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INTRODUCTION 

The e f f e c t s  of i s o t o p l c  s u b s t i t u t i o n  on c h e n i c a l  r e a c t i o n  r a t e s  have  
been eTpl3yed e x t e n s i v e l y  t o  e l u c i d a t e  r e a c t i o n  mechanisms and  t o  
p r o v i d e  c r i t e r i a  f o r  t h e  i d e n t i f i c a t i o n  of r a t e - d e t e r m i n i n g  
s t e p s  . l y 2  

den-ons t ra ted  e x p e r i m e n t a l l y 3  by t h e  e l e c t r o l y s i s  of  water i n  1932 ,  
It i s  o n l y  r e c e n t l y  t h a t  ' t h i s  method h a s  been  a p p l i e d  suscessfu : ly  
t o  d e t a i l e d  k ine t i - c  s t u d i e s  of  e l e c t s o c h e m i c a l  r e a c t i o n s .  I n  t h e  
p r e s e n t  co !vun ica t ion ,  we d i s c u s s  t h e  k i n e t i c  t h e o r y  o f  t h e  e f f e c t s  

' of H/D i s o t o p i c  s u b s t i t u t i o n  on 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 
oxygen i n  aqueous e l e c t r o l y t e s .  As a r e s u l t  o f  t h e  c a l c u l a t i o n s  
prese!:ted beloir ,  v a r i o u s  mechanisms p roposed  f o r  t h e  r e d u c t i o n  pro-  
c e s s  can  be d i s t i n g u i s h e d  on t h e  b a s i s  of  t h e  magn i tude  of t h e  H/D 
i s o t o p e  e f f e c t .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r a t i o  of s t a n d -  
ard ra':? c o n s t a n t s  f o r  t h e  e l e c t r o l y s i s  r e a c t i o n  may be v e r y  l a r g e ,  
n e a r  u n i t y ,  o r  i w e r s e ,  depend ing  upon t h e  mechanism o p 2 r a t i v e .  

I t  has been  well  e s t a b l i s h e d 5  t h a t  hydrogen  p e r o x i d e  may b e  formed 
a s  a s t a b l e  i n t e r m e d i a t e  s p e c i e s  d u r i n g  t h e  e l e c t r o c h e m i c a l  r educ -  
t i o n  of  oxygen t o  water. On e l e c t r o d e  mater ia ls  o f  h i g h  c a t a l y t i c  
a c t i v i t y ,  however, hydrogen  p e r o x i d e  decomposes r a p i d l y  v i a  a 
s u r f a c e - c a t a l y z e d  chemica l  r e a c t i o n  t o  r e g e n e r a t e  oxygen .  The ef-  
f e c t s  of  t h i s  coup led  h e t e r o g e n e o u s  c a t a l y t i c  r e a c t i o n  on t h e  k ine -  
t i c s  of oxygen r e d u c t i o n  have  been  d i s c u s s e d  p r e v i o u s l y .  6 ~ 7  
p r o v i d e  f u r t h e r  c r i t e r i a  f o r  e s t a b l i s h m e n t  of  t h e  d e c o m p o s i t i o n  re-  
a c t i o n  mechanism, we have  c a l c u l a t e d  t h e  n a g n i t u d e  of  H/D e f f e c t s  
f o r  s e v e r a l  p roposed  schemes .  

Although i s o t o p i c  e f f e c t s  i n  c h e m i c a l  k i n e t i c s  were f i r s t  

To 

I n  t h e  t r e a t m e n t  which follows, we c o n s i d e r  o n l y  t h e  e f f e c t s  of  
complex i s o t o p i c  s u b s t i t u t i o n  of  t h e  e l e c t r o l y t e .  S p e c i e s  o f  mixed 
i s o t c p i c  c o n p o s i t i o n  need n o t  be c o n s i d e r e d  t h e r e f o r e .  The r a t i o  
of exchanze  c u r r e n t  d e n s i t i e s  f o r  a n  e l e c t r o c h e m i c a l  r e a c t i o n  i n  
l i g h t  and heavy w a t e r  e l e c t r o l y t e s  i s  g i v e n  by 

I io (HI 
Ri = -TJ-m 

where t h e  s u b s c r i p t  i d e n o t e s  t h e  s t e p  i n  t h e  r e a c t i o n  s e q u e n c e  
which i s  r a t e - c o n t r o l l i n g .  I n  c 2 l c u l a t i n g  t h i s  r a t i o  f rom a b s o l u t e  
r a t e  t h e c r y  we .r.a!<e t h e  f o l l o w i n g  s i m p l i f y i n g  a s s u m p t i o n s :  

-- 
* O n  l e a v e  of  absence  f r m  i?u tgers ,  The S t a t e  U n i v e r s i t y ,  

DeparL-ent of  CheTis t r j r ,  1:e.d Brur.swick, New J e r s e y  



210 
i-) 

i f )  

A l l  p r e - f a t e - d e t e r n i n i n g  s t e p s  a r e  i n  q u a s i - e q u i l i b r i u m .  
Y - e f f e c t s  (Ilis t h e  p o t e n t i a l  a t  t h z  o u t e r  Helmholtz  
p l a n e )  c a n  be n e g l e c t e d  s i r . ce  t h e y  a r e  small .and we a r e  
o n l y  i n t e r e s t e d  i n  t h e i r  r a c i o a  ( c f .  r e f e r e n c e  ( 8 ) ) .  

iii) L i m i t i n g  L a n g n u i r  a d s o r p t i o n  c o n d i t i o n s  a r e  a p p l i c a b l e .  

I i v )  Secondary  i s o t o p e  e f f e c t s  a r e  n e g l i g i b l e .  

T H E O R Y  

I .  Oxygen-??roxide E l e c t r o d e  

T h i s  c o u p l e  n a y  be r e p r e s e n t e d  i n  a c i d  and a l k a l i n e  
s o l u t i o n s ,  r s s p e c t  i v e l y  , as  

- o2 t 2 ~ ~ 0 ~  + 2ew- - L o t 2 ~ ~ 0  2 2  

o2 t 2 ~ ~ 0  t 2e LO; t O L -  

where L i s  e i t h e r  H o r  D .  In l i g h t  w a t e r  e l e c t r o l y t e s ,  t h e  e l e c t r o -  
c h e m i c a l  p r o d u c t i o n  of  H 2 0 2  i s  b e l i e v e d  t o  o c c u r  v i a  t h e  f o l l o w i n g  
schemes : 5  

( l a )  ~ . i  t o2 + e --j 140; ( l b )  M t O 2  t e +NO; 

( 2 a )  MO; t H30t---4M02H t H 2 0  ( 2 b )  MO; t e j M O ;  

( 3 a )  M02H t e --> M02H- ( 3 b )  MO; t H 2 0  + M02H- + OH- 

( 4 a )  M02H t H O + + M ( H 2 0 2 ) t H 2 0  ( 4 b )  M02H- M t HO; 3 

( 5 a )  

O t h e r  schemes are of c o u r s e  c o n c e i v a b l e  and w i l l  be c o n s i d e r e d  
In t h e  full p a p e r . 1 0  

I f ,  i n  a c i d  solutions, r e a c t i o n  s t e p  ( I a )  i s  r a t e - c o n t r o l l i n g ,  t h e  
r a t i o  o f  exchange  c u r r e n t  d e n s i t i e s  i s  g i v e n  by 

M ( H 2 0 2 )  ---+ PI t H 2 0 2  

L O 2 1  H 2 0  ‘O2(D20)  q62 ( H 2 0 )  . exp (BAQF/RT) R1a = Co21 D20 ’ ‘02(H20) * t  qo2 ( D 2 0 )  

where t h e  b r a c k e t e d  terms d e n o t e  t h e  c o n c e n t r a t i o n s  of m o l e c u l a r  
oxygen i n  H 2 0  and D 2 0  s o l u t i o n s ,  q i s  t h e  m o l e c u l a r  p a r t i t i o n  func- 
t i o n  of  t h e  s p e c i e s  i n d i c a t e d  ( s u p e r s c r i p t  f r e f e r s  t o  t h e  a c t i v a t e d  
complex)  and A $  i s  t h e  p o t e n t i a l  d i f f e r e n c e  ($Q 

t h e  two o v e r a l l  h a l f - c e l l  r e a c t i o n s  

f o r  
2 2 - +H202) 
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t O2 t 2D 0 t 2D20 3 2 2  

O2 t 2!i O t  t 2e H 0 t 2A20 3 2 2  

Ths c o n t r i b u t i o n  of  t h e  z e r o - p o i n t  ene rgy  t o  t h e  v i b r a t i o n a l  p a r t i -  
t i o n  f u n c t i o n  i s  i n c l u d e d  i n  e a c h  q ,  It w i l l  be  r e c a l l e d  t h a t  t h i s  , t e r n  is p r i n c i p a l l y  r e s p o n s i b l e  for t h e  p r i m a r y  k i n e t i c  i s o t o p e  e f -  
f e c t  o f  K/D s u b s t i t u t i o n . 1 , 2  
r e x t  r a t i o  i.:ith s t e p  ( l a )  r a t e - c o n t r o l l i n g  r e d u c e s  t o  

t 2e q> D 0 

The e x p r e s s i o n  f w  t h e  exchange  c u r -  

Rla = exp (BA@ F/RT) 

By a n  a n a l o g o i s  ne thod  we o b t a i n  t h e  f o l l o w i n g  e x p r e s s i o n s  

‘D30t ‘ H 2 0  qO:(H20) 

‘H3Ot  ‘D20 q02(D20) 
R3= = - . - * i  exp  [(I + 8 ) A $  F/RTl 

e x p  (2A$F/RT) R 4 a  

t 

--- exp (2AOF/RT) 
. R5a =\A I q D  0’ . --I ‘D20 “ 2  (H20) 

qh’30t ‘H20 ‘0,(D2O) 
\ 

S i m i l a r l y ,  i n  a l k a l i n e  s o l u t i o n s ,  we o b t a i n  f o r  t h e ’  r e a c t i o n s  

O2 t D 2 0  t 2 e e D O ;  + OD- 

O2 t H20 t 2e  ? H0; + OH- 

where A 4  = QD3; - $HO;, t h e  f o l l o w i n g  exchange  c u r r e n t  r a t i o s .  

Rlb = exp (BA@F/RT) 

= e x p  [!1 t 8  ) A $  F/RT] 
R2b  

q D 2 0  “0 ;  ( O H - )  

R3b - ‘H20 “0.3 (QD-) 
c -- exp (2A@F/RT) 

, 
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The e v a ? u a t i o n  of p a r t i t i o r :  fur .c t ic r i  r r t i o s  t h e  i s o t o p t c  s p e c i e s  
~ ~ 0 ,  L j O +  ar,d OL- were c a r r i e d  o u t  as te:-fsre8,-9 ( c f .Append ix ) ;  t h o s e  
for t h e  s g e c i e s  L 2 0 2 ,  LO2 an2 .LO5 weri. t v a i u ? t e d  f r o n  s p e c t r o s c o p i c  
and  a c i d - b a s e  eGsilibriu: .  d a t a .  I ~ F )  p l r . t i t i o r .  f u n c t i o n  r a t i o s  f o r  
t h c  actL.:?:.ed cz1:2:lesi: *der? e v s l u n t e d  by a s t u - i n ~  t h z t  t h e  vib:'a- 
tiori::l fr,r.;u.rnc:es c f  t h e  0-5 and 0 - D  bor-ds n o t  d i r e c t l y  p a r t i c i p a t -  
i n c  ir! ti:c r c a c t i c n  re r . s in  unchanged d u r i n z  t h e  t r a n s i , t i o n  f r o n  t h e  
I n i t i z ?  t o  t h e  f i m l  s t z t e  ( c f .  r e f e r e n c e s  8 ,  9 where s i r , i l a r  t r e a t -  
ments  have been en.!,lo)ed). The r e s u l t s  of t h e s e  c a l c u l a t i o n s  show 
t h a t  a riide ra!?ce of  i s o t o p e  e r r e c t s  c a n  a r i s e  a1-A t h a t  t h e s e  e f f e c t s  
are  s t r c n s l y  dcrsr.2er. t  upan t h e  na tu -e  cr '  tt:e s o l u t i o n  enployed  ( i e ,  
a c i d  o r  z ? k z l ! z c ) .  An i n v c r s i o r .  of t h e  e x c h ? n ~ c .  c u r r e n t  r a t i o  i s  
p r e d i c t c 2  i n  s t 7 . t  i n s t a n c e s  f o r  the oxy~en-?eroxlde e l e c t r o d e  on 
c h a n g l n s  frc:. s t a r 2 a r d  aclci t o  s t an22r .3  a1ka l i r . e  c o n d i t i o n s ,  owing 
t o  a solver.: f s c t o p e  e f f e c t .  

"l 

11. HydroIen P e r c x i d e  D e c c 7 r o s l t i o n  

The o v e ~ a l l  decc? ;os i t i on  r e a c t i o n s  of hydrogen  pe-oxide I n  a c i d  
and a l k a l i n c  s o l u t i o n  a r e  

kh 2H202 ,M )02 t 2H20 

)02 + 20H- kh 
2HO; K 

where kh r e p r e s e n t s  t h e  he t e roEeneous  chemica l  r a t e  c o n s t a n t  f o r  t h e  
s u r f a c e - c a t a l y z e d  r e a c t i o n .  As examples of  p o s s i b l e  r e a c t i o n  mech- 
a n i s n s  we c o n s i d e r  t h e  f o l l o w i n g  schemes. 

I) Oxygen R a d i c a l  !-:echanism 

M t HO; ->F*:iiO; (6) 

MHO; *KO + OH- ( 7 )  

MO + H O S  + O2 + OH- 
Xod 1 f 1 ed Za be ?-!d 1 1 1 s t a t  t e r  Ne c han I sm - 1 1') 

MOH.+ H 2 0 2 j i ~ I C ) 2 H  + H20 

K02H + H202 j I0;OH + O2 t H 2 0  (10) 



O t h e r  p o s s i b l e  r e e c t i o n  r lecl ianls-s  aye c o n s i d e r e d  i n  t h e  f i n a l  
p a p e r .  10  

F o r  e g i v c n  e l e c t r c d e  T a t e r i s l ,  t!ie r z t i o  of r a t e  c o n s t a n t s  for t h e  

e l e c t r a i : - t e s  i s  
he ' - - -  L . C - ~ ; L .  - - , -= -ciis c i i c o - , ~ o s i t i o n  o? p e r o x i d e  i n  l i g h t  and heavy water 

T h i s  q u n t i t b  r a y  be  e v a l u e t e d  from s t e a d y  s t a t e  p o l a r i z a t i o n  c u r v e s  
f o r  ox:gen r e d u c t i o n  on e r o t a t i n g - d i s k  e l e c t r o d e . 6  
i n g  i u r r e i ? ~  r e z i o r s  o f  t h e  c u r r e n t - v o l t a g e  s c a n s  we can  make t h e  
s i m p l i f y i n g  a s s u r p t i o n  t h a t  t h e  s u r f a c e  c o n c e n t r a t i o n  r a t i o s ,  
[H202]/[D202] and [HO;]/[DO;], a r e  u n i t y .  

P a r t i t i o n  f u n c t i o n  r a t i o s  were e v a l u a t e d  as i n  t h e  p r e c e d i n g  s e c -  
t i o n .  We shel.1 n o t  p r e s e n t  h e r e  t h e  t o t a l  l i s t  of e x p r e s s i o n s  f o r  
c a l c u l e t j o n  o f  t h e  i s o t o p e  e f f e c t s  i n v o l v i n g  r e a c t i o n s  (6)-(12). 
Two r e p r e s e n t a t i v e  c a l c u l a t i o n s  a r e  shown below f o r  r e a c t i o n s  (6) 
and (19). 

F o r  t h e  l i m i t -  

R e p r e s e n t e t i v e  r a t e  c o n s t a z t  r a t i o s  for t h e s g  and o t h e r  r a t e -  
c o n t r o l l i n g  s t e p s  e r e  s u r x a r i z e d  in T a b l e  I .  

DISCUSSIOM 

The p r e d i c t e d  k i n e t i c  i s o t o p e  e f f e c t s  v a r y  o v e r  a wide r a n g e ,  de-  
pend ing  ugon t h e  mechanisr!  and r a t e - c o n t r o l l i n g  s t e p  i n v o l v e d .  Of 
p a r t i c u l a r  i n t e r e s t  i s  t h e  p r e d i c t i o n  of' a n  i n v e r s e  i s o t o p e  e f f e c t  
for t h e  oxysen-peroxide  e l e c t r o d e .  Such a n  i n v e r s e  i s o t o p e  e f f e c t  
has  a l s o  been found f o r  t h e  oxygen e v o l u t i o n  r e a c t i o n . 4 , g  

We havE i-sisLiri-5 t h e  e:cchar.ge c u r r e n t ,  r a t i o s  f o r  t h e  e l e c t r o c h e m i -  
c a l  r e 5 J c t i o n  o f  oxygen on g o l d  i n  a c i d  and a l k a l i n e  s o l u t i o n s  i n  

e f i ' e c t  fs sr .c l i  end n o r r c l ,  but  i n  acid s o l u t i o n s  t h e  e f f e c t  i s  
l a r g e  and Ln- ie rar .  Zna l l ,  n o r i x l  k i n e t i c  i s o t o p e  e f f e c t s  were a l s o  
otjse-ved f o r  t i .e  Sesc-c:-talgzed d e c c 3 F o s t t i o n  of hydrogen  p e r o x i d e  

l i g i l t  2r.d he&.r-r , J  ? . - ' ;e? (.- . I n  al!.:alirie s o l u t i o n s  t h e  k i n e t i c  i s o t o p e  

--- 
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on g o l d  e l e c t r o d e s  and t e n d  t o  c o n f i r m  a mechanism i n v o l v i n g  an i o n -  
m o l e c u l e  complex deduced from s t u d i e s  of  p 2 e f f e c t s  on t h e  k i n e t i c s  
of  p e r o x i d e  d e c o m p o s i t i o n .  1 2  
r e p o r t e d  e l s e w h e r e  . I 3  

D e t a i l s  of  t h e s e  e x p e r i m e n t s  w i l l  b e  

The facL t h a t  p r e d i c t e d  i s o t o p e  e f f e c t s  f o r  s e v e r a l  r e a c t i o n  mechan- 
isms a r e  s imilar  may make t h e  ass ignment  of  one u n i q u e  spheme d i f f i -  
c u l t .  A s imi la r  problem a r i s e s  i n  c l a s s i c a l  e l e c t r o d e  . k i n e t i c  
s t u d i e s  when t h e  t h e o r e t i c a l  T a f e l  s l o p e s  a r e  i d e n t i c a l  f o r  d i f f e r -  
i n g  mechanisms. Such r e s u l t s  o n l y  s e r v e  t o  emphasize t h e  f a c t  t h a t  
o n l y  one t y p e  of  s t u d y  i s  n o t  s u f f i c i e n t  t o  i n v e s t i g a t e  t h e  k i n e t i c s  
and mechanism of  complex e l e c t r o d e  p r o c e s s e s .  As w i t h  t h e  oxygen 
and hydrogen e v o l u t i o n  r e a c t i o n s ,  t h e  s t r e n g t h  of  any c o n c l u s i o n  con- 
c e r n i n g  mechanisms l i e s  i n  c o n s i s t e n c y  of  r e s u l t s  from a l l  t y p e s  of  
s t u d i e s .  The k i n e t i c  i s o t o p e  e f f e c t  i s  a p o w e r f u l  t o o l  when used i n  
t h i s  s e n s e .  



F o r  i n i t i e l  s t a t e  r e a c t e n t s ,  we have  c a l c u l a t e d  or o b t a i n e d  frorn 
t h e  literdcu-e, thr partition f u n c t i o n  r e t i o s  shown be low.  All 
r e t i c s  ir.cluci,-? z c - o - a o i n t  ece-gy d i f f e r e n c e s .  ~- 

‘D30+ q 

q H 2 0  ‘H 30+ 
- =  1434 ; - - D2° - -  ‘OD- - 2615 

‘OH- 
- 19,023 ; 

‘DO2 qDOS 

qH*o* %IO2 qHO; 
18.9 ; - - - 1 4 . 6  - -  - 850 ; - = qj3202 

The s t a n d a r d  p o t e n t i a l  d i f f e r e n c e  ( 2 5 O C )  o f  t h e  oxygen-pe rox ide  
c o u p l e  i n  a c i d i c  1 iZP . t  and heevy water e l e c t r o l y t e s  I s :  

= + 0 .0202  v o l t  

S i m i l a r l y  i n  a l k a l i n e  s o l u t i o n s :  



6 1. €7 
7 1 .o 
8 1.8 
9 5.2 
10 1.5  
11 1.67 
1 2  2.61 
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