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Green Synthesis and
Characterization of Bismuth
Oxide Nanoparticles for
Optoelectronic Applications

The green synthesis of bismuth oxide nanoparticles (Bi»Os) using peppermint (Mentha pulegium)
extract offers an eco-friendly, cost-effective, and scalable alternative to conventional methods. In this
study, Bi,Os nanoparticles were successfully synthesized and characterized using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and ultraviolet-visible (UV-Vis) spectroscopy. XRD
analysis confirmed a polycrystalline tetragonal structure (3-phase) with an average crystallite size of
58.06 nm, while SEM revealed uniformly distributed nanogranular-like morphologies. Optical studies
demonstrated strong UV absorption (320-400 nm) and high visible-light transmittance, with a direct
bandgap of 2.4 eV. Notably, the extinction coefficient (K) exhibited a pronounced peak (~1500 a.u.) at
400-450 nm, while the refractive index (n) displayed normal dispersion behavior, decreasing sharply
in the visible range before stabilizing in the near-IR region. These optoelectronic properties, classified
the material as a semiconductor, highlight the nanoparticles' potential for UV shielding, solar cells,
photocatalysis, and optoelectronic devices. The study underscores the efficacy of plant-mediated
synthesis for producing functional nanomaterials with reproducible and tunable properties, aligning
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with sustainable development goals.
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1. Introduction

The biosynthesis of nanoparticles using plant
extracts has revolutionized the production of metal and
metal oxide nanoparticles by offering a sustainable
alternative to conventional physical and chemical
synthesis methods [1]. This approach utilizes biological
agents such as plants, bacteria, fungi, and yeasts as
natural reducers and stabilizers, significantly reducing
environmental hazards and energy consumption [2].
The simplicity, cost-effectiveness, and eco-friendliness
of this method align with global sustainability
initiatives aimed at minimizing toxic waste and
combating climate change [3]. Plant extracts - derived
from leaves, flowers, fruits, seeds, bark, and other
botanical parts - are rich in bioactive compounds,
including flavonoids, phenolic acids, alkaloids,
terpenoids, and proteins [1,4,5]. These biomolecules
play a dual role in nanoparticle synthesis: they reduce
metal ions to their nanoscale forms while
simultaneously acting as capping agents to control
particle size and morphology [3]. Among various
nanomaterials, metal oxide nanoparticles have attracted
significant interest due to their unique physicochemical
properties, making them suitable for applications in
catalysis, renewable energy, and environmental cleanup
[6]. Bismuth oxide (Bi,O3) nanoparticles, in particular,
exhibit exceptional properties such as low toxicity, high
electrical conductivity, and an adjustable bandgap [7-
18]. These features make them highly desirable for
advanced technological and environmental
applications, including [19-31]:
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1. Solid-oxide fuel cells (SOFCs): Serving as efficient
electrolytes for energy conversion.

2. Drug delivery systems: Exploiting their visible-
light photocatalytic activity for targeted therapy.

3. Antibacterial applications: Effectively inhibiting
pathogens like E. coli through photocatalytic
mechanisms.

4. Water purification: Removing toxic heavy metals
such as Chromium VI via adsorption and
degradation.

Recent advancements have also highlighted Bi,O;
nanoparticles as excellent UV absorbers, with
nanoscale particles outperforming bulk materials due to
their enhanced surface-area-to-volume ratio [33-36].
While traditional synthesis techniques - such as sol-gel
[24], hydrothermal [21], laser ablation [22], and
chemical vapor deposition [29] - rely on hazardous
chemicals and high energy inputs, green synthesis
provides a cleaner and more sustainable alternative. By
using plant extracts, this method avoids toxic reagents,
lowers energy demands, and leverages renewable
biological resources, making it both scalable and
environmentally safe [30-32].

In this study, we introduce an efficient green
synthesis method for Bi,O3 nanoparticles using Mentha
pulegium (peppermint) extract, selected for its high
concentration of bioactive compounds that promote
effective nanoparticle reduction and stabilization.
Through detailed characterization of the nanoparticles'
structural and optical properties, we evaluate their
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potential as UV-blocking agents and explore their
applicability in high-value industries. This research
contributes to the advancement of sustainable
nanomaterial production while offering new insights
into the development of functional materials for
environmental and technological applications.

2. Experimental Methods

Fresh Mentha pulegium (peppermint) leaves were
thoroughly cleaned using double-distilled water (DD
water) to remove surface impurities. The washed leaves
were air-dried in shaded conditions to prevent
photochemical degradation of bioactive compounds,
then pulverized into a fine powder using an electric
grinder. For extract preparation, 10 g of the powdered
leaves were refluxed in 100 mL of DD water at 90°C
for 2 hours using a magnetic stirrer. The resulting
mixture was cooled to room temperature, filtered
through Whitman No.1 filter paper, and centrifuged at
4000 rpm for 30 minutes to obtain a clear supernatant.
The nanoparticle synthesis was performed by
dissolving 2 g of high-purity bismuth nitrate
pentahydrate [Bi(NO3)3°5H,0] (99.98%) in 10 mL of
DD water at 90°C. This solution was then combined
with 20 mL of the peppermint extract under continuous
magnetic stirring (500 rpm) at 90°C for 18 hours,
maintaining the volume of the solution throughout the
heating period. The reaction was carried out under
controlled temperature and stirring conditions to ensure
uniform nanoparticle formation through biological
reduction. The final product, as shown in Figure 1,
demonstrated successful biosynthesis of bismuth oxide
nanoparticles via this eco-friendly approach.

Fig. (1) The solution of Bi,O; nanoparticles

Bismuth oxide (Bi203) thin films were deposited
onto preheated glass substrates (300°C) via spray
pyrolysis in an ambient atmosphere. The precursor
solution was atomized and uniformly sprayed onto the
substrates with precise flow rate control to ensure
homogeneous film formation. A heat-resistant collector
was placed beneath the spray nozzle to minimize
droplet accumulation and prevent film defects. After
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deposition, the coated substrates underwent controlled
cooling for 30 minutes to promote complete oxidation
and crystalline growth while reducing thermal stress-
induced cracking, yielding high-quality, adherent Bi,O3
thin films with optimal structural integrity. The
crystalline structure of the synthesized BiyO;3
nanoparticles was analyzed using a Shimadzu XRD-
6000 diffractometer with graphite-monochromatized
CuKa radiation (A = 1.54060 A). The instrument was
operated at 40 kV and 30 mA to assess phase purity and
crystallographic properties. Morphological
characterization was performed wusing a Nova
NanoSEM 450 field-emission scanning electron
microscope (FE-SEM), providing high-resolution
surface imaging and microstructural analysis. The
optical properties of the Bi;O; thin films were
examined using a Caihong 721-1000 UV-Vis
spectrophotometer in single-beam mode. Baseline
correction was applied by measuring the substrate
blank before sample analysis. The absorption spectrum
obtained allowed for determination of the bandgap
energy and evaluation of the material’s light-interaction
properties, facilitating a comprehensive study of its
photonic behavior.

3. Results and Discussion

The crystal structure of the bismuth oxide thin film
was examined using X-ray diffraction (XRD) in the 20
range of 5°—85°. As shown in Fig. (2), the XRD pattern
exhibited sharp and distinct peaks corresponding to the
(220), (240), (402), and (006) crystallographic planes,
with the most intense peak observed at 20 = 23.44° for
the (220) orientation, suggesting a preferential growth
direction. The well-resolved Bragg reflections
confirmed the polycrystalline nature of the film. By
comparing the diffraction data with the reference
JCPDS card (96-900-7724) using Mach3 software, the
film was identified to have a tetragonal crystal structure
(B-Bi203), showing excellent agreement with the
standard reference.
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Fig. (2) XRD pattern of Bi,O; nanoparticles

The average crystallite dimension of the
synthesized bismuth oxide nanoparticles was
calculated as 58.06 nm through application of the
Debye-Scherrer equation (D=KA/fcos) [37]. In this
calculation, we employed a shape factor (K) of 0.91,
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Cu-Ka radiation (A = 1.54060 A), and the full width at
half maximum (B) of the (220) diffraction peak
measured in radians. These XRD results demonstrate
effective nanomaterial synthesis, with the calculated
size confirming the development of structurally well-
ordered nanocrystals.

Morphological examination via scanning electron
microscopy at 5000x and 10000x magnifications
revealed a homogeneous surface architecture
consisting of tightly packed, uniformly dispersed
nanograins covering the substrate surface (Fig. 3). The
observed granular nanostructure shows excellent
correlation with the tetragonal polycrystalline phase
detected in XRD patterns, providing conclusive
evidence for successful [-Bi,O; nanoparticle
formation. These experimental outcomes show
remarkable consistency with the earlier findings
reported by Motakef-Kazemi and Yaqoubi [2],
particularly regarding the characteristic nanorod
morphology, thereby substantiating the reliability of the
fabrication process.

SEM MAG: 5.00 kox SEM HV: 20.00 kv

wo: mm
View field: 43.34 pm

5000x

Name:
Date(midiy): 12/31723

SEM MAG: 10.00 ke SEM HY: 20.00 kv
WD: 5.536 mm

View fleld: 21.67 pm

10000x
Fig. (3) SEM images of Bi,O; nanoparticles

rame:
Datamidsy): 1231723

UV-Vis spectroscopic analysis (320-1000 nm) of
the synthesized bismuth oxide thin film demonstrated
characteristic absorption behavior (Fig. 4a). The
spectrum exhibited a pronounced absorption onset in
the UV region (320-400 nm) near the fundamental
edge, with absorption tails persisting up to 550 nm in
the visible range. This progressive decrease in
absorption intensity with increasing wavelength
reflects the material's bandgap limitations, where
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photon energies below the threshold become incapable

of promoting electronic transitions. The absorption

profile stabilized significantly beyond 770 nm in the

NIR  region, confirming the wide-bandgap

semiconducting properties of the film. These optical

characteristics ~ suggest promising photovoltaic

applications, particularly for devices requiring [38]:

1. Strong UV-visible photon harvesting (320-550 nm).

2. Infrared transparency for thermal management.

3. Tunable performance depending on
implementation: As a transparent conductive oxide
(TCO) in front electrodes, As an active absorber
layer in heterojunction configurations
The observed spectral response correlates well with

the requirements for next-generation solar cells that
combine visible-light absorption with infrared
transparency, while the exact performance would be
application-specific based on the film's structural and
electronic properties.
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Fig. (4) Variation of absorbance (a) and transmittance (b) of
Bi,O; thin film as a function of wavelength

The transmittance spectrum of the bismuth oxide
thin film, as shown in Fig. (4b), displayed an inverse
correlation with its absorption profile, highlighting
critical optoelectronic properties. Near the fundamental
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absorption edge at shorter wavelengths, the film
exhibited very low transmittance, with a clear cut-off
wavelength indicating the shift from strong absorption
to higher transmission. As the wavelength increased
beyond this point, transmittance rose sharply before
stabilizing in the near-infrared region (above 900 nm).
This marked contrast in behavior - efficient visible light
absorption coupled with high infrared transparency -
underscores the film’s strong potential for solar cell
applications. Such a spectral response is ideal for
photovoltaic systems, where effective visible photon
harvesting and minimal energy loss from non-
absorbable  infrared radiation are essential.
Additionally, these findings align with the material’s
wide bandgap  semiconductor  characteristics,
supporting its viability for integration into advanced
photovoltaic devices.

The reflectance (R) of the BiO; thin film,
calculated as the fraction of incident radiation energy
reflected by the film, was derived using the energy
conservation principle (R = 1 — A — T) [39], where A
and T represent absorbance and transmittance,
respectively. As illustrated in Fig. (5), the reflectance
spectrum gradually decreased across the 320-1000 nm
wavelength range, showing an inverse relationship with
both absorption and transmission. At shorter
wavelengths - where absorption was dominant - the
film exhibited higher reflectance due to stronger photon
interactions. Conversely, beyond the absorption edge,
reflectance declined as transmittance increased. This
systematic variation in reflectance highlights the film’s
wavelength-dependent optical behavior, making it a
promising candidate for photonic applications that rely
on selective light reflection.
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Fig. (5) Variation of reflectance of Bi,O; thin film as a function of
wavelength

The optical band gap of the synthesized bismuth
oxide thin film was evaluated using Tauc analysis based
on the Davis-Mott equation for direct transitions: (ahv)?
= b(hv - Ez) [40], where a is the absorption coefficient
(0=2.303A/t (t=4.81541x10°m)), hv is the photon
energy, b is a material-dependent constant, and E,
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represents the bandgap energy. As shown in Fig. (6), the
bandgap was determined by extrapolating the linear
portion of the (ahv)? vs. hv plot to the x-axis intercept,
corresponding to the point where (ohv)?> = 0. This
analysis confirmed direct allowed transitions (n=2) and
provided an accurate measurement of the
semiconductor’s optoelectronic properties, indicating
its suitability for photonic applications. The well-
defined linear region in the Tauc plot further
underscores the high quality and structural integrity of
the nanostructured film.
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Fig. (6) Variation of (ahv)? of Bi,O; thin film as a function of
photon energy (hv)

The nanostructured BiO; thin film exhibits an
optical bandgap of 2.4 eV, classifying it as a
semiconductor ~ with  promising  optoelectronic
characteristics. This intermediate bandgap, derived
from Tauc plot analysis, places the material between
wide-bandgap  insulators and narrow-bandgap
semiconductors, making it well-suited for visible-light-
driven applications. The 2.4 eV value corresponds to
light absorption in the blue-green region (~515 nm),
indicating  potential utility in photodetectors,
photocatalysis, and photovoltaic devices operating
within this spectral range. The observed bandgap is
consistent with the tetragonal crystal structure
confirmed by XRD and the nanorod morphology
revealed in SEM imaging, demonstrating structural-
property coherence across characterization methods.
The semiconductor behavior, coupled with the
nanostructured morphology, enables tunable electronic
properties, enhancing its applicability in advanced
optoelectronics and solar energy conversion
technologies. These findings align with recent research
on green-synthesized Bi,O3; nanoparticles, such as the
work by Motakef-Kazemi & Yaqoubi [2], who reported
a similar direct bandgap of 2.4 eV and analogous UV-
Vis absorption trends. Both studies highlight strong
visible-light absorption (320-520 nm) and infrared
transparency, reinforcing the material’s potential for

solar energy harvesting. While prior research
emphasized UV  shielding and antibacterial
PRINTED IN IRAQ 15
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applications, the consistent optical and structural
properties across studies validate the reproducibility of
plant-mediated Bi,O3 synthesis and its optoelectronic
performance.
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Fig. (7) Variation of extinction and refractive coefficients of Bi,O;
thin film as functions of wavelength

The optical properties of the Bi,Os film provide key
insights into its light-matter interactions. As shown in
Fig. (7a), the extinction coefficient (k=ali/4r) [41]
exhibits a distinct peak (~1500 a.u.) in the 400-450 nm
wavelength range, indicating strong photon absorption
due to band-to-band transitions near the absorption
edge. Beyond this region, the extinction coefficient
gradually decreases at longer wavelengths (520—1000
nm), confirming the material’s semiconducting nature
with dominant absorption in the visible (blue-violet)
spectrum and increasing transparency in the infrared
region. Complementary analysis of the refractive index
(n=(1+VR)/(1-VR)) [41] reveals normal dispersion
behavior (Fig. 7b), with a sharp decline in the visible
range before stabilizing in the near-IR, a characteristic
feature of wide-bandgap semiconductors. The strong
correlation between the wavelength-dependent
responses of k£ and n further validates the film’s 2.4 eV
bandgap and its high absorption efficiency in the visible
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range (400-600 nm) while remaining transparent to
near-IR radiation. The consistency in these optical
parameters underscores the high quality and uniformity
of the nanostructured Bi,O3 film, reinforcing its
potential for visible-light optoelectronic applications,

including  photodetectors,  solar  cells, and
photocatalytic systems.

4. Conclusion

The green-synthesized BixO; nanoparticles

displayed a polycrystalline tetragonal structure, with an
average crystallite size of 58.06 nm. Densely packed
nanogranular morphologies with uniform substrate
distribution was revealed. Strong UV absorption was
indicated with peak absorbance occurring between 320
and 400 nm, alongside high reflectivity (~70% in the
320-500 nm range). The material exhibited a direct
bandgap of 2.4 eV, along with notable visible-light
absorption and infrared transparency. These properties
- combined with its semiconductor characteristics and
nanostructured morphology - make Bi,O3 nanoparticles
promising for applications in UV shielding, solar cells,
and  optoelectronic  devices, leveraging its
semiconductor ~ behavior and  nanostructured
morphology for enhanced performance.
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