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ABSTRACT: It is commonly considered that the morphology
and interface of semiconductor−reduced graphene oxide
(rGO) composite photocatalysts play a crucial role in
determining their photocatalyzing performance. Herein, we
report on the design and synthesis of BiVO4−rGO nano-
composites with efficient interfacial contact by self-assembly of
positively charged amorphous BiVO4 powders with negatively
charged graphene oxide (GO), followed by a one-step GO
reduction and BiVO4 crystallization via hydrothermal treat-
ment. The as-prepared BiVO4−rGO nanocomposites exhibit
high visible light photocatalytic efficiency for the degradation of model dyes, and are significantly superior to bare crystalline
BiVO4 and BiVO4−rGO−U that is hydrothermally synthesized using the mixture of GO nanosheets and BiVO4 powders without
modification of surface charge. Using multiple characterization techniques, we found that the enhanced photocatalytic
performance of BiVO4−rGO arises from the synergistic effects between the microscopic crystal structure of BiVO4 with smaller
particle size and more sufficient interfacial interaction between BiVO4 and graphene sheets, leading to increased photocatalytic
reaction sites, extended photoresponding range, enhanced photogenerated charge separation, and transportation efficiency. This
work may provide a rational and convenient strategy to construct highly efficient semiconductor−rGO nanocomposite
photocatalysts with well-contacted interface toward environmental purification and solar energy conversion.
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■ INTRODUCTION

Environmental pollution and energy shortage are becoming the
topic issues in the sustainable development of human society.
Photocatalytic reaction, as a potential solution to the energy
production and environmental pollutant control, has drawn
much attention. Various semiconductor photocatalysts, such as
TiO2, WO3, ZnO, CdS, and Ag3PO4, have been investigated for
photocatalytic degradation of pollutants and hydrogen
generation from water splitting.1−5 Most of them suffer from
wide bandgap, photocorrosion, and low separation efficiency of
electron−hole pairs.6−10 To address these problems, many
efforts, such as doping, composites, noble metal loading, and
heterojunction fabrication have been made.11−14 Among these,
constructing graphene-based nanocomposites is a promising
approach to obtain high performance photocatalysts. To date, a
variety of rGO-based semiconductor (e.g., TiO2, CdS, ZnO,
and Ag3PO4) composite photocatalysts have been re-
ported.15−18 Typically, these composite photocatalysts were
synthesized by preparing semiconductor powders and graphene
oxide (GO) colloidal solution as precursors, followed by the
reduction of GO to rGO via hydrothermal reduction, hydrazine

reduction, or UV-irradiation reduction method.19,20 The widely
accepted mechanism for photocatalytic performance enhance-
ment is that chemical bonding between rGO and semi-
conductor could accelerate the transfer of photogenerated
electrons in semiconductor to rGO, thus suppressing the
recombination of photogenerated carriers effectively.21,22 By
tuning the interaction strength between semiconductor and
rGO, it is possible to change the photocatalytic activities of
these composite photocatalysts.19

Bismuth vanadate (BiVO4), as one of the most promising
visible-light driven photocatalysts, has been widely studied for
photodegradation of pollutant and solar energy conver-
sion.23−26 The relatively narrow band gap (2.4 eV) of BiVO4
can provide effective utilization of visible light.27 More critically,
as compared to other semiconductors, it has lighter effective
masses of electrons and holes, which provides advantages to
improve the separation efficiency of photogenerated
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charges.24,28 However, BiVO4 is insoluble in water, and
amorphous BiVO4 nanoparticles tend to aggregate rapidly
after the mixing of hydrothermal precursors, which makes it
hard to obtain BiVO4 crystals with small particle size and
uniform morphology by traditional solution-phase methods.29

Considering the small specific surface area of traditionally
synthesized BiVO4, its photocatalytic performance is usually
low. To address this problem, significant efforts have been
made to obtain uniform monoclinic BiVO4 nanocrystals with
high activities.30 With the use of a template, Eda et al.
synthesized monoclinic sheelite BiVO4 nanorods by using
polyethylene glycol.31 Kudo et al. synthesized BiVO4 nano-
fibrous arrays via a hydrothermal route under the assistance of a
cationic surfactant, cetyltrimethylammonium bromide
(CTAB).32 In addition, the synthesis of loosely packed
monoclinic BiVO4 nanoellipsoids by introduction of oleic
acid as surfactant is also reported.33 Nevertheless, organic
templates or surfactants are usually expensive and even toxic,
and would hardly be removed completely by postsynthetic
processes. The residues could do harm to photocatalytic
activities of the synthesized photocatalysts. That is, preparation
of uniform, small-sized BiVO4 without any organic templates or
surfactants remains challenging. To improve the photocatalytic
activities of bare BiVO4, fabrication of BiVO4−rGO composites
was proposed.34−36 However, a simple mixing of semi-
conductor powders and GO colloidal solution followed by a
hydrothermal treatment can hardly ensure strong and sufficient
interaction between semiconductor particles and rGO sheets,
limiting the enhancement of their photocatalytic activities.37

In this Article, we report on the modification and
photocatalytic performance improvement of BiVO4 (am−
BiVO4) powders via a simple surface charge method with the
aid of (3-aminopropyl)triethoxysilane (APTES). The positively
charged am−BiVO4 powders were first coupled with negatively
charged GO by electrostatic attractive interaction, followed by
crystallization of BiVO4 and reduction of GO to rGO via a
simple hydrothermal reduction method. With this method, not
only efficient interfacial interaction between BiVO4 nano-
particles and graphene nanosheets, but also small particle size
of BiVO4 was achieved. The small-sized particles and strong
interfacial interaction contribute to increased specific reaction
sites, extended photoresponding range, and enhanced photo-
generated charges transportation and separation efficiency,
resulting in an improvement of the photocatalytic activities.
The BiVO4−rGO nanocomposites exhibit much higher visible
light photocatalytic activities for the degradation of model dyes
than that of bare BiVO4 and BiVO4−rGO−U with large particle
size, which is simply hydrothermally synthesized by mixing
unmodified BiVO4 powders with GO. This work may provide
new insights into the fabrication of semiconductor−rGO
nanocomposite photocatalysts via electrostatic self-assembly.

■ EXPERIMENTAL DETAILS
The procedures for synthesizing BiVO4−rGO are shown in Scheme 1.
It consists of three main steps: surface charge modification on am−
BiVO4 powders, synthesis of GO nanosheets, crystallization of BiVO4
particles, and reduction of GO simultaneously by a hydrothermal
method.
Preparation of APTES-Modified am−BiVO4 Powder. In a

typical synthesis, Bi(NO3)3·5H2O and NH4VO3 at a molar ratio of 1:1
were dissolved in HNO3 (50 mL, 2 M) and NaOH (50 mL, 2 M)
respectively. A uniform orange suspension was formed by mixing these
solutions under continuous stirring. After 1 h of stirring at room
temperature, am−BiVO4 powder was collected with centrifugation,

washed with deionized water, and dried at 333 K in air. The am−
BiVO4 powders were functionalized by APTES. That is, 2.0 g of am−
BiVO4 powders was first dispersed in 400 mL of ethanol by
ultrasonication for 30 min. Next, 0.5 mL of APTES was added, and
am−BiVO4 powders were treated in refluxing ethanol solution
containing APTES at 353 K for 4 h. The product was collected and
washed sufficiently with ethanol by centrifugation, followed by drying
at 333 K in air.

Synthesis of GO Nanosheets. GO nanosheets were synthesized
from graphite powder according to the modified Hummers
method.15,38 The details of the typical process are presented in the
Supporting Information.

Fabrication of BiVO4−rGO Nanocomposite Photocatalysts.
BiVO4−rGO nanocomposites were fabricated via the standard
hydrothermal method. In brief, 0.5 g of APTES-modified am−
BiVO4 powder was dispersed in 150 mL of deionized water by
ultrasonication for 10 min; then 25 mL of GO suspension (1 mg/mL)
was added into the above BiVO4 suspension under vigorous stirring at
pH = 6, acquiring the weight ratio of GO to BiVO4 at 0.05:1. After
being stirred for 2 h, a homogeneous suspension formed. The
suspension was then transferred to a Teflon-sealed autoclave and
maintained at 453 K for 12 h to simultaneously achieve the
crystallization of BiVO4 particles and the reduction of GO to rGO.
For comparison, BiVO4−rGO−U was synthesized in the same way
using unmodified am−BiVO4 powders, instead of the modified ones.

Characterization and Measurements. Powder XRD character-
ization was carried out with a Shimadzu XRD-6000 diffractometer with
Cu Kα radiation (λ = 0.15418 nm). Morphologies and particle sizes of
samples were examined by SEM (Hitachi S-4800) and TEM (Philips
Tecnai F20) operated at 200 kV. Energy dispersive spectroscopy
(EDS) was also taken with S-4800 SEM. X-ray photoelectron spectra
(XPS) were measured on an Escalab 250Xi system (Thermo
Scientific) using Mg Kα radiation of 1253.6 eV. Raman spectra were
performed using a Raman spectrometer (LabRamHRUV), excited with
the 514 nm line of argon-ion laser at an incident power of 10 mW. The
Brunauer−Emmett−Teller (BET) specific surface area of the samples
was analyzed by nitrogen (N2) adsorption−desorption in a
Quantacrome Autosorb-1-C instrument. Photoluminescence (PL)
spectra were acquired on an Edinburgh Instruments FLS920
fluorescence spectrometer, equipped with Xe 900 lamp and 392 nm
filters. UV−vis diffuse reflectance spectra (DRS) were recorded in the
range from 350 to 800 nm with a Shimadzu UV-3600 spectropho-
tometer equipped with an integrating sphere attachment.

Zeta potential measurements were performed using the Zetasi-
zer3000HSA (Malvern Instruments). Briefly, 5 mg of the sample was

Scheme 1. Schematic Illustration for the Synthesis of
BiVO4−rGO Nanocomposite Photocatalysts via Electrostatic
Self-Assembly Accompanied by a Hydrothermal Reduction
Process
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dispersed in 50 mL of deionized water by ultrasonication at room
temperature. Also, pH was adjusted to 6 before the measurements.
A CHI660B workstation (Chenhua Instrument) was employed for

electrochemical impedance spectroscopy (EIS) measurements. EIS
measurements were carried out in 0.2 M aqueous Na2SO4 solution
without any additive, using a three-electrode system. Platinum foil
electrodes and Ag/AgCl electrodes were used as counter electrodes
and reference electrodes, respectively. For the EIS measurements,
powder samples were fabricated as working electrodes with reported
methods.15,34 First, 3 mg of sample powder was dispersed in 0.5 mL of
N,N-dimethylformamide (DMF) by ultrasonication. The obtained
slurry was then spread on the conductive indium tin oxides glass
substrates, acquiring a ca. 1 cm2 active area with aids of adhesive tapes
and sealants. Finally, the resultant working electrodes were dried at
333 K overnight. EIS was recorded at room temperature, with AC
voltage amplitude of 5 mV, and a frequency range from 1 MHz to 0.1
Hz at 0 V.
Photocatalytic Reactions. Photocatalytic experiments were

performed with methyl blue (MB) and rhodamine B (RhB) under
ambient conditions. A 300 W Xe arc lamp (PLS-SXE 300C) equipped
with a filter to cut off light of wavelength below 400 nm was used as
irradiation source. Aqueous solutions of dyes and photocatalysts
placed in cylindrical quartz vessel were exposed to the visible light
irradiation under ambient conditions and stirring. In detail, 0.1 g of as-
prepared photocatalyst was added into 100 mL of MB (10 mg/L) and
RhB (10 mg/L) aqueous solution, respectively. The mixture was then
ultrasonicated for 10 min and stirred for 30 min in the dark to reach
adsorption−desorption equilibrium between the samples and the
reactant prior to the illumination. Next, Xe arc lamp was turned on to
start the photocatalytic reaction. Since then, 5 mL of mixture solution
was withdrawn and centrifuged to remove the catalyst at given time
intervals. Absorption spectra of the centrifuged solution were recorded
with the UV-3600 spectrophotometer. For comparison, photo-
degradation experiments of MB and RhB were also carried out
without addition of photocatalysts under the same conditions. The
degree of photodegradation was calculated from the absorbance of
dyes at their specific wavelength according to the literature.39,40

■ RESULTS AND DISCUSSION
Crystal Phase and Composition. Figure 1 shows XRD

patterns of bare BiVO4, BiVO4−rGO−U, and BiVO4−rGO. It

can be seen that the XRD pattern of bare BiVO4 could be
indexed to the well-crystallized monoclinic BiVO4 phase
(JCPDS no. 83-1699) as marked. BiVO4−rGO−U and
BiVO4−rGO nanocomposites show coincident XRD patterns
to bare BiVO4, without observation of any diffraction peaks
from rGO due to the relatively limited rGO amount in the
nanocomposites.15,37

The typical Raman spectra of these samples are presented in
Figure 2a, showing peaks at 820, 707, 366, 323, and 210 cm−1

for bare BiVO4, in agreement with previous reports.41 The
dominated peak at 820 cm−1 and inconspicuous peak at 707
cm−1 are assigned to the symmetric and antisymmetric V−O
stretching modes, respectively. Peaks centered at 366 and 323
cm−1 are attributed to the typical symmetric and antisymmetric
bending modes of the vanadate anion, respectively, and are
merged into an integrated broad peak due to the adjacent
values. The peak at 210 cm−1 is an external mode. GO exhibits
Raman shifts at 1599 and 1363 cm−1, corresponding to the G-
and D-bands, respectively. As for the BiVO4−rGO nano-
composites, besides the distinctive peaks assigned to BiVO4, the
G- and D-bands of rGO are located at 1590 and 1351 cm−1,
respectively, indicating shifts toward lower wavenumber as
compared to GO. This trend is attributed to the recovery of
hexagonal network of carbon atoms with defects during the
reduction process.42 Because the D/G ratio can be used to
evaluate the average size of the sp2 domains inversely,43 the
diminished D/G ratio of BiVO4−rGO implies that the
reduction of GO increased the average size of the graphene
domains. To further clarify the composition of the BiVO4−rGO
nanocomposites, XPS measurements are performed as shown
in Supporting Information Figure S1, suggesting the definite
combination of BiVO4 with rGO in the sample. In the high-
resolution spectrum of C 1s (Figure 2b), carbons in the form of
sp2 bonds (284.6 eV) are dominated, and oxygen-containing
functional groups can also be observed at 286.6 eV (C−O,
epoxy, and hydroxyl) and 288.9 eV (CO, carboxyl). The
fairly low peak intensity for oxygenated functional groups
indicates efficient removal of oxygen-containing functional
groups during the hydrothermal process.

Morphology. The morphologies of the as-prepared samples
are investigated by SEM and TEM. As shown in Figure 3a and
b, for both the bare BiVO4 and the BiVO4−rGO−U, the BiVO4
particles exhibit well-defined pillar-like morphologies, with an
average size of 1−2 μm. One can find that the pillar-like
aggregates are composed of many nanoparticles and their
surfaces are rather rough. As for the BiVO4−rGO−U, rGO
nanosheets can be found wrapping the pillar-like BiVO4
particles. Because of the relatively large particle size and
rough morphology of aggregated BiVO4 particles, it would be
hardly possible to form sufficient interfacial contact between
BiVO4 particles and rGO nanosheets. Fortunately, the situation
is quite different for that of BiVO4−rGO sample. As shown in

Figure 1. XRD patterns of bare BiVO4, BiVO4−rGO−U, and BiVO4−
rGO nanocomposites.

Figure 2. Raman spectra of bare BiVO4, GO, and BiVO4−rGO (a),
and high-resolution core level XPS spectrum of C 1s (b) of the
BiVO4−rGO nanocomposites. The inset of (a) is an enlarged view of
D/G-bands of BiVO4−rGO.
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Figure 3c and d, the BiVO4 nanoparticles exhibit spindle-like
morphologies, with a mean length of ∼500 nm and an average
width of ∼100 nm, significantly smaller than that observed in
bare BiVO4 and BiVO4−rGO−U. The spindle-like BiVO4
nanoparticles are densely covered with rGO nanosheets (Figure
3c), implying the possibility of sufficient contact and efficient
interfacial interaction between BiVO4 and rGO.
Nitrogen adsorption−desorption isotherms (Figure 4) for

these three samples are given for further investigation of their

morphologies. All of them exhibit the type-IV isotherm with a
typical H3 hysteresis loop characteristic of mesoporous solids.
The specific BET surface areas are 23.57, 15.73, and 2.62 cm3/g
for BiVO4−rGO, BiVO4−rGO−U, and bare BiVO4, respec-
tively. EDS analysis (Supporting Information Figure S2) of the
BiVO4−rGO sample shows the presence of four elements in
the nanocomposites: Bi, V, O, and C, confirming the
incorporation of rGO into the final products. TEM image
(Figure 3d) clearly reveals that the BiVO4 nanoparticles are
interconnected with rGO nanosheets. HRTEM image
(Supporting Information Figure S3) taken from the square
area indicated in Figure 3d shows lattice fringe spacing of 0.584
and 0.468 nm, matching well with (002) and (011) lattice
planes of monoclinic BiVO4.
Formation Mechanism. The only difference in synthesis

processes between BiVO4−rGO and BiVO4−rGO−U is the
surface charge modification procedure on am−BiVO4 prior to

the mixing of am−BiVO4 powders and GO colloidal as
hydrothermal precursors. It is thus believed that surface charge
modification plays an important role in the construction of
efficient BiVO4−rGO nanocomposite photocatalyst. A rational
explanation for the morphology difference is that electrostatic
force may effectively inhibit the aggregation of BiVO4
nanoparticles. On one hand, the electrostatic attraction drives
the self-assembly of positively charged BiVO4 nanoparticles and
negatively charged GO nanosheets, moving most of the am−
BiVO4 particles anchored on GO nanosheets. On the other
hand, the mutual electrostatic repulsion of positively charged
BiVO4 nanoparticles impedes the aggregation of am−BiVO4.
Afterward, during the hydrothermal crystallization process,
am−BiVO4 nanoparticles crystallized and constructed spindle-
like BiVO4 ellipsoids through oriented aggregation on the rGO
nanosheet templates rather than formation of micrometer-sized
pillar-like particles. The structural features with small-sized
BiVO4 and sufficient interfacial contact between BiVO4
nanoparticles and rGO nanosheets will help to provide
increased photocatalytic reaction sites, and enhanced photo-
generated charges transportation and separation efficiency.
Similar influences of surface charge modification could also be
found in other reports.37,44−46

The different interfacial contact of BiVO4 particles with rGO
nanosheets between BiVO4−rGO and BiVO4−rGO−U is
further evidenced by photographs (Figure 5) taken before

and after hydrothermal process. For the BiVO4−rGO−U
synthesized with unmodified am−BiVO4, the upper opaque
suspension turned from brown to dark after hydrothermal
treatment, implying relatively weak interaction between rGO
and BiVO4. The solution for BiVO4−rGO obtained from
electrostatic self-assembly is clear and clarified with most
solutes settled at the bottom.
The enhanced interfacial interaction between rGO and

BiVO4 that resulted from surface charge modification can be
reasonably explained by zeta potential analysis (Figure 6). At
pH = 6, GO and am−BiVO4 aqueous dispersions exhibit
obvious negatively charged surface with a zeta potential value of
−56.9 and −31.4 mV, respectively. However, the zeta potential
value of APTES-modified am−BiVO4 becomes +4 mV under
the same test conditions. That is, APTES treatment has
changed the polarity of surface charges of BiVO4. When
APTES-modified am−BiVO4 powders and GO colloidal are

Figure 3. Typical SEM images of BiVO4 (a), BiVO4−rGO−U (b),
BiVO4−rGO (c), and TEM image of BiVO4−rGO (d).

Figure 4. BET adsorption−desorption isotherm of bare BiVO4,
BiVO4−rGO, and BiVO4−rGO−U nanocomposites.

Figure 5. Photographs of BiVO4−rGO−U before (a) and after (b)
hydrothermal process, and BiVO4−rGO before (c) and after (d)
hydrothermal process.
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mixed in aqueous solution, electrostatic attraction makes them
self-assemble into well-contacted BiVO4−GO nanocomposites.
Another merit of the adequate interfacial interaction is that
substantial aggregates of BiVO4 particles would not occur
during the following hydrothermal crystallization process. Thus,
BiVO4−rGO nanocomposites with sufficient interfacial contact
and small particle sized BiVO4 are constructed via a simple
electrostatic self-assembly. In contrast, as for the BiVO4−rGO−
U, due to mutual electrostatic repulsion between the negatively
charged precursors, the interfacial interaction of BiVO4 and
GO/rGO is insufficient with additional GO/rGO dispersed in
the solution, resulting in the observed suspension as shown in
Figure 5a,b.
Photocatalytic Degradation. The photocatalytic perform-

ance of the as-prepared bare BiVO4, BiVO4−rGO−U, and
BiVO4−rGO is evaluated by the degradation of model dyes
(MB and RhB). The degree of dye photodegradation is
obtained by calculating the change of concentration (C/C0)
from the variation of absorbance at the specific wavelength of
model dyes. The photodegradation rate is calculated by the
formula: photodegradation rate = (C0 − C)/C0, where C0 and C
are the concentrations of primal and photodecomposed dyes,
respectively. According to the Langmuir−Hinshelwood first-
order reaction kinetics behavior, the pseudo-first-order rate
constants (k) for different photocatalysts can be calculated by
the formula: ln(C0/C) = kt, where k and t represent rate
constant and time, respectively.47 The rate constants (k) for
different photocatalysts can be obtained by plotting ln(C0/C)
versus t, acquiring the k values from slopes of the graphs.
Figures 7 and 8 display the photodegradation rates of MB

and RhB, respectively. For comparison, results of blank
photolysis experiments for MB and RhB are also provided
(Supporting Information Figure S4). One can see that the
removal efficiency of dyes is negligible when no photocatalysts
are added. For BiVO4−rGO, the photodegradation rate of MB
reaches 94.1% after irradiation for 30 min. However, photo-
degradation rates are just 34.3% and 24.1% after the same time
of irradiation when the photocatalysts are replaced by BiVO4−
rGO−U and bare BiVO4, respectively. After another 30 min,
the photodegradation rate reaches 51.5% (BiVO4−rGO−U)
and 50.3% (BiVO4). The corresponding pseudo-first-order
kinetic plots are shown in the inset of Figure 7. The rate
constants for BiVO4−rGO, BiVO4−rGO−U, and bare BiVO4
are 8.45 × 10−2, 1.27 × 10−2, and 1.06 × 10−2 min−1,

respectively, following the sequence BiVO4−rGO > BiVO4−
rGO−U > bare BiVO4. Similar results have occurred in regard
to the degradation of RhB (Figure 8), accompanied by the
highest photocatalytic activity of BiVO4−rGO nanocomposites.
As expected, RhB is barely degraded at all in the absence of
photocatalysts due to its high stability under visible light
irradiation. The photodegradation rate is remarkably accel-
erated with BiVO4−rGO nanocomposites (rate constant k =
6.18 × 10−2 min−1), significantly higher than that of BiVO4−
rGO−U (k = 2.19 × 10−2 min−1) and bare BiVO4 powders (k =
1.78 × 10−2 min−1).
On the basis of the above experimental results, it is inferred

that the BiVO4−rGO nanocomposites with specific structural
features and intimate interfacial contact between BiVO4 and
rGO will give rise to remarkable photocatalytic performance
enhancement.

Mechanism for Photocatalytic Activity Enhancement.
To understand the origins and get deep insights into the
enhanced photocatalytic performance of BiVO4−rGO nano-
composites, multiple investigations have been carried out. The
first effect one can reasonably imagine is that the enhancement
in photoactivity was caused by morphology change. The small-
particle-sized BiVO4 with less aggregation (providing larger
surface-to-bulk ratio) could not only help to significantly
increase the reaction area for pollutants, but also effectively
inhibit the electron−hole recombination between BiVO4

Figure 6. Zeta potential of GO, amorphous BiVO4, and amorphous
BiVO4 treated with (3-aminopropyl) triethoxysilane (APTES).

Figure 7. Photodegradation of methylene blue (MB) under visible
light (λ > 400 nm) over the bare BiVO4, BiVO4−rGO−U, and
BiVO4−rGO photocatalysts.

Figure 8. Photodegradation of rhodamine B (RhB) under visible light
(λ > 400 nm) over the bare BiVO4, BiVO4−rGO−U, and BiVO4−
rGO photocatalysts.
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particles, which would be beneficial to photocatalytic proper-
ties.
Another synergistic effect that contributed to the improved

photocatalytic activity of BiVO4−rGO may come from the
extended photoresponding range. UV−vis DRS spectra of
BiVO4 and BiVO4−rGO are shown in Figure 9. It can be seen

that the band gap absorption edges of the bare BiVO4 and
BiVO4−rGO nanocomposites are 516 and 535 nm, respec-
tively. The band gap energy can be estimated from the DRS
data.48,49 As shown in the inset of Figure 9, the band gaps of
bare BiVO4 and BiVO4−rGO nanocomposites are estimated to
be 2.47 and 2.41 eV, respectively. The inconspicuous band gap
narrowing should be attributed to chemical bonding between
BiVO4 and rGO, that is, probably the formation of Bi−C bond
in BiVO4−rGO. During the hydrothermal treatment of BiVO4-
GO, Bi atoms in the amorphous phase should interact more
actively with GO sheets. In addition, oxygen-containing
functional groups on the surface of GO vanish during the
hydrothermal process, leaving unpaired π electrons on rGO
sheets, which could easily bond with more Bi atoms on the
surface of BiVO4 during the phase transformation process. As a
result, a surface doping-like behavior should appear, leading to
the energy level change of conduction band, as that suggested
previously in TiO2−rGO nanocomposites.15,46 The light
absorption range extension could achieve a more efficient
utilization of the solar spectrum and an enhancement of the
photocatalytic activity. Moreover, the addition of rGO results in
a remarkable enhancement of background absorption in the
visible light region, which might be attributed to the
reintroduction of blackbody properties of rGO, indicating
sufficient reduction of GO to rGO during hydrothermal
reduction process.50

Finally, the eminently improved visible light photoactivity of
BiVO4−rGO nanocomposites could be mainly ascribed to the
intimate interfacial contact of BiVO4 and rGO. To present
evidence to support this viewpoint, EIS Nyquist analysis has
been conducted at a frequency range from 0.1 Hz to 1 MHz.
The high-frequency arc in EIS corresponds to the charge
transfer limiting process and can be attributed to the double-
layer capacitance in parallel with the charge transfer resistance
at the contact interface between electrode and electrolyte
solution.51,52 Figure 10 shows typical EIS Nyquist plots of bare
BiVO4, BiVO4−rGO−U, and BiVO4−rGO, revealing major

semicircle arcs and straight lines. Taking the same preparation
of electrodes and electrolyte into account, the high frequency
semicircles can be attributed to the resistance of the electrodes.
As compared to bare BiVO4 and BiVO4−rGO−U, the
impedance plot of BiVO4−rGO exhibits an obvious smaller
radius, indicating faster interfacial electron transfer. It is thus
believed that the strong chemical bonding between BiVO4 and
rGO will facilitate the interfacial charge transfer, which is in
accordance with its enhanced photoactivity.
To further understand the transfer and recombination

processes of photoexcited charge carriers in these samples,
PL spectra were measured. PL measurement has been
employed to investigate the fate of electron−hole pairs in
semiconductor successfully.53,54 As displayed in Figure 11, the

emission of as-prepared samples is centered at 520 nm,
corresponding to the recombination of holes in the valence
band and electrons in conduction band. The PL intensity
obtained over BiVO4−rGO is one-third of BiVO4−rGO−U,
and one-sixth of bare BiVO4, showing a considerable
fluorescence quenching after the introduction of rGO. The
fluorescence quenching mainly results from sufficient interfacial
contact between BiVO4 particles and rGO nanosheets. Similar
phenomena have been previously reported in various nano-
composites.55−57 In brief, the photogenerated electrons in
excited BiVO4 are transferred to rGO nanosheets immediately
after the photoproduction, separating the photogenerated
electrons and holes and inhibiting their recombination

Figure 9. UV−vis diffuse reflectance spectra of bare BiVO4 and
BiVO4−rGO nanocomposites. The inset is plots of (αhν)2 versus
photon energy (hν) of the corresponding samples.

Figure 10. Electrochemical impedance spectroscopy Nyquist plots of
bare BiVO4, BiVO4−rGO−U, and BiVO4−rGO nanocomposites.

Figure 11. PL spectra of bare BiVO4, BiVO4−rGO−U, and BiVO4−
rGO nanocomposites.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502700p | ACS Appl. Mater. Interfaces 2014, 6, 12698−1270612703



efficiently. The result is well in accordance with EIS analysis,
and the enhancement of photoactivity is sensible.
With the above analyses, the improvement can be illustrated

by a reaction mechanism as depicted in Scheme 2. Under

visible light irradiation (λ > 400 nm), electrons in the valence
band (VB) are excited to the conduction band (CB), leaving
holes in VB and generating electron−hole pairs in BiVO4
particles. The photogenerated electrons (e−) and holes (h+)
then transfer to BiVO4 particle surfaces to react with water and
O2 to produce highly active free radicals (O2

·−, ·OH). These
free radicals are able to attack many organics, achieving
pollutant photodegradation through photocatalytic redoxreac-
tions.58 Undoubtedly, separation and transportation of photo-
generated charge carriers are crucial factors influencing the
photoactivity. In consideration of that, the best photocatalytic
activity of BiVO4−rGO powders among the as-prepared
samples is merited. From the above discussion, we could assert
that surface charge modification provides a rational way in
constructing BiVO4−rGO nanocomposite photocatalysts with
sufficient interfacial contact and small particle size via
electrostatic self-assembly. The synergistic effect between the
microscopic crystal structure of BiVO4 and the improved
interfacial interaction of BiVO4−rGO composites not only
increases photocatalytic reaction sites and photoresponding
range, but also promotes the separation efficiency of electron−
hole pairs, thus significantly enhancing the photoactivity.

■ CONCLUSIONS
In summary, BiVO4−rGO nanocomposite photocatalysts with
excellent visible light photocatalytic activities have been
synthesized by electrostatic self-assembly via a simple surface
charge modification on amorphous BiVO4 powders with silane
coupling agent. For comparison, BiVO4−rGO−U synthesized
without surface charge modification and bare BiVO4 powders
have also been prepared. Morphology characterizations reveal
that the BiVO4 nanoparticles in the framework of BiVO4−rGO
nanocomposite possess much smaller particle size than those in
the framework of BiVO4−rGO−U and bare BiVO4. The
smaller particle size with high surface areas and increased
interfacial interaction in BiVO4−rGO leads to increased
photocatalytic reaction sites, extended photoresponding range,
and enhanced photogenerated charge separation and trans-

portation efficiency. All of these factors result in enhanced
photocatalytic performance. The present work highlights that
sufficient interfacial contact between semiconductor and rGO
can be obtained by electrostatic self-assembly via surface charge
modification on amorphous semiconductor precursors. It is
expected that the simple modification strategy could be
employed to construct highly active graphene-based nano-
composite photocatalysts for photocatalytic degradation of
pollutants and hydrogen generation from water splitting.
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