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A B S T R A C T  

We have  deve loped  a m o d e l  for the  anodic  d issolu t ion  and pass ivat ion of  the  zinc e lec t rode  in a lkal ine electrolyte.  The  
m o d e l  is based  on pos tu la ted  e l emen ta ry  reactions.  Spec ies  on the  e lec t rode  surface are a s sumed  to fol low L a n g m u i r  be- 
havior.  In  p rev ious  w o r k  we  p roposed  a m o d e l  for the  d issolut ion kinet ics  in the  p repass ive  region.  In  the  p re sen t  invest i-  
ga t ion  we  have  e x t e n d e d  this m o d e l  to i nc lude  the  pasa iva t ion  process.  Us ing  our  model ,  we are  able  to s imula te  the  gen-  
eral  features  of  the  cur ren t -poten t ia l  behavior .  Effects  of  hyd rox ide  concen t ra t ion  and mass  t ranspor t  rates on 
cur ren t -po ten t ia l  curves  are  qual i ta t ive ly  p red ic ted  by the  model .  

We have  b e e n  deve lop ing  a m o d e l  for the  kinet ics  and 
m e c h a n i s m  of  anodic  zinc d issolu t ion  in alkal ine electro-  
ly te  (1-4). I n  p rev ious  w o r k  we  pos tu la ted  react ions  that  
w e r e  a s s u m e d  to d o m i n a t e  in the  p repass ive  region,  f rom 
the  res t  po ten t ia l  to the  pass iva t ion  potent ial .  Par t ia l ly  sol- 
ub le  species  were  a s s u m e d  to form mono laye r s  on the  
e lec t rode  surface,  and these  were  m o d e l e d  us ing a 
L a n g m u i r  t r ea tment .  F r o m  e l l ipsomet r ic  and eou lomet r ic  
measu remen t s ,  we  s h o w e d  that  the  film was  several  hun- 
dred  ~ngs t r6ms  th i ck  in the  pass ive  reg ion  (5). Th inner  
films de t ec t ed  in the  p repass ive  reg ion  were  cons is ten t  
w i th  our  use  of  t he  m o n o l a y e r  m o d e l  in that  potent ia l  
region.  

The  kinet ic  m o d e l  d e v e l o p e d  in the  init ial  d issolut ion re- 
gion was s imi lar  to t he  m o d e l  p r e sen t ed  by Boekr is  et al. 
(6). I n  the  p repass ive  reg ion  we demons t r a t ed  ag reemen t  
wi th  obse rved  e x p e r i m e n t a l  quant i t ies  such  as current-  
potent ia l  behav io r  and reac t ion  order.  In  the  present  work  
we s h o w  that  the  in t roduc t ion  of  a re la t ively  insoluble  
ZnO species  can  accoun t  for e lec t rode  passivat ion.  The  
rapid i ty  o f  the  pass iva t ion  process  can be  a t t r ibu ted  to an 
essent ia l ly  revers ib le  reac t ion  that  leads to the format ion  
of  ZnO or o ther  oxides.  

Experimental 
Rota t ing  d isk  e x p e r i m e n t s  were  carr ied out  on a P ine  In- 

s t r u m e n t  A S R  rota tor  wi th  the  Mode l  AFDTI36  d isk  as- 
s e m b l y  and an R D E  3 potent ios ta t .  Zinc disks  0.5 em diam 
and  99.99% pure  w e r e  used. Po ten t ia l  was m e a s u r e d  wi th  
respec t  to a cus tom-bu i l t  Hg/HgO refe rence  electrode.  
T e m p e r a t u r e  was cont ro l led  to 0. I~ by  a T h e r m o m i x  1480 
the rmos ta t .  The  w o r k i n g  e lec t rode  c o m p a r t m e n t  was cus- 
t om-bu i l t  f rom a 3 l i ter  Tef lon beaker .  A separa te  com- 
p a r t m e n t  was  bui l t  for  the  p l a t i num countere lec t rode ,  
wh ich  was  c o n n e c t e d  to t he  work ing  e lec t rode  com- 
p a r t m e n t  t h rough  a Teflon U-tube.  All  e lec t ro ly te  solu- 
t ions  w e r e  p repa red  f rom analyt ical  g rade  chemica ls  and 
10 M ~ - c m  de ion ized  water .  No zincates  were  init ial ly pres- 
ent. The  solut ions  were  sparged wi th  n i t rogen  pr ior  to use, 
and a n i t rogen  b l anke t  was  ma in t a ined  t h roughou t  the  ex- 
pe r iment .  

Model System 
Our m o d e l  is based on pos tu la ted  e l emen ta ry  react ions  

wi th  sur face  cove rage  o f  reac t ing  species  be ing  t rea ted  by 
a L a n g m u i r  model .  A list  of  potent ia l  reac t ions  is summar -  
ized by Valdes  et al. (7). In  the  init ial  d i sso lu t ion  reg ion  the  
fo l lowing  reac t ions  are cons ide red  to be  of  greates t  impor-  
t ance  (H 

Zn  + O H -  = Z n O H  + e [1] 

Z n O H  + 2 O H -  = Zn(OH)~- + e rds  [2] 

Zn(OH)3- + OH-  = Zn(OH)4 ~- [3] 

w h e r e  rds  indica tes  r a t e -de te rmin ing  step, At  m o r e  posi- 
t ive  potent ia ls ,  we  pos tu la te  tha t  the  fo l lowing react ion 
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pa th  (4) leads  to the  fo rmat ion  of  a less soluble  film of  zinc 
h y d r o x i d e  [Zn(OH)2]. F i lm  format ion  reduces  the  cur ren t  
f rom levels  tha t  wou ld  occur  i f  only  the first three  reac- 
t ions  were  d o m i n a n t  

Z n O H  + OH-  = Zn(OH)2 + e [4] 

Zn(OH)2 + OH-  = Zn(OH)3- rds  [5] 

We a s sume  tha t  pass iva t ion  is caused  by  the  p resence  of  
zinc ox ide  and p e r o x i d e  fo rmed  in the  fo l lowing steps 

Zn  + Zn(OH)2 + 2 O H -  

= Zn(OH)~- + Z n O H  + e rds [6] 

Zn + Zn(OH)~ + (2 + 2Y)OH- 

= (2 - Y)ZnO + (2 + Y)H20 + YZnO2 + (2 + 2Y)e [7] 

Reac t ion  [7] indica tes  tha t  a combina t i on  of  ox ides  and 
pe rox ides  m a y  be  formed.  More  general ly ,  nons to ich io-  
met r ic  c o m p o u n d s  cou ld  be fo rmed  in s imilar  react ion 
schemes .  Reac t ion  [7] requi res  the  t ransfer  of  mul t ip le  
e lec t rons  and canno t  be  cons ide red  to be  an e l emen ta ry  re- 
action. E v i d e n c e  for the  ex i s t ence  of  the  pe rox ide  ZnO2 is 
ind ica ted  in re fe rences  wi th  the  P o u r b a i x  d iagram and in 
the  w o r k  of  P o p o v a  et at. (8). The  m o d e l  is also valid in the  
absence  of  peroxides .  Fo r  Y = 0, react ion [7] becomes  

Zn  + Zn(OH)2 + 2 O H -  = 2ZnO + 2H~O + 2e [8] 

Because  the  overal l  p rocess  of ox ide  and pe rox ide  for- 
ma t ion  is cons ide red  to be essent ia l ly  an equ i l i b r ium pro- 
cess, the  detai ls  are  of  m ino r  impor t ance  in the  kinet ic  
model .  F r o m  reac t ion  [7] we can eva lua te  the  the rmody-  
namics  and the  shif ts  in revers ib le  potent ia l  due  to 
changes  in t e m p e r a t u r e  and local  composi t ion .  The  ox ides  
are  so luble  in a lkal ine  electrolyte,  resu l t ing  in a finite cur- 
ren t  in the  pass ive  region.  This  process  appears  to be  a 
s t ra igh t forward  dissolut ion,  bu t  we  have  no t  yet  incorpo-  
ra ted  it  in our  model .  

Analysis of Rate Expressions 
The  ra t e -de te rmin ing  steps are a s sumed  to control  the  

overal l  reac t ion  rate. In  the  r ema in ing  steps, we  as sume  
tha t  t he  reac t ions  are  fast  and  the  species  are  essent ia l ly  at 
equi l ibr ium.  The  overal l  rate  is the  sum of  the  rates of  the  
paral le l  pa ths  

r = r2 + r5 + r~ [9] 

In  this  analysis  we  t rea t  each  of  the  three  paths  as inde- 
pendent .  A reac tan t  in one pa th  m a y  be  a p roduc t  f rom an- 
o ther  path. For  example ,  the  reac tant  Z n O H  in react ion [4] 
is fo rmed  in reac t ion  [1]. Two  e lec t rons  (one f rom react ion 
[1] and  one  f rom reac t ion  [2]) are t ransfer red  in the  forma- 
t ion of  Zn(OH)~- t h rough  reac t ion  [5]. The  overal l  rate can 
be expres sed  in t e rms  of  the  cur ren t  densi t ies  for those  re- 
act ions invo lv ing  charge  t ransfer  

i = 2i2 + 2Fr5 + 3i6 [10] 
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Oxides  a n d  h y d r o x i d e s  are  a s s u m e d  to ex i s t  on  ac t ive  
si tes:  0~ is Z n O H ,  02 is Zn(OH)2, a n d  % is Z n O  and  ZnOz. 
E q u a t i o n  [10] c an  b e  e x p r e s s e d  in t e r m s  of  e l e m e n t a r y  ra te  
e q u a t i o n s  as t h e  n e t  c u r r e n t  for  t he  r e a c t i o n s  as w r i t t e n  

2i2 = 2Fk~01C2on - e x p  (f~2FV/RT) 

- 2Fkrd l  - 0~ - % - % ) e x p  [ - (1  - ~2)FV/RT]cz3 [11] 

2Frs  = 2Fk~ecoH- - 2Fk~c~s 

3i6 = 3Fkr6%C2ou - e x p  (~6FWRT) 

- 3Fk~6 e x p  [ - (1  - 136)FWRT]01c~3 [13] 

w h e r e  t he  ks are  k ine t i c  c o n s t a n t s ,  1 - {3 t e r m s  are s y m m e -  
t ry  factors ,  a n d  V is t h e  po ten t ia l .  T h e  s u b s c r i p t  f refers  to 
t h e  fo rwa rd  reac t ion ,  r r e fe r s  to t he  r eve r se  reac t ion ,  a n d  z3 
is Zn(OH)3-.  T h e  f r ac t iona l  su r face  cove rage  can  b e  ex- 
p r e s s e d  in t e r m s  of  t he  e q u i l i b r i u m  c o n s t a n t s  Ks for t h o s e  
r e a c t i o n s  c o n s i d e r e d  to  b e  at  e q u i l i b r i u m  

01 = K~(1 - 01 - 02 - as) Coil- exp  (FWRT) [14] 

Oz = K4CoH-Ol exp  (FV/RT) 

% = KTCoH-% e x p  [(2 + 2Y)FWRT] [16] 

We i n d i c a t e  t he  h y d r o x i d e  c o n c e n t r a t i o n  to be  in  m o l a r  
u n i t s  b y  Con- (uppe rcase )  in  t h e  e q u i l i b r i u m  exp r e s s ions ;  
t h e s e  u n i t s  a re  c o n s i s t e n t  w i t h  u s u a l  cho ice  of  u n i t s  for 
s t a n d a r d  s ta te  c o n c e n t r a t i o n .  B y  cont ras t ,  t h e  h y d r o x i d e  
c o n c e n t r a t i o n  in  t he  ra te  e x p r e s s i o n s  (Eq. [11]-[13]) is ex-  
p r e s s e d  in  u n i t s  of  m o l / c m  a a n d  i n d i c a t e d  in lowercase .  

T h e  a b o v e  e x p r e s s i o n s  for  f rac t iona l  su r face  cove rage  
can  be  so lved  s i m u l t a n e o u s l y  to o b t a i n  expl ic i t  expres -  
s ions  for  t h e  0 

01 = K , C o s -  e x p  (FWRT) /Q [17] 

2 O~ = KIK4CoH- exp  (2FV/RT)/Q 

Id- 12" ~ /-~(4+2Y) 0 3 = a~,l.e~.4z~,7',-,OH- e x p  [(4 + 2Y)FV/RT]/Q 

w h e r e  

Q = 1 + K~CoH- exp  (FV/RT) + KIK4CZo•- 

exp  (2FV/RT) + K,K4KTC(~H 2r) exp  [(4 + 2Y)FV/RT] [20] 

T h e  t h r e e  ra te  e x p r e s s i o n s  (Eq. [11]-[13]) a long  w i t h  t h e  
t h r e e  e q u i l i b r i u m  e x p r e s s i o n s  for  t h e  sur face  cove rage  
(Eq. [17]-[19]) p r o v i d e  a d e s c r i p t i o n  of  t h e  c u r r e n t - p o t e n t i a l  
b e h a v i o r  in  a k ine t i ca l l y  l imi t ed  sys tem.  

To c o m p a r e  t h e  s i m u l a t e d  r e su l t s  w i t h  e x p e r i m e n t a l  
data ,  w e  n e e d  to c o n s i d e r  m a s s  t r a n s p o r t  effects .  B e c a u s e  
ou r  e x p e r i m e n t s  we re  c o n d u c t e d  on  a ro t a t i ng  d i sk  elec- 
t rode ,  we e s t i m a t e d  t h e  su r face  c o n c e n t r a t i o n  of  hyd rox -  
ide  ion  t h r o u g h  t h e  L e v i c h  e q u a t i o n  

il = AcboY 2 [21] 

w h e r e  

A = 0.62nFD~% -~/~ [22] 

We also a s s u m e d  t h a t  t h e  sur face  h y d r o x i d e  c o n c e n t r a t i o n  
d e c r e a s e d  in  p r o p o r t i o n  to t he  c u r r e n t  d e n s i t y  
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m a s s  t r a n s p o r t  is t a k e n  in to  account ,  t he  c u r r e n t  d e n s i t y  
a n d  t he  h y d r o x i d e  c o n c e n t r a t i o n  are  c o u p l e d  t h r o u g h  
Eq.  [24]. As a c o n s e q u e n c e ,  an i t e ra t ive  so lu t ion  is re- 
qu i red .  

We so lved  t h e s e  e q u a t i o n s  b y  first  c o m p u t i n g  the  k ine t i -  
cal ly l im i t ed  c u r r e n t  dens i ty ,  t h e n  s u b s t i t u t i n g  th i s  cur-  
r e n t  d e n s i t y  in to  Eq.  [24] a n d  ca l cu la t ing  t he  c o n c e n t r a t i o n  
of  h y d r o x i d e  a t  t h e  sur face .  A n e w  e s t i m a t e  of  t h e  c u r r e n t  

[12] d e n s i t y  was  ca l cu l a t ed  w i th  t he  r ev i sed  h y d r o x i d e  concen -  
t ra t ion .  T h e s e  s t eps  we re  r e p e a t e d  un t i l  t h e  c u r r e n t  den-  
si ty c h a n g e d  b y  less  t h a n  a p e r c e n t  b e t w e e n  i te ra t ions .  As  
we s t e p p e d  t h r o u g h  t he  p o t e n t i a l  range ,  t h e  h y d r o x i d e  
c o n c e n t r a t i o n  f rom t h e  p r e v i o u s  p o t e n t i a l  s e r v e d  as t he  
in i t ia l  e s t i m a t e  a t  t he  n e w  poten t ia l .  

Results and Discussion 
To car ry  ou t  t h e  s imu la t i on ,  we  n e e d  to s u p p l y  k ine t i c  

a n d  t h e r m o d y n a m i c  p a r a m e t e r s :  k, K, Y, a n d  ~. I n  addi-  
t ion ,  we  n e e d  v a l u e s  for  t r a n s p o r t  p roper t i e s ,  v a n d  D. We 
u s e d  t he  Dav ies  e q u a t i o n  (9) to  e s t i m a t e  an  act iv i ty  coeffi- 
c i en t  for  h y d r o x i d e  ions.  At  1N K O H  the  ac t iv i ty  coeffi- 
c i en t  was  0.76. 

F o r  m o s t  of  t he  t h e r m o d y n a m i c  p a r a m e t e r s ,  va lues  are  
[15] o b t a i n a b l e  f rom the  l i t e ra ture .  Molar  f ree  energ ies  of for- 

m a t i o n  a n d  e n t r o p i e s  of  f o r m a t i o n  [Ref. (10) a n d  (11)] for 
e a c h  spec ies  are l i s t e d i n  T a b l e  I. 

K ine t i c  c o n s t a n t s  for  t h e s e  e l e m e n t a r y  r eac t ions  h a v e  
no t  b e e n  d e t e r m i n e d ,  b u t  t h e y  can  b e  c h o s e n  to fit t h e  ex- 
p e r i m e n t a l  c u r r e n t - p o t e n t i a l  curves .  Va lues  of  t he  s y m m e -  
t ry  fac tors  a re  o f t en  n e a r  0.5, a n d  we  c h o s e  th i s  va lue  for all 
cases.  We c h o s e  Y = 1 a n d  Y = 0 in  d i f f e ren t  s imula t ions ,  
r e p r e s e n t i n g  v a r y i n g  m i x t u r e s  of  ox ides  a n d  perox ides .  

T h e  c o n c e n t r a t i o n  of  Zn(OH)3- at  t he  e l ec t rode  sur face  
was  no t  r ead i ly  e s t ima ted ,  b u t  b e c a u s e  it  en t e r s  in to  a re- 
ve r s ib l e  r e a c t i o n  t h a t  favors  t he  p r o d u c t  s ide  ( reac t ion  [3]), 
i ts  c o n c e n t r a t i o n  s h o u l d  gene ra l l y  b e  small .  We chose  a 
c o n s t a n t  v a l u e  for  t h e  Zn(OH)3- c o n c e n t r a t i o n  of 10 -~~ tool/  
c m  a. 

[18] As a ba se  case  we  c o n s i d e r e d  t h e  a n o d i e  po la r i za t ion  of  
t h e  z inc e l ec t rode  in  IN  KOH. To c o m p a r e  s i m u l a t e d  re- 

[19] su i t s  w i t h  e x p e r i m e n t a l  d a t a  we  o b t a i n e d  c u r r e n t - p o t e n -  
t ial  c u r v e s  on  a r o t a t i n g  d i sk  e lec t rode .  Fo r  t he  b a s e  ease  
we u s e d  1200 r p m  a n d  25~ 

W h e n  we  a t t e m p t e d  to fit t h e  e x p e r i m e n t a l  cu r r en t -  
p o t e n t i a l  c u r v e  b y  a d j u s t i n g  on ly  t h e  k ine t i c  c o n s t a n t s  in  
t he  r a t e - d e t e r m i n i n g  s teps ,  we  were  ab le  to  rep l i ca te  t h e  
gene ra l  f ea tu re s  of  t h e  curve .  W h e n  we  chose  Y = O (only 
Z n O  in  t he  p a s s i v a t i n g  film), t he  s i m u l a t e d  pa s s iva t i on  po- 
t en t i a l  was  350 m V  m o r e  n e g a t i v e  t h a n  t he  e x p e r i m e n t a l  
value.  In  o u r  mode l ,  p a s s i v a t i o n  is c a u s e d  b y  t he  f o r m a t i o n  
of  ox ides  a n d  p e r o x i d e s  in  a r eve r s ib l e  r eac t ion  ( reac t ion  
[7]). 

Th i s  d i s c r e p a n c y  b e t w e e n  ca l cu la t ed  a n d  e x p e r i m e n t a l  
p a s s i v a t i o n  p o t e n t i a l s  led  us  to  c o n s i d e r  two  pos s ib l e  ex- 
p l a n a t i o n s :  (i) c h a n g e s  in  local  p H  l ead ing  to c h a n g e s  in  re- 
v e r s i b l e  p o t e n t i a l  of  r e a c t i o n  [7] or (ii) t h e  p r e s e n c e  of o t h e r  
r e a c t i n g  spec ies  w i t h  d i f f e ren t  f ree  ene rg i e s  of  fo rmat ion .  
B e c a u s e  t h e  c u r r e n t  d e n s i t y  is h i g h  j u s t  p r io r  to  pass iva-  
t ion ,  t h e  h y d r o x i d e  c o n c e n t r a t i o n  at  t he  d i s k  sur face  is 
l ower  t h a n  t h e  b u l k  c o n c e n t r a t i o n .  Pa r t i a l  e l ec t rode  cover-  
age b y  a fi lm m a k e s  t h e  local  pH diff icul t  to d e t e r m i n e .  
F r o m  a m o d e l  We d e v e l o p e d  (3), w e  s h o w e d  t h a t  a su r face  
film cou ld  l ower  t h e  pH a n d  sh i f t  t he  r eve r s ib l e  p o t e n t i a l  
of  r e a c t i o n  [7] in  a pos i t i ve  d i rec t ion .  F o r  r eac t i on  [7] a posi-  

i C o 
1 [23] 

Table I. Molar free energies of formation and entropies of formation 
for species used in the simulation. All values from the literature 

except foe ZnOH, which was estimated. 

i 
co = Cb -- - -  [24] Species hG} (k J) AS} (J/K) 

A~1/2 

B e c a u s e  t he  z inc  d i sk  is d i s s o l v i n g  a n d  b e c a u s e  t h e r e  is 
pa r t i a l  su r face  c o v e r a g e  of  t h e  disk,  t h i s  e s t i m a t e  of  t h e  hy-  
d r o x i d e  c o n c e n t r a t i o n  is on ly  a p p r o x i m a t e .  

As m e n t i o n e d  above ,  t h e  k ine t i ea l ly  l imi t ed  case  can  b e  
d e t e r m i n e d  exp l i c i t ly  b y  s u b s t i t u t i n g  Eq.  [17]-[19] in to  Eq.  
[11]-[13], w h i c h  are s u m m e d  a c c o r d i n g  to Eq.  [10]. W h e n  

H~O -237 69.9 
OH- (m = 1) -157 -10.8 
Zn 0 41.7 
ZnOH -276 - -  
Zn(OH)2 -557 81.6 
ZnO -319 43.5 
Zn(OH)3 (m = 1) -695 - -  
Z n ( O H ) 4  2- (m = 1) -157 - -  
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Table il. Kinetic and transport parameters used in the base case 
simulation. 

Quantity Value 

ka 2 x 109 cm4/(s tool) 
k~ 5.2 x 10 -4 cm/s 
kf6 1.8 x 107 cm4/(s tool) 
[~ (all) 0.5 
Y 1 
Do~ I x I0 -~ cm~/s 
v I x i0 -~ cm~/s 
~o 126 rad/s (1200 rpm) 
T 298 K 
Coil- IN 
C=3 1 x 10 lo mol/cm 3 

t ive  sh i f t  in  r e v e r s i b l e  p o t e n t i a l  w i t h  h y d r o x i d e  c o n c e n t r a -  
t i o n  of  60 m V / d e c a d e  c a n  be  e s t i m a t e d  f rom t he  N e r n s t  
equa t ion �9  T h e  s e c o n d  poss ib i l i t y  c an  b e  c h a r a c t e r i z e d  b y  
va lues  of  Y > 0. F o r  e x a m p l e ,  if  we  c h o o s e  Y = 1 a n d  5G~ = 
- 5 0 0  k J  for  ZnO2, t h e  r e v e r s i b l e  p o t e n t i a l  for  r e a c t i o n  [7] 
ag rees  w i t h  t h e  e x p e r i m e n t a l  p a s s i v a t i o n  potent ia l .  E i t h e r  
m o d i f i c a t i o n  (or a c o m b i n a t i o n  o f  bo th )  c an  a c c o u n t  for  t h e  
sh i f t  in  r e v e r s i b l e  po ten t i a l .  

Va lues  of  k i n e t i c  a n d  t r a n s p o r t  p a r a m e t e r s  for  t he  b a s e  
case  s i m u l a t i o n  are  l i s t ed  in  T a b l e  II. F r e e  e n e r g y  c h a n g e s  
of  r e a c t i o n  u s e d  in  t h e  s i m u l a t i o n  we re  a p p r o x i m a t e l y  t h e  
s a m e  as t h o s e  c a l c u l a t e d  f r o m  t h e  l i t e ra ture ,  e x c e p t  for  t he  
f ree  e n e r g y  c h a n g e  of  r e a c t i o n  [7], as n o t e d  above .  A com-  
p a r i s o n  of  t h e  t h e r m o d y n a m i c  p a r a m e t e r s  u s e d  w i t h  t h o s e  
ca l cu l a t ed  f rom l i t e r a tu re  va lues  is s h o w n  in  T a b l e  III.  
T h e r m o d y n a m i c  v a l u e s  u s e d  in  r e a c t i o n  [1] were  calcu-  
l a t ed  f r o m  a n  e s t i m a t e d  v a l u e  of  AG~ for ZnOH;  conse-  
quen t ly ,  t he  c a l c u l a t e d  t h e r m o d y n a m i c  va lues  a n d  t h o s e  
u s e d  in  t h e  s i m u l a t i o n  for  r e a c t i o n  [1] agree.  T h e r m o d y -  
n a m i c  v a l u e s  for  r e a c t i o n  [7] in  Tab le  I I I  w e r e  ca l cu la t ed  
w i t h  t h e  b a s e  case  v a l u e  of  Y = 1. I n  t h e  r e a c t i o n  l abe l ed  
[7a], w e  u s e d  Y = 0, r e p r e s e n t i n g  all ZnO.  

C o m p a r i s o n  b e t w e e n  s i m u l a t e d  a n d  e x p e r i m e n t a l  polar -  
i za t ion  curves appear in Fig. 1. The general features of the 
experimental curve are present in the simulated curve, 
and the current densities agree within about i0 mA/cm 2 at 
all potentials. Contributions to the total current density 
from individual reactions are shown in Fig. 2. Electrode 
coverage by partially soluble species was calculated from 
Eq. [17]-[19]. A plot of fractional coverage vs. potential ap- 
pears in Fig. 3. 

We performed a number of simulations to test the sensi- 
tivity of the model. We recognized that the use of the 
Levich equation in the calculation of hydroxide concentra- 
tion was approximate. Simulations with rotation rates of 
300 and 3000 rpm were calculated and compared with the 
base case (Fig. 4). As expected, higher rotation rates in- 
crease the local hydroxide concentration and increase the 
maximum current density. A comparison of the polariza- 
tion curve with the simulation at 2400 rpm reveals that the 
increase in maximum current density from the simulated 
curve is much too low (Fig. 5). Even at infinite rotation 
rate, the maximum simulated current density is less than 
130 mAJcm% 

If we make the assumption that the kinetic constants are 
concentration dependent, we can adjust them in an at- 
tempt to improve the agreement. We also note that the ex- 
perimental passivation potential shifts slightly in a posi- 

i ' | I I I I I I I t 

I G O  
I 

/ 

-,.~ -?.~ - ? ,  -?.~ 2 . ~  ' - 0 ,  -~., 
Potential (V us, SHE) 

Fig. 1. Current density vs. potential for a zinc electrode in alkaline 
electrolyte. Base case conditions are specified in Table II. Solid line 
represents experimental values and dashed line is simulated result. 

I i i i i [ f z i 10080 

~ 4 0  
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/ '  / % / 
/ /"  " \  / 

Potential (V vs. SHEI 

Fig. 2. Simulated current density vs. potential for the base case 
(Table IL). Solid line is total current density, dotted line is 2i2, dashed- 
dotted line is current from reaction [5], and dashed line is 3i6. 

t ive  d i rec t ion .  W e m i g h t  a s s u m e  t h a t  t he  su r face  p H  is 
f u r t h e r  l o w e r e d  b y  t he  i n c r e a s e d  c u r r e n t  dens i t y  in  t h e  
p r e -pa s s ive  region.  I n  a c c o r d a n c e  w i t h  the  N e r n s t  equa-  
t ion,  t h e  r e d u c e d  p H  w o u l d  f u r t h e r  i nc r ea se  t he  r eve r s ib l e  
p o t e n t i a l  of  r e a c t i o n  [7], A n  i n c r e a s e  of  k= b y  5.0% a n d  kf5 b y  
80% gives  a b e t t e r  fit o f  t h e  po la r i za t ion  curves ,  T h e  sensi-  
t iv i ty  of  t h e  s i m u l a t e d  c u r v e s  to t h e s e  c h a n g e s  is s h o w n  in  
Fig. 6. A c h a n g e  i n  t h e  l o g a r i t h m  of  t h e  e q u i l i b r i u m  con-  
s t a n t  Kv b y  4% is also s h o w n .  T h e  fit cou ld  u n d o u b t e d l y  be  
i m p r o v e d  b y  a d j u s t i n g  o t h e r  p a r a m e t e r s  in  a m a n n e r  con-  
s i s t en t  w i t h  p h y s i c a l  p r inc ip les .  

We c h e c k e d  t h e  a s s u m p t i o n  of  u s i n g  a sma l l  c o n c e n t r a -  
t i on  of  Zn(OH)3-.  I n c r e a s i n g  or d e c r e a s i n g  t h e  c o n c e n t r a -  
t i on  of  Zn(OH)3- b y  an  o rde r  of  m a g n i t u d e  ha s  l i t t le  ef fec t  
o n  t he  s i m u l a t e d  curves .  Over  th i s  c o n c e n t r a t i o n  r a n g e  t h e  
c u r r e n t  d e n s i t y  c h a n g e s  b y  less  t h a n  10 m A / c m  2 at  any 'po -  
tent ia l .  

We h a v e  n o t  ye t  a t t e m p t e d  to m a k e  q u a n t i t a t i v e  compar -  
i sons  b e t w e e n  s i m u l a t e d  a n d  e x p e r i m e n t a l  r e su l t s  a t  

Table III. Comparison of calculated standard thermodynamic values with those used in the simu(ation. Reaction [7a] represents 
reaction [7] with Y = O. 

AG~ (k J) In K E ~ (V) 
Reaction (ealc.) (used) (talc,) (used) (calc.) (used) 

1 -118 -118 47.7 47.7 -1.22 -1.22 
2 - 105 - 104 42.3 42.0 - 1.08 - 1.08 
3 -5.86 -7.03 2.37 2.84 - -  
4 -124 - 107 50.0 43.3 - L-.28 -1.11 
5 19.3 17.8 -7.77 -7.17 - -  
6 -98.8 -100 39.9 40.6 -L-.02 -1.04 
7 -346 -346 140 140 -0.896 -0.896 

7a - 240 - 171 97.0 69.2 - 1.24 - 0.896 
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Fig. 3. Fractional surface coverage of the electrode vs. potential for 
the base case (Table II). Solid line is ZnOH, dotted line is Zn(OH)2, 
and dashed line is ZnO and ZnOz. 
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Fig. 5. Comparison of experimental (solid line) and simulated 
(dashed line) polarization curves. All conditions as in the base case 
(Table II) except 2400 rpm rotation rate. 

higher temperatures and hydroxide concentrations; how- 
ever, we can make several qualitative observations. From 
previous studies (12) we know that the max imum current 
density and passivation potential both increase with in- 
creasing hydroxide concentration (near 1M KOH) and tem- 
perature (near room temperature). Increasing the bulk hy- 
droxide concentration is qualitatively similar to increasing 
the rotation rate in that both effects tend to increase maxi- 
m um current and passivation potential. As we demon- 
strated, our model  is consistent with these qualitative 
trends with respect to rotation rate. 

We can estimate the change in reversible potential with 
temperature for reaction [7] from the thermodynamic rela- 
tionship 

P 

For reaction [7] with Y = 0, the entropy change of reaction 
calculated from the data in Table I is -81.6 J/K for the re- 
duction reaction. From Eq. [25] this entropy change corre- 
sponds to -0.4 mV/K. Near room temperature the passiva- 
tion potential increases by about 10 mV/K. The calculated 
change in reversible potential is opposite to that observed, 
and the magnitude of the change in rqlatively small; there- 
fore, the variation in reversible potential with temperature 
cannot be attributed to entropy effects. An alternate expla- 
nation, consistent with our model, is that the increased 
maximum current density at higher temperatures reduces 
the near-surface pH sufficiently to shift the reversible po- 
tential of reaction [7] in a more positive direction. 

From the model  and data, we can describe a plausible 
series of steps that explain the general features of the cur-  

12o I I I I I t [ ~ 
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, /  

20 

O 
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Fig. 4. Effect o f  r o t a t i o n  r o t e  o n  t h e  s i m u l a t e d  c u r r e n t  d e n s i t y  vs .  p o -  
t e n t i a l  c u r v e s .  S o l i d  l i n e  is ] 2 0 0  r p m  ( b a s e  c a s e ,  T a b l e  [ [ ) ,  d a s h e d  l i n e  

is 3 0 0 0  r p m ,  a n d  d o t t e d  l i n e  is 3 0 0  r p m .  

B0 

E 
u 8o 

E 

4 0  

rent density-potential curves. Near the rest potential a 
thin, reactive film of ZnOH partially covers the electrode, 
and current density increases rapidly with potential. At in- 
termediate potentials the current density becomes moder- 
ated by the influence of a slower chemical dissolution of 
Zn(OH)2. At higher potentials the electrode passivates 
through the formation of oxides and peroxides in rapid re- 
actions. In the passive region the current density drops by 
about an order of magnitude. Current in this region is lim- 
ited by the chemical dissolution of oxides and peroxides. 

Increased temperature, hydroxide concentration, and 
rotation rate all increase the maximum current density 
when these parameters are maintained in a region near our 
base case. The passivation potential increases with in- 
creasing max imum current density~ We can offer a plausi- 
ble explanation for these phenomena. The higher maxi- 
m u m  rate, owing to higher hydroxide concentration and 
larger rate constants, can be maintained until islands of 
oxides begin to form and partially block a portion of the 
electrode surface. Oxide blocking increases local current 
density on the unblocked portion of the electrode. Higher 
current density just prior to passivation reduces the near- 
surface pH. The lower pH, in turn, shifts the reversible po- 
tential of the passivating reactions to more positive poten- 
tials. 

The monolayer surface coverage approximation be- 
comes poorer near the passivation potential, and film 
thickening in this region may also contribute to lower pH. 
Our measurements show that increased rotation rate, hy- 
droxide concentration and temperature are all factors that 
lead to thicker passive films (5). Although we were not able 
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Fig. 6. Comparison of experimental polarization carve (solid line) 
with simulated curves. Dotted line represents simulation with ad- 
justment of kinetic parameters [kt2 : 3 • 109 cm4/(s real), kfs = 5 • 
10 -4 cm/s]. Dashed line represents the same adjusted kinetic parame- 
ters and In K7 = 134. 
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to measure the thickness of the film on rotating electrodes 
just  prior to passivation, we speculate that these same fac- 
tors (rotation rate, hydroxide concentration, and tempera- 
ture) also increase the thickness of the pre-passive film. 

The simulation (Fig. 3) indicates that the growth of 
islands occurs over a small potential range; oxide coverage 
increases from 7 to 95% over a 30 mV range. This potential 
sensitivity could also contribute to the oscillatory current 
behavior observed just  prior to passivation (13). 

Further evidence for this passivation mechanism can be 
seen in the simulation of Fig. 6 (dashed line). When we use 
the base-case value for k~, we see that the simulated cur- 
rent density just  prior to passivation is too large. If we use 
a lower value for the hydroxide concentration due to par- 
tial electrode blocking, then reaction [6] would proceed 
more slowly. The lower current density just  prior to passi- 
vation would be closer to the observed value. 

Conclusions 
The proposed model for the dissolution kinetics and pas- 

sivation mechanism of zinc in alkaline electrolyte is con- 
sistent with observed current-potential behavior. In previ- 
ous work we demonstrated that experimentally deter- 
mined quantities such as Tafel slope and reaction orders 
were also consistent with the model. The increase in maxi- 
m u m  current  density with increased rotation rate on a ro- 
tating disk electrode can only be partially explained by an 
increase in mass-transfer rate; quantitative agreement can 
only be obtained when kinetic rate constants are assumed 
to be a function of local hydroxide concentration. We must  
also assume either that near-surface pH changes affect the 
reversible potential of the passivating reaction or that a 
mixture of oxides and peroxides is present in the passi- 
vating film. Although our model is based on a direct-reac- 
t ion mechanism for electrode passivation, other mechan- 
isms may also be consistent. We are currently conducting 
radiotracer studies to discriminate among several pro- 
posed passivation mechanisms. 
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LIST OF SYMBOLS 
c concentration, mol/cm ~ 
C concentration, tool/liter 
D diffusivity, cm2/s 
E reversible potential, V 
F Faraday's constant, 96,500 C/equiv 
G Gibbs free energy, kJ 
i current density, A/cm ~ 
k kinetic rate constant, cm/s or cm4/mol s 

K equil ibrium constant 
n number  of electrons 
p pressure, bar 
r reaction rate, moYs cm 2 
R gas constant, 8.31 J/tool K 
S entropy, J/K 
T temperature, K 
V potential, V 
Y stoichiometric coefficient for Z n Q  

Greek symbols 
symmetry factor 

0 fractional surface coverage 
kinematic viscosity, cm2/s 
rotation rate, rad/s 

Subscripts 
b bulk 
f forward 
f formation 
l l imiting 
o surface 
r reverse 
r reaction 
z3 Zn(OH)3- 

Superscripts 
o standard conditions 
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