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In t roduct ion  

A problem common t o  the developnent of f u e l  c e l l  e l ec t rodes  and t o  the  evalua- 
t i o n  of c a t a l y s t s  has always been t h e  d i f f i c u l t y  of separating t h e  e f f e c t s  of t h e  
e lec t rode  s t r u c t u r e  from the more fundamental l i m i t a t i o n s  imposed by the  i n t r i n s i c  
a c t i v i t y  of  t h e  p a r t i c u l a r  c a t a l y s t .  
t h e o r e t i c a l l y  by assuming a model. The cu r ren t -po ten t i a l  curves f o r  ce r t a in  porous 
e lec t rodes  can be predic ted  i f  t h e  k i n e t i c s  of t h e  e l ec t rode  process, t h e  d i f f u  ion 
coe f f i c i en t s  and i o n i c  m o b i l i t i e s  a r e  known. 

t h e  bas i c  validity of t h e  model used i n  these  treatments.(k) 

I n  t h e  pas t  t h e  problem has been attacked 

s t h e o r i e s  have been developed?l,2) 
for t h e  Teflon bonded gas  d i f f u s i o n  electrode.BY There can be l i t t l e  doubt about I 

The usefu lness  of such theo r i e s ,  however, is severe ly  l imi t ed  if ,  4s  is of ten  
t h e  case, t h e  k i n e t i c s  of t h e  e l ec t rode  process is not w e l l  known. To ca l cu la t e  
t h e  k i n e t i c  parameters from t h e  o v e r a l l  po la r i za t  o curve of a porous electrode 
has  been apparent ly  beyond previous c a p a b i l i t i e s . t 5 7  A s  a r e s u l t ,  i n  many instances 
n e i t h e r  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 y  of t h e  c a t a l y s t  nor t h e  s t r u c t u r a l  
d e t a i l s  of a given e l ec t rode  could be determined from experiments with such porous 
electrodes.  This was e s p e c i a l l y  t r u e  f o r  t h e  reduction of oxygen a t  Teflon bonded 
e l ec t rodes  ca ta lyzed  with platinum black. 

depending s t rong ly  on pre t rea tment  and t r ace  impur i t ies  i n  t h e  e l ec t ro ly t e .  

I 

The k i n e t i c  parameters f o r  t h i s  reac t ion  
are poorly known, w i t h  t h e  repor ted  data applying mostly t o  smooth platinum and / 

We have s tudied  t h e  reduct ion  of oxygen a t  platinum catalyzed Teflon bonded 
A procedure was porous e l ec t rodes  i n  aqueous so lu t ions  of KOH, H2SO4 and H3PO4. 

used which produced cu r ren t  p o t e n t i a l  curves e s s e n t i a l l y  f r e e  of i n t e r n a l  i R  losses  
so t h a t  k i n e t i c  parameters f o r  t h e  electrochemical reac t ion  could be obtained. 

Experiment a1 

Methods 

The i n t e r n a l  i R  l o s s  of a porous e l ec t rode  should become negl ig ib le  f o r  low 
c a t a l y s t  loadings L, i.e.,  f o r  t h i n  electrodes.  A p l o t  of I, t h e  cur ren t  per 1 
cm2 of e lec t rode  a rea  a t  cons t an t  po ten t i a l ,  versus t h e  loading should, a t  low 
values of L, y i e l d  almost s t r a i g h t  l i n e s .  The i n i t i a l  slope of these  curves i 
(dI /dL)La  (ma/mg) r ep resen t s  t h e  cur ren t  per 1 mg of c a t a l y s t  loading without 
i n t e r n a l  i R  loss. 
e r a t e s  i s  not  excluded. 

The gas  concent ra t ion  overvoltage within t h e  c a t a l y s t  agglom- 

These iR-free da t a  were then  r ep lo t t ed  a s  log i versus t h e  potent ia l .  At  
small values of  i t h e  concent ra t ion  overvoltage now becomes negl ig ib le  and the  
p l o t s  y i e ld  t h e  exchange cu r ren t  (pe r  1 mg of c a t a l y s t )  and t h e  Tafe l  slope f o r  
t h e  electrochemical react ion.  

As an independent check t h e  osc i l lographic  p o t e n t i a l  decay curves were ana- 
lyzed i n  a few ins tances  where t h e  i n t e r n a l  i R  loss could be assumed t o  be negli-  
gible .  
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Electrodes 

It i s  e s s e n t i a l  f o r  t h e  procedure j u s t  ou t l i ned  t h a t  e l ec t rodes  be made in  
such a Way t h a t  a change i n  t h e  loading does not produce a q u a l i t a t i v e l y  d i f f e r e n t  
s t ruc tu re .  I d e a l l y  only  t h e  e lec t rode  th ickness  should vary. The experimental 
results ind ica t e  c l e a r l y  whether one i s  successfu l  i n  t h i s  undertaking. 
we know of no method which w i l l  p red ic tab ly  produce t h e  des i r ed  r e s u l t s .  

However, 

It was found t h a t  a number o f  d i f f e r e n t  methods produce s a t i s f a c t o r y  elec- 
t rodes .  The kind used i n  t h i s  work were t h e  easiest t o  make and t h e  most r e l i ab le .  

A l aye r  o f  Teflon (TFE 30, approximately 1 mg/cm2) was sprayed on aluminum 
f o i l .  
a t h i n  porous sheet of Teflon. 
black and 30 W$ TFE 30. 
f a l l i n g  o f f  a t  higher and lower values.  
d i f f e r e n t  Teflon conten ts  t o  g ive  maximum performance.) The Pt black  was a product 
of Engelhard Indus t r i e s  and had a s p e c i f i c  surface area of 24 m2/g. 
Teflon l aye r  was air  d r i ed  and then  l i g h t l y  compacted with a r o l l e r  pressed down by 
hand. A curren t  co l lec-  
t o r  screen was pressed l i g h t l y  i n t o  t h e  c a t a l y s t  layer.  
pure n i cke l  ( f o r  experiments i n  KOH) or gold  p l a t ed  tantalum ( f o r  ac ids ) .  F i n a l l y  
t h e  aluminum f o i l  was disso lved  by treatment wi th  t h e  respec t ive  e l e c t r o l y t e  to be 
used. 

This l a y e r  was a i r  dr ied ,  vacuum d r i e d  and subsequently s i n t e r e d  t o  produce 
Upon t h i s  l a y e r  was sprayed c a t a l y s t  containing Pt 

A t  t h i s  Teflon conten t  t h e  maximum performance w a s  obtained, 
(Di f fe ren t  Pt blacks  sometimes requi re  

The catalyst/ 

Subsequently t h e  e lec t rode  was vacuum d r i e d  and s in te red .  
The screen  m a t e r i a l  was 

The e lec t rode  was washed wi th  d i s t i l l e d  water and d r i e d  at 120OC. 

Apparatus 

The measurements were made with t h e  apparatus depic ted  i n  Figure 1. 
elec t rodes  were mounted i n  a screw cap holder and cur ren t  p ick  up w a s  made v ia  a 
platinum ring i n  contac t  w i th  t h e  cur re  t c o l l e c t o r  sc reen  of t h e  ele t ode. 
e lec t rode  holder  was made of P lex ig las  tal f o r  use i n  KOH or  of Lexantbf f o r  use i n  
t h e  ac ids .  

The tes t  

The 

The reference was a hydrogen e lec t rode  used i n  conjunction with a Luggin 
c a p i l l a r y  of t h e  design shown i n  Figure 2. 
were t r i e d  but ,  a t  high cu r ren t  dens i t i e s ,  gave poor r e s u l t s .  

Other designs than  t h a t  i n  Figure 2 

The c e l l  was a 500 ml j acke ted  g l a s s  r eac t ion  k e t t l e .  The temperature was 
cont ro l led  by means of a n  e x t e r n a l  c i r c u l a t i n g  constant temperature bath.  
grade chemicals were used without f u r t h e r  pu r i f i ca t ion .  

Reagent 

Electrode po la r i za t ions  w e r e  measured ga lvanos ta t i ca l ly  employing two 1 2  v o l t  
b a t t e r i e s  of high capac i ty  (automobile type)  i n  series and va r i ab le  r e s i s t ances  i n  
series with c e l l  and b a t t e r i e s .  The ex te rna l  i R  loss  between e l ec t rode  sur face  and 
opening of Luggin capillary was determined f r o m  osc i l l o scop ic  poten t ia l - t ime traces 
on tu rn ing  t h e  cu r ren t  on and o f f .  
f o r  t h i s  purpose. .The h ighes t  cu r ren t s  used were e s t ab l i shed  with t h i s  s e tup  i n  
less than  approximately l p  second. The t i m e  t r a c e s  were measured with an  osc i l -  
loscope(d) i n  conjunction with a camera. 

A r e l a y  with mercury wetted con tac t s ( c )  was used 

m r i m e n t a l  Procedure 

In  Figure 3 t h e  e x t e r n a l  iR-losses measured when t h e , c u r r e n t  i s  turned on (x) 
(a)Product of €?oh and H a a s .  
(b)Product of General E l e c t r i c  Company. 
( C ) P o t t e r  and Brumfield, JMP 8120 12. 
(d)Tektronix, Model 561A with plug-in u n i t s  JA7 and 3B3. 
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and an t.urning it o f f  ( 7 ' )  zre p l a t t e d  2s a function of t h e  cur ren t .  
5 minutes elapsed betwee; t h e  t v o  measurements. 

geme t ry .  

Approximately r The p l o t  o f  1 s  l i n e a r  and t h e  
slope ec;uels t h a t  ca lcu lz t - .d  from t h e  e l e c t r o l y t e  conductance T j . * -  o r  ,,his p a r t i c u l a r  

The p l o t  i s  not l i n e a r  f o r  
cur ren ts .  This dev ia t ion  is due o t h e  changes i n  temperature and e l e c t r o l y t e  con- 
c i n t r a t i o n  i n  f r o n t  3f t h e  e lec t rode .  

va lues  of which fa l l  below t h e  l i n e  a t  high 5 
By t h i  time t h e  e l ec t rode  po la r i za t ion  i s  e s t ab l i shed  t h e  ex te rna l  iR-loss has 

change-'. 
3'7s is in t ro iucrd :  t n e  cancent ra t ion  chznge a l s o  r e s u l t s  i n  a l i q u i d  junction 
p t c n t i a l  ED end a pH drop  between c a p i l l a r y  t i p  2nd electrode. 
slawly and are ,  t he re fo re ,  not e l imina ted  with t h e  i R  measurement. I n  order  t o  
e l imina te  these  ex te rnc l  non-ohmic p o t e n t i a l  drops one would use t h e  i n i t i a l  value 
TQ ra ther ,  thar. t h e  value on cur ren t  i r , t c r rupt ion  ($). 
we be l i eve  t h a t  t h e  e r r o r  due t o  these  sources i s  considerably smal le r  than  t h e  
e r r o r  caused by t h e  temperature change. 
co r rec t  f o r  t h e  ex te rna l  i R  loss. 

By using t h e  f i n 2 1  value ( - I )  t h i s  e f f e c t  i s  eliminated. However, another :'a 
Both e f f e c t s  decay 

Eased on past experience(6) 

We the re fo re  used t h e  f i n a l  value $ to  

The compromise necessary  f o r  co r rec t ing  t h e  po la r i za t ion  da ta  introduces an 
unavoidable e r r o r  which, however, becomes s i g n i f i c a n t  only a t  very high cur ren t  
d e n s i t i e s .  

The electrodes'  were prepolar ized  a t  low p o t e n t i a l s  t o  remove t h e  i n i t i a l  
oxygen coverage from the  platinum surface.  The e l ec t rode  was then  allowed t o  
d r i f t  back t o  1000 nV a f t e r  which t h e  measurement was made. 

Resul t s  and Discussion 

The experimental  r e s u l t s  obtained f o r  85% H p 4  z t  12OoC are presented i n  
Figure 4 and Figure 5 f o r  a i r  (1 atm) and Figures 6 and 7 f o r  oxygen (1 atm). 
Within t h e  experimental  r e p r o d u c i b i l i t y  t h e  curves a r e  l i n e a r  below c e r t a i n  load- 
ings. 

S imi l a r  da t a  were measured f o r  30% KOH at 7OoC, f o r  20% H$O4 a t  7OoC and for 
50% H j F Q ~  a t  70°C, a l l  f o r  a i r  (1 atm) and f o r  oxygen (1 atm). 
t h e  sane gene ra l  p a t t e r n  2s those  i n  Figures 4 t o  7. 

The data follow 

Within t h e  i n i t i a l  approximately l i n e a r  por t ion  of t hese  curves t h e  i n t e r n a l  
i R  loss i s  very  small, c e r t a i n l y  smaller than  t h e  r ep roduc ib i l i t y  o f  t h e  r e su l t s .  
This  means t h a t  the  p o t e n t i a l  was t h e  same for every c a t a l y s t  p a r t i c l e  i n  t h e  e lec-  
t r o d e  and it i s  phys ica l ly  meaningful t o  normalize t h e  da t a  by d iv id ing  t h e  observed 
c u r r e n t s  by t h e  ca t a lys t  loading. me resulting s p e c i f i c  cu r ren t  (per mg of cata- 
l y s t )  i s  propor t iona l  t o  t h e  t r u e  cu r ren t  dens i ty  at  t h e  P t - e l ec t ro ly t e  in te rphase  
i f  t h e  concent ra t ion  w e r v o l t a g e  i s  negl ig ib le ,  i.e., a t  low cu r ren t s  and e spec ia l ly  
on pure oxygen. 

. ,  

P l o t s  of s p e c i f i c  c u r r e n t s  versus t h e  p o t e n t i a l  are presented i n  Figures 8 and 
9. This aethod of p1ottir .g t h e  b t a  has t h e  edrar tage  t h a t  t h e  d i f f i c u l t i e s  
2 ic -ur te r -d  ir. e l i n i x t i ? g  t h e  e x t e r n a l  i F  drop et high cur ren t  d e n s i t i e s  ( I )  (per 
un i t  electrorln a rea)  ere l a r g e l y  evoided: q u i t e  l a r g e  spec i f i c  cu r ren t s  ( i )  can be 
obte ined  a t  13.; o v e r e l l  c u r r e n t  3 e n s i t i e s  I i f  t h e  c a t a l y s t  loading i s  low. A t  t h e  
a t h e r  end af' t52 s c a k  prsb lens  smetimes occur stemming l a r g e l y  from t h e  increas ing  
i r f l u e n c e  cf i z p u r i t i e s  i n  t h o  e l e c t r o l y t e  ar. t h e  perfomance of -;pry lowly  loaded 
e l ec t rodes .  This problen i s  eliTix7-te5 by measuring t h e  small s p e c i f i c  cu r ren t s  a t  
h ignly  laded elec t?odes  2nd cor.sequuently f a i r l y  l a rge  e x t e r n a l  cur ren ts .  Under 

l-.r.~r r"-:i. of platir,.xz z :u~fzc r  t o  e l e c t r o l y t e  i n  t h e  e lec t rode  pores. 
. .  - -.. : _ _  r -. . cg.-.diti3::= i?~~rl-iez ir. :>e e l e c t r o l y t e  a r e  ine f f ec t ive  because of t h e  very 
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, The semi-logarithmic p l o t s  f o r  pure oxygen i n  H2SO4 and i n  KOH are l i n e a r  
.over such a wide cur ren t  range t h a t  we feel  j u s t i f i e d  i n  ca l cu la t ing  spec i f i c  
exchange cu r ren t s  and Ta fe l  slopes from t h e  curves i n  Figure 8. 
given i n  Table I. 

The r e s u l t s  a r e  

Table I 

Values f o r  i and b a t  Po2 = 1 a t m  obtained from steady s t a t e  data.  
0 

Elec t ro ly t e  Temperature b (mv) io (A/mg) io (mA/cm2)(a) e (mV)(7) 

30 W$ KOH 70°C 50 f 5 0.9 x 10’ 4 x 10’1O 1195 
20 W$ %so4 7OoC 64 f 5 1 10-4 4 10-10 1186 
50 W$ H PO4 7OoC 60 f 5 -1 10-4 -4 10-lo 1175 
85 W$ $Po4 12oOc 60 f 5 -1 x 10’ -4 x 10-10 1191 

2 (”Using 24 m /g f o r  s p e c i f i c  sur face  a r e a  of t h e  Pt black. 
value based on BET and hydrogen s t r ipp ing  experiments. 

This 

Included i n  Table I are values for H3PO4 although t h e  da t a  i n  Figure 8 are not 
s u f f i c i e n t  t o  accu ra t e ly  ex t r apo la t e  t o  equi l ibr ium po ten t i a l .  I n  H3PO4 t h e  con- 
cen t r a t ion  overvoltage becomes not iceable  a t  r e l a t i v e l y  low cu r ren t s  even on pure 
oxygen. 

of t h e  curve‘ in  Figure 8 wi th  t h i s  value f o r  b. 

/ The k i n e t i c  data i n  t h i s  case were obtained by determining t h e  Tafel 
/ slope b from t h e  osc i l l o scop ic  t r a c e s  and then ex t rapola t ing  t h e  l o w  cur ren t  end 

1 
The T a f e l  slope was determined by assuming t h a t  t h e  e l ec t rode  capac i ty  C* i s  

We f u r t h e r  assumed that  p o t e n t i a l  independent below approximately 800 t o  850 mV. 
a t  not  t o o  l a r g e  cu r ren t s  t h e  concentration of oxygen a t  t h e  c a t a l y s t  sur face  i s  
approximately constant for a shor t  time after t h e  po la r i z ing  cur ren t  i s  in te r rupted .  
With these  assumptions we can i n t e g r a t e  t h e  equation f o r  t h e  cu r ren t  a f t e r  inter- 
ruption. 

3 

\ 
1 

-I 

I n  (1) i, i, and iF  are t h e  t o t a l ,  t h e  charging and t h e  Faradaic cu r ren t s  respec- 
t i v e l y ,  E i s  t h e  e l ec t rode  p o t e n t i a l  ( i R  free s ince  experiment i s  done within l i n e a r  
range of curves i n  Figures 4 t o  7), k is  a constant and b t h e  Tafel slope. 

I The i n t e g r a t i o n  of (1) y i e l d s  

( 2 )  E = % + b l o g  (% + t )  

2.3 kc 
b C* 

K1 = b l o g  

I$’--- b C* 2.3 E (t4) 
2.3 kc b 

By varying IC, u n t i l  t h e  p l o t  of log  (K2 + t) versus  E is a s t r a i g h t  l i n e  we can 
determine t h e  T a f e l  slope b as t h e  slope o f  t h i s  l i n e a r  p lo t .  

Furthermore we have 

b 
( 4 )  (g) t = o  = ‘2.303 14-, 
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The capac i ty  C" is then  given by 

( iF) t4  i s  equa l  t o  t h e  e x t e r n a l  cu r ren t  before  in t e r rup t ion .  
determine t h e  product k - c  from t h e  value of K 1  ( o r  K2). 
log (I$ -+ t )  versus E a r e  given f o r  t h e  following two cases: 

We can therefore  
In Figure 10 p l o t s  of 

(1) 20% %SO& (11) 85% ~ ~ ~ 0 4  

7OoC 120% 

i = 300 ma/cm2 

Po2 = 1 a t m  Po2 = 1 atm 

L = 4.9 mg Pt/cm 2 L = 4.9 mg Pt/cm 2 

i = 300 ma/cm2 

The parameters of t hese  curves (F igure  10) a r e  presented i n  Table 11. 

Table I1 

Determination of T a f e l  parameters from osc i l loscopic  E-t t r a c e s  
after cu r ren t  i n t e r r u p t i o n  f o r  experiments I and I1 above. 

i 
0 

K1 % b (dE/dt)t=O C" kc 

' (mv) (m sec )  (mV) (Volt/sec) (pF/cm2) (ma/cm2) (A/cm2) 

I1 ( e b )  760 2 - 5  57 9.90 30.3 1.6 x 10 4.3 x 10 
84.3 9.77 lol6 13 1.1 I (H SO4) 766 8.0 66 7-56 

The d a t a  i n  Table I1 a r e  r e f e r r e d  t o  1 cm2 external e lec t rode  area.  The value f o r  
t h e  exchange cur ren t  i n  H2SO4 i s  f o r - s a t u r a t i o n  concentration a t  Po, = 1 atm since 
t h e  concentration overvoltage i n  t h i s  case was neg l ig ib l e  (see Figure 8). 
t h e  value 24 m2/g f o r  t h e  s p e c i f i c  surface a r e a  of t h e  c a t a l y s t  black w e  have f o r  
t h e  t r u e  exchange c.d. io = 1 x A/cm2. The agreement with the s teady  s t a t e  
da t a  (Table I) i s  s a t i s f a c t o r y .  

Using 

The value for  io i n  Table I1 for H3PO4 i s  of l i t t l e  value because it r e f e r s  
t o  an unknown value f o r  t h e  oxygen concentration which, however, by evidence of 
t h e  curve i n  Figure 8 was l e s s  than  t h e  s o l u b i l i t y  a t  Po2 = 1 atm. 

111. 

on smooth platinum &n-jaces i n  highly pu r i f i ed  e l e c t r o l y t e .  

Additional data, a l s o  obta ined  from osc i l loscope  t r aces ,  a r e  l i s t e d  i n  Table 
The agreement wi th  t h e  s teady  state r e s u l t s  aga in  i s  sa t i s f ac to ry .  

The data f o r  H PO i n  Table I agree  with those  from experiments 

Table I11 

Tafe l  slopes determined from osc i l loscope  t r a c e s  f o r  Po2 = 1 atm. 

Temp. L i b 

E lec t ro ly t e  (OC) (ms; W e n 2 )  ( d c m *  ) (mv) 
30% KOH 70 6.0 a40 50 
3% KOH 70 3.9 840 5 1  

70 6.0 loo0 67 
2% H2so4 70 3.9 1000 70 
2% H2so4 
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Curves such 2s those i n  Figures 8 and 9 hnve proven very use fu l  i!i campaying 
d i f f e ren t  c a t a l y s t s .  
curves l i k e  I1 ir.  Figure 8. 
work as reductior. i r .  c a t a l y s t  loading or agglomerate s i z e  where progress can be 
seen c l e a r l y  by conparing s u i t a b l y  reduced d a t a  with those  i!i Figures 8 or 9. 
d a t a  a l s o  ind ica t e  how f a r  any s t r u c t u r a l  improvements can poss ib ly  be ca r r i ed .  

Curves o f  t h i s  

For t h i s  purpose on? has t o  make elect!.3alis !<liicii y i c ld  
Other poss ib l e  appl ica t ion ;  ? x i s t  i i i  such development 

The 

The shape of t h e  curves f o r  KOH i s  of p a r t i c u l a r  i n t e r e s t .  
shape, with a sharp bend i n t o  a l i m i t i n g  currer.t a r e  not observed f o r  e l ec t rodes  
which do not have porous Teflon backing a t  t h e  gas  s ide .  
t h e  genera l  form usua l ly  expected f o r  a f la t  shee t  e l ec t rode  w i t h  a Nernst d i f fus ion  
l aye r .  
flooding of t h e  e lec t rode  caused by t h e  same process w h i c h ,  i n  t h e  absence of a 
Teflon backing forces  e l e c t r o l y t e s  out t h e  back o f  t h e  e lec t rode .  
t h e  e l e c t r o l y t e  increases  with t h e  cu r ren t  dens i ty  and produces nn increased  th ick-  
ness of t h e  e l e c t r o l y t e  f i lm  which covers t h e  porous c a t a l y s t  agglomerates. Thus 
t h i s  e l e c t r o l y t e  f i lm  depends on t h e  cu r ren t  dens i ty  and, at  high cur ren ts ,  sharp ly  
l i m i t s  t h e  cur ren t .  

The present  curves have 

W e  Se l ieve  t h a t  t h i s  behavior i s  t h e  r e s u l t ,  at least i.? part, of i n t e r n a l  

This force  on 
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