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Abstract
Spinel ZnMn2O4 has been gaining more attention in the realm of supercapacitor applications due to its accessibility, afford-
ability, sustainability, high specific capacitance, and excellent rate capability. In this study, spinel ZnMn2O4 was synthesized 
using a rapid, eco-friendly citric acid-mediated sol–gel auto-combustion approach. A thorough study was conducted to cor-
relate the phase structure, surface morphology, functional groups, oxidation states, specific surface area, and redox reaction 
of the electroactive species with their potential impact on the electrochemical behaviour of electrode material. The prepared 
spinel ZnMn2O4 electrode material showed an impressive specific capacitance value of 417.5 F g−1 under low electrolyte 
concentrations and a current density of 1 A g−1. In an aqueous electrolyte, the reaction kinetics of the supercapacitor become 
very fast and this is responsible for its high capacitance. An excellent coulombic efficiency of 87% was obtained for this elec-
trode material even after 5000 cycles. The exceptional electrochemical performance is mainly attributed to the nanoparticles, 
which have a large reaction surface area, fast transfer of ions and electrons, high ionic conductivity, and excellent structural 
durability. These significant results emphasize the  ZnMn2O4, potential as a supercapacitor material.
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1  Introduction

The demand for sustainable and clean energy sources has 
intensified because of increased pollution and the deple-
tion of fossil fuels. Batteries and supercapacitors have gen-
erated attention as viable systems for storing energy from 
renewable sources, thanks to their effective performance. 
Nonetheless, these systems encounter challenges, such as 
the demand for smaller, lighter and more flexible devices 
with high energy and power densities. The long cycle and 
affordability of supercapacitors have become a focal point 
for researchers due to their advantageous characteristics, 
promoting the exploration of various approaches to enhance 
their energy storage [1, 2].

Supercapacitors (SCs) have attracted considerable atten-
tion of researchers, because they can capitalize on their ben-
eficial features. Many approaches for the provision of elec-
trode materials have been explored to enhance their energy 

density. The three main types of supercapacitors are: i) elec-
trochemical double-layer capacitors (EDLC non-Faradaic), 
ii) pseudocapacitors (Faradaic), and iii) hybrid capacitors (a 
combination of the two), [3, 4]. Electrochemical capacitors 
typically use carbon [5], transition metal oxides [6, 7], and 
electrically conductive polymer [8] as electrode materials. 
Both advantages and disadvantages are included. Although 
carbon is known to have low specific capacitance, it also 
exhibits excellent conductivity and cycle stability. On the 
other hand, conducting polymers exhibited lower specific 
capacitance when compared to metal oxides. Transition 
metal oxides are known for their large capacities and rapid 
charging capabilities. Consequently, transition metal oxides 
are of utmost importance in global research.

Manganese-based transition metal oxides TMOs, like 
MnO2 [9], Mn2O3 [10], and Mn3O4 [11], present intriguing 
prospects due to cost-effectiveness, environmental friendli-
ness, and a wide range of oxidation states, manganese from + 2 
to + 7,contributing to a high specific capacitance. Neverthe-
less, their limited conductivity and expansion in volume during 
charging and discharging restrict their practical use. Currently, 
researchers are working on spinel structures of mixed transi-
tion metal oxides (MTMOs), due to their high electrochemical 
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performance and overall chemical composition of AB2O4 [12]. 
Hence, this type of material is of great interest because of its 
various features, such as photocatalytic [13], sensor [14], elec-
trochemical performance [15, 16], magnetic properties [17], 
and application in lithium-ion batteries [18, 19]. Spinel- struc-
tured ternary manganese oxides are CoMn2O4 [12], NiMn2O4 
[20], ZnMn2O4 [15], and CuMn2O4 [21]. ZnMn2O4, is known 
for its energy storage capabilities, features Zn2+ ions in tet-
rahedral sites and trivalent Mn3+ ions octahedral sites. As 
an energy storage material, ZnMn2O4 offers advantages like 
low working potential, being non-toxic, having a high energy 
density, and plentiful raw materials when compared with to 
other spinel electrode materials. [22].

Numerous approaches, such as solvothermal [23], co 
precipitation [24], hydrothermal [25],electrospinning [26], 
sol–gel[27], and combustion [28] processes, have been used 
in the synthesis of ZnMn2O4 materials with varying micro-
structures. Among these synthesis approaches, the one-pot 
solution combustion approach is the most desirable, because 
it has an affordable high yield with cost-effective precursors, 
can be used for large-scale production, requires little else, and 
allows for quick reactions to complete crystallization [29]. 
ZnMn2O4 has been identified by numerous researchers as an 
ideal material for electrochemical applications. Recent stud-
ies, Sathiyamoorthi et al., (2020) reported a carbon- ZnMn2O4 
material Cs of 118 F g−1 at 0.1 A g−1 [30].Abdollahiafar et al.
(2018) reported a carbon-coated ZnMn2O4 nano crystallite 
with a Cs of 150 F g−1 [28]. Guo et al. (2015) reported spinel 
porous ZnMn2O4 which exhibited a Cs value of 158 F g−1 for 
scan rate of 2 mVs−1 [31]. Bhagwan et al.(2018) reported a Cs 
value of 240 F g−1 for 1 a g−1 [32]. Puratchi Mani et al.(2021) 
reported that cubic-like ZnMn2O4 achieves a Cs value of 776 
F g−1 for the scan rate of 5 mVs−1 [22]. Recently, Yang et al. 
used a surfactant-assisted way for the synthesis ZnMn2O4/
Mn2O3 composite, following calcination at 600 °C which 
demonstrated its exceptional performance in zinc-ion batter-
ies applications [33].

In this study, spinel ZnMn2O4 was synthesized using a 
rapid, eco-friendly citric acid-mediated sol–gel auto-com-
bustion approach at varying calcination temperatures. The 
calcined sample ZnMn2O4 electrodes exhibited high specific 
capacitance, effective high-current capacitive behaviour, and 
excellent cycle performance. The enhanced electrochemical 
behaviour of the prepared materials suggested that the obtained 
nanomaterials are beneficial for supercapacitor applications.

2 � Materials and methods

2.1 � Materials

Zinc nitrate hexahydrate (98%), Manganese nitrate hexa-
hydrate (99.9%), citric acid (99.5%) and ammonia (99.9%) 

were procured from Sigma- Aldrich Chemical Co. in their 
original analytical reagent grade state, without undergoing 
any additional purification process.

2.2 � Preparation of ZnMn2O4 (ZMO) Nanoparticles 
using Auto‑Combustion Method

The precursor materials, manganese nitrate and zinc nitrate 
with molar ratio 2:1 were dissolved in distilled water. Then, 
citric acid (C6H8O7) was added with the precursor solu-
tion which was under continuous stirring under room tem-
perature. The pH of the solution was maintained at 7.0 by 
adding ammonia (NH3) drop wise, which led to the forma-
tion of a consistent brown solution (sol). The presence of 
ammonia in the sol–gel process can help control the gel 
formation and stabilize the precursor solution, resulting in 
uniform and well-defined structures.. The sol solution was 
stirred at 80°Cfor 3 h, which induce the dehydration and 
lead to form viscous gel. Following this, the viscous gel 
was placed on hot plate at 120 °C until the formation of 
powder by burning.The obtained powder after burning was 
annealed at different temperatures (600, 700, and 800 °C) 
for about 3 h. These synthesis processes are represented 
by Eq. (1).

2.3 � Material characterization

The ZMO samples underwent TG/DTA analysis on 
(NETZSHSTA 449 F3JUPITER) instrument with heating 
rate of 10 ◦C min−1 from ambient temperatures to 1000◦C . 
X-ray diffraction technique was utilized to examine crystal 
structure, material formation, and phase structure by record-
ing spectrum ranging from 10–80 ◦.The diffraction patterns 
were generated by using an HTK1200N-Bruker D8). FESEM 
was used to analyse the morphology of the synthesised par-
ticles using (CARL ZEISS-SIGMA300). The FTIR spectra 
were recorded for the synthesized ZMO sample using Bruker 
optic GMBH instrument. XPS was employed to analyze the 
oxidation states of (Zn), (Mn), and (O) elements on the sam-
ple surface. The BET technique was utilized to explore the 
specific surface area and available pore size.

2.4 � Electrode preparation for supercapacitor

The nickel-foam electrode was cleaned using double dis-
tilled water followed by, acetone rinsing and air-drying. 
An active material mixture, including 80% ZnMn2O4, 
10% of carbon black, 10% of polyvinylidene difluoride 
(PVDF), and a few drops of N-methyl-2-pyrrolidone 
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(NMP) was then applied to the Ni-foam, followed by an 
80 °C in a hot air oven for 24 h to eliminate the NMP. 
Electrochemical investigations were then carried out using 
a three-electrode system. ZMO coated Ni-foam acted as 
the working electrode, whereas Ag–AgCl, and Pt wire 
acted as the reference and counter electrodes, respec-
tively. The tests included cyclic voltammetry (CV), gal-
vanostatic charge–discharge (GCD), cycle stability, and 
electrochemical impedance spectroscopy (EIS) in a 1 M 
KOH aqueous solution. Various scan rates ranged from 
5—100 mV s−1 and current densities from 1—5 A g−1 
were employed for CV and charge –discharge test, within 
specific potential windows. The EIS spanned a frequency 
range of 0.01 Hz–100 K Hz. The Cs was evaluated by 
Eq. (2) and (3) [34].

The specific capacitance Cs was determined for CV, 
where I (V) represent the curve’s area, m-mass of the elec-
trode (g), v- scan rate (mV s−1) and ΔV—potential window 
operation.

The Cs specific capacitance calculated GCD, I dt is the 
charge and discharge.

The ZMO electrode material electrochemical character-
istics, including columbic efficiency ( � , %), energy density 
(E, W hkg−1), and power density (P, W kg−1) were computed 
using Eq. (4), (5), and (6) respectively [35, 36].

Cs represents the specific capacitance determined from 
Eq. (3), the potential window V, and charge–discharge times 
tc and td.

3 � Result and Discussion

3.1 � Thermal stability analysis

Thermogravimetr ic differential thermal analysis 
(TG–DTA) was carried out to explore the phase transi-
tions, decomposition process, crystallization behaviour, 
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and thermal stability of the synthesised sample. Figure 1 
indicates that the as-prepared metal precursors degraded in 
three steps. The initial step occurs below 154 °C, where a 
steady weight loss of 8.05% occurs that may be attributed 
to the evaporation of the absorbed moisture and residual 
substances. Subsequently, a weight loss of approximately 
15.62% upto 423 °C may be ascribed to decomposition 
and the removal of residual carbon [28]. The observed 
third weight loss of 11.12% upto 559 °C was due to the 
degradation of small amounts of metal nitrates and for-
mation of metal oxide nanocrystals. Therefore, to remove 
residual nitrates and to synthesize nanomaterials with 
excellent crystallinity, the precursor was calcined at 600, 
700, and 800 °C for 3 h in an air atmosphere to obtain a 
brown product.

3.2 � Structural analysis

The analysis of the ZnMn2O4 material’s phase purity, crystal 
structure, and crystallinity was conducted through powder 
XRD analysis. The XRD patterns of the ZnMn2O4 nano-
particles (NPs) recorded after calcination at temperatures 
600, 700, and 800 °C are shown in Fig. 2. The samples cal-
cined at temperatures 600, 700, and 800 °C are designated as 
ZMO-600, ZMO-700, and ZMO-800, respectively. The dif-
fraction peaks matched with the ZnMn2O4 tetragonal phase 
of standard JCPDS No. 77–0470 and the phase group I41/
amd [22]. The absence of additional impurities suggests that 
the obtained powder is indeed of high purity. The reflection 
peaks were indexed to the various (hkl) planes (101) (112) 
(200) (103) (211) (004) (220) (204) (105) (312) (303) (321) 
(224) (400) and (413) seen at 2 � values 18.20, 29.30, 31.26, 
33.06, 36.41, 38.87, 44.80, 50.23, 51.95, 54.41, 56.71, 

Fig. 1   TG–DTA curve of the ZnMn2O4 as-prepared precursor
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59.01, 60.77, 65.22, and 75.05, respectively. The increased 
Full Width at Half Maximum (FWHM) of all peaks sug-
gested the reduction in particle size [37]. The average crys-
tallite size of the ZnMn2O4 powder was approximately 32, 
35, and 43 nm, as determined by Sherrers’ Eq. (7).

(7)D =
0.94 × �

�Cos�

where ( � ): X-ray wavelength, (β): Full-width half- maximum 
(FWHM), and ( � ): diffraction angle.

The lattice parameters, volume (V), dislocation density 
(δ), and the microstrain (ε) are computed:

(8)a = d
hkl

√

h2 + k2 + l2

(b)
(a)

(c) (d)

(e)

Fig. 2   (a) XRD spectra of ZnMn2O4 (b) crystal structure of ZnMn2O4 spinel (c-e) Rietveld fitting for (c) ZMO-600, (d) ZMO-700, and (e) 
ZMO-800 samples
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The Miller indices, volume (V), and (D) crystal size are 
characterized by interplanar distance (dhkl) and, hkl planes.

The Rietveld refinement conducted on the ZMO-600, 
ZMO-700, and ZMO-800 samples is depicted in Figs.2 
(c-d). This refinement was concentrated on the phase purity, 
structure and identification of all peaks. The XRD data 
obtained from calculations closely matched the experimen-
tal data, with minimal differences observed. In the graph, 
the red represents the observed data, while black solid line 
represents the calculated XRD peak intensities. The verti-
cal green lines indicate the Bragg positions, and the blue 
color highlights the disparities between experimental and 
observed intensities. Throughout the refinement process, 
no impurity peaks were detected except for ZnMn2O4. The 
goodness of fit (χ2) ranged from 0.7 to 1.3.

Table 1 presents lattice and structural parameters of the 
samples. The crystallite size increased with the increasing 
calcination temperature. The crystallite size of the samples 
calcined at 600 ◦C , seems to be small and no impurities 
are detected. As the crystallite and grain size plays major 
role in specific surface area, the sample calcined at 600 ◦C 
is selected as the crystallite size seems small at this tem-
perature. The smaller crystal size contributes to improved 
dielectric properties, primarily due to factors such as 
increased grain boundaries, which can induce a polariza-
tion effect. Further surface investigations using additional 
surface characterizations were conducted on ZMO-600. In 
the crystallographic information, ZnMn2O4 has a standard 
spinel structure where Zn2+ ions are stacked in tetrahedral 
positions, while Mn3+ ions occupy octahedral sites, result-
ing in ZnO4 and MnO6 groups, respectively. This crystal 

(9)V = a
3

(10)� =
1

D2

(11)� =
�Cos�

4

arrangement is depicted in detail in Fig. 2b. Moreover, 
ZnMn2O4 being isostructural with Mn3O4, enables efficient 
adsorption of Zn2+ ions into the tetrahedral site of the 
Mn3O4 lattice without separation, generating normal spi-
nel ZnMn2O4 with the substitution of Mn2+ and Zn2+ [38].

3.3 � Morphology Analysis

The morphology (size and shape) of the synthesized mate-
rials plays a crucial role in specific application like photo-
catalytic and electrochemical performance. The FESEM 
images recorded for the calcined samples are shown in 
Fig. 3. The images a, c, and e are with low magnifica-
tion whereas b, d, and f are with higher magnification of 
the samples ZMO-600, ZMO-700, and ZMO-800 respec-
tively. The agglomeration observed in the lower and higher 
magnifications of the images was due to existence of the 
attractive force (magnetic force).Generally, the material 
ZnMn2O4 with spinel like structure possess antiferromag-
netic behaviour (Ref). When nanoparticles are magnetic 
they can attract each other due to magnetic dipole–dipole 
interaction, which leads to agglomerations. Also the other 
important factor such as Van der Waals forces, electro-
static interactions and solvents effects can also play sig-
nificant roles in agglomeration [39]. Detailed examina-
tion of the low and high magnification images revealed a 
compact agglomeration with multiple tiny holes that pro-
vide smooth ion diffusion in the ZnMn2O4 material. The 
presence of numerous voids, on the surface facilitated the 
passage of ions into the interior and the intercalation of 
KOH ions into the structure. Nanoparticles exhibiting this 
agglomeration shape offer increased active surface areas, 
open spaces, and enhanced electrical contact, potentially 
leading to superior electrochemical performance.

The ED investigations were carried out to analyze the 
elemental composition within ZnMn2O4, Fig.  3. This 
study confirmed the uniform- distribution of elements of 
Zn, Mn, and O with an Mn/Zn atomic ratio equal to the 

Table 1   XRD parameters of the 
prepared zinc manganese oxide

S No Sample Name Crystallite 
Size (nm)

Micro Strain
(ε) × 10–3

Dislocation 
Density
(δ) × 10–15

Lattice 
Parameter (Å)
a = b ≠ c 
a = 5.720, 
c = 9.240

Volume
Å3 V = 302.32

1 ZMO-600 32 1.09 1.48 a = 5.716
c = 9.225

301.509

2 ZMO-700 35 0.99 1.48 a = 5.718
c = 9.250

302.510

3 ZMO-800 43 0.84 1.07 a = 5.719
c = 9.228

301.842
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(a (b

(c (d

(e (f

Fig. 3   FESEM images ZMO-600 (a and b), ZMO-700 (c and d), ZMO-800 (e and f), elemental mapping (g-j) and (k) EDS spectrum
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expected value of 1.86 Fig. 3 (g-k). In addition, absence 
of other elements in the EDX spectrum confirms the purity 
of the prepared sample ZnMn2O4.

3.4 � FTIR analysis

The Fourier- transform infrared (FT-IR) analysis of the 
nanomaterials revealed the presence of functional groups 
included surface-absorbed molecules of ZnMn2O4 Fig. 4.
The spectrum was recorded within the wave number 
4000—400 cm−1 range. The broad absorption that at from 
3451 cm−1 to 2918 cm−1 could include stretching vibra-
tions of hydroxyl groups (-OH) and symmetric stretching 
of CH2 groups [32, 40]. The near-weak band at 1633 cm−1 
was ascribed to C-N or C = O functional groups [32]. More-
over, three distinct absorption bands ranging from 400 to 
700 cm−1, with peaks 630 cm−1, 524 cm−1 and 417 cm−1 
indicated the presence of M–O-M and M–O ( where M = Zn, 
Mn) vibrations [22]. Finally, the experimental absorption 
bands detected at lower frequencies suggested the arrange-
ment of ZnMn2O4 spinel structure.

3.5 � XPS analysis

The optimized sample’s (ZMO-600) chemical composition 
and chemical states analyzed utilizing X-ray photoelectron 
spectroscopy (XPS) are shown in Fig. 5. The survey spec-
trum of the composite indicates the existence of Zn, Mn, 
O, and C without any detectable differences from other ele-
ments. The high resolution spectra of Zinc, Manganese, and 
Oxygen recorded for detailed analysis are shown in Fig. 5 
(a).The analysis of Zn2p spectra in Fig. 5(b) displays two 
peaks at 1021.6 and 1044.5 eV attributed to Zn2p3/2 and 
Zn2p1/2, respectively, with a binding energy difference 

value of 23.1 eV consistent with the Zn2+ oxidation state 
[41]. Similarly, the Mn2p spectrum splits into Mn2p3/2 and 
Mn2p1/2 due to a local magnetic field, with binding energy 
values of 642.1 and 653.9 eV respectively, indicating the 
binding energy difference between the two levels approxi-
mately 11.8 eV, indicating the oxidation state of Mn as 2+ 
[42]. The fitted peaks at 641.1 and 652.9 eV correspond to 
the Mn2+ oxidation state, while those at 643.3 and 654.8 eV 
represent the Mn3+ oxidation state. The O 1 s peaks reveal 
three fitted peaks at 529.8, 530.9, and 532.4 eV linked to the 
metal–oxygen (M–O) band, hydroxyl (OH) bond, and lattice 
oxygen, respectively [42]. Therefore, the synergism of Zn 
and Mn ion's distinct valences may significantly improve 
the electrochemical performance of spinel ZnMn2O4 
nanomaterials.

3.6 � Textural Analysis

The textural properties of the optimized ZMO-600 mate-
rials were evaluated through nitrogen adsorption–desorp-
tion isotherm measurements were illustrated in Figs. 6 (a 
and b). The results from the N2- isotherm analysis clas-
sified the materials as having a Type IV isotherm as per 
the IUPAC standards. Moreover, the ZMO-600 materials 
demonstrated a specific surface area of 284.14 m2 g−1 
[43]. The pore size distribution analysis of nanoparticles 
indicated the mesoporous structure with a diameter of 
2.35 nm with non-uniform in size. Overall, the N2 adsorp-
tion–desorption isotherm investigations found that the 
materials possess a suitable mesoporous texture with a 
significantly high surface area, aiding in transport and 
diffusion of electrolyte ions into electrode throughout 
charge–discharge processes. The anticipated enhancement 
is expected to result in improved electrochemical perfor-
mance, characterized by elevated high Cs and enhanced 
cyclic stability.

3.7 � Dielectric properties

3.7.1 � Dielectric constant and loss properties

The dielectric properties of the optimized sample ZMO-600, 
including the dielectric constant ( � ) and dielectric loss (tan 
�) are depicted in Fig. 7 (a and b) at room temperature across 
frequencies. The characteristics of dielectric materials 
depend on many factors, such as the technique used to pre-
pare the sample, cation substitutions, and grain size. Poly-
crystalline substances serve as heterogeneous dielectrics, 
featuring individual high-conductivity grains isolated by 
low-conductivity grain boundaries [32]. The capacitance 
(Cp), impedance (Z), and loss tangent (tan δ) were 

Fig. 4   FT-IR spectrum of ZnMn2O4 nanoparticles
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calculated to assess the dielectric and AC characteristics 
[43]. �� = C

P
×t

�
0
×A

 , where t, represents the thickness of the pel-
let, A the area of the pellet,��� = �� × tan� , and �

ac.tot

(�) = t

ZA
 . The value of dielectric constant diminishes gradu-

ally with increasing frequency, and becomes stable at higher 
frequencies, based on Wanger form [44]. Several factors, 

Fig. 5   (a) XPS survey spectrum (b) Zn 2p (c) Mn 2p and O 1 s

Fig. 6   (a) Nitrogen adsorption–desorption isotherms (b) pore size distribution curve
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such as time relaxation and the role of grain boundaries and 
grains, have been suggested to explain the high dielectric 
constant at lower frequencies in nanomaterials. In lower fre-
quency areas, dipoles can align with the electric field due to 
sufficient time, with grain boundaries playing a significant 
role in the dielectric constant enhancement. This phenom-
enon can be explained based on Koop’s model. Grain 
boundaries play a greater role at low frequencies, where the 
higher dielectric constant contribution is mainly due to grain 
boundaries. At low frequencies, space charge follow the 
applied electric field, while there is no enough time to build 
up at higher frequencies [45]. Additionally, it has been 
observed in alloy nanomaterials that the role of grain bound-
aries in increasing the enhanced dielectric constant at low 
frequencies surpasses that of the grains themselves [46]. 
Space charge polarization contributes to high dielectric con-
stant values by actively participating in polarization at lower 
frequencies. On the contrary, in high-frequency regions, 
dipoles struggle to align with the field, resulting in decreased 
dielectric constant values [47]. The dielectric loss decreased 
notably between 0–3 MHz frequencies and remained con-
sistent from 4–6 MHz frequencies Fig. 7 (b) shows the die-
lectric loss trend against frequency regions.

3.7.2 � AC conductivity

Figure 7 (c) shows the relationship between AC conductivity 
and frequency at room temperature for spinel ZMO-600. A 
noticeable enhancement in AC conductivity is evident at higher 
frequencies. The entire frequency range exhibits relaxation, 
characterized by gradual increase in conductivity. The behavior 
of the dielectric constant can be explained by the free dipole 
oscillating field which shows a correlation between relaxation 
time and frequency. At very low frequencies, the dipoles lag 
behind the field, leading to a conductivity improvement. Con-
versely, at very high frequencies, the dipole exhibits frequency 
independence, resulting in a rapid conductivity surge [48]. As 
the frequency increases, the hopping frequency among charge 
carriers also escalate, further boosting conductivity.

3.8 � Electrochemical measurement of ZnMn2O4 
electrode material

3.8.1 � CV analysis of ZMO‑600

The electrochemical property of ZMO-600 electrode sys-
tem was examined using three-electrode configurations with 

Fig. 7   (a) Dielectric constant (b) Dielectric loss and (c) AC conductivity of ZnMn2O4
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1 M KOH electrolyte solution. Aqueous electrolytes used 
in the present study have unquestionable advantages of low 
price, low toxicity, and safety and more importantly they 
allow high power capabilities [49]. Cyclic voltammetry 
evaluation of the ZnMn2O4 electrode materials was con-
ducted and shown in Fig. 8. (a) These evaluations displayed 
distinct redox peaks for the ZnMn2O4 materials. The ZMO-
600 material’s cyclic voltammogram exhibited two peaks 
at 0.38 and 0.26 V when scanned at a rate of 5 mVs−1, 
indicating the presence of Faradaic oxidation and reduc-
tion processes, respectively on its surface material. These 
findings suggest pseudocapacitor behavior of the material.

The electrochemical reaction occurs through the 
Faradaic de/adsorption and de/intercalation processes. 
[50–52]. The electrochemical reaction occurring within 
the electrode material could be formulated as follows:

Based on the CV curves, it was identified that the 
developed ZMO-600 material displayed a very small 
potential shift, with increasing scan rate. The observed 
shift in the redox peak at higher scan rates is due to diffu-
sion resistance and polarization effects. Furthermore, the 
significant current seen at higher scan rates is attributed 
to the efficient electronic and ionic transport within the 

(12)
ZnMN

2
OH + OH

− + H
2
O ↔ ZnOOH + 2MnOOH + e

−

(13)MnOOH + OH
−
↔ MnO

2
+ H

2
O + e

−

(14)
(

ZnMn
2
O

4

)

surface
+ K

+ + e
−
→

[

KZnMn
2
O

4

]

surface

(15)ZnMn
2
O

4
+ K

+ + e
−
→

[

ZnMn
2
O

4

]

K

electrode material [15]. The (Cs) of the electrode material 
was calculated by employing Eq. (2).

3.8.2 � GCD analysis and cyclic behaviour of ZMO‑600 
as electrode material

To confirm the specific capacitance and potential applica-
tion of the optimized sample ZMO-600, GCD measurements 
were carried out with a 1 M KOH solution within the poten-
tial window range of 0 to 0.40 V at various current densities 
ranging from 1 to 5 A g−1. Figure 9 (a) represents the charge 
and discharge curves at different current densities. Notably, 
the potential-time curves exhibited symmetrical patterns 
across different current densities, indicating high coulombic 
efficiency. Moreover, the non-linear charge/discharge curves 
reaffirmed the pseudocapacitance behaviour of the sample. 
The value of specific capacitance was determined using 
Eq. (3) from the GCD curves. The specific capacitance as a 
function of current densities is illustrated in Fig. 9 (b), The 
specific capacitance of ZMO-600 is 417.52, 375.43, 330.04, 
290.13, and 262.65 F g−1 at various current densities1, 2, 
3, 4, and 5 A g−1, respectively. The decrease in specific 
capacitance with increasing current density can be ascribed 
to the diffusion process of a OH− ion during charging and 
discharging of electrode. As the discharge current density 
increases, there’s a greater demand for sizable OH− ions to 
quickly integrate at the boundary between electrode and the 
electrolyte [51]. The remarkable rate capability displayed 
by the electrode material renders it, as a promising material 
for practical applications, indicating a specific capacitance 
with high currents densities and low electrode polarization.

The durability of the sample’s electrochemical stability 
of the sample is best represented by cycle performance. The 

Fig. 8   (a) CV curves of ZMO-600 at various scan rates range from 5 mVs−1 to 100 mVs−1 (b) Calculated specific capacitance of ZMO-600 
sample function of the scan rates
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evaluated long-term analysis of the ZMO-600 electrode 
material with 5000 cycles at 5 A g−1 using GCD cycling 
is shown in Fig. 10 (a). The observed specific capacitance 
value remained unchanged for the entire cycle. This 
demonstrates the structural stability and consistency of 
the ZMO-600 electroactive material. The consistency of 
specific capacitance value even after 5000 cycles evidenced 
the stability of the electrode material. The capacity retention 
and coulombic efficiency of the ZMO-600 electrode material 
was calculated using Eq. (4 and 4a).The electrode materials 
have a coulombic efficiency of 87% even after 5000 cycles 
through charge–discharge curves, indicating their long-
term performance due to their improved electrochemical 
characteristics. The high coulombic efficiency of 87% at 5000 
cycles with the capacity retention around 100% suggesting 
the material good stability with low degradation. The high 
coulombic efficiency leads capacity retention contributes 

to a longer cycle life. The excellent performance of 
supercapacitors can be attributed to their key attribute: energy 
and power density. The (E) and (P) were computed using the 
GCD analysis following Eq. (5) and (6), respectively. The 
Ragone plot of Fig. 10 (b) represents E Vs P. The device 
exhibited maximum calculated E and P values of 5.83 
whkg−1 and 1000 wkg−1, for current density of 5 A g−1. 
Overall, the electrochemical characteristics, surface shape, 
and specific surface area enhanced the number of active 
sites due to the deep electrolyte penetration. These observed 
electrochemical results suggested that the distinctive 
ZnMn2O4 electrode material is ideal for supercapacitor 
applications. In comparison to previously reported values in 
the literature, the cyclic stability of the synthesized ZnMn2O4 
sample in this study exhibited enhanced specific capacitance 
and colulombic efficiency with a lower concentration of 1 M 
KOH electrolyte Table 2 [53].

Fig. 9   (a) GCD curves of ZMO-600 electrode material at various current densities (b) Specific capacitance comparison of current densities

Fig. 10   (a) Coulombic efficiency of ZMO-600 (b) Ragone plot
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3.8.3 � Electrochemical impedance spectroscopy (EIS) 
of ZMO‑electrode material

The study explained the process of energy storage through 
EIS. By utilizing a three-electrode configuration, the elec-
trode material allowed for the continuous monitoring of elec-
trode/electrolyte interactions. The impedance analyses were 
conducted utilizing a 1 M KOH as the aqueous electrolyte 
within a frequency range 0.01–100 kHz. The impedance 
spectroscopy provides information on the internal structure 
and dynamics of the material. Various factors, such as sample 
structure, crystal imperfections, and other relevant elements, 
were found to have a significant impact on the impedance 
spectroscopy of materials. Figure 11 shows the impedance 
spectroscopy result for ZMO-600. The impedance plot con-
sists of one semicircle component at high frequencies, suc-
ceeded by a linear line at low frequencies. The semicircle 
represents the pseudo-charge transfer resistance (Rct). The 
ZMO-600 exhibited a charge-transfer resistance of approxi-
mately 1.28 Ω . Conversely, the straight line at lower frequen-
cies indicated the presence of diffusive resistance Warburg 
impedance caused by the movement of electrolyte ions within 
host substance [15, 51]. Both cyclic voltammetry and EIS 
measurements indicated the good pseudocapacitive nature 
of ZnMn2O4.These results indicate that the synthesized 
ZnMn2O4 nanomaterial is highly appropriate for enhanced 
conductivity and ultra-energy storage applications.

4 � Conclusion

ZnMn2O4 nanoparticls were successfully synthesized 
using the citric acid-mediated auto-combustion method. 
The X-ray diffraction indicates the existence of a tetrago-
nal phase within the I41/amd space group. Morphological 

studies by FESEM indicated an agglomerated shape. 
Analysis through Fourier transform infrared spectroscopy 
revealed the presence of metal oxides in the tetrahedral 
(Mn–O) and octahedral (Zn–O) sites. The chemical com-
positions and oxidation states of Zn and Mn were studied 
using XPS. The BET analysis determined a specific surface 
area of 284.14 m2 g−1 indicating a mesoporous nature, ideal 
for supercapacitor electrode applications.  The dielectric 
loss (tanδ) suggests the material’s suitablity for microwave 
applications, while the AC conductivity (σac) increases with 
increasing frequencies. Evaluation of electrochemical per-
formance revealed an enhanced specific capacitance value 
of 417.5 F g−1 for the current density of 1 A g−1 using a 
low-concentration of electrolyte (1 M KOH) with pseudo-
capacitance behaviour. Even after 5000 cycles, the materi-
als exhibited an impressive Coulombic efficiency of 87%. 
The ZnMn2O4 electrode material demonstrated an energy 

Table 2   Comparisons of specific capacitance and colulombic efficiency with a lower concentration in KOH

S
No

Electrode material Specific capacitance (Cs) F g-1 Electrolyte Method Cycle stability Ref

1 ZnMn2O4 122 F g−1 @ 0.3 A g−1 6 M KOH Combustion 84.8% even after 
5000 cycles

[51]

2 ZnMn2O4 411 F g−1 @ 1 A g−1 6 M KOH Combustion 83% even after 
4000 cycles

[50]

3 ZnMn2O4 158 F g−1@2 mVs−1 2 M KOH Hydrothermal 1100 [31]
4 ZnMn2O4 380 F g−1 @ 0.5 A g−1 2 M KOH Hydrothermal 92% even after 

2000 cycles
[15]

5 ZnMn2O4 776 F g−1 @ 5 mVs−1 2 M KOH Hydrothermal 91.7% even after 
5000 cycles

[22]

6 ZnMn2O4 447 F g−1 @ 1 A g−1 1 M KOH Precipitation - [41]
7 ZnMn2O4 417.5 F g−1 @ 1 A g−1 1 M KOH Sol gel Auto-Combustion 87% even after 

5000 cycles
Present study

Fig. 11   Nyquest plot of ZMO-600 electrode material
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density value of 5.83 Whkg−1 and a power density value of 
1000 Whg−1 at the current density value of 5 A g−1. These 
findings suggest that the synthesized ZnMn2O4 nanopar-
ticles are well-suited for electrical and electronic applica-
tions, especially energy storage devices.
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