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To support various forms of energy storage systems for high power requirements, supercapacitors are
essential as an additional type of energy storage device. In this study, magnesium oxide nanoparticles
(MgONPs) were synthesized using a co-precipitation method and systematically evaluated as active
electrode materials. FESEM images revealed a porous and aggregated surface morphology, which may
facilitate ion transport by providing accessible diffusion pathways while Raman spectroscopy confirmed
the presence of characteristic vibrational modes, including features associated with structural defects,
which are commonly observed in nanostructured oxides. The electrochemical behavior of the MgONPs
electrode material was evaluated using the three-electrode technique in a 2 M KOH aqueous electrolyte.
At a current rate of 1 A g~%, a MgONPs electrode material exhibited a specific capacity of 11 F g=*. The
CV behavior demonstrates the strong reversibility of the electrode material revealed a maximum specific
capacitance of 99 F g~ at 10 mV s~ and good rate capability, underscoring the potential of MgONPs in
energy storage devices. To complement the experimental observations, a density functional theory (DFT)
study was conducted to examine the structural stability and electronic properties of MgONPs at the
molecular level. The DFT-optimized geometry closely matched experimental lattice parameters, while
a low HOMO-LUMO energy gap (AE = —6.571 eV) indicated high reactivity and efficient charge transfer.
Additional
electrochemical behavior observed experimentally. This integrated computational-experimental
approach provides comprehensive insights into the fundamental properties of MgONPs, establishing
them as promising, cost-effective, and high-performance electrode materials for next-generation
supercapacitor systems.

descriptors such as dipole moment, softness, and electrophilicity supported the
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1. Introduction

The rising demand for electrochemical energy storage (EES) is
largely driven by the growing use of renewable energy sources
(RES) like solar and wind, and the global push toward cleaner,
low-carbon energy solutions.” Despite advancements, current
energy storage systems are insufficient to support large-scale
integration of variable energy sources without risking insta-
bility in the power grid. In fact, if renewables supply more than
20% of the total energy, the grid could experience serious
disruptions.** Advanced electrochemical storage technologies
offer promising solution to address these limitations,
enhancing grid reliability, facilitating renewable energy inte-
gration, and supporting efficient energy storage and delivery. To
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meet the rising energy demand, there is a strong focus on
developing high-performance energy storage technologies.>*

Among these technologies, supercapacitors (SCs), also
known as electrochemical capacitors stand out due to their
rapid charging and discharging capabilities, high power output,
excellent cycling life, and wide range of applications. SCs find
extensive use in electric vehicles, wearable gadgets, and
portable electronics.”* They are mainly classified into two types
based on their energy storage mechanisms. Electrical double-
layer capacitors (EDLCs) store charge through ion adsorption
and desorption at the electrode-electrolyte interface, while,
pseudocapacitors rely on fast redox (oxidation-reduction)
reactions, allowing them to achieve higher capacitance.'"
Researchers have explored a variety of active materials for
supercapacitor electrodes, including conducting polymers,**
metal oxides, and carbon-based materials.**** Transition metal
oxides (TMOs) are particularly notable for their pseudocapaci-
tive behavior.

Kumar et al.’ have reviewed the synthesis methods and
applications of nanostructured and microstructured electro-
active materials in SCs TMOs such as iron(u) oxide (Fe,O3),
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niobium pentoxide (Nb,Os), zinc oxide (ZnO), nickel oxide
(NiO), cobalt oxide (Co30,), cuprous oxide (Cu,0), molybdenum
trioxide (MoO;), manganese dioxide (MnO,), and tungsten
trioxide (WO;) have been widely investigated as effective elec-
trode materials.’** Among these, magnesium oxide nano-
particles (MgONPs) have gained attention for applications in
sensors, optical devices, and energy storage systems, including
batteries and SCs.?** MgO typically crystallizes in a cubic (rock
salt) structure under standard conditions. But can exhibit
tetragonal, orthorhombic, or hexagonal forms under specific
synthesis conditions.***

Despite its advantages, MgO's low electrical conductivity
limits its performance in advanced energy storage systems,
especially at high charge-discharge rates.*® To address this,
researchers have developed hybrid electrode materials to
enhance electrical conductivity and structural durability. The
selection of MgONPs in this current work is further motivated
by their qualities, including low production cost, non-toxicity,
and environmental friendliness, among others. Various
synthesis methods, such as hydrothermal method,*® sol-gel
technique,” co-precipitation method,”® green synthesis
method,* spray pyrolysis, combustion, and microwave tech-
niques, have been employed to produce MgONPs with diverse
morphologies and properties. Factors like concentration, pH,
calcination temperature, and ionic strength significantly influ-
ence the properties of the synthesized MgONPs***!

Several studies have reported on the energy storage perfor-
mance of MgONPs and related materials. For instance, a CNT
and biomass carbon mixture achieved a specific capacitance of
85 F g~ ',* while rGO/WO; composites demonstrated compa-
rable performance.** Moreover, the energy storage performance
was evaluated using the galvanostatic charge-discharge (GCD)
technique. The 120HTMgO-C electrode achieved a specific
capacitance of 42 F g~" at a current density of 1 A g~ within
a 2.5 V operating window and maintained 93% of its original
capacitance after 10 000 charge-discharge cycles.** Rostas et al.
prepared vanadium(v)-doped MgO nanoparticles showed
excellent supercapacitor performance, achieving 50 F g~ at
10 mV s~ ! and 4.17 Wh kg™ " energy density. Remarkably, with
carbon black, the capacitance surged to 1200 F ¢~ an unprec-
edented value for MgO based materials.*® Table 1 provides
a comparative summary of our MgONPs electrode performance
with recent literature reports.

In this work, MgONPs were synthesized via the co-
precipitation method and characterized using various tech-
niques. Electrochemical performance was evaluated in a 2 M
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KOH electrolyte. A flexible symmetric supercapacitor was
fabricated, employing MgONPs as the active material for both
electrodes, with carbon black and polyvinylidene fluoride
(PVDF) as binder. Electrochemical impedance spectroscopy
(EIS) was conducted to assess resistive and capacitive properties
at the electrode—electrolyte interface.

The MgONPs electrode, fabricated using an effective soni-
cation process on copper and aluminum foils, exhibited rapid
ion diffusion kinetics, enabling high-power output. This study
demonstrated the potential of MgONPs as cost-effective, envi-
ronmentally friendly materials for practical energy storage
applications, combining a large surface area and excellent
electrical conductivity for efficient ion storage and rapid charge
transfer. An in silico approach, integrating first-principles
density functional theory (DFT) calculations with experimental
electrochemical analysis, provided insights into the structural
and electronic properties of MgONPs, paving the way for future
experimental research.**® This integrated computational-
experimental strategy underscores the potential of MgO nano-
structures as stable, efficient, and cost-effective electrode
materials for high-performance supercapacitor systems.

2. Experimental section
2.1 Materials

Magnesium nitrate hexahydrate (Mg(NO3),-6H,0; 98%) were
purchased from LOBA Chemie Pvt. Ltd, while potassium
hydroxide (KOH, 99%) and PVDF were purchased from HIME-
DIA. De-ionized water was used as the solvent throughout the
experiments. Carbon black and copper and aluminum foils
(purity =99%) were used as substrates for electrode fabrication.
All chemicals and reagents were used as received without
further purification.

2.2 Material characterization

X-ray diffraction (XRD) was utilized to characterize the synthe-
sized MgO nanoparticle electrodes using a Rigaku SMARTLAB
diffractometer with Cu Ko radiation (1 = 1.54 A). Field emission
scanning electron microscopy (FESEM) was performed with
a JSM-7610FPlus instrument to examine the surface
morphology of the samples. Energy-dispersive X-ray spectros-
copy (EDS), conducted using the same JSM-7610FPlus model,
was employed to analyze the elemental distribution of metals.
The surface functional groups were identified using a Fourier
transform infrared (FTIR) spectrophotometer (Bruker Alpha)
within the wavenumber range of 4000-500 cm '. Raman

Table 1 Comparative summary of our MgONPs electrode performance with recent literature reports

Material Electrolyte Specific capacitance (F g~ ) Current density (A g™ ")
MgONPs (this work) 2 M KOH 99 0.01

CNT/biomass carbon*? 2 M KOH 85 1

rGO/WO; (ref. 43) 1M H,S0, 85 1

Ni-doped MgO (CTAB)** 2 M KOH 96 1

MgO-C (120HT)** Not specified 42 1
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Fig. 1 Synthesis of MgONPs via co-precipitation method.

spectra were recorded with a confocal Raman spectroscope
(Horiba LabRAM HR Evolution) using a 532 nm laser source.
The electrochemical performance of the MgO electrodes was
evaluated with an Admiral electrochemical workstation.

2.3 Synthesis of MgO nanoparticles (co-precipitation
method)

The 0.02 M Mg(NO3),-6H,0 were dispersed in deionized water.
The particles were then fully dispersed using a magnetic stirrer
at room temperature. After that, 1 M KOH solution was added in
deionized water, and it was added to the above-prepared

3+ + 4. >
M;O PVDF Carbon black

¥ K
D 4

Electrode Dried in an
fabrication oven for 12 hr
at 80°C

Fig. 2 Schematic illustration of the fabrication of MgONPs electrodes.
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solution.**** Following 8 hours of reaction at a temperature of
120 °C, a white precipitate of magnesium hydroxide developed
in the beaker as shown in eqn (1).

Mg(NOs), + 2KOH — Mg(OH), + 2KNO; 1)

The precipitate was subjected to filtration and several washes
in methanol to get rid of any ionic impurities; after that, it was
dried in air (eqn (2)).

Mg(OH), — MgO + H,0 (2)

4
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The collected precipitate was dried overnight using an oven.
Finally, calcination at 500 °C for 3 hours is performed to obtain
the MgO product (Fig. 1).

2.4 Electrode fabrication

2.4.1 Three electrode fabrication. Working electrodes
composed of MgONPs were used in electrochemical experiments,
prepared using a slurry coating procedure. To fabricate the slurry,
the active material was thoroughly mixed with carbon black and
PVDF in a weight ratio of 8:1:1, using N-methyl-2-pyrrolidone
(NMP) as the solvent. The resulting slurry was uniformly coated
onto copper foil, which served as the current collector, and
vacuum-dried at 80 °C for 12 hours. The prepared material
covered a surface area of 1 x 1 cm®. An electrolyte solution was
prepared by dissolving 2 M KOH in deionized water (Fig. 2). The
working electrode was composed of the prepared material, with
a platinum wire as the counter electrode and a saturated calomel
electrode (SCE) as the reference electrode.***® The final electrode
mass loaded on current collector was 3 mg.

3. Experimental results and
discussion
3.1 X-ray diffraction

The XRD analysis of MgONPs confirms their highly crystalline
nature with a face-centered cubic (FCC) structure, matching the
JCPDS card no. 89-7746 as shown in Fig. 3.>” The diffraction
peaks at 26 = 37°, 43°, 62°, 74°, and 78° correspond to the (111),
(200), (220), (311), and (222) planes, respectively. The sharp and
intense peak at 43° (200 plane) is the most prominent, indi-
cating dominant crystal growth along this orientation and
confirming the material's phase purity and structural integrity.
Other peaks, such as those at 37° (111 plane) and 62° (220
plane), further support the FCC structure, while peaks at 74°
(311 plane) and 78° (222 plane) signify higher-order reflections,
confirming three-dimensional crystallographic alignment.

The phase formation and purity of prepared nanoparticles
was analysed by PXRD analysis and its average crystal size for
nanoparticles was measured using Scherrer's eqn (3) with help
of full width at half-maximum (FWHM) evidence.*®

K
" Bcosd

(3)

where K = constant, which is equal to 0.94, A = wavelength of
CuKa radiation (1.5406 A), = FWHM, and § = Bragg’s angle.
The crystallite size of MgO nanoparticles was calculated
using Scherrer's equation, yielding an average size of approxi-
mately 8 nm. Minor unlabelled peaks with low intensity are
attributed to adsorbed moisture, surface hydroxides, or residual
precursors, but these do not correspond to any known crystal-
line impurities and do not affect the nanoparticles’ crystallinity
or electrochemical performance. Additionally, DFT-optimized
Mg-O bond lengths (1.95-1.99 A) align well with the experi-
mental lattice parameters, providing further evidence of the
structural integrity and phase purity of the synthesized
MgONPs. This comprehensive analysis highlights the high
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Fig. 3 XRD analysis of MgONPs electrode.

quality, purity, and crystallinity of the nanoparticles, making
them suitable for advanced material applications.

3.2 Field-emission scanning electron microscopy (FESEM)

The SEM analysis of the MgONPs reveals a non-uniform
distribution of particles in an aggregated form, exhibiting
a rough and porous surface (Fig. 4a). The spherical particles
appear irregularly shaped with sharp edges, indicating a crys-
talline nature consistent with synthesis via chemical or
combustion methods.*** This morphology enhances the
surface area and is advantageous for applications requiring
efficient ion or reactant diffusion, such as catalysis, sensing,
and energy storage. The aggregation is likely due to interparticle
interactions during the synthesis process.

The EDX analysis confirms the chemical composition of the
synthesized MgONPs, with prominent peaks for magnesium
(Mg), oxygen (O), and silicon (Si), along with a minor contri-
bution from potassium (K). Oxygen, contributing a weight
percentage of 44.4% and an atomic percentage of 56.6%,
confirms its role in the Mg-O lattice structure. Magnesium, with
a weight percentage of 29.7% and an atomic percentage of
24.9%, validates the formation of MgO nanoparticles. Silicon,
observed at 23.9% by weight and 17.4% by atomic percentage,
may result from substrate contamination or adsorption during
synthesis, though it does not disrupt the primary MgO crystal-
line structure. Potassium, present in trace amounts (2% by
weight and 1.1% by atomic percentage), likely originates from
synthesis additives or residual precursors, with negligible
impact on the material's properties (Fig. 4b). Overall, the
combined SEM and EDX analysis confirms the successful
synthesis of highly pure MgO nanoparticles with a porous and
aggregated morphology.

3.3 FTIR analysis

The FTIR spectrum of MgO, as shown in Fig. 5, reveals several
characteristic peaks that confirm the structural and surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 MgONPs electrode (a) FESEM; (b) EDX profile with elemental composition.

properties of the material. The broad peak at 3691 cm ' is

attributed to the O-H stretching vibration, indicating the
presence of surface-adsorbed hydroxyl groups, likely introduced
during synthesis or from ambient moisture.®~*> This suggests
enhanced surface reactivity, which is advantageous for catalytic
and adsorption applications. The peak at 1650 cm ' corre-
sponds to the bending mode of molecular water (H-O-H),
signifying minor moisture retention on the MgO surface. While
not structurally significant, this retained moisture reflects
partial hydration, which could influence the surface interac-
tions in certain environments.

The peak observed at 1365 cm™ is assigned to the C-O
stretching vibration, indicative of oxygen-containing functional

1

groups, likely arising from interactions with organic or atmo-
spheric species during synthesis or storage. Such groups can
enhance the material's compatibility with organic systems. The
strong peak at 820 cm ™' represents the Mg-O stretching
vibration, confirming the presence of magnesium oxide and
validating the successful synthesis of MgO with its character-
istic lattice structure.®® This band underscores the ionic nature

Pure MgO
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Fig. 5 FTIR analysis of MgONPs electrode.
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of the Mg-O bond, providing insight into the material's struc-
tural and electronic properties.

Additionally, theoretical insights from Mulliken charge
distribution obtained via DFT analysis align with the FTIR
results, highlighting polarized electron density between Mg and
O atoms. This polarization supports the ionic character inferred
from the Mg-O stretching band observed at 820 cm ™,
providing further evidence of the structural integrity of MgO.
Together, the FTIR and DFT results confirm the presence of
hydroxyl groups, minor moisture, functional groups, and Mg-O
bonds, establishing the material's chemical and structural
attributes, which are critical for its performance in various
applications.

3.4 UV-visible spectroscopy studies

The optical properties of MgONPs were analyzed using UV-Vis
spectroscopy (Fig. 6a) and Tauc plot (Fig. 6b) to determine the
optical band gap. The UV-Vis absorption spectrum, exhibits
a significant absorption peak at approximately 300 nm, indic-
ative of the band-to-band electronic transition from the valence
band to the conduction band. This sharp peak confirms the
successful synthesis of nanoscale MgONPs and reflects their
characteristic optical behavior. The absorbance value of 0.0714
at this wavelength, recorded at room temperature, is consistent
with the expected optical response for MgONPs. The observed
peak at 300 nm also corresponds to the red color of the material,
further confirming the formation of magnesium oxide nano-
particles with well-defined optical properties.

To determine the band gap energy (Eg), Tauc plot was
employed using the eqn (4)

(ahv) = A(hv — E,) (4)

where, o = optical absorption coefficient, iv = photon energy,
E, is the direct band gap, A = constant, and r = 1/2 for direct
allowed transitions.

Fig. 6b illustrates the Tauc plot, where the linear portion of
the curve is extrapolated to intercept the photon energy Av axis
at (ahv)® = 0. The calculated optical band gap energy of

RSC Adv, 2025, 15, 25209-25220 | 25213
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Fig. 6 MgONPs electrode (a) UV-Vis spectrum (b) band gap using the Tauc plot.

MgONPs was found to be 5.03 eV. This experimentally deter-
mined band gap aligns closely with the DFT-calculated.*
HOMO-LUMO gap (AE = —6.571 eV), considering the quantum
confinement effects inherent to nanoparticles. Such agreement
highlights the structural and electronic consistency of the
synthesized MgONPs.

3.5 Raman analysis

Raman spectroscopy was utilized to investigate the vibrational
properties of pure MgO, and the resulting spectrum reveals
distinct peaks at 1043 cm %, 1354 cm ™%, and 3641 cm %, as
shown in Fig. 7. These peaks, absent in bulk MgO due to its
centrosymmetric cubic structure and associated Raman inac-
tivity, signify the influence of structural defects and surface
interactions in the synthesized nanomaterial.

The peak observed at 1043 cm ' is attributed to defect-
induced phonon modes. These modes are likely associated
with oxygen vacancies, a common defect in nanostructured or
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Fig. 7 Raman spectra of MgONPs electrode.
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polycrystalline MgO. Oxygen vacancies are known to create
localized vibrational states, which contribute to the enhance-
ment of Raman activity in such materials. Similarly, the peak at
1354 cm ™' corresponds to another defect-induced vibrational
mode, which may arise from grain boundaries and surface
irregularities. Grain boundaries in nanostructures act as scat-
tering centers, further enhancing the vibrational modes detec-
ted in Raman spectroscopy. Together, these peaks highlight the
presence of nanoscale structural imperfections, which play
a critical role in modifying the material's electronic and vibra-
tional properties. The high-frequency peak at 3641 cm™ ' is
associated with the stretching vibrations of adsorbed hydroxyl
(-OH) groups. The presence of this peak suggests surface
interactions with atmospheric moisture during or after the
synthesis process.®*®” These hydroxyl groups are indicative of
surface passivation and could impact the material's surface
chemistry and electrochemical behavior, especially in energy
storage and catalytic applications.

The Raman spectrum, with its prominent defect-induced
peaks and evidence of surface modifications, confirms the
presence of structural imperfections in MgO. These imperfec-
tions, while deviating from the ideal crystalline structure, may
offer functional advantages in specific applications. For
instance, oxygen vacancies and grain boundaries can enhance
ion mobility and charge storage capacity, making the material
suitable for electrochemical devices.®® Further refinement of
synthesis methods, such as controlled atmosphere processing
or post-synthesis annealing, could optimize the defect concen-
tration and crystallinity of MgO, tailoring it for targeted func-
tional applications.

4. Computational results and
discussion
4.1 Quantum chemical calculations

4.1.1 Density functional theory (DFT) study. DFT study to
investigate the structural and electronic structure of pure
MgONPs. The computational experiment was performed to
optimize the pure MgONPs as a model system in its ground

© 2025 The Author(s). Published by the Royal Society of Chemistry
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state energy. The optimization procedure was followed by the
frequency calculations via the DFT approach using the B3LYP
functional coupled with 6-31G basis set for the O and Mg atoms
in the gas and solvent (water) phases.® The energies of the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbitals (LUMO) acquired from the Frontier
molecular orbitals (FMOs) were computed. The difference in
energy between the two FMOs, HOMO and LUMO is known as
the HLEG (AE). The AE value is utilized to characterize the
chemical behaviour of the systems. Like, in terms of the
chemical nature of any molecule, more stability of a system
implies that it is consisting of a higher E,,, value (larger reac-
tivity). Due to the high reactivity of the molecules, interactions
between MgO are facilitated by a less gap of AE = Epymo —
Enomo. A large HLEG value means that the system consists of
less reactivity where a small HLEG value refers about its more
reactivity of the system.”*7*

The equilibrium geometry of a molecule is determined by
calculations of its energy and frequency calculations. When
energy of any molecule is minimal, it is in its most stable
configuration, known as its equilibrium/optimized. The opti-
mization (equilibrium/minimum energy) configuration of the
MgONPs can be viewed in Fig. S1 (a) of the ESI{ with appro-
priate atomic labelling along with some selected structural
parameters like bond lengths for the MgONPs. The equilibrium
(optimized) structure of the MgONPs (MgO cluster at the top), it
shows that the calculated Mg-O bond lengths (see at the top
right terminal) were calculated to be 1.951 A in the gas phase
while 1.985 A in the solvent phase. The analysed bond lengths of
the central Mg-O bonds for the pure MgO cluster are 1.960 A (in
the gas phase) and 1.988 A in the solvent phase whereas 2.06 A
in the gas phase and 2.059 A in the solvent phase (water) for the
Mg-O bonds lying at the left-central fragment. Similarly, the
bond distances of another Mg-O bond (located at the central-
bottom) for the undoped MgONPs are found to be 1.973 A
and 1.99 A in the gas and solvent (water) phases, correspond-
ingly. Such findings suggest that the MgONP could help in
designing the smart doped-MgONPs for energy storage appli-
cations due to its the preferable interaction showing the desir-
able binding between the Mg/O atoms of the MgO cluster or
other prototypes.

The DFT results reveal strong electronic interactions
between Mg and O atoms, supported by a low HOMO-LUMO
gap (AE = —6.571 €V), indicating high molecular reactivity and
effective charge transfer (Fig. S1 (b) of the ESIT). The system also
exhibits high softness (—0.304 eV), low hardness (—3.285 eV),
and a notable dipole moment (7.3 D), suggesting enhanced
polarity and favorable electrostatic interactions. An electro-
negativity value of 7.353 further supports the material's
tendency to attract electrons, contributing to its electrochemical
activity. The computed electrophilicity (—8.229 eV) indicates
strong electron-accepting ability. These quantum chemical
descriptors (summarized in Table S1 of the ESI{) align well with
the experimental findings, particularly the observed high
specific capacitance and coulombic efficiency. Mulliken charge
analysis (Fig. S2 (b) of the ESIf) confirms balanced charge
distribution, validating the structural stability and reactivity of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MgONPs. The close agreement between DFT predictions and
electrochemical performance supports the reliability of
MgONPs as a high-performance supercapacitor material.””¢

Fig. S2 (a) of the ESIT shows the cubic lattice arrangement,
where Mg (green) and O (red) atoms form a 3D network with
characteristic ionic bonding. Fig. S2 (b) of the ESI} presents
a radar chart of Mulliken charges, highlighting the charge
distribution across individual atoms using a red-to-green
gradient to indicate relative negativity or positivity. These
visualizations collectively provide insight into the structural
symmetry and electronic environment of MgO, supporting its
stability and electrochemical functionality.

5. Electrochemical performance
results and discussion

The charge storage characteristics of the multilayered MgONPs
electrodes for supercapacitor applications. Individual electrode
parameters were investigated using a 2 M KOH solution to gain
a better understanding of the charge storage characteristics of
three electrode systems.

5.1 Cyclic voltammetry (CV) analysis

At different sweep rates (10 to 200 mV s '), the individual CV
curves of MgONPs electrodes were measured, as shown in
Fig. S3 of the ESL.T Even at a higher sweep rate of 100 mV s,
the CV profile maintains well-defined redox plateaus, demon-
strating the electrode's high-rate capabilities. Fig. 8a presents
the CV profiles of MgO electrodes recorded over a potential
window of 0-1.0 V at varying scan rates ranging from 10 to
200 mV s~ . The CV curves exhibited a quasi-rectangular shape
with slight distortion, characteristic of dominant electric
double-layer capacitance (EDLC) behavior with minor pseudo-
capacitive contributions. Importantly, even at a higher sweep
rate of 100 mV s~ ', the CV profiles maintained well-defined
redox plateaus, highlighting the high-rate capabilities of the
MgONPs electrodes. This retention of CV shape at elevated scan
rates suggests good electrochemical reversibility and efficient
ion transport within the electrode material.

As the scan rate increases, a corresponding enhancement in
peak current is observed, indicating improved electron transfer
kinetics. However, a reduction in the enclosed CV area was
noted at higher scan rates, attributed to diffusion limitations
that prevent complete access of electrolyte ions to the internal
active surface. Such a trend is common in nanostructured
porous materials and underscores the role of diffusion kinetics
in capacitive performance.

Fig. 8b and Table 2 presents the variation in specific capac-
itance (Cg) as a function of scan rate. The Cs was calculated from
CV data using the eqn (5):

C= )

mxAV xv

where C,isin Fg~', and A, m, AV, and » represent the integrated
area of the CV curve, deposited mass, potential window, and
scan rate, respectively.
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The MgONPs electrode demonstrated a maximum specific
capacitance of 99 F g " at a scan rate of 10 mV s~ *. However, as
the scan rate increased to 200 mV s, the specific capacitance
significantly dropped to 3 F g~ '. This pronounced decline can
be attributed to insufficient time for electrolyte ions to diffuse
into the internal porous structure at higher scan rates, thereby
reducing effective charge storage. The trend highlights the
influence of ion diffusion kinetics on capacitive performance.

Despite the reduction in specific capacitance at higher scan
rates, the high capacitance at low scan rates validates the
potential of MgONPs as a promising electrode material for
supercapacitors. The observed performance is particularly
suitable for low-power or trickle-charge applications. Further
structural optimization, such as doping, nano structuring, or
forming composites, could enhance the material's rate capa-
bility by mitigating diffusion limitations and maximizing active
surface area accessibility.

5.2 Galvanostatic charge-discharge (GCD) analysis

The GCD analyses were obtained by varying the current rates
from 0.1 to 3.3 A g, as shown in Fig. S4 of the ESL{ The
charge-discharge curves exhibit a linear increase in their
applied current densities, with no observed IR drop in the
charge storage curves. The GCD curves exhibit a quasi-linear
and symmetrical triangular shape, characteristic of ideal
capacitive behavior (Fig. 9a). Notably, the absence of prominent

Table 2 Specific Capacitance of the MgONPs electrode at different
scan rates

Scan rate (mV s ™) Specific capacitance (F g~ )

10 99
20 98
30 84
50 63
100 51
150 43
200 3

25216 | RSC Adv, 2025, 15, 25209-25220

View Article Online

Paper
1004 ._.ga Flg —®— Pure MgO
99 Flg
- \ airg (b)
=) ®
w 80+ \
@
= o
© .
5 60 63 Flg \51 Fig
[ ]
s —~—__43F
©
o 404
L
=
2
2 20
)
3
01 3Flg
T T T T T
0 50 100 150 200

Scan rate (mV/s)

(a) Different sweep rates of CV for MgONPs electrodes, (b) the variation of the specific capacitance with various scan rates of MgONPs

plateaus confirms the predominance of electric double-layer
capacitance (EDLC) behavior, with minimal contribution from
faradaic redox processes.

The discharge duration is inversely related to the applied
current density, with longer discharge times observed at lower
currents (e.g., 0.1 A g~ ') and progressively shorter durations at
higher rates (up to 3.3 A g *). This behavior reflects the expected
increase in ohmic resistance and decreased ionic diffusion
efficiency at elevated current densities.

The specific capacitance (Cs) values were extracted from the
discharge portions of the GCD curves using the standard eqn
(6):

I x At

C = 6)

ST mx AV

where C, = specific capacitance (F g '), I = current applied (A),
At = discharge time (s), AV = potential window (V) and m =
mass of electroactive material (g).

The resulting capacitance values are summarized in Fig. 9b,
which clearly shows a decreasing trend in specific capacitance
with increasing current density. A maximum capacitance of 28 F
¢ " was obtained at 0.1 A g~ ', which gradually diminished to 5 F
g 'at 10 A g . The long-term cycling performance of the MgO-
based electrode was evaluated at a current density of 0.2 A g~
for over 800 consecutive charge-discharge cycles, as shown in
Fig. 9c. The electrode exhibited excellent cycling stability, with
capacity retention remaining close to 99% after the full test
duration. This minimal degradation highlights the structural
robustness and high electrochemical reversibility of the
MgONPs. The steady performance over prolonged cycling
suggests strong interfacial contact between the active material
and electrolyte, with minimal loss of active sites or mechanical
breakdown. Such stability is essential for practical super-
capacitor applications, confirming the suitability of MgO as
a promising electrode material for energy storage systems.

This performance drop is commonly attributed to the
inability of electrolyte ions to fully access the internal active
sites of MgO under rapid charge-discharge conditions. The
limited ion diffusion and increased polarization losses at high

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MgONPs electrodes, (c) cyclic performance at 0.2 A g~ (800 cycles) with capacity retention.

current densities restrict the full utilization of electrochemically
active surface area. Nevertheless, the relatively stable shape of
the GCD profiles and the retention of capacitance at higher
currents reflect the structural robustness and electrical integrity
of the MgO electrode. These findings underscore the promise of
pure MgO for supercapacitor applications, particularly where
moderate energy storage and high durability are required.
Future work may focus on enhancing rate performance via
compositional tuning (e.g., carbon composites or heteroatom
doping) or morphological engineering (e.g., mesoporous
structuring).

The high specific capacitance (99 F g ') and excellent rate
capability are supported by DFT-derived descriptors, including
high dipole moment (7.3 D), low hardness (—3.285 eV), and
significant softness (—0.304 eV™'), indicating favorable charge
redistribution and electrochemical activity.

5.3 Electrochemical impedance spectroscopy (EIS), Ragone,
and Bode plot analysis

EIS was performed to evaluate the charge transport dynamics
and resistive characteristics of the pure MgO electrode, as
illustrated in Fig. 10a. The Nyquist plot exhibits a semicircular
profile in the high-frequency region, representing the charge
transfer resistance (R.), and a linear tail in the low-frequency
region, indicative of diffusion-controlled processes. The R

© 2025 The Author(s). Published by the Royal Society of Chemistry

derived from the diameter of the semicircle, is approximately 10
Q, suggesting moderate resistance at the electrode-electrolyte
interface during faradaic reactions. The equivalent series
resistance (R;), measured as the intercept on the real axis, is
approximately 2.5 Q, signifying minimal ohmic losses and
excellent ionic conductivity. The linear Warburg region at low
frequencies highlights ion diffusion within the porous MgO
structure. The fitting curve closely aligns with the experimental
data, validating the equivalent circuit model used for analysis.
These impedance parameters confirm that the MgO electrode
maintains both structural integrity and electrochemical
stability under operational conditions, supporting its applica-
bility as a cathodic material in supercapacitor systems.

The Ragone plot (Fig. 10b) evaluates the capacitive perfor-
mance in terms of energy and power density. At a low power
density of 49.4 W kg™, the MgO electrode delivers a maximum
energy density of 1.38 Wh kg~ ', which decreases to 0.27 Wh
kg~ " as the power density increases to 966.9 W kg~ due to
diffusion limitations. This trend underscores the MgO elec-
trode's suitability for moderate-power applications, balancing
energy and power requirements. Table S2 of the ESI} gives the
energy and power density for 3 electrode method.

Energy density (Eq) and power density (P4) values of MgONPs
electrode were calculated by using eqn (7) and (8) respectively.
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Energy density(Wh kg') = ECS v (7)

where, Cj is the specific capacitance value from GCD data, v is
the maximum operational potential window.

Power density(W kg™') = ZE (8)
d
where, E is the energy density, ¢, is the discharge time.

The Bode plot (Fig. 10c) provides further insights into the
frequency-dependent behavior of the electrode. The impedance
magnitude (|Z]) decreases with increasing frequency, indicating
a transition from resistive to capacitive behavior. The phase
angle shifts from approximately —65° at low frequencies,
reflecting capacitive dominance, to 0° at high frequencies,
highlighting resistive contributions. The characteristic
frequency (fy), at which the phase angle is —45°, corresponds to
the electrode's time constant (t, = 1/f;), providing critical
information about its rate capability and responsiveness.
Together, these results confirm the MgO electrode's structural
integrity, efficient charge transport, and promising potential for
supercapacitor applications.

The collective evaluation of the EIS analysis, Ragone plot,
and Bode response underscores the versatility of the pure MgO
electrode. It demonstrates a low internal resistance,
commendable rate capability, and a balanced trade-off between
energy and power densities. While pure MgO may not achieve

25218 | RSC Adv, 2025, 15, 25209-25220
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(a) EIS, (b) Ragone plot, and (c) Bode plot for MgONPs electrode.

the energy densities characteristic of pseudocapacitive mate-
rials, its competitive performance in EDLC-type applications,
coupled with good electrochemical stability, positions it as
a promising candidate for moderate-power supercapacitors.
These findings suggest that pure MgO can serve as a robust
foundation for hybridization with high-capacitance materials,
thereby enhancing its overall functionality. Furthermore, the
preliminary outcomes of newly designed doped-MgONPs high-
light intriguing properties, paving the way for future investiga-
tions. Upcoming studies will extend this work by explicitly
addressing the experimental and theoretical outcomes of these
novel MgONP-based materials, emphasizing their unique
characteristics and potential applications.

6. Conclusion

This work presents a comprehensive investigation of MgO
nanoparticles as high-performance electrode materials for
supercapacitors by combining experimental evaluation with
first-principles DFT simulations. Experimentally, MgONPs
demonstrated excellent electrochemical performance, with
a high specific capacitance (99 F g " at 10 mV s ), good rate
stability, and low internal resistance, highlighting their suit-
ability for energy storage applications. Theoretical insights
from DFT calculations revealed a low HOMO-LUMO energy gap
and favorable electronic properties such as high dipole moment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and significant molecular softness, which corroborate the high
charge mobility and capacitance observed experimentally.
Furthermore, the consistency between calculated Mg-O bond
lengths and experimental XRD data validated the structural
fidelity of the synthesized nanoparticles. The Mulliken charge
distribution confirmed balanced electron density, supporting
stable charge storage and transfer behavior. This dual approach
not only elucidates the fundamental electrochemical mecha-
nisms at play but also validates the potential of MgONPs as
efficient, stable, and sustainable materials for supercapacitor
technology. Future work will explore doped and hybridized MgO
nanostructures to further enhance energy and power density.
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