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Abstract: Semiconductor-based heterogeneous photocatalytic oxidation processes have received
considerable attention for the remediation of toxic pollutants. Herein, InVO4/NiFe2O4 nanocompos-
ites were synthesized using a facile hydrothermal technique. Furthermore, various characterization
results revealed the successful loading of NiFe2O4 nanoplates over InVO4 nanosheets, thereby signi-
fying the formation of a heterostructure. The performance of the synthesized photocatalyst was tested
for tetracycline (TC) antibiotic removal. The optimized InVO4/NiFe2O4 nanocomposite exhibits max-
imum photodegradation of TC molecules (96.68%) in 96 min; this is approximately 6.47 and 4.93 times
higher than that observed when using NiFe2O4 and InVO4, respectively. The strong interaction
between the InVO4 nanosheets and NiFe2O4 nanoplates can improve the visible-light absorption
and hinder the recombination of charge carriers, further enhancing the photocatalytic performance.
Moreover, hydroxyl radicals play a crucial role in the photodegradation of TC antibiotics.

Keywords: InVO4; NiFe2O4; heterostructure; synergetic effect; tetracycline; visible light

1. Introduction

Water is an important resource for every living being on Earth [1,2]. Currently, the
demand for clean water is increasing with the exponential growth of the population and
the intensification of industrial development [3,4]. In recent years, the rapid growth of
science and technology worldwide has promoted the establishment of factories in several
sectors, such as semiconductors, microelectronics, and pharmaceuticals. During processing,
most factories require substantial amounts of water and discharge wastewater containing
harmful contaminants [5,6]. Among these, emerging pharmaceutical contaminants, such
as tetracycline (TC) antibiotics, have been identified as one of the most important factors
contributing to water pollution [7,8]. Therefore, owing to the extensive use of TC antibi-
otics and their low biodegradability, trace levels of TC molecules have been detected in
various aquatic compartments [9,10]. Additionally, even limited amounts of TC antibiotics
in freshwater may result in strains of resistant microorganisms in humans and other or-
ganisms [11,12]. Therefore, efficient and low-cost methods must be identified for water
remediation [13,14].

Recently, the conservation of natural water resources and improvement of novel
methodologies for wastewater treatment have emerged as key environmental issues. Nu-
merous wastewater processing techniques are currently being utilized with variable degrees
of efficiency [15,16]. Photocatalysis has been developed as a suitable technique owing to its
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economical, non-toxic, safe, and renewable characteristics [17,18]. Moreover, advanced oxi-
dation processes are the most widely used techniques for treating toxic pollutants, such as
TC antibiotics, which exhibit high chemical stability and low biodegradability [19,20]. There-
fore, semiconductor-based heterogeneous photocatalytic oxidation processes under visible
light have received considerable attention for the remediation of toxic pollutants [21,22].
Consequently, novel high-efficiency photocatalysts have attracted significant interest owing
to their considerable potential for visible-light utilization [23,24].

Among the various semiconductor metal oxides, indium vanadate has promising
properties and is increasingly being used in environmental and energy applications owing
to its controllable shape and improved activity [25,26]. InVO4 has the advantages of low
raw cost, nontoxicity, a visible bandgap (~2.2 eV), and excellent photocatalytic performance
under visible light [27]. However, the photocatalytic degradation of antibiotics by InVO4
is limited because of the high recombination rate of photogenerated electrons (e−) and
holes (h+) [28]. To overcome its inherent shortcomings, the fabrication of InVO4-based
heterostructured photocatalysts has been extensively analyzed, and this is considered
a feasible and efficient strategy. Yao et al. constructed InVO4/TiO2 nanobelts using an
electrospinning technique [29]. The as-prepared InVO4/TiO2 nanobelts exhibited excellent
photocatalytic activity under solar-light irradiation, owing to their unique morphology
and synergetic interactions. Furthermore, B12O15Cl6/InVO4 nanocomposites were suc-
cessfully constructed using an in situ hydrothermal method [30]. The establishment of a
Z-scheme among the individual components can significantly improve the separation of
charge carriers and enhance the photocatalytic activity. Yuan et al. efficiently synthesized
In2S3/InVO4 nanocomposites through a facile in situ ion-exchange technique [31]. After 60
min of visible-light irradiation, the prepared nanocomposite degraded TC by 71.4%. The
formation of the heterostructure further improved the visible-light absorption ability along
with interfacial interactions, thereby indicating photocatalytic activity.

Spinel-structured transition metal oxides, such as nickel ferrite, are abundant and
promising minerals with a narrow bandgap (~1.8 eV). Recently, these materials have
attracted considerable research interest owing to their unique characteristics [32]. Moreover,
the oxidation of these materials has been recognized as a promising technique because of the
simple and environmentally friendly reaction process [33]. Accordingly, the construction
of an InVO4-based heterostructure that is incorporated with NiFe2O4 can be regarded as
a potential strategy to facilitate charge separation at the interface, thereby enhancing the
photocatalytic degradation of TC antibiotics.

Herein, InVO4 and NiFe2O4 are hydrothermally combined to construct a novel two-
dimensional InVO4/NiFe2O4 heterostructure to remove TC antibiotics from the solution.
The structure, morphology, chemical composition, and optical properties of the as-prepared
photocatalysts are studied, and their photocatalytic activity is examined by degrading TC.
Compared with the pure samples, the InVO4/NiFe2O4 heterostructure exhibits higher
oxidation ability, faster kinetics, and higher stability owing to the lower radiative recom-
bination rate of charge carriers. Furthermore, a possible charge transfer mechanism with
enhanced photocatalytic activity is proposed. The present study provides a new and ef-
fective approach for achieving InVO4-based heterostructures, which could facilitate the
preparation of similar types of materials.

2. Results and Discussion
2.1. X-ray Diffraction (XRD) Analysis

To understand the crystal structure and crystallinity of the InVO4/NiFe2O4 nanocom-
posites, the photocatalysts were characterized using XRD; the results are illustrated in
Figure 1. From Figure 1a, the peaks identified at 18.62◦, 25.62◦, 31.04◦, 33.04◦, 35.14◦,
46.96◦, 56.47◦, and 60.98◦ correspond to the (110), (021), (200), (112), (130), (222), (312),
and (152) planes of InVO4 (JCPDS# 00-048-0898). The observed crystal planes match the
standard results, thereby confirming the orthorhombic phase of InVO4 [34]. Furthermore,
as shown in Figure 1b, the diffraction peaks at 30.08◦, 35.44◦, 43.26◦, 57.38◦, and 62.99◦
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are in agreement with the (220), (311), (400), (511), and (440) planes of NiFe2O4 (JCPDS
#00-074-2081) [35]. The XRD patterns of the InVO4/NiFe2O4 nanocomposites at differ-
ent concentrations (Figure 1c–e) reveal the existence of both InVO4 (@) and NiFe2O4 ($).
The loading of NiFe2O4 at different concentrations does not cause any deviations in the
orthorhombic phase of InVO4. However, the intensified InVO4 diffraction patterns di-
minish with increasing NiFe2O4 concentration, confirming the successful formation of the
InVO4/NiFe2O4 nanocomposite [36]. No additional peaks are observed in the XRD pattern,
indicating that the pattern represents the pure phase, and no impurities are present.
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Figure 1. X-ray diffraction patterns of (a) InVO4, (b) NiFe2O4, (c) IVNF-2.5, (d) IVNF-5.0, and (e)
IVNF-7.5 nanocomposites.

2.2. Morphological Analysis

The morphology of a photocatalyst significantly influences its absorption of light,
thereby determining its photocatalytic efficiency. Scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and high-resolution TEM (HRTEM) were used to
examine the morphologies of InVO4, NiFe2O4, and InVO4/NiFe2O4 (IVNF-5.0) nanocom-
posites. As shown in Figure 2a,b, a sheet-like structure was observed for InVO4 through
SEM analysis. SEM images of NiFe2O4 (Figure 2c,d) reveal a plate-like morphology with ir-
regular shapes and sizes. Furthermore, Figure 2e,f clearly show that the IVNF-5.0 nanocom-
posite is composed of InVO4 nanosheets and NiFe2O4 nanoplates. Moreover, the NiFe2O4
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nanoplates were successfully loaded onto the InVO4 nanosheets. The energy-dispersive
spectroscopy (EDS) analysis of the IVNF-5.0 nanocomposite (Figure 2g) indicated the
presence of individual components.
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The TEM images illustrate the formation of InVO4 nanosheets (Figure 3a), NiFe2O4
nanoplates (Figure 3b), and the loading of NiFe2O4 nanoplates over InVO4 nanosheets
(Figure 3c). Furthermore, the HRTEM image of IVNF-5.0 confirmed the effective loading
of NiFe2O4 nanoplates on the InVO4 nanosheets (Figure 3d). As shown in Figure 3e,f, the
lattice spacings of 0.265 and 0.245 nm were attributed to the (112) and (311) crystal planes of
InVO4 and NiFe2O4, respectively [37,38]. Therefore, in terms of the position, the (311) plane
of NiFe2O4 overlapped with the (112) crystal surface of InVO4, confirming the formation of
the InVO4/NiFe2O4 heterostructure. The EDS color mapping of IVNF-5.0 (Figure 4) further
confirmed the existence of In, V, Ni, Fe, and O.
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2.3. X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS was applied to survey the chemical state of each component of the InVO4/NiFe2O4
nanocomposite (Figure 5). In 3d, V 2p, O 1s, Fe 2p, and Ni 2p signals are clearly observed
in the XPS general spectrum (Figure 5a) of the IVNF-5.0 photocatalyst. From Figure 5b, the
XPS peak fitting of In 3d indicates that the signals at 444.72 and 452.29 eV are consistent with
the +3 oxidation state of In 3d5/2 and In 3d3/2 energy levels, respectively [39]. As shown in
Figure 5c, the XPS spectrum of V 2p exhibits two signals at 516.93 and 524.29 eV, which are
assigned to the +5 oxidation state of V 2p3/2 and V 2p1/2 energy levels, respectively [40].
The asymmetric O 1s peak (Figure 5d) is divided into two peaks at 529.81 and 531.05 eV,
corresponding to the oxygen species in the metal–oxygen bond [41]. The XPS spectrum of
Fe 2p (Figure 5e) exhibits two significant signals at 710.85 and 724.16 eV, which are ascribed
to Fe 2p3/2 and Fe 2p1/2, respectively, and are consistent with metal–oxygen formation [42].
Furthermore, the signals at 716.21 and 732.02 eV are attributed to the satellite signals of
Fe3+ [43]. As shown in Figure 5f, the XPS spectrum of Ni 2p exhibits two signals at 855.22
and 873.31 eV, corresponding to Ni 2p3/2 and Ni 2p1/2, respectively [44]. The signals
at 861.51 and 880.32 eV are assigned to the satellite signals of Ni2+ [45]. This analysis
reveals a strong interaction between InVO4 and NiFe2O4 and confirms the formation of
the nanocomposite.
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2.4. Optical Absorption Analysis

The ability to absorb light in the visible region is a critical property of photocatalysts.
Herein, the responses of the prepared samples to light were determined using diffuse re-
flectance spectroscopy (DRS). The absorption properties for visible light and the bandgaps
of InVO4, NiFe2O4, and InVO4/NiFe2O4 nanocomposites are presented in Figure 6. As
shown in Figure 6a, both InVO4 and NiFe2O4 displayed maximum absorbance with band
edges at approximately 579 and 680 nm, respectively [46,47]. Moreover, compared with
pure InVO4, the absorption performance of InVO4/NiFe2O4 nanocomposites for visi-
ble light was significantly improved toward higher wavelength regions. Therefore, the
InVO4/NiFe2O4 nanocomposites demonstrate a good response in the visible region, in
contrast to the pure samples. This confirms the construction of a heterostructure, which is
beneficial for enhanced photocatalytic activity [48]. Furthermore, the bandgaps of InVO4,
NiFe2O4, and InVO4/NiFe2O4 nanocomposites were evaluated based on the corresponding
Tauc plots (Figure 6b–d). After extrapolation, the bandgaps of InVO4, NiFe2O4, IVNF-
2.5, IVNF-5.0, and IVNF-7.5 were measured as 2.142, 1.824, 1.992, 1.938, and 1.852 eV,
respectively. A reduction was observed in the bandgap between the pure InVO4 and the
InVO4/NiFe2O4 nanocomposites. Consequently, the visible-light absorption capacity of
the InVO4/NiFe2O4 nanocomposites is better than that of the pure samples.
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2.5. Photoluminescence (PL) Analysis

The PL intensity of each sample was tested at the same excitation wavelength (325 nm).
The PL spectra of InVO4, NiFe2O4, and InVO4/NiFe2O4 nanocomposites are shown in
Figure 7. For InVO4, a strong PL emission peak was observed at approximately 586 nm,
which is attributed to the recombination of charge carriers [49]. Furthermore, strong PL
emission peaks were observed for NiFe2O4 at approximately 465 and 589 nm, which were
caused by oxygen vacancies and structural defects [50]. Compared to the pure samples,
the PL intensities of the InVO4/NiFe2O4 nanocomposites were significantly reduced, and
the IVNF-5.0 sample exhibited the lowest PL intensity. Therefore, the InVO4/NiFe2O4
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nanocomposites display a relatively high ability to separate the photogenerated charge
carriers in addition to enhanced photocatalytic performance.
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2.6. Photocatalytic Performance

The photodegradation efficiency of the as-synthesized photocatalysts was examined
for TC removal under visible light. Before irradiation with visible light, the reactive solution
was stirred for 30 min in the dark to ensure that the TC solution was evenly distributed on
the photocatalyst surface, and the adsorption process reached equilibrium. The absorbance
spectra for the degradation of TC over InVO4/NiFe2O4 nanocomposites were recorded
every 12 min over a time period of 96 min; the results are presented in Figure 8a,b. The
degradation efficiencies of the pure NiFe2O4 and InVO4 samples were 35.26% and 40.97%,
respectively. Furthermore, the degradation efficiencies of IVNF-2.5, IVNF-5.0, and IVNF-7.5
were 74.72%, 96.68%, and 81.27%, respectively. Therefore, upon visible-light irradiation,
the order of increasing photocatalytic degradation performance is given by: IVNF-5.0 >
IVNF-7.5 > IVNF-2.5 > InVO4 > NiFe2O4.
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To further evaluate the photocatalytic degradation of TC by the InVO4/NiFe2O4
nanocomposite, a pseudo-first-order kinetic model was considered. The results of kinetic
modeling are presented in Figure 9a,b. The kinetic rate constants of NiFe2O4, InVO4,
IVNF-2.5, IVNF-5.0, and IVNF-7.5 were calculated to be 0.0045, 0.0059, 0.0132, 0.0291, and
0.0161 min−1, respectively, quantitatively confirming that the IVNF-5.0 photocatalyst is
superior to the other samples.
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Moreover, the rate constant of IVNF-5.0 was 6.47 times that of NiFe2O4 and 4.93 times
that of InVO4. Therefore, the IVNF-5.0 nanocomposite is demonstrated to be a better
photocatalyst than the other prepared samples; it significantly enhances the separation
ability for photogenerated carriers and retains a strong redox ability, thereby promoting the
TC degradation efficiency. The catalytic removal of TC in the present work was compared
with that previously reported in the literature, as shown in Table 1. The data reveal the
improved photocatalytic activity of the InVO4/NiFe2O4 nanocomposites.

Table 1. A comparison of photocatalytic removal of pollutants under visible light using InVO4-based
nanocomposites with recent examples from the literature.

Photocatalyst Synthesis Method
Catalyst
Loading
mg/mL

Removal Dye Removal
Time (min)

Removal
Efficiency (%) Ref.

InVO4/B12O15Cl6 Hydrothermal 0.50 TC 90 78.85 [30]
InVO4/CeVO4 Electrospinning 0.40 TC 90 92.40 [46]
InVO4/AgVO3 Ion exchange 0.25 RhB 200 99.99 [51]
InVO4/TiO2 Hydrothermal 0.50 RhB 180 55.30 [52]
InVO4/ZnFe2O4 Hydrothermal 0.20 MB 240 88.74 [28]
InVO4/N-TiO2 Sol-gel 0.75 NP 90 89.00 [53]
In2S3/InVO4 Anion-exchange 0.50 TC 60 71.40 [31]
InVO4/BiVO4 Hydrothermal 0.50 RhB 280 99.78 [54]
rGO/InVO4 Electrospinning 0.50 RhB 120 93.00 [55]
InVO4/NiFe2O4 Hydrothermal 0.15 TC 96 96.68 Present study

The influence of catalyst loading is an important parameter in determining the degra-
dation of TC by the IVNF-5.0 photocatalyst. The results obtained using various catalyst
loadings are shown in Figure 10a. With the gradual increase in catalyst loading, the TC
degradation efficiency increases, and the time required for the degradation to attain equi-
librium decreases. When the loading of IVNF-5.0 is 10 mg, the TC degradation efficiency
is only 78.54%. Furthermore, when the loading of IVNF-5.0 is increased to 15 mg, the
TC degradation effect is optimal, with an efficiency of approximately 96.68%. However,
when the loading of IVNF-5.0 is further increased to 20 mg, the TC degradation effect is
decreased, and its efficiency is approximately 62.33%. As the catalyst loading concentration
continues to increase, the rate of degradation begins to decrease at a particular limit because
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of the decreased diffusion of light, which hinders the generation of radical species [56].
Furthermore, the stability of the InVO4/NiFe2O4 nanocomposite was examined under the
optimal experimental conditions for various practical applications. A stability test was
conducted with the optimized sample IVNF-5.0 for four cycles under visible light; the
results are depicted in Figure 10b. After the IVNF-5.0 photocatalyst degraded TC for 96
min, the photocatalyst was recycled, and the abovementioned process was repeated four
times. After four cycles, the TC degradation efficiency reached 93.49%, indicating that the
IVNF-5.0 photocatalyst can be effectively reused and has good stability.
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Additionally, radical quenching experiments were conducted to identify the influence
of free radicals on photodegradation; the results are shown in Figure 11. Herein, BQ, IPA,
and TEA were used as scavengers for superoxide (•O2

−) and hydroxyl (•OH) radicals
and h+, respectively. As shown in Figure 11, when BQ is added to the reactive solution,
TC removal over the IVNF-5.0 photocatalyst decreases considerably to 86.75%. After the
addition of TEA, TC removal noticeably decreases to 74.61%. After adding IPA, TC removal
is further decreased to 41.29%. Based on these results, •OH radicals are considered to play
a more dominant role than •O2

− radicals and h+ in photocatalytic reactions. Furthermore,
to elaborate on the generation and separation efficiency of photoexcited electron–hole pairs,
transient photocurrent (I–t) tests were conducted. The I–t responses of NiFe2O4, InVO4, and
InVO4/NiFe2O4 nanocomposites under visible light are presented in Figure 11b. The IVNF-
5.0 nanocomposite exhibited the strongest response among all samples. Moreover, the I–t
response intensity of the IVNF-5.0 nanocomposite was maintained despite several on–off
cycles of visible-light irradiation, which demonstrates its excellent photochemical stability.
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2.7. Photocatalytic Mechanism

The reaction mechanism of the InVO4/NiFe2O4 nanocomposite under visible-light ir-
radiation is shown in Figure 12. Moreover, the valence band (VB) and conduction band (CB)
edge potentials of InVO4 and NiFe2O4 were projected using the Butler–Ginley equation to
further understand the migration of charge carriers after heterostructure formation [57].
The susceptibility (χ) values of InVO4 and NiFe2O4 are approximately 5.753 and 5.836 eV, re-
spectively. Therefore, InVO4 has VB and CB potentials of +2.324 and +0.182 eV, respectively,
whereas NiFe2O4 has VB and CB potentials of +2.248 and +0.424 eV, respectively. During
photocatalysis, visible-light irradiation results in the formation of h+ and e−, which are
transferred to the CB and VB of the InVO4/NiFe2O4 heterostructure. Therefore, e− on the
CB of InVO4 are transferred to the CB of NiFe2O4. Simultaneously, h+ in the VB of InVO4
are delivered to the VB of NiFe2O4. Furthermore, e− in the CB of NiFe2O4 can effectively
generate •OH radicals because of their lower negative reduction potential, and they are
used for the degradation of TC molecules. The photoinduced h+ in the VB of NiFe2O4 is
employed for the exchange of a water molecule and is thereafter converted to •OH radicals
in the visible region. Therefore, •OH radicals are the strongest oxidants for TC removal.
Therefore, a heterojunction can significantly detach electron–hole pairs and produce highly
active species on the surface, which enhances the photocatalytic degradation ability.
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3. Materials and Methods
3.1. Preparation of InVO4 Nanosheets

InVO4 powder was prepared using a hydrothermal method. Initially, NH4VO3 and
InCl3.4H2O were added to 60 mL of deionized water at an equal molar ratio (0.1 M) and
vigorously stirred for 60 min until dissolution. Subsequently, HNO3 solution was added
dropwise to maintain the pH below 2. The solution was magnetically stirred for 30 min,
poured into a Teflon-lined stainless-steel autoclave, heat-treated at 180 ◦C for 18 h, and
naturally cooled to ambient temperature. The resulting products were centrifuged thrice
with deionized water and ethanol and dried overnight in an oven at 60 ◦C.

3.2. Preparation of NiFe2O4 Nanoplates

NiFe2O4 powder was prepared using a calcination technique. Initially, FeCl3.6H2O
and NiCl2.6H2O were liquefied in 100 mL of deionized water at a 1:2 molar ratio and stirred
for 30 min. The obtained red-brown product was washed thrice and calcinated in a muffle
furnace at 500 ◦C for 3 h.
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3.3. Synthesis of InVO4/NiFe2O4 Nanocomposites

Herein, InVO4/NiFe2O4 nanocomposites were obtained using a hydrothermal tech-
nique. Typically, 100 mg of the prepared InVO4 powder and different concentrations of
NiFe2O4 (2.5, 5.0, and 7.5 mg) powder were separately transferred to 30 mL of deionized
water under stirring for 30 min. Different concentrations of NiFe2O4 were then added to
the InVO4 solution and stirred vigorously for 1 h. Subsequently, the solution was poured
into a Teflon-lined stainless-steel autoclave and heat-treated at 150 ◦C for 12 h. After being
naturally cooled to ambient temperature, the collected products were centrifuged thrice and
dried overnight in an oven at 60 ◦C. For simplicity, the nanocomposites were denoted as
IVNF-2.5, IVNF-5.0, and IVNF-7.5. A detailed description of the reagents, characterization,
and photodegradation tests can be found in the Supplementary Material.

4. Conclusions

Herein, novel InVO4/NiFe2O4 nanocomposites were successfully prepared using a
facile hydrothermal method. XRD analysis confirmed the orthorhombic phase of InVO4
and spinel structure of NiFe2O4. Morphological analysis confirmed the strong interac-
tions between the InVO4 nanosheets and NiFe2O4 nanoplates. From the DRS analysis,
a reduction was observed in the bandgap between the pure InVO4 and InVO4/NiFe2O4
nanocomposites, thereby indicating improved visible-light absorption than that of the pure
samples. Furthermore, the optimized IVNF-5.0 nanocomposite was demonstrated to be an
efficient photocatalyst for the degradation of TC (96.68%) in 96 min under visible light. The
InVO4/NiFe2O4 photocatalyst exhibited good stability and reusability after four cycles.
•OH radicals play a more dominant role than •O2

− radicals and h+ in the photocatalytic
reaction. Therefore, the synergetic effect between the InVO4 nanosheets and NiFe2O4
nanoplates significantly enhances the separation ability for the photogenerated carriers
and retains their strong redox ability, thereby promoting the TC degradation efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12111471/s1, Figure S1. XRD pattern of IVNF-5.0 nancom-
posite (a) before and (b) after photocatalytic activity; Figure S2. SEM images of IVNF-5.0 nancompos-
ite (a) before and (b) after photocatalytic activity; Figure S3. TEM images of IVNF-5.0 nancomposite
(a) before and (b) after photocatalytic activity.
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