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A B S T R A C T  

The  B r J B r -  e l ec t rode  r eac t ion  w i t h  t r i b r o m i d e  c o m p l e x  f o r m a t i o n  r eac t ion  in t he  so lu t ion ,  a chemica l - e l ec t roche mi -  
cal (C-E) t ype  reac t ion ,  has  b e e n  i n v e s t i g a t e d  in o rde r  to d e t e r m i n e  t he  ef fec t  of  t he  c h e m i c a l  r eac t i on  on  t he  e l ec t rode  ki- 
ne t ics .  I t  is s h o w n  t h a t  the  c h e m i c a l  r eac t ion  has  l i t t le  effect  on  t he  e l ec t rode  k ine t i c s  at  ve ry  s low h o m o g e n e o u s  r eac t ion  
ra tes ,  b u t  ha s  a m o r e  d ras t i c  ef fec t  o n  t h e  e l ec t rode  k ine t i c s  at  fas te r  h o m o g e n e o u s  r eac t ion  rates .  Also,  t h e  k ine t i c s  at  t he  
e l ec t rode  are a f fec ted  b y  c h a n g e s  in  t he  c o n c e n t r a t i o n s  of  t h e  ac t ive  spec ies  (Br~, Br- ,  a n d  Br.~ ) in  t he  b u l k  so lu t ion  as a 
c o n s e q u e n c e  of  t h e  coup l ing  effect  of  t he  c h e m i c a l  r eac t ion  on  t he  e l ec t rode  k ine t ics .  

T h e  B r J B r -  e l e c t r o d e  r e a c t i o n  is a v e r s i o n  of  a c h e m i -  
c a l - e l e c t r o c h e m i c a l  (C-E) r e a c t i o n  in  w h i c h  t h e  h o m o g e -  
n e o u s  c h e m i c a l  s t ep  in  r e a c t i o n  [2] p r e c e d e s  t h e  cha rge -  
t r a n s f e r  s t ep  in r e a c t i o n  [1] 

Br2 + 2e- redu~'~n 2 B r -  [1] 
u~idation 

Br2 + B r -  k t  Br3- [2] % 

T h i s  r e a c t i o n  ha s  a t t r a c t e d  c o n s i d e r a b l e  a t t e n t i o n  in  t h e  
p a s t  c o u p l e  of yea r s  (t-5) b e c a u s e  i t  s e r v e s  as o n e  of  t h e  
p r i n c i p a l  e l e c t r o d e  r e a c t i o n s  of  t h e  Zn/Br2  s e c o n d a r y  
b a t t e r y  s y s t e m  t h a t  is b e i n g  c o n s i d e r e d  for  u s e  in  l a r g e  
s c a l e  e n e r g y  s to r age .  I n f o r m a t i o n  a b o u t  t h i s  r e a c t i o n  is 
d e s i r e d  to a id  in  t h e  d e s i g n  a n d  o p t i m i z a t i o n  of  t h e  
Zn/Br2  ba t t e ry .  

T h e  e q u i l i b r i u m  c o n s t a n t  for  r e a c t i o n  [2], Ke,, w h e r e  
K~q = kf/k~, is o n l y  17.0 l i t e r s / too l  (6). As  a resu l t ,  s ignif i -  
c a n t  c o n c e n t r a t i o n s  of  Br2, Br - ,  a n d  Br.~- wil l  c o m m o n l y  
b e  p r e s e n t  in  t h e  e l e c t r o l y t e .  F o r  t h a t  m a t t e r ,  a n y  de-  
t a i l e d  m o d e l  for  p r e d i c t i n g  t h e  c u r r e n t - p o t e n t i a l  cha rac -  
t e r i s t i c s  of  t h e  B r J B r -  e l e c t r o d e  m u s t  i n c l u d e  t h e  e f fec t s  
of  t h e  h o m o g e n e o u s  c o m p l e x a t i o n  r eac t ion .  I n  t h e  pas t ,  
s o m e  i n v e s t i g a t o r s  (7) h a v e  j u s t i f i ed  t h e  e x c l u s i o n  of  t he  
c h e m i c a l  r e a c t i o n  by  a s s u m i n g  t h e  c o m p l e x a t i o n  k i n e t -  
ics  to  b e  v e r y  rap id .  In  o t h e r  words ,  t h e y  c o n s i d e r e d  t h i s  
r e a c t i o n  to b e  e s s e n t i a l l y  a t  e q u i l i b r i u m  a t  al l  p o i n t s  in  
t h e  e l e c t r o l y t e  a n d  for  t h i s  r e a s o n  a s s u m e d  t h a t  t h e  
c h e m i c a l  r e a c t i o n  h a d  no  e f fec t  on  t h e  e l e c t r o d e  k ine t i c s .  
O t h e r  i n v e s t i g a t o r s  (8, 9) we re  ab l e  to a c c o u n t  for  t h e  ef- 
fec t  of  t h e  c h e m i c a l  r e a c t i o n  on  t h e  e l e c t r o d e  k i n e t i c s  b y  
c o n s i d e r i n g  t h e  e q u i l i b r i u m  c o n s t a n t  of  t h e  c h e m i c a l  re- 
a c t i o n  to  b e  i n d e p e n d e n t  of  d i s t a n c e  f r o m  t h e  e l e c t r o d e  
s u r f a c e .  W i t h  t h e  l a t t e r  a p p r o a c h ,  N e w m a n  (9) d e m o n -  
s t r a t e d  w i t h  t h e  CuSO4-H2SO4 s y s t e m  t h a t  t h e  i n c o m -  
p l e t e  d i s s o c i a t i o n  of  t h e  h o m o g e n e o u s  b i s u l f a t e  r e a c t i o n  
d i d  h a v e  a d r a m a t i c  e f f e c t  on  t h e  l i m i t i n g  c u r r e n t s  as  a 
r e s u l t  of  c h a n g e s  in t h e  ion ic  s t r e n g t h  of  t h e  s o l u t i o n  d u e  

* Electrochemical Society Active Member. 

to  t h e  m i g r a t i o n  of  d i s s o c i a t e d  spec i e s .  H o w e v e r ,  for  
cases  w i t h  m o d e r a t e  or s low h o m o g e n e o u s  k ine t i c s ,  t he  
a s s u m p t i o n  t h a t  t h e  h o m o g e n e o u s  r e a c t i o n  is a t  equ i l i b -  
r i u m  a t  al l  p o i n t s  in  t h e  e l e c t r o l y t e  is n o  l o n g e r  v a l i d .  
T h e r e f o r e ,  a m o r e  rea l i s t i c  a p p r o a c h  m u s t  b e  a d o p t e d  to 
a c c o u n t  for  t h e  e f f e c t  of  t h i s  h o m o g e n e o u s  r e a c t i o n  o n  
t h e  e l e c t r o d e  k ine t i c s .  Th i s  i n v o l v e s  t r e a t i n g  t h e  c h e m i -  
cal  r e a c t i o n  as  a r e a c t i o n  w i t h  a f in i te  ra te ,  w h e r e  t h e  
p s e u d o - e q u i l i b r i u m  c o n s t a n t  for  t h i s  s y s t e m ,  K'(~), is 
de f i ned  as 

cBr3 (;) 
K'(~) - [3] 

a n d  w h e r e  K'(~) is a s s u m e d  to b e  a f u n c t i o n  of  t h e  n o r m a l  
d i m e n s i o n l e s s  d i s t a n c e  ~ f r o m  t h e  r o t a t i n g  d i sk  sur face .  
S i n c e  t h e  r a t e  c o n s t a n t s  (kf a n d  kb) for  t he  c h e m i c a l  reac-  
t i on  in  Eq.  [2] a re  n o t  k n o w n ,  b o t h  s m a l l  a n d  l a rge  v a l u e s  
of  t h e s e  r a t e  c o n s t a n t s  wil l  b e  a s s u m e d  in o r d e r  to  eva lu-  
a te  t h e  e f fec t  of  s low a n d  fas t  h o m o g e n e o u s  k i n e t i c s  on  
t h e  e l e c t r o d e  k i n e t i c s .  In  a d d i t i o n ,  w e l l - s u p p o r t e d  so lu-  
t i o n s  wi l l  b e  u s e d  in  o r d e r  to  m i n i m i z e  t h e  e f f e c t  of  mi-  
g r a t i o n  on  t h e  e l e c t r o d e  k ine t i c s .  

F o r  t h e  Br2/Br  e l e c t r o d e ,  t h e  h i g h  s o l u b i l i t y  of  Br2 in  
a q u e o u s  e l e c t r o l y t e s ,  t h a t  is 0.21 too l / l i t e r  in  w a t e r  a n d  
1.35 mol / l i t e r  in  1M K B r  s o l u t i o n  a t  25~ (10), p l a c e s  a se- 
v e r e  l i m i t a t i o n  on  i ts  p o t e n t i a l  a p p l i c a t i o n s ,  e s p e c i a l l y  as 
p e r t a i n s  to Zn/Br2 ba t t e ry .  T h e  h i g h  s o l u b i l i t y  of  Br2 h a s  
a d e t r i m e n t a l  e f fec t  on  t h e  t u r n - a r o u n d  e f f i c i ency  of  t h i s  
b a t t e r y  s y s t e m  as a r e s u l t  of  t h e  s e l f - d i s c h a r g e  r e a c t i o n  
in  Eq.  [4], w h i c h  is p r o m o t e d  b y  t h e  d i f f u s i o n  of  Br2 f r o m  
t h e  Br2/Br-  c o m p a r t m e n t  to Z n  e l e c t r o d e  

Z n  + Br~ - ZnBr~  [4] 

M o s t  of  t h e  m e t h o d s  (2-4) d e s i g n e d  to r e d u c e  t he  ac t iv i ty  
of  Br~ in  t h e  e l e c t ro ly t e  d u r i n g  c h a r g e  d i r e c t l y  a f fec t  t h e  
e q u i l i b r i u m  of  t h e  t r i b r o m i d e  c o m p l e x  r e a c t i o n  in  t h e  
b u l k  so lu t ion .  In  o r d e r  to  o p t i m i z e  t h e  c h a r g e / d i s c h a r g e  
c h a r a c t e r i s t i c s  of  t h e  Zn /Br2  b a t t e r y ,  i t  is of  i n t e r e s t  to  
d e t e r m i n e  h o w  c h a n g e s  in t he  b u l k  c o n c e n t r a t i o n s  of  t he  
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spec i e s  p a r t i c i p a t i n g  in r e a c t i o n  [2] wi l l  a f f ec t  t h e  an- 
od i c / ca thod i c  cu r ren t  of  th is  e lec t rode .  

In  this  paper ,  we  repor t  resul t s  ob t a ined  by s imu la t i ng  
the  c u r r e n t / p o t e n t i a l  cha rac t e r i s t i c s  of  the  Br2/Br- reac-  
t ion  at a ro ta t ing  d isk  e l ec t rode  us ing  the  m o d e l  of  Ada- 
n u v o r  et al. (12). Specif ical ly ,  the  r e d u c t i o n  of  Br~ and the  
o x i d a t i o n  of  Br -  are  r e p o r t e d  (11) in t he  p r e s e n c e  of  Br -  
a n d  Br2, r e s p e c t i v e l y ,  in t h e  c o n c e n t r a t i o n  r a n g e  w h e r e  
(i) Br3- was  t h e  d o m i n a n t  b r o m i n e  c o n t a i n i n g  spec ies ,  
such  as is typ ica l  in the  Zn/Br2 ba t t e ry  and (ii) Br3- spe- 
cies  was  negl ig ib le .  These  are  i nves t i ga t ed  u n d e r  condi-  
t i ons  of  b o t h  s low and  r ap id  h o m o g e n e o u s  t r i b r o m i d e  
f o r m a t i o n  ra tes  in o r d e r  to d e t e r m i n e  the  e f f ec t  o f  t h e  
ra te  of  t he  c o m p l e x a t i o n  reac t ion  on the  e l ec t rode  k inet -  
ics and  also, the  e f fec t  of  the  c o n c e n t r a t i o n  of  the  ac t ive  
spec ies  pa r t i c ipa t i ng  in t he  c o m p l e x a t i o n  reac t ion  on the  
e l e c t r o d e  k ine t i c s .  T h e  da t a  of  M a s t r a g o s t i n o  and  
G r a m e l l i  (5) for t he  k ine t i cs  s tudy  of  Br2/Br- in a q u e o u s  
s y s t e m  on  v i t r e o u s  c a r b o n  e l e c t r o d e s  w e r e  u s e d  in t he  
inves t iga t ion .  

Results and Discussion 
In  th i s  r e a c t i o n  sys t em,  t he  k i n e t i c  m e c h a n i s m  m o s t  

c o m m o n l y  p r o p o s e d  for  t h e  e l e c t r o c h e m i c a l  s tep  in Eq.  
[1] is t h e  d i s c h a r g e - e l e c t r o c h e m i c a l  d e s o r p t i o n  m e c h a -  
n i s m  (6, 13) o f t en  r e f e r r e d  to as t h e  V o l m e r - H e y r o v s k y  
(V-H) m e c h a n i s m  g iven  by  Eq. [5] and [6], r e spec t i ve ly  

Br  ~ Br~d~ + e-  (V) [5] 

Br~d~ + Br  ~- Br2 + e- (H) [6] 

T h e  c h e m i c a l  s tep  p r e c e d i n g  t h e  c h a r g e - t r a n s f e r  s tep  is 
r e p r e s e n t e d  by the  t r i b r o m i d e  c o m p l e x a t i o n  reac t ion  in 
Eq.  [2] in t he  so lu t ion  phase.  The  cu r r en t  dens i ty  expres -  
s ions  d e r i v e d  by  L o r i m e r  (13, 14) on the  basis  of  the  V-H 
m e c h a n i s m  w e r e  u s e d  in th i s  work .  T h e  m a t h e m a t i c a l  
m o d e l  for th is  s y s t e m  was based  on the  e l ec t rode  kinet-  
ics, t he  t r i b r o m i d e  c o m p l e x a t i o n  reac t ion  in the  bu lk  so- 
lu t ion,  and  the  mass  t r anspor t  p roces se s  occu r r ing  in t he  
so lu t ion  (12). Tab le  I is a list  of  p a r a m e t e r  va lues  used  to 
ob t a in  t he  resul ts .  

F o r  s low h o m o g e n e o u s  r e a c t i o n  ra tes ,  t h e  t r i b r o m i d e  
c o m p l e x  f o r m a t i o n  reac t ion  wil l  no t  be  in e q u i l i b r i u m  in 
t he  r eg ion  ad jacen t  to t he  e l ec t rode  sur face  as a resu l t  of  
t he  c o n s u m p t i o n / p r o d u c t i o n  of  Br2 or  B r -  spec ies  in the  
e l e c t r o d e  r eac t ion .  Th is  e f f ec t  is d e m o n s t r a t e d  in Fig.  1 
w h e r e  t h e  d e p a r t u r e  f r o m  e q u i l i b r i u m  as i n d i c a t e d  by  
the  va lues  of  the  rat io  of  K'(~) to the  e q u i l i b r i u m  cons t an t  
K~q a re  p l o t t e d  aga in s t  ~. In  t h e  b u l k  s o l u t i o n  (as ~ --> 2, 
b u l k  c o n d i t i o n s  are  a s s u m e d  to ex i s t  at t w i c e  t h e  di f fu-  
s ion  l aye r  t h i cknes s ) ,  t he  h o m o g e n e o u s  r e a c t i o n  is in 
e q u i l i b r i u m  b u t  c lose  to t h e  e l e c t r o d e  su r f ace  (4 --~ 0.0) 
the re  is a s igni f icant  d e p a r t u r e  f rom e q u i l i b r i u m  as a re- 
sul t  of  t he  d e p l e t i o n  or  p r o d u c t i o n  of  Br2 or  Br  spec ies  
in t h e  e l e c t r o d e  r eac t ion .  As t h e  h o m o g e n e o u s  r e a c t i o n  
ra te  i n c r e a s e s  ( i nc r ea s ing  kf w i t h  a c o r r e s p o n d i n g  in- 
c rease  in kb s ince  kb = k f K J ,  the  r eg ion  of  d e p a r t u r e  f rom 
e q u i l i b r i u m  decreases ,  and as s h o w n  in Fig. 1, at h igh  kf 
(> 10 6 cm~/mol/s), the  ra t io  K'(O/K~q is e s sen t i a l ly  equa l  to 
one  t h r o u g h o u t  t he  so lu t ion  phase  unt i l  v e r y  c lose  to the  
e l e c t r o d e  su r f ace  w h e r e  t he r e  is a s l igh t  d e v i a t i o n  f r o m  
e q u i l i b r i u m  condi t ions .  The  dev ia t ion  f rom e q u i l i b r i u m  
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Fig. 1. Variation of the pseudo-equilibrium ratio g'(o/K~q with dis- 
tance from the electrode surface for the BrjBr electrode, cB~2 = 4.6 • 
10-2M, CBr- = O.5M, and cB~3- = O.O01M, respectively. 

cond i t i ons  pers i s t s  up to a va lue  of  kf = l0 s cm'Tmol/s  for 
w h i c h  the  r eg ion  close to the  e l ec t rode  sur face  w h e r e  the  
d e v i a t i o n  o c c u r s  is w i t h i n  o n e - h u n d r e d t h  of  t he  di f fu-  
s ion layer  th ickness .  At  e x t r e m e l y  h igh  kf va lues  (-> 10 TM 

cm6/mol/s)  w h e n  the  h o m o g e n e o u s  r e a c t i o n  o c c u r s  at a 
m u c h  fas ter  rate  than  the  e l ec t rode  reac t ion  the  pseudo-  
e q u i l i b r i u m  c o n s t a n t  b e c o m e s  i n d e p e n d e n t  of  pos i t ion ,  
4. As  i n d i c a t e d  in Fig.  1, m u c h  l a rge r  d e v i a t i o n s  f r o m  
e q u i l i b r i u m  c o n d i t i o n s  are  o b t a i n e d  at s low h o m o g e n e -  
ous  k i n e t i c s  t h a n  at  h i g h  h o m o g e n e o u s  k ine t i c s .  F r o m  
Fig.  2, it can  be  es tab l i shed  tha t  t he  in f luence  of  the  ho- 
m o g e n e o u s  r e a c t i o n  on t h e  e l e c t r o d e  k i n e t i c s  is m o r e  
p r o n o u n c e d  at h ighe r  va lues  of  the  h o m o g e n e o u s  k ine t i c  
ra te  cons t an t  espec ia l ly  for ca thode  currents .  The  h ighe r  
t he  h o m o g e n e o u s  rate  cons tan ts ,  t he  m o r e  rap id ly  equi-  
l i b r i u m  is e s t a b l i s h e d  for  th is  r e a c t i o n  and  t h e  less  t he  
d e v i a t i o n  f r o m  e q u i l i b r i u m  c o n d i t i o n s  w i t h  d i s t a n c e  
f r o m  the  e l e c t r o d e  sur face .  Th is  r e su l t  is in a g r e e m e n t  
w i t h  the  resul t s  of  P l e s k o v  and F i l i novsk i i  (11) who  pro- 
posed  the  idea  of  the  r eac t ion  layer  t h i c k n e s s  ~c as a mea-  
su re  of  t he  r e g i o n  of  t he  r o t a t i n g  d i sk  e l e c t r o d e  w h e r e  
the  c h e m i c a l  e q u i l i b r i u m  is a p p r e c i a b l y  d i s tu rbed .  T h e y  
f o u n d  ou t  tha t  in case  of  fas t  c h e m i c a l  r e a c t i o n s  (~c < <  

Table I. Parameter values a for simulating the charge/discharge characteristics of the BrjBr- electrode 

Br2 oxidation/ Br- oxidation/ Br~- oxidation/ 
Parameters reduction reduction reduction 

ioref,m iora.v ( m A / c m  2) 0.065, 0.070 0.024, 0.054 0.065, 0.070 
{~e.H, OLc.V 0.24, 0.85 0.24, 0.85 0.26, 0.84 
CBr2,~(M) (4.6 • 10 ~ -- 0.023) 0.50 0.001 
CBr.~(M) 0.5 0.005-1.0 0.5 
CBr 3 ,=(M) 0.0%0.001 0.0, 0.001 0.0001-1.0 
CNaCI04,~(M) 0.5 0.5 0.5 
Ci,ref(M) 4.60 • 10 -a 0.5 0.001 
ks (cm6/mol-s)  1012 10 ~2 10 ~2 

( r p m )  3000.0 3000.0 3000.0 
v (cm2/s) 0.01 0.01 0.01 

a Values taken or estimated from Ref. (5). 
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Fig. 2. Effect of increasing kf on 
BrJBr- electrode kinetics under 
conditions where Br3- is the domi- 
nant Br~ containing species. CBr~ = 
4.6 X lO-2M, cm-- = O.5M, and 
CBrs- = O.O01M, respectively. 
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aD), the  t h i cknes s  of  the  reac t ion  reg ion  is m u c h  less t han  
tha t  of  the  d i f fus ion  b o u n d a r y  layer.  In  Fig. 1, this  corre-  
s p o n d s  to ~ < <  1. On  the  o t h e r  hand ,  for  s low c h e m i c a l  
k ine t i c s  w h e n  t~ > >  ~D as is the  case  in Fig.  1 w h e n  kf -< 
1.0 • 10 -6, t he  c h e m i c a l  reac t ion  has  usua l ly  v e r y  l i t t le  ef- 
fect  on the  e l ec t rode  k inet ics .  

The  e f fec t  of  the  rate  of  the  t r i b r o m i d e  reac t ion  on the  
o x i d a t i o n / r e d u c t i o n  c u r r e n t  of  t he  B r J B r  e l e c t r o d e  is 
d e m o n s t r a t e d  in Fig. 2 for the  case of  a n o r m a l  ope ra t ing  
Zn/Br2 ce l l  w h e r e  c o n c e n t r a t e d  b r o m i d e  s o l u t i o n s  are  
u s e d  and w h e r e  Br3- is the  d o m i n a n t  b r o m i n e  c o n t a i n i n g  
species .  In  this  sys tem,  the  Bra species  reacts  a c c o r d i n g  
to Eq.  [2] to p r o d u c e  m o r e  Br2 w h i c h  u n d e r g o e s  f u r t h e r  
r e d u c t i o n  at t he  e l e c t r o d e  to e n h a n c e  t h e  c a t h o d i c  cur-  
ren t  densi ty .  The  h ighe r  the  kf value,  the  fas ter  the  rate  of  
g e n e r a t i o n  of  Br2 and  the  h i g h e r  t h e  c a t h o d i c  c u r r e n t  
dens i ty .  On  the  con t r a ry ,  t he  a n o d i c  l i m i t i n g  c u r r e n t  
d e n s i t y  r e l a t i v e  to t h e  c u r r e n t  d e n s i t y  in t he  a b s e n c e  of  
t h e  c o m p l e x a t i o n  r e a c t i o n  r e m a i n s  u n c h a n g e d  at  l o w  kf 
va lues ,  exh ib i t s  a dep re s s ion  at i n t e r m e d i a t e  values ,  and  
i n c r e a s e s  at h i g h  kf v a l u e s  to a v a l u e  a p p r o a c h i n g  tha t  
o b t a i n e d  in t he  a b s e n c e  of  t h e  c o m p l e x a t i o n  r eac t ion .  
F r o m  Fig. 2, the  Tafel  s e g m e n t  of  the  po la r iza t ion  cu rves  
at v a r i o u s  v a l u e s  of  kf w h e n  c o r r e c t e d  for t he  c o n t r i b u -  
t ion  due  to mass  t ranspor t ,  y ie ld  the  same  va lues  for the  
Ta fe l  c o n s t a n t s  (13). Th is  l im i t s  t he  c o n t r i b u t i o n  o f  t h e  
h o m o g e n e o u s  r e a c t i o n  on the  e l e c t r o d e  k i n e t i c s  to t he  
l imi t ing  cu r r en t  region.  The  s a m e  obse rva t i on  was m a d e  
for  t h e  case  in Fig.  3 w h e r e  l ow c o n c e n t r a t i o n s  of  bro-  
m i d e  s o l u t i o n s  w e r e  used .  This  is n o t  s u r p r i s i n g  s ince  

the  e l ec t rode  k ine t i cs  are ra ther  fast [i.e., e x c h a n g e  cur- 
r e n t  d e n s i t i e s  on the  o r d e r  of  m i l l i a m p e r e s  p e r  s q u a r e  
c e n t i m e t e r  (17)]. Thus ,  the  reac t ion  rates at the  e l ec t rode  
a re  d i c t a t e d  by  m a s s  t r a n s p o r t  of  r e a c t i n g  spec i e s  f r o m  
t h e  b u l k  s o l u t i o n  to t he  e l e c t r o d e  sur face .  T h e  e f fec t  of  
t he  h o m o g e n e o u s  reac t ion  ra te  on the  e l ec t rode  k ine t i cs  
can  t h e r e f o r e  be  a t t r i b u t e d  to m a s s  t r a n s p o r t  c o n t r o l  of  
d i f fus ing  spec ies  to and f rom the  e l ec t rode  surface.  

The  appa ren t  behav io r  of  the  anod ic  and ca thod ic  l im- 
i t ing  cu r r en t  dens i t i es  in Fig. 2 can  be  e x p l a i n e d  in t e rms  
of  t h e  r e v e r s i b l e  n a t u r e  o f  t h e  c o m p l e x a t i o n  r e a c t i o n  as 
we l l  as the  c o n c e n t r a t i o n s  of  the  species  i n v o l v e d  in this  
reac t ion .  In  the  bu lk  solut ion,  the  t r i b r o m i d e  species  dis- 
soc ia tes  into Br2 and Br  spec ies  wi th  a re la t ive  inc rease  
in c o n c e n t r a t i o n  of  21.0 and  0.002, r e s p e c t i v e l y ,  w h e n  
c o m p a r e d  w i t h  t h e  in i t ia l  a m o u n t s  of  t h e s e  spec i e s  pre- 
sent  in the  solut ion.  At  low kf values ,  the  e q u i l i b r i u m  for 
t he  t r i b r o m i d e  d i s soc ia t ion  reac t ion  is e s t ab l i shed  ra ther  
slowly.  Neve r the l e s s ,  the  subs tan t ia l  i nc rease  in the  con- 
cen t ra t ion  of  Br2 resul t s  in an e n h a n c e m e n t  of  the  cath-  
odic  l imi t ing  cu r r en t  densi ty .  On the  o the r  hand,  the  an- 
od ic  l i m i t i n g  c u r r e n t  d e n s i t y  is u n c h a n g e d  b e c a u s e  t h e  
b u l k  c o n c e n t r a t i o n  o f  B r -  r e m a i n s  e s s e n t i a l l y  cons t an t .  
As  t h e  f o r w a r d  ra te  c o n s t a n t  kf i nc reases ,  t h e  b a c k w a r d  
ra te  c o n s t a n t  inc reases  also (since k~, = krKe~) and equi l ib -  
r i u m  for t he  h o m o g e n e o u s  r eac t ion  is e s t ab l i shed  m u c h  
m o r e  rap id ly .  As a r e s u l t  of  t he  d e p l e t i o n  of  Br2 in t h e  
e l ec t rode  reac t ion ,  the  t r i b r o m i d e  c o m p l e x  fo rma t ion  re- 
ac t ion  shif ts  in favor  of  d i s soc ia t ion  of  Br3- l ead ing  to in- 
c r e a s e d  g e n e r a t i o n  of  Br2 and  c o n s e q u e n t l y ,  to f u r t h e r  

Fig. 3. Effect of increasing kf on 
BrJBr- electrode kinetics under 
conditions of low concentration of 
bromide solutions, cBr2 = 7.1 • 
lO-4M, cBr = 4 . 1  • lO-3M, and 
CBr,3- = O.OOM, respectively. 
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e n h a n c e m e n t  of  the  ca thod ic  l imi t ing  cu r r en t  dens i ty  as 
s h o w n  in Fig.  2. On the  o the r  hand,  for the  anod ic  l imit -  
i ng  c u r r e n t ,  in Fig.  2 as k: i n c r e a s e s  t h e  Br~ f o r m e d  as a 
r e su l t  of  t he  o x i d a t i o n  o f  B r -  by reac t ion  [1] reac ts  w i th  
u n r e a c t e d  Br -  a c c o r d i n g  to Eq.  [2] to fu r the r  dec rea se  t he  
c o n c e n t r a t i o n  o f  B r -  at t h e  e l e c t r o d e  w h i l e  at t he  s a m e  
t ime,  t he  c o n c e n t r a t i o n  of  Br~- in t he  v i c in i ty  of  the  elec-  
t r o d e  is e n h a n c e d .  Th is  p r o c e s s  o f  Br~- c o m p l e x  fo rma-  
t i o n  c o n t i n u e s  un t i l  t he  B r -  c o n c e n t r a t i o n  in t h e  di f fu-  
s ion  l aye r  d e c r e a s e s  to a m i n i m u m  at a r o u n d  kf = 10: 
cm~/mol/s ;  th is  p o i n t  c o r r e s p o n d s  to t h e  d e p r e s s i o n  in 
t h e  a n o d i c  l i m i t i n g  c u r r e n t  dens i ty .  B e y o n d  th is  po in t ,  
t h e  e q u i l i b r i u m  is sh i f t ed  in f avo r  o f  t h e  d i s s o c i a t i o n  of  
Br ;  , l e a d i n g  to an i n c r e a s e  in t h e  c o n c e n t r a t i o n s  o f  Br~ 
and  B r -  in t he  d i f fus ion  layer.  As a resul t ,  t he  anod ic  l im- 
i t ing  cu r r en t  shows  a g radua l  r ise  w i th  inc rease  in k, un-  
t i l  i t  a p p r o a c h e s  t h e  v a l u e  o b t a i n e d  in t h e  a b s e n c e  of  
t r i b r o m i d e  reac t ion  at v e r y  h igh  k~. 

In  Fig .  3, w h e r e  l o w  b r o m i n e  c o n c e n t r a t i o n s  are  u s e d  
and  w h e r e  in i t ia l ly  no t r i b r o m i d e  spec ies  was p r e s e n t  in 
the  so lu t ion ,  at  low k~ va lues  (<- 10 ~ cmS/mol/s), t he  cath-  
od ic  and  a n o d i c  l i m i t i n g  c u r r e n t  d e n s i t i e s  a re  less  t h a n  
t h e  case  w h e r e  no c o m p l e x a t i o n  o c c u r s  in t h e  so lu t ion .  
This  ind ica tes  tha t  at low k~ values ,  less Br~ or  B r -  f rom 
the  b u l k  so lu t ion  is ava i lab le  for r eac t ion  at the  e l ec t rode  
as a resu l t  of  t he se  spec ies  c o m b i n i n g  to fo rm the  t r ibro-  
m i d e  c o m p l e x .  H o w e v e r ,  as k~ i n c r e a s e s  (-> 10 ~ cm+/ 
mol/s) ,  t h e  l i m i t i n g  c u r r e n t  d e n s i t i e s  b e c o m e  e q u a l  to 
t hose  ob t a ined  in the  absence  of  t he  c o m p l e x a t i o n  reac-  
t ion ,  s i g n i f y i n g  l i t t le  or  no i n f l u e n c e  of  t he  t r i b r o m i d e  

c o m p l e x a t i o n  r e a c t i o n  on t h e  e l e c t r o d e  k i n e t i c s  w h e n  
the  h o m o g e n e o u s  r eac t ion  ra te  is high. 

E f fo r t s  to r e d u c e  t h e  h igh  a c t i v i t y  of  Br~ in Zn/Br~ 
ba t t e r i e s  du r ing  cha rge  (2-4) to i m p r o v e  celt  e f f ic ienc ies  
m a k e  it  d e s i r a b l e  to s t u d y  t h e  t r i b r o m i d e  c o m p l e x a t i o n  
r eac t i on ,  s ince  c o m p l e x i n g  Br~ in t he  f o r m  of  i n s o l u b l e  
or  s p a r i n g l y  so lub l e  b r o m i n e  c o m p l e x e s  is a p r a c t i c a l  
w a y  of  a c h i e v i n g  th is  goa l  (2, 16). A c h a n g e  in t h e  b u l k  
c o n c e n t r a t i o n  of  Br :  or  for tha t  mat te r ,  of  t he  o the r  ac t ive  
s p e c i e s  (Br -  or  Bra ) wi l l  a f f ec t  t h e  e q u i l i b r i u m  of  t h e  
c o m p l e x a t i o n  r e a c t i o n  in Eq.  [2] and  c o n s e q u e n t l y  t he  
e l e c t r o d e  k ine t i c s ,  as i n d i c a t e d  by  t h e  p lo t s  in Fig.  4-6. 
An  inc rease  in t he  bu lk  c o n c e n t r a t i o n  of  Bre resu l t s  in an 
e n h a n c e m e n t  of  t he  c a t h o d i c  l i m i t i n g  c u r r e n t  d e n s i t y  
and  a dec rea se  in the  anod ic  l imi t ing  cu r r en t  dens i ty  as 
s h o w n  in Fig .  4. T h e  r e a s o n  for  th i s  is t h a t  as t h e  b u l k  
c o n c e n t r a t i o n  of  Br:  is increased ,  the  q u a n t i t y  of  Br~ tha t  
is t r a n s p o r t e d  to the  sur face  to gene ra t e  t he  ca thod ic  cur-  
r e n t  i n c r e a s e s  too.  On the  con t r a ry ,  t he  i n c r e a s e d  con-  
cen t r a t i on  of  Br~ c o m p l e x e s  m o r e  of  the  Br -  in the  bu lk  
so lu t ion  to fo rm Br ; -  species .  In  th is  way, the  a m o u n t  of  
f ree  B r -  spec i e s  tha t  is t r a n s p o r t e d  to t he  e l e c t r o d e  de- 
c reases  l ead ing  to a r e d u c t i o n  in the  anod ic  cu r r en t  den-  
sity. As conf i rmed  in Fig. 4, the  h i g h e r  the  c o n c e n t r a t i o n  
o f  Br~ in t h e  bu lk ,  t he  s m a l l e r  t he  q u a n t i t y  of  B r -  avai l-  
ab l e  for  r e a c t i o n  at t he  e l e c t r o d e  and  t h e  s m a l l e r  t h e  
a n o d i c  c u r r e n t  dens i ty .  I n  a c o r r e s p o n d i n g  m a n n e r ,  in 
Fig .  5, an  i n c r e a s e  in t he  b u l k  c o n c e n t r a t i o n  of  B r -  re- 
su l t s  in an  i n c r e a s e  in t he  a n o d i c  c u r r e n t  d e n s i t y  and  a 
dec rea se  in the  ca thod ic  cu r r en t  densi ty .  
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Fig. 5. Effect of a change in Br 
concentration on the BrJBr- elec- 
trode under conditions where Brg 
is the predominant Br2 containing 
species. CBr~ = 4 . 6  • 1 0 - 2 M ,  CBr3- 
= O.O01M, kr = 1012 cme/mol/s. 
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Fig. 6. Effect of a change in Br3- 
concentration on the BrJBr- elec- 
trode under conditions where Br3- 
is the predominant Br2 containing 
species. CBr2 = 4.6 • 10 2M, cB,- 
= 0.5M, kf = 10 '2 cm~/mol/s. 
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F igure  6 demons t ra tes  the pred ic ted  effect  of a hypo- 
thetical  change in the bulk concentrat ion of Br3- species 
on the ox ida t ion / reduc t ion  cur ren t  densi ty  of B r J B r  
e lec t rode  under  normal  opera t ing  cell  condi t ions.  The 
anodic and cathodic l imit ing current  densities shown in 
Fig. 6 are h igher  at h igher  concent ra t ions  of  t r ib romide  
in the bulk. As pointed out by Iwasita and Giordano (15) 
and Mastragostino and Gramellini.  (5), the Br3- does not  
par t ic ipa te  direct ly  in the react ion at the e lec t rode  but  
ra ther  via the format ion of Br2 and Br in react ion [2] 
with which the Br3- is in rapid equil ibrium. Therefore, an 
increase in the bulk concentrat ion of Br3 shifts the equi- 
l ib r ium in the d i rec t ion  favoring the p roduc t ion  of Br2 
and Br-. This process leads to an increase in the concen- 
t ra t ion  of  these species in the bulk solution,  and conse- 
quent ly  in the amount  of these species t ransported to the 
e lec t rode  as well. The resul t  is an e n h a n c e m e n t  of both 
the anodic and cathodic current  densities. However,  be- 
cause of the high concentrat ion of Br already present  in 
the bulk solution,  the addi t ional  Br-  genera ted  as a re- 
sult of the equi l ibr ium dissociation of Br3- by reaction [2] 
is quite  small (less than 1%) so that  the relative enhance- 
ment  of the anodic l imiting current  is far less than that  of 
the cathodic l imiting current. 

These results are significant particularly, when viewed 
with respect  to the complexat ion of bromine species into 
sparingly soluble or insoluble bromine complexes.  Dur- 
ing charge,  in the b romine  half-cell  of a typical  Zn/Br2 
battery, Br-  is oxidized to Br2 which then reacts with Br 
in the solut ion according  to Eq. [2] to form Br3-. In the 
presence of a complexing agent such as a quaternary am- 
mon ium salt (2), insoluble or sparingly soluble bromine  
complexes  are formed. Format ion of these complexes  re- 
duces the concentrat ion of Br2 and Br3- in the bulk solu- 
t ion and, as demons t r a t ed  in Fig. 4-6, causes a lower ing  
of the oxidat ion current  over the current  that would pre- 
vail  in the absence  of the complexa t ion  reaction.  Con- 
versely ,  dur ing discharge,  the b romine  re leased by the 
insoluble  comp lex  is r educed  at the e lec t rode  where  it 
enhances  the reduct ion current. 

SummQty 
The inf luence of the complexa t ion  react ion on the 

cur ren t /po ten t ia l  curves  is greater  at h igher  homogene-  
ous kinetic rate constants for the BrJBr  electrode with 
high b romine  concentra t ions .  On the other  hand, for a 
B r J B r  e lec t rode  with low bromine  concent ra t ions  and 
with  no init ial  amount  of Bra in the solution,  the 
complexa t ion  react ion has pract ical ly  no effect  on the 
electrode kinetics at higher homogeneous  kinetics. 

Manuscr ip t  submi t ted  March 10, 1986; revised manu- 
script  received Jan. 5, 1987. 

LIST OF SYMBOLS 
c~ concentrat ion of species i, mol/cm ~ 
i current  density, A/cm 2 
i,, exchange current  density, A/cm ~ 
kh backward rate constant, cm3/s 
kf forward rate constant, cm6/mol-s 
Ke~ equi l ibr ium constant, cm3/mol 
K'(() p seudo-equ i l ib r ium constant  at d is tance  ( f rom 

electrode, cm3/mol 

Greek 

~ c , V  

O~e,H 

5D 
-q 

~Le 

V 

cathodic transfer coefficient for Volmer step 
cathodic transfer coefficient for Heyrovsky step 
diffusion layer thickness,  cm 
overpotential ,  corrected for ohmic drop in the so- 
lution, when measured  with respect  to a refer- 
ence electrode of a given kind, V 
reaction layer thickness,  cm 
kinematic  viscosity, cm2/s 
distance from electrode surface relative to the dif- 
fusion layer thickness 
rotation speed, rad/s 

Subscr ipts  
ref  reference condit ions 

in the bulk solution 

REFERENCES 
1. K. Kinoshita et al., EPRI Project RP370-2, SRI Project 

PHY 3974 (1982). 
2. D. J. Eustace, This Journal, 127, 528 (1980). 
3. F. Rallo and P. Silvestroni, ibid., 119, 1471 (1972). 
4. M. Mastragostino and S. Valcher, Electrochim. Acta,  

28, 501 (1983). 
5. M. Mastragostino and C. Gramellini,  ibid., 30, 373 

(1985). 
6. M. Eigen and K. Kustin, J. Am. Chem. Soc., 84, 1355 

(1962). 
7. G. Faita, G. Fiori, and T. Mussini, Electrochim. Acta,  

13, 1765 (1968). 
8. W. J. Albery, A. Davis, and A. Mason, Faraday Discuss. 

Chem. Soc., 56, 317 (1973). 
9. J. Newman,  "Elect rochemical  Systems,"  pp. 414-425, 

Prentice-Hall, Englewood Cliffs, NJ  (1973). 
10. P. Cettou, P. M. Robertson, and N. Ibl, Electrochim. 

Acta, 29, 875 (1984). 
11. Y. V. Pleskov and V. Y. Filinovskii ,  "The Rotating 

Disk Electrode,"  Consultants Bureau, New York 
(1976). 

12. P. K. Adanuvor,  R. E. White, and S. E. Lorimer,  This 
Journal, 134, 625 (1987). 

13. S. E. Lorimer,  M.S Thesis, Texas A&M Univers i ty  
(1982). 

14. R. E. White and S. Lorimer, This Journal, 130, 1096 
(1983). 

15. T. Iwasita and M. C. Giordano, Electrochim. Acta,  14, 
1045 (1969). 

16. F. Rallo and P. Silvestroni,  This Journal, 119, 1471 
(1972). 

17. O. R. Osipov, M. A. Novitskii, Yu. Povarov, and P. Lu- 
kovtsev, Elektrokhimiya., 8, 327 (1972). 

Downloaded 13 Jun 2011 to 129.252.106.227. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp


	The Effect of the Tribromide Complex Reaction on the Oxidation/Reduction Current of the Br2/Br– Electrode
	Publication Info

	1408.tif

