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Abstract: Nanostructured nickel molybdate (NiMoOy), used as a supercapacitor electroactive material, was
grown through a two-step process including cathodic galvanostatic electrochemical deposition on a nickel foam
(NF) current collector followed by calcination heat treatment. The structure and surface morphology of the
resulting nickel molybdate electrode were evaluated using X-Ray Diffraction (XRD), Fourier Transform Infrared
Spectroscopy (FTIR), nitrogen adsorption and desorption measurements, and Field Emission Scanning Electron
Microscopy (FESEM). Additionally, the supercapacitor performance of the nickel molybdate electrode was
investigated using Cyclic Voltammetry (CV), Galvanostatic Charge-Discharge (GCD), Electrochemical
Impedance Spectroscopy (EIS), and cycle stability measurements. In summary, the prepared binder-free nickel
molybdate electrode demonstrated good electrochemical performance, including a high specific capacitance of

676 F g at a current density of 1 A g, high rate capability (45% capacity retention with a 10-fold increase in
the discharge current rate), and excellent cyclic stability (89.1% capacity retention after 2000 cycles at 5 A g™%).
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1. INTRODUCTION

Based on the energy storage mechanism,
supercapacitors can be classified into two different
categories: (1) Electrochemical Double Layer capacitors
(EDCL) and (2) Pseudocapacitors. Hybrid systems that
combine faradic and non-faradic processes for charge
storage have been notably developed. In EDCLs, the
electrostatic  charge accumulation and release
mechanisms are formed based on nanoscale charge
separation at the interface between the electrode and
electrolyte. Pseudo-capacitors, or redox supercapacitors,
however, have a Faradaic charge storage mechanism
based on fast and reversible electrochemical surface
reactions (Faryabi & Kazazi, 2019).

While double layer supercapacitors use carbon
materials with a high specific surface area as the active
materials, pseudo-capacitors use conductive polymers
such as polyaniline, polypyrrole, polythiophene or metal
oxides such as NiO, MnO;, Co304, M0Os, etc. as the
electroactive materials (Jiang et al., 2018).

According to the reports, binary metal oxides
exhibited better electrochemical performance than
single metal oxides due to the synergistic effect and
combined capacitance contribution of their individual
components. Among the binary metal oxides,
nanostructured nickel molybdate (NiMoO.) has
attracted extensive research attention during the last
decade for its wide applications in the fields of energy
storage, energy conversion, and catalysis (Peng et al.

2015).

In the current research, an efficient method was
employed to produce binder-free nickel molybdate
electrode that incorporates the electrochemical
deposition of active materials on the surface of the
nickel foam current collector, followed by subsequent
heat treatment. The obtained electrode was maticulously
evaluated in terms of its structure, morphology, and
energy storage properties.

2. MATERIALS AND METHODS

The galvanostatic  cathodic  electrochemical
deposition in two-electrode cell was used to prepare
nickel molybdate electrode. The electrolyte composition
was an aqueous solution with the concentration of 0.1 M
ammonium acetate, 0.1 M ethylenediaminetetraacetic
acid (EDTA), 0.1 M sodium molybdate, and 0.1 M
nickel nitrate at 80 °C. The initial pH of the prepared
solution was about 4.5, which increased to 8 by adding
some ammonia solution. After preparing the electrolyte,
the galvanostatic deposition process was employed
using acid-washed nickel foam as the cathode (negative
electrode) and a sheet with a high area of 316L stainless
steel as the anode (positive electrode). The used current
density was measured as 20 mA/cm2. Finally, the
prepared electrode was calcined at 450 °C for 3 hours to
obtain the NiMoO, electrode.

The structural and chemical characterization of the
prepared electrode was conducted using XRD and FTIR,
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respectively. The specific surface area and total pore
volume of the electrode material were measured using
nitrogen adsorption/desorpting based on Brunauer—
Emmett-Teller (BET) method. The surface morphology
of the as-prepared electrode was evaluated by FESEM.
Further, the supercapacitive performance of the
prepared electrode was evaluated in a three-electrode
cell containing 2M KOH aqueous electrolyte using
cyclic voltammetry, galvanostatic charge-discharge,
electrochemical impedance spectroscopy, and cycle
stability measurements.

RESULTS AND DISCUSSION
3.1. Characterization of nickel hydroxide electrode

Figure 1 shows the X-ray diffraction pattern of the
NiMoO; electrode. As demonstrated in this figure, aside
from the peaks related to pure nickel, the other peaks are
attributed to the monoclinic structure of NiMoO4 with
space group C2/m (JCPDS number: 0361-86). The
relatively broad peaks indicate the relatively weak
crystallinity and small size of the crystals of the nickel
molybdate nanoparticles. Of note, according to the given
pattern, the obtained coating corresponds to a-NiMoO,
single phase (Jothi & Shanthi, 2015).
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Figure 1. XRD patterns of the bare nickel foam and nickel molybdate electrode.

FESEM images of pure nickel foam and nickel
molybdate electrode at different magnifications are
shown in Figure 2. The nickel foam is characterized by
a regular porous structure, facilitating the easy
penetration of electrolyte ions into the electrode
structure. The low magnification FESEM image of the
prepared electrode reveals a uniform coating of nickel

molybdate has been obtained. At higher magnifications,
the pure nickel molybdate coating consists of spheres
composed of very small nano-particles. These tiny
particles provide a high specific surface area, facilitating
electrochemical reactions.
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Figure 2. FESEM images of the (a) bare nickel foam and (b,c) NiMoO4 electrode.

3.2.  Electrochemical nickel
hydroxide electrode

Fig. 3(a) shows the Cyclic Voltammetry (CV) curve
of the nickel molyhdate electrode at a different scanning
rate of 10 mV s*. As observed, the CV curve displays
oxidation and reduction peaks attributed to faradic
oxidation-reduction (redox) reactions, indicating a
pseudocapacitive mechanism. These strong redox peaks
are attributed to the reversible faradic reaction of

performance of

Ni(I1)/Ni(ll1) conversion. The faradic reactions of the
nickel molybdate active material in alkaline electrolytes

are as follows (Wu et al., 2015):
Ni?* + 20H~ - Ni(OH), 1)
Ni(OH), + OH™ - NiOOH + H,0 + e~ )

Fig. 3(b) shows the Galvanostatic Charge-Discharge
(GCD) curves of NiMoOQ; electrode at different current
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densities ranging from 1 to 10 A g. The curves exhibit
a stable voltage plateau in both charging and discharging
processes, corresponding to  Ni(I1)/Ni(lll) faradic
conversion. These stable voltage regions in the charge-
discharge curves are characteristics of the pseudo-
capacitive behavior of the electrodes. Based on the
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obtained results, the prepared nickel molybdate
electrode has a capacitance of 676 F g at a current
density of 1 A g*. Additionally, an acceptable capacity
retention of 45% was achieved with a 10-fold increase
in the current density.

0.6
(b) —y
—32 Alg
= —_—3Alg
)
< 10 A/g
o
<
g
2
s
=
]
o
o
00 L L 1 " 1 L i n
0 200 400 600 800 1,000
Time (sec)

Figure 3. (a) CV curve of the NiMoOj4 electrode at 10 mV s1; (b) GCD curves of the NiMoOj4 electrode at various current rates.

3. CONCLUSION

In the present study, the binder-free nickel molybdate
electrode was prepared with a relatively simple and
efficient  two-step  process,  which  included
electrochemical deposition of nickel molybdate
nanoparticles and subsequent calcination heat treatment.
The electrode was then evaluated in terms of its
structure, morphology, and supercapacitance. The
results indicated the successful deposition of nickel
molybdate with nanometer-sized and high specific
surface area, making it suitable for supercapacitor
applications. The prepared electrode was characterized
by a high specific capacity of 676 F g* at a current
density of 1 A g%, high rate capability (45% capacitance
retention with a 10-fold increase in the discharge
current), and excellent cyclic stability (89.1%
capacitance retention after 2000 cycles at 5 A g1).
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