
Vol. 134, No. I MOLTEN CARBONATE FUEL CELLS 113 

RPl14-2. Prepared by United Technologies Corpora- 
tion (1977). 

3. E. T. Ong, T. D. Claar, and L. G. Marianowski, p. 77, 
The National Fuel Cell Seminar (1981). 

4. H. R. Kunz, W. M. Vogel, S. W. Smith, R. F. Buswell, 
and C. L. Bushnell, Gas Research Institute Final Re- 
port, Contract No. 5081-344-0528. Prepared by 
United Technologies Corporation (1984). 

5. C. R. Schroll and C. A. Reiser, p. 85, The National Fuel 
Cell Seminar (1982). 

6. M. N. Hull and H. I. James, This Journal, 124, 322 
(1977). 

7. L.M. Baugh, J. A. Cook, and J. A. Lee, J. Appl. EIec- 
trochem., 8, 254 (1978). 

8. M. Katz, This Journ_al, 125, 515 (1978). 
9. A. E. Scheidegger, "The Physics of Flow-Through Po- 

rous Media," Universi ty of Toronto Press, Toronto 
(1960). 

10. H. R. Kunz and S. J. Szymanski,  Abstract 343, p. 552, 
The Electrochemical Society Extended Abstracts, 
Vol. 82-2, Washington, DC, Oct. 17-21, 1982. 

11. R. E. Merideth and C. W. Tobias, in "Advances in Elec- 
t rochemistry and Electrochemical Engineering,"  
Vol. 2, C. W. Tobias, Editor, p. 15, Interscience Pub- 
lishers, Inc., New York (1966). 

12. G. V. Vorob'ev, S. F. Pal'guev, and S. V. Karpachev, in 
"Electrochemistry of Molten and Solid Electro- 

lytes," VoJ. 3, A. N. Baraboshkin,  p. 33, 1966. 
Consultants  Bur., New York; Trans. (Trudy) No. 6; 
Inst. Electrochem. Urals Acad. Sci. (1965). 

13. P. L. Spedding, This Journal. 117, 177 (1970). 
14. L. W. Hillen, Depar tment  of Supply,  Austral ian De- 

fense Scientific Service, Aeronautical Research Lab- 
oratories, Mechanical Engineering Note 331 (1971). 

15. G.J.  Janz, C. B. Allen, N. P. Bansal, R. M. Murphy, and 
R. P. T. Tomkins,  National Bureau of Standards 
NSRDS-NBS61--Part  II, U.S. Dept. of Commerce, 
Washington, DC (1979). 

16. T. Jacobsen, and G. H. J. Broers, This Journal, 124, 207 
(1977). 

17. J. Braunste in  and C. E. Vallet, in "Molten Carbonate 
Fuel Cell Technology," J. R. Selman and T. D. Claar, 
Editors, p. 175, The Electrochemical Society Soft- 
bound Proceedings Series, Pennington,  NJ (1984). 

18. V. Ljubimov and A. Lunden,  Z. Naturforsch., Tell A, 
21, 1592 (1966). 

19. C. T. Moynihan and R. W. Laity, J. Phys. Chem., 68, 
3312 (1964). 

20. J. Perle, M. Chemla, and M. Gignoux, Bull. Soc. Chim. 
Fr., 1249-1256 (1961). 

21. H. Lantelme and M. Chemla~ J. Chim. Phys. Phys.- 
Chim. Biol., 60, 250 (1963). 

22. E. P. Honig and J. A. A. Ketelaar, Trans. Faraday Soc., 
62, 190 (1966). 

Oxygen Evolution at Platinum Electrodes in Alkaline Solutions 
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ABSTRACT 

The oxygen evolution reaction (OER) at plat inum electrodes in alkaline solutions of various pH's is reexamined. The 
existence of two linear E-log i regions is confirmed, each having a different dependence on Pt oxide film thickness and the 
OH- concentration. At low current densities (c.d.) dE/d log i = 60 mV/decade, and, at high c.d., it is 120 mV/decade. While 
the rate of the OER is independent  of the oxide film thickness at the electrodes at low c.d., it is strongly dependent  on the 
film thickness at high c.d., as shown by the large decrease of the rates at a given potential with increasing film thickness. 
At low c.d., the reaction order with respect to OH- is two, while, at high c.d., the order is 3/2. The fractional reaction order 
at high c.d., is unusual  and cannot be accounted for by any standard mechanism proposed in the literature for the OER. 
These results show that the mechanism of the OER at plat inum in alkaline solutions is complex and still not thoroughly 
understood. 

It wasrepor ted  previously (1, 2) and was recently con- 
f irmed (3) that  the pH dependence  of the oxygen evolu- 
t ion reaction (OER) at Pt  electrodes in aqueous acid solu- 
t ions  is "anomalous , "  as it involves  an apparen t  
fractional reaction order of -'/2 with respect to H30 + ions. 
This is seen in the change of the potential  of the Pt  elec- 
trode vs. a pH- independen t  reference electrode of -60  
mV/pH unit ,  even though the Tafel slope is 120 mV/ 
decade. It was also reported (2-5) that the rate of the OER 
in acid solut ions  depends  on the th ickness  of the elec- 
t ronica l ly  insu la t ing  Pt  oxide film that  forms at the Pt  
electrode by the high field ionic migration of ions (5-10). 
The thickness of the film depends on the length of t ime 
the electrode is held at potent ia ls  above about  1.2V vs. 
RHE, or on the length of t ime that it is subjected to a con- 
stant  anodic current  density (c.d.) (2-5, 7, 11). It  should be 
noted that the thickness of the Pt  oxide film has not  been 
de te rmined  in this work by any in situ or ex situ meth- 
ods, bu t  ra ther  it is es t imated from the charge passed 
dur ing preanodizat ion and from the subsequent  applica- 
t ion of the data t r ea tment  of the Mott-Cabrera model  of 
film growth, which Pt  oxide films appear  to follow 
closely. It  has also been demons t ra ted  (2, 3, 10) that  the 
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observed pH dependence  in acid solutions--SE/5 pH 
equal to - 60 mV/pH uni t - - i s  not an experimental  artifact 
ar is ing from different  th icknesses  of the surface films 
that may grow in solutions of different pH's. In fact, this 
anomalous  pH dependence  was cons is ten t ly  observed 
only when  it had been  ensured  that the Pt  oxide film 
thickness was the same in solutions of different pH. 

The fractional reaction order with respect to H30 +, ob- 
served in acid solutions, cannot  be unders tood in terms 
of a s imple model  of the e lectrode/solut ion interface, or 
in terms of any mechanism of the reaction based on such 
a model. To account for this reaction order, a model of a 
mul t ip le  barrier  consis t ing of the barr iers  of the oxide 
film and the inne r  and the outer  Helmholtz  layers (IHL, 
OHL) was invoked (2-4, 10). According to this model, the 
first e lect ron t ransfer  step across the oxide film and the 
IHL is the slow and ra te -de te rmin ing  process. The pro- 
cess of charge transfer across the OHL is fast and is not 
rate de termining (3, 4, 10). In the PrOPosed model, water 
molecules are the reactants in the rate-determining step 
(rds), producing protons, which are then transferred rap- 
idly across the OHL, i.e., there is a quasi equi l ibr ium be- 
tween the protons in the IHP and those in the bulk of the 
solut ion.  Therefore, the potent ia l  difference across the 
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ox ide  film and the  I H L  for a g iven  rate  of  reac t ion  m u s t  
be  i n d e p e n d e n t  of  t he  pH  of  acid  so lu t ions  (10), wh i l e  the  
po ten t i a l  drop  across  the  OHL is i n d e p e n d e n t  of  pH. The  
o b s e r v e d  pH d e p e n d e n c e  is t h e n  a s s o c i a t e d  w i t h  t h e  
e q u i l i b r i u m  process  across  the  OHL. I t  shou ld  be  no t ed  
h e r e  tha t  the  l ack  o f  d e p e n d e n c e  o f  t he  p o t e n t i a l  d r o p  
ac ros s  t h e  o x i d e  fi lm of p H  i n d i c a t e s  t ha t  t h e  f i lm con-  
duc t iv i t y  is no t  chang ing  wi th  pH  and, hence ,  is e v i d e n c e  
for t he  u n c h a n g i n g  na tu re  of  the  film as a f u n c t i o n  o f p H .  

In  a lka l ine  so lu t ions ,  t h e r e  are  st i l l  s o m e  a m b i g u i t i e s  
c o n c e r n i n g  n o t  on ly  the  m e c h a n i s m  of  t h e  r e a c t i o n  bu t  
t he  k ine t i c  data  for the  OER as well.  Hoar  (12) r epo r t ed  a 
l i n e a r  E- log  i r e l a t i o n s h i p  w i t h  a Tafe l  s lope  o f  60 mV/  
d e c a d e  of  c.d. O t h e r  w o r k e r s  r e p o r t e d  E- log  i r e l a t ion-  
sh ips  wi th  a s lope  close to 120 m V / d e c a d e  (13). Two  lin- 
ear  E-log i r e l a t i o n s h i p s - - o n e  in the  low c.d. r eg ions  wi th  
~E/g log  i = 60 m V / d e c a d e ,  t he  o t h e r  in t he  h i g h  c.d. re- 
g ion  wi th  BE~8 log i = 120 m V / d e c a d e - - h a v e  also been  re- 
p o r t e d  (14, 15). A c c o r d i n g  to I w a k u r a  and  c o - w o r k e r s  
(15), in bo th  the  h igh  and low c.d. r eg ions  5E/5 pH is c lose 
to - 1 2 0  m V / p H  uni t ,  whi le ,  a c c o r d i n g  to D e y  and  co- 
w o r k e r s  (14), at l eas t  in t he  v e r y  n a r r o w  pH r e g i o n  of  
12-13, 3E/~ pH is -120  m V / p H  un i t  in the  low c.d. r eg ion  
bu t  is p r o b a b l y  -180  m V / p H  uni t  in the  h igh  c.d. region.  
Th i s  - 1 8 0  m V  p H  d e p e n d e n c e  is e q u i v a l e n t  to a frac-  
t i ona l  r e a c t i o n  o rde r  of  3/2 w i t h  r e s p e c t  to t h e  OH ion  
for the  O E R  in the  h igh  c.d. r eg ion  in a lka l ine  solut ions .  

A Tafe l  s lope  of  60 m V / d e c a d e  and a pH  d e p e n d e n c e  of  
- 1 2 0  m V / p H  uni t  in t he  low c.d. regions ,  as r e p o r t e d  by 
I w a k u r a  and  c o - w o r k e r s ,  can  f o r m a l l y  be  a c c o u n t e d  for  
by  the  c l a s s i ca l  K r a s i l s h c h i k o v  a lka l i ne  p a t h  (16), in 
w h i c h  a c h e m i c a l  s tep,  f o l l o w i n g  a r ap id  e l e c t r o n -  
t r ans fe r  step,  is rate  de t e rmin ing ,  e.g. 

S + O H -  ~- S-OH + e [1] 

S - O H + O H - ~ S - O  + H 2 0  [2] 

w h e r e  S s t ands  for a su r f ace  site.  At  h i g h  c.d., t h e  first  
e l ec t ron - t r ans fe r  s tep in this  r eac t ion  pa th  w o u l d  be  ra te  
d e t e r m i n i n g  and the  pH  d e p e n d e n c e  cou ld  be  e x p e c t e d  
to be  -120  m V / p H  unit .  Howeve r ,  i f  the  pH  d e p e n d e n c e  
at h igh  c.d. is - 1 8 0  m V / p H  unit ,  as r epo r t ed  by Dey  et al. 
(14), t h e n  the  m e c h a n i s m  g i v e n  in [1] and  [2] c a n n o t  be  
va l id .  M o r e o v e r ,  n o n e  of  t he  r e a c t i o n  pa th s  and  the  rds  
s u g g e s t e d  in the  l i t e ra tu re  [e.g., Ref. (17)] is success fu l  in 
e x p l a i n i n g  the  k ine t i c  data  i f  the  pH  d e p e n d e n c e  at h igh  
c.d. is i n d e e d  -180  mV/pH.  

I t  shou ld  be  no t ed  that ,  in ear ly  work,  l i t t le  or  no a t ten-  
t i on  was  pa id  to t he  p r e s e n c e  of  P t  o x i d e  su r f ace  f i lms,  
and ,  h e n c e ,  i t  is p o s s i b l e  t ha t  t he  a b o v e  d i f f i cu l t i e s  re- 
g a r d i n g  the  r e a c t i o n  o r d e r  and  the  r e a c t i o n  m e c h a n i s m  
m i g h t  be  an ar t i fact  caused  by d i f fe r ing  ox ide  film th ick-  
n e s s e s  in e x p e r i m e n t s  p e r f o r m e d  in s o l u t i o n s  of  d i f fer -  
e n t  p H ' s  (18). I t  s h o u l d  a lso  be  n o t e d  tha t  t h e r e  is no 
g u a r a n t e e  tha t  the  t h i cknes s  of  the  anodic  P t  ox ide  film 
g r o w n  in a lka l ine  so lu t ions  of  d i f fe ren t  p H ' s  is the  s a m e  
as w h e n  f o r m e d  in acid  so lu t ions  (3, 10), e v e n  w h e n  us ing  
the  s a m e  e l e c t r o d e  p r e t r e a t m e n t  c o n s i s t i n g  of  t he  pre-  
po la r iza t ion  of  the  e l ec t rode  for a g iven  l eng th  of  t ime  at 
a cons t an t  c.d., i,, or at a cons t an t  potent ia l ,  Ep. H o w e v e r ,  
t he  app l i cab i l i ty  of  the  Mot t -Cabre ra  g r o w t h  law ove r  the  
p H  r a n g e  o f  11-14 (18) and  o v e r  f ive d e c a d e s  of  a p p l i e d  
c.d. i m p l i e s  t ha t  ~, W, and  Vo--and h e n c e  the  e n t i r e  po- 
t en t i a l  d i s t r i b u t i o n - - r e m a i n  e s sen t i a l l y  u n c h a n g e d ,  de- 
spi te  large  changes  in so lu t ion  pH  and  the  film th ickness .  
This  is good  e v i d e n c e  for the  fo rma t /on  of  ox ide  fi lms of  
u n i f o r m  s t ruc tu re  and c o m p o s i t i o n  in a lka l ine  solut ions .  

There.fore, the  ob jec t  of  this  pape r  is to d e t e r m i n e  and 
d i s c u s s  t he  p H  d e p e n d e n c e  of  t he  O E R  at P t  e l e c t r o d e s  
in a l k a l i n e  s o l u t i o n s  in r e l a t i o n  to t h e  t h i c k n e s s  of  t he  
u n d e r l y i n g  P t  ox ide  film. Also,  we  shall  a t t e m p t  to com-  
pare  t he  p H  d e p e n d e n c e  of  th is  reac t ion  in a lka l ine  solu- 
t ions  wi th  tha t  obse rved  in acid solut ions .  

E x p e r i m e n t a l  
A P t  d i sk  e l ec t rode  (surface area  = 0.46 cm 2) was used  

in an  e l e c t r o c h e m i c a l  cel l  tha t  has  been  d e s c r i b e d  previ -  
ous ly  (3, 10). A SCE in a separa te  c o m p a r t m e n t  se rved  as 
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t h e  r e f e r e n c e  e l ec t rode .  S o l u t i o n s  w e r e  p r e p a r e d  f r o m  
ana ly t i c a l  g r ade  c h e m i c a l s  and  c o n d u c t i v i t y  wate r .  F o r  
e a c h  m e a s u r e m e n t  of  t h e  s t e ady - s t a t e  E- log i r e l a t ion-  
ship ,  t he  P t  e l e c t r o d e  was  first  p o l a r i z e d  at a p o t e n t i a l  
c lose  to tha t  of  t h e  h y d r o g e n  e v o l u t i o n  r eac t ion ,  so tha t  
any  ox ide  fi lm p re sen t  at the  e l ec t rode  sur face  w o u l d  be 
r educed .  Then,  the  e l ec t rode  was a l lowed  to r each  its rest  
p o t e n t i a l  in o x y g e n - s a t u r a t e d  so lu t ions  (1-2 rain) be fo re  
a c o n s t a n t  anodic  cur rent ,  i,, was app l i ed  to it for a spec- 
i f ied l e n g t h  of  t ime ,  t,, r a n g i n g  f r o m  60 to 3000s. Af t e r  
th i s  p r e t r e a t m e n t ,  t he  E- log  i r e l a t i o n s h i p  was  de te r -  
m i n e d  at i < ip. This  p r o c e d u r e  ensures  tha t  the  E-log i re- 
l a t ionsh ips  are  be ing  d e t e r m i n e d  at a cons t an t  t h i cknes s  
of  the  P t  ox ide  film (2, 10). Occas ional ly ,  af ter  an E-log i 
r e l a t i onsh ip  had been  d e t e r m i n e d  at i < ip, the  measure -  
m e n t s  w e r e  e x t e n d e d  to i > ip by  s t e p p i n g  the  a p p l i e d  
cu r r en t  f rom i < ip to i > ip for a l eng th  of  t i m e  tha t  was 
suf f ic ien t  for r ead ing  the  e l ec t rode  potent ia l .  D u r i n g  this  
sho r t  e x c u r s i o n  to h i g h e r  c.d. and,  h e n c e ,  h i g h e r  po ten -  
t ia ls ,  t he  t h i c k n e s s  of  t h e  o x i d e  f i lm does  no t  i n c r e a s e  
s i gn i f i c an t l y  e n o u g h  to a f fec t  t he  k i n e t i c s  of  t he  OER,  
pa r t i cu la r ly  w h e n  t,  > 500s. 

In  a n o t h e r  se r ies  of  e x p e r i m e n t s ,  a w i re  e l e c t r o d e  of  
a b o u t  0.5 cmz area  was  u s e d  in a cel l  t ha t  a l l o w e d  the  
r a p i d  e x c h a n g e  of  s o l u t i o n  in t h e  t es t  and  t h e  r e f e r e n c e  
e l e c t r o d e  c o m p a r t m e n t s ,  w i t h o u t  i n t e r r u p t i n g  t h e  cur- 
ren t  flow. E-log i r e l a t ionsh ips  were  ob t a ined  before  and 
af ter  the  so lu t ions  were  e x c h a n g e d ,  so that  the  re la t ion-  
sh ip  b e t w e e n  po ten t i a l  and so lu t ion  pH  at a cons t an t  c.d. 
and  c o n s t a n t  t h i c k n e s s  of  t he  o x i d e  fi lm cou ld  be  
u n a m b i g u o u s l y  de t e rmined .  

Results 
E-log i re lat ionship o f  the OER in a lkal ine  solu- 

t ions.--In Fig. 1 and 2, E-log i r e l a t ionsh ips  are  s h o w n  for 
t he  O E R  for i ,  = 10-4A and  af ter  va r ious  tp in a so lu t ion  of  
p H  = 13.7, w i t h o u t  t he  a d d i t i o n  of  a K2SO4 s u p p o r t i n g  
e lec t ro ly te ,  and in a so lu t ion  of  pH = 12.9, w i th  the  addi-  
t i on  of  K2SO4, r e s p e c t i v e l y .  In  b o t h  cases ,  two  l i nea r  
E-log i r e l a t ionsh ips  are  observed .  At  low c.d. 8E/g log i = 
60 m V / d e c a d e ,  w h i l e  at h i g h  c.d. i t  is c lose  to 120 mV/  
decade ,  as had  b e e n  obse rved  p r ev ious ly  (14, 15). 

I t  shou ld  be  no ted  in Fig. 1 and 2 tha t  in the  h igh  c.d. 
r eg ion ,  w h e r e  t he  Tafe l  s lope  is 120 m V / d e c a d e ,  t he  po- 
t en t i a l s  at any  g i v e n  c.d. are  h i g h e r  a f te r  a l ong  tp t h a n  
a f te r  a sho r t  tp. Th is  i n c r e a s e  o f  t he  e l e c t r o d e  p o t e n t i a l  
w i th  tp at h igh  c.d., r e p o r t e d  here  for the  first t i m e  for al- 
ka l ine  solu t ions ,  is a t t r ibu ted  to t he  p r e s e n c e  of  a P t  ox- 
ide  f i lm on t h e  e l e c t r o d e  sur face ,  w h i c h  i n c r e a s e s  in 
t h i c k n e s s  wi th  the  t i m e  of  anod ic  p r e t r ea tmen t .  I t  is im- 
p o r t a n t  to n o t e  tha t  d i f f e r e n t  e l e c t r o d e  p r e t r e a t m e n t s  
and ,  h e n c e ,  t he  p r e s e n c e  of  o x i d e  f i lms w i t h  d i f f e r e n t  
t h i c k n e s s e s  in f luence  the  k ine t i cs  of  the  O E R  only  in the  
h i g h  c.d. r eg ion .  In  t h e  low c.d. r eg ion ,  t h e  E/i r e l a t ion-  

I I I I 

0,9 

0.8 

a l ~ - =  120mY/decade x / 1 4 m i n  o~ o.7 . /  
_> , ~ /  ~ 2m,, 

~~ ~ . j / ' ~ ~  
= 60mV decade ~ _~r d ~  

0.5 �9 

I r I I 

1 0  .7 10-6 lO-S 10 -+ 

C u r r e n l [ A m p a ]  

Fig. 1. E-log i relationships in pH 13.7 KOH solution with no sup- 
porting electrolyte.  Times of prepolarizotion at i ,  = IO-~A are given in 
the figure. Electrode area ( - 0 . 4 6  cm 2) is not corrected for surface 
roughness (RF = 1.5). 
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Fig. 2. The same as in Fig. 1, butpH = 12.9, and K~SO~ supporting 
electrolyte is now present. 

sh ip  is i n d e p e n d e n t  o f  t h e  e l e c t r o d e  p r e t r e a t m e n t  a n d  
the  ox ide  film th ickness .  

E-pH relationship of the OER in alkaline solutions.--In 
Fig.  3, E-log i r e l a t ionsh ips  for i ,  = 10 ~A and tp = 300s are  
s h o w n  in K O H  so lu t ions  o f p H  = 12.2 and  13.1, bo th  wi th-  
ou t  any  s u p p o r t i n g  e lec t ro ly te .  S imi lar ly ,  in Fig. 4, E-log 
i da ta  tha t  w e r e  ob t a ined  in K O H  so lu t ions  of  p H  = 12.8 
and  13.6 in exces s  K~SO4 are  shown.  In  Fig. 4, i ,  is 10-~A 
and  tp is 26 rain. I t  is c lear  f rom these  f igures tha t  a v e r y  
s t rong  pH d e p e n d e n c e  is p r e s e n t  in a lka l ine  so lu t ions  in 
b o t h  c.d. regions .  No ef fec t  of  t he  d i f fuse  d o u b l e  layer  is 
e v i d e n t  in t he se  e x p e r i m e n t s .  

In  Fig.  5, t h e  p o t e n t i a l s  f r o m  Fig.  3 at 10-4A and  t ,  = 
300s, w h e r e  t he  Tafe l  s lope  is 120 mV/decade ,  are  p lo t t ed  
a g a i n s t  t h e  s o l u t i o n  p H  a long  w i t h  da ta  o b t a i n e d  in  nu-  
m e r o u s  o t h e r  e x p e r i m e n t s ,  b u t  at t h e  s a m e  c.d. and  tp. 
5E/5 pH is s een  to be  - 1 8 0  mV,  w h i c h  ag rees  w i t h  t h e  
d a t a  o f  Dey  and  c o - w o r k e r s  (14). T h i s  is an u n u s u a l l y  
h i g h  and  " a n o m a l o u s "  p H  d e p e n d e n c e ,  in t ha t  i t  l eads  
o n c e  aga in  to a f r a c t i o n a l  r e a c t i o n  o r d e r  o f  3/2 w i t h  re- 
spec t  to t he  O H -  ion. 

I n  Fig .  6, t he  p o t e n t i a l s  o b t a i n e d  f r o m  Fig.  3 at t h e  
l ower  c.d. o f  10-~A, whe re  ~E/~ log  i = 60 mV/decade ,  or  
t h e  p o t e n t i a l s  o b t a i n e d  by  e x t r a p o l a t i n g  the  p lo t  f r o m  
the  low c.d. r eg ion  to 10 ~A, are p lo t t ed  aga ins t  t he  solu- 
t ion pH. All  o the r  ava i lab le  da ta  ob t a ined  at 10-'~A in so- 
l u t i o n s  o f  d i f f e r e n t  p H ' s  are  a lso  i n c l u d e d  in t h e  f igure.  
In  th is  low c.d. region,  ~E/5 pH = -120  mV,  w h i c h  can be  
c o n s i d e r e d  as " u s u a l , "  and  l e ads  to a r e a c t i o n  o r d e r  of  
t w o  w i t h  r e s p e c t  to t h e  O H -  ion.  T h e  s a m e  5E/5 pH de- 
p e n d e n c e  is o b t a i n e d  w h e n  t h e  e x p e r i m e n t s  are  c a r r i ed  
ou t  w i t h  va ry ing  ip and  t,. 

To  con f i rm  the  p H  d e p e n d e n c e  o b t a i n e d  f r o m  t h e s e  
s t e a d y - s t a t e  E- log  i e x p e r i m e n t s ,  t he  E- log  i r e l a t ion-  
sh ips  w e r e  also d e t e r m i n e d  in so lu t ion  e x c h a n g e  exper i -  
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Fig. 4. E-log i relationships in pH 13.6 and 12.8 solutions with ex- 
cess K2SO4. i~, = 1 0 - ~ A ,  t~ = 2 6  min.  x: Points  d e t e r m i n e d  a t  t h e  end  o f  
the experiment by jumping the current from i < i~ to i > i~. 
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Fig, 5. Potentials at ]O-4A (the high current-density region) in solu- 
tions of differentpH's, x: No excess salt. Data from the solution ex- 
change experiments (see Fig. 7) are also included, tp = 300s, ip = 
I O-4A. 

m e n t s .  Here ,  an  E- tog i r e l a t i o n s h i p  was  in i t i a l ly  de te r -  
m i n e d  in a s o l u t i o n  of  l ow p H  for a g i v e n  i ,  and  t,, and  
t h e n  t h e  s o l u t i o n  was  r ap id ly  e x c h a n g e d  in less  t h a n  1 
m i n  wi th  a so lu t ion  of  a h i g h e r  pH, w i t h o u t  i n t e r r u p t i n g  
t h e  c u r r e n t  flow, and  t h e n  a s e c o n d  set  of  E- log  i mea -  
s u r e m e n t s  was  m a d e  (Fig. 7). T h e  e l e c t r o d e  was  t h e n  
aga in  r e d u c e d ,  a n o d i c a l l y  p r e t r e a t e d  w i t h  t h e  s a m e  ip 
and  tp as in t he  low pH solut ion ,  and  the  E-log i re la t ion-  
sh ip  was  r e d e t e r m i n e d  in t he  h i g h  p H  so lu t ion .  The  re- 
su l t s  o f  th i s  las t  m e a s u r e m e n t  are  also s h o w n  in Fig.  7. 
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Fig. 7. E-log i relationships in solution exchange experiments. Cir- 
cles: pH = 12.3. Open squares: Measurements after the solution ex- 
change without current interruption. Filled squares: Electrode reduced, 
anodicully pretreated, and measurement taken in the exchanged solu- 
tion. Data at i > ip are taken by jumping the current from i < ip to i > ip 
far a short time (a few seconds), ip = 10-4A, tp = 300s. 

The  c lose  m a t c h  b e t w e e n  the  la t te r  data  wi th  the  da ta  ob- 
t a ined  in the  h igh  pH  so lu t ion  i m m e d i a t e l y  af ter  the  so- 
lu t ion  e x c h a n g e  va l ida tes  the  unusua l ly  h igh  pH  depen-  
dence  o b s e r v e d  in bo th  c.d. regions.  The  resul t s  of  t he se  
e x p e r i m e n t s  s h o w  tha t  t he  f r ac t i ona l  r e a c t i o n  o r d e r  in 
t h e  h i g h  c.d. r e g i o n  c a n n o t  be  d u e  to v a r i a t i o n s  in t h e  
t h i c k n e s s  of  the  u n d e r l y i n g  P t  ox ide  fi lms g r o w n  in solu- 
t ions  of  d i f fe r ing  pH. T h e y  also show that ,  for  a g iven  ip 
and  tp, the  t h i c k n e s s  of  the  ox ide  film is the  s a m e  in solu- 
t i ons  of  d i f f e r e n t  p H  and  tha t  t he  t h i c k n e s s  does  no t  
c h a n g e  as t h e  s o l u t i o n s  are  e x c h a n g e d .  P o t e n t i a l s  ob- 
s e r v e d  in t h e s e  s o l u t i o n s  e x c h a n g e  e x p e r i m e n t s  at 10 -4 
and  10-SA are  p lo t t ed  also in Fig. 5 and 6, r espec t ive ly .  

I t  shou ld  be  no t ed  he re  tha t  in acid  solu t ions ,  the  Tafe l  
s l ope  for  t he  O E R  at P t  e l e c t r o d e s  is e q u a l  to 120 mV/  
d e c a d e  and  8E/~ pH is equa l  to - 6 0  m V / p H  un i t  ove r  the  
en t i re  r ange  of  c.d. (2, 3). These  resu l t s  in acid  so lu t ions  
also imp ly  a f rac t iona l  r eac t ion  o rde r  wi th  r e spec t  to t he  
H30 + ion, bu t  of  - 1/2, ra ther  t han  of  3/2, as for O H -  at h igh  
c.d. in a lka l ine  solut ions .  

Analys is  of  the  Results and Discussion 
T h e  p r e s e n t  r e su l t s  con f i rm  tha t  t h e r e  are  i n d e e d  two  

l inear  E-log i r eg ions  for the  O E R  at P t  e l ec t rodes  in alka- 
l ine  so lu t ions .  At  l ow c.d., t h e  Tafe l  s l ope  is c lose  to 60 
m V / d e c a d e ,  whi le ,  at  h i g h  c.d., t h e  s l ope  is c lose  to 120 
mV/decade .  Also,  t hese  two  Tafel  r eg ions  have  d i f fe ren t  
p H  d e p e n d e n c e s ,  w i t h  a ~E/~ pH of  - 1 2 0  m V / p H  u n i t  at 
l ow  c.d. and  - 1 8 0  m V / p H  u n i t  at h i g h  c.d. All  o f  t h e s e  
da t a  h a v e  b e e n  o b t a i n e d  o v e r  a r e l a t i v e l y  w i d e  r ange  of  
s o l u t i o n  p H  and  w i t h  c a r e f u l l y  c o n t r o l l e d ,  a l t h o u g h  no t  
a c c u r a t e l y  k n o w n ,  t h i c k n e s s e s  o f  t he  u n d e r l y i n g  P t  ox-  
ide films. 

The kinetics of the OER in the high c.d. region.--The ki- 
ne t i cs  in t he  h igh  c.d. r eg ion  are d i s cus sed  first because  
of  the i r  s imi la r i ty  to the  k ine t i cs  of  the  O E R  o b s e r v e d  in 
ac id  s o l u t i o n s  (2, 3, 10). In  a lka l ine  so lu t ions ,  t h e  h i g h  
c.d. da ta  lead  to the  fo l lowing  ra te  e q u a t i o n  

ib.~ = kh[OH-] 3/2 exp  ~ [3] 

w h e r e  t he  s u b s c r i p t  " b "  re fe r s  to a lka l i ne  (basic)  solu-  
t ions ,  " h "  to t h e  h i g h  c.d. r eg ion ,  kh is t h e  pre-  
e x p o n e n t i a l  fac tor ,  and  E is t he  p o t e n t i a l  of  t he  P t  e lec-  
t r o d e  w i t h  r e s p e c t  to t he  p H - i n d e p e n d e n t  SCE.  T h e  
p r e - e x p o n e n t i a l  f ac to r  is c o n s i d e r e d  to be  i n d e p e n d e n t  
o f  t h e  s o l u t i o n  pH.  I t  does ,  h o w e v e r ,  d e p e n d  on the  
c h o i c e  o f  t he  p H - i n d e p e n d e n t  r e f e r e n c e  e l e c t r o d e ,  b u t  
th i s  d e p e n d e n c e  does  no t  a f fec t  t h e  ana lys i s  of  t h e  da ta  
p r e s e n t e d  here .  In  add i t ion ,  kh has  b e e n  f o u n d  to de-  
c rease  as tp inc reases  at a cons t an t  i,, or  a s  ip inc reases  at 
a c o n s t a n t  tp. Th is  t y p e  of  d e p e n d e n c e  on  e l e c t r o d e  
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p r e t r e a t m e n t  was  also o b s e r v e d  in ac id  s o l u t i o n s  (2, 3) 
and  was  a t t r i b u t e d  t h e r e  to t h e  e f fec t  of  v a r y i n g  o x i d e  
fi lm t h i c k n e s s  w i t h  e l e c t r o d e  p r e t r e a t m e n t  ( t ime  of  
p r e a n o d i z a t i o n ) .  H e n c e ,  it is a n t i c i p a t e d  tha t  kh in alka-  
l ine  so lu t ions  con ta ins  a p a r a m e t e r  tha t  d e p e n d s  on the  
t h i c k n e s s  of  the  P t  ox ide  film. 

E x p e r i m e n t s  ca r r i ed  ou t  p r e v i o u s l y  in ac id  so lu t i ons  
(2, 3, 5, 10) had  b e e n  d i r e c t e d  p r i m a r i l y  t o w a r d s  
d e t e r m i n i n g  the  in f luence  of  the  ox ide  fi lm t h i c k n e s s  on 
the  O E R  kine t ics ,  pa r t i cu la r ly  in the  case  w h e n  the  OER 
was the  d o m i n a n t  react ion .  By  us ing  a ro ta t ing  r ing-d isk  
e l e c t r o d e  to s e p a r a t e  t h e  c u r r e n t  at a P t  d i sk  in to  tha t  
due  to t he  OER and tha t  due  to ox ide  film growth,  it was 
e s t ab l i shed  tha t  the  ra te  of  the  OER at any cons t an t  po- 
t e n t i a l  d e c r e a s e s  e x p o n e n t i a l l y  w i t h  i n c r e a s i n g  th ick -  
ness  of  the  ox ide  film. Fur ther ,  i t  was  s h o w n  tha t  t he  re- 
ac t ion  o rde r  wi th  r e spec t  to the  H30 + is -1/2. Thus ,  t he  fol- 
l o w i n g  ra te  e q u a t i o n  desc r ibes  the  k ine t i cs  of  t he  OER in 
acid  so lu t ions  

i = A[H30+] -I/2 exp  L ~  j exp  [4] 

Here ,  q is t he  cha rge  dens i ty  d e t e r m i n e d  f rom these  ring- 
d i s k  e x p e r i m e n t s  a n d  is e q u i v a l e n t  to t he  t h i c k n e s s  o f  
t he  o x i d e  film, m is a cons t an t  tha t  can be  e x p e r i m e n t a l l y  
d e t e r m i n e d ,  and A con ta ins  t he  f r e q u e n c y  factor ,  an ex- 
p o n e n t i a l  t e r m  wi th  t he  reac t ion  ac t iva t ion  energy,  and a 
t e r m  that  d e p e n d s  on the  cho ice  of  the  p H - i n d e p e n d e n t  
r e fe rence  e lec t rode .  

T h e r e f o r e ,  t h e s e  r i n g - d i s k  e l e c t r o d e  e x p e r i m e n t s  
s h o w e d  c lear ly  that ,  in acid  solut ions ,  t he  O E R  d e p e n d s  
on  b o t h  t h e  P t  o x i d e  fi lm t h i c k n e s s  and  on the  s o l u t i o n  
pH, t he  la t te r  d e p e n d e n c e  be ing  f rac t iona l  (Eq. [4]). 

In  the  case  of  the  O E R  at P t  in a lka l ine  solu t ions ,  d i rec t  
e x p e r i m e n t a l  e v i d e n c e  is no t  ye t  ava i l ab l e  to s h o w  
w h e t h e r  t he  ra te  of  t h e  O E R  at h i g h  c.d. a lso d e p e n d s  
e x p o n e n t i a l l y  on the  t h i c k n e s s  of  t h e  o x i d e  film, as it  
does  in ac id  solu t ions .  Howeve r ,  in v i e w  of t he  fact  that ,  
in a lka l ine  solu t ions ,  an insu la t ing  ox ide  film is k n o w n  to 
g r o w  by the  s a m e  m e c h a n i s m  as it does  in acid  so lu t ions  
(18), and  because  the  o x i d e  film con t inues  to grow,  as in 
ac id  solu t ions ,  e v e n  af ter  the  O E R  b e c o m e s  the  p redomi -  
n a n t  r e a c t i o n  at  l o n g  t ,  and  h i g h  po t en t i a l s ,  as s een  by 
t h e  e f f ec t  of  e l e c t r o d e  p r e t r e a t m e n t ,  i t  s e e m s  j u s t i f i a b l e  
to a s s u m e  tha t  t he  o b s e r v e d  d e p e n d e n c e  o f  t h e  ra te  of  
t he  O E R  on e l ec t rode  p r e t r e a t m e n t  is also caused  by its 
e x p o n e n t i a l  d e p e n d e n c e  on the  t h i c k n e s s  o f  t he  o x i d e  
f i lm in e x a c t l y  t he  s a m e  w a y  as was  e x p e r i m e n t a l l y  ob- 
s e r v e d  in ac id  solu t ions ,  i.e. 

[ - m F q  ] 
k h = B e x p [  2RT ] [51 

E q u a t i o n  [3] can  t h e n  be  r ewr i t t en  as 

ib.h = B[OH-]  3/2 exp  I_ 2RT j e x p  ~ [61 

w h e r e  the  p a r a m e t e r  "m" in Eq.  [6] in a lka l ine  solu t ions ,  
a fac tor  tha t  conve r t s  q to film th ickness ,  is no t  necessar -  
i ly n u m e r i c a l l y  equa l  to "m" in Eq.  [4] in ac id  solut ions ,  
bu t  has  the  s a m e  phys ica l  s igni f icance  in bo th  cases  [c.f., 
Ref. (3 and 10)]. 

The kinetics of the OER in alkaline solutions in the low 
c.d. region.--The kine t ics  for the  O E R  in the  low c.d. re- 
g ion  lead  to the  fo l lowing  ra te  e q u a t i o n  for the  O E R  

i b , l  = k l  [ O H - ]  2 exp  ~ -  [7] 

w h e r e  t h e  s u b s c r i p t  ' T '  i n d i c a t e s  t he  l ow c.d. r eg ion .  
N o w ,  8E/8 log  i = 60 m V / d e c a d e  and  8E/~ pH = -120 
m V / p H  uni t .  The  p r e - e x p o n e n t i a l  fac tor ,  k~, is i n d e p e n -  
d e n t  o f  t h e  s o l u t i o n  pH,  as was  kh at h i g h e r  c.d. In  con-  
t r a s t  to t he  o b s e r v a t i o n s  at h i g h  c.d., k~ has  b e e n  s h o w n  
to be  i n d e p e n d e n t  o f  t he  e l e c t r o d e  p r e t r e a t m e n t  cond i -  
t ions,  and,  hence ,  is i n d e p e n d e n t  of  the  t h i c k n e s s  of  t he  
anod ic  ox ide  film. 
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Summary 
Overall, this study of the kinetics of the OER at Pt  elec- 

t rodes in alkal ine solut ions has yielded some impor tan t  
and new observat ions .  First,  it has conf i rmed the exis- 
tence of two Tafel regions. At low c.d., 3E/3 log i is 60 mV/ 
decade ,  whi le  at h igh  c.d. the Tafel  s lope is 120 mV/ 
decade.  A second,  and perhaps  the most  s ignif icant  
result  has been that, at low c.d., the rate shows no depen- 
dence  on the th ickness  of the  under ly ing  Pt  ox ide  film, 
while ,  at h igh  c.d., the  rate depends  on the oxide  film 
thickness.  This varying dependence  on oxide film thick- 
ness is vi tal  to the e luc ida t ion  of  the m e c h a n i s m  of the 
OER in alkaline solutions. The fact that the reaction rate 
at low c.d. is independent  of oxide film thickness but  is 
dependen t  on film thickness  at high c.d. cannot  be read- 
ily expla ined .  This observa t ion  would  imply  that  one 
step in the react ion path depends on oxide film thickness  
and that, as the c.d. changes, another  step in the same re- 
action path is independen t  of film thickness.  As far as we 
are aware, no behavior  similar to this has been reported 
ei ther  for this or any other  e lectrochemical  reaction. 

A th i rd  impor t an t  resul t  obta ined  f rom this work  is 
that, at high c.d., the reaction order with respect  to OH- 
is f ract ional ,  be ing  equal  to 3/2. None of the s tandard  
m e c h a n i s m s  proposed  in the l i tera ture  can account  for 
such  a f ract ional  react ion order.  This once again shows 
tha t  the m e c h a n i s m  of the OER at Pt  e lec t rodes  is still  
not  unde r s tood  in spi te  of the wide ly  held v iew to the 
contrary. 

Therefore ,  any m e c h a n i s m  that  is p roposed  for the 
OER in alkaline solutions must  take into account  the two 
d i f ferent  Tafel  s lopes ob ta ined  at h igh and low c.d., the  
d e p e n d e n c e  of  the rate of  the react ion on oxide  film 
th ickness  at h igh c.d. but  not  at low c.d., and the frac- 
t ional pH dependence  at high c.d. This will be a t tempted 
in a subsequen t  paper. 

Manuscr ip t  submi t ted  Sept.  26, 1984; revised  manu- 
scr ipt  r ece ived  May 20, 1985. This  was Paper  731 pre- 
sented  at the San Francisco,  California, Meet ing  of  the 
Society, May 8-13, 1983. 
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ABSTRACT 

The anomalous temperature dependence of the Tafel slope b is discussed. Experimental  evidence is sparse and in part 
unreliable, but it can be said with confidence that the classical relationship: b = 2.3RT/aF is not confirmed experimentally 
and appears to be the exception rather than the rule. It is shown that, contrary to common belief, an assumed potential de- 
pendence of the entropy of activation cannot give rise to the anomalous temperature dependence of the Tafel slope. The 
importance of the anomalous temperature dependence of b to the understanding of the theory of the elementary charge 
transfer process is emphasized. The types of experiments needed to determine the way in which the Tafel slope changes 
with tempera ture  in different systems (the knowledge of which is essential  for proper  comparison with theory) are dis- 
cussed. 

The e lect rochemical  rate equat ion for a simple charge 
t ransfer  process ,  at potent ia ls  far r emoved  from the re- 
versible  potential,  is commonly  wri t ten (1) as 

i = i~ exp ( - ~ F / R T )  [1] 

where  ~ is the symmet ry  factor which,  in the s imple  
model,  represents  the fraction of the change in the elec- 
t rochemical  free energy of the reaction caused by the ap- 
plied potential  which affects the e lect rochemical  free en- 
ergy of act ivation of the react ion 

= (IlF)(OAG~ [2] 

In complex  electrode reactions involving several steps 
and adsorbed intermediates  at quasi  equi l ibr ium in steps 
preced ing  the ra te-determining step, the parameter  ~ in 
Eq. [l] is replaced by a, which is related to the nature of 
the ra te-determining step and its posit ion in the react ion 
sequence ,  as well  as to the type of  adsorp t ion  i so therm 
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control l ing the adsorption of intermediates  (2, 3). In gen- 
eral it has the form 

= ~ + ~ [3] 

in which  n is zero or a small  integer.  When the rate- 
de t e rmin ing  step does not  involve  charge  transfer,  a is 
not a function of 6- 

Equat ion  [1] leads to the well-known Tafel slope 

b = (a~/a log i) = 2.3RT/c~F [4] 

in which ~ = ~ should be considered a special case. 
In the classical t rea tment  of electrode kinet ics  ~ and 

are impl ic i t ly  assumed to be i n d e p e n d e n t  of  both over- 
potent ia l  and tempera ture .  The cons tancy  of ~ wi th  po- 
tent ia l  has been ques t ioned  both expe r imen ta l ly  and 
theoret ica l ly .  Never the less ,  it can be stated with a h igh  
degree of  confidence that  there are many cases, notably 
hydrogen evolut ion on mercury  and on other  metals 
(4, 5), r educ t ion  of b romate  and iodate on mercu ry  (6), 




