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niques to provide a detailed analysis of the electronic structure of Bi,VO,; nano-
particles. This study presents the first report on the electronic structure of Bi,VO3
nanoparticles using the aforementioned spectroscopic methods. Remarkably, the
investigation revealed that the valence band maximum (VB) and conduction band
minimum (CB) are dominated by O 2p and V 3d states, respectively.

Moreover, X-ray absorption spectroscopy (XAS) reveals splitting the V 3d con-
duction band state into a triplet d-manifold at the V L-edge and O K-edge. This
splitting arises from the lattice distortion induced by lone pairs, which gives rise
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1 Introduction

Semiconductor nanomaterials have gained significant
attention for their potential applications in hydrogen
production, energy harvesting, global environmen-
tal pollutant control, and the degradation of organic
compounds. In our everyday lives, water pollution has
emerged as a prominent issue, mainly stemming from
the use of harmful chemical compounds. Photocataly-
sis utilizing solar light presents an ideal technology for
environmental remediation and sustainable wastewa-
ter management. Currently, researchers are facing the
challenge of efficiently degrading wastewater contain-
ing harmful organic molecules, posing a threat to the
environment. Wastewater, often released untreated
into rivers, poses a severe problem to water ecosys-
tems due to hazardous dyes, pesticides, endocrine
disruptors, and other harmful substances. Addressing
the degradation of such wastewater containing organic
molecules remains a significant challenge for research-
ers [1]. Concerning energy and environmental mat-
ters, the semiconductor photocatalyst has gained con-
siderable interest due to its potential applications in
hydrogen production, the breakdown of organic com-
pounds, and the regulation of global environmental
pollutants [2, 3]. Many semiconductor photocatalysts
have been explored by considering their physical and
chemical properties. TiO,, ZnO, and many semicon-
ductor photocatalysts are only excited by ultraviolet
irradiation, less than 5% of the sunlight [4]. An urgent
need is to develop a photocatalyst capable of harness-
ing visible light emission from the solar spectrum for
efficient utilization. However, many researchers have
made significant efforts to develop a visible light pho-
tocatalyst using metal oxide semiconductors such as
Fe,O; [5], WO; [6], Bi,O3 [7], BiVO, [8], Bi,WOq [9],
and Bi;; VO, [10].

Due to its structural diversity and attractive physi-
cal properties, such as a narrow band gap (2.3-2.9
eV), the ability to absorb visible light, high chemi-
cal stability, and low toxicity, bismuth vanadate
emerges as a compelling choice for photocatalysis
and water splitting applications [11, 12]. The bis-
muth vanadate exhibits hybridization between the
Bi 6s and O 2p energy levels, observed in the valence
band’s upper region. This hybridization is particu-
larly evident in the fluorite-type structure of bismuth
vanadate, where the Bi*" ion possesses a high degree
of polarizability due to its lone pair of electrons. The
presence of the Bi®* cation with a lone pair leads to
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enhanced ionic conductivity, potentially due to the
formation of weak Bi—O bonds. This characteristic
contributes to a small band gap and high hole mobil-
ity [13, 14]. In the earlier study in photocatalysis, a
bismuth compound was used to modify TiO,. In the
various Bi-based compounds, such as Bi,O; [15],
BiOX (Cl], Br, I), [16-18], Bi,WOq [19], Bi,M0Oq [20],
Bi;;VOj4 [14] and excellent photocatalytic proper-
ties have been found. Due to the high recombina-
tion rate of the photogenerated electron-hole pairs
and the boundedness of the visible light response
region, there were still some limitations on using
the Bi-based compound for photocatalysis. There is
a need to address this limitation to search for some
Bi-based compounds and to study the electronic
structure, band gap, and band potential of Bi-based
compounds to enhance the photocatalytic activity.

Their nano size demonstrates the efficient pho-
tocatalytic activity of bismuth vanadates in various
forms, such as nanoparticles, nanotubes, nanowires,
nanosheets, and nanorods. Different synthesis meth-
ods, including hydrothermal, co-precipitation, and
sol-gel, hydrothermal, co-precipitation, and sol-gel,
are employed to produce nano-sized forms of bismuth
vanadate. While non-plasma methods offer advan-
tages such as the possibility of oriented growth and
growth on large patterned substrates, these synthe-
sis methods may compromise purity due to the use
of catalysts. The sol-gel method is widely employed
and well known for its narrow size distribution, small
particle size and high yield, but it still exhibits vari-
ations in chemical reactions depending on the mate-
rial. However, this method may compromise purity
and require significant time and post-synthesis treat-
ments [21]. Nanoparticle synthesis can be achieved
using the thermal plasma method, a high-temperature
technique. It offers several advantages, including high
rates of chemical reactions, production of high-purity
products, no requirement for high vacuum condi-
tions, shorter synthesis time, and formation of highly
crystalline products. In order to control the growth of
nanoparticles in the thermal plasma method, various
parameters need to be controlled. In this study, we
synthesized the high-temperature phase of Bi,VO,;
using the thermal plasma method.

The primary objective of this article is to demon-
strate the synthesis, electronic properties, and photo-
catalytic activity of Bi,VO,; nanoparticles synthesized
via the thermal plasma method. The bismuth vana-
date nanoparticles exhibit promising potential for the
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photodegradation of methylene blue (MB) under vis-
ible light irradiation.

2 Experiment
2.1 Materials and methods

To prepare Bi,VO,; nanoparticles, the precursors are
bismuth oxide (Bi,O;), vanadium pentaoxide (V,05),
and graphite powder. All these synthesis precursors
were purchased from Sigma Aldrich with 99.9% purity
and used as received without further purification.

2.2 Method of synthesis

In this study, the synthesis of Bi,VO,; nanoparticles
was conducted through a homogeneous gas phase
condensation process utilizing a direct current trans-
ferred arc thermal plasma reactor (DCTATPR). To
prepare the nanoparticles, precursor pellets contain-
ing Bi,O; and V,05 oxide powders were mixed in a
1:1 atomic ratio with graphite powder to enhance con-
ductivity. The mixture was then pelletized using a 100
kg/cm? pressure hydraulic press. The resulting pellets
were positioned on a water-cooled graphite anode. [14,
22]. The experimental operating parameters are shown
in Table 1.

2.3 Characterization

The crystal structure of the Bi,VO,; nanoparticles was
investigated using the X-ray diffraction (XRD) tech-
nique using Bruker AXS D8 advance X-ray diffrac-
tometer equipped with Cu Ka radiations (A =1.54 A).

Table 1 Typical synthesis parameters of DCTATPR for Bi; VO,
nanoparticles

Sr. No Physical parameters Operating parameters
DC power (kW) 6 (kW)
2 Arc length 50-60 mm
3 Gas flow rates (LPM) 6+5
Plasma-forming gas 444
(Argon + Nitrogen)
Ambient gas
(Argon) + Oxygen
4 Base pressure 10~3(Torr)
5 Operating pressure 250 (Torr)
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Raman spectroscopy measurement was performed with
a Raman spectrometer (Renishaw InVia micro-Raman
spectrometer) using a He-Ne laser with a wavelength
of 532 nm. The Transmission Electron Microscopy
(TEM) images, Selected Area Electron Diffraction
(SAED) patterns, and elemental mapping with Scan-
ning Transmission Electron Microscopy (STEM) mode
are performed by the High Resolution-Transmission
Electron Microscopy (HR-TEM) technique (Tecnai G2
S-TWIN). The UV-visible diffuse reflectance spectra
(DRS) were recorded on a UV-vis spectrophotometer
(JASCO V-670) in the 200-800 nm range. The elec-
tronic environment and chemical composition analysis
of Bi;VO,; nanoparticles was carried out using X-ray
photoelectron spectroscopy with a monochromatic alu-
minum source, enabling a comprehensive understand-
ing of their properties (Ka line, 1486.6 eV, 14 mA, 9.5
kV, PHI ESCA-5600). The chamber was maintained at
107 Torr pressure during the measurement. The valance
band spectra were obtained using an angle-integrated
photoelectron spectroscopy beamline on an INDUS-1
synchrotron radiation source at Raja Ramana Centre for
Advanced Technology (RRCAT), Indore, India. In the
present measurements, the calibration was done with
metallic gold foil, and the data was collected at an inci-
dent photon energy of 40 eV.

2.4 Photocatalytic activity

The visible-light-induced photocatalytic activity of
Bi,VO,; was evaluated for the decolorization of meth-
ylene blue (MB) dye. The experimental setup irradi-
ated the sample under visible light at 900 mW/cm?.
A catalyst mass of 0.1 g was dispersed in a 100 mL
solution containing MB at a 10° M concentration.
The experiment was conducted at room temperature.
The mixture solution was stirred in the dark for 30
min to achieve adsorption—desorption equilibrium
for MB dye. Subsequently, to examine the impact of
visible light irradiation, the suspension was collected
at 15-minute intervals. The decolorization of MB was
assessed by analyzing the absorption spectrum using
a UV-vis spectrophotometer.

3 Results

The observed XRD patterns for Bi,VO,;; nanoparti-
cles were obtained at room temperature along with
the Rietveld refinement method using FULLPROF

@ Springer
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Fig.1 Powder XRD pattern of Bi;VO,; sample

software (pseudo-Voigt function), as shown in Fig. 1.
The diffraction peaks were indexed to the crystalline
phase with monoclinic symmetry having space group
P 21/n. No secondary or impurity peaks were observed
in the present patterns, which confirms the pure phase
of Bi;VO,;. All the peaks are well-matched with the
standard JCPDS files (# 44—-0322). The diffraction line
observed at 20 =28.06° corresponds to the (011) plane
characteristic of the monoclinic Bi,VO;; compound,
and the other nine peaks index with their respective
planes confirms the formation of monoclinic structure
in the sample. The lattice parameters are a =3.992 A,
b=3.936 A, c=5.431 A, and V =85.335 A> which is well
matched with an earlier report [23]. The average par-
ticle size is ~ 35 + 5 nm, calculated using Debye Scher-
rer’s formula.

The information about the local structure of Bi, VO,
nanoparticles was analyzed using Raman spectros-
copy, as shown in Fig. 2. The deconvoluted Raman
spectra observed six bands at 208, 330, 374, 724, 821
and 915 cm™!. The peak observed at 208 cm™ is asso-
ciated with the external mode of Bi,VO;;. The 330
and 374 cm™ peaks are attributed to asymmetric and
symmetric deformation modes of V-O bonds in the
tetrahedrons. For bismuth vanadate compounds, the
distinct V-O stretching frequencies range from 650
to 950 cm™ [14]. The most intense peak was decon-
voluted with three peaks. The primary deconvoluted
peaks stretching mode observed at 821 cm™ assigned
to symmetric Ag v, (V-O) modes. The weak band at
724 cm™ is assigned to Ag v, (V-O) stretching modes.
The deconvoluted peak observed at the tail of the high
wavenumber, 915 cm™}, is ascribed to the vibration
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Fig. 2 Raman spectra of Bi;VO,; nanoparticles

mode of V-O bonds of distorted trigonal bipyramid
[24]. Using the empirical equations (v =21 349 x exp
(-1.917R), the V-O bond length by the Raman stretch-
ing frequencies is calculated [25, 26]. The V-O stretch-
ing mode at 821 cm™ has a bond length of 1.70 A,
while it has a bond length of 1.65 A for 915 cm™.

To better understand the microstructure of Bi,VO,;
nanoparticles, transmission electron microscopy
(TEM) was performed. Figure 3a typically shows
much spherical morphology of the nanoparticles of
~35-40 nm in diameter. The size observed from the
TEM is analogous to the average particle size cal-
culated using X-ray diffraction. The polycrystalline
nature of samples is confirmed by the rings observed
in the selected area electron diffraction (SAED) pattern
shown in Fig. 3b. The d spacing for the rings observed
in the SAED pattern is 0.319 nm, 0. 278 nm, and 0.196
nm for rings 1, 2, and 3, respectively. All the d spac-
ing is very well matched with lattice spacing for the
planes (011), (110), and (020) of monoclinic Bi,VO,;
[23]. Figure 3c and d shows the samples” high-resolu-
tion TEM image, which reveals sharp and clear lattice
fringes, suggesting the nanoparticles are well crystal-
line. The well-resolved lattice fringes of d =0.320 nm
correspond to the (011) plane of monoclinic Bi,VO;js.
Figure 3e-h displays the sample’s HAADF-STEM and
elemental mapping images. The elemental mapping
images of Bi, V, and O were well-defined with sharp
contrast, which demonstrates the existence of Bi,VO,5
nanoparticles. The elemental composition was deter-
mined using energy-dispersive X-ray spectroscopy.
The calculated average Bi/V ratio was 6.88, close to
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Fig. 3 a TEM bright images
of the Bi;VO,; nanoparticles,
b Selected Area electron
Diffraction (SAED) pattern, ¢
high-resolution TEM image,
d Enlarge the view of the
selected red square of (c),

e HAADF — STEM image,
f-h STEM-EDS elemental
mapping of Bi, V, and O
respectively

the theoretical stoichiometric value of the chemical
formula of Bi,VO;j;.

The pure Bi,VO;; nanoparticles exhibit visible light
responses in their diffuse reflection spectra, as shown
in Fig. 4. This characteristic is beneficial for enhancing
photocatalytic activity. The band gap of the nanopar-
ticles is determined by analyzing the absorption edge,
which is 2.28 eV. In this system, the conduction bands
are formed by the V 3d orbital, whereas the hybrid Bi
6s and O 2p hybrid orbitals form the valence band. The
electronic transitions from hybrid orbitals of Bi 6s and
O 2p of the valance band (VB) to the V 3d orbitals of
the conduction band (CB) give the band gap absorp-
tion. The band gap value is significantly narrower than
the reported Bi-based compounds such as a-Bi,O; (2.8
eV) [27] and 3-Bi,O; (3.4 eV) [28], Fe doped Bi,O;, (2.74
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Fig. 4 Uv-vis diffuse reflectance spectra of Bi;VO,; nanoparti-
cles
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eV) [29], tetragonal BiVO, [8], Monoclinic BiVO, [8],
a-Bi,Mo;04, (2.92 eV) [30], Bi,M0Oq (2.7eV) [31].

The synthesized material was analyzed by X-ray
photoelectron spectroscopy to acquire comprehensive
information on the chemical composition and bonding
environment of elements. The XPS survey was shown
in Fig. 5a in the range of 0-1000 eV, which reveals the
presence of Bi, V, and O elements. Due to the spin-
orbit splitting effect, the Bi 4f and V 2p observed
two peaks in high-resolution spectra of XPS shown
in Fig. 5b and c. The binding energy of Bi,VO;; for
Bi 4f,, and Bi 4f;), core level spectra was observed at
158.8 eV and 164.1 eV, respectively, confirming the Bi
observed in the 3 + state in the compound. The spin-
orbit splitting of Bi 4f peaks is 5.3 eV, which agrees
with the reported spin-orbit splitting of the bismuth
vanadate system [14].

Similarly, Fig. 5c shows that V 2p with 2p;, and
2p;, at binding energies of 515.7 eV and 523.2 eV with
binding energy separation of 7.5 eV. Moreover, the V
2p spectra confirm the V°* state in the Bi,VO,; sample.
The binding energies and the spin-orbit spitting val-
ues are well-matched with the earlier reported values
for the vanadate compounds. In Fig. 5d, two peaks at

J Mater Sci: Mater Electron (2023) 34:2326

530.4 eV and 532.4 eV were ascribed to lattice oxygen
related to Bi-O or V-O chemical bonding of Bi,VO,3
and surface adsorbed oxygen species, respectively.

Figure 6 shows the normalized valance band pho-
toemission spectra with an incident photon energy
of 40 eV. The valance band spectrum was deconvo-
luted with four peaks using XPS PEAK41 software.
In Fig. 6, peaks are observed at 3.65, 5.25, 7.05, and
8.9 eV, marked as A, B, C, and D, respectively. The
peak feature A is associated with unhybridized O 2p
with Bi 6s states and O 2pm state. The Bi 6s and O 2p
orbitals overlapping in the valance band increases the
hole mobility [32]. The peak B observed at 5.25 eV
shows the hybridized O sp? to V 3d state. The hybrid-
ized O sp? with Bi 6s state was observed at binding
energy 7.05 eV. The peak at higher binding energy, D,
is assigned to the Bi 65 state.

We performed X-ray absorption spectroscopy
measurements to explore the origin of these optical
properties of photocatalytic degradation of bismuth
vanadate compounds. Figure 7a and b shows the V
L;,-edge and O K-edge for the Bi;VO,; nanoparticles
fitted with Voigt functions. The XAS at the V L, and
O K- edge can provide important information about

Fig. 5 XPS spectra of 2)
Bi;VO,; nanoparticle a Sur-
vey scan, b Bi4f, ¢V 2p,d O
1s core level spectra
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Fig. 6 Valance band spectra for Bi 7 VO 13 nanoparticles

the unoccupied state within the conduction band and
related V valance due to the sensitivity of V 2p;,, V
2py;, to V 3d, O K edge 1s to 2p dipole transition. More-
over, the spectrum observed broad multiplets because
of the separation from the spin-orbit splitting of the V
2p core hole, the V L; (low energy) peak, and the VL,
peak (high energy). The conduction band is formed
by the hybridization antibonding of V 3d states with
the antibonding of O sp? states. In the upper region of
the conduction band, we observed the vital feature of
the Bi 6p state. The deconvoluted V L;, edge shows
five peaks at 517.2 (A), 519.2 (B), 522.9 (C), 524.6 (D),
and 526.1 (E) eV. All these peaks originated from the
ligand field splitting of V 3d states. Due to the tetrahe-
dral crystal field splitting, the V L; edge split into two
states, e, (Peak A) and t,, (Peak B). The peak features
A and B reveal the V L; edge, showing the transition
from occupied 2pj, to the unoccupied 3d state of V>".
The separation between e, and t,, (10Dq value) is 2
eV, which agrees with earlier reports of monoclinic
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bismuth vanadate compounds [33]. The V L, edge
is 6.8 eV above the L; edge, indicating a triplet d
manifold in Bi;VO,;. The spin-orbit splitting value is
slightly higher than the reported value for the mono-
clinic BiVO, structure, which confirmed the margin-
ally different degree of distortion in the V tetrahedral
unit than that of the m-BiVO, system [33]. The overall
XAS spectra confirm the distorted tetrahedral environ-
ment of V°* in the monoclinic Bi,VO; structure. The
XAS at the O K edge can supply helpful additional
information on the unoccupied metal states (V 3d)
hybridized with oxygen valence states. The O K edge
absorption spectra show the transition from the occu-
pied 1s core level to the empty O 2p state. The XAS O
K-edge spectra deconvoluted into five peaks, A, B, C,
D, and E, at binding energies 530.8, 531.6, 532.5, 533.6,
and 535.4 eV, respectively. The peak features A, B, and
Creveal the O 2p to V 3d hybridization. These results
agree with tetrahedral crystal field splitting of V, e,
and ty, states. The higher binding energy peaks (Peaks
D and E) contribute to Bi 6s states.

The photocatalytic activity of Bi,VO;; nanoparti-
cle was evaluated by degradation of MB under vis-
ible light irradiation. Figure 8 shows the full scan
UV-visible absorption spectrum to analyze the change
observed in the MB absorption (674 nm) spectra under
visible light. The photodegraded sample was collected
at each 15-minute interval and scanned from the
200-800 nm range. The maximum absorption observed
at 674 nm is responsible for the color of the MB dye
molecule; in the photodegradation reaction process,
it diminishes. The results specify that the absorption
peak of MB solution shows a gradual decrease in the
absorption peak with increasing irradiation time, and
a blue shift of absorption maximum is also observed.
This decrease in peak intensity after the visible light

Fig. 7 XAS spectra in the
TEY mode for Bi 7 VO 13
nanoparticles a VL 3,2 and
b O K-edge
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Fig. 8 Absorption spectra of Bi;VO,; nanoparticle in methylene
blue solution under visible light

irradiation signifies that the solution has been decol-
orized. No additional peaks are observed during the
degradation process, confirming that no reaction inter-
mediates are formed. The blue shift in the absorption
spectrum is associated with the hypsochromic effect
of MB that occurs by N-demethylation under visible
light irradiation [34]. The 90% MB dye was degraded
at 105 min time of visible light irradiation.

When exposed to visible light, the Bi,VO;; nano-
particle has a remarkable photodegradation rate for
MB. Water splitting involves an energetically uphill
transformation, characterized by a substantial positive
change in Gibbs free energy, measuring 238 k]J/mol.
Within the framework of photocatalysis, the semi-
conductor photocatalyst Bi,VO,; is illuminated with
energy that matches or surpasses its band gap. When

Fig. 9 Schematic of the
photocatalytic mechanism of
Bi;VO;

Energy
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subjected to light, the semiconductor Bi,VO,; absorbs
photons, leading to the excitation of electrons from
the valence band to the conduction band and creating
a hole in the valence band.

The ensuing electron-hole pairs migrate to the sur-
face of the Bi,VO;;, where they interact with water
molecules or hydroxyl (-OH) groups that are adsorbed
on the surface. This interaction generates highly reac-
tive species, including superoxide radical anions
(O5) and OH' radicals through redox reactions. These
aggressive radicals partake in redox reactions with
pollutants adsorbed on the surface, causing a complete
degradation of the pollutants. The hole in the valence
band is responsible for the direct oxidation of contami-
nants on the surface, while the electrons present in the
conduction band indirectly contribute to the oxidation
by generating OH radicals. These generated radicals
effectively facilitate the breakdown of substantial
organic pollutants into less harmful byproducts like
water and carbon dioxide.

The detailed mechanism of the photocatalytic reac-
tion is illustrated below. Schematic of the photocata-
lytic mechanism of Bi,VO,; is shown in Fig. 9.

Bi;VOy3 + hv — Bi;VO15(ez, + hirp) (1)
hhe+0, > Oy )
Wt +H,0 - (-OH + HY) 3)
O +H,0 - HO, + OH- (4)
HO, + H,0 - H,0, + OH (5)

@ O, or H*

0O, or H,

A
I
E | =2.28eV
I
v OH- or H,O
@G ...

Oxidation Product

MB
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Fig. 10 Photocatalytic degradation rate and the inset shows pho-
todegradation kinetics of MB dye catalyzed by Bi;VO,; nanopar-
ticles with visible light irradiation

MB + OH — Oxidation products (7)

The MB degradation rate versus time is shown in
Fig. 10. A blank experiment without a photocatalyst is
also performed as a background check under the same
condition. The blank experiment observed almost no
photocatalytic decolorization of MB after irradiation
for 105 min, as indicated by the black line. The blank
experiment shows the stability of MB under long-time
irradiation. On the contrary, in the presence of Bi,VO,;
nanoparticles, MB shows speedy degradation. Before
visible light irradiation, the mixed solution of Bi,VO;
and MB was stirred in the dark for the adsorption/
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desorption equilibrium on the surface of the catalysts.
The pseudo-first-order reaction rate equation gives the
kinetic rate constant.

The equation is

C
ln<é’> =kt (8)

Where C, is the initial concentration,

C, is the concentration of MB at time t, and.

k is the kinetic rate constants.

As the particle size decreases, the surface area
increases, efficiently enhancing the photocatalytic
activity. The high surface area is an essential param-
eter for the photocatalytic degradation of organic com-
pounds for adsorption.

The kinetic rate constant k is calculated from the
gradient of graph In(Cy/Ct) as a function of reac-
tion time (t), which exhibits a linear relationship as
shown in the inset of Fig. 10 for degradation of MB.
The apparent kinetic rate constant (0.03066 min ")
is higher than the earlier reports of Bi-based com-
pounds. The pseudo-first-order kinetic rate constant
for some Bi-based compounds shows low kinetic
constants such as t-BiVO,, 0-Bi,O;, BiVO,, the micro
ribbon of BiVO, (0.0060 min™") [35], Bi,VO;; (0.0263
min!) by Pechini method [23], Bi;;VO;y (0.07628
min') [14] by thermal plasma method. The photocat-
alytic activity of oxide semiconductors depends on
their crystal structure, band structure, crystallinity,
particle size, surface area, and electron-hole recom-
bination rate. The crystal structure is responsible for
high photocatalytic activity [36, 37].

According to Pu et al., the (Bi,0,)*" layers are
dominated by the Bi,VO,; structure connected by
VO, layers. In Bi-containing materials (Bi,0,)*" layers
play a significant role in the photocatalytic activity.

Table 2 Comparative table

. . Sr.No. Compound  Synthesis Method Band Gap  Kinetic Rate Constant ~ Refs.
for Bi-based compound with
the kinetic rate constant 1 a- Bi,O; Hydrothermal method 2.72 eV 0.00385 min~! [38]
2 t-BivO, Hydrothermal method 2.92eV 0.0021 min™! [39]
3 m-BiVO, Solvothermal method 2.50eV 0.0038 min~" [40]
4 Bi,V,0,, Pechini method 2.08eV 0.0143 min™! [41]
5 Bi; VO, Pechini method 2.23eV 0.00245 min~! [10]
6 Bi;;VO,y Thermal plasma method  2.26 eV 0.07628 min™! [14]
7 Bi,VO,; Pechini method 2.13eV 0.0263 min™" [23]
8 Bi; VO, Thermal plasma method  2.28 eV 0.03066 min~! The
present
work
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The long V-V distance of the polar VO, decreases the
recombination probability of excitons. Along with
structure, the large effective surface area caused by
the thermal plasma technique and the suitable elec-
tronic band structure are also responsible for increas-
ing the photocatalytic activity. These factors favor
enhancing the photocatalytic activity of Bi;VOy;
nanoparticles [23]. Table 2 summarizes recent stud-
ies on different Bi-based compounds showing differ-
ent photocatalytic applications. We consider some
high-temperature phases of Bi-based compounds.
Table 2 concludes that, compared to other samples,
the sample prepared by the thermal plasma method
shows excellent photocatalytic activity.

4 Conclusion

To summarize, we successfully synthesized Bi,VO,;
nanoparticles using the thermal plasma method for
the first time and evaluated their efficiency as a vis-
ible light-responsive photocatalyst. The nanoparti-
cles exhibited significantly improved photocatalytic
performance. The spherical nanoparticles possess a
monoclinic structure with an average particle size
of approximately 40 nm, providing a highly effec-
tive surface area. Raman spectroscopy validated
the structural feature, revealing distortion in the
VO,” tetrahedron caused by changes in V-O bond
lengths. The UV-vis absorption spectrum indicated
a wide optical absorption range, corresponding to
a narrow band gap of 2.28 eV. TEM analysis exam-
ined grain size, crystallinity, and surface morphol-
ogy. The electronic structure of Bi,VO,; nanoparti-
cles was comprehensively investigated using X-ray
spectroscopy techniques, such as XPS, VBS, and
XAS. Our results confirmed that the valence band
maximum primarily consisted of Bi 6s — O 2p states,
while the conduction band minimum comprised V
3d states with minor contributions from O 2p and Bi
6p states. The local structural distortion within the
valence band influenced the overlap between Bi 6s
and O 2p states, leading to increased hole mobility.
The photocatalytic efficiency of Bi,VO;; nanoparti-
cles was assessed by determining the degradation of
MB dye under visible light. Our kinetic study dem-
onstrated that the photodegradation reactions follow
pseudo-first-order kinetics, with a higher rate con-
stant (k = 0.03066 min') than previous reports. These
nanoparticles exhibited excellent photocatalytic

@ Springer
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activity. The thermal plasma synthesis technique,
with its highly effective surface area, local structure
control, crystallinity, and suitable band alignment,
significantly influenced the photocatalytic perfor-
mance in the degradation of MB dye under visible
light irradiation.
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