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Abstract

The electrochemical behaviour of the chromium electrode in borate buffer solution (pH 9.3) was studied by cyclic
voltammetry and electrochemical impedance spectroscopy. Chromium passivity was observed over a broad
potential region, from �1.0 to 0.5 V vs SCE. The passivation process took place in two steps: formation of a
chromium oxide monolayer and transition of chromium to a higher valence state. The anodic film exhibited the
properties of a p-type semiconductor. Transpassive dissolution of chromium occurred at 0.5 V vs SCE, with two
reaction intermediates present, CrIIICr and Cr4þad .

1. Introduction

The corrosion and passivation behaviour of iron, nickel
and chromium is one of the most investigated problems
in electrochemical science and technology [1–3]. This is
due to the central role these metals play as basic
materials in many industries (metallurgical, chemical
and pharmaceutical). There is a great economic incen-
tive to develop methods and materials to alleviate
corrosion; this can be achieved only by a detailed
understanding of the mechanisms and processes in-
volved in this complex phenomenon.

Interest in chromium passivity dates back to the end
of the nineteenth century [4]. Since then, chromium has
positioned itself as one of the most beneficial alloying
agents for corrosion-resistant engineering alloys, such as
stainless steels [5, 6] or nickel-based alloys [7]. The
results of passivity tests of stainless steels and nickel-
based alloys can be explained on the basis of the
electrochemical behaviour of pure metals.

The chemical composition and physical properties of
passive films on chromium metal are still a matter of
debate [8–13]. Early X-ray photoelectron spectroscopy
(XPS) spectra [8] of a passive film that formed on
chromium in sulphuric acid were attributed to a
hydrated form of Cr2O3. Based on ellipsometric and
Auger analyses, Seo et al. [9] concluded that the passive
film on chromium had a stoichiometry almost equal to
that of Cr2O3. He also believed that the outer surface
layer was most probably hydrated. Likewise, Haupt and
Strehblow [10] interpreted their XPS results for the
passive film on chromium as a Cr2O3 matrix containing

some water. On the other hand, Heumann and Panesar
[11] excluded the presence of Cr2O3 and suggested that
the passive layer consisted of CrOOH. On the basis of
XPS analysis [12], the formation of a mixed Cr(III),
Cr(II) oxy-hydroxide having the general formula
2aCrO1.5)m(OH)2m(1�2a)CrO2 (with 0OmO1:5 and
0OaO0:5) has been proposed.

Bojinov et al. [13] studied the passive state of chro-
mium in 1 M sulfate solution by applying a combination
of electrochemical techniques. They suggest that the
passive film growth was associated with an exponential
increase in the film resistance, probably as a result of
simultaneous dehydration/oxidation of Cr(II) to Cr(III)
through a solid-state electrochemical reaction. It can be
assumed that the film in the potential region essentially
consisted of Cr2O3.

Many electrochemical and surface analytical tech-
niques have been used in studies of the corrosion
behaviour of pure metals and iron–chromium alloys [14,
15]. Cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) provide a good insight into the
chemical processes that occur during passivation [16,
17]. By means of the impedance measurements more
information about a system can be obtained from a
single experiment than by other electrochemical meth-
ods. However, the impedance spectra contain the
information in an implicit form. A careful multistep
analysis is needed to allow it to be understood in
physicochemical terms. The key steps of analysis are
measurement modelling and process modelling [17].

Despite many investigations [18–22], the nature of the
passive film on chromium is still poorly understood. The
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aim of this work was to investigate the anodic behaviour
of chromium in the potential range from the hydrogen
evolution reaction to transpassive dissolution of chro-
mium metal in borate buffer solution by means of cyclic
voltammetry and electrochemical impedance spectro-
scopy.

2. Experimental details

Electrochemical experiments were performed in a de-
aerated borate buffer solution consisting of 0.022 M

Na2B4O7 � 10 H2O and 0.002 M NaOH (pH 9.3) using
an EG&G PAR model 273 potentiostat/galvanostat,
with a model 5301 lock-in amplifier. The electrolyte was
prepared with distilled water and analytical grade
sodium borate and sodium hydroxide (pro analysi). All
electrochemical measurements were carried out at room
temperature and at a selected electrode rotation rate of
1600 rpm.

A conventional three-compartment glass cell was
used. A platinum grid of large area served as counter
electrode. The reference electrode was the saturated
calomel electrode (SCE). All potentials are referred to
the SCE scale. The working electrode was a 99.996%
pure chromium rod embedded in a PTFE holder, with
an exposed area of 0.196 cm2. A rotating disc electrode
(RDE) was used. The RDE was polished with silicon
carbide paper. For finish a 1000 grade paper was used.
The electrode was rinsed with distilled water and cleaned
ultrasonically in ethanol. It was then again rinsed in
distilled water and dried in air.

Before polarization measurements, the working elec-
trode was polarized at )1.2 V in borate buffer solution
for 300 s to provide a reproducible electrode surface
[23]. Further pretreatment yielded equal results.

Impedance measurements were performed in the
potential range from )1.2 to 0.8 V. Before measurement,
the working electrode was first polarized at )1.2 V in
borate buffer solution for 300 s and then potentiody-
namically at a scan rate of 10 mV s)1 with respect to
previously chosen constant potentials. The electrode
stabilization time at constant potential was 120 s before
measurement. Impedance measurements were carried
out in the frequency range 50 kHz–40 mHz at eight
points (decade))1 with a sinusoidal amplitude of 5 mV.

3. Results

Figure 1 shows the cyclic voltammogram of chromium
in borate buffer solution. A sharp active–passive tran-
sition was not observed as in acidic solutions [18]. A
wide plateau of the potential-independent current indi-
cates that chromium passivity was present over a broad
potential region (from )1.0 to 0.5 V). The transpassive
reaction became apparent as the potential was increased
beyond 0.5 V. According to the Pourbaix [24] diagram,
chromate ions (CrO2�

4 ) are produced in that potential

region. The peak I (about 0.85 V) in the cyclic voltam-
mogram (Figure 1) marks the beginning of secondary
passivity. The appearance of secondary passivity was
due to the onset of the formation of CrO2�

4 and oxygen
evolution.

Figure 2 shows the cyclic voltammogram from Fig-
ure 1, but in a narrower potential range (from )1.0 to
0.5 V). The current slowly increases in the anodic
direction in the passive range. The peak II in Figure 2
marks the onset of chromium oxide reduction i.e. of the
process of transformation of Cr(VI) to Cr(III) [25].

Figures 3–6 show impedance diagrams obtained at
various selected potentials. The chosen diagrams clearly
portray a change in impedance with change in potential.
Both Nyquist and Bode diagrams are displayed. A
number of equivalent circuits were applied for analysis
of experimental impedance data, including the Randles
model with one time constant. The nonlinear least-
squares computer program developed by Boukamp [26]
was used for impedance analysis. The relative residual
errors defined as a span between the experimental and
calculated data were used to determine a v2-function,
which helped evaluate whether the equivalent circuit
model and parameter set adequately described the

Fig. 1. Cyclic voltammogram of chromium in borate buffer solution in

the potential range from )1.2 to 1.2 V. Scan rate 10 mV s)1. E –

potential; I – current density.

Fig. 2. Cyclic voltammogram of chromium in borate buffer solution in

the potential range from )1.2 to 0.5 V. Scan rate 10 mV s)1. E –

potential; I – current density.
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measured data. Application of the model having two
time constants yielded lower values of the v2-function
depicting the practicability of the model.

Figure 7 shows equivalent circuits adapted for anal-
ysis of experimental impedance data within the limits of
experimental error (v2 ¼ 10�4) and of data reproduci-
bility. Rel is the ohmic resistance or uncompensated
resistance of the solution between chromium and the
referent SCE electrode. Q is the constant phase element
(CPE) and W is the Warburg impedance. A dispersive
behaviour observed at the chromium electrode surface
was described by means of CPE, which was defined in
the impedance form as [27]:

ZCPE ¼ ½QðjxÞn��1 ð1Þ

where n is associated with the roughness of the electrode
surface and has a value between 0.5 (porous electrode)
and unity (ideally flat electrode), j is

ffiffiffiffiffiffiffi

�1
p

, and x is
angular frequency (x ¼ 2pf , where f is frequency).
Impedance measurements were interpreted in terms of
charge transfer resistance Rct [28].

Rct ¼ lim
x!0

RðZfÞ ð2Þ

where R(Zf) denotes the real part of the complex
faradaic impedance Zf and x corresponds to the
frequency of the a.c. signal.

Fig. 3. Nyquist (a) and Bode (b) impedance diagrams of chromium at

)1.2 V in borate buffer solution. Z¢ – real impedance; Z¢¢ – imaginary

impedance; jZj – absolute impedance (�); h – phase angle (�); f –

frequency.

Fig. 4. Nyquist (a) and Bode (b) impedance diagrams of chromium in

the passive range in borate buffer solution. Symbols as for Figure 3.

Key: (h) )1.0, (n) )0.8, (,) )0.6, ()) )0.3, (~) 0 and (s) +0.3 V.

Fig. 5. Nyquist (a) and Bode (b) impedance diagrams of chromium at

0.6 V in borate buffer solution. Symbols as for Figure 3.
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The impedance plot (Figure 3(a)) measured at )1.2 V
showed a capacitive loop with a relatively small Rct

value (2.2 kW cm2). The data were fitted to an equiva-
lent circuit consisting of (R1Q1) and (R2Q2) series
combinations (Figure 7(a)). This equivalent circuit ad-
equately described the measured data, whereas the
equivalent circuit with one time constant did not
(v2 ¼ 10�3). In the former case lower values of the v2-
function were obtained (v2 ¼ 10�4).

This behaviour has been attributed to the hydrogen
evolution reaction taking place at the chromium passive
surface [29]. By increasing the potential polarization
from )1.0 to 0.3 V, the Rct values increased and the

equivalent circuits consisting of Rel and (R1Q1) and
Q2(R2W) series combination were used to fit the
experimental data (Figure 7(b)). An apparent Warburg
impedance in the passive range indicated a contribution
of a diffusion process [30]. Transpassive dissolution of
chromium began at a potential above 0.4 V. Figure 5
shows an impedance spectrum in the transpassive range
of chromium at 0.6 V. Capacitive and inductive loops
nevertheless appeared. With increase in potential up to
0.8 V, both capacitive and inductive loops were well
defined (Figure 6).

4. Discussion

The absence of the activation maximum on the I/E curve
in Figure 1 can be explained by the fact that even a brief
contact of chromium with moist air was sufficient to
create a thin oxide layer on the electrode surface, which
then prevented further active chromium dissolution. The
increase in passive current with increasing potential
(Figure 2) can be interpreted in terms of the point defect
model developed by Macdonald [31].

The increase in potential polarization in the anodic
direction favours the production of metal vacancies near
the film–solution interface [32]. Thus, the passive current
is predicted to increase with increasing potential, as
found experimentally (Figure 2). Since the Q value is
identical to capacity at x ¼ 1, the capacity of the space
charge layer (C) is determined by means of the following
equation:

1

C
¼ 1

Q1
þ 1

Q2
ð3Þ

From the slope in Figure 8, which shows capacitance
versus potential in Mott–Schottky coordinates, it can be
concluded that the anodic film formed on chromium can
be regarded as a p-type semiconductor and the acceptor-

Fig. 6. Nyquist (a) and Bode (b) impedance diagrams of chromium at

0.8 V in borate buffer solution. Symbols as for Figure 3.

Fig. 7. Equivalent circuits of impedance measurement for chromium

in different potential ranges: (a) hydrogen evolution reaction; (b)

passive region. Rel – ohmic resistance; Q – constant phase element; R –

resistance; W – Warburg impedance.

Fig. 8. Relationship between capacitance and potential polarization in

the polarization range from )0.1 to 0.2 V for chromium in the Mott–

Schottky coordinates.
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type conductivity is valid for the potential range from
)0.2 to 0.2 V.

According to the Nyquist diagram for chromium
(Figure 3(a)), a capacitive loop was obtained at )1.2 V
(in the hydrogen evolution reaction region) with the Rct

value of 2.2 kW cm2. Increase in the potential from )1.2
to 0.6 V produced different Rct values (Figure 9). In the
potential range from )1.2 to )0.4 V, Rct increased with
increasing potential. A number of processes are possible
candidates to explain this phenomenon. Film growth
can occur as a result of the rising potential [33], and the
composition of the passive film tends to change with
potential [34]. The presence of the Warburg impedance
(Figure 7(b)) for the potential range from )1.0 to 0.2 V
points to a diffusion process taking place on/through the
passive film. At potentials above )0.4 V, the Rct values
decreased with increasing potential. This was likely
due to the formation and presence of Cr(VI) species in
the passive film before transpassive dissolution of
chromium. A more fundamental description in terms
of a transfer function will be needed in further investi-
gation.

Passivation of pure chromium was carried out in two
steps. The first step is assumed to have been due to the
formation of a (monolayer) chromium oxide passive
film, while in the second step there was a transition of
chromium to a higher valence state. Thus, the passiva-
tion behaviour of chromium (the passivation reaction is
proposed to be the oxidation of divalent adsorbed
hydroxide to trivalent oxide–hydroxide [18]) is given by:

Cr þ H2O ! CrOHad þ Hþ þ e� ð4Þ

CrOHad þ H2O ! CrðOHÞ2;ad þ Hþ þ e� ð5Þ

CrðOHÞ2;ad ! CrOOHad þ Hþ þ e� ð6Þ

The transpassive region of chromium begins at about
0.5 V as indicated by a faster increase of the current
(Figures 1 and 2). Nyquist plots of electrochemical im-

pedance responses corresponding to transpassive disso-
lution of chromium in borate buffer solutions show
capacitive and inductive behaviour above 0.5 V (Fig-
ures 5(a) and 6(a)). The appearance of an inductive loop
semicircle at 0.6 and 0.8 V indicate a reaction interme-
diate (Figures 5(a) and 6(a)). These results agree quali-
tatively with the results of Bojinov et al. [35], which
were obtained in an identical solution, but at low rota-
tion rates (below 300 rpm). Bojinov claimed that there
were two reaction intermediates during chromium trans-
passive dissolution. The processes occurring in the
chromium/anodic passive film/solution system during
dissolution are as follows:
at a chromium/film interface:

V3�
Cr þ Crm ! CrIIICr þ Vm þ 3 e� ð7Þ

at a film/solution interface

CrIIICr ! Cr4þad þ V3�
Cr þ e� ð8Þ

at a film/solution interface

Cr4þad þ 4 H2O ! CrO2�
4 þ 8 Hþ þ 2 e� ð9Þ

The total reaction concerning the mechanism of trans-
passive chromium dissolution as proposed by El-Bas-
iony et al. [36] is

2 Cr þ 7H2O ! Cr2O
2�
7 þ 14Hþ þ 12 e� ð10Þ

and that proposed by Sato [37] is:

Cr2O3 þ 5H2O ! 2CrO2�
4 þ 10Hþ þ 6 e� ð11Þ

At pH 9.3 and assuming the Cr2O
2�
7 and CrO2�

4

activities to be 1, the chromate ion is more dominant in
the Pourbaix diagram than the dichromate ion. This is
in accordance with the results of Kelsall et al. [38] based
on the potential–pH diagrams for the Cr/H2O system at
25 �C. Cr2O

2�
7 ions are formed at pH < 6 and CrO2�

4

ions at pH>6. The CrO2�
4 ions are known for their

corrosion inhibiting effect [39, 40].

5. Conclusion

Passivation of the chromium electrode occurred in two
steps: formation of a chromium oxide monolayer and
transition of chromium to a higher valence state.
Increase in the potential from )1.2 to 0.6 V produced
an effect on the value of charge transfer resistance (Rct).
In the range )1.2 to )0.4 V, Rct increased with in-
creasing potential, while above )0.4 V, Rct decreased
with increasing potential. Numerous processes that may
explain these phenomena have been discussed. However,
a more fundamental description in terms of transfer
function will be needed in further investigation.

Fig. 9. Relationship between Rct and potential polarization for chro-

mium in borate buffer solution (pH 9.3).
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