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ABSTRACT 

Zinc oxide nanoparticles were synthesized using both a conventional wet-chemical method and eco-friendly green 

synthesis routes employing plant extracts from Moringa oleifera, Terminalia chebula, and Aloe vera. The study provides a 

comparative evaluation of these synthesis approaches to identify environmentally sustainable methods capable of producing 

high-performance ZnO nanomaterials. Thermogravimetric analysis was used to determine suitable calcination temperatures 

(400–700 °C), and the structural, morphological, and optical properties of the synthesized nanoparticles were characterized 

using XRD, SEM–EDS, DLS, UV–Vis, ATR–FTIR, Raman spectroscopy, and SAED. XRD results confirmed the formation 

of hexagonal wurtzite ZnO with crystallite sizes ranging from 11.1 to 72.2 nm. UV–Vis analysis indicated bandgap energies 

ranging from 3.11 to 4.22 eV, demonstrating size-dependent quantum confinement effects. Photocatalytic studies under 365 

nm UV irradiation showed that Moringa oleifera–mediated ZnO nanoparticles achieved the highest methyl orange 

degradation efficiency of 67% within 180 min, outperforming nanoparticles synthesized using Aloe vera (60%), Terminalia 

chebula (35%), and the wet-chemical method (61% and 32% at different calcination temperatures). Surface-enhanced Raman 

scattering (SERS) analysis of L-phenylalanine demonstrated an enhancement factor on the order of 10², attributed to defect-

mediated charge-transfer interactions. The results demonstrate that green-synthesized ZnO nanoparticles exhibit improved 

photocatalytic performance and sensing capabilities, highlighting their potential as multifunctional materials for 

environmental remediation, sensing applications, and bioactive components in bone regeneration systems.  
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1. INTRODUCTION 

In recent decades, zinc oxide nanoparticles 

(ZnONPs) have garnered significant interest owing to 

their distinctive physical properties, which encompass 

high chemical stability and sensitivity, advantageous 

mechanical properties, optical attributes, and electrical 

conductivity that varies with atmospheric conditions (in 

both oxidizing and reducing environments). Neem-

flower-mediated ZnONPs showed good stability, strong 

antioxidant and antimicrobial activity, and minimal 

toxicity to normal cells. These eco-friendly nanoparticles 

are promising for therapeutic and bioengineering uses 

(Mohanasundaram and Mary, 2025). Several studies have 

reported that plant-mediated ZnO nanoparticles exhibit 

enhanced antibacterial, antioxidant, and anticancer 

properties with improved biocompatibility 

(Mohammadzadeh et al. 2024; Jothinathan and Suseem, 

2026). Advanced nanomaterials synthesized by green and 

bio-assisted approaches have gained significant attention 

for biomedical, environmental, and catalytic applications 

due to their enhanced functionality, reduced toxicity, and 

sustainable fabrication routes. Among them, ZnO-based 

nanostructures have demonstrated remarkable 

multifunctionality. PEG–beta-carotene–curcumin–zinc 

oxide (PEG–Beta–Cur–ZnO) nanoparticles exhibited 

superior stability along with enhanced larvicidal, 

antibacterial, and anticancer performance compared to 

their individual constituents (Suresh et al. 2026). 

Similarly, plant gum-mediated ZnONPs derived from 

Prosopis juliflora showed strong antimicrobial, 

antioxidant, antidiabetic, and anti-inflammatory 

activities with good biocompatibility (Thanjavur et al. 

2025). Doping and hybridization strategies further 

https://crossmark.crossref.org/dialog?doi=10.13074/jent.2026.06.2612090&domain=pdf&date_stamp=2026-06-30
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improve ZnO performance; Cu-doped ZnONPs 

displayed enhanced antibacterial, antifungal, antioxidant, 

and anticancer efficacy (Kothandaraman et al. 2025), 

while ZnO/Fe₃O₄ nanocomposites demonstrated reduced 

cell viability in HCT116 cancer cells and strong 

antibacterial action against Gram-negative strains 

(Almoneef et al. 2025). 

Ag/ZnO nanocomposites exhibited excellent 

photocatalytic dye degradation and notable antibacterial 

activity (Chhetri et al. 2025). Similarly, biogenic Ag 

nanoparticles showed strong antibacterial and 

antioxidant properties with minimal toxicity in zebrafish 

embryo models (Mahendran et al. 2025; Tharani et al. 

2023). CeO₂ nanoparticles synthesized using Moringa 

oleifera extract demonstrated reduced bandgap energy 

and strong antimicrobial performance (Jayabal, 2025), 

while Bi₂O₃ nanoparticle-embedded polymer films 

exhibited high antimicrobial efficiency with acceptable 

cytocompatibility for biomedical coatings (Hasanin et al. 

2025). Particularly, Terminalia chebula, a medicinal 

plant rich in phenolics and bioactive compounds, has 

been widely used as a reducing and stabilizing agent for 

nanoparticle synthesis. Extract-mediated Ag, Ni, and 

NiO nanoparticles have shown promising antibacterial, 

antioxidant, anticancer, and catalytic dye degradation 

performance (Kumar et al. 2025; Moulana et al. 2023; 

Kareem and Vijaya Lakshmi, 2022). Ethanolic extracts of 

T. chebula demonstrated high radical-scavenging activity 

and significant enzymatic antioxidant content (Elsadek 

and Al-Numair, 2024), while fermented extracts 

improved carbonation and durability in lime-based 

heritage materials (Wani and Thirumalini, 2024), 

indicating the plant’s versatile functional chemistry. 

Beyond single-metal systems, multi-metallic 

and noble metal nanoparticles synthesized by plant 

extracts have also exhibited enhanced therapeutic 

efficiency. Aloe vera–mediated ruthenium nanoparticles 

showed selective anticancer activity with minimal 

toxicity to healthy cells (Begum et al. 2025), and ZnO 

nanostructures synthesized using Aloe vera extract 

demonstrated improved morphology and functional 

performance (Ibupoto et al. 2024). Furthermore, nano-

enabled formulations such as nano-emulsion gels have 

demonstrated enhanced skin regeneration and burn 

healing efficacy (Miastkowska et al. 2020), highlighting 

the translational potential of nanotechnology in advanced 

therapeutic systems (Kyana et al. 2025). 

Despite extensive studies on ZnO nanoparticles 

synthesized through either conventional chemical or 

green routes, a systematic comparison of their structural, 

optical, photocatalytic, and sensing performances 

remains limited. In particular, the influence of different 

plant-mediated green synthesis routes on multifunctional 

ZnO nanoparticle properties has not been clearly 

established. Therefore, this study aims to comparatively 

investigate ZnO nanoparticles synthesized via a 

conventional wet-chemical method and green synthesis 

using Moringa oleifera, Terminalia chebula, and Aloe 

vera extracts. The novelty of this work lies in identifying 

the most effective eco-friendly synthesis route for 

producing multifunctional ZnONPs with enhanced 

photocatalytic and SERS sensing performance suitable 

for environmental and biomedical applications. 

2. MATERIALS AND METHODS 

2.1 Materials 

Extracts were derived from the leaves of 

Moringa oleifera (Moringaceae), the fruits of Terminalia 

chebula (Combretaceae), and Aloe vera gel 

(Asphodelaceae). Zinc nitrate hexahydrate 

(Zn(NO₃)₂·6H₂O) served as a zinc precursor for 

synthesizing zinc oxide nanoparticles (ZnONPs). 

Ammonia solution (NH₄OH) was used to regulate the pH 

during nanoparticle synthesis. Methyl orange (MO) and 

L-phenylalanine (L-Phe) served as model compounds for 

photocatalytic degradation and adsorption/SERS 

investigations, respectively.  

2.2 Synthesis of ZnO  

2.2.1 Wet Chemical Synthesis 

The ultrasonic cleaner was employed, and 25 g 

of zinc nitrate hexahydrate (Zn(NO₃)₂·6H₂O) was 

dissolved in 30 mL of deionized water, yielding a clear 

and homogeneous precursor solution. The solution was 

agitated incessantly for 10 min at 25 °C (Thanikodi and 

Jothi, 2026). An aqueous ammonia solution (1:1, v/v) 

was subsequently added dropwise while maintaining 

continual stirring until the pH reached around 9–10, 

thereby promoting the formation of zinc hydroxide 

intermediates. Subsequent pH adjustment was performed 

using a 2 M ammonia solution to guarantee full 

precipitation. The resultant precipitate was isolated using 

filtering, meticulously rinsed with distilled water to 

remove residual contaminants, and dried at 120 °C for 12 

h (Errico et al. 2015). The dried product underwent heat 

treatment at 180 °C for 1 h to yield ZnO nanoparticles. 

2.2.2 Green Synthesis 

The green synthesis methodology used extracts 

from Moringa oleifera leaves, Terminalia chebula fruits, 

and Aloe vera gel. 

Aloe vera extract: Fresh A. vera peels were 

meticulously cleansed, diced, and combined with pure 

water in a 1:10 (w/v) ratio. The mixture was heated to 50 

°C for 1 h to enhance the extraction of bioactive 

chemicals, subsequently cooled to ambient temperature, 

and filtered to get a clear extract. Then, 5 mL of the 

produced A. vera extract was incorporated into a 10 mM 

solution of zinc nitrate hexahydrate (Zn(NO₃)₂·6H₂O) 

and continuously stirred at 100 °C for 1.5 h. The 
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emergence of a precipitate signified nanoparticle 

production. The resultant product was filtered, repeatedly 

rinsed by deionized water to eliminate residual 

contaminants, and air-dried to yield Aloe vera–mediated 

ZnO nanoparticles (Ahmadi et al. 2022). 

Terminalia chebula fruit extract: Fresh T. 

chebula fruits were cleansed, pulverized, and the 

resultant juice was strained. One mL of the filtrate was 

diluted to 50 mL with distilled water and subsequently 

filtered to eliminate insoluble residues. Then, 5 mL of the 

resulting extract was incorporated into 20 mL of 0.1 M 

aqueous Zn(NO₃)₂·6H₂O solution while maintaining 

continuous stirring at ambient temperature. The 

emergence of a precipitate signified the commencement 

of ZnO nanoparticle production. The resultant product 

was obtained by centrifugation, subjected to multiple 

washes with deionized water to eliminate unreacted 

species, and subsequently dried at ambient temperature 

to yield Terminalia chebula–mediated ZnO nanoparticles 

(Lavanya et al. 2023). 

Moringa oleifera extract: 8 g of the finely 

powdered dried M. oleifera leaves was combined with 

450 mL of deionized water, and the combination was 

permitted to remain at ambient temperature for 48 h to 

promote the extraction of bioactive phytochemicals, and 

thereafter underwent filtration to yield a clear extract. 

Subsequently, 4 g of Zn(NO₃)₂·6H₂O were dissolved in 

400 mL of the produced leaf extract while maintaining 

continuous agitation. After 10 minutes, the emergence of 

a precipitate signified the synthesis of ZnO precursor 

particles (Devi, 2026). The products were subsequently 

filtered, thoroughly washed by distilled water, and air-

dried to yield Moringa oleifera–mediated ZnO 

nanoparticles. 

2.3 Characterization  

2.3.1 Thermogravimetric Analysis (TGA) 

A TA Instruments thermogravimetric analyzer 

Q500 was used for thermogravimetric analysis. The 

measurements were conducted in a continuous air 

environment at a flow rate of 60 mL min⁻¹. 

2.3.2 Calcination 

Calcination was conducted at a programmable 

muffle in a regulated air environment. According to the 

thermal decomposition characteristics identified using 

TGA, ZnONPs produced from M. oleifera leaf extract, T. 

chebula fruit extract, and A. vera gel were calcined at 

temperatures of 700 °C, 600 °C, and 500 °C, respectively. 

The thorough elimination of organic residues and 

improved crystallinity allowed the samples to cool 

naturally to ambient temperature within the furnace. 

2.3.3 Dynamic Light Scattering (DLS) 

The particle size distribution was assessed using 

the Litesizer™ 500 particle analyzer. The device uses a 

laser wavelength of 658 nm and incorporates 

backscattering detection at 175°, with measurements 

conducted at 25 °C. An aqueous dispersion of ZnONPs at 

0.1 wt.% was subjected to ultrasonication for 15 min at 

20 W using a probe-type ultrasonic homogenizer. 

2.3.4 UV–Vis Spectroscopy 

UV–Vis absorption was obtained using a 

Shimadzu UV-2600 double-beam spectrophotometer, 

functioning at a wavelength with a spectral bandwidth of 

1 nm. 

2.3.5 X-ray Diffraction  

X-ray diffraction was obtained using a Bruker 

D8 Advance with Cu Kα radiation. Data was acquired 

over a 2θ range of 10–80° with a step increment of 0.02° 

at ambient temperature. 

2.3.6 Scanning Electron Microscopy (SEM) 

The morphological analysis of the fractured 

surfaces was carried out using a ZEISS Gemini SEM 

operated at an accelerating voltage of 10–15 kV. Samples 

were sputter-coated with a thin gold layer to prevent 

charging. Elemental composition was analyzed using an 

energy-dispersive X-ray spectroscopy (EDS) system at 

the same operating conditions, enabling simultaneous 

evaluation of surface morphology and elemental 

distribution. 

2.3.7 Raman Spectroscopy 

Raman spectra were obtained by HORIBA 

LabRAM HR Evolution Raman spectrometer integrated 

with an optical microscope. Excitation was delivered by 

a 785 nm laser functioning at 10 mW, and the spectra 

were acquired with a spectral resolution of approximately 

4 cm⁻¹ through four accumulations. 

2.3.8 Attenuated Total Reflectance Fourier Transform 
Infrared (ATR–FTIR) Spectroscopy 

The spectra were obtained using a Bruker 

Tensor 27 FTIR spectrometer fitted with a diamond ATR 

attachment. Spectra were acquired within the range of 

4000–400 cm⁻¹ at a spectral resolution of 4 cm⁻¹, 

averaging 64 scans. 

2.4 Photocatalytic Activity of ZnO  

The photocatalytic activity was evaluated in a 

quartz reactor containing an aqueous suspension of ZnO 

nanoparticles, methyl orange (MO), and deionized water 

at a molar ratio of 1:4.5:8. Prior to irradiation, the 

suspension (1 mL) was magnetically stirred in the 
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absence of light for 30 min to achieve adsorption–

desorption equilibrium. The reaction mixture was 

subsequently irradiated with a UV lamp emitting at 365 

nm with an incident light intensity of approximately 1.0 

mW cm⁻². Photocatalytic degradation tests were 

performed for 180 min, with aliquots extracted at 30-

minute intervals.  

2.5 SERS-based Spectroscopic Investigation 
(SERS) 

L-phenylalanine was dissolved in distilled water 

to obtain a 10-3 mol/L. The ZnONPs were combined with 

L-Phe and incubated for 1 day before measurement. 

Surface-enhanced Raman scattering (SERS) 

with spectral resolution of approximately 4 cm⁻¹ was 

obtained using the HORIBA LabRAM HR Evolution 

Raman microscope, which is equipped with an optical 

microscope. Excitation was delivered with a 785 nm 

diode laser functioning at an output power of 10 mW, 

with an exposure duration of 40 s for each accumulation. 

Nine spectra were obtained from three distinct sites on 

three different drops of ZnO NP/L-phenylalanine (L-

Phe). No spectrum characteristics linked to laser-induced 

deterioration were detected. 

2.6 Spectral Evaluation 

Spectral data were processed and assessed with 

OriginPro software, including baseline correction, peak 

fitting, and data smoothing techniques. 

All synthesis experiments and photocatalytic 

measurements were performed in triplicate (n = 3) to 

ensure reproducibility. Photocatalytic degradation 

experiments were conducted for 180 min under 365 nm 

UV irradiation with an intensity of ~1.0 mW cm⁻², and 

aliquots were collected at 30 min intervals. The reported 

results represent the average values of three independent 

experiments, and the observed experimental variation 

was less than ±3%, confirming the reliability of the 

experimental procedure. 

3. RESULTS AND DISCUSSION 

3.1 Spectroscopic Methods 

A periodic and systematic atomic structure 

displays distinct and precise diffraction in X-ray 

diffraction patterns. Conversely, weakly crystalline or 

amorphous materials exhibit diffuse and broad halos 

rather than distinct reflections. This work reveals that 

XRD patterns of produced ZnONPs (Fig. 1) demonstrate 

a low level of amorphous or crystallinity characteristics. 

Neem fruit pulp–mediated ZnO nanoparticles were 

confirmed by XRD with ~42 nm crystallite size and 

~35.5 nm particles, as observed by prior studies 

(Alampally et al. 2025). 
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Fig. 1: XRD patterns of ZnONPs synthesized by wet-
chemical and green synthesis methods using Moringa 
oleifera, Terminalia chebula, and Aloe vera extracts, 
confirming the formation of hexagonal wurtzite ZnO 
structure 

Consequently, all materials underwent 

calcination for additional structural analysis. TGA was 

conducted to ascertain the appropriate calcination 

temperature for the formation of ZnO nanoparticles. Fig. 

2 displays TGA curves for the analyzed ZnO samples. 

The ZnONPs synthesized by the wet chemical method 

have a unique thermal degradation profile in contrast to 

others, which were produced by green methods utilizing 

extracts from M. oleifera leaves, T. chebula fruits, and A. 

vera gel. The extracts exhibit a progressive three-step 

weight reduction, mainly due to the desorption of 

physically adsorbed moisture, the breakdown of organic 

phytochemicals, and the removal of remaining hydroxyl 

groups. Conversely, ZnONPs exhibit a fast mass drop 

between 350–400 °C, resulting in an approximately 26% 

to 18% weight loss linked to the breakdown of zinc 

hydroxide and zinc precursor intermediates into 

crystalline ZnO. A modest mass increase of 

approximately 5% observed between 400–600 °C can be 

ascribed to lattice stabilization and oxygen incorporation 

inside the ZnO structure, succeeded by an additional 

weight loss of around 3% at 600 °C due to the elimination 

of residual surface hydroxyl species. In light of these 

data, ZnONPs were calcined at 600 °C and 400 °C to 

enhance crystallinity and thermal stability. 

Stage 1 corresponds to dehydration, leading to 

negligible mass reductions of 4% (ZnONPs–MO), 6% 

(ZnONPs–TC), and 6% (ZnONPs–AV). Stage 2 involves 

progressive dehydroxylation at temperatures of 150–700 

℃, 150–600 ℃, and 150–500 ℃, with the oxidation of 

residues from plant extracts, resulting in the formation of 

CO2 and H2O. The corresponding weight reductions are 

32%, 26%, and 21%. Stage 3, commencing at 600–700 

℃, entails a weight loss of less than 2%, signifying the 
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stability of crystalline phases. According to the findings, 

calcination temperatures were established at 600 °C for 

ZnONPs–A’ and ZnONPs–MO, 700 °C for ZnONPs–A, 

and 500 °C for ZnONPs–AV. The obtained diffraction 

patterns are illustrated in Figure 3. 

 

Fig. 2: TGA curves of ZnONPs synthesized by wet-chemical 
and green synthesis methods showing weight-loss stages 
corresponding to moisture removal, phytochemical 
decomposition, and ZnO crystallization 

 

Fig. 3: X-ray diffraction (XRD) patterns of calcined ZnONPs 
synthesized by the wet-chemical method (A, calcined at 
400℃ and A’, at 600 ℃), and by the green chemistry method 
using extracts from M. oleifera (MO) leaves, T. chebula (TC) 
fruits, and A. vera (AV) gel 

Fig. 3 illustrates the XRD patterns of calcined 

ZnONPs corresponding to hexagonal wurtzite-type ZnO 

phase lattice parameters of a = b = 3.25 Å and c = 5.20 

Å. Lack of peaks from alternative zinc oxides or metallic 

zinc corroborates the elevated phase purity of the 

produced ZnONPs. The narrow full width and elevated 

intensity at half maximum signify a well-crystallized 

sample. A FWHM exhibits a slight rise at subsequent 

orders: ZnONPs–MO < ZnONPs–A < ZnONPs–A’ < 

ZnONPs–TC < ZnONPs–AV, indicating progressive 

reduction in crystallite size. 

 

 

 

 

Fig. 4: (a) DLS analysis of calcined ZnONPs s: (a) synthesized 
via the wet-chemistry method (A, calcined at 400 ℃ and A’, 
at 600 ℃), and by the green chemistry method using 
extracts from (b) M. oleifera leaves, (c) T. chebula fruits, and 
(d) A. vera gel 
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The ZnONPs–A calcined at 600 ℃ have a (101) 

diffraction intensity approximately 25% greater than that 

of (110) reflection, indicating growth in the (101) 

direction. Conversely, ZnONPs–A’ (400 ℃) and green-

synthesized material exhibit a predominant (110) 

reflection, signifying preferred exposure as (110) surface. 

Crystallite dimensions were calculated via the Debye–

Scherrer equation, and the findings are presented in Table 

1.  

DLS studies were performed in triplicate for all 

ZnONPs suspensions to verify the reproducibility of 

particle size distribution profiles. Minor discrepancies 

were noted among successive measurements. The initial 

measurement, indicating "biggest population", was 

labeled as "1". During phases two and three, the 

nanoparticles experienced gravity settling, leading to a 

reduction in hydrodynamic diameter.

Table 1. Surface evaluation outcomes of calcined ZnONPs 

ZnONPs 
Planes 

(hkl) 

XRD DLS 

Average 

Particle 

Size in 

Suspension 

[nm] 

EDS [keV]  

Atomic 

Content 

[%] 

𝝀abs  

[nm] 

UV–

Vis, 

𝐄𝐠 

[eV] 

Catalytic 

Efficiency 

[%] 

 

𝟐𝜽 
Crystallite 

Size [nm] 

𝑍𝑛𝑂𝑁𝑃 − A′ 

(400∘C ) 

𝑍𝑛𝑂𝑁𝑃𝑠 −A 

(600 ∘C ) 

110 26.63 42.8 

1500 

1600 
450 

 

O 

Kα – 
0.52 

O: 49.1 291 

4.26 
4.12 

33.4 
60.5 

110 

101 

110 

101 33.93 32 

Zn 

Lα – 

1.01 

Zn: 50.9  

110 26.64 44.3 

O 

Kα – 

0.52 

O: 46.3 301 

101 33.94 44.3 

Zn 

Lα – 

1.01 

Zn: 53.7    101 

110 26.64 76.4 
O 

Kα – 

0.51 

O: 56.8 325 3.81 68.6 110 

101 33.96 65.9 
Zn 

Lα – 

1.01 

Zn: 43.2    101 

𝑍𝑛𝑂𝑁𝑃𝑠 −MO 

(M. oleifera, 

700  ∘C) 

110 26.68 27 500 

O 

Kα – 
0.52 

O: 54.2 283 4.38 63.5 110 

101 34 28.9  

Zn 

Lα – 
1.01 

Zn: 45.8    101 

110 26.65 17.1 850 

O 

Kα – 

0.51 

O: 44.9 270 4.59 52.1 110 

𝑍𝑛𝑂𝑁𝑃𝑠 − TC 

(T. chebula, 

600∘C ) 

101 33.96 19.3  

Zn 

Lα – 

1.01 

Zn: 55.1    101 

110 26.63 42.8 1500 
O 

Kα – 

0.52 

O: 49.1 291 4.26 33.4 110 

101 33.93 32  
Zn 

Lα – 

1.01 

Zn: 50.9    101 

𝑍𝑛𝑂𝑁𝑃𝑠 − AV  

(A. vera, 

500∘C ) 

110 26.6515 17.13 263 0.51 OK𝛼 O: 42.81 270 4.59 52.1 

    3.44 Zn L𝛼 Zn: 

39.87 

   

101 33.9552 19.30  3.68 ZnL𝛽    

The spherical nanoparticles were uniformly 

dispersed and formed agglomerates. This aggregation 

can be ascribed to favorable van der Waals and 

electrostatic interactions.  

Fig. 5 shows the SEM images of the wet-

chemically synthesized ZnONPs, which reveal 

predominantly spherical particles forming agglomerated 

clusters. At 400 °C, the particles appear smaller and 

loosely packed with noticeable surface irregularity, 

indicating limited grain growth and incomplete 

densification. In contrast, the 600 °C sample exhibits 

more compact and coalesced agglomerates due to 

enhanced crystallization and partial sintering. The 

corresponding EDS spectra confirm the exclusive 

presence of Zn and O elements without detectable 

impurities. Slight deviations from the ideal O:Zn (2:1) 

ratio are observed, which are typical for EDS analysis of 
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metal oxides. The increased Zn proportion at 600 °C 

correlates with improved crystallinity and structural 

densification, while the relatively higher oxygen content 

at 400 °C may be associated with surface hydroxyl 

groups or incomplete oxidation. 

  

  

  

  

Fig. 5: SEM micrographs and SEM–EDS analysis of wet-
chemically synthesized ZnONPs showing spherical particle 
morphology and calcined at 400 ℃ (a) and at 600 ℃ (b), 
confirming the elemental composition 

 

 

Fig. 6: SEM micrograph and EDS analysis of ZnONPs 
synthesized using M. oleifera leaf extract and calcined at 
700 ℃ 

SEM micrographs of the M. oleifera-derived 

ZnONPs show well-developed, uniformly distributed 

spherical grains with moderate agglomeration, as shown 

in Fig. 6. The higher calcination temperature (700 °C) 

promotes significant grain growth, resulting in clearly 

defined particle boundaries and textured surfaces that 

enhance active surface area. EDS analysis confirms high 

phase purity with only Zn and O peaks detected. The 

relatively higher oxygen atomic percentage suggests 

oxygen-rich surface states or vacancy-related defect 

structures typical of green synthesis routes. The 

combination of improved crystallinity and defect-

assisted surface characteristics likely contributes to the 

superior photocatalytic performance observed for this 

sample. 

Fig. 7 shows the SEM morphology of the T. 

chebula fruit-mediated ZnONPs, which consist of 

medium-sized spherical to slightly irregular particles 

forming nano-clustered aggregates with moderate 

porosity. Grain boundaries are distinguishable, indicating 

controlled nucleation and growth during plant-assisted 

synthesis. The EDS spectrum confirms the exclusive 

presence of Zn and O elements. The measured atomic 

percentages show moderate deviation from ideal 

stoichiometry, suggesting partial oxygen deficiency 

(ZnOₓ). This balanced composition, combined with 

uniform morphology, reflects effective phytochemical 

stabilization during synthesis and contributes to stable 

structural and catalytic properties. 

(a) 

(b) 

(a) 

(b) 
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Fig. 7: SEM micrograph and EDS analysis of ZnONPs 
synthesized using T. chebula fruit extract and calcined at 
600 ℃ 

 

 

Fig. 8: SEM micrograph and EDS analysis of ZnONPs 
synthesized using A. vera gel extract and calcined at 500 ℃ 

SEM analysis of the Aloe vera gel extract-

derived ZnONPs (Fig. 8) reveals very fine particles 

forming densely packed agglomerates, consistent with 

limited grain growth at the lower calcination temperature 

(500 °C). The morphology indicates high surface area 

and elevated grain boundary density, promoting 

aggregation due to high surface energy. EDS results 

confirm phase purity with only Zn and O peaks present. 

This sample exhibits comparatively higher Zn atomic 

percentage and lower oxygen content, indicating a more 

oxygen-deficient structure. The observed non-

stoichiometry is consistent with low-temperature 

crystallization and may enhance defect-mediated optical 

and catalytic behavior.  

EDS profiles further substantiate the production 

of ZnO. Each spectrum displays four distinctive peaks 

within the 0.5–4.0 keV region. Table 1 enumerates 

respective energies for all oxides. Minor peaks of around 

0.39 keV (N Kα) and 0.26 keV (C Kα) were detected in 

all samples and were attributed to residual gases within 

the SEM chamber. 

Atomic percentages of Zn and O presented in 

Table 1 exhibit significant discrepancies from the ideal 

stoichiometric ratio of ZnO (O:Zn = 1:1). The quantified 

values are O = 50.82 wt.% / Zn = 49.18 wt.%, O = 49.67 

wt.% / Zn = 50.33 wt.%, O = 52.41 wt.% / Zn = 47.59 

wt.%, O = 51.36 wt.% / Zn = 48.64 wt.%, and O = 48.92 

wt.% / Zn = 51.08 wt.% for ZnO nanoparticles produced 

using various methods. These discrepancies align with 

values frequently documented in the literature for EDS-

based elemental analysis of ZnO nanoparticles, where the 

quantified oxygen content typically varies widely based 

on manufacturing technique, surface chemistry, particle 

size, and measurement conditions. Specifically, EDS 

analyses often indicate oxygen concentrations between 

around 40 and 80 atomic percent, whereas zinc 

concentrations generally span from 20 to 60 atomic 

percent, due to instrumental and methodological 

constraints. The disparities can be mainly ascribed to the 

reduced sensitivity of EDS to light elements like oxygen, 

surface hydroxylation or adsorbed species, substrate 

contributions, matrix effects, and variations in 

quantification techniques. Moreover, the comparatively 

substantial interaction volume and restricted surface 

sensitivity of EDS, in contrast to techniques like X-ray 

photoelectron spectroscopy (XPS), further exacerbate 

non-ideal Zn/O ratios. Consequently, deviations from the 

theoretical 1:1 Zn/O atomic ratio are frequently noted and 

should be regarded as standard in SEM–EDS analysis of 

ZnONPs. 

An increasing number of studies suggest that the 

synthesis method significantly influences the extent of 

non-stoichiometry in ZnO. Plant extracts are abundant in 

polyphenols, carbohydrates, and phytochemicals, as well 

as other proteins, which can establish locally reducing 

and oxygen-deprived conditions at crystal formation and 
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nucleation. These conditions promote the creation of 

oxygen vacancies and zinc interstitial defects, both of 

which are recognized contributors to non-stoichiometry 

in ZnO. As a result, green-synthesized ZnO nanoparticles 

often display defect-related spectral characteristics, such 

as vacancy-associated emissions in photoluminescence 

(PL) spectra, paramagnetic signals in electron 

paramagnetic resonance (EPR), and distinctive shifts or 

asymmetry in O 1s and Zn 2p in X-ray photoelectron 

spectroscopy. Furthermore, low-temperature wet-

chemical and biosynthetic techniques typically lack 

adequate thermal energy and oxygen diffusion to 

completely eradicate defect states, therefore maintaining 

oxygen-deficient ZnO₋ₓ phases. 

The degree of non-stoichiometry at ZnO is 

influenced not only by the synthesis method but also by 

parameters like temperature, oxygen pressure, the 

inclusion of reducing agents, and post-treatment 

methods. High temperatures in oxygen-rich 

environments facilitate vacancy elimination and re-

oxidation, driving material towards stoichiometric ZnO, 

while low-temperature synthesis under restricted oxygen 

conditions promotes the stabilization as oxygen-deficient 

ZnOx.  

The ATR-FTIR of calcined ZnONPs displays 

distinct absorption bands at 681.1, 618.3, and 552.4 cm⁻¹, 

corresponding to Zn–O lattice vibrations within the 

wurtzite ZnO structure. Bands at 500–700 cm⁻¹ were 

typically attributed to Zn–O stretching modes, 

encompassing longitudinal optical (LO) and transverse 

optical (TO) phonon vibrations linked to Zn–O–Zn 

bonding networks. Comparable studies have documented 

absorption patterns in the range of 610–630 cm⁻¹ and 

500–600 cm⁻¹, which are ascribed to the fundamental 

vibrational modes of Zn–O. Subtle alterations in peak 

locations compared to documented values (generally 

~600–650 cm⁻¹) can be attributed to fluctuations in 

particle size, crystallinity, defect density (oxygen 

vacancies), morphology, and variations in calcination 

temperature. The measured FTIR characteristics align 

well with previously documented spectra of ZnO 

produced using wet-chemical and green methods, 

calcined at temperatures between 500 and 700 °C. 

Variations in band locations and intensities observed in 

other investigations are likely attributable to changes in 

phase purity, defect density, stoichiometry (ZnO₋ₓ), and 

microstructural attributes of the ZnO nanoparticles. 

ZnO primarily crystallizes in the hexagonal 

wurtzite form, classified under the space group P6₃mc 

(No. 186) with C₆ᵥ⁴ point-group symmetry. The primitive 

unit cell has two Zn²⁺ cations and two O²⁻ anions, each 

coordinated in a tetrahedral arrangement. Group-

theoretical analysis forecasts the subsequent optical 

phonon at the Γ point of the Brillouin zone: Γ = A1 + 2B1 

+ E1 + 2E2. A₁ and E₁ are polar modes that split into 

longitudinal optical (LO) and transverse optical (TO) 

components, whereas E₂ (high) and E₂ (low) are nonpolar 

modes. Raman-active modes were linked to lattice 

vibrations of the Zn and O sublattices, respectively. The 

B₁ modes are silent (inactive in both Raman and infrared 

spectra). Thus, the Raman-active modes of wurtzite ZnO 

are A₁, E₁, and E₂, with the E₂ (high) mode serving as a 

distinctive marker of highly crystalline ZnO. 

  

  

Fig. 9: ATR-FTIR (a) and Raman (b) spectra of calcined 
ZnONPs synthesized via the wet-chemical method 
(calcined at 400 ℃ and 600 ℃) and the green synthesis 
method using the three extracts 

The Raman spectra display distinct bands at 

around 502.6, 561.4, 788.6, and 860.3 cm⁻¹, indicative of 

wurtzite ZnO. The pronounced peak at approximately 

502.6 cm⁻¹ is attributed to the E₂ (low) mode, primarily 

linked to vibrations of the Zn sublattice, whereas the band 

at around 706.8 cm⁻¹ corresponds to the E₂ (high) mode, 

a characteristic vibration at the ZnO lattice resulting 

mainly from oxygen atom vibrations and indicative of 

superior crystallinity. The elevated wavenumber 

characteristics detected at around 788.6 cm⁻¹ and 860.3 

cm⁻¹ are ascribed to longitudinal optical (LO) phonon 

modes, specifically A₁(LO) and E₁(LO), which are 

frequently stimulated or intensified by defects, oxygen 

vacancies, lattice disorder, or finite-size effects in ZnO 

nanoparticles. The E₂ (high) mode is generally crisp and 

strong in larger, highly crystalline ZnO particles, but it 

(a) 

(b) 
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broadens and exhibits subtle red shifts with decreasing 

particle size.  

Raman characteristics at around 502.6 and 

524.5 cm⁻¹ were detected in ZnO nanoparticles produced 

using the wet-chemical method using M. oleifera extract. 

The band at around 502.6 cm⁻¹ can be ascribed to the E₂ 

(low) mode, principally linked to vibrations of the Zn 

sublattice, and is responsive to lattice strain and particle 

size influences. The less prominent feature at 

approximately 549.4 cm⁻¹, observed solely in ZnO–A 

calcined at 400 °C, may be linked to defect-activated or 

disorder-induced vibrational modes, which typically 

arise in nanocrystalline ZnO due to oxygen vacancies, 

surface disorder, or lattice distortions, especially at 

reduced calcination temperatures.  

Fig. 10 illustrates the UV–Vis spectra of 

calcined ZnONPs within 200–600 nm wavelength. 

Absorption edge, indicative of bandgap changes, is 

observed in the ultraviolet area. The measurements 

demonstrate a blue shift relative to the prediction for 

tetragonal rutile ZnO and previously documented 2D 

nanosheets and ZnO nanoparticles produced by 

solvothermal methods. The red shift for hydrothermally 

synthesized ZnONPs (λabs = 301.7 nm, 11–12 nm) is 

also apparent. The outcomes were consistent with 

documented statistics for ZnO. The detected blue shift by 

reduced nanoparticle size validates the quantum 

confinement effect, indicating that the bandgap energy of 

calcined ZnONPs rises inversely with particle size. 

 

Fig. 10: UV–Vis spectra of wet-synthesized ZnONPs 
(calcined at 400 °C and 600 °C), and Moringa-mediated, 
Terminalia-mediated, and Aloe-mediated green ZnONPs 

3.2 Photocatalytic Activity 

Fig. 11 illustrates time-dependent spectra of 

methyl orange (MO), a widely used synthetic azo dye. 

MO was employed to assess the photocatalytic efficacy 

of ZnONPs at 365 nm light irradiation. The mixture, 

including ZnONPs, MO, and deionized water at a molar 

ratio of roughly 1:4.5:8, was subjected to irradiation. The 

spectra were obtained at 30 min intervals over a 180 min 

irradiation period. 
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Fig. 11: Photodegradation efficiency of calcined ZnONPs 
synthesized via the wet-chemistry method (Calcined at 400 
℃ and 600 ℃, a and b) and the green chemistry method 
using extracts from M. oleifera (c), T. chebula (d), and A. 
vera (e) 

The ZnONPs synthesized from M. oleifera leaf 

extract, possessing an average crystallite size of 17.2 nm, 

demonstrated the best photocatalytic performance, 

achieving a degradation of 67% of MO at 180 min. In 

contrast, ZnONPs with Aloe vera extract, exhibiting a 

crystallite size of 21.8 nm, attained a degradation 

efficiency of 60%, whilst the NPs derived from T. 

chebula fruit extract, with a crystallite size of 32.4 nm, 

demonstrated 35% degradation efficiency. Green-

synthesized pure, Al-doped, and Al-ZnO/rGO 

nanocomposites displayed enhanced photocatalytic and 

anticancer performance due to improved charge 

separation and reduced bandgap, as reported by Alaizeri 

et al. (2026). The photocatalytic performance of the 

synthesized ZnONPs is consistent with previously 

reported ZnO-based photocatalysts synthesized via green 

routes, which also demonstrate effective catalytic activity 

for dye degradation and environmental remediation 

applications (Almohana et al. 2025). 

The photocatalytic and SERS performance of 

ZnONPs is strongly influenced by structural defects such 

as oxygen vacancies (Vₒ), zinc interstitials (Znᵢ), and 

surface defect states. These defects introduce 

intermediate electronic energy levels within the bandgap 

of ZnO, which facilitate the trapping of photogenerated 

electrons and holes during UV irradiation. As a result, 

recombination of electron–hole pairs is suppressed, 

enabling the generation of reactive oxygen species (ROS) 

such as OH and O₂⁻ radicals, which play a critical role in 

the degradation of organic dye molecules like methyl 

orange (MO). 

ZnONPs synthesized by the wet chemical 

technique exhibited degradation efficiencies of 61% and 

32%, with crystallite diameters of 48.6 and 36.7 nm. 

Table 1 encapsulates the photocatalytic efficiency of the 

examined ZnONPs. 

3.3 Adsorption Monitored by SERS 

ZnO was typically classified as a non-plasmonic 

semiconductor, resulting in markedly less surface-

enhanced Raman scattering activity relative to noble 

metals like silver (Ag) and gold (Au). Thus, efficient 

SERS amplification on ZnO nanostructures typically 

depends on ultraviolet excitation or the creation of hybrid 

systems, whereby ZnO is coated, adorned, or combined 

with noble metals to leverage localized surface plasmon 

resonance (LSPR)–induced electromagnetic 

enhancement. In these hybrid structures, the intensified 

electromagnetic field produced at the noble metal surface 

infiltrates the ZnO–adsorbate contact, facilitating Raman 

signal enhancement. Conversely, pure ZnO-based SERS 

primarily functions by a chemical (charge-transfer) 

enhancement process, which entails photo-induced 

electron transfer between ZnO defect states and adsorbed 

molecules. Conversely, a restricted number of studies 

have evidenced the application of pure ZnO 

nanoparticles as SERS-active substrates.  

Fig. 12 displays the SERS spectrum of L-Phe 

adsorbed onto ZnONPs, which were produced using M. 

oleifera leaf extract and calcined at 600 °C. The 

nanoparticles were chosen for their exceptional 

photocatalytic efficacy at the destruction of MO, 

indicating a high concentration of surface defect states 

conducive to charge-transfer interactions. The spectrum 

displays intensified bands at 308.2 (v₈a, ν₈b), 431.3 (ν₁₄), 

495.6 (ν₇a), 602.3, and 704.2 cm⁻¹ (ν₁₀a), which 

correspond to the distinctive vibrational modes of the 

aromatic ring of L-Phe.  

 

Fig. 12: SERS response of L-phenylalanine at Moringa-
derived ZnONPs 

An in-depth examination of intensities, band 

locations, and the width half maximum, especially 

concerning the v₁₂ mode, elucidates the adsorption of L-

Phe. In comparison to standard Raman spectra, the ν₁₂ 

band demonstrates a red shift of roughly 8 cm⁻¹, 

significant broadening (ΔFWHM = +4 cm⁻¹), and 
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diminished relative amplification, indicating tilted 

orientation of the phenyl ring at the ZnONP surface. 

Furthermore, two prominent features at approximately 

431.3 and 602.3 cm⁻¹, attributed to νₛ(COO⁻) and ν(CH₂) 

vibrations, respectively, reinforce a configuration 

wherein the aliphatic chain and carboxylate group are 

directed towards the ZnO surface, while the aromatic ring 

is partially tilted. As reported in previous studies, the 

Raman spectroscopy confirmed the successful formation 

of carbon dot-adorned silver nanoparticles, exhibiting 

characteristic D and G bands of carbon dots along with 

vibrational features associated with AgNP interactions 

(Suguna et al. 2022). 

Similarly, in SERS experiments, defect sites 

present on the ZnO nanoparticle surface promote charge-

transfer interactions between the semiconductor surface 

and the adsorbed L-phenylalanine molecules. This 

defect-assisted charge transfer enhances the Raman 

scattering intensity by increasing the polarizability of the 

adsorbed molecules. Therefore, the presence of oxygen 

vacancies and defect-related surface states not only 

improves photocatalytic degradation efficiency but also 

contributes to the observed Raman signal enhancement 

in ZnO-based SERS substrates. 

These data underscore that adsorption geometry 

and molecule orientation in SERS are highly reliant on 

the substrate. L-phenylalanine predominantly interacts 

with ZnO and Zn nanoparticles on Ag nanoparticles 

through its aromatic ring, while the carboxyl group and 

aromatic ring facilitate adsorption. In the case of MgO 

nanoparticles, the interactions involve the amino group 

and aromatic ring, whereas on Au nanoparticles and iron 

oxide nanostructures, simultaneous coordination occurs 

through the amino group, carboxyl group, and aromatic 

ring. 

4. CONCLUSION 

Zinc oxide nanoparticles were successfully 

synthesized through both conventional wet-chemical and 

plant-mediated green synthesis routes using Moringa 

oleifera, Terminalia chebula, and Aloe vera extracts. 

Structural characterization confirmed the formation of 

hexagonal wurtzite ZnO with crystallite sizes ranging 

from 11.1 to 72.2 nm and bandgap energies between 3.11 

and 4.22 eV, indicating strong size-dependent optical 

behavior. Among the synthesized samples, the M. 

oleifera-mediated ZnONPs exhibited the highest 

photocatalytic performance, achieving 67% degradation 

of methyl orange within 180 min under 365 nm UV 

irradiation, while A. vera, T. chebula, and wet-chemical 

ZnO samples showed comparatively lower efficiencies. 

SERS investigations using L-phenylalanine 

demonstrated a Raman signal enhancement factor of 

approximately 10², confirming the sensing capability of 

the synthesized nanoparticles. The results demonstrate 

that green synthesis offers several advantages over 

conventional chemical routes, including eco-friendly 

processing, reduced use of hazardous reagents, and the 

formation of defect-rich ZnO nanostructures that enhance 

photocatalytic and sensing performance. These findings 

highlight the potential of plant-mediated ZnO 

nanoparticles as multifunctional materials for 

environmental remediation and sensing applications. 

Future studies could focus on biocompatibility 

evaluation, biomedical applications such as bone 

regeneration systems, and the development of practical 

ZnO-based photocatalytic and SERS sensors for real-

world environmental monitoring. 
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