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INTRODUCTION
One of the hardest and most difficult tasks of the twenty-first 
century is to satisfy an increasing need for sustainable, clean, 
and renewable energy. The main obstacle to the utilization of 
renewable energy sources such as wind and solar is the insuffi-
cient strength, non-availability and ineffective of the acquired 
electricity due to the fact sunlight can be available during the 
day but not at night, as well as the wind never blew on our 
needs. In addition, the rapid increase in environmental pollu-
tion, the rise in petroleum prices, the effects of global warm-
ing, and the harmful impacts of fossil fuels are compelling 
researchers to create a revolutionary energy storage material 
and establish a renewable and environmentally friendly ener-
gy storage device that offers a continuous power supply[1–3]. 
Even though, lithium-ion batteries play an important role in 
the world of energy industries because of their high energy 
density.  The reversible ion adsorption process of supercapaci-

tors makes them most suitable for applications requiring a high 
power density. When compared to batteries, supercapacitors 
have superior properties that include extended life over Porta-
ble and smart electronic devices, efficiencies in the manufac-
turing process, and almost no explosion risk.

Supercapacitors are categorized as either electrochemical dou-
ble-layer capacitors (EDLC) or pseudocapacitors (PC) on the 
basis of their charge storage mechanisms.In the EDLC storage 
mechanism, the electrolyte ions interact electrostatically with 
the electrode surface. The EDLC mechanism occurs mainly 
in carbon-based materials like graphene, carbon nanotubes, 
and activated carbon fiber. In the PC storage process, the elec-
trode and electrolyte undergo reversible faradaic reactions. 
Materials such as conducting polymers, chalcogenides, metal 
oxides,and transition metal oxides can be expressing the stor-
age behaviour of PCs [4–5]. EDLC materials possessed a wide 
range of beneficial properties including high surface area, high 
power output, excellent durability, long lifespan, and higher 
electrical conductivity. But unfortunately, the low specific ca-
pacitance of EDLCs restricts their high energy density. More-
over, Psedocapacitors are appropriate for supercapacitors due 
to their large specific capacitance as well as their high energy 
density. 
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In the present work, MgMn2O4 energy storage nanomaterials were prepared by the co-
precipitation technique and reported. MgMn2O4 was comprehensively characterized using 
a variety of analytical techniques to obtain a better understanding of its physicochemical 
properties. These techniques included powder X-ray diffraction (XRD) for phase identification 
and crystal structure analysis, Fourier-transform infrared (FTIR) spectroscopy for functional 
group identification, scanning electron microscopy (SEM) for morphological analysis, and 
energy-dispersive spectroscopy (EDS) for elemental analysis. Cyclic voltammetry (CV) 
analysis showed that MgMn2O4 electrodes exhibit 355 F g-1 at a scan rate of 5 mV/s in 
6 M KOH electrolyte solution. A detailed understanding of the structural, chemical, and 
morphological properties of MgMn2O4 provides valuable insights into its potential use as an 
electrode component for supercapacitors.
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There are several factors that influence supercapacitor perfor-
mance such as the shape and dimensions of the particles, the 
size of both particles and grains, chemical composition and the 
porosity and pore size distribution of the prepared electrode 
material. Nanotechnology can significantly enhance these 
properties in electrode materials, which helps them store more 
energy.Researchers have looked into a variety of materials as 
prospective electrodes for energy storage devices, among them 
transition-based metal oxides offer a wide variety of materials 
with excellent capacitance and electrochemical characteristics 
such as NiO [6], ZnO [7], WO3 [8],  CuO [9], ZrO2 [10]. How-
ever, their short cycle life, low conductivity, and low stability 
make them not suitable for practical use. As a result, current 
trends are focused on spinel-based binary and mixed transition 
metal oxides, because of their improved cycle life, capacitance 
stability, increased electronic conductivity, and multi-oxida-
tion states, making them the best choice for supercapacitor 
applications.

The spinel structure of AB2O4 appears in the binary transition 
metal oxides. The spinel structure is made up of A and B metal 
atoms, and oxygen atoms. The A metal atoms fit into tetrahe-
dral sites, while the B metal atoms fit into octahedral sites in 
the crystal lattice. The oxygen atoms form a face-centered cu-
bic close-packed arrangement. The excellent symmetry of the 
spinel structure delivers uniform distribution of metal ions and 
oxygen vacancies throughout the crystal also enhancing charge 
transfer and storage.  Many studies have been conducted to 
determine the potential and the performance of binary tran-
sition metal oxides for supercapacitors, such as NiFe2O4[11], 
CoFe2O4 [12], and  NiCo2O4 [13]. In recent times the manga-
nese(Mn) spinel material has also been explored for use in 
supercapacitors. The Mn-spinel structure contains Mn3O4 as 
the parent composition. Many types of metal cations such as 
cobalt (Co), nickel (Ni), magnesium (Mg), and zinc (Zn) can 
be inserted into the structure in tetrahedral or octahedral places 
The electronic conductivity in these oxides takes place through 
the transfer of charged particles between metal cations of dif-
ferent oxidation states. By replacing one mole of manganese 
(Mn) cations in Mn3O4, the conductivity of the oxide can be 
improved.The metal oxides composed of two different types 
of metal cations exhibit better electrochemical performance 
compared to oxides made of only one type of metal cation.
Therefore, adding Co, Ni, Mg, and Zn cations to Mn3O4 can 
improve its capacitive performance. However, the research on 
MgMn2O4 is quite limited. For example, Jai Bhagwan et al. 
reported Spinel-MgMn2O4 nanofibers with a specific capaci-
tance of  345 F g-1 in 1 M  H2SO4 electrolyte solution [14]. 
However, the electrochemical characteristics of MgMn2O4 can 
be enhanced for better performance through an inexpensive 
preparation process.

In this study, MgMn2O4 nano-rods were synthesized us-
ing a co-precipitation technique with dual hydroxides 
(KOH+NaOH), and their effectiveness in supercapacitor appli-
cations was evaluated. The electrochemical characterization of 
the prepared electrode was examined by Cyclic voltammetry 
in a 6 M KOH electrolyte solution. Finally, the electrochemical 
results of the electrode were compared with earlier studies to 
understand the material well.

EXPERIMENTAL SECTION
Material Synthesis

To create the solution, MgCl2•2H2O (1 g) and MnCl2.4H2O (2 
g) were blended in 50 ml double distilled water and magneti-
cally mixed over half an hour to create solution A. Simultane-
ously, solution B was made by dissolve the NaOH (1 g) and 
KOH (1 g) in 50 ml double distilled water and mixed well over 
same half an hour. The colorless solution B was gradually add-
ed to Solution A in a dropwise manner. The solution stirred for 
6 hours until a light brownishcolour was form. After settling 
at the base of the beaker, the brown residue was collected and 
washed multiple times with double distilled water and ethanol. 
Lastly, it was subjected to overnight drying in a hot air oven 
set at 100° C. After drying the sample, it was crushed into a 
fine powder with a mortar, and post-calcinated for 5 hours at 
450° C.

Characterization of MgMn2O4 material

Powder X-ray diffraction (PXRD) identified the crystal struc-
ture on a Bruker D8 Advance diffractometer using CuK radia-
tion. Fourier-transform infrared (FTIR) spectroscopy was per-
formed using a Perkin Elmer Spectrum Two spectrometer ana-
lyzer to analyse the molecular vibrations material.The Emcraft 
Genesis 1100 was utilised to capture a morphological image 
of the surface and texture. Energy-dispersive X-ray spectros-
copy (EDS) was employed to investigate the elemental com-
positions using a BRUKER nano GmbH D-12489 (Germany) 
equipment. Finally,  electrochemical methodology was used to 
investigate the electrochemical features of the material using 
an SAS OrigalysElectrochem workstation.

Fabrication of working electrode and electrochemical test

The electrochemical properties of MgMn2O4 nano-rods were 
evaluated using Cyclic voltammetry. Graphite paper was uti-
lised as the current collector to make a working electrode. The 
graphite paper was washed using double distilled water and 
acetone. The electrode slurry was created by dissolving the ac-
tive material, conducting agent, and binding agent in N-meth-
yl-2-pyrrolidone in an 80:10:10 ratio (in weight percentage). 
Afterwards, the electrode slurry was applied on graphite paper. 
Electrochemical analysis was done with a three-electrode sys-
tem. The counter electrodes were made of platinum wire, ref-
erence electrodes from Ag/AgCl, and working electrodes from 
graphite paper coated with MgMn2O4.The CV measurements 
were performed in different scanning rates from 5 mVs-1 to 
100 mVs-1 at 0.0 to 0.5 V potential window. The specific ca-
pacitance values of the synthesisedMgMn2O4 electrode were 
determined using CV methods. 

RESULTS AND DISCUSSION
Powder X-ray diffraction studies (PXRD)

A powder XRD was utilized to examine the phase composition 
and crystal structure of MgMn2O4. A diffraction pattern for the 
material is shown in Fig. 1. The diffraction pattern closely re-
sembled with the standard JCPDS card # 01-072-1336, which 
suggests that MgMn2O4 has a cubic structure and belongs to 
the Fd3m space group. Diffraction pattern with strong peaks 
indicate high crystalline order, while weak peaks indicate 
smaller grains. The high degree of crystalline structure and the 
complete absence of impurities indicates that the material is 
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strong and stable, which ensures reliable performance in elec-
trochemical processes. The main peaks observed in the pow-
der XRD pattern were located at 18.18◦, 29.24◦, 31.21◦, 32.87◦, 
36.35◦, 36.85◦, 38.76◦, 44.72◦, 51.71◦, 54.33◦, 56.60◦, 58.94◦, 
60.64◦, 64.40◦, 65.09◦,  74.87◦, 77.21◦ and 78.41◦, which are at-
tributed to the crystal planes (101), (112), (200), (103), (211), 
(202), (004), (220), (105), (312), (303), (321), (224), (116), 
(400), (413), (422) and (404) of the MgMn2O4 spinel. To deter-
mine the average crystallite size of the MgMn2O4 sample, the 
Debye-Scherer formula was applied.

Where K denotes the shape coefficient, λ indicates the X-ray 
wavelength produced by the source, θ represents the Bragg 
angle, and β corresponds to the full-width at half maximum 
(FWHM) of the diffraction peak. Based on the calculations, the 
average crystallite size was around 37.91 nm. The smaller crys-
talline size would be advantageous in supercapacitors because 
it might offer more surface area, leading to higher specific ca-
pacitance and more efficient electrochemical reactions. Also, 
The dislocation density (δ=1/D2) was determined to identify 
crystal flaws or irregularities. The value of dislocation density 
determined and measured to be 1.6112×1015. Additionally, the 
micro-strain value of MgMn2O4 was determined by applying 
the following formula:

The value of ε was found and acquired to be 0.00297. The 
micro-stress (σ) can be determined using Hooke's law (σ = 
Cε) based on the calculated micro-strain value, where C rep-
resents the bulk Young's modulus with a value of 1.46 ± 1010 
N/m2. The micro-stress was calculated to be a 43.4772 M Pa. 
The lower dislocation density as well as the micro-strain val-
ue assure excellent mechanical stability, which upholds the 
long-lasting reliability of MgMn2O4. Micro-stress also signi-
fies strong mechanical strength and the capacity to endure ex-
ternal stress in real-world applications.

Fig. 1.Powder XRD analysis of MgMn2O4 nano-rods

Fourier transform infrared spectroscopy analysis (FTIR)

The Fourier-transform infrared (FTIR) spectrum provides 

valuable information about the functional groups contained 
in MgMn2O4 nanorods, as illustrated in Fig. 2. The broad ab-
sorption peak observed at 3436.45 cm-1 is due to the O-H vi-
bration absorbed by the sample. The peak present at 1640.76 
cm-1 is attributed to the existence of a carbonyl (C=O) func-
tional group in the sample. Additionally, two more peaks were 
seen at 1417.67 cm-1 and 1272.04 cm-1, corresponding to CH2 
group movements in a scissoring and wagging pattern. The 
presence of tetrahedral and octahedral of Mg-O, Mn-O vibra-
tional modes can be determined from the observed peaks at 
499 cm-1 and 656 cm-1, respectively. These peaks show that the 
Mg-Mn-O bonding exists in the sample. The existence of the 
Mg-Mn-O bond, combined with the presence of multiple func-
tional groups, can significantly improve the electrochemical 
properties of the MgMn2O4 in the supercapacitor. This func-
tional groups create reactive sites on the surface of the mate-
rial, while the Mg-Mn-O bond can increase their conductivity 
also stability. The overall effect of these features is to increase 
the capacity and durability of the supercapacitor, making the 
material a promising candidate for energy storage applications.
Hence, the results obtained from the FTIR  indicate that MgM-
n2O4 is a suitable material for usage in supercapacitors.

Fig. 2.The IR spectrum analysis of MgMn2O4 nanorods.                                                                                                  
(Inset:Metallic-Oxygen Vibrations within the Wavenumber 

Range of 400-800 cm-1)

Morphological studies

The morphology of MgMn2O4 material was analyzed using 
SEM with 100 nm resolution to understand its suitability in 
supercapacitors. The observed SEM images of MgMn2O4 syn-
thesized from dual hydroxide treatment revealed a nano-rod 
shape with some agglomerates, as exhibited in Fig. 3 (a), and 
the related statistical histogram graph given in Fig. 3 (b). The 
agglomeration in the nano-rods is attributed to surface tension 
between the particle created on MgMn2O4. The statistical his-
togram indicated that the majority of the particles in MgMn2O4 
sample have sizes ranging from 40 to 50 nm. This nanoscale 
range is ideal in supercapacitor applications because it maxi-
mises the surface area of a MgMn2O4 electrode and facilitates 
excessive electrolyte ions were absorbed on the surface of an 
electrode. As a result, the capacitance increases. Additionally, 
the nano-rod shape allows for strong retention of electrolyte 
ions. The distinctive structure of MgMn2O4 improves the far-
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adaic effect, resulting in strong electrochemical activity and 
effective charge storage. These findings indicate that the syn-
thesized MgMn2O4 sample has remarkable use for supercapac-
itors.

Fig. 3. (a) MgMn2O4 surface morphology at 100 nm(b)size 
distribution through Statistical Histogram

Energy-dispersive X-ray spectroscopy (EDS)

EDS analysis was conducted to examine the elemental con-
tent and the occupancy ratio of the MgMn2O4 materials. The 
existence of Mg, Mn, and O elements was confirmed by the 
EDS spectrum in Fig. 4, and their respective atomic percentage 
were identified to be 22.20%, 18.86%, and 64.94%, which is 
almost near the value of the original stoichiometry. This shows 
that the produced MgMn2O4  was highly pure and free of any 
secondary phases or impurities. The powder XRD analysis 
also revealed the pure phase formation of MgMn2O4, similar 
to the EDS observation. The excellent purity of the prepared 
MgMn2O4 is important consideration for its prospective usage 
in supercapacitors. Negative electrochemical effects can be 
avoided by using materials free of impurities and secondary 
phases. Based on the EDS results, the synthesised MgMn2O4 
can also be further examined for their electrochemical charac-
teristics for supercapacitor applications.

Fig. 4. The Spectrum of Energy-Dispersive X-ray analysis for 
MgMn2O4

ELECTROCHEMICAL STUDIES
Cyclic voltammetry analysis

Cyclic voltammetry (CV) test was performed to obtain the 
charge-storage ability and the energy storing mechanism of a 
MgMn2O4 electrode. Fig. 5. (a)  shows the CV curves for the 
MgMn2O4 electrode in 6 M KOH electrolytes at various scan 
rates ranging from 0.0 to 0.5 V. The electrode demonstrated 
excellent electrochemical reversibility and capability, as seen 

by the continuous symmetry of the CV curves across multiple 
scan rates. The obtained CV curves confirm the pseudo-ca-
pacitive behavior of the material and provide evidence for the 
faradic redox  mechanism. The formula used to calculate the 
specific capacitance of the MgMn2O4 electrode was derived 
from the CV curves, as follows:

In the formula, the range between (va-vc) represents the po-
tential interval of the working electrode, v stands for the scan 
rate, m is the mass of the electro-active material MgMn2O4, 
and the total integral value of the CV curves are represented 
by I dV. Specific capacitance measurements for the MgMn2O4 
electrode were 355, 299, 237, 187, 157, and 137 F g-1 for 5, 10, 
25, 50, 75, and 100 mV s-1, respectively.

To understand the electrochemical mechanism behind energy 
storage in the electrode material, the Dunn's technique was 
employed. This method provides a quantitative means to dis-
tinguish and determine the respective contributions to charge 
storage mechanisms at a specific potential, which include (i) 
surface capacitance effects and (ii) diffusion controlled inser-
tion mechanism. The output current  (I) at a specific potential 
(V) is the result of two distinct mechanisms, namely surface 
capacitive contribution (K1v) and diffusion-controlled faradic 
intercalation (K2ν1∕2), which depend on the scanning speed (v) 
and are quantifiable by the values K1 and K2.The current (i) 
derived through the Cyclic volumetric curve exhibits a power 
law relationship with the scan rate. 

I=a ν b ------------- (4)

The value of "b" can be found by doing slope analysis on the 
log i versus log v graph, as illustrated in Fig. 5(c).The slope of 
0.5 indicates diffusion-controlled behaviours and a slope val-
ue of 1 suggests complete capacitive behaviour. The resulting 
b value of 0.6 shows that the MgMn2O4 electrodes displayed 
primarily diffusion-controlled behaviour with some capacitive 
behaviour. equation (5) can be utilized to quantitatively differ-
entiate between the contributions of diffusion and capacitive 
mechanisms.

i(V) =K1ν + K2ν
1∕2 ------------- (5)

Fig. 5(d) shows the percentage contribution of the diffusion 
and capacitive process for MgMn2O4 at different scan rates. 
The figure show redox reaction are more efficient at low scan 
rates than at higher scan rates. This may be because the reac-
tion duration is longer at low scan rates. This indicates that 
as the scan rates increase, the Charge storage capability of 
an electrode through the diffusion-limited process decreas-
es, resulting in a decrease in the specific capacitance of the 
electrode. Despite the 100 mVs-1 scan rate, the MgMn2O4 
electrode still maintains capacity retention of approximately 
38.9% (as shown in Fig. 5. (b)). This can be happened due to 
the distinctive nanorods shape of MgMn2O4.

CONCLUSION
To summarize, the synthesis of MgMn2O4 nano-rods was 
successfully prepared through co-precipitation using dual hy-
droxide treatments. The sample was thoroughly examined by 
PXRD, FTIR, SEM, and EDS.  The electrode displayed excel-
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lent electrochemical characteristics with the highest specific 
capacitance of 355 Fg-1at 5 mV s−1 scan rate in 6M KOH elec-
trolyte. It was discovered that MgMn2O4's distinctive nano-rod 
shape was the key to its improved electrochemical behaviour, 
providing enough of open space to store energy and improved 
its performance. Thus, the study highlights the potential of 
MgMn2O4 as a potential material for supercapacitor applica-
tions.
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