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Abstract: The influence of azide ion concentration and temperature on the electrochemical behavior of vanadium was
studied using open-circuit potential (OCP), potentiodynamic polarization and electrochemical impedance spectroscopy
(EIS) techniques. The steady state potential (Eg) is a linear function of azide ion concentration. Polarization
measurements have shown that the rate of corrosion i, increases with increasing the azide ion concentration as well as
increasing solution temperature. EIS investigations under open-circuit conditions confirm these results as can be identified
by the decrease of the polarization resistance (R,y) and oxide thickness (1/C,y) with increasing the azide ion concentration.
The measured impedance responses were analyzed using a constant phase element (CPE) model with its complex transfer
function. The behavior of vanadium in the azide medium is also compared to that in other halide salt solutions, it was

found that the tendency for spontaneously grown thicker oxide film increases in the order: Br > CI'>1"> Ny >F".
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1. INTRODUCTION

Vanadium is the lightest d- transition metal, compared
with other transition metals it has low density, like titanium,
and high melting point, like chromium, molybdenum and
tungsten. Owing to its low cross-section for nuclear fission,
good strength at high temperatures and good thermal
conductivity, vanadium can be employed as a construction
material in nuclear reactors [1]. At room temperature it is not
attacked by air or water and is resistant to most nonoxidizing
acids. This, combined with a high resistance to corrosion in
hot solutions of mineral acids and fused salts, makes
vanadium a promising construction material for chemical
equipment [2]. Vanadium is largely used in metallurgical
applications and fabrication of batteries. It is used
extensively in vanadium-based redox flow batteries [3-6].
Very little electrochemical researches have been devoted to
vanadium electrode [7-11]. The corrosion of vanadium in
aqueous solutions is studied by using amino acids as
corrosion inhibitor [12]. Unlike many transition metals,
vanadium shows active behavior [8, 9, 13-14] and dissolves
in acid solutions through a monovalent intermediate. The
active behavior of vanadium and its anodic dissolution in
aqueous solutions was investigated [15-17], It was found that
the rate of metal dissolution is independent of the hydrogen
ion concentration or the nature of the present anions. The
rate determining step was a monovalent adsorbed
intermediate vanadium (V') [15].

Inorganic azides are reactive and toxic compounds
commonly used as preservatives in biological solutions
because of the ability of the N; functional group to bind
tightly to cytochromes and block electron transport and ATP
synthesis. Sodium azide is used in the manufacture of the
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explosive lead azide. It is the principle chemical used to
generate nitrogen in automobile safety air bags and airplane
escape chutes. It is also used as a biocide in hospitals and
laboratories; especially for bulk reagent and stock solutions
which may be capable of supporting bacterial growth. NaNj;
exerts a biological effect in human platelets, which must be
considered when azide-containing reagents are used for
studies on platelets function and biological fluids.

Vanadium has only recently been discovered to be
necessary for human life, in this respect this study aims to
investigate the effect of sodium azide (NaN3) concentration
and temperature on the electrochemical and corrosion
behavior of vanadium using open-circuit potential (OCP),
potentiodynamic  polarization and electrochemical
impedance spectroscopy (EIS) techniques. A comparison
between the electrochemical behavior of vanadium metal in
azide solutions, and in solutions containing different halides
including F°, CI', Br or I ions is also studied. This was
intended as azide ion behaves like halide ions in various
aspects [18-20].

2. EXPERIMENTAL METHOD

The working electrode was made of vanadium rod
(99.9%) from (Nilaco Co., Japan) with a fixed exposed
surface area of 0.126 cm®. In each experimental run, the
working electrode was mechanically abraded with fine grade
of emery papers (600-1200grade). A conventional three-
electrode cell was used with saturated silver/silver chloride
reference electrode. The counter electrode was a rectangular
platinum sheet in the impedance measurements or a coiled
platinum wire in a separate compartment in the polarization
experiments. The test electrolytes were prepared using the
sodium salts of azide, chloride, bromide, iodide and fluoride
ions of analytical grade reagents supplied by BDH using
triple distilled water. Open-circuit potential (OCP),
potentiodynamic  polarization and electrochemical
impedance spectroscopy (EIS) measurements were carried

2009 Bentham Open



Electrochemical Behavior of Vanadium in Azide Electrolyte

out using the electrochemical workstation 1M6e Zahner-
electrik GmbH, Meftechnik, Kronach, Germany provided
with Thales software. The dc cathodic and anodic
polarization scans were all traced at ImVs' scan rate. For
the impedance experiments the excitation ac signal has an
amplitude of 10mV peak to peak in a frequency domain from
0.1Hz to 10kHz. The EIS was recorded after reading a steady
state open-circuit potential. The experiments were always
carried out at 298K, unless otherwise stated.

3. RESULTS AND DISCUSSION
3.1. Effect of NaN; Concentration
3.1.1. Open-Circuit Potential Measurements

The open-circuit potential (OCP) of mechanically
polished vanadium electrode was recorded over a period of
60min. in naturally aerated aqueous NaNj; solutions of
various concentrations ranging from 0.01 to 2.0M. In all test
solutions the electrode potential increases gradually towards
more noble values until reaching a steady value (Eg) within
~ 30min. The ennobling of OCP indicates healing and
further thickening of the native oxide film on the metal
surface. The variation of the steady state potentials, Eg with
the logarithm of the molar concentration of the azide anions
can be represented according to [21]:

Ess =a-— b 10g Canion (1)

where a and b are constants. Fig. (1) shows the dependence
of the rest potential on NaNj concentration. As can be seen,
the final steady-state potential (Egs) value decreases linearly
with the increase in azide ion concentration. It is well known
that under open circuit conditions, a simultaneous formation
and dissolution of the oxide film occurs on the metal surface.
The electrical field assisted these processes is assumed to be
created from the specific adsorption of the prevailing anion
on the metal oxide/electrolyte interface. It has been reported
that azide anions exhibit specific adsorption on the dropping
mercury electrode (DME) [18, 19] as well as on the solid
zirconium electrode [20]. Thus, in lower aerated azide ion
concentration, oxygen has higher affinity than azide ion for
adsorption on the metal vanadium surface. However, at
higher NaN; concentration the adsorbed azide ions on the
oxide surface succeed to partially displace the adsorbed
oxygen film, thus E decreases to some extent.
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Fig. (1). Variation of Steady-state potential (Ei) vs [NaNj] for
Vanadium at 298K.
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The results reveal that the formation-dissolution process
is shifted more towards dissolution as the azide ion
concentration is increased, probably due to the increase in
the amount of N3 anion adsorption leading to an increase in

the aggressive action of the medium.
3.1.2. Potentiodynamic Polarization Measurements

Fig. (2) shows the cathodic and anodic potentiodynamic
polarization curves for vanadium electrode recorded at scan
rate. of ImVs' in sodium azide solutions of various
concentrations in the range 0.01 to 2.0M at 298K. Generally,
all scans exhibit similar performance over the potential
domain examined versus saturated Ag/AgCl electrode. At all
NaNj; concentrations the cathodic curves are almost similar
in nature, indicating that the same cathodic reaction takes
place on the metal. When anodic polarization starts, the
current in the active region increases due to metal
dissolution. Nevertheless, at more positive potential the rate
of variation of the anodic current decreases and the curve
merges into a more or less plateau very dependent on the
electrolyte concentration. The electrochemical dissolution
parameters including the corrosion potential (E..) and the
corrosion current density (i) Were estimated using Thales
software for i/E analysis [22, 23], and are presented in Table
1.
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Fig. (2). Potentiodynamic cathodic and anodic polarization scans of
vanadium in different concentrations of sodium azide solution at
298K.

The results indicate clearly that E,, shifts towards more
negative values and the rate of corrosion i, increases with
increasing the azide ion concentration, which means that
vanadium is more susceptible to active anodic dissolution at
higher azide ion concentrations. Although vanadium shows
active dissolution, has a great tendency towards oxygen and
the surface will be covered with a thin film of oxide or
mixture of oxides of varying valences. The instability of
such oxides explains the corrodability of vanadium surface
[17].

3.1.3. AC Impedance Measurements

Electrochemical process at metallic electrodes is often
affected by the presence of a surface oxide film.
Electrochemical impedance spectroscopy (EIS) is a powerful
tool in investigating electrochemical and corrosion systems,
since it is essentially a steady state technique that capable of
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accessing relaxation phenomena, thus, the corrosion
behavior of V in NaNj solutions was also confirmed by EIS.
The impedance of vanadium was traced after holding the
electrode at open circuit for 60 min. in NaN; solutions of
various concentrations in the range from 0.01 to 2.0M. All
measurements were carried out in the frequency domain
from 10 kHz down to 0.1 Hz. The experimental EIS
diagrams are displayed in Fig. (3). as Bode plots, they show
that the recorded absolute | Z | tends to become constant at
high frequencies, with the phase angle values falling towards
zero  with  increasing  frequency.  Although the
electrochemical impedance was measured down to very low
frequencies (0.1 Hz), the Bode plots do not show second low
frequency resistive region (horizontal line and a phase angle
~ 0°) at these frequencies [23]. The plots seem to show two
merging phase maxima at medium and low frequency
regions commensuration with two overlapping time constant.
The phase maxima (0, increase and broaden with
decreasing azide ions concentration, which reflects the
formation of a more protective film on the metal by diluting
the solution.
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Fig. (3). Bode plots of vanadium in sodium azide solutions of
different concentration at 298K.

The experimental EIS data were analyzed using the
equivalent circuit (EC) shown in Fig. (4), which was
proposed to simulate the metal/oxide/solution interface, and
accounts for the presence of surface oxide film within the
interfacial layer [24]. data fitting was done using a complex
non-linear least-square (CNLS) fitting procedure in order to
establish the suitable EC to fit the experimentally obtained
impedance data. The model shown in Fig. (4) consists of a
parallel combination of a capacitor (Cq) and a resistor (Re)
in series connection with the solution resistance (R;), in
addition to R,y C,x combination was introduced to account
for the surface oxide film. The time constant at high
frequencies is originated from double layer and charge
transfer (R, Cq), while the one at low frequencies is related
to the contribution of the oxide film (Ryx C,x). Instead of
pure capacitors, constant phase elements (CPE) were
introduced which can be related to a distribution of the
relaxation times as a result of different degrees of surface
inhomogeneity, roughness effects and variation of surface
layers composition [25].
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Fig. (4). Equivalent Circuit used to fit the experimental impedance
data of vanadium, where: Ry = solution resistance, R, = charge
transfer resistance, R, = surface oxide film resistance, C4 = double
layer capacitance in terms of CPE, C,, = oxide film capacitance in
terms of CPE.

The impedance associated with the capacitances of the
oxide layers is described by the complex frequency
dependent impedance (Zcpg) defined as [22, 23, 26-28].

1
Zepg = . X
o 0(jw)

where Q is the frequency-independent real constant of the
CPE which is identical to the idealized capacitance (Cyy) at ®
=1, ® being the angular frequency (0 = 2xf), f is the

2)

frequency and j is J=1. The value of x can vary between 1
for a perfect capacitor and -1 for a perfect inductor. The
experimental values of x which are obtained from the fitting
procedure ranged between 0.73 and 0.94. This means that the
oxide films formed on vanadium do not behave as perfect
capacitors. Also, the results show that the phase angle 0.«
has values less than 90° which gives more confirmation for
the nonideality of the capacitive behavior of the oxide film
formed on vanadium.

The calculated equivalent circuit parameters from best
fitting of experimental EIS data are listed in Table 1, where
R; is the solution resistance, (R, / Cy) is the charge transfer
resistance and the double layer capacitance. While (Ryx / Coy)
represents the oxide resistance and capacitance respectively.
The results in Table 1 show that there is a reverse relation
between (R,y) and its capacitance (Cy), as well as between
(Rey) and its capacitance (Cq). As can be observed from the
results the values of Ry are much more greater (in kQ) than
for Ry (in Q) which presume the presence of a protective
oxide film providing higher corrosion resistance to the
sample. and accordingly the EIS data become dominated by
the oxide film properties.
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Theoretically, film capacitance is determined by the
following formula:

1/C=d/(¢, &A) 3)

where & is the relative dielectric constant of the oxide film,
& being the permittivity of vacuum (8.85x10"* F cm™) and
A is the electrode area in cm®. Although the actual value of &
within the film is difficult to estimate, a change of C can be
used as an indicator for change in the film thickness (d) [29].
Hence the reciprocal capacitance (1/C) is directly
proportional to oxide film thickness [30, 31].

From Table 1. It is clear that the values of (1/C,y) as well
as its resistive component R, were found to decrease with
increasing the azide ion concentration. These results can be
attributed to the dissolution and thinning of the oxide film as
the aggressiveness of the solution increases, in good
agreement with the dc and polarization measurements.

3.2. Effect of Temperature on the Corrosion Behavior of
Vanadium

3.2.1. Potentiodynamic Measurements

To study the effect of temperature, the electrochemical
corrosion behavior was investigated potentiodynamically in
naturally aerated 0.5M NaNj; solution as a function of
temperature in the range 288-328K. The general trend is an
increase in the rate of corrosion (ic) Wwith increasing
temperature. A plot of log ico versus 1/T obeys the familiar
Arrhenius equation [32];

Ea
2.303RT

A straight line of Arrhenius plot was obtained and
presented in Fig. (5). The activation energy E, is equal to
23.6 kJ/mol. This value is less than 40 kJ/mol, which
supports the view that the dissolution of the metal is one —
electron charge transfer process [9, 33]. This supports the
mechanism suggested by Armstrong and Henderson [15],
and presented by the following;

log icon = - + constant 4)

Vi Slow V(I)+e &)
—>
H,0 + V(I)uis Fast VO +2H" +3 ¢ (6)

The results give more evidence that vanadium has higher
susceptibility to corrosion in NaN; medium as its corrosion
process is associated with a lower effective activation barrier
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indicated by its lower E, value.
3.2.2. Impedance Measurements

The effect of temperature was also investigated by EIS.
Fig. (6) shows the fitted frequency response diagrams of V
in 0.5M NaNj solution at different temperatures in the
domain from 288 to 328K. The experimental EIS data were
analyzed using the same equivalent circuit shown in Fig. (4).
Plotting the values of the oxide film thickness (1/C.) and
also its corresponding R, values, both against the absolute
temperature (K) are shown in Fig. (7a, b). The plots show a
pronounced decrease of the two parameters with raising the
ambient temperature, probably due to increasing solubility of
the oxide film in 0.5M NaNj solution in concordance with
the polarization results.
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Fig. (5). Arrhenius plot for the effect of temperature on the
corrosion current density of vanadium in 0.5M NaNj solutions.

3.3. Effect of Anion Nature
3.3.1. Potentiodynamic Measurements

Fig. (8) shows the potentiodynamic polarization curves
for V in 0.5M N7 salt solution in comparison to the other

0.5M salt solutions of the different deleterious halide anions,
namely F°, CI', Br” and I" at 298K. Generally all scans show
similar performance, however for Br” and Cl ™ solutions there
was a small detectable current plateau appears after the
corrosion potential for the anodic curves, this indicates the

Table 1. Electrochemical Corrosion and Equivalent Circuit Parameters of V in Different Concentrations of Sodium Azide

Solutions at 298K

[NaN3]/ Ecorr / icorr / Rox / Cox / Rct/ Cdl / Rs/
M mV nAcm’ kQcm? puFem? Qem’ puFem? Q
0.01 -558.8 236.5 199.5 19.7 25.6 4.72 725.1
0.05 -574.0 242.0 159.2 31.6 13.4 13.2 199.9
0.1 -581.5 3349 44.8 69.3 3.9 18.5 86.6
0.5 -591.0 603.9 16.1 74.9 2.3 31.5 20.8
1.0 -614.3 631.7 9.3 87.7 2.2 379 13.3
2.0 -624.0 739.7 8.2 108.8 1.4 43.7 6.8
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existence of a partially protective surface film. The corrosion
parameters listed in Table 2 reveal that the values of i., and
the extent of film dissolution are stimulated in the following
order: FF> N3 >1 > Cl > Br.
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Fig. (6). Bode plots for vanadium in 0.5M NaNj solutions at
different temperatures.

3.3.2. Impedance Measurements

EIS was also conducted after 60min. immersion time in
0.5M salt solutions of the prevailing anions in order to
measure the resistance and capacitance of the system as a
function of the identity of the halogen ion compared to N3

ion. The impedance spectra as Bode diagrams after the
fitting procedure using the EC shown in Fig. (4) are shown
in Fig. (9), the fitted parameters in Table 2 reveal that R
and 1/Cy values for the film grown spontaneously in those
solutions decrease in the order: Br > CI' > 1" > N3 > F". This
important feature obviously indicates that vanadium has
tendency to form thicker oxide film in the above sequence.

The results reflect a difference in the reactivity of these
anions towards catalyzing the spontaneous growth of the
oxide layers on vanadium via a dissolution-formation
mechanism. This difference could be related to a chemical
interaction between the vanadium oxide and the halogen or
the azide ion, which occurs through the adsorption of these
species on the surface of the oxide covered metal, where they
induce electric field necessary for ion transport through the
film [34].
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Fig. (7). (a) resistance (R,x) and (b) relative thickness (1/C,y) of
spontaneously formed oxide film on vanadium in 0.5M NaNj.

The results in Table 2 reveals that R,, values are in the
range of kQcm? in all media investigated, with its maximum
value in bromide solution, on the other hand, the capacitance
component of the oxide film (C,) follows a reverse trend.
The results show a lower resistance (Rgy) and thickness
(1/Cox) of the oxide layer in fluoride solution. This seems to
be related to the lower adsorbability of this ion which would
induce a smaller field across the oxide leading to a reduced
rate of film thickening.

Table2. Electrochemical Corrosion and Equivalent Circuit Parameters of V in 0.5M Sodium Salt Solutions of Different Anions at
298K
Anions Ecorr / icorr / Rox / Cox / Rct/ Cdl / Rs/
mV nAcm’ kQcm? puFem? Qem’ puFem? Q
Br -557.3 2523 359 38.6 8.8 21.1 10.7
Cr -567.2 265.1 214 46.0 3.7 25.0 19.0
T -590.0 288.8 16.9 47.6 2.0 29.0 15.9
Ny -591.0 603.9 16.1 74.9 2.3 31.5 20.8
F -595.1 920.6 6.5 90.2 1.5 47.1 17.1
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On the other hand, in this aggressive medium the dissolution
product, being likely the stable hydrated tetrafluoride salt, may
remain in the interface region hindering further direct access of
more F ion to the surface, thereby decreasing the field strength
that causing the ionic migration [35]. Similar behavior was
previously reported for zirconium in fluoride medium [36].

However, in iodide medium the values of R, and 1/C,, are
lower than those in chloride and bromide medium. In spite of its
high specific adsorption, the high surface concentration of I'
would cause blockage of the surface via the formation of some
species which partially inhibit the oxide growth process. This is
consistent with the previously reported results for zirconium in
KI solution [37, 38]. The results indicate also that in the three
other halide media, the reactivity towards oxide growth process
proceeds parallel to the rank of their ionic radii and that Br is
the most effective solution towards partially protective film
formation.

For the azide anion, it is assumed to exhibit specific anion
adsorption [18] and the amount of specifically adsorbed charge
depends on the azide solution concentration.

log (i/ Aecm?)

Fig. (8). potentiodynamic cathodic and anodic polarization scans of
vanadium in 0.5M solutions of different anions (F", N3°, I', CI" and
Br); at 298K.
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Fig. (9). Bode plots for vanadium in 0.5M NaNj solutions of
different anions (F~, N3°, I', CI" and Br’); at 298K.
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4. CONCLUSIONS

1- The open-circuit potential measurements for
vanadium electrode in NaN; solutions of different
concentrations showed a shift in Ei towards more
negative values as the azide -concentration is
increased, probably due to the increase in the
adsorbed amount of N;™ anion leading to an increase
in the aggressive action of the medium.

2- The rate of corrosion i., of vanadium increases with
increasing either azide ion concentration or
temperature. Ry, and 1/C,y values of the surface film,
which are obtained from impedance measurements,
confirmed well these results.

3- The behavior of vanadium in the azide medium is
also compared with that in other halide salt solutions.
It was found that higher tendency for spontaneous
film growth can be achieved in the sequence; Br >
CI'>I'> Ny >F.
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