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ABSTRACT

A simple hydrothermal method was employed to synthesize BiVO, supported on reduced graphene
oxide (BiVO,/RGO) composite photocatalyst to enhance photocatalytic activity of BiVO, for degra-
dation of dye wastewater under visible light. The prepared photocatalysts were characterized by
scanning electron microscopy, transmission electron microscopy, X-ray diffraction, Fourier transform
infrared spectroscopy, X-ray photoelectron spectroscopy, UV-Vis DRS and photocurrent measure-
ments. The photocatalytic performances of the BiVO,/RGO composite were evaluated by degradation
of Orange II (AO7) under visible light irradiation (A > 420 nm). A series of experiments were carried
out to evaluate the effects of various factors on removal efficiency of AO7. The results show that the
BiVO,/RGO composite exhibited much higher photocatalytic activity than pure BiVO,. The highest
removal efficiency of AO7 was obtained, and reach 100% after 150 min when the doping content,
pH value, catalyst dosage was GB30 (30 mg of GO corresponds to 1 mmol of BiVO,), pH = 9 and
200 mg, respectively. The free radical trapping experiments show that *O,” played the most import-
ant role in the degradation of AO7. The enhanced catalytic activity of the BiVO /RGO composite
can be attributed to the RGO. As an electron acceptor and transporter, RGO can effectively promote

charge transfer in composite and inhibit the recombination of photo-induced electron-hole pairs.
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1. Introduction

Visible light-responsive photocatalytic technology is rec-
ognized as one of the most potential wastewater treatment
technologies due to its non-toxicity, low investment cost,
good chemical stability and other advantages [1-4]. BiVO,,
as a visible light-responsive photocatalyst, has attracted
wide attention due to its narrow band gap (2.4 eV) and
excellent photocatalytic activity under visible light irra-
diation [5,6]. Unfortunately, BiVO, still has some defects,
such as poor adsorption performance and the difficulty
in migration of photo-generated electron-hole pairs, which
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seriously restricts photocatalytic performance of BiVO, for
the degradation of organic pollutants in wastewater [3].

In order to solve these problems, many attempts have
been made to enhance the photocatalytic activity of BiVO,, in
which doping other substances is considered a good option
[7-9]. Graphene is a carbonaceous material that is closely
arranged into a two-dimensional honey-comb lattice struc-
ture by a single layer of carbon atoms, which has a variety
of extraordinary properties because of its unique nanostruc-
ture [10]. When graphene is incorporated into the semicon-
ductor nanocomposite, the abundant delocalized electrons
in the conjugated sp?>bonded carbon network of graphene
enhance the transport of photo-generated electrons, which
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in turn promotes the efficiency of photocurrent conver-
sion. In addition, graphene has high electrical conductivity
and large surface area, thereby suppressing the recombina-
tion of photo-induced electron-hole pairs, and significantly
enhancing electron transfer [9,11,12]. In view of this, com-
positing BiVO, with graphene is a promising measure to
overcome the disadvantages of pure BiVO,. Many methods
have been developed for the preparation of BiVO,/graphene
composite involving aqueous process, sol-gel method,
microwave-assisted approach, metalorganic decomposi-
tion technique and hydrothermal method [13-16], in which
hydrothermal method has aroused widespread concern
because of its capability to synthesize photocatalyst with
perfect crystal structures and regular shapes in an envi-
ronmentally friendly way. However, current hydrothermal
methods still call for complex process and strict synthesis
condition, which greatly blocks its practical application.

In this study, a simple and high efficiency hydrother-
mal method was employed to synthesize BiVO, supported
on reduced graphene oxide (BiVO,/RGO) composite. The
morphology, crystalline, structural and photo-electronic
property of the BiVO,/RGO photocatalyst were character-
ized by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS) and UV-Vis diffuse reflectance spectros-
copy (UV-Vis DRS) and photocurrent measurements. The
photocatalytic activity of as-prepared BiVO,/RGO compos-
ite was evaluated by the degradation of Orange II (AO7)
under visible light irritation. The effects of various factors
(doping content of GO, pH of precursor fluid, catalyst dos-
age and initial solution concentration) on AO7 removal
were investigated. Meanwhile, in order to testify the exis-
tence of various radicals and compare its roles in the deg-
radation of AO7, a set of radical trapping experiments were
carried out. Finally, the photocatalytic degradation mech-
anism of BiVO,/RGO composite to AO7 was proposed.

2. Experimental
2.1. Materials and reagents

Graphite powder, as the precursor of graphene oxide
(GO), was obtained from Tianjin Tianli Chemical Reagent Co.,
Ltd., (China). Bismuth nitrate pentahydrate (Bi(NO,),"5H,0)
and ammonium vanadate (NH,VO,) were obtained from
Aladdin and Shanghai Shanpu Chemical Co., Ltd. (China),
respectively. Other chemicals were analytical grade and
used as received without further purification.

2.2. Preparation of BiVO /RGO composite

GO was prepared by the modified Hummers method
[17,18]. In a typical synthesis of BiVO,/RGO composite,
firstly, 90 mg of GO was dispersed into 40 mL of mixed solu-
tion of de-ionized water and absolute ethanol at the ratio of
1:1 with sonication for 1 h. Secondly, 0.54 g of Bi(NO,),-5H,0
and 0.129 g of NH, VO, were separately added into 20 mL
absolute ethanol with stirring over 1 h at room tempera-
ture. Then, mixed the three solutions together, adjusted
the pH to 9 with ammonia solution and stirred for 30 min.
Finally, the resulting mixture was transferred into two

50 mL Teflon-lined stainless steel autoclaves and heated
to 180°C for 6 h. After the reaction mixture was cooled to
room temperature, filtered it, washed with de-ionized water
for five times, and dried in a vacuum oven at 60°X for 12 h.
The obtained composite was BiVO,/RGO. Adjusted the
content of GO to get different products. Same processes
were used to synthesize pure BiVO, without RGO.

2.3. Characterization methods

The surface morphologies and microstructures of the
composites were investigated by SEM (Nova nanosem430)
and TEM (JEM-2100F), respectively. The crystalline phases of
the prepared samples were identified by XRD (X'Pert PRO
MPD) with CuKa radiation and the scanning angle ranged
from 5° to 70° of 260. FTIR and XPS spectrometer were used
to analyze the chemical bonds and composition informa-
tion of samples. FTIR spectra were measured on a BRUKER
Vetex70 FTIR spectrometer with KBr pellets as the sample
matrix in the 400-4000 cm™ region. XPS spectra were car-
ried out on PHI-5000 Versaprobe with Mg Ko radiation.
UV-Vis DRS were obtained using a PE lambda 750S in the
wavelength range of 200 to 800 nm to characterize the optical
properties of the photocatalysts. The transient photocurrent
was performed on an electrochemical analyzer CHI760E.

2.4. Photocatalytic experiment

Photocatalytic activity of BiVO,/RGO composite was
determined by AO7 removal under visible light irradia-
tion. The 300 W xenon lamp was used as the light source
and the UV filter was used to remove the radiation below
420 nm. Under without special statement, 0.1 g of photocata-
lyst was added to 200 mL of 20 mg/L AO7 aqueous solution.
Before starting the illumination, the reaction mixture was
stirred for 30 min in the dark in order to reach the adsorp-
tion-desorption equilibrium between the dye and photo-
catalyst. The suspension was sampled at certain time inter-
vals and filtered through 0.22 um filters to removal catalyst
powder, and finally analyzed using a UV-Vis spectropho-
tometer at 486 nm.

3. Results and discussion
3.1. Morphology and microstructure

The surface morphology and microstructure of pho-
tocatalyst affect its photocatalytic activity. Fig. 1 shows the
typical SEM and TEM images of BiVO, and BiVO,/RGO
composites. As shown in Fig. 1a, BiVO, has many coral-like
short rod particles which were evenly distributed in size and
combine with each other, but are still relatively loose and not
concentrated. From Fig. 1b it can be seen that the aggregate
phenomenon of BiVO,/RGO composite is more obvious, and
the coral-like short rod particles are arranged more closely
and the degree of polymerization become higher than that
in Fig. 1b. It is obvious that coral-like short rod BiVO, par-
ticles which are assembled by irregular flakes, attached to
the RGO sheet. From the TEM images of BiVO,/RGO com-
posite, the RGO can be clearly observed, and BiVO, is evenly
distributed on the RGO surface. Fig. 1c shows that the cor-
al-like short rod particles mentioned above. The relatively
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Fig. 1. The SEM and TEM images of samples. (a) SEM image of BiVO,, x50,000, (b) SEM image of BiVO,/RGO, x50,000, (c) TEM images

of BiVO,, x50,000, and (d) TEM images of BiVO4/RGO, x50,000.

loose structures which they polymerize are indeed present.
The size of coral-like short rod particles is about 200 nm.
There are quite a few particles combined with RGO to form
a new structure and has a butterfly-like shape, as shown
in Fig. 1d. The above results can fully demonstrate that
BiVQO, is indeed combined with RGO.

3.2. Crystal structure

Fig. 2 shows the XRD diffraction patterns of the GO,
BiVO, and BiVO,/RGO. It is confirmed that all the photo-
catalysts have a single monoclinic-scheelite structure and
their diffraction peaks can be assigned to monoclinic BiVO,
(JCPDS NO.14-0688) [6]. However, the typical diffraction
peak of GO (0 0 1) cannot be observed in the XRD pattern
of BiVO,/RGO. Studies have shown that, if the regular
stack of GO is destroyed, for example, by exfoliation, their
diffraction peaks become weak or even disappear. In addi-
tion, GO can be reduced during the hydrothermal reaction
in the presence of alcohols, while the exfoliated RGO sheets
show no peak of (0 0 1). It is also possible that the relatively
high content and good crystallinity of BiVO, in the com-
posite generate strong diffraction peaks, covering the dif-
fraction of the carbon sheets [19].

3.3. FTIR spectra

The FTIR absorption spectrums of the GO, BiVO, and
BiVO,/RGO samples were analyzed to study the bond
vibrational chemistry present within the materials (Fig. 3).
The GO spectrum shows the presence of various oxygen-
containing groups, including the absorption peaks O-H
stretching vibration of water molecules adsorbed on the
GO surface (3,400 cm™), C=O stretching vibrations of the
COOH groups (1,720 cm™), O-H deformation vibrations of
the COOH groups (1,630 cm™) and C-O stretching vibra-
tions of the epoxy groups (1,065 cm™) [19]. Compared with
BiVO,/RGO, it can be clearly seen that almost all the charac-
teristic peaks of GO disappeared for BiVO /RGO, suggesting
that GO in BiVO,/RGO has been reduced.

3.4. XPS spectra

The chemical composition of BiVO,/RGO composite was
further investigated by the XPS spectra (Fig. 4). As shown in
Fig. 4a, signals from primary elemental composition of Bi, V,
O and C are clearly observed, determining the definite exis-
tence of BiVO, and carbon content in the sample. The Bi 4f
XPS spectrum of the sample is shown in Fig. 4b. XPS signals
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Fig. 2. XRD patterns of GO, BiVO, and BiVO,/RGO samples.
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Fig. 3. The FTIR absorption spectrums of the GO, BiVO, and
BiVO,/RGO samples.

of Bi 4f are located at binding energies at about 159.37 eV
(Bi 4f, ) and 164.67 eV (Bi 4f, ) respectively, attribute to Bi**
bismuth state [20]. The V 2p peak in Fig. 4c are centered
at 517.07 eV (V 2p,,) and 524.67 eV (V 2p,,), ascribed to
V> [21]. The O 1s peak is shown in Fig. 4d, which is fitted
into the peak centering at 530.17 eV and mainly assigned
to the oxygen in the prepared sample lattice [20]. The C 1s
XPS spectrum of the BiVO,/GO sample is shown in Fig. 4e.
Three types of carbon bonds, C-C species (284.77 eV), C-OH
species (285.67 eV), and C=O-OH species (288.37 eV), are
apparently detected in BiVO,/GO samples [22].

3.5. UV-Vis DRS spectra

UV-Vis DRS spectra are used to characterize the optical
properties of the semiconductor photocatalysts. As shown
in Fig. 5, strong absorption characteristics in the UV region

and a broad adsorption band from 200 to 480 nm is observed
for BiVO,. BiVO, exhibits an absorption edge at around
510 nm, showing good visible light response. For the BiVO,/
RGO composite, the absorption edge shifted to around
590 nm, and the light absorption ability in the range of 550
to 800 nm is also increased due to the absorption of RGO.
According to the optical absorption theory of crystal mate-
rials, the band gap energy of the composite is quantitatively
calculated. The electron corresponding to the absorption
edge is excited to jump from the top of the valence band to
the bottom of the conduction band. The nature of the band
structure can be explored and the optical energy gap can
be obtained by analyzing the absorption edge. There is the
following relationship between the absorption coefficient
and the energy of hv of the incident photon:

(ochv)2 =A(hvag) (1)

where o, h, v, A and Eg represent the absorption coefficient,
Planck’s constant, optical frequency, constant, and bandgap
energy, respectively.

The bandgap energy (E ) of BiVO, and BiVO,/RGO com-
posite can be estimated. gl"he bandgap energy of BiVO,
BiVO,/RGO is 2.51 eV and 2.38 eV respectively. The results
further demonstrate that the introduction of RGO can change
the electronic structure of BiVO, in BiVO,/RGO composite,
thereby reducing the bandgap of BiVO,/RGO, broaden-
ing the optical response range, improving photocatalytic
performance [10,23].

3.6. Transient photocurrent responses

To investigate the photo-electronic properties of BiVO,/
RGO composites, the transient photocurrent response were
tested, and shown in Fig. 6. The corresponding photocur-
rent densities were calculated to be 0.048 and 0.12 pA/cm?
for BiVO, and BiVO,/RGO samples, respectively. BiVO,/
RGO possessed the largest photocurrent (more than 2.5 times
of BiVO, sample). The enhanced photocurrent density was
obviously attributed to the faster electron migration and less
recombination of the photo-produced electron-hole pairs
[24]. The order of photocurrent densities of as-prepared
photocatalysts proved that integration RGO nanosheets
with BiVO, could promote separation and migration of the
charges.

3.7. Photocatalytic activity and influential factors

To evaluate the effects of various factors (doping con-
tent of GO, pH of precursor fluid catalyst dosage and ini-
tial solution concentration) on the removal efficiency of
AQ7, a series of experiments were carried out under var-
ious conditions. The mass ratio of GO and BiVO, affects
the electron transfer ability of BiVO,/RGO composite and
separation efficiency of photo-generated electron-hole
pairs, which affect its photocatalytic activity. The effects of
mass ratio of GO and BiVO, on photocatalytic performance
of BiVO,/RGO composite to AO7 removal is shown in
Fig. 7. According to the ratio of GO and BiVO,, the samples
obtained were named GB10, GB20, GB30, GB40, GB50 and
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Fig. 4. The XPS spectrum of BiVO,/RGO composite: (a) full range, (b) Bi 4f, (c) V 2p, (d) O 1s, and (e) C 1s.
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Fig. 6. Photocurrent responses of BiVO, and BiVO,/RGO composite.

GB60, respectively. Take GB60 as an example, GB60 specif-
ically means that 60 mg of GO corresponds to 1 mmol of
BiVO,. When the content of GO doping increased from GB10
to GB20, the photocatalytic efficiency increased gradually,
which was 23.81% and 58.79%, respectively. When the dop-
ing content was GB30, the best catalytic effect was achieved,
and the removal efficiency was 78.78%. As the content of GO
doping continued to increase, the photocatalytic effect was
inhibited. The removal efficiency of AO7 was reduced to
67.25%, 46.62% and 26.70%, respectively. The reason is that
RGO has excellent electron transfer ability. It can rapidly
transfer photo-generated electrons on the surface of BiVO,,
inhibit the recombination of photo-generated electrons and

hole, and enhance the photocatalytic activity of BiVO,. The
introduction of RGO which is reduced by GO in hydro-
thermal reaction is beneficial to improve the photocatalytic
activity of the composite. With the increase of RGO content,
the photocatalytic activity of the composite increases gradu-
ally. However, too much RGO will intensify the competition
for light, so that the light acting on BiVO, will be less. The
photocatalytic activity of the composite will be reduced.
Fig. 8 shows the photocatalytic efficiency curves of
BiVO,/RGO with different pH (=3, 5, 7, 9, 11) of precursor
fluid to AO?7. It can be seen that the removal efficiency of
AQO7 gradually become better with the increase of pH, the
removal efficiency of AO7 is 66.32%, 74.02% and 78.78%,
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respectively. The removal is optimal at pH =9, AO7 is almost
removed completely. When the pH continues to increase, the
removal efficiency of AO7 decreases, the removal efficiency
of AO7 is only 59.94% at pH = 11. The composite material
with different crystal forms can be selected by adjusting the
pH of the precursor liquid. When the pH of reaction precur-
sor liquid is gradually increased from acidity, the tendency
of the product to transform to monoclinic crystal form is
also enhanced [25].

Fig. 9 shows the effects of catalyst dosage on the
removal efficiency of AO7. The removal efficiency of AO7
increased with the amount of the BiVO,/RGO composite.
When the amount of photocatalyst reached 200 mg, the
removal efficiency of AO7 reached 100% after 30 min. With
the increase of amount of photocatalyst, the active sites
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Fig. 9. Absorption and photocatalytic efficiency of different dos-
ages of BiVO,/RGO to AO?7.
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Fig. 10. Absorption and photocatalytic efficiency of BiVO,/RGO
to AO7 of different initial concentrations.

increase, thus promoting the adsorption of pollutants and
improving the photocatalytic activity. When the catalyst is
added too much, the absorption of light is saturated by the
photocatalyst [26]. In addition, excessive catalyst increase
the opacity and light scattering of AO7, resulting in less
activated BiVO, molecules, and ultimately reduce removal
efficiency of AO7 [27].

Fig. 10 shows the photocatalytic efficiency of BiVO,/
RGO under different AO7 initial concentrations. The initial
concentration has profound effects on AO7 removal, and
the removal efficiency of AO7 gradually decreases with
the increase of initial concentration. When the initial con-
centration of AO7 was 20 mg/L, AO7 was almost removal
completely after 30 min of illumination. When the ini-
tial concentration of AO7 was increased from 20 mg/L to
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30 mg/L and 40 mg/L, it took 120 and 150 min to reach the
ideal removal efficiency, respectively. Increasing the initial
concentration of the solution while other conditions remain
unchanged, that is, the active species in the photocatalytic
reaction system do not increase. Therefore, the limited active
species is not enough to remove more AO7 molecules [3].
In addition, the excess AO7 may occupy active sites or gen-
erate a filter effect, causing a hindrance for the generation
of active radicals [28,29].

3.8. Photocatalytic mechanisms

Fig. 11 shows the UV-Vis spectra of AO7 with the change
of visible light irradiation time. As shown in Fig. 11, AO7
dye molecules have two main absorption peaks at 306 and
486 nm wavelength, which represent benzene-like struc-
tures and azo bond respectively [27]. The intensity decreases
with irradiation time. It is indicate that the benzene-like
structures and azo bond of AO7 dye molecules are destroyed
during photocatalytic reaction, and AO7 is gradually
degraded. At the same time, no other absorption peaks
appears, which indicate no new by-products are created in
the wavelength range of 300 to 600 nm. The inset in Fig. 11
corresponds to the color change of the AO7 solution at dif-
ferent irradiation time. It can be seen from the inset that the
color of the AO7 solution has become almost colorless after
120 min. It further confirms that the AO7 can be degraded
by BiVO,/RGO composite under visible light.

Decolorization of AO7 does not mean complete miner-
alization. Chemical oxygen demand (COD) is an important
indicator to reflect the relative content of organic matter
in wastewater. It can help us to understand the degree of
mineralization of AO7 by analyzing the change of COD.
As shown in Fig. 12, the COD content gradually decreases
with the extension of the irradiation time. Compared with
the results of Fig. 11, it is found that the color of AO7 solu-
tion tends to be colorless after 60 min, but the removal rate
of COD only reaches 62.50%. When the treatment time is

—— 0 min
—— 30 min
60 min
—— 90 min
120 min
150 min
—— 180 min

Absorbance (a.u.)

e — .
300 400 500 600
Wavelength (nm)

Fig. 11. UV-Vis spectra of AO7 after different irradiation time
under visible light.

prolonged to 120 min, the absorbance value is close to 0,
but the removal rate of COD only increases to 87.50%. It is
concluded that AO7 dye molecule has not been completely
mineralized in the process of photocatalytic reaction and
some intermediate organic compounds still exist [26].

A large number of active radicals are generated in the
photocatalytic process, among which *O;, *OH and h* are
considered to be the three most important radicals. In order
to testify the existence of these three radicals, and compare
its roles in the degradation of AO7, a set of radical trapping
experiments were carried out. In this study, p-benzoquinone
(p-BQ), isopropyl alcohol (IPA) and ammonium oxalate (AO)
were employed as radical capture agents to trap ‘O, *OH
and h', respectively. As shown in Fig. 13, the different cap-
ture reagents all show a few suppression effects on the deg-
radation efficiency due to the competition for active radicals
between the capture reagents and pollutant molecules. Fig.
13a shows the effects of different concentrations of p-BQ on
AO7 degradation. When the solution system does not con-
tain p-BQ, the removal efficiency of AO7 can reach 98.31%
at 90 min. When the p-BQ concentration is increased from
0 to 0.1, 0.5 and 1 mmol/L, the removal efficiency of AO7 is
reduced from 98.31% to 51.93%, 41.60% and 33.70%, respec-
tively. It is indicated that *O; is involved in the photocatalytic
process and participates in the photocatalytic degradation
of AO?7. Fig. 13b shows the effects of concentrations of IPA
on photocatalytic degradation of AO7. When the concentra-
tion of IPA is increased from 0 to 0.1, 0.5 and 1.0 mmol/L,
the removal efficiency of AO7 decreased by 35.02%, 38.51%
and 40.61%, respectively, which is lower than that of p-BQ
to AO7 degradation. Fig. 13c shows the effects of different
concentrations of AO on degradation of AO7. As shown
in Fig. 13c, when the AO concentration is increased, the
degradation efficiency of AO7 did not decrease signifi-
cantly, which indicate that there are h* productions during
the photocatalytic process, but its effect is relatively weak.
By comparing the results above, it can be found that *O,
radical play more important role to the degradation of AO7.
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Fig. 12. The changes of removal efficiency of AO7 and COD after
different irradiation time.
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Fig. 13. The effects of different radical capture agents on photocatalytic degradation of AO7: (a) p-BQ, (b) IPA, and (c) AO.

To sum up, a series of degradation experiments demon-
strate that the RGO in BiVO,/RGO composite can improve
photocatalytic activity by promoting charge transfer and
separation. Firstly, electron-hole pairs are excited within
BiVO, upon irradiation. Then, the electrons are trans-
ferred quickly from the conduction band (CB) of BiVO, to
the surfaces of the RGO and consumed by dissolved oxy-
gen to yield *O;, which can react with H,O/H* to form *OH.
Meanwhile, the holes on the valence band (VB) of BiVO, can
oxidize H,O/OH" to also form *OH [30-33]. “O; and holes
equipped with strong oxidizability also can oxidize AO7
molecules [30]. The specific reactions involved in the process
are summarized as follows:

BiVO, +hv — BiVO, (" +h") @)
BiVO, (e)+RGO —-RGO(e") )
RGO(e )+0, >RGO+ "0, 4)

‘0, +H,0/H" - *OH ®)
BiOV, (h")+H,0/OH —"OH (6)
"0, / "OH/ BiOV, (h")+ AO7 - CO, + H,0 @)

4. Conclusion

In this study, the BiVO,/RGO composite photocata-
lyst was successfully prepared by hydrothermal synthe-
sis method. The prepared BiVO,/RGO composite showed
higher photocatalytic activity than pure BiVO,. The high-
est removal efficiency for 20 mg/L of the AO7 solution was
achieved, when the doping content, pH of precursor fluid,
catalyst dosage was GB30, pH = 9, 200 mg, respectively. A
series of free radical trapping experiments showed that *O;
played the most important role in the degradation of AO7.
The enhanced catalytic activity of the BiVO,/RGO composite
can be attributed to the RGO. As an electron acceptor and
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transporter, RGO can effectively promote charge transfer
in composite and inhibit the recombination of photoelec-
tron-hole pairs.
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