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In this work, we report a novel 2D/2D InVO,/BiVO, heterojunction nanocomposite constructed through a simple hydrothermal
approach. The morphological analysis demonstrated that BiVO, nanoflakes to be anchored on the surface of InVO, nanosheets.
The InVO,/BiVO, heterojunction nanocomposite displayed increased light absorption promoting their visible light harvesting.
The photoactivity of the prepared InVO,/BiVO, heterojunction was explored for the degradation of tetracycline (TC) under
light treatment. InVO,/BiVO, heterojunction exhibited superior photocatalytic activity than that of bare InVO, and BiVO,.
The as-prepared InVO,/BiVO, heterojunction photoanodes achieved a higher photocurrent density of 60 yA/cm” under
illumination in 0.5 M Na,SO, electrolyte. The enhanced photoelectrochemical performance is attributed to the synergistic effect
and interface formation between InVO, and BiVO, and can effectively promote the charge separation and transfer of

photoinduced carriers in heterojunction.

1. Introduction

Photocatalysis based on semiconductor materials is a kind of
green technology that converts solar energy into chemical
energy for water splitting, fixation of nitrogen, air purification,
wastewater treatment, disinfection, and carbon dioxide reduc-
tion [1-6]. The crucial factors that affect the photocatalytic
activities are utilization efficiency of solar energy, transfer
and separation efficiency of photoinduced charge carriers,
and redox ability [7]. Various strategies have been carried
out to enhance the photoelectrochemical activities, such as
defect engineering [8, 9], doping [10, 11], and heterojunction
[12, 13]. Among various approaches, fabricating heterojunc-
tion with different semiconductors is a promising way to
improve the utilization rate of solar energy and restrain
recombination of photoinduced charge carriers [14-16].

As an important metal oxide semiconductor, bismuth
vanadate (BiVO,) was identified as one of the most appealing
photocatalysts under visible light irradiation owing to its nar-
row bandgap energy (Eg=2.40eV), chemical stability, and
nontoxicity [17-19]. Nevertheless, due to low separation effi-
ciency of photoexcited charge carriers and poor charge deliver
capacity, the photocatalytic performance of pure BiVO, is still
unsatisfied. Hence, efforts are made in this work, to integrate
BiVO, with other suitable materials for reactants accumula-
tions and efficient charge transfer process [20-24]. The
construction of heterostructure accelerates efficient charge
transfer and facilitates the separation of photoinduced charge
carriers and prolongs the life time of photogenerated carriers,
enhancing the photocatalytic performance.

From this perspective, the introduction of indium vanadate
(InVO,) with unique geometrical and electronic characteristics
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is considered to be a suitable choice [25]. Meanwhile, the con-
duction (CB) and valence band (VB) of InVO, are more nega-
tive than that of BiVO, [26, 27], and the matching of CB and
VB levels between BiVO, and InVO, makes InVO, to be an
ideal choice for constructing heterojunction with BiVO,.
Therefore, InVO,/BiVO, heterojunction nanocomposite is
expected to become an excellent photocatalyst with high
activity.

In this work, InVO,/BiVO, heterojunction nanocompos-
ite with 2D/2D coupling interface was processed by one-step
hydrothermal approach. The photoactivity of InVO,/BiVO,
heterojunction was assessed by photodegradation of tetracy-
cline (TC) under visible light. As expected, InVO,/BiVO, het-
erojunction displayed a significantly enhanced photocatalytic
activity for TC removal compared to that of bare InVO, and
BiVO,. The InVO,/BiVO, heterojunction photoanodes
achieved a higher photocurrent density of 60 yuA/cm” under
illumination in 0.5 M Na,SO, electrolyte. The enhanced pho-
toelectrochemical activity is attributed to the synergistic effect
and interface formation between InVO, (IVO) and BiVO,
(BVO), which can effectively enhance the charge separation
and transfer of photoinduced carriers in heterojunction.

2. Experimental Methods

2.1. Synthesis of InVO,/BiVO, Nanocomposite. IVO/BVO
composite was synthesized via a hydrothermal approach. First,
3.5mmol of BiCl; and 2 mmol CTAB were added to 20mL
ethylene glycol to form homogeneous solution. The 7.5 mmol
of Na,VO, was added dropwise to the homogeneous solution
and stirred for 30 min. Then, stoichiometric amount of InVO,
nanosheets was added and ultrasonically mixed for 30 min
with the above mixture. The solution was then sealed into a
30mL Teflon autoclave and kept at 433K for 3h. The final
powder was washed by ethyl alcohol and DI water and dried
at 333K for 12h. The obtained BiVO, nanoflakes, InVO,
nanosheets, and InVO,/BiVO, heterojunction were referred
as BVO, IVO, and IVO/BVO. The schematic illustration of
the synthesis of InVO,/BiVO, heterojunction is shown in
Figure 1. The bare IVO nanosheets and BVO nanoflakes were
synthesized under the same conditions and are provided in
supporting information (available here).

3. Results and Discussions

SEM is employed to inspect the shape, microstructure, and
morphology of the samples. As shown from Figures 2(a) and
2(b), the as-prepared IVO consists of a large number of wrin-
kled nanosheet-like morphology with smooth surface. In con-
trast, as-prepared BVO consisted of relatively smaller irregular
flakes with a clean and smooth surface (Figures 2(c) and
2(d)). However, after the hydrothermal process in the presence
of IVO nanosheets as the substrates, BVO nanoflakes were
assembled on the surface of IVO nanosheets (Figures 2(e) and
2(f)). As seen from the image, the morphology of BVO and
IVO architectures is retained in the final IVO/BVO nanocom-
posite. The SEM images confirmed that the 2D/2D IVO/BVO
heterojunction was successfully synthesized. The morphological
and structural details of the IVO/BVO heterojunction were fur-
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ther investigated using TEM and HRTEM. The TEM images
shown in Figure Sla and SIb further illustrate that IVO and
BVO possess nanosheet- and nanoflake-like morphology
agreeing with SEM analysis. Figure 3(a) shows that TEM
image of IVO/BVO heterojunction confirms the BVO
nanoflakes to be loaded on the IVO nanosheets. It could be
observed that the BVO nanoflakes are contacted tightly with
IVO nanosheets. This could be beneficial for a smooth
foundation for photogenerated charge carrier migration.
HRTEM image of IVO/BVO heterojunction (Figure 3(b))
displays well-defined lattice spacing of about 0.161 nm and
0.358 nm, corresponding to (121) plane of BVO and (021)
plane of IVO. The SAED pattern of IVO/BVO heterojunction
displays well-defined spots, suggesting good crystalline nature
of synthesized heterojunction (Figure 3(c)). In addition, EDX
mapping performed on IVO/BVO heterojunction is illustrated
in Figures 3(d)-3(h) and Figure S2. The four constituent
elements In, Bi, V, and O of the IVO/BVO heterojunction are
well detected uniformly throughout the heterojunction, and
the quantitative atomic composition of each component in
the samples is compared in Table S1.

The crystalline phase and structures of the as-prepared
IVO, BVO, and IVO/BVO heterojunction were determined
using XRD, as shown in Figure 4(a). The diffraction patterns
of both IVO and BVO are well indexed to orthorhombic
InVO, (JCPDS No. 00-048-0898) and monoclinic BiVO,
(JCPDS No. 14-0688), confirming the successful synthesis of
IVO/BVO heterojunction nanocomposite (Figure S3). The
Raman spectrum was employed to investigate the change in
the structural properties of bare IVO, BVO, and IVO/BVO
heterojunction (Figure 4(b)). The spectrum of IVO shown in
Figure 4(b) exhibited a strong mode at 910cm™, which
corresponds to vibrations of In-O bond in IVO [28].
Similarly, the modes at 393, 341, 207, and 135cm™ are
related to stretching modes of V-O bond [29-31]. The
Raman spectrum of BVO exhibits several modes at 210, 365,
327, and 815cm™ related to vibrations of the VO,
tetrahedron [32, 33]. The sharp intense band at 825 cm™
corresponds to symmetric stretching modes of V-O [34],
and the weak bands at 365cm™ and 327 cm™ were assigned
to symmetric and asymmetric bending vibration modes of
VO, tetrahedron [35]. Furthermore, the signals from IVO/
BVO heterojunction confirm the coexistence of characteristic
vibration modes related to BVO and IVO, thus certifying the
successful synthesis of IVO/BVO heterojunction.

The variation in the surface states and chemical compo-
sition of IVO/BVO heterojunction was studied through XPS.
Figure S4 displays survey spectrum of IVO/BVO
heterojunction signifying the element signal of In, Bi, V, C,
and O. The core level deconvoluted spectrum of Bi 4f, for
both BVO and IVO/BVO heterojunction, is displayed in
Figure 5(a). The binding energies at 157.04eV (Bi 4f;,,)
and 163.47eV (Bi 4f;,) reveal the Bi’* valence state in
BVO and IVO/BVO heterojunction [36-38]. Similarly, the
deconvoluted doublet peaks of In 3d spectra (Figure 5(b)),
at binding energies 444.4eV (In 3d;,) and 451.8eV (In
3d,,), reveal indium to exist in In’" chemical state
[39-41]. Meanwhile, the peak position of Bi 4f and In 3d
peaks of IVO/BVO heterojunction exhibits a shift to higher
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FIGURE 1: Schematic illustration for the formation of IVO/BVO heterojunction nanocomposites.

F1GURE 2: Morphological characterization of IVO/BVO heterojunction: (a, b) SEM images and of IVO nanosheets; (c, d) SEM images of
BVO nanoflakes nanorods; (e, f) SEM images of IVO/BVO heterojunction.

binding energy, compared to bare IVO and BVO (Figure S5),
suggesting electron transfer from IVO to BVO. The V 2p core
level spectrum for IVO/BVO heterojunction is displayed in
Figure 5(c). The spectra of V 2p were deconvoluted into
three peaks at 517.60, 525.20, and 517.04eV. The peaks at
517.60eV (V 2p;,,) and 525.20eV (V 2p,,,) correspond to
V°* states, based on the previous results [42-44]. In addition,
the peak located at 517.04 €V is related to V 2p,, of V**. The
spectra of Ols found to be deconvoluted to two peaks at

530.3 eV related to lattice oxygen in the nanocomposite and
531.6eV related to surface hydroxyl groups (Figure 5(d))
[45-47]. The above results further confirm the heterojunction
formation between IVO and BVO, which agrees with TEM
and Raman results.

Preferable optical absorption characteristics have a direct
impact on the photoelectrochemical activity of the semicon-
ductors. UV-visible absorption spectrum was employed to
attest the optical properties of the bare IVO, BVO, and
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FIGURE 4: (a) XRD patterns and (b) Raman spectrum of IVO, BVO, and IVO/BVO heterojunction nanocomposite.

IVO/BVO heterojunction (Figure 6(a)). As shown in the fig-
ure, the bare IVO nanosheets exhibited an absorption edge
at 452nm and BVO nanoflakes at 460 nm. Meanwhile, the
absorption spectrum of IVO/BVO heterojunction reveals

an extended light absorption from 400 to 600 nm than bare
IVO and BVO. This indicates that the introduction of IVO
leads to enhancement of absorption ability in BVO. This
effective change of the absorption spectra clearly indicates
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FIGURE 5: (a) XPS core level of Bi 4f spectra of bare BVO and IVO/BVO heterojunction nanocomposite. (b) XPS core level of In 3d spectra
of bare IVO and IVO/BVO heterojunction composite. XPS core level of (c) V 2p and (d) Ols spectra of IVO/BVO heterojunction

nanocomposite.

that the IVO/BVO heterojunction has wider spectral har-
vesting, efficiently leading to the enhancement of the photo-
electrochemical activity. Using the absorption spectra, the
bandgap (Eg) of IVO, BVO, and IVO/BVO heterojunction
(Figures 6(b)-6(d)) was obtained via the Tauc plot, of
(ahv)? versus the photon energy (hv). According to the plot,
the calculated bandgaps of IVO, BVO, and IVO/BVO het-
erojunction were 2.02eV, 2.3eV, and 2.27 eV, respectively.
Additionally, we have carried out Mott-Schottky analysis to
determine the band structure of IVO and BVO. Figures 6(e)
and 6(f) show the Mott-Schottky (MS) plots of the IVO and
BVO samples. The positive slopes of the MS plot suggest that
both IVO and BVO are an n-type semiconductor. Moreover,
the flat band potentials of IVO and BVO were estimated to
be -0.56 V and -0.060 V. Depending on the MS plots, the con-
duction band potentials (E5) of IVO and BVO were derived
tobe -0.36 V and 0.13 V, respectively. Using the bandgap ener-
gies (E,) obtained using the Tauc plots (Figures 6(b) and 6(c)),
the valence band potentials (Ey) were calculated from the

formula Ecy = Eyg — E, to be 1.66 and 243V for IVO and

BVO, respectively.

The photoactivity of bare IVO, BVO, and IVO/BVO het-
erojunction nanocomposite was studied through degradation
of tetracycline (TC) under visible light. The degradation rates
of TC over bare IVO, BVO, and IVO/BVO heterojunction are
displayed in Figure 7(a). The bare IVO and BVO exhibited
photodegradation rate of 64% and 79% after 90min of
irradiation. However, the IVO/BVO heterojunction exhibited
prominent degrade efficiency of 92%, which was 2- and
1.25-fold higher than the photodegradation for BVO and
IVO (Figure 7(b)). The elevated photoactivity implies that
the heterojunction formed between IVO and BVO played a
major role in improving the photocatalytic activity. These
results suggest a more efficient separation and transfer of pho-
toinduced charge carriers to occur in the heterojunction,
which could be attributed to the synergetic effect of IVO/
BVO heterojunction structures. Furthermore, the extended
light absorption ability of the nanocomposite in the visible
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region provides a suitable band edge where the heterojunction
interface can play a vital role in TC photodegradation. The
photocatalytic degradation process of TC by IVO/BVO het-
erojunction was further evaluated using first-order kinetics
and depicted in Figure 7(c). Clearly, IVO/BVO heterojunction
displayed a higher rate constant value compared to bare IVO

and BVO, demonstrating the superior photocatalytic activity
of IVO/BVO heterojunction. The apparent rate constant
values for IVO and BVO were 0.072 min~! and 0.012 min},
respectively. However, IVO/BVO heterojunction possesses
higher rate constant value (0.023 min~') of which is 3-fold
and 2-fold higher than that of IVO and BVO (Figure 7(d)).
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FIGURE 7: (a) Photocatalytic degradation of TC in presence of IVO, BVO, and IVO/BVO heterojunction nanocomposite under visible light
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The above results suggest that the elevated photocatalytic deg-
radation could be ascribed to the interfacial interactions and
synergetic effects between IVO/BVO heterojunction. Further-
more, IVO/BVO heterojunction nanocomposite exhibits
much higher photodegradation activity for TC comparably
than those reported for BVO- and IVO-based photocatalysts
(Table S2).

Additionally, the reaction mechanism on IVO/BVO het-
erojunction was explored by carrying out the scavenger test
using various radicals, and the data are displayed in
Figure S6. In this study, four scavengers BQ, IPA, and
EDTA were used as quenchers for -O,, ‘OH, and hT,
respectively. Figure S5 depicts the photodegradation kinetics
of IVO/BVO heterojunction with different scavengers. As
shown in Figure S5, the addition of IPA scavengers slightly
suppressed the degradation efficiency of TC. However, the
photocatalytic efficiency of TC is significantly inhibited with
the introduction of EDTA and BQ, confirming the major role
of h™ and -0, in the degradation process. The above results

suggest that h*, -O,’, and ‘OH are major active species and h*
and -0, played crucial role in TC degradation process.

The reusability and stability of the IVO/BVO hetero-
junction nanocomposite were tested through three cycling
experiments under irradiation as shown in Figure 8(a).
The results illustrate a little loss of degradation efficiency
of heterojunction nanocomposite after three successive
cycles. The samples of IVO/BVO heterojunction nanocom-
posite before or after photocatalytic reaction were charac-
terized by XRD analysis. Figure 8(b) shows the XRD
patterns before and after degradation of the IVO/BVO
heterojunction nanocomposite. It could be found that the
XRD pattern of the recycled IVO/BVO heterojunction
composite had almost no obvious difference compared
with the unirradiated one. The results show that the
photocatalyst is stable during the photocatalytic degrada-
tion process. Hence, this finding indicated that IVO/BVO
heterojunction nanocomposite holds excellent stability for
TC removal.
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FIGURE 10: Schematic illustration of band diagram in IVO/BVO heterojunction.

The photoelectrochemical (PEC) ability of bare IVO, BVO,
and IVO/BVO heterojunction nanocomposite was examined
by measuring the linear sweep voltammetry (LSV) and tran-
sient photocurrent responses vs. time. The combination of
IVO and BVO heterojunction exhibits attractive features for
improved PEC performance, compared to bare IVO and
BVO. Figure 9(a) displays the typical LSV plots of IVO,
BVO, and IVO/BVO heterojunction photoanodes across a
potential window of -0.2 to 1.0 V vs. Ag/AgCl under light con-
ditions (100 mW/cm?). Here, under light illumination, the
photocurrents of both IVO and BVO photoanodes increase
with increase in applied potential. For bare IVO and BVO,
the onset potential was measured to be 0.33V and 0.27V vs.
Ag/AgCl. The photocurrent density of IVO and BVO was mea-
sured to be 18 yA/cm” and 30 uA/cm” at 1.0 V. Interestingly,
the photocurrent density of IVO/BVO heterojunction photoa-
nodes reaches a maximum of 60 yA/cm” at 1.0V, which is
nearly 3-2-fold higher than bare IVO and BVO. The elevated
photocurrent density may be ascribed to enhance light absorp-
tion in the visible region and charge separation at the interface
between IVO nanosheets and BVO nanoflakes. Furthermore,
the onset potential of IVO/BVO heterojunction shows a
cathodic shifts towards lower potential value, indicating the
smaller driving force required to initiate the water splitting pro-
cess. This is ascribed to the formation of IVO/BVO heterojunc-
tion for establishing the efficient charge transfer.

The photocurrent vs. time measurements of bare IVO,
BVO, and IVO/BVO heterojunction photoanodes with repet-
itive light switching on/off cycles are illustrated in Figure 9(b).
Here, the photocurrent of all the samples rapidly switches
between on and off states. Among the three samples, the pho-
tocurrent response of IVO/BVO heterojunction was highest,
about 1-2-fold higher than bare IVO and BVO, demonstrating
the enhanced photoelectric conversion efficiency in hetero-
junction. Furthermore, the photocurrent response of the
IVO/BVO heterojunction photoelectrodes produces stable

and reproducible photocurrent of 6 4A/cm* over several on/
off cycles, indicating good stability from the heterojunction.

Meanwhile, EIS was further employed to study the efhi-
cient charge transfer process on bare IVO, BVO, and IVO/
BVO heterojunction electrodes. In general, charge transfer
resistance (R) is equivalent to the diameter of arc radius
in Nyquist plot, and in the present studies, a smaller arc
radius represents lower resistance for higher charge transfer
efficiency [48, 49]. Nyquist curve of bare IVO, BVO, and
IVO/BVO heterojunction electrodes is presented in
Figure 9(c). All three electrodes are modeled with equivalent
circuit (inset Figure 9(c)), and the fitted values of R, R,
and R, are summarized in Table S3. Compared to bare
IVO and BVO, it was evident that the electrode arc radius
for IVO/BVO heterojunction was significantly reduced,
indicating improved separation and elevated interfacial
charge transfer of photogenerated charge carriers. This is
in consistent with photocurrent measurement results.

Photoluminescence (PL) spectrum was performed to
investigate the recombination efficacy of charge carriers in
IVO, BVO, and IVO/BVO heterojunction. Figure 9(d) illus-
trates PL results of pristine IVO, BVO, and IVO/BVO hetero-
junction. As shown in the PL spectra, both IVO and BVO
display an intense emission band located at around 530 nm
and 535 nm, which was mainly attributed due to the emission
during the electron-hole recombination process. In contrast,
PL intensity obviously decreases for IVO/BVO heterojunction
than those of individual IVO and BVO. The reduction in PL
intensity manifests the recombination rate of photogenerated
charge carriers effectively to be suppressed in IVO/BVO het-
erojunction and results with the higher photocatalytic and
photoelectrochemical activity [50-52].

Based on the band structure results obtained from the MS
plot (Figures 6(e) and 6(f)) of IVO and BVO, the position of
conduction and valence bands suggests that either type-II het-
erojunction or Z-scheme migration is possible. The Cy and V'
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potentials were estimated to be -0.36 V and 1.66 V for IVO and
-0.06eV and 2.43eV for BVO, respectively. Since the Cy of
IVO is lower than BVO, the photoinduced electrons (e”) gen-
erated on the Cy of IVO move to the C of BVO. On the other
hand, the photoexcited (h*) on the V; of BVO transfers to the
Vi of IVO. As a result, electrons gather on the Ci of BVO and
holes accumulate on the V; of IVO. However, the E; of BVO
is weaker than the redox potential of O,/'O, (-0.33¢V); the
generation of ‘O, is forbidden. Similarly, the Vi of IVO
(1.66 V) is more negative than the oxidation potential of
H,0/0OH or OH/OH (1.99V), and thus, no ‘OH could be
generated. Through the scavenger test experiment, it was
detected that the system contained h*, -O,’, and "OH. There-
fore, the traditional type-II mechanism is impossible to hap-
pen, and therefore, Z-scheme migration was put forwarded.
As depicted in Figure 10, the photoinduced electrons on the
Cy of BVO are moved to the V;; of IVO and then recombine
quickly with the holes of IVO, resulting in higher separation
rate of electron-hole pairs. Meanwhile, the electrons accumu-
lated in Cy of IVO can combine with O, in water to form -O,’,
while the holes gathered in the Vi of BVO can react with
H,O/OH" to yield -OH. The h*, -O,’, and ‘'OH generated in
the Z-scheme heterojunction are all involved in the removal
of TC. The specific photogenerated electron-hole pair genera-
tion and reaction process are as follows:

IVO + hv — IVO (¢7) + IVO (h*)
BVO + hv — BVO (¢') +BVO (h*)
IVO (h") + BVO (e”) — recombination
IVO (¢7) + 0, — -O; (1)
BVO (h+) +H,0 — OH
BVO (h*) +OH — OH
(h*,"OH, -03) + TC — photodegradation products

4. Conclusion

In nutshell, a novel IVO/BVO nanocomposite with 2D/2D
heterojunction was successfully synthesized through a hydro-
thermal method. The morphological and optical properties of
IVO/BVO heterojunction nanocomposite were studied in
detail. The heterojunction formation between IVO nanosheets
and BVO nanoflakes was identified using HRTEM. The IVO/
BVO heterojunction nanocomposite revealed enhanced
absorption in the visible region. Furthermore, the IVO/BVO
nanocomposite displayed enhanced photocatalytic perfor-
mances than those of bare IVO and BVO upon illumination.
Higher photocurrent density of 60 uA/cm?® was obtained for
IVO/BVO photoanodes than that for bare IVO (18 uA/cm?)
and BVO (30 yA/cm?) under illumination. The elevated pho-
toelectrochemical activity of the IVO/BVO nanocomposite is
attributed to the heterojunction formation between IVO and
BVO, resulting from the effective charge carrier separation.
This finding provides a facile way to design and construct an
efficient heterojunction nanocomposite photocatalysts for
degradation of TC in aqueous system.
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