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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:  
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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 
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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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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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1 
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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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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.) 
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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 .  


