for time TE. 

F 6 .  Apply 1 .a . s .  F, of speed V .  6 .  The amount of m a t e r i a l  on 
t h e  s u r f a c e  may be determined 
from t h e  1 . a . s .  t r a c e .  This  
amount w i l l  be  a func t ion  of 
TD and TE. 

* The gaa used was a des igna ted  mixture  of argon and hydrocarbon. 
t "T" with t h e  a p p r o p r i a t e  s u b s c r i p t  is t h e  d u r a t i o n  of any p a r t i c u l a r  s t e p .  

A 

I- z 
W 

1 

I- 1.2v 
B 

1.8v 

A D F 
TIME - 

F5g. 1. -POTENTIPI, SEQVENCES APPLIED TO THE TEST EL;ECTRODE (TIME 
AXES NOT TO SCALF,). 
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I O  

1.0 I. 5 2.0 POTENTIAL ,VOLTS 

- 

- 

3) 11 : 6.3 11 

4) ( 8  ~ 1 6 .  I' 

5 )  " :loo. " . 

1.0 1.5 2.0 POTENTIAL ,VOLTS 

L.A.S. Traces Corresponding to the Adsorption at 0 . 4  v . ,  
of Ethylene and of Acetylene (1 I HClO4, 30'C). Traces 
measured wairy Sequence I ,  Table I ,  r t t h  v = 10 v./sec. 
The traces of Fig. 2a and the dashed tr8ces of Fig. 2b 
correspond to lowa atmospheres of e thylene .  The s o l i d  
trace8 of F i g .  Ib correspond to 10-3 atmos. of acetylene.  
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' 50 ' 100 ' 150 T E ,  mscc 
0 5  I O  15 WTENTIAL,VOLTS 

I 
/ 

Fig. 3. -L. A. S. TRACES CORRESPOND TO TKE ADSORPTION OF ETHYLENE2 
FROM 85% PHOSPHORIC ACID AT 12OoC (ETHYLENE p.p. = 10  
ATMOSPHERES). TRACES MEASURED USING SEQUENCE I, TABLE I, 
WITH v = 10 v./sec. 

n O n 
0 

N 

0 - O,,,, I N HCL04,  3OoC,  1.08 x 

0- O A ,  I N  HCLO4,30"C, 1 . 0 5 ~ 1 0 - ~  

E ATMOS. ETHYLENE 

0 

ATMOS. ACETYLENE 
0.2 

I I 1 I I I I I I I I 
0 2 4 6 8 IO  

I 

d 

I 

1 

Pig. 4.-KINETICS O F  ADSORPTION OF ETHYLENE AND OF ACETYLENE FROM 
1 N HC104. THE ABSOLUTE SURFACE COVERAGE I S  PROPORTIONAL 
TO THE CHARGE, Q (SEE TEXT). 
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=0.010 sec.  
8. " 

2 5 .  
100. " 

100. " 

0.5 1.0 1.5 2.0 POTENTIAL VOLTS 
N 

E 

0 
E 

Y 

TG , m s e c  
0 5  1.0 I .  5 2.0 POTENTIAL I VOLTS 

Figure 5 .  L . A . S .  Tr.cee Correemndiw to the Adsorption 
of Ethylene and of Acetylene at Varioue 
Potentials ( 1  N HClOq, 3 O O C . l .  
e thylens  = 10-2 atnroepheres, (b) p . p .  of 
8 C e t ~ l e n e  I atmospheres. Traces waeured 
using Sequence 11, Table I ,  with v = 10 v./eec. 

( 8 )  p . p I  of 
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To=O(U<G.6v 1 
A 1. I4 x IO-' ATMOS ETHYLENE, T E  

o 1.3 x I O - ~  ATMOS. ETHYLENE, TE=  IOsec UNSTIRRED SOLUTION 
0 1.08~10-~ ATMOS. EIHYLENE, TE = 100 sec UNSTIRRED SOLUllON 

U, VOLTS 

Fig. 6. -VARIATION OF SURFACE COVERAGE WITH ADSORBATE PARTIAL PRESSURE 

m c m o m  SURFACE C O ~ G E  MAY BE DERIVED BY NORMALIZ~ING 
THE MAXIMUM CHARGE ro 1. 
AND WITH POTENTIAL, FOR E T m N E  (1 N HC104, 30°C). 

\ 

1.0 
. -OENE FOR 1.08 x IO-* ATMOS. ETHYLENE 

m-OA FOR 1.05~10-~  ATMOS ACETYLENE 
0.8 

cu 
5 0.6 
\ 

=I 
0 

- 
E" - 0.4 
0 

0.2 

0 0.2 0.4 0.6 0.8 1.0 1.2 
U, VOLTS 

Fig .  7 .  -VARIATION OF SURFACE COVERAGE WITH POTENTIAL FOR ETHYLENE 
APD FOR A-CE'IYLENE (1 N HC104, 3OoC; ETKYL;ETJE p. p. = lo-' 
AWIOSPHERES, A C E " L E m  p. p. = 10 A T M O S P m S ) .  

b 
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To.0 ( U S  0.6~) OR To = I sec (U? 0.7~) 
I 

, 

I’ I 

? 

\ 

I 

> 
\ 

I 

I 

\ 
\I 

\ 
0.2 0.4 0.6 0.6 1.0 1.2 

U, VOLTS 

Fig.  S.-VARIATION OF SURFACE COVERAGE WITH POTENTIAL AND TEMPERATURE 
I 
\\ FOR E?3NL;ENE AND FOR A C E m N E .  

h 

\ 
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' IAL,  VOLTS 

4) I 8  T 4 I, 

1.0 2 0  POTENTIAL ,VOLTS 

Figure 9. L . A . 8 .  Traces for Aporbd CO (1 R HClO,, 
3OoC, CO p.p .  = 10' atw#rpheres, 
v I 360 v./mec.). (a) corremponda t o  the 
edaorption for tile, T ; (b) corresponds 

layer of CO. 
to ths OXid8tiOn for te 'To=. , Of a 1om- 
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20 
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5) 
i. IO 

5 

50 I00 150 T ,  m sec 
0.5 I .o 1.5 POTENTIAL , VOLTS 

Figure 10. L . A . S .  Tr8cee C o r r e 8 p o n d i n g  to the 
Ab.OtptiOn Of EthBne for T i m ,  T p .  
(1 II HC104, 6 0 ° C ,  P.P. eth8ne = 
atmmphore, v = 10 v ./eec .) . 
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MULTIPULSE POTENTIODYNAMIC STUDIES OF LOW MOLECULAR 
WEIGHT HYDROCARBONS ON SEMIMICRO FUEL CELL ELECTRODES 

L.W. Niedrach 

Genera l  E l e c t r i c  Research Labora tory  
Schenectady,  N e w  York 

INTRODUCTION 

Because of t h e  l i m i t a t i o n s  on t h e  amount of i n fo rma t ion  t h a t  can 
be o b t a i n e d  from p o l a r i z a t i o n  c u r v e s  and material ba l ances ,  it w a s  
f e l t  desirable t o  s t u d y  t h e  behav io r  of hydrocarbon f u e l  ce l l  anodes . 
w i t h  mul t ipu l se  poten t iodynamic  (WP) t echn iques  such  as have been 
developed f o r  m i c r o e l e c t r o d e s ( l , 2 ) .  An a d d i t i o n a l  purpose of t h e  work 
was t o  compare o b s e r v a t i o n s  upon f u e l  c e l l  electrodes wi th  s i m i l a r  
o b s e r v a t i o n s  w i t h  p l a t inum w i r e  mic roe lec t rodes .  Such a comparison, 
which has  been made i n  t h e  case of e t h a n e ,  has  been d e s c r i b e d  else- 
where(3) .  

I( I 
i 

i 

J 

In  t h e  cour se  of f u e l  c e l l  work i t  has  been observed  q u i t e  
g e n e r a l l y  t h a t  t h e  per formances  of  a l l  s a t u r a t e d  hydrocarbons a r e  s i m i -  
lar  a l though  t r e n d s  are e v i d e n t  as t h e  molecular  weight  is changed. 
For  t h i s  reason  t h e  t h r e e  simplest hydrocarbons,  methane, e thane ,  and 
propane,  w e r e  used i n  t h i s  s t u d y  as model compounds, and t h e  more de- 

of a p rev ious ly  d e s c r i b e d ( 4 )  "conducting-porous-Tef lon"  f u e l  ce l l  
e l e c t r o d e  ( con ta in ing  p l a t i n u m  b lack  as the c a t a l y s t )  w a s  employed. 

J 
t a i led  work was c o n f i n e d  to t h e  f i r s t  two f u e l s .  A m i n i a t u r e  v e r s i o n  l 

1 

EXPERIMENTAL 

A three-compartment ,  T e f l o n  c e l l  d e s c r i b e d  e l sewhere(3)  w a s  used , 
i n  t h e s e  exper iments .  The working e l e c t r o d e  c o n s i s t e d  of a 0.2 c m  
d i ame te r  Teflon-bonded, p l a t inum b lack  e l e c t r o d e ( 4 ) .  Both t h e  hydro- 
gen r e f e r e n c e  and t h e  c o u n t e r  electrodes w e r e  p l a t i n i z e d  plat inum 
f l a g s .  The former communicated wi th  t h e  working anode through a Luggin , 
c a p i l l a r y .  The c e l l  w a s  o p e r a t e d  i n  an  a i r  the rmos ta t ,  e n a b l i n g  con- 
t r o l  of tempera ture  to  w i t h i n  0.1"C. 1 

w a s  p repa red  from r e a g e n t  g rade  p e r c h l o r i c  acid and q u a r t z  d i s t i l l e d  I 
The 4 .3  E p e r c h l o r i c  acid e l e c t r o l y t e  s o l u t i o n  used f o r  t h i s  work 

water. E l e c t r o l y t i c  g r a d e  hydrogen w a s  used i n  t h e  r e f e r e n c e  e l e c t r o d e  
chamber, and P h i l l i p s  r e s e a r c h  g rade  hydrocarbons were used  as t h e  
f u e l s .  Tank argon,  deoxygenated by passage  ove r  hea ted  copper  t u r n i n g s ,  
w a s  used as the  " fue l "  for o b t a i n i n g  s o l v e n t  b lanks .  Tank argon was 
a l s o  used f o r  degass ing  t h e  s o l u t i o n .  

p r e v i o u s l y ( 1 ) .  

s t u d i e s  a t  c o n s t a n t  p o t e n t i a l  is shown i n  F i g .  1. The s i g n i f i c a n c e  
of t h e  s t e p s  is covered  below. 

The e l e c t r o n i c  i n s t r u m e n t a t i o n  and c i r c u i t  have been described 

The p o t e n t i a l - t i m e  sequence  a p p l i e d  t o  t h e  anode f o r  adso rp t ion  

A.  P re t r ea tmen t  s t e p  (15 sec) t o  remove o x i d i z a b l e  i m p u r i t i e s  
and to  produce a l a y e r  of "adsorbed oxygen" which s e r v e s  t o  
block f u e l  a d s o r p t i o n .  The s o l u t i o n  is v i g o r o u s l y  s t i r r e d  
and purged wi th  argon to  remove molecular  oxygen and oxida-  
t i o n  p r o d u c t s  formed. 



B. 

C. 

D. 

E .  

E '. 
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P o t e n t i a l  s t e p ,  d u r i n g  which t h e  oxygen l a y e r  formed i n  (A) is 
ma in ta ined ,  and t h e  s o l u t i o n  is purged f o r  an a d d i t i o n a l  1 
minute.  The s o l u t i o n  is t h e n  allowed t o  become q u i e s c e n t  f o r  
1 minute .  

Reduct ion s t e p  (15 s e c )  d u r i n g  which t h e  "adsorbed oxygen" 
l a y e r  is comple t e ly  reduced w i t h i n  t h e  a l l o t t e d  t i m e .  A t  t h i s  
low p o t e n t i a l  (0.06 v o l t )  t h e  a d s o r p t i o n  of t h e  hydrocarbons 
is blocked. T h i s  s t e p  w a s  i nc luded  so t h a t  t h e  r e d u c t i o n  o f  
t h e  s u r f a c e  and t h e  a d s o r p t i o n  of t h e  hydrocarbon would no t  
o c c u r  s i m u l t a n e o u s l y .  However, omission of t h i s  s t e p  w a s  found 
t o  have no d e t e c t a b l e  e f f e c t  on t h e . e q u i l i b r a t i o n s ,  excep t  f o r  
an i n i t i a l  c u r r e n t  t r a n s i e n t .  

Adsorpt ion s t e p ,  d u r i n g  which t h e  hydrogen from (C) is  
r a p i d l y  o x i d i z e d ,  exposing a r ep roduc ib ly  c l e a n  s u r f a c e  f o r  
a d s o r p t i g n .  
t i m e ,  TD . 
Anodic sweep a t  0 .1  v / sec .  The adsorbed f u e l  is ox id ized  and 
t h e  s u r f a c e  cove red  w i t h  a l a y e r  of "adsorbed oxygen". Sub- 
t r a c t i o n  o f  t h e  cha rge  due t o  s u r f a c e  o x i d a t i o n  from t h e  
t o t a l  cha rge  y i e l d s  t h e  cha rge ,  &E, r e q u i r e d  t o  o x i d i z e  t h e  
s u r f a c e  s p e c i e s  d e r i v e d  from t h e  adsorbed f u e l .  

A l t e r n a t i v e  t o  ( E ) ,  a c a t h o d i c  sweep a t  0.025 v / s e c .  which is 
used f o r  d e t e r m i n a t i o n  of t h e  "real" s u r f a c e  a r e a  of t h e  
e l e c t r o d e  from t h e  cha rge  @H corresponding t o  hydrogen 
d e p o s i t i o n .  I n  t h i s  case, argon is s u b s t i t u t e d  f o r  t h e  hydro- 
ca rbon  f u e l .  

The d u r a t i o n  of t h i s  s t e p  is t h e  a d s o r p t i o n  

When t h e  sequence of F i g .  1 is te rmina ted  i n  S t e p  (E')  ( l i n e a r  
c a t h o d i c  sweep) a "hydrogen-deposit ion" t r a c e  may be o b t a i n e d .  From 
t h e  cha rge ,  &H, a s s o c i a t e d  wi th  t h i s  trace, t h e  "real" area of t h e  
e l e c t r o d e  may be d e r i v e d ( 1 ) .  I n  t h e  p r e s e n t  work SQH w a s  determined 
us ing  a sweep r a t e  of 0.025 v / sec .  Over t h e  u s e f u l  r ange  of v = 0.01 
t o  0.1 v . / s ec . ,  &H has been found r e p r o d u c i b l e  t o  w i t h i n  5% Tor t h i s  
t ype  of e l e c t r o d e ( 3  . In  c a l c u l a t i n g  t h e  " r e a l "  a r e a  of t h e  elec- 
t r o d e  0 .21  mcoul/cm' w a s  assumed t o  be t h e  charge a s s o c i a t e d  wi th  one 
s q u a r e  c e n t i m e t e r ( 5 )  . 

For t h e  d e t e r m i n a t i o n  of t h e  cha rge ,  &E,  a s s o c i a t e d  w i t h  t h e  
o x i d a t i o n  of t h e  adsorbed hydrocarbon s p e c i e s ,  t h e  sequence of F i g .  1 
t e r m i n a t i n g  i n  s t e p  ( E ) ( l i n e a r  anodic  sweep) was used.  When argon is 
s e r v i n g  as t h e  " fue l "  t h e  a p p l i c a t i o n  of t h e  p u l s e  sequence t o  a n  
e l e c t r o d e  r e s u l t s  i n  an "oxygen adso rp t ion"  trace. When a s i m i l a r  
sequence is employed f o l l o w i n g  an e q u i l i b r a t i o n  w i t h  a hydrocarbon 
f u e l ,  a trace co r re spond ing  t o  o x i d a t i o n  of t h e  f u e l  as w e l l  as t h e  
e l e c t r o d e  s u r f a c e  is o b t a i n e d .  The c l o s e d  area d e f i n e d  by t h e  two 
t r a c e s  may be used f o r  t h e  d e t e r m i n a t i o n  o f  Q E . ( ~ )  
c l o s e d  a r e a  co r re sponds  to  c h a r g e ,  QE', which may i n c l u d e  s e v e r a l  terms: 

A c t u a l l y  t h e  

where QE = cha rge  co r re spond ing  t o  o x i d a t i o n  of t h e  hydrocarbon 
f u e l  adsorbed on t h e  s u r f a c e  du r ing  s t e p  (D) . 

'The s u b s c r i p t  he re  and f o r  o t h e r  t i m e  i n t e r v a l s  r e f e r s  t o  t h e  s t e p  
invo lved  acco rd ing  to  Fig.  1. 
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Q,,, = cha rge  co r re spond ing  t o  f u e l  no t  adsorbed d u r i n g  
s t e p  (D) b u t  which o x i d i z e s  d u r i n g  s t e p  (E)  w i th  
or wi thou t  a preceding  adso rp t ion  s t e p .  

= D i f f e r e n c e  in c a p a c i t i v e  cha rges  inc luded  under  t h e  
"oxygen adso rp t ion"  and " fue l "  traces due t o  
d i f f e r e n c e s  in i n i t i a l  s u r f a c e  states.  

40 = D i f f e r e n c e  i n  cha rges  due t o  s u r f a c e  o x i d a t i o n ,  
i n c l u d e d  under  "oxygen adso rp t ion"  and " fue l "  
traces. 

@cap. 

I t  has  p rev ious ly  been demonst ra ted ,  w i th  e thane  on smooth p la t inum,(2)  
t h a t  QE1 y Q i f  v < 20 v/sec .  A t  h i g h e r  v a l u e s  of v, QE? < QE, a t  
least p a r t i a f l y  because  some of t h e  adsorbed f u e l  is r e t a i n e d  on the  
s u r f a c e  du r ing  sweep ( E ) .  A t  t h e  o t h e r  end of t h e  scale, i t  is i m -  
p o r t a n t  t h a t  t h e  sweep speed  no t  be so slow t h a t  a p p r e c i a b l e  read- 
s o r p t i o n  of t h e  f u e l  o c c u r  d u r i n g  s t e p  ( E ) ,  and cause  Q 11 > 0. For 
t h e  p r e s e n t  electrode the u s e f u l  range  of v was examine! by adsorb ing  
a f i x e d  amount of e t h a n e  (cor responding  t0-Q = 600 s e c )  and measuring 
QE1 f o r  a range of  sweep speeds (3 ) .  The u s e f u l  range w a s  found t o  ex- 
t end  from approximate ly  0 . 1  t o  0.4 v/sec . ,  and i n  t h i s  range w e  assume 
&E = Q E I .  
p r e s e n t  work. 

A sweep speed  of  - v = 0.1 v /sec  was used r o u t i n e l y  i n  t h e  

P o l a r i z a t i o n  c u r v e s  were ob ta ined  in two ways. The first method 
involved  a p p l i c a t i o n  o f  S t e p s  (A-D) of F ig .  1 b e f o r e  each measurement 
of c u r r e n t  a t  a p a r t i c u l a r  p o t e n t i a l  U. In t h e  second method, s t e p s  
(A-D) of  F i g .  1 were a p p l i e d  o n l y  once, a t  t h e  lowest v a l u e s  of U. 
The p o t e n t i a l  was t h e n  changed i n  increments  and t h e  c u r r e n t  recorded  
f o r  each p o t e n t i a l  a f t e r  an  appa ren t  c o n s t a n t  va lue  w a s  e s t a b l i s h e d .  
The t w o  methods gave e s s e n t i a l l y  i d e n t i c a l  r e s u l t s .  

RESULTS 

Traces  o b t a i n e d  d u r i n g  l i n e a r  anodic  sweeps (1 . a . s . )  are shown i n  
F ig .  2 f o r  methane, e t h a n e ,  and propane a f t e r  e q u i l i b r a t i o n s  a t  60°C 
a t  0.3 and 0.4 v o l t .  An argon b lank  is a l s o  inc luded  f o r  comparison 
purposes .  The e t h a n e  and propane show two t y p e s  of o x i d a t i o n  waves. 
Wave 1 occur s  a t  p o t e n t i a l s  below which (approx.  0.8 v) t h e  e l e c t r o d e  
s u r f a c e  is i t s e l f  o x i d i z e d .  Th i s  f i r s t  wave g e n e r a l l y  e x h i b i t s  a 
wel l -def ined  peak. The second wave is more d i f f u s e  and ex tends  a l l  
t h e  way from approximate ly  0.8 v o l t  t o  oxygen-evolut ion p o t e n t i a l s .  
Methane d i f f e r s  markedly i n  t h a t  on ly  wave 1 can  be d e t e c t e d  d u r i n g  
o x i d a t i o n  of t h e  ad - l aye r .  S i m i l a r  s t r u c t u r e s  have been observed  f o r  
t h e  o x i d a t i o n  waves o b t a i n e d  f o r  e t h a n e  adsorbed on pla t inum wire 
micro e l e c t r o d e s ( 2 , 6 ) .  These r e s u l t s  imply a range of r e a c t i v i t i e s  
f o r  a v a r i e t y  of  ad - spec ie s  on t h e  e l e c t r o d e  s u r f a c e .  

The a d s o r p t i o n  of methane and e thane  has  been examined ove r  a 
wider  range of p o t e n t i a l s  than  are shown i n  F ig .  2. I n  bo th  cases a 
maximum value  of  QE occur s  around 0.3 v. B e l o w  0 . 1  v o l t ,  bo th  ad- 
s o r p t i o n s  become  n e g l i g i b l e  because of suppres s ion  b y  hydrogen on t h e  
s u r f a c e .  A t  p o t e n t i a l s  above 0.5 v o l t  noad- layer  is observed  f o r  
methane because of r a p i d  o x i d a t i o n  fo l lowing  a d s o r p t i o n .  Wave 1 f o r  
e t h a n e  becomes n e g l i g i b l e  at  p o t e n t i a l s  above 0.6 v o l t  and Wave 2 
a t  p o t e n t i a l s  above 0.9 v o l t .  The former wave, l i k e  t h a t  f o r  methane, 
d i s a p p e a r s  because t h e  ad-spec ies  a s s o c i a t e d  w i t h  i t  are ox id ized  a s  
r a p i d l y  as t h e y  appea r  on t h e  s u r f a c e .  The l a t t e r  wave d i s a p p e a r s  
a t  t h e  h ighe r  p o t e n t i a l s  because of r a p i d  o x i d a t i o n  as w e l l  as 
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s u p p r e s s i o n  of t h e  a d s o r p t i o n  ra te .  

bonded e l e c t r o d e s  have been unrewarding. Rates of a d s o r p t i o n  are 
e x c e s s i v e  fo r  t h e  l o w  s c a n  rates p e r m i s s i b l e  w i t h  t h e s e  e l e c t r o d e s ,  
and r e a d s o r p t i o n  p r e v e n t s  t h e  a c c u r a t e  measurement of QE. With 
Pla t inum w i r e  m i c r o e l e c t r o d e s ,  however, Gilman(6) h a s  demonstrated 
t h a t  adsorbed e t h y l e n e  and a c e t y l e n e  show only  wave 2 a t  60°C. 

and e t h a n e  adsorbed at 0.3 v o l t  is  shown i n  F ig .  3. A t  6 5 " C ,  t h e  
s i n g l e  wave is e v i d e n t  f o r  methane f o r  e q u i l i b r a t i o n  t i m e s  as 10% as 
one hour .  I n  t h e  case of  e t h a n e  a t  6OoC, t h e  ratio of  t h e  c h a r g e s  
a s s o c i a t e d  w i t h  wave 1 and wave 2 is n o t  a s e n s i t i v e  f u n c t i o n  of t h e  
a d s o r p t i o n  t ime. A t  0.3 v o l t  about  4556 o f  t h e  c h a r g e  is a s s o c i a t e d  
w i t h  wave 1, and t h i s  v a l u e  p r e v a i l s  up t o  a p o t e n t i a l  of 0.5 v o l t .  
A t  h i g h e r  p o t e n t i a l s  t h e  r a t i o  d e c l i n e s  r a p i d l y .  

Attempts to  o b t a i n  s imi la r  d a t a  fo r  e t h y l e n e  w i t h  t h e  Teflon-  

The e f f e c t  of  e q u i l i b r a t i o n  t i m e  on t h e  1.a.s. traces f o r  methane 

A t  0.3 v o l t ,  QE i n i t i a l l y  v a r i e s  l i n e a r l y  w i t h  t i m e  b u t  subse-  
q u e n t l y  becomes l i n e a r  w i t h  t h e  l o g a r i t h m  o f  t i m e  f o r  bo th  methane and 
e t h a n e .  A t  65OC t h e  m a x i m u m  ( i n i t i a l )  a d s o r p t i o n  ra t  for methane i n  
terms of  &&/At is approximate ly  0.00015 mcoul/sec/cm' of "rea&" area. 
F o r  e t h a n e  a t  6OoC, &E/At is approximately 0.010 mcoul/sec/cm . A t  
25°C t h e  rate for e t h a n e  is approximate ly  one t e n t h  t h a t  a t  60°C. The 
rate f o r  e thane  a t  25°C is t o o  low f o r  r e l i a b l e  measurement w i t h  t h e  
p r e s e n t  s y s t e m .  

Because of t h e  s l o w  a d s o r p t i o n  of methane, even a t  65OC,  an hour 
is r e q u i r e d  a t  0.3 v o l t  b e f o r e  "s teady-s ta te ' '  coverage is approached. 
In t h e  case o f  e t h a n e ,  however, "s teady-s ta te"  is e s s e n t i a l l y  achieved 
Mi th in  10 minutes  a t  6 0 ° C .  A t  h i g h e r  p o t e n t i a l s ,  e .g . ,  0 . 4  t o  0.6 
v o l t ,  methane a lso approaches s t e a d y - s t a t e  w i t h i n  10  minutes (but  w i t h  
lower s u r f a c e  coverages) .  A t  t h e s e  p o t e n t i a l s  e t h a n e  r e a c h e s  s teady-  
s ta te  w i t h i n  a f e w  minutes .  More d e t a i l e d  t r e a t m e n t  of t h e  k i n e t i c s  
of t h e s e  a d s o r p t i o n s  are g i v e n  e l sewhere(3 ,7) .  

F i g u r e s  4 and 5 show t h e  e f f e c t  of tempera ture  on t h e  1.a.s. 
traces f o r  methane and e t h a n e .  Because t e n  minute e q u i l i b r a t i o n s  were 
used i n  a l l  cases, t h e  traces do n o t  a l l  cor respond t o  "s teady-state ' '  
coverages ,  p a r t i c u l a r l y  a t  t h e  lower tempera tures .  I t  is p e r t i n e n t  t o  
n o t e ,  however, t h a t  t h e  wave f o r  methane grows i n  v e r y  r a p i d l y  as t h e  
tempera ture  is raised. 
nounced a t  t h e  h i g h e r  tempera tures  - i n  t h i s  case a t  t h e  expense of 
wave 2. 

The n a t u r e  of  t h e  s p e c i e s  associated w i t h  1.a.s. waves 1 and 2 
is of c o n s i d e r a b l e  i n t e r e s t .  In view of  p a s t  o b s e r v a t i o n s ,  t h a t  t h e  
material associated w i t h  t h e  f i r s t  wave is r e s i s t a n t  to  removal by 
c a t h o d i c  hydrogenat ion(6,8)  and is probably  p a r t i a l l y  oxygenated(81, 
s e v e r a l  a d d i t i o n a l  exper iments  were undertaken.  TO demonst ra te  t h a t  
r e l a t e d ,  p a r t i a l l y  oxidized s p e c i e s  do indeed oxidize f u r t h e r  on  t h e  
Teflon-bonded e l e c t r o d e s  a t  6OoC o v e r  t h e  same p o t e n t i a l  range as 
wave 1, t h e  d a t a  i n  F i g .  6 were o b t a i n e d .  For  t h i s  purpose,  t h e  
e l e c t r o d e  w a s  e q u i l i b r a t e d  w i t h  CO ( a t  0.3 v o l t ) ,  C02 ( a t  0.06 and 
0.2 v o l t )  and argon s a t u r a t e d  w i t h  formic  acid vapor  a t  25°C (at 0.06 
and 0.2 v o l t )  p r i o r  t o  t h e  1.a.s.  I t  w a s  f u r t h e r  observed t h a t  t h e  
s u r f a c e  s p e c i e s  from t h e s e  e q u i l i b r a t i o n s  were n o t  removed by c a t h o d i c  
hydrogenat ion.  

S i m i l a r l y ,  wave 1 f o r  e t h a n e  becomes more p r o - '  
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To de termine  whether  some of t h e  s p e c i e s  of wave 1 a r e  re- 
movable by c a t h o d i c  hydrogenat ion ,  and t h e r e f o r e  probably unoxy- 
gena ted ,  a d d i t i o n a l  c a t h o d i c  hydrogenat ions  were performed a f t e r  
e q u i l i b r a t i o n s  of  t h e  electrode wi th  methane and e thane  at  s e v e r a l  
p o t e n t i a l s .  In t h e s e  expe r imen t s  sequence A-D of  F i g .  1 was f i r s t  
fo l lowed.  After a d s o r p t i o n  fo r  t i m e ,  TD* t h e  p o t e n t i a l  w a s  aga in  
s t e p p e d  down to 0.06 v o l t  f o r  2 t o  5 minutes  be fo re  a p p l i c a t i o n  of 
t h e  l i n e a r  anodic  sweep. The r e s u l t s  of t h e s e  exper iments  are 
summarized i n  F i g .  7 and Tab le  I. I t  is clear t h a t  i n  each  case a 
p o r t i o n  of  t he  s u r f a c e  s p e c i e s  w a s  removed by t h i s  t r e a t m e n t .  The 
amount removed dec reased  w i t h  i n c r e a s i n g  e q u i l i b r a t i o n  p o t e n t i a l .  
In the  case of t h e  e t h a n e  a l l  of wave 2 w a s  removed by t h e  hydrogena- 
t i o n  t r ea tmen t .  The p r e s e n t  r e s u l t s  f o r  e thane  d i f f e r  from those  of 
Gilman(2) who performed s imilar  hydrogenat ions  w i t h  t h e  w i r e  micro- 
e l e c t r o d e  a f t e r  e q u i l i b r a t i o n s  a t  0.4 v o l t .  In t h a t  case no desorp-  
t i o n  of wave 1 s p e c i e s  w a s  observed a f t e r  hydrogenat ion at 0 .06  v o l t .  
The d i f f u s e  s t r u c t u r e  o f  t h e  Tef lon  e l e c t r o d e  as w e l l  as small 
d i f f e r e n c e s  i n  t h e  c a t a l y t i c  behavior  may account  f o r  t h e  observed 
d i f f e r e n c e s .  

Table  I 

E f f e c t  of Cathodic  Hydrogenation on Wave 1 
(TD = 5 min; T = 5 min) 

HYd 
Methane 65OC Ethane 6OoC 

0 . 3  v o l t  0 . 4  v o l t  0.3 v o l t  0.4 v o l t  
Q: = i n i t i a l ;  mcouls 4.0 2.8 10.1 8 .O 

5.5 - - 2 . 3  3 .8  Qi = a f t e r  hydrogenat ion;  mcouls 2.5 - 
1 WE* mcouls 1.5 0.5 6 . 3  2 .5  

per  c e n t  removed 38 18 62 31 

Another a s p e c t  of  t h e  problem t h a t  w a s  g iven  a t t e n t i o n  w a s  t h e  
r e l a t i o n s h i p  between s u r f a c e  coverage and t h e  p o l a r i z a t i o n  curve: f o r  
methane and e thane .  Such d a t a  f o r  t h e  t w o  f u e l s ,  ob ta ined  a t  65 and 
6OoC, r e s p e c t i v e l y ,  are shown i n  F i g s .  8 and 9. In these f i  u r e s  t h e  
a b s c i s s a  i s  expres sed  i n  t e r m s  of t h e  c u r r e n t  d e n s i t y  p e r  cm5 of 
"real" and "geometr ica l"  area of t h e  e l e c t r o d e .  The re fo re ,  t h e  d a t a  
may be r e l a t e d  t o  t h e  a d s o r p t i o n  s t u d i e s  as w e l l  a s  performance curves  
f o r  o p e r a t i n g  f u e l  c e l l  d e v i c e s .  

The form of t h e  p o l a r i z a t i o n  cu rves  is t y p i c a l  of t hose  for  a 
v a r i e t y  of f u e l s  when t h e  d a t a  are ob ta ined  p o t e n t i o s t a t i c a l l y .  Even 
hydrogen shows t h e  minimum i n  t h e  r eg ion  from 0.9 t o  1 .4  v o l t  on 
smooth plat inum. Over t h e  p o t e n t i a l  range from 0.3 t o  0 . 4 5  v o l t ,  t h e  
cu rve  f o r  e thane  has  a l i n e a r  T a f e l  r e g i o n  w i t h  a s l o p e  of 0.066 v/ 
decade of c u r r e n t .  

The s u r f a c e  cove rages  i n  t h e s e  f i g u r e s  are expressed  i n  terms Of 
t h e  cha rge  pe r  s q u a r e  c e n t i m e t e r  of "real" area. 
to  t h a t  a s s o c i a t e d  w i t h  wave 1, and i n  t h e  case of e thane ,  QE 
refers t o  the  t o t a l  c h a r g e  a s s o c i a t e d  w i t h  t h e  combined s p e c i e s  of 
waves 1 and 2 .  

The cha rge ,  Q k  refers 
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D I SCUS S I ON 

Among t h e  p r e s e n t  o b s e r v a t i o n s ,  t h o s e  of  most s i g n i f i c a n c e  wi th  
r e g a r d  t o  t h e  performance of p r a c t i c a l  f u e l  c e l l  anodes are t h e  marked 
e f f e c t s  of tempera ture  on t h e  rates of a d s o r p t i o n  and on t h e  n a t u r e  
of t h e  s u r f a c e  s p e c i e s  as i n d i c a t e d  by t h e  1.a.s. traces. In t h e  
case of e t h a n e ,  a t e n - f o l d  i n c r e a s e  i n  th: i n i t i a l  a d s o r p t i o n  rate on 
a "clean" s u r f a c e  o c c u r s  i n  going  from 25 t o  60°C. A similar factor 
a p p l i e s  t o  t h e  p a r t i a l l y  covered s u r f a c e .  The e f f e c t  of tmeperature  
on t h e  cor responding  a d s o r p t i o n  rate formethane a p p e a r s  t o  be even 
more pronounced a l though r e l i a b l e  data c o u l d  not  be o b t a i n e d  a t  25'C. 
Such pronounced tempera ture  c o e f f i c i e n t s  f o r  t h e  a d s o r p t i o n s  are 
reflected i n  t h e  observed improvement i n  per.formance of hydrocarbon 
f u e l  cel ls  wi th  i n c r e a s i n g  tempera ture .  In p a r t i c u l a r ,  t h e y  relate 
t o  t h e  r e g i o n s  of " u n s t a b l e "  performance observed w i t h  s a t u r a t e d  
hydrocarbon f u e l  cel ls  operating on r e s i s t i v e  l o a d .  (9-11) Under 
t h e s e  c o n d i t i o n s ,  it w i l l  be recalled t h a t  a t  low c u r r e n t  d e n s i t i e s  
s t e a d y  performance is o b t a i n e d  whi le  a t  h i g h e r  c u r r e n t  d e n s i t i e s  t h e  
performance decays w i t h  t i m e  or, under  c e r t a i n  c o n d i t i o n s ,  osci l la-  
t i o n s  se t  i n ( 1 1 , 1 2 ) .  A s  a r e s u l t  of t h e  i n c r e a s i n g  a d s o r p t i o n  rates 
wi th  i n c r e a s i n g  tempera ture ,  t h e  r e g i o n  of i n s t a b i l i t y  Occurs a t  
c o n t i n u o u s l y  h i g h e r  c u r r e n t  d e n s i t i e s  as t h e  o p e r a t i n g  tempera ture  is 
i n c r e a s e d .  

When p o l a r i z a t i o n  c u r v e s  are o b t a i n e d  p o t e n t i o s t a t i c a l l y ,  as i n  
t h e  p r e s e n t  work, maximum c u r r e n t s  are observed i n  p l a c e  of t h e  in-  
s t a b i l i t y  a s s o c i a t e d  w i t h  r e s i s t i v e  loads. It  is of i n t e r e s t  t o  
compare t h e  v a l u e s  of t h e  maximum c u r r e n t s  i n  F i g s .  8 and 9 w i t h  t h o s e  
c a l c u l a t e d  from t h e  observed a d s o r p t i o n  rates on c l e a n  s u r f a c e s  as 
measured a t  0.3 v o l t .  

In c o n v e r t i n g  t h e  a d s o r p t i o n  rates t o  e q u i v a l e n t  c u r r e n t  dens i -  
t ies ,  it must be recalled t h a t  t h e  former are e x p r e s s e d  i n  terms of 
t h e  change i n  s u r f a c e  charge  w i t h  t i m e ,  ~ X & / p t .  Allowance must t h e r e -  
f o r e  be made for any o x i d a t i o n  t h a t  o c c u r r e d  d u r i n g  t h e  a d s o r p t i o n  
s t e p  i t se l f ;  e .g. ,  immediate o x i d a t i o n  of  d i s s o c i a t e d  hydrogen. T h i s  
may be  done by m u l t i p l y i n g  &&/At by t h e  r a t i o  of t h e  c h a r g e  associated 
w i t h  t h e  hydrocarbon f u e l  molecule  t o  t h a t  of t h e  adsorbed species. 

While t h e  p r e c i s e  composi t ion  of t h e  ad- layer  has  not  been e s t a b -  
l i s h e d  f o r  e i t h e r  methane or e t h a n e ,  e s p e c i a l l y  a f t e r  s h o r t  e q u i l i b r a -  
t i o n s ,  it is p o s s i b l e  t o  c a l c u l a t e  a range of  l i m i t i n g  c u r r e n t s  from 
t h e  a d s o r p t i o n  data a t  0.3 v o l t .  In t h e  case of methane, depending 
upon whether  t h e  ad- layer  is assumed to  have an average  composi t ion 
approaching t h a t  of  methyl  radicals or t h a t  of a h i g h l y  oxygenated 
s p e c i e s  s u c h  as CO, t h e  observed ra te  of a d s o r p t i o n  would be  equiva- 
l e n t  t o  a s t e a d y  state c u r r e n t  d e n s i t y  of from 0.15 t o  0 . 6  microamps/ 
c m 2  of  "real" area. The observed v a l u e  of 0.3 microamps/cm2 is i n  
good agreement i n  view of  t h e  e v i d e n c e  f o r  a mixture  of  C 1  r a d i c a l s  
and p a r t i a l l y  oxygenated s p e c i e s .  

For e t h a n e  it is r e a s o n a b l e  t o  b r a c k e t  t h e  composi t ion of t h e  
ad-layer  between one cor responding  to  C2H2 radicals and one correspond-  
i n g  t o  CO. T h i s  g i v e s  a range of  c u r r e n t  d e n s i t i e s  from 14 to 35 
microam s / c m 2 .  In t h i s  case t h e  observed  maximum c u r r e n t  of 2.5 micro- 
amps/cm8 is much lower t h a n  t h e  c a l c u l a t e d  v a l u e .  T h i s  undoubtedly 
reflects t h e  f a c t  t h a t  a t  t h e  p o t e n t i a l  of  t h e  maximum "steady-state" 
c u r r e n t  some of t h e  more r e f r a c t o r y  s p e c i e s  are p r e s e n t  on t h e  s u r -  
face and lower t h e  a d s o r p t i o n  rate r e l a t i v e  t o  t h a t  on t h e  "clean" 
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s u r f a c e  a t  0 .3  v o l t .  The d e c l i n e  i n  t h e  c u r r e n t  d e n s i t y  t h a t  occu r s  
a t  h i g h e r  p o t e n t i a l s  a p p e a r s  t o  r e f l e c t  f u r t h e r  r e d u c t i o n s  i n  ad- 
s o r p t i o n  r a t e s  as a r e s u l t  of s u c h  processes as " su r face  ox ida t ion" ,  
an ion  a d s o r p t i o n ,  and s t r o n g e r  bonding of wa te r  t o  t h e  s u r f a c e .  
These p r o c e s s e s  would also c o n t r i b u t e  t o  t h e  similar d e c l i n e  i n  
methane performance a t  the h i g h e r  p o t e n t i a l s .  

A t  low p o t e n t i a l s ,  t h e  e f f e c t  of t h e  a d s o r p t i o n  rate on t h e  
p o l a r i z a t i o n  cu rve  is minimal. Here i t  is clear t h a t  t h e  ove rvo l t age  
r e q u i r e d  f o r  the  f u r t h e r  o x i d a t i o n  of s u r f a c e  i n t e r m e d i a t e s  t o  CO2 
is l i m i t i n g ,  T h i s  is t r u e ,  of c o u r s e ,  under p o t e n t i o s t a t i c  condi- 
t i o n s  as w e l l  as w i t h  t h e  r e s i s t i v e  l o a d s  of p r a c t i c a l  f u e l  c e l l s .  

i t  would be premature t o  a t t e m p t  t o  d i s c u s s  them i n  any de t a i l  a t  
t h i s  t i m e .  I t  is a p p r o p r i a t e ,  however, t o  c o n s i d e r  b r i e f l y  some of 
the p o s s i b l e  p a t h s  s u g g e s t e d  by t h e  a v a i l a b l e  in fo rma t ion .  In p a r t i c u -  
l a r ,  i t  is p e r t i n e n t  t o  s p e c u l a t e  about  t h e  meaning of t h e  two s e p a r a t e  
1.a.s. waves s e e n  w i t h  e t h a n e  and propane, t h e  s i n g l e  wave seen w i t h  
methane, and t h e  ev idence  f o r  t h e  p a r t i a l l y  ox id i zed  s u r f a c e  s p e c i e s .  
I n  t h e  d i s c u s s i o n  t h a t  f o l l o w s ,  e thane  w i l l  be used as t h e  model w i t h  
t h e  e x p e c t a t i o n  t h a t  h i g h e r  molecular  weight  hydrocarbons w i l l  behave 
s i m i l a r l y .  The b e h a v i o r  o f  methane, i n  t u r n  w i l l  be somewhat s imple r .  

The i n i t i a l  s t e p  must c e r t a i n l y  i n v o l v e  a d s o r p t i o n  of t h e  f u e l  on 

With r ega rd  to s p e c i f i c  mechanisms f o r  t h e  o x i d a t i o n  r e a c t i o n s ,  

t h e  e l e c t r o d e  s u r f a c e .  On t h e  b a s i s  o f  c a r e f u l  k i n e t i c  s t u d i e s  w i t h  
e t h a n e  on wire m i c r o e l e c t r o d e s ,  Gilman has  concluded(6) t h a t  t h i s  
pr imary a d s o r p t i o n  s tep co r re sponds  t o  t h e  fo rma t ion  of an " e t h y l  
r a d i c a l "  on t h e  s u r f a c e .  T h i s  may be r e p r e s e n t e d  by 

* 
(1) C2H6(gas) + S - S-C2H5 + H+ + e 

a t  p o t e n t i a l s  a t  which a p p r e c i a b l e  c u r r e n t s  a r e  drawn from t h e  elec- 
t r o d e .  H e  p o i n t s  o u t  t h a t  an e q u i v a l e n t  r o u t e  is g iven  by 

( l a )  C2H6(gas) + 2s - S-C2H5 + S-H 

i n  which case t h e  adsorbed hydrogen is r a p i d l y  consumed by the V o l m e r  
r e a c t  i o n  : 

( l b )  S-H - s + H+ + e.  

A t  low p o t e n t i a l s ,  of c o u r s e ,  some of t h e  hydrogen w i l l  remain ad- 
so rbed  o n  t h e  s u r f  ace. 

Gilman t h e n  r e a s o n s  t h a t  t h e  e t h y l  r a d i c a l  f o l l o w s  two p a t h s .  
The f i r s t  r e s u l t s  i n  t h e  fo rma t ion  of f o u r  s u r f a c e  bonds t o  t h e  s u r -  
f a c e  without  r u p t u r e  o f  t h e  C-C l i n k a g e :  

(2) S - C2H5 + 3s - S4 - C2H2 + 3H' + 3e. 

* More p r e c i s e l y ,  t h e  g a s  w i l l  f i rst  d i s s o l v e  i n  t h e  e l e c t r o l y t e  and be 
t r a n s p o r t e d  by d i f f u s i o n a l  p r o c e s s e s  t o  t h e  e l e c t r o d e  where i t  w i l l  
adso rb  from s o l u t i o n .  While mass t r a n s p o r t  p rocesses  are n o t  l i m i t -  
i n g  i n  t h e  work under  d i s c u s s i o n ,  it is obvious t h a t  t h e y  c a n  become 
impor t an t  under some c o n d i t i o n s  of o p e r a t i o n .  
electrodes i t  is impor t an t  t h a t  mass t r a n s p o r t  l i m i t a t i o n s  be 
minimized. 

For p r a c t i c a l  f u e l  C e l l  
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T h i s  species is associated w i t h  wave 2 o b t a i n e d  w i t h  a 1.a.S.  and is 
i d e n t i c a l  w i t h  t h e  s i n g l e  adsorbed s p e c i e s  o b t a i n e d  when e t h y l e n e  and 
a c e t y l e n e  are adsorbed(6) .  The p r e s e n t  work is i n  accord  w i t h  t h i s  
i n t e r p r e t a t i o n ,  and c a t h o d i c  hydrogenat ions  of adsorbed e t h a n e  a t  
25°C have shown t h a t  t h e  major material on t h e  s u r f a c e  a t  t h a t  
t empera ture  c o r r e s p o n d s  t o  C2 s p e c i e s ,  whi le  t h o s e  f o r  propane 
cor respond t o  C 3  s p e c i e s ( 8 ) .  

The second r e a c t i o n  p a t h  of t h e  e t h y l  radical r e s u l t s  i n  t h e  
f o r m a t i o n  of  t h e  material a s s o c i a t e d  w i t h  wave 1, which Gilman a l s o  
o b t a i n e d  f o r  e t h a n e  on t h e  p la t inum w i r e  microelectrode. T h i s  wave 
he found, i n  c o n t r a s t  t o  wave 2,  t o  be r e s i s t a n t  t o  c a t h o d i c  hydro- 
g e n a t i o n .  H e  has  a lso found t h a t  t h e  specie 's  associated w i t h  wave 2 
do not  r e a d i l y  c o n v e r t  t o  t h o s e  of  wave 1.(6)  I n  t h e  absence of de- 
t a i l e d  k i n e t i c  d a t a  fo r  t h e  s p e c i e s  associated w i t h  wave 1 Gilman 
d i d  n o t  s p e c u l a t e  i n  d e t a i l  on its i d e n t i t y .  

The new data  o b t a i n e d  wi th  t h e  Teflon-bonded e l e c t r o d e s  a r e  
h e l p f u l  i n  t h i s  area. The s imi l a r i t i e s  between t h e  s i n g l e  wave f o r  
methane and wave 1 f o r  e t h a n e  s t r o n g l y  s u g g e s t  t h a t  t h e  second re- 
a c t i o n  p a t h  of t h e  e t h y l  r a d i c a l  i n v o l v e s  C-C bond f i s s i o n  as  i n d i -  
c a t e d  i n  t h e  f o l l o w i n g  g e n e r a l  e q u a t i o n :  

(3) S-C2H5 + S - 2 s  - CHa + (5-2a) H+ + (5-2a) e .  

T h i s  is i n  accord  w i t h  t h e  prev ious  o b s e r v a t i o n  t h a t  C 1  s p e c i e s  form 
d u r i n g  e t h a n e  (and propane) a d s o r p t i o n  even a t  25'C.(8) Grubb h a s  
a l s o  observed t h a t  on open c i r c u i t  a p p r e c i a b l e  amounts o f  methane de- 
s o r b  from propane anodes i n  f u e l  c e l l s  o p e r a t i n g  a t  65'C.(14) 
methylene r a d i c a l  w i t h  t w o  carbon bonds t o  t h e  s u r f a c e  m a y  r e p r e s e n t  
t h e  p r i n c i p a l  s p e c i e s  i n  p a r a l l e l  w i t h  t h e  C2H2 of wave 2 which a lso 
has  two s u r f a c e  bonds p e r  carbon atom.) 

(The 

The C 1  s p e c i e s  i n  t u r n  appear  t o  react r e a d i l y  w i t h  water t o  
form a p a r t i a l l y  oxygenated mater ia l  w h i c h  c o r r e s p o n d s  t o  t h e  pre- 
v i o u s l y  proposed "CO-like" s p e c i e s  of Niedrach(  8) and t h e  "reduced 
C02" of G i n e r ( l 5 ) ,  and which Giner  h a s  also more r e c e n t l y  found t o  be 
formed d u r i n g  t h e  o x i d a t i o n  of  h y d r o c a r b o n s ( l 6 ) .  The s p e c i f i c  i d e n t -  
i t y  of  t h e  oxygenated s p e c i e s  is as y e t  unknown and t h e  r e a c t i o n  c a n  
t h e r e f o r e  b e s t  be r e p r e s e n t e d  by: 

- CH 0 (4) S-CHa + b H20 + C S  -S(c+l )  + (a  + 2b-d) H+ + (a  + 2b-d)e. d b  
That  b o t h  t h e  C 1  s p e c i e s  and t h e  p a r t i a l l y  oxygenated s p e c i e s  are 
p r e s e n t  on t h e  s u r f a c e  and o x i d i z e  o v e r  t h e  s a m e  p o t e n t i a l  range is 
i n d i c a t e d  by t h e  new hydrogenat ion  exper iments  w i t h  methane and e thane .  
S ince  Eq. (3) r e p r e s e n t s  a "cracking" r e a c t i o n ,  and Eq. ( 4 )  a "re- 
forming" r e a c t i o n ,  t h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  i t  would be 'pro- 
f i t a b l e  t o  d i r e c t  a t t e n t i o n  toward t h e  s t u d y  of  t h e  behavior  of a l -  
t e r n a t i v e  ca t a lys t s  i n  promoting s u c h  r e a c t i o n s .  

With r e g a r d  t o  t h e  more r e f r a c t o r y  s p e c i e s  of wave 2 ,  which 
o x i d i z e  o n l y  a t  h i g h e r  p o t e n t i a l s ,  i t  is  l i k e l y  t h a t  an e n t i r e l y  
d i f f e r e n t  mechanism of o x i d a t i o n  p r e v a i l s .  T h i s  c o n c l u s i o n  is based 
upon Gilman's o b s e r v a t i o n  t h a t  c o n v e r s i o n  t o  t h e  species of  wave 1 is 
s low(6) .  I t  is t h e r e f o r e  l i k e l y  t h a t  o x i d a t i v e  a t t a c k  o c c u r s  b e f o r e  
t h e  C-C bonds are r u p t u r e d .  T h i s  c o u l d  r e s u l t  i n  t h e  format ion  of 
a l c o h o l - l i k e  s p e c i e s  as i n t e r m e d i a t e s .  I t  should  be emphasized, how- 
e v e r ,  t h a t  s u c h  i n t e r m e d i a t e s  w i l l  undoubtedly be q u i t e  d i s t i n c t  from 
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t h o s e  involved  i n  t h e  d i rec t  o x i d a t i o n  of a lcohol - type  f u e l s  a t  
moderate t e m p e r a t u r e s .  The a l c o h o l - l i k e  s p e c i e s  d e r i v e d  from hydro- 
c a r b o n s  would be  s t r o n g l y  bound t o  t h e  s u r f a c e  by m u l t i p l e  carbon-  
metal l i n k a g e s ,  and hence complete  o x i d a t i o n  t o  C02 would be 
a s s u r e d .  With a l c o h o l  f u e l s  i t  is more l i k e l y  t h a t  weaker bonds be- 
tween t h e  oxygen and t h e  m e t a l  are involved .  T h i s  is sugges ted  by 
t h e  incomplete  o x i d a t i o n  t o  o r g a n i c  a c i d s  t h a t  is o f t e n  observed wi th  
a l c o h o l s ( l 7 )  a t  moderate tempera tures .  I t  is f u r t h e r  s u p p o r t e d  by 
t h e  behavior  o f  a l c o h o l s  towards deuter ium exchange, where i t  is 
found t h a t  t h e  h y d r o x y l i c  hydrogen undergoes exchange most r e a d i l y (  18) . 
CONCLUSIONS 

The behavior  of s a t u r a t e d  hydrocarbons on p l a t i n u m  catalyzed 
f u e l  c e l l  anodes i s  s t r o n g l y  i n f l u e n c e d  b y  t h e  rate of a d s o r p t i o n  and 
t h e  a b i l i t y  of t h e  ca ta lys t  t o  promote "cracking" of C-C bonds as w e l l  
as t h e  r e a c t i o n  of C 1  r a d i c a l s  wi th  water. Both t h e  rate of adsorp- 
t i o n  and t h e  c a t a l y t i c  a c t i v i t y  of t h e  p la t inum have pronounced pos i -  
t i v e  tempera ture  c o e f f i c i e n t s .  

S p e c i e s  p r e s e n t  on t h e  e l e c t r o d e  s u r f a c e  i n c l u d e  C 1  r a d i c a l s  and 
p a r t i a l l y  oxygenated C 1  s p e c i e s  i n  a l l  cases. I n  t h e  case of  e t h a n e  
and h i g h e r  hydrocarbons mul t icarbon s p e c i e s  are also p r e s e n t .  These 
are s t r o n g l y  bound t o  t h e  s u r f a c e  by m u l t i p l e  carbon-metal  bonds and 
are r e l a t i v e l y  r e f r a c t o r y .  

p a t h s  are fo l lowed by e t h a n e  and h i g h e r  hydrocarbons.  One p a t h  re- 
s u l t s  i n  t h e  f o r m a t i o n  o f  t h e  r e l a t i v e l y  r e f r a c t o r y  s p e c i e s .  The more 
d e s i r a b l e  p a t h  r e s u l t s  i n  "cracking" of t h e  carbon c h a i n  t o  form t h e  
C 1  r a d i c a l s  and t h e  p a r t i a l l y  oxygenated s p e c i e s .  

h i g h e r  molecular  w e i g h t  hydrocarbons t o  form C 1  r a d i c a l s  and also pro- 
mote t h e  r e a c t i o n  of t h e s e  f ragments  w i t h  water. 

A f t e r  a pr imary a d s o r p t i o n  s t e p ,  a t  l eas t  two d i s t i n c t  r e a c t i o n  

C a t a l y s t s  f o r  hydrocarbon anodes should  promote t h e  c r a c k i n g  of 

I n  view of  t h e  many s p e c i e s  p r e s e n t  on t h e  e l e c t r o d e  s u r f a c e  and 
t h e  changes i n  coverage  and composi t ion  w i t h  t e m p e r a t u r e ,  p o t e n t i a l ,  
and t i m e ,  much a t t e n t i o n  t o  a n a l y t i c  de t a i l  w i l l  be r e q u i r e d  b e f o r e  a 
d e f i n i t i v e  mechanism c a n  be d e r i v e d .  A l l  of t h e s e  factors  must be con- 
sidered i n  v a l i d  i n t e r p r e t a t i o n s  of e l e c t r o c h e m i c a l  performance data. 
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FIG 3 CURRENT-POTENTIAL I T I Y E )  TRACES FOR YETHANE AND ETHANE AFTER 
DIFFERENT ADSORPTION T I N E S  

4.3N HC104 
u = 0. I V/SEC 
TD= 10MIN 
U=  0.3V 
I )  Ar BLANK 
21 METHANE ME = 16 

3 7 I I  15 19 
P 

3 7 I I  15 19 

5 

.3 .7 1.1 1.5 1.9 

u - VOLTS 

FIG. 4 CURRENT-POTENTIAL (TIME) TRACES FOR METHANE 
ADSORBED AT SEVERAL TEMPERATURES. 



-64-  

1- 
.3 (I .e 1.2 1.6 

12p E 

4 

. 3 4  .E 1.2 1.6 

4.3N HCIO, 
u ~0.1 V/SEC 
T D  :IO MIN; U.O.30V 
I l A r  BLANK 

4 ZlETHANE 
. .  ME-I6 . .  
LI . .  

. 3 J  .E 1.2 1.6 
u-VOLTS 

FIG. 5 CURRENT-POTENTIAL ( T I M E )  TRACES FOR ETHANE 
ADSORBED AT SEVERAL TEMPERATURES. 

4.3N HCIO,; 60°C 
u :O.IV/SEC I I ME- 16 

Y "COO" ; l;>.5J 
4 

;\;ZREDUCED Cot 

. 2  .6 1.0 1.4 1.8 
U-VOLTS 

i l  

FIG. 6 CURRENT- POTENTIAL (TINE) TRACES 
FOR SEVERAL CARBOWACEOUS MATERI- 
ALS ADSOREED ON PLATINUY . 



- 6 5 -  

4 . 3 N  HCIO4; - - INITIAL 
AFTER HYO. 
ARWN BLANK 

-__- 
I 

1 
I 

\ 

l 

\ 
c( 

5 -  

1 1  
.3 

.I. 
.7 1.1 1.5 

5 

.4 .8 1.2 1.6 
METHANE 

U 

5 

L 
4 8 12 16 

- HXTS 
b) ETHANE 

FIG. 7 EFFECT OF CATHODIC HYDROGENATION ON THE 
CURRENT -POTENTIAL (T IME I TRACES FOR AD- 
SORBED METHANE AND ETHANE. 

OE - mcouIs/cm2 'REAL'AREA 

I 
0.05 0.10 

I 

1.6 1 

0.5 I 
I - m/cd @OM AREA 

I I I I J 
0.2 0.4 0.6 

I - pa /d 'REAL' AREA 

FIG. e POLARIZATIOW AND SURFACE COVERAGE CURVES FOR METHANE 



-66-  

4.3N - HCIO, 
T = 60°C 
ME- I6 

I 

I - m o / c m 2  GEOM A R E A  

FIG. 9 P O L A R I Z A T I O N  AND SURFACE COVERAGE CURVES 
FOR E T H A N E .  



-67 -  

STUOY OF HYDROCARBON OXIDATION BY EXPERIMENTAL 

SEPARATION OF REACTION STEPS - 1. THEORETICAL 

A N A L Y S I S  AhD ETHANE ADSORPTION ON PLATINUM. 

.M. B O m Y ,  G. BRONOEL, E. LFVART and A. A.  P I U  - h b o r a t o i r e  

d 'Electrolyse,  C . N . R . S . ,  BELLFVUE - (S. & 0 . )  -FRANCE. 

INTRODUCTION 

The study of electrochemical processes which involve 
two o r  more elementary react ion s teps  i s  a t  present of increased 
i n t e r e s t  because of the  development of f u e l  c e l l s .  The direct 
oxidation of hydrocarbons i s  a case i n  point s ince along w i t h  
charge t ransfer ,  surface processes such as adsorption, 
desorption and possible conversion may take place. I n  addition 
t o  the  above t h e  e f f e c t s  of m a s s  t r a n s f e r  may have t o  be taken 
i n t o  account. The ana lys i s  of such systems i s  d i f f i c u l t  since 
most s tudies  a r e  undertaken w i t h  a l l  of t h e  processes occurring 
more O P  l e s s  simultaneously.' T h u s  the  surface react ions are 
all coupled with a d i f fus ion  step.  Theoretical  ana lys i s  i s  
normally carr ied out under conditions e i t h e r  o f  semi- inf ini te  
l i n e a r  d i f fus ion  o r  of known convection with a l l  of t h e  rate 
surface constants appearing as grouped constants i n  t h e  
r e su l t i n<  expressions. Separation of parameters i s  d i f f i c u l t  
and normally cannot be done without some degree of ambiguity. 
The work of  Matsuda and Delahayl i s  a n  excellent example 
o f  t he  grouped parameter problem when relaxat ion techniques 
a r e  employed. In  addi t ion  the  various mechanisms which have 
been pi7oposed for t h e  hydrogen evolution reac t ion  and which 
a l l  appear t o  provide at least  p a r t i a l  explanations f o r  t h i s  
process a r e  by now c l a s s i c  examples of parameter separation 
d i f f i c u l t i e s .  

which there  i s  a t  l e a s t  adsorption coupled w i t h  charge t r ans fe r  
such as the hydrogen evolution reaction, re laxat ion techniques 
have been extensively used. 
because they allow t h e  quant i ty  of hydrogen adsorbed a t  a given 
overvoltage t o  be evaluated. Charging curve2-12, i m  edance 
measurements13-' and t h e  voltage sweep have 
been employed. The determination o f  k i n e t i c  parameters using 
these methods i s  not, however, done without some degree of 
ambiguity, although t h e  introduction of time as a var iable  
noyrnal1;- renders t h e  s i t u a t i o n  less complex s ince  the number of 
simultaneous equations increases.  

In  order t o  study electrochemical react ions i n  

The main reason f o r  t h e i r  use i s  

The f a c t ,  t h e t  t h e  f i r s t  s t e p  i n  the oxidation of 
geseous ree-tar?ts i s  normally one of adsorption allows the 
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poss ib i l i t y  of separat ing t h i s  s t e p  from those succeeding it 
i n  time. 
and possible conversion processes. 

T h i s  would allow independent ana lys i s  of  t he  adsorption 

Such a technique necessar i ly  involves time as 
a var iable  thus  p e m i t t i n g  a dynamic ana lys i s  o f  t h e  react ion 
steps.  It i s  thus a re laxa t ion  technique. 

The d i r e c t  electrochemical oxidat ion of hydrocarbons 
i s  receiving much a t t e n t i o n  at th present  Probably 
the most important s t e p  i n  t h e  oxidation and that most studied, 
i s  adsorption followed by possible  conversion. Thus the 
aspect of c a t a l y s i s  i n  an electrochemical react ion i s  increasingly 
important. It i s  therefore of i n t e r e s t  t o  be able  t o  e lucidate  
the process of adsorption so that the  demand for new ca ta lys t  
mater ia ls  t o  be used i n  fue l  c e l l s  may be, a t  l e a s t  i n  par t ,  m e t .  

method whereby the reac t ion  s teps  preceeding charge t r ans fe r  and 
desorption may be separated i n  t h e .  
method w i l l  be given and an example o f  i t s  appl ica t ion  w i l l  be 
maae i n  a preliminary study of t he  adsorption of ethane and platinum. 

It i s  the  purpose of t h i s  communication t o  describe a 

A t heo re t i ca l  ana lys i s  o r  the  

THEOFBTICAL 

I n  order  t o  experimentally separate the reac t ion  steps 
i n  the oxidation of a gaseous reactant  it i s  necessary t o  a l l o w  
the  electrode t o  pe r iod ica l ly  be i n  the  presence of  gas then 
i n  the e lec t ro ly te .  This may be car r ied  out i n  the following 
way. The electrode under study i s  placed i n  a la rge  c i r cu la r  
insulated d i sc  (making up only a s m a l l  por t ion  of this t o  avoid 
edge e f f e c t s ) .  The d i s c  may then be ro ta ted  thus allowing the 
electrode t o  spend p a r t  o f  a ro t a t ion  i n  the  presence of t h e  
gaseous reactant  and e l e c t r i c a l l y  insu la ted  from the polar izat ion 
c i r c u i t  and the rest of the r o t a t i o n  immersed i n  the l iqu id  where 
charge t r ans fe r  and desorpt ion may take place. 

During the  adsorption phase the electrode i s  covered 
w i t h  a th in  film of l i q u i d  t h e  thickness o f  which may be varied. 
There now e x i s t s  a diff 'usion coupled adsorption process. 
methods by which this occurs may be envisaged. One i s  that i n  
which t h e  l i q u i d  film i n i t i a l l y  contains no gas so  t h a t  t h i s  
must f i r s t  d isso lve  in the  e l e c t r o l y t e  then d i f fuse  through the 
film w i t h  subsequent adsorption on the  electrode surface. This 
case w i l l  be  analyzed here.  The second i s  t o  introduce on the 
electrode surface e l e c t r o l y t e  previously saturated w i t h  t h e  gas 
under study. 

Adsorption then immediately starts w i t h  a d i f fus ion  
layer gradually being created in t h e  film. This case w i l l  be 
analyzed elsewhere. 

The model used f o r  the  mathematical analysis  given 
below i s  as follows. The f i lm  o f  e lec t ro ly t e  i s  of thickness 
6 such tha t  f i n i t e  linear d i f fus ion  i s  the sole mode of mass 
t r ans fe r .  The d i s so lu t ion  of gas In t he  f i l m  occurs at  
x = 0 and is  considered i n f i n i t e l y  rapid, i .e .  a concentration 
s t ep  M e t i o n  of t ime exists a t  the gas l i qu id  interface.  

Two 
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The adsorption process occurs a t  x = 6 following Langmui~l 
k ine t i c s  which appears t o  hold f o r  many adsorption processes 
i n  electrochemistry. The case i n  which Temkin k ine t i c s  
p reva i l  w i l l  be analyzed elsewhere. 
process i s  assumed t o  be given by: 

Thus the adsorption 

I n  order t o  take t h e  diff 'usion process i n t o  
\ account t he  Fick equation wr i t ten  f o r  l i n e a r  diffusion w i l l  be used. 
! 

\ 

\ 

i 
A 

\\ 

I 
4 

ac (x , t )  - D d 2 C ( X , t )  
a t  ax2 

This equation must be integrated using equation (1) from which 
t h e  pr incipal  boundary conditions w i l l  be derived. The use of 
(1) as wri t ten p roh ib i t s  the obtention of a closed form solut ion.  
This work i s  now i n  progress. Two cases which allow (1) t o  be 
simplified may be envisaged. If r(t) << rm, then: 

= karm C ( 6 , t )  - k d r ( t )  
d t  

- T h i s  s implif icat ion i s  probably f a i r l y  reasonable as far a s  
hydrocarbons a r e  conceimed s ince t h e i r  s o l u b i l i t y  in the 
aqueous solutions normally employed i n  fuel c e l l s  i s  s m a l l .  

Further, t h e  experimental technique, which i s  
described i n  more d e t a i l  below, allows measurements t o  be 
made a t  times s u f f i c i e n t l y  short  so  t h a t  t h i s  s implif icat ion 
may be LYulfilled. I f ,  I n  addi t ion the  adsorption process i s  
s u f f i c i e n t l y  rapid,  then: 

( 3 )  

This, of  course, i s  probably not t r u e  f o r  hydrocarbon 
adsorption, but t h e  case i s  of general i n t e r e s t  and w i l l  be 
presented here. 

a )  Low coverage, rapid adsorption: %e integrat ion of ( 2 )  i s  
ca r r i ed  out using the following i n i t i a l  and boundary conditions.  

X = O , t r O  C ( O , t )  = Go 

I X = 6 , t = 0  C(f3,t) = 0 

D X = 6 ,  t > O  C ( 6 , t )  = E r(t) 
Since t h e  surface concentration r( t)  i s  a function of the f lux  
of t h e  d i f f u s h g  species a t  the electrode surface, then: I 
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t a C ( 6 , t )  dt 
ax r(t) = D s, 

The use  of Laplace transformation leads to :  

( 5 )  

where y = s1 / /  '/D1 ' and X = Dy/Ks. 

This equation represents,  i n  transformed s ta te ,  
the complete so lu t ion  of equation ( 2 )  f o r  these pa r t i cu la r  
i n i t i a l  and boundary conditions. It can i n  pr inc ip le  be used 
i n  t h i s  f o r m  as was shown by Wynen4' i n  a general  study. 
transformation may be car r ied  out by a method which has already 
been described elsewhere4'. If, f o r  a given f i l m  thickness 
observation i s  made at r e l a t i v e l y  short  times, then: 

Inverse 

and 

cosh y 6  = ~Fnh y6 = 0 . 5  exp y 6  

Inverse t rans  f o m a t  ion  then gives : 

(9) 

Equation ( 9 )  ind ica t e s  t ha t  there  i s  a ce r t a in  time required 
before the adsorbant reaches the electrode surface since no 
adsorption parameter a r e  present i n  t he  expression. The time 
congtant for t h i s  process i s  approximately given by, T = 6'/4D. 
It is t o  be noted that this r e su l t  is the  same as would be 
obtained if the  l i q u i d  f i lm were of i n f i n i t e  thickness,  thus 
a t t r i b u t i n g  t o  t h e  genera l i ty  o f  t he  so lu t ion  given by equation ( 6 )  

times a r e  now longer,  then, transforming 76) f o r  r ( s ) :  
If f o r  t h e  same f i lm thickness iven above observation 

(10) 1 KC x r(s) = 0 
s [ cosh y 6  + sinh y 6  

and assuming that:  
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and 
I 
i 

(Y6I3 sinh y6 = y 6  + 
5 

cosh y6 = 1 + 0' 
2 

inverse transformation may be carr ied out giving: 
I 

Taking the first term of  the s e r i e s  given i n  (11) and using ( 1 2 )  
as is ,  one obtains:  

\ 
\ 

(14) 2DT ) r(t)  = KCo (1 - exp - 6 2  + 2K6 

P. s t i l l  simpler Sxpression may be obtained when t h e  f i r s t  
term o f  both o f  t h e  s e r i e s  given i n  (11) and ( 1 2 )  are used. 

Thus : 

(15)  DT '1 r(t) = KCo (1 - exp - m) 

Equations ( 9 )  and (13) a r e  t h e  complete solut ions 
f o r  t h i s  pa r t i cu la r  d i f fus ion  adsorption process. They 
progressively character ize  a pure d i f fus ion  then a d i f fus ion  - 
adsorption process. 

seen t h a t  the f i r s t  exponential term contains only d i f fus ion  
parameters, where as t h e  second contains both d i f fus ion  and 
adsorption parameters. 
f i lms equation (3) i s  va l id  f o r  o n l y  very short  times, 
becoming effect ively nonexistant f o r  the thinnest  f i lms. 
Equation ( i3)  may conveniently be replaced by ( 1 4 )  and then 

t h a t  t 5e  electrode surface becomes saturated w i t h  t h e  adsorbing 
species more r a p i d l j  as t h e  e l ec t ro ly t e  f i l m  becomes smaller. 

b )  LDx coverage, f i n i t e  adsorption rate: This case i s  of 
g rea t e r  i n t e r e s t  here s ince it has been reported47 t h a t  t h e  

in t eg ra t e  equation (2) t he  same i n i t i a l  and boundary conditions 
as  those used previousl;; w i l l  be assumed t o  be va l id ,  except 
for the  following: 

The t r a n s i t i o n  between these two behaviors 
I 

i s  pa r t i cu la r ly  evident i n  equation (13) where it may be 

For r e l a t i v e l y  thinner and thinner  

1 (15) f o r  the th.i.nner films indicating, as might be expected 

, rate of hydrocarbon adsorption i s  r e l a t i v e l y  slow. To 

I 

1 
I ' I  
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In  addition, equation ( 5 )  i s  a l so  employed. 

Laplace transformation results i n  an e F a t i p n  
form as t h a t  given i n  ( 6 )  where y = s1 =/D1 

of  t he  same 
and, 

Inverse transformation using the  s implif icat ions given i n  
( 7 )  and ( 8 )  r e s u l t s  i n  equation ( 9 ) ,  which i s  t o  be expected. 
Using the series expansions given i n  (11) and ( 1 2 )  the  following 
equs 1. ion r e s u l t  P : 

where I 
6D2 + 3Dti2kd + 6D6Kkd 

) z  - 
n 6D6* + Kkdtj3 + 2 L '  6Db2 + Kkd63 

I 
i 

- 24D2kd ,1/2 

i 
i 

3Dtj2 + Kkd63 

Fina l ly  the s e r i e s  expansion used t o  obtain equation (15) gives: 

It may be seen t h a t  e s sen t i a l ly  the  same comments 
as those given e a r l i e r  concerning the  e f f ec t  of the  time of 
observation and t h e  film thickness apply here. The main 
difference occurs o f  course i n  the  time constant of t he  diffusion 
coupled adsorption process. 

The analyses given above a r e  of a very general  nature 
and ind ica te  t h a t  it may be possible  t o  determine k ine t i c  parameters 
spec i f ic  t o  the  adsorpt ion process of any gaseous reactant .  
experimental conditions may be chosen so t h a t  the  simplest of t he  
equations may be va l id  f o r  most of t h e  observation time, thus 

I 

The 
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f a c i l i t a t i n g  the  fFnal calculat ions.  
study which w i l l  be presented elsewhere for the  case i n  which the  
l i q d d  f i lm  i s  i n i t i a l l y  saturated with 
va l id  f o r  times during which equation (97 holds may be used i n  
the  calculat ion of r(t) thus increasing t h e  number of simultaneous 
equations. 

I n  addi t ion a theo re t i ca l  

as shows that t h e  equation . 

MPEFUMEWAL TECHNIQUE 

The explo i ta t ion  of t h e  equations given above 
necess i ta tes  an experimental determination of t h e  amount of 
reactant  adsorbed on the  electrode after a given exposure 
time. This i s  most e a s i l y  done by applying a po ten t io s t a t i c  
pulse t o  the system once the  electrode i s  immersed i n  t h e  
l i qu id .  In tegra t ion  o f  t h e  r e su l t i ng  current-time cwve  
allows F ( t )  t o  be evaluated. 
capacity current is grea t ly  minimized because of t h e  
po ten t io s t a t i c  nature  of the  experiments. 

Error due t o  double l aye r  

The ac tua l  experimental c e l l  w i l l  only b r i e f l y  
be described here. A de ta i led  descr ip t ion  w i l l  be given 
elsewhere. The electrode under study i s  placed i n  a non 
conducting disc ,  such as plexiglass  of te f lon ,  making up 
only a small port ion of th is  so tha t  the  time between in i t ia l  
and complete immersion of the  sample i s  negl igible  compared t o  
the  d isc  ro t a t ion  speed. "lie l e v e l  of the e l ec t ro ly t e  i n  t h e  
c e l l  may be varied so tha t  many d i f f e ren t  exposure times may be 
obtained. Provision i s  made t o  vary the  film thickness by means 
o f  a windshield wiper type arrangement. 
t o  d r y  the electrode with a su i t ab le  hydrophilic material. A 
platinum counter e lectrode of l a rge  surface area i s  placed so  
t h a t  t he  working electrode is i n  a uniform potent ia l  f i e l d .  Two 
aux i l i a ry  electrodes a r e  placed i n  t h e  c e l l  such tha t  any gas 
which enters  the  e l ec t ro ly t e  i s  immediately oxidized, thus 
ensuring tha t  t he  l i qu id  f i l m  i n i t i a l l y  contains no gaseous 
reactant.  A gold reference electrode found t o  be su i t ab le  for 
t h i s  work, i s  placed approximately 0 .1  m from t h e  sample 
allowing po ten t ios t a t i c  conditions t o  be obtained rapidly.  A 
saturated calomel e lectrode i s  a l so  placed in the  c e l l  for standard 
comparison purposes. 

The e lec t ronic  c i r c u i t  i s  shown in Fig. 1. The 
poten t ios ta t  P i s  a Tacussel P IT  type having an amplif ier  r i s e  
time of  about 30 nsec. In  the  work described below typ ica l  
i n  c i r c u i t  r i s e  times a r e  of the  order of 700 nsec. The 
oscil loscope employed i s  a TektronFx type 555 having a dual beam 
and a dual time base. Plug i n  un i t  L i s  used t o  record the  
potent ia l - t ime t r ans i en t  across t h e  working electrode, W, and 
the  reference electrode, S. Plug i n  uni t  D i s  used t o  record the  
current-time t rans ien t  across res i s tance  R. S, i s  a mechanical 
switch which operates as the  electrode t o t a l l y  en ters  t h e  solution. 
It serves t o  close the  b a t t e p j  c i r c u i t  which ac t iva t e s  the  
mercury wetted Clare re lay,  Sa,  thus allowing the  pulse t o  be 
applied.  
rela;- closes due t o  i t s  approximately 2 m see. reac t ion  time. 
Proper sync-hronizatior of t he  two time bases allows pulses o f  t h e  

I n  addi t ion it is possible 

It a l s o  t r i gge r s  t h e  oscil loscope s l i g h t l y  before the  

. . .  . .  
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type shown i n  Fig. 2 t o  be obtained. C i s  the  counter electrode. 

ETHANE ADSORPTION 

study was made o f  t he  adsorption o f  ethane on a platinum 
electrode.  Ethane w a s  chosen s ince it i s  a r e l a t i v e l y  simple 
hydrocarbon and because it shows s ign i f i can t  a c t i v i t y  a t  low 
temperatures. 
thus allowing comparisons t o  be made. 

prepared from reagent grade ac id  and t r i p l y  d i s t i l l e d  water. 
The electrode was,,highly ,polished platinum of 0.5 em2 area.  
i s  obtained from 
All measurements were made a t  25 10.2'C. 

measured i s  ac tua l ly  t h a t  due t o  t h e  adsorbed ethane pulses 
were applied t o  the  system i n  an Argon atmosphere. 
pu lse  voltage always a t t a ined  the same value as tha t  employed 
for t he  ethane oxidat ion although the  voltage difference was 
var iable .  T h i s  correc t ion  i s  rather important s ince there i s  a 
considerable amount of fa rada ic  current even in the  so-called 
double layer  region ind ica t ing  t h a t  t he  platinum electrode i s  
ce r t a in ly  not i n e r t .  The difference between the current-time 
t r a c e s  i n  argon and ethane may be seen in Fig. 3. 

To i l l u s t r a t e  t he  method described above a preliminary 

I n  addi t ion  it has been studied by o ther   worker^^^-^^ 

The experiments were car r ied  out usFng 5 N  phosphoric acid 

Ethane 
Societe  Air Licpide" and i s  of 99.99% puri ty .  

I n  o r d e r  t o  a sce r t a in  that  t he  quant i ty  o f  current 

The max imum 

The (shaded area  Fig. 3 )  charge, QE, corresponding t o  
various ethane adsorpt ion times is  shown I n  Fig. 4. It may be 
seen t h a t  t he  adsorpt ion times are r e l a t ive ly  long, however, they 
follow t o  a good approximation an exponential curve. This would 
appear t o  ind ica te  that  the  theory given above i s  obeyed. However, 
in tegra t ion  o f  equation (1) taking C ( 6 , t )  = const. would a l s o  
lead  t o  exponential time behavior. I n  order t o  decide between pure 
adsorption control ;  or coupled diff is ion-adsorpt ion control  
experhients were ca r r i ed  out i n  which t h e  film thickness w a s  varied. 
I n  every case and even for t h e  longest adsorption times QE depended 
upon the film thickness.  It thus appears tha t  the  adsorption of  
ethane i s  pa r t ly  d i f fus ion  control led even when r e l a t i v e l y  t h i n  f i l m s  
a r e  present. It i s  t o  be noted that this  does not ind ica te  that there  
would be a l i m i t i n g  d i f f i s i o n  control led current  for a l l  overpotentials 
i n  steady s t a t e  &el  c e l l  operation. It does, however, ind ica te  
that d i f fus ion  contr ibutes  t o  some extent t o  t h e  t o t a l  observed 
polar iza t ion  and that higher hydrocarbon s o l u b i l i t y  would 
g rea t ly  increase performance. 

of open c i r c u i t  po ten t i a l  with adsorption time can provide 
information concerning adsorption espec ia l ly  i f  surface conversion 
e x i s t s .  The experiments performed here give t h i s  data .  
Analysis of  the  potent ia l - t ime curves f o r  d i f f e ren t  exposure 
tunes indicates  t h a t  t he  observed voltage difference i s  a 
d i r e c t  measure of t h e  equilibrium po ten t i a l  s ince  t h e  voltage 
base l i n e  var ies  w i t h  adsorption time and, because of t he  se t  up 
of t h e  e l e c t r i c  c i r c u i t ,  can only  be due t o  d i f f e ren t  equilibrium 
po ten t i a l s .  A t y p i c a l  surve i s  shown in Fig. 5. It may be seen 

the re  appears t o  be a s l i g h t  a r r e s t  i n  t h e  curve a f t e r  
approximately 10 min. exposure time. !Phis f'unction i s  a measure of 

It has been shown5' t h a t  knowledge of the evolution 

1 

' I  

I 
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the  extent o f  e lectrode surface coverage and indicates  tha t  
there  a re  probably two su.rface species  one corresponding t o  low 
coverages and the  o ther  t o  high coverages. They are very probably 
re la ted  t o  the two peaks observed i n  t h e  voltafg sweep experiments 
Used  i n  siiiilar s tud ies  and reported by GiLrrian . 

I n  order t o  examine the  behavior of these surface 
species and t o  obtain some indicat ion of the  precesses which 
follow adsorp t im it i s  then necessary t o  examine the  current-  
tine curve obtained a f t e r  appl icat ion of  the  poten t ia l  s t ep  
function. 

evidenr. t h a t  the  charge t r a n s f e r  and desorption processes 
cake place much more rap id ly  than t h e  adsorption and 
conversion processes. Tklese l e t t e r  then comprise the  global  
r a t e  l imi t ing  s teps  i n  the oxidation of ethane a t  these 
terr:perstures and ind ica te  the importance of ca t a lys i s  i n  t h i s  
p r  3 C P  s 8. 

The f i r s t  observation i s  tha t  i t  appear f a i r l y  

Exploi ta t ion of the  current-time curves may be 
carr ied out i n  t:!e following way. If t h e  current i s  due to 
the  concentration o f  surface species  then t h i s  should be an 
exponentisl f inc t ion  of t i n e ,  thus: 

i = P- exp - fit (18) 

where 3. coritsins e lectrochenical  snd proport ional i ty  constants 
ant! 6 represents the time constant f o r  the  charge t r ans fe r  and 
desorption process. Semi logarithmic p lo t s  of the current 
time curves obtained i n  t h e  presence o f  e.i;hane show good 
l i n e a r i t y  a f t e r  the  f i rs t  100  p see. No such l i n e a r i t y  occurs f o r  
,'?.e curves obcained i n  an Argon atmosphere. These r e s u l t s  
indicace t h a t  d i f f i s i o n  control  i s  nonexistant.  

Examination of equation (18) shows t h a t  t he  intercept  
o f  Lhe semi logar i thn ic  p lo t  should r e s u l t  i n  consis tent  
value? for the  same surface species ( tak ing  i n t o  account 
.urface concentration and overpoten t ia l ) .  

Two s e t s  of va ues were obtained corresponding t o  
101:: 2nd high coversges (See Fig. 5 )  ind ica t ing  the presence 
o f  two surface species.  

L,. give sone indicacion of the p o t e n t i a l i t i e s  of t h e  methoc! 
described i n  :his work. i t  may be Peen that  a l s r g e  var ie ty  
of ~$,:.r,sz rr:a;y be 33tained and t h a t  i t  1% indeed possible  t o  
zeparste ::?e fwo global processes occurring i n  t h e  electrochemical 
oxida; im of  5gCrocarbons. The r e s u l t s  obtained a r e  less  
~ c t i ~ ~ o u s  2nd ii i s  hoped tsat h t u r e  work w i l l  e lucidate  the 
plienor.e::oz 0-r ca;alp:s i n  e lectrochenical  processes. 

The s tudy presented above i s  a preliminary one serving 
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LIST OF SYMBOLS 

r(t) = Surface concentration of  adsorbing species a t  t h e  t. 

= MaxFmum surface concentration of adsorbing species. 

= Adsorption r a t e  constant. 

= Desorption r a t e  constant.  

rm 

ka 

kd 

C (  6 ,  t )  = Concentration of adsorbing species at e l ec t ro ly t e -  

C ( X , t )  = Concentration of adsorbing species at a point X 

E = Diffusion coe f f i c i en t  of adsorbant. 

6 = L i q u i d  f i lm thickness and coordinate o f  e l ec t ro ly t e  
so l id  in t e r f ace .  

X = Point within l i q u i d  film. 

K = kar,/kd. 

S = Laplace transform parameter. 

C (  X, s )  = Concentration of  adsorbing species after Laplace 

e r f c  = Error f inc t ion .  

so l id  in t e r f ace .  

within the l i q u i d  f i l m .  

t ransformation a t  a point X within the l i q u i d  f i l m .  

e r f c  = 1 - erf .  

r ( s )  = Surface concentration of adsorbant after Laplace 

co = I n i t i a l  gas  concentration. 

% 

t r ans  format ion. 

= Charge corresponding t o  ethane surface concentration. 

I 

'I 
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Fig. 1 - Electronic c i r c u i t  f o r  appl icat ion o f  potential-t ime 
s tep  f inct ions.  

Fig. 2 - Upper curve : potential-the trace.  
Lower curve : current time t race.  Horizontal  
a x i s  1 m sec/cm, v e r t i c a l  axis 50 mV/cm. 
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Fig. 3 - Current-time t r a c e s  f o r  Argon and ethane. Shaded 
area represents  “E. 
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Fig. 4 - Variat ion of ethane surface coverage with time 
i n  adsorption phase. 
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Fix. 5 - Variation of equilibrium po ten t i a l  with coverage. 
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EXECTROCATALYSIS AND HYDROCARBON OZDATION 
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MTENDEB ABSTRACT 

An attempt i s  made t o  c o r r e l a t e  t he  c a t a l y t i c  a c t i v i t i e s  
and physical propert ies  of noble metal e l ec t roca ta lys t s ,  using 
ethylene oxidation a t  8OoC,  i n  1 N s u l f u r i c  ac id  as a tes t  
react ion.  Relat ive c a t a l y t i c  a c t i v i t i e s  are measured by a 
comparison of current  values at an a r b i t r a r i l y  chosen potent ia l .  

A c o r r e l a t i o n  w a s  found between c a t a l y t i c  a c t i v i t y  and 
both Latent H e a t  of Sublimation of  t he  metal (L ), which according 
t o  Pauling's formula r e f l e c t s  t h e  adsorbate-adsgrbent bond strength, 
and a l s o  the number of unpaired "dltllelectrons i n  the  metal. 
of these parameters gave a volcano type relat ionship,  when 
p l o t t e d  against  reac t ion  r a t e .  * (Figs.  1 and 2 )  

of L 
xalu8s of the components. 

f i rs t  Period of Transi t ion metals, and again assuming a d d i t i v i t y  
i n  t h e  case of the a l loys .  

diagnost ic  c r i t e r i a  f o r  mechanism determination w e r e  examined, 
and information on adsorption of, ethylene w a s  obtained elsewhere. 
The r e s u l t s  are shown i n  Table 1, A and B. 

Both 

In both cases, P t  l a y  a t  t h e  peak of t h e  curve. Values 

d" electrons,  w e r e  obtained by using the values obtained for the 

f o r  a l loys  were computed by assuming a d d i t i v i t y  of t h e  L 
Values o f  n , t he  number of unpaire8 

In order t o  i n t e r p r e t  t h e  above relat ionships ,  t he  

Oxygen coverage on the  noble met@s has been shown' t o  ! 
be proportional t o  the number of unpaired d" electrons,  and 
similar behaviour might be expected f o r  ethylene. Thus on Gold, 
ethylene i s  known t o  be very s l i g h t l y  adsorbed', while on 
Platinum, the s a t u r a t i o n  coverage i s  that amount t h a t  might be 
predicted on the  bas i s  of 0.55 d" electrons per Pt atom . The 
apparent weak adsorption of ethylene on Rhodium, appears t o  
result from competitive adsorption wi th  oxygen, which i s  known 
t o  adsorb more s t r m g l y  on this  metal than on Pt4. 
of less than 10% oxygen coverage i s  known t o  i n h i b i t  adsorption 
of organic species5. 

* The almost i d e n t i c a l  behaviour of Au and Pd (see Table I A) 
suggest t ha t  under the  conditions of t he  experiment, hydrogen 
o r  hydrogen Eontaining species are absorbed i n  the  Pd, thus 
f i l l i n g  the d" band vacancies. 

The presence 
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T a b l e  I A 

Metal 

Pla t inum 

Pal lad ium 

Rhodium 

I r i d i u m  

Gold 

Osmium 

Ruth en i um 

S i l v e r  

Mercury 

T a f e l  S lope  
(mv) 

1uo 

190 

160 

160 

200 

__ 

16 5 

- 

- 

' i600 d l o g  i 

dPeth  

-0.2 

+0.5 

+0.5 

+0.5 

+0.5 

t ?  

+ ?  

+ ?  

+ ?  

0 

0 3: 

0 

0 

0 s': 

React ion  
Products  

50% cog 
b a l a n c e  
a l d e h y d i c  

cog 

co2 

As Pd 

i600 

On 

d e n o t e s  c u r r e n t  a t  0 .6  volts v s  R.H.E. 

d e n o t e s  t h a t  pH e f f e c t  w a s  z e r o  i n  t h e  r a n g e  pH = 0 t o  4.0. 
r e a c t i o n  d i d  n o t  a p p e a r  t o  proceed  i n  a l k a l i n e  s o l u t i o n s  

d e n o t e s  p a r a m e t e r  n o t  measured due t o  e x p e r i m e n t a l  d i f f i c u l t  

'n 

- 

The 

BS 

+ ? d e n o t e s  p o s i t i v e  p r e s s u r e  effect  o f  unknwnmagnitude 



l----- Alloy 

Pd-Au 
20-80 At% 
46-54 A t %  
78-”2 At% 

Rh-Pd 
75-75 A t %  
5 0 - 5 0  At: 
75-25 At?, 

C u - R h  
10-50 At% 

Cu-Au 
?5-75 A t 8  

Pt-xu 
80-70 At% 
5 0 - 5 0  At% 

P t  -Ni 
85-15 At% 
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Table I B 

T a f e l  Slope 

?P,T/F 

-7 

3x10 
4xJ 0-7 

6x10-7 

7 .  O X ~ O - ~  
1.5x10:; 
3.0~10 

4 .  0x10-6 

1% I o - ~  

8x1 0;; 
5x10 

4. o ~ ~ o - ~  

tWJ; 

+ V” 

tve J ;  

_ _  

+ VC 

- 
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I n  the case of Platinum, previously described by7, the  
following mechanism was suggested, 

H20 - OH' + H+ + e (2) 

( 3 )  C2H4ads + OH'- C2H40 + H+ + e. 

where s t e p  (2)  w a s  r a t e  determining. T h i s  mechanism i s  obviously 
not applicable t o  other  metals, w k r e  a pos i t ive  f r a c t i o n a l  order 
of  reac t ion  w i t h  respect  t o  ethylene ind ica tes  that an adsorbed 
organic species i s  involved i n  the rate determining s tep .  I n  
order t o  in t e rp re t  the observed empirical  r a t e  equation: 

Two mechanisms are proposed. 
I. Radical Attack 

I n  this mechanism, the sequence suggksted above s t i l l  
appl ies ,  except that s t e p  ( 3 )  is  now rate determining. Such a 
mechanism would give r i s e  t o  an equation such as the  above i f  
coverage w i t h  OH' o r  0" were t o  change l i n e a r l y  w i t h  po ten t ia l ,  
as i s  of ten the  case. The change of rate control  from s t e p  ( 3 )  
i n  the  case of Au t o  s t e p  ( 2 )  f o r  P t  and back t o  ( 3 )  f o r  Rh, and 
the  various f ac to r s  cont ro l l ing  it, a r e  considered i n  Table 11. 

(1) -0 .5 
?€I+ 

i = k e  V / R T  $/: 

TABLE 11 

Parametric 

OH Increase in e 

Increase i n  8 

Metal-OH bond 
strength 

e t h  

Metal-ethylene 
bond strength 

Foward Rate of ( 2 )  

decreases 

decreases 

increases 

- 

Forward Rate of ( 3 )  

increases 

increases 

rises t o  max, 
then decreases. 

rises t o  max, 
then decreases. 
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Thus an optimum value ex i s t s ,  l y i n  between the extremes of weak 
adsorption (not t r u e  chemisorption7 and s t rong  adsorption (immobile 
species ,  metal-adsorbate bond hard t o  break). The rate of s t e p  ( 3 )  
w i l l  be highest on c a t a l y s t s  with high coverages of both adsorbed 
species,  and intermediate values of bond s t rengths .  It seems that 
P t  fulfills these conditions, having however a r e l a t i v e l y  slow r a t e  
for s t e p  ( 2 )  owing t o  the high coverage of ethylene. 

This accounts f o r  s t e p  (2) being rate determining. On 
gold, very low coverages and low bond strengths of adsorbed 
r ad ica l s  r e s u l t  i n  s t e p  (3) proceeding slowly. The same i s t r u e  
on Rhodium, again because of very low ethylene coverage but a l so  
because of the much higher Metal-Oxygen bond s t rength.  I n  both 
cases, s t e p  ( 3 )  becomes r a t e  determining. The weakness of the 
Metal-Organic chemi-bond i n  the  case of gold, i s  the probable 
reason f o r  desorption of intermediates such as aldehydes, as 
opposed t o  the complete oxidation t o  C02 observed on other  metals. 

11. Electron Transfer from Organic Species 

proposed f o r  many oxygen containing organic species (6 ) ,  the 
sequence is :  

In  this second possible  mechanism, which has already been 

. C2H4 -+ C2HQadS 

C2H4ads - C2HG + H+ -k e 

C2H; + H20 - C2H40 + H+ t e 

Such a mechanism i s  possible  whenever z e r o  o r  pos i t ive  pressure 
e f f e c t s  w i t h  respect  t o  concentration of  organic species are 
observed. 

i s  presently under way, involving H/D isotope e f f ec t s .  

I 

An attempt t o  d is t inguish  between mechanisms I and I1 
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C a t a l y t i c  Elec t rodes  f o r  t h e  Anodic Oxidation of Propane 

J. D. Voorhies, J. S. Mayell and H .  P. Landi 

C e n t r a l  Research Divis ion,  American Cyanamid Company 
Stamford, Connecticut 

The complete e lec t rochemica l  ox ida t ion  of simple hydrocarbons such 
a s  propane t o  C02, protons and e l e c t r o n s  can be accomplished i n  aqiieous 
e l e c t r o l y t e s  with t h e  proper  conbinat ion of c a t a l y s t  and temperature  (1, 2). 
I n  fliel ce l l  ap? l ica t ions ,  a n  a c i d i c  electrolyte i s  usua l ly  required t o  r e j e c t  
t h e  CO:, produced a t  t h e  anode, and a moderate temperature i n  t h e  range of LOO t o  
2OO0C is necessary f o r  a n  apprec iab le  anode r e a c t i o n  r a t e .  
of t e n p e r a t u r e  and a c i d i t y ,  anodic  and chemical cor ros ion  of e l e c t r o c a t a l y s t s  can be 
severe.  

Under t h e s e  condi t ions 

These adverse c o r r o s i o n  condi t ions l i m i t  t h e  choice of  e l e c t r o c a t a l y s t s .  
I n  t h i s  inves t iga t ion ,  some noble metals  of Group VI11 a s  pure metals ,  b inary  
chemical codeposi ts  and chemical ly  reduced d e p o s i t s  on conductive s u b s t r a t e s  a r e  
considered.  The objec t  of t h i s  study was t o  eva lua te  t h e  cont r ibu t ion  of t h e  
chemical and physical  p r o p e r t i e s  of t h e s e  e l e c t r o c r t a l y s t s  t o  t h e i r  a c t i v i t y  i n  t h e  
d i  -ec t  propane anode. 

Two condi t ions of e l e c t r o l y t e  and temperature  were chosen, namely 859 €l-,P04 
a t  140°C and 3E €I$O4 a t  95°C. 
e l e v e l  of a c t i v i t y  almost s u f f i c i e n t  f o r  p r a c t i c a l  f u e l  c e l l s .  The second set  of  
condi t ions  represents  a n  o b j e c t i v e  i n  terms of  reduct ion  of genera l  corrosion,  b e t t e r  
conduct iv i ty  and poss ib ly  a s u p e r i o r  oxygen e l e c t r o d e  f o r  combination with t h e  hydro- 
carbon 8-e. Unfortunately,  the  temperature c o e f f i c i e n t  of t h e  propane anode current  
,goivg from 150 t o  95°C i s  s o  l a r g e  t h a t  t h e  maximum anode parer  ( m i l l i w a t t s  cm-2) 
r a p i d l y  drops below a p r a c t i c a l  l e v e l .  Anodic measurements i n  3N_ H2S04 have been 
useful., however, i n  e v a l u a t i n g  e l e c t r o c a t a l y s t s ,  p r i n c i p a l l y  because of a very 
c h a r a c t e r i s t i c  l i m i t i n g  c u r r e n t  dens i ty .  

Experiment 2 1 

Unaer t h e  f i r s t  of t h e s e  condi t ions,  propane has  shown 

A l l  t e s t  e l e c t r o d e s  consis ted of 8 poly te t ra f luoroe thylene  ( P m )  bonded 
c a t a l y s t  l ayer  s i m i l a r  t o  t h o s e  descr ibed previously (3 ,  i), a porous PTFE backing 
and a 45 mesh platinum c o l l e c t o r  screen.  These t h r e e  l a y e r s  were canpressed i n t o  
a laminate  as  shown i n  F igure  1. Propane gas was f e d  through t h e  electrol:fie imcermeable 
backing t o  t h e  catalys't l a y e r .  
in t imate  contac t  of r e a c t e n t  ? a s ,  l i q u i d  e l e c t r o l y t e  and s o l i d  e lec t roca ta l? rs t .  
c o l l e c t o r  sc reen  serves  t o  c a r r y  t h e  cur ren t  from t h e  e l e c t r o c a t a l y s t  t o  t h e  e x t e r n a l  
c i r c u i t .  

The anode r e a c t i o n  occurs i n  t h i s  l a y e r  by v i r t u e  of 
The 

The t e s t  c e l l  was a spontaneous propaneloxygen c e l l  opera t inq  under 
cont ro l led  r e s i s t i v e  load .  
re ference  e lec t rode  z t  room temperature  using t h e  same e l e c t r o l g t e  a s  i n  t h e  test c e l l .  
Connrction t o  t h e  t es t  c e l l  was made tkt-ough a br idge  and c a p i l l a r y  system shown i n  
Figore 2. 
load s e t t i n g .  
t h e s e  p o t e n t i a l  readings were u n s t a b l e .  
technique us ing  the  Wenking 61R p o t e n t i o s t a t  agreed w e l l  with those  measured by t h e  
cont ro l led  r e s i s t i v e  load technique.  

Anode p o t e n t i a l s  were measiired with r e s p e c t  t o  a hydrogen 

'Poten t ia l  readinEs were obtajned a f t e r  t h r e e  minutes a t  each r e s i s t i v e  
I n  t h e  reg ion  of  t h e  l i m i t i n e  c u r r e n t  observed i n  32 H2S04 a t  95"c, 

Limit ing c u r r e n t s  measured by a p o t e n t i o s t a t i c  
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A c a r e f u l  procedure f o r  operat ion of t h e s e  anodes was es tab l i shed  i n  
order  t o  provide meaningful and reproducible  va lues  of anode p o t e n t i a l  and 
l i m i t i n g  c u r r e n t  dens i ty .  
p r e t r e a t n e n t  of t h e  anodes c o n s i s t i n q  of high r a t e  anodic oxida t ion  of propane 
followed by open c i r c u i t  e q i i i l i h r a t i o n  with propane t o  a n  anode p o t e n t i e l  of eboiit 
+Q.l v o l t  versus  t h e  bydroqen e l e c t r o d e ,  addustment of  t h e  propane f l o w  r a t e  end 
c a r e f u l  pos i t ion ing  of t h e  p o t e n t i a l  measuring c a p i l l a r v  a t  t h e  c e n t e r  of end 
touchin,- t h e  c o l l e c t o r  screen.  
t o  provide t r o t e r  for t h e  anode r e a c t i o n  and maintain a cons tan t  e l e c t r o l y t e  compo- 
s i t i o n .  
limitin.: c u r r e n t  d e n s i t i e s  5 1 n A  cn-7. 

C e t a l y s t  Prepara t i  on 

This  involved reproducjble  prepara t ion  of t h e  e l e c t r o d e s ,  

The c e l l  contaiqed e volume of e l e c t r o l y t e  s i i f f j c i e q t  

The r e p r o d u c i b i l i t y  of anode p o t e n t i a l s  was about 2 10 mv and of t b e  

Boroh:.drir?e reduct ion  of t h e  ch loro  complexes of t h e  noble metals  wes 
frecluently used t o  prepared c a t a l y s t s .  5 t o  10% emieoi-s s o l u t i o n s  of NaBk were 
zdded d r o p i s e  ( 3  t o  6 ml/min) t o  s o l u t i o n s  of t h e  noble meta ls .  In general ,  t b e  
reduct ions  were c a r r i e d  out  wi th  t h e  maximum poss ib le  d i l l i t i o n  of t h e  equeous r e a c t i o n  
mixtures  and maximum r a t e  of a d d i t i o n  cons is teq t  v i t b  t h e  s i z e  of t h e  samples t o  be  
? r e p  .ed. For  depos i t ion  of platinum onto a conductive support ,  t h e  sunport m a t e r i a l  
v e s  f i r r t  suspended i n  w te -  v i t 5  s t i r r i n g .  Then a s o h t i o n  of  c h l n r o p l a t i n i c  a c i d  
'13s pdded an6 a l l a r e d  t o  contac t  t h e  suspension for a b o i t  15 t o  30 minutes T r i o -  t3 
tr8e i n i t i a l  borohydride eddit!on. -411 f inisFed cs te l -qs t s  were ire-: ed carafull.7 t o  
removr res idue1  s a l t s .  

A n d e  P o l a r i z a t i o n  a t  Platinum Black 

Anodic p o t e n t i a l  versiis cur ren t  d e n s i t y  p l o t s  which a r e  r e p r e s e n t a t i v e  o f  
I n  32 H$04 a t  9 5 ° C .  t h e  behvi -or  of platinum bleck/propane a r e  s h m n  i n  F i p i r e  3. 

i! .well def ined 1 5 m i t i q  c u r r e n t  d e n s i t r  of 28 mA cm" (geometr ic  cur ren t  d e n s i t y )  i s  
oSservcd -:or 20 rn.? CF-2 of platinum black.  However, t h e  s i t i : a t i o n  is not t y p j c s l  
i n  t h e t  e r r p i d  decrease 5.3 a n d e  ciirrent j s  observed when t h e  enode p o t e n t i e l  ~ t t s j n s  
v a l i z s  r.h?ve + 0.6 v o l t  versus  E.3. 
r e y  j n l ; i ' o i t  t h e  propane enode process  ( 5 ) .  
t o  t h e  point  E t  which t h e  a?.cde p o t e n t i a l  chenses by more t!!t!n aboiJt 0.1 v o l t  per  
1 ml! cm-2 chcnee i n  c i i r reyt  riensity. 

I n  t h i s  region platirxiim si i r fece oxide forna t ion  
m e  l imi t in? ;  c3,irrents c i t e d  here in  r e f e r  

Tk!e source of t k e  l i .mi t in5  ciyrrent i n  32 €?,SOn is  bel ieved t o  be some 

A d i f f u s i o n z l  l i m i t a t i o n  would be approximately descr ibed by a modi f ica t i  on 
s t e p  i n  tb,e e l e c t r o d e  sur face  process  r a t h e r  tkan  mess t r a n s p o r t  of propane t o  t?.e 
sur face .  
.of t h e  TIernst d i f f u s i o n  la:ier e q i e t i o n  (5), 

id  = e 
A 

Yvhere 
id = d i f f u s i o n  l imi ted  cur ren t  d e n s i t y  ( A  cn-2) 

D = d i f f u s i o n  

5 = di f f i i s ion  loyer  th ickness  ( c m )  

n = Farrdeys per mole = 20. 

c o e f f i c i e n t  of propane ( c m - 2  sec-9 

Since t h e  r e p 1  e l e c t r c d e  Ere8 i s  ahout LOO0 tj.mes t b e  geometric area by an e l e c t r o -  
cb,emicel measurement of s i i r fsce Free (I), and es t imates  of C and D a r e  2 x 10-7 
noles /cc  2nd h x 10-5 cm2 sec-l respec t ive ly ,  t h e  est imated d i f f u s i o n  l a y e r  th ickness  
f o r  id = 28 xrJ. cm-2 i s  2 cm. 
rr,e,z;njtude. 
i n  3% H,SO+ e t  9 5 ° C .  

"his is  obvio1Tsly t o o  t h i c k  by about two orders  of 
The conclusion i s  t h a t  t h e  l i m i t i n g  c u r r e n t  is  not d i f f i i s ion  cont ro l led  
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I n  85% H$04 a t  140"C, t h e  anode p o l a r i z a t i o n  curve shows no l i m i t i n g  
c u r r e n t  i n  t h e  region of spontaneous discharge of t h e  propane/oxygen c e l l  
(< 200 mA cm-2). 
of  m e r i t  f o r  a n  e l e c t r o c a t a l y s t  and i s  used a s  such i n  Tables I and 11. 
z a t i o n  curve f o r  t h e  oxygen cathode i n  85$ H$o4 a t  140°C i s  a l s o  shown i n  Figure 3. 

Unsupported Noble Metal C a t a l y s t s  

The anode p o t e n t i a l  a t  20 mA cm-2 provides a meaningful f i g u r e  
A p o l a r l -  

Severa l  platinum group noble meta l  c a t a l y s t s  a s  s i n g l e  meta ls  o r  borohydride 
reduced b i n a r y  ccdeposi ts  were subjec ted  t o  anode p o l a r i z a t i o n  tests. The r e s u l t s  
a r e  shown i n  Table I. BET s u r f a c e  area measurements a r e  included t o  show t h a t  t h e  
source  of v a r i a t i o n s  i n  performance is  genera l ly  not t h e  gross sur face  a rea  of  t h e  
c a t a l y s t .  It may be argued t h a t  t h e r e  a r e  l a r g e  d i f f e r e n c e s  i n  t h e  r e a l  e l e c t r o a c t i v e  
8re8 f o r  propane oxida t ion  which account f o r  t h e  observed d i f f e r e n c e s .  This  reasoning 
i s  d i f f i c u l t  t o  r e f u t e  without  f u r t h e r  s t u d i e s ,  e s p e c i a l l y p o f  propane adsorpt ion.  

I n  Table I, platinum i s  t h e  most e f f e c t i v e  of t h e  s i n g l e  noble metal  c a t a l y s t s  
whi le  a codeposi t  of 75% plat inum, 25$ rhodium is apparent ly  more a c t i v e  t h a n  e i t h e r  of 
t h e  pure meta ls .  
t h o s e  obtained frm Engelhard. For t h i s  reason, t h e  absolu te  a c t i v i t y  of t h e  b e s t  
platinum-rhodium combination is less than  t h a t  of  t h e  b e s t  platinum black.  

Platinum Deposited on Carbides and Graphi t ic  Carbons 

However, borohydride reduct ion  does not  produce a black a s  a c t i v e  a s  

The borohydride r e d u c t i o n  of p l a t i w m  onto t h e  conductive s u b s t r a t e s ,  
p e p h i t e ,  t i t an ium carb ide  and tungs ten  carb ide  produced c a t a l y s t s  with moderate 
a c t i v i t y  f o r  propane a s  shown i n  Table 11. These supports  were chosen f o r  t h e i r  
e l e c t r i c a l  conduct iv i ty  ( 0  = 10-1 t o  10-3 ohm cm when measured on compressed powders), 
c o r r o s i o n  s t a b i l i t y  and t h e  p o s s i b i l i t y  of coca ta lys i s .  

The general  e f f e c t  of t h e  conductive support i s  t o  improve t h e  u t i l i z a t i o n  
of plat inum a t  l o w  loadings between 2.5 and 7.5 mg cm-2 of platinum. 
s p e c i f i c  c o c a t a l y t i c  e f f e c t  of t h e  s u b s t r a t e ,  it i s  not l a r g e  enough t o  be obvious 
frorr t h e  d a t a  i n  Table 11. A conductive support i s  necessary a t  low l e v e l s  of 
platinum, a s  t h e  u t i l i z a t i o n  of  unsupported platinum i s  a l ready  severe ly  l imi ted  a t  
10 mg cm-2. 

If t h e r e  i s  a 

The sur face  area and conduct iv i ty  of t h e  support a r e  no doubt very c r i t i c a l ,  
b u t  c m e r c i a l l y  a v a i l a b l e  c a r b i d e s  do not  present  a wide choice of t h e s e  proper t ies .  
Two s e t s  of t i t an ium and t u n g s t e n  carb ides  were s tud ied ,  I -325 mesh Tic  and W c  and 
11, 3-4 micron Tic and 1- 1.2 micron WC. 
somewhat anomalous i n  t h a t  t h e  l a r g e  p a r t i c l e  s i z e  Tic  ( I )  has  a higher  s p e c i f i c  area 
than  t h e  smal le r  s ized  m a t e r i a l  i n d i c a t i n g  a d i f f e r e n c e  in p a r t i c l e  s t r u c t u r e .  
t h e l e s s ,  platinum c a t a l y s t s  prepared from a l l  of these  supports  have s i m i l a r  a c t i v i t i e s  
w i t h  t h e  \IC supported m a t e r i a l  showing poor performance i n  hot  phosphoric ac id .  

The sur face  aTeas of  t h e s e  m a t e r i a l s  a r e  

Never- 

Graphi t ic  carbons appear  t o  b e  promising supports  providing one can be 
fobnd w i t h  s u f f i c i e n t  s t a b i l i t y  t o  chemical and anodic corrosion.  
has  shown s0Ip.e corrosion s t a b i l i t y  (8). 
t h i s  proper ty .  The r e l a t i v e l y  high sur face  a rea  of t h e  graphi tes  allows a b e t t e r  
d i s t r i b u t i o n  of  metal  c a t a l y s t  t h a n  is a v a i l a b l e  with t h e  t i t an ium and tungs ten  carbides .  

Stackpole 219XG 
Cyanamid graphi te  has  not ,been t e s t e d  for 
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Discussion 

Owiw t o  t h e  corrosion l i m i t a t i o n s  imposed on e l e c t r o c a t a l y s t s  f o r  propane 
i n  hot  acid e l e c t r o l y t e s ,  t h e  i n i t i a l  phase of t h i s  research  e f f o r t  has  been d i r e c t e d  
toward metals  of t h e  platinum group. However, t h e r e  a r e  t r a n s i t i o n  metals  outs ide 
of t h e  platinum qroup whicfi have good cor ros ion  s t a b i l i t y ,  and t h e r e  may be a number 
O f  b inary  o r  multjcomponent a l l o y s  which have much b e t t e r  cor ros ion  r e s i s t a n c e  t h a n  
t h e i -  pure metal  cons t i tuents .  Beyond chemical and anodic cor ros ion  r e s i s t a n c e ,  t h e  
pyoblem is  t o  f ind a c a t a l y t i c  source property or proper t ies  such a s  t h e  proper 
1) e l e c t r o n i c  confi i rvrat ions and e n e r g e t i c s ,  2 )  l a t t i c e  spacings o r  3 )  oxide coverage 
and s t r u c t u r e .  Unfortunately, t h e  simultaneous c m b i n a t i o n  of an e f f e c t i v e  c a t a l y t i c  
source property with cor ros ion  r e s i s t a n c e  j s  not easy.  

The e l e c t r i c a l  conduct iv i ty  of an e l e c t r o c a t a l y s t  f o r  a f u e l  c e l l  e lec t rode  
is a very c r i t i c a l  problem. Fuel c e l l  e l e c t r o d e s  should be t h i n  and a r e  required t o  
c a r r y  very high c u r r e n t  d e n s i t i e s .  Under t h e s e  condi t ions ,  it i s  necessary t o  bave 
e x c e l l e n t  e l e c t r i c a l  conduct iv i ty  from a c a t a l y t i c  s i t e  t o  a c o l l e c t o r  po in t  i n  t h e  
e l e c t r o d e  s t r u c t u r e .  It i s  remotely poss ib le  t h a t  a non-conductive c a t a l y s t  could 
he l l S P D U l  throuyh c a t 6 l g s i s  of a purely chemical s t e n  i n  t h e  e l e c t r o d e  process, b u t  
t h i s  r e q u i r e s  extremely e f f i c i e n t  and rap id  migrat ion of  in te rmedia te  spec ies  between 
conductive and non-conductive s i tes ,  a condi t ion  which i s  u n l i k e l y  f o r  complex hydro- 
carbon anode r e a c t i o n s .  A poss ib le  except ion is t h e  case i n  which a non-conductive 
c e t a l y s t  i n  t h e  e lec t rode  promotes a l o w  temperature water  s h i f t  r e a c t i o n  of t h e  
hydroca,.bon or  one of t h e  intermediates  t o  produce hydrogen which would t h e n  serve 
a s  t h e  a c t i v e  f u e l .  

The f u t u r e  of t h e  d i r e c t  hydrocarbon anode f o r  f u e l  cells depends on 
s i e n i f i c a n t  improvement i n  one or  more of t h e  followinr: areas:  

1) 

2 )  new non-platinoid c a t a l y s t s  

3 )  new j nvariant  e l e c t r o l y t e s  

b e t t e r  u t i l i z a t i o n  of platinum o r  

Optimizotion of e lec t rode  and c e l l  des ign  i s  of 
end e l e c t r o l y t e  problems remain t h e  fundamental 

kknmledgement  

p l n t i n o i d  meta ls  

g r e a t  importance, bu t  t h e  c a t a l y s t  
problems t o  be solved.  

The authors  e r e  indebted t o  H. F. Ecc les ton  f o r  most of t h e  electrochemical  
meesurements and ?I. A.  Barber and S. Arcano f o r  prepara t ion  of c a t a l y s t s .  
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THE ADSORPTION AND OXIDATION OF HYDROCARBONS ON NOBLE METAL ELECTRODES 
Part 11. -PROPANE ADSORPTION ON SMOOTH Pt AT ELEVATED TEMPEXATURES 

I. 

bY 
S .  B. B r h e r  and M. J. Turner 

Tyco Laboratories,  Inc. 
Bear  H i l l  

Waltham, Massachusetts 

INTRODUCTION 

The ove r -a l l  aim of t h e  present series of papers i s  t o  
provide the basic s c i e n t i f i c  understanding of  t h e  f’unctioning of 
a noble metal hydrocarbon anode. To t h i s  end, a study has been 
reported of the  chemisorption of C 3 H 8  from 13M H3P04 so lu t ions  onto 
smooth P t  electrodes’. I n  t h a t  work, measurements were reported for 
experiments made mainly a t  80’C but some da ta  were a l so  taken 
a t  l l O ° C .  I n  the  present  work, t h e  previous experiments have 
been extended t o  1 4 O o C ,  which i s  close t o  t h e  region of e f f ec t ive  
operation of a hydrocarbon f ie1  ce l l2 .  
t h e  conclusions of t he  previous work can be ca r r i ed  over t o  the  
higher temperature region although some modification of t he  views on the  
s t ruc tu re  of t h e  res idues  which are adsorbed i s  obtained from t he  
experiments presented here .  

A s  w i l l  be seen, most of 

11. EXPERIMENTAL 

p r e v i ~ u s l y ~ ’ ~ ’ ~ ’ ~  and only t he  e s s e n t i a l  p a r t s  w i l l  be described 
here. 

( + O . S ° C )  us ing e l e c t r o l y t e  so lu t ions  of 13M H3P04 pu r i f i ed  with 
3 ~ 0 2 ~  sa tura ted  w i t h  N2 or C Z H 8 ,  a s  required.  The electrodes were 
P t  wir.;s sealed i n  s o f t  g l a s s  or, i n  experiments where very good 
approximation of semi- inf in i te  l i n e a r  diff’usion was required,  they 
were small f la t  f l ags .  The e lec t rodes  were heated i n  an oxidizing 
gas flame, before use,  t o  minimize surface roughening i n  the  
concentrated acid’. 
autogeneous H2 re ference  e lec t rode  described by Giner‘ and converted 
t o  the  revers ib le  hydrogen e lec t rode  i n  1 3 M  H3P04 a t  each temperature 

Most of  t h e  experimental procedures have been described 

Experiments w e r e  ca r r i ed  out at llOo, 130°, and 140’ 

Poten t i a l s  were measured against  t h e  

( R . H . E .  ) .  

Unless otherwise s t a t e d  ( c f .  Glossary of Symbols) , our 
r e s u l t s  a r e  expressed i n  terms of ‘ r e a l  em”! A r e a l  cm2 i s  defined 
i n  terms of  t he  maximum cathodic galvanostat ic  charge for deposit ing 
H atoms on a c lean  e lec t rode  p r i o r  t o  H2 evolution. It i s  assumed 
t h a t  t h i s  quantity,  after correct ion for double l a y e r  e f f e c t s ,  i s  
210 c1 coulomb/cm2 ( s e e  reference ( 4 )  for a discussion of t h i s  po in t ) .  
This value of 210 p coulomb/cm2 i s  taken a s  the  reference xalue of 
€$ at each temperature ( c f .  r e f .  (1) ) . A “clean electrode i s  defined 
a one which has  r ecen t ly  been anodized according t o  the  procedure 
described below. 
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The bas i c  experimental technique used i n  t h i s  study, as 
before l ,  involves the rap id  sequent ia l  manipulation of the  e lec t rode '  s 
po ten t i a l  so a s  t o  br ing i t s  surface,  and t h e  so lu t ion  i n  i t s  
v i c i n i t y ,  i n t o  a reproducible and well-defined condition. This 
method has been used extensively by Gilman7 and t h e  majcr departure 
from h i s  procedure i s  the  use of  a ga lvanos ta t ic  pulse  r a t h e r  than a 
l i n e a r  po ten t i a l  sweep t o  sample the  surface.  P r io r  t o  each 
measurement the  e lec t rode  po ten t i a l  w a s  r a i sed  t o  1.35~. This allows 
t h e  oxidation and desorption o f  adsorbed impuri t ies  and r e s u l t s  i n  
the  formation of a passive oxide layer .  During the  f i r s t  Pa r t  of 
t h i s  treatment (1/2 min. ) ,  the so lu t ion  i n  t h e  v i c i n i t y  of the electrode 
i s  vigorously gas - s t i r r ed  t o  sweep away any desorbed impurit ies.  
Then the  so lu t ion  i s  allowed t o  become quiescent t o  e s t a b l i s h  the  
bulk concentration of C3H8 a t  t h e  e lec t rode  ( i t s  reac t ion  r a t e  at 
1.35~ i s  very low). 
and, s ince no C3H8 i s  adsorbed a t  0.lv (see l a t e r ) ,  t h i s  brings the 
e lec t rode  in to  a c lean and reproducible surface condition. The 
e lec t rode  i s  then brought t o  the  po ten t i a l  o f  i n t e r e s t ,  E, for a 
t b e  TE. Then an anodic or cathodic ga lvanos ta t ic  pulse  i s  
appl ied t o  sample t h e  surface.  This po ten t i a l  sequence i s  shown 
i n  Fig. 1. 

To assist t h e  presenta t ion  and discussion o f  t he  data,  t h e  
symbols used i n  t h i s  paper a re  summarized i n  Table I. 

) 

', 
The oxide i s  reduced a t  0 . lv  for 1 0  - 1 0 0  msec. 

\ 

\ 

\ 
\ 

\ 
,\ 

, 
, 
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111. RESULTS AND DISCUSSION 

Anodic Chargiw Curves 

I n  s i t u  anodic s t r ipp ing  i s  one of t h e  most d i r e c t  and 
obvious methods of a t tempting t o  measure adsorption on a s o l i d  
e lec t rode  and i t  has been used widely i n  the  study of adsorption of 
o r  an ic  substances on P t  (see,  f o r  example, references ( 3 ) - ( 5 )  and 
('77-(12)). A considerable  problem f o r  smooth P t  e lec t rodes  i s  t h a t  
at anodization rates which a r e  f a s t  enough t o  prevent s ign i f i can t  
readsorption during t h e  pulse t h e  oxidat ion of t h e  adsorbate i s  
usua l ly  pushed i n t o  t h e  re ion of e lec t rode  oxidation. This 
complicetes t he  in t e rp re t a f ion  of t he  charges obtained with anodic 
pulse  methods. 
of t h e  electrode,  some charge, Qdl, a l s o  flows i n t o  t h e  double 
l aye r .  Charge may a l s o  be consumed i n  oxidizing mater ia l  which 

d i f fuses  up t o  t h e  e lec t rode  during the pulse,&diff . 
anodic charge under C3H8 i n  t h e  poten t ia l  region p r i o r  t o  02-evolution 

I n  add i t ion  t o  a charge, Qelectrode, due t o  oxidation 

c 3H8 
The t o t a l  

c 3H8 c3H8 t o t a l  ) C 3 &  = 
( &anodic &ads + 'electrode + %iff  + %l 

The quant i ty  o f  i n t e r e s t  i s  t h e  charge passed i n  oxidizing previously 

adsorbed C3H8, QadS , and it i s  c l ea r  t h a t  t o  determine it w e  must 
measure o r  e l iminate  t h e  o ther  quan t i t i e s  i n  equation (1). 

C3H8 

C3He &diff i s  s m a l l  o r  negl ig ib le  s ince w e  f i n d  that i f  T~~~ i s  
shor t ,  v iz .  < 5 msec, so t h a t  a n  in s ign i f i can t  amount of C3& i s  
adsoi-bed, )c3H8 is  the same a s  (Qanodic t o t a l  )N2 . Evidently, even ( &anodic 
at elevated temperatures which are c lose  t o  those obtained i n  a 
hydrocarbon fue l  cell ' ,  C3He must be adsorbed before  it can be 
oxidized and, as w i l l  be seen, t h e r e  i s  no adsorption i n  the  
po ten t i a l  region of t h e  anodic pulses ( c f .  Figs.  2 and 8 ) .  

Since &dl i s  l i k e l y  t o  be r e l a t i v e l y  minor t h e  major 
problem i s  the e l imina t ion  o f  Qelectrode. 
a method o f  doing t h i s ,  C3& was adsorbed f o r  1 0  see.  a t  0.3  v at 
130°c and (Qtotal )C3H8 was measured as a funct ion of the current 
densi ty ,  ia. 

corresponding measurements made a t  1 0  msec at  0.3 v under N2.  It 
i s  seen t h a t  although both quant i t ies  depend s t rongly on ia, t h e i r  
d i f fe rence  i s  independent of ia over more than two orders of magnitude. 
The simplest  way t o  account f o r  t h i s  behavior i s  t o  assume t h a t  
Qelectrode i- Qdl are t h e  same i n  N2 and C3HB. 

I n  order  t o  inves t iga te  

anodic 
This var ia t ion ,  is  shown i n  Fig. 3 together  with 

Then, as before  (l), 

I 
I 

I 
1 
1 

1 
I 
I 

,r 
I 

i 
I 

t 

I 

t 
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The independence of the above d i f fe rence  on i a  could a l s o  be 
explained by assuming that (&electrode + &dl) var i e s  w i t h  ia 
but t ha t  previously adsorbed propane i s  desorbed during the 
measurement a l s o  as a funct ion of ia. 
then have t o  be assumed t o  cancel when ia i s  var ied.  T h i s  i s  

) most unl ikely as the k ine t i c s  of these processes should vary 
rather d i f f e r e n t l y  w i t h  temperature and the  non-dependence of 

61adS on ia i s  known t o  occur a t  least  from 80' t o  130'. It 
seems c l e a r  then that the  anodic charging method does give an 
accurate  measure of the  amount of oxidizable,  adsorbed material. 

100-200 mA/cm2 as w a s  convenient. 

These two e f f e c t s  would 
! 

I 

I C3H8 
\ 

\ 
( Subsequent measurements were made i n  the range of currents  from 

'1 

Adsorption Kinet ics  at l 3 O o C  from Anodic Charging Curves 
C3H8 

t o t a l  )C3H8 t o t a l  )N2 = C3H8 
(&anodic - (%nodie . %ds ' 

po ten t i a l  and, as a-c 8ooc (l), t h i s  suggests that the i n i t i a l  
adsorption onto a clean electrode i s  l imited by d i f fus ion  i n  
solut ion.  i. 

! 

' , The cver -a l l  reac t ion  of C3H8 t o  COa has been shown t o  be l4  

C3H8 + 6H20 - 3 C O ~  + 20 H+ + 20 e- (4) 
and n should therefoye be 20. There i s  convincing evidence, both 
from ear l ier  results and from those given below, t h a t  n i s  17 
r a the r  than 20. This assumes tha t  the i n i t i a l l y  adsorbed material 
i s  propane which has l o s t  about t h ree  H atoms upon adsorpt ion and 
which i s  oxidized t o  C 0 2  at high pos i t ive  po ten t i a l s .  T h i s  
argument a l s o  assumes that there i s  no turnover of adsorbed 

molecules, i . e .  no desorption. 
moles/cm3 15, and s ince  the measured e lec t rode  roughness 

, 
\ 

Then taking CCSH8 l3O0 as 6.8 x 
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I 
I 

I 

I 

was 2.0, we may use t h e  i n i t i a l  slopes of Fig. 4 t o  ca l cu la t e  

was 1.47 x lo-' cm2/sec. Using Walden's rule,  these predict  
as 5.0 x cm'/sec. The value previously found at 8OoC c&8 

11.8 x cm'/sec. and 9.3 x cm2/sec f o r  D ~ ~ ~ 8  i n  H20, 1 

1 respect ively.  These are reasonable values for D250 and i n  

reasonable agreement w i t h  one another and they subs t an t i a t e  the 
conclusion that d i f f u s i o n  l i m i t s  t h e  i n i t i a l  adsorption on 
clean P t .  

A s  before, t h e  rate of accumulation of adsorbed 
material on the e l ec t rode  soon departs from d i f fus iona l  

0 .4  see at 0.22, 0 .3  and 0.4 v respect ively and takes  place ~ 

f a s t e r  t h a n  at 8ooc where the e f f e c t  a t  corresponding potent ia ls  
i s  s i g n i f i c a n t  after - 20-30 see, - 10 see and - 3 see respect ively.  

C 3Ha 

i 
/ 

l i m i t a t i o n  (Fig.  4 ) .  T h i s  occurs a f t e r  about 6 see, 2 sec and i 

A s  can be seen from Fig. 4, the concentration of 

i n  Fig. 8 were thus taken a f t e r  2 min. of adsorption. 

oxidizable material becomes constant within 2 min. The values of I 

&ads C3H8 I/ 

Adsorption Kinet ics  a t  130' from Cathodic Charging 

The purpose of cathodic charging curves i s  t o  examine ; 
the  electrode surface f o r  the presence of i r r e v e r s i b l y  adsorbed 
residues.  Since most of the  present s tud ies  of C3H8 adsorption 
were carr ied out a t  po ten t i a l s  i n  or close t o  the region of H-atom 
adsorption an a d d i t i o n a l  po ten t i a l  step (1 - 10 msec at 0.5 v)  w a s  
i n t e rpo la t ed  i n  the potential-t ime sequence j u s t  before measming 
a charging curve. The purpcse of this s t e p w a s  t o  displace any 
H-atoms, which might have been on the electrode a t  the lower 
poten t ia l s ,  p r i o r  t o  deposi t ing H-atoms on the bare par t  of the 
e l ec t rode  w i t h  the cathodic pulse. The duration of this s t e p  

l3O0 w i t h  was shown n o t  t o  a l t e r  OH or $ds . The va r i a t ion  of OH 

t i m e  of adsorption and w i t h  po ten t i a l  i s  shown i n  Fig. 5. 

T ~ C  a t  e s s e n t i a l l y  the same r a t e  a t  each poten t ia l .  
i nd ica t e s ,  as  d i d  the  anodic measurements, that adsorption i s  
i n i t i a l l y  i t e d  by d i f fus ion  i n  solut ion.  Data at 0 .2  v a l s o  

C& i s  a 
su f f i c i en t ly  complex molecule tha t  i t s  mode of adsorption 
cannot be assigned a p r i o r i .  Thus, each molecule of the  adsorbed 
material could occupy one, two, three,  or more P t  atoms on the  
surface.  In  order t o  discuss these p o s s i b i l i t i e s ,  we ca l cu la t e  
t h e  diffusion-limited,  adsorption r a t e s  for each mode o f  attachment. 

t c&8 

t A t  1 3 O o C ,  and at 0 .3  v and 0 . 4  v, ClH decreases w i t h  
T h i s  

follow a T iP r e l a t i o n  but w i t h  a d i f f e r e n t  slope. 
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The observed rate of accumulation of C3H8 i s  1.42 x lo-* coul/cm"&ec 1/2 
If ue take n as 17, t h i s  i s  equivalent t o  5 .2  x 1013  molecules/cm /see 
Since 1 cm2 i s  equivalent t o  1.3 x l o x 5  atoms P t ,  t h i s  corresponds 

. i ; ~  0 .040 S ei300/sec1/2, where S i s  the  nwiiber of Pt sur face  atoms 
occupied by each adsorbed C3H8 molecule. ( S t r i c t l y ,  this should be 

17 0.040 S s ince  n .is a s l i g h t  funct ion of S, c f .  equation ( 5 ) .  ) 
The da ta  a t  0 . 3 ~  and 0 . 4 ~  a r e  wel l  f i t t e d  by this equation f o r  s = 3. 
A t  0 . 2  v, the  da ta  f o l l o i ~  the  equation f o r  1 s i t e  adsorption. It 
seems then that the  previous conclusions regarding the  mode of 
adsorption as a func t ion  o f  po ten t i a l  are v a l i d  a t  1 3 O o C .  The 

l i n e a r i t y  of the  
apparent e f f e c t  from sur face  blocking, i . e .  the absence of a (1-0 tern), 
is ex l a ined  i n  terms of a long l i ved  mobile adsorption-precursor 
s t a t e  . The main adsorpt ion process appears t o  be chemisorption 
but  the  precursor may involve a small quant i ty  of physical ly  adsorbed 
material. 

. 

s. r i g  p lo t s  over wide ranges of e with no 

!? 

t Departure from l i n e a r i t y  of t he  OH vs. r112 p lo t s  occurs 
after much longer times of adsorption than do the  equivalent  
departures of the  anodic charging data .  Thus, as 0.4 v, 0 .3  v, and 
0 .2  v, respect ive1 , s i g n i f i c a n t  deviat ions occur a t  - 10  see,  - 30 
,see, .and (probablyy 100 see  as aga ins t  - 0.4, 2, and 6 see  for the 
anodic data. A s  long as the adsorption follows the l i n e s  i n  Fig.  5, 
t he  rate of adsorptlon of C& molecules i s  e s s e n t i a l l y  equal t o  
t h e i r  r a t e  of a r r i v a l  a t  t he  surface,  and t h e  d i s t r i b u t i o n  of t he  
adsorbed molecules i s  as described above. However, when deviat ions 
from the l i n e a r i t y  of the cathodic data are found, t he  surface i s  
becoining covered wi th  the  equilibrium, or at l e a s t  s teady s t a t e ,  
concentration o f  C3H8 or r e l a t e d  species  a t  t h e  p a r t i c u l a r  po ten t ia l  
o f  neasurement. That t h i s  occurs la ter  than the  time required t o  

reach sa tu ra t ion  as judged by the Qads vs.  rads 'I2 curves c l ea r ly  
ind ica tes  t h a t  t h e  anodic and cathodic methods do not measure the  
same property of t he  adsorbate.  This was noted previously and i s  
a l s c  ciiscussed beloJ>J. 

ads 

C3H8 

Zxperiments w i t h  C1- t o  Inves t iga te  Var ia t ion  i n  Mode of 
Ad.s c rp t ion  iaith Po ten t i a l  

A s  noted above, there i s  a dramatic change i n  the mode 
o f  aLtachment of C3H8 t o  a P t  e lectrode as the  po ten t i a l  i s  ra i sed  
frcrn C . 2  v t o  C.3 v.  Thus, a t  a l l  temperatures, each C3Hs molecule 
adscrbed a t  0 . 2  v occupies one Pt surface atom and, a t  higher 
poten t ia l s ,  more than one. A t  8OoC and a t  0.25 v, the  adsorbate 
uhich i s  i n i t i a l l y  a t tached t o  one s i t e  per molecule, appears t o  
chmge over t o  t h e  3-s i te  species'.  
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I n  order  t o  account f o r  the  persistence of the singly- 
bonded species a t  0.2 v, it i s  tempting t o  consider that the initial 
adsorption occurs v i a  a primary carbon atom of the C3H8 since this 
would be r e l a t i v e l y  un l ike ly  t o  y i e l d  a 3-s i te  adsorbate. 
the adsorption a t  0.3 v and above might be assumed t o  occur v i a  the 
secondary carbon atom. The va r i a t ion  of the mode of attachment of 
CaHa w i t h  po ten t i a l  can then be seen as e s s e n t i a l l y  the attempt by 
the electrode t o  a c t  as an e l e c t r o p h i l i c  subs t i t uen t  t o  the C3H8. 
This explanation would ga in  i n  force i f  the  p o t e n t i a l  of zero charge 
were i n  the v i c i n i t y  of the changeover between the two kinds of 
ads orpt  i on. 

A n  a l t e r n a t i v e  explanation t o  account f o r  the observations 
i s  t o  suggest that i n i t i a l  (1-site) chemisorption always occurs v i a  
the  more react ive secondary carbon atom but that f u r t h e r  (multi-site) 
adsorption requires  t h e  presence of high-energy adsorption s i t e s  on 
the P t  surface.  A t  0 .2  v, most of t hese  a r e  s t i l l  covered with 
H-atoms, a t  l e a s t  i n i t i a l l y .  Thus, extensive 1 - s i t e  adsorption 
occurs. Due t o  this 1-site adsorption, H-atoms would be displaced 
and, indeed, this i s  observed. However, by t h e  time t h a t  this 
occurs there  i s  so  much c3H8 on the electrode that i t  i s  physically 
impossible for the  singly-bound material t o  r eve r t  t o  the t r i p l y -  
bonded species. A t  0 .3  v, according t o  this explanation, almost 
a l l  of the  required deep energy wells a r e  avai lable  ahd the progress 
from t h e  1-point attachment t o  the 3-point attachment can proceed. 

Similarly,  

I n  order-to t e s t  these explanations, an experiment w a s  
devised i n  which C1 i o n  i n  so lu t ion  w a s  allowed t o  compete f o r  
the  electrode w i t h  C3R8. The s p e c i f i c  adsorption of C 1  on P t  
i s  well  k r ~ o w n ’ ~ ’ ~ ~  and this adsorption p re fe ren t i a l ly  occupies 
the  deep energy wells on the surface.  Thus, the  c h a r a c t e r i s t i c  
H-atom adsorption region i s  depressed t o  lowr potentials”.  On 
this r a t h e r  oversimplified model one would expect that at, say 
0.3 v, where the s t rong ly  adsorbed C 1  successful ly  competes f o r  
the  deep wells w i t h  the  C3&, no deep wells w i l l  be avai lable .  
If the second theory above i s  correct ,  this should lead t o  1-site 
adsorption of c3& at a l l  poten t ia l s .  
adsorption of C 1  c l e a r l y  moves the po ten t i a l  of zero charge t o  
more negative p o t e n t i a l s  and even a t  0 . 2  v the electrode w i l l  be 
anodic t o  the point  o f  zero charge. Then on the basis of the 
PirsT; theory suggested above, the adsorption of C3H8 w i l l  occur 
on 3 s i t e s  even a t  0.2 v. 

The r e s u l t s  of th i s  experiment a r e  shown i n  Fig. 6 f o r  
the  adsorption of C3HB a t  0 .3  v and l l O ° C .  Evidently, the normal 
3 - s i t e  adsorption i s  progressively inh ib i t ed  as more HC1 i s  added 
t o  the H3P04. Also, the onset of chemisorption i s  considerably 
retarded and, as expected, the f i n a l  adsorption of the C3H8 i s  
less than usual. I n  addi t ion,  it was found that a t  0.2 v i n  the 
presence of 0.17 mM HC1 t he re  was no change i n  the adsorption 
k i n e t i c s .  The r e s u l t s  thus ind ica t e  that t h e  second theory  
above i s  c loses t  t o  t h e  explanation of t h e  va r i a t ion  of the  mode 
of adsorption w i t h  p o t e n t i a l .  However, the s i t u a t i o n  i s  somewhat 
more complex-than i s  suggested by the above theories  of the 
e f f e c t  of C l  , Thus, assuming that a l l  the  added HC1 i s  
dissociated (which i s  h a r d l y  reasonable) and that, following 

On the other  hand the 
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Gilman18, the  r a t e  of Cl-_adsorption i s  l imi ted  by so lu t ion  d i f fus ion  
and t h a t  each adsorbed C 1  ion  occupies 1 Pt  sg face  s i te ,  w e  can 
ca l cu la t e  t he  times a t  which a monolayer of C 1  should be present 
on the  surface of t he  P t .  T h i s  i s  shown i n  Fig. 6 for DC1- = 2 DC3H8, 

which i s  based on t h e  r a t i o  of t h e  known value of DC1- at 25OC i n  
d i l u t e  solution13 and the  value for DCZH8 '5' given previously.  We 
see that p a r t i c u l a r l y  for t h e  concentrated so lu t ions  of HC1 the 
sur face  should be covered wi th  C 1  before almost any C3H8 has 
been adsorbed. 
concentration a t  this s t age  should make any difference.  The 
answer probably l i es  i n  the f a c t  that i n  the presence of C3Hs the  
C 1  does not have t h e  e lec t rode  a l l  t o  i t se l f  and the C3H8 can 
e f f ec t ive ly  compete at least for some of t he  s i t e s .  It i s  apparent 
that when some C 1 -  i s  adsorbed some C3H8 i s  adsorbed on - s i t e s  as 
before and some on fewer s i t e s .  Thus the  slope of the O i l c  T ~ L :  l i n e  i s  decreased although the  accumulation of  C atoms on t h e  
surface i s  s t i l l  governed by d i f fus ion  of C3H8. 

model which i s  favored by the experiment i s  the one based on the 
ac t ive  s i t e s '  occupancy with H atoms as a funct ion of po ten t ia l  
and, t en t a t ive ly ,  w e  can conclude that adsorption involving 3-s i tes  
OCCVTS w i t h  g r ea t e r  d i f f i c u l t y  than the  i n i t i a l  adsorpt ion on 1-site. 
From t h e  point of view of operat ing a f u e l  c e l l ,  it i s  not  known 
uhich of t he  two species ,  1-site or mult i - s i te ,  i s  the more reac t ive  
bu t  it i s  c l e a r  that w e  can modify t h e  mode of attachment of the 
C3H8 b y  adding small quan t i t i e s  or rppropriate  anions t o  the  
e l e c t r o l y t e  ~ o - ~ : i t L  1 1 .  

Thus it i s  d i f f i c u l t  t o  see why increas ing  the  C1- 

vs. 

Despite these  d i f f i c u l t i e s ,  i t  i s  quit'e c l ea r  t h a t  the 

Extent of Adsorption as a Fmci ion  of Tempem?urlt.= and Potent ia l  

I n  Fig. 7 w e  show the  coverage of P t  w i t h  i r r eve r s ib ly  
adsorbed material i n  C3H8-saturated so lu t ions  as a f w c t i o a  of 
po ten t i a l  a-d temperature. 
The da ta  a t  0.25 v or grea te r  r e f e r  t o  the  steady state but at 
lo?rsr po ten t i a l s  t he  m a x i m u m  adsorption has not  been reached. T h i s  
i s  because ( c f .  Fig.  5)  the accumulation of C atoms i s  very slow 
(1 - s i t e )  a t  low po ten t i a l s .  No attempt w a s  made t o  obta in  the 
l imi t ing  coverage a t  these p a t e n t i d s  s i n e s  it was thought t h a t  
in te r fe rsnce  from adsorpt ion of impuri t ies  would be considerable 
a t  t h e  long times that would be involved. For this reason, the 
adsorpt ion-potent ia l  curve has been rspresented by a dot ted l i n e  
i n  this p c t e n t i a l  ragion. It i s  evident t h a t  C3H8 adsorption 
occurs between 0 . 1  v and 0.7 v, w i t h  a m a x i m u m  at about 0.3 v. 
The e f fec t  of t e m p r a t u r e  i s  small and within the experimental 
e r r a r .  

(Data a t  80' and 110' are froin r e f .  (l).) 



-104- 

The v a r i a t i o n  of the anodic charge wi th  p o t e n t i a l  and 
temperature i s  shown i n  Fig. 8. The values were taken after 2 
min of adsorption. Here, the data a r e  i n  the steady state and 
it i s  evident that the  adsonption increases  rapidly from 0.1 t o  - 0.2 v and then slowly decl ines ,  becoming small or  neg l ig ib l e  
a t  - 0.7 v. A s  before, the  e f f e c t  of temperature i s  small. 

It w i l l  be seen i n  t h e  next sect ion that the co r re l a t ion  
between the anodic and cathodic data i s  f a i r l y  good but we have not 
attempted t o  express t h e  above adsorption data  i n  the  form of  an 
isotherm re l a t ed  t o  CCZH8 s ince it w i l l  be made c l e a r  that the 
ma te r i a l  which i s  f i n a l l y  adsorbed on t h e  electrode i s  not C3F& 
as such. 

Final  Structure  of "Adsorbed Propane" 
It w a s  seen e a r l i e r  that  the anodic and cathodic adsorbate 

vs. ~iiz curves dev ia t e  from l i n e a r i t y  after dif'ferent times of 
adsorption. 
anodic charge vs. &E l i n e s  curve off first while t h e  cathodic 

curves ind ica t e  that i n  f a c t  adsorption i s  continuing at the 
same r a t e .  Previously' i t  w a s  suggested that this results from 
the partial oxidation i n  the adsorbed s t a t e  of the o r i g i n a l l y  
adsorbed material. Thus, l e s s  charge w i l l  be found i n  the 
ultimate oxidative measurement of the amount of  adsorption w i t h  
the  anodic current pulse.  T h i s  explanation f i t s  a l l  the  
observations which w e  present ly  have; f o r  example, i t  accounts 
f o r  the  f a c t  that t h e  anodic charge t a i l s  off sooner a t  more 
anodic po ten t i a l s  and at higher temperatures. It a l s o  c l e a r l y  
demonstrates the dangers of attempting t o  character ize  the 
adsorption i n  a complex system of this kind s o l e l y  w i t h  anodic 
s t r ipp ing .  

In  ever 9 case, at a l l  temperatures and poten t ia l s ,  the  

If we take t h e  l i m i t i n g  values of <e and '3; , a t  each 
poten t ia l ,  w e  can est imate  the  average oxidation s t a t e  of the  
tdsorbed mater;al. 

i s  then  (l-ek) and, when expressed i n  terms of the 
charge which would be involved i n  t h e  oxidation of H atoms i f  they 
were on these (1-ek) s i t e s ,  this corresponds t o  (l-eh) 210 p Coul/Cm2. 
Since the oxidation of each H atom involves a s i n g l e  e lectron,  the 

r a t i o  o f  the l i m i t i n g  values of giF and (1 - 6;) 210 y i e lds  the 
average number, [ e l ,  o f  e l ec t rons  involved i n  the ultimate, high- 
p o t e n t i a l  oxidation of the adsorbed mterial per P t  surface atom 
which it covers. T h i s  quant i ty  i s  shown as a funct ion of o t e n t i a l  
and temperature i n  Fig.  9 and we see that f o r  E 2 0.3 v Le? i s  
between 2 and 3 i n d e p n d e n t  of temperatTe. 
considerable as the  l i m i t i n g  values of OH a r e  diff icul t  t o  estimate. 
Below 0 .3  v, the adsorbed ma te r i a l  i s  i n  a l e s s  oxidized condition. 
It may be r eca l l ed  that t h e  adsorption process is s t i l l  continuing 
at these po ten t i a l s  so that the data shown i n  the f i g u r e  w i l l  be 
somewhat higher than t h e  values corresponding t o  the adsorbate 
at l imitingly-long adsorption times. Consequently, the remaining 
discussion refers t o  data obtained a t  0.3 v and above. 

The f r a c t i o n  of  the H atom s i t e s  occupied by 
adsorbed C3H8 

The s c a t t e r  i s  

fl 
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c3H8 g i s soc ia t ive ly  adsorbed on 3-sites per molecule 
and re leas ing  3H ions  and 3 e lec t rons  (cf.  equation ( 5 ) )  should 
y i e l d  a material for which [el  i s  5.67. Therefore, the residue 
found Cannot be C3H8 i t se l f  unless each adsorbed C atom i s  
at tached t o  about 2.8 P t  atoms (for [e3 = 2 ) .  However, w e  can 
show tha t  t h i s  i s  not  l i k e l y  f o r  we observe i n  Fig. 5 that a t  
these poten t ia l s  t h e  rate of accumulation o f  C atoms i s  j u s t  that, 
given by t h e  assumption $ha t  each C atom occupies 1 P t  surrace 
atom (3-site adsorpt ion) .  This process coritinues even when the 
adsorbate i s  being oxidized and unless  i t  i s  assumed that the C 
atoms re -or ien t  on the sur face  some time l a t e r ,  when both  

OH and Q$'F have become constant,  w e  may sa fe ly  conclude that 
the  adsorbed C atoms on1 occupy 1 P t  atom apiece.  Then t h e  
observed f i n a l  value of f e l  plus  the observation that [el decreases 
during t h e  process of adsorption suggest s t rongly that the  
adsorbate i s  gradual ly  oxidized w h i l e  it i s  on the  e lec t rode .  The 
observation that  [e l  i s  approximately constant over a range of 
po ten t ia l s  and temperatures suggests a l s o  t h a t  this residue i s  j u s t  
a s ing le  species  whose oxidat ion a t  higher po ten t i a l s  involves 
between 2 and 3 e lec t rons  per C atom. Such a hypothesis would 
agree v i t h  the results of Giner" and the  value 2 f o r  [el would 
r e c a l l  sug e s t ions  that the f i n a l  res idue i s  something l i k e  CO 
(see ref. 721) for discussion of this suggestion f o r  a similar 
system). However experiments we have ca r r i ed  out show that the 
composition of the adsorbate va r i e s  markedly w i t h  t he  po ten t i a l  
of adsorption. T h i s  i s  t o t a l l y  unexpected from the data shown 
i n  Fig. 9. 

I n  order  t o  t r a c e  the  ro l e  played by the adsorbed 
intermediates i n  the over-al l  process an attempt was made t o  
study t h e i r  oxidation k ine t i c s .  The experiment cons i s t s  of 
adsorbing mater ia l  a t  a low po ten t i a l  and then d isp lac ing  the  
poten t ia l  so as t o  oxidize or disp lace  t h e  adsorbed material. 
A comenient  po ten t i a l  f o r  t h e  l a t t e r  purpose i s  0.7 v, where 
there  is i n s ign i f i can t  oxide on the e lec t rode  t o  complicate the  
aiialysis. Both and OH were followed as  a funct ion of  t i m e  
a t  0.7 v and w e  f i n d  that the amount of adsorbate dec l ines  qu i t e  
rapidly,  becoming almost zero within 1 0  see.  The unexpected 
f ea tu re  i s  7;he observation that Q:g8 does not follow (1-eH) 
l i n e a r l y  with a slope corresponding t o  - 2 e lec t rons  per  covered 
P t  atom. T h i s  i s  shown i n  Fig. 1 0  f o r  adsorption at 130°C. Here, 

i s  highest  t o  the r i g h t  of the  f i g u r e  and this corresponds OC3H8 
t o  the condition of t h e  adsorbate at 0.3 v. The removal of the 
adsorbed mater ia l  i s  followed by t r ac ing  down the l i n e s  s t a r t i n g  
from the top  r i g h t  hand corner  of Fig. 10.  W e  see that most of 
the occupied P t  atoms are covered by a species  f o r  which [el  
i s  - 1. However, t h e  l a s t  p a r t  of the adsorbate t o  be removed, ard 
hence the m a t  d i f f i c u l t  t o  oxidize,  has a much higher value of [e l .  
The exact value of [e l  i n  t h i s  region cannot be estimated very 
accurately a t  t h i s  time and f u r t h e r  experiments are i n  progress. 

t 

t 

t 
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However, i t  i s  c l e a r  that a f r a c t i o n  of the  C atms ( f o r  100 sec 
at 0.3 v, these cover - 5% of the  t o t a l  surface of t h e  electrode)  
are i n  a considerably reduced state. Because of  the high 9tate of 
reduction of t hese  species  they contr ibute  a l a rge  f r a c t i o n  of 

$e. W e  cannot discr iminate  whether more than one such species 
i s  involved i n  this region, but i t  seems safe t o  hypothesize that 
we do not have a l k y l  r a d i c a l s  s ince these are presumably involved 
i n  the i n i t i a l  ( rap id)  adsorption and are then e a s i l y  oxidized 
f u r t h e r .  More l i k e l y ,  we  have extensively dehydrogenerated materials.  
For s t a b i l i z a t i o n ,  t hese  might involve attachment t o  more than 1 P t  
s i t e  per C atom but  t h i s  i s  not incompatible w i t h  the  observations 
s ince  only a small f r a c t i o n  of  the C atoms would be involved. 

Similar experiments on the adsorbate from 0.35 t o  0.4 v 
(Fig. 10 )  show d i f f e r e n t  e f f e c t s .  A t  0.4 v, v i r t u a l l y  a31 the  
adsorbed C atoms involve j u s t  about 2 e l ec t rons  f o r  t h e i r  
oxidation but  at 0.35 v some of the C atoms a r e  i n  a more reduced 
state. 
harder-to-oxidize) res idue w i t h  increasingly cathodic po ten t i a l  i s  
expected . 

I 

/ 

The increase i n  the amount of the more reduced (and yet  

These e x p r i m e n t s  demonstrate c l e a r l y  the complexity 
of the  species adsorbed on a Pt hydrocarbon anode and ind ica t e  that 
a ca re fu l  and thoughtful approach must be used if w e  a r e  t o  e lucidate  
the  path of the ove r -a l l  r eac t ion  from c&8 t o  0 2 .  
we can suggest the following sequence f o r  the adsorption-oxidation 
process : 

Tentatively,  

slow step C H (physical1 
diffuses ' adsorbedr 

C3H8 (solution) 

Higher potentials (5) 
where adsorption occurs 

C3H7 (Pt) + Hf + e C3H5 (3 pt) + 3H++ 3e- 

or similar 
material 

dehydrogenated and/ or + oxygenated . oxygenated 
oxygenated species (C) species (B) species (A) 

. (7) s l o w  slow 

- 2 e- per 
C atom k - 1 e- pe r  

C atom 

c02 

I - > 6 e- per - C atom 
\L 

c o 2  

slaw I 
c02 
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A t  this time it appears from the,,number of e lectrons 
involved i n  react ion (7) that (A) may be a CO-like" species,  (B) 
a species similar t o  the  formate r a d i c a l  and ( C )  i s  very l i k e l y  
a dehydrogenated species and may- i n  f a c t  a r i s e  from a small 
contribution, even a t  the higher poten t ia l s ,  f rom singly-bonded 
C atoms. 

i s  found not at the highest  po ten t i a l s  of adsorption but a t  an 
intermediate po ten t i a l  (0 .3  v ) .  

demonstrably a funct ion of po ten t r a l  and probably depends a l s o  
on t ernperature and a c i d  concentration. The descr ipt ion of the 
ro les  of these species i n  the  over-al l  r eac t ion  i s  a f i r s t  
requirement i n  the understanding of the C3H8 oxidation mechanism 
and f u r t h e r  s tud ies  on t h e i r  oxidation k i n e t i c s  w i l l  be reported 
subsequently. 

It i s  curious that the most highly oxidized'residue (B) 

The d i s t r i b u t i o n  of these species  on t h e  electrode i s  

IV.  CONCLUSIONS 

The r e s u l t s  of the  work reported here f o r  c3H8 adsorption 
a t  130  and 14OoC l a r g e l y  confirm the previous r e s u l t s  at  80 and 
l l O ° C 1  but some modification of the  ideas presented e a r l i e r  i s  

(see (5) below). The main conclusions are summarized 

Anodic s t r ipp ing  y i e l d s  a quan t i t a t ive  estimate of the 
amount of oxidizable ma te r i a l  pre-adsorbed on the 
electrode.  

The rate of adsorption i s  l imi t ed  by d i f fus ion  i n  
solut ion.  

A t  0 .2  v, adsorption involves 1 surface s i t e  f o r  each 
adsorbed molecule but a t  higher po ten t i a l s  3 s i t e s  are  
used. Experiments w i t h  the  add i t ion  of C1- i nd ica t e  
that this difference i s  related t o  t h e  need f o r  deep 
energy adsorption wells t o  convert ( i n i t i a l )  1-site 
adsorbate t o  3 - s i t e  attachment. It i s  suggested that 
these a r e  covered w i t h  H atoms a t  0.2 v and that this 
prevents s i g n i f i c a n t  3-s i te  adsorption. 

The adsorbate i s  oxidized on the electrode and, thus, 
subsequent anodic s t r ipp ing  f i n d s  less mater ia l  than 
expected. However, during thLs oxidation process, 
adsorption continues at  the same r a t e  and v i r t u a l l y  
none of the adsorbed and oxidizing C-atom centers i s  
removed. 
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(5) Because of this oxidation, residues whose find oxidation 
to C o g  is slow accumulate on the electrode surface. The 
oxidation of these residues may be the rate limiting step 
in the conversion of C3HB to COE and, at potentials more 
anodic than 0.3 v, appears to involve about 2 electrons 
per covered Pt atom independently of potential and 
temperature. This suggests that the same species is 
involved under all conditions. Desorption experiments 
show clearly that this is not the case and that the 
composition of the residue depends on the potential of 
adsorption. 
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Table ?.-GLOSSARY OF SYMBOLS 

Concentration of C3Hs a t  t ° C .  (moles/cm3). CtC3H8 

t 
Unless otherwise s ta ted ,  o r  i n  connection with CC3& 

o r  DC3&, refers t o  real a rea  which i s  defined as 

equivalent t o  210 

cm2 
t 

t coulomb f o r  QH. 

Diff i s iona l  coe f f i c i en t .  of C3& a t  t ° C (  cm'/sec). ' t  
%3H8 

E Po ten t i a l  (v .  vs. revers ib le  H+/H2 (R.H.E. ). ) ,  

I: e l  The average number of e lec t rons  involved i n  the  high poten t ia l  
oxidation of  the  adsorbate per P t  atom t h a t  i t  covers. 

F The Faraday. 

geom cm2 Geometric a rea  o f  the electrode.  

Anodic current  densi ty  ( amp/cm2). ia 

n Number of e lec t rons  involved i n  oxidation of adsorbed species,  
see equation ( 3 ) .  
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Q Charge ( u  coulomb/cm*) 

Charge aue t o  double l aye r  charging during anodic galvanostat ic  
t r ans i en t .  d l  

c Charge due t o  e lec t rode  oxidation during anodic 
ga lvanos ta t i c  t r ans i en t .  

Maximum cathodic H atom charge on a c lean electrode at t ° C .  . L  

‘H 1 

( ) N2 Charge passed during anodic ga lvanos ta t ic  t r ans i en t  i n  N2- 
sa tura ted  so lu t ion  i n  po ten t i a l  region p r i o r  t o  02-evolution 
(-0.8 - 1 . 8  v depending on ia). 

1 anodic 

( , t o t a l  )C3H8 S imi l a r  charge i n  C3H8-saturated solut ion.  
anodic 

C3He 
ads 
C3H8 
dif’f  

Q 

c 

s 

t 

‘i 

0; 

7 

‘ads 

7E 

TH 

Charge t o  oxid ize  adsorbed C 3 H s . ,  
B 

i 
I f  

I 

Charge due t o  oxidation of C& diff’using up to electrode during 
anodic ga lvanos ta t ic  t r ans i en t .  

Number of  sur face  s i tes  occupied by each adsorbed C3H8 molecule 

Temperature ( C ) . 
Fract ion of surface covered with species  i. 

Ratio o f  the  H atom charge under a given circumstance 
t o  t h e  maximum value a t  t he  same temperature. 

Time ( s e e ) .  

Time of adsorption. 

T i m e  a t  p o t e n t i a l  E. 

t Trans i t ion  time f’uring measurement of % by 
galvanostat  i c pulse. 
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RELATIVE REACTIVITIES I N  THE DIRECT OXIDATION OF 
BINARY HYDROCARBON rmELs ON PRACTICAL ELECTRODES 

H . J . R .  Maget' and P.J .  C h l u d z l n s k i  

Direct Energy Convers ion  Operation, General E l e c t r i c  Co.,  Lynn, Mass. 

INTRODUCTION 

The d i r e c t  oxidat ion of hydrocarbon f'uels i n  presence 
of  acaueous e l e c t r o l y t e s  and a t  temperatures less than 2OO0C 
has been extensively s tudied.  - 
has been mainly focused on pure p a r a f f i n i c  hydrocarbons. However, 
p r a c t i c a l  hydrocarbon f'uels w i l l  probably be rather complex or 
a t  l e a s t  consis t  of b inary  or t e rnary  mixtures. If t h e  r e a c t i v i t y  
o f  these fbe ls  d i f f e r s  appreciably it can be expected t h a t  pre- 
f e r e n t i a l  anodic oxida t ion  w i l l  correspond t o  the  deplet ion of t h e  
more reac t ive  spec ies  a t  the  detriment of others .  This, i n  turn,  
w i l l  r e s u l t  i n  an enrichment of t h e  less r e a c t i v e  species .  I n  
addit,ion, competitive adsorption and reac t ions  a r e  expected t o  take 
place on the e lec t rode  surface.  These processes a r e  not w e l l  known 
f o r  complex mixtures. 
on anodic p o t e n t i a l s ,  r e s u l t i n g  i n  varying fuel r e a c t i v i t y ,  as t h e  
e lec t rode  surface p o t e n t i a l  v a r i e s  w i t h  over -a l l  cur ren ts .  

The i n t e r e s t  of inves t iga tors  

Relat ive reac t ion  r a t e s  w i l l  a l s o  depend 

The design of mul t i -ce l l  s tacks operat ing with f'uel 
mixtures could be based on t h e  least reac t ive  species;  gains  i n  
c e i l  performance could be obtained i f  t h e  behavior o f  various I 

fbels could be understood. 
It was decided t o  approach t h e  problem by studying binary 

systeKs Such a s  Propane/OCtane, hexane/octane and heptane/octane, 
Individual  c o n s t i t u e n t s  Of these binary mixtures have been exten- 
s i v e l y  invest igated,  and anode performance as a function of molecu- 
l a r  chain length has shown that a t  150°C i n  presence of phosphoric 
acid t h e  fuel r e a c t i v i t y  v a r i e s  as:  prOpane>hexane>heptane>octane.2 

EXF'ERIPIENTAL 

The experimental work was conducted on porous platinum 
e lec t rodes  (geometric area: 50 em') prepared according t o  tech- 
niques described elsewhere.3 Phosphoric acid was used as the 
e l e c t r o l y t e  a t  1 5 O o C  and concentrations ranging from 95-97 w t . % .  
High ac id  concentrat ions were chosen i n  order t o  operate  the  f ie1 
at  r e l a t i v e l y  low water vapor pressures ,  i n  equilibrium wi th  t h e  
e l e c t r o l y t e .  The e l e c t r o l y t e  w a s  pumped i n  t h e  c e l l  a t  flow r a t e s  
s u f f i c i e n t l y  l a r g e  t o  avoid thermal and concentration gradients .  
The counter-electrode operated on oxygen or a i r .  
r i o n s  were obtained by placing the  complete c e l l  i n  an oven, main- 
t a i n i n g  the c e l l  temperature a t  150 _+ 2OC. 

Isothermal condi- 

Figure 1 represents  
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t h e  s ing le  c e l l .  Single e lectrode p o t e n t i a l s  (wi th  and without 
ohmic contr ibut ions)  were measured by means of a hydrogen re- 
ference e lec t rode ,  located i n  t h e  same environment (same t e m -  
perature  and e l e c t r o l y t e  concentrat ion) .  

The fuel (pure  grade 99.9 mole %) was pre-mixed be- 
fore  enter ing t h e  anode compartment. The fuel system, s ingle-  
Pass type,  allowed t h e  e x i t  stream ;o e n t e r  a Perkin-Elnier 801 
gas chromatograph, provided with a hot" gas sampling valve and 
thermal conduct ivi ty  c e l l .  The chromatograph w a s  c a l i b r a t e d  
wi th  about 50 samples of chemical species  and mixtures of species 
t o  determine separat ion t i m e ,  peak he ights ,  a reas  and t h e  proper 
temperature of t h e  column. The c a l i b r a t i o n  was based on t h e  area 
under the "peak" as described by a mechanical i n t e g r a t o r  on a Leeds- 
Northrup recorder.  

Spec i f ic  c a l i b r a t i o n s  were conducted with known quant i t ies  
of carbon monoxide, carbon dioxide, propane, hexane, octane, methane, 
a i r  and mixtures of these  cons t i tuents  f o r  a s i x  foot ,  1/8 inch O.D. 
column, packed w i t h  s i l i c a  g e l .  Separation of air ,  carbon monoxide 
and methane could be accom l i s h e d  a t  room temperature; carbon 
dioxide and propane a t  150 C, and hexane and octane a t  2 5 O o C .  
c a r r i e r  gas w a s  helium, s e t  at 30 cc/min. a t  1 5 O o C ,  and although 
t h e  chromatograph had flow compensators t o  keep c a r r i e r  flow con- 
s t a n t  through the  programmed temperature excursion t h e  flow de- 
creased somewhat ary 25OoC. Error  was minimized by c a l i b r a t i n g  the 
chromatograph and n n n i n g  a f b e l  c e l l  sample under the same condi- 
t i o n s  of temperature programming. 

tube,  and a l l  fbel exhaust l i n e s  t h a t  were exposed t o  room ambient 
i n  order  t o  prevent condensation o f  the higher boi l ing  const i tuents .  
The l i n e s  were kept constant at  about 1 5 O o C  and monitored by thero- 
couples i n  var ious loca t ions .  

The anode exhaust w a s  d i rec ted  t o  a heated Teflon de- 
humidifier containing two chambers, one which trapped e l e c t r o l y t e  
leakage, and the o t h e r  which contained phosphorous pentoxide t o  
remove water vapor from t h e  f u e l  exhaust before introduct ion t o  
t h e  s i l i c a  g e l  column. 
cc/min.) were fed through a c a p i l l a r y  tube flowmeter and the  rates 
determined from pressure drops. 

A schematic i l l u s t r a t i o n  of f u e l  feed and exhaust f o r  
t h e  chromatograph system i s  shown i n  Figure 2. H e l i u m  was used 
to pressur ize  the  me1 tank because i t s  presence i n  t h e  fuel would 
not be detected by the  chromatograph. Pressure f l u c t u a t i o n s  due 
t o  the helium regula tor  were dampened by bleeding p a r t  of the helium 
t o  a water column. The bypass allowed t h e  fuel feed l i n e  t o  t h e  
c e l l  t o  be quickly f i l l e d  p r i o r  t o  testing. The l i q u i d  fuel mixture 
was vaporized i n s i d e  t h e  oven i n  coaxial  metal tubes,  t h ?  inner 
tube supplying f'uel t o  t h e  hot  ou ter  tube, where it was 
ized. The system provided very s a t i s f a c t o r y  operation, with re- 
producible c a l i b r a t i o n  and smooth, steady flow. 

8 The 

It was necessary t o  heat  t h e  sample valve,  the  sampling 

The s m a l l  fuel flows (approximately 0.02 

f lash" vapor- 



1. 

a t  

-1 18- 

EXPERIMENTAL RESULTS AND DISCUSSION 

Fuel and Oxidant Migration 

Although f'uel and oxidant s o l u b i l i t i e s  a r e  r a t h e r  low 
50°C i n  concentrated phosphoric acid4 ( 0 . 1 8  m i l l  moles of 

propane/liter-atm. , 0.34 millimoles of oxygen/liter-atm. , approx. 
0 .03 millimoles of octane/ l i ter-atm.  ) , measurements were conducted 
t o  determine t h e  r a t e  o f  fuel loss and carbon dioxide evolution 
a t  the  anode, due t o  chemical oxidat ion of t h e  h e l .  Results are 
reported i n  Table I. 

Table I 

Transport of Chemical Species Across t h e  E l e c t r o l y t e  
* 

Species at  Species a t  Transport Rate 
source electrode Counter-electrode (moles/cm*-sec-atm) x lolo 

Oct,ane H e l i u m  1 
Octane Oxygen 1 
Carbon dioxide Helium 4 
Oxygen Propane + Octane 52 

*31ect8rode size:  50 em2. E l e c t r o l y t e  spacing: 3.2 mm. Phosphoric 
ac id  cone. 95-97 w t . $  a t  1 5 O o C .  Species at source e lec t rode  a t  
1 . 0  atm. 

I n  t h e  case of oxygen t ranspor t  measurements, t he  dissolved a i r  
i n  the  f i e 1  (about 0 . 2  mole $ )  was not a contr ibut ing f a c t o r  t o  
t h e  oxygen content of the anode stream. 

2. Electrochemical Oxidation of Pure Octane 

Octane, a t  open c i r c u i t ,  showed a carbon dioxide content 

Pure octane, 

i n  t h e  anode exhaust o f  1%. 
combustion froill oxygen migrating from cathode t o  anzde, it corre- 
sponds t o  a p a r a s i t i c  current  dens i ty  of 0 . 3  ma/cm. 
a t  20  ma/cm2 showed a fuel u t i l i z a t i o n  and carbon dioxide production 
within 2< of t h e  t h e o r e t i c a l  value. Corrected for chemical com- 
bust ion,  the agreement w a s  within l$. 

If t h i s  i s  assumed t o  be chemical 

3 .  Binary Fuel Mixtures 

Attempts made t o  de tec t  hydrogen, carbon monoxide or 
species  other than t h e  fuels fed i n t o  t h e  anode chamber, were 
negative.  I n t e r f e r i n g  peaks observed a t  low r e t e n t i o n  times, were 
i d e n t i f i e d  as  oxygen and/or nitrogen, due t o  oxidant migration from 
cathode co  anode. 

a .  Propane/octane fie1 mixtures.  

The experimental r e s u l t s  a r e  reported i n  Figure 3 
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f o r  t h e  current  conmibut ion of propane a s  a 
f'unction of l o g  mean mole f r a c t i o n  of  propane 
i n  t h e  anode chamber. ( I n l e t  concentrat ions 
a r e  determined by flow rates, e x i t  concentrations 
by gas chromatographic ana lys i s .  All data are 
corrected f o r  t h e  vapor pressure of  water i n  
equilibrium with t h e  e l e c t r o l y t e . )  
propane oxidat ion i s  proport ional  t o  t h e  mole 
f r a c t i o n  i n  t h e  feed stream and a l s o  s t rongly 
dependent on t h e  anodic p o t e n t i a l ,  e. g. increasing 
t h e  anodic p o t e n t i a l  induced a decrease i n  anodic 
propane current .  T h i s  observation i s  i n  con- 
t r a d i c t i o n  with t h e  behavior of pure propane for 
increasing anodic p o t e n t i a l s ,  a t  least up to p o t e n t i a l s  
corresponding t o  oxygen deposit ion on t h e  electrode 
surface.  L inear i ty  between propane current  and 
gas phase composition i s  obtained up t o  average mole 
f r a c t i o n s  o f  0.3 t o  0 . 4 .  A t  higher concentration, 
t h e  e lec t rode  current  i s  due e n t i r e l y  t o  t h e  oxida- 
t i o n  of propane. Similar  observations can be made 
for octane, although t h e  current  due t o  octane 
oxidat ion increases  with increasing anodic overvoltage, 
as expected. 
i s  suggestive of species  i n t e r a c t i o n  and competition 

The rate of 

The behavior of t h i s  b inary  mixture 

. on t h e  electrode surface.  

Propane and octane cur ren ts  can be represented by: 

1. &/I = 740 e -11.6 qx3 

and i8/1 = 0.06 e 6. onx8 2. 

where xg and x8 represent  the  l o g  mean mole f r a c t i o n  of propane 
and octane i n  the gas  phase. A t  anodic over -poten t ia l s  o f  0.5 
\ioli is  vs .  Kt /H2 ,  a t  which most of  t h e  experimental data w a s  ob- 
zained, t h e  cur ren ts  can be expressed as: 

i3/1 = 2 .2  x3 3. 

and ie/I = 1 . 2  xg 4 .  

5. Hexane/octane f'uel mixtures. 

A l l  r e s u l t s  reported i n  Figure 4 were obtained a t  
anodic p o t e n t i a l s  near 0 . 5  v o l t s  vs .  H+/H2, necessary 
t o  achieve current  d e n s i t i e s  up t o  40 ma/cm2. Approxi- 
ri:a'ue l i n e a r  r e l a t i o n s h i p s  between current  and gas phase 



-120-  

composition a r e  obtained. 
t r i b u t i o n  of octane i s  i d e n t i c a l  t o  t h a t  obtained fo r  
the binary propane-octane mixture. (i8/I) is  ex- 
pressed by equation 4; for hexane: 

The r e l a t i v e  current con- 

i6/I = 4 . 0  x6 5. 
c. Heptane/octane f i e 1  mixtures. 

other  binary mixtures (Figure 5 ) .  The current  con- 
t r i b u t i o n  of octane can be expressed by equation 4; 
for  heptane: 

The t r e n d s  a r e  similar t o  those obtained for t h e  

i7/I = 2.5 x7 6. 
4 .  Seneral Relat ions 

A t  high anodic overvoltage ( 0 . 5  v o l t s  vs.  &/HZ ) al l  
current  contr ibut ions can be represented by: 

in/I = K 5 7 .  

where K represents  a f u e l  r e a c t i v i t y  constant” representat ive 
of  the  molecular chain length  o f  the p a r a f f i n i c  hydrocarbon. 

Table I1 

Fuel React ivi ty  Constants for Various Fuels ( a t  0 . 5  v o l t s  vs  H+/Hz) 

Fuel K-Value 

Propane 
Hexane 
Heptane 
Octane 

2 . 2  
4.0 
2.5 
1.2 

These r e s u l t s  a r e  presented i n  Figure 6 .  
octane the current  cont r ibu t ion  can be predicted from: 

For hexane, heptane and 

8. in/I = (13-1.5 n)  xn 

where n represents  the number o f  carbon atoms i n  t h e  molecular 
chain. Froi-. pure fie1 r e a c t i v i t y  da ta  reported by others‘, t h e  
expected r e a c t i v i t y  constant  f o r  propane should be approximately 
k3 = 3.7 ,  whereas t h e  measured value i n  t h e  propane/octane mixture 
i s  only 2 . 2 .  This result may i n d i c a t e  competitive surface processes 
between hydrocarbon spec ies  of rather d i s s i m i l a r  chain lengths .  C1 
and CZ p a r a f f i n i c  kjdrocarbons are expected t o  be l e s s  reac t ive  than 
propane. Cs and Cl0 n-paraff ins  are  not expected t o  y i e l d  r e a c t i v i t y  
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constants  appreciably d i f f e r e n t  from n-octane. 

The experimental r e s u l t s  a r e  presented i n  Figure 7 i n  terms of 
corrected current  contr ibut ions,  i . e .  i /13-1.5 n)  I VS.  gas 
phase composition ( u s i n g  t h e  experiment81 value of KS = 2.2  
f o r  propane). A t  p resent ,  t h e  exact physical  s ign i f icance  
of the me1 r e a c t i v i t y  c o e f f i c i e n t  i s  not c l e a r .  

CONCLUSION 

The anodic electrochemical oxidat ion of binary fuel mixtures of 
hexane, heptane and octane can be predicted from t h e  f’uel gas 
phase composition and t h e  r e l a t i v e  r e a c t i v i t y  of t h e s e  Puels, 
which decreases with increasing chain length.  The behavior of 
propane i n  propane/octane mixtures i s  unexpected, t h e  propane 
r e a c t i v i t y  decreasing with increasing anodic overvoltage. 
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FLUORIDE ELECTROLYTES FOR SATURATED 
HYDROCARBON FUEL CELLS 

E . J .  Ca i rns  

General  E lec t r ic  Research Laboratory 
Schenectady, N e w  York 

INTRODUCTION 

The d i r e c t  e l ec t rochemica l  o x i d a t i o n  of s a t u r a t e d  hydrocarbons 
t o  carbon d iox ide  and water has been c a r r i e d  o u t  a t  c u r r e n t  d e n s i t i e s  
i n  t h e  v i c i n i t y  of 100 m a / c m 2  on ly  s i n c e  1963.1-8 
q u e n t l y  i n v e s t i g a t e d  e l e c t r o l y t e  i n  t h i s  connect ion has  been pho - 
phor i c  a c i d ,  p r i m a r i l y  i n  t h e  temperature  range 150' t o  200°C.1-8 
Although some s u c c e s s  has been obtained w i t h  low molecular-weight 
hydrocarbons a t  about 100°C, t h i s  wa t t h e  expense of  very high 
platinum load ings  i n  t h e  e l e c t r o d e s .  9 ~ 8  
t h a t  t he  system CSF-HF-H~O prov ides  e l e c t r o l y t e  compositions w i t h  
which c u r r e n t  d e n s i t i e s  i n  excess  of 200 ma/c an be ob ta ined  a t  
1 5 O o C ,  p a r t i c u l a r l y  with propane as t h e  f u e l .  8~16 
f l u o r i d e  e l e c t r o l y t e s  d i s c l o s e d  t h a t  t h e  HF-HzO system showed good 
r e a c t i v i t y  with a t u r a t e d  hydrocarbon f u e l s  a t  temperatures  i n  the  
range 80-110'C. A l l  normal s a t u r a t e d  hydrocarbons i n  t h e  range 
C 1  t o  c16 have shown r e a c t i v i t i e s  w i t h i n  a f a c t o r  of 20 t o  50 
one ano the r ,  bo th  with t h e  CsF-HF-H20 and HF-H20 e l e c t r o l y t e s .  

The most fre- 

I t  has been found r e c e n t l y  

F u r t h e r  work with 

nb 
Because of t h e  s t r o n g  e f f e c t  of e l e c t r o l y t e  composition on pro- 

pane performance a t  150°C,9,10 it w a s  decided t h a t  a more thorough 
i n v e s t i g a t i o n  of t h e  e f f e c t s  of e l e c t r o l y t e  composition and tempera- 
t u r e  on t h e  k i n e t i c s  of t h e  anodic o x i d a t i o n  of propane w a s  i n  o r d e r .  

EXPERIMENTAL 

I n  o r d e r  to  prevent  any contaminat ion of  t h e  e l e c t r o l y t e  o r  
e l e c t r o d e s ,  a l l  p o r t i o n s  of the appa ra tus  which con tac t ed  t h e  elec- 
t r o l y t e  were made of Te f lon  o r  plat inum. The c e l l  p a r t s  are shown 
i n  F igu re  1. The end p l a t e s  w e r e  Monel and d i d  no t  c o n t a c t  t h e  elec- 
t r o l y t e .  The gas  compartments machined i n  t h e  Teflon housing were 
3 mm deep and of 11.38 cm2 c i r c u l a r  a r e a .  The e l e c t r o d e s  used were 
Teflon-bonded plat inum b lack  supported by 45-mesh plat inum s c r e e n s ,  
which also se rved  as c u r r e n t  c o l l e c t o r s .  The plat inum b lack  loading 
f o r  t h e  e l e c t r o d e s  was u s u a l l y  50 mg/cm2, and the  e l e c t r o d e s  were 
prepared by procedures  very s i m i l a r  to  those i n  Reference 11. The 
c e n t e r  Teflon p i ece  i n  F igu re  1 se rved  a s  t h e  e l e c t r o l y t e  compartment, 
and u s u a l l y  a p i e c e  having a 3 mm th i ckness  w a s  used. The c e l l  p a r t s  
were held t o g e t h e r  t i g h t l y  by b o l t s ;  no g a s k e t s  were used s i n c e  t h e  
Teflon p a r t s  formed a l e a k - t i g h t  seal t o  one ano the r .  

The e l e c t r o l y t e  w a s  prepared from Baker and Adamson r eagen t  grade 
48% h y d r o f l u o r i c  a c i d ,  having less  than  20 ppm i m p u r i t i e s ;  from 
cesium f l u o r i d e ,  syn thes i zed  wi th  less than 100 ppm i m p u r i t i e s  by 
procedures  a l r eady  r e p o r t e d ;  12, l3 and from q u a r t z - r e d i s t i l l e d  water .  
To prepare e l e c t r o l y t e s  having f l u o r i d e  c o n c e n t r a t i o n s  h ighe r  than 
those  a c c e s s i b l e  with t h e  above r e a g e n t s ,  pure,  anhydrous HF w a s  
d i s t i l l e d  from a tank of Matheson anhydrous HF, 99.9% min. p u r i t y .  
E l e c t r o l y t e  composi t ions were determined by acid-base t i t r a t i o n s  f o r  
HF, and by a g r a v i m e t r i c  method f o r  C s  a s  Cs2SO4; water w a s  determined 
by d iEfe rence .  
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The Ease  used were el t ro ly t i c  grade oxygen, 99.646 minimum, 
and Matheson ins t rument  grade propane, 99.5% minimum p u r i t y .  For 
s h o r t  experiments i t  w a s  found t h a t  p re - sa tu ra t ion  of t h e  gases  w a s  
no t  necessary in o r d e r  t o  maintain t h e  electrolyte composition con- 
s t a n t .  When necessary ,  p r e s a t u r a t i o n  could be accomplished b y  thermo- 
s t a t t e d  water bubblers ,  in orde r  to reven t  p o s s i b l e  d e p o s i t i o n  of 
carbon on the  e l e c t r o d e  s u r f a c e .  1 4 9  

F igu re  2 shows a schematic  diagram of the  appara tus  i n  which 
t h e  ce l l  w a s  ope ra t ed .  The f u e l  feed  rate w a s  c o n t r o l l e d  v i a  a 
needle  va lve  and c a p i l l a r y - t u b e  flowmeter in t he  case  of gaseous 
f u e l s ,  and v i a  a c o n s t a n t  speed sy r inge  d r i v e  i n  t h e  case of l i q u i d  
f u e l s .  The f u e l  ce l l  and i d e n t i c a l  r e fe rence  ce l l  were opera ted  in 
a forced-convect ion air thermosta t .  The r e fe rence  c e l l  contained two 
high-area r e v e r s i b l e  hydrogen r e fe rence  e l e c t r o d e s  of Teflon-bonded 
p la t inum black .  The exi t  gas s t reams from t h e  ce l l  passed through 
t r a p s  ( to  s e p a r a t e  any l i q u i d  leav ing  t h e  c e l l )  and then t o  a gas 
chromatograph for a n a l y s i s ,  as desired. The electrolyte was c i r cu -  
lated slowly (about  2 t o  3 cc/min) through t h e  c e l l s  by g r a v i t y ,  
and then re turned  t o  t h e  r e s e r v o i r  by an a l l -Te f lon  pump. The elec- 
t r o l y t e  c i r c u l a t i o n  s y s t e m  w a s  kept  c losed  t o  minimize evapora t ion .  

The e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  anode, the  ca thode ,  and 
the  c e l l  as a whole w e r e  m e  u red  wi th  t h e  a i d  of a modified 

p o t e n t i a l  readings  on a r e s i s t a n c e - f r e e  b a s i s ,  and a l l  p o t e n t i a l s  of 
i n d i v i d u a l  e l e c t r o d e s  are so r epor t ed  w i t h  r e s p e c t  t o  a r e v e r s i b l e  
hydrogen r e fe rence  e l e c t r o d e  i n  t h e  same e l e c t r o l y t e  and at  t h e  same 
temperature .  The c u r r e n t  dens i ty -vo l t age  d a t a  were taken a t  s t e a d y  
s t a t e  (usua l ly  2-5 minutes  a f t e r  a change i n  c u r r e n t )  and i n  the  
o r d e r  of i nc reas ing  c u r r e n t  d e n s i t y ,  s t a r t i n g  a t  open c i r c u i t .  Re-  
s u l t s  f o r  decreas ing  c u r r e n t  d e n s i t i e s  were t h e  same, except  a t  
c u r r e n t  d e n s i t i e s  below about 2 ma/cm2.  C e l l  vo l t ages ,  inc luding  
resist ive l o s s e s  can be c a l c u l a t e d  f rom t h e  r epor t ed  IR-free va lues  
(Ea-c) us ing  the  e x p r e s s i o n  

Kordesch-Marko i n t e r r u p t e r .  ”%, 9 l7 The i n t e r r u p t e r  c i r c u i t  y ie lded  

E = Ea-c - i p f  (1) 

where i is t h e  c u r r e n t  d e n s i t y  
p is t h e  s p e c i f i c  r e s i s t a n c e  of t he  e l e c t r o l y t e ,  1-2 Ohm-cm 
f is the i n t e r - e l e c t r o d e  d i s t a n c e ,  0.3 c m .  

Addi t iona l  in format ion  concerning t h e  experimental  appara tus  and 

The r e s u l t s  r e p o r t e d  below were ga thered  from a t o t a l  of over  

techniques  may be ob ta ined  from Reference 18. 

50 experiments us ing  more than  20 cells,  p r imar i ly  wi th  C3Hg as t h e  
f u e l .  

RESULTS AND DISCUSSION 

CSF-HF-H~O E l e c t r o l y t e s :  There are two independent composition 
The variables chosen t o  charac- variables i n  the  CSF-HF-HZO sys tem.  

terize t h e  composition were the  EF/(CsF + RF) molar r a t i o  (or, alter- 
n a t i v e l y ,  the F‘/Cs+ equ iva len t  r a t i o ) ,  and the  mole percent  H2O. The 
effects  of t h e  t w o  independent  composition v a r i a b l e s  on t he  ra te  of 
anodic  ox ida t ion  of  propane were s t u d i e d  by prepar ing  e l e c t r o l y t e s  of 
selected composi t ions and determining the  c u r r e n t  d e n s i t y - p o t e n t i a l  
r e l a t i o n s h i p  f o r  propane a t  va r ious  tempera tures ,  most f r equen t ly  a t  
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1 5 0 ° C .  

The Propane performance a t  an e l e c t r o l y t e  composi t ion near  t h e  
optimum f o r  1 5 O o C  is shown i n  F igu re  3. The maximum c u r r e n t  d e n s i t y  
t h a t  could be suppor t ed  under t h e s e  c o n d i t i o n s  w a s  400 m a / c m 2 ,  a t  an 
anode vs H a  r e f e r e n c e  p o t e n t i a l  of  0.6 v o l t .  
ope ra t ed  a t  1 5 O o C ,  t h e  b e s t  s t r a i g h t - l i n e  T a f e l  p l o t s  y i e lded  an 
un Value of 0.5 i n  t h e  c u r r e n t  d e n s i t y  range of 40 t o  250 ma/cm2. 
I n  t h e  c u r r e n t  d e n s i t y  range above 250 ma/cm2, t h e  anode performance 
cou ld  be improved by i n c r e a s i n g  t h e  propane f low r a t e ,  up t o  a 
c e r t a i n  p o i n t ,  i n d i c a t i n g  a gas-phase m a s s  t r a n s p o r t  l i m i t a t i o n ,  
r a t h e r  t han  a k i n e t i c a l l y  l i m i t e d  c u r r e n t  d e n s i t y .  

The most s t r i k i n g  r e l a t i o n s h i p  between e l e c t r o l y t e  composition 
and propane performance a t  1 5 O o C  was found i n  a set of experiments 
which included e l e c t r o l y t e s  c o n t a i n i n g  varying amounts of Cs2CO3 a s  
an a l t e r n a t i v e  t o  excess HF. The r e s u l t s  a r e  expressed i n  terms of 
t h e  c u r r e n t  d e n s i t y  a t  an anode v s  r e f e r e n c e  p o t e n t i a l  of 0 . 5  v o l t ,  
as a f u n c t i o n  of  t h e  F-/Cs+ r a t i o ,  as shown i n  F igu re  4 .  The water 
con ten t  w a s  no t  t h e  same f o r  a l l  of t h e  experiments of F igu re  4 ;  t h e  
e f f e c t  of t h i s  v a r i a b l e  w i l l  be accounted f o r  below. The d a t a  p o i n t s  
i n  F igu re  4 were ob ta ined  from s e v e r a l  c e l l s .  Each datum po in t  
r e p r e s e n t s  an average va lue  f o r  a l l  ce l l s  ope ra t ed  a t  t h a t  p a r t i c u -  
lar  F-/Cs+ r a t i o .  Note t h a t  t h e  break i n  t h e  curve i n  F igu re  4 is 
l o c a t e d  a t  an F-/Cs+ r a t i o  of about 1 . 2  r a t h e r  t han  1 . 0 .  
r a t i o  of 1 .0 ,  t h e  pH is st i l l  g r e a t e r  than 7 .  The pH does not drop 
below 7 u n t i l  t h e  F-/Cs+ r a t i o  exceeds about 1 . 2 .  The i n c r e a s e  of 
performance wi th  h ighe r  F-/Cs+ r a t i o s  is c o n s i s t e n t  with t h e  i d e a  
t h a t  an a c i d i c  e lec t ro ly te  is requ i r ed  f o r  r a p i d  o x i d a t i o n  of s a t u -  
r a t e d  hydrocarbons.  The maximum r a t e  of propane o x i d a t i o n  a t  
Ea-r = 0 .5  v o l t  w a s  400 ma/cm? nea r ly  2 o r d e r s  of magn ude g r e a t e r  
t han  t h a t  observed f o r  t h e  a l k a l i n e  system Cs2C03-H20. 

For  a l l  t h e  cells  

A t  a F-/Cs+ 

19 
I t  w a s  found t h a t  t h e  water c o n t e n t  of t h e  e l e c t r o l y t e  a l s o  has  

an i n f l u e n c e  on t h e  r a t e  of propane o x i d a t i o n ,  bu t  i ts e f f e c t  is much 
less than  t h a t  of t h e  HF/(CsF + HF) r a t i o .  The s e p a r a t i o n  of t h e  
e f f e c t s  of t h e  two composition v a r i a b l e s  on c e l l  performance was 
accomplished by an i t e r a t i v e  d a t a  r educ t ion  procedure r e q u i r i n g  a 
c o n s i d e r a b l e  number of d a t a  p o i n t s .  The va lue  of HF/CsF = 2.0 w a s  
chosen f o r  che p o i n t  a t  which t h e  e f f e c t  of water  c o n t e n t  a t  150°C 
would be determined,  s i n c e  t h i s  was i n  t h e  v i c i n i t y  of  t h e  b e s t  
performance. The d a t a  i n  t h e  range 1.8 < HF/CsF < 2 . 1  w e r e  normalized 
t o  HF/CsF = 2.0,  and t h e  e f f e c t  of water c o n t e n t  w a s  e s t a b l i s h e d .  The 
o r i g i n a l  d a t a  of F igu re  4 were then normalized t o  an optimum water 
c o n t e n t  of 1 2 . 5  mole pe rcen t  and were r e p l o t t e d  as shown by the  s o l i d  
l i n e i n  F igu re  5. The e f f e c t  of water  c o n t e n t  a t  150" is shown i n  
F igu re  6, f o r  two va lues  of t h e  anode v s  r e f e r e n c e  p o t e n t i a l .  

'The r e s u l t s  f o r  o t h e r  o p e r a t i n g  temperatures  were reduced i n  a 
s i m i l a r  manner, u s i n g  t h e  i t e r a t i v e  procedure.  The f i n a l  r e s u l t s  f o r  
t h e  e f f e c t  of e l e c t r o l y t e  composition on propane performance a t  
s e v e r a l  temperatures  a r e  shown i n  F igu res  7 and 8 .  Some of t h e  d a t a  
used were n o t  ga the red  a t  t h e  temperature  v a l u e s  s e l e c t e d  f o r  c o r r e l a -  
t i o n .  I n  t h e s e  cases,  t h e  c u r r e n t  d e n s i t i e s  were a d j u s t e d  t o  c o r r e -  
spond t o  t h e  d e s i r e d  temperature ,  using the observed e n t h a l p i e s  of 
a c t i v a t i o n .  These a d j u s t e d  d a t a  p o i n t s  are i n d i c a t e d  as e x t r a p o l a t e d  
i n  F igu res  7 and 8 .  

The r e s u l t s  i n  F igu res  7 and 8 show t h a t  f o r  any temperature i n  
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t he  range 90 t o  15OoC,  t h e  m a x i m u m  propane performance can be ob- 
t a ined  by using t h e  h i g h e s t  HF/(CsF + Iid r a t i o  p o s s i b l e ,  and a water 
con ten t  i n  t h e  range 12-15 mole pe rcen t .  In t h i s  way, c u r r e n t  
d e n s i t i e s  i n  excess of  400 ma/cm2 a t  Ea-r = 0 .5  v o l t  and 1 5 O o C  can 
be expected,  i n  t h e  absence of m a s s  t r a n s p o r t  l i m i t a t i o n s .  

I t  has been found t h a t  t h e  HF/CsF r a t i o  a t  any s e l e c t e d  
temperature  h a s  a m a x i m u m  p r a c t i c a l  l i m i t  set  by t h e  b o i l i n g  poin t  
of t he  e l e c t r o l y t e  under  the  c o n d i t i o n s  of ope ra t ion .  For in s t ance ,  
a b o i l i n g  point  of 16OoC w a s  ob ta ined  f o r  an e l e c t r o l y t e  having 10 
mole p e r c e n t  water  and a va lue  of 2 . 1  f o r  the  HF/CsF r a t i o .  This  
l i m i t s  t h e  ope ra t ing  temperature  a t  atmospheric p re s su re  to about 
150-155OC. A t  lower tempera tures ,  h igher  HF/CsF r a t i o s  are p o s s i b l e .  
For example, v a l u e s  of 3.0 and higher  may be obta ined  a t  110°C. 

The main v i r t u e  of t he  CsF is t h a t  of suppress ing  t h e  vapor 
p re s su re  of t he  HF by forming s t a b l e  complexes such as CsF-HF, 
CSF-~HF, e t c  . ,20 r a i s i n g  the  b o i l i n g  po in t  of t h e  e l e c t r o l y t e .  
Therefore ,  higher  o p e r a t i n g  temperatures  can be used wi th  a con- 
comi tan t  i nc rease  i n  c u r r e n t  d e n s i t i e s  f o r  the  o x i d a t i o n  of s a t u -  
r a t e d  hydrocarbons. A l k a l i  metal f l u o r i d e s  o t h e r  than  cesium 
f l u o r i d e  or rubidium f l u o r i d e  are not  s u i t a b l e  s u b s t i t u t e s  because 
t h e y  a r e  not s o l u b l e  enough and do not  reduce the  HF vapor pressure  
s u f f i c i e n t l y 2 1 t 2 2  t o  a l low s i g n i f i c a n t  performance improvements. 
C e s i u m  f l u o r i d e  was used  i n  t h i s  work because of its g r e a t e r  abundance 
and t h e r e f o r e  more f avorab le  economics. 

HF-HzO Electrolytes:  The  rate of e lec t rochemica l  ox ida t ion  of 
propane i n  the  HF-H20 s y s t e m  is a f f e c t e d  by the  composition of the  
e l e c t r o l y t e ,  and since there is only  one composition v a r i a b l e ,  the  
optimum composition for a given  temperature  is e a s i l y  e s t a b l i s h e d .  
The temperature  range ove r  which reasonable  r a t e s  of o x i d a t i o n  were 
obta ined  w a s  found t o  be from about 8 O o C  t o  the  b o i l i n g  p o i n t .  The 
HF-H20 system forms a m a x i m u m  b o i l i n g  azeotrope a t  37 mole percent  
HF, with  a b o i l i n g  p o i n t  of l12°C,23 thus  s e t t i n g  the  upper ope ra t ing  
temperature  at  about  110°C. 

The Tafe l  p l o t s  f o r  a propane ce l l  a t  105OC, us ing  a composition 
nea r  t h a t  of t h e  azeo t rope ,  a re  shown i n  F igure  9.  The performance 
a t  105OC is not  as high  as the  bes t  ob ta ined  a t  1 5 O o C  ( see  F igure  31, 
but  on ly  a moderate performance premium was paid for a 45°C decrease  
i n  ope ra t ing  tempera ture .  The m a x i m u m  c u r r e n t  d e n s i t y  observed 
(130 ma/cm2) w a s  s e t  by t h e  gas-phase d i f f u s i o n a l  r e s i s t a n c e  of the  
Te f lon  f i l m  on the  anode, as 'shown by the  f a c t  t h a t  h igher  maximum 
c u r r e n t  ' d e n s i t i e s  were observed when t h i n n e r  Teflon f i l m s  were used. 
The e f f e c t s  of both temperature  and H F - H 2 0  e l e c t r o l y t e  composition 
on cel l  performance a r e  summarized i n  F igure  10.  The d o t t e d  po r t ions  
of t h e  cu rves  i n d i c a t e  those  compositions which have a b o i l i n g  poin t  
below the  ind ica t ed  temperature and hence are only  a c c e s s i b l e  a t  
p r e s s u r e s  above a tmospher ic .  Since the  optimum composition (25-30 
mole pe rcen t  HF) is n o t  f a r  from t h a t  of t h e  azeot rope ,  i t  has  been 
found convenient t o  u s e  t he  azeotrope f o r  rou t ine  f u e l  ce l l  ope ra t ion .  

Entha lp ies  of Ac t iva t ion  and T a f e l  Slopes:  The en tha lpy  of 
a c t i v a t i o n  f o r  t h e  overal l  anode r e a c t i o n  w a s  ob ta ined  from a p l o t  of 
t h e  logar i thm of t h e  c u r r e n t  d e n s i t y  a t  a f ixed  anode overvol tage  
ve r sus  t h e  r e c i p r o c a l  of t h e  abso lu te  temperature .  The en tha lpy  of  
a c t i v a t i o n  was determined over  t h e  temperature  range 80 t o  170°C and 
ove r  t h e  composition range  from no added AF t o  pure HF. The r e s u l t s  
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a r e  shown i n  F igu re  11. I t  w a s  found t h a t  t h e  temperature  range had 
no e f f e c t  on the  en tha lpy  of  a c t i v a t i o n ,  but  t h a t  t h e r e  w a s  a sha rp  
t r a n s i t i o n  from a va lue  of 3 .7  k c a l  p e r  mole t o  18 k c a l  per  mole at 
a m/(CsF+HF) r a t i o  of about 0.66, which corresponds t o  CsF'2HF. The 
higher  en tha lpy  of  a c t i v a t i o n  i n d i c a t e s  t h a t  t h e  h i g h e s t  o p e r a t i n g  
temperature  p o s s i b l e  shou ld  be used,  bu t  only up to the  p o i n t  of 
being a b l e  t o  maintain a HF/(CsF+HF) r a t i o  above 0.66. 

The va luzs  of un ob ta ined  from t h e  T a f e l  p l o t s  ove r  t h e  tempera- 
Lure range 80 t o  170°C are summarized i n  F igu re  12.  The c losed  
P o i n t s  i n d i c a t e  those  d a t a  which were normalized with r e s p e c t  t o  
e l e c t r o l y t e  composition e f f e c t s .  A t  l o w  temperatures  (below 13OoC), 
t h e  T a f e l  p l o t s  u s u a l l y  showed two s t r a i g h t - l i n e  r e g i o n s ,  a low s l o p e  
( h i g h  an) a t  low c u r r e n t  d e n s i t i e s  (410 ma/cm2) and a high s l o p e  (low 
an) a t  high c u r r e n t  d e n s i t i e s  (>20 m a / c m 2 ) .  For temperatures  above 
140°C, only one T a f e l  s l o p e  w a s  observed, with a va lue  of  an near 
0 .5 .  

The composition e f f e c t  on T a f e l  s l o p e s  is shown f o r  va r ious  
temperatures i n  F igu re  13. A t  15OoC, € o r  e l e c t r o l y t e s  of low HF 
c o n t e n t ,  t h e  ' r a f e l  cu rve  shows two s l o p e s ,  which e v e n t u a l l y  y i e l d  t o  
a s i n g l e  s l o p e  of an X 0 . 5  a t  high HF c o n t e n t s .  For t h e  h ighe r  
HF/(CsF+HF) r a t i o s  a t  lower t empera tu res ,  however, t h e  two-sloped 
i'ar"e1 curve p e r s i s t s .  Only s l i g h t  changes of r a f e l  s l o p e  wi th  water 
c o n t e n t  have been observed.  I n  g e n e r a l ,  t he  b e s t  propane performance 
is a s s o c i a t e d  with compositions which show a high en tha lpy  of ac t iva -  
t i o n  and an va lues  of 0 . 5  and h i g h e r .  By s u i t a b l y  a d j u s t i n g  e l e c t r o -  
l y t e  compositions and t empera tu res ,  t h e  optimum performances shown i n  
F igu re  14 were ob ta ined .  'The 150°C curve w a s  ob ta ined  us ing  an e l e c -  
trolyte of the composition shown i n  F igu re  3. 

CONC LUS IONS 

The r e l a t i o n s h i p s  between t h e  r a t e  of t h e  e l e c t r o c h e m i c a l  oxida- 
t i o n  of propane on plat inum b lack  and e l ec t ro ly . ce  composition f o r  t he  
systems CsF-HF-H20 and HF-H20 have been e s t a b l i s h e d .  Maximum propane 
f u e l  c e l l  performance a t  a given temperature  i n  t h e  range 90 - 150°C 
is obtained wi th  t h e  maximum HF'/(CsF+HF) r a t i o ,  a t  an  optimum water 
conteni: of 12 t o  1 5  mole p e r c e n t ,  f o r  t h e  range KF/CsF = 2 .0  t o  3 . 0 .  
Operating temperatures  down to  80°C are f e a s i b l e  f o r  t h e  HF-H20 system, 
while  r e t a i n i n g  good propane performance. Power d e n s i t i e s  (on an 
IH-free b a s i s )  of 80 mil l iwat ts /cmz a t  150°C and 30 mill iwatts/cm2 a t  
105'C are p o s s i b l e  i n  optimum composi t ion f l u o r i d e  e l e c t r o l y t e s .  
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Figure 1. Photograph of c e l l  par t s .  

ELECTROLYTE 
RESERVOIR 

Figure 2 .  Schematic diagram of f u e l  c e l l  apparatus. Figure 2 .  Schematic diagram of f u e l  c e l l  apparatus. 
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Figure 3 .  Propane performance a t  15OoC using CsF'2.1 HF + 15 mole 
percent water a s  e l e c t r o l y t e .  

Figure 4. Effec t  
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Figure 7 .  

Figure 8 .  E f f e c t  of e l e c t r o l y t e  water content on propane per- 
f ormance f o r  various temperatures and HF contents .  



-140- 

Figure 9 .  Propane performance at 105'C w i t h  37 mole $ HF electrolyte. 

PROPAYE PERFORMANCE 
EFFECl of CLECTROLITC COYWSIW~ 

HI-HIO SYSTEM 
C,H, I P l l l H F / I ? 1 1 0 ~  

MW nncm Y T  

Figure 10. Effect of HF-HzO electrolyte composition on propane per- 
formance a t  various temperatures. 
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Figure 11.  Effect of e l e c t r o l y t e  composition on enthalpy of 
a c t i v a t i o n  for propane oxidat ion.  

I I I I I I I I I 1 
EFFECT OF TEMPERATURE ON TAFEL SLOPES 

C&(P~I /CSF-HF-H~O /(Pf) 02 

- 
0 DATA NORMALIZED lU OPTIMUM 

O - DATA NOT NORMALIZED 
ELECTROLYTE COYPOSITION AND AVERAGED - 

- 

\ 4 
ELECTROLYTE COYPOSITION AND AVERAGED 

0 DATA NORMALIZED lU OPTIMUM 

O - DATA NOT NORMALIZED 

Figure 12. E f f e c t  o f  temperature on values  of an obtained from 
T a f e l  p l o t s  of propane performance. 
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EFFECT OF FLUORIDE CONTENT ON TAFEL SLOPES 
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Figure 13. E f f e c t  of e l e c t r o l y t e  composition on value of an for 
various temperatures. 
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POWER DENSITIES FOR PROPANE CELLS 
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Figure 14. Propane performance at optimum electrolyte compositions 
for 150' and 105OC. 
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THE APPLICATION O F  INORGANIC MEMBRANES 
IN HYDROCARBON FUEL CELLS 

C. Berger ,  Ph. D. 
M. P. S t r ie r ,  Ph. D. 

Astropower Laboratory 
Missile and Space Systems Division 

Douglas Aircraf t  Company, Inc. 

1.0 INTRODUCTION 

The expansion of laboratory efforts in fuel ce l l s  in the las t  s e v e r a l  yea r s  
has been noted for its urgency and aggressiveness .  Three  broad categories  
of fuel  cel l  sys t ems  have evolved - the ion membrane,  the liquid electrolyte 
(including electrolytes  absorbed in asbestos)  and high tempera ture  e lectro-  
lytes including fused sa l t  ma t r i ces  and ceramic  bodies. 

In this paper we shal l  concentrate on the activit ies of o u r  laborator ies  
in the a rea  of inorganic ion exchange membranes.  
to es tabl ish a background in the var ious  organic membrane fue l  ce l l  types 
suitable re ferences  a r e  available (1 ,2 ,3 ,4,  5). 

It is interest ing to note that the f i r s t  synthetic ion exchangers  were  a l so  
inorganic,  i. e . ,  the synthetic zeolites o r  Perrnut i ts(6) .  The subsequent deve- 
lopment of the organic exchanger res ins ,  with emphasis  on prac t ica l  applica- 
tions, completely dominated the field of ion exchange chemis t ry ,  and it was  
not until recently that ,  f o r  the reasons mentioned below, t h e r e  has been a 
resurgency of in te res t  in inorganic exchangers  and membranes .  

F o r  those r eade r s  desiring 

During recent  y e a r s  t h e r e  has been considerable r e sea rch  on inorganic 
cation exchangers.  The heteropolyacid salts, such as ammonium phospho- 
molybdate, and the acid salts of hydrous oxides,  such as zirconium phosphate 
have proven to be par t icular ly  interesting and the i r  investigation by 
r e sea rche r s  has been well  documented in a monograph by Arnphlett( ). Much 
l e s s  attention has been Kraus,  e t  al, (7) 

various hydrous oxides,  par t icular ly  the quadrivalent meta l  oxides,  such a s  
ZrO2, Sn02, ThO2, acd TiO2. Duwell and Shepard(9)  have prepared  mixed 
hydrous oxides anion exchangers in which a second cation of higher valence 
than the parent  cation is introduced into the s t ruc ture ,  the result ing net 
positive char  e being balanced by the presence  of exchangeable anions. 
Schoenfeld(lOk has done s i m i l a r  r e sea rch  on mixed oxide anion exchangers and 
has studied the relat ion between capacity and drying tempera ture  of the prec i -  
pitated gel. 

rum, 
iven to inorganic anion exchangers.  

as wel l  as Amphlett ,  (8 f have investigated the anion exchange proper t ies  of 

Pre l iminary  effor ts  in developinfi and character iz ing inorganic mem- 
branes  were  made by Dravnieks e t  al( Membranes  pro-  
duced during these investigations were  essent ia l ly  non adherent  compacts or 
membranes  produced by using teflon as a s inter ing adhesive.  These experi-  
mental  mater ia l s  w e r e  suitable f o r  obtaining some analyt ical  values but 
lacked the s t rength to  se rve  as prac t ica l  fuel cel l  membranes.  Moreover, 
they possessed  no capability f o r  extended operation at higher tempera tures  
such as 90° - 15OoC. The l a t t e r  capability is par t icular ly  of in te res t  since 
the tempera ture  range mentioned apparently is at least a minimal  pract ical  
requirement  f o r  hydrocarbon utilization in phosphate based fuel  ceI ls( l3) .  
Another implied requirement  and one that indeed is most  important  is the 

1, and Hamlen(lZ).  
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ability to re ta in  wa te r  in the membrane so that efficient electrolyte conductance 
can  be established. I t  is toward these ends and the attainment of high strength, 
and high electrolytic conductance and good water  retention that the Astropower 
Laborator ies  has striven(l4s 15). A good measu re  of success  has been achieved 
and the resu l t s  a r e  r epor t ed  below. 

The pr incipal  membrane  activity has been focused on the inorganic poly- 
m e r ,  Z r P 0 4 .  Essent ia l ly ,  the reason for  our  in te res t  in this polymer is that a 
good deal  of laboratory information exis ts  relative to this mater ia l  and consid- 
e rab le  success  h a s  been achieved in  these laborator ies  in developing strong 
conductive zirconium phosphate. 
to  have interest ing p rope r t i e s  in hydrocarbon oxidation(13). 

T e s t s  of the cation exchange capacity of zirconium p 
l abora tor ies  have duplicated resu l t s  of other invest igatorsw? 4. Th? s t ruc ture  
of z i rconium phosphate a s  a n  inorganic polymer with exchangeable H 
at tached to fixed ionic groups  has been proposed by other investigators as(16), 

The phosphate group a s  noted above appears  

s hate in these 

ions 

- - - - 
O P 0 3  0p03 

n. ,+ 
I I 

I I 
0PO3 0 P O 3  

Z r  - 0-Zr-Cj-t OIVL 

where  the M+ are hydrogen ions o r  exchangeable cations a t t rac ted  to the nega- 
tively charged phosphate groups.  
a r e  two exchange s i tes  p e r  phosphate group, corresponding to the two dissoci-  
ble hydrogens, and this  assumption was the bas i s  fo r  calculating the theoreti- 
ca l  cation exchange capaci ty  of 13. 3 meq/g.  Table I indicates the theoret ical  
and actual  capacities of t h ree  cation exchangerAl7). The observed capacity of 
3 . 2  meqlg  a t  pH 6, however, would s e e m  to indicate that only one hydrogen 
pe r  phosphate group i s  replaceable ,  and hence the maximum attainable capa- 
city may be 6.65 meq/g.  K r a ~ s ( ~ )  has made s imi la r  observations concerning 
the number of replaceable  hydrogens. 

It s eems  reasonable to assume that there  

Clear ly  a number of acid sa l t s  may have utility as hydrogen-oxygen 
fuel ce l l s  as  well a s  having applications in  hydrocarbon fuel  cells. 
vestigation of such sa l t s  h a s  been performed in these laborator ies( l j f  and by 
European investigators(18). 
f r o m  tin and titanium phosphates by joining the par t iculate  phosphates with 
organic  binders such a s  carboxymethyl cellulose. 
fac tory  resu l t s  a t  25OC but  do not appear  sat isfactory for  applications a t  
e lev a te  d temp e r atu r e s . 

he in- 

The la t te r  made successful  fuel  cel l  membranes 

The membranes  gave sa t i s -  

T h e  use  of sol id  ac id  phosphate membranes  has advantages over  liquid 
phosphoric acid as a n  e lec t ro ly te  medium f o r  hydrocarbon oxidation. Pr inc i -  
pally, these a re  compactness ,  position insensitivity, and, in par t icular ,  lack 
of co r ros ive  attack. In the  investigation of these membranes seve ra l  techni- 
c a l  fac tors  have combined to furn ish  us  with a good solid electrolyte f o r  hy- 
drocarbon utilization and tes t ing,  These a re :  

1. Special techniques f o r  forming s t ron  cohesive membranes (15). 
2. The attainment of high c o n d ~ c t i v i t i e ~ ~ ~ ) .  
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3. 

4. 

5. Hydrolysis t e s t s  indicating the inherent stability of the inorganic 

The ability if required to implant catalyst  mater ia l s  direct ly  in  the 
membrane[l4* 15). 
The incorporation of water  balancing agents which enable the fuel  
cel l  e lectrolyte  to operate  as high as 15OoC( 15)* 

phosphate membrane(l4). 

2 .0  EXPERIMENTAL 

' 2.1 Membrane Prepara t ion  - Non-Sandwich Type 

A 1:l - mixture rat io  of ZrOZ and H3P04 was prepared  and s in-  
t e r ed  a t  a tempera ture  of 50OoC. The s intered mater ia l s  w e r e  crushed and 
ground to minus 80 mesh  and mixed with equal pa r t s  of H3P04 and "Zeolon 
H" a Norton Company sieve mater ia l .  The "Zeolon HI' i s  one of a group of 
water  ba1anc.n 
experiments('8. These  mixtures  w e r e  dr ied  for  16 hours  a t  13OoC and then 
granulated to minus 32 plus 80 mesh. 
load into 2-in. d iameter  membranes  having the thickness of the o r d e r  of 0. 7 
mm. 
The t r ansve r se  break s t rengths  of these resulting membranes  were  de te r -  
mined and were  about 5000 ps i  ? 100. 
about 4 ohm-cm a t  llO°C and 100% R .  H. 

agents developed and used a t  Astropower Laboratory in these 

Next, they were  p re s sed  a t  15-ton 

Finally they were  s in te red  a t  t empera tures  of 5OO0C for  two hours .  

The resis t ivi t ies  of the membrane was 

2 .2  Membrane Prepara t ion  - Sandwich Type 

Basically, this technique involves the formation of a fuel cel l  
membrane  catalyst  composite consisting of th ree  layers  of ma te r i a l  which 
a r e  pressed  and s in te red  together. The center  layer  is comprised of mem- 
brane  mater ia l  s imi l a r  to the mix descr ibed in 2.1, and the t w o  outer  
layers  which a r e  bonded to the center  layer  a r e  mixtures  of the same  mem- 
brane mater ia l  and platinum black, 
was formed i n  the following manner: 

The composite th ree-  sectional membrane 

A weighed amount of the platinum-bearing material is placed in  
the press ing  die, followed by a layer  of the membrane ma te r i a l  and a second 
layer  of the catalyst-bear ing mater ia l .  
the assembly  (two-inch d iameter )  is p re s sed  a t  15 tons total  load. 
press ing  the composites are placed on flat, smooth re f rac tory  plates  and 
s in te red  in a i r  for  two hours  a t  50OoC. 
the composite membrane-catalyst  wafer  w a s  impregnated with 8570 phosphoric 
acid,  oven-dried a t  12OoC and s in te red  at 5OO0C for  two hours. This  impreg-  
nation procedure was  repeated two more  t imes.  

The top punch is then inser ted  and 
After  

After  cooling t o  room tempera ture ,  

2 .3  Fuel  Cel l  Assembly and Operation 

A design of a typical fuel ce l l  uni t  is shown in F igure  1. Assembly 
of the fuel cel l  is per formed by placing e i ther  type of membrane  in the 
recessed  metal  casing which has been t rea ted  with a f i lm of silicone resin.  
Platinum o r  p a l l a d i u m p o d e r  is spr inkled on both sur faces  of the membrane 
and screen  electrodes p re s sed  up against  the catalyst  on e i ther  side. When 
sandwich membranes  a r e  used,  additional catalyst  is not required. The 
catalyst  loading is a total  of .025 g. cm-2.  
the assembly  bolted together 
min. -' and f o r  oxygen 4 cm' min. -l. 
in an oven in the tempera ture  range 50' - 15OoC. 

The O-r ings a r e  put in place and 
The flow ra te  of the hydrocarbon is 2 cm3 

The ent i re  configuration is operated 
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3.0 RESULTS 

The performance of t he  fue l  ce l l  configuration when fueled with hydrogen 
and oxygen were encouraging in proving the capability for  operation of the 
"water" balanced z i rconium phosphate in the tempera ture  range extending f rom 
about 5OoC to 15OoC. 
sys t em a r e  shown in F igu re  2 .  
depicted graphically range f r o m  300 - 1000 hoursP4). The s table  performance 
of the sys tem over  the 5OoC - 15OoC led u s  to  believe 

Some of the resu l t s  obtained fo r  the hydrogen-oxygen 
The duration of t e fuel cel l  performance 

at i t  was  sui t -  
able  f o r  prel iminary t e s t s  as a hydrocarbon fuel  cell.( fh 

Eifor ts  w e r e  then initiated with hydrocarbon fuels and oxygen. These  
w e r e  ethane, propane, butane and propylene. 
F igu re  3 for  propylene, F i g u r e  4 fo r  ethane, F igure  5 fo r  propane and 
F igure  6 for  butane. 
of stabilized performance.  

4.0 DiSCUSSION 

Per t inent  data is  shown in 

Polar iza t ion  points w e r e  recorded  a f t e r  five minutes 

F igure  2 is i l lus t ra t ive  of the fact that the membrane  sys tem employed 
is functior-11 over  the range 50° - ljO°C. 
a tu re s  have led to de te r iora t ion  of fuel ce l l  performance.  This  can  be a t t r i -  
buted to  the lack of effect iveness  of the "water balancing" agent contained in  
the membrane.  A secondary  effect, perhaps,  is that the par t ia l  p re s su re  of 
water  in t l e  vicinity of the electrode-catalyst  may thereby become consider-  
ably higher, making a c c e s s  of the hydrocarbon and oxygen to the reaction 
interface more difficult. 

Attempts to move t o  higher  temper-  

F igure  3 fo r  propylene indicates that performance of the hydrocarbon 
fuel ce l l  appears  to improve  with elevated tempera ture ,  (as would be  anti- 
cipated) until the vicinity of 150°C is attained. 
improved performance (with tempera ture)  but indicates that a sat isfactory 
electrolyt ic  cor,ductive mechanism could not be maintained a t  15 due to 
"water  balancing" agent deficiency. Tes t s  in  these laboratories(l'5 have 
indicated that other "water  balancing 'mater ia ls  may be more  effective. 

This  does not preclude 

5.0 CONCLUSIONS 

1. 
ductance in a fue l  c e l l  membrane  at elevated tempera tures  is the 
p re sence  of a w a t e r  balancing agent. 
membrane itself may  have th i s  property. 

2 .  
rolytic environment f o r  hydrocarbon oxidation in fuel  ce l l s  between 
100 - 15ooc. 

The essent ia l  e lement  in  the maintenance of an  electrolytic con- 

An exception may be that  the 

Phosphate based  inorganic  membranes  se rve  as a shitable elect- 
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Gel 

TABLE I 

THEORETICAL AND OBSERVED CAPACITIES 

FOR INORGANIC CATION EXCHANGERS 

Assumed Mathematical Observed 
Ratios for Calculating Molecular Theoret. Capacity 
Theoret.  Capacity Weight Capacity (meq/g) 

? 

6 0 5 n  3.3 .2.1 

442n 9 . 0 5  2.0 
(4. 52)9 

H+ 
H + Q P O ~ =  

Zirconium -? r -O-  3019 13. 3 3.2 
p ho sp ha te H t 0 p 0 3 =  ( 6 .  65):: 

H+ n 

I I + Q W O ~ -  
Zircozkim -Tr -O-  
turgstate H + O W O ~ -  n 

Ht 
H + O P O ~ =  

phosphate H+ OPO 3 = 
Tho r ium - t h - 0 -  

Hf n 

:?Value in parentheses  r ep resen t s  theoretical  capacity if only one hydrogen 
ion p e r  phosphate group is exchangeable. 
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OPERATING CHARACTENSTICS O F  PALLADIUM-SILVER ANODE ON 
IMPURE HYDROGEN STREAMS 

S.M. Chodosh, 'N. I. Pa lmer ,  H. G. Oswin 

Leesona Moos Laborator ies  
Division of Leesona Corporation 

Great  Neck, N e w  York 

INTRODUCTION 

The practicality of using non-porous h drogen diffusion anodes in fuel cells has  

in manufacture and operation of these electrodes a r e  considerable and have s t i -  
mulated work on these palladium membrane electrodes to lower electrode costs 
and permi t  their  use with cheaper fuels than pure H2. 
trode surfaces have been developed to extend anode performance and permit  
wider application of the non-porous anode. ( 3 *  4 s  5s) 

been descr ibed by Oswin and Chodosh( r ), Elmore and Tanner('). The advantages 

Modifications of the e lec-  

Most of the work has been related to the palladium-silver alloys which appear 
to be remarkably suited for fuel cell  applications. 
alloys is their selective permeability to hydrogen, and some of the metallurgical 
factors involved have been discussed by Makrides(6). Recently von Sturm and 
K ~ h l m u e l l e r ( ~ )  using palladium membranes have derived a relationship between 
concentration polarization (with respec t  to H atoms),  the membrane thickness, 
cur ren t  density and par t ia l  p re s su re  of hydrogen in the gas phase. 
however, the membrane surfaces were activated by an undisclosed technique, 
and the effects of the surface activation a r e  not apparent. 

A unique property of the 

In this work, 

Although originally conceived(8) for use with relatively pure HZ s t r e a m s ,  the 
greatest  potential application of palladium-silver anodes is with carbonaceous 
fuels. To  obtain efficient anode performance with carbonaceous s t reams,  there 
a r e  two pr ime requirements: 

1. The electrode must  exhibit high limiting cur ren ts  with low par t ia l  p re s su res  
of hydrogen, and 

2. The electrode m u s t  be stable in the presence of mater ia l s  other than hydrogen. 
Specifically, the limiting cur ren ts  (HZ f lux )  a t  low p~~ values must  not be low- 
e r e d  significantly by gases and substances present  o r  formed in the fuel s t reams.  

The palladium-silver anode can be used in a fuel s t r e a m  in a t  l ea s t  two ways. 
fuel can be externally reformed,  to provide a gas rich 
then circulated behind the Pd-Ag electrode and.the hydrogen extracted electrochemi- 
cally. 
the fuel cell.  
any convenient temperature .  

The second method of operation which has been developed recently(9~10) consists of 
reforming the fuel s t r eam to hydrogen in  the anode chamber behind the palladium 
alloy membrane. 

The 
in f ree  hydrogen which is 

In this case  the external re former  is operated at a higher temperature  than 
The fuel cell with palladium-silver anode can then be operated at  

This "internal reforming" process  requires operating the fuel 
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cel l  at a temperature high enough to reform the fuel rapidly: the endothermicity 
of this p rocess  is  satisfied by the polarization lo s ses  in the fuel cell  itself. 
tinuous extraction of H2 down to lower than equilibrium values of p~~ permi ts  
very efficient utilization of the fuel. 

Con- 

Before ei ther  of these types of fuel cell could be developed; however, i t  was neces- 
s a r y  to provide a highly efficient H2-extracting anode(l) with low sensitivity to con- 
taminant gases.  

The work presented here  descr ibes  progress  with this type of anode and some of 
the pre l iminary  studies c a r r i e d  out with various types of H2-containing s t reams.  

EXPERmENTAL PROCEDURES 

The experiments were per formed at 2OO0C in 757% potassium hydroxide. 
measurements  were made ve r sus  a reversible 75 P d / 2 5  Aghydrogen reference 
electrode in the same electrolyte,  and all  values reported a r e  on the Eh scale. 
Luggin capillary was employed a t  the surface of the membrane to measure  anode 
potential. 
and 5 mi l  thick 75'7~ palladium - 2 5 7 ~  s i lver  membranes operating against a P t  mesh  
counter electrode. 
studied were activated a s  described in the following section. 

Potential 

A 

Studies for  the most  p a r t  were conducted on one inch diameter,  1. 5 mi l  

All anodes The experimental  apparatus i s  presented in  Figure 1. 

ELECTRODE PREPARATION 

Many activation procedures have been investigated at L e e ~ o n a ( ~ )  in an  attempt to 
improve operating pa rame te r s  such a s  limiting cu r ren t  density, polarization, and 
stability. 
reproducible. 

The activation procedure used in this work was satisfactory and entirely 

75 P d / 2 5  Ag membranes were  f i rs t  abraded with 50 micron aluminum powder. 
membranes  were then cathodized in 57' KOH solution using two Pt mesh  counter 
electrodes to maintain proper  geometry: this cathodization resulted in the saturation 
of the membrane structure with hydrogen. 
a 2'7~ palladium chloride solution (2-molar HC1) for approximately 4 minutes. 
hydrogen previously introduced into the lattice chemically reduces the palladium 
ions f rom the plating solution t o  form a palladium black on both of the membrane 
surfaces;  the quantity of black deposited was a function of plating t ime and anode 
thickness. This procedure resulted in an adherent, active palladium black; most 
s t ructures  studied had activations of approximately 4 to  5 mill igrams pe r  square 
centimeter.  Although the amount of P d  activation is not a cr i t ical  factor over the 
r a n g e d  1-15 mg/cm2 (5) the 5 mill igram level of activation was arbi t rar i ly  selected 
for  experimental  convenience. 

The 

The s t ruc tu res  were  then immersed  in 
The 

THE EFFECT OF HYDROGEN PARTIAL PRESSURE 

The driving force for the diffusion of hydrogen through the meta l  lattice i s  the differ- 
ential activity of hydrogen, and i t  was important a t  the beginning of this study to 
determine the relation between hydrogen par t ia l  p re s su re ,  limiting current  density 
and polarization. This  was desirable since in l a t e r  studies it permitted separation 
of the relative effects of par t ia l  p re s su re  and impurit ies.  
using s t r eams  containing predetermined mixtures  of hydrogen and nitrogen. A low 

This  data was obtained 
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utilization was used to simulate a constant par t ia l  p re s su re  of hydrogen ac ross  the 
membrane. Using s t ructures  of 15, 10, 5, 3 and 1. 5 mils in  thickness and par t ia l  
p re s su res  of .025, .125, 0.25 and 2. 5 psia  hydrogen, the relationship shown in 
Figure 2 was obtained. Figure 2 indicates that down to 2.5 psia  the process  is 
bulk controlled over  the range of thicknesses studied. 
gree of  surface control i s  evident. 
Figure 3. 
lationship within experimental l imits.  

At lower p r e s s u r e s ,  a de- 
Corresponding polarization data is shown in 

The variation of OCV with H2 par t ia l  p re s su re  follows the Nernst  r e -  

As with any electrode operating on an impure reactant, the concentration of reactive 
species in the s t ream ( in  this case hydrogen) will decrease during passage over the 
electrode. The concentration of hydrogen in the exit purge s t r e a m  should ideally 
approach zero,  and the extent of approach will be determined by the ability of the 
electrode to operate a t  a low effluent concentration of hydrogen. 
p re s su re  of H2 (over a given range) behind the electrode w i l l  be determined by the 
extent of back-mixing within the anode gas chamber .  This  will be a function of the 
geometry of the chamber ,  the gas  flow-rates and the electrode cur ren t  density. 
The mixing profile was not determined in  these prel iminary studies. 

The actual par t ia l  

Hydrogen utilization studies were conducted employing a s t ream of 7070 hydrogen 
and 307~  nitrogen. 
experimentally by fixing t h e  cur ren t  density and reducing the flow to the newer 
stable value. 
composition of the effluent gas. 
the'rmal conductivity cell. 

Measurements  were taken a t  cur ren t  densities of 139, 179 and 487 mA/cm2 with an 
inlet hydrogen par t ia l  p re s su re  of 2 5  psia.  
utilizations of 9070 were observed. This  value fell  to 80'7'~ when the cu r ren t  density 
was increased to 487 mA/cm2.  
moderate  H2 par t ia l  p re s su res ,  polarization was virtually unchanged over  the range 
of utilizations studied. 
hydrogen utilization could be obtained simultaneously when operating on impure hy- 
drogen s t reams.  

It was next necessary  to determine the extent to which this resul t  is dependent on the 
identity of the par t icular  impurities. The following sections present  the data re la ted 
to the ammonia-, methanol-, and hydrocarbon-derived s t reams.  

The relationship between utilization and Ilim was  determined 

An overal l  hydrogen mass balance w a s  established by analyzing the 
This  analysis was performed continuously by a 

At the lower curren t  densities hydrogen 

Since this i s  below the limiting cur ren t  range a t  

These resu l t s  established that low polarization and high 

AMMONIA-CONTAINING STREAMS 

Simulated "cracked" NH3 s t r eams  containing 2 to 5% NH3, and a balance of hydrogen 
and nitrogen in a rat io  of 3 H2:l N2 were used. The fuel was prepared  by introducing 
NH3 into a 7570 H2, 2 5 7 ~  N 2  s t ream;  the concentration of ammonia in the effluent was 
determined by adsorption in  0.856 N H2SO4 and t i tration with 0.01 N NaOH. 

The effect  of 3 H2:l N2 s t r eams  containing 4. 3% and 2.2% NH3 on anode polarization 
and limiting cur ren t  density is shown in Figure 4, and it is apparent that: 

1. At s imi la r  limiting cur ren t  densities (350 mA/cm2),  a hydrogen utilization of 75'70 
is  obtained with the ammonia-free s t r eam compared to a hydrogen utilization of 
54.77" for  the 4.3% NH3 feed. 
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2. Reducing the ammonia concentration to  2.270, i t  is possible to increase the hy-  
drogen utilization to 74.4% with only a slight reduction in limiting cur ren t  
(325 mA/cm2). Operation at these conditions for a period of 9 hours produced 
no change in  Ilim or polarization. 

3. A re turn  to operation with pure hydrogenhi t rogen mixtures  after exposure to 
ammonia resulted in  a fa i r ly  rapid (but not instantaneous) return to the original 
performance level,  indicating the reversibil i ty of the ammonia effect. 

I 

1 F r o m  these results,  i t  i s  evident that ammonia exer t s  a more  profound influence on 
hydrogen anode performance than does nitrogen in s imi la r  concentrations. 
monia c lear ly  influences not m e r e l y  the hydrogen partial  p re s su re  but also the ad- 
sorption kinetics on the palladium surface.  
adsorption of ammonia on transit ion metals. 
versibil i ty indicates that  ammonia cannot be regarded a s  a strong poison. 
H2 utilization a t  high cur ren t  densit ies,  the temperature  and space velocity in the 
ammonia c racker  must  be optimized to maintain the NH3 concentration below 270. 

The am- 

This  would be expected in view of the known 
On the other hand, its demonstrated r e -  

F o r  good 

SIMULATED METHANOL REFORMER STREAM 

The cracking of methanol to yield CO + H2 followed by the shift reaction with water 
to yield C 0 2  t H2 provides a gas of the approximate composition 70% HzI 23% C02,  
1 - 2 7 ~  CO t unreacted methanol and water,  The effects of these various compounds 
on anode behavior is discussed below: 

1: Effect of GOz 

St reams  of 75% H2, 2570 COz have been studied. 
luent, and limiting cu r ren t  density i s  a function only of the reduction in hydrogen 
par t ia l  p re s su re .  
operated for periods of hundreds of hours.  

C02 behaves a s  a totally iner t  di- 

No poisoning effects with C02  have been observed on structures 

' I  I 
i 

2. Effect of CO 

The initial exploratory studies employed a s t r e a m  of 75% H2, 20% C02,  and 5% CO. 
This  amount of GO is substantially grea te r  than that normally expected f r o m  meth-  
anol re formed at 25OoC. 

The experimental procedure employed was as follows: (1) an anode w a s  operated 
in pure  Hz measuring polarization and limiting current density; (2)  a t  150 rnA/cmZ 
using the H2, COz, CO s t r e a m  and a given vent rate (hydrogen utilization) the po- 
larization was observed over  a half-hour period with the following results:  

, '  

Increased Polarization After 
70 Hydrogen Utilization 1/ 2 Hour Under Load 

a. 3 3  

38.1 

20 
33 

57.1 

no change 
no change 
no change 

7 mV 
23 mV 
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I t  is  apparent that  CO has  an increasingly deleterious effect on anode polarization 
as the utilization is increased.  
cur ren t  densities as seen in  Figure 5. Increasing the utilization at 150 mA/cm2 
f rom 8. 33'7'~ to 38.1% halved the limiting cur ren t  density; this is grea te r  than can 
be expected f r o m  the presence of an iner t  diluent, demonstrated in the previous 
H2/N2 utilization studies. 

It w a s  a lso observed when changing from a CO-containing s t r e a m  to pure H2 that 
recovery of the init ial  limiting cur ren t  could be obtained, but only af ter  extensive 
purging with pure H2. 
adsorbed onto the gas side surface. 

Fur ther  studies were then conducted on s t r eams  containing 0. 01, 0.1 and 1% CO 
in the presence of H 2 0  and C02.  
be present  normally in the low temperature  shift effluent. Each experiment was 
conducted for  the period of t ime i t  took to ei ther  double the init ial  polarization at 
150 mA/crnZ, o r  50 hours, whichever came f i rs t .  H2 utilization was maintained 
at 50%. 

Th i s  is  a lso demonstrated by i t s  effect on limiting 

This  indicates that the CO is  strongly, but not i r revers ibly 

Water was included since it was expected to 

The resul ts  of these experiments a r e  summarized in  Table 1 below: 

The Effect of CO on Anode Polar izat ion 
Poisoning Under Load Recovery 

Gas Composition(%) (Hours  Required To (Hrs-of  H2 Electrode 
(OC) G O  CO, H 3 0  H? Double Polar .  ) Purge  Needed) Diameter(in. ) 

200 0.01 0 0 Bal. slow ( -20 )  slow (-10) 1 & 5  
0 .1  0 0 Bal. rapid ( 4 1) slow (-10) 1 & 5  
0.1 0 2 Bal. none ( >  50) 1 

1 0 2 Bal. none ( 7  50) 1 
0 26  0 Bal. none ( >  50) 1 

0.1 25 0 Bal. rapid (10 - 20) slow (-10) 1 
1 25 0 Bal. rapid (<  10) slow (-- 10) 1 

The data shows clear ly  that CO (either alone o r  in the presence of CO ) 
2 gas side reaction, but that  in  the presence of water  (-. 2%), no deterioration in anode 

polarization is observed. 
gas side of the palladium black activated membrane:  

oisons the 

This  is  explained by the shift reaction occurr ing on the 

CO t H20 -> CO2 t H2 

The effect of this process  can be measured  by the observation that  a s  little a s  . O l %  
CO i s  deleterious when present  i n  the dry  form,  whereas  1% CO can be safely toler-  
a ted in the presence of water. 

EFFECT O F  METHANOL AND Hz_O 

The effect  of the expected concentration of unreacted methanol (1 - 270) and H20 
(1 - 27~) i n  the re former  s t r eam was evaluated. 
was synthesized by passing hydrogen through a glass  absorption column containing 
the proper  H20 /methanol composition. 

The des i red  hydrogen s t r eam 

The s t r eam composition was analyzed by 
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I 

I 

I 

i 

1 

gas  liquid chromatography. 
a n  anode was kept under a load of 150 mA/cm2 for 25 hours with a vent ra te  equi- 
valent to  50% H2 utilization. 
and polarization curves indicated no change in  limiting cu r ren t  density after this 
exposure to the impure s t ream.  
load with no change in stability. 

experiments were ca r r i ed  out at 200 - 25OoC with hydrogen utilization of 80 - 90% 
and cu r ren t  densities of 150 mA/cm2.  

Using s t r e a m s  containing the desired impurity content, 

Potential  under load was steady for the period studied, 
,' 

The utilization was increased  to '80% at the same 
Subsequent runs using actual (internally) reformed 

' methanol showed no poisoning of the anode over periods exceeding 200 hours.. These 

E F F E C T  O F  CHq 

Dependent on the efficiency of reforming, substantial concentrations of saturated 
hydrocarbons may be encountered when operating on fuels such a s  kerosene, gaso- 
line, etc. Methane in par t icu lar  will be present ,  even with methanol feed, due to 
the methanation of carbon monoxide. Tes t s  with CH4 showed it to be  an inert  diluent. 

UNSATURATED HYDROCARBONS 

Unsaturated hydrocarbons m a y  b e  present  in significant quantities either as. im-  
purit ies in the feed, o r  a s  a r e su l t  of partial  dehydrogenation during the reforming 
process .  It was considered possible that because of their tendency to chemisorb 
o n  transit ion metals,  some poisoning of the H2 diffusion process  might be observed. 
Tests,,  however, failed to confirm th is ,  and stable operation for the periods speci- 
fied was observed with ethylene. However, a reduction in the limiting cur ren t  w a s  
noted which corresponded a lmos t  exactly to the loss  of hydrogen required for hydro- 
genation of the unsaturated species.  The original polarization and limiting cur ren t  
conditions were observed immediately on restor'ing the hydrogen par t ia l  pressure., 

OTHER SPECIES - ACTUAL REFORMER STREAMS 

Additional qualitative experiments  have indicated that severe  and i r revers ib le  poison- 
ing can occur  in  the presence of significant quantities of acetylene o r  of sulfur. The 
exact l imits of tolerance for these species.have not been established, but operation 
with actual reformed s t r e a m s  from both methanol and hydrocarbon fuels in internal- 
reforming ce l l s  has shown no gas-s ide  deterioration over operating periods of 500 
hours. F r o m  this it can be  concluded that any species generated during reforming 
but not explicitlyconsidered in these  studies mus t  be present  in low concentrations 
which do not noticeably affect  the diffusion process.  

D IS C USS ION 

The data presented c lear ly  show that a suitably prepared palladium-silver anode c a n  
be  used efficiently to ex t rac t  hydrogen from impure s t r eams  *.vithin certain limits. 

The l imits of operation are se t  b y  the temperature (fixed in  these studies at 20ooc), 
the requi red  H2 utilization, i. e. , exit P H ~ ,  and the reversibil i ty of the chemisorption 
of various impurity species. 

H2 utilization a t  fixed cu r ren t  density is  a function o f  pHz, f low ra te  and the extent of 
impurity adsorption. 
2. 5 ps ia ,  gas-phase adsorption i s  limiting. 

The data obtained with Hz/Nz mixtures show that below pH2 = 
When poisons which can be strongly 
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adsorbed a re  present  in the hydrogen, a significant fraction of the surface is covered 
by the'poisoning species even when p~~ = 2. 5 psia.  Under these conditions, the s u r -  
face (hydrogen - adsorption) process  is rate -limiting at higher par t ia l  p re s su res  of 
hydrogen. Only when p 

in the extent of limitation by the surface step. 

is high enough so that H2 competes successfully fo r  surface 
s i tes  with the poisoning H2 species and causes a n  increase  in 8H is there any reduction 

N2, COz, H20,  CHq and CH30H do not appear to affect the PH 
lationship and a l l  of these species ac t  a s  iner t  diluents: they a r e  likewise known not 
to chemisorb strongly on metals  such a s  palladium. 

- limiting cur ren t  r e -  
2 

Ethylene appears  to be an intermediate case. 
i t  does not chemisorb strongly under these conditions and hydrogenates very rapidIy 
to ethane which by inference must  be completely inert .  By contrast ,  acetylene is an 
i r revers ib le  poison; this is explainable by its tendency to fo rm strongly-bonded, s u r -  
face species on most  Group 8 metals.  Neither acetylene nor  ethylene have been ob- 
served  in s team-reformed effluents and a r e  not considered to be likely poisons. 

The evidence (rapid desorption) i s  that 

Ammonia, known to chemisorb  extensively, but reversibly on P t  and Pd, i s  tolerable 
up to the level of 2 7 ~  of the s t r eam content. 

The case of carbon monoxide i s  very  important f rom a prac t ica l  point of view since 
the most  efficient shift catalysts in use today cannot reduce CO below O.l '% level a t  
useful space velocities. In the absence of water it is demonstrated that CO chemi- 
sorbs  strongly and extensively on the palladium surface, significantly lowering € 3 ~  
and limiting cur ren ts .  In the presence of water vapor, however, this i s  not the case ,  
and the palladium ac ts  a s  a remarkably good shift catalyst, so that limiting cur ren ts  a r e  
unaffected, 
is absent. 
than the rate of adsorption of CO. 

In recent practice(9* lo) it has been demonstrated that the anodes can be operated 
efficiently for  long periods on re formed s t r eams  of rnethanol/water and hydrocarbon/ 
water. Under these conditions(9), the membrane surface is exposed to mixtures of 
CO, C02,  H2, H 2 0  and fuel: the composition of this g a s  a t  any point on the surface 
being determined by temperature ,  space -velocity, p re s su re  and the extent of back- 
mixing. 
a t  the exit point where the values of p c o ,  p c o z  will be highest and p~ 
Operating a t  conditions where 85Yc of the methanol has been decomposed and 90% 
of the resulting hydrogen 'extracted'  by the anode, the anode has operated without1 
increased polarization a t  exit  values of p c o )  1%. 
can be tolerated since it is unstable with regard  to the shift equilibrium: 

Thus, by inference. 0~ must  be higher and 0 ~ 0  smal le r  than when water  
In turn, this would imply that the rate of the shift reaction is f a r  grea te r  

The leas t  favorable case (for H2 adsorption on the membrane surface) exists 
lowest. 2 

This  seemingly high level of p c o  

CO t H20 + H2 f CO2 

Thus,  when the CO is adsorbed on the palladium surface,  it is unstable, and rapidly 
converts to C02  and H2 since the palladium is an efficient shift-promoting catalyst 
under these conditions. 

Sulfur, especially in the fo rm of HzS, i s  of course one of the most  strongly adsorbed 
poisons on meta l  surfaces.  Experience has shown, however, that all reforming ca t -  
alysts a r e  sensitive to sulfur poisoning, and fuel s t r e a m s  m u s t  be pre- t rea ted  to 
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remove sulfur in o r d e r  to obtain good reformer-catalyst.lifetimes. In this respect,  
the pre- t reatment  of fuel and'the removal of sulfur t r aces  by the r e fo rmer  catalyst 
significantly reduce the chance of sulfur -poisoning of the palladium membrane by 
the H2 stream, and the quantitative tolerance of the membrane surface to sulfur i s  
therefore  of academic in te res t  at this point. 

It is apparent that from a prac t ica l  point of view, the non-porous diffusion anodes 
when operated under c o r r e c t  conditions can provide v e r y  efficient fuel utilization 
at 'high cu r ren t  densities, and that they a r e  operable in the presence of a wide 
var ie ty  of impurities and by-products of fuel-reforming. 

,. 
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FEASIBILITY STUDIES ON A HYDROCARBON FUEL CELL -- - 

D. P. Gregory  and H. Heilbronner 

P r a t t  & Whitney Aircraf t  
Division of United Ai rc ra f t  Corporation 

East Har t ford ,  Connecticut 

I 

ii INTRODUCTION 

Work has  been r epor t ed  on s e v e r a l  different types of hydrocarbon fuel ce l l s ,  

- - ~ - -  

inc.luding those  operating with mol t en  carbonate  e lec t ro ly tes ,  and those  with aqueous 

ac id  e lec t ro ly tes  a t  l ower  t e m p e r a t u r e s .  

rosion problems,  and  also indicate that  the i r  operating efficiency m a y  r e m a i n  low 

because  of (a )  heat l o s s e s  f r o m  the  carbonate  ce l l ,  and  ( b )  high polarization of the anode 

Both of these  ce l l s  suffer f rom ser ious  c o r -  I 

I /  I 
in  the ac id  ce l l .  

I 

Since one of the m a j o r  c l a i m s  of the  fuel cell is i t s  high efficiency, i t  i s  well to 3 

examine carefully the  overa l l  efficiency of any hydrocarbon fuel ce l l ,  considering both 

the  operating cel l  voltage and  the  utilization efficiency of the fuel. 

One of the  m o s t  efficient fuel ce l l s  .is the  modified "Bacon" ce l l ,  a H 2 / 0 2  cel l  

opera t ing  with nickel e l ec t rodes  a t  4 -500°F  in concentrated alkaline electrolyte.  

ce l l  has  exhibited cu r ren t  dens i t ies  of o v e r  300 a s f  at 1. 0 volt a t  which voltage most  

This 
I 

o the r  ce l l s  a r e  barely producing any  cu r ren t  a t  a l l .  

precludes the  d i rec t  u se  of a carbon-containing fue l .  

However,  the alkaline electrolyte 



1 
' 

have been demonstrated.  

and s team a r e  reacted on a catalyst  in contact with a palladium membrane  anode. 

More recently ( 2 )  a ce l l  has  been descr ibed  in which methanol 

At 

The Internal Reforming Anode Concept __-- 
Figure  1 represents  a schematic  of the "internal reforming anode cel l .  " 

FUEL d WATER VAPOR AIR IN 

CELL CONTAINER -CELL CONTAINER 

DUAL-POROSITY 
NICKEL CATHODE 

PALLADIUM-SILVER 
MEMBRANE 

! 
WASTE AIR ----..-- .. WASTE PRODUC h 
rtivuuc; I nlATER 

Figure 1 .  Schematic Diagram of Hydrocarbon-Air Fuel Cell 
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the palladium anode and e n t e r s  into a conventional fuel ce l l  reaction. 

is a biporous oxidized nickel s t r u c t u r e  fed with C 0 2 - f r e e  a i r .  

The other electrode 

4 

1 Hydrocarbon/s team mix tu re  is f ed  into the gas-space  of the cell  which i s  packed 

Hydrocarbon-steam reforming  reactions a r e  normal ly  c a r r i e d  out at  t empera tures  d 

around 1500°F. The Bacon fuel ce l l ,  however, is l imi ted  to a maximum tempera ture  r 

of about 500"F,  by the  maximum se rv ice  t empera tu re  of the  Teflon insulating gaskets,  

and by the onse t  of unacceptable cor ros ion  r a t e s  a t  the cathode. At 500°F  the equili- /I 

with ca ta lys t .  Hydrogen, CO and  CO a r e  produced. The hydrogen permeates  through 
2 

I 

'I 

operating on a number of different hydrocarbon fuels.  

know if the hydrogen production reaction could proceed fas t  enough a t  these tempera tures  

to sus ta in  useful c u r r e n t s ,  a n d  if hydrogen could be ex t rac ted  through the palladium anode 

P r i m a r i l y ,  it was requi red  to 

I 
' 

a t  a high enough r a t e  to obtain high fuel utilization. 
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Apparatus 

A rectangular  anode holder w a s  constructed as shown in F igure  2 .  

P 

Figure  2. Cutaway of Anode Assembly 

The pal ladium-si lver  alloy foil w a s  c lamped a c r o s s  the face of a shallow recessed  

\ plate, to form a closed cavity. This cavity was  packed with a commer ica l  supported- 

nickel re forming  catalyst .  

edges of the cavity. 

and outwards by a nickel c r i s s - c r o s s  gr id .  

Gas was fed in and taken out by  two gal le r ies  along opposite 
\ 

\ I  

The palladium foil w a s  prevented f rom bowing inwards b y  the catalyst  

, 
I 

This anode holder was immersed  in a tank of 85% KOH maintained a t  500"F, and a 

dual-porosity nickel cathode welded into a dished plate  t o  fo rm a gas  cavity, was suspended 

c lose  to the anode from a l id  which sea led  the KOH f rom the a i r .  

th is  a r rangement  c lear ly .  

was  suspended f rom the l id  to  s e r v e  as a re fe rence  electrode.  

F igures  3 and 4 show 

A 1/8" diameter  pal ladium-si lver  tube, fed  with hydrogen, 
1 



F i g u r e  3. Hydrocarbon Fue l  C e l l  
Assembly with Cathode 
Bent Back 7 F i g u r e  4. Hydrocarbon Fue l  Cel l  

Assembly 

The  anode was supplied with an  accura te ly  me te red  mixture  of hydrocarbon and 

T h e  exi t  g a s  was cooled, passed through a palladium-tube 

I 

i s team,  preheated to 500°F .  

hydrogen detector,  and analyzed by means  of a chromatograph.  

by a bubble me te r  a t  the exi t ,  and the sys tem p r e s s u r e  was Controlled by a manostat  in 

Flow r a t e s  were  recorded 

i 

the vent l ine.  A schematic of the sys t em is shown in  F i g u r e  5.. ' /  

MnNOSTAT, 
LIQUID HIC METERING I f VALVE 

I -1 

H 2 0  SUPPLY SYSTEM 
~ N T I P ~ I  TO 0 i m n  LlOUlD HIC BURETTE 

F i g u r e  5. Schematic of Hydrocarbon Anode System 
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RESULTS 

The cel l  was operated on n-octane, methane and a commerc ia l  kerosene  fuel, 

JP-150,  with v e r y  encouraging resu l t s .  

curves  for  oc tane-a i r .  

2 
80 amps / f t  

to a utilization of 4570. 

F igure  6 shows half-cell and  full-cell polarization 

The electrode spacing w a s  0 .59 inch. It will b e  seen  that 

w a s  obtained a t  a cel l  t e rmina l  voltage of 0.75V, with a fuel flow corresponding 

n 

B 

w 

'0 IO 20 30 40 50 60 70 80 90 
CURRENT DENSITY-AMPIFT~ 

Figure  6. Experimental  Pe r fo rmance  of Air-Octane Fuel Cell 

2 
Under s imi l a r  conditions, methane a l so  gave 80 amps / f t  a t  0 .75 V and 45% fuel 

utilization, and JP-150 gave 68 amps / f t2  a t  0.75 V a t  3570 utilization (F igu re  7). 

F igure  7 .  

I I I 1 I 

METUbNE 

".t I CATICTST DEPTU-0 I5 INCUES 
SPACE VELOCITY-ZW UR-' 
TEMPERATURE - 500.F 

ELECTRODE SPACING " 0 5 9  INCHES 
1N LOSS BlCLUDED 

. ELECTROLYTE - NOYlNbL LIOY. *OH 

I I I I 
20 40 60 BO 100 041 

CURRENT DENSITY-AMPIFT' 

Comparison of Various Fuels  in the Internal Reforming Cell 
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In o r d e r  t o  inc rease  the fuel  utilization, i t  i s  n e c e s s a r y  t o  r educe  the  fuel flow 

ra te .  

at a constant polarization, (0 .  15 V f r o m  a n  unpolarized hydrogen electrode).  

To s tudy  the effect of fuel flow r a t e  on c u r r e n t  density, the anode was  maintained 

T h e r e  is 

a d i r ec t  relationship between the  fuel flow ra t e ,  cu r ren t  density, and fuel utilization. 

As fuel flow is  increased, un less  a higher cu r ren t  flows, t he  utilization s imply falls 

off .  F igu re  8 shows fuel flow ( idea l  hydrogen space velocity) plotted aga ins t  cu r ren t  

density.  T h e  sloping l ines  a r e  l ines  of constant utilization. 

CURRENT DENSITY -AMP/FT2 

F i g u r e  8.  Relationship Between Fuel Flow Rate ,  Cur ren t  and Fuel  
Utilization for  Constant Anode Polar iza t ion  of 0.  15 Volts 
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The curves  on F igure  8 indicate the  variation of cu r ren t  with varying fuel flow 

a t  a fixed polarization for  octane and  methane. 

to the left  for lower polarizations and v ice-versa .  

methane with a 707' fuel utilization; but in o r d e r  to achieve the highest utilizations, the 

The curves  would b e  displaced slightly 

It was possible to  r u n  the cell  on 
I 

I 

penalty in cu r ren t  density became  s e v e r e .  In other words ,  the cu r ren t  i s  l imited by 

' the fuel supply when higher utilizations a r e  attempted. 

production of hydrogen i s  too slow to sus ta in  high cu r ren t s  and uti l izations.  

This sugges ts  that  the catalytic 

\I If the r a t e  of the catalytic re forming  reaction i s  l imiting, a n  improvement  in 

per formance  might be expected by using a thicker catalyst  bed. F igu re  8 was obtained 

a catalyst  bed thickness of 0. 15 inches.  The anode was  made  in  such  a way that 
5 

bed thicknesses of 0. 30" and 0.  60" could be  obtained. Increasing the  b e d  thickness 

\ to 0: 60" did indeed give higher c u r r e n t  dens i t ies ,  up  to 175 arnpslft', at the  s a m e  

\ space  velocity and polarization. 

"with a l a r g e r  bed  volume, higher ac tua l  fuel flow r a t e s  w e r e  requi red ,  and  this had the  

However, in o r d e r  to obtain the  s a m e  space  velocity i 

r 
effect of reducing the fuel utilization to about 30%. 

It became c l ea r  a t  this point that considerable optimization of anode design would 
I\ 

,, have to be done in o rde r  to trade-off between the cu r ren t s ,  cell  volumes and efficiencies 

assoc ia ted  with varying the catalyst  bed  thickness.  

Since the effect of the quantity of the catalyst  is so  marked ,  a s tudy  was  made of 
) 

the reforming reaction i tself ,  in o r d e r  to s e e  how i t s  kinetics w e r e  affected by  the extraction 

of hydrogen. This study was  c a r r i e d  out by  ana lys i s  of the exit gases  vented f rom the 

anode. 

I 
\\ 

Using n-octane a s  fuel, we  cons ider  the following possible reac t ions :  

1.  

2 .  

Fuel conversion to CO and H 

Shift of C O  to C 0 2  ( a s sumed  complete a t  this tempera ture) .  

2 '  
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3 .  Conversion of CO and H to  f o r m  methane. 

4. Extraction of hydrogen by the  anode p rocess .  ( F i g u r e  9 )  

2 

METHANE 
t 

Figure  9 .  Schematic of Reaction Pa ths  

The  third reaction i s  a n  undesirable one, s ince  it r emoves  hydrogen from the 

i e q u i l i b r ~ u m  mixture .  It is ca ta lyzed  by the  s a m e  ca ta lys t s  that promote the desirable 

reaction ( 1 ) .  / 
F i r s t ,  we studied the amount of unconverted fuel appear ing  in the exhaust. This  

/ 
gives a m e a s u r e  of the r a t e  of reac t ion  1. We w e r e  s u r p r i s e d  to find that although no 

unreac ted  fuel i s  found a t  f i r s t ,  it  begins to  show up af te r  about 5 hours ,  progressively 

increas ing ,  indicating that the ca ta lys t  decays quite rapidly. F igure  10 shows the I 

dec rease  of the fuel convers ion  wi th  t ime.  Notice that t he  decay i s  not so  apparent when 

the  cell  is on load - when the fuel utilization of the ce l l  r eaches  50%. a much higher 

proportion of the fuel fed in i s  conver ted .  

extraction of hydrogen is to i n c r e a s e  the r a t e  of the hydrogen-forming reaction. 

This would b e  expected s ince  the effect of 
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Figure  10. Compar ison  of Catalyst  Aging Effect on Octane Fuel  Conversion 
a t  Utilization Efficiencies of 0 ,  30, 40 and  50 Pe rcen t  

\ 

Secondly, we observed  the amount of methane  appear ing  in the  cell  exhaust. This 

gives a n  indication of the r a t e  of reac t ion  3 .  Figure  11 shows the “Reform Conversion‘‘ 

as i t  changes with t ime.  

fuel which produces hydrogen, r a t h e r  than methane. It will 

be  seen  that a t  no-load conditions, the r e f o r m  convers ion  r ema ins  low, indicating most 

of the fuel is being conver ted  to methane. 

The “Reform Conversion“ i s  the  proportion of the  converted 

In the ideal c a s e  it i s  1.0. 

z 
u) 

W > z 

P 
a 

8 
5 E 
W a 

TI ME- HOURS ON OCTANE 

Figure  11.  Compar ison  of Catalyst  Aging Effect on Reform Conversion 
a t  Utilization Efficiencies of 0, 30, 40 and 50 Pe rcen t  
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When hydrogen is ex t rac ted  f rom the equi l ibr ium, all p rocesses  producing 

hydrogen tend to  be  favored. 

s ide  react ion,  s o  methane formation is suppressed .  

where  the initial "Reform Conversion" is as high as 0. 55 when the fuel utilization is 

This  includes the  r e v e r s e  of the methane-producing 

This  is  shown on Figure  11, 

50%. 

less hydrogen is produced, so a higher proport ion of it gets ex t rac ted  by the anode, 

The Reform Conversion inc reases  with t ime  as the catalyst  decays.  Since 

and the tendency for methane formation becomes  l e s s .  

The  most  important  conclusion h e r e  is  that the catalyt ic  react ion changes 

rad ica l ly  with hydrogen extract ion,  so that l i t t l e  useful information will be  learned  

f rom studying the reac t ion  in a conventional r eac to r .  

Thirdly,  attention was paid to  the hydrogen content of the  exhaust s t r e a m .  This 

gives a n  indication of the r a t e  of react ion 4. 

hydrogen produced in the ca ta lys t  bed is ex t rac ted  as "cur ren t"  through the anode, and 

the amount increases  s l ight ly  with t ime.  

F igu re  12 shows that over  90% of the 

I 

IO 

& 09 
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08 
W 
z 

0 
U e 5 06 
W 

2 07 

05 
0 20 40 60 80 100 I 2 0  140 160 

TIME- HOURS ON OCTANE 

Figure  12. Compar ison  of Catalyst  Aging Effect on Extraction- Efficiency 
at Utilization Efficiencies of 30, 40 and  50  Pe rcen t  
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The sum total of these t ime effects on the performance of the cel l  is not very 

marked.  

formed,  l e s s  is reconverted to methane, and the total hydrogen production remains 

As the  catalyst  decays,  more  unreacted fuel is vented. Of the hydrogen 

a lmos t  constant. 

c u r r e n t  density a t  a given polarization, only falls  slowly for 50 hours  o r  so, then 

The net resu l t  of this i s  that  the ceil  performance,  a s  measu red  by 

begins to dec rease  a s  the catalyst  decay becomes real ly  s e v e r e .  

in Figure 13. 

This  i s  i l lustrated 

This accounts for the fact that the cel l  appea r s  to be s table  for  short  

t e r m  operation, though examination of the vent gases  would show a dramatic  change 

during the f i r s t  2 4  hours  of operation. 

TIME * HOURS ON OCTANE 

Figure 13 .  Comparison of Catalyst  Aging Effect on Cur ren t  Density 
with Octane Fuel a t  A P V  = 0. 20 

In the c a s e  of methane fuel, a much reduced decay r a t e  was observed.  A cel l  

The cu r ren t  was  run for a total of 730  hours  a t  a constant anode potential of .015V. 

2 
density changed only from 65 amps / f t2  to 50 a m p s / f t  and the fuel utilization f rom 80% 

to 60%. The methane sys t em exhibits another c l e a r  difference ove r  liquid hydrocarbons: 

The re  is  no complication of the methane-producing s ide react ion,  and  the equilibrium 

part ia l  p r e s s u r e  of hydrogen for  any degree of extraction may b e  calculated the rmo-  

dynamically. By comparing the performance of a n  internal  reforming anode with that 
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of a palladium anode fed wi th  hydrogen at the calculated equilibrium par t ia l  p re s su re ,  

it  should b e  possible to examine  the  r a t e s  of the r e f o r m  reac t ion  and the  extraction 

p rocess  separa te ly .  This  w o r k  i s  a t  p resent  in p rogres s .  

CONCLUSION -_ 
This work  has shown tha t  the  demonst ra ted  per formance  of the internal reforming 

hydrocarbon c e l l ,  in t e r m s  of cur ren t -vol tage  cu rves  and  utilization efficiency, i s  

supe r io r  to that of o ther  d i r ec t  hydrocarbon sys t ems .  
i' 

However, a c lose r  look at the  s y s t e m  indicates that one can  eas i ly  be  mis led  

Considera-/ 

by a single consideration of cur ren t -vol tage  curves  fo r  hydrocarbon fuel ce l l s .  

t ion of t h e  fuel utilization efficiency requi rement  dictates that the higher cu r ren t  densities 1 
demonst ra ted  may be unfeasible f rom a n  efficiency standpoint. The re  will be  a difficult 

optimization p rocess  between ce l l  volumes, ca ta lys t  bed thickness,  maximuni cu r ren t  ! 
; 

density and cell  efficiency. 

t empera tu re  and  cell design, s o  cannot be  attempted at this s tage .  

This optimization will v a r y  fo r  different ca ta lys t s ,  operating 
0 

With present  technology the cu r ren t  density obtainable at overa l l  ce l l  efficiencies 
2 

of grea te r  than 60% a r e  s t i l l  below 100 a / f t  and have to  b e  increased  before  a com-  

merc ia l ly  a t t rac t ive  ce l l  can b e  built.  

of the  fuel a t  5 0 0 ° F  i s  l imiting the reaction, s o  that improved catalysts will be  needed. 

The  ca ta lys t  used  in this work  not only had too low an  activity a t  5 0 0 " F ,  but a l so  decayed 

rapidly with t i m e  at  th i s  t e m p e r a t u r e .  

develop ca ta lys t s  for this reac t ion  f o r  a thermodynamically unfavorable t empera tu re  

region. 

F r e s e n t  indications a r e  that the catalytic reforming 
' 

' 

Up to now t h e r e  has never been a n  incentive to 

All of the work r epor t ed  h e r e  was done with 1.5 mi l  thick foil anodes.  A reduction 

of thickness by  a factor of 3 to 5 may  be  needed to obtain economic feasibility. 

a reduction in thickness will a l s o  br ing  about higher cu r ren t  densit ies due to higher 

Such 
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hydrogen t ranspor t ,  s o  another  optimization of mater ia l  cos t ,  power density and 

technical fabrication will b e  required.  

During the operat ion of the internal  reforming ce l l ,  we have learned  that t ime-  

decay effects can b e  far f rom obvious, and only a careful  monitoring of all the separa te  

p rocesses  going on in  a complex sys t em can show whether a decay effect is occurr ing.  

Otherwise a decay may be  compensated by another  var iable  for  long per iods of t ime,  

only to appear  a s  a per formance  lo s s  a t  a l a t e r  point. 
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Studies on t h e  Fuel Electrodes of Liquid Fuel Cells 
Masaru Yamano and Hironosuke Ikeda 

Sanyo E l e c t r i c  Co., Ltd. Research and Development Center, Osaka, Japan 

(1) Introduction 

Various ac t iva t ion  ca t a lys t  metals have been used as  the 
electrodes of a lka l ine  l i q u i d  f u e l  c e l l  (l), ( 2 ) ,  (3) .  However, 
some ambiguity exists as t o  w h a t  t he  propert ies  of such ac t iva t ion  
ca t a lys t  metals a r e  and i n  w h a t  s t a t e  and t o  what l i q u i d  fue l s  these 
electrodes are ac tua l ly  suited. 

The present authors have used typ ica l  a l k a l i - r e s i s t a n t  
metals, i . e .  Au, Ag, P t ,  Pd, N i  and Cu as c a t a l y s t  metals, and 
formaldehyde (4), hydrazine (5), (6)  and methanol, w h i c h  are 
conventional and typ ica l  f u e l s  as l i q u i d  f u e l s  i n  consideration 
of react ion ve loc i t i e s  ( 7 ) .  They have examined various combinations 
cf these l i q u i d  f u e l s  wi th  the  above-mentioned c a t a l y s t  metals and 
studied the r e su l t i ng  polar izat ion cha rac t e r i s t i c s .  

forming various c a t a l y s t  metal powders under t h e  pressure of 2 tons/cm2 
were immersed i n  a mixture of  each of the f u e l s  tested and an a lka l ine  
e l ec t ro ly t e ,  and the  r e su l t i ng  polar izat ion c h a r a c t e r i s t i c s  were measured. 

The r e s u l t s  have shown that P t ,  Pd and Au powders which have 
high oxygen over-potentials and low hydrogen po ten t i a l s  are preferred.  
Then, the authors have prepared such powders having d i f f e r e n t  surface 
areas,  and studied the r e s u l t i n g  polar izat ion cha rac t e r i s t i c s .  

ca t a lys t  powders of P t  and Pd having the surface areas of 32.9 m2/gr. and 
31.8 m2/gr., respectively,  polar izat ion cha rac t e r i s t i c s  were measured 
i n  mixtures of the a lka l ine  e l e c t r o l y t e  and various mono, di ,  t r i  and 
polyhydric saturated alcohols having d i f f e r e n t  numbers of carbon atoms 
t o  f ind  the manner i n  which t h e  ac t iva t ion  c a t a l y s t s  would a c t  upon 
the d i f f e r e n t  f u e l  alcohols.  

I n  the  experiment performed, t he  electrodes prepared by 

Lastly, with the  electrodes prepared by forming t h e  ac t iva t ion  

I 

(2)  Experiment 

( 2 . 1 )  Preparation of Metal Powders 

The following metal powders were used: 

a)  Copper Powder; pu r i ty  99.97%, e l ec t ro lys i s .  

b) I ron Powder; puri ty  99.992$, carbonyl i r o n  powder (Mond Chemical). 

e )  Nickel Powder; pu r i ty  99.998%; carbonyl nickel  powder (Mond Chemical 
B type) .  

d) S i l v e r  Powder; pu r i ty  99.97$, by dissolving 1 0  gr. &NO3 i n  10 cc. 
pure water, adding 50 cc. HCHO and 85 cc. 50% KOH while cooling, 
allowing t o  stand f o r  2 hours, washing and drying. 

I 
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Palladium Black; p u r i t y  99.98%, by dissolving 10  g r .  PdC12 i n  
20 cc. 5% HC1, adding 50 cc. 30% HCHO and 87 cc. 50% KOH w h i l e  
cooling, allowing t o  s tand for 2 hours, washing and drying. 

Gold Black; p i t y  99.96%, by dissolving 10 gr.  HAuC14 i n  200 cc. 
pure water, adding 55 cc. 33% HCHO and 92 cc. 50% KOH while 
cooling, allowing t o  stand for 2 hours, washing and drying. 

Platinum Black; p u r i t y  99.975%, by dissolving 10  g r .  H2PtCla  
i n  200 cc. pure water, adding 60 cc. 33% HCHO and 98 cc. 50% 
KOH, allowing t o  s tand f o r  2 hours, washing and drying. 

Heat-treated Powders; each of t h e  above blacks was heat-treated 
i n  nitrogen gas at 200°, 400' and 600Oc. for 20 minutes. 

Thermodecomposed Powders; pu r i ty  Pd 99.98%, Pt 99.995%, Au 99.9676, 
heating H2PtC16, PdC12, and HAuC14, respectively,  at 500°C. i n  an 
e l e c t r i c  furnace,  followed by themnodecomposition i n  nitrogen gas 
f o r  20 minutes. 

2 . 2 )  

Each of t h e  t e s t  e lectrodes w a s  prepared by weighing 300 mg. 
of metal pOTfJdeP and forming it under the  pressure of 2 tons/cm2 i n t o  
a disc ,  about 15 mm. i n  diameter and about 0.5 mm i n  thickness. 

2 . 3 )  Method of Measurement 

Preparation of Act ivat ion Catalyst  Metal Electrodes 

I 

a) Measurement of Surface Areas 

I n  order t o  a s c e r t a i n  the r e l a t ionsh ip  between the surface 
areas and electrode c h a r a c t e r i s t i c s  of the various metal powders 
prepared i n  ( 2 . 1 )  ( i . e .  the black, the heat-treated and the thermo- 
decomposed samples), the surface area of each tes t  electrode was 
measured by B.E.T. method. 

b)  Measurement of Polar izat ion Character is t ics  w i t h  Various 
Fuel Electrodes 

Each of  the t e s t  e lectrodes preparsd as per (2 .2 )  w a s  
immersed i n  a mixed so lu t ion  containing 1 0  parts of 25% aqueous solution 
of KOH and 2 pa r t s  of each f u e l  and the polar izat ion cha rac t e r i s t i c s  on 
anodic oxidation were measured w i t h  an opposite e lectrode of M i  plate.  
W i t h  a reference e lec t rode  of Hg/HgO 1N-KOH, polar izat ion character is t ics  1 

a t  various current d e n s i t i e s  were measured at 20°C. 
experimental arrangement used. 

Fig. 1 shows the 

( 3 )  Results of Measurements 

(3.1) Measurement of t h e  Surface Areas of Various Metal Powders I 

I 
The r e s u l t s  a r e  given i n  Table 1. 

Organically reduced powcLers are generally known as metal l ic  
blacks and have comparatively l a rge  surface areas. Reductions i n  
surface area due t o  heat-treatment are l i n e a r l y  d i s t r ibu ted .  The 
samples prepared by thermodecomposition of metallic salts show 

\ 
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smaller surface areas  a t  the same temperature of heat treatment. 

(3 .2)  

ac t iva t ion  ca t a lys t  powders, i . e .  P t g  Pd, Au, Ag, N i  and Cu, the  
powder surface area of 0.18 t o  0.75111 /gr. was  se lec ted  so tha t  the 
influences due t o  var ie ty  i n  surface a rea  might be minimal. 

Polar izat ion Character is t ics  with Various Activation CatalGt Metals 

For the  purpose of ascer ta ining the  propert ies  of various 

a) Formaldehyde 

With various electrodes prepared as per (2 .2 ) ,  polar izat ion 
cha rac t e r i s t i c s  were measured i n  a mixture of 1 0  parts 25% KOH and 2 
par t s  formaldehyde a t  current  dens i t ies  of 0-100 ma/cm2. The results 
are shmn i n  Fig. 2. The order of increasing polar iza t ion  i s  Au, P t ,  
Pd, Ag, N i  and Cu. 

b )  Hydrazine 

Polar izat ion cha rac t e r i s t i c s  were measured i n  the same 
manner as above by immersing each metal powder e lectrode i n  a mixture 
of 1 0  parts 25% KOH and 2 parts hydrazine. 
that N i ,  P t  and Pd powders exhib i t s  superior cha rac t e r i s t i c s .  (See 
Fig. 3 ) .  

e )  Methanol 

I n  a mixture of 1 0  par t s  25% KOH and 2 par t s  methanol, 
po la r i za t im  cha rac t e r i s t i c s  were measured i n  the  same manner as 
above. It w i l l  be apparent from Fig. 4 that P t ,  Pd and Au are 
superior i n  that order.  The other metals showed qu i t e  unsat isfactory 
r e su l t s .  

The results have shown 

(3.3)  

a) Formaldehyde 

The P t ,  Pd and Au blacks prepared as per (2.1), each having 
a various surface area, were used as electrodes and polar izat ion 
cha rac t e r i s t i c s  were measured w i t h  respect t o  formaldehyde. Fig. 5 
shows the re la t ionship  between the polar izat ion poten t ia l s  of the P t ,  
Pd and Au electrodes on anodic oxidation a t  the current  density of 
500 ma/cm2 and the  surface areas  of those ac t iva t ion  ca t a lys t  metal 
powders. 

of the electrode does not exer t  any grea t  influence.  If the 
electrode i s  made o f  a powder which surface a rea  i s  about 1 . 0  m2/gr., 
there  v i 1 1  be a r e l a t i v e 1  low degree of po lar iza t ion  on anodic 
oxidation even a t  500 rnaAm2 and invariably sa t i s f ac to ry  r e su l t s  a r e  
obtained w i t h  any cf the above-mentioned ca t a lys t  metals. 

Polar izat ion Character is t ics  by Surface Area w i t h  P t ,  Pd and Au 
Electrodes 

For a l l  of  P t ,  Pd and Au, the difference i n  surface area 



b)  Hydrazine 

a various surface area, w e r e  used as electrodes and polar izat ion 
cha rac t e r i s t i c s  were measured w i t h  respect  t o  hydrazine i n  the same 
manner as (2 .2 ) .  
po lar iza t ion  poten t ia l  of the  electrodes on anodic oxidation at 200 
ma/cm2 i n  hydrazine and t h e  surface areas of the electrode metals. 
I n  the  case of Pt, t he re  w a s  no s ign i f i can t  difference i n  charac te r i s t ics  
due t o  changes i n  surface area,  j u s t  as i t  w a s  the  case w i t h  
formaldehyde. However, wi th  the  Pd electrodes,  there  was found a 
s l i g h t l y  s ign i f i can t  inf luence,  f o r  the electrode poten t ia l  was a l t e r ed  
more appreciably within t h e  range of 8.54 m2/gr. - 1.67 m2/gr. than 
w i t h i n  the range of more than 8.54 m2/gr. Moreover, w i t h  respect 
t o  Au, the influence of  smaller  surface areas  w a s  conspicuous and 
when it w a s  l ess  than 1 .0  m2/gr., the degree of polar izat ion was 
inord ina te ly  high. 

e )  Methanol 

having a various surface a rea ,  were used as electrodes and polar izat ion 
cha rac t e r i s t i c s  were measured w i t h  respect  t o  methanol i n  the same 
manner as ( 2 . 2 ) .  Fig. 7 shows the re la t ionship  between the electrode 
po ten t i a l  i n  methanol on anodic oxidation a t  the  current density of 
100 ma/cm2 and surface areas of those ca t a lys t  metal powders. 

Compared w i t h  formaldehyde and hydrazine, the influences 
of differences i n  surface area were conspicuous f o r  a l l  the  P t ,  Pd 
and Au electrodes.  Among them, the influences were r e l a t ive ly  minor 
i n  the case of P t ,  while a s l i g h t l y  higher degree of polar izat ion 
was observed i n  the case of Pd. With respect t o  the Au electrodes,  
which generally have smaller  surface areas, considerably high 
degrees of polar izat ion were observed on anodic oxidation a t  100 ma/cm2. 
Within the  range of surface areas  which could be measured, there  was 
a g rea t e r  influence of changes i n  surface a rea  of Au powders than i n  
the case of Pt and Pd. 

(3 .4)  Polar izat ion Charac te r i s t ics  with Various Electrodes i n  
Saturated Alcohols 

The Pt, Pd and Au blacks prepared as per ( 2 . l ) ,  each having 

F+g. 6 shows the  re la t ionship  between the  

The P t ,  Pd and Au blacks prepared as per (2 .1)  , each 

Polar izat ion c h a r a c t e r i s t i c s  were measured w i t h  P t  and Pd 
black electrodes i n  var ious sa tura ted  alcohols and t h e i r  isomers. 

a )  

(i) 

P t  Electrode Charac te r i s t ics  by the  C-number of Mono, D i  and T r i ,  
and their isomers. 

With the P t  black e lec t rodes  prepared as per (2.1)  and (2.2) ,  
po lar iza t ion  cha rac t e r i s t i c s  on anodic oxidation were measured 
t o  a sce r t a in  the inf luences of t he  C-numbers of mono, d i  and 
t r i h y d r i c  alcohols and the  isomers of monohydric alcohol.  
Fig.  8 shows t he  cha rac t e r i s t i c s  obtained w i t h  monohydric 
a lcohols  having d i f f e r e n t  C-numbers and t h e i r  isomers. I n  Fig. 9 
a r e  shown the  polar iza t ion  cha rac t e r i s t i c s  with dihydric alcohols 
having d i f f e ren t  C-numbers. Fig. 1 0  shows the influences of 
t r i h y d r i c  alcohols 
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As regards monohydric alcohols, the C-number range surveyed 
was from C1 to Clo; dihydric alcohols from CB to CLO; 
trihydric alcohols from CJ to CS. According to Fig. 8, it 
is found that the greater the C-number is, the higher the 
degree of polarization is. As regards their isomers, the 
degree of polarization increases in the order of iso, see 
and tert, and extremely high degrees of polarization are 
obtained with propyl and higher alcohols. 
and trihydric alcohols (See Fig. 9 an2 lo.), the degree of 
polarization increases in C-numbers as it is the case with 
monohydric alcohols. In the case of dihydric alcohols, 
high degrees of polarization are obtained with CS and up. 
In regard to trihydric alcohols, the degree of  polarization 
is relatively low up to CS. 

Pt Electrode Characteristics with Various Saturated Alcohols, 
Each Containing the Same Number of C and OH. 

With the same Pt black electrode as (a-i), polarization 
characteristics were measured for mono to hexahydric alcohols, 
each containing the same number of C and OH. 
from Fig. 11 that the degree of polarization increases in the order 
of mono, di and trihydric alcohols, but that in the case of polyhydric 
alcohols, even hexahydric alcohols shows a relatively low degree of 
polarization. 

With regard to di 

(ii) 

It will be apparent 

b) 
. and Polyhydric Alcohols and their Isomers. 

Pd Electrode Characteristics by the C-number of Mono, Di Tri 

With the Pd black electrodes prepared as per (2.1) and (2 .2 ) ,  
polarization characteristics on anodic oxidation were measured 
to ascertain the influences of the numbers of C atoms contained 
in mono, di and trihydric alcohols. Fig. 12 shows the influences 
of the C-numbers of monohydric alcohols and their isomers. Similar 
influences for dihydric alcohols are illustrated in Fig. 13 and 
Fig. 14 relates to trihydric alcohols. 
Fig. 12, 13 and 14 that just as with the Pt black electrode 
mentioned-above, the greater the C-number is, the higher the 
degree of polarization is, and that as regards the various 
isomers, the degree of polarization is higher in the order of 
iso, see and tert. 

It will be apparent from 

The degree of polarization is pronounced with propyl and higher 
alcohols. In the case of dihydric alcohols, the degree of polarization 
is conspicuously high for C5 and up, while trihydric alcohols show 
relatively low degrees of polarization up to CS, just as it is the case 
with the Pt black electrode. 

ii) Pd Electrode Characteristics for Various Alcohols, Each Containing 
the Same Number of C and OH. 

With the same Pd black electrodes as (b-i), Dolarization 
characteristics were measured for mono to hexahydric alcohols, each 
having the same number of C and OH. (See Fig. 15) The degree of 
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polar izat ion i s  higher  i n  the  order of CHsOH, CZH4(OH)2, C3H5(0H)3 
and so on, although it i s  s t i l l  r e l a t i v e l y  low even i n  the  case of 
hexi te .  

( 4 )  Discussion 

I n  order t o  a sce r t a in  the  cha rac t e r i s t i c s  of various 
ac t iva t ion  ca t a lys t  metals as electrodes,  we have selected cer ta in  
metals on the bas is  o f  t h e i r  chemical r e a c t i v i t i e s  i n  mixtures of 
an a lka l ine  so lu t ion  and various l i qu id  fue l s ,  and studied the 
polar izat ion cha rac t e r i s t i c s  of the  above ac t iva t ion  ca ta lys t s  for 
d i f f e ren t  f u e l s .  The f u e l s  used a re  those which a r e  readi ly  miscible 
w i t h  e l ec t ro ly t e  KOH. Thus, we have used formaldehyde which i s  
capable of undergoing Cannizaro s react ion,  hydrazine which is  pa r t i a l ly  
decomposed i n  the presence of ca ta lys t s ,  and methanol which is  only 
sparingly decomposed i n  the presence of  the  ca t a lys t s .  Considering 
the cha rac t e r i s t i c s  o f  various electrode metals with respect  t o  
formaldehyde, as w i l l  be apparent from Fig. 2, any of the metals I 

Ag, N i  and Cu, and it  is  found that even i f  a metal having somewhat 
high hydrogen over-potential ,  e.g. Ag, i s  employed a sa t i s fac tory  
r e s u l t  may s t i l l  be obtained s o  long as it a l so  has a su f f i c i en t ly  
high oxygen over-potential .  I n  other  words, a high oxygen over- 
po ten t i a l  i s  a primary requirement. 

t e s t ed  i s  useful.  However, the  order of preference i s  Au, P t ,  Pd, ! 

i 
i 

d 

It w i l l  be seen from Fig. 5 that s ince  only minor 
differences i n  cha rac t e r i s t i c s  are a t t r i b u t a b l e  t o  differences i n  
surface area of c a t a l y s t  metal, the  only requirement f o r  the 
electrode i s  tha t  i t  should be an e f f ec t ive  current  co l lec tor .  From 
the polar iza t ion  cha rac t e r i s t i c s  f o r  hydrazine, it i s  found that 
whereas only unsa t i s fac tory  r e s u l t s  a r e  obtained w i t h  Ag which 
exhib i t s  r e l a t ive ly  good cha rac t e r i s t i c s  w i t h  formaldehyde (Fig. 3 ) ,  , 
considerably b e t t e r  r e s u l t s  a r e  obtained w i t h  N i .  It i s  presumed, 
therefore ,  that i n  addi t ion  t o  a high oxygen over-potential ,  a low 
hydrogen over-potent ia l  i s  e s sen t i a l .  Furthermore, i n  view of the 
ca t a lys t i c  decomposition of  hydrazine, it i s  thought that su f f i c i en t ly  
sa t i s f ac to ry  polar iza t ion  cha rac t e r i s t i c s  are obtained when the  
surface area of the c a t a l y s t  metal powder i s  l a rge r  than 1 . 0  m2/gr. 
(See Fig. 6) 

,/ 

With regard t o  methanol, it w i l l  be apparent f r o m  Fig. 4 
that b e t t e r  r e s u l t s  a r e  obtained i n  the order of P t ,  Pd and Au, while 
the other  metals a r e  qu i t e  unsat isfactory i n  respect of polar izat ion 
charac te r i s t ics .  Thus, i n  addi t ion  t o  the  above-mentioned requirement 
of high oxygen over-potent ia l  and low hydrogen over-potential, i t  i s  
found that, as w i l l  be seen from Fig. 7, the  grea te r  the surface 
area of the ac t iva t ion  ca t a lys t  metal i s ,  whether i t  i s  P t  o r  Pd, 
the more sa t i s f ac to ry  the  polar iza t ion  cha rac t e r i s t i c s  are .  A t  l e a s t ,  
within the range of measurement described above, a logarithmically 
l i n e a r  r e l a t ion  holds between polar izat ion poten t ia l  arid the surface 
a rea  of the a c t i v a t i o n  ca t a lys t  metal. It w i l l  a l so  be seen that t o  
ac t iva t e  methanol, a surface area of more than about 20 m2/gr. i s  
required.  Thus, by se l ec t ing  a l a rge  surface area,  the ca t a lys t i c  
oxidation may be accelerated.  

Pd powders having m a x i m a l  surface areas, we have s tudied the influences 
Then, wi th  the  so-called metal black electrodes of P t  and 
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on polarization characteristics of the number of C atoms in various 
mono, di, tri and polyhydric alcohols. Pt and Pd exhibit the same 
tendency, and the degree of polarization increases in higher alcohols 
of each group. 
is higher in the order of n, is0 (8), see and tert. On the other 
hand, even when the C-number is large, polyhydric alcohols, which 
contain many OH groups, shows only low degrees of polarization and 
therefore, can serve as effective fuels. Especially satisfactory 
PeSultS are obtained when given alcohol contains the same number of 
C atoms and OH groups, e.g. in the case of methanol, ethylene glycol, 
glycerin, erythrite, adonite and mannite. (See Fig. 11 and 15.) It 
is presumed, therefore, that when the activation catalysts of Pt and 
Pd are used as electrodes, the OH groups have an important role on the 
anodic oxidation of alcohols, improving their polarization characteristics. 
With respect to hydrocarbons, it is presumably difficult to be activated 
even if the surface area of Pt or Pd is made extremely large. Thus, 
it is preferable toemploy alcohols whose numbers of C atoms and OH 
groups are the same or not substanLially different. If Pt and Pd black 
electrodes are used as activation catalysts, polyhydric alcohols having 
substantially the same number of C atoms and OH groups will prove to 
be effective fuels for a liquid fuel cell. 
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Table 1.-SURFACE AREA OF VARIOUS METAL POWDERS 

Pd 3 1 . 8  2 0 . 7  8 . 5 4  1 . 6 7  0 . 2 0  

Au 3 . 5 5  2 . 5 6  1 . 3 4 5  0 . 7 3 5  0 . 0 2  

A9 0 . 1  9 

Reference 
electrode 

( W H S O .  
INKOH) 

25XKOH d n .  Luggin \ Test electrode 
dissolved fuels Capillary I 

Fig. 1. -EXPERIMENTAL ARRAiiGEhilENT FOR MEASUREMENT $2 

OF ANODIC POTENTIALS I 

I 
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O 

Fig. 6.-ANODIC OXIDATION POTENTIALS vs SURFACE 
AREA OF Pt, Pd, AND Au IN HYDRAZINE 
AT CURRENT DENSITY OF 200 MA/CM2 
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THE FZECTROCHEMICAL OXIDATION OF HYDROCARBONS; 
NATURE AND ACTIVITY OF ELECTRODEPOSITED 

PLATINUM BLACKS CONTAINING VARYING AMOUNTS OF LEAD 

Raymond Thacker 

Research Labora tor ies ,  General Motors Corporation, Warren, Michigan 

INTRODUCTION 

The electrochemical  ox ida t ion  of hydrocarbons, such a s  propane, a t  
r e l a t i v e l y  high r a t e s  n e c e s s i t a t e s  the  use of a f i n e l y  d v'ded plat 'num c a t a l y s t .  1-5 
Other mateyhals t h a t  have been t r i e d ,  namely, palladium,'-' nickel, '  silver ,9 cobal t  
molybdate, 
fac tory .  
sus ta ined  only  i f  l a r g e  amounts of plat inum (>35 mg.Icm.2) a r e  used. 
amounts (9 mg./cm.2) do n o t  perform q u i t e  a s  w e l l .  
a r i s e s  i s  whether s u r f a c e  area i s  t h e  s o l e  c r i t e r i o n  f o r  e lectrochemical  a c t i v i t y .  
From t h e  experimental f a c t  t h a t  e l e c t r o d e s  containing t h e  same amount of platinum 
have a v a r i a b l e  a c t i v i t y ,  it might be suggested t h a t  t h e r e  is some other  important 
phys ica l  property p lay ing  a s i g n i f i c a n t  ro le .  

and n i c k e l  bor.de," a l though showing some a c t i v i t y ,  a r e  not  a s  s a t i s -  
I n  a recent  paperi2 it was i n d i c a t e d  t h a t  h igh  r a t e s  of ox ida t ion  can be 

Smaller 
A ques t ion  t h a t  immediately 

A t  t h i s  time, only a few at tempts  have been made t o  i n v e s t  a t e  t h e  r o l e  of 
t h e  c a t a l y s t  i n  organic  e l e c t r o - ~ x i d a t i o n . ~ ~ ~  l4 Dahms and BockrisiE made a com- 
p a r a t i v e  s tudy of t h e  anodic  oxida t ion  of e thylene on b r i g h t  metal e lec t rodes  made 
of Au,  Ir, Pd, Pt, and Rh i n  M s u l f u r i c  ac id  a t  80" C. No at tempt  appears t o  have 
been made t o  determine t h e  reasons f o r  t h e  c a t a l y t i c  a c t f p t y  of the  f i n e l y  divided 
meta ls ,  p a r t i c u l a r l y  of platinum. Joncich and Hackerman have s tudied  t h e  
r e l a t i o n s h i p  between t h e  s u r f a c e  area of  e lec t rodepos i ted  plat inum black and con- 
c e n t r a t i o n  o f  c h l o r o p l a t i n i c  a c i d  p l a t i n g  s o l u t i o n ,  c u r r e n t  dens i ty ,  time, and 
geometry of t h e  e lec t rode  system. 
p a r t i c u l a r  s o l u t i o n  and system t h e r e  i s  an optimum u r r e n t  d e n s i t y  which gives  t h e  
maximum s u r f a c e  area.  I n  an e a r l i e r  paper, BianchiE6 showed t h a t  t h e  charac te r  of 
e lec t rodepos i ted  platinum black  can be profoundly a l t e r e d  by t h e  i n c l u s i o n  of heavy 
m e t a l  ions  i n  the p l a t i n g  s o l u t i o n .  
led t o  an increase  i n  the  l a t t i c e  parameter, whereas C r ,  Mn, Fe, Co, N i ,  Cu, Zn, and 
Pd led  t o  a decrease. 
t h e  depos i t ,  had no e f f e c t  on t h e  l a t t i c e  parameter. 

Among o ther  things,  they showed t h a t  f o r  a 

Pb, Hg, Cd, and T 1  inc lus ions  i n  the  depos i t  

Sb, B i ,  Sn, As, and Au, although a l t e r i n g  t h e  appearance of 

Since a hydrocarbon e l e c t r o d e  r e a c t i o n  involves  an i n i t i a l  adsorpt ion s tep ,  
i t  would appear t h a t  t h e  l a t t i c e  spacing of t h e  c a t a l y s t  i s  important. 
e lec t rodepos i ted  platinum black  conta in ing  var ious  inc lus ions ,  i t  i s  p o s s i b l e  t h a t  
some i n d i c a t i o n  of t h e  e f f e c t  of l a t t i c e  spacing i n  e lec t ro-organic  r e a c t i o n s  might 
be obtained. 

By using 

The work repor ted  h e r e  c o n s i s t s  of an i n v e s t i g a t i o n  of t h e  e f f e c t  of lead 
conten t  on the na ture  of e l e c t r o d e p o s i t e d  platinum, and t h e  a c t i v i t y  of t h e s e  
d e p o s i t s  toward the e lec t rochemica l  ox ida t ion  of  ethane, e thylene,  propane, propylene, 
and n-butane i n  5M H g 0 4  a t  80" C. 

EXPERIMENTAL 

The c e l l  used i n  t h i s  work i s  shown i n  Fig. 1 ( a ) .  It consis ted of a Pyrex 
g l a s s  tube,  1 2  cm. long and 3.5 cm. i n  diameter ,  w i t h  a coarse  g l a s s  f r i t ,  H, sealed 
i n t o  i t ,  2 cm. from t h e  bottom. Two g l a s s  t u b e s ,  A and B, 8 mm. o u t s i d e  diameter, 
each having a 7/25 socket  sea led  t o  the  ends, were connected t o  t h e  c e l l ,  one below 
t h e  f r i t  and t h e  other 2 cm. from t h e  top. These tubes were used f o r  admit t ing and 
vent ing  gases ,  a s  i n d i c a t e d  i n  t h e . f i g u r e .  The c e l l  top contained four  7/25 sockets 
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which supported t h r e e  working e l e c t r o d e s ,  F, and a re ference  e lec t rode ,  C. 
working e lec t rodes  cons is ted  of a platinum w i r e ,  1 cm. long and 0.5 mm. i n  diameter, 
sea led  through a 7-cm. long tube, which was connected t o  a 7/25 through-cone. The 
re ference  e lec t rode ,  a Beckman s a t u r a t e d  calomel e lec t rode  with a f i b e r  junct ion,  
was connected t o  t h e  c e l l  through a s a l t  br idge  containing t h e  same e l e c t r o l y t e .  
The s a l t  b r idge  was comprised of a 7/25 through-cone and a c losed,  e l e c t r o l y t e -  
l u b r i c a t e d  stopcock, D. The t i p  of t h e  br idge  tube was drawn down and then bent up 
t o  prevent  gas bubbles from g e t t i n g  i n t o  it. The counterelectrode,  G, consis ted of 
a c l o s e  f i t t i n g ,  2-cm. long platinum gauze (50 mesh) cyl inder .  A plat inum lead con- 
nected t o  t h i s  e l e c t r o d e  was sea led  through a small  s i d e  tube a t  the  upper end of 
t h e  c e l l .  About 40 cc. of e l e c t r o l y t e  was used i n  t h e  c e l l ,  and t h i s  occupied a 
l i t t l e  over h a l f  t h e  volume above t h e  f r i t .  
were passed through a s i m i l a r  v e s s e l  containing t h e  same e l e c t r o l y t e ,  i n  order t o  
s a t u r a t e  them with water vapor. Both t h e  c e l l  and t h e  water vapor gas s a t u r a t o r  
were maintained a t  80" 1" C. i n  a water  b a t h  cont ro l led  by an Electromax temper- 
a t u r e  f y t r o l l e r .  
valve. 

The 

The gases before  admission t o  the c e l l  

The water l e v e l  i n  t h e  ba th  was maintained by a simple f l o a t  

Before a run, t h e  c e l l  and s a t u r a t o r  were cleaned by soaking i n  concen- 
t r a t e d  n i t r i c  acid f o r  about 2 hr .  They were then thoroughly washed wi th  copious 
amounts of d i s t i l l e d  water. To remove t h e  a c i d  from t h e  f r i t s ,  l a r g e  amounts of 
d i s t i l l e d  water were drawn through them with a water pump. F i n a l l y ,  a f t e r  soaking 
i n  d i s t i l l e d  water f o r  some t i m e ,  they were washed with t r i p l y  d i s t i l l e d  water. 
During t h e  washing of t h e  c e l l  and the s a t u r a t o r ,  the  working e l e c t r o d e s  were pre-  
pared, and t h e  e l e c t r o l y t e  was p u r i f i e d  by p r e - e l e c t r o l y s i s .  

The working e lec t rodes  were cleaned by hea t ing  t o  a white  hea t  followed by 

They were then coated 
immersion i n  concentrated n i t r i c  acid.  Af te r  repea t ing  t h i s  opera t ion  severa l  
times, t h e  e l e c t r o d e s  were washed i n  t r i p l y  d i s t i l l e d  water. 
wi th  plat inum black by e l e c t r o d e p o s i t i o n  using a small c e l l ,  shown i n  Fig. 1 (b) .  
The working e lec t rode ,  F, was mounted v e r t i c a l l y  i n s i d e  t h e  center  of t h e  small 
g l a s s  thimble containing 2.5% c h l o r o p l a t i n i c  ac id  and a small  concent ra t ion  of lead 
a c e t a t e .  A small ,  1-cm. long plat inum gauze (50 mesh) cy l inder ,  G, which f i t t e d  
c l o s e l y  i n s i d e  t h e  thimble was used a s  a counterelectrode.  The plat inum wire  lead 
of the  countere lec t rode  was sealed through t h e  bottom of t h e  thimble. The working 
e l e c t r o d e  was p l a t i n i z e d  a t  a c u r r e n t  d e n s i t y  of 10 ma./cm.2 f o r  1 hr .  
i n t e r v a l  i t  was a l t e r n a t e l y  anodized and cathodized f o r  per iods  of 1.5 min. by 
using a t imer  and r e v e r s a l  switch. 
p repara t ion  of each e l e c t r o d e  and was replaced by unused s tock  so lu t ion .  

During t h i s  

The p l a t i n g  s o l u t i o n  was discarded a f t e r  the  

The e l e c t r o l y t e  was pre-e lec t ro lyzed  i n  a s i n g l e  compartment c e l l  which was 
provided wi th  gas i n l e t  and o u t l e t  tubes. It held 65 cc. of e l e c t r o l y t e .  The c e l l  
top was a 24/40 through-cone, which had two 6-mm. outs ide  diameter tubes connected 
t o  t h e  lower s i d e .  Platinum wire  leads  were sea led  through these  tubes. One was 
spot-welded t o  a 5-cm. long platinum gauze (50 mesh) cy l inder  from which a s e c t i o n  
had been removed, and t h e  o ther  w i r e  was placed v e r t i c a l l y  i n s i d e  t h e  cyl inder .  
Before use the p r e - e l e c t r o l y s i s  c e l l  and e l e c t r o d e s  were cleaned a s  descr ibed above. 
The 5M H d O ,  used here  was pre-electrolyzed f o r  60 t o  100 hr. a t  a t o t a l  cur ren t  of 
40 ma. using the  platinum wire  a s  t h e  anode. The anodic c u r r e n t  d e n s i t y  was 62.5 
ma. /cm.2. The e l e c t r o l y t e  was s t i r r e d  wi th  n i t rogen  during t h e  p r e - e l e c t r o l y s i s .  
With t h i s  arrangement, i t  was considered t h a t  ox id izable  m a t e r i a l  would be removed 
a t  t h e  anode, but  would not  be converted t o  t h e  reduced s t a t e  a t  t h e  cathode because 
of t h e  l a r g e r  area and hence lower c u r r e n t  dens i ty .  

The gases were suppl ied t o  t h e  c e l l s  through polyethylene tubes, and ground 
g l a s s  j o i n t  connectors were used throughout. 
e thylene  tubing w i t h  molten polyethylene. 

Glass tubing was sea led  t o  the  poly- 
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The sources  and grades of the m a t e r i a l s  were: 
C.P. grade;  n i t rogen  - Matheson, pre-pur i f ied  grade;  and phosphoric a c i d  - Baker, 
a n a l y t i c a l  reagent  grade. 

hydrocarbons - Matheson, 

RESULTS AND DISCUSSION 

The e lec t rodepos i ted  plat inum blacks w e r e  charac te r ized  by measurements of 
t h e  lead content ,  c r y s t a l  s t r u c t u r e ,  and sur face  a rea .  For the f i r s t  two, t h e  
d e p o s i t s  were prepared on two plat inum f o i l s ,  1 i n  a rea ,  which were mounted 
1 cm. a p a r t  i n  a c e l l  s i m i l a r  t o  t h a t  shown i n  Fig. 1 (b)  except that  i t  did not  
c o n t a i n  a c y l i n d r i c a l  plat inum gauze counterelectrode.  The c u r r e n t  d e n s i t y  
(10 ma./cm2), time of p l a t i n g  (1 hr. , during which t i m e  t h e  e l e c t r o d e s  were 
a l t e r n a t e l y  anodized and cathodized as descr ibed above), temperature (25" C.) ,  and 
concent ra t ion  of c h l o r o p l a t i n i c  ac id  s o l u t i o n  (2.5%) were i d e n t i c a l  w i t h  the condi- 
t i o n s  used i n  preparing e lec t rodepos i ted  platinum blacks on platinum wires  (geometric 
a r e a  of  0.16 f o r  t h e  e lec t rochemica l  measurements. The only d i f f e r e n c e  
between the s e v e r a l  d e p o s i t s  was t h e  amount of lead a c e t a t e  contained i n  t h e  chloro-  
p l a t i n i c  a c i d  so lu t ions .  This was v a r i e d  between 0 and 0.2%. 

I n  the  f i r s t  two columns of Table I a r e  shown t h e  lead a c e t a t e  concentra- 
t i o n s  and t h e  appearances of t h e  depos i t s ,  respec t ive ly .  It w i l l  be seen t h a t  lead 
a c e t a t e  concentrat ions between 0.003 and 0.05% gave black,  powdery depos i t s ,  t h e  
degree of subdivis ion d iminish ing  with increas ing  concentrat ion,  whereas lead 
a c e t a t e  concentrat ions between 0.075 and 0.2% gave grey, compact deposi ts .  
d e p o s i t  prepared i n  t h e  absence of lead  a c e t a t e  was grey and compact and was s i m i l a r  
i n  appearance t o  those obtained w i t h  t h e  higher  lead a c e t a t e  concentrat ions.  
coulombic e f f i c i e n c i e s ,  a s  shown i n  t h e  t h i r d  column of Table I, were c l o s e  t o  40% 
f o r  a l l  of  the  deposi ts .  

The depos i t s  prepared by Bianchi16 using t h e  same lead a c e t a t e  concentra- 
t i o n s  were d i f f e r e n t  from those  descr ibed here  i n  t h a t  they  were black and very 
powdery, t h e  degree of s u b d i v i s i o n  increas ing  with concentrat ion.  Two reasons can 
b e  presented  f o r  t h e  d i f f e r e n c e s ,  namely, t h a t  Bianchi used a lower concent ra t ion  of 
c h l o r o p l a t i n i c  a c i d  s o l u t i o n  (1%) and a much higher  c u r r e n t  d e n s i t y  (625 ma./cm2). 
A lower coulombic e f f i c i e n c y  (253%) w a s  reported.  I n  t h e  present  work, i t  was shown 
t h a t  c u r r e n t  d e n s i t i e s  g r e a t e r  t h a n  10 ma./cm.2 gave rise t o  much gassing and a 
f i n e r  b lack  depoaft  which tended t o  appear i n  t h e  e l e c t r o l y t e  a s  a c o l l o i d a l  so lu-  
t i o n .  Hackerman 
plat inum black  can r e s u l t  from changes i n  concent ra t ion  and cur ren t  dens i ty .  

The 

The 

has a l s o  shown t h a t  v a r i a t i o n s  i n  the  na ture  of e lec t rodepos i ted  

The lead  content  of t h e  d e p o s i t s  was determined by a nondestrujitjive X-ray 

The Pb/Pt atomic r a t i o s  were ca lcu la ted  
I n  Fig. 2 
It w i l l  be 

f luorescence  method using a s tandard  t h i n  f i l m  f l a t  specimen technique. 
c a l i b r a t e d  s e t  of s tandards f o r  t h i s  method was obtained by atomic absorpt ion 
a n a l y s i s  of  chemically s t r i p p e d  depos i t s .  
from t h e  a n a l y t i c a l  d a t a  and a r e  shown i n  t h e  f o u r t h  column i n  Table I. 
i s  shown t h e  p l o t  of Pb/Pt a tomic r a t i o  2. lead a c e t a t e  concentrat ion.  
seen  t h a t  t h i s  r a t i o  increases  almost l i n e a r l y  up t o  a lead a c e t a t e  concent ra t ion  of 
0.08%, whereaf ter  i t  tends  t o  a cons tan t  va lue  a t  higher  concentrat ions.  
d e p o s i t s  prepared from s o l u t i o n s  conta in ing  0.075, 0.1, 0.15, and 0.2% lead a c e t a t e  
have s i m i l a r  Pb/Pt atomic r a t i o s  and, a s  might be expected, have a s i m i l a r  
appearance. 

A 

The 

A l l  t h e  depos i t s  gave Debye S c h e r r e i 6 d i f f r a c t i o n  p a t t e r n s ,  i n d i c a t i n g  t h a t  
they  were c r y s t a l l i n e .  
obtained w i t h  lead  a c e t a t e  concent ra t ions  from 0.08 t o  0.15% gave no l ines which he 
concluded was a r e s u l t  of t h e  d e p o s i t s  being i n  a s t a t e  o f  c o l l o i d a l  d i spers ion .  
apprec iab le  l i n e  broadening, which tends t o  i n c r e a s e  w i t h  lead content ,  is  evident  
i n  t h e  present  r e s u l t s ,  sugges t ing  t h a t  t h e  c r y s t a l l i t e  s i z e s  a r e  smaller i n  t h e  
h igher  lead  containing d e p o s i t s .  A l i n e  s h i f t  was a l s o  observed i n  going from the 
d e p o s i t  conta in ing  no lead  t o  t h e  one having a Pb/Pt r a t i o  of 0.0021 and remained 

I n  c o n t r a s t ,  Bianchi found t h a t  t h e  powdery depos i t s  

An 
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constant  with fur thef6 increases  i n  t h i s  r a t i o ,  i n  c o n t r a s t  t o  t h e  gradual  increase  
observed by Bianchi. It would appear t h a t  t h e  l a t t i c e  cons tan t  of  t h e  lead con- 
t a i n i n g  d e p o s i t s  i s  g r e a t e r  than t h a t  of pure platinum, but  i t  does not increase  
wi th  increas ing  Pb/Pt atomic r a t i o .  
un ident i f ied  l i n e s  which could very w e l l  be explained by % s 

The d i f f r a c t i o n  p a t t e r n s  contained s e v e r a l  
i d  s o l u t i o n  of lead i n  

platinum, i n  agreement with da ta  reported i n  the  l i t e r a t u r e .  ?k 
Two methods were used t o  determine the  a r e a s  of t h e  plat inum black e l e c t r o -  

depos i t s  supported on platinum wires  (geometric a rea  = 0.16 cm.9. 
used f o r  t h i s  purpose were those used  l a t e r  i n  an i n v e s t i g a t i o n  of t h e  e l e c t r o -  
ox ida t ion  of hydrocarbons. 
mined from t h e  chafee required t o  form a monolayer of oxygen atoms i n  a t r i a n g u l a r  
sweep measurement. I n  general ,  the  e l e c t r o d e s  were cleaned by soaking i n  con- 
cent ra ted  n i t r i c  ac id  f o r  15 min., followed by washing wi th  copious amounts of 
d i s t i l l e d  water and f i n a l l y  with t r i p l y  d i s t i l l e d  water. 
i n  n i t rogen  s t i r r e d  5M H904 a t  80" C. contained i n  t h e  c e l l  and were held f o r  1 
min. a t  1 . 4 ~  E. NHE (Normal Hydrogen Electrode)* and then f o r  1 min. a t  Ov 
dn e l e c t r o n i c  p o t e n t i o s t a t .  2o 
s t a t i c a l l y  t o  the  e l e c t r o d e  a t  a sweep r a t e  of 20 mv./sec. 
and dot ted  l i n e s ,  shown i n  Fig. 3, were obtained f o r  depos i t s  having Pb/Pt atomic 
r a t i o s  of 0.0021 and 0.0256, respec t ive ly .  The oxida t ion  peaks a t  1 . 0 8 ~  a r e  the  
r e s u l t  of t h e  formation of a monolayer of oxygen atoms on t h e  e l e c t r o d e  sur face ,* l  
and t h e  reduct ion  peaks a t  0 . 7 6 ~  a r e  t h e  r e s u l t  of t h e  removal of t h i s  monolayer. 
The area under the  peaks was measured by t r a c i n g  them from t h e  photographs of the 
osc i l loscope  t r a c e s  onto vellum having a uniform weight, and then weighing t h e  
appropr ia te  cu t t ings .  The a r e a s  under t h e  oxida t ion  and reduct ion  peaks were almost . 
i d e n t i c a l ,  a s  would be expected. I n  c a l c u l a t i n g  t h e  a reas  of t h e  e l e c t r o d e s ,  it was 
assumed a t  t h e r e  is  one oxygen atom p e r  sur face  platinum atom and t h a t  t h e r e  a r e  
1.6 x 10'' sites per  square centimeter.22 The a r e a s  of t h e  e l e c t r o d e s  (apparent 
a rea  = 0.16 cm.2) a r e  shown i n  t h e  f i f t h  column of Table I. 

The e lec t rodes  

I n  t h e  f i r s t  method, t h e  area of the depos i t s  was d e t e r -  

They w e r e  then immersed 

using 

Typical  curves ,  dashed 
A t r i a n g u l a r  vo l tage  sweep was then appl ied poten t io-  

The second method, attempted t o  determine t h e  a r e a s  of the  e lec t rodes ,  con- 
s i s t e d  of 5p measurement of double layer  c a p a c i t i e s  using a s i n g l e  pulse  
technique. The d i f f e r e n t i a l  capac i ty  was ca lcu la ted  from t h e  r e l a t i o n s h i p  C = 

i/-, where i is  t h e  apparent cur ren t  d e n s i t y  and $ i s  t h e  s lope  of t h e  photo- 

graphed t r a c e  on t h e  osc i l loscope  screen. A s i m i l a r  procedure t o  t h a t  descr ibed 
above was used t o  prepare t h e  e lec t rodes  before  a p p l i c a t i o n  of a cons tan t  cur ren t  
pulse .  The e l e c t r o d e  p o t e n t i a l  a f t e r  t h e  pretreatment  was about 680 mv. I n  order  
t o  check t h e  method and t o  obta in  a s tandard of comparison, measurements were made 
on a b r i g h t  platinum wire  (geometric a rea  =.0.16 cm.2). The average of severa l  
determinat ions was 36 pf/cm.2, and i f  a roughness f a c t o r  of two is  assumed, then t h e  
value of  1 8 2 ~ f / ~ r . 2  obtained i s  i n  e x c e l l e n t  agreement wi th  those  quoted i n  the  
l i t e r a t u r e .  
was l e s s  successfu l  when appl ied t o  t h e  f i n e l y  divided metal. 
because of t h e  l a r g e r  a reas ,  and therefore  l a r g e r  double layer  capaci tances ,  the  
s lopes of t h e  poten t ia l - t ime t r a c e s ,  even f o r  l a r g e  c u r r e n t  d e n s i t i e s  (375 ma./cm.2) 
were very small  and could not be measured very accura te ly .  Furthermore, t h e  t r a c e s  
showed a continuous curvature  even a f t e r  s h o r t  i n t e r v a l s  (El0 p e c . )  from t h e  s t a r t  
of t h e  pulse ,  thus making i t  extremely d i f f i c u l t  t o  determine t h e  r e l e v a n t  slope. 
However, a procedure was developed which was used f o r  a l l  of t h e  depos i t s .  With i t  
the  depos i t  having a Pb/Pt atomic r a t i o  of 0.0021 was found t o  have a double layer  
capaci tance of 854 pf/cm.2, which i s  i n  good agreement wi th  t h e  va lue  reported by 
Tarmy et e.25 a t  t h e  same p o t e n t i a l .  
f o r t u i t o u s ,  a s  t h e  e lec t rodepos i ted  platinum black  used by Tarmy, who did not  give 
any d e t a i l s ,  may have been d i f f e r e n t  from t h e  one used here. 
ca lcu la ted  from t h e  double layer  c a p a c i t i e s  were of t h e  same order  of magnitude a s  
those determined by t h e  t r i a n g u l a r  sweep method, but  t h e  va lues  were s l i g h t l y  lower. 

* A l l  subsequent p o t e n t i a l s  a r e  2. NHE unless  t h e  cont ra ry  i s  s t a t e d .  

dv 
d t  

Although the  method worked very w e l l  wi th  t h e  b r i g h t  metal ,  i t  
For one thing,  

This agreement, however, may be e n t i r e l y  

General ly  t h e  a reas  
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The lack  of agreement between the two methods might be due t o  t h e  d i f f i c u l t i e s  
encountered i n  applying the double layer  capac i ty  method. 

I n  Fig. 4 is  sham t h e  p l o t  of r e a l  a rea ,  a s  determined by t h e  t r i a n g u l a r  
It w i l l  be seen t h a t  the e l e c t r o d e  having a sweep method, 2. Pb/Pt atomic r a t i o .  

Pb/Pt r a t i o  of 0.0021 had t h e  l a r g e s t  area. 
decreases ,  reaching a minimum a t  a n  atomic r a t i o  of  0.021. 
s l i g h t l y  a t  higher  va lues  o f  the atomic r a t i o .  
had an area between those  having atomic r a t i o s  of 0.0021 and 0.021. 

' As t h e  atomic r a t i o  increases  t h e  area 

The e l e c t r o d e  containing no lead 
The a r e a  increased 

The a c t i v i t y  of the s e v e r a l  d e p o s i t s  toward t h e  e lec t ro-oxida t ion  of t h e  
hydrocarbon gases was determined us ing  t h e  t r i a n g u l a r  sweep method. l9 
of 20 mv./sec. was used. The same set  of e l e c t r o d e s  was used f o r  a l l  of t h e  f i v e  
gases--ethane, e thylene,  propane, propylene, and n-butane. However, t h e  following 
procedure was used i n  switching from one gas to another  i n  order  t o  remove adsorbed 
spec ies  on t h e  e l e c t r o d e s  from t h e  previous gas. The e lec t rodes  were held a t  1 . 4 ~  
for  1 min. and then a t  Ov f o r  1 m i n .  us ing a p o t e n t i o s t a t  before  applying t h e  
t r i a n g u l a r  vo l tage  sweep. Typical  curves  f o r  propylene, f u l l  l i n e ,  and dash-dot- 
dashed l i n e  f o r  e l e c t r o d e p o s i t s  having Pb/Pt atomic r a t i o s  of 0.0021 and 0.0256, 
r e s p e c t i v e l y ,  a r e  shown i n  Fig. 3. The oxida t ion  peaks a t  0 . 7 5 ~  a r e  the r e s u l t  of 
the  e lec t ro-oxida t ion  of propylene,and t h e  a r e a s  under these  peaks i n  m i l l i c o u l d s  
a r e  used h e r e  as  a measure of the e l e c t r o d e  a c t i v i t y .  These a r e a s  were measured by 
t h e  method descr ibed previously.  The a r e a s  under the  oxida t ion  and reduct ion  peaks 
a t  1.08 and 0.76v, r e s p e c t i v e l y ,  were a l s o  measured. 

A sweep r a t e  

I n  Fig. 5 i s  shown a p l o t  of hydrocarbon oxida t ion  (area under t h e  oxida- 
t i o n  peaks) v 2  t h e  Pb/Pt atomic r a t i o .  
e thylene  and propylene a r e  e lec t rochemica l ly  oxidized more ex tens ive ly  than ethane, 
propane, and n-butane f o r  a l l  va lues  of  t h e  atomic r a t i o .  
propane, and n-butane a r e  i d e n t i c a l ,  whereas those f o r  e thylene and propylene d i f f e r  
s l i g h t l y .  A l l  the gases show a maximum a t  a n  atomic r a t i o  of 0.0021, t h e  values for  
propylene and e thylene  be ing  more than four  t i m e s  t h a t  f o r  t h e  s a t u r a t e d  hydro- 
carbons. 
being g r e a t e r  f o r  e thylene  and propylene. 
almost a s  a c t i v e  a s  t h a t  having an atomic r a t i o  of 0.0256 i n  t h e  oxida t ion  of 
e thylene,  ethane, propane, and n-butane. Propylene was except ional  i n  that t h e  
e l e c t r o d e p o s i t  having an atomic r a t i o  of 0 w a s  almost a s  a c t i v e  a s  t h e  one having a 
r a t i o  of  0.0021. 

The f i r s t  th ing  t h a t  i s  evident  i s  t h a t  

The curves f o r  ethane, 

A t  h igher  atomic r a t i o s  t h e  degree of ox ida t ion  diminishes, t h e  d e c l i n e '  
The e l e c t r o d e p o s i t  containing no lead was 

Comparing Fig. 4 and 5, i t  is  seen t h a t  t h e  v a r i a t i o n  i n  degree of hydro- 
carbon oxida t ion  wi th  Pb/Pt atomic r a t i o  c l o s e l y  p a r a l l e l s  t h e  v a r i a t i o n  of r e a l  
a rea  wi th  t h i s  r a t i o .  In  Fig. 6 the degree of hydrocarbon oxida t ion  E. r e a l  a rea  
i s  shown. It w i l l  be  seen t h a t  t h e  degree of ox ida t ion  of t h e  unsaturated hydro- 
carbons increases  p r o p o r t i o n a t e l y  w i t h  real  a r e a ,  but t h a t  of t h e  s a t u r a t e d  hydro- 
carbons does not. I n  t h e  l a t t e r  case,  it appears t h a t  t h e r e  is  some o ther  f a c t o r  
l i m i t i n g  t h e  oxida t ion  a s  t h e  a r e a  i s  increased. The data  presented i l l u s t r a t e  t h a t  
a rea  is important i n  t h e  e l e c t r o - o x i d a t i o n  of hydrocarbons and t h a t  it tends t o  mask 
any o ther  important f a c t o r s  such a s  t h e  e f f e c t  of l a t t i c e  parameter. 

An important c o n s i d e r a t i o n  i n  organic e lec t ro-oxida t ion  r e a c t i o n s  is  t h e  
r o l e  of chem'so bed oxygen. 
of 800 mv., "J 17 a s  shown by t h e  dashed and d o t t e d  l i n e s  i n  Fig. 3i The oxidat ion 
peaks of e thane,  propane, and n-butane, which occur a t  0.56, 0.59, and 0.56v, 
r e s p e c t i v e l y ,  do n o t  o v e r l a p  the peak f o r  "0" formation a t  1 . 0 8 ~ ~  but  the peaks f o r  
e thylene  and propylene, which occur  a t  0.71 and 0.77v, respec t ive ly ,  do. It is seen 
i n  Fig. 3 t h a t  the  o x i d a t i o n  peak a t  1 . 0 8 ~  and t h e  reduct ion  peak a t  0 . 7 6 ~  i n  the  
propylene curves a r e ,  r e s p e c t i v e l y ,  g r e a t e r  and smaller than t h e  corresponding peaks 
i n  t h e  n i t r o g e n  curves. 
r a t i o .  
chemisorption takes  p lace  and t h e  l a t t e r  i s  i n h i b i t e d ,  s i n c e  a smaller  oxygen 

On platinum, oxygen chemisorption begins  a t  a p o t e n t i a l  

The e f f e c t  becomes smaller w i t h  increas ing  Pb/Pt atomic 
It appears t h a t  propylene i s  oxidized i n  t h e  p o t e n t i a l  reg ion  where "0" 
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reduct ion  peak i s  observed. 
t h e  e f f e c t  described is  more pronounced. Propane and n-butane a r e  s i m i l a r  i n  t h a t  
t h e  peaks a t  1.08 and 0 . 7 6 ~  a r e  i d e n t i c a l  with t h e  corresponding peaks i n  the  
n i t r o g e n  curves,  suggest ing t h a t  ox ida t ion  of the  hydrocarbons does not  take p lace  
i n  the  oxygen chemisorption reg'on. I n  f a c t ,  t h e  hydrocarbon r e a c t i o n s  appear t o  
be i n h i b i t e d  by s u r f a c e  oxygen.I2 Ethane behaves d i f f e r e n t l y  from t h e  o ther  four  
hydrocarbons i n  t h a t  the peaks a t  1.08 and 0 . 7 6 ~  a r e  both  g r e a t e r  by the same amount 
than  t h e  corresponding peaks observed with ni t rogen.  
due t o  t h e  r e v e r s i b l e  formation of an oxida t ion  product of e thane i n  t h e  oxygen 
chemisorption region. 

Ethylene behaves s i m i l a r l y  t o  propylene, except t h a t  

It i s  suggested t h a t  t h i s  is  

CONCLUSIONS 

1. The lead conten t  of e lec t rodepos i ted  platinum black, prepared from 2.5% 
c h l o r o p l a t i n i c  ac id  a t  a c u r r e n t  d e n s i t y  of 10 ma./cm.2 f o r  1 hr. increases  with 
lead a c e t a t e  concentrat ion.  
a lead a c e t a t e  concent ra t ion  of  0.08%, whereaf ter  i t  tends t o  a cons tan t  value with 

B f u r t h e r  increases  of concentrat ion.  

n The Pb/Pt atomic r a t i o  increases  almost l i n e a r l y  up t o  

2. The r e a l  a r e a  of the platinum black e l e c t r o d e p o s i t s  i s  a maximum a t  an 
atomic r a t i o  of 0.0021. 

3. The degree of hydrocarbon oxida t ion  v a r i e s  wi th  Pb/Pt atomic r a t i o  a s  
does t h e  r e a l  a rea ,  and t h e  e f f e c t  i s  much g r e a t e r  f o r  e thylene and propylene than 
f o r  e thane,  propane, and n-butane. 
of 0.0021 have the  g r e a t e s t  a c t i v i t y .  

\ 
The e l e c t r o d e p o s i t s  having a Pb/Pt atomic r a t i o  \ 

\\ 
4. 'Other f a c t o r s ,  such a s  l a t t i c e  parameter, t h a t  might be important i n  

t h e  e lec t ro-oxida t ion  of t h e  hydrocarbon gases a r e  masked completely by t h e  area 
e f f e c t .  \ 

t 5. Ethylene and propylene cont inue t o  be  oxidized i n  t h e  p o t e n t i a l  region 

The e lec t ro-oxida t ion  of propane and n-butane i s  i n h i b i t e d  by sur face  

I where oxygen is  chemisorbed on platinum. I n  t h e  process  oxygen chemisorption i s  
i n h i b i t e d .  

(1 oxygen. 
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B 

4 

1 
n 

n 

Lead Acetate 
Concentration 

i n  P l a t i n g  
So lu t ion  

( %) 

0 

0.003 

0.01 

0.05 

0.075 

0.1 

0.15 

0.2 

TABLE I 

PROPERTIES OF PLATINUM BLACK ELECTRODEPOSITS 

Appearance 
of 

Deposits 

Grey, compact 

Black, very powdery 

Black, very powdery 

Black, powdery 

Grey, compact 

Grey, compact 

Grey, compact 

Grey, compact 

Coulombic 
Ef f i c i ency  

(%) 

40.6 

35.9 

37.2 

41.6 

41.6 

39.8 

38.4 

Atomic 
Ra t io  

(Pb /P t  ) 

0 

0.0021 

0.0041 

0.0143 

0.0208 

0.0230 

0.0247 

0.0256 

Real Area 
Per  Geometric 

Area of 
0.16 Cm.2 

(cm.2) 

57.3 

8 5 : 4  

81.4 

41.7 

36.7 * 

47.4 

47.4 



-202-  

A - gas I n l e t  
B - gas o u t l e t  
C - sa tu ra t ed  calomel r e fe rence  

D - closed stopcock 

F - working e l ec t rode  
G - platinum gauze counter- 

H - coarse g l a s s  f r i t  
I - 2.5% ch lo rop la t in i c  ac id  

e l ec t rode  

E - 5M HSO, 

e lec t rode  

s o l u t i o n  

la 1 lbl 

.F ig .  1. ( a )  Electrochemical c e l l .  (b) Working e l ec t rode  p repa ra t ion  c e l l  

LEAD ACETATE CONC. (51 

Fig. 2. Pb/Pt atomic r a t i o  of  e lectrodeposi ted platinum black prepared 
from 2.5% c h l o r o p l a t i n i c  ac id  so lu t ions  containing d i f f e r e n t  lead 
a c e t a t e  concentrat ions.  
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POTENTIAL vs. NHE (VI 

Fig, 3. P o t e n t i a l  sweep curves on electrodeposi ted platinum black, i n  5M 
H3P04, a t  80" C. Fu l l  l i n e  - propylene, dashed l i n e  - nitrogen, 
Pb/Pt = 0.0021; dash-dot-dashed l i n e  - propylene, dot ted l i n e  - 
nit rogen,  Pb/Pt = 0.0256. 

, 

PUP1 ATOMIC RATIO 

Fig. 4. Real a r e a  of e lectrodeposi ted platinum black prepared from 2.5% 
c h l o r o p l a t i n i c  ac id  so lu t ions  containing d i f f e r e n t '  l ead  a c e t a t e  
concentrat ions.  Variat ion wi th  Pb/Pt atomic r a t i o .  
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I r n  

p e a  - 
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z 8 40 
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0.005 1.01 0.015 0.01 0.025 

b/R ATOMIC RATIO 

Fig .  5. Hydrocarbon ox ida t ion  (5M H3P04, 80" C . )  on e l e c t r o -  
deposi ted platinum black prepared from 2.5% chloro-  
p l a t i n i c  a c i d  so lu t ions  containing d i f f e r e n t  lead 
a c e t a t e  concentrat ions.  Variat ion w i t h  Pb/Pt atomic 
r a t i o .  0 ,  ethane;  0, propane; A, n-butane; V, 
ethylene;  e, propylene. 

30 70 90 

R f A L  AREA (CM? 

Fig. 6 .  Hydrocarbon ox ida t ion  ( 5 M  H3PO4, 80' C . )  on electro- 
deposi ted platinum black prepared from 2.5% chloro- 
p l a t i n i c  a c i d  so lu t ions  containing d i f f e r e n t  lead 
a c e t a t e  concentrat ions.  Variat ion with r e a l  a rea .  
0 ,  e thane ;  e, propane; A, n-butane; 0, ethylene;  
e, propylene. 

6 
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ANODIC OXIDATION QF HYDROCARBONS 

M. L. S a v i t z ,  R. L. Januszeski  
G. R. Frysinger  

U. S. Amy Engineer Research and Development Labora tor ies  
Fort  Belvoir ,  Vi rg in ia  22060 

The anodic oxida t ion  of hydrocarbons is of p a r t i c u l a r  i n t e r e s t  
f o r  d i r e c t  generat ion of e l e c t r i c a l  power from a l i q u i d  f u e l  i n  a 
f u e l  c e l l .  The U. S. Amy Engineer Research and Development Labora- 
t o r i e s  (USAERDL) a r e  engaged i n  a program i n  combination with i n d u s t r i a l  
and u n i v e r s i t y  workers t o  b e t t e r  understand t h e  mechanism by which 
hydrocarbons r e a c t  a t  f u e l  c e l l  e lec t rodes .  Grubb (1) has  examined t h e  
oxidat ion of hydrocarbons from methane t o  hexadecane as a func t ion  of 
chain length ,  s t r u c t u r e ,  and unsa tura t ion  i n  Neidrach-Alfred e l e c t r o d e s  
( 2 )  i n  phosphoric acid e l e c t r o l y t e  a t  150'C. Saturated hydrocarbons 
were most a c t i v e  with unsa tura ted ,  branched and c y c l i c  compounds less 
ac t ive .  

The u l t imate  p o t e n t i a l  of f u e l  c e l l  power suppl ies  i s  r e l a t e d  t o  
the performance which can be achieved a t  an e l e c t r o d e  sur face .  
Reaction paths  and the rate l i m i t i n g  s t e p s  m u s t  be understood f o r  
a l i p h a t i c s ,  o l e f i n s ,  aromatics ,  and oxygenated compounds i f  v e r s a t i l e  
h lec t rode  s t r u c t u r e s  are t o  be devised. Current ly ,  s e v e r a l  i n v e s t i -  
gat ions a r e  being performed t o  determine t h e  mechanism o f  anodic  
oxidat ion of hydrocarbons i n  ac id  s o l u t i o n  - some of  t h e  r e s u l t s  t o  
b e  reported i n  o ther  papers a t  t h i s  symposium. 

Inves t iga t ions  of t h e  mechanism of anodic oxida t ion  of octane 
i n  concentrated H3P04 a t  130 and 15OoC have been i n i t i a t e d  i n  our  
laboratory and prel iminary r e s u l t s  a r e  presented.  

Experimental 

A s tandard t h r e e  compartment e lectrochemical  c e l l  (3) was used 
f o r  oxidat ion and adsorpt ion s t u d i e s .  The working e lec t rode  was 
e i t h e r  a plat inized-plat inum e l e c t r o d e  o r  b r i g h t  platinum e l e c t r o d e  
of thermocouple grade platinum. Both e l e c t r o d e s  had geometric a rea  
of 0.5 cm2. The b r i g h t  e l e c t r o d e  was f lame-treated before  each 
experiment t o  minimize change of e l e c t r o d e  a rea  i n  concentrated 
H3P04 a t  high temperatures  (4) .  The re ference  e l e c t r o d e  cons is ted  
of a p l a t i n i z e d  platinum e l e c t r o d e  which was ca thodica l ly  polar ized  
with he lp  of another  p l a t i n i z e d  platinum e l e c t r o d e  i n  t h e  same 
compartment a s  descr ibed by Giner (5). The counter  e l e c t r o d e  w a s  
of p l a t i n i z e d  platinum maintained i n  an argon atmosphere, To remove 
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i m p u r i t i e s  from the R3P04 it w a s  necessary t o  r e f l u x  it with 30% I3202 
s o l u t i o n  f o r  24 hours and d i s t i l l  o f f  l a t e r  u n t i l  t h e  des i red  a c i d  
concent ra t ion  was obtained.  Chromatographic grade octane (99+ mole %) 
was i n j e c t e d  i n t o  t h e  working compartment with a syr inge ,  and constant  
composition w a s  maintained by bubbling argon through a p r e s a t u r a t o r  
containing octane a t  a temperature  s l i g h t l y  lower than i ts  b o i l i n g  point .  

I n  order  t o  o b t a i n  a reproducib le  sur face  f o r  adsorp t ion  s t u d i e s ,  
t h e  e l e c t r o d e  was p r e t r e a t e d  with a series o f  p o t e n t i a l  s t e p s  and then 
maintained a t  a f ixed  p o t e n t i a l  f o r  varying t i m e s  before  examining t h e  
s u r f a c e  s ta te  of t h e  e l e c t r o d e  with an anodic o r  cathodic  pulse .  / 

E s s e n t i a l l y  t h e  e l e c t r o d e  was h e l d  a t  1.35 V f o r  1 minute - t h e  l as t  
30 seconds without s t i r r i n g ,  a t  0.1 V f o r  30 msec. and then a t  a f ixed  
p o t e n t i a l  f o r  from 10 msec t o  10 minutes before  applying t h e  t r a n s i e n t  
pu lse  (4) .  Figure 1 i n d i c a t e s  t h e  c i r c u i t  f o r  t h e  programmed e l e c t r o d e  
pretreatment .  F i r s t  t h e  1.35 V (Vi) i s  appl ied t o  t h e  c e l l  by adding 
onto t h e  i n t e r n a l  pre-set  p o t e n t i o s t a t i c  vo l tage  (V3). Tr igger  C i r c u i t  
Number 1, manually operated,  then a c t i v a t e s  a ramp genera tor ;  t h e  
Hg-wetted relay number 1 opens switch 1 A  and c l o s e s  1 B  and obta ins  
0 .1  V (V2). 
r e l a y  switch 2A and c l o s i n g  2B, r e t u r n i n g  t h e  ce l l  t o  V3 f o r  from 10 
msec t o  10 sec before  SCR c i r c u i t  number 2 f i r e s ,  a c t i v a t i n g  Hg-wetted I 

r e l a y  3, c l o s i n g  switch 3 and f i r i n g  t h e  constant  cur ren t .  Manual 
opera t ion  of t h e  g a l v a n o s t a t i c  r e l a y  w a s  employed where t i m e s  a t  V3 
exceeded 10 seconds. Figure 2 shows t h e  p o s i t i o n  of t h e  programmed 
c i r c u i t  i n  r e l a t i o n  t o  t h e  p o t e n t i o s t a t i c  input .  

Resul t s  and Discussion 

IF 

16 
f After  30 msec, SCR c i r c u i t  number 1 is a c t i v a t e d ,  opening 

The adsorp t ion  o f  o c t a n e  has  been s tudied  a t  13OOC i n  85% H3P04 
wi th  anodic and ca thodic  g a l v a n o s t a t i c  charging curves. Brummer has  
found t h a t  anodic charging g ives  a r e l i a b l e  es t imate  of t h e  amount of 
ox id izable  m a t e r i a l  adsorbed on the e l e c t r o d e  f o r  propane i n  H3P04 
from 80-130°C (4). 
i r r e v e r s i b l y  adsorbed on t h e  e l e c t r o d e ,  ca thodic  charging curves a r e  
a l s o  needed. 

I n  o r d e r  t o  know about t h e  amount of spec ies  

I n  t h e  octane s t u d i e s  a t  130°C on b r i g h t  platinum t h e  measurement 
of  t h e  d i f fe rence  between QsSEane and QZ3gon with anodic charging 
curves  and QH from ca thodic  charging curves with and without octane 
was found t o  be r e l a t i v e 1 3  independent of c u r r e n t  d e n s i t y  from 540 
microamp/cm2 t o  150 ma/cm . A cur ren t  dens i ty  of  45 ma/cm2 was chosen 

I 
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f o r  t h e  measurements. 
130” on br ight  P t  i n  85% H PO 
p o t e n t i a l s  is shown i n  Figure 3. 
e lec t rode  i n  H3P04 under a r  on has  been subt rac ted  from t h e  charge obtained 
with octane.  I n i t i a l l y  Qi2iane increases  l i n e a r l y  with square root  of time 
independent of p o t e n t i a l  from 0 .1  t o  0.5 V. This i n d i c a t e s  t h a t  adsorpt ion 
is i n i t i a l l y  l i m i t e d  by d i f f u s i o n  of t h e  reac tan t  i n  s o l u t i o n .  The adsorpt ion 
appears d i f f u s i o n  cont ro l led  f o r  about 3 sec a t  0.2 V ,  2 s e c  a t  0.3 V,  1 sec 
a t  0 .1  and 0.4 V ,  and 500 msec a t  0.5 V. The rate then decreases  and t h e  con- 
c e n t r a t i o n  of adsorbed spec ies  reaches a constant  maximum value i n  about 30 
seconds. The value i s  maintained f o r  a t  l e a s t  10 minutes except a t  0 .1  V 
where t h e  charge begins t o  decrease a f t e r  2 minutes. The maximum amount of 
adsorpt ion appears a t  0.2  and 0.3 V.  There is  much less adsorpt ion a t  0.6 V, 
and a t  0 . 7  V the adsorp t ion  with octane is  only n e g l i g i b l y  d i f fe r775  from t h a t  
under argon. From F ‘  ure  3 the  i n i t i a l  s lope of t h e  vs Tads i s  2.88 
x Since t h e  e lec t rode  had a roughness f a c t o r  of 1 . 2 4 ,  
the i n i t i a l  s lope i s  3.58 x coul/geom cm2/sec1/2. The d i f f u s i o n  constant  
D octane can be ca lcu la ted  from t h e  equat ion (6): 

Qads = 2nF D112 

A p l o t  of the  charge QZ:kane from anodic charging a t  
with t h e  t i m e  of adsorpt ion a t  var ious  3 4  

The charge occurr ing from oxida t ion  of t h e  

coul/cm2/sec1”. 

octane -1/2 c ,1/2 

where n i s  the  number of e l e c t r o n s  re leased  i n  t h e  oxida t ion  of adsorbed 
spec ies  which f o r  t h e  complete oxida t ion  of  octane t o  CO would be 50, F i s  
Faraday number, C is  t h e  concentrat ion of  octane i n  mole?cm3. 
6 .72  x 
d i f f u s i o n  constant f o r  octane is  found t o  be 9.6 x cm2/sec. This  value 
appears high i n  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  found f o r  d i f f u s i o n  i n  a l i q u i d  
i s  usua l ly  from 0.5 t o  4 x 
5 x cm2/sec. 
r a t e  of d i f fus ion  r a t h e r  than f a s t e r .  An increase  i n  carbon chain length  
normally causes a decrease i n  d i f fus ion  constant  e .g .  e thanol ,  1 . 2 8  x 
cm2/sec, n-propanol 1.1 x lo-’ cm2/sec, n-butanol .96 x 10-5 cm2/sec, (9) .  

One poss ib le  explanat ion f o r  t h i s  would be t h a t  very l i t t l e  octane is 
being oxidized o r  i s  being only p a r t i a l l y  oxidized a t  13OoC and n i s  less 
than 50. Current-potent ia l  s t u d i e s  of t h e  oxidat ion of octane a t  constant  
p o t e n t i a l  on a b r i g h t  P t  e l e c t r o d e  a t  13OoC yie lded  only a few microamp/cm 
of  cur ren t .  With a p l a t i n i z e d  platinum e lec t rode ,  with a roughness f a c t o r  of 
500, only 60 microamp/geom. cm2 of cur ren t  were obtained. Other s t u d i e s  have 
shown t h e  oxidat ion of octane a t  1 5 O o C  i n  Teflon bonded cells t o  b e  only 1 / 5  
t h a t  of propane (1). Since octane with 8 carbon atoms is a hydrocarbon even 
more complex than propane the  formation of any in te rmedia te  might cause 
decomposition of octane i n t o  smaller  s a t u r a t e d ,  unsaturated,  o r  c y c l i c  compounds 
and/or oxygenated spec ies .  Since octane a t  13OoC is only 4°C above i t s  b o i l i n g  
p o i n t ,  t h e  assumed concentrat ion value used i n  t h e  d i f f u s i o n  c a l c u l a t i o n  might 
not be accurate  f o r  t h e  length of the  experiment. However, a s  long a s  an octane 
p r e s a t u r a t o r  was used during a run, t h e  da ta  recorded at  the  beginning was 
reproducible  over t h e  elapsed t i m e  span of an experiment. 

Using 
moles/cm3 f o r  the concentrat ion of octane at  13OoC (7), the  

cm2/sec (8) .  Brummer (4) r e p o r t s  D i 2 g p a n e  of 
Octane would be expected t o  have a l o w e r  value t u s  a slower 

2 

The r e s u l t s  were 
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reproducible  i n  t h r e e  d i f f e r e n t  experiments wi th in  10%. 

The above Roints  a r e  be ing  inves t iga ted  f u r t h e r  a t  130°C and experi- 
ments a r e  being extended t o  150°C where a g r e a t e r  ex ten t  of octane oxidat ion 
i s  expected. 

Figure 4 gives t h e  v a r i a t i o n  of anodic charge of octane with time of-- 
adsorpt ion f o r  p la t in ized-p la t inum under condi t ions similar t o  those of br ight  
platinum. A s t r a i g h t  l i n e  is  obtained but t h e  r a t e  of d i f f u s i o n  a p p e a r s  more 
p o t e n t i a l  dependent and i s  r a t e  c o n t r o l l i n g  f o r  a longer  per iod o f  time. A t  
0.2 and 0.3 V adsorpt ion appears  d i f f u s i o n  cont ro l led  f o r  60 s e c ,  a t  0.4 f o r  
80 sec  and a t  0.5 V 120 s e c .  I n  t h e  case of t h e  b r i g h t  platinum, the  rate 
deviated from d i f f u s i o n  e a r l i e r  a t  more anodic p o t e n t i a l s  (0.5 and 0.4)  whereas 
h e r e  the  lower p o t e n t i a l s  d e v i a t e  earlier. Maximum adsorpt ion,  however, is  
s t i l l  obtained a t  0.2 and 0 .3  V. 

Cathodic charging curves were obtained t o  give an i n d i c a t i o n  of t h e  
amount of i r r e v e r s i b l y  adsorbed m a t e r i a l  on t h e  e lec t rode .  The e lec t rode  
was p r e t r e a t e d  as f o r  t h e  anodic  charging curves and again held a t  a f ixed 
p o t e n t i a l  f o r  from 10 msec t o  10 minutes. For p o t e n t i a l s  below 0.4 V ,  a 
p o t e n t i a l  s t e p  at 0.5 V was s u b s t i t u t e d  f o r  0 .1  V (V ) and was appl ied f o r  
10 msec a f t e r  the f i x e d  p o t e n t i a l  (V3) i n s t e a d  of bezore as V2 was. This s t e p  
removed any H atoms which might have accumulated on t h e  e lec t rode  sur face  ( 4 ) .  

From t h e  cathodic  p u l s e  t h e  degree of coverage E+, equal  t o  t h e  r a t i o  of 
t h e  H atom charge Qactane t o  maximum value Qirgon a t  t h e  same temperatuce can 
be obtained.  A measure of  t h e  f r a c t i o n  of s u r f a c e  covered by adsorbed hydro- 
carbon i s  obtained from 1 - GCtane (10). The v a r i a t i o n  of Mctane on b t i g h t  
platinum i n  85% H PO 
qCtane decreases  l i n e a r l y  with 
l i m i t e d  by d i f f u s i o n  i n  t h e  s o l u t i o n .  The r a t e  appears more p o t e n t i a l  dependent 
than  t h a t  from anodic charging curves and l i n e a r i t y  p e r s i s t s  f o r  longer  times 
than in t h e  cathodic  charging - 7 seconds a t  0.2 V and 0.4 V , 1 1  seconds at  
0 . 3  V and 0.5 V. 
curves, taken a f t e r  2 minutes ,  a t  which poin t  Q, i s  cons tan t ,  occurs a t  0.2 V 
which corresponds t o  t h e  anodic  charging curve r e s u l t s .  Using t h e  r e s u l t s  
obtained with anodic charging t h e  number of P t  s i t e s  occupied by adsorbed 
organic  can be determined. 

at 1 3 O o C  with t i m e  of  adsorpt ion is  shown i n  Figure 5. 
i n d i c a t i n g  t h a t  adsorpt ion is i n i t i a l l y  3 .4 

The maximum degree of coverage (1 - qctane)  from cathodic  

The observed rate o f  accumulation of adsorbed organic  spec ies  from 
Figure 3 was 2.88 x 
3.58 x 1013 molecules/cm2/seclS2 i f  n is 50. 
of P t  o r  2.10 x 
corresponds t o  about 0.03 oH130/se:1/2 i f  t h e  adsorpt ion of a oc tan  
involves  only 1 P t  atom f o r  adsorpt ion and would be  0.24 O H ~ ~ ~ / S ~ ~ ~ ' ~  f o r  
8 s i t e s .  From Figure 5, it appears t h a t  8 s i t e  adsorpt ion i s  occurr ing a t  
0.2 V,  6 s i t e  at 0 . 3  and 0.4 V ,  and 3 s i t e  a t  0.5 V. These r e s u l t s  d i f f e r  
from propane where 1 s i t e  adsorp t ion  has been found t o  occur a t  0.2 V and 
3 s i t e  adsorpt ion a t  p o t e n t i a l s  g r e a t e r  than 0.3 V ( 4 ) .  
are t e n t a t i v e  and the  a d d i t i o n a l  information mentioned e a r l i e r  which w i l l  
be obtained may c l a r i f y  some of t h e  d i f fe rences .  

coul /  m2/sec1/2. This  would be equiva len t  t o  
Since 1 .3  x 1015 atoms/cm2 

coul/cm2 corresponds t o  a monolayer of H (10) , t h i s  
molecule 

The octane r e s u l t s  

/ 

I 
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PROGRAMMER 
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Limi t ing  P rocesses  a t  Hydrocarbon E l e c t r o d e s  

J. A .  Shropsh i r e ,  E: H .  Okrent ,  H .  H .  Horowitz 
Esso Research and Engineer ing Company 

The development of an e f L i c i e n t  low tempera ture ,  aqueous,  hydro- 
ca rbon-a i r  f u e l  c e l l  has  been t h e  s u b j e c t  of  i n t e n s i v e  i n v e s t i g a t i o n  i n  
r e c e n t  y e a r s .  S a t u r a t e d  hydrocarbons would be  w e l l  s u i t e d  t o  commercial 
Cue1 c e l l s  because of t h e i r  low c o s t  and h igh  a v a i l a b i l i t y .  L iquid  hydro- 
carbons a r e  e s p e c i a l l y  p r e f e r a b l e  because they  are e a s i l y  handled ,  ea s i ly  
sepa ra t ed  from t h e  p roduc t s  of  combustion, carbon d iox ide  and wa te r ,  and 
because of t h e i r  low s o l u b i l i t y  i n  t h e  e l e c t r o l y t e ,  no t  l i k e l y  t o  be  ox id ized  
a t  t h e  ca thode .  

While t h e  e a r l i e s t  demonstrat ion of t h e  e l ec t rochemica l  a c t i v i t y  
of a s a t u r a t e d  hydrocarbon was made wi th  a non-noble c a t a l y s t ( l ) ,  commercially 
promising c u r r e n t  d e n s i t i e s  were n o t  observed u n t i l  e l e c t r o d e s  wi th  heavy 
plat inum load ings ,  t h i r t y  and more mi l l i g rams  p e r  cm2--were used ( 2 , 3 ) .  How- 
e v e r ,  hydrocarbon f u e l  c e l l s  w i l l  r e q u i r e  a r e d u c t i o n  i n  c a t a l y s t  c o s t  o f  a t  
l e a s t  two o r d e r s  of  magnitude b e f o r e  they  are commercially p r a c t i c a l .  One 
way t o  ach ieve  t h i s  c o s t  r e d u c t i o n  i s  t o  f i n d  an a c t i v e  non-noble c a t a l y s t .  
E f f o r t s  along t h e s e  l i n e s  a r e  i n  p rogres s  i n  s e v e r a l  l a b o r a t o r i e s .  A second 
approach i s  t o  improve t h e  u t i l i z a t i o n  of  t h e  p r e s e n t  c a t a l y s t ,  thereby  r e -  
ducing i t s  requi rement  p e r  k i l o w a t t  of power. To accomplish t h i s  end i t  i s  
necessary  t o  know what p rocesses  a r e  l i m i t i n g  the  performance of t h e  p re sen t  
hydrocarbon e l e c t r o d e s .  I n  l i n e  w i t h  t h i s  o b j e c t i v e ,  t h e  a i m  o f  t h e  p re sen t  
s tudy  was t o  de te rmine  whether t h e  s t eady  s t a t e  performance of  o p e r a t i n g  
anodes i s  l i m i t e d  b y  t h e  i n t r i n s i c  e l ec t rochemica l  a c t i v i t y  o f  t h e  c a t a l y s t  
o r  whether phys i ca l  f a c t o r s  e x e r t  impor t an t  e f f e c t s .  

Th i s  problem i s  compl ica ted  by t h e  f a c t  t h a t  t he  optimum e l e c t r o d e s  
a r e  complex porous s t r u c t u r e s  c o n s i s t i n g  o f  hydrophobic and h y d r o p h i l i c  
m a t e r i a l s  exposed t o  both  f u e l  and e l e c t r o l y t e .  The i r  a c t i v i t y  may be l i m i t e d  
by loss of u s e f u l  e l e c t r o d e  area through a f a i l u r e  t o  be w e t  by e l e c t r o l y t e ,  o r  
through t o t a l  f l o o d i n g  by e l e c t r o l y t e  l e a d i n g  t o  lengthy  f u e l  d i f f u s i o n  pa th-  
ways. 
may g ive  r i s e  t o  cont inuous  changes i n  the  l o c a t i o n  of t h e  f u e l - e l e c t r o l y t e  
i n t e r f a c e ,  which m a y  f u r t h e r  compl ica te  the  p i c t u r e ( 4 ) .  These e f f e c t s  a r e  
superimposed on t h e  chemical and e l ec t rochemica l  p rocesses  o c c u r r i n g  on the  
e l e c t r o d e  s u r f a c e ,  such as t h e  chemisorpt ion of t h e  f u e l  and t h e  charge  t r a n s -  
f e r  p rocesses  a s s o c i a t e d  w i t h  i t s  o x i d a t i o n .  

I n  a d d i t i o n ,  t empera ture  g r a d i e n t s  and t h e  e v o l u t i o n  o f  r e a c t i o n  products  

Because of  t h e  many p o s s i b l e  l i m i t i n g  p rocesses  caused by t h e  
s u p e r p o s i t i o n  of p h y s i c a l  and chemical v a r i a b l e s ,  r e l a t i v e l y  l i t t l e  
mechanism work has been done on porous d i f f u s i o n  e l e c t r o d e s  o p e r a t i n g  
wi th  immiscible f u e l s .  Typ ica l  chemica l  s t u d i e s  have been done on bulk  
me ta l s  (5)  o r  e l e c t r o d e p o s i t e d  b l acks  ( 6 ) .  S t u d i e s  of  p h y s i c a l  v a r i a b l e s  
have involved model s t u d i e s  o f  men i sc i  ( 7 )  o r  s t u d i e s  w i t h  s o l u b l e  f u e l s  
d i s so lved  i n  e l e c t r o l y t e  which i s  flowed through the porous e l e c t r o d e  (8) .  
The p r e s e n t  s tudy  a t t e m p t s  t o  de te rmine  which of t h e  many p o s s i b l e  p h y s i c a l  
and chemical p rocesses  l i m i t s  t h e  a c t i v i t y  o f  porous wetproofed e l e c t r o d e s  
o p e r a t i n g  on hydrocarbon f u e l s ,  and d e s c r i b e s  some new p h y s i c a l  a s p e c t s  
of t h e i r  o p e r a t i o n .  
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Approach 

A number o f  p l a t inum b lack  catalysts  were prepared  us ing  d i f f e r e n t  
chemical reducing  a g e n t s .  These were formed i n t o  porous,  wetproofed, i n t e r -  
face-main ta in ing  e l e c t r o d e s  and t e s t e d  f o r  s t eady  s ta te  performance on butane 
gas .  The a c t i v i t y  v a r i e d  wide ly ,  even when c o r r e c t e d  f o r  v a r i a t i o n s  i n  s u r -  
f a c e  a r e a .  Next t h e  i n t r i n s i c  e l e c t r o c a t a l y t i c  a c t i v i t i e s  of t h e  c a t a l y s t s  
were compared by measuring t h e i r  a b i l i t y  t o  o x i d i z e  preadsorbed butane .  
was done us ing  a vo l t age - scann ing  technique  under c o n d i t i o n s  where phys ica l  
f a c t o r s  l i m i t i n g  t h e  a c c e s s  of f u e l  t o  t h e  s u r f a c e  could  have no e f f e c t .  A t  
t he  same time v a r i o u s  p h y s i c a l  p r o p e r t i e s  of t he  c a t a l y s t s  were measured to  
de te rmine  whether t h e s e  would c o r r e l a t e  w i th  t h e  s t eady  s t a t e  performance. 
F i n a l l y ,  a d d i t i o n a l  o b s e r v a t i o n s  o f  s u r f a c e  e f f e c t s  were made which l ed  t o  
t h e  r e c o g n i t i o n  o f  a new phenomenon which may be very  impor tan t  i n  t h e  ope ra t ion  
of hydrocarbon e l e c t r o d e s .  

Th i s  

Exper imenta l  

P repa ra t ion  and Eva lua t ion  of Platinum C a t a l y s t s  

Five p la t inum b lacks  were prepared us ing  v a r i o u s  chemical reducing 
r e a g e n t s .  I n  a d d i t i o n ,  a sample of commercial p la t inum black  was included i n  
t h e  s t u d y .  Each of t h e s e  w a s  formed i n t o  an e l e c t r o d e  simply by mixing with 
Te f lon  emulsion and ho t  p r e s s i n g  i n t o  a 50 mesh tan ta lum s c r e e n .  This  type 
o f  e l e c t r o d e  was chosen because of i t s  e a s e  of p r e p a r a t i o n  and good r ep roduc i -  
b i l i t y .  Optimum e l e c t r o d e  fo rmula t ions  perform b e t t e r  t han  any r epor t ed  h e r e ,  
g i v i n g  100 ma/cm2 a t  0 .18  v o l t s  p o l a r i z a t i o n  and 300 to  400 ma/cm2 l i m i t i n g  
c u r r e n t  on butane a t  15OoC. However, p r e p a r a t i o n  v a r i a b l e s  must be much more 
c l o s e l y  c o n t r o l l e d  w i t h  t h e s e  e l e c t r o d e s  t o  achieve  r ep roduc ib le  r e s u l t s .  

The e l e c t r o d e s  were t e s t e d  f o r  a c t i v i t y  us ing  butane f u e l  and 14.7 
molar phosphor ic  a c i d  e l e c t r o l y t e  a t  150°C.  A dr iven  "ha l f  c e l l "  was used 
i n  which t h e  e l e c t r o d e  w a s  mounted i n  a g l a s s  f l ange  wi th  5 .7  cm2 exposed t o  
e l e c t r o l y t e  on one s i d e  and gaseous f u e l  on the  o t h e r .  
z a t i o n  was measured by means of a calomel-Luggin c a p i l l a r y  r e fe rence  system 
which was p r e c a l i b r a t e d  a g a i n s t  a r e v e r s i b l e  hydrogen e l e c t r o d e  i n  t h e  same 
system. Experimental  p o i n t s  were run  g a l v a n o s t a t i c a l l y  u n t i l  t he  p o l a r i z a -  
t i o n  reached  a c o n s t a n t  v a l u e .  Runs l a s t e d  from one t o  f i v e  days .  

The e l e c t r o d e  p o l a r i -  

The a c t i v i t y  o f  t h e  c a t a l y s t s  v a r i e d  by a f a c t o r  of f i f t y ,  whereas 
t h e  s u r f a c e  a r e a s ,  measured electrochemically,varied by only a f a c t o r  of 
t h r e e ,  a s  shown i n  Table  1. The l oga r i thmic  s t anda rd  d e v i a t i o n  of t h e  c u r -  
r e n t  d e n s i t i e s ,  measured i n  a r e l a t e d  s tudy ,  corresponded t o  5 1.6%. Thus, 
t h e  d e s i r e d  wide range  o f  a c t i v i t y  w a s  ach ieved .  
answered was whether t he  f i f t y f o l d  a c t i v i t y  v a r i a t i o n  could be a sc r ibed  to  
d i f f e r e n c e s  i n  t h e  i n t r i n s i c  chemical r e a c t i v i t y  of the c a t a l y s t s .  

The next  ques t ion  t o  be 
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Table 1 

Activity of Platinum Blacks 

- No. Reducing Agent 

1 Formaldehyde 

2 Hydrogen 

3 Potassium Borohydride 

4 Lithium 

5 Commercial (Engelhard) 
Platinum (Repeat Runs) 

6 Formaldehyde + Protective Colloid 

Current Density 
at 0.4  volts Pol -  
ar iza t ion (ma/cm2) 

2.5 

6 

15 

19 

9 2 ,  90 

130 

Electrochemical 
Surface Area 
meter s 2  /gm" 

8.9  

22.5 

1 3 . 4  

26 .9  

23.7  

21 .a 
;': Obtained from voltage scan measurements (see below) assuming theoretical 

monolayer is 239 m2/gm, based on 100, 110, and 111 planes weighted 
according to their X-ray peak intensities. 

Evaluation of Intrinsic Electrochemical Activity 

A. Indications of Electrochemical R a t e  Limitations 

Before examining the adsorption-oxidation results it .should be 
pointed out that the steady state performance curves gave definite indica- 
tions of 'chemical and electrochemical rate limitations. Typical perform- 
ance curves at both 100" and 150°C showed a Tafel-like region, of slope 
approximating 0.13 volts per decade, followed by a limiting current region 
(F'igure 1). 
mole while that in the limiting region was 10 to 1 2  kcal/mole (Table 2). 

The energy of activation in the Tafel region was about 18 kcal/ 

Table 2 

Summary of Butane Reaction Parameters 

Parameter Tafel Region 

Taf e 1 Slope (volts /decade) 0.12-0 .14  

Activation Energy (kcal/molc) 17-19 

Limiting Region 

(00) 

10-12 
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The s lope  of 2 RT/F i s  c o n s i s t e n t  w i th  t h e  p roposa l s  t h a t  t h e  ox ida t ion  of 
. t h e  p la t inum s u r f a c e  (9) o r  t h e  r a t e  of wa te r  d i scha rge  (5) i s  l i m i t i n g  i n  
t h e  T a f e l  reg ion .  I n  t h e  l i m i t i n g  c u r r e n t  r eg ion  an a c t i v a t e d  s t e p  occur r ing  
before  t h e  e l ec t rochemica l  s t e p s ,  no t  i nvo lv ing  e l e c t r o n  t r a n s f e r ,  is ind ica t ed  
t o  be r a t e  l i m i t i n g .  Th i s  could w e l l  be  t h e  chemisorp t ion  of t h e  f u e l .  True 
d i f f u s i o n  l i m i t e d  r a t e s ,  encountered i n  t h e  a d s o r p t i o n s  t o  b e  desc r ibed  below, 
had a very  low a c t i v a t i o n  energy .  

Assignment o f  chemica l  r a t e  L imi t a t ions  t o  t h e  s teady  state curves  
does no t  prec lude  t h e  coex i s t ence  of phys i ca l  l i m i t a t i o n s  i n  t h e  d i f f e r e n t  
c a t a l y s t s .  These cou ld  s h i f t  t h e  curves  wi thout  changing t h e i r  shape by 
making more o r  l e s s  s u r f a c e  a r e a  a v a i l a b l e  f o r  r e a c t i o n .  Never the less ,  evidence 
o f  t he  e x i s t e n c e  of e l e c t r o c h e m i c a l  r a t e  l i m i t a t i o n s  i n  t h e  low p o l a r i z a t i o n  
r eg ions  j u s t i f i e s  t h e  use  o f  t h e  adso rp t ion -ox ida t ion  technique  descr ibed  below. 

B.  Adsorp t ion-Oxida t ion  S tud ie s  

A measure of t h e  i n t r i n s i c  e l ec t rochemica l  a c t i v i t y  of t h e  c a t a -  
l y s t s  w a s  ob ta ined  by forming them i n t o  t o t a l l y  flooded e l e c t r o d e s  and measur- 
ing t h e  r a t e  a t  which they  oxid ized  preadsorbed butane ,  per  u n i t  s u r f a c e  a r e a .  
The t o t a l  amount of bu tane  adsorbed a t  s a t u r a t i o n  coverage could a l s o  be used 
a s  a measure of one of t h e  c a t a l y t i c  parameters  a f f e c t i n g  s t eady  s t a t e  a c t i v i t y .  
I n  t h i s  way c a t a l y s t  s t r u c t u r e  problems, which l i m i t  t he  a c c e s s i b i l i t y  of t h e  
f u e l  o r  t h e  e l e c t r o l y t e  t o  t h e  s u r f a c e  of t h e  c a t a l y s t ,  were avoided. 

F i f t y  mi l l i g rams  of t he  c a t a l y s t  t o  be t e s t e d  were mixed wi th  5 mg 
o f  emul s i f i ed  Te f lon  and p res sed  a t  200 p s i  i n t o  a f i f t y  mesh p la t inum screen  
a t t a c h e d  t o  t h e  f a c e  of a 2 cm2 platinum f o i l .  
s u f f i c i e n t  t o  bind t h e  c a t a l y s t  t o  t he  " f lag"  e l e c t r o d e ,  bu t  s i n c e  i t  was no t  
s i n t e r e d  o r  sub jec t ed  t o  h igh  p r e s s u r e s  i t  d i d  n o t  wetproof t h e  e l e c t r o d e .  
The f l a g ,  mounted on t h e  end of a long  p la t inum wi re ,  was suspended i n  3 . 7  
molar s u l f u r i c  a c i d  h e l d  a t  8 0 ° C .  Reference and coun te r  e l e c t r o d e s  were a l s o  
mounted i n  the c e l l .  The p o t e n t i a l  between t h e  r e f e r e n c e  and working e l e c -  
t rodes  w a s  c o n t r o l l e d  by means of a Duf fe r s  Model 600 p o t e n t i o s t a t  and 
d r iven  i n  t r i a n g u l a r  v o l t a g e  sweeps by a Servomex Low Frequency Wave Form 
Genera to r .  Cur ren t -vo l t age  diagrams were recorded  on a Moseley Model 135 
x-y P l o t t e r .  The sweep range  w a s  from 0.15 t o  1.45 v o l t s  ve r sus  r e v e r s i b l e  
hydrogen i n  the  same e l e c t r o l y t e .  Typica l  s cans  wi th  and wi thout  adsorbed 
butane a r e  shown i n  F i g u r e  2 .  I n t e g r a t i o n  of t h e  a r e a  under t h e  oxide  r e -  
d u c t i o n  peak on the  c a t h o d i c  sweep gave a measure of t h e  p la t inum s u r f a c e  a r e a .  
Butane peaks were o b t a i n e d  a f t e r  exposing t h e  wetted e l e c t r o d e  t o  gaseous 
butane i n  the space above t h e  e l e c t r o l y t e .  When butane was passed over the 
s u r f a c e  of the e l e c t r o l y t e  wi th  the  f l a g  t o t a l l y  immersed, no apprec i ab le  
butane peaks could be  ob ta ined  w i t h i n  exposure t imes of one hour ,  due t o  i t s  
low s o l u b i l i t y .  

This  amount of Tef lon  was 
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This  f a c t  made p o s s i b l e  a ve ry  convenient  adso rp t ion -ox ida t ion  
procedure :  The f l a g  e l e c t r o d e  was p u l l e d  o u t  o f  t h e  e l e c t r o l y t e  u n t i l  on ly  
the  lower edge o f . t h e  plat inum f o i l ,  an  area wi thou t  c a t a l y s t ,  w a s  immersed 
i n  e l e c t r o l y t e .  The p o t e n t i a l  of t h e  e l e c t r o d e  could  t h u s  be f ixed  dur ing  
the  adso rp t ion  pe r iod  by t h e  p o t e n t i o s t a t .  S ince  on ly  very  smal l  c u r r e n t s  
passed through t h e  wet ted  l a y e r  i t  i s  f e l t  t h a t  t h e  p o t e n t i a l  was i n  r e l a t i v e l )  
good c o n t r o l  d u r i n g  t h e  adso rp t ion  p e r i o d .  The p o t e n t i a l  du r ing  t h e  adso rp t io r  
was s e t  a t  0 .0  v o l t s  ve r sus  calomel o r  0 . 1 5  v o l t s  v e r s u s  r e v e r s i b l e  hydrogen 
under these  c o n d i t i o n s .  A t  t h e  end of  t h e  a d s o r p t i o n  pe r iod  t h e  e l e c t r o d e  
was t o t a l l y  immersed i n  t h e  e l e c t r o l y t e  and w i t h i n  one minute t h e r e a f t e r  w a s  
sub jec t ed  t o  anodic  and c a t h o d i c  s c a n s ,  wi th  t h e  a s su rance  t h a t  .no s i g n i f i c a n t  
'amount o f  bu tane  could  be adsorbed d u r i n g  t h e  scan  p e r i o d .  The number of 
coulombs i n  t h e  butane  peak was ob ta ined  by i n t e g r a t i o n ,  t a k i n g  the  butane- 
f r e e  base  cu rve  i n t o  accoun t .  Using t h i s  technique ,  f a i r l y  r a p i d  adso rp t ion  
r a t e s  could be o b t a i n e d .  These rates were about  an o r d e r  of  magnitude l e s s  
than those  o b t a i n a b l e  i n  wetproofed porous e l e c t r o d e s  and were c l e a r l y  d i f -  
f u s i o n  l i m i t e d ,  showing a 0-2 k c a l  a c t i v a t i o n  energy and an  approximately 
l i n e a r  p r o p o r t i o n a l i t y  of coulombs v e r s u s  squa re  r o o t  of  t i m e .  These r a t e s  
were t h e r e f o r e  n o t  used i n  the  a n a l y s i s .  Only t h e  t o t a l  number of coulombs 
and t h e  shape of t h e  o x i d a t i o n  curve were used a s  c r i t e r i a  of  c a t a l y t i c  
a c t i v i t y  . 

The e l ec t rochemica l  s u r f a c e  a r e a s  of  t h e  c a t a l y s t s ,  a s  determined 
from t h e  number o f  coulombs i n  the  ox ide  r educ t ion  peak, v a r i e d  by a f a c t o r  
of t h r e e  a s  shown i n  Table  1. However, t h e  r a t i o  of  t h e  butane  peak a t  

c a t a l y s t s  a t  1.58 wi th  a s t anda rd  d e v i a t i o n  of  0.13. Assuming 26 e l e c t r o n s  
involved i n  butane  o x i d a t i o n  and 2 i n  ox ide  r e d u c t i o n  t h i s  r e s u l t  i n d i c a t e s  
8 plat inum s i t e s  pe r  bu tane  molecule o r  one carbon atom pe r  2 p la t inum atoms 
i n  t h e  s u r f a c e ,  independent  of  the  plat inum r e d u c t i o n  t echn ique .  

. s a t u r a t i o n  t o  t h e  ox ide  r e d u c t i o n  peak w a s . v i r t u a l l y  c o n s t a n t  f o r  a l l  t h e  

An i ndex  o f  t h e  r a t e  of  t h e  e l ec t rochemica l  o x i d a t i o n  was obta ined  
f o r  a l l  of t h e  c a t a l y s t s  by comparing t h e  observed c u r r e n t  a t  0.45 v o l t s  
p o l a r i z a t i o n  from butane  theo ry  a t  f i x e d  i n i t i a l  f r a c t i o n a l  coverage .  HOW- 
eve r ,  minor v a r i a t i o n s  i n  t h e  shapes of  t he  cu rves  made t h i s  measurement 
somewhat i r r e p r o d u c i b l e .  The re fo re ,  t h e  butane  o x i d a t i o n  peak was i n t e g r a t e d  
t o  0.45 v o l t s  p o l a r i z a t i o n  and the  c a t a l y t i c  a c t i v i t y  expressed  i n  terms o f  
the f r a c t i o n  of  t h e  i n i t i a l  adsorbed butane b u r n t  o f f  t o  0.45 v o l t s  p o l a r i z a t i o n  
a s  a f u n c t i o n  of  t h e  i n i t i a l  bu tane  coverage .  This  method w a s  shown to  be 
ab le  t o  d e t e c t  d i f f e r e n c e s  i n  a c t i v i t y :  Varying t h e  tempera ture  from 60 t o  
1 5 0 ° C  (us ing  phosphor ic  a c i d  i n  the  l a t t e r  c a s e )  produced l a r g e  v a r i a t i o n s  i n  
t h i s  r a t i o .  Neve r the l e s s  a l l  o f  the  c a t a l y s t s  t e s t e d  he re  showed e s s e n t i a l l y  
the  same r e l a t i o n  between f r a c t i o n  r e a c t e d  a t  0.45  v o l t s  and i n i t i a l  f r a c t i o n a l  
coverage ,  i n d i c a t i n g  a l l  had roughly t h e  same i n t r i n s i c  e l ec t rochemica l  a c t i v i t :  
per u n i t  s u r f a c e  a r e a  (F igu re  3 ) .  
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From F igure  3 i t  is a l s o  noted t h a t  t h e  f r a c t i o n  r e a c t e d  a t  0.45 
v o l t s  po la r i zed  dec l ined  s e v e r e l y  w i t h  i n c r e a s i n g  butane coverage. Th i s  
l e n d s  credence t o  t h e  h y p o t h e s i s  t h a t  a r e a c t i o n  such  a s  o x i d a t i o n  o f ,  o r  
wa te r  d i scha rge  on, t h e  uncovered p la t inum s i t e s  i s  r a t e  de te rmining .  

Regard less  of t h e  mechanism, however, it i s  concluded t h a t  e l e c -  
t rochemica l ly ,  a l l  of t h e s e  h i g h  s u r f a c e  a r e a  c a t a l y s t s  a r e  e s s e n t i a l l y  
i d e n t i c a l .  

c 
Phys ica l  Examination of t h e  C a t a l y s t s  

Following t h e  f i n d i n g  t h a t  t h e  i n t r i n s i c  e l ec t rochemica l  a c t i v i t y  
of t he  c a t a l y s t s  could  n o t  account f o r  t h e  v a r i a t i o n  of t h e i r  s t eady  s t a t e  
performances,  t hey  were n e x t  examined f o r  v a r i a t i o n s  i n  t h e i r  p h y s i c a l  . 
p r o p e r t i e s .  The p r o p e r t i e s  measured were: c y r s t a l l i t e  s i z e  by X-ray I i n e  
broadening;  bulk d e n s i t y  a f t e r  t he  s e t t l i n g  o f  aqueous suspens ions ;  B.E.T. 
n i t r o g e n  s u r f a c e  a r e a ;  t h e  pore  volume by n i t r o g e n  c a p i l l a r y  condensa t ion ;  
and t h e  appearance o f  t h e  agglomera tes  under t h e  e l e c t r o n  microscope (Table 3 ) .  

Table 3 

C a t a l y s t  C h a r a c t e r i z a t i o n  

Bulk C r y s t a l l i t e  B.E.T. Pore Curren t  Dens i ty  
Sample Dens i ty(2)  S i . ~ g ( ~ )  Surface  Area a t  0.4 v o l t s  
No. ( l )  (gm /cm3) (A) (m2/gm) (cm3/gm> Polarization(ma/cm2) 

1 0.27  62 8 0.03 2.5 

2 0.65 35 10 0.05 6 

3 0.99 a2  7 0.13 15 

4 0.65 50 26 0.19 1 9  

5 0.46 77 28 0 .39  92 ,  90 

6 0.55 45 30 0.40 130 

(1 )  As g iven  i n  Table 1. 
(2 )  A f t e r  24 hours s e t t l i n g  of an aqueous suspens ion .  
( 3 )  By X-ray l i n e  broadening .  
( 4 )  By e q u i l i b r a t i o n  w i t h  l i q u i d  n i t r o g e n  i n  a l i q u i d  n i t r o g e n  ba th .  

The p h y s i c a l  p r o p e r t i e s  i n  g e n e r a l  v a r i e d  by a g r e a t e r  f a c t o r  than  t h e  
i n t r i n s i c  e l ec t rochemica l  a c t i v i t i e s .  
c o r r e l a t e d  wi th  t h e  s t e a d y  s t a t e  a c t i v i t y ,  t h e  more open s t r u c t u r e s  g iv ing  t h e  
h ighe r  a c t i v i t i e s  (F igu re  4 ) .  

I n  p a r t i c u l a r  t he  pore  volume could be 

i 

/I 
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E l e c t r o n  microscope examinat ion o f  t h e  c a t a l y s t s  provided f u r t h e r  
ev idence  o f  t h e i r  s t r u c t u r a l  v a r i a t i o n .  While q u a n t i t a t i v e  comparisons were 
n o t  p o s s i b l e  t h e r e  appeared t o  be  d e f i n i t e  d i f f e r e n c e s  i n  appearance between 
t h e  low a c t i v i t y ,  low pore  volume c a t a l y s t s  and t h e  h igh  a c t i v i t y ,  h i g h  pore 
volume m a t e r i a l s .  The l a t t e r  were c h a r a c t e r i z e d  by a l a c y  agglomerate  s t r u c -  
t u r e  w i t h  t h e  i n d i v i d u a l  c r y s t a l l i t e s  forming a network of  low c o o r d i n a t i o n  
number. The p o o r e r  c a t a l y s t s  had much less l a c y  m a t e r i a l ,  l a r g e  dense a reas  
and some i n d i c a t i o n s  of  w e l l  formed edges o f  r e l a t i v e l y  l a r g e  c r y s t a l s .  The 
b e s t  and t h e  worst  c a t a l y s t s  a r e  compared i n  F i g u r e s  5 and 6 .  

It ,  t h u s ,  appears  t h a t  t h e  f i f t y f o l d  v a r i a t i o n  i n  s t e a d y  s t a t e  
c a t a l y t i c  a c t i v i t y  was due n o t  t o  changes i n  chemical  r e a c t i v i t y  of t h e  c a t a -  
l y s t  s u r f a c e s ,  b u t  t o  changes i n  t h e  p h y s i c a l  n a t u r e  of  t h e  c a t a l y s t s ,  having 
t o  do w i t h  the  openness  of t h e  s t r u c t u r e  and t h e  ease of d i f f u s i o n  w i t h i n  i t .  

Opera t ion  of  Porous,  Hydrophobic Electrode 's  

The f i n d i n g  t h a t  p h y s i c a l  parameters  governed t h e  o p e r a t i o n  of  
hydrocarbon e l e c t r o d e s  l e d  n a t u r a l l y  t o  a c o n s i d e r a t i o n  of  t h e i r  p h y s i c a l  
mode of o p e r a t i o n ,  and t o  what may be an impor tan t  new phenomenon. There 
have been two g e n e r a l  approaches t o  t h e  unders tanding  of  t h e  o p e r a t i o n  of  
porous d i f f u s i o n  e l e c t r o d e s .  One i n v o l v e s  d i f f u s i o n  o f  t h e  d i s s o l v e d  f u e l  
i n t o  the  porous s t r u c t u r e  f looded  w i t h  e l e c t r o l y t e  (8).  The o t h e r  c o n s i d e r s  
p o r e s  c o n t a i n i n g  meniscuses  such  a s  are i l l u s t r a t e d  by t h e  model experiments  
of W i l l  ( 7 ) .  D i f f u s i o n  a l o n e ,  w i t h o u t  f l o w ,  cannot  account  f o r  t h e  a c t i v i t i e s  
observed.  A s imple  c a l c u l a t i o n  shows t h a t  t h e  butane can p e n e t r a t e  o n l y  about 
5 microns i n t o  t h e  s t r u c t u r e  by d i f f u s i o n  a l o n e  from t h e  s u r f a c e ,  s i n c e  i t s  
s o l u b i l i t y  i s  so low, r e l a t ive  t o  t h e  r e a c t i v i t i e s  shown i n  F i g u r e  1. The 
importance of i n t e r n a l  meniscus format ion  i s  c a s t  i n  doubt by the f a c t s  t h a t  
l i q u i d  and gaseous decane g i v e  about  e q u a l  performance (F igure  71, whereas 
t h e  e l e c t r o l y t e  meniscus i s  i n v e r t e d  i n  going  from gaseous t o  l i q u i d  hydro- 
carbon f u e l s .  Whereas f o r  g a s e s  t h e  e l e c t r o l y t e  meniscus i n  concave upwards, 
f o r  l i q u i d  hydrocarbons i t  i s  concave downward. That  i s ,  t h e  p la t inum i s  
p e r f e r e n t i a l l y  wet ted by t h e  hydrocarbon. 
d e t a i l s ) .  

(Se? Appendix I and F i g u r e  8 f o r  

The phenomenon o f  g a s i f i c a t i o n ,  o r  b o i l i n g ,  w i t h i n  t h e  p o r e s  of  a 
wet ted  hydrophobic m a t r i x ,  a t  t empera tures  f a r  below t h e  normal b o i l i n g  
y o i n t ,  may help e x p l a i n  how f u e l  p e n e t r a t e s  i n t o  t h e  depths  of purous e l e c -  
t r o d e s ,  and why gases  and l i q u i d s  perform e q u a l l y  w e l l .  
t h a t  c e r t a i n  Teflon-wetproofed e l e c t r o d e s  mounted i n  t h e i r  normal o p e r a t i n g  
c o n f i g u r a t i o n ,  begin t o  spontaneous ly  e m i t  a s t ream o f  bubbles  on t h e  e l e c -  
t r o l y t e  s i d e ,  when t h e  tempera ture  i s  r a i s e d  t o  w i t h i n  30" of  the normal 
e l e c t r o l y t e  b o i l i n g  p o i n t .  
p r e s s u r e  excess  on t h e  f u e l  s i d e ,  and w i l l  even overcome a c o n s i d e r a b l e  e l e c -  
t r o l y t e  head. 
It can be shown thermodynamically t h a t  t h e  b o i l i n g  p o i n t  of  a l i q u i d  i n  a 
porous hydrophobic m a t r i x  can be lowered by 30" and more, due t o  t h e  p r e f e r -  
e n t i a l  w e t t i n g  of the  s u r f a c e  by g a s  r a t h e r  than  l i q u i d .  (See Appendix I1 
f o r  d e r i v a t i o n  and example i l l u s t r a t i n g  t h e  e f f e c t . )  However, t h e  thermo- 
dynamics do not  e x p l a i n  t h e  cont inuous  bubble r e l e a s e  observed i n  c e r t a i n  
e l e c t r o d e s .  This  may be due t o  tempera ture  and p r e s s u r e  g r a d i e n t s ,  tu rbulence  
and pore j u n c t i o n s  w i t h i n  t h e  e l e c t r o d e .  

It has  been observed 

T h i s  phenomenon w i l l  o c c u r  i n  t h e  absence of  any 

It i s  observed even w i t h  l i q u i d  decane i n  t h e  f u e l  chamber. 



I n  any c a s e ,  a p i c t u r e  of  hydrocarbon e l e c t r o d e  o p e r a t i o n  i s  pro- 
posed i n  which l o c a l i z e d  e l e c t r o l y t e  b o i l i n g  w i t h i n  t h e  smal l  hydrophobic 
p o r e s  provides  a stream of  vapor  which c a r r i e s  t h e  gaseous o r  vapor ized  
f u e l  i n t o  the d e p t h s  of t h e  c a t a l y s t  bed. Thus, the c o n t a c t  a r e a  magnif i -  
c a t i o n  necessary  t o  p r o v i d e  adequate  d i f f u s i o n  i n t o  a r e l a t i v e l y  t h i c k  e l e c -  
trode i s  obta ined .  Meniscuses  e x i s t  t r a n s i e n t l y  a long  t h e  stream of bubbles ,  
c o n t i n u a l l y  be ing  renewed by t h e i r  passage.  I n  a s e n s e ,  t h e  "dynamic i n t e r -  
face"  r e f e r r e d  t o  a s  n e c e s s a r y  f o r  t h e  o p e r a t i o n  o f  e l e c t r o d e s  f o r  immiscible  
f u e l s  i s  thus set  up. T h i s  phenomenon may e x p l a i n  why e l e c t r o d e  a c t i v i t y  has  
been observed t o  r i s e  t o  a maximum about  8" below t h e  b o i l i n g  p o i n t  o f  t h e  
e l e c t r o l y t e  ( 2 ) .  

Summary and Conclusions 

A series o f  p l a t i n u m  b l a c k s  prepared  w i t h  d i f f e r e n t  reducing 
a g e n t s  showed a f i f t y f o l d  v a r i a t i o n  i n  s t e a d y  anodic  a c t i v i t y  w i t h  butane 
a t  150°C. The i n t r i n s i c  e l e c t r o c h e m i c a l  a c t i v i t y  o f  t h e  c a t a l y s t s  a s  
measured by t h e i r  a b i l i t y  to  o x i d i z e  preadsorbed butane ,  however, was shown 
t o  be e s s e n t i a l l y  e q u a l .  The observed a c t i v i t y  was shown t o  be a f u n c t i o n  
o f  t h e  p h y s i c a l  s t r u c t u r e  o f  t h e  c a t a l y s t  a s  determined by i n t e r n a l  p o r e  
volume measurements and e l e c t r o n  microscopy. It appears  then  t h a t  t h e  d i f -  
f e r e n t  reducing a g e n t s  e i t h e r  d i d  n o t  a f f e c t  t h e  growth and morphology o f  t h e  
p la t inum c r y s t a l l i t e s  o r  t h a t  t h e s e  f a c t o r s  have l i t t l e  a f f e c t  on chemical 
r e a c t i v i t y .  The r e d u c i n g  c o n d i t i o n s  d i d  have marked e f f e c t s  on t h e  way t h e  
c r y s t a l l i t e s  agglomerated,  however. Pore volumes vary ing  from 60 t o  900% 
o f  t h e  s o l i d s  volume were achieved.  This  i n  t u r n  had a marked a f f e c t  on 
performance,  t h e  f i n e r  more open s t r u c t u r e s  g i v i n g  t h e  b e s t  performance. 

The r e s u l t s  i n d i c a t e  t h a t  w i t h  unsupported plat inum c a t a l y s t s  
p h y s i c a l  v a r i a b l e s  a f f e c t  performance more t h a n  chemical .  
o f  t h e  p h y s i c a l  o p e r a t i o n  of porous e l e c t r o d e  is  t h e r e f o r e  d e s i r a b l e .  One o r  
two a s p e c t s  of t h i s  problem have been t r e a t e d  h e r e .  The miniscus  shape w i t h i n  
t h e  pores  is  probably  not c r i t i c a l  s i n c e  a l i q u i d  hydrocarbon f u e l ,  w i t h  an 
i n v e r t e d  meniscus, gave a c t i v i t i e s  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  same f u e l  i n  
t h e  gas s t a t e .  The s o l u b i l i t y  and d i f f u s i o n  mode o f  f u e l  t r a n s p o r t  from t h e  
s u r f a c e  of  the  c a t a l y s t  bed i s  inadequate  by i t s e l f  t o  account f o r  t h e  observed 
a c t i v i t i e s .  The phenomenon o f  i n t e r n a l  g a s i f i c a t i o n  caused by a lowering of 
t h e  b o i l i n g  p o i n t  of  t h e  e l e c t r o l y t e  due t o  i t s  be ing  p r e s e n t  i n  a high s u r -  
f a c e  a r e a ,  hydrophobic bed h e l p s  account f o r  t h e  a c t i v i t y .  It can provide  
a l a r g e  a r e a  i n c r e a s e  by exposing t h e  deep i n n a r d s  o f  t h e  c a t a l y s t  bed t o  
gaseous f u e l .  

F u r t h e r  understanding 

There a r e  impor tan t  i m p l i c a t i o n s  of t h i s  work i n  the  development of 
new e l e c t r o d e  c a t a l y s t s :  It i s  c l e a r  t h a t  s t e a d y  s t a t e  performance t e s t i n g  
w i l l  not  n e c e s s a r i l y  d e t e c t  c a t a l y s t s  of i n t r i n s i c a l l y  g r e a t e r  chemical  
r e a c t i v i t y .  As a c o r o l l a r y ,  c a t a l y s t s  w i t h  s u p e r i o r  i n t r i n s i c  a c t i v i t i e s  
w i l l  no t  n e c e s s a r i l y  o p e r a t e  b e s t  i n  f i n i s h e d  e l e c t r o d e s .  Probably t h e  
p h y s i c a l  s t r u c t u r e  of new c a t a l y s t s  w i l l  have t o  be opt imized i n d i v i d u a l l y  
t o  s e c u r e  optimum performance.  
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Appendix I 

Evidence f o r  I n v e r t e d  Meniscus w i t h  Liquid  Hydrocarbons 

As was demonst ra ted  by F. W i l l  w i t h  hydrogenJ7)  an area o f  i n c r e a s i n g  
c u r r e n t  ou tput  i s  o b t a i n e d  a s  a p o t e n t i o s t a t t e d  p l a t e  o r  wire e l e c t r o d e  i s  
withdrawn from submersion i n  an  e l e c t r o l y t e  up through t h e  f u e l - e l e c t r o l y t e  
i n t e r f a c e .  This  i s  because t h e  meniscus i s  concave upwards and forms along 
t h e  p a r t i a l l y  p r o t r u d i n g  s u r f a c e .  With l i q u i d  hydrocarbons,  however, an 
a r e a  of  i n c r e a s i n g  c u r r e n t  d e n s i t y  w a s  observed a s  t h e  bottom o f  an e l e c t r o d e  
m s l o w e r e d  from t o t a l  submersion i n  t h e  f u e l  th rough t h e  e l e c t r o l y t e  i n t e r -  
f a c e .  T h i s  phenomenon w a s  more e a s i l y  observed i n  t h e  presence  o f  a s u r -  
f a c t a n t  where t h e  a c t i v e  a r e a  extended a s  much a s  one cm. below the  domina1 
i n t e r f a c e .  F igure  8 i l l u s t r a t e s  t h e  d a t a  w i t h  l i q u i d  heptene-2 a t  80°C. 
The f i l m  o f  heptene was o b s e r v a b l e  under t h e  e l e c t r o l y t e  by means o f  t h e  
phenomenon of t o t a l  r e f l e c t a n c e  a t  an  angle  o f  70 t o  80' from t h e  normal. 

Thus, t h e r e  i s  no doubt  t h a t  t h e  l i q u i d  h y d r o c a r b o n - e l e c t r o l y t e  meniscus 
i s  concave downwards i n t o  t h e  e l e c t r o l y t e ,  a long  t h e  e l e c t r o d e  face .  Con- 
s i d e r a t i o n  of t h e  w e t t i n g  p r o p e r t i e s  of p la t inum makes t h i s  r e s u l t  seem 
r e a s o n a b l e .  S u l f u r i c  a c i d  o r  phosphor ic  a c i d  w e t s  c l e a n  plat inum f o i l .  How- 
ever,  l i q u i d  hydrocarbons d i s p l a c e  t h e  e l e c t r o l y t e .  A pla t inum f o i l  immersed 
i n  decane was n o t  wet by a d r o p l e t  o f  3 . 7  M s u l f u r i c  a c i d .  I n s t e a d  o f  
s p r e a d i n g  i t  remained on t h e  s u r f a c e  a s  a g l o b u l e  w i t h  a very  h i g h  c o n t a c t  
a n g l e .  On the o t h e r  hand,  a d r o p l e t  o f  decane p laced  on t h e  under  s u r f a c e  o f  
a p la t inum f o i l  immersed i n  e l e c t r o l y t e  spread  on it immediately,  d i s p l a c i n g  
the e l e c t r o l y t e  from t h e  s u r f a c e .  T h i s  phenomenon has  n o t  been s t u d i e d  as a 
f u n c t i o n  o f  p o t e n t i a l  b u t  i t  i s  known t h a t  p la t inum i s  more hydrophobic a t  
r e d u c i n g  p o t e n t i a l s  t h a n  a t  o x i d i z i n g .  

Appendix I1 

Thermodynamics of  B o i l i n g  P o i n t  
Lowering i n  a Hydrophobic Matr ix  

A porous hydrophobic  body i s  cons idered  t o  be t o t a l l y  immersed i n  
a v e s s e l  of e l e c t r o l y t e ,  which has  f i l l e d  a l l  t h e  pores .  Within t h e  porous 
body t h e  l i q u i d  i s  i n  e q u i l i b r i u m  w i t h  a bubble  of  i t s  own vapor. The vapor 
i s  n o t  a t  t h e  e x t e r n a l  p r e s s u r e ,  however. A d i f f e r e n c e  i n  p r e s s u r e  between 
the e x t e r n a l  and vapor  p r e s s u r e s  is n e c e s s a r y  t o  main ta in  t h e  l i q u i d  w i t h i n  
t h e  hydrophobic m a t r i x .  

where P = p r e s s u r e  o f  vapor  w i t h i n  m a t r i x  

Po = e x t e r n a l  p r e s s u r e  (1 atm) 

= g a s  s o l i d  i n t e r f a c i a l  t e n s i o n  
g s  

bls= gas l i q u i d  i n t e r f a c i a l  t e n s i o n  

T = s u r f a c e  t o  volume r a t i o  o f  m a t r i x  



- 2 2 3 -  

Equat ion (1) w i l l  be recognized  a s  t h a t  used i n  poros imet ry ,  where 
- i\Y,which i s  nega t ive  i n  t h i s  c a s e ,  i s  w r i t t e n  a s  ygl cos  e (e i s  t h e  con tac t  
a n g l e ) ,  and u f o r  po res  of r a d i u s  r e q u a l s  2 / r .  Es t ab l i shmen t  of  equ i l ib r ium 
w i t h i n  t h e  porous body r e q u i r e s  t h a t  t h e  tempera ture  be lowered u n t i l  t h e  
vapor p r e s s u r e  of  t h e  l i q u i d  e q u a l s  t h a t  g iven  by e q u a t i o n  (1). The exac t  
thermodynamic t r ea tmen t  i s  q u i t e  complex, bu t  an approximate i d e a  of the  s i z e  
of t he  e f f e c t  can be ob ta ined  from t h e  Clausius-Clapeyron equa t ion  i n  the  form: 

dPv - LIH 

dT TVV 

where T i s  t h e  
AH is  t h e  
V i s  t h e  

e q u i l i b r i u m  t empera tu re  ( b o i l i n g  p o i n t )  
h e a t  of v a p o r i z a t i o n  of  t h e  l i q u i d  
molar volume of t h e  vapor 

Combining (2) w i t h  t h e  d i f f e r e n t i a l  o f  [l] , u s i n g  t h e  g a s  law 
f o r  V v ,  and i n t e g r a t i n g ,  one f i n d s  t h a t :  

n e g a t i v e  
e l e c t r o d e  

where TB i s  t h e  b o i l i n g  p o i n t  when Q i s  ze ro .  S ince  cos 0 i s  
f o r  hydrophobic m a t r i c e s  T c T B .  
s ,  f o r  example, d c a n  be 106cm2/cm3. 

In h e a v i l y  loaded plat inum black  
To o b t a i n  a 20°C lowering of 

t h e  b o i l i n g  p o i n t  i n  t h i s  c a s e ,  a weighted average  va lue  of  '2 of on ly  90.4' 
i s  r equ i r ed .  
v a l u e s  of  ,-&os 'J g r e a t e r  than  one atmosphere. 

Excessive wetproofing i n  a r e g i o n  of t h e  e l e c t r o d e  can g ive  
The po res  in t h i s  reg ion  

w i l l  remain f r e e  of l i q u i d  a t  a l l  t empera tu res .  Apparent ly  t h e  p rope r  
p roof ing  i s  achieved by c o r r e c t  blending and s i n t e r i n g  o f  t h e  p l a t inum 
Tef lon .  

wet- 
and 
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Figure 1 

TYPICAL BUTANE PERFORMANCE CURVES 
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TYPICAL TRACE OF BUTANE VOLTAGE SCANS 
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Figtire 3 
FRACTION BUTANE REACTED VERSUS INIT IAL COVERAGE 
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Figure 4 

BUTANE PERFORMANCE CORRELATES WITH 
PORE VOLUME 
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Figure 5 

ELECTRON MICROGRAPH OF 

PORE VOLUME=O.4 cm /gm 
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ELECTRON MICROGRAPH OF 
POOR CATALYST 

2 PORE VOLUME=0.03  cm /gm 

1 M M  = 3 0 0 i  



- 2 2 7 -  

Figure 7 

COMPARISON OF LIQUID AND VAPORIZED 
DECANE ON WETPROOFED ELECTRODE 
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Figure 8 

IMMERSION OF PLATINIZED FOIL  THROUGH 
LIQUID HYDROCARGON-ELECTROLYTE INTERFACE 
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