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ABSTRACT

Zinc oxide nanoparticles exhibit size- and morphology-dependent properties strongly influenced by synthesis routes.
We report ZnO nanoparticles prepared via chemical co-precipitation [ZnO(C)] and a green route using Azadirachta
indica leaf extract [ZnO(G)]. Furthermore, their structure—property correlations have been systematically studied by
several characterization methods. Formation of a hexagonal wurtzite ZnO phase was confirmed by X-ray diffraction
analysis, revealing that ZnO(G) possessed comparatively smaller crystallite sizes, a result of the controlled
nucleation and growth imparted by phytochemicals present in the Azadirachta indica extract. FESEM analysis
revealed irregular agglomerates in ZnO(C), whereas ZnO(G) exhibited uniform spherical structures. UV—Vis spectra
showed strong near-UV absorption, with band gaps of ~3.60 ¢V (ZnO(C)) and ~3.63 eV (ZnO(G)), the latter slightly
redshifted by defect states and biomolecule interactions. Antibacterial tests against Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus) showed stronger inhibition for ZnO(G), attributed to residual
phytoconstituents and altered surface chemistry. Overall, synthesis pathways dictate crystallite size, morphology,
optical bandgap, and antimicrobial activity, highlighting Azadirachta indica-mediated green synthesis as a
sustainable route to prepare nano ZnO for biomedical use.
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INTRODUCTION
The unique physical, chemical, and functional features of nanomaterials have made them a major focus of
scientific research over the last few decades.!? They are extensively investigated for applications in
environmental remediation, optoelectronics, catalysis, energy storage, and biomedicine, with emphasis on
correlating nanoscale structural parameters with performance.**> Among nanomaterials, metal oxide
nanoparticles are notable for their abundance, stability, tunable electronic structure, and versatile
synthesis strategies that allow control over size, shape, and crystallinity. Belonging to the 1I-VI
semiconductor family, zinc oxide (ZnO) has received extensive research attention owing to its exceptional
functional characteristics and wide range of applications.”® It primarily crystallizes in the hexagonal
wurtzite structure, featuring a direct wide bandgap of approximately 3.2-3.4 eV and a high excitonic
binding energy of around 60 meV.>!° These structural and electronic features make ZnO highly
favourable for optical and electronic applications.”!? Defect chemistry involving oxygen vacancies and
zinc interstitials further makes ZnO suitable for optoelectronic devices, sensors, photocatalysts, and
antimicrobial coatings.!®!"!? Its biocompatibility and relatively low toxicity enhance its biomedical
potential in wound healing, antibacterial dressings, and drug delivery.® The wide bandgap also ensures
strong ultraviolet absorption, enabling use in sunscreens, UV detectors, and transparent conductive
films.*!® ZnO nanoparticles are also effective antibacterial agents, where ROS generation, surface defects,
and zinc ion release act synergistically.'> ZnO properties strongly depend on the synthesis route, which
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dictates crystallite size, morphology, surface area, and defect density.!* Nanoparticles of ZnO are being
fabricated using different methods like hydrothermal processing, sol-gel routes, microwave-assisted
reactions, and precipitation techniques. Of these, the chemical co-precipitation approach is particularly
attractive because it combines simplicity and large-scale applicability with the advantage of producing
crystalline ZnO under mild temperature conditions.”!> Co-precipitation involves reacting zinc salts with
alkaline agents to form hydroxide intermediates, later calcined to ZnO. The green synthesis approach has
emerged as a sustainable and environmentally friendly alternative'®, where phytochemicals (flavonoids,
terpenoids, polyphenols, alkaloids) serve as stabilizing and reducing agents, eliminating harsh
chemicals.!” Plant extracts from Artemisia, Allium cepa, Sargassum species, and neem (Azadirachta
indica) have successfully yielded ZnO nanoparticles with controlled morphologies and enhanced
functionalities.'® Bioactive molecules not only guide nucleation and growth but also impart additional
antimicrobial properties. Compared with chemical routes, green synthesis minimizes toxic byproducts,
lowers energy use, and improves biocompatibility, making it attractive for biomedical and environmental
use. This study aims to establish structure—property correlations in ZnO nanoparticles synthesized via
chemical co-precipitation and A. indica-mediated green synthesis. While co-precipitation ensures
reproducibility and crystallinity, green synthesis offers phytochemical-mediated morphology control and
eco-friendliness. Despite progress, comparative studies linking the synthesis route to structure,
morphology, bandgap, and antibacterial activity remain limited. To address this, we report ZnO
nanoparticles prepared by both methods and evaluate their performance in inhibiting the bacterial growth
(E. coli and S. aureus). Results showed synthesis pathways significantly influence crystallite size,
morphology, optical transitions, and antimicrobial efficacy, underscoring the importance of synthesis—
structure—property correlations for optimizing ZnO in advanced materials and biomedical applications.
Overall, the findings highlight the potential of green synthesis as a sustainable route for tailoring ZnO
nanoparticles with superior multifunctional properties.

EXPERIMENTAL
Material and Methods
ZnO nanoparticles were synthesized using two distinct approaches: chemical co-precipitation and green
synthesis. In the co-precipitation method, 0.5 M zinc acetate dihydrate was dissolved in 100 mL of
distilled water and stirred continuously at room temperature. To this solution, 0.2 M ammonium
hydroxide was added dropwise until the pH reached approximately 10, resulting in the formation of zinc
hydroxide (Zn(OH)z ) precipitate.
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Fig.-1: (a) Schematic Illustration of the Synthesis Process, and XRD Spectra of ZnO Prepared by Co-precipitation (b)
and Green Synthesis (c) Methods

The reaction mixture was stirred for 3 hours and then allowed to age for 24 hours. Impurities were
eliminated by repeatedly rinsing the obtained precipitate with distilled water and ethanol. After the
washing process, the sample was dried in an oven at 100 °C for 12 hours to ensure complete moisture
removal. The dried product was subsequently calcined at 300 °C for 2 hours to produce phase-pure ZnO
nanoparticles with good crystallinity and uniform particle size. In the green synthesis approach, the
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extract from Azadirachta indica (neem) leaves functioned simultaneously as a reducing and stabilizing
medium. To prepare the extract, 20 g of finely chopped leaves were boiled in 100 mL of distilled water
for 20 minutes, after which the mixture was allowed to cool and was subsequently filtered to obtain a
clear solution. To this extract, a 0.5 M zinc acetate solution was added under constant stirring, and the pH
was adjusted to around 10 using 0.2 M sodium hydroxide to initiate nanoparticle formation. The reaction
mixture was stirred for 2—3 hours and left to age for 24 hours. The resulting precipitate was washed
thoroughly with water and ethanol, dried at 100 °C for 12 hours, and calcined at 300 °C for 2 hours to
obtain crystalline ZnO nanoparticles. The overall synthesis procedure is illustrated schematically in Fig.-1.

RESULTS AND DISCUSSION

XRD spectra of ZnO nanoparticles synthesized by the two routes are shown in Fig.-1 (b and ¢). Both
samples exhibited distinct diffraction peaks at 26 values corresponding to different characteristic planes
of hexagonal wurtzite ZnO with space group P65 mc.'?? Sharp, intense peaks confirmed good
crystallinity, though differences in peak broadening indicated variations in crystallite size and lattice
strain. Debye—Scherrer analysis showed a larger crystallite size for ZnO(C) (35.21 nm) compared to
ZnO(G) (21.28 nm), attributed to slower nucleation and growth kinetics in the phytochemical-mediated
green synthesis.?'?> ZnO(C) exhibited slightly higher microstrain, whereas ZnO(G) showed lower
microstrain and dislocation density, signifying better crystalline quality. This improvement arises from
phytochemicals in Azadirachta indica extract acting as stabilizing and capping agents, reducing stress and
defect formation during growth.?>2* The unit cell volume (Table-1) was consistent with the wurtzite
structure and showed negligible variation, confirming structural stability. Thus, while both methods
produced phase-pure ZnO, co-precipitation yielded larger crystallites with higher strain and defects,
whereas green synthesis generated smaller, defect-controlled crystallites, advantageous for surface-active
and defect-mediated applications.

Table-1: Structural Parameters of ZnO Samples Estimated from XRD Results
Sample | Size Strain | Lattice parameter | Dislocation density | Unit cell volume
a(d) | c(A) 3= 1/D? (nm?) (V=a’c) (A)*
ZnO(C) | 35.21 | 0.0047 | 3.203 | 5.187 8.06 x 10 50.22
ZnO(G) | 21.28 | 0.0012 | 3.182 | 5.173 3.87 x 10 51.37

The surface morphology of ZnO nanoparticles synthesized by co-precipitation and green synthesis was
examined using SEM, with representative images shown in Fig.-2. Images (a and b) correspond to
ZnO(C), while (¢ and d) represent ZnO(G). Clear morphological differences were observed, reflecting the
impact of chemical versus phytochemical-mediated growth.?*> ZnO(C) displayed larger grain-like
structures with irregular semi-spherical morphology and noticeable agglomeration (Fig.-2a), attributed to
the high surface energy of nanosized ZnO promoting coalescence during synthesis and calcination. The
crystalline domains observed align with the sharp XRD peaks, as co-precipitation favoured nucleation and
particle growth, yielding larger crystallites with reduced surface roughness.?
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Fig.-2: FESEM Images ZnO Prepared by Co-precipitation (a and b) and Green Synthesis (¢ and d) Methods

By contrast, ZnO(G) exhibited more uniform, quasi-spherical nanoparticles with smaller sizes and better
dispersion, though some agglomeration remained typical of oxide nanoparticles. The use of Azadirachta
indica extract restricted excessive growth through the stabilizing and capping actions of
phytochemicals.?* These biomolecules acted as reducing agents and provided steric hindrance, producing
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finer, porous nanostructures.>»** Such smaller, well-dispersed particles with higher surface area are
advantageous for catalysis and antibacterial activity.
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Fig.-3: UV-Vis Spectra (a and b) and Tauc’s Plots (¢ and d) of ZnO Samples

Figure-3 (a and b) depicts the optical absorption patterns of ZnO(C) and ZnO(G), both exhibiting strong
UV absorption due to the wide band gap and semiconducting nature of Zn0.242¢ The high UV absorption
intensity confirms their strong optical activity, making them suitable for photocatalysis, UV shielding,
and optoelectronic applications. The determination of the optical band gap (Eg) was carried out from
Tauc’s plot (Fig.-3¢ and d), where the straight-line portion of the (ahv)? vs. hv graph was extrapolated to
obtain the value.?” Band gap values were 3.60 eV for ZnO(C) and 3.63 eV for ZnO(G), both higher than
bulk ZnO (3.37 eV), attributed to quantum confinement effects at the nanoscale.?® The slightly larger Eg
of ZnO(G) suggests a smaller particle size and stronger confinement, consistent with SEM results.
Additionally, phytochemicals in the green synthesis may induce surface passivation, altering the
electronic structure and widening the band gap.?3?* Thus, UV—Vis and Tauc’s analyses confirm that both
synthesis routes produce ZnO nanoparticles with excellent optical properties, with subtle differences
linked to synthesis conditions. To determine their antibacterial potential, the synthesized ZnO
nanoparticles were tested against two model bacterial species: S. aureus and E. coli. Zone of inhibition
(ZOI) results (Fig.-4a-d) showed ZnO(C) with 15.2 £ 0.01 mm (E. coli) and 12.6 £ 0.03 mm (S. aureus),
while ZnO(G) exhibited significantly larger zones of 18.1 £ 0.03 mm and 17.0 + 0.02 mm, respectively.

Reactfe oxgen
speghs(RIS)

.........

coli and S. aureus
Figure-4(e) illustrates these variations, confirming the superior antibacterial efficiency of green-
synthesized ZnO over chemically synthesized ones.?>>* The enhanced activity of ZnO(G) is attributed to
phytochemicals from Azadirachta indica (flavonoids, terpenoids, alkaloids) acting synergistically with
Zn0?>23 smaller particle size and higher surface area, and better dispersion due to neem-derived
biomolecules.??>* Antibacterial action involves ROS generation (-OH, O, H»0,), inducing oxidative
stress, membrane damage, protein alteration, and DNA fragmentation.??>* 2 Additionally, Zn** ions
disrupt enzyme functions and metabolic processes. Figure-4f schematically represents this mechanism.
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While E. coli typically shows greater resistance due to its outer membrane, ZnO(G) displayed nearly
comparable inhibition for both strains, demonstrating broad-spectrum potential. Overall, green-
synthesized ZnO retained intrinsic antimicrobial features and gained added effectiveness from plant-
mediated functionalization, making it highly suitable for biomedical and environmental applications.

CONCLUSION

ZnO nanoparticles were synthesized via chemical co-precipitation and Azadirachta indica-mediated green
synthesis to evaluate how synthesis pathways influence their structural, morphological, optical, and
antibacterial behaviour. XRD confirmed phase-pure wurtzite ZnO in both cases, with ZnO(G) showing a
smaller crystallite size, lower microstrain, and reduced dislocation density, indicating superior crystalline
quality over ZnO(C). SEM observations supported this, revealing larger, agglomerated ZnO(C) particles
versus smaller, quasi-spherical, well-dispersed ZnO(G), attributed to neem-derived phytochemicals. UV—
Vis analysis showed strong UV absorption, with band gaps of 3.60 eV (ZnO(C)) and 3.63 eV (ZnO(G)),
the latter linked to finer particle size and surface passivation by phytochemicals. Antibacterial assays
against the bacterial strains demonstrated stronger activity of green-synthesized ZnO, evidenced by larger
inhibition zones. Enhanced performance is attributed to a smaller size, higher surface reactivity, and
bioactive compounds that promote ROS generation and Zn?" ion release, causing bacterial membrane and
intracellular damage. Overall, green synthesis offers an eco-friendly route that improves structural
integrity, optical behaviour, and antibacterial efficacy, highlighting the potential of A. indica-mediated
Zn0O as multifunctional nanomaterials for biomedical applications, ensuring good health and well-being.
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