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Abstract Nanostructured molybdenum oxide was poten-
tiodynamically deposited onto a stainless steel surface from
an aqueous bath by cycling the potential between 0 and
—0.75 V vs. Ag/AgCl. The deposit consisted of particulates
in the range of 30 to 80 nm. Electrochemical studies under
galvanostatic charge/discharge and also impedance spec-
troscopy revealed capacitive behavior in the potential range
of —0.3 to —0.55 V vs. Ag/AgCl with the value of 477 F g
at 0.1 mA/cm?®. An equivalent circuit comprising of three
parallel branches consisting of double-layer capacitance,
Warburg impedance, and a constant phase element signifying
pseudo-capacitance each coupled with their corresponding
resistances was fitted to the experimental findings, and the
magnitudes of the elements were derived.

Keywords Molybdenum oxide - Nanostructure -
Pseudocapacitive behavior - Impedance spectroscopy

Introduction

Electrochemical capacitors have attracted increased interest
due to their higher-power density and long life cycle
compared to batteries and higher energy density compared
to conventional capacitors [1]. According to charge storage
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mechanisms, they are categorized into two major groups:
Electrochemical Double Layer Capacitors (EDLCs) with a
double-layer charging mechanism and Faradaic capacitors
or pseudocapacitors which a Faradaic reaction is responsi-
ble for the storage of charge. Carbonaceous materials are
well-known substances that make EDLCs while conducting
polymers and transition metal oxides are good candidates as
electrode materials for pseudocapacitors due to their
variable valences. A capacitance as high as 780 F/g has
been reported for a sol-gel prepared hydrated ruthenium
oxide by Zheng et al. [2], but the cost and poisoning nature
of ruthenium oxide are the major drawbacks for its
industrial applications. Therefore, recent researches have
been focused on substituting it completely or partially by
other metal oxides. So far, MnO, [3-5], CoO, [6, 7], and
NiOy [8, 9] have been studied widely, but there are a few
reports on the capacitive behaviors of molybdenum oxide
against the different valences of molybdenum [10, 11].

On the other hand, transition metal oxides are suitable
materials for small ions, like H™ and Li", intercalation/
deintercalation, a process which makes them suitable for a
wide range of applications such as uses in electrochromic
and energy-storage devices. Among metal oxides, molyb-
denum oxide seems a promising candidate for such
applications due to different oxidation states of molybde-
num [12].

Molybdenum oxide is a wide band gap n-type semicon-
ductor which plays an important role in technological
applications because of its structural and electronic proper-
ties. Molybdenum oxide thin film is applied as gas sensor
for different gases like NO, NO,, CO, H,, and NH;3 [13,
14]. Also, when molybdenum oxide is irradiated with UV
light, its color changes, and this property has a wide range
of displaying applications from large area display screens to
smart windows [15, 16]. Due to its crystal structure,
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molybdenum oxide has widely used as cathode materials
for lithium ion batteries [17-19].

So far, molybdenum oxide has been prepared by different
methods like chemical vapor deposition [20], sol-gel [21],
hydrothermal decomposition [22, 23], electrospinning [24],
electrodeposition [25-31], and so on. Among these methods,
electrodeposition technique sounds to be the most economic
and suitable for making thin films due to its low energy
consumption and good sticking to a conducting supports.

In this study, we prepared nanostructured molybdenum
oxide by potentiodynamic electrodeposition onto stainless
steel and investigated its pseudocapacitive behavior by
cyclic voltammetry, galvanic charge/discharge, and imped-
ance spectroscopy in a solution of H,SO, + Na,SO,. To the
best of our knowledge, there is no report on the study of
nanostructured molybdenum oxide prepared by electrode-
position onto commercial stainless steel in such solution.

Experimental
Nanostructured molybdenum oxide preparation

A commercial grade stainless steel (grade 304) was cut into
the given size (1x10 cm). The obtained stainless steel was
polished with emery paper to a rough finish, washed free of
emery particles in dilute nitric acid solution, and then water
and the air-dried. H,SO,, Na,MoO,, and Na,SO, were
Merck products and were used without further purifica-
tions. All solutions were prepared using double distilled
water. A standard three-electrode cell was used both for
deposition and characterization experiments in which the
(coated) stainless steel sheet, a platinum grid, and a
saturated Ag/AgCl electrode were used as a working,
counter, and reference electrode, respectively.

The electrodeposition bath was prepared by dissolving
appropriate amounts of Na,MoO, and H,SO, in double
distilled water to have a solution of 0.04 M Na,MoQO, and
0.01 M H,SO4. Molybdenum oxide was potentiodynami-
cally electrodeposited onto the 1 cm? area tip of a stainless
steel at room temperature. Subsequent to deposition, the
obtained electrode was washed in distilled water and then
used in electrochemical test solution; hereafter, we will call
it as-deposited nanostructured molybdenum oxide (ANMO).
The color of as-deposited film was yellowish brown.

Characterization of as-deposited nanostructured
molybdenum oxide

The X-ray diffraction pattern of as-deposited materials was
obtained by means of Philips X-ray diffractometer (Model
PW 1840) using Cu K. radiation in the range of scanning
angle 20-80 (26). Surface morphological studies were
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carried out with scanning probe micrographs, obtained with
a Dual Scope SPM (DME, Denmark). The amount of
molybdenum oxides in the film was measured by dissolv-
ing of the film and the analysis by atomic adsorption
spectroscopy, by means of AVANTA AAS (model PM).
Electrodeposition, cyclic voltammetry, and galvanostatic
charge/discharge tests were performed by a Solartron
Electrochemical interface SI1287. Electrochemical imped-
ance spectroscopy studies were carried out by a Solartron
Phase Gain Analyzer SI 1260. The electrochemical tests
were performed in a solution of 0.005 M H,SO, and
0.095 M Na,SO, at room temperature.

Results and discussion

Electrodeposition of nanostructured molybdenum oxide
film

It is known that the chemical equilibrium involving
molybdate ions in aqueous solutions are greatly influenced
by pH and concentration. In solutions of basic or neutral
pH, the major solution component is molybdate ion,
MoOg2 [32], whereas in our experimental conditions,
which the average degree of protonation of all species is
around 0.5 [33], heptamolybdate anion, Mo702’46, is the
major component via the following reaction:

TMoO,? + 8H" 2 Mo;0,; + 4H,0 (1)

The potentiodynamic deposition was carried out by
cycling the potential between 0 to —0.75 V vs. Ag/AgCl with
a potential sweep rate of 300 mV s~ where 300 cycles were
found to be sufficient. During the potential scanning, several
reduction processes may happen and lower valences of
molybdenum oxide like MoO,, Mo,0s, and Mo;Og are
produced [34-36].

Also, at more negative potential, hydrogen insertion into
molybdenum oxide occurs to form bronzes [35, 37], like:

MoOs(s) + H30" +e~ 2 MoO,0H - H,0 (2)

MOgOg(S) + H3OJr +e : MO3O7OH . H20 (3)

Therefore, it is conceivable that electrodeposited material
be a mixed valence molybdenum oxides. Dong and Wang [38]
and Liu et al. [39] have reported mixed-valence molybdenum
oxide film grown on carbon substrate by electrodeposition.

X-ray diffractometry

The X-ray pattern of as-deposited molybdenum oxide did
not show any peaks with regard to the amorphous structure
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Fig. 1 a Two- and b three-dimensional scanning probe micrographs
of as-deposited nanostructured molybdenum oxide, ANMO

SoG nm

of deposited molybdenum oxide. McEvoy and Stevenson
[35, 40] and McEvoy et al. [41] have reported formation of
amorphous molybdenum oxides by electrodeposition meth-
od in temperatures below 100°C.

SPM studies

To investigate the morphology of as-deposited molybde-
num oxide, we used scanning potential microscopy in
noncontact mode. Figure | illustrates the two- and three-
dimensional images of as-deposited molybdenum oxide.
The SPM studies show that as-deposited molybdenum
oxide has a nanostructure with round grains ranging from
30 to 80 nm in diameter.

Cyclic voltammetry studies
Cyclic voltammograms of the as-deposited molybdenum

oxide films in 0.005 M H,SO,4 + 0.095 M Na,SO,4 solution
were recorded between 0 and —0.55 V at scan rates of 2, 4,

and 6 mV/s. The results are presented in Fig. 2. In the
cathodic half-cycle hydrogen, ion adsorption takes place
and proton desorption occurs in the reverse cycle, namely:

MoO, - yH,0 + 6H' + 68 & MoOy_5(OH);vH,0
(4)

The above Faradaic reaction is likely accompanied by
charging electrical double layer and hydrogen ion diffusion
to the surface and into the bulk of molybdenum oxide.
Although cyclic voltammograms do not have rectangular
shapes as those which have been reported for RuO, [42],
they depict the capacitive behaviors due to nonzero
cathodic and anodic currents. It means the capacity for
such systems will depend on potential because of the
dependency of both the cathodic and anodic currents to
potential. Such behaviors have also been already reported
for other metal oxides [43—45]. Due to this effect, usually,
galvanostatic charge/discharge technique is used to deter-
mining of the capacitance.

Galvanostatic charge/discharge studies

The capacitive behavior of a material can be estimated by
charge/discharge cycling. The specific capacitance (SC)
based on charge/discharge can be calculated as follows:

i[A] x At[s]

SCIF e = ApV % mig ®)

where i is current, At is charging/discharging time, AE is
change in potential during charge/discharge process, and m
is mass of the active material. Figure 3 depicts the galvanic
charging and discharging curves of the as-deposited
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Fig. 2 Cyclic voltammograms of ANMO in 0.005 M H,SO4+
0.095 M Na,SOy, at different scan rates
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Fig. 3 Galvanic a charge and b discharge curves of ANMO in
0.005 M H,SO4+0.095 M Na,SO, at different constant currents

molybdenum oxide between —0.25 and —0.50 V vs. Ag/AgCl
at different constant currents. By increasing the applied
current, both charging and discharging times decrease.
However, charging and discharging processes do not show
a symmetric behavior pointing to asymmetric behavior of
anodic and cathodic regions of cyclic voltammograms. In
fact, a sharp potential change is observed at the initial stages
of discharge which have been related to both Ohmic and
kinetic resistance [46—48]. Therefore, the potential change

Table 1 The discharge capacity of ANMO at different withdrawing
cell currents

i/mAcm > Specific capacitance/F g !
0.2 428.8
0.1 477.0
0.09 524.2
0.08 548.8
0.07 565.3
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during discharge has two patrts, a linear sharp change region,
AE,, and a moderate nonlinear potential change region,
AE,, [49] which is responsible for the pseudo-capacity of
the active electrode materials. Due to this nonlinear change
in potential vs. time, AE in Eq. 8 should take an average
value [46—48] as calculated through:

1 b
AEye = — Edt 6
= / (6)

Specific capacitances have been calculated using galvano-
static discharge curves (Fig. 3b and Egs. 9 and 10 and have
been shown in Table 1). As these data show, discharge
capacitance decreases by increasing the withdrawing cell
current because the slower Faradaic processes cannot
participate in providing charge at the interface to be
removed at larger cell current. In another words, there is a
kinetic resistance which enhances by increasing in cell
current. Figure 3 also points to the fact that the kinetics of
charge is considerably slower than the discharging process
as signified by longer charge times. The process of proton
(ion) insertion/de-insertion into the bulk of molybdenum
oxide is, thus, conceivable.

Chronoamperometric studies

To illustrate dependency of hydrogen ion adsorption/
insertion onto the ANMO, we applied different negative
potential to the electrode and followed the current response
as a function of time. Figure 4 depicts chronoamperograms
of ANMO at the first 50 s of experiment. No negative
current is observed above —0.3 V vs. Ag/AgCl. However, a
negative current appears at more negative potentials with its
amount increasing at more negative potentials. All chro-

i

I, Il 1
0 ] 10 15 20 25 30 35 40 45 80

Fig. 4 Chronoamperograms of ANMO in 0.005 M H,SO4+0.095 M
Na,SO, at different potentials vs. Ag/AgCl reference electrode
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Fig. 5 a, b Nyquist plots of ANMO in 0.005 M H,SO4+.095 M
Na,S0O, at different potentials. The characteristic knee frequency has
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Table 2 The specific capacitance of ANMO at different potentials

E/V vs. Ag/AgCl Specific capacitance/F g '

—-0.30 113.8
—-0.35 158.9
—0.40 236.2
—0.45 3232
—-0.50 364.3

noamperograms show a sharp drop at the initial stages of
the experiments due to electrochemical adsorption of
cations on the molybdenum oxide surface. This is followed
by a slowly falling current likely supplied by charge and
mass transfer processes.

Electrochemical impedance spectroscopy studies

The complex—plane impedance (Nyquist plots) and depen-
dency of impedance magnitude, phase angle, and capaci-
tance (Bode plots) at different potentials for ANMO have
been presented in Fig. 5a—d. The capacitance was calculat-
ed from frequency dependency of imaginary part of the
impedance, Z", by using the equation:

1
2” ”

(7)

The Nyquist plots exhibit a line with a slope close to 90°
along the imaginary axis (Z") when £<—0.30 V vs. Ag/AgCL
The deviation from the straight line along the imaginary
axis is related to nonideally polarizable electrode (leaking
capacitor) [50]. This deviation is attributed to redox-
related capacitance due to proton diffusion [50]. However,
at more negative potentials, £<—0.55 V vs. Ag/AgCl, the
straight line was replaced by a semicircle behavior (has
not been shown in the figure) which can be related to a
noncapacitive Faradaic reaction, probably hydrogen evo-
lution. In fact, hydrogen bubbles were observed on the
surface of the molybdenum oxide electrode at E<—0.60 V
vs. Ag/AgCl. Also, no capacitive behavior was observed
at more positive of —0.2 V vs. Ag/AgCl in agreement with
the CV results where no current has been witnessed,
Fig. 2, and chronoamperometeric studies which do not
show any negative current for hydrogen adsorption/
insertion (Fig. 4).

Sugimoto et al. have separated the Bode plots into three
regions, namely the high frequency, medium frequency, and
low frequency regions [50] to categorize the processes
which are influencing the impedance response. Briefly, at
high frequency region, |Z|, is virtually independent of
frequency, and the capacitance is nearly zero. The lower
limit of high frequency region is characterized by knee
frequency in the complex—plane plots. In fact, at frequen-
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cies higher than the knee frequency, fast process like charge
transfer process at the surface of the electrode in contact
with electrolyte (double-layer charging) will be dominant,
and mass transfer can be neglected. The low frequency
region is defined as the region where the f — |Z| plot
exhibits a slope close to —1, and —90°<¢$p<—45° in the f~b
plot. The near —1 slope shows that this region is typical of
capacitive behavior. The frequency where ¢=—45° can be
recognized as the frequency response to the ideally
capacitive behavior (capacitor response frequency),
fo——ase. At low frequency region (f <f, ,.), heteroge-
neous diffusion to the less accessible sites or leakage
current may govern the impedance. The range of frequen-
cies between knee frequency and capacitor response
frequency make the medium frequency region where
diffusion-controlled processes and distributed capacitance
and resistance within the film (Warburg impedance) will
dominate the impedance. As Fig. 5a shows, by going to
more negative potential, the knee frequency increases. It
means that double-layer charging occurs faster or double-
layer charging time constant becomes smaller at more
negative potentials. This is due to strong attraction forces
between cations, H" or Na', and the more negatively
charged molybdenum oxide surface at more negative
potentials, which causes the positive charges transfer faster
to the negatively charged walls. On the other hand, double-
layer charging time constant inversely depends on the
conductivities of solution and contacting solid matrix [46].
As we have used, the same electrolyte for all impedance
measurements; it seems that the conductivity of molybde-
num oxide matrix increases at more negative potentials.
This idea is in accordance with results of f — |Z| plots
(Fig. 5d). The phase angle behavior plots (Fig. 5c) show
that a pseudocapacitive behavior is observed only at E<
—0.30 V, and the origin of capacity which has been shown
in Fig. 5b should be just double-layer charging process.
Maximum capacitance as measured by impedance measure-
ments have been given in Table 2.

Finally, to find a better understanding about the
parameters which are important in impedance response of
ANMO, we used the equivalent circuit shown in Fig. 6.
This equivalent circuit has already been used by Sugimoto

Rs c

2 : *—
R, Zy
W
R, CPE
R

Fig. 6 The equivalent circuit used for fitting experimental results
containing of three parallel branches for double-layer capacitance,
Warburg impedance, and a constant phase element signifying
pseudo-capacitance
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Table 3 The values of some of

the equivalent circuit EN Qcpg Ca/pF cm™ R, /ohm cm? Twls ayy Rer/ohm em?
parameters
-0.30 0.78 0.652 679.7 80.2 0.47 381.9
-0.35 0.77 0.439 227.8 433 0.45 187.0
-0.40 0.76 0.666 74.4 20.7 0.43 98.1
-0.45 0.73 1.028 28.3 10.3 0.44 61.0
-0.50 0.68 1.190 18.4 7.8 0.45 46.4

et al. [50] to investigate the response of hydrated ruthenium
oxide in 10 M H,SO,. Briefly, a Randles type circuit,
Rs(Cai(R1Zw)), was found to simulate well the high- and
medium-frequency experimental data, where Rg is the
solution resistance, Cq is the double-layer capacitance,
and Zyw is the finite length Warburg impedance. The
impedance of the double-layer capacitance can be
expressed as
7= 1

- ioCy

(8)
where i = v/—1 w is the angular frequency. The Warburg

impedance, Zy, can be expressed as [50]

P Ry coth[(iTww)™"]
v (iTWa))O’W

©)

where Ry is the diffusion resistance (Warburg resistance),
Tw is equal to %, where is L and D are the effective
diffusion length and diffusion coefficient, respectively. Ty
is sometimes called diffusion time constant and oy is a
fractional exponent between 0 and 1. To account for low
frequency Faradaic impedance, an additional R, (R;CPE)
circuit was connected in parallel to the above-mentioned
circuit. A constant phase element (CPE) was used instead
of a capacitor to account for heterogeneity of the surface
and then capacitance dispersion. The theories attempting to
rationalize capacitance dispersion consider two origins for
this phenomenon; surface roughness and interfacial origins
or the kinetic consequences of chemical inhomogeneities
[51]. The impedance of the CPE can be expressed as [50]:

1

TCPE(I(D) ¢ ( )

Zcpg =
where Tcpg is the pseudocapacitance, Cy, when =1, and
acpe is the constant phase element exponent (0 <
acpg < 1). Experiments done on various solid metallic
electrodes have shown the smoother the surface the closer
is the value of acpg to unity, ie., the closer to ideal
capacitive behavior [51]. The total impedance of equivalent
circuit (Fig. 6) can be written as:

1

Ziotal = Ry + T T 1 T
Zc Ri+Zw Ry+

1 (11)

T
T, 1

T, 1

R3 " Zcpe

This equivalent circuit was found to fit to the experimental
data very well (solid lines in Fig. 5a—d), and some of
derived parameters have been presented in Table 3. As
these data show, the more the negative potentials are, the
larger is the deviation of acpg from unity. It means that a
more capacitance dispersion exists. Because we use the
same electrode at all potentials, it sounds only the
interfacial phenomena govern on the CPE behavior. This
is due to more cationic adsorption (a Faradaic process) at
more negative potentials. This idea is in accord with charge
transfer resistance changes with potential. Data of Table 3
depict that charge transfer resistance has a potential
dependency, and at more negative potential, it has a smaller
value due to more cationic adsorption with regard to
chronoamperometric experiments (Fig. 4). Changes of
diffusion parameters with potential seem so interesting.
First of all, any has a value near to 0.5 with regard to finite
length diffusion character. Both the diffusion resistance and
diffusion time constant decreases by going to more negative
potentials because of more facile traveling of ions inside the
smaller pores.

Conclusion

The as-deposited nanostructured molybdenum oxide on
stainless steel exhibits a pseudocapacitive behavior at
potentials more cathodic of —0.3 V vs. Ag/AgCl. The
capacitance increases by going to more negative potential
due to more cationic adsorption and more facile transfer-
ence of ions inside the smaller pores.
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