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A B S T R A C T   

A simple hydrothermal route has been used to synthesize NiMn2O4 nanostructures (NSs) on nickel foam. The 
electrochemical investigation shows how annealing temperature affects its supercapacitive properties. The 
NMO@500-Ni-foam electrode shows a high specific capacitance of 930 Fg− 1 at a constant scan rate of 5 mVs− 1 in 
1 M KOH electrolyte. Additionally, the corresponding symmetric supercapacitor device (SSCs) has a superior 
cyclic span with 93.7 % capacitance retention even after 5000 cycles, excellent electrochemical performance 
with a specific capacitance of 72.9 Fg− 1, specific energy of 11 Whkg− 1, and specific power of 857 Wkg− 1. The 
exceptional results suggest that NiMn2O4 grown on Ni-foam might be a promising candidate for electrochemical 
energy storage applications.   

1. Introduction 

The need for innovative energy know-how and conversion/storage 
initiatives has grown in recent years in order to address the world’s 
pressing energy-related concerns as well as the current energy crises and 
environmental contamination [1–4]. To address this serious problem, 
there is an urgent need to develop energy-storage devices with high 
energy productivity, long lifespans, and exceptional chemical stability 
[5–7]. Supercapacitors (SCs), a type of energy storage system, have 
drawn the attention of researchers because of their exceptional features 
like quick charging and discharging, high power density, and environ-
mental friendliness. But the energy density is lower than anticipated. 
The development of effective electrode materials can aid in the resolu-
tion of such issues [8–10]. 

Metal oxides of the spinel type have shown promise in a number of 
fields, including energy storage and conversion. Spinel-type metal ox-
ides with the structural formula AB2O4 have drawn a interest as pro-
spective energy storage materials because of their high theoretical 
capacitance, wide availability, and inexpensive cost [11–12]. In addi-
tion, transition metal oxides (TMOs) such as NiCo2O4, NiFe2O4, 
ZnCo2O4, MnFe2O4, and NiMn2O4 have sparked increased interest in 
energy storage due to their remarkable synergistic influence on the ex-
istence of two distinct cations in a mono crystalline phase, which can 
improve chemical stability and electrochemical performance of binary 
metal NPs [13–17]. The most appealing choice is NiMn2O4, which has a 
higher capacity for charge storage and higher conductivity than pure 
nickel and manganese oxide. 

Additionally, the lattice orientations, including Mn and Ni, may offer 
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Fig. 1. (a) Crystallographic structure of NiMn2O4 NSs 2-D and 3-D synthesized by hydrothermal method. (b) Schematic illustration of synthesis of NiMn2O4-NSs by 
hydrothermal method. (c) XRD patterns of the NMO@400, NMO@500, NMO@600, and NMO@700 NSs synthesized by hydrothermal method at calcination tem-
peratures of 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C, respectively. 
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more redox active sites during the redox process. Co-based oxides are 
hazardous and relatively expensive. As a result, Ni and Mn-based oxides 
were more advantageous for supercapacitors. Numerous techniques, 
including morphological modification, the hetero-structures develop-
ment, and the cross-breeding of conducting materials with increased 
specific surface area, have been employed for the fabrication of high- 
performance NiMn2O4-based electrode materials [18]. NiMn2O4 can 
now be produced by sol-gel [19], hydrothermal [20], co-precipitation 
[21], combustion [22], and spray pyrolysis [23] processes. Among 
these, hydrothermal processes offer a practicable way for the grounding 
of mixed metal salts that participates in an impressive amount of mixing, 
producing NPs with a large surface area and smaller crystallites and 
good electrical conductivity, which have assisted in monitoring the 
geomorphology of the quantifiable regions [24]. Fig. 1 displays the 
cubic phase of prepared NiMn2O4. The crystalline structure of NiMn2O4 
is 2-D and 3-D, respectively, with Ni occupying the octahedral region 
and Mn occupying both the octahedral and tetrahedral regions [25]. 

Wei et al. [26] recently reported that hydrothermally produced 
sheet-like NiMn2O4 NPs grown on nickel foam (NF) showed superior 
electrochemical characteristics with a Cs of 662.5 Fg− 1 at a current 
density of 1 Ag− 1 in a 6 M KOH electrolyte. Supercapacitor electrodes 
with a Cs of 762 Fg− 1 at a scan rate of 5 mVs− 1 in a 6 M KOH electrolyte 
were synthesized by Dhas et al. using the sol-gel process [27]. By using a 
computerized spray pyrolysis technique, Chavan et al. were able to 
create NiMn2O4 thin films with a Cs of 460 Fg− 1 at a scan rate of 5 mVs− 1 

in a 2 M KOH electrolyte [28]. To synthesize a series of rGO/NiMn2O4/ 
PANI nanocomposite electrodes Sahoo et al. used the hydrothermal 
technique [25]. 

There is an urgent need for detailed work on NiMn2O4-based mate-
rials in terms of understanding the reasons behind the understanding of 
fluctuations in the properties of current density and power density and 
cyclic stability. However, like many other TMOs, NiMn2O4-based elec-
trodes are still limited by their low-rate capacity with high capacitance 
[25,27]. Using a hydrothermal process, Bhagwan et al. created a 
NiMn2O4 electrode with a Cs of 410 Fg− 1 at a current density of 1 Ag− 1. 
A solid-state asymmetric supercapacitor based on NiMn2O4 nanowires 
as the active material was also reported by this group. It offered a spe-
cific energy of 95 Whkg− 1 and a specific power of 1030 kWkg− 1 [29]. 
Asymmetric supercapacitors based on CNT@NiMn2O4/AC were previ-

ously reported by Nan et al. [30]. These devices exhibit outstanding 
electrochemical performance at a potential window of 0 to 1.7 V and 
high Cs from 151 to 72.8 Fg− 1 as the current density increases from 1 to 
20 Ag− 1. 

NiMn2O4-NSs are made and deposited on NF using a universal and 
controllable hydrothermal process. In-depth research has been done on 
the crystalline structure, shape, chemical content, and elemental 
composition of NiMn2O4-NSs. NM-NF electrodes have been developed 
using NiMn2O4-NSs produced at temperatures of 400, 500, 600, and 
700 ◦C. We discovered that NMO@500-NF exhibits significantly better 
Cs compared to other electrodes, and we also noticed the synergistic 
effect of the coexistence of two elements, Ni and Mn, in the NiMn2O4 
host structure. The cycling investigation found that the NMO@500-NF 
electrode demonstrated long-term chemical stability by retaining 91.2 
% of its charge across 10,000 CV cycles. Additionally, symmetric 
supercapacitor devices (SSCs) based on NM-NSs exhibit high Cs of 72.9 

Fg− 1 at 3 mAg− 1, which is comparable to good specific energies of 11 
Whkg− 1 and 857 Wkg− 1 and capacitance retention of 93.7 % over 5000 
cycles. 

2. Experimental section 

2.1. Materials used in the preparation of NiMn2O4 NSs 

Nickel (II) acetate tetrahydrate [Ni (CH3COO)2⋅4H2O], manganese 
(II) acetate tetrahydrate [Mn (CH3COO)2⋅4H2O], methanol (CH3OH), 
hydrochloric acid (HCl), NF, carbon black, polyvinylidene fluoride 
(PVDF), N-methyl-2-pyrrolidone (NMP), were purchased from Loba 
Chemie Pvt. Ltd., Mumbai (India). All AR-grade were used as received 
without further modifications. 

2.2. Synthesis of NiMn2O4 NSs by hydrothermal method 

NiMn2O4 NSs were synthesized via a facile hydrothermal method 
and calcination treatment. First, nickel (II) and manganese (II) acetates 
were taken in a ratio of 1:2 and suspended separately in methanol and 
double-distilled water (DDW) for 35 min using an ultrasonic process. 
The manganese acetate solution was transferred into the beaker of nickel 
acetate solution. After that, ammonia was gradually added to reach a pH 
of 8 to 9 while being stirred at 400 rpm for an additional 30 min to 
obtain a homogeneous solution. Then, the resulting mixture was 
immersed into a 50 mL Teflon-lined autoclave reactor and heated to 
110 ◦C in the air for 5 h to carry out chemical reaction. Afterward, the 
stainless steel autoclave was allowed to cool naturally at ambient tem-
perature. The resulting product was rinsed five times with ethanol 
before being calcined for 4 h at 400, 500, 600, and 700 ◦C. After calci-
nation, the samples are designated as NMO@400, NMO@500, and 
NMO@600, and NMO@700 respectively. As the calcination tempera-
ture increases, the organic component burns out. Along with this, an 
oxide network is built, and some electrochromic behavior changes are 
made. Fig. 1(b) shows the scheme for making NiMn2O4-NSs using a 
hydrothermal process. 

Step-I  

Step-II 

Ni(OH)2

+

2 Mn(OH)2

+ 6 CH3COOCH3 →calcination NiMn2O4 + 7 CO2 + 11 CH2 + 10 H2

Nickel Manganese

Oxide  

2.3. Characterization techniques 

The produced NiMn2O4 NSs were characterized by X-ray diffraction 
(XRD), field emission scanning electron microscopy (FE-SEM), energy- 

(CH3COO)2Ni + 2(CH3COO)2Mn ̅̅̅̅̅̅→
6 CH3OH

Ni(OH)2 + 2 Mn(OH)2 + 6 CH3COOCH3

Nickel Manganese Nickel Manganese Methyl
Acetate Acetate Hydroxide Hydroxide Acetate   
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dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy 
(XPS), Brunauer Emmett Teller (BET), etc. On a Bruker AXS, (Diffrac-
tometer D2, Germany) diffractometer, XRD analysis was carried out 
spanning the wavelength range of 2θ from 15◦ to 80◦ using a Cu-Kα 
radiation source. The morphology of the NiMn2O4 NSs was examined by 
FE-SEM (JSM-6160, Japan). By using XPS analysis on a ULVAC-PHI 
Quantera SXM (Japan), the oxidation states and component elements 
found in the NiMn2O4- NSs were assessed. To determine the chemical 
composition, EDX (X-act-Oxford Instruments, Japan) spectroscopy was 
employed. Utilizing N2 adsorption-desorption isotherms; the Brunauer- 
Emmett-Teller (BET) technique was opted to measure the surface area 
of NiMn2O4 NSs. (Model-NOVA 1000e Quanta chrome, Japan). 

3. Result and discussion 

3.1. X-ray diffraction (XRD) 

The NiMn2O4 NSs produced by the hydrothermal approach are 
depicted in Fig. 1(c) in an X-ray diffraction (XRD) plot after being further 
annealed at 400 ◦C, 500 ◦C, 600 ◦C, and 700 ◦C. These temperatures are 
designated as NMO@400, NMO@500, NMO@600, and NMO@700, 
respectively. It can be observed that all NMs’ XRD patterns peak at the 
following reflection planes: (111), (220), (311), (222), (400) (422) 
(511) (533) and (622). Thus, it is confirmed that a single phase with a 
cubic spinel structure formed. All NMO-NSs reflection peaks are 
compared to the NiMn2O4 ICDD card No. 00-001-1110 and confirmed to 
be totally compatible with typical reflection peaks. 

Eqs. (1) and (2) are used to determine the lattice constants a, b, and c, 
as well as the inter-planar separation (dhkl). 

a = dhkl

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(1)  

dhkl =
nλ

2 sin(θ)
(2)  

Where dhkl is the interplanar distance, (hkl) are the Miller indices, λ is 
the wavelength of X-ray used and θ is Bragg’s angle of reflection. 

It is found that as the annealing temperature is increases, the 
reflection peaks get sharpen and that the crystallinity is improves. The 
crystallite size of NM-NSs is calculated using the Scherrer formula 
[31–32]: 

D =
0.9 λ
βcosθ

(3)  

Where D is crystallite size (nm), 0.9 is a dimensionless shape factor, λ is 
the X-ray wavelength (nm), β is the full width at half maximum (rad), 
and θ is the diffraction angle (rad). The fundamental crystal structural 
parameters for NiMn2O4-NSs are from XRD patterns and are described in 
Table 1. It has been discovered that the nanocrystalline sizes of NM-NSs 
grow with calcination temperature, from 10.1 nm at 400 ◦C to 26.6 nm 
at 700 ◦C. 

3.2. XPS analysis 

To determine the chemical composition and oxidation states of the 
various elements in the hydrothermally synthesized NMO@500-NSs, 
XPS analysis was performed. The typical XPS survey spectrum is 
shown in Fig. 2, and it confirms the existence of the elements Ni 2p, Mn 
2p, O1s, and C1s in the NMO@500-NSs electrode without any other 
impurities. The accidental carbon contamination brought on by the 
NMO@500-NSs being exposed to the atmosphere is thought to be the 
reason for the C component’s presence. The Ni 2p spectrum can be seen 
in Fig. 2(b), and it is composed of two spin-orbit doublets that are typical 
of Ni 2P1/2 and Ni 2P3/2, which are separated by two shakeup satellite 
peaks. The Gaussian peak fitted at binding energies at 872.5 eV is 
ascribed to Ni 2P1/2, while Ni 2P3/2 is responsible for the peak fitted at Ta
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854.6 eV. Similar to this, the Mn 2p spectra depicted in Fig. 2(c) is made 
up of two spin-orbit doublets that are typical of Mn 2P1/2 and Mn 2P3/2, 
and their respective binding energies are 853.2 eV and 641.8 eV. For O 
1s, two prominent humps were seen at 530.7 eV and 529.5 eV as shown 
in Fig. 2(d), which, respectively, relate to the O–H species of the surface 
adsorbed water molecules, oxygen ions in low surface coordination, and 
the type of metal-oxygen interactions [33]. These findings support the 
results found in the literature for spinel-NiMn2O4 [34] that the surface of 
the NMO@500- NSs as prepared by hydrothermal technique has a 
composition of Ni2+, Ni3+, Mn2+, Mn3+, and O2. The Ni 2p, Mn 2p, and 
O 1s Gaussian fitted XPS spectra with high resolution identify the 
improved material’s electrochemically promising valence states. 

3.3. Morphologies study 

Fig. 3(a–d) illustrates the FE-SEM micrographs of hydrothermally 
produced NMO-NSs at magnifications of 25,000 X and various calcina-
tion temperatures. As the calcination temperature is raised, morpho-
logical changes were observed in samples calcined at various 
temperatures. FE-SEM micrographs show a noticeable increase in par-
ticle size as the calcination temperature rises. It is noted that the NM-NSs 
formed at 400 ◦C have a smooth shape. The insertion of ions has 
increased due to the creation of pores and nanoparticles in the NM-NSs 

made at 500 ◦C. Additionally, many pores have been discovered on the 
surfaces of NMO@500-NSs, and their presence facilitates the intercala-
tion and deintercalation of electrolyte ions. Significant nanoplate 
growth can be seen in samples annealed at 600 ◦C and 700 ◦C. The 
length of the ion diffusion path will be prolonged by the large size of 
NSs, resulting in inferior rate performance. 

3.4. EDX analysis 

The elemental composition of the NM-NSs has been assessed by EDX 
analysis to determine their purity. The EDX spectrum of the NMO-NSs 
synthesized at various calcination temperatures is shown in Fig. 3 
(e–h), which verified the existence of Ni, Mn, and O elements. 
Tables with their atomic percentages are provided inset within the 
matching EDX spectrum. It is evident that the constituent element’s 
stoichiometric ratio in NMO@500-NSs appears to be almost 
stoichiometric. 

3.5. BET analysis 

The N2 adsorption-desorption isotherms, shown in Fig. 4 are used to 
calculate the BET specific surface areas of the NM-NSs as prepared by the 
hydrothermal approach with varied calcination temperatures 

Fig. 2. (a) XPS survey scan spectrum of the NMO@500-NSs synthesized by hydrothermal method, XPS narrow scan spectrum of (b) Ni 2p (c) Mn 2p (d) O 1s.  
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Fig. 3. FE-SEM micrographs of the NM-NSs at the magnification of × 25,000 (a) NMO@400 (b) NMO@500 (c) NMO@600 and (d) NMO@700 NSs synthesized by 
hydrothermal method. EDX spectra of the (e) NMO@400 (f) NMO@500 (g) NMO@600 and (h) NMO@700 NSs synthesized by hydrothermal method. 

Fig. 4. Nitrogen adsorption-desorption isotherms of the (a) NMO@400, (c) NMO@500 (e) NMO@600 and (g) NMO@700 NSs. BJH curve of the (b) NMO@400, (d) 
NMO@500 (f) NMO@600 and (h) NMO@700 NSs. 
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(NMO@400, NMO@500, NMO@600, and NMO@700) (a,c,e,g). As 
shown in Fig. 4, the relevant pore size distributions are evaluated using 
Barrett-Joyner-Halenda (BJH) (b,d,f,h). The computed BET specific 
surface areas of the NMO@400, NMO@500, NMO@600, and 
NMO@700 are 41.34 m2g− 1, 58.22 m2g− 1, 33.12 m2g− 1, and 18.84 
m2g− 1, respectively. All the NM-NSs show a hysteresis loop. The average 
pore sizes of the NMO@400, NMO@500, NMO@600, and NMO@700 
NSs are 6.3 nm, 3.1 nm, 11.7 nm, and 22.3 nm, respectively, and the 
predicted pore volumes are 0.19 cm3g− 1, 0.23 cm3g− 1, 0.16 cm3g− 1, and 
0.12 cm3g− 1. These pore size distributions are shown in Fig. 4(b,d,f,h). 
In addition to offering size and shape selectivity and high surface areas, 
these materials have large interfacial areas and pore volumes, which 
lower the material’s transport constraints and make it easier for ions to 
reach the active sites. High surface area mesoporous materials are 
thought to improve electrochemical performance. Mesoporous materials 
also have improved surface areas due to their pores, which also allow for 
the storage of ions [34]. NMO@500 NSs have a big pore volume, a low 
average pore size, and a high surface area when compared to 
NMO@400, NMO@600, and NMO@700 NSs. These NMO@500-NSs 
characteristics are more advantageous for electrolyte ion diffusion and 
transport during the intercalation-deintercalation process in 
supercapacitors. 

3.6. Preparation of working electrode 

At first, NF (thickness: 1.6 mm) was ultrasonically treated with 
ethanol, 4 M hydrochloric acid, and double-distilled water for 30 min. to 
remove the oxide layer and other impurities [35]. The working elec-
trodes were prepared using 75 % active electrode material (NMO-NSs), 
15 % activated carbon, and 10 % polyvinylidene fluoride binder in N- 
methyl-2-pyrrolidinone prior to electrochemical measurements. To 
produce a uniform slurry, the mixture was sonicated for half an hour. 
After that, the produced slurry was applied to 1 cm2 of previously 
cleaned nickel foam and heated for 4 h at 110 ◦C. About 6 mg of the 

active substance is coated on NF. The electrochemical testing has been 
done using electrodes made from NMO@400, NMO@500, NMO@600, 
and NMO@700 NSs. The saturated calomel electrode (SCE) is used as a 
reference electrode to assess the electrochemical characteristics of the 
NM-NF electrodes in the conventional three-electrode system. The 
working electrode is NMO-NF, the counter electrode is platinum, and the 
electrolyte is 1 M KOH. The schematic representation of a three- 
electrode setup at room temperature is shown in Fig. 5 in order to 
evaluate the electrochemical performance of the as-synthesized NMO- 
NF. 

3.7. Electrochemical performance of the NM-NF electrode 

The electrochemical properties of NiMn2O4-NSs as an electrode 
material for an electrochemical capacitor are examined (EIS) using cy-
clic voltammetry (CV), galvanostatic charge/discharge (GCD), and 
electrochemical impedance spectroscopy. The cyclic voltammograms 
for NMO@400-NF, NMO@500-NF, NMO@600 -NF, and NMO@700 -NF 
are shown in Fig. 6(a–d) at scan rates of 5 mVs− 1, 10 mVs− 1, 20 mVs− 1, 
50 mVs− 1, 80 mVs− 1, and 100 mVs− 1, respectively. Although the present 
density magnitude and potential range are different, the CV plots 
demonstrate a similar pattern. Two strong peaks are seen, which 
correlate to the typical pseudo-capacitance behavior and are caused by 
Faradaic redox processes within the system. The oxidation peak was 
produced by the transformation of NiMn2O4 to NiOOH and MnOOH, 
whereas the reduction peak was produced by the opposite reaction. The 
redox mechanism outlined in the following equations (Eqs. (4) and (5)) 
is what causes the charge storage in the NM-NF electrode. 

NiMn2O4 +OH− +H2O ↔ NiOOH+ 2MnOOH+ e− (4)  

MnOOH+OH− ↔ MnO2 +H2O+ e− (5) 

The boost in current density is caused by the CV plot of NM-NF 
electrodes at calcination temperatures of up to 500 ◦C. Thus, as the 

Fig. 5. Schematic of the three-electrode measurement setup for the studying electrochemical properties.  
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calcination temperature increases from 400 ◦C to 700 ◦C, current density 
decreases. The intercalation de-intercalation of OH− ions in the 
NiMn2O4 matrix charge transfer affects the rate capabilities. Many 
electrode materials can be utilized because, at a slow sweep rate, the 
charges in the electrolyte have enough time to undergo surface redox 
reactions. At high scan rates, however, all active sites are not accessible 
to the electrolyte ions due to a lack of time, leading to subpar perfor-
mance. Using the CV curves, Eq. (6) was employed to determine the Cs of 
the NM-NF electrodes [36]. 

Cs =
1

mv
(
Vf − Vi

)

∫ Vf

Vi

I (V)dv (6) 

The working potential window is (Vf -Vi) and the specific capacitance 
of the NM-NF electrode is (Fg− 1), m (effective mass of the active elec-
trode material is (g)), I (current density is (mAg− 1)), V (scan rate is 
(mVs− 1)), and Cs (specific capacitance). When the scan rate is decreased 
from 100 mVs− 1 to 5 mVs− 1, the Cs of NMO@500-NF rise in proportion 
by a factor of five. The low value of 714 Fg− 1 produced by NMO@600 
-NF is another factor. NMO@700 -NF has a low specific capacitance of 
654 Fg− 1 compared to the other two electrode materials. Both 
NMO@500-NF and NMO@400-NF have Cs values of 930 Fg− 1 and 793 
Fg− 1. The development of the NMO@500-NF electrode supports all 
hypotheses and interpretations drawn from the various characterization 
techniques, as well as the material’s high porosity, high specific surface 
area, and the presence of numerous types of pores. Additionally, as 
demonstrated in the plot of Cs vs. scan rate in Fig. 6(e), the Cs value rises 
as the scan rate falls. This information shows that the specific capaci-
tance of NMO@500-NF and NMO@400-NF is greater than that of other 
capable electrode materials. The oxidation and reduction peak currents 
measured for the NMO@400-NF, NMO@500-NF, NMO@600-NF, and 
NMO@700-NF electrodes are displayed against the scan rate as well as 
the square root of that rate in Fig. 6(f–g). The peak currents have a non- 
linear relationship with sweep rate, as shown in Fig. 6(f), whereas they 
have a nearly linear relationship with the square root of scan rate, as 
shown in Fig. 6(g). This indicates that the redox reaction is diffusing 
driven in this case, as indicated by the Randles-Sevcik equation, as 
stated below [38]. 

Ip =
(
2.687× 105) n3 /

2 V1 /

2 D1 /

2 A C0 (7)  

where Ip stands for peak current, n for the number of electrons trans-
ported in the electrochemical method (n = 2), V for sweep rate, C0 for 
KOH concentration, A for geometrical electrode area and D for diffu-
sivity of the material. As the materials’ diffusivity increases, an elec-
trolyte’s specific capacitance rises. As a result, the diffusivity may be 
determined from the slope of the line. Thus, in the KOH electrolyte, the 
diffusivity of the active materials is as follows: NMO@500-NF >
NMO@400-NF > NMO@600-NF > NMO@700-NF. 

In order to evaluate the quantitative electrochemical characteristics 
of the NM-NF electrode, GCD analysis was performed. The GCD curves 
of the NMO@400-NF, NMO@50-NF, NMO@600-NF, and NMO@700- 
NF electrodes are shown in Fig. 7(a–d) for various current densities of 
3 mAcm− 2, 4 mAcm− 2, and 5 mAcm− 2. The discharge time for the 
NMO@500-NF electrode is the longest at 3 mAcm− 2 current density and 
gets shorter as the annealing temperature increases. The charging time 
increases while the discharge time decreases when comparing the 
NMO@500-NF electrode to the NMO@400-NF, NMO@600-NF, and 

NMO@700-NF electrodes. The Cs of the NM-NF electrodes are calcu-
lated using the GCD curves and Eq. (8) [37]. 

Cs =
IΔt

m
(
Vf − Vi

) (8)  

Where Cs is the specific capacitance (Cs) of the NM-NF electrode (Fg− 1), 
m is the mass of the active electrode material (g), respectively and 
(Vf− Vi) is the working potential window. 

According to Fig. 7(e), there is a correlation between Cs and current 
densities used for charging and discharging. The result indicate that the 
“optimal” electrode, with good CS values, is NMO@500-NF. Table 2 
provides an overview of how the CS is calculated for NM-NF electrodes 
using CV plots at various scan rates and CD plots at various current 
densities in 1 M KOH electrolyte. The formulas below are used to 
calculate the highest specific energy (Esp), specific power (Psp), and 
Coulombic efficiency (η) from the GCD for the NMO@500-NF electrode, 
respectively [27]. 

Esp =
0.5 × Cs × V2

3.6
(9)  

Psp =
3600 × Esp

Td
(10)  

η =
Td

Tc
× 100 (11)  

where Cs is the specific capacitance, Td is the discharge time, Tc is the 
charging time and V is the scan rate. The calculated values of Esp, Psp, 
and η of the NMO@500-NF electrode in a 1 M KOH electrolyte is 24 
Whkg− 1, 233 Wkg− 1, and 99.2 %, at 3 mAcm− 2 respectively. 

As seen in Fig. 7(f), the EIS is a tool used to assess the circuits and 
associated resistance between the electrolyte and electrode. A sine wave 
with 6 mV amplitude and a frequency range of 1 Hz to 100 kHz was 
supplied in a 1 M KOH aqueous solution. The electrochemical capaci-
tor’s overall impedance is caused by ionic and electronic processes. Ionic 
diffusion, which occurs when electrolyte charges move through pores, is 
what causes ionic resistance. Charge transfer resistance (Rct), a factor in 
Faradaic processes, is what gives the appearance of a semi-circle in the 
high-frequency zone. The Rct increases as the semicircle’s size de-
creases, indicating a higher Cs. We observed Rct values of 6.8 Ω, 6.2 Ω, 
7.4 Ω, and 7.9 Ω for NMO@400-NF, NMO@500-NF, NMO@600-NF, and 
NMO@700-NF, respectively. Additionally, it was found that NMO@400- 
NF, NMO@500-NF, NMO@600-NF, and NMO@700-NF had Rs values of 
0.42 Ω, 0.38 Ω, 0.49 Ω, and 0.52 Ω, respectively. NMO@500-NF has 
lower Rct and Rs values than the other electrodes. The NMO@500-NF 
electrode has a high conductivity, according to this result. It is linear 
in the low-frequency range. Additionally, the Warburg impedance (W), 
which corresponds to charge transfer into the electrodes in bulk through 
the pores, is shown by the inclination lines in the lower frequency re-
gion. The vertical slope shows increased capacitance performance in the 
low-frequency range. Because of its linearity, the NMO@500 NF elec-
trode is reliable as a superior and ultimate capacitor. The space between 
the two zones is called the “knee frequency” region. 

Electrochemical CV studies were carried out in 1 M KOH electrolyte 
to learn as much as possible about the cyclic stability of the NMO@500- 
NF electrode. By analyzing the fluctuations in Cs as a function of 

Fig. 6. CV plots of the (a) NMO@400-NF (b) NMO@500-NF (c) NMO@600-NF (d) NMO@700-NF electrodes at the various scan rates in 1 M KOH electrolyte (e) Plot 
of specific capacitance vs. scan rates of the NMO@400-NF, NMO@500-NF, NMO@600-NF and NMO@700-NF electrodes in 1 M KOH electrolyte. Plot of redox peak 
currents for NMO@400-NF, NMO@500-NF, NMO@600-NF and NMO@700-NF (f) vs scan rate and (g) vs square root of scan rate. 
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Fig. 7. Comparative GCD plots of the (a) NMO@400-NF (b) NMO@500-NF (c) NMO@600-NF (d) NMO@700-NF electrodes at the various current densities in 1 M 
KOH electrolyte. (e) Plot of specific capacitance vs. current densities of the NMO@400-NF, NMO@500-NF, NMO@600-NF and NMO@700-NF electrodes in 1 M KOH 
electrolyte (f) Nyquist plot of the NMO@400-NF, NMO@500-NF, NMO@600-NF and NMO@700-NF electrodes in 1 M KOH electrolyte. (g) Plot of Capacitance 
retention rate of the NMO@500-NF electrode vs. cycle number in 1 M KOH electrolyte. 
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charging-discharging cycles at a scan rate of 100 mVs− 1, as shown in 
Fig. 7(g), the stability of the NMO@500-NF electrode was thoroughly 
investigated. The NMO@500-NF electrode maintained 91.2 % of its 
initial capacitance across 10,000 cycles, demonstrating the electrode’s 
extraordinary durability as a capacitor. 

Table 3 illustrates the comparison of the calculated Cs, the obtained 
morphological structure, the current collector used, the electrolyte used, 
the synthesis method used, and the capacitance retention after the 
number of cycles of the NiMn2O4-based electrode material with other 
research groups. 

3.8. Assembly of the symmetric supercapacitor device (SSCs) 

Two NMO@500-NF based electrodes are joined together to form the 
SSCs. Fig. 8(a) displays the schematic for NMO@500-NF based SSCs 
together with real photos of both electrodes. In order to create the 
polyvinyl alcohol and potassium hydroxide (PVA + KOH) quasi-solid 
state gel electrolyte, 6 g of PVA precursor, 6 g of KOH, and 60 mL of 
DDW must be combined. At 90 ◦C, the mixture must be vigorously 
stirred until homogenous and viscous. By coating the resultant 
NMO@500 slurry over nickel foam (2 × 2 cm2) and drying it for 6 h in a 

vacuum furnace at 70 ◦C, electrodes are fabricated. A bulk loading of 
approximately 10 mg cm− 2 of active material was present in each 
electrode. The clear and viscous solution has been employed as both a 
separator and a quasi-solid phase electrolyte in the development of 
NMO@500-NF/NMO@500-NF symmetrical systems. And finally, a 
VMP3-based biologic potentiostat was used to test a symmetric device. 

3.9. Electrochemical performance of SSCs 

As shown in Fig. 8(b), the CV plots of the SSCs measured at various 
sweep rates reveal the redox reaction of Ni2+/Ni3+ and Mn2+/Mn3+. The 
gadget is pseudocapacitive, and the fast faradaic responses over its 
electrode surfaces demonstrate this. Their interior areas rise as the scan 
rate rises. The inset of Fig. 8(b) shows the device’s real image at the time 
of measurement. To study the electrochemical characteristics of the 
SSCs, GCD has been carried out at various current densities. The findings 
are shown in Fig. 8(c). The Cs of SSCs is calculated using formula 12 
[38]. 

Cs =
I

dv/dt

(
1

m1
+

1
m2

)

(12) 

Fig. 7. (continued). 
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where m1 and m2 are the masses of the first and second electrode ma-
terial, respectively. I, refer to the applied current (mA) and dV/dt is the 
slope of the discharge curve. 

The Cs increased around 1.5 times (from 48 Fg− 1 to 72.9 Fg− 1) when 
the current density was decreased from 3 to 1 mAcm− 2, suggesting good 
electrochemical qualities like Columbic efficiency and super capacitive 
reversibility at high current density. The specific energy and specific 
power of the NM-NF/NM-NF SSCs at various current densities are 
determined using Eqs. (9) and (10) respectively. The SSCs’ Cs versus 
current density is plotted in Fig. 8(d). Fig. 8(e) displays the Ragone curve 
for the NM-NF/NM-NF SSCs’ specific energy and power. The NM-NF/ 
NM-NF SSCs’ specific energy reaches 11 Whkg− 1 at a specific power of 
857 Wkg− 1; at a power density of 1299 Wkg− 1, it then sustains at 8 
Whkg− 1. The cycle stability of the NM-NF/NM-NF SSCs at a current 
density of 3 mAcm− 2 is shown in Fig. 8(f). 93 % of the initial Cs is still 
present after 5000 electrochemical CV cycles, demonstrating good 
chemical stability. At open circuit potential, the EIS of the symmetric 

NM-NF/NM-NF capacitor was measured, and the Nyquist curve is shown 
in Fig. 8(g). The charge-transfer resistance for SSCs was determined to 
be 9.8 ῼ. The Warburg resistance is often known as the slope of the 45◦

portions of the curve, results from the frequency dependence of charge 
diffusion in the electrolyte to the electrode surface. 

4. Conclusions 

In conclusion, a simple hydrothermal technique was used to suc-
cessfully produce and deposit NiMn2O4 NSs on Ni foam. The optimized 
NMO@500-NF electrode has a large specific capacitance, great rate 
capability, and strong chemical stability Additionally, the combined 
NMO@500-NF/NMO@500-NF SSCs with a potential range of 0–0.7 V 
may offer a specific capacitance of 72.9 Fg− 1 at a current density of 1 
mAg− 1. A specific energy of 11 Whkg− 1 was achieved at a specific power 
of 857 Wkg− 1. Therefore, the NMO@500-NF/NMO@500-NF SSCs are 
promising for electrochemical capacitors. 

Table 2 
Summarized data of the calculated specific capacitance of the NMO-NF electrodes using CV plots and GCD plots in aqueous 1 M KOH electrolyte.  

Scan rates 
(mVs− 1) 

Specific capacitance of the NM-NF electrode using 1 M aqueous KOH 
electrolyte from the CV curve 

Current density 
(mAcm− 2) 

Specific capacitance of the NM-NF electrode using 1 M aqueous KOH 
electrolyte from the CD curve 

NMO@400 NMO@500 NMO@600 NMO@700 NMO@400 NMO@500 NMO@600 NMO@700  

5  793  930  714  654  3  690  895  832  414  
10  488  558  476  370  4  621  790  768  385  
20  310  357  280  158  5  541  706  565  367  
50  129  212  186  95   
80  131  188  135  70  
100  150  156  117  59  

Table 3 
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 morphology used, the electrolyte used, current collector utilized, and % retention of specific capacitance after number of 
cycles.  

Sr. 
no. 

Material Method of preparation Morphology Current collector Electrolyte Specific 
capacitance 
Cs (F g− 1) 

Retention %/after 
cycles 

Ref.  

1 NiMn2O4 Sol-gel Spherical Ni-foam 1 M NaOH 658 96.4/1000 [19]  
2 NiMn2O4 Hydrothermal Nanosheet Ni-foam 2 M KOH 470.7 89.6/5000 [20]  
3 NiMn2O4/rGO Co-precipitation method Nanorods Ni-foil 1 M 

Na2SO4 

693.00 91.38/2000 [21]  

4 FeVO4 || 
NiMn2O4 

Combustion Polyhedral 
shape 

Stainless steel plate 1 M 
Na2SO4 

202 91/15000 [22]  

5 NiMn2O4 Hydrothermal method and post- 
annealing 

Wall-like 
structure 

Ni-foam 1 M 
Na2SO4 

177.2 mF/cm2 89/5000 [24]  

6 NiMn2O4 Hydrothermal method Nanorod-like Ni-foam 6 M KOH 662.5 96/1000 [26]  
7 NiMn2O4 Sol-gel Spherical Ni-foam 6 M KOH 571 96/2000 [27]  
8 NiMn2O4/rGO Sol-gel Spherical-like Ni-foam 3.5 M KOH 710 91/10000 [39]  
9 NiMn2O4 Sol-gel – Ni-mesh 1 M 

Na2SO4 

243 96/5000 [40]  

10 NiMn2O4 Sol-gel Fabric shape Ni-foam 1 M KOH 303 – [41]  
11 NiMn2O4 Sol-gel Spherical Teflon coated 

graphite rod 
1 M 
Na2SO4 

875 91/10,000 [42]  

12 NiMn2O4 Sol-gel Thin flakes Ni-foam 1 M KOH 303 5000 [43]  

13 NiMn2O4 
Microwave-assisted 
hydrothermal process 

Microspheres Ni-foam 6 M KOH 768.9 85.8/6000 [44]  

14 NiMn2O4 Hydrothermal – Glassy carbon disk 1 M KOH – – [45]  
15 NiMn2O4 Hydrothermal – Ni-foil 6 M KOH 151 96.3/5000 [30]  

16 NiMn2O4 Co-precipitation – 
Stainless steel wire 
mesh. 

1 M LiNO3 184 – [46]  

17 NiMn2O4 
Calcinations of oxalate 
precursors Bipyramidal – – 180 67/1000 [47]  

18 NiMn2O4 Electro spinning Nano fibers Graphite sheet 1 M KCl. 170 (±5) – [29]  

19 NiMn2O4 Hydrothermal Nanoplates Ni-foam 1 M KOH 930 96/2000 This 
Work  
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Fig. 8. Electrochemical performances of the symmetric supercapacitor device: (a) Schematic illustration of SSCs device (b) CV curves (inset: b actual photograph of 
the SSCs device); (c) GCD curves, (d) Specific capacitance vs. current density, (e) Ragone plot, and (f) Chemical cyclic stability of the SSCs device, (g) EIS curves. 
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