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A modified surface charge approach to the film growth
and dissolution of iron in concentrated phosphoric acid

Iva Betova

Abstract Rotating ring-disk voltammetric, photo-electro-
chemical, and impedance measurements were performed to
study the film growth and dissolution of iron in concentrated
H3PO4. The only species released in the current plateau region
is Fe(III), and its release consumes ca. 90% of the total current
passing through the disk. This means that most of the charge
passed is consumed for the dissolution of Fe through the oxide
film, and the film formation efficiency is very low. Photocur-
rent spectroscopy allows the identification of the anodic layer
with doped ferric oxide. Potential dependence of photocurrent
is governed by a Poole-Frenkel mechanism of electronic car-
rier generation. An updated version of the so-called surface
charge approach to the mechanism of conduction of anodic
oxide films is proposed to explain the obtained impedance
spectra. It is based on the assumptions that interstitial cations
are the main ionic charge carriers and that the field strength in
the barrier layer is constant. A negative surface charge built up
at the film/solution interface via accumulation of cation va-
cancies accelerates interstitial cation transport, thus explaining
the pseudo-inductive behavior of the iron/film/electrolyte sys-
tem under small amplitude perturbation.
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Introduction

The understanding of the passivity of metals requires the es-
tablishment of a quantitative correlation between the defect

structure of anodic oxide films and the transport rates of mo-
bile species in such films. Particularly so, because of the fact
that film growth and dissolution of the metal through the pas-
sive layer are thought to be largely determined by point defect
transport.

In the contemporary models for the passive state, it is usu-
ally assumed that the point defects in the oxygen and cation
sub-lattices of the oxide are transported independently of each
other [1–4]. During the growth of a continuous barrier-like
layer on an anodically polarized metal, it is universally accept-
ed that the generation and consumption of point defects whose
transport is responsible for film growth occurs at the interfaces
with the substrate metal and the electrolyte solution [2–4].
However, far less attention has been paid to the kinetics of
the interfacial electrochemical reactions of defect generation
and consumption in comparison with the transport mechanism
in the passive film itself [2–5]. Consequently, the possibility of
defect interaction at the interfaces or in the near-interface
layers has seldom been taken into account. This is surprising
since if the steady-state rates of defect transport are much
slower than the rates of defect generation and consumption,
defects accumulate in the interfacial regions. In other words,
the probability of a defect interaction process is highest close
to the interfaces.

Trans i en t phenomena in me ta l /ba r r i e r ox ide
film/electrolyte systems have been extensively studied in or-
der to get deeper insight into the mechanism of film growth
and the kinetics of relaxation processes [6–24]. For a range of
metals in the passive state, a current or potential “overshoot” is
observed in potentiostatic and galvanostatic transients or a
pseudo-inductive behavior appears in the impedance spectra
[6–24]. The essential electric equivalence between these types
of transient behavior has been demonstrated [6–8, 19, 20, 25,
26], and it has been suggested that the transport of two charge
carrier species in a semi-insulating medium can give rise to
such a transient phenomenon [25, 26]. In general, if one of the
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charges is injected at the metal/film interface, the correspond-
ing partial current will be limited by the space charge formed.
This situation may be relieved by the injection of a certain
charge of opposite polarity from the electrolyte. The time de-
lay of the rising current (or the characteristic frequency of the
pseudo-inductive loop) is thought to be essentially determined
by the time elapsed until the opposite charges compensate the
space charge formed. In other words, the increase of differen-
tial conductivity of the metal/oxide film/electrolyte system
during the transient until further film growth is governed by
a charge compensation mechanism.

A few years ago, a report attempting at explaining such a
behavior in terms of the interaction between point defects of
opposite sign at the film/solution interface in the transient
regime was published [27]. The chemistry of the Point Defect
Model and most of its basic assumptions [2, 3] were used to
derive a quantitative model able to reproduce the experimen-
tally observed pseudo-inductive behavior in the impedance
spectra [27]. Further, this model was coupled to a set of inter-
facial reactions in order to reproduce such a behavior during
transpassive dissolution of Fe-Cr alloys [28] and very recently
the active-to-passive transition of Nb, Mo, W, and Ti [29–34].

In all these cases, it was assumed that oxygen vacancies are
the main ionic current carriers and that their transport, giving
rise to film growth, is accelerated in the transient regime via
interaction with cation vacancies resulting in a charge com-
pensation mechanism. However, the well-known case of the
passive film on Fe cannot be rationalized on such a basis since
it has been demonstrated that the film has an inverse spinel-
like structure [35] in which interstitial cations are the major
and cation vacancies the minor ionic current carriers [5]. In
addition, transient effects such as an overshoot in a galvano-
static or potentiostatic transient or pseudo-inductive behavior
in the impedance spectra for passive Fe have been reported a
number of times [1, 11, 14, 15]. Very recently, some of us
proposed a model for the passivation of Fe in 14.8 M H3PO4

[36] in which a formation of a Fe(III)-based film was assumed
to compete with dissolution of both divalent and trivalent Fe.
No detailed mechanism for the dissolution of Fe(III) through
the film was devised within the framework of this model, and
thus, it cannot be considered valid in the situation in which the
thickness of the oxide film exceeds a few monolayers.

The purpose of the present paper is to propose a modified
surface charge approach that is able to account quantitatively
for the film growth and dissolution of Fe in 14.8 M H3PO4.
First, rotating ring-disk electrode voltammetric, photo-electro-
chemical, and impedance measurements on Fe are presented
and discussed. Second, the physico-chemical basis of a mod-
ified surface charge approach is described emphasizing the
particular point defect structure of the oxide film on Fe and
the kinetics of the interfacial reactions involved in the change
of the film stoichiometry. Next, the relevant equations to for-
mulate a quantitative model are briefly introduced. Finally, the

relevance of kinetic parameters derived from the calculation
procedure to the film growth and dissolution on Fe is outlined
and some limitations of the model approach are indicated.

Materials and methods

For the voltammetric, impedance, and rotating ring-disk stud-
ies, electrodes featuring an Fe disk (99.95 %, Goodfellow,
exposed area 0.16 cm2) and a ring made of Au (99.9 %, ring
area 0.1 cm2) were employed. The theoretical collection effi-
ciency Nt=0.32 of the ring-disk electrode arrangement was
verified experimentally using an Au-disk/Au-ring electrode
with the same geometry in a solution containing the
K3Fe(CN)6-K4Fe(CN)6 redox couple. An Fe disk insulated
with protective varnish, molded in epoxy resin, and inserted
in a polytetrafluorethene (PTFE) holder to expose 0.2 cm2 to
the electrolyte was used in the photo-electrochemical mea-
surements. The electrode pre-treatment consisted of mechan-
ical polishing with emery papers of grade 600 to 4000,
degreasing with acetone, rinsing with distilled water, and
pre-polarization in the hydrogen evolution region for the re-
moval of the air-formed film. A conventional three-electrode
cell featuring a Pt counter electrode and Hg/Hg2SO4/sat.
K2SO4 reference electrode (ESHE=0.66 V) was employed.
All the potentials are expressed vs. the standard hydrogen
electrode (SHE). Reagent grade 85 % H3PO4 (14.8 M) served
as the electrolyte and was used as received. All the measure-
ments were carried out at room temperature (20±1 °C) in a
solution deaerated with Ar (99.995 %).

The voltammetric, impedance spectroscopic and rotating
ring-disk measurements were performed with an Autolab®

PGSTAT20 (Eco Chemie B.V.) potentiostat equipped with a
bi-potentiostat and frequency response analyzer modules and
driven by GPES 4.6 and FRA 4.6 software (Eco Chemie
B.V.). The frequency range was typically between 0.01 Hz
and 30 kHz at an AC signal amplitude of 10 mV (rms), where-
as the rotation rates ranged between 300 and 1200 rpm. The
reproducibility of the impedance spectra was ±2 % by ampli-
tude and ±3° by phase shift. The validation of the impedance
spectra was performed by checking the linearity condition,
i.e., measuring spectra at AC signal amplitudes between 2
and 20 mV (rms), and the causality by a Kramers-Kronig
compatibility test. An Oriel 300 W Xe-lamp combined with
an Oriel Multispec 257 monochromator and a mechanical
chopper (Bentham model 218) was used as a modulated light
source in photocurrent measurements (wavelength 300–
700 nm, modulation frequency 10–300 Hz). The photocurrent
was registered by a PAR 5210 lock-in amplifier coupled to a
PAR 283 potentiostat. Quantum efficiencies were calculated
by correcting the measured photocurrent for the spectral de-
pendence of the lamp-monochromator light power measured
by an optical power meter (Graseby Optronics). The
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reflections at the metal/film interface were not taken into ac-
count. Simulation and non-linear least squares fitting of
steady-state current vs. potential curves and impedance spec-
tra to the equations of the proposed model were performed
using Originlab software.

Results

Relative importance of different processes on Fe in 14.8 M
H3PO4

Figure 1a shows a linear sweep voltammogram of Fe in
14.8 M H3PO4 (rotation rate 1200 rpm, sweep rate
10 mV s−1) together with the detection of released Fe(II) by
its oxidation at the Au ring to Fe(III) (Ering=1.14 V) as well as
the detection of released Fe(III) by its reduction at the Au ring
to Fe(II) (Ering=−0.06 V). The ring currents were normalized,
taking into account the theoretical collection efficiency and
the difference in the number of electrons transferred in the
overall disk and ring reactions. A quantitative kinetic model

of the processes in the pre-passive dissolution and passivation
regions (−0.2 to 0.7 V) was proposed and tested vs. experi-
mental results in previous work [31]. Focusing on the current
plateau region (0.7–1.8 V), the current is not significantly
dependent on potential, preserving a relatively high value of
ca. 3 mA cm−2. The values of the steady-state disk current,
measured at rotation rates from 300 to 1800 rpm by a 30-min
polarization at each potential in the plateau region, are shown
in Fig. 1b and were found to coincide with the voltammetric
disk current within the experimental error. This means that the
steady-state current in the plateau region is independent of
potential, rotation rate, and sweep rate. The only species re-
leased in this region is Fe(III), and its release consumes ca.
90 % of the total current passing through the disk. The value
of the ring current for the reduction of Fe(III) to Fe(II) is also
independent of the sweep rate and coincides with the ring
current measured via potentiostatic polarization (Fig. 1a, b).
This means that most of the charge passed is consumed for the
dissolution of Fe through the oxide film, and the film forma-
tion efficiency is very low. Such a low efficiency can be ex-
plained by a fast dissolution rate of the oxide in 14.8MH3PO4

and is in accordance with earlier results of other authors [14,
15].

Electronic properties of the oxide film on Fe in 14.8MH3PO4

To assess the electronic properties of the oxide film, photo-
electrochemical measurements were used. A light modulation
frequency of 205 Hz (close to which the photocurrent is in
phase with the optical excitation, i.e., is at its maximum) was
employed in order to minimize the effect of ionic processes on
the photo-electrochemical response. Figure 2 presents spectra
of the incident photon to photocurrent conversion efficiency
(IPCE) for Fe in 14.8MH3PO4measured in the plateau region
(1.3–1.9 V). The spectra are analogous to those published by a
range of authors for passive Fe in different electrolytes [4,
37–40]. Assuming non-direct transitions through the optical
band gap, plots of the square root of the quantum efficiency

Fig. 1 a Disk current vs. potential (left) and normalized ring currents vs.
potential (right) for ring potentials of 0.06 and 1.14 V, rotation speed of
1200 rpm, and sweep rate of 10 mV s−1; b steady-state disk and ring
currents vs. potential in the plateau region (0.6–1.6 V)

Fig. 2 Incident photon to photocurrent conversion efficiency vs. photon
energy for the oxide film on Fe in 14.8 M H3PO4 at three potentials. Inset
determination of the optical band gap for an indirect transition
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vs. photon energy are shown in the insert of the figure. The
energy axis intercept furnishes an estimate of the optical band
gap of 1.85 eV regardless of the potential, in qualitative agree-
ment with earlier results [4, 37–42].

The dependencies of the quantum efficiency on potential
measured at different photon energies are shown in Fig. 3. The
form of the curves is similar regardless of the photon energy
and analogous to those published by other authors for different
electrolytes [39–42]. A quasi-exponential increase of the
quantum efficiency is observed in the potential range 1.2–
1.8 V. Such an exponential increase suggests the validity of
a Poole-Frenkel mechanism for the photocurrent generation.
Assuming that the space charge layer thickness associated
with electron donors is smaller than the film thickness,
Eq. (1) for the quantum efficiency applies,

IPCE ¼ Aexp

ffiffiffiffiffiffiffiffiffiffi
e3

πεε0

s
eND

2εε0

� �0:25 E−E fbð Þ0:25
kT

2
4

3
5 ð1Þ

where A is a constant depending on the photon energy. Using
the flat-band potential estimated on the basis of the high-
frequency capacitance of the film (see below), semi-
logarithmic plots of IPCE vs. (E−Efb)

0.25 were constructed
and are shown in the insert of Fig. 3. These plots are linear
to a first approximation, and their slopes do not depend on
photon energy within the experimental error. The value of the
slope can be used to extract an estimate of the donor density
ND=3.1×10

21 cm−3 if a value of 15 is tentatively assumed for
the dielectric constant of the oxide.

The ionic conduction process in the oxide film on Fe
in 14.8 M H3PO4

Impedance spectroscopic measurements were applied to gath-
er information on the ionic conduction process in the anodic
oxide film of Fe in 14.8 M H3PO4. Figure 4 presents the

resulting impedance spectra at three potentials in the plateau
region (rotation rate 600 rpm). It is noteworthy to mention that
the rotation rate does not have any measurable effect on the
impedance spectra, i.e., solution transport is most probably
not a rate-determining step of the overall reaction in this re-
gion. The spectra are qualitatively analogous to those pub-
lished earlier for Fe in 1 M H2SO4 and H3PO4 solutions [14,
15], and to the spectra registered for a range of other metals in
the passive state [9, 16, 18, 19, 21–23, 27, 29–34]. The iden-
tification of the observed time constants can be stated as fol-
lows [27]. The high-frequency time constant is associated
with the parallel combination of the capacitance of the deple-
tion layer and the resistance due to point defect migration
through it, whereas the pseudo-inductive time constant—with
surface charge compensation accelerating the migration of
point defects. An extra capacitive time constant observed in
the frequency range 1–10 Hz can be tentatively identified with
an interfacial charge transfer reaction. The negative low-
frequency impedance observed at 0.76 V is in good agreement
with the negative slope of the steady-state current vs. potential
curve in this potential region (Fig. 1b) and is most probably
related to the gradual coverage of the surface with Fe(III)
oxide.

The high-frequency capacitance Chf calculated from the
impedance spectra obeys to a first approximation a Mott-
Schottky dependence on potential (Fig. 5). This is in good
accordance with the semi-conductor properties of the oxide
film on Fe. The slope of the Chf

−−2 vs. E dependence con-
firmed the value of the donor density estimated from the pho-
tocurrent vs. potential curve (insert of Fig. 3). On the other
hand, the intercept gives an estimate for the flat-band potential
Efb=0.56 V. This value was used above in the numerical pro-
cessing of the photocurrent voltammograms. The estimates
for ND obtained from the photocurrent and high-frequency
capacitance are in good agreement with each other. On the
other hand, the linear dependence of the product Rhfiss, where
Rhf is the resistance associated with the high-frequency loop
and iss the steady-state current density, suggests the validity of
a high-field migration mechanism as pointed out already by
Keddam et al. [14] for Fe in H2SO4 and H3PO4 solutions.

Discussion

Reaction model

In this section, a modified surface charge approach that is able
to explain the reaction dynamics of Fe in 14.8 M H3PO4 is
proposed. Recent work of Bojinov and co-workers on the
passivation of Nb, W, and Ti was used as the model frame-
work [29–34].

Following the recent extensive structural investigations of
the passive film on Fe in different media [35, 43–45], it can be

Fig. 3 Incident photon to photocurrent conversion efficiency vs.
potential at three photon energies for the oxide film on Fe in 14.8 M
H3PO4. Inset Poole-Frenkel representation of the IPCE
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assumed that it has a nano-crystalline inverse spinel structure
with a certain concentration of mobile interstitial cations and
cation vacancies. It is further proposed that mobile interstitial
cations are divalent, Fei

··, whereas cation vacancies are triva-
lent, VFe‴. The solid state growth mechanism of such films
implies a certain concentration of oxygen vacancies as well
[2–5]. However, they are assumed to play a minor role in the
defect structure at steady state. In other words, dissolution of

Fe through the film takes place in such a state, the film growth
being neglected as a slow parallel reaction. This fact is in
accordance with the suggestions of several authors [11, 14,
15] and in agreement with the RRD experiments performed
in the present work that clearly demonstrate that trivalent iron
dissolution through the film is the main process taking place in
the plateau region. In what follows, iron dissolution is as-
sumed to proceed via two parallel routes. The first route in-
volves the consumption of interstitial cations at the
film/solution interface:

Fe⋅⋅i →
k2 Fe3þaq þ e0 ð2Þ

Fe⋅⋅i →
k31

FeIII*Fe þ e0 ð3Þ

FeIII*Fe →
k32

Fe3þaq ð4Þ

In this notation, FeFe
III * represents a trivalent iron cation

produced by oxidation of a divalent interstitial cation at the
interface. It is supposed to be associated with a phosphate ion.

Fig. 4 Electrochemical
impedance spectra in the plateau
region of Fe in 14.8 M H3PO4.
Closed symbols experimental
data, open symbols best-fit
calculation. Parameter is
frequency in hertz

Fig. 5 Product of the resistance of the high-frequency loop and the
current density (left axis) and high-frequency capacitance in Mott-
Schottky coordinates (right axis)
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The interstitial cations are generated by the oxidation reac-
tion at the metal/film interface

Fem →
k1i Fe⋅⋅i þ 2e0 ð5Þ

They are transported through the film by a high-field mi-
gration mechanism accelerated by the surface charge of cation
vacancies in analogy with the surface charge approach

J i¼Dici Lð Þ
2a

exp
2Fa

RTL
1−αð ÞEþ4FLF=S

2

εε0
cV0 0 0

Fe
0ð Þ

� �� �
ð6Þ

Another route of dissolution of iron proceeds via the gen-
eration of iron cation vacancies at the film/solution interface.

FeIIIFe →
k33

Fe3þaq þ V
0 0 0
Fe ð7Þ

Since no transfer of electrons takes place in this step, it is
considered to be purely chemical in nature, i.e., independent
of the applied potential.

Cation vacancies are transported through the film by a
high-field migration

JV¼DVcV 0ð Þ
2a

exp
3Fa

RTL
1−αð ÞE

� �
ð8Þ

and consumed at the metal/film interface.

Fem þ V
0 0 0
Fe →

k1 FeIIIFe þ 3e0 ð9Þ

In Eqs. (7) and (9), FeFe
III represents an ordinary trivalent

iron cation in the oxide lattice. In writing Eq. (8), it is assumed
that the transport of cation vacancies is not influenced by the
surface charge of these vacancies, in analogy with a previous
paper [13].

Following the above assumptions, the faradaic current den-
sity in the system is the sum of the partial current densities due
to the motion of interstitial cations and cation vacancies.

I F ¼ I i þ Iv ð10Þ

The current density due to interstitial cations is given by the
following charge balance

I i
3F

¼ J i ¼ k2γII þ k32γ
*
III ð11Þ

where γII and γIII
* are the fractions of the F/S interface occu-

pied by Fei
⋅ ⋅ and FeFe

III *, respectively, referred to the cation sub-

lattice only. A charge of three electrons is considered for each
interstitial cation since Fe dissolves as Fe(III) in the plateau
region; in this way, the flux of electrons, from the F/S interface
where they are generated by reactions (2) and (3) to the metal,
is taken into account.

In turn, the current density due to cation vacancies can be
expressed as

IV
3F

¼ JV ¼ k33γIII ð12Þ

where γIII is the fraction at the F/S interface occupied by FeFe
III

positions.
The material balances of the Fei

⋅ ⋅ and FeFe
III * positions in the

outermost cation layer are written as

βdγII
dt

¼ I i
3F

−k2γII−k31γII ð13Þ

βdγ*III
dt

¼k31γII−k32γ
*
III ð14Þ

In these equations, the constant β corresponds to the total
number of cation positions per unit surface in that layer.

Steady-state solution

In the steady state, Eqs. (13) and (14) become

0¼ I i
3F

−k2γII−k31γII ð15Þ

0 ¼ k32γIII* −k31γII ð16Þ

where steady-state values of variables are markedwith an over
line. It is to be noted that Eq. (16) is the sum of Eqs. (11) and
(15).

The sum of all steady-state surface fractions in the outer-
most cation layer must be equal to 1, i.e.,

γII þ γIII* þ γIII ¼ 1 ð17Þ

where γIII is the surface fraction occupied by regular FeFe
III

sites, at which dissolution of iron mediated by cation vacan-
cies (Eq. 9) takes place.
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The steady-state current density due to interstitial cations
can be calculated from Eqs. (11), (15), and (16) as

I i¼
3Fk32 k2þk31

	 

k31þk32

1−γIIIð Þ¼3Fk i 1−γIIIð Þ ð18Þ

whereas the steady-state current density due to cation vacan-
cies is defined as

IV ¼ 3Fk33γIII ð19Þ
If γIII is defined as a function of the reaction rates for the

formation of interstitial cations and cation vacancies, i.e.,

γIII ¼
k33

k i þ k33
ð20Þ

the following expressions for the partial current densities are
obtained:

I i ¼ 3Fk i
2

k i þ k33
ð21Þ

IV ¼ 3Fk33
2

k i þ k33
ð22Þ

The steady-state current vs. potential curve calculated by
the sum of Eqs. (21) and (22) and by appropriate choice of
fitting parameters is shown in Fig. 1b with a solid line. In the
calculations, the rate constants of electron transfer reactions at
the film/electrolyte interface were assumed to be exponential
functions of E: ki=ki°exp(biE), with the bi coefficients

expressed by bi ¼ ααinF
RT , where αi is the usual transfer coeffi-

cient. Figure 1b demonstrates that the agreement between the
calculated curve and the experimental points is satisfactory,
demonstrating the feasibility of the proposed model.

Small amplitude alternating current solution

In agreement with Eq. (10), which assumes that currents
transported by interstitial cations and cation vacancies are ad-
ditive, and taking into account capacitive phenomena, the im-
pedance of the system is defined as the parallel combination of
the impedance due to generation and transport of cation va-
cancies (ZV), the impedance due to transport and consumption
of interstitial cations (Zi), and the impedance due to the capac-
itance of the depletion layer in the semi-conductor oxide.

Z ¼ jω

C−1
sc

þ 1

Z i
þ 1

Zv

� �−1
ð23Þ

Impedance due to generation and transport of cation vacancies

This impedance is represented by a migration resistance

Zv
−1 ¼ 4FIvaE=RT

E 1−αð Þ ð24Þ

Impedance due to transport and consumption of interstitial
cations

In analogy with the surface charge approach [13], the imped-
ance due to transport of interstitial cations is given by

Z i; f
−1¼2FI iaE=RT

E
1þ α

1−αð Þ jω
1

I iS
þ1

� �
2
664

3
775 ð25Þ

where S is the capture cross section of positively charged
interstitial cations by negative surface charges (cation vacan-
cies) at the F/S interface. This impedance corresponds to an
inductive loop.

The faradaic impedance for the consumption of interstitial
cations at the F/S interface is derived from Eq. (11).

Z i;F=S
−1 ¼ 3F ek2γII þ k2eγII þ k32eγIII*� �

ð26Þ

where derivatives of variables with respect to potential are
marked with the tilde sign. The variations of eγII and eγ*III are
obtained from the mass balance Eqs. (13) and (14) which,
written under small amplitude sine wave perturbation condi-
tions, become

β jωeγII ¼ Z i;F=S
−1

3F
−ek2γII−k2eγII−ek31γII−k31eγII ð27Þ

β jωeγIII* ¼ ek31γII þ k31eγII−k32eγIII* ð28Þ

Solving Eqs. (27) and (28) for the surface fractions and
inserting the result in Eq. (26) leads to
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Zi;F=S ¼ Rt 1þ b31k31 k2−k31
	 


1þ j
ω
ω*

� �
b2k2k32 þ b31k

2
31 þ k31k2 b2−b31ð Þ

� �
2
64

3
75
ð29Þ

with

Rt
−1 ¼ 3Fb2k2γII ð30Þ

and

ω* ¼ b2k32k2 þ b31k
2
31

βk2b2
ð31Þ

Thus, the overall impedance due to generation and trans-
port of interstitial cations, Zi, is given by

Z i ¼ Z i; f þ Z i;F=S ð32Þ

The impedance spectra in the potential interval 0.7–1.6 V
were fitted to the transfer function defined by Eqs. (23)–(32)
in order to obtain the values of the kinetic parameters. The
fitted impedance spectra are shown in Fig. 4 with open sym-
bols and demonstrate the ability of the model to account for
the impedance response as well.

The parameters determined from the fitting procedure are
listed in Table 1. The steady-state fractions of FeFe

III and FeFe
III*

at the film/electrolyte interface calculated from the model are
presented in Fig. 6 as a function of the applied potential. From
the obtained estimates, it is clear that the main species at the
film/electrolyte interface are FeFe

III and FeFe
III* which is in good

agreement with the ring-disk results demonstrating that Fe
dissolves only as Fe(III) in the plateau region. The main dis-
solution route is via the reaction sequence (7)–(9), and the
secondary dissolution route is via reactions (2)–(4). This
means that the concentration of interstitial cations in the oxide
is larger than that of cation vacancies, since the rate of con-
sumption of interstitial cations at the film/electrolyte interface
is overall slower than that of generation of cation vacancies at
the same interface. Since the interstitial cations are positively
charged defects that can play the role of electron donors, this
explains the n-type semi-conductor behavior of the oxide film
as evidenced by the photocurrent and capacitance vs. potential
measurements in the present work. It is worth mentioning that
interstitial cations have been demonstrated to be the dominant
defects in the passive film on Fe in recent work [46, 47]. The
exponential coefficients b2 and b31 have reasonable values,
leading to transfer coefficients of the order of 0.3–0.4, well
within the expectations of electrochemical kinetics. The elec-
tric field strength value is comparable, albeit somewhat lower
than that estimated by other authors [5, 46, 47] and is within
the limits of validity of the high-field approximation of the
transport equations as employed in the present paper. On the
other hand, the value of the half-jump distance, a, is somewhat
larger than that estimated earlier for Fe in borate buffer solu-
tion [5], indicating a certain difference between the structure
of the oxide films formed in neutral and strongly acidic solu-
tions. Finally, if as in analogy with previous work [27, 30, 31,
33, 34] it is assumed that the capture cross section of a cation
vacancy by an interstitial cation at the film/electrolyte
interface can be expressed as S=(Fβi)

−1, where βi is the
surface concentration of interstitial cations; a value of
0.74 nmol cm−2 is estimated for that concentration. This
value is much smaller than the concentration of cation
positions (β=32.6 nmol cm−2), and thus the fact that the
concentration of interstitial cations was neglected with
respect to normal cation positions during the derivation
of the model appears reasonable.

Table 1 Best-fit values
of the kinetic parameters
of the proposed model
for the film growth and
dissolution on Fe in
14.8 M H3PO4

Parameter Value

108k2
0/mol cm−2 s−1 1.24

109k31
0/mol cm−2 s−1 2.56

109k32/mol cm
−2 s−1 1.59

108k33/mol cm
−2 s−1 1.26

b2/V
−1 7.1 (α2=0.36)

b31/V
−1 7.9 (α2=0.41)

a/nm 0.39

α 0.49

E/MVcm−1 1.17

S/cm2 mC−1 13.9

β/nmol cm−2 32.6

Fig. 6 Steady-state fractions of Fei
⋅ ⋅, FeFe

III, and FeFe
III* calculated by the

model depending on the applied potential
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Conclusions

In the present work, the film growth and dissolution on iron in
concentrated H3PO4 was studied by a combination of electro-
chemical and photo-electrochemical techniques. A kinetic
model of the process was proposed and quantitatively com-
pared to the steady-state current vs. potential and electrochem-
ical impedance data in order to obtain estimates for the main
parameters of the model—rate constants of reactions at the
film/electrolyte interface, field strength in the oxide, activation
distance, as well as surface concentrations of normal cation
and interstitial cation positions. The model is based on a mod-
ified version of the surface charge approach in which recom-
bination of Frenkel-type defects (interstitial cations and cation
vacancies) is introduced instead of the more customary recom-
bination of Schottky-type defects (cation and anion vacan-
cies). The following conclusions can be drawn from the ex-
perimental and calculation results:

1. The steady-state current in the plateau region is almost
independent of potential, rotation rate, and sweep rate.
The only species released in this region is Fe(III), and its
release consumes ca. 90 % of the total current passing
through the disk.

2. Assuming non-direct optical transitions, an estimate of
1.85 eV is obtained for the band gap regardless of the
applied potential. The photocurrent vs. potential depen-
dence at constant wavelength was quantitatively
interpreted on the basis of a Poole-Frenkel mechanism
assuming that the space charge layer thickness is smaller
than the film thickness. The obtained estimate of the den-
sity of donors was found to be in good agreement with the
value obtained from capacitance vs. potential measure-
ments (3×1021 cm−3).

3. The impedance spectra were somewhat analogous to
those obtained for a range of metals in acidic solu-
tions and were interpreted on the basis of the surface
charge approach. Based on this approach, the high-
frequency time constant was associated with the par-
allel combination of the capacitance of the depletion
layer and the resistance due point defect migration
through it. On the other hand, the pseudo-inductive
time constant was related to the contribution of the
surface charge compensation accelerating the migra-
tion of point defects. In turn, the extra capacitive time
constant was identified as corresponding to an inter-
facial charge transfer reaction.

4. The parameter estimates obtained from a quantitative
comparison of the current vs. potential curve and imped-
ance spectra at several potentials with the model equations
are in reasonable agreement with values both for the oxide
film on Fe in different electrolytes and a range ofmetals in
acidic solutions.
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