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ABSTRACT 

The anodic oxides fo rmed  on lead  under  va ry ing  poten t ia l  and pH were  
identif ied by  x - r a y  and e lec t ron diffraction. Pure  lead specimens were  anodized 
at  selected constant  potent ia ls  to develop anodic coatings of sufficient th ickness  
to give s t rong x - r a y  pat terns .  The domains  of occurrence of: a and  /~ PbO~, 
ye l low and red  PbO, and the in t e rmed ia te  oxides, Pb30,, and  PbOx were  de te r -  
mined  for  acid and a lka l ine  electrolytes .  The in t e rmed ia t e  oxides are  not  be -  
l ieved to be direct  anodic oxides, bu t  to r ep resen t  chemical  react ion products .  
The occurrence of cer ta in  of the  oxides  m a y  be a t t r i bu tab le  to an in i t ia l  e lec-  
t rochemical  oxidat ion  of water .  The identif icat ions have been presented  in po-  
t en t i a l -pH phase diagrams.  

Co inc iden t  w i t h  a s t u d y  of t he  pos i t i ve  g r id  co r -  
ros ion  of the lead-acid storage cell, the anodic oxides 
formed on lead at various potentials in H~SO, were 
identified by x-ray and electron diffraction (1, 2). 
Considered in the light of the potential-pH phase 
diagrams for the .system (3), it became evident that 
certain aspects of the diagrams could be verified by 
application of diffraction techniques to anodic prod- 
ucts formed on lead under controlled conditions of 
potential and pH. Furthermore, it was of interest to 
know which of the many oxides of lead occur as di- 
rect anodic products. 

The potential-pH diagram is an isothermal phase 
diagram showing the various valence states of a 
metal, solubilities of oxides and salts, areas of ther- 
modynamic stability of solid phases, ionic species, 
and their homogeneous and heterogeneous equi- 
libria. The  o r i g i n a l  p r e s e n t a t i o n  of t he  d i a g r a m s  for  
t he  l e a d  s y s t e m  (3) was  b a s e d  on a v a i l a b l e  t h e r m o -  
d y n a m i c  i n fo rma t ion .  This  p r e s e n t  s t u d y  was  u n d e r -  
t a k e n  to i d e n t i f y  t he  so l id  o x i d e  phase s  a p p e a r i n g  on 
l e ad  as anod ic  p r o d u c t s  and  to e x p a n d  the  use fu lnes s  
of t he  d i a g r a m s  b y  ve r i f i ca t ion  of  t he  s t a b l e  a n d  
m e t a s t a b l e  equ i l i b r i a .  In  add i t ion ,  i t  was  d e s i r e d  to 
c l a r i f y  t he  a p p a r e n t  t h e r m o d y n a m i c  a n o m a l y  of t he  
s i m u l t a n e o u s  o c c u r r e n c e  of  t h e  two  c r y s t a l l o g r a p h i c  
modi f i ca t ions  of PbO~ a n d  of t e t r a g o n a l  P b O  as 
anodic  p r o d u c t s  on l e a d  in  ac id  solu t ions ,  a n d  r e l a t e  
the  k n o w n  co r ros ion  d o m a i n s  to those  p r e d i c t e d  on 
the  bas is  of t h e  d i a g r a m s .  

L e a d  f o r m s  a n u m b e r  of ox ides  a n d  T a b l e  I p r e -  
sents  s e l ec t ed  r e f e r e n c e s  (4-24)  a n d  the  d e s i g n a t i o n s  
used  in th is  r epor t .  A n  e x h a u s t i v e  l i s t i ng  has  no t  
been  a t t e m p t e d .  The  h y d r a t e d  l e a d  m o n o x i d e s  h a v e  
no t  been  i n c l u d e d  b e c a u s e  these  m a t e r i a l s  a r e  no t  
w e l l - e s t a b l i s h e d  c r y s t a l l o g r a p h i c  iden t i t i e s .  B y s t r o m  
(25) has  p r e s e n t e d  a s u r v e y  of t he  s t e r o c h e m i s t r y  
of the  l e a d  oxides .  

P r e v i o u s  s tud ies  h a v e  i n d i c a t e d  t h a t  t he  c o r r o -  
s ion p rocesses  on the  l e a d  a n o d e  in  H~SO~ a t  s e l ec t ed  
pos i t i ve  p o t e n t i a l s  i n c l u d e d  a g roup  of r e a c t i o n s  
qu i t e  d i s t i nc t  f r o m  the  r e v e r s i b l e  PbO~, P b S O ,  a n d  
Pb,  PbSO,  e l ec t rode  r eac t i ons  (1, 2, 26-28) .  In  o r d e r  
to c l a r i f y  f u r t h e r  t he  anod ic  co r ros ion  r eac t i ons  on 

lead ,  th is  d e t a i l e d  iden t i f i ca t ion  of t he  anod ic  p r o d -  
uc t s  was  u n d e r t a k e n .  

Experimental 
The  anodic  depos i t s  f o r m e d  on l e a d  a t  c on t ro l l ed  

p o t e n t i a l  and  p H  w e r e  d e t e r m i n e d  b y  p o l a r i z i n g  
p u r e  l e a d  s h e e t  u n d e r  f ixed cond i t ions  a n d  i d e n t i f y -  
ing  the  anod ic  p r o d u c t s  b y  x - r a y  a n d  e l e c t r o n  d i f -  
f r a c t i o n  p a t t e r n s  t a k e n  b y  ref lec t ion  f r o m  the  a n o -  
d ized  sur faces .  The  s t a n d a r d  d i f f r ac t ion  p a t t e r n s  
used  for  i den t i f i ca t ion  a r e  f o u n d  in t h e  X - r a y  P o w -  
de r  D a t a  F i l e  (29) o r  in  one or  m o r e  of t h e  r e f e r -  
ences  c i ted  for  each  ox ide  in  T a b l e  I. 

The  e l e c t r o l y t e s  used  in th is  .s tudy w e r e  m a d e  
f r o m  C. P. chemica l s  and  d i s t i l l ed  w a t e r .  In  the  so lu-  
t ions  n e a r  n e u t r a l  l i m i t e d  a m o u n t s  of CO2 d id  no t  
i n t e r f e r e  w i t h  t he  obse rva t ions .  In  o r d e r  to check  
th is  a f ew  e x p e r i m e n t s  w e r e  c a r r i e d  ou t  w i t h  f r e s h l y  
bo i l ed  d i s t i l l ed  w a t e r  and  K O H  Very low in COs, in  
a c losed  cell .  The  r e su l t s  of these  anod ic  t es t s  w e r e  
i d e n t i c a l  w i t h  those  o b t a i n e d  in  f r e sh  so lu t ions  w i t h  
n o m i n a l  c o n c e n t r a t i o n s  of CO~. F r e s h  K O H  so lu t ion  
was  p r e p a r e d  for  each  r u n  in  w h i c h  i t  was  used.  
Va lues  of r e f e r e n c e  e l e c t r o d e  p o t e n t i a l s  w e r e  t a k e n  
f r o m  the  l i t e r a t u r e  (30 -33) .  

A B e c k m a n n  p H  m e t e r  u s i n g  a g lass  e l ec t rode ,  
s a t u r a t e d  c a lome l  r e f e r e n c e  e lec t rode ,  a n d  s t a n d a r d  
bu f f e r  so lu t ions  w e r e  used  to m o n i t o r  t h e  p H  of t h e  
e l ec t ro ly t e s .  So lu t ions  w e r e  m a d e  w i t h  C. P.  r e -  
agen t s  to a p p r o x i m a t e  v a l u e s  a n d  t h e i r  a c t u a l  p H ' s  
d e t e r m i n e d .  W h e n e v e r  feas ib le ,  t h e  r e f e r e n c e  e lec -  
t r o d e s  w e r e  used  in  the  s ame  so lu t ions  d u r i n g  a n o -  
d i za t i on  to e l i m i n a t e  l i qu id  junc t ions .  I n  su l fu r i c  
ac id  so lu t ions ,  t he  e l ec t rode  was  Hg~SO,, H g  and  in 
K O H  solut ions ,  HgO,  Hg. P o t e n t i a l s  w e r e  c o n v e r t e d  
to t he  s t a n d a r d  h y d r o g e n  e l e c t r o d e  fo r  th i s  r e po r t .  

A n o d i z a t i o n s  w e r e  c a r r i e d  ou t  in  g lass  cells ,  a n d  
u s u a l l y  on ly  a f e w  hour s  w e r e  r e q u i r e d  to deve lop  
coa t ings  suf f ic ient ly  h e a v y  to g ive  e x c e l l e n t  x - r a y  
d i f f r ac t ion  p a t t e r n s .  S o m e  spec imens  w e r e  a n o d i z e d  
fo r  l o n g e r  pe r i ods  of t ime ,  a n d  as m u c h  as  one week .  
The  cons t an t  p o t e n t i a l  r e g u l a t o r  d e s c r i b e d  b y  W o r k  
a n d  W a l e s  (34)  was  used  as t h e  source  of  p o l a r i z i n g  
po ten t i a l .  A n e g a t i v e  e l e c t r o d e  of P b  or  P t  gauze  
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Table I. Some known oxides of lead 

May 1959 

Formula* Lattice Other  d e s i g n a t i o n s  R e a c t i o n  w i t h  A c i d s  R e f e r e n c e s  

PbOy* Orthorhombic Litharge, yellow (4, 5) 

PbO,* Orthorhombic-  Distorted PbO, PbO -[- 2H + ~ Pb ++ + H20 (6) 
pseudotetragonal yellow, brown, 

red 
Tetragonal  Massicot, red 

Hexagonal  Yellow Litharge 

Tetragonal  Minimum -orange 

Red lead 

Black min ium 

Red PbO 

PbO 

i l  Pb~O~ Orthorhombic-  

pseudotetragonal 

~ [Pb~O:~ ~ Orthorhombic-  
pseudocubic 

Monoclinic 

~PbO~* Tetragonal  

aPbO~* Orthorhombic 

PbO, ~_~ ~ maroon 

to 

PbO~.~ ..... black 

Beta; PbO1.~_~ 0._. 

Alpha; PbO~ ,~_,.o~ 

Pb304 -l- 4H + ~ 2Pb" + flPbO~ + 2H,_,O 

PbOx ,-}- 2H § ~ Pb ++ ~- ~PbO, ~- H,O 

1.33 --<x --<1.57 

Insoluble or dissolves as divalent  Pb 

(7,8) 

(9) 

(6,9-11) 

(6,12-17) 

(16,18,19) 

(6,13,20,21) 

(22-24) 

* Symbols used in this report. 

was  of such a rea  t ha t  a cons t an t  posi t ive  po la r i za t ion  
po ten t i a l  was obta ined.  

C. P. lead sheet  to be anodized was a n n e a l e d  at  
100~ for six weeks,  c leaned  of its a i r - f o r m e d  oxide 
film by  wash ing  in  s a tu r a t ed  a m m o n i u m  acetate  so-  
lu t ion,  r i n s ing  in  wa t e r  and  in se r t i ng  into the elec-  
t ro ly te  whi le  wet.  Anodic  po la r iza t ion  was b e g u n  
s i m u l t a n e o u s l y  wi th  in se r t ion  into the e lectrolyte ,  
and  the first few m i n u t e s  of po la r iza t ion  was m o n i -  
tored ca re fu l ly  wi th  a bench  po t en t iome te r  an d  re f -  
e rence  e lect rode to d e t e r m i n e  tha t  the des i red 
anodic  po ten t i a l  was  appl ied  to the  posi t ive elec-  
t rode.  

At  the t e r m i n a t i o n  of polar iza t ion,  the e lect rode 
was r emoved  f rom the solut ion,  and  r insed  in  water ,  
b lo t ted  d ry  on tissue, and  placed i m m e d i a t e l y  in  the 
diffract ion appara tus .  The pa t t e rn s  were  recorded as 
soon as possible  af ter  m o u n t i n g .  

G E - X R D - 5  x - r a y  dif f ract ion e q u i p m e n t  was  used 
w i th  copper and  i ron  targets ,  and  e lec t ron  diffrac-  
t ion  e x a m i n a t i o n  was  car r ied  out  wi th  the  diffrac-  
t ion  a t t a c h m e n t  of an  R C A - E M U - 2  e lec t ron  mic ro -  
scope. 

In  order  to d e t e r m i n e  whe the r  the  two p o l y m o r -  
phic  forms  of PbO~ were  r ead i ly  i n t e r c o n v e r t i b l e  
b y  c rys ta l l i za t ion  f rom a lka l i ne  or acid med ia  sev-  
e ra l  tests were  m a d e  on C. P. flPbO~. Beta  PbO.. 
was dissolved in  K O H  solution,  in  concen t r a t ed  
HNO, solut ions,  and  f i l tered wi th  wa t e r  asp i ra t ion .  
Wa te r  was  added dropwise  to the  f i l t rates and,  w h e n  
sufficient m a t e r i a l  had  hydrolyzed ,  it was  collected 
on a filter and  ident if ied by  x - r a y  dif f ract ion e x a m -  
inat ion.  

C.P. flPbO~ was t r ea t ed  w i th  solid K O H  and  suffi- 
c ient  wa t e r  to form a s lur ry .  Af te r  severa l  days '  d i -  
gest ion at room t empera tu r e ,  la rge  w a t e r - c l e a r  c rys-  
ta ls  fo rmed  up to 2 cm in  d iamete r .  These w e r e  
washed  free of excess PbO~ wi th  dis t i l led  water ,  
and  t h e n  placed in  contac t  w i th  a few drops of N 
K O H  solut ion.  They  were  s lowly  conver t ed  to d a r k  

b r o w n  powder  which  was e x a m i n e d  b y  x - r a y  dif-  
f ract ion.  The res idua l  u n c o n v e r t e d  PbO,  was  also 
e x a m i n e d  by  diffract ion.  

Large  c lear  c rys ta ls  up  to 6 m m  in  d i ame te r  
fo rmed  f rom C.P. PbO~ w h e n  t r ea ted  wi th  concen-  
t r a t ed  HNO3. These were  washed  free of excess PbO~, 
and  placed in  contact  wi th  d i lu te  HNO~ at room 
t empera tu re .  They  were  conver ted  g r a dua l l y  to a 
b r o w n  powder  tha t  was  e x a m i n e d  by  x - r a y  dif-  
f ract ion.  

Essen t ia l ly  iden t ica l  po ten t i a l  ar res ts  are r epor ted  
in  m a n y  po la r i za t ion  s tudies  of lead anodes  in  a lka -  
lies and  only  a few are cited here  (35-38) .  Cons ide r -  

Table II. Electrolytes and anodic potentials used in this study 

E l e c t r o l y t e  
pH C o m p o s i t i o n  

P o t e n t i a l  in  vo l t s  w i t h  r e s p e c t  to 
s t a n d a r d  h y d r o g e n  e l e c t r o d e  

A n o d i c  l ead  s p e c i m e n s  

--0.63 3.5N H.~SO4 2.08 1.87 1.62 1.30 
2.07 1.86 1.59 1.10 
1.90 1.70 1.56 1.06 

2.5 N NaSO4 1.85 1.19 0.32 
H~SO~* 1.57 1.17 0.02 

7 M K~SO4 1.33 1.05 1.00 
N Na~SO, 1.4 1.00 0.51 

1.20 0.80 --0.30 
12 N/1000 KOH 0.85 0.45 --0.41 
14.5 3N KOH 1.03 0.67 0.38 0.27 

0.98 0.45 0.36 --0.57 
0.85 0.43 0.33 --0.66 

P l a t i n u m  a n o d e  p o t e n t i a l s  

2.5 0.1M Pb (NO.) ~ 2.3 1.47 1.32 
8" 0.1M Pb (NO.) 2 1.8 1.30 1.1 

KOH* 
14.5 3N KOH 1.06 0.34 

PbO * * 

* Suff ic ient  q u a n t i t i e s  o f  t h e s e  r e a g e n t s  w e r e  a d d e d  to  a d j u s t  t h e  
p H  to the  i n d i c a t e d  va lues .  

** E x c e s s  so l id  P b O  w a s  p r e s e n t  in  the  cei l  d u r i n g  e lec tro lys i s .  
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a t i on  of such  r e p o r t s  e n a b l e d  j ud i c ious  choice  of t he  
p o t e n t i a l s  used  for  t he  anod ic  t r e a t m e n t s  of th is  
s tudy .  

T a b l e  I I  is a l i s t  of t he  e l ec t ro ly t e s ,  a n d  the  p o -  
t en t ia l s ,  e m p l o y e d  in these  a n o d i z a t i o n  s tudies .  C e r -  
t a i n  e x p e r i m e n t s  w e r e  r e r u n  m a n y  t imes  in o r d e r  
t h a t  t he  iden t i f i ca t ion  shou ld  be  conclus ive .  C e r t a i n  
o the r  a reas ,  w h e r e  t h e r e  s e e m e d  no pos s ib i l i t y  of 
ques t ion ,  w e r e  iden t i f i ed  w i t h  on ly  a few runs .  The  
anod ic  p r o d u c t s  f o r m e d  on l e ad  in  H._.SO~ so lu t ions  
h a v e  been  r e p o r t e d  e a r l i e r  (1 ,2) .  

Some  anod ic  coa t ings  w e r e  l a m i n a t e d ,  a n d  the  
m a t e r i a l  a t  t he  so lu t ion  i n t e r f a c e  was  r e m o v e d  b y  
w i p i n g  the  e l e c t r o d e  w i t h  d r y  t issue,  or  b y  scor ing  
a r o u n d  the  edge  of t h e  e l ec t rode  and  l i f t i ng  off the  
o u t e r  l a y e r .  

By  u s i n g  spo t  t e s t s  (39) i t  w a s  poss ib l e  to d e t e c t  
t he  a p p e a r a n c e  of a h i g h l y  ox id i z ing  m a t e r i a l  on the  
e l ec t rode  s u r f a c e  c o n s i d e r a b l y  b e l o w  the  p o t e n t i a l s  
w h e r e  PbO~ or  t he  i n t e r m e d i a t e  ox ides  b e c a m e  a p -  
p a r e n t  in  t he  x - r a y  d i f f r ac t ion  p a t t e r n s  f r o m  spec i -  
mens  a n o d i z e d  in t h e  s t r o n g  ac id  r ange .  S h e e t  l e a d  
spec imens  w e r e  a n o d i z e d  in  H~SO4 so lu t ions  a t  c a r e -  
f u l l y  m o n i t o r e d  p o t e n t i a l s  w i t h i n  a r a n g e  •  v to 
t he  t h e o r e t i c a l  r e v e r s i b l e  O~,H~O po ten t i a l .  A f t e r  
anod i za t i ons  as long  as 24 hr ,  t he  e l ec t rodes  w e r e  r e -  
m o v e d  f r o m  the  e l e c t r o l y t e  a n d  d r o p p e d  in to  the  
se lec ted  r e a g e n t :  ace t ic  ac id  w h e n  the  b e n z i d i n e  t es t  
was  used  and  s t a r c h - K I  so lu t ion  w h e n  th is  was  used.  

In  o r d e r  to v e r i f y  t he  r e p o r t e d  depos i t i on  of a a n d  
fl PbO~ as r e s i d u e s  f r o m  t h e  i n t e r m e d i a t e  oxides ,  
PbsO4 and  PbOx w e r e  e x t r a c t e d  w i t h  H~SO~, 
NH~C~HsO~ ( s a t u r a t e d  so lu t i on ) ,  HNO~, a n d  HC~H_~O~. 
The  r e s idues  w e r e  r i n s e d  in  w a t e r ,  s u c k e d  d r y  on a 
fi l ter,  and  the  d i f f r ac t ion  p a t t e r n s  r eco rded .  

N e u t r a l ,  ac id  and  a l k a l i n e  so lu t ions  of l e a d  w e r e  
e l ec t ro l i zed  b e t w e e n  p l a t i n u m  e lec t rodes .  The  p o -  
t e n t i a l s  a t  w h i c h  l e ad  d i o x i d e  first  d e p o s i t e d  on the  
anode  w e r e  obse rved ,  and  the  i n i t i a l  and  f inal  d e -  
posi ts  w e r e  e x a m i n e d  b y  x - r a y  d i f f rac t ion .  

aPbO._, was  h e a t e d  in  a i r  a t  t e m p e r a t u r e s  b e t w e e n  
150 ~ and  400 ~ a n d  the  d e c o m p o s i t i o n  f o l l o w e d  b y  
x - r a y  d i f f rac t ion  e x a m i n a t i o n  of t he  p roduc t s .  The  
t e m p e r a t u r e  r a n g e  b e t w e e n  2900-305 ~ was  e x a m -  
ined  in  s teps  of 2 ~ w i t h  h e a t i n g  t imes  of 48 hr .  The  
d e c o m p o s i t i o n  was  c o m p a r e d  w i t h  t h a t  r e p o r t e d  and  
ver i f i ed  for  C.P. BPbO~ (6, 13, 17).  

Results and Discussion 
The  sol id  anod ic  p r o d u c t s  f o r m e d  on l e a d  a t  f ixed 

p H  and  p o t e n t i a l  a r e  d i v i d e d  into  two  ca tegor ies :  
(a )  t he  p r o d u c t  of t h e  anod ic  r e a c t i o n  a t  t he  so lu-  
t ion  i n t e r f ace ;  and  (b)  the  p r o d u c t  of t he  anod ic  r e -  
ac t ion  at  t he  m e t a l  i n t e r f ace .  These  m a y  b e  the  s ame  
or  d i f fe ren t  reac t ions ,  a n d  t h e r e  m a y  or  m a y  no t  be  
o the r  r e a c t i o n s  b e t w e e n  cel l  componen t s .  T h o r o u g h  
f a m i l i a r i t y  w i t h  t he  p o t e n t i a l - p H  d i a g r a m  o r i g i n a l l y  
p u b l i s h e d  (3)  for  t he  s y s t e m  is a s sumed ,  and  th is  
r e p o r t  dea l s  m a i n l y  w i t h  t he  so l id  o x i d e  phases  as -  
soc ia ted  w i t h  c e r t a i n  cond i t ions  of p o t e n t i a l  a n d  p H  
at  r oom t e m p e r a t u r e ,  b u t  does  no t  i nc lude  s o l u b i l i t y  
da ta .  

F r e e  e n e r g y  v a l u e s  h a v e  been  used  to ca l cu l a t e  t he  
e q u i l i b r i u m  po t en t i a l s  of th is  r e p o r t  in c o n f o r m i t y  
w i th  t he  o r i g i n a l  p r e s e n t a t i o n  of  t he  p o t e n t i a l - p H  

d i a g r a m ;  howeve r ,  the  f ree  e n e r g y  of f o r m a t i o n  of 
PbO~ used  b y  D e l a h a y ,  P o u r b a i x ,  and  V a n  R y s s e l -  
b e r g h e  was  on ly  --50.86 kca l .  L a t i m e r  g ives  a v a l u e  
of --52.34 kca l  (40) .  

The  d o m a i n  of t h e r m o d y n a m i c  s t a b i l i t y  of m e -  
t a l l i c  l e a d  m a y  a p p r o a c h  t h a t  of PbO~, a n d  the  e q u i -  
l i b r i u m  e x p e c t e d  b e t w e e n  the  m e t a l  a n d  th is  ox ide  
has  been  c a l c u l a t e d  (28) 

flPbO~ -k 4H § q- 4e- = P b  § 2H~O [1]  
E = 0 .6775- -  0.0591 p H  

H o w e v e r ,  i t  is k n o w n  tha t  m e t a l l i c  l e ad  u s u a l l y  
t ends  to d i s so lve  in  the  p r e s e n c e  of PbO.~ a n d  w i l l  be  
ox id i zed  in a m i x t u r e  c o n t a i n i n g  excess  h i g h e r  o x -  
ide;  or  if  m e t a l l i c  l e a d  is in  excess ,  t he  h i g h e r  ox ide  
wi l l  be  d i s c h a r g e d  (41, 42) .  The  e l e c t r o c h e m i c a l  i n -  
s t a b i l i t y  of PbO~ in  s t r o n g  H~SO~ so lu t ions  a t  p o t e n -  
t i a l s  b e l o w  the  r e v e r s i b l e  PbSO, ,  PbO~ e l e c t r o d e  has  
been  d i scussed  b y  L a n d e r  (28) .  But  a t  t he  p o t e n t i a l  
of r e a c t i o n  [1 ], m e t a l l i c  l e a d  is t h e r m o d y n a m i c a l l y  
s t ab le  in t he  p r e s e n c e  of PbO~. H o w e v e r  a t  th is  p o -  
t e n t i a l  PbO~ is no t  t h e r m o d y n a m i c a l l y  s t a b l e  w i th  
r e spe c t  to PbOt  or  P b  +§ T h e r e f o r e  w h e n  the  p o t e n -  
t i a l  of a l e a d  a n o d e  is r a i s e d  a b o v e  t h a t  of r e a c t i o n  
[1] ,  a n y  f o r m a t i o n  of PbO~ f r o m  m e t a l l i c  l e a d  w o u l d  
t e n d  to u n d e r g o  the  r e a c t i o n  

PbO~ -k 2H + -k 2e- = PbOt  q- H~O [2]  
E : 1.107 - -  0.0591 p H  

u n t i l  t he  r e v e r s i b l e  p o t e n t i a l  for  th is  r e a c t i o n  is e x -  
ceeded.  A t  p o t e n t i a l s  a b o v e  those  of r e a c t i o n  [1] ,  
m e t a l l i c  l e ad  is u n s t a b l e  w i t h  r e spe c t  to b o t h  PbO~ 
a n d  PbO~. 

Anodic oxides at the solution in ter face . - - I t  has  
been  r e p o r t e d  and  was  ve r i f i ed  in  th is  s t u d y  t h a t  
e l e c t ro ly s i s  of P b  ++ so lu t ions  b e t w e e n  p l a t i n u m  e lec-  
t r o d e s  d e v e l o p s  depos i t s  l a r g e l y  of flPbO~ f r o m  ac id  
a n d  aPbO~ f r o m  a l k a l i n e  solu t ions .  E i t h e r  o r  bo th  
p o l y m o r p h s  m a y  be  d e p o s i t e d  f r o m  c e r t a i n  so lu t ions  
d e p e n d i n g  on c u r r e n t  d e n s i t y  ( p o t e n t i a l )  (23, 24).  

F i g u r e  1 shows  the  anod ic  ox ides  iden t i f i ed  in  th is  
s t u d y  at  the  e l e c t r o d e - s o l u t i o n  i n t e r f a c e  on l e a d  
p o l a r i z e d  in  so lu t ions  of v a r y i n g  p H  a t  s e v e r a l  p o -  
t en t ia l s .  The  l ines  for  t he  o x i d a t i o n  of w a t e r  to 
ozone and  H~O._. h a v e  been  a d d e d  for  r e f e rence .  The  
effect of an ions  o t h e r  t han  su l f a t e  has  no t  been  i n -  
d i c a t e d  on the  d i a g r a m ;  h o w e v e r ,  the  c o r r e s p o n d i n g  
sa l t s  w i l l  p r e c i p i t a t e  a t  t he  so lu t ion  in t e r face .  The  
a c c u m u l a t i o n s  of sol id  p r o d u c t s  on the  a n o d e  su r -  
faces  a p p e a r  as ox ides  or  h y d r a t e d  ox ides  i n t e r -  
m i x e d  w i t h  t he  sa l t s  owing  to d e p l e t i o n  of t he  ano -  
l y t e  in  anions .  

The  a r eas  d e s i g n a t e d  as  PbOy, flPbO~, a n d  the  h y -  
d rous  ox ides  (43) i n d i c a t e d  on the  d i a g r a m ,  Fig .  1, 
a r e  no t  a t  t h e r m o d y n a m i c  e q u i l i b r i u m .  L e a d  d i s -  
so lves  in  so lu t ions  of p H  less t h a n  9.4 as  t he  d i -  
v a l e n t  P b  ~+ to f o r m  a s a t u r a t e d  so lu t ion  a d j a c e n t  to 
the  e l ec t rode ,  and  w h e n  t h e  r a t e  of so lu t ion  exceeds  
the  r a t e  of d i f fus ion  of an ions  f r o m  the  b u l k  of t h e  
e l e c t r o l y t e  the  ox ide  c rys t a l l i z e s  as a c h e m i c a l  d e -  
pos i t  f r om th is  so lu t ion .  T h e  depos i t s  d e s i g n a t e d  in 
Fig .  1 of  t he  h y d r o u s  ox ides  a n d  the  y e l l o w  g l i s t en -  
ing  c rys t a l s  of o r t h o r h o m b i c  PbO~ a re  in  th is  c a t e g o r y  
and  f o r m  n o r m a l  and  bas ic  sa l t s  w i t h  an ions  p re sen t .  
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Fig. 1. Anodic oxides on lead at the solution interface. This 
diagram indicates the areas of occurrence of the solid oxide 
phases identif ied by x-ray and electron diffraction, and ob- 
tained on anodization of lead metal at f ixed pH and poten- 
tial. The lines for the following equil ibria have been added 

O 8  - I -  6 H  + - f -  6 e -  = 3H~O 
E---- 1.51 --0.0.591 pH Po3~ 1 atm 
H~O~ -t- 2H + if- 2e- = 2H~O 
E ~ 1 . 7 7 -  0.0.591 pH a~o~ = 1M 

Anions present in the electrolytes w i l l  form normal and basic 
salts with the lower oxides as indicated in the original poten- 
tial -pH diagram of the system (3). 

The open -c i r cu i t  po t en t i a l  of the  lead  e lect rode is 
cont ro l led  by  the a m o u n t  of Pb  +§ in  so lu t ion  a nd  is 
i n d e p e n d e n t  of pH. Above  pH of 9.4 lead passes into 
so lu t ion  as b i p l u m b i t e  ion, and  the  reac t ion  has a 
slope 0.089 vs. pH. By impres s ing  anodic  po ten t i a l  on 
the  system, more  and  more  sa l t  and  oxide wi l l  be  de-  
posi ted un less  a u n i f o r m  coheren t  coat ing  forms  on 
the  surface  (pass iva t ion) .  These p h e n o m e n a  have  
been  descr ibed  in  de ta i l  by  Wolf  and  Boni l l a  for a 
l a rge  n u m b e r  of an ions  (44).  

The crys ta ls  of PbOy deposit  in  p la te le t s  shown  
by  x - r a y  dif f ract ion to be pa ra l l e l  to the  co face t yp i -  
cal of s o l u t i o n - g r o w n  crys ta ls  of this  ma te r i a l .  I t  
does no t  fo rm dense  pass iva t ing  films bu t  grossly 
c rys ta l l ine  deposits.  I t  is an  anodic  oxide in  the  sense 
tha t  it  is the  solid deposi ted f rom sa tu ra t ed  lead ion 
solut ions.  

At  more  e leva ted  po ten t ia l s  such an  e lect rode be -  
comes covered w i th  a l ayer  of PbO~ in  wh ich  the  
crys ta ls  of PbOy are embedded .  The domains  of so lu-  
b i l i ty  of the  two po lymorphs  of PbO~ i n t r u d e  in to  
this  a rea  at  h igher  pH, and  a m i x t u r e  of the  four  
oxides is obta ined .  I t  is in  this a rea  tha t  the  i n t e r -  
m e d i a t e  oxides Pb~O, and  PbO~ as chemica l  r eac t ion  
products  wi l l  fo rm af ter  a t ime,  b u t  the  e lec t rode  
does no t  passivate.  On ly  above  the  l ine  ind ica ted  in  
Fig. 1 co r re spond ing  to the  theore t i ca l  r eve r s ib l e  
OJH~O reac t ion  does pass iva t ion  appear .  The  cor-  
ros ion reac t ion  of the  m e t a l  surface  is p r i m a r i l y  a 
d iva l en t  one up to a po ten t i a l  co r re spond ing  to the  
r eve r s ib l e  ozone react ion,  whi le  the  deposi t ion  of 
t e t r a v a l e n t  oxide takes  place at  the  so lu t ion  i n t e r -  
face, r e su l t i ng  in  a m i x t u r e  of d i -  and  t e t r a v a l e n t  
products .  

In  solut ions  of pH 12 and  higher ,  a lead anode  be -  
comes covered w i th  a deposit  of h y d r a t e d  lead oxide 
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des igna ted  as P b ( O H ) ~  in  Fig.  1, a nd  s u b s e q u e n t l y  
w i t h  a t e t r agona l  oxide des igna ted  as PbOt.  If the  
po t en t i a l  is increased,  p l u m b a t e  ion is f o rmed  in  the  
solut ion,  and  the surface of the  electrode becomes 
covered wi th  a l ayer  of aPbO~. There  is an  u n d e r -  
l y ing  l aye r  of PbO~ which  m a y  react  w i t h  the  ~PbO~ 
fo rmed  at  the so lu t ion  in te r face  to p roduce  the  i n -  
t e rmed ia t e  oxides. 

I t  m a y  be possible  to l imi t  the  deposi t ion of aPbO~ 
f rom a lka l ine  solut ions  to a ra te  comparab le  to its 
chemica l  r eac t ion  ra te  w i t h  PbO~ and  t h e r e b y  ob-  
t a in  a deposi t  a t  the  so lu t ion  in te r face  of the  i n t e r -  
me d i a t e  oxides, bu t  such a condi t ion  was  no t  ob-  
se rved  in  this  work  d u r i n g  anodiza t ion .  Se l f -d i s -  
charge  m a y  also p roduce  such a surface.  These  i n -  
t e r m e d i a t e  oxides do no t  appea r  to be  depos i ted  d i -  
rec t ly  f rom o x i d a t i o n - r e d u c t i o n  react ions,  b u t  f rom 
chemica l  combina t ions ,  i.e. 

PbO H- PbO~ = Pb20~ 
2PbO 4- PbO= ---- Pb,O,J designated PbOt. xPbO= 

An infinitude of stoichiometries is possible in such 
anodic products. 

X-ray diffraction examination shows that flPbO~ is 
obtained by hydrolysis of both acid and alkaline 
solutions of tetravalent lead ion, and is the main 
product deposited electrolytically from acidic Pb ++ 
solutions at elevated potentials. Anodization of me- 
tallic lead, however, produces a mixture of = and 
flPbO, at elevated potentials. The anodic deposition 
of flPbO, in alkaline solutions occurs simultaneously 
with the evolution of O= gas. It therefore probably 
deposits by hydrolysis at the local areas on the anode 
where alkalinity is reduced by the gassing reaction. 

Anodic oxides at the metal interSace.--The x - r a y  
a n d  e lec t ron  dif f ract ion e x a m i n a t i o n  of the  anodic  
p roduc t s  deve loped  on Pb  at  va r ious  p H . a n d  p o t e n -  
t ia l  condi t ions  showed tha t  the  m e t a l - c o a t i n g  i n t e r -  
face exh ib i t ed  the  .same oxides t h r o u g h o u t  the  pH 
range,  at  the  same poten t ia l s  r e l a t ive  to the  r eve r s -  
ible  h y d r o g e n  electrode in  the  same solut ions  (no t  
the  s t a n d a r d  e lec t rode) .  This  means  tha t  the  anodic  
reac t ions  have  slopes of 0.059 vs. pH. The  solid 
phases  ident i f ied in  this s tudy  are ind ica ted  in  Fig. 2. 

W h e n  the  po t en t i a l  of a l ead  surface  exceeds the  
l ine  b o u n d i n g  the  lower  e x t e n t  of the  a rea  desig-  
na t e d  as Pb(OH)~,  a film of the solid hyd r ous  oxide 
forms on the me t a l  surface.  

W h e n  the po ten t i a l  of a lead anode  is ra ised  above  
the  l ine  r e p r e s e n t i n g  the  reac t ion:  

PbO~ + 2H + + 2e = P b  + H~O E~ = 0.248 

in  Fig. 2, the lead  becomes  covered by  a l aye r  of 
PbO,.  This  oxide has a t e t r a g o n a l  la t t ice  showing  a 
charac ter i s t ic  c o m b i n a t i o n  of sha rp  a nd  diffuse l ines  
in  its diffract ion p a t t e r n s  (6,13, 14). I t  is cons idered  
more  reac t ive  t h a n  e i ther  of the  n o r m a l  monoxides ,  
and  it  appears  on a lead anode  in  bo th  acid and  a lka -  
l ine  media .  Katz  descr ibed  this as o r tho rhombic  
p seudo te t r agona l  P bO  (6) .  In  a lka l ine  solut ions  
he a vy  coat ings of this  m a t e r i a l  appear  ye l low w h e n  
we t  w i th  e lectrolyte ,  b u t  are  pale  peach  in  color 
w h e n  d ry  and  m a y  form b e a u t i f u l  glossy coat ings 
on a lead electrode.  I t  has b e e n  descr ibed as a ye l low 
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Fig. 2. Anodic oxides of  lead at the metal interface. This 
diagram indicates the areas af occurrence af the solid oxide 
phases obtained at the metal-coat ing interface on anodizat ion 
of lead at f ixed potential and pH. The reactions represented 
by the lines D and E bounding Pb and the phases Pb(OH)= 
and PbOt will be recognized f rom the original d iagram (3), 
and were found to occur at  essentially their  reversible poten- 
t ials throughout  the pH range. The exception is the boundary 
between PbOt and PbCh. The intermediate region labeled 
PbO.xPbO2, representing oxides and mixtures of  oxides of 
di- and tet ravalent  lead, was found to appear between the re- 
versible oxygen and ozone potentials, lines A and C. Above 
line C, aPbO= is the principal anodic oxide at the metal 
interface. The reactions are represented as follows 

(A) O= -6 4H + -6 4e- = 2H~O 
E ~ 1 . 2 2 8 -  0.0591 pH Po~ ~ t atm 

(C) O~ -6 6H § -6 6e- = 3H~O 
E ~ 1.51 - - 0 . 0 5 9 1  pH Po3 ~ 1 arm 

(D) PbOt -6 2H § -6 2e- =: Pb -6 H~O 
E --~ 0.258 - -  0.0591 pH 

(E) Pb(OH)~ -}- 2H + -6 2e" ~ Pb -6 2H~O 
E = 0 .242 - -  0.0591 pH 

scum (37) .  T h e r m o d y n a m i c a l l y  th is  ox ide  is s t ab l e  
up  to a p o t e n t i a l  d e s c r i b e d  b y  the  r eac t i on :  

PbO~ -t- 2H + -6 2e ~ PbO~ -6 H_~O Eo ~ 1.107 

The  a r e a  a s soc ia t ed  w i t h  P b O ,  is one  of r a p i d  co r -  
ros ion  of t he  a n o d e  un less  t h e r e  is a p a s s i v a t i n g  
l a y e r  of sa l t  a t  t he  so lu t ion  i n t e r f a c e  t h a t  p e r m i t s  
e s t a b l i s h m e n t  of m e t a s t a b l e  e q u i l i b r i u m .  In  su l fu r i c  
ac id  P b S O ,  se rves  th is  pu rpose ,  b u t  in a l k a l i n e  so lu -  
t ions  no p a s s i v a t i o n  occurs  and  t h e  a n o d e  con t inues  
to co r rode  at  h igh  ra tes .  

The  a r e a  d e s i g n a t e d  in  Fig .  2 as P b O . x P b O ~  is 
d e t e r m i n e d  b y  bo th  d i f f r ac t ion  e x a m i n a t i o n  a n d  spo t  
tes ts .  In  th is  a r e a  PbO~ as such is no t  d e t e c t e d  b y  
d i f f r ac t ion  e x a m i n a t i o n  a t  t he  m e t a l  in t e r face .  In  
ac id  so lu t ions  t he  p r o d u c t  is P b O ,  g iv ing  a spot  t e s t  
for  a h i g h l y  ox id i z ing  m a t e r i a l  a f t e r  p o l a r i z a t i o n  
a b o v e  a p o t e n t i a l  c o r r e s p o n d i n g  to  t he  t h e o r e t i c a l  
r e v e r s i b l e  o x y g e n  po t en t i a l .  T h e  h i g h l y  ox id i z ing  
m a t e r i a l  is cons ide r ed  in  th i s  r e p o r t  to b e  t e t r a v a l e n t  
lead.  I t  a p p e a r s  i m m e d i a t e l y  a b o v e  t h e  OJH~O e l ec -  
t r o d e  p o t e n t i a l  and  is no t  o b s e r v e d  in  t h e  a r e a  w h e r e  
H~O~ cou ld  f o r m  f r o m  O~ reduc t ion .  I n  n e u t r a l  and  
a l k a l i n e  so lu t ions  a m i x t u r e  of t h e  ox ides  Pb.O~, 
PbO~, a n d  PbO~ is obse rved .  The  r e a s o n  fo r  t he  d i f -  
f e r ence  in anodic  m a t e r i a l s  d e v e l o p e d  in h i g h l y  ac id  
and  in  n e u t r a l  or  a l k a l i n e  so lu t ions  is t h a t  PbO~ 
va r i e s  in so lub i l i t y  w i t h  t he  p H  a t  t h e  so lu t ion  in -  
t e r face .  I t  is d i s c h a r g e d  in  s t rong  ac id  solu t ions ,  p r o -  

v e n t i n g  a c c u m u l a t i o n  of s ign i f ican t  a m o u n t s  of t e -  
t r a v a l e n t  l ead .  B o t h  f o r m s  of PbO~ a r e  f o r m e d  a t  
t he  so lu t ion  i n t e r f a c e  a t  h i g h e r  p H  so t h a t  l a r g e r  
a m o u n t s  of t e t r a v a l e n t  m a t e r i a l  do a c c u m u l a t e .  In  
t he  a l k a l i n e  so lu t ions  of p H  > 9.4, t he  e l e c t r o d e  is 
c o v e r e d  w i t h  a g r a y  o r  b l a c k  f i lm of PbO~ w h i c h  is 
loose a n d  m a y  be  l i f t ed  off t h e  e l e c t r o d e  r e v e a l i n g  
a l a y e r  co lo red  b r i g h t  o range ,  ye l low,  and  p e a c h  
g iv ing  the  d i f f r ac t ion  p a t t e r n s  for  PbOt ,  Pb~O,, a n d  
PbOx. L e a d  is c o r r o d i n g  u n d e r  t h e s e  cond i t ions  b y  a 
d i v a l e n t  m e c h a n i s m  (26, 28, 35 ,36)  f o r m i n g  PbOt ,  
p a r t  of w h i c h  is b e i n g  o x i d i z e d  to PbO~, a n d  ac t ed  
on a t  the  so lu t ion  i n t e r f a c e  b y  p l u m b a t e  ion. The  
anod ic  p r o d u c t s  d e s i g n a t e d  P b O t . x P b O ~  a t  t h e  m e t a l  
i n t e r f a c e  r e p r e s e n t  t he  m i x t u r e  o b t a i n e d  b y  c h e m -  
ica l  r e a c t i o n  of t he se  m a t e r i a l s .  

The  e x i s t e n c e  of th is  a r e a  is b e l i v e d  to b e  caused  
b y  the  r e l a t i v e  r a t e s  of these  s e v e r a l  r e ac t i ons  

P b  -6 H~O ~ PbOt  -6 2H § -6 2e- 

2H~O = 2(O)~ -6 4H + -6 4e- 

PbO~ -6 ( 0 ) . ~  : PbO~ 

PbOt -6 Pb02 = Pb~Oa] . . . .  
k ~ e s l g n a t e a  PbO~. xPbO_~ 

2PbO~ -6 PbO2 ---- Pb~O,f  

The  fo l l owing  m e c h a n i s m  is sugges t ed :  The  a n o -  
dic  c u r r e n t  m a y  t a k e  two  p a t h s :  (a )  i t  co r rodes  P b  
to f o r m  PbO~ or  d i v a l e n t  p r o d u c t s ;  (b )  i t  ox id izes  
H~O to O ~ v  w h i c h  r eac t s  w i t h  PbO~ to f o r m  t h e  i n -  
t e r m e d i a t e  ox ides  (6, 13).  L a n d e r  (26, 28) s h o w e d  
t h a t  w i t h i n  e x p e r i m e n t a l  l im i t s  a l l  t h e  c u r r e n t  w e n t  
to a d i v a l e n t  co r ros ion  m e c h a n i s m  up  to a p o t e n t i a l  
of 1.58 v in  ac id  solut ions ,  and  on ly  a b o v e  t h a t  p o -  
t e n t i a l  d id  a t e t r a v a l e n t  co r ros ion  m e c h a n i s m  b e -  
come s ignif icant .  G r u b e  a n d  G l a s s t o n e  (35 ,36)  
s h o w e d  a s i m i l a r  d i v a l e n t  co r ros ion  m e c h a n i s m  in 
N a O H  so lu t ions  up  to a c o r r e s p o n d i n g  po ten t i a l .  I t  is 
sugges t ed  t h a t  t h e  k ine t i c s  of t he  e l e c t r o c h e m i c a l  
r e ac t i ons  d e t e r m i n e  the  anod ic  co r ros ion  ra t e ,  a n d  
a b o v e  p o t e n t i a l s  e x p r e s s e d  b y  l ine  C, F ig .  2, PbO~ 
is p r e s e n t  d i r e c t l y  on the  m e t a l l i c  sur face .  L ine  C 
c o r r e s p o n d s  to t he  r e v e r s i b l e  o x i d a t i o n  p o t e n t i a l  of 
w a t e r  to ozone. 

O~-6 6H + -6 6e- ~ 3H20 Eo : 1.51 

The  fac t  t h a t  t he  p a s s i v a t i o n  of P b  in  bo th  ac ids  
a n d  a l k a l i e s  occurs  j u s t  a b o v e  th is  po t en t i a l ,  t h a t  t he  
r e a c t i o n  has  a s lope  of 0.059 vs. pH,  t h a t  i t  exceeds  
t h e  p o t e n t i a l s  for  f o r m a t i o n  of PbO~ f r o m  P b  and  
P b O ,  i nd i ca t e s  t h a t  the  cor ros ion  r eac t i ons  occu r r i ng  
at  th is  p o t e n t i a l  m a y  be  r e l a t e d  to w a t e r  o x i d a t i o n  
reac t ions .  

The  k i n e t i c  a n a l y s e s  of L a n d e r  (26)  show t h a t  
w h e n  l ead  is p o l a r i z e d  a b o v e  the  p o t e n t i a l  for  ox i -  
d a t i o n  of w a t e r  to O~, t he  r e a c t i o n  m e c h a n i s m  
changes .  I t  was  f u r t h e r  d e t e r m i n e d  t h a t  t he  anod ic  
co r ros ion  r a t e s  w e r e  r e l a t e d  to the  s q u a r e  of t he  
w a t e r  a c t i v i t y  u p  to a p o t e n t i a l  c o r r e s p o n d i n g  to t h e  
m a x i m u m  in t he  r a t e .  A b o v e  th is  p o t e n t i a l  t he  r e l a -  
t i onsh ip  of t he  co r ros ion  r a t e  to w a t e r  a c t i v i t y  has  
v a l u e s  " r a n g i n g  b e t w e e n  two  and  f o u r "  (27) .  The  
w a t e r  o x i d a t i o n  r eac t i ons  to g i v e  O~ and  O~ d e p e n d  
on the  s q u a r e  and  cube  of t he  w a t e r  ac t iv i ty ,  r e -  
spec t ive ly .  
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The steps in  the  o v e r - a l l  wa t e r  ox ida t ion  me c h -  
an isms  are  no t  k n o w n  at  the  p re sen t  t ime.  The  re -  
l a t ion  of the  ox ida t ion  processes of the  lead  anodes  
to the wa te r  ac t iv i ty  does no t  p rove  tha t  O2(aq) or 
O~(aq) is l i be ra t ed  in  these  reac t ions ;  however ,  it  
does suggest  tha t  the  anodic  processes depend  on 
the  s i m u l t a n e o u s  reac t ion  of two and  more  w a t e r  
molecules .  I t  is possible tha t  Pb  or PbOt  catalyzes  
the  wa te r  ox ida t ion  react ion,  a n d  tha t  the  subse-  
q u e n t  step is r eac t ion  of P b  and  PbOt  w i th  the wa te r  
ox ida t ion  p roduc t  to fo rm the i n t e r m e d i a t e  oxides 
r a t h e r  t h a n  mo lecu l a r  gas evolut ion .  

If the lead anode  in  a lka l i ne  solut ions  is d i s tu rbed  
wh i l e  in  the  l a m i n a t e d  condi t ion,  before  po la r i za t ion  
above l ine  C, Fig. 2, so tha t  PbO~ is m e c h a n i c a l l y  
b rough t  in to  phys ica l  contac t  wi th  the base lead 
meta l ,  oxygen  gas begins  to be evolved  at  a p o t e n -  
t ia l  lower  t h a n  it  wi l l  be  f rom an  u n d i s t u r b e d  elec-  
trode. This  effect, descr ibed  by  ear l ie r  worke r s  (35),  
was  verif ied in  this s tudy.  Wi th  this  posi t ive  i de n t i -  
fication of the anodic  mater ia l s ,  it is conc luded  tha t  
PbO2 m u s t  be in  di rect  contact  wi th  the  me ta l  su r -  
face for the oxygen  gas l i be ra t ion  reac t ion  to take  
place and  tha t  the reac t ion  m a y  be associated w i t h  
ox ida t ion  of H20 or (OH) -  to H~O... 1 

I t  should  be emphas ized  tha t  this is a s tudy  of the  
d y n a m i c  anodiza t ion  of lead u n d e r  the  po t en t i a l  and  
pH condi t ions  indicated.  Po la r i za t ion  of lead w i t h i n  
the  a rea  des igna ted  P b O .  xPbO2 does no t  es tab l i sh  a 
pass iva t ing  coat ing  on the  surface,  and  anodic  cor-  
rosion ra tes  are  high. Deposi t ion of PbO,  at the  so lu-  
t ion  in te r face  does no t  comprise  a p ro tec t ive  coating.  

The area  ind ica ted  at aPbO~ in  Fig. 2 is cha rac t e r -  
ized by  a heavy  deposi t  of this m a t e r i a l  d i rec t ly  on 
the  electrode,  p rov id ing  other  react ions  do not  i n -  
terfere .  This  m a t e r i a l  has no t  been  wel l  cha rac te r -  
ized chemical ly ,  and  is p r o b a b l y  the l o w - t e m p e r a -  
t u r e  p o l y m o r p h  (45).  

X - r a y  di f f ract ion e x a m i n a t i o n  of the  res idues  ob-  
t a ined  on air  ign i t ion  of ~PbO~ at t e m p e r a t u r e s  cor-  
r e spond ing  to those repor ted  for t h e r m a l  d e g r a d a -  
t ion  of flPbO~ (6, 17) showed evidence  tha t  p r ior  
to decompos i t ion  ~ conver t ed  to flPbO,. The  c onve r -  
sion t e m p e r a t u r e  lies b e t w e e n  296 ~ and  301~ S u b -  
sequen t  t h e r m a l  decomposi t ion,  d e t e r m i n e d  by  
x - r a y  dif f ract ion examina t i on ,  fol lows the  same  pa th  
as flPbO2. 

It  m a y  be conc luded  f rom this e x a m i n a t i o n  of the 
oxides occur r ing  at  the  m e t a l - c o a t i n g  in te r face  on 
anodic  lead  spec imens  t ha t  the  oxides fo rmed  are:  
Pb(OH)~;  PbOt  and  aPbO~. The po ten t i a l s  for these  
reac t ions  have  a slope of 0.0591 vs. pH and  are be -  
l ieved to r ep re sen t  the e lec t rochemica l  reac t ions  of 
lead wi th  wa t e r  and  i ts  ox ida t ion  products .  

The reac t ion  of meta l l i c  lead wi th  w a t e r  to fo rm 
PbOt  takes  place nea r  the ca lcula ted  revers ib le  po-  
tent ia l .  Ar res t s  appear  n e a r  the theore t ica l  po ten t i a l  
in  bo th  acid and  a lka l ine  solut ions  on both  anodic  
and  cathodic t r e a tmen t ,  and  PbOt  is observed  by  
dif f ract ion e x a m i n a t i o n  of the  surface.  This  i n d i -  
cates tha t  the  ox ida t ion  proceeds b y  di rect  r eac t ion  
w i th  wa t e r  molecules  or h y d r o x y l  ions at  the  elec-  

T h e  r e a c t i o n s  i n  a l k a l i n e  s o l u t i o n  m a y  b e  w r i t t e n  w i t h  ( O H ) -  
r a t h e r  t h a n  I-I+, a n d  t h e  H O ~ -  r e a c t i o n s  h a v e  d i i ~ e r e n t  s l o p e s ,  b u t  
f o r  s i m p l i c i t y  t h e s e  a r e  n o t  i n c l u d e d  i n  t h i s  d i s c u s s i o n ,  
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t rode in te r face  and  tha t  no p r e l i m i n a r y  ox ida t ion  of 
w a t e r  occurs in  this  react ion.  B u t  the  r eac t ion  fo rm-  
ing  PbO~ at  the me t a l  in te r face  should  p r o b a b l y  be 
w r i t t e n  to ind ica te  tha t  w a t e r  is first oxidized to an  
oxygen  species and  the  solid anodic  products  resu l t  
f rom secondary  react ions.  This  suggests  t ha t  the  
anodic  s tudies  of lead m a y  offer a me thod  for k ine t ic  
ana lys i s  of the water ,  oxygen  electrodes.  

Anions and passivation.--As poin ted  out  p r ev i -  
ously  and  discussed ex t ens ive ly  by  Wolf  a nd  Boni l l a  
(44) an ions  p r e se n t  in  the  solut ions  wi l l  reac t  wi th  
the  lead ion a n d / o r  the  lower  oxides, a nd  the  cor re -  
spond ing  sal t  wi l l  be deposi ted at  the  so lu t ion  i n t e r -  
face. If the an ion  s sui table ,  a t ight  pas s iva t ing  film 
is deposi ted on the  anode  surface  [i.e., Pbs(PO,)~, 
PbI~, PbSO,]  (44, 46),  and  c on t i nue d  po la r i za t ion  of 
the electrode wi l l  r esu l t  in  the charac ter i s t ic  anodic  
oxide at the m e t a l - c o a t i n g  in terface .  If the  lead  sal t  
of the  an ion  is no t  pass iva t ing ,  the  e lec t rode  process 
m a y  be changed  by  only  ve ry  h igh c u r r e n t  densi t ies  
or cell po ten t ia l s  (47).  

A p ic tu r i za t ion  of a cross sect ion of an  anodic  lead 
sur face  is shown in  Fig. 3. This  indica tes  the  reac -  
t ion  products  ident i f ied on the  anode  surface  at 
p.H = 0, and  the  re fe rence  po ten t ia l s  are  p r e sen t ed  
in  the  lef t  marg in .  The cross sect ion is schemat ic ;  

],T7 

l.e ~ ~tst ~ble ~low thi~ ~tenti~ i 

•O• * 2 H • • 2 e •  • O  I +R•O 

FOO +4e.4H+~ Pb + 2 H~O 

20.4e .411'=211 O 

.~.2S 

0.00 

2H~+2e=H 

Fig. 3. Schematic cross-section of  an anodic lead surface 
in H2SO, at pH ~ 0. Anodic products ident i f ied by d i f f ract ion 
techniques on a lead surface held at constant potential in 
sulfuric acid are indicated. Electrochemical reactions ore 
shown at the r ight within the areas where they were observed 
to occur. Some Eo values ore indicated at the left  for  or ienta- 
t ion purposes. A t  the potential 1.8 v oxygen gas is evolved, 
and o hydrogen peroxide reaction mechanism is indicated as 
suggested by the potential .  A t  this potential lead is repre- 
sented as corroding by either migrat ion of  Pb or 0 in the f i lm. 
The mechanism of this corrosion process is not known at the 
present time. 
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however ,  it indica tes  tha t  as the po ten t i a l  is i n -  
creased the PbSO4 coat ing appears  to become t h i n n e r  
whi le  the  PbOt  layer  becomes inc reas ing ly  thicker .  
Some suggested reac t ions  are ind ica ted  at the r igh t  
of the d rawing .  The solid phases  ident if ied by  dif-  
f rac t ion  e x a m i n a t i o n  are  ind ica ted  w i t h i n  the  p o t e n -  
t ia l  r anges  where  they  were  observed.  Areas  cor-  
r e spond ing  to high corrosion ra tes  are  ind ica ted  as 
poros i ty  in  the  ou te r  coating.  These  rates  we re  de -  
t e r m i n e d  by  L a n d e r  u n d e r  cons t an t  po ten t i a l  ano -  
dizat ion (26, 28). Severa l  reac t ions  appear  n e a r  
the i r  r evers ib le  potent ia ls ,  exh ib i t i ng  l i t t le  po la r iza-  
t ion, and  it is t hough t  tha t  the superf icial  PbSO4 
coat ing is p e r m e a b l e  to H § ion and  water ,  b u t  no t  to 
S O j  ion (26, 44). The act ion of this  pas s iva t ing  film 
is to p e r m i t  e s t ab l i shmen t  of pseudo e q u i l i b r i u m  in  
an  e lec t rochemica l  reac t ion  in  an  e n v i r o n m e n t  
w h e r e  the  reac t ion  wou ld  n o r m a l l y  be d r i v e n  in  a 
des t ruc t ive  direct ion.  This, of course, descr ibes  the  
condi t ion  cal led me ta s t ab l e  equ i l ib r ium.  

As the  po ten t ia l  is increased,  the lead sul fa te  p res -  
en t  on the surface m a y  be conver t ed  to fiPbO~. Elec-  
t r on  diffract ion e x a m i n a t i o n  of the  anodic  products  
indica tes  tha t  the flPbO~ is a p o l y e r y s t a l l i n e c o a t i n g  
at the so lu t ion  interface.  Benea th  this is a t h in  layer  
of a m i x t u r e  of the two po lymorphs  of PbO2 (1, 2).  
These  ma te r i a l s  are be l i eved  to ar ise  f rom two re -  
act ions fo rming  PbO~, one f rom the  base  lead  and  
PbO,  and  the  o ther  f rom PbSO,.  

The oxygen  gassing reac t ion  at e leva ted  po ten t ia l s  
has been  ind ica ted  as going by  w a y  of the  fo r ma t i on  
of H.~O~ (possible at  these  po ten t ia l s )  and  be ing  de-  
composed ca ta ly t i ca l ly  by  the PbO~. This  is m e r e l y  
a r ep re sen t a t i on  and  sugges t ion  of a possible oxygen  
l i be r a t i on  m e c h a n i s m  which  po ten t i a l  appears  to be 
re la ted  to the  peroxide  reac t ion  in  both  acid and  
a lka l ine  solut ions (48, 49).  The lead me ta l  is r e p r e -  
sented  as cor roding  by  mig ra t i on  of an  oxygen  
species in  and  lead o u t w a r d  t h rough  an  aPbO~ coat-  
ing  at ve ry  e leva ted  potent ia ls .  Lead exhib i t s  an  i n -  
creased corrosion ra te  (26 ,28) ,  and  aPbO~ com- 
prises the m a j o r  por t ion  of the  anodic  p roduc t  at 
these potent ia ls ,  bu t  i t  is no t  k n o w n  whe the r  the  
m e c h a n i s m  involves  a t tack  of the  lead t h rough  fis- 
sures in  the  coat ing or m ig ra t i on  th rough  a con-  
t inuous  film. 

Conclusions 
The areas of occur rence  of the  anodic  lead oxide 

phases  are ind ica ted  on the p o t e n t i a l - p H  phase d ia -  
g rams  of Fig. 1 and  2. The re  appear  to be  two sets of 
anodic  react ions,  p roduc ing  di f ferent  anodic  p rod-  
ucts. Some of the observed  oxides are be l ieved  to be 
electrode species, and  some deposi ts  f rom sa t u r a t e d  
solut ions  and  chemical  react ions.  

The occur rence  of aPbO~ as an  anodic  p roduc t  on 
lead in  acid solut ions  has been  a t t r i b u t e d  to ox ida-  
t ion  of PbOt  and  lead me ta l  by the  p r e l i m i n a r y  oxi-  
da t ion  of water .  

I t  is suggested tha t  the corrosion ra te  of lead de-  
pends  on the k inet ics  of these wa t e r  react ions,  and  
tha t  i nh ib i t i on  of corrosion depends  on the impos i -  
t ion  of a "corros ion"  c u r r e n t  and  po ten t i a l  tha t  r e -  
sul ts  in  a s t eady- s t a t e  condi t ion  in  which  PbO~ is 
m a i n t a i n e d  in  direct  contact  w i th  the base  metal .  

ANODIC OXIDES OF LEAD 375 

Upon  anodic  po la r i za t ion  of a c lean  lead surface,  it  
is necessa ry  to "overshoot"  the s t eady- s t a t e  po ten t i a l  
a nd  c u r r e n t  in  order  to genera te  the  r e q u i r e d  m a t e -  
rials,  bu t  once the ma te r i a l s  are fo rmed  in  the  so lu-  
t ion  and  on the electrode surface  t h e n  on ly  a m i n i -  
ma l  c u r r e n t  is r e q u i r e d  to m a i n t a i n  pass ivat ion.  The  
low corrosion ra te  of t e l ephone  b a t t e r y  service (50) 
is be l ieved  to be a reflect ion of this  r e q u i r e m e n t .  

The pass iva t ion  domains  o r ig ina l ly  ou t l ined  to 
cor respond to the  doma i ns  of t h e r m o d y n a m i c  s ta-  
b i l i ty  of PbO~ and  PbSO,  (3) should be modified to 
ind ica te  two areas of pass iva t ion :  one w he re  the  
composi te  coat ing  of PbSO,  a nd  PbOt  is p ro tec t ive  
be low l ine  A in  Fig. 2; and  the  o ther  above  l ine  C. 
These pass iva t ion  domains  are separa ted  by  an  a rea  
of in tense  corrosion be l ieved  to be caused by  the  elec-  
t rochemica l  oxida t ion  of w a t e r  at  the m e t a l  i n t e r -  
face at  a r a t e  insuff icient  to m a i n t a i n  a pass iva t ing  
coat ing  of PbO2 on the  me t a l  surface.  

X - r a y  diffract ion e x a m i n a t i o n  of ca lc ined aPbO2 
suggests tha t  it is the l o w - t e m p e r a t u r e  p o l y m o r p h  
and  is conver ted  to flPbO2 at  a p p r o x i m a t e l y  300~ 
in  air. 

The  po ten t ia l s  associated w i th  gass ing oxygen  
f rom a PbO~ electrode ind ica te  tha t  the  reac t ion  m a y  
go by  w a y  of peroxide  in  bo th  acid a nd  a lka l i ne  
media .  

Manuscript  received Mar. 24, 1958. This paper  was 
prepared for del ivery before the Buffalo Meeting, Oct. 
6-10, 1959. 

A ny  discussion of this paper  will  appear in  a Discus- 
sion Section to be publ ished in the December 1959 
JOURNAL. 
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Evidence for a Logarithmic Oxidation Process for 
Stainless Steel in Aqueous Systems 
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Niagara Falls, N e w  York  

ABSTRACT 

Upon immersion of a passive stainless steel electrode into an oxidizing 
ferrous-ferr ic  aqueous solution, the mixed potent ial  of the electrode gradual ly  
approaches the reversible redox potential  of the solution. Dur ing  this period, 
an oxidation process occurs, the rate  of which decreases with time. The process 
is most l ikely oxidation of metal  since the potent ial  range over which it occurs 
is more active than  the estimated reversible oxygen potential  for the system, 
and no other oxidation reaction is likely. The kinetics of oxidation of stainless 
steel are similar to kinetics reported for anodic oxidation of metals which form 
thin amorphous oxides. Therefore, it is believed that  evidence has been ob- 
tained for growth of a similar  type of oxide on stainless steel. At constant  po- 
tential, the oxidation process can be described closely by a logarithmic oxi- 
dation equation. Also, the kinetics are consistent with equations which describe 
ion current  through thin oxides as a funct ion of the field across the oxide. 

A s tudy  of f e r rous - f e r r i c  e lect rode k ine t ics  on 
s ta inless  steel  surfaces has been  repor ted  (1) .  The  
da ta  suppor ted  theore t ica l  equa t ions  which  descr ibe  
p o t e n t i a l - c u r r e n t  re la t ionsh ips  for such a system. 
Al l  ra te  m e a s u r e m e n t s  were  conduc ted  on electrodes  
whose potent ia l ,  w i th  no appl ied  cur ren t ,  was v e r y  
close to the revers ib le  f e r rous - f e r r i c  potent ia l .  How-  
ever, it  was  also shown  tha t  s ta inless  s teel  does not  
exh ib i t  this  po ten t i a l  i m m e d i a t e l y  af ter  i m m e r s i o n  
in  the  oxidiz ing solut ion.  The electrode is i n i t i a l ly  
more  act ive  t h a n  a p l a t i n u m  elec t rode in  the  same  
so lu t ion  and  s lowly approaches  the  p l a t i n u m  p o t e n -  
t ia l  over  a per iod of severa l  t h o u s a n d  m i n u t e s  in  a 
m a n n e r  a l r eady  i l lu s t r a t ed  (1) .  No effort was made  
to exp la in  the  processes occur r ing  d u r i n g  this  t ime  
in t e rva l ;  however ,  p e r t i n e n t  da ta  were  ob ta ined  
which,  at  tha t  t ime, were  no t  p a r t i c u l a r l y  clear.  A 

be t t e r  u n d e r s t a n d i n g  of the  n a t u r e  of the  sys tem 
now provides  a r easonab le  e x p l a n a t i o n  of this  in i t i a l  
p o t e n t i a l - t i m e  dependence ,  a nd  the  purpose  of this  
discussion is to descr ibe the  k ine t ics  of the  processes 
which  occur. 

Experimental 
The e x p e r i m e n t a l  p rocedure  was descr ibed ear l ie r  

(1, 2) and  on ly  p e r t i n e n t  detai ls  are repeated .  The  
e n v i r o n m e n t  was  e i the r  a m i x t u r e  of fe r rous  and  
ferr ic  sul fa te  i n  w a t e r  or a m i x t u r e  of fe r rous  and  
ferr ic  chlor ide  c o n t a i n i n g  sod ium n i t r a t e  as a p i t t i ng  
inhibi tor .  Solu t ions  were  oxygen- f ree .  P l a t i n i zed  
p l a t i n u m  was used as r e fe rence  and  as a u x i l i a r y  
electrodes d u r i n g  polar iza t ion.  The m a t e r i a l  was 
commerc ia l  Type  304 stainleas steel. Sample  p r ep -  
a ra t ion  invo lved  thorough  degreas ing,  ac t iva t ion  in  
concen t ra t ed  HC1 u n t i l  h y d r o g e n  evo lu t ion  was  ob-  
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