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ABSTRACT: Preparation of bismuth vanadate and cerium dioxide (BiVO,/CeO,)
nanocomposites as visible-light photocatalysts was successfully obtained by coupling a
homogeneous precipitation method with hydrothermal techniques. The BiVO,/CeO,
nanocomposites with different mole ratios were synthesized and characterized by X-
ray diffraction (XRD), Raman spectroscopy, and transmission electron microscopy
(TEM). Absorption range and band gap energy, which are responsible for the
observed photocatalyst behavior, were investigated by UV—vis diffuse reflectance
(UV—vis DR) spectroscopy. Photocatalytic activities of the prepared samples were
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examined by studying the degradation of model dyes Methylene Blue, Methyl Orange,
and a mixture of Methylene Blue and Methyl Orange solutions under visible-light
irradiation (>400 nm). Results clearly show that the BiVO,/CeO, nanocomposite in a 0.6:0.4 mol ratio exhibited the highest

photocatalytic activity in dye wastewater treatment.
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B INTRODUCTION

The application of heterogeneous semiconductor photo-
catalysts in water cleaning and environmental remediation has
recently attracted considerable attention because of their
successful utilization of solar energy which is a natural abundant
energy source.! Of all semiconductor photocatalysts employed
in water purification, TiO, with a band gap energy of 3.2 eV
was found to exhibit high photocatalytic activity under UV light
irradiation. Apart from the most commonly used TiO, catalyst,
cubic fluorite cerium dioxide (CeQ,), a semiconductor with a
band gap energy similar to that of TiO,,” also shows promising
photocatalytic activity for the degradation of various organic
dye pollutants such as Methylene Blue (MB), Methyl Orange
(MO) and C.I Reactive Black S (RBS5).>* CeO, has also
successfully been employed in water splitting for H, production
and phenol and chlorinated phenol photodegradation under
UV illumination.>® Although photocatalytic activity of CeO,
has intensively been investigated, the broad band gap energy of
this material limits its further application in the visible light
region.7 Therefore, recent effort has been devoted to narrowing
the band gap energy of CeO, photocatalysts either by doping
with metal/nonmetal elements or by forming heterojunctions
between CeO, and other narrow band gap semiconductors in
order to generate visible light-driven catalysts.>’

By using coupled semiconductor photocatalysts, improved
charge separation, increased charge carrier lifetime and thus
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enhanced photocatalytic activity due to high efficiency of the
interfacial charge transfer from catalyst to adsorbed substrate
can be obtained.* ' As a result, photocatalytic properties of
CeO,-based composite materials have been extensively ex-
plored. Hu and co-workers® investigated the catalytic perform-
ance of Cu,0/CeO, heterojunction photocatalyst and found
that the coupled semiconductor photocatalyst showed stronger
visible light absorption capacity compared to pure CeO,. The
composite catalyst also exhibited 20% higher photocatalytic
degradation of Acid Orange 7 (AO7) than that of pure CeO,
under visible light illumination. An increased photoactivity of
this composite catalyst was ascribed to the formation of p-n
junctions, which are favorable for charge carrier separation.
Photocatalytic degradation of Rhodamine B over Bi,O;/CeO,
catalyst under visible-light irradiation was also evaluated by Li
and Yan.” Therein, Bi,O,/CeO, in the 9:1 molar ratio gave
maximum photodegradation activity and the Rhodamine B
substrate was completely degraded within 8 h of irradiation.
The enhancement of photocatalytic efficiency was believed to
be due to an increased charge carrier lifetime obtained from the
use of a composite photocatalyst. Li and co-workers'' studied
the photocatalytic degradation of Rhodamine B over ZnO/
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CeO, composite nanofibers prepared by an electrospinning
technique and observed that the composite photocatalyst was
able to completely degrade the dye substrate within 3 h whereas
only 17.4% and 82.3% degradations were obtained in the case
of pure CeO, and pure ZnO, respectively.

In our present study, we have investigated the photocatalytic
efficiency of a BiVO,/CeO, composite, in which CeO, was
coupled with Bismuth Vanadate (BiVO,) to form composites in
different mole ratios. BiVO, was chosen as a sensitizer
semiconductor due to its narrow band gap energy of 2.4
eV.'>"? Pure BiVO, has previously been investigated for its
photocatalytic properties as well as its application in water
splitting and wastewater treatment.'*"1® However, to the best
of our knowledge, the photocatalytic activity of BiVO,/CeO,
composite has not been reported. Therefore, the aim of this
study is to elucidate the photocatalytic efficiency of this novel
BiVO,/CeO, composite material with an expectation to obtain
a promising visible-light driven catalyst. The coupled semi-
conductor photocatalyst was successfully synthesized by the
combination of the homogeneous precipitation and hydro-
thermal methods and its photocatalytic performance was
evaluated via photodegradation of MB, MO, and a mixture of
MB and MO solutions under visible-light irradiation.

2. EXPERIMENTAL SECTION

2.1. Photocatalyst Synthesis. BiVO,/CeO, nanocomposite
catalysts with different mole ratios between BiVO, and CeO, have
been prepared by the combination of homogeneous precipitation and
hydrothermal method. First, pure CeO, was synthesized by the
homogeneous precipitation method using Cerium(III) nitrate
hexahydrate (Ce(NO,);-6H,0) as a cerium precursor. In a typical
procedure, 10.91 g of Ce(NOs;);-6H,0 was dissolved in 100 mL of
80% v/v ethylene glycol solution. The solution was kept under
constant stirring and heated at 50 °C until a homogeneous solution
was obtained. After that, 25 mL of 3.0 M Ammonium hydroxide
(NH,OH) was slowly added into the above solution. The transparent
solution immediately changed to a yellowish suspension. The
suspension was kept under stirring at 50 °C for a further 24 h and
the precipitate was finally collected by centrifugation, washed 3 times
with deionized water and then dried at 80 °C for 24 h. The obtained
powder was consequently calcined at 500 °C for 1 h. The as-
synthesized CeO, powders were subsequently added to the
preprepared mixture solution of Bismuth nitrate hexahydrate (Bi-
(NO;);-6H,0) in nitric acid and Ammonium vanadate (NH,VO,) in
ammonia solution (1:1 mol ratio) to form suspensions with different
BiVO,:CeO, mole ratios, 0.2:0.8, 0.4:0.6,0.6:0.4, and 0.8:0.2. The pH
of the prepared suspension was adjusted to 7 by slowly adding 0.1 M
of NH,OH solution. The suspension was then transferred into a
Teflon-lined stainless steel autoclave and the hydrothermal reaction
was carried out at 120 °C for 6 h. Finally, BiVO,/CeO, composite was
obtained by filtration and drying at 80 °C for 24 h. The as-synthesized
composites were characterized and confirmed for the ratio of
BiVO,:CeO, via elemental analysis of Bi (related to BiVO,) and Ce
(related CeO,). For control experiments, pure BiVO, photocatalyst
was also prepared by the procedure described above.

2.2. Characterization Studies. The crystalline phases of pure
BiVO,, pure CeO, and BiVO,/CeO, were determined by powder X-
ray diffraction analysis (XRD, JEOL JDX-3530). The diffraction
patterns were recorded in the range of 26 = 20 to 70° using Cu K,
radiation (4 = 0.15406 nm) with a step scan of 0.5°/min. Raman
spectra were measured at room temperature using a Jobin-Yvon
T64000 triple-stage spectrograph with a spectral resolution of 2 cm™.
A 632 nm He—Cd laser was used as the excitation source with an
output power of 25 mW. Morphologies and microstructures of the as-
prepared samples were examined by transmission electron microscopy
(TEM, JEOL JEM-2010). UV—vis DR spectra of the photocatalyst
particles were recorded at room temperature in the range of 300—700
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nm using a Lambda 950 UV—vis spectrophotometer. The absorption
spectra were obtained by analyzing the reflectance measurement with
Kubelka—Munk (KM) emission function, F(R,,). Optical band gap
energy (Eg) can be determined from the plot between E = 1240/
Absorp Edge 20d [F(R)hv]"? where E is the photonic energy in eV and
ho is the energy of an incident photon. Isoelectric point (IEP) of
BiVO,and CeO, particles was also examined by zetasizer nano
instrument (ZS Malvern).

2.3. Photocatalytic Activity for the Degradation of Dyes.
Visible light photocatalytic activities of BiVO,, CeO,, and BiVO,/
CeO, composite powders were evaluated through the decoloration of
MB, MO, and the mixture of MB and MO solution with an initial dye
concentration of 2 X 107> M. Slurry batch reactor equipped with
halogen lamp and a 400 nm cut off filter, providing a light intensity of
185 mW cm™ was used in this study. In a typical run, 0.05 g of
photocatalyst was dispersed in 50 mL of Milli-Q water using ultrasonic
probe for 30 min. The predetermined amount of organic dye was
subsequently added into the catalyst suspension. After that, the
suspension was stirred for 30 min in the dark to ensure adsorption/
desorption equilibrium before light illumination. During the irradiation
procedure, the reaction sample was collected at 20-min intervals and
centrifuged to remove photocatalyst particles. The concentration of
MB and/or MO substrates was then determined by measuring the
absorbance at 4., 664.5 nm and A, 463 nm, respectively, via UV—vis
spectrophotometer (Shimadzu UV-1800).

3. RESULTS AND DISCUSSION

3.1. XRD Analysis of BiVO,/CeO, Nanocomposites.
Figure 1 shows the XRD patterns of novel BiVO,/CeO,
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Figure 1. XRD patterns of pure BiVO,, pure CeO,, and BiVO,/CeO,
varying mole ratio; tetagonal BiVO, (T-BiVO,) and monoclinic BiVO,
(M-BiVO,).

nanocomposites in comparison with those of pure BiVO, and
pure CeO,. The diffraction peaks of pure BiVO, at 20 of 28.8°,
30.55° 34.5°, 35.2°, 39.8°, and 42.5° were respectively indexed
as (112), (004), (200), (020), (211), and (015) planes of
monoclinic BiVO, according to the Joint Committee Powder
Diffraction Standards (JCPDS) file no. 75—1866. Although the
diffraction peaks at 26 of 24.6° and 32.9° belong to the (200)
and (112) planes of tetragonal BiVO, with JCPDS file no. 14—
0133. Diffraction peaks of pure CeO, at 20 of 28.8°, 33.3°
47.6° and 56.4°can be indexed as the (111), (200), (220), and
(311) planes of fluorite CeO, with JCPDS file no. 34—0394.
The XRD patterns of BiVO,/CeO, nanocomposites exhibited
characteristic diffraction peaks of both BiVO, and CeO,
crystalline phases. It can be seen from Figure 1 that, at low
concentration of BiVO, (0.2 mol ratio), the diffraction pattern
of the nanocomposite materials was quite similar to that of pure
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CeO,. However, upon increasing the mole ratio of BiVO, in the
nanocomposite sample, the diffraction pattern was more similar
to that of pure BiVO,. This is possibly due to the high
crystallinity of the BiVO, phases, thus appearing as the
dominant peaks in the XRD spectra of the nanocomposite
samples. The XRD results also clearly indicated that BiVO, in
the as-synthesized BiVO,/CeO, composite presented in two
crystalline phases, which are monoclinic and tetragonal
structures. Calculation of the normalized ratios of relative
intensities corresponding to these two different phases of
BiVO,, suggests that the monoclinic structure presents as a
predominant phase (>90%) in the obtained BiVO,/CeO,
composite samples.

3.2. Raman Spectra Measurement. Raman spectroscopy
provided further structural evidence as to the composition of
the composites, as shown in Figure 2. The vibrational peaks at
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Figure 2. Raman spectra of all photocatalyst samples; and highlight of
Ce—O responses for 0.2Ce0,:0.8BiVO,, 0.4Ce0,:0.6BiVO,, and
0.6Ce0,:0.4BiVO, (the insert).

121.96, 220.15, 322.32, 378.04, 720.96, and 831.14 cm™
observed from the pure BiVO, sample were in good agreement
with those from the work of Goti¢ et al.'” and Zhang et al'®
The peaks at 720.96 and 831.14 cm™' were ascribed to
asymmetric and symmetric V=0 stretching modes, respec-
tively. Although the peaks at 322.32 and 378.04 cm™" reflected
the asymmetric and symmetric bending vibrations of VO,>.
Another two vibrational peaks at lower wavenumber (121.96
and 220.15 cm™") were assigned to external vibration modes.
For the pure CeO, sample, only one main vibrational band at
463.78 cm™! is observed, because of the Ce—O bond
vibration.' In the case of nanocomposite materials, character-
istic Raman peaks for both BiVO, and CeO, were found.
Interestingly, the composite spectra also clearly show a
decreasing CeO, peak intensity when the mole ratio of
BiVO, to CeO, is increased (the insert in Figure 2). This could
be attributed to a lower coverage of CeO, on the BiVO,
surface.

3.3. Morphology Characterization. The morphology of
pure CeO, (Figure 3a) shows spherical-shaped nanoparticles
with a diameter in the range of 5—10 nm, whereas pure BiVO,
from TEM analysis (Figure 3b) was found to be rod-like
particles with approximately 100 nm dimensions. The as-
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Figure 3. TEM images and electron diffraction patterns of (a) pure
CeO,, (b) pure BiVO,, (¢, d) 0.6BiVO,:0.4CeO, nanocomposites.

synthesized BiVO,/CeO, composite via the modified coupling
synthesis method (Figure 3c, d) clearly shows the presence of
CeO, nanoparticles deposited onto the BiVO, surface. As
shown in Figure 3d, it clearly shows two different crystal
structures on the composite surface, which can be assigned to
CeO, (left) and BiVO, (right), suggesting a high degree of
crystallinity. This confirms that BiVO,/CeO, nanocomposites
were successfully prepared with CeO, nanoparticles covering
the BiVO, surface.

3.4. UV-Vis Diffuse Reflectance Spectra and Band
Gap Energy. The UV—vis DR spectra of pure BiVO,, pure
CeO, and BiVO,/CeO, composite are shown in Figure 4a. The
optical band gap energy (E,) can be determined from the plot
between E = 1240/ Aapsorp, age a0d [F(R)hv]"? as shown in
Figure 4b. Pure CeO, has an absorption onset at 420 nm,
which corresponds to a band gap energy of 2.76 eV. The
absorption edge of the BiVO,/CeO, nanocomposites show a
shift toward the visible region upon loading of BiVO, onto the
CeO,. According to Figure 4b, the nanocomposites in all
BiVO,:CeO, mole ratios possessed similar band gap energy of
approximately 2.46 eV which is lower than the band gap energy
of both pure BiVO, (2.51 V) and pure CeO, (2.76 eV). This
observation is important, as it indicates that the BiVO,/CeO,
nanocomposites can be photoexcited to generate more
electron—hole pairs under visible-light irradiation, which
could result in higher photocatalytic performance.

3.5. Photocatalytic Activity for Methylene Blue (MB)
Degradation. The photocatalytic activities of all three BiVO,,
CeO,, BiVO,/CeO, photocatalysts were evaluated by measur-
ing the decoloration of MB under visible light irradiation (>400
nm). The concentrations (C) of MB and MO were determined
from UV—vis absorption studies by using the Beer—Lambert
law relation at the maximum wavelength (A,) of 664.5 and
463 nm, respectively. Variations of MB concentration (C/C,)
with visible-light irradiation time over different catalysts are
presented in Figure Sa, respectively. As a comparison, direct
photolysis of MB as well as the photocatalytic degradation over
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Figure 4. (a) KM absorbance plot and (b) band gap energy of pure
BiVO,, pure CeO,, and different mole ratio of BiVO,/CeO,.

pure BiVO, and CeO, were also performed under the identical
conditions. All MB degradation curves of C/C, vs time
displayed in Figure S are already normalized and calibrated
from the photodegradation of MB in water in the absence of
catalyst under identical conditions. As seen from Figure Sa, the
mole ratio of BiVO,/CeO, at 0.6:0.4 provided the highest
photocatalytic activity where the highest MB degradation of
80% was obtained within 30 min of irradiation. It was found
that lower or higher ratios than that of 0.6BiVO,:0.4Ce0O, lead
to decreased photocatalytic performance. Stability of photo-
catalytic MB degradation using the selected 0.6BiVO,/0.4CeO,
nanocomposite was also investigated as shown in Figure Sb. It
was found that the 0.6BiVO,/0.4CeO, catalyst exhibited a
highly stable photocatalytic performance toward MB degrada-
tion because no significant loss in activity was observed. It only
displayed less than 10% deactivation after 10 cycles.

3.6. Photocatalytic Activity for a Mixture of MB/MO
Degradation. This preferential degradation activity (MB) as a
consequence of different adsorption ability between BiVO, and
CeO, (in Figure S) could be partially explained by the different
surface charges characterized by zeta potential. The isoelectric
point (no net charge) of BiVO, and CeO, were found at the
pH of 4.56 and 7.33, respectively. This suggested that, under
the photocatalytic conditions used in this study at pH 7, BiVO,,
and CeO, possessed negative and slightly positive charges on
the surface, respectively. Because BiVO, has a net surface
negative charge, the cationic methylene blue molecules would
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Figure S. (a) Comparison of photodegradation efficiency of MB using
all photocatalysts; (b) cycling runs of photodegradation of MB using
0.6BiVO,:0.4CeO, (initial concentration of MB 7.5 mg/L and catalyst
loading 1 g/L).

preferentially adsorb on BiVO, particles. On the contrary,
CeO, particles possessing a slightly positive surface charge
would preferably adsorb the anionic dye molecules, such as
methyl orange, rather than MB. Therefore, a further
preliminary study on the degradation of a mixture of dyes via
adding MO into the preprepared MB solution was also
investigated using selected 0.6BiVO,/0.4CeO, composite (as-
synthesized) as well as physically mixed 0.6BiVO,/0.4CeO, as
control. The reason for conducting a preliminary investigation
utilizing dye mixtures is that real-world wastewater from
industries would most likely contain more than one type of
organic dyes.

Figure 6 illustrates the degradation efficiencies of the mixed
solution of MO and MB over the 0.6BiV0O,/0.4CeO,
composite and mixed 0.6BiVO,/0.4CeO, catalysts. The results
clearly confirm that both MB and MO dyes were preferentially
degraded over as-synthesized 0.6BiVO,/0.4CeO, composite.
This is possibly due to the strong interaction between CeO,
and BiVO, as supported by the UV—vis DR spectra in Figure 4.
In addition, the preliminary stability investigation of the
BiVO,/CeO, composite was also carried out for 5 cycles as
shown in Figure 7. It was found that the composite catalyst
exhibited stability toward both MB and MO degradations,
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because no significant loss in activity was observed after the
second run.
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Figure 7. Cycling runs of photodegradation of the methylene blue and
methyl orange mixture solution using 0.6BiVO,:0.4CeO, (initial
concentration of MO and MB 7.5 mg/L and catalyst loading 1 g/L).

An illustration of interparticle electron transfer behavior is
proposed as shown in Figure 8. The band edge positions of the
conduction band and valence band of a semiconductor can be

NHE

visible light

visible light

Potential (eV)

Figure 8. Possible photocatalytic mechanism for degradation of dyes
over BiVO,/CeO, nanocomposites under visible light irradiation (MB,
methylene blue; MO, methyl orange).
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determined using the equation:*"® E'c = y — E¢ — 1/2E,,
where y is the absolute electronegativity of the semiconductor
(ris 5.56 eV* and 6.04 eV"? for CeO, and BiVO,, respectively).
E€ is the energy of free electrons on the hydrogen scale (4.5
eV) and E; is the band gap of the semiconductor. The
calculated CB and VB of BiVO, were 0.28 and 2.78 eV, and of
CeO, were —0.32 and 2.44 eV, respectively. According to
Figure 6, when the BiVO,/CeO, system is irradiated under
visible light (>400 nm), both CeO, and BiVO, can be activated
since the band gap energies of CeO, and BiVO, observed in
this study were 2.76 and 2.51 eV. The excited electrons at the
conduction band of CeO, crystallites are transferred to the
conduction band of BiVO, crystallites. The electrons will then
react with oxygen molecules to finally form hydroxyl radicals.
These hydroxyl radicals will further oxidize the MB molecules
that are preferentially adsorbed onto the BiVO, particles.
However, in the case of the CeQO,, it is not so clear-cut.
Although oxidizing species like hydroxyl radicals can indeed be
formed on the CeO, surface, the availability of the MB species
on, or near, the CeO, surface would be expected to be
significantly less than that on the BiVO, surface. This is due to
the fact that the CeO, particles possess a slightly positive
surface charge (at pH 7), which would preferably adsorb
anionic dye molecules, such as MO, rather than MB. Therefore,
any MB degradation on the CeO, surface is quite low. As a
result, more efficient charge-carrier separation, and thus
improved photocatalytic activity could be achieved.'**

4. CONCLUSIONS

Novel BiVO,/CeO, nanocomposites with different mole ratios
have been successfully prepared by homogeneous precipitation
coupled with a hydrothermal method. These synthesis methods
demonstrated good reproducibility and facilitated the produc-
tion of high-purity products. The mole ratio of BiVO, to CeO,
in the BiVO,/CeO, composites was found to affect the
degradation of dyes under visible light irradiation. The
optimum mole ratio was found to be 0.6:0.4 (BiVO,:CeO,)
showing the best photodegradation performance under visible
light illumination. According to UV—vis DRS results, the
absorption of BiVO,/CeO, nanocomposites increased in the
visible region (485—505 nm). Moreover, the low band gap
energy of BiVO,/CeO, nanocomposites also influenced the
dyes degradation, and showed significant promise as a visible
light photocatalyst for dye wastewater treatment. Further
detailed studies to fully understand the mechanism are ongoing
in our laboratories.
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