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ABSTRACT: The photoreduction of Cd (II) to Cd (0) was performed using
Bi4V2O11, which was tremendously enhanced by Tb3+-doped Bi4V2O11. The
relationship between charge carrier isolation and light harvesting was studied in
depth in this research, and a promising technique for fabricating effective
photocatalysts for heavy metals was discovered. Lattice disorder effects due to size
variance between V5+ and Tb3+ cations in Bi4V2O11 nanomaterials substituted with
an invariable Tb3+ cation at different concentrations (x = 15, 20, and 25%).
Bi4V2O11 and 15% Tb/Bi4V2O11 evidenced a coexistence of monoclinic (α-phase)
with a CS/m symmetry, while 25% Tb/Bi4V2O11 was tetragonal (γ-phase) with an
I4/mmm symmetry. Raman scattering experiments elucidated the changes in
Bi4V2O11 lattice corresponding to oxygen motion, suggesting significant
destabilization of the VO4 tetrahedra after addition of Tb3+. The SEM micrograph
depicted a disparity in the microstructure with reduced grain size in 25% Tb/
Bi4V2O11 samples. However, the TEM micrographs of 25% Tb/Bi4V2O11
nanomaterials revealed that crystallite sizes of 25−35 nm were obtained, presenting a single tetragonal phase, highly homogeneous
in nature. Impedance spectroscopy was used to study the conductivity of these compounds in the temperature range of 300 °C. At
300 °C, the compounds with x = 25% showed a conductivity of 15.92 S cm−1. The conductivity values were found to be comparable
with the highest values reported in the literature for similar compounds.

1. INTRODUCTION

Heavy metals such as lead, mercury, cadmium, nickel, and
chromium are found in the wastewater of various industries
such as mining, petrochemicals, pharmaceuticals, plastic
products, paper, and fabric dyeing.1−4 Because of the adverse
effects of heavy metals, many of their derivatives are classified
as pollutants.2 Penetration of heavy metals inside the body
leads to various adverse effects and also many diseases.5

Inclusion of heavy metals’ in the marine bodies contributed to
pollution and side effects in marine organisms.6

Cadmium is toxic for human and animal health, which enters
water through agriculture processes and chemical industries
such as electroplating, metallurgical alloying, metal finishing,
ceramics, cadmium-containing pigments, textile printing,
plastic processing, cadmium-containing phosphate fertilizers,
refined petroleum oil, and detergents.6,7 Due to these many
adverse effects, the removal of cadmium from the water bodies
is essential. Scientists are trying to imply various methods to
remove cadmium from contaminated water bodies. To treat
the contaminated water bodies, standard treatment procedures
such as precipitation, ion exchange, reverse osmosis, and
adsorption were used. Environmental and health regulatory
agencies have mandated biological processes with low affinity
and selectivity for reducing residual cadmium concentra-
tions.8−12 In addition, Cd is toxic in its 2+ oxidation state and

this is the only form which can be captured and reduced to the
zero oxidation state which is nontoxic.12 Cadmium belongs to
group 12 in the periodic table and usually prefers to be in the
2+ oxidation state. The Cd2+ ion has capability to combine
with almost every element (such as oxide, sulfide, nitrite, etc.).
These elements are almost impossible to remove from water
bodies. However, when cadmium is in the zero state, it acts as
a noncorrosive element.8,13,14 As a result, developing a new
approach for converting toxic Cd (II) to nontoxic Cd (0) is
essential. The reduction of heavy metals using photocatalytic
methods is a safe, green, and low-cost purification technique
for the metal ion treatment procedure. Pollutants were
immediately reduced to the metallic state in this method,
rendering this property under the section of green
chemistry.11,12,15

Recently, bismuth vanadium oxide (Bi4V2O11) has emerged
as a semiconductor since it generates electron−hole pairs.
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Metal ions absorb photogenerated electrons from the semi-
conductor conduction band (CB) and are reduced into a
nontoxic state. Photoreduction has been thoroughly researched
to eliminate many heavy metals, including lead, chromium,
nickel, cadmium, and mercury, during the past decade. There
are several reports on semiconductor photocatalysts under UV
light for cadmium ion reduction.16,17 The Cd (II) photo-
reduction process requires three different quenching agents,
isopropanol (IPA, 10 mM, •OH quencher), potassium iodide
(KI, 10 mM, h+ and •OH quencher), and benzoquinone (BQ,
1 Mm, •O2

− quencher). Hole scavengers primarily inhibit
charge carrier recombination.15,18−20 They also generate
secondary reducing hydroxyl radicals, which help with
photoreduction.18,21 The choice of an effective photocatalyst
is critical in this photoreduction process. Bismuth vanadium
oxide (Bi4V2O11) and doped Bi4V2O11 possess some unique
properties such as low band gap, low cost, high stability,
availability, and environmental friendly nature, which make it
an ultimate choice as a catalyst.3,22 The photoreduction
efficiency strongly depends on the catalyst physical features
such as band gaps.2,23 Therefore, for improving the
recombination rate of photogenerated electrons and holes in
Bi4V2O11, modification of its activity in the UV−visible region,
is necessary.10,12,15,16,18 Tb3+ as a low-band-gap material and
UV−vis-driven agent has attracted interest because of its low
toxicity. Therefore, in this research, it has been attempted to
reduce cadmium ions using a Tb3+-doped Bi4V2O11 (Tb/
Bi4V2O11) photocatalytic system to boost the adsorption and
reduction performance. Tb/Bi4V2O11 is also known for its
oxide ion conductivity at an intermediate temperature.
Bi4V2O11 is built from (Bi2O2)

2+ layers separated by
(An−1BnO3n+1)

2− perovskite-like slabs, where n = 1, 2, 3, ... 8,
which represents the thickness of the perovskite layers in terms
of BO6 octahedra.24−27 They are stabilized in three
polymorphic forms α, β, and γ as a result of doping at the
vanadium site. These polymorphs are interconvertible. From
the literature review, we have seen that many d-block and p-
block metals which have been introduced at the vanadium site
showed good oxide ionic conductivity.28

In this study, we synthesized terbium-doped bismuth
vanadium oxide (Tb/Bi4V2O11) nanoparticles via a sol−gel
method. It is a convenient way to manufacture non-
agglomerated particles having almost equal crystalline size.
The size of a particle plays an important role in conduction
properties.29 This method also helps to reduce the sintering
temperature.

2. RESULTS AND DISCUSSION
2.1. Crystallographic Studies. Figure 1 shows the XRD

patterns of Bi4V2O11 and Tb/Bi4V2O11 in the composition
range Tb = 15, 20, and 25%. The XRD pattern illustrates the
stabilization of the monoclinic (α) phase of Bi4V2O11, which
was confirmed by JCPDS number 82-1481 with a space group
symmetry CS/m. The XRD pattern of Bi4V2O11 and 15% Tb/
Bi4V2O11 shows a characteristic peak at 2θ = 30.5 ascribed to
(200), which confirms the monoclinic (α) phase. The doublet
in Bi4V2O11 and 15% Tb/Bi4V2O11 peak at 2θ = 35° ascribed
to (220) and (026), respectively, merged to one singlet peak
(022) in 20% Tb/Bi4V2O11, which shows the transformation of
the α phase to the orthorhombic (β) phase. β phase
transformation is confirmed by JCPDS number 89-4498. The
tetragonal (γ) phase is confirmed (JCPDS number 89-0102)
for the sample 25% Tb/Bi4V2O11 at room temperature with a

space group symmetry I4/mmm. The structure could be
distorted by varying doping quantities of Tb3+. The sharpness
of (103) peaks at 2θ = 28.8° increases with increase in the
dopant concentration. This increment is because of the
replacement of the larger-size cation Tb3+ (1.18 A°) in the
place of the smaller cation vanadium (V5+ = 0.54 A°). As a
result, the parent compound structure is disrupted and a more
stable phase is adapted.3,30−36

The unit cell parameters of Tb/Bi4V2O11 are shown in Table
1. The volume decreases with increasing Tb3+ content (Table

1) from 15 to 25%. The decrease of lattice parameters might
be attributed to the incorporation of Tb3+ ions into the
Bi4V2O11 lattice to replace V

5+ ions. The diffraction peak is also
broadened by an increase in the amount of Tb3+ doping,
suggesting that the crystal size decreased gradually with the
increase in the full-width half maximum (fwhm). The average
particle size of synthesized nanoparticles can be calculated by
the Debye Scherer formula.

L
0.94

coshkl
λ

β θ
=

(1)

where L(hkl) is the average crystallite size, λ is the wavelength, β
is the fwhm, and θ is the diffraction angle. The size of the
nanoparticles is found to be in between 25 and 35 nm.

2.2. X-ray Photoelectron Spectroscopy. X-ray photo-
electron spectroscopy (XPS) uses X-rays of characteristic
energy to excite electrons from the atoms. The electrons
emitted from the sample are captured, and their intensity is
plotted as a function of kinetic energy. In Tb/Bi4V2O11, this
technique is prominently used to find out the oxidation state of
the substituted species and oxygen vacancy concentration.37,38

Figure 1. PXRD patterns of terbium-doped bismuth vanadate
nanoparticles (Tb/Bi4V2O11) and parent compound (Bi4V2O11).

Table 1. Unit Cell Parameters for Bi4V2O11 Are Shown
Below

composition a (Å) b (Å) c (Å) V (Å3) phase

Bi4V2O11 5.612 15.28 16.601 1423.85 α

15% Tb/Bi4V2O11 5.617 15.29 16.611 1426.61 α

20% Tb/Bi4V2O11 5.462 5.469 15.867 473.97 β

25% Tb/Bi4V2O11 3.926 15.449 238.18 γ
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The XPS spectra of 25% Tb/Bi4V2O11 were obtained to
classify the valence state of Tb3+ (Figure 2). Tb 4d5/2, Tb 4d3/2,
O 1s, Bi 4f7/2, Bi 4f5/2, and C 1s (introduced by CO2 in air
absorbed on the substrate) were in good accordance with the
EDX spectra. The binding energies of Bi 4f5/2 and Bi 4f7/2,
located at 164 and 159 eV, respectively, were observed (Figure
2). Likewise, at 529 eV, the peak of O 1s is present. The
vacancies with positive charge on the surface tend to adsorb
some negatively charged species, such as OH− and O2−, whose
binding energies are around 531.5 eV, as shown in Figure 2.
The peaks of adsorbed O (Oadsorbed) and lattice O (Olattice) on
the surface of 25% Tb/Bi4V2O11 are clearly seen, which is the
evidence for vacancy creation in the lattice and responsible for
oxygen ion conductivity and catalysis.39,40 For comparison, the
V 2p1/2 and V 2p3/2 states for 25% Tb/Bi4V2O11 at 524 and
516 eV are given. The Tb 4d area (Figure 2d) is shown with
distinguishing peaks at 164.21 and 158.89 eV, attributed to Tb
4d5/2 and Tb 4d3/2, respectively. The above findings support
the inference that in Bi4V2O11, Tb

3+ ions replace V5+ ions, and
this replacement creates oxygen ion vacancies responsible for
charge carriers.41,42

2.3. Microstructural and Energy-Dispersive Analysis.
Micrographs (Figure 3) show dense nanoparticles with high
mechanical stability and good densification. The structure and

density of nanomaterials plays an important role in conduction
and catalytic properties.33,43 The micrographs show the
presence of agglomerated homogeneous nanoparticles. The
particle size is found to be between 25 and 35 nm, analyzed by
the software Image J. This is in excellent agreement with the
XRD results. Figure 4 shows the microstructures for the
samples. In the HRTEM image (Figure 4), a vibrant lattice
fringe spacing for Bi4V2O11 and 25% Tb/Bi4V2O11 was
observed. The lattice distance (d) is about 0.311 nm and
0.312 nm for Bi4V2O11 and 25% Tb/Bi4V2O11, respectively.
The lattice distances (d) 0.311 nm and 0.312 nm are attributed
to (133) and (103), respectively. The SAED pattern Figure 4
clearly shows the small discrete spots making up rings arising
from the Bragg reflection, resulting from different spot lineup
and forms the ring observed in the HRTEM image.

2.4. Brunauer−Emmett−Teller Measurements. The
isotherms of Tb/Bi4V2O11 samples of nitrogen adsorption/
desorption are presented in Figure 5, indicating the
distribution of pores. The sample shows an isotherm of type
II, which represents mesoporous powder, a feature of an
effective water-degrading photocatalyst. The type II isotherm is
the most common one; the flattened region shows the
formation of the monolayer. At medium pressure, multilayers
will be formed. The synthesis process relies on physicochem-

Figure 2. XPS spectra of 25% Tb/Bi4V2O11: Bi 4f, O 1s, V 2p, and Tb 4d.
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ical properties including particle size and surface area.44−47

The adsorption capacity typically varies according to the
material surface area; the measured surface area by the BET
procedure shows that the adsorption is approximately 47 m2/g
(Figure 5) for 0.25% Tb/Bi4V2O11. Furthermore, in 25% Tb/
Bi4V2O11 nanoparticles, the increased surface area provides
impressive catalytic activity.

2.5. Raman Spectroscopy and Thermogravimetric
Analysis. Raman spectroscopy (Figure 6) is an efficient
method for the study of vibrational characteristics in the
structure and bonding investigations of metal oxides. Bi4V2O11
shows the monoclinic phase, in agreement with the XRD and
DTA/TGA results (Figure 6b). Monoclinic Bi4V2O11 shows
five clear vibrational peaks at 826, 708, 367, 328, and 208
cm−1. These bands are related to vibrational features of the
VO4 tetrahedron.48,49 The most intense band is seen at 826
cm−1, which is attributed to the shorter symmetric V−O
stretching mode (Ag). The weak band at 708 cm−1 was
assigned to the short (Bg) asymmetric V−O stretching mode.50

After doping with terbium (x = 15, 20, and 25%), the V−O
stretching mode shifted toward a lower wavenumber (826−

Figure 3. SEM micrographs of Bi4V2O11 and 25% Tb/Bi4V2O11 along with their EDX spectra.

Figure 4. HR-TEM images of Bi4V2O11 and 25% Tb/Bi4V2O11 with
particle scaling along with the SAED pattern of nanoparticles with d-
spacing.

Figure 5. Nitrogen adsorption−desorption isotherms of Tb/
Bi4V2O11.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04400
ACS Omega 2021, 6, 31716−31726

31719

https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04400?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


819 cm−1) as compared to Bi4V2O11. This maybe because of
the elongation of the V−O bond length due to the
incorporation of Tb3+ (ionic radii approx. 1.18 Å) larger

cations in the place of V5+ (ionic radius approx. 0.54 Å) smaller
cations. The fwhm of the peak at 826 cm−1 with the symmetric
stretching mode increased as the Tb3+ concentration increased.

Figure 6. (a) Raman spectra of Tb/Bi2V4O11 samples with assignments of stretching and bending modes. (b) TG/DTA of 25% Tb/Bi2V4O11
showing the stability of the nanomaterial.

Figure 7. Nyquist plots for different concentrations of Tb/Bi4V2O11 (15, 20, and 25%) and the parent compound (Bi4V2O11).
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This behavior corresponds to the degree of defects including
oxygen vacancies.51 This conclusion is in good agreement with
the results of XRD.
2.6. AC Impedance Studies. The electrical conductivity

measurements for Bi4V2O11 and Tb/Bi4V2O11 nanoparticles of
composition x = 0.0, 15, 20, and 25% in the temperature range
from 100 to 600 °C using AC impedance spectroscopy were
done. The results of AC impedance spectroscopy measure-
ments carried out for different compositions at 300 °C are
shown in the Nyquist plot (Figure 7).52−54 Here, the depressed
arcs that correspond to the grain and grain boundary

conductivities are highly overlapped due to the similar
relaxation times of the charge carriers inside the grain and
the grain boundaries.55,56 The total resistance (Rt) is the sum
of these two resistances. The impedance spectra clearly exhibit
that both the grain and grain boundary resistances decrease
with increasing temperature and the composition. 25% Tb/
Bi4V2O11 shows the lowest resistance value. The equivalent
circuit shown in Figure 7 in series with electrolyte resistance
was used for the analysis of the impedance spectra and the
assessment of the grain element contribution.

Table 2. Equivalent Circuit Parameters Estimated from the Nyquist Plots for Different Compositions of Bi4V2O11

composition x R1 R2 Rg fmax,g ωg Cg ζg conductivity σ300

Bi4V2O11 00 10,231 10,231 56,170 3.53 × 105 2.83 × 10−7 4.69 × 10−6 1.56 × 10−3

15% Tb/Bi4V2O11 00 165 165.00 30,310 1.90 × 105 3.18 × 10−8 5.24 × 10−6 9.65 × 10−2

20% Tb/Bi4V2O11 1.12 4.04 005.16 10,000 6.28 × 106 3.43 × 10−7 1.59 × 10−5 3.086
25% Tb/Bi4V2O11 00 1 1 10,471 6.58 × 104 1.52 × 10−5 6.5 × 10−4 15.92

Figure 8. (a) Change in absorbance upon irradiation of cadmium (Cd) (λmax = 430 nm) in the presence of 25% Tb/Bi4V2O11, (b) Tauc plot for
band gap calculation of the synthesized nanomaterials (shown in the inset “Photograph courtesy of Faria K. Naqvi,. Copyright 2021”), (c) change
in the concentration of Cd as a function of irradiation time, and (d) kinetic fit for the reduction of Cd (II) in the presence of Bi4V2O11 and 10%
Tb/Bi4V2O11, 15% Tb/Bi4V2O11, and 25% Tb/Bi4V2O11 under visible-light illumination.
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The complex plane plots of impedance for the investigated
Tb/Bi4V2O11 samples show a behavior typical for the oxygen-
conducting Bi4V2O11 nanoparticles for all compositions at the
same temperature. It is interesting to note that the variation of
single substitution composition results in various impedance
regions. Conductivity is dramatically enhanced upon doping
Bi4V2O11 with 15 and 20% Tb /Bi4V2O11, and the highest
conductivity is observed in 25% Tb /Bi4V2O11. The impedance
of the electrode−electrolyte interface is clearly represented by
the inclined spikes appearing at very low frequencies.25,56−58

25% Tb/Bi4V2O11 exhibited a single semicircle resulting from
overlapping of both the grain and grain boundary contributions
usually encountered at lower temperatures with no prominent
electrode−electrolyte spike.24

Table 2 presents the values of equivalent circuit parameters
for grain contribution estimated from the impedance plane
plots for a temperature of 300 °C at different concentrations (x
= 0, 15, 20, and 25%). It can also be noticed that the reduction
in Rg values increases with increasing concentration of Tb3+.
Moreover, the values of Cg are less at lower Tb3+

concentration, which suggests that the permittivity increases
with the accumulation of charge carriers at the grain. The
highest values of capacitance Cg for x = 25% is found to be 1.52
× 10−5 at 300 °C, suggesting more polarizability of the sample
at this temperature and composition. Hence, the total electrical
permittivity of the sample is mainly attributed to the increased
charge accumulation in the grain.28 The ionic conductivity is
calculated and found to be the highest for 25% Tb/Bi4V2O11
(15.92 S cm−1).
2.7. Photocatalytic Reduction of Cadmium Ions (Cd

II). A photocatalytic reductive elimination of heavy metals (Cd
II ions) from aqueous solution under visible light illumination
was investigated for the prepared nanomaterial. Photocatalytic
reductive activity is shown generally by the charging carrier.
The synthesized nanoparticles have stronger visible-light
absorption, higher adsorption of contaminants, and greater
exposure to more active sites that leads to higher activity. The
band gap of the synthesized nanoparticles was also calculated
as shown in Figure 8b. The band gaps were calculated and

found to be equal to 2.0 and 1.8 eV for Bi4V2O11 and 25% Tb/
Bi4V2O11, respectively. Tb

3+ ion substitution in the Bi4V2O11
host lattice shows a red shift. The position of the UV band
shifts toward higher wavelengths. Figure 8a shows the
photocatalytic reduction (at pH 9) of Cd (II) in the presence
of 25% Tb/Bi4V2O11 under UV−visible light illumination. The
inset of Figure 8a shows the influence of pH on the
photoreduction of Cd (II). The amounts of Cd (II) reduced
to Cd (0) at pH values of 4, 5, 6, and 9 are 54, 66, 74, and
79%, respectively, for 25% Tb/Bi4V2O11. It can be observed
that the highest reduction is seen at pH 9. Moreover, upon
increasing the pH, the photoreductive capability increases
because of the tendency of hydrolysis of Cd (II). At a pH
higher than 9, cadmium ions start to precipitate out as
Cd(OH)2 and the photoreduction decreases.
Figure 8a shows that Cd (II) reduction starts after exposure

to light and the maximum absorption steadily decreases with
the irradiation time. Figure 8a exhibits the change in the
absorbance of Cd (II) with respect to the irradiation time,
indicating 85% reduction after 180 min. It can be clearly seen
in Figure 8c that with 25% Tb/Bi4V2O11 nanoparticles
compared to other doping materials and Bi4V2O11, the
reduction of Cd (II) was exceptional and more
rapid.15,21,23,59 The kinetic analysis for heavy metal reduction
is crucial for determining the utility and feasibility of toxic
water bodies.
The kinetic reaction rate depends only on Cd (II) levels in

the present study since the concentration of water is constant
as it is present in excess during the reaction cycle.60 The
reduction rate for Cd (II) can be well fitted using the following
equation.

C C Ktln / o = − (2)

where Co is the initial concentration and C is the concentration
at time t. Figure 8d shows the plot between ln C/Co versus
irradiation time. From nonlinear fitting curve,61 it is concluded
that the kinetic rate (K) of 25% Tb/Bi4V2O11 is 0.0106 ± 0.01
min−1. The kinetic results show that 25% Tb/Bi4V2O11 is

Figure 9. Time vs concentration plot of three different quenching agents, IPA, KI, and BQ quenchers, for the catalytic properties of 25% Tb/
Bi4V2O11.
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efficient for degradation of hazardous pollutants such as Cd
4(II).
In 25% Tb/Bi4V2O11, the radical and hole trapping

experiments were investigated. Three different quenching
agents, namely, isopropanol (IPA, 10 mM .OH quencher),
potassium iodide (KI, 10 mM, h+ and •OH quencher), and
benzoquinone (BQ, 1 mM •O2

− quencher) were used. It could
be seen in Figure 10 that the catalytic properties of 25% Tb/
Bi4V2O11 were partially affected by IPA, indicating that during
the photocatalytic process, the hydroxyl radical (•OH) is one
of the key radicals. The photoreductive activity decreased after
adding KI, indicating that during the reduction of Cd (II), h+

not only directly oxidizes to degrade pollutants but also
generates •OH. The effect of BQ on the photoreduction action
suggests that the superoxide radical plays a vital role in this
whole process. The energies of valence band and conduction
band (CB) can be calculated according to the equation

E E E0.5VB e gχ= − + (3)

E E ECB VB g= − (4)

where χ is the electronegativity of the semiconductors (for
Bi4V2O11, χ is 6.18), Ee is the energy of free electrons (4.5 eV),
and Eg is the semiconductor band gap. The VB and CB
potentials of Bi4V2O11 were calculated to be 2.68 and 0.68 eV,
respectively. It is worth noting that the quenching experiment
results (Figure 9) showed that the superoxide radical (•O2

−)
also occupies a significant position in the photoreductive
procedure, which means that 25% Tb/Bi4V2O11 can efficiently
use the electrons generated by the photoelectricity to generate
the •O2

− radical.
2.8. Photoluminescence, Photostability, and Reus-

ability of the 25% Tb/Bi4V2O11 Nanocatalyst. The
recombination of photogenerated electron−hole pairs is an
essential parameter for evaluating a catalyst’s photoreductive
efficiency. The separation efficiency of photogenerated
electron−hole pairs was investigated using photoluminescence
(PL) spectroscopy. In this case, a high fluorescence intensity
generally corresponds to the significant recombination of

electron−hole pairs. Therefore, as shown in Figure 10a, the
main emission peak for Bi4V2O11 is centered at approximately
600 nm. The broad and low-intensity peak for 25% Tb/
Bi4V2O11 arising from the oxygen vacancies in its lattice
extremely quenches the Bi4V2O11 emission at the same
position. The prominent peak located at 600 nm is consistent,
but peak intensities changed dramatically. This transition may
be attributed to defects corresponding to the Tb3+ and V5+

content, which affect particle sizes and defect levels, but the PL
emission is primarily dependent on the Tb3+ content since its
inclusion causes changes in defects or material disorder.22

More oxygen vacancies are formed as the Tb3+ content rises,
affecting the properties of solid electrolytes. This effect has
been observed previously in XRD and UV−vis absorption
experiments. Furthermore, as the Tb3+ content increases, the
particle size decreases, slowing the recombination rate of
electrons in the Bi4V2O11 valence band (VB) and Tb
conduction bands (CB) with holes in the O 2p VB. Because
of the effective charge carrier isolation and lower recombina-
tion rate, lower PL strength generally leads to higher
conductivity and higher oxygen vacancy concentration. This
result indicates that as compared to Bi4V2O11, the 25% Tb/
Bi4V2O11 nanomaterial has a lower electron−hole recombina-
tion rate. The photostability of the synthesized 25% Tb/
Bi4V2O11 nanoparticles was checked by reusing the photo-
catalyst up to 5 times. It is concluded that (Figure 10b) a
minor reduction is observed in the efficiency after five
consecutive cycles. This specifies that 25% Tb/Bi4V2O11 has
an excellent photoreductive ability during irradiation.

3. CONCLUSIONS
In this study, Bi4V2O11 (x = 0, 15, 20, and 25%) were
synthesized by the sol−gel method. We have shown the
presence of the monoclinic (α) phase in the parent compound
and tetragonal (γ) phase in the 25% Tb/Bi4V2O11 through
detailed PXRD and Raman studies. The monoclinic α-phase
dominates in Bi4V2O11 and 15% Tb/Bi4V2O11. Optimal
orthorhombic β-phase formation takes place for 20% Tb/
Bi4V2O11 at room temperature. From SEM and PXRD analysis,

Figure 10. (a) Time vs concentration plot of three different quenching agents, IPA, KI, and BQ quenchers, for the catalytic properties of 25% Tb/
Bi4V2O11 and (b) plot of the reduction rate of Cd as a function of the number of cycles. The photostability of the 25% Tb/Bi4V2O11 sample was
tested in photoreduction of Cd under identical reaction conditions. Less than 7% reduction in the photocatalytic activity was observed after five
consecutive cycles.
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it was revealed that the synthesized nanoparticles obtained
were in the range between 25 and 35 nm. The ionic
conductivity was calculated and found to be the highest for
25% Tb/Bi4V2O11 in the order of 15.92 S cm−1. The
synthesized nanoparticles (25% Tb/Bi4V2O11) show high
photocatalytic reduction of Cd (II) under visible light
irradiation. The photocatalytic reduction of Cd (II) by the
Bi4V2O11 and Tb/Bi4V2O11 nanomaterial can be attributed to
their physical properties such as nanosized particles and large
surface area. The kinetic results show that 25% Tb/Bi4V2O11 is
efficient for degradation of hazardous pollutants such as Cd
(II).

4. EXPERIMENTAL SECTION

4.1. Synthesis of Tb/Bi4V2O11. All reagents used were of
analytical grade and used as received without any further
purification. The doped samples were synthesized by the sol−
gel method.
The required amounts of Bi(NO3)3·5H2O, V2O5, and

Tb(NO3)3·6H2O were weighed according to the stoichio-
metric formula BiTbxV2−xO11+δ (0 ≤ x ≤ 25), where x is in
atomic % (abbreviated as xTb/Bi4V2O11), and were dissolved
in distilled water under constant stirring and heating at 80 °C
to obtain a yellow-colored solution. To this solution, citric acid
was added, and pH was maintained at 7 by adding ammonia
solution. Ethylene glycol was added (which prevents the
agglomeration of particles) until the solution became
homogeneous. Stirring and heating of the solution continued
for 12 h. The resin was formed after evaporation and
polymerization. This resin was heated at 400 °C in air. After
subsequent heat treatment, the final powder was obtained.
After complete calcination, pellets of Tb/Bi4V2O11 were
prepared similarly as discussed earlier.3,22

4.2. Photocatalytic Reduction of Cadmium (II). Double
distilled water was used for making 50 mL of CdCl2 solution
(20 ppm). All investigations were carried out by circulation of
cold water in the outer wall under correct cooling conditions to
prevent thermal reactions. In a typical process, 180 mg (1 g/L)
of the synthesized catalyst was oscillated at a rotation speed of
180 rpm at room temperature. The solution was quickly taken
out for filtration at a predetermined time to determine the
mass concentration of Cd (II) in the solution. As mentioned
by Hossein et al., on increasing pH from 4 to 7, the percent of
photoreduction decreased.2 It is suggested that the photo-
reduction of the metallic cation is significantly dependent on
their tendency toward the hydrolysis reaction.1,62,63

n nMetal ion (aq) (water) metal(OH) Hn2 2+ → ++ − +

(5)

According to the above eq 5, metal hydroxide dispersion is
effectively done if the pH and the stability of the metal
hydroxide of the solution are proper. If we take into account
the cadmium ion, cadmium hydroxide precipitates out at pH 9
effectively. According to Hossain et al., the photocatalyst
becomes unstable if the metallic ions are reduced. On the basis
of the above observations, the reaction is carried out at
different pH values from 4 to 9 in order to find out the pH at
which maximum reduction takes place.
A UV−vis spectrophotometer was used to analyze the

photocatalytic reduction efficiency. In order to monitor the
pollutant degradation, the following formula was used for the
maximum absorption rate of Cd (II) at 430 nm.

C C C/o oη = − (6)

where Co is the initial concentration and C is the concentration
at time T of the pollutant. The catalyst used for photo-
reduction in the centrifuge was used in the whole experiment
and further washed with distilled water and reused for testing
the stability and reusability.

4.3. Characterizations. The synthesized samples of
various concentrations of Tb/Bi4V2O11 were characterized at
room temperature by X-ray powder diffraction using a Philips
PW 1050/30 X-ray diffractometer with CuKα radiation (λ =
1.54060 Å). The unit cell parameters were calculated with the
help of the X’Pert Highscore Plus software program.
The surface microstructures of the nanoparticles were

studied through scanning electron microscopy (SEM)
(JEOL-2100) and high-resolution transmission electron
microscopy (HR-TEM) analyses. The chemical composition
and sample purity were studied by energy-dispersive analysis
(EDAX) results. The conduction properties were analyzed by
using AC impedance spectroscopy with a Wayne Kerr 4100
LCR meter operated in the frequency range from 1 Hz to 1
MHz operated with an AC signal of ∼50 mV. For AC
impedance measurements, all the sintered pellets were made
conductive, as discussed in earlier research.3,24,64
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