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Evaluating the photocatalytic
efficiency of the BiVO,/rGO
photocatalyst
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The present study reported the preparation of BiVO, by co-precipitation method. The as-prepared
BiVO, photocatalyst were deposited on rGO sheets to form BiVO,/rGO via the hydrothermal
method. The crystalline structure, morphological, optical properties, and surface properties of the
synthesized pure BiVO, compared to BiVO,/rGO composite were studied using X-ray diffraction

(XRD), scanning electronmicroscopy (SEM), photoluminescence (PL) spectrophotoscopy, UV-vis
spectrophotometer with an integrating sphere, and N, adsorption-desorption isotherm based on

BET theory. The photocatalytic activity of the prepared samples were evaluated by the degradation

of MB dye in aqueous medium under visible light irradiation. The result showed that the BiVO,/rGO
composite exhibited greater photocatalytic efficiency compared to pure BiVO, with the photocatalytic
degradation efficiency remains stable up to fifth cycle. The improved activity of the BiVO,/rGO
composite might be attributed to the high surface area available to adsorb more MB molecules, and
efficient charge separation of BiVO, through = electron on the rGO structure. According to experimental
results, the possible photocatalytic mechanism of the BiVO,/rGO composite were determined and

the active species hydroxyl radical were reported. Based on photocatalytic activity inhibition in the
presence of both h* (VB) and O,*~ (CB) scavengers over the BiVO, photocatalyst, it can be proposed
that the hydroxyl radical generated during the photocatalytic degradation mechanism is mainly
responsible by the main active species of h* and O,*~ at VB and CB positions, respectively.

Water resource pollution is of utmost concern by scientist globally due to the increasing demand of water for
socioeconomic development and human health. As a result, the over use of water together with water pollution
and climate change are the major reasons for water scarcity'. Among organic pollutant compound, the organi-
cazo dyes and aromatic organics are normally used in all industries to color the products in order to make them
attractive®. The removal of colors from wastewater is important owing to their negative effects on the environ-
mental water quality even at low quantities of organic dyes. As a result of their stability in chemical structure, it
is very difficult to biodegrade aromatic molecules naturally. Several conventional technologies have been used in
recent years for organic contaminant treatment. Among them are some technologies such as adsorption, coagu-
lation, membrane filtration and sedimentation, which can only change organic contaminants from the primary
toxic pollutants to secondary pollutants in treatment process rather than degrade those substances completely*-°.
In addition, they are not effective to meet certain criteria requirements or generate non-biodegradable organic
pollutants appearing in effluents after a long period of time. Hence, alternative methods have been developed
to solve this issue. Advanced oxidation process (AOPs) are alternative methods that have received much atten-
tion for the removal of organic contaminant such as pesticides, organic dyes and industrial organic wastes. For
AOPs in wastewater treatment, the highly reactive hydroxyl radicals (OH®) are the most powerful oxidizing spe-
cies in the oxidative reaction of organic pollutant”®. Among AOPs, the heterogeneous photocatalysis based on
semiconductor catalyst has established its efficiency in degrading organic compounds and mineralizing them
to carbon dioxide, water, and other small fragments’. The basic principle of photocatalysis is a process in which
the catalyst is excited by light and produces highly oxidizing free radicals such as OH®. Pollutants in wastewater
are then adsorbed and degraded by these free radicals on the surface of catalyst until they transform into carbon
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dioxide, water, and non-toxic small fragments. The type of semiconductor catalyst plays an important role in the
photocatalytic process such as TiO,, CeO,, ZnO, WO;, BiVO, photocatalyst which are often applied in photocat-
alytic treatment'*'>. Among these catalysts, bismuth vanadate (BiVO,) has recently attracted considerable atten-
tion due to its high photocatalytic activity under visible-light irradiation and its small band gap of ~2.4eV4-1°,
Although, BiVO, is widely used in the photocatalytic degradation of organic contaminants, the low photocatalytic
activity of pure BiVO, is unavoidable due to its poor adsorption performance and the difficulty in migration and
separation of electron-hole pairs.

Many researchers have modified BiVO, photocatalysts by metal doping and coupling with other semiconduc-
tors in order to enhance charge separation as well as increase the photocatalytic activity. Some research works
have been found to combine photocatalyst with reduced graphene oxide (rGO) for the photocatalytic degradation
of organic dyes?®-%. Since the rGO has shown high performance in many applications due to its excellent charge
separation ability between the intrinsic delocalized m—m electron, the rGO could promote electron transport
between the composite BiVO/rGO photocatalyst and the organic pollutant molecules®®*!. Because of its high
surface area, rGO can be applied as a supporting material, not only to significantly increase the surface area of the
system, but also to increase the number of surface active sites. As a result, BiVO,/rGO composite particles are able
to disperse and stabilize on a very high specific surface area of rGO for potential applications in photocatalysis®**.

Therefore, the aim of this study is to synthesize a multifunctional material of BiVO,/rGO composite, com-
bined with the photocatalytic activity of BiVO, coupled with the adsorption and trapping abilities produced
from rGO. The synthesized multifunctional material was also applied in the removal of methylene blue (MB). In
addition, the analytical techniques including XRD, SEM, PL, DRS, and BET of BiVO, compared to BiVO,/rGO
composite were analyzed and discussed. Finally, the main radicals participating in the photocatalytic process
was conducted by a trapping experiment and the photocatalytic mechanism of BiVO, compared to BiVO,/rGO
composite was further discussed.

Experimental

Preparation of BiVO, photocatalyst by co-precipitation method. Firstly, BiVO, powders was pre-
pared by dissolving bismuth (III) nitrate, and ammonium vanadate in 3 M nitric acid under continuous stirring.
The resulting dispersions were separated by centrifugation, washed with deionized water until the pH became
neutral, dried at 70 °C for 24 h, and calcined at 550 °C for 4 h.

Preparation of BiVO,/rGO composite by hydrothermal method. Reduced graphene oxide (rGO)
powders was synthesized from natural graphite powder by chemical oxidation using the synthesis methods
from our previous work®*. Firstly, the as-prepared rGO powders was added into the mixed solution of bismuth
(IIT) nitrate, ammonium vanadate in 3 M nitric acid under continuous stirring until a homogeneous mixture
was obtained. The mixture was then transferred into a 100 mL Teflon-lined stainless autoclave and the experi-
ment was conducted at 160 °C for 12 h. After heat treatment, the precipitate was separated by centrifugation and
re-suspension was done in DI water. The final stage of BiVO,/rGO composite was obtained after drying at 70°C
for 24 hrs.

Characterization. The crystal structure and phase composition of BiVO, compared with composite mate-
rials were studied by X-ray diffraction (XRD, Philips X’Pert MPD) using Cu K-alpha radiation. The morphol-
ogy of the prepared samples were determined using scanning electron microscopy(SEM, JSM-6335F, JEOL)
and transmission electron microscopy (TEM,JSM-2010, JEOL). The photoluminescence (PL) spectrophotom-
eter excited with 350 nm was applied in order to analyze the emission wavelength of 500-650 nm (Fluoromax-4
Horiba JobinYvon). The Brunauer-Emmett-Teller (BET) method was used to estimate the surface properties from
N, adsorption-desorption isotherm (Adtosorb 1 MP, Quantachrome). The UV-vis spectrophotometer (DRS,
Shimadzu, UV-3101PC) with an integrating sphere attachment for diffuse reflectance analysis were used to study
the reflectance spectra and further calculate the optical band gap from absorbance data using a Tauc plot of the
Kubelka-Munk function®>¢.

Photocatalytic activity. Photocatalytic properties of BiVO, in comparison with BiVO,/rGO composites
were tested over the degradation of methylene blue (MB) aqueous solution (3 ppm, 100 mL) with 0.02 g of pho-
tocatalyst. The photocatalytic system were irradiated with halogen lamps (Essential MO, Philips, Thailand) with
power of 54 W and light intensity of 145 pW/cm?. The mixed suspension between photocatalyst powder and MB
solution were stirred for 30 min without light irradiationto ensure that the MB molecules was adsorbed on the
catalyst surface. The change in the MB concentration after visible irradiations for 120 min was analyzed from the
decrease in absorbance intensity at the wavelength of 664 nm using UV-6100 double beam spectrophotometer
(Shanghai Mapada Instruments Co., Ltd).

Results and Discussion
As shown in Fig. 1, the XRD patterns of BiVO,, and BiVO,/rGO shows that all the diffraction peaks corresponded
to the monoclinic phase of BiVO, (JCPDS 14-0688). In addition, the typical diffraction peak of rGO near 10.8°%
were not observed in the XRD pattern of BiVO,/rGO composite due to the fact that the addition of rGO in
composite sample could yield the stacking disorder of rGO owing to the intercalating of BiVO, into stacked rGO
layers, which is in agreement with the literature report of Khalid et al.**. Also, the introduction of rGO to BiVO,
crystal structure might lead to decreasing crystallinity, and result in the broader peaks of BiVO, in composite
sample.

The morphologies of the prepared samples in Fig. 2(a—c) were separately analyzed by the scanning electron
microscope at x1000 magnification. It was found that the BiVO, in Fig. 2(a) constituted the surface rough-
ness of individual spherical particles, which can be obtained in the size ranges of 35 pm. In Fig. 2(b), the rGO
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Figure 1. XRD patterns of the rGO, BiVO,, and BiVO,/rGO composite.

presented the corrugated structure of mixed-morphology of rGO sheets. In case of BiVO,/rGO composite, BiVO,
spherical-like particles were uniformly incorporated with rGO sheet, which firmly adhered BiVO, spherical par-
ticles outside the surface, as shown in Fig. 2(c). In addition, the smaller particle size with high surface areas of
BiVO, was found in the BiVO,/rGOcomposite coupled system.The TEM image of rGO sheet in Fig. 2(d) reveals
the local wrinkled structure with a thin layer, whereas the TEM images of BiVO4/rGO exhibits a BiVO4 particles
attached on a wrinkled surface of rGO.

Photoluminescence spectroscopy (PL) has been carried out in order to examine the recombination efficiency
of photo-induced electrons and holes in photocatalyst. Generally, high emission PL intensity means the rapid
charge recombination rate, while a photocatalyst with low PL intensity refers to a low rate of electron/hole pairs.
Figure 3(a) shows the PL spectra of BiVO, compared to BiVO,/rGO, the PL emission intensity of the latter was the
slightly lower intensity corresponding to the lower recombination rate. This improved the separation of electron/
hole pairs, and subsequently suppressed the recombination process of BiVO,, which is promising for enhancing
the photocatalytic activity.

Some part of oxygen-containing functional groups on the surface of rGO disappeared during the phase trans-
formation process (in hydrothermal process), leaving unpaired w electrons on rGO sheets. Thus, rGO can help
trapping electron transfering to form - electrons, coupling within the aromatic region on rGO surface (see
Fig. 3(b)). The results are similar to those reported by Wang et al.** and Yang et al.*! for the enhanced photocata-
Iytic activity of TiO, combined with reduced graphene oxide (rGO).

Band gap determination in Fig. 4 can be obtained from Tauc’s plot as a function of photon energy (eV) vs
adsorption multiplied with photon energy. The extrapolation of the straight line in a certain region means that the
band gap values was estimated to be >2.80eV and 32.60eV for BiVO, and BiVO,/rGO, respectively. The decrease
in band-gap possibly linked to the interaction of unpaired w electrons of rGO with free electrons on the BiVO,’s
surface, playing a significant role in enhancing photocatalytic activity*>*.

The surface properties of rGO from our previous work™ revealed that the specific surface area of rGO was
1,323.39 m?/g, while the average pore volume and pore diameter are 0.68 cm®/g and 2.06 nm, respectively (See
Table 1).The nitrogen adsorption-desorption isotherm of the composite materials compared with BiVO, is
revealed in Fig. 5. Both samples presented a typical type IV isotherm characteristic and showed hysteresis loops
at the P/P, ranges of 0-1.0, which demonstrated the characteristics of mesoporous materials*#** corresponding
to a pore diameter of 8.59 to 17.98 nm for BiVO,/rGO and BiVO,, respectively. From the hysteresis loops, the
adsorbed quantity was found to increase when the rGO was added, leading to an enhanced specific surface area
of the composite (228.39 m*/g) compared to that in pure BiVO, (16.24 m?/g). Thus, the increase in the strength
value of the specific surface due to combination of BiVO, with rGO porous material does not only inhibit the
electron-hole recombination, but rGO is also beneficial for adsorption to enrich the pollutants around the BiVO,
catalyst surface.

The photocatalytic performance of the pure BiVO, and BiVO,/rGO were evaluated by the degradation of
model dyes (MB). The degree of MB dye photocatalytic degradation (C,/C,) was obtained by calculating the
change in concentration from the variation of absorbance at the specific wavelength of 664 nm.

In order to study the equilibrium contact time, effect of contact time on MB adsorption in dark on BiVO,
and GO were studied by varying adsorption times from 10 to 60 min, and the results are illustrated in the Figure
below. It was found that the removal of MB rises rapidly along with the contact time and attains the equilibrium
after 30 min. The adsorption study was continued further for 60 min but no significant increase was observed in
MB adsorption after 30 min contact time. Therefore, 30 min was considered as an equilibrium contact time for
dark adsorption (light off) for both of BiVO, and rGO samples (see Fig. 6). Hence, in this study, the remaining
experiments for BiVO,/GO were carried out and stirred for 30 min under dark to allow adsorption/desorption
equilibrium of MB on the catalysts.
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Figure 2. SEM images of (a) BiVO, (b) rGO, and (¢) BiVO,/rGO composite; and TEM images of (d) rGO and
(e) BiVO,/rGO composite.
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Figure 3. (a) Photoluminescence (PL) spectra and (b) energy level and electron-hole pair separation/transfer
in BiVO,/ rGO composites.

After dark adsorption for 30 min, the photocatalytic degradation efficiency of MB dye reached 10, and 40% for
BiVO, and BiVO,/rGO, respectively, which is related to the increase in specific surface area obtained from BET
results (see Fig. 7(a)). After visible light being on for 120 min, the degradation efficiencyof MB dye was negligi-
ble when no photocatalysts were added (about 4%). In case of single phase rGO, the photocatalytic degradation
efficiencyof MB reached 90% by adsorption in the dark, but did not further degrade under light irradiation. For
pure BiVO,, the visible-light photocatalytic performance of MB reached 60% after 120 min. Meanwhile, the deg-
radation efficiency reached 95% when the photocatalysts were replaced by BiVO,/rGO.

For the sake of comparison, the mechanical mixed sample of BiVO, and rGO has been prepared and its
photocatalytic degradation experiment has been carried out. In a typical process, the as-prepared BiVO, and the
rGO were mechanically mixed in the agate mortar. After photocatalytic reaction, the photocatalytic degradation
efficiency of the mechanical mixed sample was determined and found to be lower than that of BiVO,/rGO pre-
pared by wet chemical process. This might be the result from the decrease of specific surface area of BiVO,/rGO
via mechanical mixing due to the aggregation of BiVO, particles and also the agglomeration of graphene oxide
layers. As shown in Table 1, the specific surface area values measured for mechanical mixed sample amount to
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BET specific surface area | Pore volume | Average pore diameter
Samples (m?*/g) (cm®/g) (nm)
RGO 1,323.39 0.68 2.06
BiVO, 16.24 0.05 17.98
BivVO,/rGO 228.39 0.47 8.59
gifgj/“égl mixing | 1g3 36 0.39 8.80

Table 1. BET specific surface area, pore volume and average pore diameter.
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Figure 5. Nitrogen adsorption-desorption isotherm of BiVO, and BiVO,/rGO composite.

183.36 m?/g, which is lower than the BiVO,/rGO composite prepared by hydrothermal method (228.39 m%/g).
In addition, large specific surface area could provide more active sites for the adsorption of pollutants causing
further degradation under light illumination.

In order to compare the speed of the photocatalyst under light irradiation, the apparent rate constants (k) were
obtained from slopes of the graphs by plotting In (C,/C,) versus t. The pseudo-first-order rate constants can be
calculated using the following equation**:

~In(C,/C,) = kt

where C; and C, are the initial and remaining concentrations of MB at the different irradiated time (t), respec-
tively. The corresponding pseudo-first-order kinetic plots are shown in Fig. 7(b). The photocatalytic degradation
rate constant (k) were 0.0144 and 0.0067 min~'for BiVO,/rGO and BiVO,, respectively, as listed in Table 2.
Moreover, the reusability of BiVO,/rGO composite was tested by recovering photocatalyst for multiple
cycles, as shown in Fig. 7(c). The result shows that photocatalytic degradation efficiency of MB over BiVO,/rGO
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Figure 6. Effect of contact time on dark adsorption of MB on the catalysts.
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Linear regression Rate constant (k,
Sample equation min~?)
BiVO, y=10.0067 x 0.0067
BiVO,/rGO y=0.0144x 0.0144

Table 2. Apparent rate constant (k, min~!) from the slope of —In C,/C, versus irradiation time.

composite does not significantly differ (X5-10%) up to 5 cycle, indicating that the prepared photocatalyst in this
study was stable and can be reused up to fifth cycle.

The proposed mechanism for photocatalytic activity of MB dye over BiVO,/rGO composites is shown in
Fig. 8(a). Under visible-light irradiation with an appropriate excitation energy, the electrons of BiVO, are excited
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Figure 8. (a) proposed mechanism for photocatalytic degradation of MB, (b) hydroxyl radical trapping in form
of TAOH over BiVO,/ rGO, and (c) BiVO, p-benzoquinone and ammonium oxalate scavengers.

from the valence band (VB) to the conduction band (CB), thereby, forming the photogenerated electron—hole
pairs. The excited electrons in CB of BiVO, can migrate to rGO, and generate OH* via the reduction of O, to
yield superoxide radical (O,°~) and hydroxyl radical (OH®), which subsequently degrade the MB dye molecules.
Meanwhile, the hydroxyl ion (OH ") adsorbed on the surface can be reduced by the photogenerated holes at VB of
BiVO, to give OH* and further react with the target products. Therefore, the BiVO,/rGO composites can enhance
the photocatalytic activity of BiVO, through the enhanced lifetime of photogenerated electrons/holes and specific
surface area.

In order to determine the active species generated by hydroxyl radical (OH*) during the photocatalytic pro-
cess, the terephthalic acid (TA) nonfluorescent substance was introduced as the trapping substance to yield a long
lived highly fluorescent 2-hydroxyterephthalic acid (TAOH)*. Fluorescence spectra of a TAOH solution gener-
ated by BiVO,/rGO is represented in Fig. 8(b). The emission intensity at 425 nm (excited by 315nm) increases
with the increased irradiation time from 60 to 120 min, which corresponded to the higher photodegradation
efficiency over irradiation time. Also, the oxidation of TA to TAOH confirms the OH* generation during photo-
catalysis as well as indicate the successful transfer of charge carrier and separation.

In order to prove the photocatalytic mechanism that the photocatalytic reactions happen based on the
hydroxyl radical generated via VB or CB, the active species trapping experiment was conducted. In the typical
process as reported in literatures*’-*°, p-benzoquinone and ammonium oxalate with concentration of 3 ppm were
added to the photocatalytic reaction as O,*~ (CB) and h™ (VB) scavengers, respectively. Photocatalytic degrada-
tion of MB in the presence of different scavengers over the BiVO, photocatalyst was presented in Fig. 8(c). The
results showed that the addition of h* (VB) and O,*~ (CB) scavengers inhibited the photocatalytic degradation
of MB. It can be concluded that the position of photocatalytic mechanism as well as the OH- generation could be
occurred via both of h at the CB level and O,*~ at the VB position.

Conclusions

This study aimed to prepare the monoclinic spherical-shaped BiVO, combined with rGO sheets via
co-precipitation using the hydrothermal method. The pseudo-first-order rate constant of BiVO,/rGO was about
two times higher than that of BiVO,. The enhancement in visible photocatalytic activity originated from the
injection of excited electrons from the CB of BiVO, The m—m electron coupling between the aromatic regions on
rGO surface, increased the separation efficiency of photogenerated electron-hole pairs and further generate OH".
Thus, rGO in composites do not only help increasing the MB concentration near the surface active site of BiVO,
due to its high specific surface area, but also significantly promoting photogenerated charge separation. In addi-
tion, the recycling of the BiVO,/rGO photocatalyst became possible and can be effectively separated for 5 cycles.
The studies of detailed mechanism using terepthalic acid, p-benzoquinone, and ammonium oxalate scavengers
confirmed that the hydroxyl radicals are mainly responsible for photocatalytic activity, which produced from the
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h* (VB) and O,*~ (CB) in photocatalytic degradation of MB. The hydrothermal synthesis of pure BiVO, are rec-
ommended for future research as different synthesis routes can cause the different morphology, particle size and
crystallization resulting to different photocatalytic activities.
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