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Abstract

Green synthesis of metal oxide nanoparticles using plant extracts has emerged as an environmentally friendly
alternative to conventional chemical methods. In the present study, zinc oxide (ZnO) nanoparticles were synthesized
using the aqueous leaf extract of Alternanthera sessilis. Preliminary phytochemical screening confirmed the presence
of flavonoids, terpenoids, anthraquinones, and glycosides, which acted as reducing and stabilizing agents during
nanoparticle synthesis. The synthesized ZnO nanoparticles were characterized using UV—Visible spectroscopy, FTIR,
XRD, FESEM-EDAX, HRTEM, dynamic light scattering (DLS), and zeta potential analyses. The UV—Visible
spectrum exhibited strong absorption in the ultraviolet region, confirming the semiconducting nature of ZnO
nanoparticles. FTIR analysis revealed hydroxyl, carbonyl, and other oxygen-containing functional groups involved in
nanoparticle formation and stabilization. XRD analysis confirmed the formation of highly crystalline hexagonal
wurtzite ZnO with an average crystallite size of 22.8 nm. FESEM and HRTEM analyses showed predominantly
spherical to quasi-spherical nanoparticles with particle sizes ranging from 3-35 nm. EDAX confirmed zinc and oxygen
as the major constituent elements, indicating high purity of the synthesized nanoparticles. DLS and zeta potential
analyses demonstrated moderate colloidal stability with particle aggregation in aqueous suspension. The results
demonstrate that A. sessilis leaf extract is an effective natural reducing and capping agent for the eco-friendly synthesis
of crystalline ZnO nanoparticles with promising potential for photocatalytic and biomedical applications.
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1. Introduction

Nanotechnology studies and engineers materials at roughly 1-100 nm, where size-dependent optical, mechanical,
electrical, and chemical properties enable applications across medicine, energy, electronics, environmental science,
and engineering [1-3]. Green nanomaterials extend this field by applying green chemistry to nanoparticle synthesis,
replacing hazardous, energy-intensive physical and chemical routes with plant, microbial, or other biological systems
that act as reducing, capping, and stabilizing agents [4,5]. Compared with conventional methods, green synthesis is
described as more eco-friendly, lower-toxicity, and often lower-cost, with reduced energy demand and stronger
alignment with sustainable manufacturing and circular-economy goals [4,6]. Plant extracts are especially prominent
because phytochemicals such as flavonoids, phenols, terpenoids, proteins, and alkaloids can drive metal-ion reduction
while also stabilizing nanoparticle growth and morphology [5,7,8]. These green nanomaterials already show broad
potential in drug delivery, biosensing, cosmetics, water treatment, pollutant remediation, antimicrobial technologies,
agriculture, and energy storage, although the literature still identifies major challenges in scale-up, reproducibility,
mechanism, and toxicity standardization before routine large-scale adoption [2].

Zinc oxide nanoparticles (ZnO NPs) synthesized through green methods have attracted strong research interest because
conventional physical and chemical routes often require hazardous reagents, higher energy input, or costly processing,
whereas plant-mediated synthesis is simpler, safer, and more environmentally compatible [9—11]. In green synthesis,
plant extracts from leaves, fruits, seeds, roots, or whole plants provide phytochemicals such as phenolics, flavonoids,
alkaloids, and terpenoids that act as reducing, capping, and stabilizing agents during nanoparticle formation [12]. This
biofabrication route is valued for its cost-effectiveness, reduced toxicity, biocompatibility, and lower waste generation,
although true green synthesis should avoid auxiliary toxic solvents or chemicals that undermine green-chemistry
principles [13].

For Alternanthera sessilis leaf-mediated synthesis, the rationale is that leaf phytochemicals can direct ZnO NP
formation while influencing crystallinity, morphology, particle size, and surface properties, which in turn shape
biological and catalytic performance [12,14]. ZnO NPs are especially attractive because they combine low toxicity and
biodegradability with broad functionality in antimicrobial, antioxidant, anti-inflammatory, anticancer, sensing, and
photocatalytic applications [9,14,15]. Characterization therefore becomes essential, and green-synthesized ZnO NPs
are commonly verified by UV-Vis spectroscopy, Fourier transform infrared (FTIR) spectroscopy, X-ray diffractometer
(XRD), electron microscopy, Zeta size, and elemental analysis to confirm ZnO formation, wurtzite crystallinity,
nanoscale size, morphology, and phytochemical surface capping. Across plant-based studies, the resulting ZnO NPs
have shown promising applications in antibacterial control, enzyme-related biomedical uses, dye degradation,
wastewater remediation, and environmental catalysis, which supports investigating A. sessilis leaves as a sustainable
precursor for producing functional ZnO nanomaterials [16,17].

Till date the ZnO NPs synthesized using 4. sessilis showed effective in vitro biological activities. Therefore, further in
vivo assays required to determine the efficacy of ZnO NPs synthesized using A. sessilis.
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Thus the objectives of the present study are:

1. To collect the A. sessilis leaves from Kakinada, Andhra Pradesh India.

2. To synthesize the ZnO NPs using 4. sessilis leaf aqueous extract

3. To evaluate the optical properties of synthesized ZnO NPs using UV-Vis spectroscopy and FTIR

4. To evaluate the phase analysis, morphology, size distribution of synthesized ZnO NPs using XRD, FESEM-EDAX,
HRTEM and Zeta Size.

2. Material and Methods

2.1 Collection and Processing of Alternanthera sessilis Leaves

Fresh leaves of Alternanthera sessilis were collected from in and around Kakinada, Andhra Pradesh, India. The
collected leaves were washed thoroughly with tap water followed by distilled water to remove dust and other
impurities. The leaves were shade-dried at room temperature until completely dry. The dried leaves were then ground
into a fine powder using an electric grinder and stored in an airtight container until further use.

2.2 Preparation of Alternanthera sessilis Aqueous Extract

The aqueous extract of Alternanthera sessilis leaves was prepared using a simple decoction method. Briefly, 5 g of the
dried leaf powder was mixed with distilled water and heated at 60°C for 1 h. After cooling to room temperature, the
extract was filtered through Whatman No. 1 filter paper to remove plant debris. The filtrate was collected and stored
at 4°C until further use in the experimental studies.

2.3. Preliminary qualitative phytochemical screening

Preliminary qualitative phytochemical screening of the Alternanthera sessilis aqueous leaf extract was carried out
using standard phytochemical procedures to determine the presence or absence of major secondary metabolites.
Flavonoids were detected using the alkaline reagent test, phenols by the ferric chloride test, tannins by the ferric
chloride test, alkaloids by Mayer's test and Wagner's test, terpenoids by the Salkowski test, anthraquinones by the
Borntréiger's test, saponins by the foam test, quinones by the concentrated sulfuric acid test, coumarins by the sodium
hydroxide test, glycosides by the Keller—Killiani test, and steroids by the Liebermann—Burchard test. The development
of characteristic colour changes or precipitates was recorded as an indication of the presence of the respective
phytochemical constituents.

2.4 Green Synthesis of Zinc Oxide (ZnO) Nanoparticles

Zinc oxide (ZnO) nanoparticles were synthesized using the aqueous leaf extract of Alternanthera sessilis through a
green synthesis approach. Briefly, 10 mM zinc chloride (ZnCl.) solution was prepared in distilled water, and 90 mL
of the precursor solution was transferred to a 250 mL beaker. The solution was heated at 70°C under continuous
magnetic stirring for 20 min to ensure complete dissolution of the precursor. After the initial heating period, 10 mL of
the freshly prepared aqueous leaf extract was added dropwise to the zinc chloride solution while maintaining the
temperature at 70°C. The reaction mixture was continuously stirred for an additional 20 min to facilitate the interaction
between the zinc ions and the phytochemicals present in the plant extract. The reaction was then allowed to continue
at 70°C for 2 h under constant stirring to promote the formation of zinc oxide nanoparticles. Following the reaction,
10 mL of 10% (w/v) sodium hydroxide (NaOH) solution was added slowly to the reaction mixture under continuous
stirring until a white precipitate was formed. The resulting suspension was centrifuged at 5000 rpm for 5 min, and the
supernatant was discarded. The collected precipitate was washed three times with distilled water followed by three
washes with 70% ethanol to remove unreacted precursors and residual phytochemicals. Finally, the purified ZnO
nanoparticles were dried in a hot-air oven at 60°C overnight. The dried powder was gently ground using a mortar and
pestle and stored in airtight containers for further characterization

2.5 Characterization of Optical Properties

The optical properties of the synthesized samples were characterized using ultraviolet-visible (UV-Vis) spectroscopy
and Fourier transform infrared (FTIR) spectroscopy.

2.5.1 UV-Visible Spectroscopy

The optical absorption spectrum of the synthesized sample was recorded using a Shimadzu UV-2600 UV-Visible
spectrophotometer. Before analysis, the sample was dispersed in distilled water by sonication for 10 min to obtain a
uniform suspension. The spectrum was recorded in the wavelength range of 200—800 nm using distilled water as the
reference blank. The absorption peaks obtained from the spectrum were used to identify the characteristic electronic
transitions and to evaluate the optical behavior of the synthesized material.

2.5.2 Fourier Transform Infrared (FTIR) Spectroscopy

The surface functional groups present in the synthesized sample were identified using a Bruker Alpha II Fourier
Transform Infrared (FTIR) spectrometer. The dried sample was analyzed directly using the ATR (Attenuated Total
Reflectance) mode. The FTIR spectrum was recorded in the range of 4000—400 cm™ with a spectral resolution of 4
cm™! by averaging 32 scans. The absorption bands were used to identify the major functional groups responsible for
the reduction, stabilization and surface capping of the synthesized material.

2.6 Phase Analysis, Morphology and Size Distribution

2.6.1 X-ray Diffraction (XRD)

The crystalline nature and phase composition of the synthesized sample were analyzed using a Bruker D8 Advance X-
ray diffractometer equipped with Cu-Ka radiation (A = 1.5406 A). The diffraction pattern was recorded over a 260 range
of 10°-80° with a scanning rate of approximately 2° min'. The diffraction peaks obtained were compared with
standard JCPDS database files to identify the crystalline phase. The average crystallite size was estimated using the
Debye—Scherrer equation:

D=KA/Bcosb
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where D is the crystallite size, K is the shape factor (0.9), A is the X-ray wavelength (1.5406 A), B is the full width at
half maximum (FWHM) of the diffraction peak, and 0 is the Bragg diffraction angle.

2.6.2 Field Emission Scanning Electron Microscopy and Energy Dispersive X-ray Analysis (FESEM-EDAX)
The surface morphology and elemental composition of the synthesized sample were examined using a JEOL Field
Emission Scanning Electron Microscope (FESEM) equipped with an Energy Dispersive X-ray Analysis (EDAX)
detector. A small quantity of the dried sample was mounted on carbon tape fixed to an aluminium specimen stub and
coated with a thin layer of gold to improve electrical conductivity. The FESEM images were recorded at different
magnifications to observe the particle morphology, while EDAX analysis was performed to determine the elemental
composition and confirm the presence of the constituent elements in the synthesized material.

2.6.3 High-Resolution Transmission Electron Microscopy (HRTEM)

The particle size, morphology and internal crystal structure of the synthesized sample were investigated using a Thermo
Scientific High-Resolution Transmission Electron Microscope (HRTEM). A dilute suspension of the sample was
prepared in distilled water and sonicated for 10 min. A few microlitres of the suspension were placed on a carbon-
coated copper grid and allowed to dry at room temperature before analysis. The HRTEM images were recorded to
determine particle size, particle shape and lattice fringes. Selected Area Electron Diffraction (SAED), when available,
was used to confirm the crystalline nature of the synthesized material.

2.6.4 Dynamic Light Scattering (DLS) and Zeta Potential Analysis

The hydrodynamic particle size distribution and surface charge of the synthesized sample were determined using a
Malvern Zetasizer Nano ZS90. The sample was dispersed in distilled water and sonicated for 10 min to obtain a
homogeneous suspension. The measurements were carried out at 25°C using disposable cuvettes for particle size
analysis and folded capillary cells for zeta potential measurements. The average hydrodynamic diameter,
polydispersity index (PDI) and zeta potential values were recorded to evaluate the particle size distribution, dispersion
uniformity and colloidal stability of the synthesized sample.

3. Result and Discussion

3.1 Qualitative Phytochemical Screening:

The qualitative phytochemical screening of the aqueous leaf extract of Alternanthera sessilis revealed the presence of
several bioactive secondary metabolites. Among the phytochemicals tested, flavonoids, terpenoids, anthraquinones,
and glycosides were detected, whereas other tested metabolites were absent. These phytoconstituents are well known
for their reducing, chelating, and stabilizing properties, which facilitate the green synthesis of metal nanoparticles.
Flavonoids and terpenoids play a significant role in reducing Zn?** ions to ZnO nanoparticles and stabilizing the
nanoparticle surface through their hydroxyl and carbonyl functional groups. Anthraquinones act as natural reducing
agents and contribute to the formation of stable nanoparticles, while glycosides serve as capping agents, preventing
particle aggregation and improving nanoparticle stability [18—20]. The presence of these phytochemicals confirms that
the A. sessilis leaf extract provides the essential biomolecules required for the successful green synthesis of ZnO
nanoparticles.

3.2. UV Visible Spectroscopy:

The optical properties of the biosynthesized ZnO nanoparticles were investigated using UV—Visible spectroscopy in
the wavelength range of 200—800 nm. The UV—Vis absorption spectrum (Fig. 1) exhibited a strong absorption in the
ultraviolet region, with maximum absorbance observed near 200-210 nm. The absorbance gradually decreased with
increasing wavelength and remained nearly constant in the visible region (400—800 nm), indicating the high optical
transparency of the synthesized ZnO nanoparticles. A broad absorption shoulder extending from approximately 250 to
320 nm was observed, which can be attributed to the intrinsic electronic transitions of ZnO and the influence of
phytochemical molecules from the Alternanthera sessilis leaf extract adsorbed on the nanoparticle surface. The strong
absorption in the ultraviolet region arises from the intrinsic electronic transition of ZnO, corresponding to the excitation
of electrons from the valence band to the conduction band, which is a characteristic feature of wide band-gap
semiconductor materials [21].
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Figure 1: UV Vis spectroscopy analysis of ZnO NPs (a) UV-Vis absorbance spectrum (b) Direct Bandgap and

(c) Indirect Bandgap.
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3.3. Fourier transform infrared spectroscopy:

The FTIR spectrum of the synthesized sample was recorded in the range of 4000—400 cm™ to identify the functional
groups responsible for the reduction, stabilization and capping of the nanoparticles. The spectrum exhibited several
characteristic absorption bands, indicating the presence of phytochemical constituents originating from the plant
extract as well as the formation of the metal oxide nanoparticles (Fig 2). A broad absorption band observed in the
3200-3600 cm™ region is attributed to the stretching vibration of hydroxyl (—OH) groups, which may arise from
phenolic compounds, flavonoids and adsorbed water molecules. Weak bands around 29202850 cm™ correspond to
the asymmetric and symmetric stretching vibrations of aliphatic C—H groups, indicating the presence of organic
molecules on the nanoparticle surface.

The absorption band near 1600—-1650 cm™ can be assigned to C=O stretching of amide groups or aromatic C=C
vibrations, suggesting the involvement of proteins and polyphenolic compounds during nanoparticle synthesis. Peaks
observed around 1380-1450 cm™ are associated with C—N stretching and CH bending vibrations, while bands in the
10001200 cm™ region correspond to C—O and C—-O-C stretching vibrations of alcohols, ethers and polysaccharides.
The most significant absorption band appearing in the low wavenumber region (approximately 400-600 cm™) is
attributed to the Zn—O stretching vibration, confirming the successful formation of ZnO nanoparticles [22]. The
presence of hydroxyl, carbonyl and other oxygen-containing functional groups indicates that biomolecules present in
the Alternanthera sessilis leaf extract acted as reducing and stabilizing agents during the green synthesis process.
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Figure 2: FTIR transmittance spectrum of ZnO NPs

3.4. X-ray diffractogram:

The XRD pattern of the green synthesized ZnO nanoparticles exhibited characteristic diffraction peaks at 20 values of
31.7°,34.4°,36.2°,47.5°, 56.6°, 62.9°, 66.4°, 67.9°, 72.4°,76.9°, 81.1° and 89.4°, corresponding to the (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), (202) and (104) crystal planes, respectively. These diffraction
peaks are in good agreement with the standard hexagonal wurtzite ZnO phase (JCPDS Card No. 03-065-0523),
confirming the successful formation of crystalline ZnO nanoparticles. The absence of impurity peaks indicates the high
phase purity of the synthesized ZnO nanoparticles. The average crystallite size was calculated using the Debye—
Scherrer equation from the most intense (101) diffraction peak and was found to be 22.8 nm. The sharp diffraction
peaks and small crystallite size demonstrate the high crystallinity of the biosynthesized ZnO nanoparticles, making
them suitable for photocatalytic and biomedical applications [23].
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Figure 3: X-ray diffractogram of ZnO NPs

3.5. FESEM-EDAX analysis:
The surface morphology of the green synthesized ZnO nanoparticles was examined by FESEM, while the elemental
composition was confirmed by EDAX analysis (Figure 4). The FESEM micrograph revealed that the ZnO
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nanoparticles were predominantly spherical to quasi-spherical in shape with slight agglomeration. The observed
agglomeration is attributed to the high surface energy of the nanoparticles and the interaction of phytochemicals from
the Alternanthera sessilis leaf extract, which act as reducing and capping agents during synthesis. The nanoparticles
were uniformly distributed with a rough surface morphology, indicating the successful formation of ZnO nanoparticles.
The average particle size estimated from FESEM image analysis was approximately 23—-35 nm. The EDAX spectrum
confirmed the elemental composition of the synthesized nanoparticles. Strong characteristic peaks corresponding to
Zn and O verified the successful formation of ZnO nanoparticles. In addition, weak signals of C, Cl, Na, Mg, Si, and
Al were observed. The carbon peak originated from organic phytochemicals adsorbed on the nanoparticle surface,
whereas the trace amounts of Cl, Na, Mg, Si and Al are attributed to plant-derived biomolecules, residual precursor
salts, glassware or sample preparation [24]. The absence of impurity peaks from other metals indicates the high purity
of the biosynthesized ZnO nanoparticles.
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Figure 4: Morphology and Elemental distribution (a) FESEM micrograph (b) EDAX spectrum and (c) EDAX
composition.

3.6. HRTEM analysis:

The morphology and microstructure of the biosynthesized ZnO nanoparticles were investigated by HRTEM (Fig. 5).
The HRTEM images revealed that the nanoparticles were predominantly spherical to quasi-spherical in shape with
slight agglomeration. The particle size distribution ranged from 3 to 35 nm, with an average particle size of 23—35 nm,
which is in good agreement with the FESEM analysis. High-resolution images exhibited well-defined lattice fringes,
confirming the crystalline nature of the synthesized ZnO nanoparticles. The measured interplanar spacings (d-spacing)
0f 0.281, 0.260 and 0.247 nm were assigned to the (100), (101) and (002) crystallographic planes, respectively, which
are characteristic of the hexagonal wurtzite ZnO crystal structure and are in agreement with the XRD results (JCPDS
No. 03-065-0523). The selected area electron diffraction (SAED) pattern displayed distinct concentric diffraction rings
indexed to the (100), (002), (101), (102), (110) and (103) planes, confirming the polycrystalline nature of the ZnO
nanoparticles. The FFT pattern further verified the crystallinity and lattice orientation of the nanoparticles [25,26].
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Figure 5: Morphology and Size Distribution (a) SAED pattern (b) HRTEM micrograph and (c) Particle size
distribution histogram.

3.7. Dynamic Light Scattering (DLS) and Zeta Potential Analysis:
The DLS analysis (Fig. 6a) showed a multimodal particle size distribution, with the major hydrodynamic particle size
centered around 900—1200 nm, indicating aggregation of ZnO nanoparticles in aqueous suspension. The larger size
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obtained by DLS compared to FESEM and HRTEM is due to the measurement of the hydrodynamic diameter and
particle agglomeration. The zeta potential analysis (Fig. 6b) exhibited a single peak at approximately —7.9 mV,
indicating a moderately negative surface charge and moderate colloidal stability. The negative surface charge is
attributed to the adsorption of phytochemicals from Alternanthera sessilis, which act as natural capping and stabilizing
agents [27].
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Figure 6: Dynamic Light Scattering (a) Zeta Size and (b) Zeta potential

Conclusion

In this study, ZnO nanoparticles were successfully synthesized through a simple and eco-friendly green synthesis
approach using the aqueous leaf extract of Alternanthera sessilis. The presence of flavonoids, terpenoids,
anthraquinones, and glycosides in the plant extract facilitated the reduction and stabilization of ZnO nanoparticles.
UV-Visible and FTIR analyses confirmed the optical properties and the involvement of plant-derived functional
groups during nanoparticle formation. XRD analysis demonstrated the formation of highly crystalline hexagonal
wurtzite ZnO with an average crystallite size of 22.8 nm. FESEM and HRTEM analyses revealed spherical to quasi-
spherical nanoparticles with sizes ranging from 3 to 35 nm, while EDAX confirmed the elemental purity of the
synthesized material. DLS and zeta potential analyses indicated moderate colloidal stability in aqueous suspension.
The results demonstrate that A. sessilis is a promising natural resource for the sustainable production of ZnO
nanoparticles. The synthesized nanoparticles possess desirable structural, morphological, and optical properties,
making them suitable for further investigation in photocatalytic, antimicrobial, antioxidant, and other biomedical
applications.
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