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Simulation of the Polarization Curves for Oxygen Reduction at a 
Rotating Disk Electrode 

P. K. Adanuvor and R. E. White* 

Department of  Chemical Engineering, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

The electrochemical reduction of oxygen in IM NaOH solution is simulated at a rotating disk electrode. Steady-state 
polarization curves are presented for possible reaction schemes for the reduction process. The effect of changes in the ki- 
netic parameters on the polarization curves is demonstrated and special attention is focused on the production of hydro- 
gen peroxide. 

T h e  e l e c t r o c h e m i c a l  r e d u c t i o n  of  o x y g e n  is o f  s p e c i a l  
s i g n i f i c a n c e  in  e l e c t r o c h e m i c a l  t e c h n o l o g y .  I t  f o r m s  t h e  
b a s i s  o f  e l e c t r o c h e m i c a l  c o m b u s t i o n  a n d  so far,  i t  h a s  
b e e n  o n e  of  t h e  m o s t  p r o m i s i n g  m e t h o d s  for  d i r e c t  con-  
v e r s i o n  of  c h e m i c a l  e n e r g y  i n to  e l ec t r i ca l  ene rgy .  I t  h a s  
t h e r e f o r e  b e c o m e  t h e  focus  of  e x t e n s i v e  r e s e a r c h ,  pa r t i c -  
u l a r l y  in  r e l a t i o n  to fuel  cel ls  (1). Th i s  r e a c t i o n  also p lays  
a s p e c i a l  ro le  in  t h e  c o r r o s i o n  o f  m e t a l s .  O t h e r  a r e a s  in  
w h i c h  t h e  r e a c t i o n  h a s  a t t r a c t e d  s pec i a l  a t t e n t i o n  a re  t h e  
p r o d u c t i o n  of  h y d r o g e n  p e r o x i d e  for  u s e  in  t h e  p u l p  a n d  
p a p e r  i n d u s t r y  (2), t h e  d e v e l o p m e n t  of  o x y g e n  depo la r i -  
zer  c a t h o d e s  for  t h e  r e p l a c e m e n t  of  h y d r o g e n  g e n e r a t i n g  
c a t h o d e s  in  t h e  ch lo r - a lka l i  i n d u s t r y  (3), a n d  t h e  ex t r ac -  
t i o n  of  o x y g e n  f r o m  air  (4). 

C a t h o d i c  r e d u c t i o n  o f  o x y g e n  is a c o m p l e x  e l e c t r o -  
c h e m i c a l  p r o c e s s  t h a t  c a n  p r o c e e d  a l o n g  t w o  r e a c t i o n  
p a t h s ,  a c c o r d i n g  to t h e  n a t u r e  o f  t h e  e l e c t r o d e  m a t e r i a l  
a n d  r e a c t i o n  c o n d i t i o n s ,  as e x p r e s s e d  b y  (i) a d i r e c t  4e-  
r e a c t i o n ,  d e s c r i b e d  b y  t h e  overa l l  e q u a t i o n  

02 + 2H~O + 4e-  = 4 O H -  U, ~ = +0.401V [1] 

or  b y  (ii) t w o  c o n s e c u t i v e  2e-  s t e p s  w h i c h  c a n  b e  ex-  
p r e s s e d  b y  t h e  e q u a t i o n s  

0 2 + H ~ O + 2 e  = H O 2  + O H -  U~ ~  [2] 

HO~ + H20 + 2e-  = 3 OH U3 ~ = +0.867V [3] 

D i r e c t  4e-  r e d u c t i o n  of  o x y g e n  as e x p r e s s e d  in  Eq.  [1] is 
k n o w n  to o c c u r ,  a t  l e a s t  in  pa r t ,  o n  e l e c t r o d e s  m a d e  o f  
n o b l e  m e t a l s  a n d  p y r o l y z e d  t r a n s i t i o n  m e t a l  
m a c r o c y c l i c s  (5-7). T h e  2e-  r e d u c t i o n  o f  o x y g e n  b y  Eq.  
[2], p r o c e e d i n g  w i t h  t h e  f o r m a t i o n  of  p e r o x i d e  as a s t a b l e  
i n t e r m e d i a t e ,  o c c u r s  o n  m e r c u r y  a n d  s o m e  c a r b o n  e lec-  
t r o d e s  (8, 9). Wi th  n o n d o p e d  low a s h  c a r b o n s ,  a n d  in  t h e  
a b s e n c e  o f  a n y  o t h e r  ca t a ly s t s ,  p e r o x i d e  c o n c e n t r a t i o n s  
as h i g h  as  1M are  a t t a i n a b l e  (10). T h e  p e r o x i d e  i n t e r m e d i -  
a t e  c a n  u n d e r g o  f u r t h e r  e l e c t r o c h e m i c a l  r e d u c t i o n  as 
s h o w n  b y  Eq.  [3], e s p e c i a l l y  a t  h i g h e r  v a l u e s  of  t h e  ap-  
p l i ed  p o t e n t i a l .  On  t h e  o t h e r  h a n d ,  t h e  p e r o x i d e  i n t e r m e -  
d i a t e  m a y  n o t  b e  a s t a b l e  p r o d u c t  o n  s o m e  e l e c t r o d e  ma-  
t e r i a l s  a n d  c a n  s p o n t a n e o u s l y  d e c o m p o s e  to f o r m  
o x y g e n  a c c o r d i n g  to t h e  e q u a t i o n  

2HO2- = 2 O H -  + O5 hG~ = -184 .09  k J / m o l  [4] 

T h i s  r e a c t i o n  h a s  b e e n  k n o w n  to o c c u r  o n  s i lve r  a n d  p la t -  
i n u m  e l e c t r o d e s  (11, 12). W h e n  b o t h  t h e  d i r e c t  4e-  p ro-  
c e s s  a n d  t h e  c o n s e c u t i v e  2e p r o c e s s  o c c u r  o n  t h e  s a m e  
e l e c t r o d e ,  t h e  r e d u c t i o n  p r o c e s s  is s a id  to  i n v o l v e  t h e  
p a r a l l e l  m e c h a n i s m .  O x y g e n  r e d u c t i o n  o c c u r s  b y  t h e  
p a r a l l e l  m e c h a n i s m  o n  p l a t i n u m  w i t h  t h e  d i r e c t  4e-  re- 
d u c t i o n  p r e d o m i n a n t  in  t h e  a b s e n c e  of  i m p u r i t i e s  (5). 
D e p e n d i n g  o n  t h e  n a t u r e  of  t h e  e l e c t r o d e  m a t e r i a l  a n d  
t h e  o p e r a t i n g  e n v i r o n m e n t  a n d  c o n d i t i o n s ,  v a r i o u s  
p a r a l l e l - c o n s e c u t i v e  c o m b i n a t i o n s  a re  pos s ib l e .  

P e r o x i d e  i n t e r m e d i a t e  f o r m a t i o n  in  t h e  r e d u c t i o n  of  
o x y g e n  is of  v i t a l  i m p o r t a n c e  in  t h e  e v a l u a t i o n  of  t h e  per-  
f o r m a n c e  o f  e l e c t r o c a t a l y s t s  fo r  t h e  o x y g e n  c a t h o d e .  I n  
s o m e  a p p l i c a t i o n s  s u c h  as O J a i r - c a t h o d e s  in  fue l  ce l l s ,  

*Electrochemical Society Active Member. 

the peroxide reaction is undesirable because it leads to a 
reduction in the operating cell efficiency. Peroxide also 
has a tendency to accelerate the oxidation of the catalyst 
and its support leading to early electrode failure. In other 
cases, the peroxide may be the desired end product in 
the electrochemical reduction of oxygen (2, 9). Of pri- 
mary importance is the decomposition of peroxide by re- 
action [4]. This reaction is catalyzed by many substrates, 
the most effective being silver and platinum black. This 
reaction is electrochemically unproductive but can be 
very useful in suppressing the peroxide concentration 
formed at the electrode. Knowledge of the fraction of the 
total current involved in peroxide generation and the 
role of catalytic decomposition of peroxide are of special 
importance in electrokinetic studies of the oxygen elec- 
trode. Otherwise, it will not be possible to construct 
meaningful current-potential plots and to interpret them 
properly. 

Mclntyre (13, 14) developed a simple model at the 
rotating disk electrode (RDE) to elucidate the kinetics of 
an oxygen electrode reaction in which peroxide is 
formed as an intermediate reduction product that under- 
goes a surface catalyzed decomposition. Blurton and 
McMullin (15) applied McIntyre's model to elucidate the 
role of hydrogen peroxide in the reduction of oxygen on 
platinum and to analyze and measure the effect of perox- 
ide decomposition on the limiting current. Appleby and 
Savy (16) derived kinetic equations for oxygen reduction 
reactions involving catalytic decomposition of hydrogen 
peroxide with direct application to porous and rotating 
ring disk electrodes. Diagnostic criteria based on the 
rotating ring disk electrode (RRDE) technique have been 
developed to distinguish between the consecutive and 
parallel pathways for oxgyen reduction and to elucidate 
the mechanisms of the reduction process (17-19). Re- 
cently, Jakobs et al. (20) extended the theory of the 
RRDE to oxygen reduction at polypyrrole electrodes in 
the case where substantial amounts of hydrogen perox- 
ide are present in the bulk of the electrolyte. With the ex- 
ception of McIntyre's simple model (13, 14) which pro- 
vides analytical expressions to generate current/ 
potential curves for a single electrode reaction and for 
consecutive electrochemical reactions coupled to a sur- 
face catalyzed chemical regenerative reaction, other 
models have dealt more or less with analysis of the role 
of intermediates, with provision of diagnostic criteria to 
distinguish between the various reaction pathways, and 
with the elucidation of the reaction mechanism for oxy- 
gen reduction. What these models are lacking is the capa- 
bility to simulate the complex system of reactions of 
oxygen and the ability to predict the behavior of this sys- 
tem under various conditions of practical interest. In en- 
gineering applications, it is often necessary to predict 
the behavior of complex electrochemical systems by de- 
veloping suitable mathematical models to simulate im- 
portant features of the system over a wide range of a 
given variable. In this way, much more meaningful eval- 
uation of the system can be made and a better under- 
standing of the processes taking place can be gained. 

In this paper, we simulate the complex system of reac- 
tions for oxygen reduction in alkaline electrolytes using 
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t h e  g e n e r a l  m o d e l  d e v e l o p e d  p r e v i o u s l y  for  e l ec t ro -  
c h e m i c a l  r e a c t i o n s  at t he  R D E  (21) to ob t a in  s t e a d y - s t a t e  
c u r r e n t / p o t e n t i a l  c u r v e s  t h a t  r e p r e s e n t  t h e  v a r i o u s  
m e c h a n i s t i c  p a t h w a y s  for  t he  o x y g e n  ca thode .  The  e f fec t  
o f  c h a n g e s  in t h e  k i n e t i c  p a r a m e t e r s  on  t h e  s i m u l a t e d  
p o l a r i z a t i o n  c u r v e s  is d e m o n s t r a t e d  a n d  s p e c i a l  a t t en -  
t ion  is f o c u s e d  on  the  p r o d u c t i o n  of  p e r o x i d e  a n d  on  t h e  
ro le  o f  u n w a n t e d  s ide  r e a c t i o n s  on  t h e  p r o d u c t i o n  
p roce s s .  

Model  Equations 
U n d e r  s t e a d y - s t a t e  c o n d i t i o n s  t h e  m a t e r i a l  b a l a n c e  

e q u a t i o n  for  spec i e s  i w i t h i n  t h e  d i f fu s ion  layer  of  a R D E  
is g iven  by  (21) 

D i  z i u i F  ~D 2 
- - c ~ "  + 3~ 2 c~' + [ciq)" + c~(I)'] + R~ = 0 

DR DR DR 
[5] 

where the primes denote differentiation with respect to 
and the R~ term denotes the rate expression for the pro- 
duction of species i by a homogeneous reaction. For the 
oxygen electrode, R~ is assumed to be zero since the rate 
of decomposition of peroxide in solution is relatively 
slow (22). The electroneutrality condition 

E zici = 0 [6] 
i 

c o m p l e t e s  t he  se t  o f  e q u a t i o n s  n e e d e d  to solve  for  t h e  c~ 
a n d  (P u n k n o w n s .  The  b o u n d a r y  c o n d i t i o n s  in  t h e  b u l k  
so lu t i on  and  at  t he  e l e c t r o d e  su r f ace  are, r e spec t i ve ly ,  at  

= 2 c~ = c~.~ and  ~I ) : (:])re [7] 

a n d  
m 

s~,j ij 
- N i  ~=0 = '= ~ + si'4rs [8] 

w h e r e  r~ is t h e  ca ta ly t ic  ra te  of  d e c o m p o s i t i o n  of  pe ro x -  
i de  a t  t h e  e l e c t r o d e  s u r f a c e  a n d  m is t h e  n u m b e r  o f  
c h a r g e - t r a n s f e r  r eac t i ons  o c c u r r i n g  at  t he  e l e c t r o d e  sur- 
face,  s~.j is t he  s t o i c h i o m e t r i c  coef f i c i en t  of  spec i e s  i, a n d  
nj t h e  n u m b e r  of  e l e c t r o n s  t r a n s f e r r e d  in r e ac t i on  j,  w h e n  
w r i t t e n  in t h e  fo rm 

E s~jM~ ~ ---> n f -  [9] 
i 

K i n e t i c  e q u a t i o n s . - - T h e  k i n e t i c  ra te  e q u a t i o n s  for  t h e  
e l e c t r o c h e m i c a l  r e a c t i o n s  at  t he  e l e c t r o d e  su r f ace  are ap- 
p r o x i m a t e d  by  the  B u t l e r - V o l m e r  e x p r e s s i o n  for  t h e  cur-  
r e n t  d e n s i t y  

f, = Zoj[exp~ R ~ -  e x p k - ~ - ~ , ) j  [10] 

w h e r e  

"~j = t ~ m e  t - -  ( I)re  - -  ( ( I )  o - -  ( I ) re)  - -  U j , r e  f [11] 

T h e  c o n c e n t r a t i o n  d e p e n d e n c e  of  t h e  e x c h a n g e  c u r r e n t  
d e n s i t y  is e x p r e s s e d  as 

ioj = ~oJ,ref - -  [12] 
�9 k C i . r e f  / 

w h e r e  the  e x p o n e n t s  t ake  the  va lues  

(~cJZij  
~ i J - % + - -  [13] 

nj 

w i t h  q~ = - s~j for  a c a t h o d i c  r e a c t a n t  a n d  ze ro  for  an  
a n o d i c  r eac t an t .  Also,  t h e  a p p a r e n t  t r a n s f e r  coe f f i c i en t s  
for  r e a c t i o n  j s u m  u p  to  t h e  n u m b e r  of  e l e c t r o n s  
t r a n s f e r r e d  in t ha t  reac t ion ,  t ha t  is 

~ j  + ~r = nj [14] 

T h e  o p e n - c i r c u i t  p o t e n t i a l  o f  r e a c t i o n  j at  t h e  r e f e r e n c e  
c o n c e n t r a t i o n s  re la t ive  to a s t a n d a r d  r e f e r e n c e  e l e c t r o d e  
of  a g iven  k i n d  is e x p r e s s e d  as 

R T  E s~jln ( Ci,ref I 
U~,~f= Uj ~  Ur~ ~  n ~  i \ Po / 

+ n r e ~  Sij In [15] 
\ Po / 

The  to ta l  c u r r e n t  d e n s i t y  is t he  s u m  of  t he  par t ia l  c u r r e n t  
d e n s i t i e s  

i = ~_~ ij [16] 
J 

T h e  ca t a ly t i c  ra te  of  d e c o m p o s i t i o n  o f  p e r o x i d e  at  t h e  
e l e c t r o d e  su r face  is e x p r e s s e d  as 

r~ = - khc%o2 .o [17] 

w h e r e  t he  r eac t ion  order ,  p, can  be a f r ac t ion  or a w h o l e  
n u m b e r  (11, 23) a n d  w h e r e  t h e  ra te  c o n s t a n t  kh is as- 
s u m e d  to be  i n d e p e n d e n t  o f  t he  app l i ed  po ten t i a l .  

T h e  se t  o f  g o v e r n i n g  e q u a t i o n s  s u b j e c t  to t h e  g i v e n  
b o u n d a r y  c o n d i t i o n s  can  be  s o l v e d  n u m e r i c a l l y  as de-  
s c r i b e d  p r e v i o u s l y  (21) to y ie ld  t he  va lues  for  ci and  q) a n d  
thus ,  for C~,o a n d  q)o f rom w h i c h  the  r eac t ion  ra tes  at  spec -  
i f ied v a l u e s  of  t h e  a p p l i e d  p o t e n t i a l ,  Eap,j ( w h e r e  Ea,,,  = 
(Pmet - (Pre) can  be  d e t e r m i n e d .  The  ne t  c u r r e n t  d e n s i t y  is 
t h e  s u m  of  t he  par t ia l  c u r r e n t  dens i t i e s  as e x p r e s s e d  by  
Eq.  [16]. 

Results and Discussion 
T a b l e  I is a l i s t  o f  p a r a m e t e r  v a l u e s  u s e d  to s i m u l a t e  

t h e  e l e c t r o c h e m i c a l  r e d u c t i o n  of  o x y g e n  in  1.0M N a O H  
s o l u t i o n  at  25~ Di f fus ion  coef f ic ien t  a n d  so lub i l i ty  da ta  
for  02 in  K O H  (24, 25) w e r e  u s e d  s i n c e  l i t e r a t u r e  v a lue s  
for  NaOH w e r e  n o t  read i ly  avai lable .  The  s i m u l a t i o n  was  
ca r r i ed  out  for  (i) t he  overa l l  r eac t ion  s c h e m e  for  t he  re- 

Table I. Parameter values for simulating the polarization curves for 02 reduction 

Parameters Reaction [1] Reaction [2] Reaction [3] Reaction [4] 

acj 0.5-1.5 0.8-1.6 0.10-0.20 
ioj. ref (A/cm 2) 10-s-10 -'4 10-6-10 -'2 I0 8-10 ,4 
U? ~ (V) 0.401 -0.0649 0.870 
n, 4 2 2 
kh (cm/s) 10 6-104 

Solution properties O~ HO2- Na + OH- 
cj. rer (mol/cm 3) 8.34 • 10 -7 1.377 x 10 -'4 0.001 0.001 
Di (cm2/s) 1.79 x 10 -5 5.00 • 10 -~b 1.975 x 10 -.~r 1.200 • 10 -'~~ 

F = 96,487.0 C/mol T = 298.15 K po = 0.001 kg/cm 3 ~ = 3600 rpm v = 0.012 cm2/s 
R = 8.314 J/K-mol 

a Values taken from (28). 
b Values taken from (29). 
r Values taken from Table 75-1 (30). 
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-3,0 

d ~. 
o 

~z.o 

~ 0 x l  0-~A/cm 
I ] / / I z a ~  =1.40, i:;'.:;;:l.Oxlo A/era 
I / / / / o ~<~LeO. i~L;;=LOx~O-'A/o~ 

_, .o 

0.o ~- 
-o.1 -0.2 -0.3 -0,4 -0.5 -O,B -0.7 -O.fl -0.9 

Eappl ' VS SCE(V) 

Fig. 1. Oz reduction to stable HOz species at ~ = 3600 rpm 

duc t ion  of Ox as given by Eq. [1], [2], [3], and [4], (ii) the 
parallel  mechan i sm wi thout  peroxide decomposi t ion,  
given by Eq. [1], [2], and [3], (iii) the consecutive mecha- 
n ism with and without  peroxide decomposit ion given by 
Eq. [2], [3], and [4] and Eq. [2] and [3], respectively,  (iv) 
the direct 4e- mechanism given by Eq. [1] and the perox- 
ide step, Eq. [2]. The results are presented below. 

02 reduction to peroxide: O~ + H~O + 2e- = HO~- + 
OH . - -F igure  1 i l lustrates  the case where peroxide is 
formed as an end product  wi thout  unde rgo ing  fur ther  
decomposit ion.  A change in the kinetic parameters (io~.~f 
and ar for this reaction leads to a shift in the half-wave 
potent ial .  A decrease in io2.~r, or a~2 shifts the half-wave 
potent ia l  fur ther  in the negat ive direction.  The more 
cathodic the half-wave potential ,  the slower the rate at 
which l imiting current  condit ions is attained. It mus t  be 
borne in mind  that the apparent  transfer coefficient aa) or 
ac~ affects the slope of the rising portion of the polariza- 
t ion curve (the Tafel region), while the exchange current  
densi ty  affects the slope of the linear region in the vicin- 
i ty of the open-ci rcui t  potential .  The direct  4e- process 
for O: reduct ion is exactly analogous to the 2e reduct ion 
of O2 to HO2- presen ted  here; the only except ion  is that  
the l imi t ing  cur ren t  dens i ty  of the former is twice the 
magni tude  of the latter. 

O~ reduction to H O c  wi th  catalytic decomposition of  
H O ( . - -  

O ~ + H ~ O + 2 e - = H O ~  + O H -  
P pHO~ = ~ - O ~ + p O H -  

Figure 2 shows the effect of catalytic decomposi t ion of 
peroxide  on the reduc t ion  of O: to HO2-. This s i tua t ion 

-6.0 

. •  -4.0 

0~ -2.0 

[2 . . -  O [2 

/ 
/ 

)( )( )( 

, . . . .  

/ - -  
D ~ 

0 . 0  ~ I , I 

-0.1 -0.2 -0.3 -0.4 -0.5 
Eappl" VS SCE(V) 

Fig. 2. O~ reduction to H02 -  with catalytic regenerative reaction. 
Comparison to the direct 4e-  process. Simulation parameters: io2.ref = 
1.0 x l 0 -s A/cm z, ct~2 = i .20 for 2e -  process, and ioz,r~f = 1.0 X 10 - ~  
Mcm '~, txel = 1.00 for 4e process, f l  = 3600 rpm. 
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Fig. 3 . 0 2  reduction to O H -  via the two-step 2e-  series mechanism. 
Effect of io2,~er and c~a2 on the polarization curves. Simulation parame- 
ters: io~,r~f = 1.0 • 10 -12 A/cm 2, ace = 0.15, D, = 3600 rpm. 

normal ly  occurs on carbon electrodes with a peroxide 
decompos i t ion  catalyst. Firs t -order  decompos i t ion  ki- 
net ics were assumed,  a l though other orders (half and 
second) give similar results. At low peroxide decomposi- 
t ion rates, the decomposi t ion process is too slow to cause 
any noticeable effect on the polarization curves, in which 
case, much  of the peroxide could be lost to the solution 
by diffusion. As the decomposit ion rate increases, there 
is an increase  in the l imi t ing  cur ren t  density.  At a very 
high peroxide decompos i t ion  rate kh -> 10 ~, the l imi t ing  
cu r ren t  becomes equal  to that  of the direct  4e- process 
shown by the dashed curve. Under  this condi t ion,  the 
peroxide  decomposes  very rapidly, possibly  before it 
desorbs  from the ~urface to diffuse into the solut ion.  
These results indicate that in cases where the 4e- reduc- 
t ion of oxygen is the desired reaction, a good peroxide 
decompos i t ion  catalyst  on a sui table  subs t ra te  such as 
carbon,  where the 2e process occurs, can accompl ish  
the same results. 

02 reduction to H02- with electrochemical reduction of 
HO2-.--(series or consecutive process) 

02 + H20 + 2e- = HO2- + OH 

H O 2 - + H 2 0 + 2 e  = 3 O H -  

The two-step reduct ion of oxygen to OH- via peroxide 
in te rmedia te  commonly  occurs on carbon electrodes at 
high overpotential values. Figures 3 and 4 present  the po- 
lar izat ion curves for this two-step model.  The values of 
the k ine t ic  parameters  dictate the ex ten t  of coupl ing of 
the two reactions and thereby determine whether one or 
two l imi t ing  cur ren t  regions are observed. In  Fig. 3, the 
effect of changes in the kinetic paramters for reaction [2] 
on the polarizat ion curves appears to be l imited to the 
less negat ive  potent ia l  regions. On the other hand,  
changes in the kinetic parameters for reaction [3] extend 
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Fig. 4. 02 reduction to OH- via the two-step 2e-  series mechanism. 
Effect of io,,m and r on the polarization curves. Simulation parame- 
ters: io2,~a = 1.0 • I 0  -s A/cm 2, (xr = 1.20, D, = 3600 rpm. 
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over the whole range of the potential  region, Fig. 4. This 
resul ts  in polar izat ion curves  character ized by a single 
wave with one l imiting current  region at lower values of 
ac~ or io~.r~f, tWO l imi t ing current  regions at in te rmedia te  
values of these parameters  and another  l imiting current  
region at high values of  the parameters ,  co r respond ing  
respec t ive ly  to the reduc t ion  of 02 to perox ide  by reac- 
tion [2], the reduct ion of O~ to OH via peroxide interme- 
diate, reactions [2] and [3], and the direct reduct ion of O~ 
to OH- by reaction [1]. 

O~ reduction to HO~- with both catalytic and electro- 
lytic decomposition of HO~ .--(consecutive mechanism 
with a catalytic regenerative reaction) 

0 2 + H ~ O + 2 e - = H O ~  + O H -  

HO:- + H20 + 2e- = 3 0 H -  
P pHO2 = ~ - O ~ + p O H -  

This case is similar to t h e c a s e  in Fig. 2 where no elec- 
t rolyt ic  decompos i t ion  of pe rox ide  occurs.  As shown in 
Fig. 5, the increase in the catalytic rate of decomposi t ion 
of pe rox ide  resul ts  in an e n h a n c e m e n t  of the l imi t ing  
cur ren t  in the region where  perox ide  is general ly  pro- 
duced (-0.35 to -0.8V). At very high rates of peroxide de- 
composit ion,  the l imiting current  density of the two-step 
model essentially coincides with that of the one-step direct 
4e- model. 

Parallel mechanism without catalytic decomposition 
of peroxide.-- 

02 + 2H20 + 4e- = 4 OH- 

02 + H20 + 2e- = HO~- + OH- 

H O 2 - + 2 H ~ O + 2 e  = 3 O H  

This m e c h a n i s m  demons t ra tes  the case where  the di- 
rect  4e- process  and the two-step 2e- process  are 
compe t ing  for the 02 species at the surface of  the elec- 
trode. At certain values  of the kinet ic  parameters ,  reac- 
t ion [1] domina tes  the compet i t ion  for 02 at the elec- 
trode. Consequently,  the fraction of O~ going through the 
peroxide  step by reactions [2] and [3], will be small com- 
pared to the former case. The direct 4e- process will pre- 
vail  and as shown in Fig. 6-8, a single plateau correspond- 
ing to the l imi t ing current  densi ty  of the 4e process  is 
observed.  On the other  hand, if react ion [2] domina tes  
the compe t i ton  for O~, the two-step 2e- process  is l ikely 
to prevail ,  resul t ing  in a polar izat ion curve  with a limit- 
ing cur ren t  densi ty  cor responding  to the 2e- process  at 
lower  values  of the appl ied potent ia l  and poss ibly  an- 
other  l imit ing current  densi ty plateau cor responding  to 
the 4e- process at higher values of the applied potential.  
Be tween  these  two ex t reme  cases, polar izat ion curves  
co r re spond ing  to the s imul taneous  par t ic ipa t ion  of the 
di rect  4e- process  and the two-step 2e- process  are ob- 

-40 

-2.0 
�9 k h = 5 . 0 x l  0 - ~ c r n / s  

[ c k h = l . 0 x l 0 - Z c m / s  

1 k h = 0  C c r n / s  & 

o.o = / ' , 
0 0 -0.4 -0.8 -1.2 -1 6 

Eappl" v s  SCE(V) 

Fig. 5. O~ reduction to O H -  vio the two-step 2e -  series mechanism 
with catalytic regenerative reaction. Simulation parameters: io2 , re f  = 
1.0 • 10 s A/cm ~, ~r = 1.20, ios,r~f = 1.0 • 10 -1~ A/cm ~, c ~  = 0.15,  
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Fig. 6 . 0 2  reduction to OH- via the parallel mechanism without HO~- 
regenerative reaction. Effect of iol,ref and cql on the polarization 
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Fig. 7. O2 reduction to O H -  via the parallel mechanism without HO2- 
regenerative reaction. Effect of io2,m and c%2 on the polarization 
curves. Simulation parameters: iol.ref = 1.0 • 10 -12 A/cm 2, c ~  = 1.00, 
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Fig. 8 . 0 2  reduction to O H -  via the parallel mechanism without HO2- 
regenerative reaction. Effect of io3,ref and C~c3 on the polarization 
curves. Simulation parameters: iol,ref = 1.0 • 10 -12 A/cm 2, ~,.1 = 1.00, 
io2,ref  = 1.0 X 10 - 8  A/cm 2, ~cl = 1.20, ~ = 3600  rpm. 

served. At certain values of the kinetic parameters, a 
hump is observed in the polarization curves at interme- 
diate regions of the applied potential as demonstrated in 
Fig. 6 and 7. A close scrutiny of the kinetic parameters in- 
dicates that  the humps  occur  when  io~,ref and io2,ref a r e  
about  the same order  of magni tude .  In other  words,  
humps  occur when reactions [1] and [2] compete  for the 
O5 species at the electrode at nearly the same rate. To un- 
ders tand  fur ther  the p h e n o m e n o n  of h u m p  format ion,  
we examine  the partial current  densi ty plot for a typical 
case in Fig. 6 where  a h u m p  is observed.  The plots are 
displayed in Fig. 9. At lower values of the applied poten- 
tial, O~ is reduced mainly  through reaction [1]. However,  
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as t h e  p o t e n t i a l  i nc r ea se s ,  t h e  f r ac t i on  of  O2 r e d u c e d  by 
r eac t i on  [1] a t ta ins  a m a x i m u m  and t h e n  dec reases  v e r y  
r a p i d l y  w h i l e  t h e  p r o p o r t i o n  r e d u c e d  by r e a c t i o n  [2] in- 
c r e a s e s  s tead i ly .  The  c o m b i n e d  e f f ec t  of  t h e  two  pro-  
c e s s e s  l e ads  to a d e p r e s s i o n  in t he  p o l a r i z a t i o n  c u r v e  in 
t he  i n t e r m e d i a t e  po ten t i a l  r eg ion  resu l t ing  in t he  h u m p .  
SUch  p o l a r i z a t i o n  c u r v e s  h a v e  b e e n  o b s e r v e d  expe r i -  
m e n t a l l y  (26). 

Parallel  mechanism wi th  peroxide decomposit ion 
(comprehensive model).-- 

0 2 + 2 H 2 0 + 4 e  = 4 O H -  

O ~ + H ~ O + 2 e  = H O c + O H -  

HO2- + H20 + 2e- = 3 OH-  

P pHO2 = ~ O 2 + p O H -  

In  o rde r  to d e t e r m i n e  the  e f fec t  of  p e r o x i d e  d e c o m p o -  
s i t i on  on  t h e  ove ra l l  k ine t i c s ,  t he  k i n e t i c  p a r a m e t e r s  
w e r e  c h o s e n  so t h a t  t h e  p e r o x i d e  r o u t e  w o u l d  p r e v a i l  
o v e r  t h e  d i r e c t  4e-  rou te .  F i g u r e  10 s h o w s  t h e  e f fec t  of  
p e r o x i d e  d e c o m p o s i t i o n  on the  overa l l  k ine t i c s  wi th  the  
p e r o x i d e  r e g e n e r a t i v e  r e a c t i o n  a s s u m i n g  a half- ,  first-, 
a n d  s e c o n d - o r d e r  k ine t i c s ,  r e s p e c t i v e l y .  An  e n h a n c e -  
m e n t  of  t h e  l i m i t i n g  c u r r e n t  is o b s e r v e d  in t h e  l ow and  
i n t e r m e d i a t e  p o t e n t i a l  r e g i o n s  (cf. Fig.  5). The  ra te  con-  
s tants  for the  r egene ra t i ve  r eac t ion  were  c h o s e n  to s h o w  
c l ea r ly  t h e  e f f ec t  of  t h e  i n d i v i d u a l  ra te  e x p r e s s i o n s  on 
the  overa l l  k ine t ics .  I t  m u s t  be  e m p h a s i z e d  that ,  in gen-  
eral ,  e a c h  ra te  e x p r e s s i o n  e x h i b i t s  t h e  s a m e  p a t t e r n  o f  
b e h a v i o r  on the  po la r iza t ion  curves .  Tha t  is, at  v e r y  low 
va lues  of  kn, p rac t i ca l ly  no no t i ceab le  ef fec t  on the  polar-  
i za t ion  c u r v e s  is o b s e r v e d ,  b u t  an  e n h a n c e m e n t  o f  t h e  
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Fig. 10. 02 reduction to O H -  via the parallel mechanism with HO2-  
regenerative reaction. Simulation parameters: iol,ref = 1.0 • 10 -~2 
A/cm 2, ~ 1  = 1.00, io2.r~f = 1.0 • 10 8 A/cm 2, ~ 2  = 1.20, io3.r~f = 1.0 
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Fig. 11. Production of peroxide in the absence of catalytic decompo- 
sition of peroxide. Simulation parameters: io2.re~ = 1.0 • 10 -8 A/cm 2, 
arc2 = ] .20 ,  io3;ref = 1.0 • 10 12 A/cm 2, c~c. ~ = 0 .15,  ,0, = 3 6 0 0  rpm. 

l i m i t i n g  c u r r e n t  f r o m  the  2e p r o c e s s  to t h e  4e p r o c e s s  
b e c o m e s  a p p a r e n t  as k,, b e c o m e s  ve ry  large.  

Peroxide production: 02 + H20 + 2e = H02 + OH-.--  
H y d r o g e n  p e r o x i d e  is an i m p o r t a n t  i n d u s t r i a l  c h e m i c a l  
tha t  can  be  p r o d u c e d  by the  e lec t ro ly t i c  r e d u c t o n  of  oxy- 
gen.  B e r l  (27) was  the  first  to rea l i ze  t h e  p r e p a r a t i o n  of  
h y d r o g e n  p e r o x i d e  at t echn ica l ly  feas ib le  cu r r en t  densi-  
t ies  on ac t i ve  c a r b o n  e l e c t r o d e s .  H o w e v e r ,  a t t e m p t s  to 
p r o d u c e  h y d r o g e n  p e r o x i d e  e c o n o m i c a l l y  by  th is  pro-  
cess  h a v e  no t  b e e n  succes s fu l .  N e v e r t h e l e s s ,  a t t e n t i o n  
r ema ins  focused  on the  prac t ica l  u t i l i ty  of  th is  t e c h n i q u e  
(2, 8). The  des i r ed  reac t ion  for the  p r epa ra t i on  of  pe rox-  
ide  by  the  r e d u c t i o n  of  02 is r e a c t i o n  [2] and  t h e  occur -  
r ence  o f  this  reac t ion  has  b e e n  e s t ab l i shed  on s o m e  car- 
bon  e l ec t rodes  (27). H o w e v e r ,  because  of  the  c o m p l e x i t y  
of  t h e  o x y g e n  r eac t i on ,  u n w a n t e d  s ide  r e a c t i o n s  do oc- 
cur.  In  this  sec t ion  we  s imula te  the  p r o d u c t i o n  of  hydro-  
gen  p e r o x i d e  by this  t e c h n i q u e  and e x a m i n e  the  e f fec t  of  
t he  s ide reac t ions  on the  p r o d u c t i o n  process .  

In  Fig, 11, the  p la in  sol id cu rve  r ep re sen t s  t he  p roduc-  
t ion  ra te  of  p e r o x i d e  in the  absence  of  u n w a n t e d  pe rox-  
ide d e c o m p o s i t i o n  react ions .  Bu t  as s h o w n  by  the  do t t ed  
cu rve ,  t h e  p e r o x i d e  can  u n d e r g o  f u r t h e r  e l e c t r o l y t i c  re- 
d u c t i o n  by  r e a c t i o n  [3] p a r t i c u l a r l y  at h i g h e r  over-  
po ten ta l s .  The  ne t  ef fec t  is a r e d u c t i o n  in the  overa l l  pro-  
d u c t i o n  ra te  of  p e r o x i d e  as i n d i c a t e d  by  t h e  so l id  c u r v e  
wi th  the  sol id circles.  The  m a x i m u m  p r o d u c t i o n  rate  oc- 
curs  in t he  v ic in i ty  of  - 0 .4V  vs. SCE,  and in prac t ice ,  this  
is t he  r eg ion  in wh ich  the  app l i ed  po ten t i a l  shou ld  be  set. 

A n o t h e r  u n w a n t e d  r e a c t i o n  w h i c h  p r o v i d e s  a m u c h  
g rea te r  p r o b l e m  in the  p r epa ra t i on  of  h y d r o g e n  p e r o x i d e  
by  this  t e c h n i q u e  is r eac t ion  [4]. The  e x p l a n a t i o n  for this  
can  be  a t t r i bu t ed  to t he  fact  tha t  this  r eac t ion  is cons ide r -  
a b l y  c a t a l y z e d  by  a v a r i e t y  of  b o t h  h o m o g e n e o u s  and  
h e t e r o g e n e o u s  cata lys ts  i n c l u d i n g  s o m e  impur i t i e s  pres-  
en t  in t he  reac t ion  sys tem.  The  dash  cu rve  in Fig. 12 rep- 

_ _  H0~ p r o d u c t i o n  by eq. [2] 
2.5 . . . .  c a t a ly t i c  d e c o m p o s i t i o n  of H0~ by eq. [4] 
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Fig. 12. Production of peroxide in the presence of catalytic decompo- 
sition of peroxide. Simulation parameters: io2,rer = 1.0 • 10 -8 A/cm 2, 
at2 = 1.20, io3,ref = 1.0 • 10 12 A/cm 2, c%3 = 0 .15 ,  ~ = 3 6 0 0  rpm. 
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resents  the rate of peroxide decomposi t ion  by react ion 
[4]. This decomposi t ion  react ion generates O2 which is 
recylced and reduced again to peroxide, leading to an en- 
hancement  in the peroxide product ion rate as indicated 
by the solid curve. The net  peroxide p roduc t ion  rate, 
however,  is cons iderably  lower as a result  of the loss of 
peroxide by reaction [4]. 

Summary 
A general model that can be used to simulate the polar- 

ization curves of 02 reduct ion in alkaline electrolytes has 
been  presented.  The na ture  of the curves demons t ra tes  
the complexi ty  of the 02 reduc t ion  reaction. The cata- 
lytic regenerat ive  react ion enhances  the polar izat ion 
curves in the potent ia l  region where peroxide is pro- 
duced. The hump that is sometimes observed in the po- 
larization curves for 02 reduct ion can be at t r ibuted to the 
compet i t ion  for the 02 species at the electrode surface 
be tween  the direct  4e- process and the consecut ive  2e- 
process. 

LIST OF SYMBOLS 

ca concentrat ion of species i, mol/cm 3. 
Di diffusion coefficient of species i, cm2/s 
DR diffusion coefficient of l imiting reactant, cm2/s 
F Faraday's  constant,  96,487 C/mol 
ij local current  density due to reaction j, A/cm 2 
io,j exchange  current  dens i ty  due to react ion j at sur- 

face concentrat ions,  A/cm ~ 
ioj.re~ exchange current  density due to reaction j at refer- 

ence concentrations; A/cm 2 
i total current  density, A/cm 2 
m n u m b e r  of charge t ransfer  react ions at electrode 

surface 
flux of species i, mol/cm2/s 
n u m b e r  of electrons transferred in reaction j 
reaction order with respect to catalytic decomposi- 
tion of HO2- 
universal  gas constant, 8.314 J/mol/K 
homogeneous  rate of consumpt ion  of species i in 
bulk  solution, mol/s 

r~ catalytic rate of decomposit ion of HO2- at the elec- 
trode surface, mol/cm2/s 

s~j stoichiometric coefficient of species i in reaction j 
T absolute temperature,  K 
Uj theoretical open-circuit  potential, V 
Uj ~ standard electrode potential  for reaction j, V 
y dis tance from electrode surface into electrolyte,  

cm 

Greek 

(~aj anodic transfer coefficient for reaction j 
~cj cathodic transfer coefficient for reaction j 
8D diffusion layer thickness, cm 
Po pure solvent density, kg/cm 3 
(I) potential  in the solution, V 
(I)met potential  of working electrode,V 
~j overpotent ia l  of react ion j corrected for ohmic 

drop in the solution and measured with respect to a 
reference electrode of a given kind in a solution at 
the reference concentrations,  V 
kinematic  viscosity, cm2/s 
dimensionless  distance from electrode surface 
rotation speed of electrode, rad/s 
reaction order of species i in reaction j 

Ni 
nj 
P 

R 
Ri 

'YiJ 

Subscripts  

o at the electrode surface 
j reaction, j 
re reference electrode 
ref reference condit ions 
co in the bulk solution 
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