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a b s t r a c t

Electrochemical impedance spectroscopy (EIS) studies were performed to analyze the passive properties
of tantalum and niobium oxides films potentiostatically formed in a 0.1 M KOH solution. The quantitative
characterization of these passive materials was carried out through a transfer function previously devel-
oped by our research group, which is based on the point defect model (PDM) framework considering the
formation of molecular hydrogen. According to the PDM prediction criteria, Ta2O5 and Nb2O5 films exhib-
ited an inherent n-type semiconductor behavior, which was confirmed by the parameters obtained from
the fit to the transfer function. The diffusion coefficients of the oxygen vacancies were 0.53 ± 0.14 � 10�16

and 2.18 ± 0.14 � 10�16 cm2 s�1, for Ta2O5 and Nb2O5, respectively. And a slight increase of the corre-
sponding hydroxyl vacancies diffusion (2.73 ± 0.02 and 2.23 ± 0.65 � 10�16 cm2 s�1) was obtained, sug-
gesting the favorable diffusion of these defects due to the alkaline conditions.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Metals and alloys passivity is an important phenomenon in the
material science since it is the key to increase the corrosion resis-
tance of metals. The blistering damage is an important occurrence
observed on passive oxides, because it has been experimentally re-
ported as one of the possible reasons provoking the breakdown of
the films, which have been related to localized corrosion pitting
[1,2]. The blistering damage has been observed in metals such as
aluminum, zirconium, niobium in aqueous solutions; it has also
been suggested that it may occur in the presence or absence of ha-
lide ions [1,2]. The breakdown of oxide films may be promoted by
the formation of molecular hydrogen at the metal–film interface,
when a critical condition of pressure is reached. Experimental evi-
dence for this phenomenon has been reported in the literature for
different electrochemical interfaces [1–17].

In a previous paper [18], we have extensively described differ-
ent experimental results reported in the literature related to a
hydration mechanism of passive oxide films involving the migra-
tion of OH� ions between oxygen vacancies to form oxyhydroxide
or hydroxide phases. In this work, we make a proposal considering
that the hydration of the passive films not only modifies the struc-

ture and composition of the film, but also contributes to non-uni-
form corrosion or pitting due to the creation of film stress and the
generation of hydrogen gas at the metal–oxide interface.

A schematic description of the latter model is sketched in Fig. 1,
previously reported by Cabrera-Sierra et al. [18]. This figure repre-
sents the formation and annihilation processes of different types
of defects subjected to diffusion across the passive films. These films
are modeled in this study considering that are comprised by a dou-
ble layer structure: an inner poorly hydrated oxide and an outer
hydroxide phase. The metal–film interface does not involve an uni-
form metal–oxide interface because of the incorporation of some
hydroxyl ions. On the same hand, the inner layer is a highly defec-
tive semiconductor (either p- or n-type), where the electronic con-
duction across it is described by the transport of vacancies acting
as electronic dopants. To this concern, on p-type oxide films, the
majority of carriers are cation vacancies (Vv0

M), and for n-type, the
majority of carriers are oxygen vacancies (V ��O) and/or interstitial
metallic ions (Mvþ

i ) [18–22]. For both cases (p- and n-type), the
model considers the formation and/or annihilation of hydroxyl
vacancies (V �OH, reactions 3b and 6b), at the metal–film and film–
solution interfaces, respectively. Molecular hydrogen can be formed
by a recombination process (i.e. Tafel mechanism) owing to diffu-
sion of hydroxyl ions across the oxide films, where mono-atomic
hydrogen is trapped due to reduction reactions at the metal–oxide
interface. Fluxes of cation, oxygen and hydroxyl vacancies are
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described by the arrows direction indicated in Fig. 1. More details
about this model can be found in Ref. [18]. Kroger–Vink notation
used in Fig. 1 has been described in detail in the literature [19–22].

From the model presented in Fig. 1, the corresponding transfer
functions were derived [18] for p- and n-type semiconductor films
considering that the total impedance is dominated by this barrier
layer. Those corresponding for the n-type are shown in Eqs. (1)–(5).

ðZT � RsÞ�1 ¼ jxCp þ Z�1
f ð1Þ

ZT and Rs are the overall impedance and the solution resistance,
respectively. Cp is the interfacial capacitance and Zf is the overall
faradaic impedance, which is given by the expression:

Zf ¼ Zfo þ Zfh ð2Þ

where Zfo and Zfh are the faradaic impedances of oxygen and hydro-
xyl ion vacancies at the metal–film interface, respectively.

It is important to note that reactions 3a and 3b, related with the
formation of oxygen and hydroxyl vacancies at the metal–film
interface, are represented in parallel way (refer to Fig. 1). However,
it seems that exist a mutual relationship in the formation of these
point defects. First, the dehydration process given by reaction 8
(Fig. 1), occurring at the m/f interface, provokes the consumption
of the electrons generated by reaction 3a and the subsequent for-
mation of atomic and/or molecular hydrogen. In these specific
‘‘sites” is reached a depletion of the hydroxyl ions concentration,
consequently a diffusive process of the hydroxyl ions arises
through the passive film. Under this condition, the diffusion gradi-
ent is influenced by the transfer process of reaction 8 and relies on
the kinetic constant of the oxygen vacancies formation (k3a). There-
fore, the transfer function (Eq. (2)) arising from reactions 3a and 3b
are added together, as if they occur in series.

Zf ¼ R1;O2� 1þ k�3a
e�cOLðK þ cOÞ � ecOLðK � cOÞ

jxðecOL � e�cOLÞ

� �

þ R2;OH� 1þ k�3b
e�chL=2ðK þ chÞ � echL=2ðK � chÞ

2jxðechL=2 � e�chL=2Þ

� �
ð3Þ

1
R1;O2�

¼ 2Fðb3ak3a þ b�3ak�3aC0
OÞa1 ð4Þ

1
R2;OH�

¼ Fðb3bk3b þ b�3bk�3bC0
OHÞa1 ð5Þ

where cO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2 þ jx=DVO��

q
, ch ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2 þ 4jx=DVOH�

q
. k�3a and k�3b are

the backward rate constants, corresponding to the formation of
both oxygen and hydroxyl vacancies (Fig. 1, reactions 3a and 3b).
a1 is the part of the potential consumed as a potential drop at the
metal–film interface. The resistive terms R1;O2� and R2;OH� involve
forward and backward rate constants (reactions 3a and 3b), which
do not dependent on the frequency. DVO�� and DVOH� are the diffusion
coefficients of the oxygen and hydroxyl vacancies. K is a constant
parameter, given by K ¼ eF=RT, where e is the electric field
strength; F, the Faraday constant; R, the universal gas constant,
and T, the temperature.

This model has been previously used to describe the passive
properties of nickel and titanium oxides films (p- and n-type semi-
conductor, respectively) in borate media (pH 7–8) [18]. In this
paper, it was observed that the model fits accurately the
electrochemical behavior of these films. To extend the application
of this model, evaluating the contribution of hydroxyl ion concen-
tration using EIS technique was impeded, because NiO and TiO2 are
subjects of an accelerated dissolution process at higher hydroxyl
concentrations. Therefore, in order to understand more the n-type
semiconductor oxides’ behavior and the phenomena involved and
controlling their growth, different passive films were formed and
characterized on tantalum and niobium electrodes in 0.1 M KOH
solution. These oxides are known to tolerate high acidic or alkaline
environments. Experimental EIS spectra were analyzed and fitted
by means of a modified point defect model (PDM) previously re-
ported by our research group [18].

2. Experimental

A conventional three-electrode cell (100 mL) was used for the
measurements. Tantalum and niobium rods (Alfa AESARTM; purity
99.9%) covered with a resin and embedded in Teflon were used
to generate a rotating disk working electrodes (WE), with 0.177
and 0.312 cm2 of exposed area, respectively. A graphite rod (Alfa
AESARTM, 99.999%) was utilized as the counter electrode and a
Hg/Hg2O/0.1 M KOH electrode (154 mV vs. standard hydrogen
electrode) as the reference. All potentials in this work are referred
to this scale. The experiments were carried out in a 0.1 M KOH
(MerckTM analytic reagent) solution at pH 13. All the solutions were
freshly prepared using ultrapure water (18.2 M cm, MilliporeTM),
previously boiled in order to eliminate the carbon dioxide.

Prior to each experiment, the working electrode surface was
mechanically polished, with P2000 abrasive paper to a mirror fin-
ish, using BuehlerTM alumina powder (final granulometry
�0.05 lm), rinsed with ultrapure water and placed in an ultrasonic
cleaner to ensure a reproducible surface in every experiment.
Ta2O5 and Nb2O5 films were electrochemically formed by one
potentiostatic step imposed on the working electrode (WE), at dif-
ferent formation potentials (EF) for 12 h. A steady-state current was
already reached at that time. EIS spectra were acquired afterward;
sweeping the frequency from 100 kHz to 63.4 mHz at 10 points per
decade that is more than adequate for the system being studied.
We have chosen the potentiostatic mode for the EIS technique be-
cause it yields a more defined and reproducible spectrum in the
low frequency region than does the galvanostatic mode. In general,
EIS experiments were performed after assessing the appropriate
regions to study the kinetic of the electrochemical reactions with
a dc technique (i.e. voltammetry). Thus, when a potentiostatic
mode is used, there is a better selectivity of this region when com-
pared with a galvanostatic experiment. Moreover, it is more prob-
able that the wave amplitude in the galvanostatic mode is
exceeded by external noise at low frequencies than in the potentio-
static. If higher amplitude modes are used in the former mode, lin-
earization of the response of the system to the input signal is not
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Fig. 1. Schematic representation of the passive state, within the framework of the
PDM and considering the formation of molecular hydrogen. tm is a vacancy in metal
phase, Vv0

M , V ��O and V �OH are the cation, oxygen and hydroxyl vacancies, respectively.
Mvþ

i is an interstitial cation, MM is a metal cation in a cation site and OO is a oxygen
ion in anion site, while OHOH is a hydroxyl ion in hydroxyl site and Md+ (ac) is a
cation in solution. This figure has been previously reported by Cabrera-Sierra et al.
[18].
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