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Mott-Schottky Iron in Neutral Plot of the Passive Film Formed on 
Borate and Phosphate Solutions 

Kazuhisa Azumi, Toshiaki Ohtsuka, and Norio Sato* 
Electrochemistry Laboratory, Faculty of  Engineering, Hokkaido University, Sapporo, 060, Japan 

ABSTRACT 

The semiconductive properties of the passive film formed on iron were investigated by measuring the impedance of 
passivated iron electrodes in neutral borate and phosphate solutions. Mott-Schottky type of plot was applied to the imped- 
ance data to obtain the donor density ND and the flatband potential VF,~ as a function of film formation potential, oxidation 
time, and ion species present in the solution. The value of N,, obtained for the passive film is in the range of 1 • 102" 2 • 
1027m -3 and decreases with increasing formation potential and oxidation time, indicating that the structural and electronic 
defects in the passive film decrease with increasing film thickness. The value of N,) of the passive film formed in phosphate 
solution is greater than that in borate solution. From the fact that when the electrolyte was changed from borate to phos- 
phate solution ND increased from the value in borate solution to the value in phosphate solution in a time period of about 
103s, it is evident that phosphate ions penetrate into the passive film producing a large number  of defects. 

Recen t  impedance  (1-5) and pho toe lec t rochemica l  (4, 
5) inves t iga t ions  of the passive films on iron have sug- 
gested that the passivated iron behaves like a metal  elec- 
t rode covered  with a n- type semiconduc t ive  oxide  film. 
S t imming  et al. (1, 2) conduc ted  capaci tance  measure-  
men t s  of the pass ive  film on iron and using the Mott- 
Scho t tky  type  of plot  of the capaci tance  data c la imed 
that  the passive film was an n-type semiconductor  with a 
high donor  density of 1025-10~6m -3. Khan and Schmickler  
(6) reported that the passive film was so thin that the sim- 
ple Mott-Schottky plot might  not be applicable, and pro- 
posed a model  which took the surface charge of sub- 
strate metal  into account  to explain the capacitance data 
of an ext remely  thin semiconductor  layer. 

Recent ly ,  S t imming  (7) has sugges ted  that  the amor- 
phous  nature  of the passive film plays a significant  role 
in the s emiconduc t ive  proper t ies  of the films. Wheeler  
et al. (8) and Cahan et al. (9) have claimed, based on the 
capac i tance-poten t ia l  relat ion of the passive iron, that  
the chemiso rbed  substances,  ra ther  than the format ion 
of the space charge layer in the film, have a great  
influence on the electric conduct ivi ty  of the film. 

In a previous  s tudy (10) the authors  repor ted  the 
impedance-potent ia l  relationshi p of the passive iron in a 
wide f requency region from 10 -'2 to 104 Hz in borate and 
phosphate  solutions at various pH values. The results of 
the impedance  response indicate that the passivated iron 
e lec t rode  has two t ime constants ,  one which appears  in 
the f requency  region lower than 10 Hz originates with 
the space charge in the film and the other  appear ing  in 
the f requency  region higher  than 10 Hz may or iginate  
with the fi lm/solution interface. 

In this paper the Mott-Schottky type of plot is applied 
to the impedance  data for s tudying  the s emiconduc t ive  
p roper ty  of the passive film on iron in borate  and phos- 
phate  solut ions at pH 6.5 and pH 8.4. The re la t ionships  
be tween the donor density and the film formation poten- 
tial as well as between the donor density and the kinds of 
anions present  in electrolyte solution are discussed. 

Experimental 
A cylindrical  e lectrochemical  cell made of Pyrex  glass 

was p laced in a shield box. All e lectr ical  connec t ions  
were  made  by a coaxia l  cable. A cyl indr ical  pla t inized 
p la t inum plate form and a sa turated ca lomel  e lec t rode  
(SCE) were  used as a coun te re lec t rode  and a re ference  
electrode, respectively.  In this paper electrode potential  
is referred to the revers ib le  hydrogen  e lec t rode  (vs. 
RHE). 

The iron e lec t rode  used was prepared  f rom a sheet  of 
99.99% Ferrovac-E iron. The e lec t rode  surface was me- 
chanica l ly  pol i shed  by 0.05 t~m a lumina  abrasive and 
washed  in e thyl  alcohol  by using an.ul t rasonic cleaner.  
The exposed area of the electrode to the electrolyte was 
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ca. 20 mm 2 and the unexposed  area was covered with sili- 
con adhesive. 

The solutions were mixtures  of 0.30 tool � 9  -3 H3PO4 
and 0.30 mol � 9  -3 NaH2PO4 (pH 6.5), mixtures  of 0.30 
m o l .  d m a  H3BO4 and 0.075 mol � 9  -~ Na~_B407 (pH 6.5 
and 8.4). All the solut ions were  prepared  from doubly  
dis t i l led water  and analyt ical  grade reagents ,  and 
dearea ted  by bubbl ing  purified n i t rogen  gas before  ex- 
per iments .  All expe r imen t s  were  pe r fo rmed  at a con- 
stant  t empera tu re  of 298 -+ 0.5 K in the a tmosphere  of 
purified nitrogen. 

A f requency  response  analyzer (FRA; NF Circuit  Cor- 
poration, Model S-5720B) was used for the measurement  
of e lec t rode  impedance .  The m e a s u r e m e n t  was con- 
duc ted  by super impos ing  an ac vol tage  of 5 mV ampli- 
tude with the f requency ranging from 1 x 10 -2 to 1 x 10 ~ 
Hz on a dc bias of a potent iostat .  A m i c r o c o m p u t e r  
(Nippon Electric Corporation, Model PC-9801) was used 
to control  the FRA and the potent ios ta t ,  and to analyze 
the measured data. 

In order  to obtain the capaci tance  value of the space- 
charge layer in the passive film a curve fitting method on 
the Bode diagram was employed (10). An example  for the 
curve fitting is shown in Fig. 1, where an equivalent  cir- 
cuit is assumed consisting of a series connect ion of two 
paral lel  RC circuits  and a res is tance  of solut ion R~. The 
Rsc and Csc couple, which predominates  in the frequency 
region lower than 10 Hz, characterizes the property of the 
space charge layer in the passive film. The other couple, 
R,r and C,F, which appears in the f requency region higher 
than 10 Hz cor responds  to the f i lm/solut ion interface.  
The val id i ty  of this equ iva len t  circui t  was d iscussed  in 
the previous paper (10). 

Pass ive  films were  formed by anodic oxida t ion  (i) in 
pH 8.4 borate solution directly by polarizing cathodically 
r educed  film-free surface and (ii) in pH 6.5 solut ions in 
two-s tep  oxidat ion  (10) in order to p reven t  the surface 
from roughening during passivation. In the two-s"cep oxi- 
dation, the iron e lec t rode  was first oxidized at 0.54V in 
pH 8.4 borate  solut ion for 600s by potent ios ta t ic  oxida- 
tion to form a thin passive film and, after exchanging the 
solut ion to that  of pH 6.5, it was fur ther  oxid ized  at a 
given potential. 

To evalua te  the semiconduc t ive  proper ty  of  the 
pass ive  film, the Mot t -Schot tky  type  of  plot  was made  
with the impedance  data obta ined  by the p rocedure  
il lustrated in Fig. 2, as described in the following: 

1.The passive film was formed at a given potential,  Vr, 
for 1.8 ks. 

2. The potential  was lowered to a potential, Vm~,, where 
the impedance  diagram was measured  in the f requency  
range from 10 -2 to 104 Hz within 300s. 

3. The potential  was then raised again to the potential, 
Vf, and main ta ined  there  for 10s and lowered  to V~(2~ 
where  the impedance  diagram was measured.  
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Fig. 3. Potential dependence of reciprocal capacitance Csc -~ of the 
space-charge layer in the passive film formed on iron in pH 8.4 borate 
solution (Vf = Vm). 

4. P rocedure  3 was repeated  to obtain the i m p e d a n c e  
diagram at a successively lowering potential  Vm,., 

From the impedance  diagrams obtained at various po- 
tent ia ls  Vm the componen t s  of Csc, Rsc, C~, R~F, and Rs, 
can be est imated for the passive film formed at a certain 
potent ia l  Vf. Finally,  f rom Csc ~ changing  with Vm, one 
can obtain  the Mot t -Schot tky  plot  for the pass ive  film 
formed at various potentials Vf. 

The th ickness  of the passive film formed on iron was 
measured by 3 parameter  (3P) ref lectometry (11-13). 

Results 
Relation between the capacitance of the space-charge 

layer and the formation potentiaL--The impedance  dia- 
gram as shown in Fig. 2 was also measured  for the 
passivated iron electrode after 1.8 ks oxidat ion at various 
potent ia ls  in solut ions.  The va lue  of capaci tance  Csc of  
the space-charge  layer in the passive film formed in pH 
8.4 borate solution est imated from the diagram is shown 
in Fig. 3, where  the reciprocal  of the space-charge  layer 
capacitance, Csc -~, is plotted as a function of potential. In 
Fig. 3 the electrode potential  is raised in steps from 0.34 
to 2.34V to th icken the passive film. Impedance  was mea- 
sured at each potent ia l  step after ho ld ing  the potent ia l  
for 1.8 ks before each measurement .  It is seen that  Csc ~ 
increases  wi th  potent ia l  in the passive potent ia l  region 
from 0.34 to 1.5V. At potentials > 1.5V, however,  Csc ~ de- 
creases with po ten t ia l  

Figure 4 shows the reciprocal  of the space-charge layer 
capaci tance measured  at various potentials Vm more neg- 
ative than the film formation potential  Vf for the passive 
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Fig. 2. Potential-time diagram for measurement of Mott-Schottky re- 

lation. Vf is film formation potential, Vm is measurement potential. 

films formed at Vr = 1.34 and 2.34V (Vm < V0. For  the 
passive film formed at Vf = 1.34V Csc i decreases with de- 
scend ing  potential, while for the passive film formed at 
Vf = 2.34V Csc -I first increases, reaches a maximum, and 
then decreases with descending potential Vm. For the 
passive films formed at other potentials Vr the relation- 
ship obtained between Csc ~ and Vm was similar to that 
shown in Fig. 4. A peak of Csc -~ is always obtained in the 
Csc LVm plot for the film formed at potentials more posi- 
tive than Vr = 1.5V, whereas a monotonous decrease of 
Csc ' with lowering Vm is observed for the film formed at 
potentials more negative than Vf = 1.5V. 

The passive film on iron has been considered to be a 
semiconductor of n-type. The increasing anodic poten- 
tial therefore induces the thickening of the space-charge 
layer as well  as film th ickening.  In the  case of  Vm = Vf 
(Fig. 3) the l inear  increase  of Csc -1 with potent ia l  in the 
potential  region less posit ive than 1.5V implies the linear 
growth  of  the space charge layer accompan ied  with the 
film th ickening.  At potent ia ls  more  pos i t ive  than 1.5V, 
however,  the Csc-1 decreases with potential,  al though the 
film thickens further. To explain such a decrease of Csc -~ 
in the high potential  region S t imming and Schultze (14) 
p roposed  the format ion  of an invers ion  layer in the 
pass ive  film. Taking into account  the fact that  the peak 
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w h i c h  d i f fe r s  f r o m  1.5V at  w h i c h  t h e  p e a k  of  Csc -~ is ob-  
s e r v e d  in  t h e  Csc-l-Vr curve ,  we  p r o p o s e  t h a t  t h e  s u r f a c e  
s t a t e s  t a k i n g  p a r t  in  t h e  a n o d i c  e v o l u t i o n  of  o x y g e n  are  
r e s p o n s i b l e  for  t h e  d e c r e a s e  of  Csc-L T h e  s u r f a c e  s t a t e s  
m a y  b e  p r o d u c e d  b y  a b s o r b e d  s p e c i e s  s u c h  as O 2- (ad), 
O-  (ad),  a n d  O"(ad) w h i c h  ac t  as  a n  i n t e r m e d i a t e  of  t h e  
o x y g e n  e v o l u t i o n  p r o c e s s .  T h e  a d s o r b e d  s p e c i e s  or  t h e  
s u r f a c e  s t a t e s  m a y  b e  s t a b l e  a t  p o t e n t i a l s  m o r e  p o s i t i v e  
t h a n  1.0V, a n d  t h e r e f o r e  t h e  p e a k  of  Csc ~ m a y  a p p e a r  
a r o u n d  1.0V as o b s e r v e d  in  Fig. 4. 

T h e  m a x i m u m  v a l u e  ofCsc  ~(max) d u r i n g  t h e  l o w e r i n g  
of  p o t e n t i a l  a f t e r  t h e  f o r m a t i o n  of  t h e  f i lm a t  p o t e n t i a l s  
m o r e  p o s i t i v e  t h a n  1.5V can  b e  r e g a r d e d  as c o r r e s p o n d -  
i n g  to t h e  m a x i m u m  s p a c e  c h a r g e  l a y e r  t h i c k n e s s  pro-  
d u e e d  in  t h e  film. F i g u r e  5 s h o w s  t h e  m a x i m u m  v a l u e s  of  
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Fig. 6. The Mott-Schottky type of plot (Csc 2 vs. Vm) for the passive 
films formed at various potentials in pH 6.5 borate solution for 1.8 ks. 

Csc-J(max) as a f u n c t i o n  of  t he  f o r m a t i o n  po t en t i a l ,  Vr. In  
Fig.  5 t h e  t o t a l  t h i c k n e s s ,  d, of  t h e  p a s s i v e  f i lm is a l so  
p l o t t e d  for  c o m p a r i s o n .  T h e  t h i c k n e s s  d a t a  a re  r e f e r r e d  
to in  t h e  p r e v i o u s  s t u d y  (12, 13) in  w h i c h  t h e  t h i c k n e s s  
w a s  e s t i m a t e d  b y  r e f l e c t i v i t y  m e a s u r e m e n t s .  I t  is f o u n d  
f r o m  Fig. 5 t h a t  b o t h  Csc ~(max) a n d  d i n c r e a s e  w i t h  as- 
c e n d i n g  po ten t i a l .  

Mott-Schottky type of plot for the capaci tance . lFrom 
t h e  M o t t - S c h o t t k y  p lo t ,  w h i c h  is s h o w n  in  Fig.  6, t h e  
v a l u e  of  t h e  d o n o r  dens i t y ,  N~, a n d  t he  f l a t b a n d  po t en t i a l ,  
VFB, can  b e  c a l c u l a t e d  by  u s i n g  t h e  e q u a t i o n  

Csc -2 - (2/eNi~ee,,) (Vm - VFI~ - kT) [1] 

w h e r e  e is t h e  c h a r g e  of  e l e c t r o n ,  e, t h e  p e r m i t t i v i t y  of  
t h e  f r ee  space ,  �9 t h e  d i e l e c t r i c  c o n s t a n t ,  ND t h e  d o n o r  
d e n s i t y ,  Vm t h e  p o t e n t i a l s  w h e r e  m e a s u r e m e n t s  a re  
c a r r i e d  out ,  a n d  VH~ t h e  f l a t b a n d  p o t e n t i a l .  T h e  d o n o r  
d e n s i t y  Nr) is e s t i m a t e d  f r o m  t h e  s l o p e  a n d  t h e  f l a t b a n d  
p o t e n t i a l  VH~ f r o m  e x t r a p o l a t i o n  of  Csc 2 to Csc -2 = 0. Fo r  
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c a l c u l a t i o n  of  ND, a v a l u e  of  d i e l e c t r i c  c o n s t a n t  �9 = 40, 
w h i c h  was  p r e v i o u s l y  e s t i m a t e d  (10), h a s  b e e n  u s e d  for  
t h e  p a s s i v e  film. 

Figure 6 shows examples of the Mott-Schottky type of ] 2 
plot, which were obtained for the films formed at various 
p o t e n t i a l s  in  p H  6.5 b o r a t e  so lu t ion .  In  Fig. 6 a l i n e a r  rela-  ~o 

I t i o n s h i p  b e t w e e n  Csc 2 a n d  V m is f o u n d  to h o l d  in  t h e  po-  ~ E  I 0 
t e n t i a l  r e g i o n  l o w e r  t h a n  1.0V. S i m i l a r  r e s u l t s  to  t h e s e  r 
s h o w n  in  Fig. 6 w e r e  a lso o b t a i n e d  for  t h e  f i lms f o r m e d  in  2 
p H  8.4 b o r a t e  a n d  p H  6.5 p h o s p h a t e  so lu t i ons .  ~. 

T h e  d o n o r  dens i t y ,  ND, in  t h e  i r on  p a s s i v e  f i lm f o r m e d  r~ 8 
in  d i f f e r e n t  s o l u t i o n s  is s h o w n  in  Fig. 7a as  a f u n c t i o n  of  Z 
t h e  f o r m a t i o n  p o t e n t i a l  V~. T h e  v a l u e  of  ND is e s t i m a t e d  to 
b e  1 • 1026-2 • 10=m -3, w h i c h  is m u c h  g r e a t e r  t h a n  t h e  
v a l u e  fo r  o r d i n a r y  s e m i c o n d u c t o r s  a n d  i r o n  o x i d e s  (3-5, >, 6 

4.-- 15-17). ND d e c r e a s e s  w i t h  a s c e n d i n g  Vr in  t h e  t h r e e  solu-  .~ 
t i o n s .  ND a lso  d e p e n d s  o n  t h e  i on  s p e c i e s  p r e s e n t  in  t h e  c- 
s o l u t i o n  a n d  t h e  v a l u e  of  ND in p H  6.5 p h o s p h a t e  s o l u t i o n  ~ 4 
is g r e a t e r  t h a n  t h a t  in  p H  6.5 b o r a t e  so lu t i on .  

The f l a t b a n d  p o t e n t i a l  VrR is f o u n d  to depend to s o m e  
e x t e n t  o n  t h e  f i lm f o r m a t i o n  p o t e n t i a l ,  as s h o w n  in  Fig.  r 
7b. I n  t h e  p o t e n t i a l  r e g i o n  l o w e r  t h a n  1.5V, t h e  v a l u e  of  o 2 
VFB is c o n s t a n t  a t  V~B = 0.34V in  p H  8.4 b o r a t e  s o l u t i o n  
a n d  a t  VFB = 0.49V in  p H  6.5 b o r a t e  so lu t ion .  I n  t h e  p o t e n -  
t im  r e g i o n  m o r e  p o s i t i v e  t h a n  Vf = 1.5V, t h e  f l a t b a n d  po- 
t e n t i a l  sh i f t s  t o w a r d s  t he  m o r e  p o s i t i v e  p o t e n t i a l ,  as t h e  
f i lm f o r m a t i o n  p o t e n t i a l  Vf b e c o m e s  m o r e  pos i t ive .  Th i s  
a p p a r e n t  s h i f t  m a y  b e  d u e  to t h e  i n f u e n c e  of  a d s o r b e d  
o x y g e n  s p e c i e s  o n  t h e  f i lm r e s u l t i n g  f rom t h e  o x y g e n  ev- 
o l u t i o n  r e a c t i o n  in  t h e  p o t e n t i a l  r e g i o n  m o r e  p o s i t i v e  
t h a n  1.5V, as m e n t i o n e d  above .  Th i s  sh i f t  of  V~B is s e e n  to 
c o m m e n c e  a t  a p o t e n t i a l  m o r e  n e g a t i v e  t h a n  1.5V in 
p h o s p h a t e  s o l u t i o n ,  s u g g e s t i n g  t h a t  b e s i d e s  a d s o r b e d  
o x y g e n  s p e c i e s  p h o s p h a t e  i ons  a d s o r b e d  on  or  i n c o r p o -  
r a t e d  in  t h e  f i lm p l ay  a c e r t a i n  ro le  in  s h i f t i n g  VFR. 

Effect of the oxidation time.--The p e r i o d  of  t i m e  for  ox- 
i d a t i o n  a lso  i n f l u e n c e s  t h e  M o t t - S c h o t t k y  t y p e  of  p lo t  for  
t h e  s p a c e - c h a r g e  c a p a c i t a n c e  da ta .  F i g u r e  8 s h o w s  Nr) 
a n d  V~B as a f u n c t i o n  of  o x i d a t i o n  t i m e  tox for  t he  p a s s i v e  
f i lms f o r m e d  at  Vf = 0.94 a n d  1.34V in p H  6.5 b o r a t e  solu-  
t i o n  b y  m e a n s  of  t w o - s t e p  o x i d a t i o n ,  w h e r e  a v e r y  t h i n  
f i lm was  f irst  f o r m e d  a t  0.54V for  600s in  p H  8.4 b o r a t e  so- 
l u t i o n  a n d  t h e n  was  t h i c k e n e d  b y  f u r t h e r  o x i d a t i o n  a t  
t h e  d e s i g n a t e d  p o t e n t i a l  in  p H  6.5 b o r a t e  s o l u t i o n .  F o r  
r a p i d  m e a s u r e m e n t s  of  i m p e d a n c e ,  t h e  p o t e n t i a l  was  
s t e p w i s e  l o w e r e d  in  s t e p s  as s o o n  as p o s s i b l e  a f t e r  a 
g i v e n  o x i d a t i o n  t i m e  h a d  p a s s e d  a t  a c o n s t a n t  po t en t i a l ,  
a n d  t h e  i m p e d a n c e  m e a s u r e m e n t  w as  c a r r i e d  o u t  a t  a 
f i xed  f r e q u e n c y  o f f  = 1.00 Hz. F r o m  t h e  M o t t - S c h o t t k y  14 
t y p e  of  p l o t  for  t h e  c a p a c i t a n c e  d a t a  t h u s  m e a s u r e d  a t  
1.00 Hz t h e  d o n o r  d e n s i t y ,  ND, a n d  t h e  f l a t b a n d  p o t e n t i a l ,  ro 

V~,, w e r e  d e t e r m i n e d  as a f u n c t i o n  of  o x i d a t i o n  t i m e  b y  i E 
a s s u m i n g  e = 40. As  s h o w n  in  Fig.  8, ND d e c r e a s e s  w i t h  ~ ~ 12 
i n c r e a s i n g  tox, w h i l e  Vr~ r e m a i n s  c o n s t a n t  d u r i n g  t h e  - ~  
prolonged oxidation. 

8 
D i s c u s s i o n  r~ 

Dependence of ND on the film formation potential.--As Z 
s h o w n  in  Fig. 7a, t h e  d o n o r  d e n s i t y  N,) in  t h e  p a s s i v e  fi lm 
f o r m e d  on  i ron  d e c r e a s e s  w i t h  a s c e n d i n g  film f o r m a t i o n  4 
p o t e n t i a l  Vr, a n d  s i m u l t a n e o u s l y  t h e  fi lm t h i c k n e s s  d in- 
c r e a s e s  w i t h  a s c e n d i n g  Vr, as s h o w n  in Fig. 5. F r o m  th i s  l"W ] 
r e s u l t  ND m a y  b e  c o n s i d e r e d  to d e p e n d  on  t h e  f i lm t h i c k -  neO.48 
ness ,  as wil l  be  d i s c u s s e d  be low.  > 

T h e  film t h i c k n e s s  d of  t h e  i r on  p a s s i v e  f i lm is v e r y  t h i n  
a n d  of  t h e  o r d e r  of  1-5 n m  in t h e  p a s s i v e  p o t e n t i a l  r eg ion .  
T h e  p a s s i v e  f i lm is c o n s i d e r e d  to c o n s i s t  of  a few l aye r s  0 .44  
of  t h e  u n i t  ce l l s  w h o s e  l a t t i c e  c o n s t a n t  is 0.8 n m  for  m 
Fe20:~. I n  s u c h  a t h i n  f i lm m a n y  l a t t i ce  de f ec t s  or  i m p e r -  u. 
f e c t i o n s  m a y  b e  i n d u c e d  b e c a u s e  o f  i ts  t h i n n e s s  (18). > 

0 .40  
T h e s e  d e f e c t s  or  i m p e r f e c t i o n s  w o u l d  b e  r e d u c e d  in  
n u m b e r  w i t h  i n c r e a s i n g  f i lm t h i c k n e s s ,  as t h e  p a s s i v e  
f i lm t e n d s  to  t a k e  t h e  m o r e  s t a b l e  a t o m i c  s t r u c t u r e ,  t h e  
t h i c k e r  t h e  f i lm grows .  

F i l m  t h i c k n e s s  d a lso i n c r e a s e s  w i t h  o x i d a t i o n  t i m e  tox 
at  c o n s t a n t  p o t e n t i a l  in  n e u t r a l  a n d  a l k a l i n e  s o l u t i o n s  
(13). As  s h o w n  in  Fig. 8, t h e  d o n o r  d e n s i t y  d e c r e a s e s  w i t h  
i n c r e a s i n g  o x i d a t i o n  t i m e  at  c o n s t a n t  po t en t i a l .  T h i s  re- 
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Fig. 8. Value of ND vs. oxidation time to• for the passive film formed 

on iron at 0.94 and 1.34V in pH 6.5 borate solution. The impedance 
was measured at o fixed frequency of i .00 Hz. 

s u l t  a l so  i n d i c a t e s  t h a t  t h e  d e n s i t y  of  t h e  l a t t i c e  d e f e c t s  
a c t i n g  as e l e c t r o n  d o n o r s  d e c r e a s e s  w i t h  i n c r e a s e  of  t h e  
f i lm t h i c k n e s s  a n d  w i t h  t h e  a g i n g  of  t h e  film. 

Effect of anion.--From c o m p a r i s o n  b e t w e e n  t h e  N,~ 
v a l u e  in  p h o s p h a t e  s o l u t i o n s  at  pH 6.5 a n d  t h a t  in  b o r a t e  
s o l u t i o n s  at  p H  6.5 (Fig. 7a), i t  is s e e n  t h a t  t h e  d o n o r  den -  
s i t y  is g r e a t e r  in  t h e  f i lm f o r m e d  in  p h o s p h a t e  s o l u t i o n  
t h a n  in  b o r a t e  so lu t ion .  F u r t h e r ,  t h e  c h a n g e  of  Nt~ a n d  VF,~ 
d u r i n g  t h e  s e c o n d  s t a g e  of  t h e  t w o - s t e p  o x i d a t i o n  in  
p h o s p h a t e  s o l u t i o n  h a s  b e e n  m e a s u r e d  a n d  c o m p a r e d  
w i t h  t h e  r e s u l t  in  Fig.  8. T h e  r e s u l t  is g i v e n  in  Fig.  9, 
w h e r e  t h e  f i rs t  o x i d a t i o n  was  m a d e  at  E = 0.54V for  600s 
in  p H  8.4 b o r a t e  so lu t ion ,  f o l l owed  b y  t h e  s e c o n d  s t age  of  
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Fig. 9. Change of ND and V ~  with oxidation time t,~• for the passive 
film formed on iron at 0.94 and 1.34V in pH 6.5 phosphate solution. 
Impedance was measured at o fixed frequency of 1.00 Hz. 
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oxidat ion at E = 0.94 or 1.34V in pH 6.5 phosphate  solu- 
tion. In Fig. 9 the change of ND and VFB is shown during 
the second stage of oxidation. In contrast  with the result  
in Fig. 8, ND in this case increases with oxidation time, in 
spite of the film increas ing its th ickness .  The Vr~ also 
shifts from a value for the film in borate solution to one 
for the film in phosphate  solution. The change of ND and 
VrB due to solut ion exchange  requi res  a t ime per iod of 
about  103s, and it is implied that the film slowly changes 
in its semiconduc t ive  property.  The difference be tween  
the films formed in borate and the films in phosphate  so- 
lution may be due to difference in the affinity of absorp- 
tion in and/or adsorption on the film between these two 
anions. Phosphate  ions probably possess the adsorption 
and absorp t ion  affinity greater  than borate  ions, re- 
sult ing in the formation of iron phosphate compounds  in 
the film (19, 20). From the results shown in Fig. 7, 8, and 9 
the Mott-Schottky type of plot proves useful in s tudying 
the anionic effect on the passive film. 

Thickness of  the space charge layer . - -The thickness dsc 
of  the space-charge layer in a semiconductor  can be cal- 
culated by using the Schot tky equat ion as follows 

dsc = (2eeoVsc/eND) I/2 [2] 

where  Vsc is the potent ia l  d i f ference appl ied to the 
space-charge  layer, which is assumed to be Vsc = Vm - 
VFB. According to Eq. [2] ds,, can be est imated at each for- 
mation potential  Vf from the data Of ND and VF, shown in 
Fig. 7. 

The thickness dsc calculated from Eq. [2] as a function 
of Vf for the passive film formed in pH 6.5 borate solution 
is shown in Fig. 10. In the figure the thickness d'sc of the 
dielectric layer in the film is also shown for comparison,  
which  was es t imated  from the capac i tance  data of 
Csc- '(max) shown in Fig. 5 with a paral lel  capaci tor  
model  (14, 21) (Eq. [3]) 

d's,. = eeo/Cs(,(max) [3] 

where  d's(, is regarded  as the th ickness  of the die lect r ic  
layer in the passive film. In Fig. 10 the thickness data ob- 
ta ined from.the ref lect ivi ty measu remen t s  (13) are also 
plotted. 

In Fig. 10 both ds(. and d's(. increase with increasing d 
in the passive potent ia l  region. F rom compar i son  be- 
tween  the total th ickness ,  d, and the th ickness  of  the 
space charge layer, dsc, it is suggested that the film con- 
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Fig. 10. Thickness dsc of the space-charge layer calculated from Eq. 
[2] and [3] as a function of film formation potential. The passive film 
was formed in pH 6.5 borate solution. The thickness of the passive film, 
d, measured by 3P-reflectometry (]2, 13) was plotted for comparison. 

sists of two layers in the passive potential region. In the 
inner layer no electric field exists, while the outer layer 
contains the space charge and sustains a potential drop 
in itself. As seen in Fig. i0 the thickness of the inner 
layer is nearly constant in the passive potential region, 
independent of the formation potential. The constant 
thickness of the inner layer agrees with the assumption 
mentioned in the previous work (I0). In the potential re- 
gion of the oxygen evolution dsc is thicker  than the real 
thickness.  The thickness dsc in the potential  region, how- 
ever,  does not  represen t  the real feature of the space- 
charge,  because  the potent ia l  may not be p inned  by the 
Fermi  level but by the surface states produced by the ad- 
sorbed oxygen species. 

Khan and Schmickler  (6) have suggested in explaining 
the capacitance data of a thin semiconduct ive  film such 
as the iron passive film that the electrode capacitance is 
inf luenced not only by the space charge layer in the 
s em iconduc to r  but  also by the surface charge on metal.  
A ca lcula t ion  based on the mode l  of Khan and 
Schm ick l e r  was per formed  to obtain the solut ion of ND 
for the capaci tance  data in the present  work. The resul t  
of this calculat ion,  however ,  shows that  the surface 
charge  on meta l  may play no significant  role in the ca- 
paci tance of the passivated iron with roughness factor 1. 

Conclusion 
The n-type semiconduc t ive  proper ty  of the passive 

film on iron was evaluated from the Mott-Schottky type 
of  plot  for the impedance  data obtained.  The fo l lowing 
conclusions may be drawn from the results. 

1. The value of donor density ND of the passive film is in 
the range of 1 • 1026-2 • 1027m 3 and decreases with film 
format ion  potential .  This resul t  suggests  that  the struc- 
tural and electronic defects which provide donor centers 
in the pass ive  film decrease  with increas ing film 
thickness.  

2. The value of ND and Vr~ are affected by ionic species 
present  in the solution. The passive film formed in phos- 
phate solution possesses N, which is greater than that in 
borate  solution.  Phospha te  ions may pene t ra te  into the 
passive film, producing a large number  of structural and 
electronic defects in the film compared with borate ion. 

3. The flatband potential  Vr~ is est imated at 0.34V in pH 
8.4 borate solution and at 0:49V in pH 6.5 borate solution 
in the passive potent ia l  region and shifts to more posi- 
t ive potential  in the potential  region where oxygen evo- 
lution occurs. In pH 6,5 phosphate  solution the fiatband 
potent ia l  shifts to more  posi t ive  potent ia l  th rough  the r 
passive and oxygen evolut ion potential  regions. 

Manuscr ip ts  submi t t ed  Sept.  8, 1986; revised  manu- 
script  received Dec. 30, 1986. 
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A Mathematical Model for the Corrosion of Iron in Sulfuric Acid 
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ABSTRACT 

A mathematical model is developed for the corrosion of a rotating iron disk in sulfuric acid. The model treats explic- 
itly the coupling of interfacial reactions with the mass transfer of ionic species by migration, diffusion, and convection in 
both the diffuse part of the double layer and the diffusion layer. The corrosion reactions take place at the metal-electrolyte 
interface and are characterized by the interactions among heterogeneous reactions. The total current density at an elec- 
trode is obtained by summing the partial current densities due to each of these individual heterogeneous reactions. The 
homogeneous  partial dissociation of sulfuric acid is also treated explicitly. This model  shows that  the mass-transfer- 
limited currents can be attributed to mass-transfer limitations to the removal of corrosion products from the iron surface 
coupled with a reduction of the active area of the iron disk. The limiting current obtained from this model is proportional 
to the square root of the rotation speed and agrees with published experimental  results. 

The fundamenta l  react ion for iron corrosion involves  
dissolut ion of the metal  atoms into their  ions. Al though 
their  reaction alone does not reflect the complexi ty  of the 
iron corrosion process, mathemat ical  models  of this pro- 
cess are general ly  based upon this slmpllfiecl vmw. 
Griffin (1), for example,  assumed compet i t ive  adsorption 
be tween an isolated cation and a cation in the oxide layer 
to mode l  the active-t~assive transi t ion.  These  cat ions 
were assumed to be the product  of the electrode dissolu- 
tion. With this s imple  kinet ic  model,  he was able to re- 
produce quali tat ively the "mult ipl ic i ty  of steady states" 
in the region prior  to passivat ion.  In the model  by Law 
and N e w m a n  (2) a modif ied But le r -Volmer  re la t ionship  
was applied to express the simple iron dissolution reac- 
tion. Despi te  the s impl ic i ty  assumed for the corros ion 
chemis t ry ,  the mode l  p rov ided  good account  for the ki- 
netic resistance in the double layer and the nonuniform 
potent ia l  d i s t r ibu t ion  across the disk surface. The con- 
cent ra t ion  dependence  of a l imi t ing reac tant  was in- 
c luded  in their  k inet ic  express ion  in order  to t reat  the 
effect of mass-transfer limitation. Epelboin et al. (3) sug- 
ges ted  that  the mass- t ransfer - l imi t ing  species might  be 
the OH- species.  This is unl ikely,  however ,  in an acidic 
med ium which lacks the hydroxide  ion concentrat ion re- 
quired to just i fy a significant involvement  of this species 
in the pass iva t ion  process.  Alkire  and Cangel lar i  (4) re- 
por ted  the impor tance  of cer ta in  chemica l  species by 
arguing that  the impai rment  of its concentrat ion buildup 
due to the inf luence of fluid flow impeded  passivat ion.  
They indica ted  a cri t ical  ve loc i ty  above  which  
pass iva t ion  did not  occur. Russel l  and N e w m a n  (5) de- 
scr ibed a mode l  for the i ron corrosion in sulfuric acid 
which  also inc luded  the format ion  and growth of a po- 
rous salt film, By using a simple electrode dissolution re- 
act ion and express ing  it in the But le r -Volmer  form as 
used by Law and N e w m a n  (2), the mode l  p rov ided  a 
qua l i ta t ive  account  of the processes  leading to the for- 
mat ion of the salt film. 

The principle advantage of the relatively simple math- 
emat ica l  descr ip t ions  g iven above is that  u n k n o w n  pa- 
rameters  are lumped to provide a minimal  number  of ki- 
net ic  parameters .  A more  comple te  charac ter iza t ion  of 
corrosion mechanisms requires t rea tment  of mult iple  re- 
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actions.  A general  t r ea tment  of mul t ip le  e lec t rode  reac- 
t ions by White et al. (6) a l lowed pred ic t ion  of  the total  
current  density at an electrode under  potentiostat ic con- 
trol. Treatment  of mult iple  reactions was also expressed 
in the mathemat ica l  mode l ing  of LiA1/FeS bat tery  by 
Pollard and Newman (7). 

In this work, the complex  react ions  at the e lec t rode  
surface are t rea ted by the coupl ing  among  s imple  reac- 
t ion steps and mass t ransfer  to and f rom the e lec t rode  
surface.  This approach incorpora tes  both the macro-  
scopic t ransport  phenomena  in the electrolyt ic  solut ion 
and the microscopic model  of the metal-electrolyte inter- 
face, allowing explici t  t rea tment  of the chemical  species 
involved in the system. Passivat ion is considered in this 
work  to be the format ion  of a p ro tec t ive  oxide  layer 
which reduces the active fraction of the surface. Progres- 
sive coverage by oxides has been observed by Miller (8) 
on an iron disk below the passivation potential. Through 
this approach, the influence of mass transfer on the cor- 
rosion current  can be characterized without  assumption 
of a mass-transfer-l imited reactant in solution. 

Physical Description 
A one-d imens iona l  schemat ic  represen ta t ion  of the 

metal-electrolyte system is presented in Fig. 1. The elec- 
t rolyt ic  solut ion was divided into a di f fus ion layer that  
adjoins  the bulk phase and diffuse part  of the double  
layer, a relatively small region extending from the imagi- 
nary outer  He lmhol tz  plane. Unl ike  the di f fus ion layer, 
the diffuse part of the double layer is not electrically neu- 
tral. The mathematical  depict ion of the metal-electrolyte 
interface was based on the theory of diffuse-double-layer 
as developed by Stern, Gouy, and Chapman [see, for ex- 
ample, Parsons (9)]. The microscopic model  of the metal- 
e lec t ro ly te  in terface  (shown in Fig. 1) inc luded  three  
planes: the inner and outer Helmholtz  planes on the elec- 
t rolyt ic  solut ion adjacent  to the in terface  and the inner  
surface state on the meta l  side. The inner  surface state 
(ISS) was designated to be the plane associated with re- 
act ive  meta l  atoms. The inner  He lmhol tz  plane (IHP) is 
the locus of the centers of the first row of ions specifically 
adsorbed  onto the meta l  surface. The outer  He lmhol tz  
plane (OHP) is the plane of closest  approach  for the 
so lva ted  ions associated with the bulk solution.  The 
charge held within the diffuse part of the double layer is 
balanced by the charge held at the interracial planes IHP 
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