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ABSTRACT

A hydrothermal synthesis method was developed to prepare graphene-supported bismuth
vanadate (BiVO,) particle (BiVO,—graphene) using graphene oxide, Bi(NO3);-5H,O, and
NH4VO; as raw materials. The composite was characterized by various analytical methods,
including X-ray powder diffraction, Fourier transform infrared spectroscopy, diffuse reflec-
tion spectra, transmission electron microscope, X-ray photoelectron emission spectroscopy,
and fluorescence spectra. The photocatalytic activity of BiVOs—graphene composite was
investigated by the degradation of methylene blue in an aqueous solution under visible
light irradiation. It had been confirmed that the presence of graphene enhanced the photo-
catalytic activity of BiVO, particle, and the BiVO,~1.0% graphene showed the best photocat-
alytic activity. The improved visible light activity of BiVOs—graphene was due to the
enhancement of electron-hole separation by the electron trapping of graphene. Also, a
possible mechanism was proposed to elucidate the role of graphene in BiVOs,—graphene

composite as a photocatalyst for degradation of organic pollutant.
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1. Introduction

Photocatalysis over semiconductor using solar
energy has attracted extensive attention in splitting of
water and the degradation of organic pollutant [1,2].
In recent years, bismuth vanadate (BiVO,) has been
demonstrated to be a good visible-light-driven photo-
catalyst with narrow gap energy of 2.4 eV [3,4]. BiVO,
has three crystallographic forms: tetragonal zircon,

*Corresponding author.

tetragonal scheelite, and monoclinic scheelite. It has
been reported that monoclinic form is more photocata-
lytically active than other forms under visible light
irradiation [5,6]. However, the performance of pure
BiVO,; in photocatalytic degradation of organic
pollutant is somewhat limited by its poor adsorptive
performance and difficulty in migration of photogen-
erated electron-hole pairs [3,5]. To resolve this prob-
lem, a variety of strategies have been proposed to
improve the photocatalytic performance of BiVO,,
such as suitable textural design [7], non-metal doping
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[8], noble metal deposition [3,5,9,10], and constructing
heterojunction between semiconductors [11].

Graphene, a two-dimensional crystal which is
made up of sp>-hybrisized carbon atoms, has received
significant attention in both the experimental and the
theoretical scientific fields due to its outstanding
mechanical, electrical, thermal, and optical properties
[12-14].  Especially, high thermal conductivity
(~5,000 Wm ' K™Y [15], excellent mobility of charge
carrier (200,000 cm ' V7! s71) [16], and large theoretical
specific area (~2,600 m*g ') [17] properties make
graphene attractive for many practical applications,
such as batteries [18], sensors [19], capacitors [20], and
catalytic fields [21]. Graphene is easy to obtain from
inexpensive graphite via intermediate product “graph-
ene oxide” [22,23]. Graphene oxide contains a range of
reactive oxygen functional on the sheet surface, which
makes it act as an excellent support for various graph-
ene-based composites. Recently, graphene-based semi-
conductor photocatalyst is of great interest due to its
good electron conductivity, large specific surface area,
and high adsorption [24-26]. Kamat and co-workers
[24,26,27] reported TiO,/graphene oxide nanocrystal-
line composite and testified the possibility of using
graphene as an electron acceptor for reducing the
recombination of the photogenerated -electron-hole
pair in the graphene/TiO, composite photocatalyst,
which had attracted tremendous attention. Li et al.
[28] synthesized CdS-graphene nanocomposite by a
solvothermal method. They found that the nanocom-
posite enhanced the hydrogen production rate when
compared to the pure CdS nanoparticle. Xiang et al.
[29] synthesized C3Ns—graphene nanocomposite by a
combined impregnation-chemical reduction method.
The results showed that the metal-free C;N,—graphene
composite showed high visible-light photocatalytic
activity. Obviously, graphene is a promising material
for exploitation of high-performance photocatalyst.
Considering the intrinsic properties of BiVO, and
graphene, it is expected that the combination of BiVO,
with graphene may be an ideal system with excellent
photocatalysis performance.

Herein, we presented an easy and general method
to prepare BiVO,—graphene composite by a hydrother-
mal reaction using graphene oxide, Bi(NO5);-5H,0,
and NH,VO; as raw materials. The structure and the
property of composite were investigated. Furthermore,
the BiVO,—graphene composite was demonstrated to
have great potential as an effective material for remov-
ing dye pollutant in water. Also, a possible mecha-
nism was proposed to elucidate the role of graphene
in BiVO,-graphene composite as a photocatalyst for
degradation of organic pollutant.
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2. Experimental
2.1. Preparation of BiVO,~graphene composite

All chemicals were of analytical grade and were
used without further purification. Deionized water
was used in all experiments. Graphene oxide was pre-
pared from graphite powders through the modified
Hummers’” method [22]. A typical preparation of
BiVO,—graphene composite was described as follows:
0.005 mol Bi(NO3)5-5H,0 and 0.005 mol NH,VO3; were
separately dissolved in 20 mL of 35% (w/w) HNO;
and 20 mL 6 mol/L NaOH solution, and each of them
was stirred for 30 min at room temperature. A varying
amount of graphene oxide solution (0.5 mg/mL) was
added to the Bi(NOs;); aqueous solution slowly and
stirred for 1h. After that these two mixtures were
mixed together and stirred for 3 h. Next, the homoge-
neous suspension was transferred into a 50 mL teflon-
lined stainless steel autoclave and heated at 180°C for
12 h. After cooling to room temperature, the product
was washed with distilled water for three times, and
then dried under air at 60°C. The obtained sample
was denoted as BiVO,—graphene composite.

2.2. Analytical methods

The powder X-ray diffraction (XRD) patterns were
recorded by an X-ray diffractometer (MSAL-XD) using
a Cu Ka radiation. The transmission electron micro-
scope (TEM) investigations were taken on a PHILIPS
TECNAI-10 microscope and JEOL JEM-2010 (HR)
microscope. The diffuse reflection spectra (DRS) were
determined by a SHIMADZU-2501PC spectrometer
equipped with integrating sphere accessory. The
fluorescence spectra (FL) were recorded on an F-4500
HITACHI fluorometry. The X-ray photoelectron spec-
troscopy (XPS) measurements were performed on a
THERMO ELECTRON ESCALAB-250 spectrometer
with an Al Ka emission as the X-ray source.

2.3. Evaluation of photocatalytic activity

The photocatalytic experiments were carried out in
a XUJIANG XPA-2 photochemical reactor. The reac-
tion suspension was prepared by adding 0.100 g of
catalyst into a 100 mL of aqueous methylene blue
(MB) solution with an initial concentration of 5 mg/L.
Prior to photodegradation, the suspension was mag-
netically stirred in darkness for 30 min to establish an
adsorption and desorption equilibrium. The suspen-
sion containing MB and catalyst was irradiated by a
500 w xenon lamp. The cut-off filter (HITACHI Y-430)
was used to obtain visible light (1>420nm). The
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concentration of MB solution was quantified by a
TU-1900 spectrophotometer at 662 nm. To investigate
the active oxidative species generated in the photocat-
alytic process, the radicals and holes trapping experi-
ments were studied. The formic acid (FA), a
commonly used hole scavenger and tert-butyl alcohol
(TBA), a hydroxyl radical scavenger, were added into
the solution, respectively.

3. Results and discussion
3.1. XRD analysis

The XRD patterns of graphene, BiVO,, and BiVO,-
graphene composites with different contents of graph-
ene were shown in Fig. 1. For graphene, the peak at
260=24.8", represents the (002) interlayer spacing of
0.359 nm (Fig. 1(a)). This value is slightly larger than
that of graphite, which is mainly due to the residual
functional groups that may exist between the rGO lay-
ers. For BiVO, (Fig. 1(b)), almost all the diffraction
peaks can be assigned to monoclinic BiVO, (JCPDS
14-0688), which exhibits the most active photocatalysis
under visible light irradiation. The XRD patterns of
BiVO,-graphene samples almost coincided with that
of pure BiVO,. Noticeably, the peaks for graphene
were not observed in the diffraction patterns of
BiVO,—graphene composites. The reason could be
ascribed to low amount and relatively low diffraction
intensity of graphene.

(e) BiVO,-1.5 % graphene
d) BiVO,-1.0 % graphene
(c) BiVO,-0.5 % graphene
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Fig. 1. XRD patterns of the (a) graphene, (b) pure BiVO,,

(c) BiVO40.5% graphene, (d) BiVO4~1.0% graphene, and
(e) BiVO4~1.5% graphene.
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3.2. TEM analysis

The images of BiVO, particles and BiVO,-1.0%
graphene composite were shown in Fig. 2. Image of
pure BiVO, particles showed that the particles were
mostly aggregated. The image of BiVO,-1.0% graph-
ene demonstrated that BiVO, particles were success-
fully deposited on graphene. Besides, most of BiVO,
particles were dispersed.

3.3. Fourier transform infrared and XPS analysis

Fig. 3(a) shows the Fourier transform infrared
(FTIR) spectra of BiVO,, graphene oxide, and BiVO,-
1.0% graphene composite. It was demonstrated that a
large quantities of oxygen-containing functional
groups existed in the forms of epoxy, hydroxyl, and
carboxyl groups on the surface of graphene oxide. The
broad absorption at 3,200-3,400 cm ! was due to the
O-H stretching vibration; the peak at 1,721 cm ! could
be assigned to the C=0O stretching vibration;
1,622 cm ™! was ascribed to H-O-H bending of water;
the bands at 1,407, 1,223, 1,048, and 987 cm™ ! were,
respectively, correspond to stretching vibrations of the
tertiary alcoholic C-OH stretching, phenolic C-OH
stretching, C-O stretching, and epoxy stretching
[30,31]. However, all these bands related with the oxy-
gen-containing functional groups in the FTIR spectrum
of BiVO4~1% graphene composite were removed, indi-
cating considerable reduction of graphene oxide or the
low quantity of graphene oxide in the composite. It
was interesting to note that the V-O vibration of
BiVO, shifted from 743 to 738 cm™', suggesting the
interaction between BiVO, and graphene perturbed
the V-O bond [32]. Furthermore, XPS was performed
to illustrate the reduction of GO in BiVO,—graphene
composite. Fig. 3(b) shows the deconvoluted XPS Cls
spectra of BiVO,~1% graphene composite. It was
clearly seen that there were four types of carbon
bonds: C-C (284.79 eV), C-OH (286.32¢eV), C=0
(287.29 eV), and O=C-OH (288.27 eV) [33,34]. The
peak intensities of oxygen-containing functional
groups were very low, which revealed that most of
oxygen-containing functional groups were removed
after the hydrothermal reaction at 180°C for 12 h.

3.4. DRS analysis

Fig. 4 shows the diffuse reflection of BiVO,—graph-
ene composite. For comparison, pure BiVO, was also
evaluated. The absorption edge of pure BiVO, was
about 552 nm, so the band gap energy of BiVO, could
be estimated to be 2.24 eV. Compared with that of
BiVO,, the absorption edge of BiVO,-graphene
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(a)

150 nm

Fig. 2. TEM of (a) pure BiVO, and (b) BiVO4~1.0% graphene.
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Fig. 3. (a) FTIR spectra of BiVO,, graphene oxide and BiVO4-1.0% graphene and (b) Cls XPS of BiVO,-1.0% graphene.
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Fig. 4. UV-vis diffuses reflectance spectra of BiVO,-
graphene composites.

composite did not shift towards the longer wave-
length, but the absorbance intensity in the visible
range was increased with the increase in graphene
content. The increase in absorption in the visible light
region could be ascribed to the presence of carbon in
the BiVO,-graphene composite which reduced the

reflection of light. Because of the increase of
absorption in the visible light region, the solar energy
could be more efficiently used.

3.5. Photoluminescence emission analysis

The photoluminescence emission (PL) spectra were
used to investigate the separation efficiency of elec-
tron-hole pairs. As shown in Fig. 5, the PL intensity
of BiVO,-graphene composite was lower than that of
BiVO,, and decreased with the decrease in graphene
content. The PL signals were attributed to the radia-
tive recombination process of self-trapped excitons
[35,36]. So the decrease of PL intensity indicated the
enhancement of separation efficiency of electron-hole
pairs. While the electron formed by the visible light
irradiation was migrated to the surface of BiVO,, it
was trapped by graphene. Thus, the high rate of elec-
tron-hole recombination, which decreased the quan-
tum yield of the photocatalytic process, could be
declined. The experimental results demonstrated that
the separation efficiency of electron-hole pairs was
sensitive to the loading of graphene.
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Fig. 5. The PL spectra of pure BiVO, and BiVO4-1.0%
graphene.

3.6. Photocatalytic efficiency

The photocatalytic efficiency was evaluated by the
photodegradation of MB in an aqueous solution under
visible light irradiation. Fig. 6(a) shows the photodeg-
radation results over various BiVO,-graphene com-
posites. It was clearly seen that the pure BiVO,
exhibited relatively low degradation efficiency
(Fig. 6(a)), which was ascribed to the poor adsorptive
performance and difficulty in migration of electron-
hole pairs of pure BiVO,. The visible light activity had
been enhanced when graphene was introduced in the
BiVO, particles. The experimental results showed with
the increase of ratio between graphene and BiVO,, the
photodegradation ratio of MB was increased initially.
However, the photodegradation ratio of MB was
decreased when the graphene content exceeded
1.0 wt.%. It implied that there was an optimum con-
tent of graphene. For BiVO,—graphene composite
under visible light irradiation, BiVO, was excited and
generated holes and electrons, and graphene as an

o | ‘\\“‘0""“‘-0
6" 0.4 | -==without calal} st “‘--._
-»-BiVOy v
0.2 - BiV04-0.5% graphene
v BiVO4-1.0% graphene
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acceptor of electrons could quickly trap electrons. This
could enhance the separation efficiency of electron-
hole pairs, leaving more charge carriers to participate
the oxidation reaction and promote the degradation of
MB. When the graphene content exceeded 1.0 wt.%,
we suggest that the graphene will be stacking together
via 7z-m interaction, which will reduce the electrons
trapability, and decrease the degradation of MB.

In order to identify the reactive species generated
in the photocatalytic degradation process, the trapping
experiments of holes and radicals were studied.
Fig. 6(b) shows the photodegradation of MB with the
additions of hole and hydroxyl radical scavengers,
respectively. The experimental results demonstrated
that after FA (a commonly used holes scavenger) was
added into the solution, the photocatalytic degradation
of MB was fully restrained, while the photocatalytic
degradation of MB had not been obviously changed
after the addition of TBA (a hydroxyl radical scaven-
ger). This indicated that the hydroxyl radical was not
the main active oxidative specie in the photocatalytic
reaction, but the photocatalytic process was mainly
mastered by the oxidation of hole.

From all experimental results mentioned above, a
possible mechanism for photodegradation of MB over
BiVO,—graphene composite had been investigated as
illustrated in Fig. 7. Under visible light irradiation,
BiVO, was excited and generated holes and electrons
(1). Without introduction of graphene, electrons would
quickly transition from CB to VB and then recombine
with holes, resulting in a low photocatalytic degrada-
tion performance. After introduction of graphene in
the BiVO4—graphene system, graphene served as an
acceptor of the electrons generated in BiVO, surface
(2), thus the probability of electron-hole recombination
would decrease. These electrons could contact oxygen
molecules to produce superoxide anion radical (3),
meanwhile the holes might react with the OH™
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0.8+ \‘\
0.6 A
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= -
Q 3‘."*% —A
O ol e g
— e
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Fig. 6. (a) Photocatalytic degradation of MB over various BiVO,—graphene composites and (b) photocatalytic degradation
of MB over BiVO,~1.0% graphene with the addition of FA and TBA.
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BiVO,+hv — BiVO, (h" \z + e cz) (Eq. 1)
BiVO, (e) + graphene — BiVO, + graphene (e) (Eq.2)
graphene (e) + O, — O, + graphene (Eq. 3)
BiVO, (h) + OH- — BiVO, +-OH (Eq. 9)

Fig. 7. A possible mechanism of the enhancement of pho-
tocatalytic activity of BiVO, by introduction of graphene
under visible light irradiation.

derived from H,O and form a hydroxyl radical ‘OH
(4). From the above discussion, we could confer that
the MB molecule could be photocatalytically decom-
posed to CO, and H,O by oxygen peroxide radical
O, ! and hydroxyl radical ‘OH [37].

4. Conclusion

Using graphene oxide as a support, we developed
a hydrothermal method to prepare BiVOs—graphene
composite. The morphology and structure of the com-
posite were extensively investigated by XRD, TEM,
FTIR, DRS, FL, and XPS spectroscopy. In addition, the
photocatalytic activities of BiVO,—graphene composites
with different amounts of graphene were discussed.
The experimental results had confirmed that BiVO,-
graphene composite possessed a relatively high level
of photocatalytic activity under visible light irradia-
tion, which might have a wide range of applications
in photocatalytic field. The increase in the photocata-
lytic degradation efficiency could be attributed to
graphene which acted as a charge acceptor to promote
the separation and transfer of photogenerated carrier.
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