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Abstract: In this work, bismuth vanadate (BiVOa4) microspheres are synthesized using a simple, cost effective, co-
precipitation technique. This study investigates how the annealing temperature influences the photocatalytic and
antimicrobial properties of nanoparticles made of BiVO4. Examining the phase structure, chemical compounds state,
composition of chemicals, shape, as well as optical characteristics of the prepared materials, by using X-ray
diffraction (XRD), scanning electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDS), high-resolution
transmission electron microscopy (HR-TEM), X-ray photoelectron spectroscopy (XPS), Raman analysis, UV-Vis
diffuse reflectance spectroscopy (DRS), Photoluminescence (PL) spectroscopy studies. Based on XRD analysis
data, BiVO4 exhibits a phase change of the tetragonal structure to monoclinic at 500 °C (BiVOs@500 °C). It is
interesting to note that under sunlight irradiation, BiVO4 nanoparticles annealed at 500 °C show excellent
photocatalytic behavior in opposition to the dye methylene blue (k = 0.0151 min-t). According to investigations on the
development of antibacterial activity through the utilization of BivO4@500 °C sample by well diffusion method
appears to be an effective growth inhibitor of both gram-positive and gram-negative bacteria, such as Bacillus subtilis
(B. subtilis), Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), Proteus vulgaris (P. vulgaris)),
respectively.

Keywords: BiVOas, Pollutant, Pathogens, Water Purification

Because it contains a variety of organic dyes and
bacteria that taint water bodies and seriously harm
creatures. Among the dyes employing in the textile
industry, those containing a benzidine moiety are
notable for their bio-calcitrance. A common
phenothiazine derivative used to color cotton, wool, and
silk is methylene blue (MB). Methylene blue was very

1. Introduction

Water contamination is causing serious
problems for the world's ecosystem and water
availability. The increasing worldwide population causes
pollution to worsen in several aquatic ecosystems,
including soil, air, and water. It has been necessary to

mobilize a global effort to mitigate environmental
damage. Diverse organic compounds including dyes,
hospital drug waste and animal husbandry, and
agricultural  chemicals, which include fertilizers,
fungicides, insecticides, herbicides, and pesticides, are
the main environmental pollutants. A significant amount
of the contaminants found in wastewater are caused by
organic dyes used in the textile and dye industries [1-3].
Untreated effluent from these sectors can cause a range
of diseases when it combines with water bodies.

poisonous and carcinogenic, rendering them hazardous
to humans and animals. The treatment of wastewater
containing such pigments is essential due to their
detrimental effects. Water bodies can get contaminated
by a mix of bacteria and organic dyes, which can destroy
aquatic life, especially fish as well as, flora and fauna.
When animals and humans drink contaminated water,
they can have a range of health issues, such as
respiratory, neurological, and skin issues. Therefore,
using contemporary methods to remove the dyes and
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germs from the environment is imperative. A great deal
of work has recently been done to investigate novel uses
of photocatalysis and antimicrobials [4-7]. One practical
way to get rid of the hazardous substance from the
surface of the water source is to use the dye degradation
process. Photocatalysis is an intriguing option for energy
conversion and environmental cleanup, because of its
apparent nature. Specifically, deterioration of water-
containing dyes or contaminants using photocatalysis is
essential for treating wastewater, since it produces no
additional secondary pollutants and is inexpensive and
very efficient [8-11].

In the field of photocatalysis, semiconductor
photocatalysts have garnered increased interest
because of their superior degrading efficiency for a
range of contaminants. The distinctive features of
bismuth vanadate (BiVOs4) with monoclinic-scheelite
structure as a semiconductor photocatalyst — its smaller
band gap energy such as ~ 2.4 eV, moderately good
photocatalytic efficiency, acousto-optical properties,
ionic conductivity, nontoxicity, chemical stability
and ferroelasticity [12,13]. Recently BiVOas is thoroughly
investigated, because of its capacity for use in
photocatalytic processes like water splitting and
pollutant decomposition when visible light is present.
The applications of BiVOa in photocatalysis (like water
splitting and the breakdown of pollutants when exposed
to visible light) have recently drawn a great deal of
research attention. An important factor influencing the
properties of BiVOs is its crystal phase. Three primary
crystalline phases found in BiVOs4 are tetragonal
scheelite (ts), monoclinic scheelite (ms), and tetragonal
zircon (tz). Because of its tiny energy of band gap (2.4
eV), the monoclinic scheelite structure has been shown
to have the best photocatalyst among the crystals of
BiVOa4. Thus, it is critical to regulate the crystal phase of
BiVO4 with ease in order to investigate its intriguing
strong phase-dependant features and produce a visible-
light-driven catalyst with high photocatalytic activity [14].
BiVOa4 photocatalytic effectiveness is limited by carriers
of photo-excited charges recombine quickly, inadequate
electrical conductivity, and restricted surface area and
adsorptive capacity. BiVOs crystallites have been
created by utilizing a range of methods, such as solid-
state processes, hydrothermal processes, aqueous
processes, co-precipitation method and sonochemical
approach, etc. Among these, the conventional co-
precipitation method is used in this work since it is an
easy, affordable and surfactant-free method for the
synthesis of BiVO4 nanoparticles.

Photocatalytic materials are typically expected
to possess strong antibacterial qualities because of their
capacity for reactive oxygen species or ROS generation
[15, 16]. Furthermore, in light of the future viability of
devices, materials with a wide range of uses are
prioritized. In this sense, BiVOs4 is the subject of
extensive investigation because it is a substance that is
safe for human cells while also possessing an ability to

combat the pathogenic microorganisms. Additionally, for
a material to be a superior photocatalyst, it must almost
entirely cover the visible spectrum of the sun. Monoclinic
BiVO4 microspheres has superior photocatalytic activity
compared to its tetragonal equivalent. BiVO4 exhibits
increased electron-hole separation when it phases out of
its tetragonal structure and into a monoclinic form at 500
°C. This decreases recombination rates, hence
improving the material's efficacy in degrading
contaminants such as methylene blue under sunlight
exposure. The phase transition influences the bandgap
and optical characteristics of BiVOs4, enhancing its
responsiveness to visible light. This enables the material
to more effectively use sunlight for photocatalysis,
enhancing its energy efficiency and environmental
sustainability for applications such as water treatment or
pollutant degradation. The phase change further
augments the antibacterial activities of BiVOa4. Because
of its altered surface structure and electrical properties,
the monoclinic phase interacts with bacterial cell walls
more effectively and produces more reactive oxygen
species (ROS), which are essential for antibacterial
activity. BiVO4@500 °C is very efficacious against
microorganisms that are both gram-positive and gram-
negative. The best band location for the BiVOa4 to gather
visible spectrum from solar radiation helps with its
antimicrobial properties. Therefore, BiVO4 nanopatrticles
will concurrently remove the contaminants from the
water, even in the presence of infectious microbes or
organic dye molecules. Their potent antibacterial activity
will make it much easier to use photocatalytic BiVO4
nanoparticles for continuous and frequent water
cleaning. However, there have been very few studies
conducted on the antibacterial properties of BiVOas
nanoparticles. This inspires us to synthesize BiVOas
nanoparticles and explore their dye-degradation
capabilities and antibacterial efficiency [17-20].

The article presents a facile co-precipitation
method for synthesizing BiVO4 microspheres. The study
primarily focused on the impact of temperature on the
microstructural development and growth of BiVOa4
microspheres. Methylene blue (MB), an active non-
biodegradable dye, was employed to assess the
photocatalytic properties. The chemical stability and
recycling efficacy of the synthesized m-BiVO4
microspheres as a photocatalyst were further examined
effectively in visible light. Additionally, this catalyst was
used to combat gram-positive (B. subtilis, S. aureus) and
gram-negative (E. coli, P. vulgaris) bacteria with its
antibacterial activity.

2. Experimental
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3.5H20),
ammonium metavanadate (NH4VOs3), sodium hydroxide
(NaOH), nitric acid (HNOs), ethanol and deionized water
was obtained commercially. The Methylene blue is also
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known as 3, 7- bis(dimethylamino)- phenothiazine — 5-
ium chloride or tetramethyl thionine was acquired from
S.D. Fine chemicals. Without carrying out any extra
purification, all of the reagents were used. Millipore water
was utilized throughout the investigation.

2.2. Experimental Procedure

The simple co-precipitation approach was
utilized to prepare BiVOa4 nanoparticles. In this process,
30 milliliters of nitric acid solution were used to dissolve
0.1 mol of Bi (NOz3)3.5H20. In addition, 30 minutes of
stirring resulted in a complete dissolution of 0.1 mol of
NH4VOs in a NaOH solution (30 mL). The two solutions
were then combined while stirring. The combined
solution was kept at 50 °C and stirred for an hour. The
resultant yellow precipitate was filtered and washed
several times using ethanol and deionized water. It is
then dried for five hours at 60°C. The as-synthesized
sample was then heated for three hours at 200 °C, 300
°C, 400 °C and 500 °C temperatures using the high-
temperature muffle furnace. Figure. 1 schematically
illustrates the synthesis of BiVO4 nanoparticles.

2.3. Characterization

The powder X-ray diffraction (XRD) using a
Shimadzu XRD 6000 X-ray diffractometer with Cu Ka
irradiation (A = 1.5406 A) was used to determine the
crystallinity and phase purity of BiVO4 microspheres.
The sample's shape and structure were examined using
a scanning electron microscope (SEM, JEOL JSM 6390)
equipped with an energy-dispersive X-ray spectrometer.
The microstructure was examined using transmission
electron microscopy (HR-TEM, JEOL JEM 2100). X-ray
photoelectron spectroscopy (XPS) studies were
conducted with the PHI 5300 to identify surface
elements. The functional groups on the material's
surface were examined using Raman spectroscopy

(WiTec alpha 300, Germany). Collect diffuse reflectance
spectra and determine the band gap using a UV-Vis
spectrophotometer (JASCO V-770). The
photoluminescence (PL) spectra were analysed at room
temperature using a HORIBA  Fluoromax-4
spectrophotometer.

2.4. Measurement of Photocatalytic Activity

Under natural sunlight, we tested the produced
BiVOs microsphere’s photocatalytic activity using
methylene blue (MB) degradation. Combine 50 mg of a
photocatalyst with 100 milliliters of aqueous solution of
MB (10 mg/L) and keep stirring continuously with a
magnetic stirrer. To achieve an adsorption-desorption
equilibrium between the MB dye molecule and the
photocatalysts (bismuth vanadate nanoparticles), the
suspension was stirred for half an hour in the dark before
being exposed to sunlight. Every thirty minutes intervals,
the irradiated MB dye solution were routinely taken from
the sun light irradiation and the BiVO4 microspheres that
had been disseminated was extracted using
centrifugation. The instrument utilized was a UV-vis
spectrophotometer to examine clear, translucent
solution. In order to find the MB concentration in the
solution, the absorbance area at a functional wavelength
was used in conjunction with the irradiation period.
Catalyst stability was assessed by applying the same
breakdown process repeatedly. The MB solution
absorbance was evaluated using the results from the
UV-Vis analysis and the efficiency of MB degradation
was subsequently computed. The following equation
(Equation 1) describes how well MB solution degrades
when a photocatalyst is present.

n= % x 100% (1)
0
Where Co and C:, respectively, stand for the

solution's absorbance at the start of the procedure (t =
0) and at a specific time point.

Bi(NO,),.5H,0

NH,VO,
2

Nucleation

& growth

Precipitation

Filtration

[———=1

BiVO, Nanoparticles

Figure 1. Schematic illustration of the synthesis of BiVO4 nanoparticles
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2.5. Antibacterial Studies

We tested the antibacterial efficacy of BiVOa4
nanoparticles at various annealing temperatures against
S. aureus, B. subtilis, E. coli and P. vulgaris
microorganisms. We assessed the antibacterial
effectiveness of the synthesized BiVOa4 with 4 separate
quantities (25, 50, 75, and 100 pg/mL) using the agar
well diffusion technique. We independently swabbed
each bacterial pathogen onto sterile Muller-Hinton agar
(MHA) in individual petri plates. We made five wells with
a diameter of 6 mm in the agar medium. A conventional
antibiotic fills one well, while produced nanoparticles at
various concentrations fill the other four. This work uses
streptomycin, a common antibiotic, as a positive control.
For a full day, we incubated the sample at 37 °C and
determined the values of the inhibition zone in
millimeters. The sample's antibacterial activity is
indicated by the zone of inhibition (ZOIl) surrounding the
well. If the inhibition zone or ZOIl around the well is
higher, the sample will exhibit higher levels of
antibacterial activity.

3. Results and Discussion

3.1. Structural Analysis

The phase structure of the prepared samples
was characterized using X-ray diffraction studies. The
XRD pattern of the synthesized BiVO4 nanoparticles at
various annealing temperatures is seen in Figure 2. The

BiVO4@500 °C sample's XRD pattern was primarily
within the monoclinic phase, which is distinguished from
other phases by its strong photocatalytic activity. It is
evident that all of the diffraction peaks that were found
for the as-synthesised BiVO4 microspheres matched
those of the tetragonal BiVO4 with JCPDS card No. 14-
0133 [14, 21]. The diffraction peaks of BiVOs@500 °C
correspond to (101), (013), (004), (200), (020), (211),
(105), (123), (024), (220), (116), (303) and (132) planes
of monoclinic scheelite BiVO4. There were no other
phase or contamination peaks found. Every peak seen
in the BiVO4 at 500 °C sample was indexed with the
BiVO4 monoclinic phase with JCPDS Card No. 83-1699,
while the peaks of tetragonal BiVOas entirely vanished
[13]. The most significant reflections of the monoclinic
BiVO4 structure were detected at 28.6°, while the
tetragonal BiVOa structure's major diffraction peak was
recorded at 24° These observations led to the
conclusion that the precursor initially formed into
powders of tetragonal BiVOa4, which were thereafter
progressively transformed into monoclinic BiVO4 by
increasing annealing temperature [22]. Additionally, it
was discovered that the preparation method used in this
study to create BiVOs4 was sensitive to the annealing
temperature. These findings showed that when pure
monoclinic BiVOs was formed under co-precipitation
synthesis, a phase transition from the tetragonal to the
monoclinic phase occurred. Consequently, it is clear that
the annealing temperature had a significant role in
controlling the phase structure of bismuth vanadate
powder during the co-precipitation synthesis.

Intensity (a.u.)

h h n BiVO,@300 °C
" o
’ h A | Bivo,@z0’e

* - Monoclinic BIVO,

# - Tetragonal BiVO 4

BIVO,@500 °C
* *

BIVO,@400 °C

As-synthesized BiVO 4
#

20 (degree)

Figure 2. XRD patterns of the as-synthesized and thermally annealed BiVOa.
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The annealing temperature significantly affects
the crystallinity, XRD patterns, and phase change of
BiVOs4. From 200 to 500 °C, the BiVOs microspheres
changes from the tetragonal phase of BiVO4, which has
moderate crystallinity, to the highly crystalline monoclinic
phase. This change is essential in order to maximize the
BiVOs potential for uses like photocatalysis toxic
pollutant removal. The tetragonal phase is the most
common, and BiVOs shows poor crystallinity at low
temperatures. An increase in temperature brings about
an improvement in crystallinity and a phase shift to the
monoclinic form, greatly enhancing the BiVO4 material's
functionality. To change BiVO4 for certain uses, like
photocatalytic pollution degradation and antibacterial
activity, it is important to understand these changes that
happen when the temperature changes.

3.2. SEM-EDS analysis

The BiVO4 nanoparticles were inspected using
SEM to ascertain the morphology of the samples. Figure.
3(a-e) displays SEM images of the prepared samples
that were annealed at various temperatures. All samples
have granular morphology and the particles are
uniformly distributed [23]. Although the particles are
distinguishable. Examining the images closely reveals
notable variations between the various samples. At 200
°C, the surface morphology of BiVOs at this low
annealing temperature often exhibits uneven,
diminutive, and indistinct particles. The substance may
possess a semi-crystalline structure characterized by
agglomerated microspheres. The particles are weakly
aggregated and have irregular surfaces, indicating that
there is insufficient energy for the formation of well-
defined crystal formations. The temperature is rising, at
that point, the heat energy is sufficient to encourage
slight grain growth, leading to a slight rise in particle size.

N

d )

i =
20KV X10,000° 4pm

The surface attains a smoother texture, and the particles
exhibit distinctly spherical forms. The increase in particle
size is linked to improved crystallinity. The material
exhibits reduced surface flaws, and the interfaces
between particles are more pronounced. At 500 °C, the
BiVO4 particles experience further grain development
and coarsening. The morphology has a highly crystalline
structure characterized by larger, well-defined particles
(Figure. 3e). The particles may have monoclinic
formations, and the surface becomes more refined
because there are fewer flaws. As the aggregate particle
size increases, attributes such as photocatalytic efficacy
are enhanced. The compositional investigation of BiVOa4
microspheres was conducted using EDS. Figure. 4(a-e)
illustrates the EDX spectra of BiVO4 microspheres (heat-
treated at 200 °C, 300 °C, 400 °C and 500 °C samples
respectively), verifying that oxygen (O), vanadium (V),
and bismuth (Bi) are present. The absence of other
components demonstrates the purity of the
prepared microsphere. The inset of Figure. 4 illustrates
the weight and atomic percentage of the component
elements (Bi, V, and O) in the BiVO4 microspheres that
were synthesized.

3.3. HR-TEM analysis

Figure. 5 displays HR-TEM images of
microspheres of BiVO4 synthesized at 500 °C using the
co-precipitation method. The spherical shape of BiVO4
microspheres that have been annealed at 500 °C is
usually clearly visible in transmission electron
microscopy images. The nanoparticles are able to
combine and create more homogenous microspheres
when annealed at this temperature because it releases
enough thermal energy. In typically, the microspheres'
porous structure is the result of annealing-induced fusion
of smaller nanopatrticles.

Figure 3. SEM images of (a) as-synthesized BiVOa4, (b) BiVO4@200 °C, (c) BiVO.@300 °C, (d) BiVOs@400 °C
and (e) BiVO4@500 °C.
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Figure 4. EDX spectra of (a) as-synthesized BiVOs, (b) BiVO4@200 °C, (c) BiVO4@300 °C, (d)
BiVO4@400 °C and (e) BiVO4@500 °C.

Figure 5. (a,b) HR-TEM images and (c) SAED pattern of BiVO4@500 °C

For uses like photocatalysis, the microspheres
porous structure is essential since it increases the
material's contact with reactants (such dyes or
pollutants). The high annealing temperature is directly
responsible for the extremely crystalline nature of the
individual nanoparticles. Particles have enough energy
to rearrange into a highly ordered structure at 500 °C,
resulting in the creation of microspheres with good

crystallization. The HR-TEM images demonstrated that
the particles had granular morphology. As seen in the
enlarged HR-TEM picture in Figure. 5(b), there is a
spacing of 0.317 nm between the crystals, which is the
same as the (013) planes of monoclinic BiVOs. HRTEM
images frequently display lattice fringes with d-spacing
that align with the monoclinic phase of BiVO4, the
thermodynamically stable phase at this temperature
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(500 °C). Better photocatalytic activities are made
possible by the unique crystal structure of BiVOas's
monoclinic phase. HRTEM images emphasize the
existence of grain boundaries between neighboring
nanoparticles. When the nanoparticles aggregate during
the annealing process, the boundaries emerge. The
smoothness and sharpness of the lattice fringes in
HRTEM show that each nanoparticle has a high level of
crystallinity. This is needed for BiVOa to work better as a
photocatalyst. Even though the nanoparticles have very
high crystallinity, HRTEM may also show that they have
grain boundaries and some flaws, such as dislocations
or stacking faults. These flaws often occur in materials
produced by high-temperature annealing and may affect
the material's electrical characteristics by serving as trap
sites for charge carriers. The findings unequivocally
validate the monoclinic crystal structure of BiVO4 @500
°C microsphere. As presented in Figure. 5(c), the SAED
ring pattern of nanoparticles absorbed in the given
region electron diffraction indicated that the microsphere
was polycrystalline, with multiple diffraction peaks
confirming this [24]. The electron diffraction pattern

contains bright spots and continuous dots indicating that
the material that has been treated has a high degree of
crystallinity.

3.4. XPS Analysis

X-ray photoelectron spectroscopy (XPS) was
utiized to examine the surface composition and
chemical states of BiVO4@500 °C (Figure. 6). Metal ion
spin-orbit splitting in 2 distinct states is displayed
differently by the XPS, which means they have different
binding energies. The monoclinic BiVO4 contains the
components Bi, O, and V, based on XPS survey
spectrum (Figure. 6(a)). At 285.08 eV, the C 1s signal
was caused by an accidental carbon in the XPS
instrument [25]. The distinctive doublet peaks, often
seen as Bi 4f72 and Bi 4fs2 peaks, are due to the splitting
of spin-orbit and may be seen in the Bi 4f spectrum of
BiVO4@500 °C. Then these peaks represent bismuth in
its 3+ oxidation state (Bi3*).

a
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Figure 6. (a) XPS survey spectra of BiVO4@500 °C; High resolution XPS spectra of (b) Bi4f, (c) V2p and (d) Ols.
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The surrounding chemical environment
influences the precise locations of the binding energies,
which may undergo slight changes due to factors such
as the material's crystallinity or its interactions with other
elements. The Bi 4f ‘s high-resolution XPS spectrum
(Figure. 6(b)) shows doublets of binding energy peaks
with binding energies of 165.18 eV and 159.88 eV.
These relate to Bi 4fs2 and Bi 4f72, respectively. The two
binding energies differ by 5.3 eV, suggesting that the
oxidation state of bismuth is +3. The HRXPS of the V 2p
spectrum shows a doublet, with peaks at V 2ps2 and V
2p1/2. These peaks in the data show that the oxidized V
state of vanadium stays the same in BiVOs@500 °C.
This is an important part of the material's photocatalytic
activity because it affects its electronic structure and its
capacity to make ROS, or reactive oxygen species.

However, the split V2p peaks in Figure. 6(c) at
524.88 eV and 517.48 eV, respectively, are associated
with V 2p12 and V 2ps2. This shows that the oxidation
state of vanadium in BiVOa4 is +5 [26, 27]. Figure. 6(d)
shows the O 1s spectrum typical with 530.68 eV as the
prominent characteristic peak. Thus, per the XRD and
XPS results further confirmed that the sample consisted
of BiVO4[28].
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3.5. Raman Analysis

The structure of the samples was subsequently
analyzed using Raman spectra, a sensitive tool for
studying structural changes. Through increasing the
annealing temperature, Raman spectroscopy helps
facilitate the change in phase from tetragonal to
monoclinic. Figure. 7(a) displays the Raman spectra of
the BiVOs4 microspheres at various annealing
temperatures. The mode of symmetrical V-O stretching
of the monoclinic and tetragonal phases is represented
by the peaks in the BiVOa spectra at 830 and 858 cm,
respectively. Weak peak at 709 and 760 cm were
caused by asymmetric stretching of the V-O bond for
monoclinic and tetragonal phases respectively.
According to the VO4* tetrahedron, the asymmetric and
symmetric deformation modes are associated with
Raman bands at 330 and 370 cm™, respectively. The
vibration (external mode) of the monoclinic phase is
shown by peaks at 218 and 131 cm belonging to
surface vibration. However, the tetragonal phase
(external mode) is thought to be the cause of the 250 cm-
1 peak [29].

90
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Figure 7. (a) Raman spectra (b) UV-Vis diffuse reflectance spectra, (¢) Kubelka-Munk plot, (d) Photoluminescence
spectra of as-synthesized and thermally annealed BiVOa.
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The Raman spectral analysis strongly verified
phase transition from tetragonal to monoclinic by
demonstrating that the BiVO4@500 °C sample did not
have peaks at 250, 760, or 858 cm™.

3.6. UV-Vis DRS Analysis

UV-vis DRS method was used for determining
the photocatalyst's optical band gap energy. One useful
method to assess semiconductor material’'s optical
characteristics, which are believed to be critical to
photocatalytic performance is diffuse reflectance
spectroscopy. As part of an examination of the optical
properties, the UV-vis diffuse reflection spectra of five
BiVO4 samples at different annealing temperatures are
shown in Figure. 7(b). F(R) can be calculated from the
reflectance data to obtain the band gap values and Fig.
7(c) displayed the [F(R).hu]? against energy of photon
(hu) plot. The formula for Kubelka-Munk function (F(R))
is (Equation 2),
a-Rr?

2R

F(R) = )

where R represents, the measured diffuse
reflectance [30].

It is discovered that the band gap energy of as-
synthesized BiVO4 is found to be 2.801 eV. After
annealing the BiVO4 microspheres at 200 °C, 300 °C,
400 °C, and 500 °C, the band gap values obtained are
2.687, 2.591, 2.512, and 2.434 eV, respectively. It is
evident that when the annealing temperature increases
up to 500 °C, the band gap reduces. Changes in the
annealing temperatures could account for the variations
in the optical band gap energy. These changes in
samples thus determine the degree of delocalization of
photogenerated electron and hole pairs [31]. The
variations in band gap energy indicate that the BiVO4
microsphere sample's electronic structures undergo
changes as the temperature of the heat treatment varies.
These changes in the electronic structures cause
photogenerated carriers to delocalize to different
degrees, which means that the samples have different
mobility efficiencies [22, 29].

3.7. PL Analysis

Figure. 7(d) displays the photoluminescence
(PL) emission spectra of BiVO4 at various annealing
temperatures. PL spectra can help us understand how
the photogenerated charge carriers (electron-hole pairs)
in BiVO4 semiconductor materials can move, transfer,
and recombine together. The PL emission peak intensity
correlates with the recombination of photogenerated
electrons and holes. BiVO4 microspheres heated to 500
°C have a very low emission peak intensity compared to
other samples. This indicates a highly efficient
separation of photogenerated charge carriers. Thus, this
substance has favorable properties for use in
photocatalytic processes. However, the synthesized

BiVOa4's higher luminescence intensity suggests that
defects caused by charge recombination were making
the photocatalytic process less effective [32, 33].

3.8. Photocatalytic Activity

The  photocatalytic  activity of BiVOa4
microspheres at various annealing temperatures was
assessed by means of the MB aqueous solution's
deterioration. The photocatalytic results are shown in
Figure. 8. It is crucial to note that BiVO4s@500 °C
microspheres have greater photocatalytic activity than
BiVOa at other temperatures when subjected to sunlight
irradiation. The BiVO4@500 °C microspheres degrade
MB to 83.25% after 120 minutes of irradiation, while as-
synthesized, BiVO.@200 °C, BiVO.@300 °C and
BiVO4@400 °C microspheres degraded MB to 71.74%,
73.55%, 76.67% and 77.83% respectively (Figure. 8(c)).
Since annealing temperature increased by 500 °C, the
charge carriers that were photogenerated in the
monoclinic phase were effectively separated, which is
responsible for the rise in photocatalytic degradation
effect. Moreover, the UV-vis DRS confirm that annealing
temperature can reduce BiVOs's band gap and
maximize sunlight absorption, resulting in improved
photocatalytic dye degradation efficiency [29].

3.9. Kinetic Study

Using Langmuir—Hinshelwood kinetic model (L-
H kinetic model), photocatalytic efficiency of BiVOas
nanoparticles annealed with various temperatures was
studied for the breakdown of MB aqueous solution in the
presence of sunlight irradiations (Equation 3).

In< =kt (3)
Ce

Where Co represents the initial concentration of
MB dye, although Ct denotes the dye's concentration at
a particular irradiation period t, pseudo-first-order
reaction theory governs the rate constant, represented
as k [34]. Moreover, the subsequent equation was used
to obtain ti2 (min) (Equation 4) [35].

tl/2 = 0.693/k 4)

Figure. 8(b) represents a linear relationship
between In Co/C: and irradiation time t. Table 1
summarizes degradation percentage, pseudo first order
rate constants k, half-life time ti2, and linear regression
coefficients R2. In comparison to as-synthesized BiVOa,
BiVO4@200 °C, BiVOs@300 °C and BiVOs@400 °C
samples, it was discovered that the value of the pseudo-
first-order rate constant k was maximal (0.0151 min-1),
while ti2 was least (45.68 min) for BiVO4 nanoparticles
annealed at 500 °C. The findings unequivocally show
that, when exposed to sunlight, an annealing
temperature of 500 °C is the ideal temperature for BiVO4
nanoparticles produced by the co-precipitation process
in order to maximize breakdown of MB dye by
photocatalysis.
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Figure 8. (a) Photocatalytic degradation curves; (b) Pseudo-first-order kinetics curve; (c) degradation efficiency; (d)
rate constant of as-synthesized and thermally annealed BiVO4 for MB dye degradation.

Table 1. Calculated band gap, pseudo-first-order rate constant (k), half-life (t12), regression coefficient (R?) and

degradation efficiency of BiVO4 nanoparticles.

Sample Band gap | Rate constant k | Half-life ti> | Regression Degradation
(eV) (min‘t) (min) coefficient R? efficiency (%)

As-synthesized 2.801 0.0107 64.22 0.924 71.74

BiVO,

BiVO,@200 °C 2.687 0.0112 61.60 0.926 73.55
BiVO,@300 °C 2.591 0.0121 56.99 0.933 76.67
BivVO.@400 °C 2.512 0.0127 54.31 0.942 77.83
BiVO,@500 °C 2.434 0.0151 45.68 0.971 83.25

The photocatalytic degradation rate constants,
k, of MB dye under the radiation of sunlight vary for
different annealed BiVOa4 nanoparticles, as displayed in
Figure. 8(d). It is apparent from the bar diagram that
BiVO4 nanoparticles annealed at 500 °C yield the largest
value of k. When compared to the other four samples,
BiVO4@500 °C with k value is 1.4 times higher. So, the
rate of MB degradation over the BiVOs@500 °C
nanoparticles is significantly faster than that of the other
samples. The obtained R? values for as-synthesized
BiVOs, BiVO4@200 °C, BiVO4@300 °C, BiVO.@400 °C
and BiVO4@500 °C nanoparticles are 0.924, 0.926,
0.933, 0.942 and 0.971 respectively, in turn, suggested

that the L-H model could accurately predict the
photocatalytic data. Additionally, the R? values are
above 0.9, indicating a very good fit.

3.10. Stability and reusability of BiVO.@500 °C

An effective catalyst can be reused multiple
times while maintaining nearly the same efficiency, as
demonstrated by its reusability. Examining the
synthesized catalyst's potential for reuse is therefore
crucial from a practical standpoint. To evaluate
BiVO.@500 °C’s capacity to be reused for the
photodegradation of the MB dye, five cycle tests were
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carried out (Figure. 9(a)). Results show that degradation
performance drops from 83% to 80% even after five
cycles. The investigations demonstrate and validate
BiVO.@500 °C nanoparticle’s effectiveness as a
photocatalyst due to its high reusability. Moreover, we
carried out XRD analysis following the photocatalytic
process to confirm the stability, as illustrated in Figure.
9(b). Further evidence that this catalyst is sufficiently
stable for reuse comes from the fact that, following the
degradation experiment, the XRD spectrum of the
BiVO4@500 °C sample did not noticeably change when
compared to the unused sample. This sample, therefore,
not only shows a good rate of degradation but also a high
degree of stability and recyclability.

3.11. Photocatalytic Mechanism

Figure 10 shows a possible mechanism via
which BiVO4 microsphere photocatalysts could destroy
MB through photocatalysis. Photoinduced electron
transfers (e°) traversing the conduction band (CB) from
the valence band (VB) in the presence of visible light
irradiation, ultimately lead to the creation of
photoinduced holes (h*) in the VB. The e~ and h* are
consequently produced in the CB and VB, respectively.
Oxygen (O,) captures electrons, leading to the formation
of the superoxide anion radical or -O2, conversely, the
extremely reactive hydroxyl radical (-OH) can be
developed when photogenerated holes contact with
water adsorbed on BiVO4 nanoparticle’s surface.

(b) After

Before

Intensity (a.u.)

L) L) T L) Ll Ll L) L) Ll Ll L]
§ 10 15 20 25 30 35 40 45 50 55 60 65
20 (degree)

Figure 9. (a) Cyclic test; and (b) XRD patterns of before and after photocatalytic degradation of MB in the presence
of BiVO.@500 °C

MB dye

€0, +H,0

Degradation Products

H,0

Figure 10. Photocatalytic degradation mechanism of MB dye by BiVO4+@500 °C.
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With their potent oxidizing power, these reactive
radicals can break down the MB dye into organic
molecules that are not harmful [36, 37]. The below
equations (Equation 5-8) are an illustration of a potential
photocatalytic reaction process for BiVOa:

BiVO4 + hu —_— e+ht (5)
e +02 — YoV —— (6)
h* + H20 —_ -O(;—I ----- (7
i Degradation
hM+B +Oz +ORr products (CO2  ----- (8)
+ H20)

3.12. Antibacterial Activity

The antibacterial activity of as-synthesized
BiVO4 and BiVO4 nanoparticles at various annealing
temperatures, specifically 200 °C, 300 °C, 400 °C and
500 °C was tested at various doses (25, 50, 75, and 100
pg/mL) using gram-positive: B. subtilis, S. aureus and
gram-negative: E. coli, P. vulgaris microorganisms.
Figure. 11(a-d) shows bar diagrams, representing the
alteration in the inhibitory zone’s diameter. Table 2
displays the findings the zone of inhibition (ZOl)
measurement. It has been discovered that BiVOas
nanoparticles at various annealing temperatures have
greater antibacterial activity than those that as-

Bacillus subtilis (a)

I As-synthesized BiVO
A
[l sivo,@200°C
Il Bivo @300°C
4
BiVO,@400°C
@
I Bivo @500 °C
4

20
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Zone of Inhibition (mm)

Control 25 50 75 100
Concentration of BiVO, NPs in pg/mL

Escherichia coli (c)
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Il BivOo,@200°C
Il BivO,@300°C
[l Bivo,@400°C
I Bivo,@500°C

Zone of Inhibition (mm)
£

Control 25 50 75 100
Concentration of BiVO, NPs in pg/mL

synthesized. Among all of the produced products, the
BiVO4@500 °C had the maximum potency over S.
aureus bacteria possessing ZOl 16 mm at a 100 pg/mL
concentration. This might be due to their band gap
values getting narrower. When the band gap gets
smaller, there's a potential that exciton generation will
happen. As a result, BiVO4@500 °C nanoparticles
exhibit enhanced overall photocatalytic and antibacterial
characteristics. The zone of inhibition rises in tandem
with an increase in sample concentrations. Under the
same conditions, the two strain’s differing levels of
antibacterial activity could have been caused by
variations in their membrane structures. Gram-negative
bacteria can be distinguished from gram-positive
bacteria by their outer membrane covered by a
peptidoglycan layer. Considering that there are
substances outside of them that have the ability to
destroy germs, it also helps them survive. The study
indicates that BiVO4+@500 °C nanopatrticles are useful in
biological applications [38].

3.13. Antibacterial mechanism

The intricate mechanism behind the
nanoparticle’s antibacterial action occurs within
intercellular organelles or on the cell membrane of
harmful microorganisms. The antibacterial mechanism
of BiVO4 nanopatrticles is illustrated in Figure. 12.

Staphylococcus aureus (b)
As-synthesized BiVO,
4
I Bivo @200°C
4
BiVO @300°C
4
I BivOo,@400°C
BiVO @500°C
4

20 4

Zone of Inhibition (mm)

Control 25 50 75 100
Concentration of BiVO, NPs in ug/mL

Proteus vulgaris (d)
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¥ o,
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¥ 0,
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m 0,
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10 <
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Figurell. Antibacterial activity of as-synthesized and thermally annealed BiVO4 against (a) B. subtilis, (b) S.
aureus, (c) E. coli and (d) P. vulgaris bacteria.
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Table 2. Antibacterial activity of BiVO4 nanoparticles

Zone of inhibition (mm)
B. subtilis S. aureus E. coli P. vulgaris
Sample
25 50 75 100 25 50 75 100 25 50 75 100 25 50 75 100
Control Control Control Control
pg/mL|pg/mL|pg/mL |pg/mL pg/mL|pg/mL {pg/mL|pg/mL pg/mL|pg/mL|{pg/mL (pg/mL pg/mL|pg/mL|pg/mL (pg/mL
As-synthesized BiVOa4 22 00 00 00 9 22 00 00 00 11 20 00 00 00 08 20 00 00 00 07
BiVO.@200 °C 22 00 00 00 11 22 00 00 00 12 20 00 00 00 10 20 00 00 00 09
BiVO.@300 °C 22 00 09 11 13 22 00 10 12 14 20 00 08 10 12 20 00 06 09 11
BiVOs@400 °C 22 07 10 12 14 22 08 12 13 15 20 06 08 11 13 20 05 08 10 12
BiVO.@500 °C 22 10 12 13 15 22 11 13 14 16 20 08 11 13 14 20 08 09 12 13
BiVO,
NANOPARTICLES
o s PEPTIDOGLYCAN

- o DAMAGE

N
ROS prODUCTIO

Figure 12. The antibacterial activity mechanism of BiVO4 nanoparticles
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Table 3. Comparative study of photocatalytic and antibacterial activity of present work with the previous reported works

Method of Model Degradation Efficiency of Studied . .
Catalyst synthesis Pollutant Time Degradation (%) bacteria Antibacterial test result Ref
BiVO4 Hydrothermal Cv 120 min 98.21% - - [13]
) RhB 210 min 64.81%
BiVO4 Hydrothermal ) - - [29]
Ccv 120 min 96.23%
. Microwave : 0
BiVO4 hydrothermal method MB 160 min 81.6% - - [40]
BiVOa4 Microwave MB 300 min 75.14% - - [39]
BiVOa4 Hydrothermal MB 135 min 62% E. coli 100% [41]
B. Subtilis
. Co-precipitation . 0 S. aureus Maximum antibacterial activity achieved | Present
BIVO. method MB 120 min 83.25% E. coli for S. aureus with zone of inhibition 16 mm | work
P. vulgaris

Nanoparticles typically inhibit bacteria in four ways: (i) by causing cell wall
damage; (ii) by preventing replication of DNA and the development of ROS; (iii) by
preventing the production of the proteins and (iv) by causing disruption bacteria’s
metabolism. The size and formation of ROS are the main elements affecting the
dangerous microorganism’s inhibition. The usual range of sizes for bacteria is in
micrometers, and their cell walls allow for the passage of minute monodispersed
nanoparticles. According to UV-Vis analysis, it is evident that the BiVOs@500 °C
nanoparticle in this instance possesses a reduced energy of optical band gap than
the other samples, which indicates that reactive oxygen species production is also
higher. This could explain the outstanding ability to combat two types of bacteria
such as gram-positive and gram-negative, which is quite impressive. However, a
good understanding of the precise contribution of BiVO4 nanoparticles to the
antibacterial action is still lacking [39-41].

Table 3 is an analysis of how the current work compares with previous
works that were published.

4. Conclusion

The facile co-precipitation method successfully synthesized BiVOa4
nanoparticles at various annealing temperatures. There had been a phase change
from the tetragonal to the monoclinic phase. BiVOas exhibits microsphere
morphologies as shown by SEM and HR-TEM. The circular SAED patterns confirm
the polycrystalline nature of BiVO4@500 °C nanoparticles. Compositional analysis
verified the presence of Bi, V, and O. BiVO4 at 500 °C's chemical composition has
been investigated using XPS spectra, revealing the parts that are present and the
binding energies that correspond to the oxidation state of elements.

We observe a decrease in the energy band gap (Eg) (2.801-2.434 eV) as
the temperature increases. BiVOs@500 °C exhibits the lowest PL emission
intensity because of the wide charge carrier segregation, which increases
photocatalytic efficiency.
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The BiVO4+@500 °C nanoparticles

demonstrated a better antibacterial activity towards both
gram-positive and gram-negative bacteria. Among them,
greater antibacterial activity with a 16 mm inhibitory zone
is observed against bacteria S. aureus. Therefore, the
synthesized BiVO4@500 °C nanoparticles have the
ability to remove pathogens and organic contaminants
simultaneously from the water that was contaminated.
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