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ABSTRACT 

A P t  ring disk electrode was used in acid solutions to s tudy the transit ion from Pt oxide growth to oxygen evolution and to 
dist inguish the rates of these two processes. When a constant  current  is appl ied to the disk electrode, the disk potential,  V, 
initially increases linearly with time, and hence with the charge density, while a negligible current is observed at the ring. In 
this potential  region, essentially all of the applied current  is used for the growth of a Pt oxide film. Following the linear V/t 
region, V continues to increase but  now more slowly and nonlinearly with time, while the ring current  initially increases 
sharply and then slowly approaches the value expected for 100% oxygen evo]ution at the disk electrode. Thus, the Pt  oxide 
film continues to grow in the nonlinear V/t region even when oxygen evolution becomes the major reaction. In the 
nonlinear V/t region, V again increases nearly linearly with the integrated charge densi ty for oxide film formation or with 
the oxide film thickness.  This V/q relationship in the nonlinear V/t region is different from the V/q relat ionship in the linear 
V/t region. However, the mechanism of Pt  oxide growth and the propert ies  of the film when the 02 evolution reaction is the 
dominant  reaction remain the same as in the initial Pt  oxide growth region where O~ evolution is not significant. The distri- 
bution of potentials in the oxide film and in the inner and outer Helmholtz layers is discussed. 

When a constant  anodic cur ren t  is appl ied  to a p r e -  
r e d u c e d  ox ide - f r ee  Pt  e lect rode s ta r t ing  f rom the rest  
po ten t ia l  in O2-satura ted acid or a lka l ine  solutions, 
VR = 0.98V vs. RHE (1) ,  three  dis t inct  po ten t ia l  r e -  
gions can be seen in a V/t t rans ien t  (2-5).  In i t ia l ly ,  the 
poten t ia l  increases r ap id ly  and non l inear ly  wi th  t ime 
as the  first monolayer  of an oxide film is fo rmed (5-7) .  
Fol lowing  this region, the e lect rode potent ia l  increases 
fa i r ly  l inea r ly  wi th  t ime (Fig. 1) wi th  the cur ren t  
being used for  fu r the r  growth  of the oxide  film (8).  
Even tua l ly  at  h igher  potent ials ,  oxygen  evolut ion be-  
gins and soon becomes the ma jo r  e lect rode reaction.  

In  Fig. 1, po t en t i a l / t ime  curves are  shown for three  
constant  cur ren t  densi t ies  in a 0.2N H.~SO4 solution.  In  
this  figure, the  t ime axis has been scaled for  each 
cur ren t  dens i ty  to represen t  charge densi ty,  q = it. 
At  a pa r t i cu l a r  potent ial ,  which depends  on the ap-  
pl ied current  dens i ty  and the pH, the  l inear  increase  
of the potent ia l  wi th  t ime, or  charge densi ty,  ceases. 
Now, the poten t ia l  increases at a ra te  which decreases 
wi th  t ime whi le  O2 evolut ion continues to increase  
and soon becomes the p redominan t  e lect rode react ion 
(9).  Previous  work  has shown tha t  at  long t imes the 
potenti.al changes nea r ly  l inea r ly  wi th  the  logar i thm 
of t ime of polar iza t ion  and the oxide film continues to 
g row at a ve ry  s low ra te  (3, 9, 10). 

In  this  s tudy,  a P t  r ing  disk e lec t rode  has been used 
to s epa ra t e  the  react ions  of P t  oxide  growth  and O2 
evolut ion.  A compara t ive  analysis  of the i r  ind iv idua l  
ra tes  and  the i r  dependence  on the e lec t rode  potent ia l  
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is expected  to y ie ld  i n f o r m a t i o n  on t h e  n a t u r e  o f  the  
changes in the kinet ics  of oxide growth  and on  the  
potent ia l  d i s t r ibu t ion  across the complex interface,  
comprised  of the oxide film and the inner  and outer  
Helmhol tz  layers ,  dur ing  the t ransi t ion f rom the oxide  
g rowth  to O2 evolut ion.  Su.ch an analysis  is also ex-  
pected to aid in the  overa l l  unders tand ing  of the 
mechanism of the  O2 evolut ion react ion at  ox ide-  
covered electrodes.  

Experimental 
A commerc ia l ly  designed P t  d i sk -P t  r ing  e l e c t r o d e  

(Pine  In s t rumen t  Company,  disk radius  0.383 cm, r ing 
i n n e r  radius  0.399 cm, and r ing  outside radius  0.422 cm) 
was ut i l ized in an a l l -g lass  cell  s imi lar  to that  de -  
scr ibed in (11). The r ing -d i sk  e lec t rode  was pol ished 
to a mi r ro r  finish wi th  a lumina  paste.  In  some exper i -  
ments,  a th in  l ayer  of gold (,~1000A) was e lec t rode-  
posi ted ove r  the r ing  electrode.  A sa tu ra t ed  calomel  
e lect rode in a separa te  compar tmen t  se rved  as the 
reference  electrode,  and a Luggin  cap i l l a ry  ex tended  
upwards  toward  the center  of the d isk  electrode.  A P t  
countere lec t rode  was placed in the same compar tmen t  
as the r ing  disk electrode.  

Solutions were  p repa red  f rom reagen t  g rade  su l -  
fur ic  acid and conduct iv i ty  water .  No extens ive  pu r i -  
fication of solut ions was car r ied  out, e.g., b y  pree lec-  
trotysis. In  al l  exper iments ,  solut ions were  first purged  
of O~ wi th  h igh  pu r i t y  Ar.  Dur ing  e lec t rochemical  
measurements ,  A r  was passed over  the solution.  

P r io r  to e a c h  series of exper iments ,  the  disk e l e c -  
t rode  was anodica l ly  oxidized and ca thodica l ly  r e -  
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Fig. 2. Slopes of the V-q traces, such as those in Fig. 1, plotted 
against the applied current density. Data ore corrected for surface 
roughness. 

duced  severa l  t imes af te r  which the solut ion was re -  
placed.  Then, a constant  anodic cur ren t  was appl ied  
to the  disk e lec t rode  f rom a high vol tage  ba t t e ry  pack  
( ,~lg0V) and precis ion resis tors  in ser ies  wi th  the 
d isk  electrode.  The r ing poten t ia l  was kep t  constant  at 
0.4V vs. RHE using a commerc ia l  po ten t ios ta t  so tha t  
oxygen  evolved  at  the  d isk  e lec t rode  could be detected 
at  the  r ing electrode.  The r ing  cur ren t  observed  at  the 
longest  t ime of polar iza t ion  of the  disk e lec t rode  was 
scaled to be  equal  to the  cur ren t  appl ied  at  the  disk 
as essent ia l ly  100% oxygen  evolut ion occurs at  long 
times. In  the  poten t ia l  region of O2 evolut ion,  al l  o ther  
cur ren ts  are  much smal le r  than  that  for O2 evolut ion.  
Fo r  instance,  P t  dissolut ion cur ren t  dens i ty  is about  
10-9 A - c m - 2  (12). The r ing currents  a t  shor te r  t imes 
could then  be  r ead i ly  converted,  by  reference  to this  
scale, to give the  fract ion of the  appl ied  disk cur ren t  
u t i l ized in the  O~ evolut ion.  For  this  scaling, i t  does 
not  m a t t e r  whe the r  Oe is reduced to H20 or  to H~O2, 
p rov id ing  the  rat io  of the  cur ren ts  for  these pa r t i a l  
processes is constant  dur ing  measurements .  Wi th  the  
gold r ing  e lec t rode  in acid solutions,  H~O2 is the  p r e -  
dominen t  p roduc t  in the  reduct ion (11, 13), and this 
is reflected in lower  r ing  cur ren ts  than calculated.  This 
is discussed below. 

Both the poten t ia l  at  the Pt  d isk  and the cur ren t  at  
the  P t  r ing  e lec t rode  were  moni tored  wi th  t ime on an 
X - Y - Y  recorder .  

Results and Discussion 
Rates of the individual processes o~ ox/de growth 

and oxygen evolution.--Growth of o~cide film in the 
linear V/ t  region.--The re la t ionships  be tween  V and 
q in the  l inear  V / t  region are  given in Fig. 1 wi th  the 
slopes, OV/Oq, increas ing wi th  increas ing constant  cur -  
ren t  densi ty,  i, app l ied  to the d isk  electrode.  These 
slopes are  found to increase l i nea r ly  wi th  log i over  a 
few decades of cur ren t  dens i ty  (Fig. 2) wi th  the  same 
dependence  be ing  observed  in acid solutions of di f -  
ferent  pH (7).  

In  Fig. 1, it  can also be seen tha t  the  l inear  V/q  
t races in te rcept  in ex t rapo la t ion  to a common point,  
P ( - -qo ,  Vo). The p a r a m e t e r  qo can be considered as 
the charge dens i ty  equiva lent  to the  oxygen  species 
adsorbed  at  the P t  surface pr io r  to the  appl ica t ion  of 
a constant  cur ren t  (5, 7). The p a r a m e t e r  Vo has been 
found to depend  on pH, decreas ing 60 mV vs. a pH 
i ndependen t  re fe rence  e lec t rode  as the  pH increases  
one unit  

2.SRT 
Vo : Voo - -  pH [1] 

F 

This pH dependence  of Vo is the  cause of the  shift  
a long the V axis of the V/q  t races  wi th  pH. Vo can also 
be seen to be independen t  of the  appl ied  cur ren t  dea r  
s i ty  (Fig.  1). Voo is a constant  that  depends  on the 

choice of the reference  e lec t rode  (Voo --  0.94V vs. 
NHE).  

In  the l inear  V/ t  region,  the  fol lowing re la t ionships  
ho}d 

6V 1 i 
- -  : - - i n -  = I ( i d i s k )  [2] 
6q a io 

and 
av q 

- -  =-- =/(q) [ 3 ]  
0 In  idisk a 

Here, io is the cu r ren t  dens i ty  at  which  OV/Oq = 0 
(Fig. 2) and can be considered to be the exchange 
cur ren t  dens i ty  (7).  

Therefore,  the  kinet ics  of P t  oxide growth  in the 
l inear  V/ t  region can be descr ibed  by  the ra te  equa-  
tion (7, 14) 

[ ~ ( V - - V o )  ] [4] 
~og = io, og exp q + qo 

where  a can be eva lua ted  f rom 

02V 
= ~-I [5] 

OqO In iog 
F r o m  Fig. 2, ~ = 0.018 C V - l - c m  -2  and io is equal  to 
2 X 10 - l ~  A - c m - 2  independen t  of the  pH. The va lues  
of io, qo, and  a a re  given wi th  respect  to the  t rue  area  
of the  P t  e lect rode surface (7). In  the  l inear  V/ t  r e -  
gion, a lmost  all  the  appl ied  cu r ren t  dens i ty  at  the  
disk, /disk, is used for  oxide format ion  and hence /disk 
_~ log ~ i. 

The observed rate,  Eq. [4], can be der ived  f rom the  
Cabre ra  and  Mott  model  (15) of the high f ie ld-assis ted 
growth  of anodic oxide  films (7, 14) 

[ z ek (V - -  Vo) ] [6] 
~o~ = io, o~ exp - dkT 

Here,  ze is the  charge of ions migra t ing  in the  field 
and par t i c ipa t ing  in the rate  de te rmin ing  step, and  ?, 
is the h a l f - j u m p  dis tance of the  ions. A n  analysis  has 
shown that  (V --  Vo) is the  poten t ia l  difference across 
the  growing oxide  film and the inner  Helmhol tz  l aye r  
(16). Accordingly ,  Vo is the  potent ia l  of the inner  
Helmhol tz  p lane  wi th  respect  to a pH independen t  
reference  electrode.  Therefore,  Vo gives a measure  of 
the  potent ia l  difference across the  outer  Helmhol tz  
l aye r  (16). 

A model  of the  complex  interface,  comprised  of the 
oxide film and t h e  inner  and outer  Helmhol tz  layers ,  
is sugges ted  in Fig. 3 for two constant  cur ren t  densit ies.  
Dur ing  oxide  growth,  the potent ia l  difference across 
the ou te r  Helmhol tz  l aye r  (OHL) remains  constant  
(Vo ---- coast)  at  al l  cur ren t  densit ies.  Poten t ia l  differ-  
ence across the inner  Helmhol tz  l aye r  ( IHL)  is also 
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Fig. 3. A model of the interface of the oxide film and inner and 
outer Helmholtz layers during the oxide growth at a constant cur- 
rent density. Note that the potential difference across the outer 
Helmholtz layer is independent of applied current density. 

constant  dur ing  the oxide growth  at a constant  cur ren t  
density.  I t  decreases,  however ,  as the  cur ren t  densi ty  
of oxide  g rowth  increases. As the film grows at  a 
constant  cur ren t  dens i ty  and the me ta l -ox ide  interface  
propagates  to the  left ,  on ly  the  potent ia l  difference 
across the  oxide  film increases  wi th  t ime  (and hence 
film thickness) �9 However ,  the fields wi th in  the oxide 
film and the IHL remain  constant  dur ing  oxide  growth  
at a given cur ren t  dens i ty  (16). As the current  dens i ty  
for  oxide  growth  decreases,  these fields decrease too. 

The dependence  of the field in the  film on the appl ied  
cur ren t  dens i ty  and the s t rength  of the fields at  differ-  
ent  cur ren t  densi t ies  can read i ly  be obta ined  from Fig. 
2 (7). For  example ,  at  10 -8 A - c m  -2, the field is about  
7 • 106 V-cm -1. This field is of the same magni tude  
as those observed  for insula t ing  anodic oxide films at  
valve  meta ls  (17) which shows c lear ly  tha t  P t  oxide  
films are  also ve ry  poor  electronic conductors.  

At  a constant  cur ren t  density,  the  field at  any  point  
of the  complex  interface  (Fig.  3) should  be invar ian t  
wi th  t ime and thickness of the  film. Therefore,  it  could 
be ant ic ipa ted  tha t  the  process of oxide growth  would 
be un in t e r rup ted  and that  the films would  continue to 
th icken indefini te ly  as they  do at valve  meta l  e lec-  
trodes. Instead,  at a cr i t ical  potent ia l  or a cr i t ical  oxide 
film thickness (Fig. 1), the e lect rode potent ia l  ceases 
to increase l i nea r ly  wi th  t ime and O2 begins to evolve 
and soon becomes the p redominan t  reaction.  In the 
fol lowing section, this t rans i t ion  from the l inear  Vi i  
region,  where  oxide growth  is the m a j o r  reaction,  to 
the nonl inear  V/ t  region of 02, evolut ion p redominance  
is analyzed and discussed. 

Growth of Pt  oxide film in the transition region.-- 
The ind iv idua l  ra tes  of the  oxide  g rowth  and the O2 
evolut ion react ions can be obta ined  from r ing disk ex -  
per iments ,  such as tha t  shown in Fig. 4 for id,~k ---- 10 -8 
A-cm -2. The poten t ia l  of the P t  d isk  e lect rode and the 
r ing cur ren t  a re  fol lowed wi th  t ime. The r ing cur ren t  
is conver ted  to give the  fract ion of the  appl ied  cur ren t  
at  the  disk which  is ut i l ized in the  O2 evolut ion re -  
action, io2. Then, /disk - -  iO2 gives the cu r ren t  due to 
the  oxide  growth  reaction,  iog 

log : idisk - -  io2 [7] 

In the  l inear  Vi i  region (Fig. 4), no O~ is measured  
at the r ing e lec t rode  and essent ia l ly  al l  of the current  
appl ied  to the  disk is used for oxide  film formation.  
At  the  point  where  the  l inea r i ty  ceases and a charge  
dens i ty  of about  1000 ~C-cm -2 has passed, O2 begins  to 
evolve and the r ing  cur ren t  commences to increase 
sharp ly  wi th  t ime (Fig. 4). However ,  the cur ren t  at  

I t I I I 

ir,.g / / ~  

I I 

I I P I i I I - 2 3 4 5 6 7 
THE [Sec] 

Fi 9. 4. Rototing ring disk electrode experiment, The ring cur- 
rent and the disk potential change with time. Disk current is 10 -8  
A-cm-2;  solution is 2N H2$O4. The ring electrode is electroplated 
with Au. 

the r ing  electrode soon levels off and then ve ry  s lowly 
approaches  the  value  corresponding to 100% 02 evolu-  
tion at  the  disk electrode.  I t  follows, therefore,  tha t  
the cur ren t  due to oxide growth  is s t i l l  quite significant 
in the  t rans i t ion  region. In  fact, af ter  the l inear  Vi i  
region, the film st i l l  grows an addi t ional  30-35% for 
the same per iod  of t ime tha t  it g rew in the l inear  re -  
gion. Only  a f te r  longer  t imes, such as 100 sec at  I m A -  
cm -2, is the cur ren t  at  the disk due almost  en t i re ly  
to the  02 evolut ion react ion ( > 9 9 % ) .  

It can be seen f rom Fig. 4 tha t  af ter  15 sec, the r ing 
cur ren t  is a l r eady  8.6% of /disk. Af t e r  about  100 sec, 
the r ing  cur ren t  reaches  9.2% of /disk and remains  
p rac t i ca l ly  unchanged  wi th  fu r the r  t ime of po lar iza-  
tion. At  this stage, idisk is used almost  en t i r e ly  for 02 
evolut ion and then /ring divided by  /disk gives the col- 
lect ion efficiency of the r ing  electrode.  In  the  exper i -  
ment  shown in Fig. 4, the r ing  electrode was Au-p la t ed .  
Au electrodes were  found to be less sensi t ive to res idual  
impur i t ies  in solut ions than  Pt  e lectrodes (11), and 
more  s table  r ing currents  were observed  wi th  these 
electrodes.  In  v iew of the  fact  tha t  a t  gold electrodes 
O2 is r educed  ma in ly  to H202 (11, 13), the  collection 
efficiency is 18.4%. This value  is close to the  efficiency 
(18.2) ca lcula ted  and t abu la ted  in (18). The exper i -  
men ta l ly  obta ined  efficiency is used to scale the r ing 
cur ren t  and calculate  iog according to [7]. 

In  the  non l inear  Vi i  region, the  potent ia l  is aga in  
seen to increase n e a r l y  l inea r ly  wi th  the in tegra ted  
charge densi ty  for oxide film growth,  q ---- fo t iog dr. 

This is shown in Fig. 5 for two constant  cur ren t  den-  
sit ies app l ied  to the disk electrode�9 To minimize  er rors  
due to s tepwise in tegra t ion  of smal l  currents ,  the in te-  
gra t ion  was car r ied  out  on ly  up to the t ime when iri,g 
Corresponded to about  95% id~sk. The dependence  of V 
on q ca lcula ted  in this  w a y  in the  non l inear  Vi i  region 
is qu i te  different  from tha t  in the ini t ia l  l inea r  Vi i  
region and can be represen ted  b y  Eq. [8], r a t h e r  than  
by  Eq. [2] 

OV 
--  m = 270 V C - l - c m  ~ ~ f (/disk, q) [8] 

aq 

It  is shown below tha t  this re la t ionship  is an approx i -  
mate  one and tha t  aV/Oq is equal  to m on ly  at  l a rge  
values of q. As can be de te rmined  f rom the four cur -  
ren t  densit ies used in these exper iments  (10 -4, 3 X 
10 -4, 10 -8, and 3 • 10 -8 A - c m - 2 ) ,  the  fol lowing re la -  
t ionship holds at  any  q in the non l inear  Vi i  region 
(Eq. [3]) 

OV 2RT 
= ~/ ( /d isk ,  q) [9] 

'0 In idisk F 
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These re la t ionships  in the non l inear  V/ t  region are  
qui te  different  f rom the  corresponding re la t ionships  in 
the l inear  V/t  region (Eq. [2], [3]) .  

To de te rmine  whe the r  these differences in the V/q 
re la t ionsh ips  in the  ox ide  g rowth  region  and in the  02 
evolut ion region indica te  a change in the  oxide g rowth  
mechanism a n d / o r  a change in the physical  p rop -  
er t ies  of the  film, e.g., film aging a n d / o r  increas ing 
conduct iv i ty  (3),  the  fo l lowing calculat ions were  car -  
r ied  oi~t. By using the expe r imen ta l ly  de te rmined  
values for  io~ and q, V --  Vo (=Vcal~) was ca lcula ted  
for  al l  q by  using Eq; [4] and  was then compared  to 
the observed value  of V --  Vo (=Vo~s) at  each q. For  
this calculat ion,  io,og, ~, and Vo were  de te rmined  f rom 
the l inear  V/t  region for which Eq. [4] holds.  The r e -  
sults of  this  compar ison are  shown in Fig.  6 for two 
appl ied  constant  cur ren t  densit ies.  I t  can c lear ly  be 
seen tha t  Vcalc closely over laps  Vobs in a l l  regions of 
the  V/q  curve.  

I t  was possible  to conclude from this analysis  tha t  
the  P t  oxide  film continues to g row with  the same 
mechanism in the t rans i t ion  region and in the p re -  
dominan t ly  O2 evolut ion region as in the  l inear  V/ t  or 
ox ide  growth  region. The physical  p roper t ies  of the 
film do not  change in going f rom the oxide growth  
region to the case where  O2 evolut ion is the ma jo r  
react ion.  I t  fol lows then tha t  in the 02 evolut ion r e -  
gion, the  films must  s t i l l  be poor  electronic conductors.  
Fur the rmore ,  the  s t ruc ture  of the  double  l aye r  in the  
t rans i t ion  and the O~ evolu t ion  region is bas ica l ly  the  
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Fig. 6. Calculated and observed potentials vs. integrated charge 
density. 

, same as in the  oxide g rowth  region.  In  par t icu la r ,  
hVoHL remains  constant ,  i ndependen t  of  the  appl ied  
cur ren t  dens i ty  and the oxide  film thickness,  and has 
the same value  as in the l inear  V/t  region.  In  the non-  
l inear  V/ t  region, at  any  constant  appl ied  cur ren t  den-  
sity, the  fields in the film and in the  IHL, however ,  de-  
crease wi th  increas ing film thickness  because  the cur-  
ren t  dens i ty  for oxide film growth  cont inuously  de -  
creases wi th  t ime or  increas ing film thickness.  In  spi te  
of this decrease in the fields, the poten t ia l  difference 
across the oxide film and the IHL, (V --  Vo), s t i l l  in-  
creases wi th  time. This is because the thickness of the 
film increases at a fas ter  r a t e  than  the  ra te  .at which 
the field increases.  This is i l lus t ra ted  in F ig  7. I t  may.  
be noted tha t  a l though the potent ia l  difference across 
the film and the IHL, (V - -  17o), increases wi th  t ime,  
the po ten t ia l  difference across the IHL i tself  s lowly  
decreases  wi th  t ime (since field decreases  wi th  t ime) .  
This is discussed fu r the r  below. 

Oxygen evolution reaction in the transition region.-- 
Once O~ evolut ion becomes the p redominan t  reaction,  
its ra te  as a funct ion of q and V can be der ived  f rom 
the V/q re la t ionships  represen ted  b y  Eq [8] and [9] 
and  shown in Fig. 5 and 6. By in tegra t ion  of Eq. [8] and 
[9], the fol lowing ra te  equat ion is obta ined 

- -  2R---~ q 2RT 

- -  io,o2exp [--Gd] exp [ _ ] [1,o] F(V VR) 

Here, d, the thickness of the  oxide  film, is equal  to rq, 
where  r ( =  9 X 103 A C - l - c m  2) (9) converts  charge 
dens i ty  into film thickness,  z The p a r a m e t e r  5 is then  
equal  to mF/(2RTr)  = 0.6 A. -1. The in tegra t ion  con- 
stant ,  VR, is chosen to be  the revers ib le  po ten t ia l  for 
the oxygen evolut ion reaction.  The e lect rode potent ia l ,  
V, increases wi th  t ime in the same way  as does the po-  
ten t ia l  difference, V --  Vo, across the oxide film and the 
IHL. I r respec t ive  tha t  a t  a constant  appl ied  cu r ren t  
dens i ty  the potent ia l  difference across the I H L  de-  
creases g radua l ly  and ever  so s lowly  wi th  t ime, as 
dLscussed above, the  cur ren t  dens i ty  for  O2 evolut ion 
st i l l  increases wi th  t ime.  This is because the  cu r -  
ren t  dens i ty  for  02 evolut ion  depends  on the po-  
ten t ia l  difference across the  oxide film and the IHL, 

ZFor the Pt(OH)~ s t ruc ture ,  a m o n o l a y e r  o f  t h e  o x i d e  film 
c o r r e s p o n d s  to about  170 pC-cm -~. If  it i s  a s s u m e d  tha t  a m o n a -  
l a y e r  is 2A thick, the  r factor  w o u l d  h e  s o m e w h a t  h i g h e r  (11.8 x 
10~ AC-l-cm =) than  calculated f r o m  the  densi ty of Pt(OH)2 (2, 9). 
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Fig. 7. A simple model of potential distribution across the oxide 
film and inner and outer Helmholtz layers when 02 evolution be- 
comes significant. Though field in the film decreases, overall po- 
tential still increases with time. 
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V - Vo, and not  only  on the poten t ia l  difference 
across the IHL. This dependence  on the potent ia l  12 
difference across the  oxide film and the IHL can 
be expla ined  by  a mechanism in which the first e lec-  to 
t rochemical  s tep involv ing  e lect ron tunnel ing  th rough  
.the oxide films and IHL is ra te  determining.  Both ~ 0.8 

q and V increase wi th  t ime, bu t  the first exponen-  
t ia l  t e rm in Eq. [10] increases  at  a fas ter  ra te  than  the  =* 0.6 
second exponent ia l  t e rm decreases,  and hence the  cur -  
ren t  for 02 evolut ion increases  wi th  t ime. -~ 

0 4  
An equat ion ident ica l  to Eq. [10] has been obta ined 

p rev ious ly  f rom s t eady - s t a t e  Tafel  l ine measurements  ~- 
which were  obta ined  af te r  the ini t ia l  polar iza t ion  of 02 
an e lect rode at  a constant  potent ia l  or cu r ren t  dens i ty  
h igher  than  the potent ia ls  at which the Tafel  r e l a t ion-  0e 
ships were  subsequent ly  obta ined  (9, 19, 20). In  this  
way, the films became fa i r ly  th ick but  thei r  thickness,  
as de te rmined  by  e l l ipsomet ry  (9), r ema ined  constant  
dur ing  the Tafel  measurements .  F r o m  the e l l ipsometr ic  
measurements ,  the p a r a m e t e r  8 was de te rmined  to be 
1.4 A -1. The d iscrepancy  be tween  8 obta ined  in this 
s tudy  and tha t  obta ined  by  e l l ipsomet ry  is not  clear.  No 
special  significance is, however ,  given here  to this d i f -  
ference in 5's. 

The p r e - exponen t i a l  factor,  io,O2, is the exchange cur-  
ren t  dens i ty  which would  be expected at  zero film 
thickness at  the revers ib le  potent ial .  I t  can be eva lu-  
a ted  b y  ex t rapo la t ion  to q = 0 of the l inear  V/q l ines 
f rom the nonl inear  V/ t  region. Such an ex t rapo la t ion  
for  a disk  cur ren t  of 10 -8 A - c m  -2 (Fig. 6) gives Vq=o 
= 0.545V vs. Vo, where  Vo is 0.94V vs. RHE (7). S imi-  
lar ly ,  for  a disk  cur ren t  of 10 -4 A - c m  -2, Vq=o = 0.430V 
vs. Vo. The exchange  cur ren t  dens i ty  at  zero film th ick-  
ness can now be ca lcula ted  by  de te rmin ing  the cur ren t  
density,  io2, expected at  the revers ib le  po ten t ia l  for 
oxygen  evolution,  VR = 1.23V vs. RHE. Since this po-  
ten t ia l  is 0.29V posi t ive to Vo, it  follows that,  at  10 -4 
A-cm-2 ,  for instance, the overpoten t ia l  for the oxygen 
evolut ion react ion is 0.14V (0.43-0.29V). Since for each 
decade of  the  appl ied  cur ren t  densi ty,  the  poten t ia l  
changes about  115 mV, io,o2 at  the revers ib le  potent ia l  
is equal  to 6 X 10 - s  A - c m - 2 .  

The above analysis  shows that  the same ra te  equa-  
tion applies  to the O2 evolut ion react ion in the t r ans i -  
t ion region at shor t  t imes of polar izat ion (2-10 sec at  
10-a A - c m - 2 ) ,  as wel l  as at  long t imes (102-104 sec at 
10 -8 A - c m - 2 ) .  The mechanism of O2 evolut ion does 
not  change wi th  changes in the thickness of the oxide  
film and with  the t ime of polar izat ion,  and the films do 
not  age or  change thei r  conduct ive proper t ies  wi th  film 
thickening�9 However ,  Eq. [10] does show tha t  the  ra te  
of O2 evolut ion depends  exponen t i a l ly  on the th ick-  
ness of the oxide film. In fact, a subs tan t ia l  pa r t  of the 
overpoten t ia l  for  the  oxygen  evolut ion  react ion ar ises  
f rom the effect of the ba r r i e r  to charge t ransfer  which 
these insula t ing films exert .  

Oxygen evolution and oxide growth as parallel pro- 
cesses.--The t rans i t ion  f rom the oxide g rowth  region 1~ 
to the O2 evolut ion region at  different  cur ren t  densities,  
such as those shown in Fig. 5, can now be unders tood 
in the  fol lowing way.  A t  a n y  appl ied  cu r ren t  dens i ty  ~ 17 

and a t  any  q, the two processes of oxide  g rowth  and O2 
evolution,  wi th  respect ive  pa r t i a l  cur ren t  densi t ies  ~og -~  ~ 

and io2, occur in paral le l ,  and Eq. [7] is obeyed.  These 
two processes depend di f ferent ly  on q and V (Eq. [4] ~- 
and  [10]). Thus for  oxide  growth,  the  V-q l ines at  ~ ~.5 

different  cur ren t  densi t ies  or iginate  at  Vo and diverge 
l i nea r ly  to infinite thicknesses  and potent ials .  For  O2 
evolution,  the V-q l ines are  pa ra l l e l  and equa l ly  spaced ~4 
along the potent ia l  axis for equal  increments  of cur -  
ren t  density.  In Fig. 8, a f ami ly  of d iverging V/q  lines, 
r epresen t ing  oxide growth  at  different  cur ren t  den-  
sities, in tercept  a fami ly  of para l l e l  V/q  lines, r ep re -  
sent ing O2 evolut ion at  different  cur ren t  densities.  
When the l ines for the same cur ren t  dens i ty  intercept ,  
the ra te  of  both react ions  is equal.  

Schematic Representation 
of V vs.q at Pt ~ / 

1 M H2SO4 i=10_1 _ ~ , ~  ~ 

I I I I I I i I I 
0 2 4 6 8 10 12 14 16 18X10 -4 

Charge Density [Ccm"] 

Fi 9. 8. Schematic representation of V-q relationships for oxide 
9rowth and 0,9 evolution. At the intercepts of V-q lines for any 
9iven current density, the major process changes from oxide 9rowth 
to 02 evolution. 

Quite  general ly ,  when two processes occur in pa r a l -  
lel, the process which occurs at  the lower  potent ial ,  at  
any  q, wil l  predominate .  Thus at  low q, the oxide films 
grow with  nea r ly  100% cur ren t  efficiency. At  high q, 
much h igher  potent ia ls  would be requi red  to main ta in  
the  un in te r rup ted  growth  of the oxide films than  for  
the  evolut ion of oxygen.  Consequently,  02 begins to 
evolve  and soon becomes the p redomina te  react ion.  

F igure  8 indicates  tha t  the potent ia l  of the t rans i t ion  
points  should increase while  the  charge dens i ty  at  this 
point  should  decrease wi th  increasing appl ied  Current 
density.  In Fig. 9, the potent ia ls  of  the t rans i t ion  
points,  obta ined exper imenta l ly ,  a re  p lot ted  vs. the ap-  
pl ied cur ren t  density.  In this  figure, da ta  of previous  
workers  (7, 9) a re  included.  I t  can be seen tha t  the po-  
ten t ia l  at  the t rans i t ion  point  does indeed increase  with 
increas ing appl ied  cur ren t  density.  

Combining oxide growth and 0 z evolution in a single 
exPression.--In the  preceding  discussion, i t  was shown 
tha t  the growth  of an anodic Pt  oxide film obeys the 
same growth  l aw (Eq. [4]) in the t ransi t ion and O2 
evolut ion region as in the ini t ia l  l inear  V/ t  region in 
which Pt  oxide  film growth  is the p redominan t  elec-  
t rode reaction.  Also, O2 evolut ion is descr ibed by  the 
same ra te  (Eq. [10]) in al l  regions. These equations 
provide  the basis for the analysis  of the  ent i re  V/q  r e l a -  
t ionship. 

The quest ion remains  as to whe the r  the two ap-  
p a r e n t l y  l inear  regions in Fig. 5 and 6 would be ant ic i -  
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Fig. 9. Transition potentials from oxide growth to 0,2 evolution in 
2N H2SO4 as a function of applied current density. 
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pated to be l inear by Eq. [4] and [10] when both pro-  
cesses occur in parallel. At  any film thzckness, Eq. 
[7] holds, and with the elimination of io~ and log f rom 
Eq. [10] and [4] by using Eq. [7], the dependence of V 
on q at any applied current  density is readi ly obtained 
in an implicit form 

io,os exp qT -{- iv~o2 exp 2RT 

+ FV/(2RT)  ] -- " = 0 [11] 

In  this equation, V is given vs. Vo for both the oxide 
growth and the oxygen evolution reaction. For this 
reason, io,o2 in [10] is replaced by  ivo,o2 which is the 
current  density for oxygen evolution at Vo and zero 
film thickness and is equal to 2 • 10 - s  A-cm-% qr rep- 
resents the total charge density for oxide growth. By 
differentiation and by using the relationship dio~ -- 
--d/o2, the following dependence of  dV/dq on iog, io2, 
and qw can be obtained 

dV 2RTiog In (iog/io,og) -~ mFqTio~ 
[12] 

dqT 2RTaiog -{- FqTio2 

dV/dqw continuously decreases with qw arid, there-  
fore, neither the first nor the second V-q region should 
truly be linear. However,  when i o g > >  io2, as in the 
first apparent ly  linear V/q  region, dV/dq is vir tually 
constant for a constant current  density and is given by 
Eq. [2]. Also, when io2 > >  iog, as in the second ap-  
parent ly  linear V/q region, dV/dq must  also become 
virtually constant and equal to m (Eq. [8]).  

In order to estimate more accurately the degree of 
the l inearity in both regions of the V/q plots, Eq. [11] 
has been calculated by computer  using the experi-  
mental ly  determined parameters.  The parameter  m was 
determined in two ways with the first being from the 
slopes of the V/q traces, as discussed above. This pro-  
cedure may  be subject to error  due to the fact that  
V/q traces are not expected to be quite linear. The 
second method for determining the value of m was by  
using the median value of the ring current  where 
log - "  io2 and where q and V are known. Then, f rom 
Eq. [10] 

idlsk [ m F  FV~/2 ] 
- - - ~  : io,o2 exp -- 2R--"'T qT,1/2 "~ ~ j [13] 

where qT,1/2, and V1/u are the values of q and V at 
log = io2 : 1~ idisk. With the first procedure, m = 270 
VC-1-cm 2, and with the second, m ---- 330 V C - l - c m  2. 

The computer-calculated V/q curve is shown in Fig. 
10 and can be compared to the experimental ly obtained 
V/q relationship as in Fig. 5. I t  is clear that  the change 
of OV/Oq with q is negligible everywhere  but  near the 
transition point. I t  can therefore be concluded that  
a virtu'ally l inear V/q  relationship .exists for oxide film 
growth, both when  the oxide growth is the predomi-  
nant  reaction and when the oxygen evolution is the 
major  reaction. 

S u m m a r y  a n d  C o n c l u s i o n s  
The individual rates of Pt  oxide growth and O2 

evolution at a Pt  electrode in acid solutions were 
separated using rotat ing r ing-disk electrode experi-  
ments. When a constant anodic current  is applied to 
the disk electrode, the potential of the electrode is ini- 
tially observed to increase l inearly with time. In this 
l inear V/ t  region, essentially all of the current  is 
utilized in the formation of an insulating Pt  oxide film. 

Following the linear V/ t  re~ion, V increases non-  
l inearly with time, and current  at the ring electrode 
now commences to flow. This ring current  increases 
sharply at first and then more slowly approaches the 
value expected for essentially 100% oxygen evolution. 
In the nonlinear  V/ t  region, the potential is also seen 
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Fig. 10. Computer calculation (Eq. [11] )  of V w.r.t. Vo as a 
function of total charge density. Note that both V/q regions are 
virtually linear. 

to increase near ly  l inearly with the integrated charge 
density for oxide film growth. 

In  order  to test the high field model for Pt  oxide film 
growth when 02 evolution is the major  reaction, a 
calculation of the potential for the Pt  disk electrode 
was made with the assumption that the mechanism of 
oxide growth  is the same in the nonlinear V/t  region as 
it was in the oxide growth  region. It  was found that  tha  
observed and the calculated potentials match closely 
at all values of q. Therefore, it was concluded that  P t  
oxide films continue to grow beyond the linear V/ t  
region according to the same mechanism as in the 
linear V/ t  region. Consequently, the physical prop-  
erties of the film, such as the electronic conductivity, 
do not change in going from the oxide growth region 
to the predominant ly  02 evolution region. 

The close match between the calculated and the ob- 
served V/q curves also implies that  the s tructure of 
the oxide film/solution interface remains unchanged 
throughout  the V/q  curves. In particular, the p o t e n t i a l  
difference across the OHL remains constant, independ- 
ent of the applied current  density, and has the same 
value in the nonlinear V/ t  as in the l inear V/ t  region. 

The mechanism of the O2 evolution reaction does not 
change with increasing oxide film thickness although 
the rate of the O~ evolution reaction depends exponen-  
tiaUy on the film thickness. The exchange current  den- 
sity for oxygen evolution at zero oxide film thickness 
is as high as 6 • 10 -6 A-cm-~  compared to about 10 -10 
A-cm -2 at oxide-covered electrodes (19). 

At  any applied current,  the two processes of oxide 
growth and 02 evolution occur in parallel. The pro-  
cess which occurs at the lower potential for the same 
current  density and oxide thickness predominates. A 
computer  calculation of the entire V/q curve shows 
that  virtually linear V/q  relationships exist both when 
oxide growth is the predominant  reaction and when 
oxygen evolution is the major  reaction. 

Manuscript  submitted Jan. 15, 1982; revised manu-  
script received Jan. 11, 1983. 

Any  discussion of this paper  will appear  in a Discus- 
sion Section to be published in the June 1984 JOURNAL. 
All discussions for the June 1984 Discussion Section 
should be submitted by  Feb. 1, 1984. 

Allied Corporation assisted in meeting the publica- 
tion costs o) ~ ~h~s article. 
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ABSTRACT 

Steady-state V-log i relationships have been determined for the oxygen evolution reaction at plat inum electrodes in acid 
solutions of various pH's. At all pH's, Tafel slopes close to 2RT/F have been obtained after initially cathodically pretreating 
the electrode, polarizing it at a high anodic current density for a particular length of time, and then measuring the V-log i 
relationships at current densities lower than that used in the initial anodic electrode pretreatment. The order of the reaction 
with respect to hydrogen ions is then found to be one-half. 

In other experiments, a rotating Pt ring disk electrode was used in solutions of various pH's  in order to separate the cur- 
rents due to Pt oxide film growth and those due to the oxygen evolution reaction and to accurately determine the charge 
density utilized for film growth. From this, it could be seen that the potential, at any constant charge density and pH, in- 
creases 120 mV for a tenfold increase of the current density, and that at a given current density and charge density, the 
potential decreases 60 mV as the pH increases one unit. These results confirm that the unusual  fractional reaction order 
with respect to hydrogen ions is still obtained when the thickness of the oxide film remains constant. Further, it is reported 
here that the dependence of the oxygen evolution rates on p H can be attributed entirely to the dependence on the p H of the 
potential difference across the outer Helmholtz layer at the oxide film/solution interface. This simultaneous study of oxide 
film growth and the oxygen evolution reaction has led to a model for the potential distribution across the metal/oxide 
film/IHL/OHL/solution interface during ihe oxygen evolution reaction and to the conclusion that a fast quasi-equilibrium 
process exists across the outer Helmholtz layer. 

T h e  oxygen evolution reaction (OER) at p la t inum 
electrodes, in  both acid and alkal ine solutions, is a 
complex process that is still not satisfactorily unde r -  
stood. Evidence of this is shown by the great variance 
in the kinetic data of previous workers, even when 
apparent ly  the same exper imental  conditions have been 
used, thus making any analysis of the reaction mecha-  
nism ra ther  difficult. For  example, in  an early work, 
Hickling and Hill (1) reported a Tafel slope of 2RT/F 
(130 mV/decade)  for the OER in 1N I-I2SO4 solutions 
at cur rent  densities from 10 -5 to 10 -3 A-cm -2. On the 
o t h e r  hand, Pushnograeva et al. reported two different 
Tafel slopes for the OER in this same solution (2). 
For current  densities of about 10-5-10 -3 A-cm -2, the 
slope was close to 2RT/F, while for current  densities 
from about 10-z-5 • 10 -2 A-cm-e ,  the slope was close 
to 3RT/F (175-190 mV/decade) .  Shultze and Vetter, 
however, reported V-log i relationships with a slope 
of about 120 mV/decade .at low current  densities but  a 
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slope of only 95 mV/decade at high current  d e n s i t i e s  
(3). Most other workers (4-11) have reported Tafel 
slopes close to 2RT/F in acid solutions, f requent ly  for 
over five decades of current  densi ty  (4, 6, 7). 

Par t  of this variance in Tafel slope determinat ions 
can be related to the lack of control of electrode pre-  
t rea tment  and of the procedure of V- log i  measure-  
ments.  It is now well  documented that a thin insula t ing 
oxide film, presumably  Pt (OH)2 (12), grows at a 
p la t inum surface at potentials more positive than about 
1.0 V/RHE (13-16). The rate of growth depends on 
the potent ial  and film thickness (13-16). It  is also well 
known that  the rate of the OER depends critically on 
the thickness of these films (3, 9, 17) so that the current  
density at a given potenti,al decreases exponent ia l ly  
with increasing thickness of the oxide film (3, 17). 

Due to the effect of the film thickness on the kinetics 
of the OER, it is essential that the determinat ion of 
the Tafel lines, required for a mechanistic analysis of 
the OER, is carried out under  strictly controlled con- 
ditions of film growth or film thickness. For example, 
meaningful  Tafel lines have been obtained when the 




