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Mesoporous vanadium oxide (V20s) was galvanostatically electrodeposited into nickel foam to obtain
a binder-free electrode with a three-dimensional (3D) porous structure for supercapacitive
performance. The anodic electrodeposition process was performed using an aqueous solution of
vanadyl sulfate, which was completed by calcination treatment. XRD and FTIR confirmed the
formation of the orthorhombic V:0s structure, also and FESEM and BET analysis revealed the 3D
mesoporous structure of the electrode material. The supercapacitive performance of the fabricated
electrode was evaluated using CV, GCD, and EIS examinations in lithium perchlorate electrolyte. The
charge storage mechanism involved the intercalation/de-intercalation of lithium ions within the
electrode structure, resulting in a vanadium valence shift between V#+/V5+. The prepared electrode
showed an acceptable capacitance of 496 F g1 at a rate of 1 A g%, a suitable rate performance with a
capacitance retention of 36.1%, and good cyclability with a capacitance retention of 85.2% after 2000
cycles. The resulting porous structure shortens the diffusion path of electrolyte ions to the active
material, while the removal of the insulating binder reduces its the internal resistance, both of which
improve the Kinetics of electrochemical reactions. These results demonstrate the promise of
vanadium oxide as an advanced electrode material for next-generation high-performance energy
storage devices.

1. Introduction

capacitance is lower. Therefore, SCs are frequently used in
combination with batteries in electric vehicles to provide
high-power energy during rapid acceleration, while the

In today's life, energy production using fossil fuels is
limited due to limited fossil fuel resources, air pollution, and
global warming. On the other hand, the increasing energy
demand has led humanity to use clean energy such as wind
and solar energy. It should be noted that clean energy is
intermittent and not always available. Therefore, these
energy sources must always be accompanied by energy
storage systems to ensure constant access to energy [1].

Compared to batteries, supercapacitors (SCs) can store
energy at a faster rate, although their energy storage
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main source of energy for the vehicle is the batteries [2,3].
The storage mechanism in SCs is derived from two types
of the electric double layer capacitance (EDLC) and
pseudocapacitance charge storage by Faradic oxidation-
reduction reactions. In EDLCs, energy is stored by
separating the charge at the interface of the electrolyte and
active material. These SCs have a very high charge-
discharge rate, although their storage capacitance is limited.
Various carbon materials are used as active materials in
EDLCs due to their large specific surface area, high
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conductivity, and electrochemical neutrality. In contrast,
electrochemical pseudocapacitors, such as batteries, store
electric charge by performing Faradic reactions in the
electrode materials. Conductive polymers and metal
oxides/hydroxides/sulfides that have the characteristics of
availability, non-toxicity, and suitable electrochemical
activity can be used as active materials in pseudocapacitors.
Transition metal oxides offer excellent pseudocapacitive
performance through reversible redox reactions in a large
potential window and in multiple oxidation states [4-7].

Among the types of transition metal oxides, vanadium
oxide (V20s) has attracted attention due to its low toxicity,
cost-effectiveness, natural abundance, high theoretical
capacitance (2120 F g1), and various states of oxidation
(V2+, v3+, V4, and V5*). However, the low diffusion rate of
electrolyte ions into the V205 has caused major problems,
such as low practical capacitance and inappropriate current
rate capability. Synthesis of nanoscale active material with
mesoporous characteristics that increase its surface area
and greatly enhance ionic diffusion can significantly
overcome the problem of the limited availability of V20s
active material [8-12].

Traditionally, energy storage electrodes are prepared
via coating a slurry consisting of an active material, a
conductive agent, and a binder on the current collector
surface. Unfortunately, the use of an insulating polymeric
binder such as polyvinylidene fluoride (PVDF) or
polytetrafluoroethylene (PTFE) in the fabrication of
electrodes increases the internal resistance, leading to a
drop in its their electrochemical performance. The use of
binder-free  electrode preparation methods like
electrostatic spinning [13], chemical vapor deposition [14],
vacuum infiltration [15], and electrochemical deposition
[16] can overcome the problem of internal resistance of the
electrode by eliminating the non-conductive binder. Among
these methods, electrodeposition has attracted attention for
the preparation of SC electrodes due to its advantages, such
as cost-effectiveness, no need for special equipment,
flexibility, and operating at low pressures and temperatures
[17].

Energy storage electrodes in batteries and
supercapacitors are fabricated by applying an active
material to the surface of a neutral conductive substrate
known as a current collector. Various current collectors,
including graphite, carbon cloth, carbon paper, copper,
aluminum, stainless steel, and nickel foam (NF), have been
used in the fabrication of supercapacitor electrodes. It has
been demonstrated that the use of current collectors with a
three-dimensional (3D) structure, such as nickel foam, in
addition to increasing the mass loading of the active
material per unit area, provides a very effective accessibility
for the active material, thereby enhancing the
supercapacitor performance [18].

Herein, we developed an effective procedure for the
fabrication of binder-free mesoporous V20s electrode based
on anodic electrochemical deposition into the NF. The as-
prepared electrode was carefully evaluated in terms of

morphology, structure, specific surface area and
pseudocapacitive  performance using  appropriate
techniques.

2. Experimental
2.1.Preparation of 3D Nickel Foam Current Collector

In this study, to remove oxide layers from the NF
surface, an acid pickling process was performed on this
substrate. For this purpose, first, NF was cut into 1x1 cm?,
and then the substrates were ultrasonicated in 6M HCL
solution for 30 minutes. Then, the current collectors were
taken out from the acid solution and washed with abundant
distilled water and ethanol, respectively, until the acid
solution was completely eliminated from the pores of the
nickel foam. Finally, the substrates were dried and kept in
a desiccator until the electrochemical deposition process.

2.2.Anodic Electrochemical Deposition of Mesoporous
V205

To prepare the electrolyte for the electrodeposition
process, initially, 0.15 g of sodium sulfate (Na2S04) was
completely dissolved in 10 ml mixture of deionized water
and ethanol (50:50), while stirring was continued by
magnetic stirring. Finally, 1.0 g of VOS04.xH20 was added
to the above solution and stirred until a uniform solution
was formed.

For the electrochemical deposition of vanadium oxide,
NF substrate was employed as the anode, and a 316L
stainless steel sheet with alarge surface area was employed
as the cathode. The electrodeposition process was carried
out under galvanostatic conditions at a current density of
30 mA cm? for 10 min at room temperature to form a
relatively thick layer on the nickel foam substrate. Finally,
the nickel foam was separated from the electrolyte, washed
with distilled water, and dried with a hot air stream. To
form the V20s phase, the coated nickel foams were calcined
at400°Cfor 2 h.

2.3.Structural Characterization and the
Electrochemical Performance of the V05 Electrode

The structural analysis of the fabricated V20s electrode
was performed using XRD (Unisantis XMD-300) in the
range of 10-70° at a step size of 0.02°. To further investigate
the structure and chemical bonds of the active material, an
FTIR spectrophotometer (PerkinElmer) was identified in
the range of 400-4000 cm 1. Recognizing the critical role of
surface properties in supercapacitor performance, detailed
morphological studies were carried out using scanning
electron microscopy (FESEM: Mira 3-XMU). The specific
surface area and specific pore volume of the active material
were measured using a nitrogen adsorption-desorption
test at a temperature of -196°C via the BET method by a
BELSORP-mini instrument (BEL, Japan Inc.). For this
measurement, after the calcination process, the active
material was scraped from the surface of the NF substrate
to obtain V20s powder.

To consider the supercapacitive performance of the
V20s electrode, a three-electrode cell containing a 2M
LiClOs solution was used, in which the V205 electrode was
employed as the working electrode, a standard Ag/AgCl
was employed as the reference electrode, and a Pt sheet
was employed as the counter electrode. Electrochemical
evaluations were carried out using galvanostatic charge-
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discharge (GCD), cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS) using an
Autolab electrochemical workstation (PGSTAT204). EIS
measurement was conducted over the frequency range of
100 kHz-100 mHz with the amplitude of the sinusoidal
signal of #10 mV at open circuit voltage (~-0.5 V vs.
Ag/AgCl).

3. Results and Discussion

3.1.Electrode Characterization

It should be noted that the electrodeposition
mechanism of vanadium oxide in vanadyl sulfate aqueous
electrolyte is as follows [18]:

V0S50, & VO** + 502~ (1)
2V0?* + 3H,0 - V,05 + 6H* + 2e~ )

The electrodeposition mechanism of vanadium oxide,
according to reactions (1) and (2) includes two steps. In the
first step, the VO?* species with V4* valence is formed in the
blue vanadyl sulfate solution. In the next step, this species
is oxidized to V20s with a valence of V5* on the anode
surface, which is deposited on the nickel foam surface with
a dark green color.

In order to ensure the formation of the V205 phase and
the formation or absence of side phases in the prepared
vanadium oxide electrode, XRD analysis was performed.
The XRD pattern of the powder scratched from the V:0s
electrode surface after calcination at 400°C displayed in
Figure 1. As seen, the peaks at 26 angles of 12.31, 15.49,
20.34,21.82,25.67,31.13,32.11,33.56,34.44,40.11, 45.22,
46.99, 47.48, 49.11, 51.11, 51.78, 56.48, 58.23, 62.23, and
66.11° have been formed. These peaks respectively belong
to the crystal planes of (001), (200), (001), (101), (110),
(400),(011),(310),(211),(002), (411),(600), (302), (012),
(020),(601),(021), (412), (710),and (800), all of which are
related to the orthorhombic structure of vanadium oxide
(V20s5). The position and intensity of these peaks
correspond to the JCPDS standard pattern No. 89-0612,
which indicates the high purity of the V,05 phase in the
electrode [19].
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Fig. 1. XRD pattern of the V205 electrode.

Various functional groups present in the V,05 active
material were investigated via FTIR spectroscopy. Figure 2
depicts the spectrum obtained for the V20s electrode after
calcination at 400°C. The broad band observed at 3449
cm™! is related to the stretching of the O-H due to the
adsorbed H:0. The observed bands at the wave numbers of
520, 590 and 662 cm™! are related to the stretching of

oxygen-metal bonds, especially the symmetric V-0-V and
V-0 stretching modes. The peaks in the range of 950 to
1110 cm™ are attributed to the stretching vibrations
related to the vanadyl (6 V-0) bond and the V=0 double
bond. Also, bands in the range of 1105 to 1400 cm™! are
observed, which could be due to the asymmetric stretching
of the V=0 bond [20].

Transmision density (a.u.)

4000 3400 2800 2200 1600 1000 400

Wavenumber / cm™!
Fig. 2. FTIR spectrum of V20s sample scratched from the electrode
surface.

Considering that the surface area and porosity of the
active material have a considerable effect on the kinetics of
energy storage reactions, the surface area and the pore
volume of the powder scratched from the V20s electrode
were measured. Figure 3 illustrates the adsorption and
desorption isotherms of nitrogen at -196°C for the V20s
active material. It can be observed that the sample exhibits
the classical shape of a type IV isotherm according to the
IUPAC classification, typical for a mesoporous structure.
The existence of the hysteresis loop in the isotherms is due
to the capillary condensation of N2 gas occurring in the
mesopores. The presence of a hysteresis loop of type H1 in
the relatively high-pressure region (P/P0=0.45-1)
indicates its mesoporous structure. Using the BET method,
the specific surface area for the V,05 active material was
equal to 20.9 m2 g1, and the specific total pore volume was
equal to 0.053 cm3 gl The existence of a mesoporous
structure with a high specific surface area shortens the
diffusion path of electrolyte ions towards the electrode
material, and enhanced electrochemical characteristics are
expected. This increases the practical capacitance and
improves the performance rate of the electrode.
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Fig. 3. Nitrogen adsorption-desorption isotherm for the V.05 electrode
material.
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A supercapacitor is a surface phenomena in which
surface morphology and porosity plays an important role
in ion adsorption and intercalation/ de-intercalation
kinetics. Hence, to study surface topographical aspects of
calcinated product, field emission scanning electron
microscope (FESEM) technique was used and those results
are shown in Figure 4. As seen in Figure 4a, the NF blades
are uniformly covered by the V20s active material, and the
nickel foam cavities are not filled to allow the electrolyte to
penetrate into the nickel foam structure. Also, a 3D porous
structure has been formed, in which the thickness of blades
is in nanometric dimensions. The obtained unique 3D
mesoporous structure is very attractive for energy storage
systems, because it allows easy access of charge and ions to
the electrode material. This unique structure, while
increasing the electrochemical use of the electrode
material, facilitates the Kkinetics of electrochemical
reactions and increases its practical capacitance.

Fig. 4. FESEM images of the binder-free V.05 electrode at various
magnifications.

3.2.Electrochemical Measurements

The electrochemical performance of  the
electrodeposited binder-free V20s electrode in 2M LiClO4
electrolyte was evaluated at room temperature. Figure 5
illustrates the cyclic voltammetry curves at various scan
rates from 50 to 500 mV s in the three-electrode system.
The obtained cyclic voltammograms have a quasi-
rectangular shape containing redox peaks, indicating the
pseudocapacitive characteristic of the V20s electrode in
lithium perchlorate electrolyte, which is accomplished by a

fast reversible electrochemical process at the active
material/ electrolyte interface. The nature of all CV plots is
non-rectangular but symmetric, which reveals the
pseudocapacitive nature of the V20s electrode. The
pseudocapacitive behavior of the V20s electrode is induced
as aresult of the intercalation/de-intercalation mechanism
of lithium ions within the crystal structure of vanadium
oxide according to the following electrochemical reaction
[19]:

V,05 + xLi* + xe~ & Li,V,0; 0<x<1 3)

As a result of this intercalation/de-intercalation
reaction, the valence of vanadium is shifted between V5+
and V% and therfore electron is stored in the active
material. In other words, the valence of vanadium in V205
is 5+. However, with lithium ion intercalation, the active
material is converted to LiV20s, in which the valence of
vanadium is 4+. Also, the shape of the voltammograms
remains almost unchanged with increasing potential scan
rate even up to a very high value of 400 mV s, indicating
the superior rate performance of the V205 electrode.

The combination of the faradaic pseudocapacitive
behavior and the electric double layer, together with the
high current response and the acceptable area of the CV
curve, introduces this electrode as a suitable option for
application in SCs.
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Fig. 5. CV curves of the V,0s electrode at various scan rates.
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In order to measure the specific capacitance (Cs) of the
V205 electrode, galvanostatic charge-discharge studies
were performed in the three-electrode system. Figure 6a
depicts the GCD curves of the electrode at current rates
from 1 to 10 A g'1. As can be clearly seen, the curves have a
nearly triangular shape, indicating the pseudocapacitive
behavior of the V20s electrode along with some electrical
double-layer capacitive characteristics. It is also observed
that the GCD curves exhibit an IR drop, which occurs due to
the charge transfer resistance.

The Cs of the V205 electrode was calculated based on the
electrode discharge time according to the following
equation [3], and the results are shown in Figure 6b:

Co=(ixAt) /(mxAV) (4)

where i is the charge and discharge current, At is the
discharge time of the electrode to a voltage of 0 V (vs.
Ag/AgCl), AV is the working potential window, which is
equal to 1V, and m is the mass of the electrode material. As
shown in Figure 6b, the V20s electrode exhibited high
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specific capacitances of 496, 372, 247, and 179 F g! at
current densities of 1, 2, 5, and 10 A g7, respectively. In
addition, the capacitance retention with a 10-fold increase
in current rate was calculated to be 36.1%.
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Fig. 6. (a) GCD profiles of the V20s electrode at various current rates;
(b) Cs as a function of current rate.

The electrochemical impedance technique is an ideal
method for measuring the internal resistance of the
electrode as well as the diffusion resistance of electrolyte
ions within the electrode structure. Figure 7a shows the
Nyquist plot of the V20s electrode measured over the
frequency range of 100 kHz-100 mHz with the amplitude of
the sinusoidal signal of +10 mV at open circuit voltage
(OCV). At the open circuit voltage, the dominant
electrochemical reaction is the charge transfer process
resulting from the diffusion of lithium ions within the
electrode  structure and their intercalation/de-
intercalation in the active material. It can be clearly seen
that the Nyquist plot consists of a depressed semicircle in
the high-frequency region and a sloping line in the low-
frequency region. The sloping line, known as the Warburg
impedance, is related to the diffusion rate of Li* ion, and the
diameter of the semicircle is related to the charge transfer
resistance. By fitting the Nyquist curve with the circuit
depicted in the inset of Figure 7a, the charge transfer
resistance is determined as 9.1 ), which is low compared
to conventional electrodes.

Also, the diffusion coefficient of Li+ within the V20s
structure was measured using the Warburg region line and
according to the following equation [21]:

RT z

) 5)
n‘F4g,,C

where R is the gas constant (8.314 | mol! K1), T is the
temperature (298 K in this work), A is the exposed area of
the electrode, n is the number of electrons per molecule
involved in the reaction, F is Faraday’s constant (96,500 C
mol1), C is the concentration of sodium ions in the
electrolyte and ow is the Warburg factor, which is
calculated based on the following equation:

D=0.5(

Zre = Rp + Ry, + 0,07 /2 (6)
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Fig. 7. (a) Nyquist curve of the V205 electrode; (b) The relationship
between Zr. and w12

To measure ow, it is sufficient to plot the real resistance
values in the Warburg region against the reciprocal square
root of the angular frequencies and obtain its slope, which
is the Warburg factor. Based on the slope of the fitted line
in Figure 7b and calculations performed using Equation 5,
the diffusion coefficient of Li* in the V:0s electrode is
calculated to be 7.32 x 1072 cm?s™1.

Cyclic stability is a fundamental factor for the
application of energy storage electrodes in batteries and
supercapacitors. The capacitance loss in successive charge-
discharge cycles is usually due to the internal stress
induced by the continuous expansion and contraction
resulting from intercalation/de-intercalation of Li* ions.
For this purpose, the cycling performance of the binder-
free V20s electrode was investigated for 2000 cycles at 5 A
gl. As can be seen in Figure 8, after 2000 cycles, the
electrode retained 85.2% of its initial capacitance,
indicating its good cyclability. The acceptable cycling of the
prepared vanadium oxide electrode can be related to its
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mesoporous structure, which damps the stresses induced
in the faradaic charge-discharge processes.

400 -

300
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100

Specific capacitance (F g)

0 400 800 1200 1600 2000

Cycle number
Fig. 8. Cyclability of the V205 electrode at 5.0 A g%,

4. Conclusions

In summary, a binder-free mesoporous vanadium oxide
electrode was fabricated by a two-step strategy including
anodic electrodeposition followed by calcination. The
morphological, structural, and surface characteristics of
the fabricated electrode, as well as its supercapacitive
performance, were carefully evaluated. The results
indicated a mesoporous and uniform structure of the V205
layer. Also, an acceptable energy storage performance was
obtained for the prepared electrode, including a high
capacitance of 496 F g1 at 1 A g'}, a suitable rate capability
with a capacity retention of 36.1%, and good cyclability.
The mesoporous structure of the V20s electrode material,
in addition to removing the binder in the during electrode
preparation, facilitated access of electrolyte ions to the
active material and reduced the internal resistance of the
electrode, all of which improved its electrochemical
performance.
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