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In this study, iron(111) oxide (Fe203) nanoparticles were synthesized using two approaches namely a conventional chemical co-precipitation
method and a green synthesis route utilizing Azadirachta indica leaf extract, which simultaneously functions as a reducing and stabilizing
agent. Following synthesis, the nanoparticles underwent characterization to assess their optical behaviour along with structural and
morphological features. Through XRD characterization, Fe2O3 was identified in its rhombohedral crystalline configuration, with average
particle sizes measured as 42 nm for co-precipitation-derived samples and 35 nm for those synthesized via the green route. Scanning
electron microscopy (SEM) revealed size variations between the two synthesis routes, with the green method producing relatively smaller
and more uniformly dispersed nanoparticles. UV-Vis absorption spectra indicated the characteristic optical transitions with slight band
gap variations, attributed to particle size and surface modifications by phytochemicals present in the neem extract. Fourier-transform
infrared spectroscopy revealed characteristic Fe—O bond vibrations together with biomolecular groups in Fe20s nanoparticles produced
via the neem-assisted route. Antimicrobial testing performed using the agar well diffusion method against Staphylococcus aureus and
Escherichia coli showed that the green-synthesized particles achieved greater inhibition zones. This enhancement is associated with their
nanoscale size, enlarged surface-to-volume ratio and the functional bioactive molecules originating from neem extract. Overall, the study
underscores the potential of green synthesis for designing effective and biocompatible antibacterial nanomaterials.
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INTRODUCTION

Transition metal oxide (TMO) nanomaterials constitute
a highly versatile class of functional materials due to their
distinctive physico-chemical, structural, electronic and surface
properties [1,2]. Their tunable band gaps, high surface-to-
volume ratios, chemical stability and catalytic activity have
enabled widespread applications in catalysis, energy storage,
sensing, optoelectronics, magnetic devices and biomedicine
[1-4]. Among TMOs, iron(lll) oxide (Fe.O3) has attracted
considerable interest owing to its low-cost, chemical stability,
environmental compatibility and biocompatibility [5-7]. Fe;Os
exists in several polymorphic forms, including hematite (o),
maghemite (y) and the B-phase, with o-Fe;O3 being the most
thermodynamically stable under ambient conditions and there-
fore the most extensively studied [6,7]. The narrow band gap

of a-Fe;03; (~2.2 eV) allows efficient visible-light absorp-
tion, making it suitable for photocatalytic and photoelectro-
chemical applications [8]. Its antiferromagnetic behaviour,
with a Néel temperature of approximately 956 K, further
supports potential use in magnetic and spintronic devices [9].
In addition, the low toxicity and strong chemical stability of
a-Fe O3 favour its application in biomedical fields such as
drug delivery, magnetic resonance imaging, biosensing and
antimicrobial coatings [10-13].

At the nanoscale, a-Fe,O3 nanoparticles exhibit enhanced
reactivity owing to increased surface area and a higher density
of active sites, resulting in improved catalytic efficiency and
biological interactions [10-12,14,15]. These nanoparticles can
generate reactive oxygen species (ROS), leading to oxidative
stress, membrane disruption and interference with essential
cellular processes in microorganisms, thereby inhibiting bact-
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erial growth. Such antibacterial properties are valuable for
applications in medical devices, antimicrobial coatings, and
water purification systems [14,16-18]. Many studies have
also reported effective antibacterial activity against various
microbial strains, with mechanisms involving ROS-induced
damage, membrane destabilization and Fe—protein interactions
that ultimately lead to bacterial cell death [16,19,20].

Given these attributes, the development of scalable and
environmentally benign synthesis strategies is essential. Green
synthesis approaches offer advantages such as reduced envir-
onmental impact and improved nanoparticle dispersibility and
stability in biological media, thereby enhancing antimicrobial
performance through favourable surface chemistry [14,16-18].
These considerations emphasize the need for optimized eco-
friendly synthesis routes that enable precise control over nano-
particle size, surface characteristics and functional activity.

A range of synthetic approaches, both physical and chemical,
are employed to obtain Fe,O3 nanoparticles, with common
examples being sol-gel, hydrothermal and solvothermal tech-
niques, microemulsion, thermal decomposition, co-precipitation
and chemical vapour deposition [21,22]. Among the various
synthesis strategies, the co-precipitation method remains one
of the most widely adopted approaches owing to its simpli-
city, cost-effectiveness, scalability and ability to produce nano-
particles with uniform physico-chemical properties [21-23].
In recent years, increasing emphasis has been placed on green
synthesis routes as sustainable alternatives to conventional
chemical methods [23-25]. These eco-friendly approaches
utilize plant extracts, microorganisms or natural polymers as
multifunctional reducing, capping and stabilizing agents, there-
by enabling environmentally benign nanoparticle production
[23-26].

Plant-mediated synthesis, in particular, has attracted signi-
ficant interest due to the rich diversity of bioactive phyto-
chemicals such as alkaloids, polyphenols, flavonoids, terpenoids
and proteins, which play a crucial role in both the reduction
of metal precursors and the stabilization of the resulting nano-
particles [25,27]. This strategy eliminates the need for hazardous
chemicals and high-temperature processing, while simultane-
ously yielding stable, biocompatible and functionally enhanced
nanoparticles suitable for biomedical and environmental appli-
cations. In this context, the present study systematically comp-
ares iron oxide (Fe2Os) nanoparticles synthesized through a
conventional co-precipitation method and a green synthesis
route employing neem (Azadirachta indica) leaf extract. The
investigation encompasses a comprehensive assessment of the
structural and optical properties of the synthesized nanoparticles,
along with an evaluation of their antibacterial efficacy against
Staphylococcus aureus (Gram-positive) and Escherichia coli
(Gram-negative) bacterial strains. Through this comparative
approach, the study aims to bridge the conventional and eco-
friendly synthesis strategies for Fe,O3 nanoparticles by eluci-
dating the influence of the synthesis route on their physico-
chemical characteristics and antibacterial performance.

EXPERIMENTAL

Synthesis of Fe2Os nanoparticles: Iron(111) oxide (FeOs)
nanoparticles were synthesized using two distinct approaches

viz. a conventional chemical co-precipitation method (CFO)
and a green synthesis route employing Azadirachta indica
(neem) leaf extract (GFO). In both procedures, FeCls-6H,0
was used as the iron precursor, NHsOH served as the precipi-
tating agent and distilled water acted as the reaction medium.

Conventional co-precipitation method (CFO): In the
co-precipitation process, 0.50 g of FeCls-6H,0 was dissolved
in 20 mL of distilled water and magnetically stirred for 5 min
at a controlled temperature of 40-50 °C to ensure complete
dissolution. Subsequently, NH.OH was added dropwise under
vigorous stirring until the pH reached 10-11, facilitating the
complete precipitation of Fe(OH)s. The resulting suspension
was continuously stirred for 3 h under ambient conditions to
promote particle growth and homogeneity. The precipitate was
then aged and repeatedly washed with double distilled water
followed by ethanol to remove residual impurities. The washed
product was oven-dried at 80 °C for 12 h and subsequently
calcined at 400-500 °C for 3 h, yielding crystalline Fe,O3
nanoparticles.

Green synthesis using neem leaf extract (GFO): For
the green synthesis route, fresh neem leaves were thoroughly
washed with distilled water, air-dried and finely ground.
Approximately 10-20 g of the resulting paste was boiled in
100 mL of distilled water for 15-20 min to extract bioactive
phytochemicals. The extract was filtered and stored at 4 °C for
subsequent use. In the nanoparticle synthesis step, 0.5 g of
FeCl3-6H,0 was dissolved in 20 mL of distilled water and
mixed with 20 mL of the prepared neem leaf extract under
continuous stirring followed by the addition of NH,OH drop-
wise to adjust the pH to 10-11 while maintain the reaction
mixture at 60-80 °C for 2 h. The appearance of a reddish-brown
precipitate indicated the formation of Fe,O3 nanoparticles. The
precipitate was collected, thoroughly washed with double
distilled water and acetone and dried at 80 °C for 12 h. Final
calcination was carried out at 300 °C for 3 h to obtain bio-
functionalized Fe,O3 nanoparticles.

Characterization: The crystalline structure and phase
purity of Fe,O3 were studied using an X-ray diffractometer
(Bruker D8 Advance) equipped with CuKa radiation (A =
1.5406 A) in the 260 range of 20°-80°. The morphology and
surface features of the synthesized nanoparticles were exam-
ined using SEM (Zeiss Ultra 55 at 5 kV). UV-Vis absorption
spectra were acquired using a Shimadzu spectrophotometer
over the 200-800 nm range. FTIR analysis was performed with
a Perkin-Elmer instrument between 4000-500 cm to identify
the functional groups.

Antibacterial activity: The antibacterial activity of the
synthesized Fe,O3 nanoparticles was evaluated against S. aureus
(Gram-positive) and E. coli (Gram-negative) using the agar
well diffusion method. Nutrient agar plates were prepared and
uniformly inoculated with freshly grown bacterial cultures
using sterile cotton swabs to obtain confluent lawns. Sterile
wells/discs were then placed on the agar surface and loaded
with predetermined volumes of nanoparticle suspensions under
aseptic conditions. The inoculated plates were incubated at
37 °C for 24 h. After incubation, antibacterial activity was
assessed by measuring the diameters of the zones of inhibi-
tion formed around the wells/discs.
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RESULTS AND DISCUSSION

XRD studies: Both CFO (co-precipitation route) and GFO
(green route) Fe,O3; samples exhibited sharp and intense diffr-
action peaks, demonstrating their well-defined crystalline
nature as illustrated in Fig. 1. The observed reflections at
~24.26° (012), 33.37° (104), 35.76° (110), 41.10° (113), 49.55°
(024), 54.25° (116), 57.62° (018), 62.74° (214), 64.12° (300),
71.91° (1010) and 75.58° (220) are in good agreement with
the standard JCPDS data for hematite (a-Fe203), confirming
the formation of a pure crystalline phase without secondary
impurities [17]. These peaks correspond well to the standard
diffraction pattern of o-Fe.O3 (hematite) with a rhombohedral
crystal structure, indexed to the JCPDS card no. 33-0664,
confirming the successful formation of the hematite phase in
both samples [15-17,20]. The lack of secondary or spurious
peaks demonstrates that the nanoparticles obtained are phase-
pure and uncontaminated. The diffraction peaks of the green-
synthesized Fe;O3; (GFO) appear slightly broader compared
to those of the chemically synthesized Fe;O3; (CFO), which
indicates the formation of smaller crystallite sizes in the green
synthesis route. The average crystallite size (D) was calculated
using the Debye-Scherrer’s equation:

D 0.9%
cos6

where D stands for crystallite size; a is the X-ray wavelength
(1.5406 A, CuKay); B corresponds to the full-width at half maxi-
mum of the diffraction peak (radians); and 6 is the Bragg angle.
The evaluation revealed comparatively larger crystallites in
CFO (42 nm), while GFO (35 nm) displayed smaller crysta-
llite dimensions, which can be linked to the capping and
stabilizing effects of phytochemicals present in neem leaf
during nanoparticle formation [28]. The enhanced peak inten-
sity in the CFO sample indicates slightly better crystallinity
compared to GFO sample, whereas the reduced intensity and
peak broadening in GFO sample suggest the presence of sur-
face biofunctionalization imparted by phytochemicals during
green synthesis [29].
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Fig. 1. X-ray diffraction spectra of Fe,O3; nanoparticles

The phytochemicals may adhere to the particle surface,
causing lattice strain or defects, which further influences the
crystallite size and broadening of peaks [28,29]. The estimated
structural parameters, including lattice constants, unit cell
volume and microstrain, were found to be in close agreement
with standard a-Fe,O3 data, supporting the presence of a stable
rhombohedral hematite structure [15,16,20]. The smaller
crystallite size of the GFO nanoparticles is advantageous for
enhanced surface reactivity and antibacterial performance.

FESEM studies: FESEM micrographs reveal distinct
morphology and size evolution in Fe,O3 obtained by the two
synthesis routes. For the co-precipitation sample (Fig. 2a-b),
the powder consists of densely packed, faceted plate-/flake-
like crystallites stacked into compact aggregates. Individual
plates show well-defined edges and smooth terraces, with lateral
dimensions typically in the sub-micron to ~1-2 um range and
thicknesses of a few hundred nanometers. Numerous finer nano-
particles are seen decorating the plate surfaces and interstices,
suggesting secondary nucleation on preformed facets during
growth. The high packing density and sharp faceting indicate
relatively rapid growth along preferred crystallographic direc-
tions during calcination, yielding a more compact micro-
structure with lower open porosity.

In contrast, the green-synthesized sample using A. indica
extract (Fig. 2c-d) exhibits a much more open, fluffy morp-
hology composed of loosely connected nanoaggregates. Higher
magnification images show nearly spherical to sub-rounded
primary particles forming a porous network. The primary
particle size is predominantly in the ~30-90 nm range, with
occasional clusters up to ~120 nm due to agglomeration. The
lack of pronounced faceting and the narrower particle size
suggest that phytochemicals in the neem extract act as capping/
stabilizing agents, increasing the nucleation rate while inhibi-
ting anisotropic growth and limiting particle coarsening during
calcination. The resulting meso-/nano-porous architecture
provides a higher accessible surface area relative to the co-
precipitated counterpart. The morphological contrast between
the two routes aligns with the XRD observations as the smaller
primary particles in the green route are consistent with broader
diffraction peaks (smaller crystallite size), whereas the sharper
faceted plates in co-precipitated sample correspond to higher
crystallinity and larger coherent domains. Some degree of
particle clustering is observed in both samples, which is expe-
cted for iron oxide owing to magnetic dipole-dipole interactions
and capillary forces during drying. However, clustering is less
compact in the green sample because the organic residues
during synthesis help maintain inter-particle spacing prior to
calcination.

The optical absorption spectra of the synthesized Fe,Os
nanoparticles obtained via green synthesis (GFO) and co-
precipitation (CFO) routes are shown in Fig. 3. The presence
of intense absorption bands in the UV and visible ranges indi-
cates the typical optical behaviour associated with a-Fe2Os
nanoparticles in both samples [30-32]. The CFO sample exhibits
a pronounced absorption edge near ~410 nm, while the GFO
sample shows a red-shifted edge at around ~430 nm. This shift
in the GFO spectrum suggests a reduction in the optical band-
gap energy, which is often attributed to surface modifica-
tions, or the presence of phytochemical capping agents from
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i 1

Fig. 2. FESEM images of Fe20s nanoparticles prepared by co-precipitation (a & b) and green synthesis (c & d) methods
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Fig. 3. UV-Vis absorbance spectra of Fe2O3 nanoparticles

the Neem extract utilized during the green technique [31,32].  with n =2 for direct allowed transitions. The calculated band-
Bandgap energies (Eg) were estimated using the Tauc’s plot ~ gap values are approximately 2.33 eV for GFO and 2.43 eV
(Fig. 4) method based on the relation (ahv)" = A(hv — Ey) for CFO, consistent with reported values for a-Fe,Os nano-
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Fig. 4. Tauc’s plot for Fe203 nanoparticles

structures [30-32]. The narrower bandgap of the GFO sample
can be ascribed to the formation of surface states introduced
by organic components from the green synthesis route, which
promote sub-bandgap absorption.

FTIR studies: The FTIR spectra of Fe,O3 nanoparticles
are shown in Fig. 5. The Fe—O bond-specific vibrational modes
appearing in each spectrum clearly indicate that iron oxide
nanoparticles have been effectively produced. The strong absor-
ption bands in the range 580-560 cm™ are assigned to Fe—O
stretching vibrations in the a-Fe.Oj3 lattice, validating the
formation of the hematite phase in both samples [33]. For the
GFO sample, additional peaks are observed around 3400 cm™
and 1630 cm™2, hydroxyl groups and water molecules adsorbed
on the surface are responsible for the O—H vibrational modes
represented by these bands [34]. These enhanced bands in
GFO compared to CFO indicate the presence of bioactive
phytochemicals from neem leaf extract, which act as capping
and stabilizing agents during green synthesis. Weak bands
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Fig. 5. FTIR spectra of Fe,O3 nanoparticles

between 2920-2850 cm™ can be assigned to stretching vibra-
tions of C—H compounds, further supporting the role of plant-
derived biomolecules [34]. In the CFO spectrum, the absence
or weakening of these organic-related peaks signifies a relati-
vely cleaner surface without bioorganic residues. The sharper
and slightly more intense Fe—O bands in CFO indicate better
crystallinity.

Antibacterial activity: Evaluation of Fe;O3 nanoparticles
through the agar well-diffusion assay highlighted notable
differences in antibacterial activity between green and chemi-
cally synthesized variants of Fe;Os. The green-synthesized
particles (GFO) achieved inhibition zones of around 20 + 0.5 mm
against E. coli and 17 = 0.4 mm against S. aureus, signifying
superior activity. In contrast, the chemically synthesized coun-
terparts (CFO) displayed reduced effectiveness, producing
zones of only 15 + 0.3 mm for E. coli and 13 + 0.2 mm for S.
aureus. These values are summarized in Table-1. This observed
enhancement in antibacterial efficacy of GFO sample can be
attributed to its smaller crystallite size, higher surface area
and the presence of phytochemical functional groups from neem
extract [16,24]. These biomolecules facilitate better dispersion
and improved interaction of the nanoparticles with the bact-
erial cell membrane, enabling deeper penetration and more
effective bacterial inhibition [16]. Differences in antibacterial
response between E. coli and S. aureus are closely linked to
their cell wall composition. The cell envelope of E. coli is
characterized by a porous lipid outer membrane and a thinner
peptidoglycan structure, allowing easier nanoparticle inter-

TABLE-1
VALUES OF ZONE OF INHIBITION FOR Fe20s SAMPLES
Sampl ZOI (mm)

LA E. coli S. aureus
CFO 12.3+0.02 23.6+0.03
Negative control (gentamicin-50 pg/mL)  07.3%0.01  13.4+0.02
Positive control (saline water) 11.3+0.02 24.3+0.03
GFO 14.7+0.05 20.6+0.03
Negative control (gentamicin-50 ng/mL)  08.3+0.03  11.4+0.01
Positive control (saline water) 10.3+0.01  23.3+0.02
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action. Conversely, the robust, thick peptidoglycan layer of
S. aureus reduces permeability, thereby conferring partial resis-
tance to nanoparticle activity.

Mechanism: Fig. 6 demonstrates that the antimicrobial
mechanism of Fe,O3 nanoparticles is predominantly linked to
oxidative stress induced by reactive oxygen species (ROS).
Among these, hydroxyl radicals (*OH), superoxide anions
(O2*) and hydrogen peroxide (H207) act synergistically to
compromise bacterial cell integrity [16,19,20,35]. These ROS
attack bacterial membranes, proteins and nucleic acids, leading
to lipid peroxidation, protein denaturation, enzyme inactivation
and DNA damage, ultimately resulting in the cell death [16,
19,20,24]. In addition to ROS generation, the nanoparticles
interact directly with bacterial cell surfaces, leading to memb-
rane disruption, cytoplasmic leakage and subsequent impair-
ment of essential metabolic processes [24,35].

The superior performance of GFO nanoparticles is linked
to a synergistic effect where phytochemicals from the neem
extract not only cap and stabilize the nanoparticles but also
enhance ROS generation and facilitate stronger electron tran-
sfer, intensifying oxidative stress in bacterial cells [16,24,35,36].
This dual antibacterial mechanism i.e. physical damage to cell
envelopes combined with oxidative stress accounts for the
larger inhibition zones observed with GFO, emphasizing its
potential as an eco-friendly and highly effective antibacterial
agent [35,36]. These findings highlight the role of green syn-
thesized Fe,O3 nanoparticles for applications in biomedical
devices, antibacterial coatings and wastewater disinfection,
where enhanced efficacy and environmental compatibility are
essential.

Electron
transport
interruption

Reactive oxygen
species (ROS)

DNA damage
Fig. 6. Antibacterial mechanism in Fe,O3 nanoparticles
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Conclusion

Fe,O3 nanoparticles were synthesized in this study using
two different methodologies; one based on the conventional
co-precipitation process and the other on a green biosynthetic
route utilizing A. indica (neem) leaf extract. Structural, morp-
hological, optical and antibacterial investigations revealed
that both synthesis techniques yielded crystalline o-Fe;O3 nano-
particles; however, the green synthesis route offered distinct
advantages. The XRD results demonstrated that the Fe,O3 nano-
particles were phase-pure and crystalline, while also revealing
that crystallite sizes were reduced in the green-synthesized
samples compared to their conventionally prepared counter-
parts. FESEM images also showed a more uniform morpho-
logy and better dispersion for green synthesized Fe;Os. UV-Vis
studies indicated strong absorption in the visible region and
the band gap analysis confirmed slight tunability in the green-
synthesized nanoparticles, reflecting the influence of bio-
molecules from the neem extract. FTIR spectra validated the
presence of Fe-O bonds along with functional groups from
the plant extract, indicating effective capping and stabiliza-
tion of the nanoparticles. The results of antibacterial testing
indicated that green-synthesized Fe,Os nanoparticles (GFO)
possessed significantly enhanced antimicrobial efficacy toward
E. coliand S. aureus in comparison with co-precipitated Fe,O3
nanoparticles. The enhanced performance of GFO is attributed
to its smaller size, higher surface area and the presence of phyto-
chemicals facilitating greater interaction with bacterial cells
and a surge in ROS generation, leading to membrane disrup-
tion and cell death. Overall, this study highlights the potential
of green-synthesized Fe,O3 nanoparticles as eco-friendly, effi-
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Protein
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cient antibacterial agents for biomedical, environmental and
industrial applications, combining superior functional prop-
erties with sustainable synthesis routes.
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