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a b s t r a c t

In the present work, hydrothermal and wet chemical methods are adopted to fabricate NiCo2O4 nano-
wires (NiCo-NW) and NiCo2O4 nanoparticles (NiCo-NP) respectively. Owing to the mesoporous nature of
these subunits, fast and convenient electron-ion transport and redox reaction, NiCo-NW achieves
excellent electrochemical performance. Structure and microstructural characterizations of these samples
are carried out by analyzing X-ray diffraction data employing the Rietveld method of structure refine-
ment method and analyzing HRTEM, FESEM images and FTIR spectra. The low dimensional NiCo-NP is
found to provide superior electrochemical performance than the NiCo-NW (~13 nm) due to its smaller
particle size (~9 nm). This porous structure effectively helps in better transport of ions in the electrolyte.
It manifests high specific capacitance 1066.03 F g�1 and enormous areal capacitance up to 5.96 F cm�2

whereas NiCo-NW exhibits specific capacitance up to 880.72 F g�1 and high areal capacitance of
4.93 F cm�2. An asymmetric supercapacitor (ASC) has been fabricated with NiCo-NP and activated carbon
as positive and negative electrodes respectively in 1 M Na2SO4 electrolyte medium. This device offers
maximum specific energy 59.56 Wh Kg�1 and maximum power density 3403 W kg�1 with a high energy
density of 4.197 Wh Kg�1 and shows excellent cyclic stability.

© 2019 Published by Elsevier B.V.
1. Introduction

In recent years, enormous attention has been drawn to develop
novel materials and devices for the new renewable and sustainable
energy sources with high efficiency, high reliability and high energy
density. The supercapacitor has been used massively in last few
decades as a green energy storage device combining the features of
the conventional capacitor (high power density, long cycling life)
and rechargeable batteries (high energy density) [1e8]. Based on
the charge storage mechanism supercapacitors are of two types: (i)
electric double-layer capacitor(EDLC), and (ii) pseudocapacitors.
For EDLCs electric energy is stored by separation of charge in
Helmholtz double-layer and for pseudocapacitor storage of electric
energy is achieved by a faradaic redox reactionwith charge transfer
[8e10]. Various carbonaceous materials like activated carbon, CNT,
graphene are being used as electrode materials for EDLCs for their
higher surface area with a porous surface and electrically interca-
lated networks. EDLCs show high power density, better cycle life
. Pradhan).
than pseudocapacitor but possess very low specific capacitance.
However, due to fast multi electro-redox reaction, pseudocapaci-
tors possess higher specific capacitance, higher energy density than
observed in EDLCs [11,12], but it leads to deficient cycle stability
because of redox reaction like a battery.

The primary focus of the present work is to improve cell voltage
and energy density by developing an ASC device in which (EDLC)
electrode has been used as the negative electrode and redox-active
transition metal oxides as a positive electrode. The maximum
operating voltage in the cell system can be reached by using
different potential windows of the two-electrode system. Primarily,
activated carbon has been used as the negative electrode and
transition metal oxides as a positive electrode. So, the main focus of
ASC is to develop better metal oxides for advanced positive elec-
trode [3,13].

Various metal oxides and hydroxides with their variable valence
states had been widely used for electrode materials in pseudoca-
pacitors [14,15]. Attempts had been made to prepare inexpensive
metal oxides like Co3O4 [16,17], NiO [10,18], MnO2 [19], V2O5 [20],
Fe2O3 [21] for high theoretical capacitance and low toxicity. Both Ni
and Co-based materials were considered to be the most admirable
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A facile hydrothermal route synthesizes Co3O4 nanocrystals with urchin spine-like morphology. Structure and 
microstructural characterizations of the sample are carried out. Electrochemical properties have been explored in 
the presence of different electrolytes. In order to find out the best electrolyte, three electrolytes (Na2SO4, NaOH 
and Na2SO4 with Hq) of fixed concentration (1 M) are used to record the cyclic voltammetry data. In the presence 
of Na2SO4 as an electrolyte, specific capacitance becomes 218 F g− 1, possibly because of low ionic conductivity of 
SO4

2− , higher charge transfer resistance. When NaOH and Na2SO4 (with Hq) are used as electrolytes, high specific 
capacitances of 1720 F g− 1 and 2433 F g− 1 respectively are obtained due to extra pseudocapacitive effect of 
redox reaction. It is worth noting that the semicircle diameter in the EIS plot is highest for Na2SO4 and lowest for 
Na2SO4 (with Hq) electrolyte. The Rct value depends on the type of electrode and the interaction between 
electrolyte ions with the electrode.   

1. Introduction 

Nowadays, one of the primary focuses of the scientific community is 
to harvest new sustainable energy materials to cope up with the 
continuous changes in the global climate. The demand for energy, 
however, is increasing day by day. It becomes very urgent for a scientist 
to develop new renewable energy sources with high power and better 
efficiency. It is now well known that supercapacitors have emerged as an 
alternative energy storage device with better efficiency than a 
rechargeable battery [1,2]. Supercapacitors exhibit higher energy effi
ciency, excellent reversibility, higher energy density than a conven
tional capacitor. Generally, supercapacitors can be classified into three 
types based on the charge storage mechanism: (i) electrical double-layer 
capacitor (EDLC), (ii) pseudocapacitors, and (iii) hybrid system. The 
energy storage mechanism in the electrochemical capacitor is of two 
types: faradaic and non-faradaic. The non-faradaic reaction arises in the 
EDLC due to ion adsorption at the electrode/electrolyte [3]. Various 
carbonaceous materials such as activated carbon, carbon nanotube 
(CNT), graphene oxide belong to the EDLCs. Such carbonaceous 

materials possess a large surface area with a porous surface with the 
interlaced network [4]. However, EDLCs cannot fulfill the requirement 
for the peak power assistance in the vehicle since EDLC offers low energy 
density. Instead, the faradaic pseudocapacitors are based on the fast 
reversible redox reaction within electroactive materials on the elec
trode, and its energy density is at least one order of magnitude higher 
than EDLCs [3,4]. 

In contrast, various inexpensive transition metal oxides such as 
Co3O4 [1,5–8], NiO [4,9], MnO2 [10], and Fe3O4 [11], NiCo2O4 [12] are 
mainly used as electrode materials for pseudocapacitors. They provide 
enhanced electrochemical performance over EDLCs because of their 
higher specific capacitance generating from rapid and productive redox 
reaction. Finding cheap material with superior pseudocapacitive per
formance has thus attracted enormous attention. Among all these tran
sition metal oxides, Co3O4 has been studied extensively for its 
supercapacitor application due to its high surface area, easily tunable 
surface area, multiple oxidation states and tunable structural properties. 
The Co3O4 is a p-type direct optical bandgap semiconductor that shows 
the high theoretical capacity, excellent corrosion stability and can act as 
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Monoclinic amorphous Ni1-xMnxWO4 (x = 0.00, 0.02) compounds have been successfully synthesized by hy
drothermal technique for achieving better capacitive and conductive performances. Different characterization 
techniques like X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), ultraviolet-visible 
(UV–Vis) and photoluminescence (PL) spectroscopy have been employed to investigate their structural, micro
structural, and optical properties. Mn-ion incorporation in the NiWO4 lattice reduces the particle size of the 
sample to ~4.5 nm, compared to the pure undoped NiWO4 sample (~18 nm), confirmed from the transmission 
electron microscopy image and Brunauer–Emmett–Teller analyses (BET). Tauc plot of Ni0.98Mn0.02WO4 sample 
exhibits a significant increase in bandgap energy, compared to pure undoped NiWO4 sample due to the quantum 
confinement effect. The electrochemical performance of electrodes made with these materials has been revealed 
by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) properties and electrochemical impedance 
spectroscopy (EIS). Moreover, the addition of 2 % Mn in NiWO4 causes an increase in specific surface area 
(117.390 m2/g) due to the reduced particle size of the material, resulting in excellent specific capacitance of 463 
F g− 1 at 0.5 A g− 1 current density. The detailed charge storage mechanism for the improvement of conductivity 
and electrochemical performance of the Mn-doped NiWO4 has been revealed in different studies. An asymmetric 
supercapacitor device (ASC) has been fabricated using Mn-doped NiWO4 electrode material as positive electrode. 
The device shows superior cyclic stability upto 5000 cycles, can retain 88.4 % of its initial value.   

1. Introduction 

Electrochemical storage devices such as supercapacitors, fuel cells, 
and Li-ion batteries are more sustainable clean energies to deal with the 
global warming issues [1–3]. Among all three renewable energy sources, 
a supercapacitor is more promising than Li-ion batteries due to its fast 
charging, longer recyclability, better power density, and easy mainte
nance. Supercapacitors are classified into two categories, (i) electric 
double-layer capacitors (EDLC) and (ii) pseudocapacitors [2–5]. Re
searchers are continuously trying to improve the energy density of 
supercapacitors without hampering their power density and cycle life. 
Pseudocapacitor materials store more energy than an electric double- 
layer capacitor. 

For this reason, various binary and ternary metal hybrid oxides with 
different morphologies were synthesized for supercapacitor applications 

[6,7]. However, some drawbacks of using metal oxides in electro
chemical applications include poor conductivity, low energy density, 
and poor cycle stability [8,9]. It has been revealed from recent works 
that the electrochemical properties of some complex oxides (such as 
NiCo2O4 and MnCo2O4) are superior to single oxides like NiO, MnO2, 
and Co3O4 because of multiple oxidation states of different metal cations 
[10–12]. The NiWO4 compound is an attractive material in the elec
trochemical field because of its high electrical conductivity of 
~10− 7–10− 3 S cm− 1 [13–15], which is higher than NiO (10− 13 S cm− 1), 
and CoWO4 compounds [16]. It was reported that the incorporated W 
atoms had improved the electrical conductivity and electrochemical 
activity of the compound [17]. Recent reports on core-shell hetero
structures with multi-component, such as MnCo2O4/NiWO4, Ni.Co.Zn 
oxide/NiWO4, and NiWO4/NiCO2O4 grown on nickel foam showed 
enormous high electrochemical performance than the NiWO4 lattice 

* Corresponding author. 
E-mail address: skpradhan@phys.buruniv.ac.in (S.K. Pradhan).  

Contents lists available at ScienceDirect 

Journal of Energy Storage 

journal homepage: www.elsevier.com/locate/est 

https://doi.org/10.1016/j.est.2022.105946 
Received 25 April 2022; Received in revised form 16 September 2022; Accepted 18 October 2022   


