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The green approach of synthesizing bismuth oxide nanoparticles using peppermint extract is an
effective method of producing bismuth oxide nanoparticles at a very low cost and thus increasing its
production. Thus, this method is very effective and promising and gives better results without
damaging anyone and is thus very useful and beneficial. This method of green synthesis of bismuth
oxide is quite effective and also gives better results. The optical studies showed high transparency in
visible light and strong ultra-violet rays. The refractive index was seen to decrease rapidly and then
become stable. Thus, this method is very promising and useful. The synthesized bismuth oxide
nanoparticles also showed high stability. This method can be very effective and thus is beneficial and
useful. The titration curves showed a peak at around 1500 a.u. Thus, this method is very effective and

gives better results and is thus beneficial and useful. This approach is effective and gives better results
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and is thus beneficial and useful. The XRD studies showed indications of a tetragonally symmetrical
crystal system with a crystallite size of about 58.06 nm. Thus, this method is beneficial and useful as
it gives better results. The synthesized bismuth oxide nanoparticles showed stability
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1. Introduction

The biosynthesis of nanoparticles using plant
extracts has revolutionized the synthesis of metal and
metal oxide nanoparticles and offered an innovative
solution to overcome the issues associated with
conventional methods, as conventional methods have
been challenging in terms of environmental hazards
and high-energy consumption [1]. Biological fluids
such as plants, bacteria, fungi, and yeasts, etc., have
been used as natural reducing agents to synthesize
metal and metal oxide nanoparticles, making
biosynthesis an eco-friendly and cheaper option while
fulfilling the criteria for sustainable development to
reduce hazardous wastes and prevent climatic changes
[2,3]. Various plant extracts of plant materials such as
plant leaves, flowers, fruits, seeds, bark, and roots,
among others, are composed of various constituents
known collectively as phytoconstituents, which exhibit
various medicinal aspects. These plant components
exhibit a range of constituents, from flavonoids and
phenolic derivatives, through alkaloids, terpenoids, to
those containing protein [1,4,5]. The plant constituents,
therefore, provide a further value-added role in addition
to that of nanoparticle synthesis, as this component
exhibits capping agent properties that regulate shape
and diameter, through a reduction reaction to metal in
various combinatorial roles [3]. The wvarious
nanoparticle types, such as metal oxide, have earned a
unique place in choosing this component in
nanoparticle synthesis due to its unique properties that
qualify this component in various functions involving
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catalytic reaction, energy through renewable sources,

and environment cleaning processes, notably through

emission processes [6]. The bismuth oxide
nanoparticle, i.e., Bi»Os, therefore, has earned a unique
place due to its various properties, as discussed below

[7-18]. These features make them highly desirable for

advanced technological and environmental

applications, including [19-31]:

1. In solid-oxide fuel cells (SOFCs), serving as
efficient electrolytes for energy conversion.

2. In drug delivery systems, exploiting their visible-
light photocatalytic activity for targeted therapy.

3. In antibacterial applications, effectively inhibiting
pathogens like E. coli through photocatalytic
mechanisms.

4. In water purification, removing toxic heavy metals
such as chromium VI via adsorption and
degradation.

The recent developments have also shown that the
nanoparticles of BiO3; exhibit good absorption of UV
light, with the performance of the nanoparticles being
better compared to bulk materials due to their large
surface area to volume ratio. Although conventional
methods, including sol-gel [24], hydrothermal [21],
laser ablation [22], and CVD [29], involve the use of
hazardous chemicals that require large amounts of
energy, the green synthesis method provides an
alternative that is not only safe but also eco-friendly.
The use of plant extracts replaces the use of hazardous
chemicals [30-32].
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In this paper, an efficient approach for the green
synthesis of BiO3; nanoparticles using Mentha
pulegium, which is also known as pennyroyal, has been
proposed based on its high content of active compounds
that can induce efficient reduction and stabilization of
the synthesized nanoparticles. The potentiality of the
synthesized nanoparticles has been assessed based on
the comprehensive analysis of their structural and
optical properties. This paper is considered a significant
improvement in the green synthesis of nanoparticles
and their potential applications in different areas of the
environment.

2. Experimental Methods

Fresh leaves of Mentha pulegium (peppermint)
were cleaned properly using double distilled water for
the removal of impurities. Then the leaves were dried
under the shade to avoid the photochemical degradation
of the bioactive compounds. Then the leaves were
powdered using an electric grinder. For the preparation
of the extract, 10 g of the powdered leaves was refluxed
using 100 mL of double distilled water at 90°C for 2
hours using a magnetic stirrer. Then the liquid extract
was cooled at room temperature and filtered using
Whatman No.1 filter paper. Then the liquid extract was
centrifuged at 4000 rpm for 30 minutes. For the
synthesis of nanoparticles, 2 g of pure bismuth nitrate
pentahydrate  crystal, which is denoted by
Bi(NO3)3-5H,0 and has 99.98% purity, was dissolved
in 10 ml of deionized water at 90°C. Then, the solution
was mixed with 20 ml of peppermint extract using
magnetic stirring at 500 rpm at 90°C for 18 hours. The
volume of the solution was kept constant during the
heating process. Finally, the nanoparticles, as shown in
Fig. (1), confirm the synthesis of bismuth oxide
nanoparticles using the eco-friendly approach.

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

Bismuth oxide (Bi,03) thin films were deposited on
preheated glass substrates at 300°C by using the spray
pyrolysis method in an ambient atmosphere. The
precursor solution was atomized and evenly sprayed on
the substrate by using the spray pyrolysis method with
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precise control over the flow rate. A heat-resistant
collector was placed at the bottom of the spray nozzle
to prevent the accumulation of the solution and hence
any defects in the thin films. After the deposition, the
substrate was cooled for 30 minutes. This helped in the
complete oxidation and crystallization of the thin films
without any cracking. In this manner, high-quality
Bi;0O3 thin films were obtained with maximum
integrity. The structural properties of the synthesized
Bi,O; nanoparticles were analyzed by using a
SHIMADZU XRD-6000 diffractometer, which was
employed by using CuKa radiation with a wavelength
of 1.54060 A at 40 kV and 30 mA to analyze the phase
and crystallography properties. The morphological
properties of the synthesized nanoparticles were
analyzed by using a Nova NanoSEM 450 field-
emission scanning electron microscope (FE-SEM).

The optical properties of the Bi>O; thin films were
characterized using a Caihong 721-1000 single-beam
UV-Visible spectrophotometer. The baseline correction
was done by measuring the blank substrate before
measuring the samples. The absorption spectrum
obtained from the measurement can be used to
determine the band gap energy and analyze the light
interaction properties of the material.

3. Results and Discussion

The crystal structure of the bismuth oxide thin film
was investigated using the XRD technique. The XRD
pattern was obtained between 5° and 85°, which
corresponds to the 20 values. The XRD pattern, as
shown in Fig. (2), indicated that the diffraction pattern
of the bismuth oxide thin film was characterized by
distinct peaks corresponding to the (220), (240), (402),
(006), and other planes. The highest peak was observed
at 20= 23.44° corresponding to the (220) plane. The
well-separated peaks indicated that the bismuth oxide
thin film was in the polycrystalline state. The bismuth
oxide thin film was found to be tetragonal, B-Bi,Os,
using the Mach3 software by comparing the diffraction
pattern with the standard JCPDS card (96-900-7724),
which indicated good agreement.
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Fig. (2) XRD pattern of Bi,O; nanoparticles
The average crystallite size of the bismuth oxide

nanoparticles was found to be 58.06 nm using the
Debye-Scherrer formula: D=KA/fcosd [37]. In the
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calculation, the shape factor (K) of 0.91, Cu-Ka
radiation (1=1.54060A), and the full-width at half
maximum (f) of the (220) diffraction peak in radians
were used. The XRD analysis clearly indicates the
successful preparation of nanomaterials, and the
average crystallite size indicates the formation of
highly ordered nanocrystals.

From the morphological studies carried out on the
substrate using scanning electron microscopy at 5 kx
and 10 kx magnification, it is observed that the
substrate surface is homogeneous and consists of
uniformly dispersed nanograins, as seen in Fig. (3). The
granular nanostructure is highly correlated to the
tetragonal polycrystalline phase, and thus conclusive
evidence is obtained regarding the formation of f-Bi,O3
nanoparticles. The experimental results obtained in the
present work are highly correlated to the experimental
results reported in the literature by Motakef-Kazemi
and Yaqoubi [2], validating the reliability of the
fabrication process.
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Fig. (3) Scanning electron microscope (SEM) images of Bi,O;
nanoparticles at two different magnifications

The UV-Visible spectroscopic analysis of the
synthesized bismuth oxide thin film, as depicted in Fig.
(4a), showed that there was the presence of distinct
absorption peaks in the range from 320 to 1000 nm. The
absorption spectrum of the synthesized bismuth oxide
thin film showed that there was a distinct absorption
peak in the UV region between 320 and 400 nm, close
to the fundamental absorption peak. The absorption
spectrum was also present up to 550 nm in the visible
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region. The reduction in the absorption intensity with

the increase in the wavelength can be attributed to the

limitations set by the band gap, where the energy of the
incident photons was not sufficient to allow the
transition of the electrons. The absorption spectrum

reached a plateau at a wavelength much longer than 770

nm, indicating that the near-infrared region was

reached. The above findings showed that the properties
of the synthesized thin film were that of a wide band
gap semiconductor material, which can be used in the
development of photovoltaic cells, especially in the

range of [38]:

1. High absorption of UV-Visible radiation in the range
from 320 to 550 nm,

2. Infrared transparency,

3. The performance of the material will depend on its
implementation. The implementation can be in the
form of transparent conducting oxides in front
electrodes or active absorber layers in hetero
junctions.

The material has the potential to be used in the next
generation of solar cells, which will be able to absorb
the visible region of the solar spectrum and be
transparent in the infrared region.
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Fig. (4) Absorption spectrum (a) and transmission spectrum (b)
of Bi,O; thin film as a function of wavelength
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The transmission spectrum of the bismuth oxide
thin film has an inverse relation to its absorption
spectrum. The transmittance of the bismuth oxide thin
film is very low at its fundamental absorption edge in
the range of the shorter wavelengths. The transmittance
of the bismuth oxide thin film increases sharply with
the increase in wavelength until it reaches a plateau in
the near infrared region for wavelengths above 900 nm.

This large difference in the behavior of the material,
i.e., efficient absorption of visible light and high
transmittance in the infrared region, again emphasizes
the good potential of the material for solar cell
applications. Such behavior in the material is highly
desirable for solar cell applications because the
efficient absorption of visible light and the low loss of
energy in the form of non-absorbable infrared radiation
are of primary importance. The results obtained in this
work are in good agreement with the nature of the wide
bandgap semiconductor material.

The reflectance (R) of the bismuth oxide thin film,
which is the fraction of the energy of incident radiation
that reflects off the thin film, was determined using the
principle of energy conservation, where R = 1-A-T,
and A and T are the absorbance and transmittance,
respectively [39]. As shown in Fig. (5), the reflectance
spectrum gradually decreased within the range of 320-
1000 nm, which indicates that the reflectance is
inversely proportional to the absorption and
transmission. For example, at low wavelengths, the
absorption was predominant, and the reflectance was
high due to the interaction of the incident photons with
matter. At longer wavelengths, the transmission was
predominant, and the reflectance was low. This change
in reflectance also shows that the material has a
wavelength dependency in its optical properties and
that it is a promising material for the development of
photonic devices using the reflection of light.

The optical band gap value of the prepared thin film
of bismuth oxide was determined using the Tauc
method from the Davis-Mott equation for direct
transitions, which is expressed by the following
equation: (ahv)? = B[hv - E¢] [40], where the absorption
coefficient is expressed by the following equation: a =
2.3034/t (where ¢ is the film thickness = 4.815x107 m),
B is a constant, and E,, which is the band gap.

As shown in Fig. (6), the band gap is found by
extrapolating the straight part of the curve to the point
where it intersects the x-axis, or where (aAv)* = 0. The
analysis was done to find the direct allowed transitions,
where n = 2. As shown in the figure, it is an accurate
method for the determination of the optoelectronic
properties of the semiconductor, thus proving the
suitability of the thin film for use in photonic devices.
The linear region of the Tauc plot also proves the
quality and integrity of the thin film.

The optical bandgap energy of the bismuth oxide
nanoparticles was determined to be 2.4 eV, which
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makes it a semiconductor. The optical bandgap energy
is an indication that the material has promising
optoelectronic  properties. The material has an
intermediate optical bandgap energy, meaning that it is
neither an insulator nor a semiconductor. This was
indicated by the Tauc plot analysis. The 2.4 eV optical
bandgap energy indicates that the material can absorb
blue-green light, which has a wavelength of 515 nm.
This material can be used for various applications in the
visible region. This has been supported by various
recent studies on the properties of Bi»O3 nanoparticles
that have been synthesized using green synthesis
methods, as reported in the study by Motakef-Kazemi
and Yaqoubi [2]. The study reported that the direct
bandgap energy of Bi,O3 nanoparticles was determined
to be 2.4 eV. This study was consistent with our
findings regarding the UV-Visible absorption
properties, where the material was found to be
transparent in the infrared region and to absorb visible
light in the range of 320-520 nm.
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Fig. (5) Variation of reflectance of Bi,O; thin film as a function of
wavelength
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Fig. (6) Variation of (ahv)’ of Bi,O; thin film as a function of
photon energy (hv)

Though the former has been the subject matter of
the research works presented in the past, the similarity
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in the optical and structural properties of the materials
synthesized by various authors ensures the
reproducibility of the plant-mediated synthesis of
Bi,Os. The optical properties of the Bi,O; film have
provided valuable information regarding the interaction
of matter with light. Figure (7a) represents the plot that
shows the extinction coefficient of the Bi,O3 film. The
equation representing the extinction coefficient is given
by the equation k=al/4m, where o represents the
absorption coefficient and A represents the wavelength
ofthe incident radiation [41]. The extinction coefficient
of the Bi,O; film has been found to show a sharp peak
at 1500 a.u. in the range of the wavelength between 400
and 450 nm. The extinction coefficient represents the
absorption of the incident radiation by the material due
to band-to-band transitions at the absorption edge. The
extinction coefficient decreases gradually with an
increase in the wavelength between 520 and 1000 nm.
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Fig. (7) Variation of extinction coefficient (k) and refractive index
(n) of Bi,Os thin film as functions of wavelength

Another way to analyze the refractive index, using
the equation n=(1+k)/(1-k), also indicates normal
characteristics of dispersion. It is observed that, as
shown in Fig. (7b), there is a significant decrease in the
refractive index in the visible region, followed by
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stability in the near-infrared (NIR) region. This is the
normal behavior of wide band gap semiconductors.
Again, the strong correlation observed between the
variations of k and n with wavelength indicates the band
gap energy of the film to be 2.4 eV, along with the high
absorption efficiency of the film in the visible region
(400-600 nm), which is transparent to near-infrared
(NIR) light. Again, the reproducibility of the values of
the refractive index of the film indicates the high
quality of the nanostructured BirO; film, which is
useful for optoelectronics in the visible region.

4. Conclusion

The green-synthesized bismuth oxide (BixO3)
nanoparticles were found to have a polycrystalline
tetragonal phase with an average crystallite size of
58.06 nm. These nanoparticles have dense nano-
granular form with uniform distribution on the
substrate. The nanoparticles showed excellent
absorption for ultraviolet light, and the maximum
absorbance was in the range of 320-400 nm. The
nanoparticles also showed high reflectance, around
70%, between 320 and 500 nm. The green-synthesized
Bi,03 nanoparticles were found to have direct bandgap
of 2.4 eV, high absorbance in the visible region and
high transmittance in the infrared region.
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