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Green synthesis of CuO nanoparticles using Aegle
marmelos fruit pulp extract: a sustainable approach

for biomedical and supercapacitor applications
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This study presents a green and eco-friendly approach to synthesize copper oxide (CuO) nanoparticles

(NPs) using Aegle marmelos fruit pulp extract as a natural reducing and stabilizing agent. In this study,

Aegle marmelos, known for its rich phytochemical profile, including flavonoids, phenolics, and tannins,

was employed to reduce copper sulphate to CuO NPs. The synthesized NPs were characterized using

Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), Raman spectroscopy, scanning

electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy

(XPS), and electrochemical measurements. The monoclinic phase, nano-crystalline structure, and
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presence of bioactive compounds from the extract acting as capping and stabilizing agents were

confirmed by XRD, FTIR, and Raman spectroscopy. The synthesized CuO NPs were evaluated for

DOI: 10.1039/d5ra07029¢e
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1. Introduction

Nanotechnology is a rapidly growing discipline that has
a significant impact on many aspects of human existence,
including food, pharmaceuticals, health electronics, chemical
industry, energy, cosmetics, space, and environmental
sciences." One of the most captivating aspects of cutting-edge
studies is the synthesis of nanomaterials and the exploration
of their uses and characteristics.” A nanoparticle is a term used
to describe a particle of matter with a diameter in the range of 1
to 100 nm. There are only two orientations for particles up to
500 nm or for fibers and tubes smaller than 100 nm.*> Most of
the time, NPs are distinguished from micro particles (1-1000
pm) due to their smaller size. Fine particles (between 100 and
2500 nm) and coarse particles (between 2500 and 10 000 nm)
have highly diverse physical and chemical properties, such as
colloidal properties, ultrafast optical effects, and electric
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antibacterial, antioxidant, and hemolytic activity. Furthermore, the electrochemical performance of the
CuO-based electrode was investigated to explore its potential applications in supercapacitors.

properties.* Silver, zinc, and gold metal NPs have been utilized
as therapeutic agents in medical facilities for several years.?
Transitional metal oxides, including CuO, TiO,, Fe;0,, ZnO,
and NiO NPs, have demonstrated successful use as cutting-edge
nanomaterials in the domains of energy, biomedicine, and
environment. The performance and applicability of these NPs
are significantly enhanced by their excellent adsorption capa-
bilities.® A few recent studies reported that among metal oxides,
copper oxide (CuO) is a p-type semiconductor with a bandgap of
1.2 eV whose improved biological and photocatalytic activities
are superior to those obtained from metal NPs.”#

There are various methods for synthesizing metal oxide-
based NPs, including sol-gel, hydrothermal, sonication, and
coprecipitation. These methods are very expensive, require the
use of harmful chemicals, are time-consuming, and produce
toxic byproducts. Consequently, developing environmentally
acceptable procedures has become crucial for the synthesis of
nanomaterials. CuO is utilized in various applications,
including in heterogeneous catalysts,” solar energy conver-
sion,'® field emitters,"* electrode materials in lithium-ion
batteries,"”” and gas sensors.' Superconducting resources,
glass, thermoelectric materials, and antimicrobial activities.****
To the best of our knowledge, green synthesis is the most
appropriate and straightforward fabrication method when
environmental concerns are considered because it is nontoxic,
environmentally friendly, and advantageous due to its
straightforward reaction setup and reasonably priced reaction
parameters.*®
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CuO NPs made from Psoralea corylifolia seed extract exhibi-
ted excellent anticancer activity,"”” while colour degradation was
evaluated using Avicennia marina flower extract,'® and antibac-
terial and photocatalytic activities were studied by employing
the plant extract of Kappaphycus alvarezii.*® Furthermore, the
antibacterial activity of CuO NPs prepared from the leaf extract
of Averrhoa carambola was evaluated against the bacterial
strains Salmonella typhi, Pseudomonas aeruginosa, Escherichia
coli, Staphylococcus aureus, and Bacillus megaterium. High zones
of inhibition were found at 26 and 24 nm against Salmonella
typhi and Escherichia coli, respectively.?

To synthesize CuO NPs, plant materials, such as Euphorbia
nivulia stem latex and magnolia leaf extract, were used, and
these NPs exhibited exceptional antibacterial activity against
Escherichia coli cells. Furthermore, NPs were employed as
harmless aqueous formulations for cancer treatment.*** CuO
NPs were produced environmentally by employing an aqueous
extract of the Cedrus deodara tree, which acted as a non-toxic
and low-cost reducing agent. The study focuses on the poten-
tial of these NPs for biomedical and pharmaceutical applica-
tions due to their efficiency and low toxicity." The green
synthesis method is used to synthesize CuO NPs from the leaf
extract of the Maura sylvestris tree. Research has shown the
potential of CuO NPs to enhance the thermal characteristics of
nitrocellulose.”® Copper oxide NPs prepared from Aegle marme-
los leaf extract exhibit significant cytotoxicity, particularly at an
ICs, concentration of 25 mg mL™' and NPs can promote
oxidative stress and cell death in colorectal cancer cells.?” The
green synthesis of CuO NPs using 10% fruit pulp extract from
Aegle marmelos is the aim of this study. The formed CuO NPs
were assessed for their antibacterial, antioxidant, and haemo-
lytic properties. The CuO-based electrode's electrochemical
performance was further investigated to determine its potential
use in supercapacitors.

2. Experimental

2.1. Chemicals

AR grade cupric sulphate pentahydrate (CuSO,-5H,0) was used
in the present study (SRL, PVT, LTD). Double-distilled water was
used throughout the investigation process. 1,1-Diphenyl-2-
picrylhydrazyl (DPPH) and methanol were obtained from
HiMedia Laboratories Pvt. Ltd. All other chemicals used in the
experiment were of analytical grade.

2.2. Collection and preparation of fruit pulp extracts

Fresh Fruits of Aegle marmelos were collected from the Sangli
district, Maharashtra. Initially, fully ripe Aegle marmelos fruits,
which have a yellowish-brown outer shell and a fragrant aroma,
were selected. These fruits were opened using a hammer or
a sharp knife. Then, pulp was extracted from ripe Aegle mar-
melos fruit. Furthermore, 10 g of pulp was added to 100 mL of
double-distilled water and heated at 60-70 °C for 1 hour with
stirring. Then, it was allowed to cool, and the extract was filtered
using Whatman filter paper. The fresh pulp was stored in
a clean airtight container in the refrigerator (3-5 days).
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2.3. Green synthesis of CuO NPs

To synthesize CuO nanoparticles from the Aegle marmelos fruit
pulp extract, 20 mL of CuSO, solution was added into the Aegle
marmelos extract, and the suspension was stirred on a magnetic
stirrer for 1-2 hours at room temperature. Then, the colour of
the solution was changed from blue to dark green/black, indi-
cating the formation of CuO NPs. Then, 10-11 pH of the solu-
tion was adjusted by dropwise addition of concentrated
ammonia. After stirring, the reaction mixture was left undis-
turbed at room temperature for 24 hours. Furthermore, the
solution was centrifuged at 8000 rpm for 10 minutes to collect
the precipitate, after which it was washed with distilled water
and ethanol to remove impurities and unreacted components.
Besides, the precipitate was dried in a hot air oven at 80-100 °C
for 4-6 hours to remove residual moisture. The dry powder was
calcinated for 4-5 hours at 300 °C.

2.4. Antibacterial activity

The antibacterial efficacy of CuO NPs was investigated using the
agar well diffusion assay. This method was used against clinically
isolated bacterial cultures, including Gram-positive (Staphylo-
coccus aureus) and Gram-negative (Escherichia coli and Klebsiella
pneumoniae). In brief, 50 pL of the mother cultures of each
inoculum were uniformly spread on individual sterile nutrient
agar plates. The wells were punctured on agar plates using
a sterile stainless-steel well puncher (5 mm diameter). The 80 pg
and 100 pg of the CuO NPs were added to the well under aseptic
conditions. Sterile distilled water was used as a negative control,
and a standard antibiotic (Penstrep) was used as a positive
control. The plates were incubated at 37 °C for 24 h. The zone of
inhibition (in millimeters (mm)) around the well loaded with the
specified concentrations of CuO NPs was measured to determine
the antibacterial efficacy for each clinical strain.*?

2.5. Antioxidant activity

2.5.1. DPPH free radical scavenging assay. The anti-oxidant
activity of CuO NPs was determined using the DPPH free radical
scavenging assay. First, 0.78 mg of DPPH was added to 10 mL of
methanol to create a stock solution. DPPH solution (100 pL) was
applied to each CuO NP well at concentrations of 20, 40, 60, 80,
and 100 pg mL~'. The reaction mixture was agitated for 5
minutes and then incubated in a dark place at room tempera-
ture for 30 minutes. The absorbance of the resultant solution
was measured at 517 nm. Ascorbic acid was employed as
a positive control.** All experiments were carried out in tripli-
cate, and the percentage of anti-oxidation was calculated using
the following formula:

DPPH free radical scavenging(%)

__ Control absorbance — Sample absorbance

Control absorbance x 100. (1)

The control absorbance reflects the maximum absorbance at
zero minutes, while the sample absorbance reflects the
maximum absorbance at the specified period.

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

Human blood hemolysis experiments were conducted to assess
the reaction of human red blood cells in contact with CuO NPs.
A 5 mL blood sample was obtained from a healthy volunteer and
preserved in EDTA-coated K2 tubes with anticoagulant to avoid
clotting of the sample. Following that, the blood sample was
centrifuged at 3000 rpm for 15 minutes, and the levels of
hematocytes were determined to separate the plasma in
a container. The cells were then rinsed three times with
repeated centrifugation. The volume of the obtained red blood
cells was analyzed, and a 10% v/v working solution was
prepared by diluting it with a 0.95% normal saline solution.
After that, different concentrations of CuO NPs (20, 40, 60, 80,
and 100 pg mL "), negative control (NC), and positive control
(PC) were prepared. Then, each centrifuge tube was filled with
0.5 mL of diluted blood and 0.5 mL of varied concentrations of
CuO NPs and incubated at 37 °C for 1-4 hours. To create
positive controls, 0.5 mL of diluted blood was added to the
distilled water. In contrast, 0.5 mL of diluted blood in 0.5 mL of
normal saline served as a negative control. The sample was
vortexed and centrifuged at 3000 rpm for 10 minutes. The
supernatant was collected, and absorbance was measured at
540 nm with a microplate reader (Skanlt RE 6.1). All experi-
ments were carried out in triplicate, and the percentage inhi-
bition was calculated using the following formula:***¢

% of inhibition of hemolysis

_ Absorbance of sample — Absorbance of NC < 100 @)
" Absorbance of PC — Absorbance of NC ’

2.7. Characterization of synthesized CuO nanoparticles

The XRD patterns for the investigated samples were obtained
using an X-ray diffractometer (Bruker-AXS D8 Advance) in a 26
range of 20-80° with Cu Ka radiation at room temperature (A =
1.5405 A). FTIR spectra of plant leaf extract and synthesized
copper oxide nanoparticles were obtained in the range of 4000-
400 cm ! using the KBr pellet method. To analyze the surface
morphology, SEM images were obtained using a field-emission
scanning electron microscope. Fourier transform infrared
(FTIR) spectroscopy was employed to investigate the functional
groups present in the sample. The vibrational modes of the
prepared samples were studied using Raman spectroscopy
(INCIA0120-20, Renishaw). The morphology, shape, and size of
the CuO NPs were evaluated using TEM analysis (JEOL, voltage
of 300 kV). The elemental analysis of CuO NPs was performed
with X-ray Photoelectron Spectroscopy (XPS) over a binding
energy range of 0-800 eV using Mg Ko (1253.6 eV) as an X-ray
source (JEOL, JPS 9030).

2.8. Electrochemical measurements

The present report utilizes a three-electrode configuration
system to analyse the performance and stability of materials.
The electrolyte used for conducting cyclic voltammetry (CV) and
galvanic charge-discharge measurements (GCD) was a 1 M
solution of sodium sulphate (Na,SO,) in water. In the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrochemical experiments, the reference electrode is a stan-
dard Ag-AgCl electrode, and the counter electrode utilized is
a platinum wire. All measurements, including CV and GCD,
were conducted at room temperature using Metrohm Auto Lab
Potentiostat/Galvanostat instruments.

3. Results and discussion

3.1. XRD analysis

The crystal structure of the prepared samples was confirmed by
their XRD patterns. The XRD patterns of CuO NPs investigated
using 10% of Aegle marmelos fruit pulp extract calcined at 500 °C
are depicted in Fig. 1. The X-ray diffraction pattern was recorded
in the range of 20-80°. In the present work, the peak positions
observed at 26 = 32.53°, 35.74°, 38.95°, 48.94, 53.59°, 58.59°,
66.52°, and 68.04° matched the (110), (—111), (111), (—202),
(112), (202), (022), and (220) planes, respectively. The crystalline
nature, as well as the monoclinic structure, of the synthesized
samples was indicated by the presence of sharp peaks in the
diffraction patterns. No other phases were observed, indicating
the phase purity of the investigated CuO NPs. The crystallite size
of the prepared sample was calculated using Debye-Scherer's
equation:*”

092
" Bcosd’

(3)

where @ is the full width at half-maximum (FWHM), 2 is the
wavelength of X-rays, and 6 is the Bragg's angle. The computed
crystalline size of green-synthesized CuO NPs using Aegle mar-
melos fruit pulp extract was 13 nm.

3.2. Scanning electron microscopy analysis

Scanning Electron Microscopy (SEM) was employed to study the
surface morphology of the CuO NPs synthesized from Aegle
marmelos fruit pulp extract. The SEM analysis provides insight
into the surface texture, shape, and aggregation behavior of the
NPs. Fig. 2 illustrates the SEM images of the CuO NPs. From the
SEM image, it is observed that spherical-shaped particles are
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Fig.1 XRD pattern of the synthesized CuO NPs.
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Fig. 2 (a—d) SEM images of the synthesized CuO NPs.

formed and agglomerated due to the oxidation of metal NPs,
confirming the nanostructure behaviour.

3.3. Transmission electron microscopy analysis

The morphology, shape, and size of the synthesized CuO NPs
were evaluated using TEM analysis. Fig. 3a shows the spherical
morphology of the CuO NPs, with a uniform distribution.
Further, Fig. 3b depicts the HR-TEM image with an interplanar
spacing (d) of 0.12 nm. The selected area electron microscopic
data show faded circular rings, suggesting the polycrystalline
nature of CuO NPs, which matches well with the XRD analysis.
The particle size of the CuO NPs ranged from 10 to 70 nm, with
an average size of 35.86 nm.>® The particle size and shape play
a vital role in biomedical and energy applications.

3.4. X-ray photoelectron spectroscopy analysis

The survey spectrum of CuO was recorded over the range of 0-
1000 eV, showing prominent peaks at binding energies of 77.50,
284.53, 532.50, 934.50, and 954.50 eV corresponding to the
presence of Cu 1s, C 1s, O 1s, Cu 2p3/, and Cu 2p,/, elements,
respectively (Fig. 4). The high-resolution survey spectra of C 1s
were deconvoluted into four distinct peaks at 284.14 (C-H),
285.60 (C-C), 286.95 (C=C), and 294.36 (C=O0) eV. The O 1s
peak displayed two deconvoluted peaks at 528.69 eV (CuO),
531.15 (Cu,0), and 533.30 (C-O/C=0). Furthermore, the sulfur
shows three high-resolution peaks of C-S, S 2p3/,, and S 2p,,, at
binding energies of 162.72, 164.80, and 168.20 eV, respectively.
Additionally, the Cu element shows four peaks at 934.90 Cu 2p3,
» (Cu0), 942.55 Cu 2ps, (CuO), 954.10 Cu 2py;, (Cu,0), and
962.21 Cu(OH),, respectively.>**°
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3.5. Fourier transform infrared analysis

Fourier transform infrared spectroscopy was used to identify
the functional groups that exist in the synthesized sample.
Fig. 5 represents the FTIR spectra of synthesized CuO NPs
between 400 and 4000 cm™'. In the present spectra, various
absorption peaks are observed at 537.89, 1020.74, 1634.48,
2350, and 3443.25 cm™'. The broad band at 3443.25 cm ™! is
related to the stretching mode of the hydroxyl group, which is
attributed to the presence of atmospheric water during the
analysis. The strong vibrational peak at 1020.74 cm ' was
attributed to the C-O-C bond stretches found in the ethers,
while the carboxyl group was revealed at 1634.48 cm™*. The
peak at 537.89 cm ' corresponds to Cu-O bond vibrational
frequencies, confirming the formation of CuO NPs.**> Similar
results were also reported by various researchers, where CuO
NPs were produced using different extracts of plants.**-**

3.6. Raman analysis

Raman spectroscopy was employed to confirm the phase and
vibrational modes of the CuO NPs. Fig. 6 depicts the room
temperature Raman spectra of synthesized CuO NPs in the
range of 100-1000 cm ‘. The Raman peaks observed at
284 cm ™" and 325 cm™ ' correspond to the fundamental Raman
active mode of monoclinic CuO, while the peaks at 617 cm ™"

and 1093 cm ™" are ascribed to higher overtone modes.
3.7. Antibacterial activity

The antibacterial activity of CuO NPs was studied against clin-
ical strains, including Gram-positive (Staphylococcus aureus)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a and b) TEM images, (c) SAED pattern, and (d) particle size analysis of the CuO NPs.
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Fig. 6 Raman spectra of the synthesized CuO NPs.

and Gram-negative (Escherichia coli and Klebsiella pneumoniae)
bacteria, using the agar well diffusion method, as shown in
Fig. 7. Among all bacterial strains, the highest inhibitory activity
of CuO NPs was observed against Escherichia coli (14 mm), fol-
lowed by Staphylococcus aureus (13 mm) Table 1. Additionally,

Staphylococcus aureus

Escherichia coli
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synthesized CuO NPs exhibited inhibitory activity against
a multidrug-resistant bacterial strain, specifically Klebsiella
pneumoniae (4 mm), at a concentration of 100 pg.

3.7.1. Possible mechanism of inhibitory activity of the CuO
NPs. CuO NPs exhibit antimicrobial activity through direct
interaction with bacterial cells, ROS formation, release of free
copper cations, and interaction with biomolecules. In the
present study, the possible mechanism of the inhibitory activity
of CuO NPs is that transition metal cations, such as copper,
have been shown to promote ROS production. During these
reactions, the copper cation transfers electrons between Cu*
and Cu*", resulting in the generation of highly reactive super-
oxide anion radicals (O," ") and hydroxyl radicals ("OH). These
species can oxidize nucleic acids, proteins, and lipids in
bacterial cells.***” CuO-NPs may exhibit antibacterial activity by
releasing Cu*/Cu®" ions, which interact with bacterial cell
surface molecules and membranes before being absorbed. The
increased release of Cu®" ions in the medium could be attrib-
uted to the oxide layer on the CuO-NPs and its interaction with
Clions. Additionally, Cu®" ions in the intracellular environment
can damage double-stranded DNA by disrupting its helical
shape. Binding can occur in phosphate groups and in large and
small grooves in the DNA helix.**

3.8. Antioxidant activity

DPPH is a well-known free radical that has been linked to cell
damage. Metal NPs can neutralize damaging free radicals, such
as DPPH. DPPH's scavenging method involves forming the non-
radical form of DPPH-H in the presence of hydrogen-donating
antioxidants. These antioxidants play a critical role in elimi-
nating free radicals. CuO NPs possess high antioxidant prop-
erties that reduce oxidative damage, particularly when
developed sustainably.*

The DPPH assay measured antioxidant activity by scavenging
free radicals. DPPH is a stable form of free radical that appears
violet and transforms to light yellow following neutralization.
Green-derived CuO NPs effectively capture reactive oxygen
species (ROS), as indicated by the color change in the solution.
In the present study, the DPPH free radical scavenging activity
was determined using a microplate reader (Skanlt RE 6.1). This
study used CuO NPs at five concentrations (20, 40, 60, 80, and
100 pg mL™'), as shown in Fig. 8a. It was observed that
increasing the concentration of CuO NPs resulted in higher

Klebsiella pneumoniae

Fig. 7 Antibacterial activity of the CuO NPs at 80 and 100 pg concentrations.
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Table 1 Antibacterial activity of the synthesized CuO NPs against Gram-positive and Gram-negative bacterial strains

Sample Clinical pathogens Zone of inhibition (mm)

CuO NPs Staphylococcus aureus 80 ng 100 pg PC (standard antibiotic) NC (distilled water)
Escherichia coli 11 13 23 —
Klebsiella pneumoniae 10 14 22 —
Klebsiella pneumoniae — 4 9 —

antioxidant activity in a dose-dependent manner compared
with the standard antioxidant ascorbic acid. Fig. 8a shows that
the DPPH scavenging effect increased from 29.19% at 20 ng
mL " to 69.03% at 100 pg mL ' concentration. The results
indicate that CuO NPs exhibit effective antioxidative behavior.
The green synthesis of CuO NPs results in the coating of anti-
oxidants from fruit pulp extract on the NP surface. This causes
DPPH to interact with CuO NPs, significantly reducing the non-
radical form.

3.9. Hemolytic activity

The primary requirement for every biological material is that it
must be free from negative impacts and be biocompatible.
Hemolysis occurs when foreign materials come into contact
with red blood cells, causing the cell membrane to rupture and
release hemoglobin. When NPs are used in biological applica-
tions, they are predicted to interact with red blood cells in the
bloodstream without causing any negative impact. Thus,
a hemolytic assay was used to evaluate the biocompatibility of
the NPs.* The current study employed a hemolytic assay to
assess the biocompatibility of CuO NPs. The results of the
hemolytic experiment revealed that CuO NPs at various
concentrations (20, 40, 60, 80, and 100 pug mL ') induced only
4.38% hemolysis at 37 °C (Fig. 8b), indicating that they are
biocompatible.

3.10. Electrochemical performance

3.10.1.
electrode was exposed to a cyclic voltammetry (CV) study at
different scan rates from 10 to 100 mV s~ ' in a potential window
of 0.0-0.6 Vin 1 M Na,SO,, as depicted in Fig. 9. From the plot,

Cyclic voltammetry analysis. The fabricated sample

Q

% Radical scavanging

40 60 80
Concentrations (ug/mL)

Fig. 8

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

it is observed that there is a gradual enhancement in oxidation
and reduction current with an increasing scan rate, indicating
the ideal capacitive behaviour of this electrode. The shape of the
CV curves at different scan rates provides insight into the charge
storage mechanism of the electrode material. Furthermore, the
shapes of the investigated curves are quasi-rectangular, exhib-
iting pseudocapacitive behaviour with some resistive limita-
tions.*' Furthermore, the absence of sharp redox peaks and the
symmetry of the curves suggest that the electrochemical process
is good in terms of reversibility and stability. This investigation
proves that the material has promising characteristics for

Current Density (mA cm)

I |
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I I I I I
0.2 0.3 0.4 0.5 0.6
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Fig. 9 Cyclic voltammetry analysis for the CuO-based electrode at
different scan rates (5, 10, 20, 40, 60, 80, and 100 mV s™) in 1 M
Na,SO4 solution.
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(a) Antioxidant and (b) haemolytic activity of CuO NPs at concentrations of 20, 40, 60, 80, and 100 pg.
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supercapacitor or energy storage applications, showing both
high capacitance and fast charge-discharge ability.

3.10.2. Galvanostatic charge-discharge (GCD). Fig. 10
illustrates the GCD curves for the synthesized CuO NPs at
different current densities varying from 1.0 to 5.0 mA cm 2.
From the graph, it is observed that with an increase in current
density, a reduction in discharge time occurs due to faster
charging/discharging of the electrode, giving less time to fully
utilize the charge storage material. Furthermore, at higher
current densities, electrode charges/discharges faster because
ions have limited time to diffuse into the pores of the material.
In contrast, at low current densities (1 mA cm™?), the voltage
profile is more linear, indicating ideal capacitive behavior. All
curves are generally symmetric, indicating the excellent revers-
ibility and electrochemical stability of the electrode. Addition-
ally, at the beginning of the discharge, especially for higher
current densities, a sharp voltage drop is observed due to
internal resistance in the electrode or electrolyte. The specific
capacitance of an electrode can also be investigated from the
GCD using the following equation:**

I x At

C, = ——
S omx AV

(4)
where I denotes the discharge current for the applied period A¢,
m is the mass or weight of the deposited CuO, and AV denotes
the potential window.

Variation of specific capacitance against discharge current is
shown in Fig. 11. It is found that with an enhancement in
discharge current, specific capacitance deteriorated because the
ions have the least time to penetrate into the electrode pores, so
only the outside surface contributes to charge storage. This
limited ion access, along with an increased IR drop and polar-
ization losses, reduces the specific capacitance.

3.10.3. Electrochemical impedance analysis.
chemical impedance spectroscopy (EIS) is a powerful tool used
to understand the electrical behaviour of electrochemical
systems, such as batteries, supercapacitors, fuel cells, coatings,

Electro-
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Fig. 12 Nyquist plot for the synthesized CuO NPs.
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Fig. 13 Bode plot for the synthesized CuO NPs.

or corrosion processes. In this report, EIS measurements were
carried out to obtain details regarding the conductive nature of
the prepared CuO electrode. EIS was employed to investigate the
electrochemical properties of the electrodes, which is an illus-
tration of the real and imaginary parts of impedance spectros-
copy. Fig. 12 reveals the Nyquist plot. From the plot, it is
observed that, in the higher frequency region, a partial semi-
circle is present, indicating the occurrence of multiple over-
lapping electrochemical processes. Further, in the low-
frequency region, the linear portion signifies the electron-
transfer diffusion process within the electrode material (called
Warburg impedance). Ideal electrochemical capacitors need to
have the (Nyquist) plot at a line perpendicular to the real axis in
a low-frequency region. However, there are deviations from the
ideal behaviour ascribed to the pseudo capacitance properties
of the oxide material (CuO).*

Fig. 13 depicts a Bode plot. From the plot, it is observed that
a reduction in the magnitude of impedance with an enhance-
ment in frequency indicates that the system offers a higher
value of resistance at low frequencies and becomes more
conductive at higher frequencies. Furthermore, the phase angle
begins at approximately —70° and gradually shifts towards 0° as
the frequency increases, confirming the transition from strong
capacitive to resistive behaviour. This type of plot was important
for studying electrochemical properties, including ionic
conductivity, charge transfer resistance, and double-layer
capacitance.

4. Conclusion

This study examines a green and eco-friendly approach for
synthesizing copper oxide (CuO NPs) using Aegle marmelos
fruit pulp extract as a natural reducing and stabilizing agent.
The synthesized CuO NPs were characterized using various
techniques, confirming their monoclinic phase, nano-
crystalline nature, and the presence of bioactive compounds
from the extract acting as capping and stabilizing agents. The
antibacterial activity assays revealed significant inhibitory

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effects against both Gram-positive and Gram-negative
bacteria. The nanoparticles also exhibited effective antioxi-
dant behaviour and were found to be biocompatible, as
determined by hemolytic assays. Furthermore, the electro-
chemical performance of the CuO-based electrode was inves-
tigated, showing promising characteristics for supercapacitor
or energy storage applications with high capacitance and fast
charge-discharge ability.
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