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ABSTRACT: We synthesized g-C3N4/nano-InVO4 heterojunction-type photocatalyts
by in situ growth of InVO4 nanoparticles onto the surface of g-C3N4 sheets via a
hydrothermal process. The results of SEM and TEM showed that the obtained InVO4
nanoparticles 20 nm in size dispersed uniformly on the surface of g-C3N4 sheets, which
revealed that g-C3N4 sheets was probably a promising support for in situ growth of
nanosize materials. The achieved intimate interface promoted the charge transfer and
inhibited the recombination rate of photogenerated electron−hole pairs, which
significantly improved the photocatalytic activity. A possible growth process of g-C3N4/
nano-InVO4 nanocomposites was proposed based on different mass fraction of g-C3N4
content. The obtained g-C3N4/nano-InVO4 nanocomposites could achieve effective
separation of charge-hole pairs and stronger reducing power, which caused enhanced
H2 evolution from water-splitting compared with bare g-C3N4 sheets and g-C3N4/
micro-InVO4 composites, respectively. As a result, the g-C3N4/nano-InVO4 nano-
composite with a mass ratio of 80:20 possessed the maximum photocatalytic activity
for hydrogen production under visible-light irradiation.
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■ INTRODUCTION

The conversion of solar energy into hydrogen energy is an
effective and promising way for solving the energy problem of
human society in 21st century. Water splitting for hydrogen
production is considered to be a most attractive way to realize
this energy conversion.1−3 Although thousands of inorganic and
organic semiconductor photocatalysts have been developed
since the 1970s,4,5 the photocatalyst activity of H2 production
for a single-component photocatalyst system is still unsat-
isfactory.6,7 In a typical single-component photocatalyst system,
the photogenerated electrons and holes of single photocatalyst
recombine rapidly before migrating to the surface, which
significantly reduces photocatalyst activity. In order to inhibit
electron−hole recombination, constructing a heterojunction-
type photocatalytic system has been developed, which improves
the rate of charge transfer and significantly enhances the
photocatalytic activity.8−11 However, kinetically and thermody-
namically, the redox ability of photogenerated electrons and
holes after charge transfer is reduced.12 Therefore, band
structure of semiconductor photocatalysts in a typical
heterojunction-type photocatalytic system for H2 production
should satisfy harsh conditions, such as strong redox ability for
H2 production, proper difference of energy level for charge
transfer, and narrow band gap for visible-light absorption.

Recently, a novel organic semiconductor photocatalyst
graphitic carbon nitride (g-C3N4) has attracted considerable
attention.13,14 Besides, the metal-free photocatalyst possesses
many attractive chemical and physical properties, especially a
highly negative conduction band level (−1.12 eV) for
photocatalytic H2 production.

15,16 However, the high recombi-
nation of photogenerated electron−hole pairs reduced its
photocatalyst activity of H2 production, which has become a
primary problem for the application of g-C3N4.

17 To solve this
problem, many effective means were used to increase the rate of
electron−hole separation, such as loaded noble nanoparticles,18

heterojunctions,19−22 nanomodification,23 sulfur-doped,24 and
Z-scheme.25 Among them, constructing a heterojunction-type
photocatalytic system has attracted much attention because the
typical two-dimensional (2D) sheets of g-C3N4 could provide a
suitable scaffold for contacting with other nanosized photo-
catalysts and achieving nanocomposites with promising inter-
face, which is beneficial to improving the rate of charge
transfer.26,27 In 2011, TiO2-g-C3N4 composites were first
synthesized for enhancing the H2 evolution from water-
splitting.28 After that, some investigators have coupled g-C3N4
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with various UV-response semiconductors, such as TiO2,
29,30

ZnS.31 However, the phase of UV-light-response photocatalyst
can not be excited under visible light irriatation, which will
reduce the utilization of solar energy. To overcome the
drawbacks, some g-C3N4-based photocatalytic systems con-
sisted of sulfides (CdS,32,33 MoS2

34) have been reported.
However, as we all know, the poor photocorrosion and self-
oxidation of sulfides would significantly reduce the stability.35

Interestingly, a type of photocatalytic system based on multiple
metal oxide and g-C3N4, such as g-C3N4/SrTiO3:Rh,

36

ZnFe2O4/g-C3N4
37 showed excellent and stable photocatalytic

activity for H2 production.
InVO4 is a promising photocatalyst for H2 production under

visible light irradiation.38 The conduction band of InVO4 was
suitable for H2 production.

39 In addition, many reports indicate
that the desired morphology and size of photocatalysts could
regulate the position of the energy band for achieving higher
redox ability.40,41 Yan et al. reported that the nanosized InVO4
nanoparticles with the size of 20 nm showed higher
photocatalytic activity of H2 production than InVO4 micro-
spheres.42,43 Consequently, constructing a heterojunction-type
photocatalytic system based on g-C3N4 sheets and InVO4
nanoparticles is a feasible and useful process for H2 production.
Herein, we synthesized g-C3N4/nano-InVO4 nanocompo-

sites by introducing g-C3N4 sheets to the InVO4 precursor
solution in hydrothermal reaction. The result showed that
InVO4 nanoparticles and g-C3N4 sheets were put in contact to
achieve desired nanojunctions with an intimate interface, which
InVO4 nanoparticles are tightly and uniformly dispersed on the
surface of g-C3N4. The functional groups (amino groups) and
positive charge on the surface of g-C3N4 sheets probably play a
crucial influence on the growth of InVO4 nanoparticles. The
photocatalytic activities were investigated by H2 production
from methanol aqueous solution. Furthermore, a possible
growth process of g-C3N4/nano-InVO4 nanocomposites and a
mechanism of enhancing photocatalytic activity were thor-
oughly studied.

2. EXPERIMENTAL SECTION
2.1. Materials. Urea, sodium metavanadate(NaVO3·2H2O), and

Indium nitrate (In(NO3)3·4.5H2O) were purchased from Aladdin
(P.R. China). All chemicals were used as received without further
purification. Water was obtained from a Hitech-Kflow water
purification system (Hitech, P.R. China).
2.2. Preparation of g-C3N4/InVO4 Nanocomposites. Graphitic

carbon nitrides (g-C3N4) were synthesized by thermal treatment. First,

10 g of urea was placed in an alumina crucible with a cover. After being
dried at 60 °C for 2 days, the urea was heated in a covered crucible to
550 °C in a muffle furnace at a heating rate of 2.3 °C min−1, and then
maintained at 550 °C for 4 h.13 Finally, the obtained products were
naturally cooled to room temperature.

The g-C3N4/InVO4 nanocomposites were prepared through a
hydrothermal strategy. Typically, 0.2 g of as-prepared g-C3N4 and a
certain amount of NaVO3·2H2O were added into a beaker containing
50 mL of pure water and vigorously magnetically stirred for 10 min.
In(NO3)3 solution was added slowly to the suspension in a molar ratio
of In3+: V5+ = 1:1. After stirring for another 30 min, the dispersion was
transferred to a 100 mL polytetrafluoroethylene-lined stainless
autoclave, and was heated at 140 °C for 12 h and then allowed to
cool to room temperature. The solid product was collected by
centrifugation, washed thoroughly with water and ethanol, and dried at
60 °C. The process is shown in Scheme 1. For comparison, pure
InVO4 was prepared similarly without introducing g-C3N4 sheets to
the InVO4 precursor solution. Pure g-C3N4 was prepared similarly
without the addition of InVO4. As-prepared composites with expected
InVO4 mass fraction of composites, such as 0, 10, 20, 30, 60, 80, and
100% (pure InVO4) are referred to as A0, A10, A20, A30, A60, A80,
and A100, respectively.

2.3. Characterization. The products were characterized by X-ray
diffraction measurements carried out on X-ray diffractometer (XRD,
Bruker D8 Advance diffractometer) with Cu−Kα radiation in the
range of 10−80° at a scanning rate of 7°min−1. Scanning electron
microscopy (SEM) images were characterized by an S-4800 field
emission SEM (FESEM, Hitachi, Japan). F20 S-TWIN electron
microscope (Tecnai G2, FEI Co.), using a 200 kV accelerating voltage
was used to characterize transmission electron microscopy (TEM)
images. The photoluminescence spectra were obtained on a F4500
(Hitachi, Japan) photoluminescence detector. Fourier transform
infrared spectroscopy (FTIR) was performed as KBr discs on a
Nicolet 6700 spectrometer. A UV−vis spectrophotometer (UV2450,
Shimadzu, Japan) was used to characterize UV−vis diffused reflectance
spectra of the products. BaSO4 was used as a reflectance standard. A
Bruker ECS106 X-band spectrometer was used to characterize the
electron spin resonance (ESR) signals of radicals spin-trapped by
spintrap reagent 5,5-dimethy-1-pirroline-N-oxide (DMPO) (pur-
chased from Sigma Chemical Co). Electrochemical impedance
spectroscopy (EIS) was performed in the frequency range of 105−
10−2 Hz with the initial potential (0 V) in 0.5 M H2SO4. The
photoelectric current (PC) responses measurements were performed
using a CHI 660B electrochemical workstation with a standard three-
electrode cell at room temperature.

2.4. Photocatalytic Hydrogen Production. The experiment of
photocatalytic H2 production was carried out in a Lab-H2 photo-
catalytic system. A 300 W xenon arc lamp with a optical filter (λ > 420
nm) was applied as the light source and vertically placed on the top of
the reactor. In a typical photocatalytic H2 production experiment, 0.05
g photocatalyst was dispersed with vigorous strring in 200 mL of a

Scheme 1. Synthesis Process of the g-C3N4/InVO4 Nanocomposites
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20% methanol aqueous solution and stirred continuously to ensure
uniform irradiation of the catalyst suspension during the whole
experiment. A certain amount of H2PtCl6·6H2O aqueous solution was
dripped into the system for loading 0.6% Pt nanoparticles onto the
surface of photocatalyst by a photochemical reduction deposition
method. Before irradiation, the system was vacuumized to remove the
dissolved oxygen in water. During the whole reaction process, the fan
in system was kept open to maintain the balance of system gas
concentration. A certain amount of generated gas was collected once
an hour, and the amout of hydrogen content was analyzed by gas
chromatograph (GC-14C, Shimadzu, Japan, TCD, with argon as a
carrier gas).
The apparent quantum efficiency (QE) was carried out in a dark

room. Four low-power certain wavelength (420 nm) LEDs (4 W)
were applied as light sources. The LEDs were positioned 1 cm away
from the reactor in four vertical directions. The QE was calculated
according to eq 1:

= ×QE(%)
number of reacted electrons
number of incident photons

100

=
×

×QE(%)
number of evolved H molecules 2

number of incident photons
1002

(1)

3. RESULT AND DISCUSSION
XRD analysis was used to investigate the crystal phase of
semiconductor photocatalysts. The XRD patterns of g-C3N4,
InVO4, and g-C3N4/InVO4 composites with different mass
fraction of g-C3N4 content is shown in Figure 1. The diffraction

peaks of pure InVO4 are well-indexed as an orthorhombic
phase of InVO4 and match very well with the standard card
(JCPDS 48-0898). The characteristic peaks of pure InVO4 are
sharp and strong, which indicate that the reaction time and
temperature are suitable for InVO4 well-crystal. The diffraction
peaks of pure g-C3N4 show that two diffraction peaks at 27.4°
and 13.1° can be indexed as (0 0 2) and (1 0 0) diffraction
planes,44,45 respectively. The main characteristic diffraction
peaks of g-C3N4/InVO4 nanocomposites did not obviously
change after hydrothermal reaction, which indicated that the
hydrothermal process could not destroy the crystal of g-C3N4
sheets.
Figure S1 shows the typical FT-IR spectra of g-C3N4/InVO4

composites. As can be seen, the peaks at 1250 cm−1, 1324 cm−1,

1420 cm−1, 1573 cm−1, and 1637 cm−1 could contribute to the
typical stretching modes of CN heterocycles,46 whereas the
peak at 810 cm−1 could contribute to the characteristic
breathing mode of triazine units in g-C3N4.

47 In addition, the
typical stretching mode of N−H at 3200 cm−1 was also
observed. The FT-IR spectrum of pure-InVO4 revealed that
peaks at 750, 780, and 910 cm−1 are assigned to V−O−In
stretching. In the case of g-C3N4/InVO4 composites, with the
decrease of the g-C3N4 mass fraction, the peaks of g-C3N4 were
weaken and those of InVO4 were strengthen.
The structures of pure g-C3N4 are shown in Figure 2(a, b).

Figure 2(a) shows that the pure g-C3N4 possess layered
graphene-like structures, and some porous structures were also
found, which could be the result from the released gas (CO2,
H2O, NH3) during the thermal decomposition.48 The surface
of g-C3N4 sheets were smooth and no nanoparticles were
found. High-resolution in Figure 2(b) shows that the thickness
of urea-drived g-C3N4 sheets ranged from 30 to 70 nm. The
structure and morphology of A20 nanocomposites are shown in
Figure 2(c, f). Figure 2(c) shows that the InVO4 nanoparticles
dispersed on the surface of g-C3N4 sheets uniformly. Figure
2(d) shows that both the g-C3N4 and InVO4 nanoparticles are
in close contact. Figure 2(e, f) shows that InVO4 nanoparticles
exhibit spherical-like nanoparticles with an average diameter of
approximately 20−30 nm, which were well dispersed onto the
surface of g-C3N4 to form a heterojunction. The interface
between g-C3N4 and InVO4 nanoparticles were also found.
The HR-TEM images of pure g-C3N4, A30 and A20 sample

are also shown in Figure 3. The structure of g-C3N4 sheets are
clearly seen in Figure 3(a, b). The calculated d value of 0.315
nm corresponds to the (0 0 2) crystallographic plane of g-
C3N4.

49 Figure 3(c) reveals that the InVO4 nanoparticles
dispersed onto the surface of g-C3N4. The HRTEM in Figure
3(d) showed that the InVO4 nanoparticles displayed
aggregation with unsatisfactory dispersity, which was attributed
to the increasing of InVO4 mass fraction. Figure 3(e,f) exhibits
that g-C3N4 and InVO4 were close enough to form an intimate
interface. The size of InVO4 nanoparticles was appropriate 20
nm and interplanar spacing values of 0.344 nm correspond to
the d values of the (2 2 0) planes for InVO4.

50

For investigating the formation process of g-C3N4/InVO4
nanojunction, a series of products with different mass fraction
of g-C3N4 were obtained. As can be seen in Figure 4(a), the
surface of original g-C3N4 was smooth without any nano-
particles. A20 is shown in Figure 4(b) and it can be seen that
most of the g-C3N4 surface is effectively covered with
appropriate InVO4 nanoparticles, as was the interfacial contact
between g-C3N4 and InVO4. In addition, the density of InVO4
nanoparticles deposited on the g-C3N4 surface became more
and more intensive with the increase of InVO4 mass fraction. In
the case of A40 sample, the surface of g-C3N4 was completely
covered by InVO4 nanoparticles and tended to organize into
microscale aggregates, which is shown in Figure 4(c). However,
further increasing of InVO4 mass fraction caused more
aggregation, which more InVO4 microspheres emerged. As
shown in Figure 4(d), most of the InVO4 nanoparticles
assembled microscale aggregates spontaneously, and the
remaining InVO4 nanoparticles covered the surface of g-C3N4
sheets at the same time. When the mass ratio of InVO4 content
reached 80%, the InVO4 microspheres become the main
morphology of InVO4 content. The dispersed g-C3N4 sheets
owed to the crystal growth of InVO4 between the interlayers of
g-C3N4 sheets during the hydrothermal reaction, which caused

Figure 1. XRD patterns of g-C3N4, InVO4, and g-C3N4/nano-InVO4
composites with different mass ratios.
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the exfoliation of the g-C3N4 sheets.
51,52 Figure 4(f) shows the

InVO4 microspheres with the diameter of 2−3 μm consisted of
nanoparticle self-assembly. To further investigate the effects of
g-C3N4 mass fraction on the structure of composites, TEM
images of A5, A30, A40, A80 are presented in Figure 5. Little
nanoparticles are shown in Figure 5(a). Figure 5(b) reveals that
the InVO4 nanoparticles were uniformly dispersed on the
surface of g-C3N4 sheets. The InVO4 nanoparticles and
microscale aggregates appear in Figure 5(c) at the same time.
Figure 5(d) showed that the g-C3N4 sheets contacted with the
InVO4 microspheres tightly.
Based on Figures 4 and 5, a possible formation mechanism of

g-C3N4/InVO4 composites is described in Scheme 2.
Obviously, the structure of InVO4 ranged from microspheres
(2 μm) to nanoparticles (20 nm) with the increasing of g-C3N4
mass fraction, which strongly confirmed that the g-C3N4 sheets
played vital role in the formation of the nanojunction. Many
investigations showed that large specific surface area and two-
dimensional structure of g-C3N4 could provide a large scaffold
for anchoring various substrates.26,27 In addition, the surface of
urea-derievd graphitic g-C3N4 possessed positive charge with
abundant alamino groups (C-NHx),53 which could provide a
suitable environment for attracting negative charge particles via
electrostatic attraction.54 Accordingly, in our study, the VO3

3−

ions could adsorb onto g-C3N4 sheets via the electrostatic force
in g-C3N4 suspension. The anchored VO3− ions would form
InVO4 nanocrystals in situ on the surface of g-C3N4 sheets

during the hydrothermal reaction, then the tiny nanocrystal
nucleus grows into the nanoparticles through oriented growth
on the surface of g-C3N4 support during the hydrothermal
reaction.55 Eventually, the InVO4 nanoparticles uniformly and
tightly distribute onto the surface of g-C3N4 sheets (process 1).
However, with the increase of InVO4 mass ratio, the capacity of
electrostatic attraction between g-C3N4 and VO3

3− ions was
decreased because the effective positive charge surface of g-
C3N4 was decreasing. When the mass fraction of InVO4 was
more than 30%, the excess of VO3

3− ions could not tightly
adsorb on the surface of g-C3N4 sheets and would grow into
InVO4 nanoparticles freely during the hydrothermal reaction.
However, these free InVO4 nanocrystals possessed high specific
surface energy, which would assemble spontaneously and form
hierarchical microspheres for reducing the interfacial en-
ergy.56,57 As a result, part of InVO4 nanoparticles uniformly
grew on the surface of g-C3N4 due to the strong electrostatic
attraction between VO3

3− ions and C-NHx, whereas other
InVO4 nanoparticles were densely self-assembled and formed
3D hierarchical structures which covered the g-C3N4 sheets
(process 2). With the mass fraction of free InVO4 nanoparticles
further increasing, the crystal growth of nanoparticles would
cause the exfoliation of the g-C3N4 sheets.51,52 The InVO4
microspheres could directly contacted with g-C3N4 sheets,
which were shown in Figure 3(d−e) and Figure 4(d),
respectively (process 3). The pure InVO4 3D hierarchical
structures was obtained without introducing any g-C3N4. It

Figure 2. (a) SEM images of g-C3N4, (b) High-magnification SEM of g-C3N4, (c, d) SEM and High-magnification SEM images of g-C3N4/InVO4
composites with a mass ratio of 80:20, (e, f) TEM images of g-C3N4/InVO4 composites with a mass ratio of 80:20.
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reveals that when the particles of InVO4 nanoparticles were not
restricted by the functional alamino groups on the surface of g-
C3N4 sheets, they would assemble spontaneously in a random
way to form 3D microspheres (process 4).58 All in all, the
results clearly confirmed that the mass ratio of g-C3N4 could be
a key parameter for formation of g-C3N4/InVO4 nano-
composites. The positive charge and 2D structure of g-C3N4
sheets can provide a suitable environment for the growth of
nanoparticles, which we propose as a novel method to
synthesize monodispersed nanojunctions.
The optical property of g-C3N4/InVO4 composites was

characterized using UV−vis diffuse reflectance spectroscopy. As
shown in Figure 6(a), g-C3N4 holds an absorption edge of 430
nm. A80 show significant light absorption beyond 450 nm
which is consistent with the InVO4 microspheres.58 However,
A20 and A30 samples possess blue-shifted absorption edge
compared with pure g-C3N4, which indicated that the band gap
of photocatalysts enlarged.32,33

Figure S2 shows the size and structure of InVO4 micro-
spheres and InVO4 nanoparticles. As can be seen, the size of
InVO4 microspheres was about 2 μm, whereas the size of
InVO4 nanoparticles was only 20 nm. To confirm the enlarged
band gap was due to the size change of InVO4,

42 see the UV−
vis spectra of InVO4 nanoparticles, and InVO4 microspheres in
Figure 6(b). As can be seen, the absorption edge of InVO4

nanoparticles was significantly much lower than InVO4
microspheres and the band gap energy of the InVO4
nanoparticles (3.1 eV) is much larger than that of InVO4
microspheres (2.4 eV). Therefore, the InVO4 nanoparticles
with large band gap (3.1 eV) could enlarge the band gap of g-
C3N4/InVO4 nanocomposites, which caused the blue-shifted
absorption edge. A80 sample show significant absorption range
from 425 to 500 nm, which confirmed that InVO4 micro-
spheres were existed.
The energy band positions of conduction band (CB) and

valence band (VB) of InVO4 nanoparticles and InVO4
microspheres can be calculated with the following equation:

= − −E X E E0.5CB e g (2)

= +E E EVB CB g (3)

where ECB is the CB edge potential, X is the electronegativity of
the semiconductor, which is the geometric mean of the
electronegativity of the constituent atoms, Ee is the energy of
free electrons on the hydrogen scale (4.5 eV), and Eg is the
bandgap energy of the semiconductor.
The CB potentials of InVO4 nanoparticles and InVO4

microspheres have been calculated to be −0.33 and 0.02 eV,
respectively. Therefore, the energy of photogenerated elec-
tronics for g-C3N4/micro-InVO4 and g-C3N4/nano-InVO4 have
quite a different after charge transfer because of different CB
potentials of InVO4 nanoparticles and InVO4 microspheres.
The InVO4 nanoparticles possessed much higher CB potentials
than InVO4 microspheres which caused the redox ability of g-
C3N4/nano-InVO4 was much stronger than g-C3N4/micro-
InVO4.
In order to further confirm the above conclusion, ESR

experiments were carried out. Figure 7 showed ESR spectra
measured as the effect of light irradiation on the bare g-C3N4,

Figure 3. TEM and HRTEM of pure g-C3N4 (a, b), g-C3N4/InVO4
composites with a mass of 70:30 (c, d), g-C3N4/InVO4 composites
with a mass of 80:20 (e, f).

Figure 4. SEM images of different InVO4 mass ratio of g-C3N4/InVO4
composites: (a) 0%, (b) 20%, (c) 40%, (d) 60%, (e) 80%, (f) pure
InVO4..
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A20 and A40 photocatalysts at room temperature. The result
revealed that the intensity of the characteristic peaks of
superoxide radicals for the A20 sample is higher than that of g-
C3N4 and A40 sample, which indicated that the A20 sample
achieved higher redox ability than pure g-C3N4 and A40
sample. The weaker redox ability of pure g-C3N4 is attributed to
the less effective photogenerated electron during light
irradiation due to high recombination of photogenerated
electron−hole pairs, whereas the weak redox ability of A40
sample is attributed to the lower CB of InVO4 microspheres
(0.02 eV) compared with InVO4 nanoparticles (−0.33 eV).
The photogenarated electrons in the CB of InVO4 micro-
spheres (0.02 eV) cannot reduce O2 into •O2

− with the redox
potential of −0.046 eV vs. NHE, which would significantly
reduced the redox ability.

To verify the heterojunction composed of g-C3N4 sheets and
InVO4 nanoparticles could promote the charge transfer and
inhibit the recombination of charge-pairs, a series of experi-
ments, such as electrochemical impedance spectroscopy (EIS),
photoelectrochemical measurements, and photoluminescence
(PL) emission spectra were performed. Figure 8(a) shows the
typical EIS curve for pure g-C3N4 photoanode and g-C3N4/
InVO4 nanocompsites photoanode in 0.5 M H2SO4 under
illumination. A smaller diameter was found in the curve of A20
photoanode compared to bare g-C3N4, which indicated the
resistance between A20/electrolyte interface was much smaller
than g-C3N4/electrolyte. The result revealed that the nano-
junction between g-C3N4 and InVO4 nanoparticles would
obviously improve the rate of charge transfer. However, the
diameter of A40 was larger than A20, which revealed that the

Figure 5. TEM images of different InVO4 content of g-C3N4/InVO4 composites (a) 5%, (b) 20%, (c) 40%, (d) 80%.

Scheme 2. Possible Formation Mechanism of g-C3N4/InVO4 Composites with Different Mass Ratio of InVO4
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resistance of A20 was smaller than A40. As shown in Figure 4
and Figure 5, the increasing resistance of A40 sample could be
contributed that the InVO4 nanoparticles were too densely
covered on the surface of g-C3N4, which reduced the effective
area of light absorption for g-C3N4 sheets. The transient

photocurrent responses of bare g-C3N4, A20 and A40 samples
were recorded for three on-off cycles under visible-light
irradiation and are revealed in Figure 8(d). The A20 sample
show the highest photocurrent intensity of the three samples,
whereas A40 and pure g-C3N4 have the middle and lowest
values, respectively. Therefore, the A20 and A40 samples
achieved more effective separation of charge-hole pairs than
bare g-C3N4, which is consistent with the EIS measurements.
The reduced photocurrent intensity of A40 was contributed to
the decreasing effective area of light absorption for g-C3N4

sheets. Figure S3 presents the PL spectra of pure g-C3N4, A20
with an excitation wavelength of 320 nm. The g-C3N4 sheets
possess an obvious emission peak at about 435 nm, which
corresponds to the band gap of g-C3N4. The InVO4

nanopaticles were dispersed on the surface of g-C3N4 tightly,
which formed outstanding interface to improve the rate of
charge transfer and inhibit the recombination of charge-hole
pairs. The PL emission intensity of g-C3N4/InVO4 composites
got an obvious decrease compared with bare g-C3N4, which
suggests that the charge recombination of g-C3N4 can be
efficiently prevented.59

3.5. Photocatalytic Activity and Photostability. To
investigate the performance of prepared catalysts, we carried
out hydrogen evolution experiments in 20% methyl alcohol
solution with 0.6% Pt as a cocatalyst. Figure 9(a) shows the
time courses of H2 evolution of different g-C3N4/InVO4

Figure 6. UV−vis spectra of (a) g-C3N4/InVO4 composites; (b) InVO4 nanoparticles and InVO4 microspheres with the corresponding calculated
band gap energy of different samples (inset).

Figure 7. ESR signals of the DMPO-•O2
− with irradiation for 20 s in

methanol dispersion.

Figure 8. (a) EIS obtained for pure C3N4 and g-C3N4/InVO4 composites under light irradiation in 0.5 M H2SO4 aqueous solution, (b) Transient
photocurrent responses of pure C3N4 and g-C3N4/InVO4 composites collected in 1.0 M NaOH electrolyte.
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composites. It is clear that A5, A10, A20 showed significantly
enhanced photocatalytic activity as compared with pure g-C3N4
and pure InVO4. A20 showed highest photocatalyst activity of
H2 production with the rate of 212 μmol/g·h. The apparent
quantum efficiency (QE) of A20 was 4.9% at 420 nm. To
examine the stability of the obtained g-C3N4/InVO4 nano-
composites, recycling rest was performed on the hydrogen
production activity of A20 sample after 5 h. Figure S4 showed
no obvious decrease of H2 production rate between 5 and 20 h,
indicating the obtained g-C3N4/InVO4 nanocomposites
showed photostability during reaction time.
The photocatalytic mechanism would be clarified in detail. A

photocatalytic mechanism for enhanced photocatalytic activity
of g-C3N4/InVO4 nanojunction was proposed in Scheme 3.
First, the enhanced H2 production was due to the improved
charge transfer through the interface between InVO4 nano-
particles and g-C3N4 sheets, which significantly inhibited the
recombination of photogenerated electron−hole pairs. When
the g-C3N4/InVO4 nanojunction was irradiated by visible light,
photogenerated electrons are promoted from the valence bands
(VB) of g-C3N4 and InVO4 to their conduction bands (CB),
respectively. Because of the band gap discontinuity, the
photogenerated electrons on the CB of g-C3N4 can be
transferred to the CB of InVO4 and reduced hydrogen ions
in water into hydrogen, which obviously inhibited the
recombination of photogenerated electron−hole pairs. Second,
the reducing power of g-C3N4/nano-InVO4 nanocomposites
was much stronger than that of g-C3N4/micro-InVO4
composites due to the different energy band of InVO4
nanoparticles and InVO4 microspheres, which was demon-

strated by ESR data. Therefore, the g-C3N4/InVO4 nano-
composites could not only improve the charge-separation
efficiency but also achieve a strong driving force for H2
production compared with bare g-C3N4 and g-C3N4/micro-
InVO4 composites, respectively. Owing to the above reasons,
the photocatalytic activity of g-C3N4/nano-InVO4 nanojunction
was much higher than that of bare g-C3N4 and g-C3N4/micro-
InVO4 composites.

4. CONCLUSION

g-C3N4/InVO4 nanocomposites were prepared by in situ
growth InVO4 nanoparticles onto surface of g-C3N4 sheets
via hydrothermal process. The g-C3N4 sheets played vital role
in the formation of g-C3N4/InVO4 nanocomposites, which
revealed that g-C3N4 is a promising support for in situ growth
of nanosize materials. The formation of interfaces could
promote the charge transfer and inhibited recombination of
charge-hole pairs, which significantly improved the photo-
catalytic activity of H2 evolution from water-splitting. The A20
sample with desired interfaces and structures exhibited best
photocatalytic H2 evolution of 212 μmol/g·h. This study
provides a novel visible-light-reponse heterojunction-type
photocatalytic systems based on g-C3N4 and multiple metal
oxide.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.5b05715.

Figure 9. (a) Plots of photocatalytic H2 evolution amount visible light irradiation (λ> 420 nm) time for different samples, (b) Comparison of the
visible light induced H2 evolution rate for different samples.

Scheme 3. Schematic Illustration of g-C3N4/InVO4 Composites under Visible Light Irradiation
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