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Mott-Schottky Plot of the Passive Film Formed on Iron in Neutral
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 N}, and the flatband potential Vi 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 x 102 — 2 x
10*m~2 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 N;, increased from the value in borate solution to the value in phosphate solution in a time period of about
10%s, it is evident that phosphate ions penetrate into the passive film producing a large number of defects.

Recent impedance (1-5) and photoelectrochemical (4,
5) investigations of the passive films on iron have sug-
gested that the passivated iron behaves like a metal elec-
trode covered with a n-type semiconductive oxide film.
Stimming et al. (1, 2) conducted capacitance measure-
ments of the passive film on iron and using the Mott-
Schottky type of plot of the capacitance data claimed
that the passive film was an n-type semiconductor with a
high donor density of 10%°-10%m=2. 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 extremely thin semiconductor layer.

Recently, Stimming (7) has suggested that the amor-
phous nature of the passive film plays a significant role
in the semiconductive properties of the films. Wheeler
et al. (8) and Cahan et al. (9) have claimed, based on the
capacitance-potential relation of the passive iron, that
the chemisorbed substances, rather than the formation
of the space charge layer in the film, have a great
influence on the electric conductivity of the film.

In a previous study (10) the authors reported the
impedance-potential relationship of the passive iron in a
wide frequency region from 10~2 to 10* Hz in borate and
phosphate solutions at various pH values. The results of
the impedance response indicate that the passivated iron
electrode has two time constants, one which appears in
the frequency region lower than 10 Hz originates with
the space charge in the film and the other appearing in
the frequency region higher than 10 Hz may originate
with the film/solution interface.

In this paper the Mott-Schottky type of plot is applied
to the impedance data for studying the semiconductive
property of the passive film on iron in borate and phos-
phate solutions at pH 6.5 and pH 8.4. The relationships
between 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 electrochemical cell made of Pyrex glass
was placed in a shield box. All electrical connections
were made by a coaxial cable. A cylindrical platinized
platinum plate form and a saturated calomel electrode
(SCE) were used as a counterelectrode and a reference
electrode, respectively. In this paper electrode potential
is referred to the reversible hydrogen electrode (vs.
RHE).

The iron electrode used was prepared from a sheet of
99.99% Ferrovac-E iron. The electrode surface was me-
chanically polished by 0.05 pm alumina abrasive and
washed in ethyl aleohol by using an-ultrasonic cleaner.
The exposed area of the electrode to the electrolyte was
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ca. 20 mm? and the unexposed area was covered with sili-
con adhesive.

The solutions were mixtures of 0.30 mol - dm-3 H,PO,
and 0.30 mol - dm~3 NaH,PO, (pH 6.5), mixtures of 0.30
mol - dm™ H;BO, and 0.075 mol - dm~ Na,B,O0, (pH 6.5
and 8.4). All the solutions were prepared from doubly
distilled water and analytical grade reagents, and
deareated by bubbling purified nitrogen gas before ex-
periments. All experiments were performed at a con-
stant temperature of 298 = 0.5 K in the atmosphere of
purified nitrogen.

A frequency response analyzer (FRA; NF Circuit Cor-
poration, Model S-5720B) was used for the measurement
of electrode impedance. The measurement was con-
ducted by superimposing an ac voltage of 5 mV ampli-
tude with the frequency ranging from 1 x 10~2to 1 x 10*
Hz on a dc bias of a potentiostat. A microcomputer
(Nippon Electric Corporation, Model PC-9801) was used
to control the FRA and the potentiostat, and to analyze
the measured data.

In order to obtain the capacitance 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 connection of two
parallel RC circuits and a resistance of solution Es. The
Rgc 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,
Rirand Cy, which appears in the frequency region higher
than 10 Hz corresponds to the film/solution interface.
The validity of this equivalent circuit was discussed in
the previous paper (10).

Passive films were formed by anodic oxidation (i) in
pH 8.4 borate solution directly by polarizing cathodically
reduced film-free surface and (it) in pH 6.5 solutions in
two-step oxidation (10) in order to prevent the surface
from roughening during passivation. In the two-step oxi-
dation, the iron electrode was first oxidized at 0.54V in
pH 8.4 borate solution for 600s by potentiostatic oxida-
tion to form a thin passive film and, after exchanging the
solution to that of pH 6.5, it was further oxidized at a
given potential.

To evaluate the semiconductive property of the
passive film, the Mott-Schottky type of plot was made
with the impedance data obtained by the procedure
illustrated in Fig. 2, as described in the following:

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

2. The potential was lowered to a potential, V), where
the impedance diagram was measured in the frequency
range from 102 to 10* Hz within 300s.

3. The potential was then raised again to the potential,
V:, and maintained there for 10s and lowered to Vi,
where the impedance diagram was measured.
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Fig. 1. Frequency dependence of impedance (log | Z | } and phase
angle (0) of iron electrode passivated at 0.63V in pH 6.5 borate solu-
tion. Solid line is a theoretical line calculated from the equivalent cir-
cuit shown in the figure.

4. Procedure 3 was repeated to obtain the impedance
diagram at a successively lowering potential Vq,.

From the impedance diagrams obtained at various po-
tentials V,, the components of Cs¢, Rs¢, Cip. Ry, and Rs,
can be estimated for the passive film formed at a certain
potential V;. Finally, from Cg.~? changing with V,,, one
can obtain the Mott-Schottky plot for the passive film
formed at various potentials V.

The thickness of the passive film formed on iron was
measured by 3 parameter (3P) reflectometry (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 oxidation at various
potentials in solutions. The value of capacitance Cg. of
the space-charge layer in the passive film formed in pH
8.4 borate solution estimated from the diagram is shown
in Fig. 3, where the reciprocal of the space-charge layer
capacitance, Cs¢ 1, is plotted as a function of potential. In
Fig. 3 the electrode potential is raised in steps from 0.34
to 2.34V to thicken the passive film. Impedance was mea-
sured at each potential step after holding the potential
for 1.8 ks before each measurement. It is seen that Cgc™*
increases with potential in the passive potential region
from 0.34 to 1.5V. At potentials > 1.5V, however, Cs.~! de-
creases with potential.

Figure 4 shows the reciprocal of the space-charge layer
capacitance measured at various potentials V,, more neg-
ative than the film formation potential V; for the passive

r e

Electrode Potential

-y
time
Fig. 2. Potential-time diagram for measurement of Mott-Schottky re-
lation. V; is film formation potential, V,, is measurement potential.
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Fig. 3. Potential dependence of reciprocal capacitance Cs. ™' of the
space-charge layer in the passive film formed on iron in pH 8.4 borate
solution (V; = V,,).

films formed at V; = 1.34 and 2.34V (V, < V). For the
passive film formed at V; = 1.34V Cs. ! decreases with de-
scending potential, while for the passive film formed at
V: = 2.34V Cs:? first increases, reaches a maximum, and
then decreases with descending potential V. For the
passive films formed at other potentials V; the relation-
ship obtained between Cg' and V., was similar to that
shown in Fig. 4. A peak of Cg.~! is always obtained in the
Cse -V, plot for the film formed at potentials more posi-
tive than V; = 1.5V, whereas a monotonous decrease of
Cgse! with lowering V, is observed for the film formed at
potentials more negative than V; = 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 thickening. In the case of V, = V;
(Fig. 3) the linear increase of Cy.~! with potential in the
potential region less positive than 1.5V implies the linear
growth of the space charge layer accompanied with the
film thickening. At potentials more positive than 1.5V,
however, the Cq~' decreases with potential, although the
film thickens further. To explain such a decrease of Cyc™!
in the high potential region Stimming and Schultze (14)
proposed the formation of an inversion layer in the
passive film. Taking into account the fact that the peak
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Fig. 4. Reciprocal capacitance Csc ! of the space-charge layer in the
passive film in pH 8.4 borate solution as a function of decreasing po-
tentials, V., (V, < V,). The passive film was formed at V; = 1.34V and
at V; = 2.34V for 1.8 ks.
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Fig. 5. Dependence of Cg.~!(max) on the film formation potential
measured for the passive film formed on iron in pH 8.4 borate solution.
Film thickness d was measured by 3P-reflectometry (11-13) under the
same condition.

potential of Cg-~! appears at 1.0V in the Cy.'-V,, curve
which differs from 1.5V at which the peak of Cgy.~! is ob-
served in the Cy~!-V; curve, we propose that the surface
states taking part in the anodic evolution of oxygen are
responsible for the decrease of Cy-~!'. The surface states
may be produced by absorbed species such as O?~ (ad),
0O~ (ad), and O%ad) which act as an intermediate of the
oxygen evolution process. The adsorbed species or the
surface states may be stable at potentials more positive
than 1.0V, and therefore the peak of Cg.~! may appear
around 1.0V as observed in Fig. 4.

The maximum value of Cq'(max) during the lowering
of potential after the formation of the film at potentials
more positive than 1.5V can be regarded as correspond-
ing to the maximum space charge layer thickness pro-
duced in the film. Figure 5 shows the maximum values of
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Fig. 6. The Mott-Schotiky type of plot (Cy. 2 vs. V) for the passive
films formed at various potentials in pH 6.5 borate solution for 1.8 ks.

Cs~'(max) as a function of the formation potential, V. In
Fig. 5 the total thickness, d, of the passive film is also
plotted for comparison. The thickness data are referred
to in the previous study (12, 13) in which the thickness
was estimated by reflectivity measurements. It is found
from Fig. 5 that both Cy.~'(max) and d increase with as-
cending potential.

Mott-Schottky type of plot for the capacitance.—From
the Mott-Schottky plot, which is shown in Fig. 6, the
value of the donor density, N,, and the flatband potential,
Vs, can be calculated by using the equation

Cqc™? = (2/eNpee,) (Vg — Vi — kT) {1}

where e is the charge of electron, ¢, the permittivity of
the free space, € the dielectric constant, N,, the donor
density, V, the potentials where measurements are
carried out, and Vy; the flatband potential. The donor
density N, is estimated from the slope and the flatband
potential Vi, from extrapolation of Cy.*to Cy-"2 = 0. For
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Fig. 7a. (a, left) Donor density Ny, of the passive film formed on iron in pH 8.4 borate, 6.5 borate, and 6.5 phosphate solutions as a function of film
formation potential. (b, right) Flatband potential Vg, of the passive film formed on iron in pH 8.4 borate, pH 6.5 borate, and pH 6.5 phosphate solu-

tions as a function of film formation potential.
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calculation of N, a value of dielectric constant € = 40, T T T T T T
which was previously estimated (10), has been used for
the passive film.

Figure 6 shows examples of the Mott-Schottky type of
plot, which were obtained for the films formed at various
potentials in pH 6.5 borate solution. In Fig. 6 a linear rela-
tionship between Cgc? and V,, is found to hold in the po-
tential region lower than 1.0V. Similar results to these
shown in Fig. 6 were also obtained for the films formed in
pH 8.4 borate and pH 6.5 phosphate solutions.

The donor density, Ny, in the iron passive film formed
in different solutions is shown in Fig. 7a as a function of \
the formation potential V;. The value of Ny, is estimated to
be 1 x 10%-2 x 102 ?’m~3, which is much greater than the
value for ordinary semiconductors and iron oxides (3-5,
15-17). N, decreases with ascending V; in the three solu-
tions. N, also depends on the ion species present in the
solution and the value of N, in pH 6.5 phosphate solution
is greater than that in pH 6.5 borate solution.

The flatband potential Vi, is found to depend to some
extent on the film formation potential, as shown in Fig.
7b. In the potential region lower than 1.5V, the value of
Ver is constant at Ve = 0.34V in pH 8.4 borate solution
and at Vgp = 0.49V in pH 6.5 borate solution. In the poten-
tial region more positive than V; = 1.5V, the flatband po- | 2 3 4 S 6
tential shifts towards the more positive potential, as the . . .
film formation potential V; becomes more positive. This oxidation time log ( 1.o)( /s)
apparent shift may be due to the influence of adsorbed
oxygen species on the film resulting from the oxygen ev-
olution reaction in the potential region more positive
than 1.5V, as mentioned above. This shift of Vg, is seen to
commence at a potential more negative than 1.5V in
phosphate solution, suggesting that besides adsorbed sult also indicates that the density of the lattice defects
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Fig. 8. Value of Ny, vs. oxidation time tox for the passive film formed
on iron at 0.94 and 1.34V in pH 6.5 borate solution. The impedance
was measured at a fixed frequency of 1.00 Hz.

oxygen species phosphate ions adsorbed on or incorpo- acting as electron donors decreases with increase of the
rated in the film play a certain role in shifting V. film thickness and with the aging of the film.

Effect of the oxidation time.—The period of time for ox- Effect of anion.—From comparison between the N,
idation also influences the Mott-Schottky type of plot for value in phosphate solutions at pH 6.5 and that in borate
the space-charge capacitance data. Figure 8 shows N, solutions at pH 6.5 (Fig. 7a), it is seen that the donor den-
and Vy; as a function of oxidation time tqx for the passive sity is greater in the film formed in phosphate solution
films formed at V; = 0.94 and 1.34V in pH 6.5 borate solu- than in borate solution. Further, the change of N, and Vi
tion by means of two-step oxidation, where a very thin during the second stage of the two-step oxidation in
film was first formed at 0.54V for 600s in pH 8.4 borate so- phosphate solution has been measured and compared
lution and then was thickened by further oxidation at with the result in Fig. 8. The result is given in Fig. 9,
the designated potential in pH 6.5 borate solution. For where the first oxidation was made at E = 0.54V for 600s
rapid measurements of impedance, the potential was in pH 8.4 borate solution, followed by the second stage of

stepwise lowered in steps as soon as possible after a

given oxidation time had passed at a constant potential,

and the impedance measurement was carried out at a

fixed frequency of f = 1.00 Hz. From the Mott-Schottky 14} 1

type of plot for the capacitance data thus measured at

1.00 Hz the donor density, Ny, and the flatband potential, f?

Vg, were determined as a function of oxidation time by £

assuming e = 40. As shown in Fig. 8, N, decreases with 80 /o_cfo'o'
~

T 1 L T T 1

increasing tox, while Vgp remains constant during the
prolonged oxidation.

Discussion a . .
Dependence of Ny, on the film formation potential.—As 2 |34V /A—A—-"“ A
shown in Fig. 7a, the donor density N, in the passive film al a8 i
formed on iron decreases with ascending film formation -—a
potential Vi, and simultaneously the film thickness d in- i 1 1 L L :

creases with ascending V;, as shown in Fig. 5. From this 5:1 —
result N, may be considered to depend on the film thick- 048} A\‘ -
ness, as will be discussed below. >
The film thickness d of the iron passive film is very thin
~

and of the order of 1-5 nm in the passive potential region. =0~
The passive film is considered to consist of a few layers 044 %04 B
of the unit cells whose lattice constant is 0.8 nm for © 094 vV AN \A\A
Fe,0;. In such a thin film many lattice defects or imper- S ~ ~a
fections may be induced because of its thinness (18). > o040} °‘O\ \A\ -
These defects or imperfections would be reduced in ’ O‘QQqN
number with increasing film thickness, as the passive 1 1 1 1 1
film tends to take the more stable atomic structure, the | 2 3 4 5 6
thicker the film grows. .

Film thickness d also increases with oxidation time tox oxidation  time log (toy 7s)
at constant potential in neutral and alkaline solutions Fig. 9. Change of N, and Vpy; with oxidation time tox for the passive
(13). As shown in Fig. 8, the donor density decreases with film formed on iron at 0.94 and 1.34V in pH 6.5 phosphate solution.
increasing oxidation time at constant potential. This re- Impedance was measured at a fixed frequency of 1.00 Hz.
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oxidation at E = 0.94 or 1.34V in pH 6.5 phosphate solu-
tion. In Fig. 9 the change of N, and Vi is shown during
the second stage of oxidation. In contrast with the result
in Fig. 8, Ny in this case increases with oxidation time, in
spite of the film increasing its thickness. The V¢ also
shifts from a value for the film in borate solution to one
for the film in phosphate solution. The change of N, and
Ver due to solution exchange requires a time period of
about 10%s, and it is implied that the film slowly changes
in its semiconductive property. The difference between
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 absorption affinity greater than borate ions, re-
sulting 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 studying
the anionic effect on the passive film.

Thickness of the space charge layer.—The thickness dg
of the space-charge layer in a semiconductor can be cal-
culated by using the Schottky equation as follows

dge = (2e€Vg/eNp)' 2 [2]

where Vg is the potential difference applied to the
space-charge layer, which is assumed to be Vg = V,,, —
Ves. According to Eq. [2] dg can be estimated at each for-
mation potential V; from the data of N, and Vi shown in
Fig. 7.

The thickness dg calculated from Eq. [2] as a function
of V; for the passive film formed in pH 6.5 borate solution
is shown in Fig. 10. In the figure the thickness d’g¢ of the
dielectric layer in the film is also shown for comparison,
which was estimated from the capacitance data of
Cgc " Ymax) shown in Fig. 5 with a parallel capacitor
model (14, 21) (Eq. [3])

d’se = €€y/Cge(max) [3]

where d’q¢ is regarded as the thickness of the dielectric
layer in the passive film. In Fig. 10 the thickness data ob-
tained from the reflectivity measurements (13) are also
plotted.

In Fig. 10 both dsc and d'g. increase with increasing d
in the passive potential region. From comparison be-
tween the total thickness, d, and the thickness of the
space charge layer, ds, it is suggested that the film con-

d / nm
A
N
\

7]
82 / . i
(=
3 | °
£} g .
I/
e
\ log Ip
O} 1
1 1 il L i 1 i 1
04 08 L2 .6 20
formation  potential V¢ / Ve

June 1987

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. 10 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 (10). In the potential re-
gion of the oxygen evolution dg¢ is thicker than the real
thickness. The thickness dg¢ in the potential region, how-
ever, does not represent the real feature of the space-
charge, because the potential may not be pinned 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 semiconductive film such
as the iron passive film that the electrode capacitance is
influenced not only by the space charge layer in the
semiconductor but also by the surface charge on metal.
A calculation based on the model of Khan and
Schmickler was performed to obtain the solution of Ny,
for the capacitance data in the present work. The result
of this calculation, however, shows that the surface
charge on metal may play no significant role in the ca-
pacitance of the passivated iron with roughness factor 1.

Conclusion

The n-type semiconductive property of the passive
film on iron was evaluated from the Mott-Schottky type
of plot for the impedance data obtained. The following
conclusions may be drawn from the results.

1. The value of donor density Ny of the passive film is in
the range of 1 x 1026-2 x 10?’m~?® and decreases with film
formation potential. This result suggests that the struc-
tural and electronic defects which provide donor centers
in the passive film decrease with increasing film
thickness.

2. The value of N, and Vg 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. Phosphate ions may penetrate into the
passive film, producing a large number of structural and
electronic defects in the film compared with borate ion.

3. The flatband potential Vy; is estimated at 0.34V in pH
8.4 borate solution and at 0,49V in pH 6.5 borate solution
in the passive potential region and shifts to more posi-
tive potential in the potential region where oxygen evo-
lution occurs. In pH 6.5 phosphate solution the flatband
potential shifts to more positive potential through the .
passive and oxygen evolution potential regions.
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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 fundamental reaction for iron corrosion involves
dissolution of the metal atoms into their ions. Although
their reaction alone does not reflect the complexity of the
iron corrosion process, mathematical models of this pro-
cess are generally based upon this simplified view.
Griffin (1), for example, assumed competitive adsorption
between an isolated cation and a cation in the oxide layer
to model the active-passive transition. These cations
were assumed to be the product of the electrode dissolu-
tion. With this simple kinetic model, he was able to re-
produce qualitatively the “multiplicity of steady states”
in the region prior to passivation. In the model by Law
and Newman (2) a modified Butler-Volmer relationship
was applied to express the simple iron dissolution reac-
tion. Despite the simplicity assumed for the corrosion
chemistry, the model provided good account for the ki-
netic resistance in the double layer and the nonuniform
potential distribution across the disk surface. The con-
centration dependence of a limiting reactant was in-
cluded in their kinetic expression in order to treat the
effect of mass-transfer limitation. Epelboin et al. (3) sug-
gested that the mass-transfer-limiting species might be
the OH~ species. This is unlikely, however, in an acidic
medium which lacks the hydroxide ion concentration re-
quired to justify a significant involvement of this species
in the passivation process. Alkire and Cangellari (4) re-
ported the importance of certain chemical species by
arguing that the impairment of its concentration buildup
due to the influence of luid flow impeded passivation.
They indicated a critical velocity above which
passivation did not occur. Russell and Newman (5) de-
scribed a model for the iron corrosion in sulfuric acid
which also included the formation and growth of a po-
rous salt film. By using a simple electrode dissolution re-
action and expressing it in the Butler-Volmer form as
used by Law and Newman (2), the model provided a
qualitative account of the processes leading to the for-
mation of the salt film.

The principle advantage of the relatively simple math-
ematical descriptions given above is that unknown pa-
rameters are lumped to provide a minimal number of ki-
netic parameters. A more complete characterization of
corrosion mechanisms requires treatment of multiple re-
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actions. A general treatment of multiple electrode reac-
tions by White et al. (6) allowed prediction of the total
current density at an electrode under potentiostatic con-
trol. Treatment of multiple reactions was also expressed
in the mathematical modeling of LiAl/FeS battery by
Pollard and Newman (7).

In this work, the complex reactions at the electrode
surface are treated by the coupling among simple reac-
tion steps and mass transfer to and from the electrode
surface. This approach incorporates both the macro-
scopic transport phenomena in the electrolytic solution
and the microscopic model of the metal-electrolyte inter-
face, allowing explicit treatment of the chemical species
involved in the system. Passivation is considered in this
work to be the formation of a protective 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-limited reactant in solution.

Physical Description

A one-dimensional schematic representation of the
metal-electrolyte system is presented in Fig. 1. The elec-
trolytic solution was divided into a diffusion layer that
adjoins the bulk phase and diffuse part of the double
layer, a relatively small region extending from the imagi-
nary outer Helmholtz plane. Unlike the diffusion layer,
the diffuse part of the double layer is not electrically neu-
tral. The mathematical depiction 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-
electrolyte interface (shown in Fig. 1) included three
planes: the inner and outer Helmholtz planes on the elec-
trolytic solution adjacent to the interface and the inner
surface state on the metal side. The inner surface state
(ISS) was designated to be the plane associated with re-
active metal atoms. The inner Helmholtz plane (IHP) is
the locus of the centers of the first row of ions specifically
adsorbed onto the metal surface. The outer Helmholtz
plane (OHP) is the plane of closest approach for the
solvated 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 interfacial planes IHP
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