
ChemistrySelect 

RESEARCH ARTICLE

Biogenic-Assisted Synthesis of Cu–Zn–Co Ternary Oxides 

Nanocomposite: Investigation on Their Bioactivity and 

Electrochemical Behavior 

Sheikdawood Parveen1 Baskar Anbumani2 Manickam Karthigai Priya3 Punniyakotti Parthipan4 
Gnanasekaran Lalitha5 Ayyar Manikandan2 , 6 Arumugam Kosiha7 Giriraj Kalaiarasi2 , 6 

1 Bio-Inspired Material Research Laboratory, Dr. Mahalingam College of Engineering and Technology, Coimbatore, Tamil Nadu, India 2 Department of 
Chemistry, Karpagam Academy of Higher Education (Deemed to Be University), Coimbatore, Tamil Nadu, India 3 Department of Science and Humanities, 
Rathinam Technical Campus, Coimbatore, Tamil Nadu, India 4 Department of Biotechnology, Faculty of Science and Humanities, SRM Institute of Science and 
Technology, Kattankulathur, Chengalpattu, Tamil Nadu, India 5 Instituto de Alta Investigación, Universidad de Tarapacá, Arica, Chile 6 Centre For Material 
Chemistry, Karpagam Academy of Higher Education (Deemed to Be University), Coimbatore, Tamil Nadu, India 7 Department of Chemistry, VELS Institute of 
Science, Technology & Advanced Studies (Deemed to Be University), Chennai, Tamil Nadu, India 

Correspondence: Arumugam Kosiha ( kosiha.sbs@velsuniv.ac.in) Giriraj Kalaiarasi ( kalaiarasi.giriraj@kahedu.edu.in) 

Received: 17 September 2025 Revised: 26 January 2026 Accepted: 29 January 2026 

Keywords: Antioxidant activity | copper zinc cobalt oxides | Electrochemical performance | Facile synthesis | Myristica fragrans (nutmeg) mace extract | 
Nanocomposite (NAC) 

ABSTRACT 

Nanoparticles are the materials of the future after their well garnished development, especially, in the field of biomedical and 
energy sectors because of its qualitative priority of people. By spotting these aspects, we determine to synthesize a mixed metal 
oxide appended nanocomposite (NAC) from Cu, Zn and Co. We eradicate the utilization of chemicals by plant-assisted synthetic 
approach. In this method we employs the aqueous extract from Myristica fragrans (nutmeg) mace as a reducing, capping and 
stabilizing agent to synthesize the mixed metal oxide-based nanocomposite composed of Cu, Zn, and Co. FT-IR, UV–Visible, PXRD, 
scanning electron microscopy (SEM), EDS, and transmission electron microscopy (TEM) techniques supports the formation of 
desired NAC in both morphologically and chemically. The antioxidant activity of the NAC was assessed against the DPPH∙, 
ABTS∙+ , NO∙, ferric reducing antioxidant power (FRAP), and O2 − free radicals. Further, the electrochemical properties of CV, 
GCD and EIS are measured in 6 M NaOH. At a 1 Ag− 1 current density, the composite exhibit greater capacitance (402.04 C g− 1 ), 
after 2000 cycles the NAC electrode shows excellent 95% of capacity retention. 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Nanoparticles possess excellent physical, chemical and biological
properties than their bulk counter parts due to their high surface
area to volume ratio, surface energy and quantum effects. Due
to this difference in their properties, they have vast and efficient
applications in energy, biomedical, and other fields too [ 1–3 ].
Nanometal oxides were the class of nanomaterials having the
© 2026 Wiley-VCH GmbH 
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bond between or among metal ion and oxygen atom. Ternary
metal oxides were the class of nanomaterials which were always
superior than the bi or mono metal oxides because they have
enhanced redox and surface activity. 

The mixed metal oxide-based nanoparticles were very useful in
designing the energy storage related applications. They show 

diversified oxidation states; this enables the faradic reactions 
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that promotes pseudo capacitance [ 1 ]. Greenly synthesized
metal oxides exhibit superior catalytic activity because of tai-
lored morphology and active sites [ 4 ]. The improved synergis-
tic properties of mixed metal oxides enhance their biological
properties like anticancer, antioxidant, antifungal, and antibac-
terial. Ternary metal oxides have high surface area, porosity,
biocompatibility and low toxicity [ 5–7 ]. Nanoscale size and
porous structure has greater active surface sites for antioxidant
reactions [ 4 ]. 

Utilization of the antioxidant potential of the nanoparticles
were useful in many aspects like combatting the oxidative
which is major impactor to neural disorders, cancer, car-
dio diseases and aging in humans. How the NP’s especially
metal oxides comprise of zinc, cerium, and gold useful was,
they can mimic the natural antioxidant enzymes like super-
oxide dismutase (SOD) and catalase, neutralizing the harmful
reactive oxygen species (ROS) effectively [ 8 ]. The redox reac-
tive surfaces of metal oxides enable them to scavenge the
free radicals and making them as the promising agents for
therapeutic applications which revolves around the oxidative
stress related applications [ 9 ]. As a comparison, traditional
antioxidant continuously suffer from bioavailability, instability
to cross the barriers in human body (blood–brain barrier),
studies proven that nano oxidants can cross the blood–brain
barrier and prevents neuron from oxidative stress. Nano oxi-
dants deliver merits like targeted drug delivery, sustained
release and enhanced cellular uptake making them efficient at
therapeutics [ 10–13 ]. 

Copper metal has a privilege to switch between the oxidation
states (Cu+ and Cu2 + ) enabling enhanced electron donation.
This electron donation will neutralize the free radicals. Cu-based
mixed metal oxide nanocomposites (NACs) have superior radical
scavenging activity at DPPH and ABTS assays. Zinc contributes
to the stability and biocompatibility whereas copper contributes
to the redox cycling and radical scavenging [ 5, 14 ]. Cobalt also
exists in Co2 + and Co3 + oxidation states, which allows it to take
part in the redox cycling and exhibits excellent scavenging activity
by donating and accepting electrons [ 15 ]. Cobalt was combined
with other metals shows enhanced electron transfer, surface area
and catalytic activity, as a collective result improves the radical
scavenging efficiency and stability [ 16 ]. Cobalt-based metal oxides
maintain structural nature under the physiological conditions,
which makes them best suitable for antioxidant applications [ 15,
16 ]. 

Till today many metal oxides and mixed metal oxides-based NACs
were undergone many antioxidant and other biological applica-
tions [ 17–24 ]. Bavaji et al. synthesized the NAC of ZrO2 /NiO/RGO
for antioxidant applications as part of study [ 17 ]. El-Shafai et al.
reported the NAC GO@TiO2 .ZnO and studied their antiox-
idant applications [ 18 ]. Jahanzeb Khan et al. presented the
ternary metal oxide NAC (CuO/NiO/ZnO) for the antioxidant
and antimicrobial applications [ 19 ]. Athithyan et al. synthesized
the mixed metal oxide of CoO/NiO from green synthesis for
trifunctional applications includes antioxidant applications [ 20 ].
Ruthiran Papitha et al. synthesized two nanocomposites by using
the bark extract of Parkia timorina . They synthesized CuO/TiO2 
and ZnO/TiO2 and comparatively studied their antioxidant
potential [ 23 ]. 
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Plant extracts play a vital role in preparing a metal oxide
and mixed metal oxides nanoparticles. The authors synthesized 
CuO/ZnO/CoO NACs using nutmeg mace extracts. The extract 
of nutmeg ( Myristica fragrans ) mace (outer layered flower of
nutmeg) was used as precursor to synthesis composite. Biogenic
precursors in the extract’s functional groups such as flavonoids,
terpenoids improves the dispersion, stability, and surface reac- 
tivity of composites [ 25, 26 ]. Further, we can rule out the use of
chemicals used for the synthesis which were harmful for environ-
ment, this reduces environmental pollution, energy consumption 
and hazardous by products [ 27, 28 ]. The Phytochemicals in the
plant extract plays the role of reducing agent which reduces the
metal ions to their corresponding metal or metal oxide NP’s and
as well as role of stabilizers and capping agents by binding to
the nanoparticle surface, preventing agglomeration and control- 
ling particle size and shape. This enhances colloidal stability
and biocompatibility [ 29, 30 ]. Even though biological capping
agents were not that much good as chemical capping agents
but in the case of chemical capping agents change in the small
ratio results in large variation in morphology of nanostructures.
Biogenic (plant-based) capping agents are cost-effective because 
they use readily available, inexpensive natural materials and 
simple processing, making them a more economical alternative to
conventional chemical capping agents. Plant extracts are rich in
phytochemicals. Plant extracts act as capping agents by providing
bioactive molecules that bind to newly formed nanoparticles, 
preventing them from clumping through steric hindrance and 
electrostatic repulsion, while simultaneously reducing metal 
ions to form the nanoparticles, creating a stable, eco-friendly
synthesis method and their rate of synthesis was also faster. The
nanoparticles synthesized by plant extract have better biological 
properties [ 31, 32 ]. 

This plant-assisted synthesis route is much cheaper compared to
conventional chemical routes. The main cost advantages come 
from the fact that inexpensive, locally sourced plant material acts
both as a reducing agent and a stabilizing agent, and there is no
need for toxic reagents, elaborate purification, and waste man-
agement. Energy input is also reduced due to milder synthesis
conditions. Literature and process analyses estimate total expen- 
sive for plant-mediated mixed metal oxide nanoparticle synthesis
to be 30%–70% lower per gram compared to chemical synthesis,
with additional environmental and safety benefits [ 33, 34 ]. 

In this research work we synthesized the mixed metal oxides of
Cu, Zn, and Co (NAC) using the nutmeg mace extract. We studied
the antioxidant potential of the mixed metal oxide NAC in the
free radicals of DPPH∙, ABTS∙+ , NO− , ferric reducing antioxidant
power (FRAP), and O2 − free radicals. Being the environmen- 
tally friendly and owning the potential antioxidant activity this
Cu ─Zn ─Co metal oxides can be considered as a potent candidate
for antioxidant application. Further, electrochemical properties 
of the NAC were also investigated. 

2 Experimental Section 

2.1 Plant Identification and Its Phytochemical 
Constituents 

Initially the tree of the nutmeg and mace was identified and it
was belongs to the family of Myristicaceae . It was tropical tree
ChemistrySelect, 2026



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with soft wooded aromatic characteristics. Also, used in Indian
cooking as the spice. It can grow up to height of about 10–
20 m tall with straight trunk and canopy (dense). Leaves were
alternatively arranged, simple and oblong-lanceolate shaped. It
was a dioecious tree. M. fragrans arils (mace) holds distinct
variety of phytochemicals in nature. Seed (nutmeg) contains
majorly myristicin and safrole. Arils (mace) comprises of many
phytochemical constituents and essential oils which includes
flavonoids like quercetin, quercetin-3- o -glucoside, rhamnetin,
rutin, lutein, and procyanidin B2; phenolic acids like ferulic acid
and vanillic acid; terpenoids like myristicin, elemicin, and safrole
and other lignans and tannins [ 35, 36 ]. 

Many reviews and experimental research works in nanoparticle
syntheses suggests us that plant extracts were like bio factories;
they reduce the metal precursors and also acts as a capping
agent. On the other hand, plant extracts help eliminate the use
of toxic chemical reagents in the synthesis of nanoparticles.
Mace is enriched in phenylpropanoids like myristicin, flavonoids
and tannins. They donate electrons to reduce the metal ions
from their higher oxidation states and gives the caps them
and controls the agglomeration of NACs. Compared to other
spices arils contains higher small-molecule antioxidant density
and lower polysaccharide burden which favors the thinner and
uniform organic shells on nanoparticles and improves dispersion.
Reduction of metal precursors was taken care by polyphenols and
phenylpropenes in mace they donate electron to metal ions and
reduces and initiates the nucleation process. Phenolic -OH groups
and aromatic rings adsorb at nascent particles surface and limits
the coalescence and impacts the morphology [ 37, 38 ]. 

The phenolics reduce metal ions during nucleation and imme-
diate adsorption caps nuclei and limits the uncontrolled growth.
Acidic and phenolic groups give negative charge and increases
the zeta potential and colloidal stability was maintained via
electrostatic repulsion. Bulky phytochemicals like tannins creates
a barrier around nanoparticles. The steric hindrance reduces the
van der waals force of attraction and flocculation and caps the
nanoparticles [ 36, 39, 40 ]. 

2.2 Preparation of Plant Extract 

Ripened fruits of Nutmeg were collected from Pollachi region,
Tamil Nadu, India. From the sourced nutmeg fruit, hand remov-
ing of the crimson mace (nutmeg mace) was carried out carefully
and dried in sunlight for about 12 days to get a yellowish
orange color mace. Dried nutmeg mace was stored in an airtight
container for future use. The 10 g dried and crushed nutmeg mace
was added into a conical flask of 250 and 100 mL of deionized
water was added into the crushed mace nutmeg. It was placed in
a water bath for 3–4 h at 85◦C. Then the contents in the flask was
filtered through Whatman No.1 filter paper. Then the extract was
cooled at 25 ± 1◦ C for 180 min and used as such. 

2.3 Preparation of Cu ─Zn ─Co Metal Oxide 
(NAC) 

Each one molar (1 M) solutions of copper nitrate Cu(NO3 )2 .3H2 O,
zinc nitrate Zn(NO3 )2 .6H2 O, and cobalt nitrate Co(NO3 )2 .6H2 O
ChemistrySelect, 2026
was prepared by using 50 mL of nutmeg mace extract. For
synthesis of NAC, all three metal nitrate solutions were taking
them in equimolar ratio as 1:1:1. Then, metal salt solutions were
thoroughly mixed well and kept for stirring, to this few drops
of 0.2 M NaOH was added and continued stirring for about
10 h at an ambient temperature. The resultant precipitate was
filtered through a Whatman no. 1 filter paper. The dried material
was calcinated in a muffle furnace at 600◦C for 4 h. After
the calcination the NAC was obtained and utilized for further
analysis. 

2.4 Characterization of NAC (Cu ─Zn ─Co Oxide 
NAC) 

The structural properties of NAC were assessed through var-
ious instrumental techniques. Detailed instrumentation was 
mentioned in Supporting Information . 

2.5 Antioxidant Assays 

Antioxidant activity of the NAC was tested according to the
reported literature methods [ 41–50 ]. Antioxidant activity of
the composite was assessed using various well-known assays
which includes DPPH∙ (2,2-diphenyl-1-picrylhydrazyl) assay 
is to compare the antioxidant strength in natural products,
pharmaceuticals and nanomaterials, ABTS∙+ (2,2’-azino-bis(3- 
ethylbenzothiazoline-6- sulfonic acid) assay was used to assess
the total antioxidant capacity of the nanomaterial it was very
versatile and works in both lipids and aqueous systems, NO∙
(nitric oxide) radical scavenging assay is kept in place to check
whether our NAC reduce inflammation signaling because NO∙
is significant cause for inflammation, neurodegeneration and 
cancer progression and O2 − (Super Oxide anion) assay was used
to assess the mitochondrial protection and antiaging affects and
it was a key parameter to oxidative stress and mitochondrial
dysfunction and acts as a marker to cell protective activity, FRAP
used to measure the antioxidant capacity of a sample by its
ability to reduce ferric (Fe3 + ) ions to ferrous (Fe2 + ) ions and
it offers a simple and efficient analytical method for assessing
age, disease, diet, or other physiological changes to antioxidant
status. The free radicals used in the testing of antioxidants
activity of NAC were DPPH∙, ABTS∙+ , NO∙, O2 − , FRAP at
varying concentrations and detailed experimental procedure was 
provided at Supporting Information . Assuring consistency, all 
experimental measurements were carried out in triplicate ( n =
3). Three independent replicates are used to calculate the mean
± standard deviation (SD), which is how quantitative data are
reported. 

2.6 Electrochemical Performance 

Electrochemical behavior of NAC was systematically 
estimated using cyclic voltammetry (CV) and galvanostatic 
charge/discharge (GCD) and electrical impedance spectroscopy 
(EIS). In CV the difference between capacitance and diffusion-
controlled contributions were measured. GCD is used to 
calculate the specific capacitance and evaluate the rate capability
and cyclic stability. EIS provides mechanistic data values 
3 of 15



SCHEME 1 Preparative route of the NAC. 

FIGURE 1 FT-IR spectrum of NAC composite. 

 

 

 

 

 

 

 

 

 

 

FIGURE 2 PXRD pattern of the NAC. 

 

 

 

into charge transfer resistance and ion diffusion pathways
[ 51–53 ]. The measurements were carried out at the CH1608
electrochemical work station by using the 6 M KOH electrolyte
in three electrode configuration model. 50 milliliters of N -
methyl-2-pyrrolidone (NMP) solvent were added to the mixture
of active material (75%), carbon black (15%), and polyvinylidene
difluoride (PVDF) (PVDF was used as nothing but a binder).
The graphite sheet with a dimension of 1 × 1 cm2 was used as
the current collector and covered with the 1 mg of electrode
material (NAC), then it was dried for 8 h at 80◦C in this work the
4 of 15
standard electrode was Ag/AgCl and the counter electrode was
Pt wire. 

The GCD profile was used to calculate the specific capacitance
(Sc) by Equation ( 1 ): 

𝐶 = 𝐼 × Δ𝑡 
𝑚 × 𝑉 

(1) 

where, I is current, Δt is discharge current, V = voltage, and m =
mass of material. 
ChemistrySelect, 2026



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE 1 PXRD data for the NAC. 

Metal oxide Peaks Assignments JCPDS card no. 

CuO 35.5 002 05-0661 
48.6 202 
58.4 202 

ZnO 31.7 100 79-2205 
34.6 002 
36.3 101 
56.7 103 
63.4 112 
66.2 201 
68.2 200 

CoO 38.9 111 78-0431 
43.0 200 
62.2 220 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 Results and Discussion 

The synthesis of metal oxides by using the plant’s found its own
space in the nanomaterial field due its ease in synthesis and
effectiveness in research. The NAC was synthesized by using
the nutmeg mace extract and nitrate salts of copper, zinc and
cobalt. The resultant mixture (dried NAC) was calcinated at
600◦C to remove the organic and inorganic contaminants from
the NAC (Scheme 1 ). The nutmeg mace extract was used as
capping, stabilizing and chelating agent helps in the effective
formation of NAC [ 25 ]. Reported research works reveals that
presence of adequate amounts of phytochemicals (myristicin,
eugenol, elemicin, safrole, lignans, flavonoids, phenolic acids,
terpenoids, tannins, and alkaloids) in the extract of M. fragrans
[ 39, 54, 55 ]. The various roles of these phytochemicals in synthesis
of NAC were Lignans in stabilization, Flavonoids as reducing
and capping agent, Phenolic acids as surface passivator, aggre-
gation preventer and dispersion improvisor, Terpenoids will be
shape control and surface stabilization, Tannins as chelation
and capping agent, Alkaloids used in surface modification and
stabilization [ 56–59 ]. The mechanism for the formation of NAC
was elucidated by using the previous literature methods and
its graphical representation was presented in the Scheme 1 [ 60,
61 ]. 

3.1 Spectral Characterization of NAC 

3.1.1 FT-IR Analysis for NAC nanocomposite 

To explore the formation of NAC, the FT-IR spectra of M. fragrans
and NAC was compared. M. fragrans shows the bands in the
wavenumbers of 3434, 2810, 1642, 1387, 1345, and 673 cm− 1 was
due to the presence O ─H stretching hydrogen, C ─H stretch-
ing, HC ═ C alkene peak, C ─H stretching and C ─F stretching,
respectively [ 62 ]. Plant-assisted synthesis of NAC showed bands
in the regions of 1376 cm− 1 was due to the presence of bending
vibration of surface hydroxyl group and the peaks observed at
1017 and 665 cm− 1 were due to the metal–oxygen/metal–metal
vibrations, respectively [ 62, 63 ]. The IR bands in the NAC contain
few bands when compared to IR bands M. fragrans this was
the evidence for the formation of NAC. This shows the com-
plete removal of both the organic and inorganic contaminants
(Figure 1 ). 

3.1.2 UV–Visible Spectroscopy 

The reduction of the metal ions to the metal oxide state was iden-
tified using the UV–Visible spectroscopy. The UV–vis spectrum
of NAC and band gap energy ( Eg ) was presented in Figure S1 . The
NAC shows peak in the wavelength of 369 nm which is due to the
metal–oxygen transition, which evidenced the reduction of metal
ions to form the NAC [ 64 ]. The Eg of the spectrum was found to
be 3.43 eV [ 65 ]. 

3.1.3 Powder X-Ray Diffraction Analysis (PXRD) 

The PXRD characterization technique was employed to know the
phase purity of the samples applied for the analysis under the
ChemistrySelect, 2026
testing environment. Figure 2 contains the powder XRD pattern
of the NAC. The characteristic peaks at 2 θ = 31.7, 34.6, 35.5, 36.3,
38.9, 43, 48.6, 56.7, 58.4, 62.5, 63.4, 66.2, and 68.2, which were
corresponded to CuO, ZnO, and CoO nanoparticles. The CuO has
the peaks and assignments as 35.5 (002), 48.6 (202) and 58.4 (202)
this was in line with the JCPDS card. no. 05-0661. For ZnO 31.7
(100), 34.6 (002), 36.3 (101), 56.7 (103), 63.4 (112), 66.2 (201), and
68.2 (200), whereas CoO have 2 θ value and assignments as 38.9
(111), 43.0 (200), and 62.2 (220). The crystallite size of NAC was
found to 17.75 nm by using the Debye–Scherrer’s formula. The
PXRD data for the synthesized NAC was presented in Tables 1
and 2 . 

Average crystallite size of the particles calculated from the Debye–
Scherrer’s equation (Equation 2 ) [ 66, 67 ]. 

𝐷 = 𝐾𝜆

𝛽 cos 𝜃
(2) 

where, D is the average crystallite size in nanometers, 𝐾 is the
shape factor (0.9), λ is the wavelength of the x-rays, 𝛽 is the peak
broadening in radians at half of the maximum intensity (FWHM)
𝜃 is the Bragg angle in radians. The average crystallite of NAC was
found to 17.03 nm (Table 2 ). Dislocation density ( 𝛿) is the number
of dislocations per unit volume and can be estimated from the
crystallite size [ 68 ] (Equation 3 ). 

𝛿 = 1 

𝐷2 
(3) 

Where, D is the average crystallite size in nanometers. The
dislocation density is 8.09 ×10− 3 nm− 2 . This microstrain rises from
the large fraction of exterior atoms and unsaturated affecting
bonds, which may be responsible for really a lot of unique chem-
ical and physical properties of the nanoparticles. Microstrain ( ϵ)
5 of 15



TABLE 2 Crystallite size, dislocation density, and microstrain for the NAC. 

Peak position FWHM 

Crystallite size Dislocation density Microstrain 

2 θ (◦) β (◦) 

27.46258 0.2 38.5711639 0.672162859 3.57133691 
35.89205 1.1 6.86803061 21.19998508 14.8193077 
38.82095 0.2 37.4491636 0.713043055 2.47662023 
48.63925 0.95 7.61738045 17.23410387 9.17212728 
62.70243 0.56 12.1102389 6.818590073 4.01070674 
62.70243 0.52 13.0417957 5.879294502 3.72422769 
66.46453 0.65 10.2191675 9.575665387 4.32878455 
67.73196 0.45 14.6531514 4.657339791 2.92574049 
58.59263 0.54 12.825041 6.079704607 4.19932202 
Average 17.0394592 8.092209915 5.46979707 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

calculated from the following relation [ 69 ] (Equation 4 ): 

𝜀 =
𝛽

4 tan 𝜃
(4)

The material’s micro strain value was found to be about 5.46 ×
10− 3 . 

3.1.4 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy is the analysis use to know the sur-
face morphology of the nanomaterials at various magnifications
which was presented below as Figure 3 . at the magnifications of
500 nm and 1 µm. The in consistent spherical shape and some
layer shape of NAC were identified in the SEM scans. This shows
that the clusters resemble amorphous aggregates these were the
agglomerated particles of NAC. The reason for the agglomeration
was may be due to the magnetic interactions or may be due to
the phytochemicals which works as a reducing agent in the plant
extract or nucleation effect [ 64, 70, 71 ]. 

3.1.5 Energy Dispersive Spectral Analysis 

Energy dispersive spectroscopy (EDS) is the characterization
technique use to confirm the elemental composition of the
material. EDS spectrum was shown in the Figure 4 . Ranges from
0 to 20 KeV, the spectral peaks in the EDS spectrum shows that
mixed metal oxide (NAC) comprises of Cu, Zn, Co, and oxygen
atoms. Atomic metal composition in the NAC was given in Table 3
indicated that Co (12.79), Zn (22.29), and Cu (42.45) with oxygen
(22.48) percentage, respectively. Nanoparticle compositional of
NAC was indicated by EDS spectra, were matching with the
theoretical values. 

3.1.6 Transmission Electron Microscopy (TEM) 

TEM images of NAC were presented below as Figure 5 . TEM
images of NAC show that most of the particles are transparent,
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which is the proof for the formation of metal–oxygen bond. Even
though, many thickened particles were identified this was may
be due to the agglomeration of the particles. The selected area
electron diffraction (SAED) shows significant ring like charac- 
teristics. This further enhances their polycrystalline nature. The 
TEM micrograph presented in Figure 6 clearly reveals that the
nanostructured morphology of the synthesized particles, which 
appear predominantly spherical in shape. The particle sizes range
from 10 to 25 nm. As indicated by the particle size distribution in
Figure 7 , the majority of particles fall within the 10–12 nm range.
The distribution curve fits well with a log-normal function, which
is typical for nanoparticle systems. The weighted average particle
size obtained from the distribution is approximately 12.04 nm. 

3.1.7 Biological Applications: Antioxidant Studies 

One of the most important investigations of nanomaterials in
biomedical application system is the evaluation of their antiox-
idant activity [ 72 ]. Every biosystem’s performance is significantly
impacted by antioxidants [ 73 ]. Because of the interaction between
the system’s biomolecules and molecular oxygen, free radicals 
are frequently produced in biological systems [ 74 ]. Before being
applied in real time to any living system, the antioxidant activity
of synthetic nanomaterials has been assessed. In the antioxidant
assays, IC50 is the antioxidant concentration required to obtain 
50% radical inhibition. In vitro antioxidant assays such DPPH∙,
ABTS∙+ , NO∙, O2 − , and FRAP was performed and the results were
discussed herein detail (Figure 8 ). 

Experiments that employ DPPH radicals to evaluate the antiox-
idant qualities of recently created materials frequently employ 
the DPPH scavenging assay. Additionally, it is frequently used to
assess the overall antioxidant capacity and the ability to scavenge
free radicals by donating hydrogen atom. Antioxidants’ ability to
scavenge free radicals has long been tested using the uncharged
DPPH free radical, which may be changed into a non-radical form
by absorbing an electron or a hydrogen atom in the presence
of a composite nanomaterial [ 75, 76 ]. In this current study, the
antioxidant activity of NAC at different concentrations (20 to 100
µg mL− 1 ) was determined by DPPH radical scavenging assay, and
ChemistrySelect, 2026



FIGURE 3 SEM images of NAC. 

TABLE 3 The elemental composition of the NAC. 

Elements Line type k Factor 
Absorption 

correction Wt% Wt% sigma Atomic % 

O K series 2.020 1.00 22.48 0.28 53.40 
Co K series 1.185 1.00 12.79 0.19 8.25 
Cu K series 1.247 1.00 42.45 0.29 25.39 
Zn K series 1.277 1.00 22.29 0.25 12.96 
Total 100.00 100.00 

ChemistrySelect, 2026 7 of 15



FIGURE 4 EDS spectrum of NAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the obtained result is illustrated in Figure S2 . It was observed
that composite (NAC) exhibited better ability to scavenge DPPH
radicals, with the IC50 value of 62.11 ± 0.15 µg mL− 1 comparable
to that of AA (7.98 ± 0.98 µg mL− 1 ) and BHA (8.11 ± 1.12 µg
mL− 1 ). 

By testing against the ABTS˙+ solution, with the increase in con-
centration, the percentage radical scavenging activity increased.
NAC displayed scavenging activity spanning from 22.75% to
72.42% at different concentrations (Figure S3 ). The antioxidant
capacity may be explained by the negatively charged electron-
donating surface, which may be in charge of containing the
ABTS free radical species [ 77 ]. As it was able to combine
more ROS, the antioxidant activity was stronger [ 78 ]. The IC50 
value was calculated to be 53.5 ± 0.89 µg mL− 1 and 47.6 ±
0.11 µg mL− 1 for the controls AA and BHA, respectively, for the
composite nanomaterial (NAC) it was resulted as 65.53 ± 0.49 µg
mL− 1 . 

Scavenging Nitric Oxide (NO) refers to the process where a
substance, like a composite oxide, interacts with nitric oxide
and prevents it from causing damage or from being converted
into more harmful reactive species. Present study shows the
composite nanoparticles had nitric oxide scavenging activity. The
scavenging activity of the nanoparticles was lesser as compared
to standard ascorbic acid (Figure S4 ). The IC50 values of controls
AA and BHA additionally, NAC was estimated as 51.9 ± 0.56 µg
mL− 1 , 50.2 ± 0.45 µg mL− 1 , and 52.12 ± 0.65 µg mL− 1 which nears
the scavenging activity of the controls. 

Super oxide is biologically important as it can form singlet oxygen
and hydroxyl radical. Overproduction of super oxide anion radical
contributes to redox imbalance and associated with harmful
physiological consequences. The IC50 of compound was 52.51
± 0.95 µg mL− 1 , indicating the better scavenging ability of the
8 of 15
composite. Whereas, the controls showcased the free radical 
scavenging activity as 35.40 ± 0.56 µg mL− 1 and 42.6 ± 0.23 µg
mL− 1 for AA and BHA, respectively (Figure S5 ). 

Subsequently, FRAP of NAC was measured by the colorimetric
detection to directly measure the reducing power of the com-
pound which mirrors their power neutralize the oxidative stress.
Figure S6 shows the FRAP results of the prepared composite
NPs by reducing Fe3 + ions to Fe2 + ions. Blue color develops
after the reduction of the ferric iron and it can be monitored
colorimetrically at 594 nm. It was found that the maximum
antioxidant activity value of 63% was observed for NAC while
91% and 81% activity was observed for AA and BHA, respectively
at same concentration. This method is based on the reduction
of Fe3 + ions into Fe2 + ions through the antioxidant (CuO, ZnO,
and Co3 O4 NPs) the reaction is detected by the transfer from
the yellow color of Fe3 + ions to the blue Fe2 + ions. The increase
in absorbance with concentration indicates the elevation of the
reducing power of the tested samples [ 79, 80 ]. The antioxidant
activity of the other reported metal oxide-based NACs which
were synthesized by using plant extract was compared with NAC
and the obtained results revealed that NAC possessed significant
activity [ 79–85 ]. 

3.1.8 Electrochemical Performance of NAC 

The synergistic effect of CuO, CoO and ZnO, often in the form
of heterostructures or composites, improves parameters like 
specific capacitance, energy density, power density, and cycling 
stability. The electrochemical performance of composite was 
investigated using a three-electrode configuration with a 6 M
NaOH electrolyte solution as the electrolyte, Ag/AgCl serving as
the reference electrode and Pt serving as the counter electrode.
The CV curves of the composite electrode recorded at a scan
ChemistrySelect, 2026



FIGURE 5 (a–c) TEM images of NAC and (d) SAED pattern of NAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

rate of 5–100 mV s− 1 and between the potential of 0 and
0.5 V shown in Figure 9a . The characteristic pseudo-capacitive
nature of the electrode can be observed by non-rectangular CV
curves [ 86 ]. As far as the CV study is concerned, the greater
the area under the CV curve at a particular scan rate, the
greater the value of specific capacitance will be. It is clear
that when the scan rate increases, the CV curve’s area grows.
Additionally, Figure 9b showed the contribution percentages
of diffusion controlled and surface controlled contribution at
various scan rates. Even at high scan rates, the diffusion-
controlled participation is remarkably steady and higher than
the surface-controlled contribution, illustrating that the compos-
ite electrode’s high capacity mostly results from battery beha-
vior [ 87 ]. 
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The galvanostatic charge–discharge analysis is performed to 
examine the super capacitive behavior of the synthesized com-
posite, GCD curves of all the electrodes was recorded at a
current density of 1–50 Ag− 1 across the potential window of 0
and 0.4 V (Figure 10a ) and the corresponding values of specific
capacitance are presented in Figure 10b . As current densities rise
between 1 and 50 Ag− 1 , electrode’s specific capacitance falls. This
could be explained by the varying insertion–desertion tendencies 
of the ions in the electrode and electrolyte materials. These
curves exhibit the nonlinear behavior. Hence it is confirmed
that the faradaic charge storage mechanism is predominant in
the material. At 1 A g− 1 , the highest capacitance of 284.16 C
g− 1 was measured, suggesting improved charge storage. The 
capacitance decreases with increasing current density. It is the
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FIGURE 6 TEM image of NAC with particle size. 

FIGURE 7 Particle size distribution histogram of NAC. 

 

 

 

 

 

FIGURE 8 Antioxidant activity of the NAC. 

 

 

 

 

 

 

normal behavior. This may be due that at low current density the
rate of diffusion of OH− ions is high into the electrode, which in
turn high capacitance and vice versa. 

Furthermore, the EIS method was used to evaluate the electrode’s
performance; the Nyquist plots that were produced are displayed
in Figure 11a . The Nyquist plot is a helpful tool in electrochemical
10 of 15
analysis that sheds light on the impedance behavior and elec-
trochemical processes of a system. Three separate zones, each
depending on the frequency range under study, are frequently
visible on a supercapacitor’s Nyquist plot. The intercept value
in the high frequency domain indicates the equivalent series
resistance (Rs), which is the entire resistance displayed by the
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FIGURE 9 Electrochemical performances: (a) CV curves and (b) capacitive contributions at various scan rates. 

FIGURE 10 Electrochemical performances of NAC: (a) GCD curves and (b) specific capacity versus specific currents. 

FIGURE 11 Electrochemical performance of NAC: (a) Nyquist plot and (b) cyclic stability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

electrolyte, electrode, and electrical connections. Meanwhile,
the diameter of the semicircular feature observed in the mid-
frequency region is associated with the charge-transfer resistance
(Rct) [ 88, 89 ]. Warburg impedance, which indicates the diffusion
of charge carriers within the electrode material, is indicated in
the middle frequency range by an inclination greater than 45◦ in
a linear trend. The electrodes with a smaller semicircle (i.e., Rct)
of 1.5 and a lower Rs value of 13.2 are anticipated to perform better
in electrochemical energy storage. 
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One important factor affecting the practicality and viability of
supercapacitor electrodes is cyclic stability. This characteristic 
describes the supercapacitor’s ability to maintain their electro- 
chemical efficiency after a large number of cycles of charging and
discharging, exhibiting resistance to severe degradation. There- 
fore, at a current density of 10 Ag− 1 , the stability of the composite
electrode was evaluated for 2000 GCD cycles (Figure 11b ). After
2000 GCD cycles, the electrode maintained 95% of its initial
capacitance, demonstrating good cyclic stability. 
11 of 15



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Electrochemical application of NAC was compared other previ-
ously reported literatures and found significant in the electro-
chemical applications [ 90–93 ]. 

4 Conclusion 

The mixed metal oxide-based NAC of Cu, Zn and Co has been
biogenically synthesized using extract of M. fragrans (nutmeg)
mace and the morphological and chemical formation of the NAC
was confirmed and supported by using various characterization
techniques like FT-IR, UV–Vis, PXRD, SEM, TEM, and EDS.
This NAC was designed to employ a single NAC as the dual
applicant in the fields of biomedical and energy, because these
fields hold most of the stake quality of life in the lifespan
of people. NAC can be opted as a potential candidate for
the antioxidant applications which can scavenges most of the
free radicals includes, DPPH∙, ABTS∙+ , NO∙, FRAP, and O2 − 

with good IC50 value. Further, electrochemical candidate NAC
delivers quite good results and it can be a high-performance
electrode for super capacitors to encounter the demanding energy
needs. Conclusively, NAC was a mixed metal nanocomposite
synthesized via plant-assisted method and a good applicant for
both the energy and biological applications. In near future NAC
was yet to be synthesized with series of plant extracts and
their electrochemical and biological applications were studied
and compared for the better outcomes. Pilot level scale up
was planned after the optimization of process protocols for the
scalability of NAC. The cornerstone of the future perspective
of NAC was to bridge mechanistic clarity with translational
applications. 
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