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The Lead Anode in Alkaline Solutions 
I. The Initial Oxidation Processes 
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ABSTRACT 

The initial reactions occurring at a Pb anode in alkaline solutions have been invest igated using cyclic vol tammetry  
and steady-state and transient potentiostatic methodologies. It has been found that the first step in the reaction is the for- 
mation of a PbOH surface intermediate,  followed by the deposi t ion of a thin Pb(OH)2 film on the Pb surface. A major 
portion of this film dissolves to form Pb(OH)3- and the measured Tafel slope of 27 mV/decade of current density is consist- 
ent with the dissolution step being the rate-determining step. With the use of the rotating ring disk electrode technique, in 
which the disk current is separated into that due to the formation of an insoluble surface product and that due to a dissolu- 
tion reaction, it was found that some of the Pb(OH)2 film dehydrates to form a thin PbO film. At more positive potentials, 
further PbO film growth occurs, but by a nucleation and growth mechanism. 

Al though  there  is a very  large body of l i tera ture  con- 
cern ing  the e lec t rochemica l  behavior  of lead in acid so- 
lut ions (1-5), very few papers have been concerned with 
the behavior  of lead in alkaline solutions (6-11). The work 
carried out to date in alkaline solutions has utilized only 
steady-state approaches and has focused primarily on Pb 
d issolu t ion  react ions ra ther  than on the format ion  of 
lead oxide films. 

The earl iest  works  (6, 7) were  carr ied out using 
galvanosta t ic  condi t ions,  and it was conc luded  that  at 
low appl ied  current  densi t ies  (cd), a soluble  Pb ~+ (6) or 
HPbO2- (7) p roduc t  was formed,  whi le  at h igher  cd, a 
PbO~ film was though t  to depos i t  on the Pb surface. At 
still higher cd, other  soluble Pb species and oxygen were 
though t  to be p roduced  (7). However ,  no a t tempts  were  
made  to ident i fy  the film products  under  any of these  
conditions.  

More recent  work (8-10), also under  constant cd condi- 
t ions,  has indica ted  that  both PbO and PbO2 films form 
on the Pb surface, with PbO hypothesized to be the pri- 
mary film product  (9, 10). This PbO film was also thought  
to be soluble, result ing in the formation of HPbO2- in so- 
lution. The film products  were  ident i f ied according  to 
the potential  of their  formation. 

The most  recent  paper to appear in the l i terature con- 
cern ing  the react ions  of Pb in alkal ine solut ions (11) in- 
vo lved  the use of potent ios ta t ic  and po ten t iomet r i c  
methods  in order to determine the rate-determining step 
(rds) in the proposed reaction sequence.  From the polari- 
zation curves of lead in 0.1 and 1.0N KOH solutions, two 
Tafel  regions were  detected,  having slopes of  0.029 and 
0.100V per decade of current  density, at low and high cd, 
respect ive ly .  F rom these  values,  the fol lowing react ion 
scheme was proposed (11) 

Pb + 2 OH- ~ Pb(OH)2 + 2e- [1] 

Pb(OH)2 + OH- ~ Pb(OH)3- [2] 

where  React ion  [2] is the rds at low overpoten t ia l s  and 
React ion [1] is the rds at higher overpotentials.  The pre- 
dicted Tafel slopes of 30 and 120 rr, V for these two reac- 
t ions are fairly close to the reported values above. 

Therefore ,  the objec t  of  this work  was to test  these  
prior  observat ions ,  pr imar i ly  with the use of cyclic 
v o l t a m m e t r y  (CV), potent ia l  step and rotat ing r ing-disk 
electrode (RRDE) techniques,  with the principal goal be- 
ing to examine  the mechan i sm and ex ten t  of Pb oxide  
film formation in alkaline solutions. 

Thermodynamic Predictions 
The potent ia l -pH d iag ram for the lead-water  system 

which  appears  in the Pourba ix  Atlas (12) does not  con- 
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sider Pb(OH)2 as a unique  phase but rather groups it with 
PbO, considering it simply as hydrated PbO. In addition, 
the values  of  the free energies  for some of the lead con- 
ta in ing  species  in the Atlas differ from those  repor ted  
more  recent ly  by the National  Bureau  of S tandards  
(NBS) (13). It was for these reasons that the potential-pH 
diagram for lead was reconstructed by us, using the NBS 
values  for the free energies  and also inc lud ing  Pb(OH)2 
as a unique  phase. 

The theory  for the cons t ruc t ion  of a potent ia l -pH dia- 
gram has been given in great  detail  e lsewhere (12). Using 
the potent ia ls  and the equ i l ib r ium cons tants  ca lcula ted  
from the NBS free energies (13), a potential-pH diagram 
for the lead-water system was constructed and is shown 
in Fig. 1. Pb203 does not appear in the diagram because it 
is not thermodynamical ly  stable in the presence of other 
species such as Pb304 and PbO= (12). 

As can be seen from this Pourbaix  diagram (Fig. 1), the 
e lec t rochemis t ry  of lead is predicted to be quite complex 
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Fig. 1. Pourbaix diagram for Pb in aqueous solutions. The small num- 

bers represent -log (concentration of soluble species). 
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in  a l k a l i n e  s o l u t i o n s ,  i n v o l v i n g  n u m e r o u s  d i s s o l u t i o n  
a n d  f i lm f o r m i n g  r e a c t i o n s .  I t  w i l l  b e  s h o w n  b e l o w  t h a t  
t h e  e l e c t r o c h e m i c a l  e v i d e n c e  s u p p o r t s  th is ,  a n d  t h a t  nu -  
m e r o u s  s t a b l e  o x i d e s  a n d  a n u m b e r  of  d i s s o l u t i o n  reac -  
t i o n s  occur ,  d e p e n d i n g  p r i m a r i l y  on  t h e  e l e c t r o d e  p o t e n -  
t ial .  

Exper imenta l  
T h e  e l e c t r o c h e m i c a l  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  

u t i l i z i n g  c o n v e n t i o n a l  3 - e l e c t r o d e  c i r c u i t r y  a n d  a P A R  
173 p o t e n t i o s t a t  c o u p l e d  to a P A R  175 f u n c t i o n  g e n e r a -  
to r .  I n  t h e  CV r u n s ,  p o t e n t i a l  s w e e p  r a t e s  (s) w e r e  typ i -  
c a l l y  v a r i e d  f r o m  5 to  400 mV/s ,  a n d  t h e  r e s u l t a n t  
p o t e n t i a l / c u r r e n t  (E/I) c u r v e s  w e r e  p l o t t e d  o n  e i t h e r  a H P  
7090A or  a 7044 X Y  r e c o r d e r .  I n  p o t e n t i o s t a t i c  e x p e r i -  
m e n t s ,  t h e  c u r r e n t / t i m e  t r a n s i e n t s  (I/t) w e r e  r e c o r d e d  on  
a N i c o l e t  3091 d ig i t a l  o sc i l l o scope ,  a n d  t h e  d a t a  w as  t h e n  
t r a n s f e r r e d  to a n  I B M  P e r s o n a l  C o m p u t e r .  

T h e  w o r k i n g  e l e c t r o d e  (WE) in  t h e  CV e x p e r i m e n t s  
c o n s i s t e d  o f  a P b  d i s k  ( cu t  f r o m  a P b  rod ,  J o h n s o n -  
M a t t h e y  C o m p a n y  99.999%) p r e s s - f i t t e d  i n t o  a T e f l o n  
h o l d e r  a n d  h a v i n g  a n  e x p o s e d  g e o m e t r i c  a r e a  of  0.385 
c m  2. I n  t h e  p o t e n t i o s t a t i c  e x p e r i m e n t s ,  a ch ip  of  P b  f r o m  
t h e  P b  r o d  w a s  e m b e d d e d  in  e p o x y ,  a n d  e l e c t r i c a l  con-  
t a c t  was  a c h i e v e d  w i t h  a s i lve r  wi re  i m m e r s e d  in  a s m a l l  
p o o l  of  m e r c u r y  a d j a c e n t  to  t h e  P b  chip .  

B e f o r e  e a c h  e x p e r i m e n t ,  t h e  P b  e l e c t r o d e  s u r f ace  was  
t r e a t e d  in  a r e p r o d u c i b l e  m a n n e r  b y  p o l i s h i n g  i t  f i rs t  
w i t h  v a r i o u s  g r a d e s  of  e m e r y  p a p e r  (up to 600 grit)  u n d e r  
a s t r e a m  of  d i s t i l l e d  w a t e r ,  t h e n  w i t h  G a m a l  p o l i s h i n g  
c o m p o u n d  ( F i s h e r )  u s i n g  a p o l i s h i n g  c l o t h  u n d e r  a 
s t r e a m  of  d i s t i l l ed  w a t e r  a n d  f ina l ly  u n t r a s o n i c a l l y  r ins -  
i ng  t h e  e l e c t r o d e  in  a c e t o n e .  T h e  e l e c t r o d e  w a s  t h e n  
r i n s e d  a g a i n  w i t h  d i s t i l l e d  w a t e r  a n d  e l e c t r o c h e m i c a l l y  
c l e a n e d  b y  c a t h o d i c  p o l a r i z a t i o n  so t h a t  a s t e a d y  s t r e a m  
of  h y d r o g e n  was  e v o l v e d  for  s eve ra l  m i n u t e s .  

T h e  t r u e  s u r f a c e  a r e a  o f  t h e  WE w a s  o b t a i n e d  f r o m  
d o u b l e  l a y e r  c a p a c i t a n c e  m e a s u r e m e n t s  (14). A r a t i o  o f  
t h e  t r u e  s u r f a c e  a rea ,  as d e t e r m i n e d  f r o m  t h e  d o u b l e  
l aye r  m e a s u r e m e n t s ,  to t h e  g e o m e t r i c  s u r f a c e  a rea  y ie lds  
t h e  r o u g h n e s s  f a c t o r  of  t h e  e l e c t r o d e .  T h e  t r u e  s u r f a c e  
area ,  h o w e v e r ,  c a n n o t  b e  c o n s i d e r e d  to b e  a c o n s t a n t  in  
m o s t  o f  t h e s e  e x p e r i m e n t s .  F o r  e x a m p l e ,  w h e n  a t h i c k  
p o r o u s  f i lm is f o r m e d  o n  t h e  s u r f a c e  of  t h e  e l ec t rode ,  t h e  
s u r f a c e  a r e a  g e n e r a l l y  i n c r e a s e s  as  t h e  f i lm t h i c k e n s .  
T h u s ,  t h e  g e o m e t r i c  a rea  of  t h e  WE h a s  b e e n  u s e d  to cal- 
c u l a t e  t h e  c u r r e n t  d e n s i t y ,  i, w h e n  a t h i c k  p o r o u s  f i lm 
was  f o r m e d  a n d  t h e  " t r u e  a rea , "  as d e t e r m i n e d  f r o m  t h e  
d o u b l e  l a y e r  m e a s u r e m e n t s ,  w a s  u s e d  w h e n  a t h i n  f i lm 
w a s  f o r m e d  or  w h e n  e s s e n t i a l l y  o n l y  P b  d i s s o l u t i o n  
o c c u r r e d .  

T h e  c o u n t e r e l e c t r o d e  (CE) w a s  a h i g h  a r e a  p l a t i n u m  
g a u z e  a n d  t h e  r e f e r e n c e  e l e c t r o d e  (RE)  w a s  e i t h e r  a re- 
v e r s i b l e  h y d r o g e n  e l e c t r o d e  (RHE)  or  a s a t u r a t e d  calo-  
m e l  e l e c t r o d e  (SCE)  c o n n e c t e d  to t h e  m a i n  ce l l  b y  a 
L u g g i n  cap i l l a ry l  I n  t h i s  p a p e r ,  al l  p o t e n t i a l s  a re  g i v e n  
w i t h  r e s p e c t  to  t h e  RHE.  

R o t a t i n g  r i n g - d i s k  e l e c t r o d e  (RRDE)  s t u d i e s  we re  car-  
r i e d  o u t  u s i n g  a P i n e  I n s t r u m e n t s  r o t a t o r .  T h e  c u r r e n t s  
m e a s u r e d  at  t h e  r i ng  e l e c t r o d e  w e r e  c o r r e c t e d  to a c c o u n t  
for  t h e  c o l l e c t i o n  e f f i c i ency ,  N, i.e., t h e  r a t i o  o f  t h e  
a m o u n t  of  p r o d u c t  w h i c h  r e a c h e s  t h e  r i n g  e l e c t r o d e  to  
t h e  a m o u n t  p r o d u c e d  a t  t h e  d i s k  e l e c t r o d e .  N d e p e n d s  
o n l y  o n  e l e c t r o d e  g e o m e t r y  a n d  is c a l c u l a t e d  u s i n g  Eq.  
[3] (15) 

N = 1 - f(~/~) + ~2/3{1 - f(~)} 

- (1 + ~ + ~)2/3{1 - f { ( ~ / ~ ) ( 1  + a + B)}} [3] 

w h e r e  

= (r2/r,) 3 - 1 [4] 

= (ra/r,) 3 - (r2/r,) 3 [5] 

a n d  r,  is t h e  r a d i u s  of  t h e  d i sk  e l ec t rode ,  r2 is t h e  i n n e r  ra- 
d i u s  o f  t h e  r ing ,  a n d  r3 is t h e  o u t e r  r a d i u s  o f  t h e  r i n g  e lec-  
t rode ,  f(~),  w h e r e  ~ is a g e n e r a l  f u n c t i o n  o f  ~ a n d  13, was  
c a l c u l a t e d  a c c o r d i n g  to Eq.  [6] (15) 

3 w~ (1 + ~1/~)~ 
f(~)  = ~ In 1 + 

3 (24 I/2- i) 1 
+ - -  a r c t a n  + - -  [6] 

2~ (3 '/2 ) 4 

The dimensions of the RRDE used in this work are r, = 
0.250 cm, r2 = 0.375 cm, and r3 = 0.425 cm, yielding N = 
0.2249. 

The electrochemical cell utilized in this work had two 
compartments, one for the RE and one for the WE and 
the CE. The sodium hydroxide solutions were all ap- 
proximately IM in concentration and were prepared 
from Fisher ACS grade NaOH using thrice-distilled 
water. All experiments were conducted at room temper- 
ature and under room atmosphere, as preliminary exper- 
.iments had shown that the electrochemical response was 
i n d e p e n d e n t  of  t h e  n a t u r e  o f  t h e  a t m o s p h e r e .  

Results and Discussion 
Cycl ic  v o l t a m m e t r y . - - A  c h a r a c t e r i s t i c  CV for  l e a d  in  

1M N a O H  at  50 m V / s  is s h o w n  in  Fig. 2. I n  t h i s  CV, t h e r e  
a re  t w o  m a i n  a n o d i c  p e a k s ,  l a b e l e d  A, a n d  A2, a n d  two  
m a i n  c a t h o d i c  p e a k s ,  C, a n d  C2, a n d  02 a n d  H2 a re  
e v o l v e d  a t  t h e  l imi t s  of  t h e  scan.  A n  e x p e r i m e n t  in  w h i c h  
t h e  p o s i t i v e  p o t e n t i a l  l im i t  was  i n c r e a s e d  w i t h  e a c h  com-  
p l e t e  cyc le  o f  p o t e n t i a l  s h o w e d  t h a t  t h e  a n o d i c  p r o d u c t  
f o r m e d  i n  p e a k  A, is r e d u c e d  in  p e a k  C, a n d  l i k e w i s e  for  
p e a k s  A2 a n d  C2. T h e  p o t e n t i a l  o b t a i n e d  b y  e x t r a p o l a t i n g  
to  t h e  foo t  o f  p e a k  A, is a b o u t  220 mV,  w h i c h  co r r e -  
s p o n d s  m o s t  c l o s e l y  to  t h e  c a l c u l a t e d  p o t e n t i a l  of  255 
m V  for  t h e  f o r m a t i o n  of  P b O  a t  P b  (Fig. 1). T h e  e x t r a p o -  
l a t e d  p o t e n t i a l  a t  t h e  foot  of  A2 is 1140 mV,  w h i c h  a g r e e s  
r e a s o n a b l y  wel l  w i t h  t h e  c a l c u l a t e d  p o t e n t i a l  of  1080 m V  
for t h e  f o r m a t i o n  of  PbO2 f r o m  P b O  (Fig. 1). 

I t  was  f o u n d  t h a t  t h e  CV of  Fig. 2 c o u l d  b e  r e a d i l y  re- 
p r o d u c e d  b e t w e e n  e x p e r i m e n t s  a n d  d id  n o t  d e p e n d  sig- 
n i f i c a n t l y  o n  t h e  in i t i a l  e l e c t r o d e  su r f ace  p r e t r e a t m e n t .  I t  
w a s  f o u n d ,  h o w e v e r ,  t h a t  t h e  su r f ace  of  t h e  WE b e c a m e  
r o u g h e n e d  a f t e r  a c o m p l e t e  s c a n  of  p o t e n t i a l ,  i n i t i a l l y  
h a v i n g  a r o u g h n e s s  f ac to r  of  a b o u t  2, to  a f inal  r o u g h n e s s  
fac tor ,  a f t e r  one  c o m p l e t e  s c a n ,  of  8. Th i s  r o u g h e n i n g  is 
a n  i n d i c a t i o n  of  t h e  e x t e n t  of  P b  o x i d a t i o n  in  t h e s e  ex-  
p e r i m e n t s ,  i n v o l v i n g  a c h a r g e  d e n s i t y  of  a b o u t  500 
m C / c m  2 in  a c o m p l e t e  s can  of  p o t e n t i a l  as in  Fig. 2. 

U p o n  c l o s e r  e x a m i n a t i o n  o f  p e a k  A, (Fig. 3), i t  c a n  b e  
s e e n  t h a t  t h e  p e a k  is c o m p o s e d  o f  two  pa r t s ,  a s h o u l d e r ,  
A ' ,  w h i c h  p r e c e d e s  t h e  m a i n  a n o d i c  p e a k  a n d  t h e  m a i n  
a n o d i c  p e a k  i t se l f ,  p e a k  AL. A d i s c u s s i o n  r e g a r d i n g  t h e  
i n t e r p r e t a t i o n  of  t h e s e  two  a n o d i c  f e a t u r e s  wil l  b e  m a d e  
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Fig. 2. A typical cyclic voltammogram for Pb in 1M NaOH; s = 50 
mV/s; stationary Pb disk electrode. 
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Fig. 3. Cyclic voltemmogram of peak A1 also showing shoulder, A'; s 
= 50 mV/s. 

in  a n  a t t e m p t  to  d e t e r m i n e  w h e t h e r  t h e s e  a re  d u e  to t h e  
f o r m a t i o n  of  two  d i f f e r e n t  r e a c t i o n  p r o d u c t s  or  are  a n  in- 
d i c a t i o n  of  a c h a n g e  in  t h e  m e c h a n i s m  of  a g i v e n  se- 
q u e n c e  of  r e a c t i o n s .  

A s e r i e s  o f  C V ' s  w e r e  o b t a i n e d  in  t h e  p o t e n t i a l  r a n g e  
p r i m a r i l y  o f  s h o u l d e r  A '  ( - 3 0 0  to +300 m V )  in  w h i c h  s 
was  v a r i e d  f r o m  5 to 2000 mV/s .  F i g u r e  4 s h o w s  t h e  ca se  
for  s = 50 mVs-~ . . In  t h e s e  e x p e r i m e n t s ,  t h e  p o s i t i v e  po-  
t e n t i a l  l i m i t  was  i n c r e a s e d  b y  10 m V  in  e a c h  s u c c e s s i v e  
cyc le  of  p o t e n t i a l ,  so t h a t  t h e  a n o d i c  a n d  c o r r e s p o n d i n g  
c a t h o d i c  b e h a v i o r  of  A '  c o u l d  b e  c lose ly  o b s e r v e d .  F r o m  
t h i s  s t u d y ,  i t  was  f o u n d  t h a t  t h e  i n i t i a l  o n s e t  of  t h e  
a n o d i c  c u r r e n t  for  A '  o c c u r r e d  at  a n  a p p r o x i m a t e  p o t e n -  
t ia l  of  155 m V  (vs. RHE).  Th i s  p o t e n t i a l  is de f i ned  as t h a t  
a t  w h i c h  t h e  c u r r e n t  i n i t i a l l y  i n c r e a s e d  a b o v e  t h e  b a c k -  
g r o u n d  c u r r e n t  due ,  in  pa r t ,  to  r e d u c t i o n  of  s o m e  dis-  
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Fig. 4. Cyclic voltammograms in the region of A'. When positive limit 

is greater than 250 mV (b), hysteresis is observed and small cathodic 
peak develops; s = 50 mV/s. 

s o l v e d  lead  spec ies ,  w h i c h  f lowed  at  p o t e n t i a l s  n e g a t i v e  
o f  P b  o x i d a t i o n  (Fig.  4a). T h i s  e x p e r i m e n t a l l y  o b t a i n e d  
p o t e n t i a l  is  c l o s e r  to  t h e  c a l c u l a t e d  r e v e r s i b l e  p o t e n t i a l  
(Er) for  t h e  t r a n s i t i o n  f r o m  P b  to  Pb(OH)2, 115 mV,  t h a n  i t  
is to  t h e  c a l c u l a t e d  P b / P b O  p o t e n t i a l  of  255 mV.  

As  t h e  p o s i t i v e  p o t e n t i a l  l i m i t  was  i n c r e a s e d  i n t o  A' ,  
t h e  a n o d i c  c u r r e n t  i n c r e a s e d  v e r y  n o t i c e a b l y  (Fig. 4a). 
H o w e v e r ,  in  t h e  c o r r e s p o n d i n g  c a t h o d i c  sweep ,  no  ca th-  
o d i c  c u r r e n t  p e a k  was  o b s e r v e d  to m a t c h  t h e  a n o d i c  
s h o u l d e r ,  A ' ,  a n d  t h e r e f o r e  t h e  a n o d i c  c h a r g e  g rea t ly  ex- 
c e e d e d  t h e  c a t h o d i c  c h a r g e  in  t h i ~ p o t e n t i a l  r a n g e .  T h e  
l a c k  of  c a t h o d i c  p e a k  m a t c h i n g  A'  as  we l l  as  t h e  a p p a r -  
e n t l y  e x p o n e n t i a l l y  r i s i n g  a n o d i c  c u r r e n t  (Fig. 4) a p p e a r  
to  s u p p o r t  t h e  s u g g e s t i o n  m a d e  in  t h e  p r i o r  l i t e r a t u r e  
(11) t h a t  a n  a n o d i c  d i s s o l u t i o n  r e a c t i o n  of  P b  is t h e  f irst  
s t ep  in  t h e  o x i d a t i o n  of  P b  in  a l k a l i n e  so lu t i ons ,  e.g. Re- 
a c t i o n  [2]. 

W h e n  a n  u p p e r  p o t e n t i a l  l i m i t  e x c e e d i n g  250 m V  was  
r e a c h e d ,  a t y p e  of  h y s t e r e s i s  in  t h e  a n o d i c  c u r r e n t  was  
o b s e r v e d  (Fig. 4b), in  w h i c h  t h e  a n o d i c  c u r r e n t  is l a r g e r  
on  t h e  c a t h o d i c  s c a n  t h a n  o n  t h e  p r e c e d i n g  a n o d i c  scan.  
T h i s  " h y s t e r e s i s  l o o p "  was  f o u n d  to b e  i n d e p e n d e n t  of  
t h e  n u m b e r  of  i d e n t i c a l  p o t e n t i a l  cyc les  t h e  WE was  sub-  
j e c t e d  to. B a s e d  u p o n  t h i s  e v i d e n c e ,  i t  c a n  b e  c o n c l u d e d  
t h a t  t h i s  h y s t e r e s i s  b e h a v i o r  is no t  d u e  to t h e  r o u g h e n i n g  
of  t h e  WE. I n s t e a d ,  t h i s  t y p e  of  h y s t e r e s i s  m a y  b e  ind ica -  
t i v e  of  a c h a n g e  in  t h e  f i lm g r o w t h  m e c h a n i s m ,  a n d  h a s  
b e e n  o b s e r v e d  d u r i n g  f i lm n u c l e a t i o n  p r o c e s s e s  (16). I t  
s h o u l d  b e  n o t e d  t h a t  t h i s  h y s t e r e s i s  b e h a v i o r  is o b s e r v e d  
o n l y  w h e n  p o t e n t i a l s  a t  w h i c h  P b O  is e x p e c t e d  to f o r m  
(255 m V )  are  e x c e e d e d .  I t  s h o u l d  also b e  n o t e d  t h a t  o n c e  
t h e s e  h i g h e r  p o t e n t i a l s  a re  r e a c h e d ,  a s m a l l  c a t h o d i c  
p e a k  can  b e  s e e n  (Fig. 4b), c o n s i s t e n t  w i t h  t h e  d e p o s i t i o n  
of  a s t a b l e  f i lm ma te r i a l ,  e.g., PbO.  

I n  g e n e r a l ,  t h e s e  r e s u l t s  s u p p o r t  t h e  c o n c l u s i o n s  of  
p r e v i o u s  w o r k e r s .  As  was  h y p o t h e s i z e d  b y  P t i t s y n  et al. 
(11), t h e  f o r m a t i o n  of  Pb(OH)~ in  t h e  s h o u l d e r  A" m a y  be  
f o l l o w e d  b y  t h e  s u b s e q u e n t  c h e m i c a l  f o r m a t i o n  of  t h e  
s o l u b l e  Pb (OH)3-  ( R e a c t i o n  [2]), as s e e n  b y  t h e  l a c k  of  a 
c a t h o d i c  p e a k  to m a t c h  t h e  a n o d i c  s h o u l d e r .  T w o  ind i -  
v i d u a l  e l e c t r o c h e m i c a l  s t eps  a re  a s s u m e d  to o c c u r  s ince  
it  is g e n e r a l l y  a c c e p t e d  t h a t  a t w o - e l e c t r o n  t r a n s f e r  reac-  
t i o n  o c c u r s  in  t w o  c o n s e c u t i v e  o n e  e l e c t r o n  t r a n s f e r  
s t e p s  (17). F o l l o w i n g  this ,  P b O  fi lm f o r m a t i o n  m a y  o c c u r  
via a nucleation mechanism. In order to confirm this 
mechanism and to distinguish the rate determining step 
(rds) of this film deposition/Pb dissolution reaction, po- 
tentiostatic and ring-disk electrode studies were also un- 
dertaken. 

Steady-s ta te  potent ios tat ic  method (Tafel  plots) . - -A 
t y p i c a l  Ta fe l  p l o t  o b t a i n e d  in  t h e  p o t e n t i a l  r e g i o n  of  
s h o u l d e r  A '  a n d  p e a k  A1 is s h o w n  in Fig. 5. T h e  s lope  of  
t h i s  p l o t  is 27 m V  d e c a d e  1 c d  for  p o t e n t i a l s  u p  to ap-  
p r o x i m a t e l y  265 m V  (vs. RHE)  a n d  71 m V  d e c a d e  ~ cd for  
p o t e n t i a l s  a b o v e  th i s .  T h e  v a l u e  of  t h o s e  s l o p e s  was  
f o u n d  to b e  i n d e p e n d e n t  of  e l e c t r o d e  ro ta t ion .  T h e  pres -  
e n c e  of  t h e  h i g h e r  s l o p e  i n d i c a t e s  t h a t  e i t h e r  t h e r e  is a 
c h a n g e  in  t h e  rds  of  a s ing le  r e a c t i o n  s e q u e n c e  or  t h a t  a 
d i f f e r e n t  r e a c t i o n  c o m m e n c e s  a b o v e  a b o u t  265 mV.  I t  
s h o u l d  b e  r e c a l l e d  t h a t  t h e  a n o d i c  h y s t e r e s i s  l o o p  ob-  
s e r v e d  v ia  CV o c c u r r e d  w h e n e v e r  t h e  p o t e n t i a l  was  ex-  
t e n d e d  p o s i t i v e  of  270 mV.  T h u s  t h e  c h a n g e  in  t h e  Tafe l  
s l ope  is q u i t e  l ike ly  r e l a t e d  to t h e  p r o c e s s  r e s p o n s i b l e  for  
t h e  h y s t e r e s i s  loop.  I t  s h o u l d  a l so  b e  r e c a l l e d  t h a t  P b O  
f o r m a t i o n  is p r e d i c t e d  at  250 mV,  a n d  h e n c e  t h e s e  obse r -  
v a t i o n s  m a y  b e  r e l a t e d  to t h e  c o m m e n c e m e n t  of  t h e  for- 
m a t i o n  of  P b O .  A d e t a i l e d  m e c h a n i s t i c  a n a l y s i s  of  t h e  
f o r m a t i o n  o f  t h i c k e r  P b O  fi lms in  t h e s e  s o l u t i o n s  wil l  b e  
d i s c u s s e d  in  a s u b s e q u e n t  paper .  

O n  t h e  bas i s  of  a Tafe l  s lope  of  27 m V  d e c a d e  -1 cd  a t  a 
p o t e n t i a l  less  t h a n  250 m V  a n d  a lso  on  t h e  CV r e s u l t s  de-  
s c r i b e d  a b o v e ,  t h e  g e n e r a l  r e a c t i o n  s c h e m e  p r e v i o u s l y  
p r o p o s e d  b y  P t i t s y n  et al. (11) for  t h e  ea r ly  s t ages  of  P b  
o x i d a t i o n  in  a l k a l i n e  s o l u t i o n s  is c o n s i d e r e d  

kl 
P b  + OH= ~ (PbOH)~ds + e- [7] 

k-1 
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Fig. 5. Tafel  plot in region of A' .  Slope at  lower ~ = 2 7  rnV/decade 

cd; at higher T b 7 0  rnV/decade cd. 

k2 
(PbOH)~ds + OH ~ Pb(OH)2 + e- [8] 

k-2 

k3 
Pb(OH)~ + OH- ~ Pb(OH)3- [9] 

k-3 

w h e r e  the  k's are the  rate  cons tan t s  of  t he  fo rward  and  re- 
ve r se  reac t ions .  

T h e  i n t e r m e d i a t e ,  (PbOH)~d~, is n o t  a k n o w n  spec ies .  
H o w e v e r ,  s imi l a r  spec i e s  h a v e  b e e n  p r o p o s e d  by  o the r s  
as i n t e r m e d i a t e s  in m e t a l  o x i d e  f o r m a t i o n ,  e.g., a 
(FeOH)a~s i n t e r m e d i a t e  has b e e n  p r o p o s e d  in the  dissolu-  
t ion  of  i ron to Fe  z+ in a q u e o u s  so lu t ions  (18, 19). Thus  the  
pos tu l a t i on  of  a (PbOH)a~ i n t e r m e d i a t e  species  is proba-  
b ly  no t  un reasonab le .  

I f  t h e  rds  of  th is  R e a c t i o n  s e q u e n c e  (Eq. [7-9]) is con-  
s i d e r e d  to be  R e a c t i o n  [9], t h e n  t h e  c u r r e n t  d e n s i t y  can  
be  wr i t t en  as 

Fk2k2k~ (OH_)2 e x p  [ 2F~l ] 
i -  k ~k_~ C~ ~ -  [10] 

so tha t  the  Tafe l  s lope  (b) is 2.3RT/2F, i.e., 30 mV per  dec-  
ade  of  cd. 

Th i s  is v e r y  c lose  to t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  
va lue  of  27 m V  decade  -1. In  contras t ,  i f  Reac t i on  [7] were  
t he  rds,  t h e  e x p e c t e d  Tafe l  s lope  w o u l d  h a v e  b e e n  120 
m V  decade  -1 cd whi l e  for [8] as the  rds, the  s lope  w o u l d  
be  40 m V  d e c a d e  -~ cd. T h e s e  r e su l t s  c o n f i r m  tha t  Reac-  
t ion  [9] is the  rds, as was r epo r t ed  by P t i t syn  et al. (11). In  
t h e i r  work ,  P t i t s y n  et al. f o u n d  the  Ta fe l  s l ope  to be  29 
m V  d e c a d e - L  T h e i r  v a l u e  of  t he  e x c h a n g e  c u r r e n t  den-  
sity, io, was  3.0 x 10 -4 A cm 2, as c o m p a r e d  to 2.6 x 10 -9 A 
cm -2 found  in th is  w o r k  (Fig. 5). Howeve r ,  in the i r  Tafe l  
plot ,  t h e y  have  ex t r apo l a t ed  the i r  p lo t  to the  P b O  forma-  
t ion  po ten t i a l  r a ther  t han  to tha t  of  Pb(OH)2 depos i t ion ,  
as Pb(OH)z s e e m e d  to have  b e e n  cons ide red  as a we t  P b O  
species and not as a unique material. This potential is 
about 125 mV more positive than that for Pb(OH)z forma- 
tion and accounts for the large difference in the reported 
/o'S. 

P t i t syn  et al. (11) also r epo r t ed  a h ighe r  Tafe l  s lope  of  
100 m V  d e c a d e  -1 at m o r e  p o s i t i v e  p o t e n t i a l s  and  a t t r ib-  
u t e d  this  to a change  in the  rds  of  the  above  reac t ion  se- 
q u e n c e  [7-9]. T h e y  h y p o t h e s i z e d  tha t  t he  rds  c h a n g e s  
f r o m  b e i n g  the  c h e m i c a l  s tep  [9] to one  of  t he  e l e c t r o n  
t r ans fe r  s teps  (Reac t ion  [7]), for w h i c h  a s lope  o f  120 m V  
d e c a d e  1 cd shou ld  be  ob ta ined .  This  is r ea sonab ly  c lose  
to t h e  100 m V  d e c a d e  -1 cd w h i c h  t h e y  o b t a i n e d  expe r i -  
men ta l ly .  

F r o m  the  p r e sen t  s tudy,  in w h i c h  a 71 m V  Tafel  s lope  is 
ob ta ined ,  it s eems  m o r e  p robab le  tha t  the  change  in the  
o b s e r v e d  Tafe l  s l ope  is r e l a t ed  p r i m a r i l y  to a c h a n g e  in 
t h e  r e a c t i o n  p r o d u c t ,  i.e., t h e  f o r m a t i o n  of  PbO.  This  is 
h y p o t h e s i z e d  because  the  change  in s lope occurs  at a po- 
t en t i a l  (265 mV) v e r y  c lose  to t h e  p o t e n t i a l  r e q u i r e d  for 
Pb  to be ox id ized  to PbO (255 mV) and also as at approx i -  
m a t e l y  th is  po t en t i a l ,  t he  c u r r e n t  h y s t e r e s i s  b e h a v i o r  is 
first o b s e r v e d  (Fig. 4), p robab ly  ind ica t ive  o f  t he  onse t  of  
a n e w  fi lm g r o w t h  m e c h a n i s m .  I t  is of  i n t e r e s t  t ha t  a 30 
m V  Tafe l  s lope  is also o b s e r v e d  in t he  in i t i a l  o x i d a t i o n  
s tages  of  Pb  in H2SO4 so lu t ions  (5), cons i s t en t  wi th  a dis- 
s o l u t i o n  m e c h a n i s m .  In  HC104 so lu t ions ,  b o t h  a 40 m V  
(5) and a 30 mV s lope (20) have  b e e n  repor ted .  

In  t h e  case  of  Cd o x i d a t i o n  in K O H  so lu t ions ,  t he  ini- 
t ia l  s tep  is a lso t h o u g h t  to be  Cd d i s s o l u t i o n ,  as e i t h e r  
Cd(OH)~ or  Cd(OH)42- (21). H o w e v e r ,  no  e v i d e n c e  for the  
depos i t i on  of  e i ther  a Cd(OH)2 of  CdO film dur ing  the  dis- 
so lu t ion  s tage  was r epo r t ed  and  a Cd ox ide  film was pre-  
s u m e d  to fo rm on a sur face  only  at m o r e  pos i t ive  po ten-  
t ia ls ,  i.e., in t he  r e g i o n  of  t he  p e a k  in a CV e x p e r i m e n t  
(21). 

S imi la r ly ,  the  ox ida t ion  of  Zn in a lka l ine  so lu t ions  ap- 
pears  to i nvo lve  two one-e lec t ron  t rans fe r  s teps  fo rming  
a Zn  2§ species ,  wi th  the  second  e lec t ron  t rans fe r  step be- 
i ng  ra te  d e t e r m i n i n g  (22) and  l e a d i n g  to a 40 m V  Tafe l  
slope. 

Trans ien t  potent ios ta t ic  s tud ies . - -Trans ien t  poten t io -  
s ta t ic  e x p e r i m e n t s  w e r e  c o n d u c t e d  in t he  r e g i o n  of  
Pb(OH)2 d e p o s i t i o n  and  d i s s o l u t i o n  ( s h o u l d e r  A')  in or- 
der  to t e s t  t he  resu l t s  ob ta ined  in the  s teady-s ta te  po ten-  
t ios ta t ic  s tudy  above.  

I n  th is  work ,  t he  v o l t a g e  was  s t e p p e d  f r o m  an in i t ia l  
va lue  of  0 V (vs. RHE)  to the  final vo l t age  in t he  range  of  
A ' ,  h e l d  t h e r e  for  2s and  t h e n  s t e p p e d  b a c k  to 0 V, w i t h  
the  digi ta l  osc i l loscope  r e c o r d i n g  the  cu r r en t  every  mil l i -  
s e c o n d .  A t yp i ca l  c u r r e n t  t r a n s i e n t  for  t h e s e  expe r i -  
m e n t s  is s h o w n  in Fig.  6. When  t h e  final  v o l t a g e  was  in 
t h e  27 m V / d e c a d e  cd Tafe l  s lope  reg ion ,  t h e  c u r r e n t  de- 
c r e a s e d  v e r y  q u i c k l y  f r o m  its in i t i a l  v a l u e  to a s t eady-  
s ta te  va lue ,  wi th  bo th  the  ini t ia l  and the  s teady-s ta te  cur-  
ren ts  be ing  po ten t i a l  dependen t .  

The  ini t ial  rap id  dec rease  in the  cu r ren t  was or ig ina l ly  
t h o u g h t  to be  due  only  to doub le  layer  charg ing ,  bu t  cal- 
cu la t ions  s h o w e d  tha t  wi th  a doub le  layer  c apac i t ance  of  
29 ~F cm -2 (23), the double layer charging process would 
be expected to be complete in approximately 40 ~ts while 
the observed decay time was well over 500 ms. 

The shape of the i/t transient in Fig. 6 is consistent with 
the case of the random deposition of a monolayer of film, 
for which the cd decreases continuously with time to 
zero due to a decrease in the free electrode area (24). The 
current transient for random deposition is also potential 
dependent, i.e., the larger the applied potential, the 
larger the cd (24), as was observed experimentally here. 
Thus, the mechanism that appears to explain the decay 
behavior of the experimentally obtained transient in- 
volves the random deposition of Pb(OH)~ on a Pb sub- 
strate. A mechanism which had involved the nucleation 
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Fig. 6. i / t  response to E = 0 . 2 1 V  vs. RHE 
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and growth of a monolayer  of film would have given rise 
to a t rans ient  curve  in which  an init ial  rise in cur ren t  is 
fol lowed by a max imum (peak) and then a decline in the 
current .  As a peak is not  observed,  a nuc lea t ion  mecha-  
nism is rejected in this case. 

The random depos i t ion  process,  however ,  expla ins  
only the initial part of the observed current  transient. In- 
stead of the current  fal l ing to zero, as p red ic ted  in (24), 
the expe r imen ta l ly  obta ined cd appears  to approach  a 
l imiting cd. It should be recalled that Pb(OH)2 can chem- 
ically react  wi th  OH- (Reactions [7-9]) to form a soluble  
Pb(OH)3- product  which can then diffuse away from the 
surface. This then leaves a free Pb surface which is avail- 
able to e lectrochemical ly  form more Pb(OH)2. Thus, the 
steady-state cd represents the es tabl ishment  of an equi- 
l ib r ium be tween  the e lec t rochemica l ly  p roduced  
Pb(OH)2 and the chemical ly formed Pb(OH)3-. 

Figure  7 shows a schematic  composi te  of these two i/t 
responses  to a potent ia l  pulse  in the region of shou lder  
A'. Initially, the random deposit ion of a two-dimensional  
layer of  Pb(OH)2 occurs  (React ions [7] and [8]) causing 
the ini t ial  decay behavior .  At longer  t imes,  React ion  [9] 
contributes,  leading to a steady-state anodic dissolution 
reaction. Therefore, the results can be said to support  the 
sugges ted  mechan i sm (Reactions [7-9]) e lucidated from 
the steady-state measurements  above. 

Rotating ring-disk electrode experiments.--A RRDE 
s tudy of  the anodic shoulder  region was under t aken  in 
an effort to dist inguish separately the Pb(OH)2 film depo- 
si t ion react ion from the concur ren t  d issolut ion process  
(React ions  [8] and [9]). The R R D E  is an exce l len t  tech- 
n ique  for such a study since soluble products  formed at 
the disk can be monitored at the ring while the insoluble 
products  remain at the disk. The current  measured at the 
ring (i~i,g) is then first corrected to account  for the collec- 
t ion eff iciency (N) and is then  subt rac ted  from the cur- 
ren t  measu red  at the disk, id~sk. The resul tan t  current ,  
if,~, represents  that  due to surface reactions involving in- 
soluble products  

/film = idi~k - N ( i r i n g )  [ 1 1 ]  

It is of interest  to note that in the case of Cd dissolution 
in alkaline solutions, idi~k could be fully accounted for by 
i~ing, support ing the content ion that a Cd oxide film is not  
stable during Cd dissolution (21). However,  in this study 
with Pb, it will be shown that  a stable Pb oxide film can 
be detected by this method.  

Both id~k and i~i,g are shown in Fig. 8 for the case where 
the disk potential  was cycled between 0 and 300 mV and 

i 

t 
Fig. 7. Schematic of i / t  response anticipated for random deposition of 

two-dimensional Pb(OH)~ film (curve a), dissolution of Pb(OH)2 (curve 
b), and sum of curves (a) and (b) (curve c). 
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Fig. 8. Cyclic voltammograms observed using ring-disk electrode 
technique in region of A';  s = 20 mV/s. idisk (a); i~i,~ [b); i~isk - Niri,~ 
(c). Note the hysteresis at positive limit of (a) and (c) in region of PbO 
film growth. 

the ring potential  was held at 0 V. This latter potential  is 
s ignif icant ly more  negat ive  than that  r equ i red  to form 
PbO, Pb(OH)2 or the soluble species  Pb(OH)3- and 
HPbO2- at a Pb electrode, and hence all of these species 
would  be reduc ib le  at the ring at this potential .  There-  
fore, by moni to r ing  idjsk and irl,g as a funct ion  of  the 
changing disk potential,  Eq. [11] can be utilized to sepa- 
rate  the observed  current  at the disk into componen t s  
due to the format ion  of both soluble  and insoluble  
products.  

During the forward potential  sweep at the disk, i,n, is 
seen to increase (cathodically) rather slowly (Fig. 8b), in- 
d ica t ing that  some dissolut ion is occurr ing  at the disk 
(Fig. 8a). F rom Eq. [11], it can be seen that  under  these  
condi t ions ,  the current  at the disk e lec t rode  in the for- 
ward sweep is due primarily to a film deposi t ion reaction 
(Fig. 8c). In the negative-going sweep, both the disk cur- 
rent  and the ring current  are seen to be larger than on the 
anodic  forward sweep. At the disk, this could be ex- 
plained by an increase in the surface area due to dissolu- 
tion, i.e., electrode roughening,  or it could be indicative 
of nucleat ion and growth controlled surface film forma- 
tion. At the ring, this parallel  increase  in cur ren t  may 
s imply  indica te  that  the d issolut ion cur ren t  increases  
propor t iona l ly  to surface area, both  in the case of  disk 
electrode roughening and in the case of nucleat ion at the 
disk, which would be characterized by an increased sur- 
face area of the film deposit. 

F igure  9 shows three  CV's in which  the disk current  
has been "cor rec ted"  to account  for the dissolution reac- 
t ion according  to Eq. [11] and thus depic ts  the cur ren t  
due to film deposit ion at the Pb disk only. Figure 9 shows 
that  upon sweep reversal  (at E less than 300 mV but 
greater than about 225 mV), a cathodic peak is observed 
as the surface film is removed.  This is an impor tan t  ob- 
servat ion  since it could not  be de tec ted  on the "uncor-  
r ec ted"  CV's (Fig. 8a) because  the d issolu t ion  current  
domina ted  the total measured  current ,  par t icular ly  in 
the cathodic sweep. Further,  it should be noted that the 
charges  in the  anodic  and the  ca thodic  curves  (Fig. 9) 
now match  closely,  which  confirms that  i~um represents  
the current  due to surface film formation processes only. 
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1 
It was previously stated that the anodic process associ- 

a ted with  the shoulder  A' c o m m e n c e s  at a potent ia l  of 
about  155 mV when moni tored at the disk via CV (Fig. 4). 
This was compared  to the calcula ted potent ia ls  of 115 
and 255 mV for the format ion  of Pb(OH)2 and PbO, re- 
spectively. As 155 mV is closer to the Pb(OH)2 formation 
potential,  it was assumed that  A '  is associated primarily 
wi th  Pb(OH)2 format ion on the lead substrate.  The 
Pb(OH)2 film was then thought  to react with OH- to form 
the soluble Pb(OH)3: species (Reactions [7-9]), In Fig. 9, it 
can be seen that film deposit ion (probably Pb(OH)2) com- 
mences  at approximately  180 mV, but film reduct ion oc- 
curs  over  the  potent ia l  range of 250-180 mV vs. RHE. 
This  range of potent ia l  is m u c h  more  posi t ive  than the 
ca lcu la ted  revers ib le  potent ia l  of 114 mV for Pb(OH)~ 
fo rmat ion  and reduct ion.  This is a pecul iar  s i tuat ion in 
that  the Pb(OH)2 surface deposit  would be reducing at a 
potent ia l  well  before  it is t he rmodynamica l ly  expec ted  
to reduce. 

In an effort to explain this, it is considered that the cal- 
culated reversible potential  for the formation and the re- 
duct ion of Pb(OH)2 cannot be relied upon for the case of 
the formation of  these thin surface films. This is because 
the free energy of format ion  of a very thin surface film 
may differ  s ignif icantly f rom that  of a bulk crystal l ine 
mater ia l ,  which  is c o m m o n l y  used to calculate  theoret i -  
cal e lectrode potentials. If  this is the case, it could still be 
s ta ted that  a Pb(OH)2 film having  somewha t  di f ferent  
the rmodynamic  properties from the bulk Pb(OH)2 mate- 
rial and hence a somewhat  different potential  (50-70 mV 
more positive) is formed and reduced in these CV's. 

However ,  it is also poss ible  that  initially, a Pb(OH)2 
film is formed on the surface via Reactions [7] and [8] but 
that  any film which  does not  d issolve  according  to [9], 
but  remains on the surface, is rapidly dehydrated to form 
a PbO deposit .  Both PbO and Pb(OH)2 have the same ox- 
idat ion state (+2) and hence  an equ i l ib r ium such as is 
showr / in  Eq. [12] may exist  

Pb(OH)2 ~- PbO + HzO [12] 

This  is cons is ten t  wi th  the known chemica l  s tabil i ty of 
PbO as compared to Pb(OH)2 (16). It should be noted that 
if this dehydra t ion  react ion does occur, then  the ob- 
se rved  film format ion  potent ia l  of about  180 mV would  
now be negative of the calculated formation potential  of 
255 mV for PbO, i.e., PbO is, in a sense, being 
underpotent ia l ly  formed. This would  not be unreasona- 
ble as there are numerous  reports in the l i terature of the 
unde rpo ten t i a l  depos i t ion  of th in  oxide  films at other  
metals  such as Pt, Au, Ir, and Ag, etc. (25-28), 

If  React ion [12] is indeed occurring at the disk, then it 
should  be added  to the react ion sequence  of  React ions  
[7]-[9] 

Pb + OH- ~ PbOH + e- [7] 

PbOH + OH- ~- Pb(OH)2 + e [8] 

parallel Pb(OH)2 + OH- ~ Pb(OH)3- [9] 

reactions [Pb(OH)2 = PbO + H20 [12] 

In  the hypothes ized  react ion sequence  shown above,  
two parallel  react ions  are suggested,  React ions  [9] and 
[12]. If  React ion  [12] were  the rds, wi th  React ion  [9] in 
equil ibrium, then 

Fk4k2k, [ 2F~ ] 
i -  k-2k-i (OH-)exp  L RT J [18] 

where  k4 is the rate constant  for Reaction [12] and which 
leads to t he  same predic ted  Tafel  slope of 30 mV dec -  
ade -1 cd as when Reaction [9] was the rds. However,  the 
react ion rate would  exhib i t  less of  a dependence  on the 
OH- concentrat ion than if Reaction [9] were the rds, but 
this has not  been tested in this work. 

Conc lus ions  
The purpose of this paper was to obtain a better  under- 

s tanding of the e lectrochemistry  of lead in alkaline solu- 
tion. It has been found, from a cyclic vo l t ammet r i c  sur- 
vey, that  two main anodic peaks dominate  the CV, peaks 
A1 and A2, which  have been shown to be re la ted to the 
formation of insoluble PbO and PbO2 films, respectively.  
Further ,  a shoulder on peak A1 labeled as A' has been 
shown to be related to the format ion  and reac t ion  pri- 
mari ly  of Pb(OH)2, whi le  these  aspects  of  the h igher  Pb 
oxides (up to PbO2) were not presented here. 

Cyclic vo l tammetry  has shown that  shoulder  A',  com- 
mencing  at a potential  of 155 mV, is related to the forma- 
tion of Pb(OH)2. However, very little Pb(OH)2 remains on 
the Pb substrate, as shown by the lack of a matching 
cathodic feature to A'. This indicates that the Pb(OH)2 
film dissolves to form a soluble species, Pb(OH)3-. This 
postulated mechanism (Reactions [7]-[9]) is also sup- 
ported by steady-state and transient potentiostatic re- 
sults. 

The steady-state potentiostatic study yielded a Tafel 
slope of 27 mV decade -~ cd, which is consistent with this 
reaction mechanism with Reaction [9] as the rds. The 
transient potentiostatic results also support this mecha- 
nism. Initially, a two-dimensional deposit of Pb(OH)2 is 
formed on the surface of the Pb electrode by a random 
deposition mechanism, as seen by the rapid decay of the 
current transient (Fig. 6). A portion of the Pb(OH)2 de- 
posit then reacts chemically with OH- forming the solu- 
ble Pb(OH)3- species, leading to the observed steady- 
state current. 

The rotating ring-disk electrode technique was used to 
separate the current flowing at the disk into that due to 
the dissolution reaction (Reaction [9]) and that due to the 
deposition of the stable film product, thought to be 
Pb(OH)2 (Reaction [8]). However, the unexpectedly posi- 
tive potential at which this Pb(OH)2 film is reduced 
showed that either the reversible potential for a thin film 
of Pb(OH)2 is different from that for bulk Pb(OH)2 or that 
some Pb(OH)2 becomes dehydrated, leaving a thin film of 
PbO on the Pb substrate. This chemically produced PbO 
would then be reducible at the observed potential. 
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The Anodization of Heated Aluminum 

C. Crevecoeur and H. J. de Wit 

Philips Research Laboratories, 5600 JA Eindhoven, The Netherlands 

ABSTRACT 

The anodization of a luminum covered with a thin crystall ine thermal oxide layer in a solution of ammoniumpenta-  
borate in water requires less charge than the anodization of a specimen not covered with thermal oxide to the same volt- 
age. This behavior is connected with the formation during anodization of crystalline oxide in addition to the amount ini- 
tially present and with the formation of oxygen bubbles inside the anodic oxide layer. The crystalline oxide can withstand 
a higher electric field than the amorphous oxide. This property is used in electrolytic capacitors. 

The use of crystal l ine a luminum oxide as a dielectr ic  
for e lec t ro ly t ic  capaci tors  is impor tan t  because  it can 
sustain a higher voltage than amorphous oxide films (1). 
Since the dielectric constant of films containing crystal- 
line oxide is perhaps even higher than the dielectric con- 
stant of amorphous oxide layers (2), it is in principle pos- 
sible to use thinner  oxide layers at a given voltage. 

Anodic oxide films containing crystalline oxide can be 
obtained in a number  of ways. An appropriate anodizing 
electrolyte at high temperature  will lead to the formation 
of  crysta l l ine  oxide. The pro tec t ive  oxide or hydrox ide  
layers on the a luminum metal  p roduced  by heat ing the 
foil in air or by boiling it in water, respectively, are also 
impor t an t  for the anodizat ion process.  These  layers not  
only p reven t  the metal  from dissolving dur ing anodiza- 
t ion when  cer ta in  e lectrolytes  are used (aqueous solu- 
t ions of citric or adipic acid for instance) but  also may 
cause the growth of crystalline or amorphous oxide. 

In this study the formation of crystalline oxide during 
the anodization of flat A1 samples was initiated by a thin 
crys ta l l ine  oxide  layer obta ined by heat ing  the alumi- 
num metal  in air. 

The rate of oxidation is dependent  on the purity of the 
metal  (3). A number  of exper iments  were carried out on 
a l u m i n u m  samples  conta in ing 0.1% of magnes ium,  be- 
cause with these samples the anodization can take place 
up to high vol tages  in the presence  of  a thermal  oxide 
layer. This made it possible to determine the thickness of 
the crystall ine and arnorphous oxide layers by means of 
electron microscopy of thin cross sections of the anodic 
oxide layers. 

It was found that the presence of the crystalline oxide 
leads to a side reaction in which oxygen gas is produced. 
We will  show that  the format ion of crystal l ine oxide  in 
the anodic oxide  layers coincides  with an apparen t  in- 
creased rate of anodizat ion which  is main ly  due to oxy- 
gen d e v e l o p m e n t  inside the barr ier  layer. Before  giving 
more details, a short description of the thermal  oxidat ion 
of A1 metal will be given. 

The Thermal Oxidation of Aluminum 
The oxidation of a luminum above 4O0~ takes places in 

th ree  stages: g rowth  of amorphous  oxide,  a per iod in 
which crystalline oxide is formed, and a period in which 
the oxidation becomes ext remely  slow (8). 

In the initial state the amorphous oxide layer on top of 
the meta l  becomes  thicker,  giving rise to a fast but  de- 
creasing rate of weight  gain (9). The second period starts 
with the growth of crystals and cannot  be observed  be- 
low about 400~176 The crystalline oxide is not ob- 
tained by crystallization of amorphous oxide but by oxy- 
gen diffusion through the thin amorphous layer covering 
the aluminum metal (10-12). It nucleates at the oxide- 
metal interface and grows along the surface of the metal 
until the crystallites impinge (i i) or the buildup of strain 
in the growing crystals terminates further growth (13). 
The formation of the crystals at the metal-oxide interface 
has no effect on the growth of the amorphous layer. This 
layer has the same thickness on top of the alumina crys- 
tals as it has between the crystals and so the crystalline 




