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Abstract

The inspiration for the development of specific nanophase materials comes from the increasing energy
needs of the next generation. In the present work, we demonstrated the manufacturing method and
evaluated the performance of a supercapacitor electrode built from manganese-cobalt (MnCo,0,)
embedded in graphitic carbon nitride (g-CN). Hydrothermal-assisted nanohybrids demonstrated a
significant increase in specific capacitance (C,) and exceptional durability. MnCo,0,/g-CN

nanocomposite had a Cq of 1125.2 F ¢!, a power density (P,4) value 200 W kg™ and an energy density

(Eg) of 25 Wh kg™ at 1 A g”'. Chronoamperometry (CA) measurements obtained after 30 hours show that
the electrode has outstanding electrochemical stability. The existence of varied manganese ion
oxidation states, significant specific surface area (SSA), nitrogen-rich structure, and mesoporous nature,
which allows rapid ion movement, all contributed to the improved electrochemical functionality. The
inclusion of electrochemically active patches inside g-CN's nanosheet design influenced its
electrochemical characteristics. According to their results, adopting MnCo,0,/g-CN nanohybrid by

means of electrode material used for energy storage seems like a desirable and affordable choice.

Introduction

The world is currently experiencing an energy crisis that has an impact on almost every aspect of life.
Energy is essential in modern life, and the escalating energy crisis emphasizes the critical need for
reliable, environmentally friendly, and efficient energy systems. In the modern era, driven by the industrial
revolution, the global energy demand has surged significantly to fulfill the basic requirements arising
from increasing pollution and the development of electric vehicle innovation [1, 2]. Thus, the need for
energy is always increasing, while the sources of renewable energy are limited, resulting in disasters
involving an increase in emissions of greenhouse gases, an energy crisis, and a surge in pollution from
fossil fuels, power, hydropower, and wind energy have become one of the world’s greatest challenges [3].
The development of reliable systems to store electricity produced from renewable technologies and the
use of environmentally friendly energy sources are both necessary for long-term energy conservation.[4,
5]. Effective and efficient energy storage technologies are crucial for retaining the energy produced from
various sources. Batteries store chemical energy and convert it to electricity, provide portable power, and
have specific voltage and capacity ratings. Although batteries have limitations because of their low
power density (Py4) and high internal resistance.[6]. The capacitor's energy storage capacity is restricted
by its low-slung energy density (E), rapid discharge rate, escape current, reliability, cost, and voltage
restriction. Supercapacitors (SC,) are at the leading edge of energy technology for environmentally
benign and long-term sources of energy and storage systems. [7]. SC, are categorized as
electrochemical double-layer capacitors (EDLC,), pseudo capacitors, and hybrid capacitors. The
electrodes in EDLC4 are composed of carbon allotropes with a wide surface area, which aids in energy
storage by generating a double layer on their surface. EDLC, are typically manufactured from carbon-
based materials include carbon aerogels, carbons, activated carbon, carbon nanotubes, and graphene [8,
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9]. Pseudo capacitors store energy using quick, reversible faradaic processes, resulting in increased
capacitance and Ey. Typical electrode materials include conducting polymers (PANI, PPy), metal oxides
(Ru0,, Mn0,), and metal sulfides (MoS,) [10]. Hybrid capacitors combine the types of EDLC, and pseudo
capacitors, offering a balance of high E,, Py, and long durability [11].

The performance of supercapacitors can remain significantly boosted over the use of innovative
electrode substances, as the electrode is the principal element that regulates charge storage, ion
transport, and redox activity [12]. Metal oxides offer excellent chemical stability, several oxidation states,
and a high theoretical capacitance, enabling effective charge storage in supercapacitors [13].
Transitional metal oxides (TMO,) were recently recognized to be excellent applicants used for electrodes
in energy storage because of their large resources of ecological compatibility, comfort of availability, and
additional interesting properties that include their multiple components and shapes, broad surface area,
and extremely high C, [14, 15]. Although single metal oxides, including MnO,, NiO, and WO3 had been
thoroughly investigated, their performance still falls short of the electrochemical criteria. Binary
transition metal oxides (TMO,) offer extra active areas for redox reactions, improve constitutional
stability, and demonstrate superior electrical efficiency compared to single components [16]. Spinel
(AB,0,) compound-based transition metal oxides are gaining popularity owing to high capacitance,
promising electrode materials, strong electrical conductivity, and structural durability. Among several
binary transition metal oxides, MnCo,0, spinel oxide has gained great interest by scholars owing to its

good electrochemical efficiency, high capacitance, cheap cost, and eco-friendly [17]. Researchers have
synthesized MnCo,0, with diverse morphologies, including nanospheres, nanowires, and nanoflowers,
using hydrothermal, solvothermal, and electrodeposition techniques [18]. Yet, spinel oxides possess
poor rate capability, and a limited number of available active sites, structural instability during cycling,
and feasibility for scaling in SCg applications. They are susceptible to nanoparticle aggregation and slow
ion diffusion, leading to diminished surface area and impeded charge-transfer kinetics [19-21]. To
address the limitations of spinel oxides, composite spinel materials are developed by incorporating
multi-elemental compositions or carbon-based functional materials, including carbon aerogels, carbons,
graphene, graphene oxide, reduced graphene oxide, and g-CN, which improve electron transfer, structural
stability, and bifunctional capability in energy storage and catalysis uses [22]. G-CN has attracted the
interest of researchers in the last decade owing to its unusual features, in additional applications are
luminous photocatalysis, electrocatalysis, and storage of energy devices. The g-CN has a large surface
area, exceptional electrical conductivity, affordable cost, easy fabrication, exceptional chemical/physical
stability, environmental friendliness, and efficient charge transfer due to a nitrogen-rich structure [23, 24].

Lately, nanomaterials based on spinel, including g-CN nanocomposites, were comprehensively examined
and used as functional electrodes for SC,. Tehreem et al. created MnAIl,0,/g-CN composite via the

hydrothermal method and achieved C, of 1161 F g~ at 1 A g™ ' [25]. Zheng et al. revealed that
hydrothermally produced NiCo,0,/g-CN composite material had improved durability of cycling with

remarkable capacitance performance and C, of 1127.71F g'1 atTA g'1 [26]. Muhammad et al.
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developed NiFe,0,/g-CN nanosheet exhibited superior C, of 740 F g~ ', Ed, and P4 had been 38 Wh Kg™'

and 305 W Kg~ ', consistently, at 1 A g~ ', measured by GCD. [27]. This work examines MnC0,0,/g-CN
nanohybrid by analyzing the previously documented characteristics of spinel nanostructures based on g-
CN. Manganese cobalt-based g-CN may be best choice for SC4 because of its better conductivity as well

as durability. The g-CN material had substantial specific surface area (SSA), which overcomes the lower
cycle; improved charge transfer enhances the stability of the pristine material. The addition of
magnesium increases the crystal framework, form, and life span, resulting in large C4 and remarkable

cyclic durability, making it a perfect material for SC uses [28].

The present research explains the direct hydrothermal manufacture of MnCo,0,/g-CN nanocomposite
for making a superior electrode material of supercapacitors, highlighting the outstanding properties
through structural, microscopic, and electrochemical analyses using various evaluation methodologies.
The MnCo,0,/g-CN nanocomposite obtained C, of 1125.2 F g~ !, maximum P4 of 200 Wh kg™ 'at1Ag"
1. CA results attained over 30 hours reveal that the electrode has remarkable electrochemical stability.
As a result, MnCo,0,/g-CN nanohybrid is recognized as a preferable applicant for supercapacitor
electrode material featuring improved efficiency, affordability, and sustainability.

Experimental Information
2.1 Reagents

Chemicals used to create the MnCo,0,/g-CN included manganese nitrate tetrahydrate (Mn (No3),.4H,0,
97%), cobalt nitrate (Co (Nog)3, 99.9%), potassium hydroxide (KOH, 85%), thiourea (NH,CSNH,, ACS >
99%), and ethanol (C,HO, ACS >95%). The chemicals employed in the experiment appeared to be

analytical grade, obtained from Sigma-Aldrich and used without additional purification. Deionized water
(DI H,0) was utilized in every experiment.

2.2 Preparation of MnCo,0,

Pristine MnCo,0, had been synthesized via a controlled hydrothermal process. For the making of
MnCo,0,, a solution was manufactured by mixing 0.1M manganese nitrate tetrahydrate and 0.2M cobalt
nitrate with 70 ml of DI H,0. The mixture had been stirred using a magnetic stirrer about 30 minutes,
then gradually added the solution of KOH till the pH became 9. The resultant mixture went into an
autoclave, then heated at 160°C for around 5 hours before washing with ethanol and DI H,0. The
resulting solution was dehydrated at 60°C Over 24h.

2.3 Preparation of g-CN

Successful synthesized g-CN involved thermal-driven polymerization of thiourea. The research study

entailed heating 6 g of thiourea under controlled conditions. The system's temperature was gradually

boosted by 5°C per minute until exceeding 550°C. The specified temperature had been maintained for
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nearly four hours. The resultant yellow product was then cooled to room temperature and powdered into
a fine powder.

2.4 Preparation of MnCo,0,/g-CN composites

Initially, MnCo,0,/g-CN fabricated hydrothermally via dispersing MnCo,0, (1 g) within 70 ml of DI H,0
by continuous magnetic stirring for 35 minutes. Next, 1 g of g-CN was amalgamated with resultant
mixture. The mixture was next added to a 100 ml Teflon-lined autoclave as well as heated at 160°C for 5
hours before being centrifuged to separate MnCo,0,/g-CN precipitate utilizing ethanol and DI H,0. The

resulting solution dehydrated at 60°C for Over 24h, then grounded into a fine powder. The fabrication
procedure can be seen in Scheme I.

2.5 Physical analysis

X-ray Diffraction (XRD, Advanced Bruker D8) spectroscopy with a Copper-Ka lamp was imposed to
analyze the crystalline structure of materials. Similar peaks were observed at 26 angles ranging from 10
to 70°. Fourier transform infrared spectroscopy (FTIR, ASCO-6800) was utilized to recognize chemical
bonds and functional groups in the generated molecules. Thermogravimetric analysis (TGA, DTG-60H)
was carried out using equipment at temperatures ranging from 25-800°C. The Nova 2200e
Quantachrome apparatus was used to quantify material surface area using the Brunauer-Emmett-Teller
(BET) technique. This was accomplished by vacuuming the samples for an hour at 300°C before
measuring nitrogen adsorption-desorption isotherms at 77 K.

2.6 Electrode fabrication

The fabrication of electrode material began with cleaning nickel foam (NF, 1 x 1 cm?) pieces with ethanol
and DI H,0. After cleaning, the NF had been dehydrated for three hours at 60°C inside an oven. For
working electrode, a slurry as created by mixing pre-manufactured materials, PVDF (a chemical binding
agent), and activated carbon, which operated as a conductive additive, in an 80:10:10 ratio, respectively.
The previously cleaned NF was covered with the produced electro-catalytic ink via drop-casting, then dry
at 60°C for a further 6 hours.

2.7 Electrochemical characterization

Electrochemical studies, including cyclic voltammetry (CV), galvanostatic charge/discharge (GCD),
electrochemical impedance spectroscopy (EIS), and chronoamperometry (CA), have been evaluated
utilizing a workstation (Corrtest-CS 350M). In three-electrode setups, the counter electrode was made of
a graphite rod, the reference electrode used Ag/AgCl, and the working electrode was pre-fabricated
materials. The electrolyte liquid contained a 3 M KOH solution. CV data were obtained within a potential
window of 0-0.5 V at 5-50 mV s~ . CV was used to examine redox characteristics and C; of the
produced electrodes. C, of the material was determined using equation [1].
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Cs = mxSx AV (1

Likewise, GCD tests were conducted at current density (J4) between 1-3 A g~ ! for each electrode to Cy,
E4 and Py are calculated using equations [2], [3], and [4], respectively.

IxA
Cs = miAif [2]
C,x AV'?
Eq = X7.2 3]
3600x E
Py= =" 14

EIS experiments were used to estimate solution resistance (Rg) and charge transfer resistance (R.;) at

0.5V as well as frequency ranges of 0.01 to 100 kHz. Additionally, CA was used for 30 hours at 0.45
volts.

Results and discussions
3.1 Physical performance

XRD analysis was conducted to confirm the crystalline structure and phase composition of
manufactured material. MnCo,0, diffraction peaks were recorded at 26 values 18.5°, 30.8°, 36.03°,
44.2°,58.3°, and 64.0° corresponding to planes (111), (220), (311), (400), (511), and (440) as shown in
Figure (1a). MnCo,0,/g-CN nanoparticles demonstrating the development of a face-centered cubic
structure (Fd-3m) show a crystalline form, with the highest intensity peak at 36.03° (311), which is
consistent with standard JCPDS Card No. 00-023-1237 [29, 30]. XRD investigation showed that the
synthesized material crystallizes in a cubic lattice with unit cell parameters of a=b = ¢ =8.269 A and
interaxial angles a =B =y =90°, confirming its high structural symmetry and cubic phase purity. While g-
CN exhibited a distinctive single diffraction peak at 27.23°, corresponding to plane (002) [31]. XRD
pattern of MnCo,0,/g-CN and pristine confirmed that all diffraction peaks were clearly determined. The
formation of g-CN's distinctive diffraction peak confirmed its effective incorporation into the composite,
with no observable impurity phases. The prominent and well-defined peaks associated with each
constituent demonstrate the crystalline purity of the MnCo,0,/g-CN nanocomposite.

FTIR analysis can be utilized to identify the nature of bonding and different materials functionalities
group in a sample, as shown in Figure (1b) by measuring the vibrational energy level of molecules that

are fundamentally within the fingerprint area of distinct molecules. The FTIR spectrum of MnCo,0,
ranges from 400 to 4000 cm™ . The FTIR spectra confirm this, displaying M-O vibrations at 543 cm™’
(Mn-0) and 659 cm™ ' (Co-0). The compound's purity is demonstrated by more bands at 790 cm™'
(triazine units), 1708 cm™ ! (C = N stretching), 3201 cm™ ! (-OH stretching), and 3417(N-H stretching) [32,
33]. XRD results of MnCo,0,/g-CN remain in good alignment with this FTIR investigation.
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TGA analysis has been used to investigate thermal characteristics of materials. Figure 2(a) displays the
TGA results for MnCo,0,/g-CN nanohybrid. MnCo0,0,/g-CN hybrid's TGA curve indicates a minor weight
reduction at temperatures lower than 150°C, ascribed to desorption of adsorbed moisture or interlayer
molecules of water [34]. The weight loss noted in the 280-330°C range is likely attributable to the initial
disintegration of the g-CN structure, which entails the cleavage of C-N bonds and subsequent structural
collapse. The third and largest weight loss, about 470-560°C, is attributable to the degradation of the g-
CN polymeric backbone, marking the collapse of triazine units and considerable weight loss [35, 36].
MnCo,0, spinel structure is thermally stable, with no substantial weight changes over 600°C.

BET analysis has been employed for estimating specific surface area and porosity in MnCo,0,/g-CN
composite, as displayed in Figure (2b). The BET surface area of the generated electrode material was
examined utilizing N, adsorption-desorption isotherms at 77 K. The N, adsorption-desorption isotherms
show a type-1V plot through different hysteresis loops, demonstrating the existence of mesoporous
structures. Such a mesoporous framework allows for fast passage of electrolyte ions, which improves
material's overall electrochemical efficiency [37]. The MnCo,0,/g-CN nanocomposite has a greater BET
specific surface area (113 m2 g-"). This is owing to the layered g-CN structure, which increases porosity
and reduces particle agglomeration. MnCo,0, nanoparticles are evenly distributed on stacked g-CN
material, preventing agglomeration and exposing more electroactive sites. This synergistic architecture
improves ion diffusion and charge transfer, yielding higher pseudocapacitive performance than the
separate components [38, 39].

3.2 Electrochemical Performance

CV tests were conducted to study the charge storage capability for MnCo,0,, g-CN, and MnCo,0,/g-CN
through three-electrode arrangement with 3 M KOH electrolyte at scan speed ranging from 5to 50 mV s~
1 across voltage range of 0-0.5 V, as shown in Figure (3a-c). Electrodes showed pseudocapacitive
characteristics (Fig. 3a, c), including the presence of a redox peak from MnCo,0, nanoparticles. The

redox peak levels of electrode CV plots move toward increased anodic and decreased cathodic
potentials as the scan rate rises. This change was induced by the interior resistance and complex

dispersion channel of H* ions within electrodes [40]. MnCo,0,/g-CN electrode has a greater redox peak
than the g-CN and MnCo,0, electrodes of the supercapacitor. MnCo0,0,/g-CN supercapacitor electrode
demonstrated amalgamation sites compared to MnCo,0, and g-CN supercapacitor electrodes (Fig. 3c)
at 5mVs~ . The MnCo,0,/g-CN supercapacitor electrode demonstrated electrochemical energy-storing
capabilities. Figures (3c) shows that CV plots of MnCo,0,/g-CN supercapacitor were more symmetric,

indicating a more extensive reversible process at the electrode. At redox peak values, the following
reactions occurred: [41, 42].

MnCo,0,4 + H,0 + OH- & 2CoO0H + MnOOH +e™ (1)
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MnCo,0, exhibits pseudocapacitive behavior through reversible surface redox reactions involving Co
and Mn active centers. The alkaline electrolyte's OH™ ions promote rapid Faradaic charge transfer,
resulting in higher C [42]. The anode (Ipa) and cathode (Ipc) maximum currents of MnCo,0,/g-CN
nanohybrids rise with scan rate as shown in Figure (3d), and their R? values (0.978 and 0.989,
correspondingly) evaluated using linearly fitted. The C of every material falls with higher sweep rates,
since ions have limited time to integrate towards the core of each electrode. According to test results, Cq
of MnCo,0,, g-CN, and MnCo,0,/g-CN nanohybrids obtained 387.7, 672.3, and 855.4 F g~ !, accordingly
as shown in Figure (3e). Thus, superior C4 of the composite material is notably greater compared to the

pristine material; this may be related to the synergistic interaction, enhanced charge transfer, as well as
improved electrolyte ion diffusion.

Figure 5(a-c) shows GCD plots for MnCo,0,, g-CN, as well as MnC0,0,/g-CN nanohybrid at 1-3 A g™
and 0-0.5 V (Ag/AgCl), correspondingly. A GCD test has been utilized to examine sample's capacity to
store electrochemical energy at varied J4 levels (1-3 A g~ ). MnCo,0,/g-CN SC;, electrode's discharge
duration was noticeably superior to both g-CN and MnCo,0, electrodes of SC, at equivalent charge and
discharge currents. The MnCo,0,/g-CN material exhibits considerably higher energy storage capacity
than the pristine material. C of all materials with various J4 (1-3 A g~ ") are displayed in Fig. 4d. Due to
greater internal resistance and a shorter ion transport time to the electrode's surface, C, of synthesized
electrode fell since Jq increased [20]. The C4 of MnCo,0,/g-CN was 1125.2 F g~ "at 1 Ag™', pristine
MnCo,0, exhibited a lower C, value, 664.1F g™ 'at 1 A g™, and the C, of g-CN calculated 875.9 at 1 A
g~ '. MnCo,0,/g-CN combination outperforms at all higher J levels. Furthermore, Ragone plot
demonstrates the association between E4 and Py, with E4 decreasing as P increases, as illustrated in
Figure (4e). MnCo,0,/g-CN exhibits an E4 value of 25 Wh kg-" and P4 value of 200 W kg~", respectively.
Although pristine MnCo,0, has a lower E; value, 11.95 Wh kg=*, and P4 value 180 W kg=*at 1 Ag™", and
g-CN has an Egof 17.5 Wh kg™ ', as well as P4 value 190 at 1 A g~ ! determined (Eq. 3—-4). The g-CN
framework increased the redox kinetics, ion transport, power performance, and charge collection
efficiency of the MnCo,0,/g-CN composite, resulting in greater E, at higher P4 [43]. MnC0,0,/g-CN
nanohybrids have higher C, rate performance, and thermal durability. The result is because of the
successful integration of g-CN with MnCo,0,, which enhances SSA as well as conductivity. Table 1
represents a comparison of C for g-CN-based nanomaterials.
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Table 1
Comparative C4 of MnCo,0,/g-CN electrodes via previously fabricated g-CN nanohybrid

Sr.No. Materials Jy(Ag") C,(Fg'") FElectrolyte (KOH)  Reference
1 NiCo,0,/g-CN 1 1127 6 M [26]

2 ZnFe,0,/g-CN 1 103 6M [44]

3 MnAl,0,/g-CN 1 1161 2M [45]

4 FeAl,0,/g-CN 1 1049 3M [46]

5 CuMnO,/g-CN 0.025 817.85 0.5M [47]

6 BiFe,05/g-CN 1 1164 2M [48]

7 NiAl,0,,9-CN 1 768 3M [49]

8 CoFe,04/g-CN 2 157.5 2M [50]

9 MnCo,0,/g-CN 2 654 6M [28]

10 MnCo,0,/g-CN 1 1125.2 3M Present Work

EIS is an electrochemical technique aimed at assessing characteristics of electrochemical energy-
storage devices. The Nyquist plots for MnCo,0,, g-CN, and MnCo0,0,/g-CN as shown in Figure (5a). The
solution resistance (R;) is the x-axis point of contact that represents the resistance between electrode

and electrolyte. Presence of semi-circle impedance plots is typically attributed to resistance charge
transfer (R;), which occurs throughout the electrode material at higher frequency ranges. Compared to

MnCo,0, and g-CN electrodes, MnCo,0,/g-CN electrode exhibits a steeper linear curve at lower
frequency ranges. Evaluations of EIS show Rl values of 1.89 (MnCo0,0,), 1.83 (g-CN), and 1.68 Q
(MnCo0,0,/g-CN), indicating enhanced charge-transfer properties of the nanohybrid. The R, values for
MnCo,0,, g-CN, and MnCo,0,/g-CN were 0.09, 0.084, and 0.07 Q, respectively. This result indicated
MnCo,0,/g-C nanomaterial had greater conductivity than the pure MnCo,0, and g-CN materials. Using
EIS reduced electrochemical impedance, indicating improved electron mobility in the MnCo,0,/g-CN
composite.

The electrochemical durability exhibited by the MnCo,0,/g-CN electrode was identified using CA at 0.45
V, as seen in Fig. 5(b). CA study demonstrated the electrode's outstanding electrochemical performance
and exceptional durability, with a constant current response even after 30 hours of continuous operation.
Fast charge movement, along with efficient transfer of ions, is made feasible by the addition of several

active sites and increased electrode interface, which improves dependability. Such functional properties
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demonstrate the electrode's morphological stability, enhanced redox kinetics, and suitability for long-
term energy storage uses.

Conclusion

This research employed a hydrothermal process to assess the potential applications of MnCo,0,/g-CN

composites as novel electrode materials for SCs in energy storage. To describe the materials
synthesized, the SSA of MnCo,0,/g-CN was examined using the BET method. The MnCo0,0,/g-CN

nanohybrid electrode has a C, of 1125.2 F g~ ' as compared to pure MnC0204 664.1F g™ "at1 A g™ " via
GCD study. Furthermore, it takes a low R;; of 0.07 Q and can sustain over 30 hours. Thus, the
functionalization of g-CN within the MnCo,0, scaffold significantly improved overall electrochemical

characteristics. The use of g-CN improves ion transport by significantly increasing the electrode's SSA.
The electrochemical results given in current research revealed that the use of MnCo,0,/g-CN electrodes

has tremendous promise for a variety of energy storage uses. This study offers ideas for creating novel
electrode materials for the next-generation SC, that are more efficient and stable over time.

Declarations
Declarations

Compliance with ethical standards
Yes, this article compliance with ethical standards of journal
Competing interests

There is no conflict of interest in any form for this manuscript

Conflict of Interest

The authors declare that they have no conflict of interest.

Funding

No funding is available for this research.

Author Contribution

Aman Ullah wrote the main manuscript text, Ali prepared the figures, Samira prepared the graph, and
Reda perform electrochemical data.

Page 10/19



Data Availability statements

Data will be available on reasonable request.

References

1.

P. Gaikwad, N. Tiwari, R. Kamat, S.M. Mane, S.B. Kulkarni, A comprehensive review on the progress
of transition metal oxides materials as a supercapacitor electrode, Mater. Sci. Eng. B 307 (2024)
117544. https://doi.org/10.1016/J.MSEB.2024.117544.

. B. Gajdzik, R. Wolniak, R. Nagaj, B. Zuromskaité-Nagaj, W.W. Grebski, The Influence of the Global

Energy Crisis on Energy Efficiency: A Comprehensive Analysis, Energies 2024, Vol. 17, Page 947 17
(2024) 947. https://doi.org/10.3390/EN17040947.

. S. Pathak, Energy Crisis: A Review, J. Eng. Res. Appl. Www.ljera.Com 4 (2014) 845-851. (accessed

December 4, 2025).

4.Y.Dong, Y. Wang, Y. Xu, C. Chen, Y. Wang, L. Jiao, H. Yuan, Facile synthesis of hierarchical nanocage

10.

11.

MnCo204 for high performance supercapacitor, Electrochim. Acta 225 (2017) 39-46.
https://doi.org/10.1016/J.ELECTACTA.2016.12.109.

. H. Sun, Y. Miao, G. Wang, X. Ren, E. Bao, X. Han, Y. Wang, X. Ma, C. Xu, H. Chen, Flower-like ZnCo204

microstructures with large specific surface area serve as battery-type cathode for high-performance
supercapacitors, J. Energy Storage 72 (2023) 108502. https://doi.org/10.1016/J.EST.2023.108502.

. S. Verma, T. Das, S. Verma, V. Kumar Pandey, S. Kumar Pandey, H. Verma, B. Verma, Hierarchically

architecture of Ru-doped multichannel carbon nanotubes embedded with graphene oxide for
supercapacitor material with long-term cyclic stability, Fuel 381 (2025) 133517.
https://doi.org/10.1016/J.FUEL.2024.133517.

. K.O. Oyedotun, B.B. Mamba, New trends in supercapacitors applications, Inorg. Chem. Commun.

170 (2024) 113154. https://doi.org/10.1016/J.INOCHE.2024.113154.

. L. Kumaresan, K.S. Harshini, H. Amir, G. Shanmugavelayutham, C. Viswanathan, Single-step

synthesis of Mn3N2, MnxON and Mn304 nanoparticles by thermal plasma arc discharge technique
and their comparative study as electrode material for supercapacitor application, J. Alloys Compd.
942 (2023) 169121. https://doi.org/10.1016/J.JALLCOM.2023.169121.

. Poonam, K. Sharma, A. Arora, S.K. Tripathi, Review of supercapacitors: Materials and devices, J.

Energy Storage 21 (2019) 801-825. https://doi.org/10.1016/J.EST.2019.01.010.

B.B. Patowary, D. Brahma, A. Mondal, Study of RuO2- and Mn0O2-based electrode materials and their
performance review in conjunction with PANi for supercapacitor applications, lonics 2024 311 31
(2024) 67-115. https://doi.org/10.1007/S11581-024-05828-3.

P. Phogat, S. Sharma, R. Jha, S. Singh, Electrochemical Capacitors: EDLCs and Pseudocapacitors,
(2024) 225-255. https://doi.org/10.1007/978-981-96-0527-9_6.

Page 11/19



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

K. Yang, Q. Fan, C. Song, Y. Zhang, Y. Sun, W. Jiang, P. Fu, Enhanced functional properties of porous
carbon materials as high-performance electrode materials for supercapacitors, Green Energy
Resour. 1 (2023) 100030. https://doi.org/10.1016/J.GERR.2023.100030.

Metal oxide-based supercapacitors: progress and prospectives - Nanoscale Advances (RSC
Publishing) DOI:10.1039/C9NAQ00543A, (n.d.).
https://pubs.rsc.org/en/content/articlehtml|/2019/na/c9na00543a (accessed December 16, 2025).

Metal oxide-based supercapacitors: progress and prospectives - Nanoscale Advances (RSC
Publishing) DOI:10.1039/C9NAQ00543A, (n.d.).
https://pubs.rsc.org/en/content/articlehtml/2019/na/c9na00543a (accessed December 6, 2025).

A. Pullanchiyodan, R. Joy, P. Sreeram, L.R. Raphael, A. Das, N.T.M. Balakrishnan, J.H. Ahn, A. Vlad, S.
Sreejith, P. Raghavan, Recent advances in electrospun fibers based on transition metal oxides for
supercapacitor applications: a review, Energy Adv. 2 (2023) 922-947.
https://doi.org/10.1039/D3YA00067B.

M. Ashan, H.A. Alyousef, A.W. Alrowaily, B.M. Alotaibi, N. Al-Harbi, H.H. Somaily, M. Aslam, K.
Ahmad, S. Aman, Maximizing the electrochemical efficiency of Ce doped SnFe204 through
hydrothermal route for supercapacitor applications, Electrochim. Acta 504 (2024).
https://doi.org/10.1016/j.electacta.2024.144840.

X. Wang, J. Jiang, Y. Ma, Y. Song, T. Li, S. Dong, Tetracycline hydrochloride degradation over
manganese cobaltate (MnCo204) modified ultrathin graphitic carbon nitride (g-C3N4) nanosheet
through the highly efficient activation of peroxymonosulfate under visible light irradiation, J. Colloid
Interface Sci. 600 (2021) 449-462. https://doi.org/10.1016/J.JCIS.2021.05.044.

D. Shen, R. Zhang, S. Liu, H. Yu, D. Xia, J. Niu, Y. Yang, Z. Ren, W. Dong, Synthesis of urchin-like
MnCo204 nanospheres as electrode material for supercapacitors, J. Energy Storage 105 (2025)
114775. https://doi.org/10.1016/J.EST.2024.114775.

A.S. R, G. Jacob, Exploring the charge storage ability of the spinel-type high entropy oxide
(MnFeCoNiZn)304 nanoparticles for supercapacitor applications, Chem. Eng. J. Adv. 21 (2025)
100708. https://doi.org/10.1016/J.CEJA.2025.100708.

N. Regan vivegamoorthy, R. Anandhi, R. Arivuselvi, P. Devendran, M. Murugesan, R. Karkuzhali, N.
Anandhan, K. Ravichandran, Enhanced electrochemical performance of spinel-structured MnCo204
nanoparticles as an electrode material for high-performance energy storage device, Inorg. Chem.
Commun. 176 (2025) 114210. https://doi.org/10.1016/J.INOCHE.2025.114210.

Jingwei Li, Yihang Yu, S. Ping Jiang, Zhao-Qing Liu, Electronic engineering of spinels for advanced
electrocatalysis, Nanoscale Horizons (2025). https://doi.org/10.1039/D5NH00539F.

L. Sarkar, S. Das, S. Pal, F. Sultana, A. Banerjeg, B. Show, U. Nandi, Fe3+-doped MgCo204 spinel for
high-performance solid-state symmetric supercapacitors with outstanding cycling stability, J. Alloys
Compd. 1022 (2025) 179787. https://doi.org/10.1016/J.JALLCOM.2025.179787.

M. Hussain, S.D. Alahmari, F.F. Alharbi, S.R. Ejaz, M. Abdullah, S. Aman, A.G. Al-Sehemi, AM.A.
Henaish, A. Sadaf, H.M.T. Farid, Hydrothermal synthesis of the NiS@g-C3N4 nanohybrid electrode

Page 12/19



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

material for supercapacitor applications, J. Energy Storage 80 (2024) 110289.
https://doi.org/10.1016/J.EST.2023.110289.

M. Nasit, A. Vij, K. Kumari, B.H. Koo, S. Dalela, P.A. Alvi, R.K. Brajpuriya, S. Kumar, Fabrication and
improvement in the electrochemical performance of a 2D g-C3N4-based symmetric supercapacitor
device, J. Alloys Compd. 1013 (2025) 178428. https://doi.org/10.1016/J.JALLCOM.2024.178428.

T. Zahra, M.M. Alanazi, S.A.M. Abdelmohsen, S.D. Alahmari, M. Abdullah, S. Aman, A. Dahshan,
A.M.A. Henaish, Z. Ahmad, H.M. Tahir Farid, Fabrication of MnAI204/g-CN nanohybrid as an
advantageous electrode for supercapacitor applications, Ceram. Int. 50 (2024) 14469-14479.
https://doi.org/10.1016/J.CERAMINT.2024.01.359.

Composite g-C3N4/NiCo204 with Excellent Electrochemical Impedance as an Electrode for
Supercapacitors - Cui — 2022 - Journal of Nanomaterials - Wiley Online Library, (n.d.).
https://onlinelibrary.wiley.com/doi/full/10.1155/2022/1023109 (accessed December 8, 2025).

A.W. Alrowaily, B.M. Alotaibi, M. Ali, H.A. Alyousef, M.F. Alotiby, M. Abdullah, A.G. Al-Sehemi, A.M.A.
Henaish, Z. Ahmad, S. Aman, One step hydrothermal preparation of NiFe204@g-CN nanosheets for
low-cost electrode material storage devices, J. Mater. Sci. Mater. Electron. 2024 358 35 (2024) 608-.
https://doi.org/10.1007/S10854-024-12362-5.

B. Naresh, T.V.M. Sreekanth, K. Yoo, J. Kim, MnCo204 nanospheres entrapped in g-C3N4 network for
High-Performance supercapacitor applications, Mater. Lett. 377 (2024) 137520.
https://doi.org/10.1016/J.MATLET.2024.137520.

Standard Reference Data Publications, 1964-1984 - Joan C. Sauerwein, Geraldine R. Dalton - Google
Books, (n.d.). https://books.google.com.pk/books?
hl=en&Ir=&id=bmxrWg53wnkC&oi=fnd&pg=PA1&dq=+Primary+reference:%09Natl.+Bur.+Stand.+
(U.S.)+Monogr.+25,+9,+30,+(1971)&ots=ulPEITN-
rC&sig=80yFF_8qtVe4C_qWSs7ARCWC92U&redir_esc=y#v=onepage&q&f=false(accessed January
8,2026).

J. Li, D. Xiong, L. Wang, M.K.S. Hirbod, X. Li, High-performance self-assembly MnCo204 nanosheets
for asymmetric supercapacitors, J. Energy Chem. 37 (2019) 66-72.
https://doi.org/10.1016/J.JECHEM.2018.11.015.

X. Chang, X. Zhai, S. Sun, D. Gu, L. Dong, Y. Yin, Y. Zhu, Mn02/g-C3N4 nanocomposite with highly
enhanced supercapacitor performance, Nanotechnology 28 (2017). https://doi.org/10.1088/1361-
6528/AA6107.

W. Li, Q. Chen, Q. Zhong, One-pot fabrication of mesoporous g-C3N4/NiS co-catalyst counter
electrodes for quantum-dot-sensitized solar cells, J. Mater. Sci. 2020 5524 55 (2020) 10712-10724.
https://doi.org/10.1007/S10853-020-04672-W.

M. Imran, D.H. Kim, W.A. Al-Masry, A. Mahmood, A. Hassan, S. Haider, S.M. Ramay, Manganese-,
cobalt-, and zinc-based mixed-oxide spinels as novel catalysts for the chemical recycling of
poly(ethylene terephthalate) via glycolysis, Polym. Degrad. Stab. 98 (2013) 904-915.
https://doi.org/10.1016/J.POLYMDEGRADSTAB.2013.01.007.

Page 13/19



34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

. X. Wei, D. Chen, W. Tang, Preparation and characterization of the spinel oxide ZnCo0204 obtained by
sol-gel method, Mater. Chem. Phys. 103 (2007) 54-58.
https://doi.org/10.1016/J.MATCHEMPHYS.2007.01.006.

M. Shin, K.P. Sharma, K. Kim, G.P. Awasthi, C. Yu, The morphology and phase conversion of Mn0O2 in
g-CN@MnO02 composite with supercapacitor applications, J. Phys. Chem. Solids 177 (2023)
111310. https://doi.org/10.1016/J.JPCS.2023.111310.

P. Kumar, G. Singh, X. Guan, J. Lee, R. Bahadur, K. Ramadass, P. Kumar, M.G. Kibria, D. Vidyasagar, J.
Yi, A. Vinu, Multifunctional carbon nitride nanoarchitectures for catalysis, Chem. Soc. Rev. 52 (2023)
7602-7664. https://doi.org/10.1039/D3CS00213F.

Y. Shi, Y. Zhu, B. Yu, Z. Gui, S. She, R.K.K. Yuen, H. Liu, Y. Hu, Enhanced thermal stability of
polystyrene by graphitic carbon nitride/spinel ZnCo204 nanohybrids and the catalytic mechanism
investigation, RSC Adv. 5 (2015) 41835-41838. https://doi.org/10.1039/c5ra02787].

R. Tholkappiyan, A.N. Naveen, S. Sumithra, K. Vishista, Investigation on spinel MnC0204 electrode
material prepared via controlled and uncontrolled synthesis route for supercapacitor application, J.
Mater. Sci. 2015 5017 50 (2015) 5833-5843. https://doi.org/10.1007/S10853-015-9132-8.

A. Omidi-Dargahi, M.R. Saadati-Gullojeh, M. Bigdeloo, H.M. Shiri, A. Ehsani, Electrochemical
measurement and preparation of MnCo204/g-C3N4/POAP nanocomposite and its performance as
a supercapacitor electrode, Inorg. Chem. Commun. 180 (2025) 114877.
https://doi.org/10.1016/J.INOCHE.2025.114877.

V. D’lppolito, G.B. Andreozzi, D. Bersani, P.P. Lottici, Raman fingerprint of chromate, aluminate and
ferrite spinels, J. Raman Spectrosc. 46 (2015) 1255-1264.
https://doi.org/10.1002/JRS.4764;ISSUE:ISSUE:DOI.

V. Venkatachalam, A. Alsalme, A. Alghamdi, R. Jayavel, High performance electrochemical capacitor
based on MnC0204 nanostructured electrode, J. Electroanal. Chem. 756 (2015) 94-100.
https://doi.org/10.1016/J.JELECHEM.2015.08.019.

B. Naresh, T.V.M. Sreekanth, K. Yoo, J. Kim, MnCo204 nanospheres entrapped in g-C3N4 network for
High-Performance supercapacitor applications, Mater. Lett. 377 (2024) 137520.
https://doi.org/10.1016/J.MATLET.2024.137520.

E. Mitchell, A. Jimenez, R.K. Gupta, B.K. Gupta, K. Ramasamy, M. Shahabuddin, S.R. Mishra, Ultrathin
porous hierarchically textured NiCo204-graphene oxide flexible nanosheets for high-performance
supercapacitors, New J. Chem. 39 (2015) 2181-2187. https://doi.org/10.1039/C4NJ02110J.

B. Palanivel, S. devi Mudisoodum perumal, T. Maiyalagan, V. Jayarman, C. Ayyappan, M. Alagiri,
Rational design of ZnFe204/g-C3N4 nanocomposite for enhanced photo-Fenton reaction and
supercapacitor performance, Appl. Surf. Sci. 498 (2019) 143807.
https://doi.org/10.1016/J.APSUSC.2019.143807.

T. Zahra, M.M. Alanazi, S.A.M. Abdelmohsen, S.D. Alahmari, M. Abdullah, S. Aman, A. Dahshan,
A.M.A. Henaish, Z. Ahmad, H.M. Tahir Farid, Fabrication of MnAl204/g-CN nanohybrid as an

Page 14/19



46.

47.

48.

advantageous electrode for supercapacitor applications, Ceram. Int. 50 (2024) 14469-14479.
https://doi.org/10.1016/J.CERAMINT.2024.01.359.

M. Imran, H.A. Alyousef, A.W. Alrowaily, B.M. Alotaibi, A. Dahshan, N. Al-Harbi, K. Ahmad, M.I.
Saleem, Enhanced supercapacitive performance of FeAl204/g-CN nanocomposite for advanced
energy storage systems, Ceram. Int. 50 (2024) 35313-35321.
https://doi.org/10.1016/J.CERAMINT.2024.06.340.

A.A. Ensafi, M.M. Abarghoui, B. Rezaei, Graphitic carbon nitride nanosheets coated with Ni2CoS4
nanoparticles as a high-rate electrode material for supercapacitor application, Ceram. Int. 45 (2019)
8518-8524. https://doi.org/10.1016/J.CERAMINT.2019.01.165.

T. Zahra, A. Gassoumi, S. Gouadria, M. Abdullah, F.F. Alharbi, S. Aman, H.M.T. Farid, Facile fabrication
of BiFe03/g-C3N4 nanohybrid as efficient electrode materials for supercapacitor application, Diam.

Relat. Mater. 144 (2024) 110927. https://doi.org/10.1016/J.DIAMOND.2024.110927.

49. A. Irshad, H.H. Somaily, S. Zulfigar, M.F. Warsi, M.I. Din, K. Chaudhary, M. Shahid, Silver doped
NiAI204 nanoplates anchored onto the 2D graphitic carbon nitride sheets for high-performance
supercapacitor applications, J. Alloys Compd. 934 (2023) 167705.
https://doi.org/10.1016/J.JALLCOM.2022.167705.

50. B. Rani, A.K. Nayak, N.K. Sahu, Electrochemical supercapacitor application of CoFe204
nanoparticles decorated over graphitic carbon nitride, Diam. Relat. Mater. 120 (2021) 108671.
https://doi.org/10.1016/J.DIAMOND.2021.108671.

Scheme 1

Scheme 1 is available in the Supplementary Files section.
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Figure 1

(a) XRD spectrum of MnCo,0,/g-CN (b) FTIR spectrum of MnCo,0,/g-CN
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CV plots for (a) MnCo,0,, (b) g-CN, as well as (c) MnCo,0,/g-CN at 5-50 mVs™, (d) Ipa and Ipc peaks

currents vs scan rate, and (e) C, vs all materials' scan rates
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Figure 5

(a) EIS for MnCo,0,, g-CN, and MnCo,0,/g-CN, (b) Chronoamperometry of MnCo,0,/g-CN
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