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A B S T R A C T   

NiMn2O4 (NMO) powders have been prepared by facile sol–gel route, and the effect of annealing temperature 
and the concentration of KOH electrolyte on its electrochemical performance has been investigated. The elec-
trochemical performance of the NMO electrodes is tested via a three electrode arrangement in KOH electrolyte. 
The NMO electrode (NMO1) prepared from the powder synthesized at a temperature of 500 ◦C with an 
approximate crystallite size of 10 nm exhibits maximum specific capacitance of 571 Fg− 1 at a scan rate of 5 
mVs− 1 in 1 M KOH electrolyte. The specific capacitance of the NMO1 electrode is found to be improved from 571 
Fg− 1 in 1 M KOH to 762 Fg− 1 in 6 M KOH electrolyte. The improvement in the specific capacitance of the NMO1 
working electrode in 6 M KOH electrolyte can be attributed to good electrochemical utilization and an effective 
charge storage mechanism.   

1. Introduction 

Supercapacitors (SCs) have attracted much attention because of the 
fast rechargeability, higher power density over the batteries, and more 
energy storage ability as compared to conventional capacitors. The SCs 
have enormous energy storage capacity besides possessing the combined 
property of both conventional capacitor and battery [1]. Based on the 
charge-storage mechanism, electrochemical SCs can be classified into 
three categories: viz, pseudocapacitors, electrical double-layer capaci-
tors (EDLCs), and hybrid capacitors. The conducting polymers and 
various metal oxides are utilized as the active electrode materials in 
pseudocapacitors, whereas in EDLCs carbon-based materials such as 
activated carbon, graphene, and carbon nanotubes are used as active 
electrodes. One more type of SCs is a mixture of both pseudocapacitors 
and EDLCs, known as a hybrid capacitor. To construct these types of SCs, 
the active electrode materials are made by combining either two or three 
distinct elements which give very large specific capacitance and 

enhanced energy density than pseudocapacitors or EDLCs [2]. However, 
all the above-mentioned SCs still suffer from some significant disad-
vantages such as poor cyclic life span of conductive polymers, the low 
capacitance of carbon-based materials and high cost of typical transition 
metal oxides like RuO2 [3]. RuO2 has been extensively investigated as a 
promising material due to its high specific capacitance and excellent 
cycling stability, but rareness and the high cost of ruthenium element 
are putting significant barriers to its commercialization [4]. To over-
come these significant disadvantages, it is necessary to explore other 
alternative materials for the fabrication of supercapacitors. 

Mixed transition metal oxides (MTMOs) are preferred to fabricate 
electrode materials for supercapacitor application over the single tran-
sition metal oxide component due to its enhanced chemical stability and 
electrochemical properties [5]. Out of the different MTMOs, consider-
able attention has been centered towards the synthesis of cubic spinel 
NiMn2O4 (NMO) as it offers high conductivity, outstanding electro-
chemical capacitance, high redox-active sites, and exceptional chemical 
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stability for energetic applications. NMO has been utilized in diverse 
fields such as catalysis [6], supercapacitors [7], sensors [8], and nega-
tive temperature coefficient thermistors [9].The NMO nanostructures 
have been synthesized by various routes including, hydrothermal [3], 
solid-state reaction [9], sol–gel [10,11], thermal decomposition [11], 
spray pyrolysis [12], reflux [13], polymerization [14], and co- 
precipitation [15]. Among the different synthesis methods available 
for producing nanostructures, the non-vacuum-based sol–gel method is 
the cost-effective approach to prepare metal oxide nanoparticles with 
uniform microstructure and compositional homogeneity [16]. The sol-
–gel method has been used to prepare different metal oxides such as 
CoMn2O4, NiCo2O4, NiFe2O4, and NMO [17–19,16]. A. Ray et al. [20] 
reported the synthesis of porous NMO nanoparticles by sol–gel approach 
and showed that enhanced conductivity of the NMO nanoparticles was 
beneficial in improving the electrochemical performance of the NMO 
based supercapacitor. 

In the present research work, the synthesis of porous NMO powders 
by a simple and inexpensive sol–gel method has been reported. The 
NMO electrodes are fabricated from the powders obtained at different 
calcination temperatures such as 500 ◦C, 600 ◦C, and 700 ◦C. Electro-
chemical performance of the NMO electrodes has been evaluated in KOH 
electrolyte at different concentrations such as 1 M, 2 M, 4 M, and 6 M. 

2. Experimental details 

2.1. Synthesis of NMO powders by sol–gel method 

The chemicals nickel (II) acetate tetrahydrate (Ni (CH3COO)2⋅4H2O), 
98%), manganese (II) acetate tetrahydrate (Mn (CH3COO)2⋅4H2O), 

99.5%) and methanol of analytical reagent (AR) grade were used 
without further purification and purchased from Loba Chemie Pvt. Ltd., 
Mumbai (India). 

NMO powders were prepared by sol–gel route. The nickel (II) acetate 
tetrahydrate and manganese (II) acetate tetrahydrate  were used as the 
starting materials, whereas a mixture of methanol and double-distilled 
water (DDW) was used as a solvent. Stoichiometric amounts of nickel 
acetate and manganese acetate were dissolved separately in a mixture of 
methanol and DDW. Manganese acetate solution was added into the 
nickel acetate solution and stirred through magnetic stirring to obtain a 
clear homogeneous solution. The molar ratio of metal cations Mn: Ni 
was maintained at 2: 1 in the solution. With the addition of ammonia 
solution, the pH value of the mixed acetate solution was adjusted to 8. 
To get a sol the mixed acetate solution was stirred on a preheated hot 
plate at 40 ◦C. The dry gel was obtained by stirring the sol for 180 min at 
85 ◦C. The gel was dried at 60 ◦C and ground to synthesize the powders, 
which were further used to carry out the calcination process. The ob-
tained powders were calcined at different temperatures such as 500 ◦C, 
600 ◦C, and 700 ◦C for 4 h in the air. After calcination, the powders were 
cooled to room temperature. Thus obtained black NMO powders were 
then used for various characterizations. The schematic diagram of the 
synthesis of NMO powder by the sol–gel route is shown in Fig. 1A. The 
NMO powders obtained at various calcination temperatures such as 
500 ◦C, 600 ◦C, and 700 ◦C are labeled as NMO1, NMO2, and NMO3, 
respectively. The possible chemical reactions for formation of NMO 
through the sol–gel method are described by the following steps (I) and 
(II).   

Fig. 1A. Schematic diagram of synthesis of NMO powders by sol–gel method.  
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2.2. Characterizations 

The X-ray diffraction (XRD) of the black powders obtained at 
different calcination temperatures was carried out using the Bruker AXS 
(Diffractometer D2, Germany) with Cu (Kα) radiation over the 2θ values 
varying from 15◦ to 75◦. The oxidation states of constituent elements of 
NMO1 powder have been evaluated by X-ray photoelectron spectros-
copy (XPS), (Model-ULVAC-PHI Quantera SXM, Japan). The 
morphology of the powders was analyzed by field emission scanning 
electron microscopy (FE-SEM) (Model-JSM-6160, Japan). The Fourier- 
transform infrared spectroscopy (FT-IR) analysis of the powders was 
performed using an Alpha II spectrometer (Bruker, USA). Brunauer- 
Emmett-Teller (BET) (Model-NOVA1000e Quantachrome, Japan) anal-
ysis of the NMO1 powder was carried out to evaluate its surface area and 
pore size distribution by using nitrogen adsorption–desorption 

isotherms. Electrochemical properties of the NMO electrodes viz, cyclic 
voltammetry (CV), galvanostatic charge–discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) were studied through poten-
tiostat VMP3 (BioLogic, France). 

2.3. Preparation of working electrode and electrochemical study 

Before preparation of the NMO-Ni foam electrode, Ni-foam (3 × 1 
cm2) with a thickness of 1.6 mm was used as a current collector. The Ni- 
foam was cleaned with detergent, ethanol, acetone, concentrated hy-
drochloric acid, and DDW to eliminate the impurities and surface 
oxidant contents. Before examining supercapacitor properties, working 
electrodes were prepared by a mixture of activated NMO powders, 
carbon black, and polyvinylidene fluoride binder in a mass ratio of 8: 1: 
1 in N-methyl-2-pyrrolidinone solvent. The mixture was sonicated to get 
homogeneous slurry. This slurry was drop cast onto 1 × 1 cm2 Ni-foam 
and dried at 120 ◦C for 5 h. The electrodes prepared thus from the 
NMO1, NMO2, and NMO3 powders were used for electrochemical 
characterizations. 

Electrochemical testing of the NMO electrodes for electrochemical 

Fig. 1B. XRD patterns of the NMO1, NMO2, and NMO3 powders synthesized at 
calcination temperatures of 500 ◦C, 600 ◦C, and 700 ◦C, respectively. 

Table 1 
Crystal structure parameters of the NMO1, NMO2, and NMO3 powders prepared by the sol–gel method.  

Miller indices (hkl) Interplanar distance [dkhl] (Å) Lattice parameters [a = b = c] (Å) FWHM (θ)◦ Average crystallite size (nm)  

NMO1 NMO2 NMO3 NMO1 NMO2 NMO3 NMO1 NMO2 NMO3 NMO1 NMO2 NMO3 

(111)  4.97  4.84  4.89  8.61  8.39  8.47  0.49  0.52  0.31 9.7 14.9 19 
(220)  3.0  2.96  2.98  8.50  8.38  8.45  0.80  0.41  0.32 
(311)  2.56  2.52  2.54  8.47  8.38  8.44  0.74  0.38  0.38 
(222)  2.42  2.41  2.41  8.37  8.37  8.37  0.88  0.55  0.40 
(400)  2.11  2.09  2.11  8.46  8.37  8.44  0.66  0.52  0.50 
(422)  1.72  1.71  1.72  8.43  8.38  8.44  1.18  0.51  0.40 
(511)  1.55  1.54  1.54  8.05  8.01  8.05  0.95  0.70  0.45 
(440)  1.48  1.48  1.49  8.42  8.38  8.43  0.89  0.57  0.44     

Fig. 1C. FT-IR spectra of the NMO1, NMO2, and NMO3 powder.  
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capacitor was done in the standard three-electrode arrangement with 
the saturated calomel electrode (SCE) as a reference electrode. The 
NMO-Ni-foam was used as a working electrode, platinum as a counter 
electrode, and KOH as an electrolyte. The electrochemical properties of 
the NMO electrodes were investigated with CV at a scan rate of 5 mVs-1 

to 100 mVs− 1, over the potential window of 0 to 0.8 V. GCD was carried 
out at various current densities over the potential range of 0 to 0.4 V. For 
the EIS measurement, an AC voltage of 5 mV was applied over the fre-
quency range of 0.01 Hz to 100 kHz. 

3. Results and discussion 

3.1. XRD and FT-IR study 

The crystal structure of the NMO powders synthesized by sol–gel 
method is examined through XRD. Fig. 1B shows the XRD patterns of 
NMO powders obtained at various calcination temperatures such as 
500 ◦C, 600 ◦C, and 700 ◦C. The weak reflections observed at 2θ values 
of 18.29◦, 29.89◦, 42.82◦, and 53.16◦ correspond to (111), (220), 
(400), and (420) planes, whereas strong reflections observed at 35.22◦, 
56.69◦ and 62.35◦ correspond to (311), (511), and (440) planes, 
respectively. The obtained XRD patterns of NMO powders are well- 
matched with a cubic structure of NMO (JCPDS card no. 00-001-1110) 
with the Fd-3m space group [11]. 

The lattice parameters a, b, and c and interplanar distance (dkhl) are 
calculated using Eqs. (1) and (2), respectively. 

a = dhkl

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(1)  

dhkl =
nλ

2sin(θ)
(2)  

where dkhl is interplanar distance, (hkl) are the miller indices, λ is the 
wavelength of X-ray used and θis the Bragg’s angle of reflection. 

The reflections become intense with an increase in calcination tem-
perature and improvement in the crystallinity of the NMO powders is 
observed. The average crystallite size (D) is calculated by Eq. (3) [21,22] 
and is found to be 9.7 nm, 14.9 nm, and 19 nm for the NMO1, NMO2, 
and NMO3, respectively. 

D =
0.9λ

βcos(θ)
(3)  

where D is the crystallite size, 0.9 is the dimensionless shape factor of 
crystallites, λ is the wavelength of X-ray used and β is the full width at 
half maximum (FWHM) in radian, and θ is the Bragg’s angle of reflection 
in radian. Crystal structure parameters of the NMO1, NMO2, and NMO3 
powders are listed in Table 1. 

FT-IR analysis is conducted to confirm the phase purity and to assess 
the nature of chemical bonds present in the NMO powders. The FT-IR 
spectra of NMO powders are shown in Fig. 1C. A broad peak is detec-
ted at 3453 cm− 1 which can be attributed to O–H vibration and signifies 
that absorbed moisture exists at the surface of the NMO powders. The 
intense band observed at 596 cm− 1 can be ascribed to vibration of the 
Ni-O atoms in the tetrahedral group, whereas the band at 456 cm− 1 can 
be attributed to vibration mode of Ni-Mn-O atoms [16]. FT-IR analysis 
revealed the presence of spinel mixed oxide in the synthesized powders. 

3.2. XPS study 

The oxidation state of the constituent elements present in the NMO1 
powder is evaluated by the XPS. Fig. 2 (a) represents the survey spec-
trum of the NMO1 powder which shows different peaks corresponding 

Fig. 2. (a) XPS survey scan spectrum of the NMO1 powder. XPS narrow scan spectrum of (b) Ni 2p (c) Mn 2p (d) O 1s.  
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to Ni, Mn, O, and C elements. Considering the XPS peaks that are ob-
tained on account of the different electronic transitions for Ni, Mn, and O 
are indexed in Fig. 2 (a). The presence of the C element is ascribed to 
adventitious carbon contamination due to exposure of the NMO1 pow-
der to the atmosphere [23,24]. To allocate Ni and Mn between 

octahedral and tetrahedral positions in the spinel structure and to find 
out the oxidation state of Ni and Mn, peaks of Ni 2p and Mn 2p are 
further examined carefully. 

For Ni, the deconvoluted two doublet peaks (spin–orbit) are assigned 
to Ni 2p1/2 and Ni 2p3/2 at 872 eV and 854 eV, respectively, and two 

Fig. 3A. FE-SEM micrographs of the NMO powders at the magnification of ×25,000 (a) NMO1 (b) NMO2 (c) NMO3.  

Fig. 3B. Nitrogen adsorption–desorption isotherms of the NMO1 powder. (Inset of Fig. Barrett-Joyner-Halenda (BJH) pore size distribution curve Of NMO1).  
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satellite humps at 861 eV and 879 eV are displayed in Fig. 2 (b), which 
represents that Ni exists in divalent (spin–orbit) state [25]. Fig. 2 (c) 
shows a deconvoluted narrow scan spectrum of Mn, where two humps of 
Mn 2p1/2 and Mn 2p3/2 are found at 653.3 eV and 641.6 eV, respectively 

signifying the trivalent oxidation state of Mn [26]. Fig. 2 (d) shows a 
deconvoluted narrow scan spectrum of oxygen in which the intense 
hump denoted by OM-O at 529.6 eV is due to M− O− M bond (M denotes 
Ni or Mn ion) [27], and less intense hump denoted by OH-O at 531 eV is 

Fig. 4A. (a) Comparative CV plots of the bare Ni-foam and NMO1-Ni-foam electrode (b) Comparative CV plots of the NMO1, NMO2, and NMO3 electrodes at a scan 
rate of 100 mVs− 1 in 1 M KOH electrolyte (c) CV plots of NMO1 electrode in 1 M KOH electrolyte obtained by varying scan rates. 

Fig. 4B. (a) Comparative CV plots of the NMO1 electrode in 1 M, 2 M, 4 M and 6 M KOH electrolyte at a scan rate of 100 mV s− 1 (b) CV plots of the NMO1 electrode 
in 6 M KOH electrolyte obtained by varying scan rates. 
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due to M− O− H bond [28]. Therefore, the formation of a pure phase 
spinel NMO is confirmed from the XPS analysis, which is in good 
agreement with XRD and FT-IR study. 

3.3. Morphological study 

Fig. 3A shows the FE-SEM micrographs of (a) NMO1 (b) NMO2 (c) 
NMO3, respectively. The surface morphology reveals the agglomerated 
coalescence nature of the NMO nanoparticles, which can be ascribed to 
interfacial surface tension. With an increase in the calcination 

temperature from 500 ◦C to 700 ◦C, particle size has also increased as 
shown in Fig. 3A (a-c). 

3.4. BET analysis of the NMO1 powder 

BET analysis is performed to examine the specific surface area of the 
NMO1 powder. Nitrogen adsorption–desorption isotherms of the NMO1 
are displayed in Fig. 3B. The parallel Barrett-Joyner-Halenda (BJH) pore 
size distribution curve of the NMO1 is shown in the inset of Fig. 3B. It is 
found that the NMO1 has a large surface area of 39.32 m2g− 1 and the 
average pore diameter is determined as 26 nm in the mesoporous region 
of the NMO1. 

3.5. Electrochemical properties 

3.5.1. CV study 
Organic electrolytes such as acetonitrile are flammable, extremely 

toxic, less conducting, and costly. In the present work instead of organic 
electrolytes, an aqueous KOH electrolyte is used because of its high 
electrical conductivity and low price. It provides a suitable assembly in 
the air due to its non-flammable nature. 

The specific capacitance is directly proportional to the area under the 
CV plot. As shown in Fig. 4A (a), the area under the CV plot of bare Ni- 
foam is almost negligible as compared to the NMO1-Ni-foam. It confirms 
that the influence of bare Ni-foam in total capacitance is almost negli-
gible and is consistent with the reported literature [20]. Due to the redox 
voltage of Ni2+/Ni3+ and Mn2+/Mn3+ the pair of redox peaks is found in 
the CV plot at 0.35 V for oxidation and 0.21 V for reduction, respec-
tively, at a low scan rate of 5 mVs− 1. This signifies the pseudo capacitive 
behavior of the NMO1electrode. Faradic reactions depend on the 
intercalation–deintercalation of the electrolyte ions and are connected 
with the origination of redox peaks. In the present case, the Faradic 
reactions are represented by the following Eqs. (4) and (5). 

Table 2 
Summarized data of the calculated specific capacitance of the NMO1 electrode using CV plots and GCD plots in aqueous 1 M KOH and 6 M KOH electrolyte.  

Method used to determine specific 
capacitance of NMO1 electrode 

Measuring 
parameters 

1 M KOH electrolyte Measuring 
parameters 

6 M KOH electrolyte 

CV Scan rate (mVs− 1) 5 10 20 50 80 100 Scan rate (mVs− 1) 5 10 20 50 80 100 
Specific 
capacitance (Fg− 1) 

571 330 205 114 93 80 Specific 
capacitance (Fg− 1) 

762 440 274 152 125 107 

GCD Current density 
(mAcm− 2) 

1 2 3    Current density 
(mAcm− 2) 

1 2 3    

Specific 
capacitance (Fg− 1) 

503 313 300    Specific 
capacitance (Fg− 1) 

612 381 365     

Fig. 4C. Plot of specific capacitance the NMO1 electrode vs. scan rate, in 1 M, 
2 M, 4 M, and 6 M KOH electrolyte. 

Fig. 5A. (a) Comparative GCD plots of the NMO1, NMO2 and NMO3 electrodes at a current density of 1 mAcm− 2 in 1 M KOH electrolyte. (b) GCD plots of the NMO1 
electrode in 1 M KOH electrolyte obtained by varying current densities. 
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NiMn2O4 + OH– + H2O ↔ NiOOH + 2MnOOH + 2e-                        (4)  

MnOOH + OH–↔ MnO2 + H2O + e− (5) 

The specific capacitance of the NMO1, NMO2, and NMO3 electrodes 
is calculated from the CV plots using the following Eq. (6). 

Csp =
1

2 × (Vf − Vi) × m

∫ Vf

Vi

I(V)dv (6)  

where Csp is the specific capacitance of NMO electrodes (Fg− 1), V is the 
scan rate (mVs− 1), m is the mass of the NMO electrode material (g), (Vf 
-Vi) is the applied potential window, and the integral term represents the 
area under the CV plot. 

At a scan rate of 5 mVs− 1, the specific capacitance of the NMO1, 
NMO2, and NMO3 electrodes in 1 M KOH electrolyte is determined as 
571 Fg− 1, 475 Fg− 1, and 337 Fg− 1, respectively. The specific capacitance 
of the NMO1 electrode is found to be better than NMO2 and NMO3. The 
surface morphology of the working electrode material implemented for 
supercapacitor application strongly influences its performance. The 
inferior performance of the NMO3 electrode over NMO1 and NMO2 can 
be attributed to its larger particle size, which reduces the active surface 
area and deteriorates the intercalation–deintercalation rates of the ions 
across the electrode–electrolyte boundary [29]. 

Fig. 4A(b) shows the comparative CV plots of the NMO1, NMO2, and 
NMO3 electrodes in 1 M KOH electrolyte at a scan rate of 100 mVs− 1, 
from which it is revealed that the NMO1 has a large expanse of the CV 
curve than NMO2 and NMO3 electrodes. CV plots of the NMO1 electrode 
in a cell containing 1 M KOH electrolyte at different scan rates are dis-
played in Fig. 4A(c). The specific capacitance of the NMO1 electrode at 
different scan rates in 1 M KOH electrolyte is determined by Eq. (6) and 
the improvement in the specific capacitance is observed with lowering 
of the scan rates. At a low scan rate, OH– ions get sufficient time for the 
intercalation and improve the utilization rate of the working electrode 
[24]. Therefore, the specific capacitance of the NMO1 electrode in-
creases with a decrease in the scan rates. 

Fig. 4B (a) shows the comparative CV plots of the NMO1 electrode in 
a cell containing 1 M, 2 M, 4 M, and 6 M KOH electrolyte at a scan rate of 
100 mVs− 1. It is seen that area of the CV curve of the NMO1 electrode in 
a cell containing 6 M KOH is larger than that of 1 M, 2 M, and 4 M KOH 
electrolyte. With an increase in the concentration of KOH electrolyte 
from 1 M to 6 M, the specific capacitance of the NMO1 electrode in-
creases from 571 Fg− 1 to 762 Fg− 1. Fig. 4B (b) shows the CV plots of the 
NMO1 electrode in a cell containing 6 M KOH electrolyte at various scan 
rates. Table 2 summarizes the specific capacitance values of the NMO1 

electrode determined from the CV plots at different scan rates in 1 M and 
6 M KOH electrolyte. 

Fig. 4C displays the plot of the specific capacitance of the NMO1 
electrode vs. scan rate, in a cell containing 1 M, 2 M, 4 M, and 6 M KOH 
electrolyte, from which it is perceived that at lower scan rates the NMO1 
electrode exhibit notable specific capacitance with the varying con-
centration of KOH electrolyte from 1 M to 6 M. 

3.5.2. GCD and EIS study 
Fig. 5A(a) shows the comparative GCD plots of the NMO1, NMO2, 

and NMO3 electrodes in 1 M KOH electrolyte at a current density of 1 
mAcm− 2. Nonlinear patterns of the GCD curves are resulting from the 
Faradic reactions occurring at the electrode–electrolyte interface and 
represent the pseudocapacitive nature of the electrode material. The 
specific capacitance of the NMO1, NMO2, and NMO3 electrodes from 
the GCD plots is evaluated by Eq. (7). 

Csp =
Idis × Δt

(Vf − Vi) × m
(7)  

where Csp is the specific capacitance, Δt is the discharge time, Idis is the 
discharge current, m is the mass of the NMO electrode material, 

Fig. 5B. (a) Comparative GCD plots of the NMO1 electrode in 1 M, 2 M, 4 M, and 6 M KOH electrolyte at a current density of 1 mAcm− 2. (b) GCD plots of the NMO1 
electrode in 6 M KOH electrolyte obtained by varying current densities. 

Fig. 5C. Plot of specific capacitance of the NMO1 electrode vs. current density, 
in 1 M, 2 M, 4 M and 6 M KOH electrolyte. 
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and(Vf − Vi) is the potential window. At a current density of 1 mAcm− 2, 
the specific capacitance of the NMO1, NMO2, and NMO3 electrodes in 1 
M KOH electrolyte is determined as 503 Fg− 1, 474 Fg− 1, and 337 Fg− 1, 
respectively. 

Fig. 5A (b) shows the GCD plots of the NMO1 electrode in 1 M KOH 
electrolyte with varying current densities. The specific capacitance of 
the NMO1 electrode is calculated by Eq. (7) from the GCD plots. It is 
found that the specific capacitance of the NMO1 electrode decreases 
with an increase in current density. This can be ascribed to ruining the 
utilization rate of the working electrode at higher current density, due to 
lowering of the intercalation rates of charged ions at the electro-
de–electrolyte interface. 

Fig. 5B (a) represents the comparative GCD plots of the NMO1 
electrode in 1 M, 2 M, 4 M, and 6 M KOH electrolyte at a current density 
of 1 mAcm− 2. The NMO1 electrode exhibits maximum specific capaci-
tance of 612 Fg− 1 in a cell containing 6 M KOH electrolyte. Fig. 5B (b) 
shows the GCD plots of the NMO1 electrode in a cell containing 6 M KOH 
electrolyte at different current densities. The specific capacitance values 
of the NMO1 electrode determined from the GCD plots at the various 
current densities in 1 M and 6 M KOH electrolytes are listed in Table 2. 

Fig. 5C shows the plot of the specific capacitance of the NMO1 
electrode vs. current density in a cell containing 1 M, 2 M, 4 M, and 6 M 
KOH electrolyte, which intends that at a lower current density the 
NMO1 electrode exhibit appreciable specific capacitance with the 
varying concentration of KOH electrolyte from 1 M to 6 M. 

The electrochemical parameters such as specific energy (Esp, 
Whkg− 1), specific power (Psp, Wkg− 1), and Coulombic efficiency (η, %) 
of the NMO1 electrode in 6 M KOH electrolyte are calculated by Eqs. (8), 
(9), and (10) respectively [30]. 

Esp =
0.5 × Csp × V2

3.6
(8)  

Psp =
3600 × Esp

Td
(9)  

η =
Td

Tc
× 100 (10)  

where Csp is the specific capacitance determined from Eq. (7), V is the 
range of potential window, andTc is the charge time, and Td is the 
discharge time. 

The value of specific energy, specific power, and Coulombic effi-
ciency of the NMO1 electrode in 6 M KOH electrolyte is determined as 
11.9 Whkg− 1, 44.4 Wkg− 1, and 98.2 %, respectively, at a current density 
of 1 mAcm− 2. Therefore, it can be inferred that the NMO1 electrode has 
a significant energy storage capacity and reflects good charge–discharge 
performance. 

The frequency response and internal resistance of the cell containing 
NMO1 electrode with the varying concentration of KOH electrolyte has 
been determined by EIS. Fig. 6 shows the comparative EIS plots of the 
NMO1 electrode in a cell containing 1 M, 2 M, 4 M, and 6 M KOH 
electrolyte. The inset of the Fig. 6 shows equivalent circuit used for 
fitting the Nyquist plot. The internal resistance (Rs) of the cell consists of 
intrinsic resistance of the electrode material, contact resistance between 
current collector and electrode, and resistance offered by an electrolyte. 
Rct is the charge transfer resistance resulting from the Faradic reactions 
at the electrode–electrolyte boundary [31]. EIS analysis has provided 
the values of Rs and Rct as 0.7 Ω, and 8.2 Ω, in 1 M KOH, 0.51 Ω, and 
4.46 Ω, in 2 M KOH, 0.47 Ω, and 3.9 Ω, in 4 M KOH, 0.32 Ω, and 3.33 Ω, 
in 6 M KOH electrolyte, respectively. For the NMO1 electrode, the values 

Fig. 6. Nyquist plot of the NMO1 electrode in 1 M, 2 M, 4 M, and 6 M KOH electrolyte.  

Table 3 
EIS parameters for NMO1-NF electrode in 1 M, 2 M, 3 M and 6 M KOH 
electrolyte.  

Electrolyte Rs(Ω) Rct(Ω) Q1 (mF) Q2 (mF) W 

1 M KOH  0.7  8.2  1.4  1.1  0.018 
2 M KOH  0.51  4.46  1.9  1.3  0.061 
4 M KOH  0.47  3.9  2.7  1.5  0.083 
6 M KOH  0.32  3.33  3.2  1.9  0.094  
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of Rs and Rct determined in 6 M KOH are lower than the values obtained 
at other concentrations of KOH electrolyte. The value of Rs and Rct is the 
determining factor of the specific power given by supercapacitor [32]. 
Therefore, the superior performance of the NMO1 electrode observed in 
6 M KOH over the other concentrations of KOH electrolyte can be 
ascribed to smaller values of Rs and Rct. The EIS parameters for NMO1 
electrode in 1 M, 2 M, 4 M, and 6 M KOH electrolyte have been calcu-
lated and summarized in Table 3. 

3.5.3. Cyclic stability study 
Long-term cyclic stability of the working electrode is very essential 

for the supercapacitor application [33]. The cyclic performance of the 
NMO1 electrode is tested in a cell containing 6 M KOH electrolyte by 
employing the CV technique. Fig. 7 displays the plot of capacitance 
retention rate of the NMO1 electrode vs. cycle number for 2000 cycles. 
The NMO1 electrode retained 96 % of the capacitance after 2000 cycles 
in 6 M KOH electrolyte. 

The comparison of the specific capacitance obtained, current col-
lector utilized, the electrolyte used, synthesis approach involved and 
capacitance retention after the number of cycles of NMO based electrode 
material from the present research work with other research groups is 

represented in Table 4. 

4. Conclusions 

The XRD analysis confirmed that sol–gel-derived NMO powders 
exhibit cubic structure with the F-space group. With an increase in 
calcination temperature from 500 ◦C to 700 ◦C, the average crystallite 
size of the NMO powders has increased from 9.7 nm to 19 nm. FE-SEM 
micrographs reflected the porous nature of the NMO1 powder. BET 
analysis revealed the average pore diameter and surface area of the 
NMO1 powder as of 26 nm, and 39.32 m2g− 1, respectively. At a scan rate 
of 5 mVs-1the specific capacitance of the NMO1electrode is improved 
from 571 Fg− 1 to 762 Fg− 1, with an increase in the concentration of KOH 
electrolyte from 1 M to 6 M. The maximum specific capacitance of the 
NMO1 electrode in a cell containing 6 M KOH electrolyte can be ascribed 
to the large expanse of the CV curve and smaller values of Rs and Rct. The 
NMO1 electrode exhibit 96 % cyclic stability for 2000 cycles with spe-
cific energy and specific power of 11.9 Whkg− 1 and 44.4 kWkg− 1, 
respectively in 6 M KOH electrolyte. 

The present results suggest that NMO electrode materials are 
prominent candidates for the fabrication of electrochemical capacitors. 
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Fig. 7. Plot of Capacitance retention rate of the NMO1 electrode vs. cycle number in 6 M KOH electrolyte.  

Table 4 
Comparison of specific capacitance of the NMO based electrode material from the present research work with other research groups in accordance with, the synthesis 
method used for preparation of NMO, the electrolyte used, current collector utilized, and % retention of specific capacitance after number of cycles.  

Method of preparation Electrolyte Current collector Specific capacitance (Fg− 1) Retention %/ cycles Reference 

Sol - gel 1 M Na2SO4 Ni-mesh 243 96/5000 [11] 
Spray pyrolysis 2 M KOH FTO 460 92.97/1000 [12] 
Hydrothermal 6 M KOH Ni- foil 368 – [26] 
Sol - gel 1 M KOH Ni-foam 303 – [34] 
Hydroxide precipitation. 1 M LiNO3 Stainless steel wire mesh. 184 – [35] 
Calcination 1 M Na2SO4 Ni-grid 180 92.8/1000 [36] 
Hydrothermal 2 M KOH Ni-foam 236.9 – [37] 
Electro spinning process 1 M KCl Graphite sheet 410 (±5) 95/5000 [38] 
Sol - gel 6 M KOH Ni - foam 762 96/2000 This work  
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The charge exchange rate across the electrode–electrolyte interface is 
determined by the particle size of the electrode material and the con-
centration of the electrolyte. Therefore, electrode material with suitable 
porosity and electrolyte with appropriate concentration will be benefi-
cial for fabricating efficient electrochemical capacitors. 
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