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ABSTRACT: The synthesis of InVO4-CdS heterojunction photocatalysts has been
achieved by a novel two-step approach, including a microwave-assisted technique,
followed by a moderate hydrothermal method, marking the first successful instance
of such a synthesis. X-ray diffraction, field-emission scanning electron microscopy,
elemental color mapping, high-resolution transmission electron microscopy, UV−
vis diffuse reflectance spectroscopy, Raman analysis, photoluminescence, X-ray
photoelectron spectroscopy, and Brunauer−Emmett−Teller were employed to
investigate the crystal structures, surface morphologies and particle sizes, chemical
compositions, and optical characteristics of the as-synthesized materials. The
research results indicated that the heterojunction InVO4-CdS, as synthesized,
consisted of InVO4 microrods with an average size of around 15 nm and cadmium
sulfide (CdS) microflowers with a diameter of 1.5 μm. Furthermore, all of the
heterojunctions had favorable photoabsorption properties throughout the visible-
light spectrum. The photocatalytic efficiency of the samples obtained was thoroughly assessed by the degradation of acid violet 7
(AV 7) under visible light irradiation with a wavelength greater than 420 nm. The photocatalytic efficiency for the decomposition of
AV 7 was greatly enhanced in the InVO4-CdS (IVCS) heterojunctions when compared to prepared bare InVO4 and CdS.
Additionally, it was observed that the composite material consisting of IVCS 3 wt % InVO4 combined with CdS exhibited the most
significant enhancement in catalytic effectiveness for the photodegradation of AV 7 dye. Specifically, the catalytic performance of this
composite material was found to be around 69.4 and 76.2 times greater than that of pure InVO4 and CdS, respectively. Furthermore,
the experimental procedure including active species trapping provided evidence that h+ and •O2

− radicals were the primary active
species involved in the photocatalytic reaction process. Additionally, a potential explanation for the improved photocatalytic activity
of the InVO4-CdS heterojunction was presented, taking into account the determination of band positions.

1. INTRODUCTION
A long-term and sustainable energy supply is guaranteed by the
natural replenishment of green energy resources, including
sunshine, wind, and water. They do not consume limited
resources as fossil fuels do, preserving important reserves for
future generations. In comparison to fossil fuels, the renewable
energy industry often creates more employment per unit of
energy generated, boosting local economies. Although using
green energy has many benefits, it is crucial to recognize that
there are still some drawbacks, including the intermittent
nature of certain renewable energy sources, such as solar and
wind, the limits of energy storage, and the high initial prices.
However, ongoing research and development is addressing
these issues, making green energy a more sensible and alluring
option for a sustainable future.1

In the past few years, there has been remarkable research
and growth in the area of semiconductor photocatalysis, and
huge numbers of researchers have concentrated on exploiting
novel and highly efficient visible-light-active photocatalysts for

the degradation of toxic organic pollutants. Photocatalysis
using semiconductor nanomaterials has earned increasing
attention for resolving worldwide pollution problems. The
major uses of this skill are the degradation of harmful organic
dyes, and toxic materials have attracted a lot of attention in
water treatment.2 During the natural sun- or visible-light-
induced method, the engendered electron/hole (e− and h+
pair) must transfer to the surface of material-active reaction
sites to reduce protons and oxidize water molecules. The
efforts have also motivated environmental remediation as
industrial toxic wastes often contain a major amount of
synthetic organic dyes.3
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Indium vanadate (InVO4) has been established to be a
fascinating, more important visible light-active semiconductor
nanomaterial. InVO4 has generally been used as anode
materials for lithium-ion batteries, promising fundamental
photocatalysts4−6 and electrochemical detection7 due to its
narrow band gap (approximately 2.0 eV) and distinctive
optical and electrical behavior being capable of absorbing extra
visible light and chemical stability.8,9 InVO4 has two highly
stable crystal phase assemblies, monoclinic and orthorhom-
bic.10,11 Among the two phases, orthorhombic InVO4 has been
comprehensively used in wastewater treatment, like the
degradation of toxic pollutants and water splitting under
visible light.12 Indium orthovanadate (InVO4) has garnered
significant attention in the field of photocatalysis due to its
potential use in many applications, including pollution
abatement and solar energy harvesting. The band gap of
InVO4 lies in the range of the electromagnetic spectrum where
visible light exists. As a result, it is suited for photocatalytic
applications in solar lighting since it can absorb a significant
amount of sunlight. When exposed to light, InVO4’s photo-
catalytic activity kicks into its maximum level, accelerating and
facilitating chemical processes. Absorbing light causes it to
produce electron−hole pairs, which may then take part in
redox processes, such as the destruction of contaminants or the
transformation of molecules. Successful photocatalysis relies on
efficient charge separation. Due to its unique crystal structure
and electrical characteristics, InVO4 may aid in the separation
of photogenerated electron−hole pairs. Indium, vanadium, and
oxygen are the generally nontoxic components that make up
InVO4.

12 In comparison to other photocatalytic compounds
based on rare or precious metals, these elements are both more
widely available and less costly. Under the right circumstances,
InVO4 may show high stability, which extends the time period
during which its photocatalytic activity can function. When the
photocatalyst’s effectiveness is required over long periods, its
stability is essential. In addition, several reports specify that the
preferred surface morphology and size of nanomaterials could
control the position of the energy band (conduction and
valence bands) for greater redox ability.13,14 However, indium
vanadate has a great electron (e−) and hole (h+) pair
recombination rate, and it reduces the efficiency of the
photocatalytic activity of semiconductor materials. To succeed
in a great photocatalytic activity, InVO4 has been modified by
different approaches such as highly active metal ion doping15,16

and the formation of semiconductor couple oxide compo-
sites.17−20 To encounter forthcoming environmentally friendly
requirements, it is still desirable to improve several new visible
light-active photocatalyst materials to further increase photo-
catalytic efficacy.21,22

Cadmium sulfide (CdS) is a semiconductor that has gained
significant attention in scientific studies due to its narrow band
gap of 2.4 eV and its ability to act as a visible light-driven
photocatalyst. The material is particularly noteworthy as it
belongs to the II−VI group of semiconductors and possesses a
direct bulk-phase band gap that aligns closely with the
electromagnetic spectrum of solar radiation. Additionally,
CdS is highly regarded for its cost-effectiveness, further
contributing to its widespread study and exploration. The
investigation of CdS has been extensively conducted by the
technique of doping with foreign elements as well as the
formation of solid solutions or composites with other
semiconductors. CdS-based photocatalytic devices may be
cost-effective since cadmium is widely available and affordable.

Photons (light particles) are converted into usable energy
when they strike CdS nanoparticles. Electrons are boosted
from the valence band (VB) to the conduction band (CB) as
an outcome of this absorption, forming electron−hole pairs. In
the VB, a positively charged hole is left behind when an
electron is promoted to the CB. In photocatalysis, electron−
hole pairs are the principal active species. Water and carbon
dioxide molecules, for example, may be reduced by CB
electrons to produce hydrogen gas and hydrocarbon
compounds. The oxidation of organic contaminants and
other molecules via VB holes may reduce their toxicity.
Researchers have recently created heterojunction photo-

catalytic systems made of InVO4 to make the process of
breaking down toxic organic pollutants more effective. In their
study, Ji et al.23 made InVO4/BiVO4 photocatalysts that made
visible light better at breaking down RhB and MB dye
molecules. For enhanced visible-light photocatalytic perform-
ance in RhB degradation, Shi et al. achieved InVO4/g-C3N4
heterojunctions.24,25 Researchers mostly fabricated InVO4
heterojunction photocatalysts using hydrothermal synthesis.
However, the large size (micron range) of the materials made
from them meant they had a small surface area and poor
photocatalytic abilities. Assembly of heterostructures was
formed by coupling one or more energetic components, such
as InVO4/CdS,

8 NiS/CdS,26 TiO2/InVO4/RGO,19 MoS2/
CdS,27 C3N4−CdS,28 Pt−PdS/CdS,29 CdS-MCM 48,30

Zn1−xCdxS,
31,32 CdIn2S4,

33 BiOBr−CdS,34 Fe3O4/CdS,
35

Co3O4−CdS,36 CdS/ZnS/In2S3,
37 and CdS/TiO2.

38 This
kind of coupled semiconductor nanomaterials, the hetero-
junction interface formed between the semiconductors of
identical VB and CB potentials, is created. In this manner, the
electric field-supported charge conveyance from one semi-
conductor to the other via interfaces is encouraging for the
electron−hole separation in the coupled semiconductor
nanomaterials and the resultant electron (e−) or hole (h+)
richness on the surfaces of the two semiconductors.39−42

In this work, we report a novel ternary heterostructured
InVO4-CdS that has been synthesized by the hydrothermal
method. The obtained InVO4-CdS composites significantly
enhanced the photocatalytic activity in the degradation of Acid
violet 7 (AV 7) in aqueous solution under visible light
irradiation at neutral pH and relatively high-stability, activities
than InVO4 and CdS. The results prove that the hetero-
junction interface formation of CdS and InVO4 is significantly
improved in the existence of CdS under visible light. CdS
particles are exceedingly small and can perform an outstanding
coverage on larger crystals, hence it is easy to form core−
satellite heterojunction nanomaterials to conveyance photo-
generated carriers (e− and h+) through the interaction among
CdS and InVO4.

2. EXPERIMENTAL METHODS
2.1. Materials and Methods. All of the chemicals

employed in the fabrication of nanomaterials and analysis
were of analytical reagent quality and therefore required no
additional purification before use. InCl3·4H2O, Cd(NO3)2·
4H2O, ammonium metavanadate (NH4VO3, Sigma-Aldrich,
US, 99.6%), ammonium hydroxide (NH4OH, Sigma-Aldrich,
US, 30%), nitric acid (HNO3, Merck, Germany, 65%), and
thioacetamide (TAA) were used. Deionized water was used
throughout the preparation and analysis.
2.2. InVO4 Preparation. The hydrothermal�thermal

decomposition process was used for the preparation of
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InVO4. In a distinctive procedure, we used InCl3·4H2O (2
mmol) dissolved in 50 mL of deionized water (sol 1). At the
same time, NH4VO3 solid (2 mmol) was dissolved in 47 mL of
deionized water and 3 mL of HNO3 acid (sol 2), followed by
vigorous stirring for 3 h to obtain a clear solution and added to
the above-mentioned solution to obtain a yellowish solution.
The solutions were added dropwise to form a yellow color
solution and soon subsequently stirred for a further 3 h at
room temperature. Then, 6.0 M NH4OH was gradually added
to the above solutions to adjust the pH to 8. Subsequently, the
mixture was introduced into a Teflon-lined stainless-steel
autoclave with a volume of 100 mL and subjected to
hydrothermal treatment at a temperature of 220 °C for a
duration of 24 h. After the reactor was cooled to ambient
temperature, the resultant materials underwent centrifugation.
Afterward, the samples underwent a triple washing process
using deionized water, ethanol, and acetone. Subsequently,
they were air-dried at a temperature of 80 °C and subsequently
subjected to heat treatment at 500 °C for 6 h.
2.3. CdS Preparation. A transparent solution of the

cadmium precursor (cadmium nitrate) was used in deionized
water. CdS microflowers may be made smaller or larger,
depending on the concentration. TAA could be used as a sulfur
precursor if it is dissolved in deionized water. According to the
intended stoichiometry of CdS, the Cd/S molar ratio must be
maintained. A glass beaker was prepared with the cadmium
precursor solution. Drop by drop, continuously stirring, the
sulfur precursor mixture was added to the cadmium precursor
solution. While stirring, ammonium hydroxide (NH4OH) was
added to raise or lower the solution’s pH. A pH of 10 to 11 was
ensured. The mixture was then loaded into a 100 mL Teflon-
lined stainless-steel autoclave treated at a temperature of 220
°C for 24 h. This procedure aids in the regulation of the onset
and development of CdS crystals. The reaction mixture was
kept stirred while it heated up. The solution is typically heated
to a temperature of 80 °C. Taking this action encourages the
formation of CdS crystals.
2.4. InVO4-CdS Preparation. The InVO4-CdS hetero-

structures were synthesized by using an efficient hydrothermal
technique, as shown in Scheme 1. In the experimental

procedure, a suspension was created by dispersing 1 mmol
Cd(NO3)2·4H2O and varying amounts of as-made InVO4 were
added to 50 mL of deionized water. The dispersion process
included magnetic stirring for 30 min. Next, a solution
containing 2 mmol H2NCSNH2 was dissolved in 10 mL of
deionized water. This solution was then gradually introduced
into the previously described suspension, allowing for an
additional 30 min of reaction time. As a result, a combination

was obtained. Subsequently, the mixture was carefully
transferred into a Teflon-lined autoclave with a capacity of
100 mL. The autoclave was then subjected to heating at a
temperature of 220 °C for 24 h. Following the completion of
the heating process, the autoclave was allowed to cool down to
room temperature naturally. The resulting products were
subsequently subjected to centrifugation and washed three
times with deionized water and ethanol. Finally, the products
were dried in ambient air at a temperature of 80 °C for 12 h.
To enhance clarity, the composites of InVO4-CdS with
anticipated InVO4 concentrations of 0, 1, 2, 3, and 5 wt %
are denoted as pure CdS, IVCS-1, IVCS-2, IVCS-3, and IVCS-
5, correspondingly.

3. RESULTS AND DISCUSSION
X-ray diffraction (XRD) analysis was carried out to ascertain
the composition, crystal structure, and orientation of the
prepared catalyst materials. Figure 1A shows the XRD patterns
of the different samples such as (a) CdS, (b) InVO4, and (c)
InVO4-CdS, respectively. The peaks at 2θ values of 24.9, 26.52,
28.23, 36.56, 43.74, 47.91, and 51.93° were assigned to

Scheme 1. Preparation of InVO4-CdS Heterostructures

Figure 1. (A) Powder XRD patterns of (a) prepared CdS, (b)
prepared InVO4, and (c) IVCS-3. (B) Powder XRD patterns of
various concentrations of InVO−CdS: (a) IVCD-1, (b) IVCD-2, (c)
IVCD-3, and (d) IVCS-5.
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diffraction patterns from the (100), (002), (101), (102),
(110), (103), and (112) crystal planes of CdS (JCPDS#41-
1049), respectively, demonstrating that the highly crystallized
CdS was effectively synthesized [Figure 1A(a)]. In the same
way, the strong peaks appearing at around 24.8, 28.3, 36.8, and
47.8° are due to hexagonal CdS. The diffraction peaks
displayed InVO4 at 2θ of 18.3, 20.41, 21.77, 26.03, 28.10,
30.96, 32.31, 34.37, 41.23, 47.32, 55.53, and 62.24° can be
indexed to the (110), (020), (111), (021), (002), (200),
(112), (130), (202), (222), (312), and (242) planes,
respectively, and match very well with the standard card
(JCPDS 48-0898) of the standard of an orthorhombic InVO4
catalyst; one can deduce that the sample were of orthorhombic
crystal structure. All prepared IVCS samples showed diffraction
patterns that were consistent with the orthorhombic phase
(JCPDS card no. 48-0898). Compared to the peaks seen in
pure InVO4, CdS XRD patterns of CdS-doped InVO4 samples
showed no additional diffraction peaks. This challenges the
possibility of impurity phase production due to CdS and
InVO4 chemical interactions. No other crystalline peaks from
impurity materials such as In(OH)3, V2O5, and In2O3 were
observed. The hydrothermally prepared counterpart InVO4
could be indexed to a pure orthorhombic phase (JCPDS 48-
0898) of InVO4 [Figure 1A(b)]. As coupling these two
semiconductors, in InVO4-CdS heterojunction materials,
similar diffractions to the pure CdS and InVO4 are observed,
indicating that the heterogeneous process would not bring any
influence on the crystal structure [Figure 1A(c)]. In InVO4-
CdS heterojunction materials with different weight percentages
of CdS content, the diffraction peak intensities of CdS
increased remarkably with increasing concentration of
precursors content (Figure 1B). When compared with pure
InVO4 and CdS samples, the interplanar spacing of the (112)
orthorhombic crystallographic plane of the CdS-doped samples
increased. This indicates that Cd2+ ions have been replaced
into the orthorhombic InVO4 lattice. As a result, CdS insertion
encouraged the distorted state of the InVO4 materials’
crystalline structure.
The morphologies of CdS, InVO4, and InVO4-CdS were

characterized by field-emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM)
analysis. Figure 2a−d shows the FESEM images of InVO4-
CdS at 10 K magnifications IVCS-1, IVCS-2, IVCS-3, and
IVCS-5 respectively.
The InVO4-CdS catalysts show aggregated microrods and a

microflower morphology with a size of around 2 μm. The
InVO4-CdS are small, highly crystalline nanoparticles that are
attached and self-assembled to form a microflower (Figure 2b).
In the case of the InVO4-CdS composite, the surface
morphology of the heterostructured InVO4-CdS closely
resembles that of pure InVO4. The CdS component of the
composite, which consists of a combination of microrods and
microflowers, is only minimally noticeable on the InVO4
microrod due to the relatively low concentration of CdS. In
the preparation of InVO4-CdS catalysts, sulfide ions (S2−) can
be released more rapidly from the thioacetamide solution
mixture at higher temperatures during the hydrothermal
method (220 °C). A greater quantity of sulfide ions in a
thioacetamide solution progressively enhances the nucleation
and growth rates of CdS nanocatalysts in InVO4-CdS. The
formation mechanism of CdS spheres in InVO4-CdS can be
attributed to the spontaneous Ostwald ripening process. The

formation of microflowers increases as the concentration of
CdS on InVO4 increases.
The formation of heterostructured InVO4-CdS was further

confirmed by the elemental color mapping images shown in
Figure 3. Elemental maps of In−L, V−K, O−K, Cd−L, and S−
K have a mixture of microrods and microsphere shapes and are
placed in the catalyst materials, which proves the presence of
InVO4 and CdS in the as-fabricated composite. This provides
solid proof of the formation of heterostructured InVO4-CdS.

Figure 2. FESEM images of InVO4-CdS at 1 μm and 10 K
magnifications: (a) IVCS-1, (b) IVCS-2, (c) IVCS-3, and (d) IVCS-5.

Figure 3. Elemental color mapping images of IVCS-3: (a) Cd, (b) S,
(c) In, (d) V, and (e) O and (f) FESEM images of IVCS-3.
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There is a homogeneous distribution of Cd, S, In, V, and O at
uniform concentrations (Figure 3a−e). This also indicates the
purity of the catalyst InVO4-CdS. No other impurities are
present in the catalyst materials.
To further determine the internal structural information on

heterostructured InVO4-CdS, the catalyst material was
investigated by TEM, high-resolution transmission electron
microscopy (HR-TEM), and selected area electron diffraction
(SAED), as presented in Figure 4. Figure 4a,b shows a typical

low-magnification TEM image of InVO4-CdS, in which a series
of irregular shapes like rods and very small nanoparticles can
be observed on the projection framework because of the
stacking of primary blocks (particles and rods). Interestingly,
the corresponding SAED pattern (Figure 4c,d) recorded from
the whole assemblies of nanoparticles (to self-assemble and
form a microsphere) and microrods only present a single set of
sharp diffraction spots in a rectangle and sphere arrangement,
as found in Figure 4e,f. The diameter of the nanoparticles was
about below 30 nm, the rods were below 20 nm, and length of
the rods was 0.7−2.3 μm, although the nanoparticle and rods
were highly crystalline. The presence of many tiny pores on the
flat lamina may be attributed to the release of water and carbon
dioxide molecules, as well as the structural deformation that
occurs during the calcination process.40 The SAED pattern and
FFT images of the CdS microflower shown in Figure 4e reveal
that the CdS in synthesized InVO4-CdS heterostructures
nanocrystals is polycrystalline in appearance. The concentric
rings in the SAED pattern correspond to the (002), (112),
(220), and (311) planes, respectively. SAED patterns
correspond to the (112), (101), (200), and (110) planes of
InVO4 crystals (Figure 4f). The HR-TEM image (Figure 5b)

shows a perfect lattice fringe, which demonstrates the
polycrystalline nature of the spheres and crystalline rods, and
resolved interplanar spacing distances are about 0.344 and
0.291 nm which correspond to the d values of the (220) and
(021) crystallographic facets of orthorhombic InVO4,
respectively.41 The lattice fringes of CdS in the InVO4-CdS
composite show interplanner distances of 0.352, 0.336, and
0.316 nm, which is appropriate to the (100), (002), and (101)
planes of hexagonal CdS, respectively.42 TEM images of pure
InVO4 and CdS are given in the Supporting Information
(Figure S1). From these images, we can distinguish the shapes
of InVO4 and CdS. InVO4 shows a nanorod-like morphology,
and CdS small particles make cluster-like structures. Due to the
hydrothermal, drying and calcination processes, the prepara-
tion materials show agglomeration (using high temperatures-
220 °C at 24 h). This observation is consistent with the XRD
result. This result confirms the coexistence of InVO4 and CdS
nanocrystal materials. The strong interconnection between
semiconductors seen in this study demonstrates promising
potential for facilitating charge transfer between InVO4 and
CdS, thereby promoting the effective separation of photo-
generated carriers (h+ and e−) and augmenting the photo-
catalytic activity.43 The interfacial linkages between InVO4 and
CdS are abundantly evident in the lattice fringes seen in the
photos.
To find out the optical properties, UV−vis diffuse

reflectance and photoluminescence (PL) spectra for the
InVO4-CdS, InVO4, and CdS catalysts were recorded (Figure
6). The UV−visible diffuse reflectance spectra are analyzed to
further evaluate the growth of an InVO4-CdS microflower. In
Figure 6A(c), it is evident that the InVO4-CdS sample does
exhibit a pronounced absorption band in the UV−visible
spectrum. Because of the nano size impact of the CdS
nanoparticles, the absorption edge of the InVO4-CdS sample
has been shifted blue by approximately 87 and 17 nm when
compared to the bulk CdS (612 nm) and InVO4 microrods,
respectively, in Figure 6A(a,b). InVO4-CdS shows an increased

Figure 4. TEM images of IVCS-3 (a,b) particles and nanorod
distribution at 1 μm, (c,d) HR-TEM images of nanoparticles and
nanorod at 20 nm respectively, (e) SAED pattern of 5 1/nm, and (f)
SAED pattern of 10 1/nm.

Figure 5. HR-TEM image of IVCS-3: (a) nanoparticles and nanorod
distribution at 500 nm and (b) lattice fringes at 2 nm.
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absorption over the undoped InVO4 and CdS material in both
the visible and ultraviolet regions (Figure 6). The increase in
the concentration of CdS in the InVO4 absorption edge has
been red-shifted. UV−vis spectra in the diffuse reflectance
mode (R) were transformed to the Kubelka−Munk function
F(R) to separate the extent of light absorption from scattering.
The band gap energy was obtained from the plot of the
modified Kubelka−Munk function [F(R)E]1/2 versus the
energy of the absorbed light E (eq 1)
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The band gap energies of InVO4-CdS, InVO4, and CdS are
reported to be 2.43, 2.52, and 2.26 eV, respectively. The
presence of defects inside the semiconductor oxide material
may give rise to intermittent band energy levels, resulting in a
reduction of the band gap energy. Consequently, this reduction
in band gap energy results in an increase in UV−visible
absorption.
Raman spectroscopy was used to describe the InVO4-CdS

nanocomposite’s structure and electronic characteristics
(Figure 7a−d). The orthorhombic phase of InVO4 is

responsible for the bands seen at 207, 312.8, 377.2, and 928
cm−1. An about 900 cm−1 V−O stretching mode and an 800−
600 cm−1 V−O−V and V−O−In stretching are seen in the
Raman spectra, respectively. The laser-Raman spectra indicate
that the peaks observed at 860 and 782 cm−1 correspond to the
A1g symmetric (v1) and B1g asymmetric (ν3) stretching
modes of the V−O tetrahedron, respectively.44 Furthermore,
the peaks situated at 465 (B1g) and 375 cm−1 (A1g) are
associated with the characteristic bending modes of InVO4.

45

The ν2 (B2g) bending mode of V−O tetrahedrons is seen at a
frequency of 258 cm−1, whereas the peak at 228 cm−1 is
identified as the B1g bending mode of V−O vibration.46 The
stretching modes of the V−O bonds are represented by the
peaks seen at 207, 312, and 377 cm−1, as shown in Figure 7.
Additionally, the peak observed at 911 cm−1 is attributed to the
vibration of In−O bonds in InVO4.

34 Additionally, there are
peaks seen at wavenumbers of 300, 600, and 900 cm−1, which
may be attributed to the phonon vibrational modes of 1LO,
2LO, and 3LO in hexagonal CdS microflowers, respectively.
One of the observed vibrations is the A1 mode, which
generates a peak at 300 cm−1, corresponding to the Cd−S
bond. Based on the graphical representation, it is evident that
the intensity of the peak at 900 cm−1 is much lower compared
to that of the other two peaks. Additionally, the Raman
vibration peak corresponding to 3LO typically has a reduced
intensity. In this discussion, we just focus on the vibration
peaks associated with the first overtone (1LO) and second
overtone (2LO).47 The Raman spectra of pure InVO4 and CdS
are presented in Figure S2.
To study the efficiency of transferring charge carriers in

semiconductors, which may reflect the splitting and recombi-
nation of photoexcited electron−hole pairs, PL spectroscopy is
often utilized. A decrease in PL emissions is often associated
with an increase in separation efficiency and a decrease in the
rate of charge carrier recombination. The PL spectrum of CdS-
doped InVO4, as shown in Figure 8, exhibits the least PL
intensity. In contrast, the emission intensity of pure InVO4
exhibited a somewhat higher magnitude. Based on the prior
studies, it can be inferred that the inclusion of InVO4 and CdS
has the potential to effectively augment the rate of separation
between photoinduced electrons and hole pairs, generate a

Figure 6. UV−vis DRS of (A) (a) prepared CdS, (b) prepared
InVO4, and (c) IVCS-3. (B) Different concentrations of InVO4-CdS:
(a) IVCS-1, (b) IVCS-2, (c) IVCS-3, and (d) IVCS-5.

Figure 7. Raman spectra of (a) IVCS-1, (b) IVCS-2, (c) IVCS-3, and
(d) IVCS-5.
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greater number of active species, and thus improve the
performance of the photocatalytic process.48 By eliminating
organic molecules, reactive species like h+, OH−, and O2

−

greatly influence the photocatalytic activity.
X-ray photoelectron spectroscopy (XPS) analysis is used to

determine the oxidation state and elemental composition for
every element of the InVO4-CdS heterojunction (Figure 9a−f).
The high-resolution XPS spectra of In 3d, V 2p, O 1s, Cd 3d,
and S 2p for InVO4-CdS are given in Figure 9b−f. Figure 9b
displays that two peaks at binding energy (BE) values of 445.1
and 452.6 eV and are assigned to the In 3d5/2 and In 3d3/2
signals of In3+ species, respectively. This is consistent with the
results of the other XPS in InVO4-CdS.

49,50 The BE of In 3d5/2
in the obtained InVO4-CdS is greater than that of element
indium, suggesting that the indium atoms in the hydro-
thermally prepared catalysts are positively charged by the
formation of direct bonds with oxygen.51 The V 2p core level
spectrum is shown in Figure 9c. The main BE peaks for V 2p3/2
and V 2p1/2 were present at 517.3 and 524.8 eV, respectively,
and corresponded to the V5+ oxidation state in InVO4 (Figure
9c).52 The O 1s profile of O 1s is asymmetric and can be fitted
to two symmetrical peaks α and β located at 530.8 and 532.8
eV, respectively, indicating two different kinds of O species in
the sample (Figure 9d). The BE peaks seen in Figure 9e,
specifically the Cd 3d5/2 and Cd 3d3/2 peaks, are located at
405.6 and 412.3 eV, respectively. These peaks exhibit a spin−
orbit separation of 6.7 eV. Based on these observations, it can
be concluded that these peaks correspond to the presence of
Cd2+ ions in CdS. This assignment is in agreement with
previously published values. The existence of the sulfide
species S2− may be inferred from the observation of two
signals, S 2p1/2 and S 2p3/2, with binding energies of 162.6 and
162.1 eV, respectively (Figure 9f). The confirmation of the
occurrence of S2 may be inferred from the observed energy
split of 1.4 eV between S 2p3/2 and S 2p1/2.

53 The elemental
composition of InVO4-CdS − 3 is presented in the Supporting
Information (Table S1). From the analysis, the atomic
percentage of In 3d (20.16%), V 2p (10.29%), O 1s
(21.45%), Cd 3d (16.77%), and S 2p (5.41%), respectively,
can be figured out.
The N2 adsorption and desorption on the prepared InVO4-

CdS compound’s surface were used for estimating the surface
characteristics of the synthesized materials to be consistent
with the Brunauer−Emmett−Teller (BET) theory of multi-
layer adsorption and desorption (Figure 10). All prepared
materials had a type-(IV) N2 adsorption−desorption isotherm,

indicating that they were mesoporous materials.54,55 The BET
insights showed that the surface area of CdS was 16.115 m2/g,
that of InVO4 was 24.291 m2/g, and that of InVO4-CdS was
62.714 m2/g. The incorporation of CdS particles into the
InVO4-CdS composite results in a larger BET-specific surface
area compared to pure CdS and InVO4 which is significant for
enhancing the composite’s catalytic effectiveness. Highly
dispersed CdS nanoparticles on an InVO4 matrix show that
their structure is excellent in preventing the nanoparticles from
aggregating. The strong photocatalytic activity of the InVO4-
CdS nanocomposite could have been partly attributed to the
sample’s large specific surface area. The mesopore size
distribution determined by the Barrett, Joyner, Halenda
(BJH) approach is about 1.85 nm, as shown in the BJH plot
for InVO4-CdS nanocomposite in Figure 10.56,57

3.1. Photocatalytic Activity of the Nanostructured
InVO4-CdS. Figure 11 shows the photocatalytic degradation of
AV 7 (5 × 10−4 M) under various experimental circumstances.
The dye exhibits resistance to self-photolysis. In a similar
experimental setup, including InVO4-CdS, a significant
reduction (23%) in the concentration of the dye was found
under dark conditions. The observed phenomenon may be
attributed to the adsorption of dye molecules onto the catalyst
surface. AV 7 experiences a degradation rate of 99.6% when
exposed to visible light irradiation for 60 min in the presence of
InVO4-CdS. However, when InVO4 and CdS were made and
tested, they exhibited degradation rates of 70.1 and 78.6%,
respectively, during a 60 min time frame. The results indicate
that InVO4-CdS exhibits superior efficiency in AV 7
degradation compared to other photocatalysts, as shown in
Figure 11B. The findings indicate that the increased photo-
catalytic efficiency seen in InVO4-CdS may be attributed to the
presence of the CdS dopant. The findings indicate that the
catalyst has a high efficacy in the breakdown of azo dyes.
The results shown in Figure 12a provide evidence that the

pH value of the dye solution has a substantial impact on the
effectiveness of the organic moiety’s degradation over visible
light illumination. The pH of the solution was modified within
the range of 3−11 by the introduction of equimolar amounts
of hydrochloric acid (HCl) and sodium hydroxide (NaOH)
before the commencement of light exposure. The use of a
catalyst with a broad pH range for photocatalytic activity might
provide significant benefits in the treatment of industrial
effluent since the attainment of optimum photocatalytic
efficiency cannot be achieved at certain pH levels. The
effectiveness of the synthesized InVO4-CdS in photocatalysis
over a wide range of pH values is seen in Figure 12a, indicating
that it could be employed in the remediation of industrial
wastewater. The photocatalyst such as InVO4-CdS exhibits
superior efficiency throughout the neutral pH range,
demonstrating a degradation rate of 99.1%. This surpasses
the effectiveness of both the InVO4 and CdS photocatalysts.
The presence of H+ and OH− ions in dye solutions leads to a
decrease in efficacy, seen under both acidic and basic
conditions. The aforementioned ions possess the capacity to
hinder the assimilation of the organic constituent present on
the surface of the InVO4-CdS catalyst. Metal vanadate and
sulfide catalysts often exhibit unique active sites on their
surfaces that promote the appearance of possible reactions.
The pH of the dye solution has an impact on the surface
charge of both the catalyst and AV 7 dye molecules. The
adsorption behavior of dye molecules on the surface of InVO4-
CdS photocatalysts is influenced by the pH-dependent

Figure 8. PL spectra of (a) prepared InVO4, (b) IVCS-1, (c) IVCS-2,
(d) IVCS-3, and (e) IVCS-5.
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fluctuations in the surface charge of the heterostructured
material. Anionic reactants tend to adsorb on catalyst surfaces
that are positively charged, whereas cationic reactants show a
higher propensity to adsorb on surfaces that are negatively
charged. Metal oxides often exhibit hydroxyl groups (OH−) on

their surfaces, which might potentially act as either acidic or
basic entities. The hydroxyl groups may undergo protonation
or deprotonation. The existence or absence of certain acidic or
basic sites may have an influence on the reaction pathways.
The technique of protonation may be required in certain

Figure 9. XPS spectra of InVO4-CdS: (a) survey spectra, (b) In 3d, (c) V 2p, (d) O 1s, (e) Cd 3d, and (f) S 2p.
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reactions, while deprotonation may be essential for others. The
pH of a reaction has the potential to influence the electrostatic

interactions between the catalyst and the reactants. Ionic
associations between charged species in dye solutions and the
InVO4-CdS surface have the potential to modify adsorption
and reaction rates. The redox (oxidation−reduction) process
plays a crucial role in facilitating the efficacy of photocatalytic
processes. The redox potential of a dye solution is influenced
by its pH, which then impacts the accessibility of electrons for
redox reactions occurring on the surface of InVO4-CdS. The
catalytic efficiency may be diminished by the presence of H+

ions, which may prevent the production of OH• radicals. The
percentage of degradation exhibits an upward trend when the
pH transitions from acidic to neutral, followed by a further
decline until it stabilizes at pH 11. The target of maintaining a
neutral pH was consistently maintained throughout the
experiment, since it was shown to provide the highest level
of activity. The breakdown efficiency of dye molecules
employing the InVO4-CdS photocatalyst is much higher in
comparison to that of pure InVO4 and CdS. Subsequently, the
energized electrons and holes have the potential to participate
in redox reactions with molecules that have undergone
adsorption onto the surface of the catalyst. The interaction
between holes and excited electrons may facilitate the
breakdown of adsorbed organic molecules, leading to the
fragmentation of these molecules into smaller, less-harmful
chemical species. InVO4-CdS induced modifications in the
energy levels of the VB and CB, enhanced the surface area
available for adsorption, and facilitated charge separation. The
aforementioned alterations may potentially impact the photo-
catalytic efficacy of the material. Presented below is a
schematic representation of the suggested photodegradation
pathway for the photocatalyst used in the degradation of AV 7
dye during treatment. (1) The absorption of visible light by a
photocatalyst results in the generation of electron−hole pairs,
with the holes being located in the VB and the electrons
occupying the CB. Holes experience oxidation, resulting in the
generation of hydroxyl radicals (OH•). (2) Electrons engage
in a reduction process whereby they mix with atmospheric
oxygen to generate superoxide radical anions (O2), which then
transform into hydrogen peroxide (H2O2), and ultimately
result in the formation of hydroxyl radicals (OH). The active
radicals generated during the process catalyze the decom-
position of organic contaminants, resulting in the formation of
benign molecules, namely, water (H2O) and carbon dioxide
(CO2).
The reusability of InVO4-CdS was tested for the degradation

of the AV 7 dye under an indistinguishable reaction
environment. After complete degradation, the catalyst was
separated and washed with the huge amount of deionized
water. The recovered catalyst was dried in a hot air oven at 100
°C for 3 h and used for a second run. Figure 12b shows the
outcome of the AV 7 dye degradation for five runs. InVO4-CdS
exhibits notable photostability as the AV 7 dye degradation
percentages are 99.6, 98.2, 96.0, 96.0, and 96.0 for 60 min in
the first, second, third, fourth, and fifth runs, respectively.
There is no considerable change in the degradation efficiency
of InVO4-CdS after five runs.
Trapping studies for AV 7 dye degradation over InVO4-CdS

were used to study the primary reactive species to understand
the photocatalytic process. When AV 7 dye was photocatalyti-
cally decomposed under the influence of visible light, several
quenchers were introduced. In this instance, hydroxyl radical
(OH−), superoxide radical (O2

−), and hole (h+) scavengers
were used in the amounts of 2 mM TBA, 2 mM benzoquinone,

Figure 10. N2 adsorption−desorption isotherms of (a) IVCS-1, (b)
IVCS-2, (c) IVCS-3, and (d) IVCS-5.

Figure 11. (A) Primary analysis of AV 7 dye degradation using
different catalysts, dye concentration = 5 × 10−4 M; pH = 7, catalyst
suspended = 3 g L−1, airflow rate = 8.1 mL s−1, I = 1.381 × 10−6

einstein L−1 s−1, and irradiation time = 60 min and (B) AV 7 Dye
degradation of spectra using IVCS-3 at different intervals: (a) 0, (b)
30, (c) 45, and (d) 60 min.
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and 2 mM TEOA. When BQ was introduced, the photo-
catalytic activity of 1.0 mol % CdS-functionalized InVO4
significantly reduced, suggesting that superoxide anion radicals,
as opposed to hydroxyl radicals or photoinduced holes, were
the main active component for AV 7 dye photodegradation
(Figure 12c). TEOA was used as a scavenger for h+,58−60 p-

benzoquinone was utilized as a scavenger for •O2
−,51,52 and

TBA was employed as a scavenger for OH•.61,62 Figure 12c
illustrates the observed suppression of photodegradation of the
AV 7 dye over InVO4-CdS by all scavengers. The suppression
of AV 7 dye photodegradation was seen when TEOA and p-
BQ were present, indicating that h+ and •O2

− played a more

Figure 12. (a) Effect of AV 7dye solution: pH dye concentration = 5 × 10−4 M, catalyst suspended = 3 g L−1, airflow rate = 8.1 mL s−1, (b) cycle
stability of InVO4-CdS heterostructure for AV 7 dye degradations, (c) effect of scavengers on the photodegradation of AV 7 under visible light over
InVO4-CdS, and (d) cycle stability of fresh and after fifth cycle reusable catalyst XRD pattern.

Scheme 2. Photocatalytic Degradation Mechanism of AV 7 Dye Using IVCS-3
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prominent role in the photodegradation mechanism. A
potential mechanism for the decomposition of the AV 7 dye
over InVO4-CdS under visible light is hypothesized and shown
in Scheme 2, taking into account the trapping experiments and

band edge placements. The energy band gaps of InVO4 and
CdS are reported to be 3.25 and 2.6 eV, respectively.
Additionally, the energy levels of the CB minimum (ECBM)
and VB maximum (EVBM) for InVO4 are recorded as 0.61

Scheme 3. Degradation Pathway of AV 7 Dye
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and 3.17 eV, respectively. Similarly, for CdS, the ECBM and
EVBM values are −0.6 and 1.56 eV, respectively.58 To produce
superoxide radicals, it is necessary for the ECBM of a
semiconductor to have a greater negative value than −0.046
eV, which is the standard reduction potential (E0) of O2/•O2

−

relative to the normal hydrogen electrode.63

Based on the results mentioned earlier and further research,
a plausible mechanism has been postulated to elucidate the
augmented photocatalytic efficacy shown by the InVO4-CdS
heterojunctions. The charge-transfer mechanism in InVO4-
CdS is an essential characteristic of its photocatalytic
properties. The pathway relies on the interaction between
two distinct semiconductors, InVO4 and CdS, which possess
differing band gap energies. On illumination to visible light, the
InVO4-CdS composite exhibits photon absorption, and the
energy of these photons must be at least similar to the band
gap of the appropriate semiconductor. The absorption of light
leads the electrons in the VB to get excited and migrate to the
CB. This mechanism creates electron−hole pairs in both
InVO4 and CdS materials. The CB of CdS in the composite
material often has a lower energy level compared with that of
InVO4. The accurate placements of the band structures of CdS
and InVO4 were precisely established by VB-XPS investigation.
The VB potentials of CdS and InVO4 were determined to be
1.56 and 3.17 eV, respectively, as shown in Scheme 2. The VB
CB potentials of synthesized CdS and InVO4 were established
by calculating them to be −0.66 and 0.61 eV, accordingly
(Scheme 2). With the CB edge of InVO4 below −0.33 eV,
reduction primarily occurs in the CdS CB. Simultaneously,
oxidation predominantly occurs in the VB of InVO4. The
proposed mechanism aligns with findings in the literature,
indicating that the composite materials adhere to the Z-scheme
pathway depicted in the diagram.
Hence, the staggered band arrangement facilitates the

efficient separation and transmission of photoinduced charge
carriers. InVO4 has a greater energy level for its VB compared
with CdS. The disparity in energy levels enables the exchange
of charges between the two semiconductors. Electrons in an
excited state inside the CB of CdS have the ability to move to
the CB of InVO4. The transfer is thermodynamically favorable
as a result of the lower energy state of the CB in InVO4 in
comparison to CdS. Likewise, the vacancies in the VB of
InVO4 might migrate to the VB of CdS. The transfer of
electrons occurs due to the disparity in energy levels between
the VB of CdS and InVO4, with CdS having a lower energy
level. The isolated charge carriers are capable of engaging in
redox processes. Electrons in the CB have the ability to
catalyze the reduction of dye molecules. VB vacancies have the
ability to oxidize things, such as breaking down organic
contaminants. The charge separation and transfer method used
in this system effectively reduce the recombination rate of
electron−hole pairs, a prevalent challenge encountered in
single-semiconductor photocatalysts. The effectiveness of the
InVO4-CdS composite in photocatalytic applications is
enhanced by the reduction of recombination.64−66

Upon irradiation with visible light, the InVO4-CdS
composites exhibited the excitation of electrons (e−) from
the VB to the CB, resulting in the generation of holes (h+) in
the VB of each semiconductor. Due to the difference in the CB
edge potentials between CdS and InVO4, the CB potential of
CdS is greater than that of InVO4. Consequently, if electrons
generated by photons are transported from the CB of CdS to
the CB of InVO4, then the electrons in the CB of InVO4 would

be unable to create •O2
− radicals. This is due to the more

positive CB potential of InVO4. Hence, it is probable that the
photogenerated electrons located in the CB of InVO4 would
undergo transfer and recombination with the photogenerated
holes positioned in the VB of CdS.
Thus, an increased number of electrons will gather in the CB

of CdS, facilitating their interaction with surface-adsorbed
oxygen (O2) to produce a greater quantity of superoxide
radicals (O2/•O2

− = −0.33 eV). Subsequently, these active
species (•O2

−) participate in the photocatalytic process. In the
context of InVO4, the photogenerated holes present in the VB
have a tendency to undergo direct reactions with AV 7 dye
molecules. This reaction serves the objective of efficiently
degrading AV 7 dye organic contaminants. Consequently, the
Z-scheme InVO4-CdS heterojunctions were able to achieve
efficient separation and migration of photogenerated electron−
hole pairs, resulting in the acquisition of a robust redox
capability for the photoexcited electron in the CB and the
photoexcited hole in the VB, respectively. This phenomenon
ultimately led to substantial improvements in the photo-
catalytic efficiency of the Z-scheme InVO4-CdS heterojunc-
tions. The degradation of AV 7 dye using InVO4-CdS
photocatalysts is explained in eqs 2−6.

+ + ++ +hvInVO CdS InVO (h e ) CdS(h e )4 4 (2)

+ + ++ + +InVO (h e )/CdS(h e ) InVO (h ) CdS(e )4 4
(3)

+ •CdS(e ) O O2 2 (4)

• +O AV 7 degraded products2 (5)

++InVO (h ) AV 7 degraded products4 (6)

Through the use of gas chromatography−mass spectrometry
(GC-MS) analysis of the AV 7 dye solutions that were
obtained after 30 and 60 min of visible irradiation (Scheme 3),
an effort has been made to determine the intermediate
products that are developed during the photocatalytic
degradation of AV 7 in InVO4-CdS during a process that is
driven by visible light. The GC-MS analysis of the solution
collected after 45 and 60 min revealed that the AV 7 dye had
been photocatalytically degraded. We found that the retention
time of the five prominent peaks ranged from 13.5, 31.29,
18.03, 19.89, and 23.04 min (Table 1). Products related to

these peaks were identified as 2,8-diaminonaphthalene-1,3,6-
triol (1), 2-aminonaphthalene-1,3,6,8-tetraol (2), 2-amino-
benzene-1,3-diol (3), 5-aminobenzene-1,3-diol, (4) or 2-
aminobenzene-1,4-diol (5) based on their molecular ion and
mass spectrometric fragmentation peaks. The components (3),
(4), and (5) of the chemical could not be differentiated.

Table 1. Molecular Ion and Fragmentation Peaks of AV 7
Dye

compound
retention time

(min) mass spectral data (m/z)

1 13.3 206.5 (M+) 191.4, 16.3, 57.0
2 31.5 207.1 (M+) 138.6, 125.2, 97.5, 85.0, 57.2
3 18.6 125.3 (M+) 110.6, 97.5, 83.4, 69.3, 57.2
4 19.1 125.7 (M+) 110.6, 97.5, 83.4, 69.3, 57.2
5 23.8 125.4 (M+) 110.6, 97.5, 83.4, 69.3, 57.2
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4. CONCLUSIONS
In summary, we have successfully achieved the controlled
synthesis of InVO4-CdS heterojunction photocatalysts using a
combination of hydrothermal and hydrothermal decomposi-
tion strategies. The composites developed in this study showed
a significant enhancement in photocatalytic performance
compared to pure InVO4 and CdS for the degradation of AV
7 dye upon exposure to visible light. Furthermore, the IVCS
materials comprising 3 wt % demonstrated the most notable
catalytic effectiveness in the degradation of AV 7 dye, achieving
a remarkable 99.1% degradation during 60 min. The observed
increase in photocatalytic activity may be due to the presence
of a Z-scheme heterojunction system, which facilitates the
efficient separation and transmission of electron−hole pairs.
During the photodegradation process, InVO4-CdS is stable and
may be recycled. Three types of photogenerated radicals�
holes (h+), hydroxyl (OH•), and superoxide (O2•)�are
responsible for the degradation process in a photocatalytic
system. In light of the above, InVO4-CdS may be a good
option for both photodegradation and mineralization of the
AV 7 dye. In addition, the heterojunctions of InVO4-CdS have
shown a notable level of stability in the context of the
degradation of organic contaminants for environmental
detoxification applications.
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