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ABSTRACT:

This study reports an eco-friendly and efficient method for the green synthesis of copper oxide
nanoparticles (CuO NPs) using the aqueous leaf extract of Azadirachta indica A. Juss.
Phytochemical profiling and GC-MS analysis of the extract revealed the presence of diverse
bioactive compounds including fatty acid esters, alcohols, linoleic acid derivatives and
andrographolide, which served as natural reducing and stabilizing agents during nanoparticle
formation. The biosynthesized CuO NPs were characterized using UV-Vis, FTIR, XRD, FE-
SEM, EDX, zeta potential and DLS analysis. UV—Vis spectroscopy confirmed nanoparticle
formation with a characteristic absorption peak at 340 nm, attributed to electronic transitions in
CuO nanoparticles. FTIR spectra verified the involvement of phenolics, flavonoids, terpenoids
and other phytochemicals in reducing and capping the nanoparticles. XRD analysis confirmed the
formation of highly crystalline monoclinic CuO phases. FE-SEM micrographs revealed spherical
clustered nanoparticles with a mean size of 24.95 nm, while EDX confirmed high elemental
purity containing only copper and oxygen. The zeta potential value of —21.4 mV indicated good
colloidal stability due to biomolecule capping. The CuO nanoparticles exhibited a PDI value of
0.217, indicating monodispersity and acceptable colloidal stability of the dispersion. The findings
demonstrate that 4. indica leaf extract is an effective biological source for the green synthesis of
stable CuO nanoparticles.

Introduction

Conventionally, CuO NPs have been synthesized using
various physical and chemical methods such as sol-gel,

Nanotechnology has emerged as a frontier of modern
science, offering vast opportunities to manipulate matter
at the nanoscale (1-100 nm) for developing materials
with enhanced and tunable physicochemical properties.
Metal oxide nanoparticles, in particular, have gained
immense attention owing to their catalytic, optical,
antimicrobial, therapeutic applications and electronic
characteristics that differ significantly from their bulk
counterparts [1]. Among various transition metal
oxides, copper oxide (CuO) is a p-type semiconductor
with a narrow bandgap (~1.7 eV) that exhibits
remarkable  electrical, thermal, and catalytic
performance [2]. Owing to its low cost, abundance, and
versatility, CuO nanoparticles (CuO NPs) have found
extensive applications in photocatalysis, solar cells, gas
sensors, batteries, antimicrobial coatings, and
biomedical formulations [3].
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precipitation,  hydrothermal,  sonochemical, and
microwave-assisted routes [4]. Although these
techniques allow precise control over particle size and
morphology, they often involve expensive reagents,
toxic solvents, and high energy inputs that raise
concerns regarding environmental safety and
sustainability. ~ Furthermore,  residual  chemical
impurities from these methods can limit the
biocompatibility of the synthesized nanoparticles,
restricting  their direct use in medical and
pharmaceutical applications [5].

To address these limitations, green synthesis also
referred to as biogenic or phyto-assisted synthesis has
emerged as a sustainable alternative that aligns with the
principles of green chemistry. This approach utilizes
natural biological systems such as plant extracts,
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microorganisms, or biopolymers as reducing, capping,
and stabilizing agents during nanoparticle formation [6].
Among these, plant-mediated synthesis is particularly
attractive because it is simple, cost-effective, and
suitable for large-scale production without requiring
aseptic conditions or sophisticated instrumentation.
Plant extracts contain diverse bioactive compounds
including phenolics, flavonoids, terpenoids, tannins,
saponins, alkaloids, and proteins, which act as both
reducing and stabilizing agents, converting metal ions
into stable nanoparticles through redox reactions [7].

Azadirachta indica A. Juss. (Neem) has been
extensively studied for its pharmacological importance
and rich phytochemical profile. The leaves of this plant
contain a wide spectrum of bioactive constituents such
as azadirachtin, nimbin, quercetin, and nimbolide,
known for their antioxidant, antimicrobial, and metal-
chelating properties. These compounds not only
facilitate the reduction of copper ions (Cu?') into CuO
NPs but also serve as natural stabilizers, preventing
nanoparticle agglomeration and enhancing long-term
stability. Green-synthesized CuO NPs using 4. indica
have demonstrated significant antibacterial, antifungal,
and catalytic efficiencies as well as potential utility in
energy storage and biomedical applications [8].

The mechanism of nanoparticle formation in plant-
mediated synthesis generally involves the bioreduction
of metal ions, followed by nucleation and growth
controlled by phytochemicals. Reaction parameters such
as extract concentration, temperature, pH, and precursor
molarity strongly influence the physicochemical
characteristics of the final product [1]. The functional
groups present in plant metabolites such as hydroxyl,
carboxyl, and carbonyl bind to the nanoparticle surface,
providing electrostatic stability and facilitating uniform
morphology [4]. Characterization techniques like UV
visible  spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM) are essential to
confirm nanoparticle formation, crystallinity, and
surface modification.

In recent years, there has been a growing emphasis on
integrating green nanotechnology with biomedicine, as
biosynthesized metal oxide nanoparticles demonstrate
enhanced compatibility, minimal toxicity, and strong
bioactivity. CuO NPs, in particular, have shown potent
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antimicrobial efficacy against a broad range of
pathogenic bacteria and fungi due to their ability to
generate reactive oxygen species (ROS) and disrupt
microbial membranes [3][7]. Additionally, their
catalytic and semiconducting behavior makes them
promising candidates for photocatalytic degradation of
dyes, biosensors, and drug delivery systems [6].

The present research focuses on the green synthesis of
copper oxide nanoparticles using the leaf extract of
Azadirachta indica A. Juss., aiming to develop an eco-
friendly, low-cost, and sustainable method for
nanoparticle fabrication. The synthesized CuO NPs
were characterized by physicochemical techniques to
elucidate their size, shape, structure, and surface
chemistry. This study not only supports the concept of
replacing conventional chemical synthesis with
environmentally benign methods but also demonstrates
the potential of 4. indica as an effective biofactory for
the sustainable production of CuO nanoparticles with
promising biomedical and industrial applications.

Materials and Methods

Taxonomic Identification and Authentication of the
Plant

For the present research work, the plant specimens of
Azadirachta indica were collected from the main
campus of Gurukula Kangri (Deemed to be University),
Haridwar, U.K. The plant specimen was assigned a field
number and pressed with the help of blotting paper
sheets using wooden herbarium press. The herbarium
specimen was deposited and taxonomically identified at
Botanical Survey of India (BSI), Uttarakhand, India,
where they were catalogued and assigned accession
number for future reference.

Extraction of Plant Material

The leaves of Azadirachta indica A. Juss. were
thoroughly washed with tap water followed by distilled
water to remove dust particles. The leaves were shade-
dried for two days and further the leaves were oven-
dried at 40°C to remove moisture contents from the
leaves. Drying was necessary to remove moisture and
enable long-term storage of the plant material. The
dried plant material was pulverized and coarsely
powdered by mechanical blender to obtain dried
powdered form. The dried powder was stored at room
temperature in airtight containers.
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Soxhlet Extraction

The powdered plant material (50 g) was successively
extracted using solvents of increasing polarity- ethyl
acetate, ethanol, methanol, and distilled water through
Soxhlet extraction. Each extraction was carried out with
250 mL of solvent for 12—14 hours until the siphon
solvent turned colorless, indicating complete extraction.
The obtained extracts were concentrated using hot air
oven under controlled temperature (60-70°C) for 24 hrs
to yield a semi-solid mass. These residues were dried in
petri plates for complete solvent removal and stored in

labeled airtight containers for further qualitative
phytochemical screening [9].

Phytochemical Screening
Qualitative Phytochemical Analysis

The crude leaves extracts were subjected to standard
qualitative tests for the detection of major
phytoconstituents using established procedures from
previous studies. The methods and corresponding
references are summarized in Table 1.

Table 1. Standard qualitative tests for detection of phytoconstituents in leaves extracts

Phytochemical Test / Procedure Observation References

Tannins 2 ml of extract was mixed with a few drops of 1% | Formation of blue-green
ferric chloride solution. precipitate confirms | [10]

tannins.

Alkaloids 0.5 g of sample was dissolved in 1% HCI, filtered, and | Red or orange precipitate
2 ml of filtrate treated with Dragendorff’s reagent | indicates alkaloids. [10]
(potassium bismuth iodide).

Phenols 10 mg extract was treated with a few drops of lead | Yellow-colored precipitate [11]
acetate solution. confirms phenols.

Saponins 0.5 mg extract was shaken vigorously with 5 ml | Stable froth formation [11]
distilled water. indicates saponins.

Glycosides 5 ml extract mixed with 0.3 ml each of Fehling’s A and | Brick-red coloration [10]
B solutions until the mixture turned alkaline. confirms glycosides.

Amino acids 1 ml extract treated with a few drops of Ninhydrin | Purple coloration indicates [12]
reagent. amino acids.

Steroids 2 ml extract dissolved in chloroform, followed by 2 ml | Red coloration confirms [13]
concentrated H2SOa. steroids.

Flavonoids 5 ml extract mixed with 0.1 g metallic zinc and 8 ml | Red coloration indicates [11]
concentrated H2SOa. flavonoids.

Coumarins 3 ml of 10% NaOH added to aqueous extract. Yellow coloration [14]

confirms coumarins.

Quantitative and GC-MS Analysis

Among all solvent extracts, the one showing maximum
phytochemical richness was selected for GC-MS
analysis. Gas chromatography—mass spectrometry
(Shimadzu QP 2010 Ultra, Japan) was performed using
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helium as the carrier gas (flow rate 1.0 mL/min), with
an injection volume of 1 pL, and oven-temperature
program from 70°C to 310°C at 5°C min’'. Mass
spectra were recorded over m/z 40—850 and compounds
were identified by comparison with the Wiley spectral
library.
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Green Synthesis of CuO Nanoparticles

The green copper oxide nanoparticles (g-CuO NPs)
were synthesized using copper nitrate trihydrate
(Cu(NOs3)2:3H20) as a precursor and Azadirachta indica
leaf extract as a reducing and capping agent. The
synthesized nanoparticles were then centrifuged at
25,000 rpm and washed thoroughly with deionized
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water and ethanol to remove unreacted components,
followed by sonication in an ultrasonic bath to ensure
uniform  dispersion.  Subsequently, the dried
nanoparticles were subjected to calcination in a muffle
furnace at 400-500°C for 2 h to obtain pure crystalline
g-CuO NPs. The final product was characterized using
UV, FTIR, XRD, FE-SEM, EDX, DLS and Zeta
potential analysis [2].
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Fig. 1 Graphical representation of green synthesis of CuO nanoparticles

Characterization of Green Synthesized Copper
Oxide Nanoparticles

UV-Visible Spectroscopy

It is a vital procedure that confirms the synthesis and
stability of metal nanoparticles in aqueous solution. The
absorption in the visible spectrum was measured with
systronics double beam UV-visible spectrophotometer
(Shimadzu UV-1800) having wavelength range of 200-
800 nm to confirm nanoparticle formation.
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Fourier Transform Infrared Spectroscopy (FTIR)
Analysis of synthesized Copper Oxide nanoparticles

FTIR spectroscopy was used to identify functional
groups responsible for reduction and stabilization of
biosynthesized nanoparticles. Spectra were recorded
using a Bruker Tensor 27 spectrometer in the range of
400—4000 cm™ at a resolution of 4 cm™. Characteristic
absorption peaks were analyzed to determine the
functional groups involved in nanoparticle formation
and capping.
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X-Ray Diffraction (XRD) Analysis of synthesized
Copper Oxide nanoparticles

In XRD process X-rays are passed through a
nanoparticle that produces a pattern indicating the
information about their size and shape. Using powder
X-ray diffraction technique, the crystal structure of the
nanoparticles was analysed. XRD patterns were
recorded on an automated analytical X'Pert Pro-X-ray
diffractometer with Cu Ko radiation (A = 1.5406 A).
The samples were scanned over a 20 range of 20°-80°
at room temperature. Crystallite size was estimated by
the Debye—Scherrer equation.

Field Emission Scanning Electron Microscopy (FE-
SEM) and Energy Dispersive X-Ray (EDX) Analysis

The shape, size and morphological features at different
magnifications of synthesized nanoparticles were
elucidated with the help of FEI Nova NanoSEM 450
FE-SEM. A beam energy of 10 kV was used for SEM
analysis. The equipment was equipped with an EDX
source to detect the elemental details of the synthesized
NPs.

Zeta Potential (ZP) and Dynamic Light Scattering
(DLS)

The Malvern-Zetasizer Nano ZSP (ZEN 5600)
instrument was used to analyze the particle size zeta
potential using a zeta dip cell. The charges on the
surface of the synthesised copper nanoparticles and
their stability were ascertained by calculating their zeta

potential. Greater zeta potential values signify repulsive
forces that prevent nanoparticles from aggregating and
promote particle stability [15]. The value of zeta
potential gives the degree of electrostatic repulsion
between adjacent, similarly charged particles in the
dispersion.

DLS were used to measure the mean particle size and
charge on the surface of nanoparticles. DLS results
were based on the hydrodynamic diameter of NPs
synthesized in which NPs were dissolved in a dispersant
and responsible for forming noncovalent interactions,
causing the particle size to be bigger than SEM and
TEM techniques. The PDI values were used to evaluate
the homogeneity of the colloidal dispersion. A PDI
range of 0.01 to 0.5-0.7 indicates monodispersed
nanoparticle systems, whereas values greater than 0.7
signify a highly polydispersed nature of the prepared
particles.

Results and Discussion
Taxonomic Authentication

The plant material used for the study was identified and

authenticated as Azadirachta indica A. Juss. (Family:
Meliaceae; Accession No. 1632) at the Botanical
Survey of India, Dehradun, Uttarakhand. Proper
authentication ensures the botanical accuracy and
reliability of the research outcomes, as misidentification
can significantly alter the phytochemical and
pharmacological interpretation of results.

Fig. 2 Herbarium Specimen of Azadirachta indica Fig. 3 Herbarium authentication certificate issued by
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A. Juss.
Phytochemical Screening

The qualitative phytochemical analysis of Azadirachta
indica extracts prepared in four solvents-ethyl acetate,
ethanol, methanol, and distilled water revealed distinct
solubility profiles of secondary metabolites (Table 2).
Flavonoids were found in all extracts, indicating their
broad solubility and abundance in neem leaves.
Tannins, amino acids, and coumarins were detected in
ethanol and distilled water, while phenols and
glycosides were observed in methanol and distilled

the Botanical Survey of India, Dehradun.

ethanol, whereas alkaloids and steroids were
exclusively present in the aqueous extract [16].

The higher diversity of phytochemicals in the distilled
water extract suggests that water is an effective solvent
for extracting polar bioactive compounds from A.
indica. These compounds are known to contribute to the
plant’s  pharmacological  properties,  including
antimicrobial, antioxidant, and anti-inflammatory
activities. Therefore, the aqueous extract was selected
for further GC-MS analysis to identify specific

water. Saponins were present in all solvents except bioactive constituents.
Table 2. Qualitative Phytochemical Analysis of Azadirachta indica
Solvents
S.No. | Phytochemicals
Ethyl acetate Ethanol Methanol Dist. Water
1. Tannins - + - +
2. Alkaloids - - - +
3. Phenol - - + +
4. Glycosides - - + _
5. Saponins + - + +
6. Steroids - - - +
7. Amino acids - + - +
8. Coumarin - + - +
9. Flavonoids + + + +

GC-MS of leaves extract of Azadirachta indica in
distilled water

The GC-MS chromatogram of the aqueous leaf extract
of Azadirachta indica revealed multiple well-resolved
peaks corresponding to a diverse range of bioactive
phytoconstituents (Fig. 4; Table 3). Compound
identification was carried out by comparing mass
spectra with the NIST library database, and only
compounds with high spectral similarity and chemically
plausible matches were considered. The major
compounds identified were Z,E-2,13-octadecadien-1-ol
(10.00%),(Z,Z)-6,9-pentadecadien-1-ol (8.47%),
glycidyl palmitoleate (6.01%), linoleic acid ethyl ester
(4.93%), 17-octadecynoic acid (4.93%), 6-octadecenoic
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acid (4.57%) and andrographolide (4.07%). The
predominance of long-chain unsaturated fatty alcohols,
fatty acid derivatives, and diterpenoid constituents
indicates a lipid-rich and chemically diverse extract.

Unsaturated fatty acids and their esters, such as linoleic
acid derivatives and octadecenoic acid, are known to
exhibit significant antimicrobial, anti-inflammatory, and
antioxidant properties. Andrographolide, a diterpenoid
lactone, has been extensively reported for its
immunomodulatory, antioxidant, and therapeutic
potential. The presence of such bioactive constituents
supports the pharmacological relevance of A. indica and
corroborates its extensive traditional use in herbal
medicine. Furthermore, the GC-MS profile revealed a
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substantial abundance of oxygenated hydrocarbons,
fatty acid esters, and alcohol derivatives bearing
hydroxyl and carboxyl functional groups. These
functional moieties are capable of acting as effective
electron donors and surface-stabilizing agents, thereby

facilitating the reduction of copper ions and subsequent
stabilization of CuO nanoparticles. Thus, the
phytochemical composition of the aqueous leaf extract
plays a crucial role in the green synthesis, reduction and
capping involved in CuO NP formation.

intensity

Chy RLENGCMS_Analyisi\EXTERNAL\24L E0340\RL1.ged

3.93.
11000013934

105000
1000004
95000
900003
85000
30000
75000
700003
65000
600003
55000
500004
45000
400005
35000
30000
25000
200004
15000
10000+

0

14

50

T
10.0

T T T T T
200 300 400

T
60.0
min

Fig. 4 Graphical representation of GC-MS of leaves extract of Azadirachta indica in distilled water

Table 3. GC-MS data of leaves extract of Azadirachta indica A. Juss. in distilled water

S.No RT (min) Area % Identified compound

Molecular Formula

1 32.863 2.38 Pentadecanoic acid, 14-methyl-, methyl ester CisHz20:
2 33.806 1.87 8-Methylnonanoic acid Ci0H2002
3 36.253 3.36 9,12-Octadecadienoic acid, methyl ester (E,E) CioH3402
4 36.382  4.57 6-Octadecenoic acid, methyl ester (Z) CioH3602
5 36.875 0.03 Heptacosanoic acid, methyl ester C2sHs602
6 37358 493 17-Octadecynoic acid CisH320:
7 40.055 2.72 Glycidyl palmitate CisH3603
8 43.037 847 (Z2,2)-6,9-Pentadecadien-1-ol CisH260
9 43.125  6.01 Glycidyl palmitoleate Ci9H340s
10 46475 0.83 9,12-Octadecadienoyl chloride (Z,Z) CisHs1CIO
11 46.710 3.97 2-Methyl-Z,Z-3,13-octadecadien-1-ol C1oH360
12 47.133 091 3-(Hexadecyloxy)propan-1-ol Ci9sHa002
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S.No RT (min) Area % Identified compound

Molecular Formula

13 53.616 4.07 Andrographolide C20H300s
14 53.783 1.62 12-Methyl-E,E-2,13-octadecadien-1-o0l C1oH360
15 54375 1.85 5-Cyclohexadecen-1-one Ci6H2:0
16 55.165 4.93 Linoleic acid ethyl ester C20H3602
17 56.044 3.96 Panaxjapyne A Ci7H260
18 56.230 2.96 7.,7.7-1,4,6,9-Nonadecatetraene CioHs2
19 59383 0.23 Cis-2,5-dimethylthiane C-HiaS
20 60.306 3.46 5,8,11-Heptadecatrien-1-ol C17H300
21 61.608 0.62 Cyclohexene, 3-(1-methylpropyl)- CioHis
22 62383 0.75 Trifluoroacetyl-a-terpineol Ci2H17F502
23 62469 10.00 Z,E-2,13-Octadecadien-1-ol CisH340

Green Synthesis of CuO Nanoparticles

phytochemicals present in the extract,

primarily

Copper oxide nanoparticles (CuO NPs) were
synthesized using the aqueous leaf extract of 4. indica
as a bioreducing and capping agent. The visible colour
change from blue to dark brown indicated the formation
of CuO nanoparticles (Fig. 5). This color transition is
attributed to the reduction of Cu?" ions to CuO by the

flavonoids, phenols and terpenoids. Azadirachta indica
contains several complex phytochemicals which
actively participate in the reduction of metal ions during
nanoparticle formation. During biosynthesis, these
biomolecules act as natural stabilizing agents by
forming a protective layer around the nanoparticle

surface.

AGNETIC imwl!ﬂl HoY H"(

Qﬁk’“

Fig. 5 Stepwise visual color transformation observed during the green synthesis of CuO nanoparticles: (i) copper
nitrate precursor solution, (ii) reaction mixture with Azadirachta indica extract under heating and stirring, and
(iii) final dark brown colloidal suspension confirming successful formation of CuO NPs.
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Characterization of Green

Nanoparticles

Synthesized CuO

UV-Visible spectroscopy

UV-Vis spectroscopy confirmed the synthesis and
colloidal stability of the nanoparticles. The UV-visible
absorbance spectrum recorded for CuO NPs exhibited
Amax Of 340 nm (Fig. 6). The absorption peak at 340 nm
corresponds to electronic transitions in  CuO
nanoparticles. UV—Vis analysis qualitatively confirms
nanoparticle formation [17] [18].

09
os /™,
07+

06+

0.5 | \
0.4

Absorbance

0.3+

0.2

3

T
500

T
600

T
700

T
800

Wavelength (nm)

Fig. 6 UV-Vis graph of CuO Nanoparticles
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Fourier Transform Infrared Spectroscopy (FTIR)
Spectral Analysis

The FTIR spectrum of the green-synthesized CuO
nanoparticles showed characteristic peaks at 3728,
3110, 2128, 1675, 1457, 1091, 745, 597, and 523 cm™
(Fig. 7). The peak observed at 3110 cm™ corresponds to
the O—H stretching vibration of phenolic groups present
in the Azadirachta indica extract, indicating their role in
reduction and capping. The band at 2128 cm™ is
attributed to C—N stretching of aromatic amines, while
the absorptions at 1675 and 1457 cm™ represent C=0O
and C=C vibrations of phytoconstituents such as
flavonoids and terpenoids. The peak around 1091 cm™
corresponds to C—O stretching, characteristic of ether or
alcohol functional groups, suggesting the involvement
of polysaccharides or polyphenols in nanoparticle
stabilization. Additionally, the strong bands observed at
597 and 523 cm™ are assigned to Cu—O stretching
vibrations, confirming the successful formation of
copper oxide nanoparticles and their interaction with
biomolecules from the plant extract [19] [5].
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Fig. 7 FTIR Spectrum of Azadirachta indica mediated synthesized Copper Oxide nanoparticles
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X-ray Diffraction Analysis of synthesized Copper
Oxide nanoparticles

The XRD analysis was performed at room temperature
with a scanning rate of 20 min™! from 20° to 80° (Fig.
8). The observed diffraction sharp peaks position at 26=
(32.69°, 35.65°, 38.95°, 49.00°, 53.61°, 58.48°, 61.69°,
66.39°, 68.29°, 72.57° and 75.37° were assigned to
(110), (-111), (111), (-2 02), (020), (202), (-113), (-
311), (220), (311) and (-222) are highly consistent with
JCPDS standard no. 01-080-0076 of CuO NPs. No
diffraction peaks corresponding to any impurities were
observed, indicating that the XRD pattern confirms the
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Intensity

600

400 —

200

L}G%M

successful formation of pure copper oxide nanoparticles
[20] [21].

The average particle sizes of the nanoparticles were
calculated from FWHM using the Scherrer's equation.
The Debye-Scherrer equation states that D = kA/ 3 cos,
where D is particle size (nm), k is a constant of 0.94, A
is the wavelength of the X-ray source (0.15406 nm),
is the full width at half maximum (FWHM) and 6 is the
half diffraction angle, Bragg angle (degree). The
average crystallite size was calculated using the Debye—
Scherrer equation and found to be 17.012 nm.

20

Angle

Fig. 8 XRD patterns of Azadirachta indica mediated synthesized Copper Oxide nanoparticles

Field Emission Scanning Electron Microscope (FE-
SEM) and Energy Dispersive X-ray (EDX) Analysis of
synthesized Copper Oxide nanoparticles

FE-SEM images revealed the formation of spherical,
clustered nanostructures with a mean size of 24.95nm.
The micrographs also demonstrated the presence of
certain bigger particles due to agglomeration, with more
or less consistent size, shape, and morphology (Fig. 9 a-
b). This behavior is attributed to the tendency of

1115

nanoparticles to aggregate in order to lower Gibbs free
energy, coupled with electrostatic interactions between
the surface-associated bio-organic capping molecules.
Since the synthesis involves plant-derived materials, the
presence of atmospheric moisture also promotes the
clustering of smaller nanoparticles [22].
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Fig 9. (a-b) FE-SEM micrograph of the green synthesized CuO NPs, ¢) Correlation between particle area and
mean particle size of CuO nanoparticles determined from FE-SEM analysis
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Fig 10. (a-d): Electron mapping

The chemical composition of the NPs was studied by peaks were present, indicating the high purity of the
EDX analysis. The peaks corresponding to elemental synthesized nanoparticles and this was consistent with
Cu and O were clearly identified, and no additional the XRD studies (Fig. 11) [23].
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Fig. 11 EDX graph of green synthesized CuO nanoparticles

Zeta Potential, Size distribution and PDI

The zeta potential of synthesized copper nanoparticles
at pH 7 is negative in the present study, which may be
attributed to the capping of nanoparticles by plant
biomolecules. Synthesized copper nanoparticles showed
a zeta potential sharp peak at of -21.4mV (Fig. 12) with
a conductivity of 0.113 mS/cm suggesting moderate
colloidal stability of the biosynthesized nanoparticles
[24].

The particle size observed by FE-SEM was

approximately 24.95 nm, representing the primary size

Temperature (*C): 25.0
Count Rate (kcps): 128.6
Cell Description:

Measurement Position (mm):
Clear disposable zeta cell

of the nanoparticles in the dry state. Notably, the
particle size distribution obtained from DLS was
significantly larger than the core particle size observed
by FE-SEM and that estimated by XRD. This increase
in size can be attributed to particle aggregation in the
aqueous medium, along with the presence of a
hydration layer and surface-bound bio-organic capping
molecules surrounding the g-CuONPs. The average
hydrodynamic diameter of the CuO nanoparticles was
found to be 320 nm with a polydispersity index (PDI) of
0.217 (Fig. 13), indicating moderate dispersion and
acceptable colloidal stability [25].
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Fig 12. Zeta Potential graph of green synthesized CuO nanoparticles
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Size Distribution by Intensity
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Fig 13. Particle size distribution graph of green synthesized CuO nanoparticles
Conclusion work. We acknowledge the Department of

This study demonstrates that the aqueous leaf extract of
Azadirachta indica can serve as a natural, low-cost, and
sustainable reducing and capping agent for the synthesis
of copper oxide nanoparticles. The rich phytochemical
composition of the extract played a crucial role in
converting copper ions into stable CuO nanostructures
without the use of toxic chemicals or high-energy
inputs, supporting the principles of green chemistry.
Comprehensive  characterization  confirmed  the
formation of pure, good crystalline, nanoscale
dimensions with high elemental purity, moderate
colloidal stability and efficient surface modification by
bio-organic compounds. Overall, the work validates A.
indica as a promising biological source for nanoparticle
fabrication and provides a reliable platform for potential
applications in antimicrobial coatings and biomedical
formulations, catalysis and energy-related technologies.
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