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In this study, zinc oxide (ZnO) nanoparticles (NPs) were successfully synthesized using a green and eco-

friendly method employing the aqueous leaf extract of Delonix elata as a natural reducing and stabilizing

agent. Characterization of the synthesized nanoparticles was performed using a range of techniques,

including X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, ultraviolet-visible (UV-

Vis) spectroscopy, scanning electron microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy,

high-resolution transmission electron microscopy (HR-TEM), and selected area electron diffraction

(SAED). XRD analysis revealed the formation of a hexagonal wurtzite structure with an average crystallite

size of 30.1 nm. FTIR spectra confirmed the involvement of phytochemicals in the stabilization process.

UV-Vis spectroscopy showed an absorption peak at 311 nm, corresponding to an optical band gap of

2.7 eV. SEM and HR-TEM images demonstrated predominantly spherical NPs with a well-defined

morphology. The antibacterial activity of the ZnO NPs was evaluated against both Gram-positive

Staphylococcus aureus and Gram-negative Escherichia coli strains. The results revealed significant

inhibition against E. coli, with no inhibition observed for S. aureus. These findings suggest that green-

synthesized ZnO NPs possess strong antibacterial potential, particularly against Gram-negative bacteria,

and offer a sustainable and cost-effective alternative to conventional methods for NP synthesis in

biomedical applications.
1 Introduction

Microbial infections continue to pose a signicant threat to
human health and environmental safety. Historically, patho-
genic bacteria, fungi, and viruses have been the primary causes
of infectious diseases. Since Fleming discovered penicillin in
1928, numerous antibiotics have been developed.1 Due to their
strong bactericidal activity and relatively low toxicity to
mammalian cells, antibiotics have long been regarded as the
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primary method of infection management. Without them, even
basic medical procedures would be challenging to perform.
However, the widespread misuse and overuse of antibiotics
have accelerated the emergence of multidrug-resistant strains,
posing a severe global health challenge.2 The pace of antimi-
crobial drug discovery has not kept pace with the rapid evolu-
tion of resistance, fueling concerns about an impending “post-
antibiotic era”.3 It is estimated that drug-resistant infections
currently cause 700 000 deaths annually, a gure projected to
rise to 10 million by 2050, with an associated economic burden
of more than $100 trillion. Despite the urgent need for new
antibacterial agents, high development costs, lengthy timelines,
and limited nancial returns have led pharmaceutical compa-
nies to reduce their investment in antibiotic discovery.4

Nanotechnology offers an alternative strategy for addressing
antimicrobial resistance. Broadly dened, it encompasses the
manipulation and application of matter at the nanoscale (1–100
nm), where materials exhibit unique chemical, physical, and
biological properties.5–9 Nanostructured systems have already
shown promise in biomedical, electronic, and environmental
applications due to their enhanced functionality compared to
their bulk counterparts. Among nanomaterials, zinc oxide
(ZnO) has been studied extensively since the early 20th century.
RSC Adv., 2025, 15, 39305–39313 | 39305
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Following the advent of the semiconductor era, ZnO gained
attention for its electronic and optoelectronic properties,
including piezoelectricity, diluted ferromagnetism, and exci-
tonic behavior.10–13 Its high exciton binding energy (60 meV),
exceeding the thermal energy at room temperature (26 meV),
makes it particularly suitable for exciton-based devices.14,15 In
addition, ZnO nanostructures exhibit signicant antibacterial,
antifungal, and photocatalytic activities, supporting their
application in healthcare, food safety, and water purication.

Conventional physical and chemical methods for synthe-
sizing ZnO nanoparticles (ZnO NPs), including sol–gel pro-
cessing, chemical vapor deposition, and plasma arcing, oen
require high energy input and toxic reagents, generating
hazardous by-products.16,17 In contrast, green synthesis using
biological resources offers an eco-friendly, cost-effective, and
energy-efficient alternative.18,19 Plant-mediated synthesis, in
particular, is attractive because phytochemicals act simulta-
neously as reducing and stabilizing agents, enabling rapid NP
formation under ambient conditions.20,21

Delonix elata Linn. (family: Caesalpinaceae) is a deciduous
tree native to the dry forests of India. Its leaves' and bark's
extracts are traditionally used in Karnataka for treating jaun-
dice, hepatic disorders, bronchial ailments, and rheuma-
tism.11,12 Previous studies have reported its antinociceptive,13

antibacterial,16 and anti-inammatory22 properties. These bio-
logical activities are attributed to its rich phytochemical prole,
including avonoids, phenolics, tannins, and terpenoids.
Therefore, the present study uniquely explores the green
synthesis of ZnO NPs using D. elata leaf extract as a natural
reducing and stabilizing agent. This approach minimizes toxic
by-products, lowers production costs, and enhances the
biocompatibility of the nanomaterials. The phytoconstituents
of D. elata not only facilitate NP synthesis and stabilization but
may also impart additional antioxidant and therapeutic prop-
erties to the nanocomposites. Importantly, scalable biosyn-
thesis of ZnO NPs using locally available plant resources can
provide sustainable antibacterial materials for healthcare
textiles, food-contact surfaces, and water-treatment coatings,
particularly in resource-limited settings. From a societal
perspective, this scalable green synthesis reduces the need for
hazardous reagents and energy consumption, supporting the
development of safer and more environmentally friendly anti-
bacterial materials.
2 Experimental details
2.1 Materials

Zinc acetate (99%, analytical grade) was procured from Scien-
tic and Chemicals, Erode, Tamil Nadu, India, and used as
received without further purication. Fresh leaves of Delonix
elata Linn. were collected from mature trees located in Erode,
Tamil Nadu, India.
2.2 Preparation of leaf extract

Fresh Delonix elata leaves were thoroughly washed with tap
water to remove surface dust and other impurities, followed by
39306 | RSC Adv., 2025, 15, 39305–39313
rinsing with deionized water. The cleaned leaves were then air-
dried at room temperature. Approximately 30 g of the dried
leaves was mixed with 100 mL of deionized water and subjected
to microwave-assisted extraction at 70 W under continuous
stirring. A noticeable color change in the solution indicated the
successful extraction of phytochemicals. The mixture was
subsequently cooled to room temperature and ltered through
Whatman no. 1 lter paper to obtain a clear ltrate. The
resulting extract was stored at 4 °C for further use in the
synthesis of ZnO NPs.
2.3 Synthesis of leaf-capped zinc oxide

ZnO NPs were synthesized using Delonix elata leaf extract as
a natural reducing and stabilizing agent. In a typical procedure,
2 g of zinc acetate was dissolved in 50 mL of distilled water. To
this solution, 20 mL of freshly prepared Delonix elata leaf extract
was added under continuous stirring for 30 minutes.23,24

Subsequently, 30 mL of 0.5 M NaOH solution was introduced
dropwise while maintaining a constant pH of 12. A gradual
color change from green to pale yellow indicated the nucleation
of ZnO NPs. The reaction mixture was then le undisturbed for
24 hours to ensure complete precipitation. The resulting
precipitate was collected, thoroughly washed with distilled
water to remove impurities, and dried in a microwave oven at
70 W for 1 hour.25 To improve crystallinity, the dried product
was calcined in a muffle furnace at 400 °C for 4 hours under
controlled conditions. The nal ZnO NPs, capped with phyto-
chemicals from the leaf extract, were nely ground into
a uniform powder using a mortar and pestle.
3 Results and discussion
3.1 Ultra violet visible spectroscopy(UV-Vis)

Fig. 1a depicts the absorption spectrum of ZnO NPs recorded in
the ultraviolet–visible (UV-Vis) spectral region. The ZnO sample
exhibits a clear absorption band at 311 nm, conrming the
successful fabrication of ZnO NPs.26,27 The optical band gap (Eg)
was calculated from the absorption data using the Tauc relation
(eqn (1)).

aEp = K(Ep − Eg)
1/2 (1)

where a is the absorption coefficient, Ep is the photon energy, Eg
is the optical band gap, and K is the material-dependent
constant. As shown in Fig. 1b, a Tauc plot was generated by
plotting (aEp)

2 against Ep to calculate Eg. By extending the
graph's linear segment to the energy axis at a = 0, the optical
band gap of ZnO NPs was determined.28–31 The empirically
measured band gap value is 2.7 eV, which is in agreement with
values in earlier literature.26,32–34
3.2 Functional group analysis

Fourier transform infrared (FTIR) spectroscopy is a crucial
analytical technique for identifying functional groups, molec-
ular shape, and intramolecular and intermolecular interactions
in a chemical compound. The FTIR spectrophotometer
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) UV-Vis absorption spectrum of ZnO NPs synthesized using Delonix elata leaf extract (absorption peak at 311 nm) and (b) Tauc plot for
estimating the optical band gap of ZnO NPs synthesized using Delonix elata leaf extract (Eg = 2.7 eV).
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measures the infrared absorbance or transmittance of
a substance depending on its wavenumber by forming distinct
absorption bands that correspond to certain functional
groups.35–37 Fig. 2 shows the FTIR spectrum of ZnO NPs
produced using a green synthesis approach that includes leaf
extract from Delonix elata. The spectra were acquired within the
4000–400 cm−1 range.38–40 The absorption peaks in the spec-
trum demonstrate the presence of several functional groups
involved in NP reduction and stability. The presence of alcohol
or phenolic chemicals in the plant extract is suggested by
Fig. 2 FTIR spectrum of ZnO NPs synthesized using Delonix elata leaf e

© 2025 The Author(s). Published by the Royal Society of Chemistry
a prominent absorption band at about 3600 cm−1, which is
indicative of O–H stretching vibrations related to hydroxyl
groups.41–44 The signal at 3266 cm−1 results from stretching of
the hydroxyl (O–H) groups. The peak at 2984 cm−1 is caused by
C–H stretching vibrations, perhaps from methine or methylene
groups. Additional absorption bands at 2332, 1526, and
954 cm−1 indicate the existence of amine or ammonia func-
tional groups, corresponding to N–H stretching and bending
modes. C–H bending and C–CHO (aldehyde) stretching vibra-
tions have absorption maxima at 1406 cm−1 and 1051 cm−1,
xtract.

RSC Adv., 2025, 15, 39305–39313 | 39307
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Table 1 XRD parameters of ZnO NPs synthesized using Z. elata extract (ZAE)

Sample 2q (°) d (Å) FWHM (°) hkl

a
=
b (Å) c (Å)

Crystallite
size D (nm)

Unit cell volume
V (Å3)

Dislocation density
d (×1015 m−2)

Microstrain
3

ZAE 36.1742 2.48113 0.2881 101 3.25 5.24 29.8 47.93 112.269 0.2218
47.4498 1.91452 0.3034 102 3.25 5.20 28.9 47.56 119.730 0.2338
62.7595 1.47933 0.3235 103 3.20 5.28 29.0 63.85 118.906 0.1585
67.8484 1.38023 0.3463 112 3.25 5.18 28.1 47.38 126.644 0.1454
76.8377 1.23961 0.3244 202 3.22 5.22 31.6 46.11 100.144 0.1300
81.2754 1.18276 0.3106 104 3.24 5.20 33.7 46.12 88.0521 0.1585
89.4932 1.09422 0.3872 203 3.23 5.21 29.4 46.20 115.692 0.1339

Average — — — — 3.23 5.22 30.1 49.31 111.63 0.169
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respectively. The cyanate group may have a potential impact on
the bands in this area.45,46 The distinctive peaks show that
bioactive chemicals from Delonix elata leaf extract contributed
to the formation and stabilisation of ZnO NPs.47,48

3.3 X-ray diffraction analysis (XRD)

XRD analysis was performed to evaluate the crystallographic
structure, crystallite size, and crystallinity of the synthesized
ZnO NPs, with the corresponding values presented in Table 1.
The XRD pattern (Fig. 3) displayed distinct Bragg reections at
2q values of 36.14° (101), 47.44° (102), 62.75° (103), 67.84° (112),
76.83° (202), 81.27° (104), and 89.49° (203). A total of seven
diffraction peaks were indexed to the hexagonal wurtzite ZnO
structure (space group P63mc, a = 3.2 Å, c = 5.20 Å), matching
the standard JCPDS card no. 36-1451 ref. 49 and conrming the
phase purity. The most intense diffraction peak, observed at 36°
and corresponding to the (101) plane, is in agreement with
earlier studies.50–53 The sharper, more intense reections
observed for the ZnO NPs, compared to those of the zinc Schiff
base precursor, indicate superior crystallinity. No secondary or
impurity peaks were detected, further conrming the successful
Fig. 3 XRD diffraction pattern of ZnO NPs synthesized using Delonix ela

39308 | RSC Adv., 2025, 15, 39305–39313
formation of pure ZnO NPs.54 The average crystallite size,
calculated using the Debye–Scherrer equation (D = 0.891l/
bcosq) based on the full width at half maximum of the (101)
peak, was approximately 30.1 nm, consistent with SEM obser-
vations. The narrow peak broadening also suggests that the ZnO
NPs are well-crystallized with a size below 50 nm.55,56

3.4 Scanning electron microscope (SEM)

The leaf extract of Delonix elata has a signicant impact on the
shape of the resultant ZnO structures, as evident in SEM images
(Fig. 4a–c) of the synthesized ZnO NPs produced by the green
synthesis technique. The synthesized ZnO exhibits an average
primary particle size of around 200 nm and is primarily
composed of NPs and nanoower-like structures. The tendency
of the initial NPs to coalesce resulted in the formation of larger
secondary agglomerates.57,58 Fig. 4b illustrate that using
a higher concentration of Delonix elata leaf extract resulted in
denser and smoother ZnO NPs. The particle thickness varied
from 8 to 30 nm, with an average lateral dimension of around
200 nm.59–62 SEM scans revealed densely packed, erratically
aligned, and overlapping ZnO nanostructures, with most
ta leaf extract.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM micrographs of ZnO NPs synthesized using Delonix elata leaf extract.
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particles having lateral diameters smaller than 1 mm. Consistent
with the XRD data, the shape and particle distribution displayed
in the SEMmicrographs conrm the high crystallinity and near-
perfect stoichiometry of the synthesised ZnO NPs.63,64
3.5 HR-TEM and SAED analysis

The morphological and structural features of the bi-
osynthesized ZnO NPs were further investigated using high-
Fig. 5 (a and b) HR-TEM images of ZnO NPs synthesized using Delonix e
nature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
resolution transmission electron microscopy (HR-TEM) and
selected area electron diffraction (SAED). The HR-TEM micro-
graphs (Fig. 5a and b) demonstrate that the ZnO NPs synthe-
sized with Delonix elata leaf extract predominantly exhibit
spherical to quasi-spherical morphologies, with a tendency to
agglomerate into clusters. The particle boundaries are well-
dened, and the average particle size falls within the nanometer
range, conrming the stabilization effect of the phytochemicals
in the plant extract.65 The observed agglomeration is consistent
lata leaf extract, and (c and d) SAED patterns confirming their crystalline

RSC Adv., 2025, 15, 39305–39313 | 39309
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Fig. 6 EDX analysis of ZnO NPs using Delonix elata leaves extract.

Table 2 Elemental composition and atomic/weight percentages of
ZnO NPs

Element
line Weight (%)

Weight error
(%) Atom (%)

OK 32.54 0.98 66.35
ZnK 67.46 4.64 33.65
ZnL — — —
Total 100.00 100.00
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with the high surface energy and strong van der Waals forces
typical of nanoscale materials. The SAED patterns (Fig. 5c and
d) exhibit sharp concentric diffraction rings with bright spots,
indicating the polycrystalline nature of the ZnO NPs.62,66 These
rings correspond to the (100), (002), (101), (102), (110), and (103)
crystal planes of the hexagonal wurtzite phase of ZnO, which
aligns with XRD ndings. The clarity and continuity of the rings
reect a high degree of crystallinity, crucial for optimizing the
optical and biological properties of ZnO NPs. These results
conrm that the green synthesis method using Delonix elata leaf
extract not only facilitates NP formation but also enhances their
stability and crystallinity. Such features highlight the potential
of this eco-friendly approach for producing ZnO NPs suitable
for various biomedical and environmental applications.67,68
Table 3 Zone of inhibition (mm) of Z. elata extract (ZAE) against Staphy

Test organism Test sample 500 mg mL−1

Staphylococcus aureus ZAE 0
Escherichia coli ZAE 6.5 � 0.71

39310 | RSC Adv., 2025, 15, 39305–39313
3.6 Energy dispersive X-ray spectroscopy (EDX)

EDX was employed to assess the synthesised NPs both quali-
tatively and quantitatively, and to determine their elemental
composition.69–72 Fig. 6 shows the EDX spectrum of ZnO NPs,
while Table 2 lists the key elements identied. The analysis
revealed the presence of essential elements, including zinc (Zn)
and oxygen (O), alongside their respective atomic and weight
percentages in the samples. The results indicate a high degree
of purity in the synthesized NPs, underscoring the role of
bioactive compounds from the plant extract in NP forma-
tion.73,74 Additionally, the EDX analysis showed no detectable
impurities or extraneous free radicals, conrming the effec-
tiveness and purity of the synthesis method.
3.7 Antibacterial activity

The antibacterial activity of the synthesized ZnO NPs prepared
using Delonix elata leaf extract was assessed against both Gram-
positive Staphylococcus aureus and Gram-negative Escherichia
coli strains using the agar well diffusion method, as presented
in Table 3. Fig. 7a and b illustrate the inhibition zones observed
at various concentrations (100 mg mL−1, 250 mg mL−1, and 500
mgmL−1) of ZnO NPs, with the negative control (NC) showing no
inhibitory effect.75–77 In S. aureus (Fig. 7a), no concentration
resulted in the largest zone of inhibition, indicating a strong
antibacterial effect.76–78 The inhibitory effect decreased at lower
lococcus aureus and Escherichia coli (mean ± SD)

250 mg
mL−1

100 mg
mL−1

50 mg
mL−1 PC (positive control)

0 0 0 16.75 � 1.06
0 0 0 14.5 � 0.71

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Antibacterial activity of ZnO NPs synthesized using Delonix elata leaf extract: (a) Gram-positive Staphylococcus aureus and (b) Gram-
negative Escherichia coli.
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concentrations, demonstrating a clear dose-dependent
response. Similarly, in E. coli (Fig. 7b), ZnO NPs exhibited
signicant inhibition at higher concentrations, conrming
their activity against Gram-negative bacteria. These results
suggest that the biosynthesized ZnO NPs possess broad-
spectrum antibacterial potential, likely due to their ability to
generate reactive oxygen species (ROS) and disrupt bacterial cell
membranes. The enhanced antibacterial activity may also stem
from the synergistic effect of bioactive phytochemicals in
Delonix elata extract, which likely assisted in capping and
stabilizing the NPs while retaining some intrinsic antibacterial
properties.79

3.8 Statistical analysis

The optical band gap determined from UV-Vis spectroscopy was
consistent at 2.7 eV across replicates, with negligible variation,
conrming reproducibility. FTIR spectra reproducibly displayed
characteristic O–H, C–H, N–H, and C]O bands, indicating
stable involvement of phytochemicals without signicant vari-
ation in peak occurrence. XRD analysis across seven crystallo-
graphic planes yielded an average crystallite size of 30.1 ±

0.19 nm, with one-way ANOVA conrming no statistically
substantial variation between planes (p > 0.3). Microstrain
(0.169 ± 0.042) and dislocation density (111.6 ± 13.2 × 1015

m−2) showed moderate variation, while unit cell volumes were
largely uniform except for a single outlier plane. TEM and SAED
analyses qualitatively conrmed spherical morphology and
polycrystalline wurtzite structure, consistent with XRD ndings.
EDX measurements revealed Zn and O as the sole constituents,
with mean atomic fractions of 33.7% Zn and 66.3% O. A chi-
square test against ideal 1 : 1 stoichiometry indicated a statisti-
cally signicant deviation (p < 0.01), suggesting an O-rich
surface composition. Antibacterial assays (triplicates, mean ±

SD) demonstrated no inhibition of Staphylococcus aureus at any
concentration tested, while Escherichia coli exhibited signicant
inhibition at 500 mg mL−1 (6.5 ± 0.7 mm). One-way ANOVA
conrmed a strong concentration-dependent effect for Escher-
ichia coli (F z 3169, p 000.001), with post hoc analysis indicating
© 2025 The Author(s). Published by the Royal Society of Chemistry
the highest dose was signicantly different from all lower
concentrations (p < 0.01). Overall, statistical evaluation
conrmed uniform nanocrystalline structure, signicant devi-
ation in Zn : O stoichiometry, and dose-dependent antibacterial
activity selectively against Gram-negative bacteria.
4 Conclusion

The green synthesis of ZnO NPs using Delonix elata leaf extract
presents a promising, eco-friendly, and cost-effective approach
for producing NPs with notable antibacterial potential. Char-
acterization analyses conrmed the successful formation of
ZnO NPs exhibiting a well-dened hexagonal wurtzite structure,
an average crystallite size of approximately 30.1 nm, and
enhanced optical properties with a band gap of 2.7 eV. The
phytochemicals present in the plant extract played vital roles in
the reduction, nucleation, and stabilization of the NPs, high-
lighting the effectiveness of bioactive compounds in green
synthesis. Antibacterial evaluation demonstrated signicant
inhibition against Escherichia coli, whereas no activity was
observed against Staphylococcus aureus, indicating the selective
antibacterial efficacy of the synthesized ZnO NPs. This selec-
tivity highlights their potential for targeting specic bacterial
strains while revealing limitations in their broad-spectrum
applicability. Additional limitations of this study include the
restricted range of bacterial strains tested, the absence of
mechanistic insights into bacterial inhibition, and the lack of
cytotoxicity or in vivo biocompatibility assessments, all of which
are crucial for clinical translation. Future research may expand
antibacterial testing to include multiple Gram-positive and
Gram-negative strains, including drug-resistant pathogens, and
elucidate the underlying inhibition mechanisms, such as ROS
generation or membrane disruption. Moreover, further studies
can also focus on cytotoxicity assessments, in vivo biocompati-
bility, and optimization of scalable synthesis protocols while
evaluating environmental impacts. Addressing these aspects
will enhance the practical applicability of Delonix elata-derived
ZnO NPs, facilitating their integration into antimicrobial
RSC Adv., 2025, 15, 39305–39313 | 39311
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coatings, wound healing, infection control, and other sustain-
able biomedical applications.
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