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Abstract

The synthesis of manganese oxide (Mn,03), copper oxide (CuO), and their composite
(Mn;03/Cu0) nanoparticles was successfully achieved through an eco-friendly, cost-effective,
and rapid green synthesis approach. This study investigates the influence of particle size on the
electrochemical behavior of Mn,03;, CuO, and Mn,03/Cu0O nanoparticle electrodes for
supercapacitor applications. The surface morphology of the prepared materials was examined
using field emission scanning electron microscopy (FESEM), while Fourier-transform infrared
(FTIR) spectroscopy confirmed the presence of key functional groups. Electrochemical
performance was evaluated through cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) analysis. The CV curves of all electrodes exhibited pseudocapacitive
behavior, with the Mn,03/CuO composite displaying the highest specific capacitance. The
specific capacitance (Cs) values at a scan rate of 10 mV s™* were 73.66 F g™* for Mn,03, 148.72
F g™* for CuO, and 249.39 F g™* for Mn;05/Cu0, decreasing with increasing scan rate due to
limited ion diffusion. Furthermore, EIS analysis revealed that the Mn,03/CuO composite
possessed lower charge-transfer resistance and improved ion diffusion, confirming its
enhanced electrochemical kinetics and superior performance as a promising electrode material
for high-performance supercapacitors.

Keywords: Green synthesis, Manganese Oxide (Mn203), Copper Oxide (CuO) and Mn203/Cu0
nanomaterials, supercapacitor, cyclic voltammeter (CV), electrochemical impedance
spectroscopy (EIS), electrochemical studies.

1.Introduction
The rapid advancement of nanotechnology has created new opportunities for designing
multifunctional nanomaterials with tunable properties for energy storage applications [1,2].
Among various candidates, transition metal oxides such as manganese oxide (Mn,03) and
copper oxide (CuO) have gained considerable attention due to their distinctive physicochemical
properties, low cost, and environmental compatibility [3]. Their excellent electrochemical
activity, structural versatility, and semiconducting behavior make them promising materials for
supercapacitor applications [4,5]. The synthesis of Mn,03/Cu0 nanocomposites aims to
combine the advantages of both oxides, resulting in synergistic effects that enhance charge
separation, electrical conductivity, and electrochemical stability [6,7]. Supercapacitors,
recognized as next-generation energy storage devices, are valued for their high-power density,
fast charge-discharge capability, and long cycle life [8]. Transition metal oxides, particularly
Mn,03 and CuO, have been extensively investigated for their pseudocapacitive behavior [9].
Mn,03 offers multiple oxidation states and environmental benignity, while CuO provides high
theoretical capacitance and superior electrical conductivity [10]. Furthermore, the formation of
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a Mn;03/Cu0 heterojunction can significantly improve charge transport and broaden the
electrochemical potential window, which is essential for high-performance supercapacitors
[11]. Depending on the synthesis route and composition, Mn,03/CuO nanocomposites may also
display interesting magnetic properties [12]. Various synthesis methods—including
hydrothermal, co-precipitation, electrospinning, sol-gel, and chemical vapor deposition—have
been reported for fabricating Mn,03/Cu0O composites [1,2,13,14,15]. Current research focuses
on understanding structure-property correlations, optimizing synthesis processes, and
exploring multifunctional applications in energy storage, biomedicine, and environmental
remediation [7,16]. However, pure Mn,03 and CuO suffer from low-rate capability and limited
cyclic stability, which can be effectively mitigated through composite formation strategies
involving multiple metal oxides [5,17].

In this work, pure Mn,0;, CuO, and Mn,03/Cu0 nanocomposites were synthesized,
characterized, and comparatively analyzed to evaluate their structural and electrochemical
properties. Emphasis was placed on investigating their charge storage performance to assess
their potential for high-performance supercapacitor applications.

2. Experimental
2.1 Synthesis of Materials
2.2.1 Green synthesis of Mn203 nanoparticles
Mn, 03 nanoparticles were synthesized by mixing 25 mL of Ocimum tenuiflorum leaf extract with
50 mL of 5 mM Mn(NO3),-4H,0, adjusting the pH to 9 with 6 M NaOH, and stirring for 24 hours.
The product was filtered, dried at 120°C for 3 hours, calcined at 400°C for 2 hours, and stored
in a sealed container for later use.

2.1.2 Green Methods of CuO Nanoparticles

CuO nanoparticles were synthesized by mixing 25 mL of Ocimum tenuiflorum leaf extract with
50 mL of 5 mM Cu(NO3),-4H-0, adjusting the pH to 9 with 6 M NaOH, and stirring for 24 hours
at room temperature. The product was filtered (0.22 pm), dried at 120°C for 3 hours, and
calcined at 400°C for 2 hours to obtain CuO nanoparticles, which were stored in a sealed
container for further use.

2.2.3 Green synthesis of Mn203/Cu0O nanocomposite

Mn,03/CuO nanocomposite was synthesized via a one-pot method by mixing 40 mL of Ocimum
tenuiflorum extract with 150 mL of deionized water, adding 1 g each of Mn(NO3),-4H,0 and
Cu(NO3),+4H,0, and stirring at 45°C for 2 h. The pH was adjusted to 10 with NH,OH, then the
mixture was left for 12 h, filtered, and dried at 35°C for 24 h to obtain the Ocimum tenuiflorum-
derived Mn,03/CuO nanocomposite.

2.2 Characterization Techniques

The surface morphology was examined using a field emission scanning electron microscope
(FE-SEM, Carl Zeiss, Ultra Plus) with samples mounted on carbon tape. Functional groups were
identified through FTIR analysis (FTIR-4200). Electrochemical studies were performed at room
temperature using a Metrohm Autolab PGSTAT302N potentiostat/galvanostat controlled by
Nova 2.0.2 software (ECO Chemie, Netherlands) with a three-electrode screen-printed
electrode (SPE, Dropsens, Spain). All reagents used were of analytical grade.

2.3 Electrochemical Measurements
Mn,03/CuO nanoparticles were mixed with carbon black and PVDF (polyvinylidene fluoride)
binder in a weight ratio of 8:1:1 to fabricate the working electrode. NMP (N-methyl-2-
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pyrrolidone) was used as a solvent, and the mixture was thoroughly ground using an agate
mortar and pestle to obtain a homogeneous slurry. The resulting slurry was drop-cast onto Ni
foam and dried at 100 °C. Electrochemical measurements were performed using a three-
electrode setup, with the NiO nanoparticle electrode as the working electrode, platinum wire as
the counter electrode, and Ag/AgCl as the reference electrode in 2 M KOH electrolyte. The
electrochemical properties were analyzed using an OrigaLys 500 workstation through cyclic
voltammetry (CV) within a potential window of 0.1-0.5 V.

3. Result and Discussion:

3.1 Morphological Analysis
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Figure 1: FESEM images and corresponding EDS spectra of (a, b) Mn,0s3, (c, d) CuO, and (e, f)
Mn,03/CuO nanocomposite synthesized via a green route.

The surface morphology and elemental composition of the synthesized Mn,03, CuO, and
Mn,03/Cu0O nanocomposite samples were examined using field emission scanning electron
microscopy (FESEM) coupled with energy-dispersive X-ray spectroscopy (EDS), as shown in
Figure 1. The FESEM image of pure Mn,0; (Figure 1a) exhibits densely packed nanoparticles
with an average size of approximately 100-200 nm, forming a porous and agglomerated
structure that facilitates a large surface area and abundant active sites for electrochemical
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reactions[18]. The corresponding EDS spectrum (Figure 1b) displays prominent peaks of Mn
and O, confirming the high purity of Mn, 03 with a composition of 80.46 wt% Mn and 17.19 wt%
0. For pure CuO (Figure 1c), the FESEM micrograph reveals flake-like and irregularly clustered
nanostructures with rough surfaces, characteristics known to enhance electron transport and
active site accessibility for redox processes[19]. The EDS analysis (Figure 1d) confirms the
presence of Cu and O as the dominant elements, with 74.09 wt% Cu and 18.31 wt% O, consistent
with stoichiometric CuO formation. The morphology indicates that the CuO nanoparticles
exhibit high crystallinity and compact aggregation, which contribute to improved charge
transfer behavior. In contrast, the Mn,03/CuO nanocomposite (Figure 1le) presents a
homogeneous and well-interconnected nanoparticle network. The uniform distribution of both
metal oxides suggests a strong interfacial coupling between Mn,0; and CuO, which can
significantly improve ion diffusion and electronic conductivity during electrochemical
cycling[20,21]. The corresponding EDS spectrum (Figure 1f) confirms the coexistence of Mn
(45.73 wt%), Cu (37.30 wt%), and O (15.12 wt%), verifying the successful formation of the
composite. The lower carbon signal in the composite compared to the individual oxides
indicates efficient removal of residual organics after synthesis, suggesting a more stable and
pure structure. Minor carbon traces in all samples likely originate from organic molecules in the
plant extract used during the green synthesis process, which may serve as natural stabilizing or
capping agents[22]. Overall, the FESEM and EDS results demonstrate that the Mn,03/Cu0
nanocomposite possesses a well-integrated morphology and uniform elemental distribution.
The synergistic combination of Mn,03; and CuO within a single framework is expected to
enhance electrochemical properties such as ion transport, charge storage, and conductivity,
making the material a promising candidate for high-performance supercapacitor applications.

3.2 FTIR Analysis
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Figure 2: FTIR spectra of (a) CuO, (b) Mn,03, and (c¢) Mn,03/Cu0 nanocomposite recorded in
the range 4000-400 cm™.
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Fourier-transform infrared (FTIR) spectroscopy was employed to identify the functional groups
and confirm the metal-oxygen bonding in the synthesized Mn,03;, CuO, and Mn,03/Cu0
nanocomposite samples, as shown in Figure 2. The spectra were recorded in the range of 4000-
400 cm™, revealing several distinct absorption bands corresponding to metal-oxygen
vibrations and surface functional groups derived from the green synthesis route.

For pure CuO (Figure 2a), the characteristic absorption bands observed at 618.29 cm™ and
514.37 cm™ ! are attributed to the stretching vibrations of Cu-0 bonds, confirming the formation
of monoclinic CuO [23,24]. The broad band around 3432.77 cm™ corresponds to the O-H
stretching vibration of adsorbed water molecules and hydroxyl groups on the nanoparticle
surface. The weak bands near 2923.83 cm™ and 2853.15 cm™ indicate the asymmetric and
symmetric stretching of C-H bonds, which likely originate from residual phytochemicals in the
plant extract used during synthesis [22]. The medium-intensity peaks around 1626.08 cm™* and
1386.46 cm™" are assigned to the bending vibrations of O-H and C=0 groups, respectively,
further confirming the presence of organic residues from biomolecules that acted as reducing
and stabilizing agents.

The Mn,03 spectrum (Figure 2b) shows absorption peaks near 611.29 cm™ and 503.14 cm™,
which correspond to Mn-0 stretching vibrations characteristic of Mn,03 [18].The bands in the
higher wavenumber region (3430-2850 cm™) are again associated with hydroxyl and C-H
stretching modes from biomolecular capping agents. These peaks confirm the successful
formation of Mn,0s; nanoparticles stabilized by organic moieties derived from the green
synthesis precursor.

In the Mn,03/CuO composite (Figure 2c), the FTIR spectrum exhibits all characteristic features
of both oxides, with slight shifts in band positions and variations in intensity. The absorption
peaks around 620-510 cm™* correspond to the Mn-0 and Cu-0 stretching vibrations, indicating
strong chemical interaction between the two metal oxide frameworks. The presence of
combined metal-oxygen bands confirm the formation of a Mn-0-Cu bond network, suggesting
that Mn,03 and CuO are well-integrated at the nanoscale level [20]. The broad O-H stretching
band at ~3430 cm™" and the weak C-H vibrations at ~2920 cm™" further demonstrate surface
adsorption of moisture and traces of organic compounds. The slight blue shift of the metal-
oxygen peaks in the composite compared to the individual oxides suggests enhanced interfacial
coupling, which can positively influence electron transfer and electrochemical behavior.

Thus, the FTIR spectra confirm the successful synthesis of Mn,03, CuO, and their Mn,03/Cu0
composite, where the observed metal-oxygen vibrations validate the structural formation and
strong interaction between the two metal oxide phases. The presence of minor organic
functional groups is consistent with green synthesis, ensuring eco-friendly surface passivation
and enhanced material stability for supercapacitor applications.
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3.3 Cyclic Voltammetry Analysis
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Figure 3: CV curves and scan-rate-dependent specific capacitance plots of (a,b) Mn,0s3, (c,d)
CuO, and (e,f) Mn,03/Cu0 composite

Cyclic voltammetry (CV) was conducted to examine the charge-storage mechanism and
reversibility of Mn,03, CuO, and Mn,03/Cu0 composite electrodes. The CV curves recorded at
scan rates ranging from 10 to 100 mV s~* within the potential window of 0-0.6 V (vs. Ag/AgCl)
are presented in Figure 3(a, c, e). All electrodes exhibit quasi-rectangular shapes with broad
anodic and cathodic peaks, characteristic of pseudocapacitive behavior resulting from fast and
reversible faradaic reactions involving the Mn®*/Mn** and Cu®*/Cu* redox couples [25,26]. The
consistent CV profiles at higher scan rates indicate good electrochemical reversibility and
efficient ion transport within the electrode materials [27].

The specific capacitance (Cs), determined from the integrated CV area, decreases with
increasing scan rate due to diffusion constraints at higher sweep speeds [28]. At 10 mV s™*, the
Cs values for Mn,03, CuO, and Mn,03/CuO electrodes are 73.67, 148.73, and 249.39 F g‘l,
respectively, while at 100 mV s™%, they decrease to 24.30, 28.99, and 89.71 F g™*. Despite this
reduction, the Mn,03/CuO composite retains approximately 36% of its low-rate capacitance,
higher than Mn,0; (33%) and CuO (19%), demonstrating superior rate capability and charge-
transfer efficiency. The enhanced current response and larger enclosed CV area of the composite

confirm improved electrical conductivity and faster ion diffusion at the Mn-Cu oxide interface.
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The enhanced performance of the Mn,03/CuO composite is attributed to the synergistic
interaction between Mn,03, which provides abundant redox-active sites, and CuO, which offers
high electrical conductivity. This combination promotes efficient electron/ion transport and
maximized active site utilization [26,29]. The nearly symmetric anodic and cathodic peaks of
the composite indicate excellent reversibility and minimal polarization loss. In contrast, Mn,03
shows lower current density due to limited conductivity, while CuO exhibits better kinetics but
fewer active sites. The heterostructured Mn,03/CuO electrode effectively merges these
advantages, resulting in a balanced pseudocapacitive response with improved stability.

As shown in Figure 3(b, d, f), the capacitance-scan-rate relationship consistently demonstrates
the superior performance of the composite electrode across all scan rates. Overall, these results
confirm that the Mn,03/Cu0O composite delivers higher specific capacitance, better rate
capability, and faster redox reversibility than the individual oxides, making it a promising
material for high-performance supercapacitor applications [25-29].

3.4 Electrochemical Impedance Spectroscopy
3.4.1 Nyquist Plot Analysis
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Figure 4(a): Nyquist plots of Mn,03, CuO, and Mn,03/CuO composite

Electrochemical impedance spectroscopy (EIS) was employed to evaluate the charge-transfer
kinetics, interfacial resistance, and ion-diffusion behavior of the Mn,03, CuO, and Mn,03/Cu0
composite electrodes. The Nyquist plots presented in Figure 4(a) illustrate the variation of the
imaginary component (Z") as a function of the real component (Z') in the frequency range of
0.01 Hz to 100 kHz. Typically, the high-frequency intercept on the Z'-axis represents the
equivalent series resistance (Rs), while the diameter of the semicircle corresponds to the
charge-transfer resistance (Rct) at the electrode/electrolyte interface. The inclined tail
observed in the low-frequency region arises from the Warburg impedance, which is associated
with the diffusion of electrolyte ions within the porous electrode structure [32,26].

Among the three electrodes, the Mn,03/Cu0 composite exhibits the smallest semicircle
diameter and lowest intercept on the real axis, signifying a substantially lower Rct and Rs
compared to the individual Mn,03 and CuO electrodes. The CuO electrode shows moderate
resistance, whereas Mn,03 displays the largest semicircle, indicating higher interfacial
resistance and slower electron transfer. This variation directly correlates with their
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conductivity: CuO, being more metallic in nature, facilitates faster electron transport than
Mn,03, while the Mn,03/CuO composite achieves even higher conductivity through interfacial
synergy [26,29].

The reduced Rs value of the composite can be attributed to improved electrical pathways
resulting from intimate contact between Mn,03 and CuO particles, which minimizes the internal
ohmic resistance between the active material, current collector, and electrolyte. The smaller Rct
indicates faster faradaic reaction kinetics and efficient charge transport across the
electrode/electrolyte interface. Moreover, the nearly vertical low-frequency line for the
Mn,03/CuO electrode reflects a more ideal capacitive behavior and facile ion diffusion
compared to the more slanted lines of Mn,03 and CuO [28,27].

These EIS results are consistent with the CV and GCD analyses: the composite electrode
demonstrates the lowest internal and charge-transfer resistances, leading to enhanced rate
performance and higher specific capacitance. The synergistic combination of Mn,03; and CuO
enables simultaneous improvement in both electronic conductivity and ionic diffusion, which
are critical for achieving high-power and high-energy supercapacitor operation [26,28,31].

3.4.2 Bode Plot Analysis
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Figure 4(b): Bode plots showing impedance magnitude (]|Z|) and phase angle (0) versus
frequency for (a) Mn;0s3, (b) CuO, and (c) Mn,03/CuO composite

Bode plots provide complementary insights into the frequency-dependent behavior of
electrode materials, describing both resistive and capacitive responses within the tested
frequency domain. Figure 4(b) [a-c] presents the Bode magnitude (|Z|) and phase-angle (8)
plots for Mn,03, CuO, and Mn,03/CuO composite electrodes recorded in the frequency range
from 0.01 Hz to 100 kHz. The impedance magnitude decreases steadily with increasing
frequency for all electrodes, while the corresponding phase angles exhibit distinct maxima,
reflecting the transition from resistive to capacitive behavior [26,32].

In the high-frequency region, |Z| values approach a nearly constant minimum, representing the
solution resistance (Rs) and the intrinsic resistance of the active material. The Mn,03/Cu0
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composite displays the lowest overall impedance magnitude, indicating improved electronic
conductivity and reduced interfacial resistance compared to the individual Mn,03; and CuO
electrodes. In the intermediate-frequency range, a gradual decrease in |Z| accompanied by an
increase in phase angle corresponds to the onset of charge transfer and diffusion-controlled
processes. At low frequencies, the high |Z| and elevated phase angle confirm the capacitive
dominance of the electrode response [26,28].

The phase-angle curves provide further information on capacitive behavior. The maximum
phase angles observed for Mn,03, Cu0, and Mn,03/CuO are approximately 64°, 72°, and 82°,
respectively, indicating that the composite electrode behaves more like an ideal capacitor with
a nearly vertical impedance response. The larger phase angle and more pronounced plateau
region in the Mn,03/CuO plot suggest a highly reversible ion-adsorption/desorption process
and minimal charge-transfer resistance [28,29]. In contrast, Mn,03; shows a smaller phase
angle, consistent with its higher resistive contribution and slower electron transfer observed in
the Nyquist analysis.

The characteristic relaxation time (t,), determined from the frequency (f,) at which the phase
angle equals 45°, defines the fastest charge-discharge rate that the electrode can sustain. The
Mn,03/CuO composite exhibits the lowest t, value (highest f,), signifying rapid ion transport
and superior response capability under dynamic charge-discharge conditions [27]. This
shorter relaxation time directly correlates with its high-rate performance and better power
handling observed in the GCD results.

Overall, the Bode analysis confirms that the Mn,03/CuO composite possesses the most
favorable impedance characteristics—lowest resistance, highest phase angle, and shortest
relaxation time—among all tested electrodes. These features collectively validate that the
synergistic interaction between Mn,03; and CuO enhances both electronic conductivity and ion
mobility, contributing to the superior capacitive behavior demonstrated in previous CV, GCD,
and Nyquist analyses [29,30,31].

4. Conclusion:

FTIR and FESEM analysis confirm the successful formation of Mn,05;, CuO, and Mn,03/CuO
nanocomposites with strong metal-oxygen (Mn-O and Cu-0) bonds and a well-defined
composite structure. The slight shifts in FTIR peaks indicate strong interfacial interactions
between Mn and Cu species. FESEM images reveal that the Mn,03/CuO composite possesses a
more uniform and interconnected morphology compared to individual oxides, which enhances
surface area and charge transport. These structural and morphological features demonstrate
that the Mn;03/Cu0 composite is well-suited for high-performance supercapacitor
applications. The electrochemical investigations of Mn,03, CuO, and Mn,03/CuO composite
electrodes were systematically carried out using cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) to evaluate their charge-storage performance and interfacial
behavior in an aqueous electrolyte. All electrodes exhibited typical pseudocapacitive behavior;
characterized by quasi-rectangular CV curves, confirming highly reversible redox processes.
Among them, the Mn,03/Cu0 composite consistently demonstrated superior electrochemical
characteristics compared to the individual oxides. Specifically, the Mn,03/CuO composite
electrode exhibited the highest specific capacitance, the lowest internal resistance, and the best
rate performance, indicating its potential as a promising pseudocapacitive material for high-
performance supercapacitors. The synergistic combination of enhanced electrical conductivity,
efficient ion diffusion, and a broad potential window further highlights the suitability of this
hybrid oxide system for practical energy-storage applications.
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