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Abstract: A p–n heterojunction semiconductor structure composed of Ce3O4 and BiVO4 has been
synthesized and then incorporated into reduced graphene oxide (rGO) by the hydrothermal method.
The ternary composites were characterized by X-ray diffraction, transmission electron microscopy
(TEM), scanning electron microscopy (SEM), electron diffraction spectroscopy (EDS), and UV–vis
spectroscopy. The efficiency of the composites as photocatalysts was determined by studying
the oxidative degradation of methyl orange in aqueous solution under visible light irradiation.
The effect of parameters such as pH, catalyst loading, and concentration of the dye solution was
examined in order to determine their influence on the photocatalytic activity of the composites.
The composite incorporated into reduced graphene oxide presented the highest percentage (above
90%) in 2 h time, attributed to the effect of the increased surface area. The process of the enhanced
photocatalytic activity has been discussed based on the energy band positions of the nanoparticles
within the composite.

Keywords: Ce2O3/BiVO4 photocatalyst; p–n heterojunction; reduced GO; photocatalysis; visible
light; dye degradation

1. Introduction

Bismuth vanadate (BiVO4) is a ternary, non-toxic, n-type semiconductor oxide with a
layered structure. It has drawn a lot of attention due to its nontoxic nature, low cost, and
unique properties such as ionic conductivity, ferro-elasticity, light harvesting capacity, and
high stability. These are responsible for its potential application in different areas such as
electronic devices, gas sensing, pigment industries, and in the photocatalytic decomposition
of organic pollutants [1]. It is currently considered as one of the significant photocatalysts
that utilizes visible light because of its narrow band gap of 2.4 eV. However, it is one of the
metal oxides, in which the fast recombination rate of the photo-generated electron-hole
pairs still hinders its photocatalytic activity [2].

Recently, attention has been focused on the combination of two types of semiconduc-
tors to form a heterojunction system as one of the strategies used to address the challenges
associated with the large band gap and rapid recombination of the photo-generated charge
carriers in most semiconductors [3,4]. Contrary to a single phase photocatalyst, the for-
mation of heterojunction semiconductors or multi-semiconducting materials has been
reported to attain significant enhancements in the promotion of electron-hole pairs sepa-
ration. This results in the preservation of oxidation-reduction reactions at the conduction
and valence band positions [5,6]. The effective transfer of electron-hole from one semi-
conductor material to another, with the suitable band edge position, could reduce the fast
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recombination of the photo-induced electron-hole pairs significantly, thereby resulting in
an upsurge of the charge carrier’s lifetime and consequently promoting the efficacy of
the photocatalytic process [7,8]. Different types of heterojunctions of bismuth vanadate
have been reported for various applications. For example, Sitaaraman et al. [9] fabricated
a heterojunction BiVO4 and WO3 for solar water splitting applications. BiVO4/BiOx het-
erojunction has been reported for enhanced photo-electrochemical performance [10]. An
enhanced photocatalytic activity was achieved using tungsten-doped BiVO4/WO3 hetero-
junction materials [11]. The visible-light-driven photocatalytic synthesis of imines has been
reported using BiVO4/g-C3N4 [12]. Different bismuth-based oxides have also been com-
posited with other semiconductors to form heterojunctions such as Bi2O2CO3/Bi4O7 [13]
and g-C3N4/Bi4O7 [14], including ternary heterojunctions like Ag/Bi4O7/g-C3N4 [15] and
Bi2O4–Bi4O7–BiO2−x [16], which demonstrated outstanding activities.

To form a heterojunction system, metal oxide semiconductors are usually preferred
due to their chemical stability, easy availability, and favourable band gaps [9]. Many
of them also have good light-induced properties, making them suitable combinations
for photocatalytic processes. Cerium oxide is a rare earth metals with unique properties
and is commonly used as a support for catalytically active materials due to its electronic
property and redox behavior. It has high surface to volume ratio and quantum size effect at
nanoscale, which improves the interfacial activity. It shows good optical and photocatalytic
properties, has a wide band gap of 3.2 eV that contributes to its ability to absorb UV, and
has high thermal stability [17]. It has been used in different application such as catalysis,
fuel cells, gas sensors and optical devices [18]. The p-type Ce2O3 is suitable to combine
with the n-type BiVO4 for the formation of p–n heterojunction and also for the acceleration
of charge transfer for photocatalytic processes, specifically in the degradation of dyes. In
order to improve the surface area of semiconductor and enhance the interaction of dye
molecules with the photocatalyst, one of the most common approaches is the incorporation
of polymeric material such as graphene oxide.

Graphene oxide is a zero band gap semiconductor resulting in excellent properties
such as high thermal stability, high heat conductivity, large surface area, high mechanical
toughness, and good optical transparency. The chemical configuration of GO, which has
a sp3 carbon domain adjoining sp2 carbon, with functional groups such as carboxyl, hy-
droxyl, and epoxy gives rise to the incredible characteristics of this interesting material [19].
It has been used to support nanomaterials to make nanocomposites due to its exceptional
properties and good biocompatibility. It has a larger surface area than other carbon materi-
als. The larger surface area enhances contact with compounds, and thereby reduces the
agglomeration of the nanoparticles. In addition, the existence of inorganic nanoparticles
on the surfaces of the graphene sheets prevents the aggregation of grouping sheets during
reduction. This helps to keep the specific surface area of the resultant composite materials
very large, an important property required for adsorption and subsequent photocatalytic
degradation of pollutants [20,21]. Graphene oxide has good adsorption property [22], and
its use for nanocomposite formation improves degradation of organic pollutants, via the
reduction of the rate of recombination, and improvement of light absorption and promo-
tion of charge carrier migration. The number of electron- hole pairs formed in the redox
reaction that occurs during photocatalysis relies on the active sites that are on the surface
of the photocatalyst. To increase the performance of the photocatalyst, the actives sites
are important. In this study, GO has been used as substrate to increase electro catalytic
sites in the nanocomposites (Ce2O3-BiVO4), and also to act as the adsorption sites for the
dye molecules.

Dyes are one of the essential raw materials used in different industries such as the
paper, food, plastic, and textile industries [23]. The discharge of dyes into the aquatic
environment is hazardous to biodiversity [24]. Most of them are carcinogenic, interrupt the
nervous system, damage organs, and interfere with DNA structure [25]. A typical example
is methyl orange, which is a commonly used azo dye in textiles, pharmaceuticals, clothing,
photography, and in paper industries [26]. About 50% of textile azo dyes have been
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reported not to bind to fabric or paper during the dyeing process, resulting in their release
into water bodies where they pose great danger to living organisms [27]. The removal of
synthetic dyes from water has drawn a great attention, and different methods have been
developed for this process. The limitation of most of these methods is that they cannot
completely break down these dyes to form simple harmless compounds. For this reason,
advanced treatment methods for dye degradation that uses nontoxic compounds are in
high demand. One of these advanced methods of dye removal is photocatalysis, which
makes use of semiconductor nanomaterials. Metal oxides have been widely utilized as
photocatalysts and among them are bismuth vanadate and cerium oxide. In this study, we
report the synthesis of Ce2O3/BiVO4 embedded in rGO and evaluated the photocatalytic
efficiency for the degradation of methyl orange under visible light irradiation

2. Materials

Bismuth nitrate pentahydrate, ammonium metavanadate, ethylene glycol, cerium ni-
trate hexahydrate, potassium permanganate, graphite flakes, hydrogen peroxide, sulphuric
acid, phosphoric acid, and ethylene glycol were purchased from Merck or Sigma-Aldrich.
They were of analytical grade and were used as received. Distilled water was used for all
the solutions preparation.

2.1. Methods
2.1.1. Synthesis of Graphene Oxide

Graphene oxide was synthesised using a modified hummer’s method [28]. Concen-
trated sulphuric acid (H2SO4, 360 mL) and concentrated phosphoric acid (H3PO4, 40 mL)
were stirred in a beaker for 10 min. Graphite flakes (3 g) and potassium permanganate
(KMnO4, 18 g) were mixed together in a 1000 mL beaker. Then, the solution of the acids was
transferred gradually into the 1000 mL beaker of graphite and KMnO4. The whole mixture
was stirred for 24 h at 60 ◦C. Thereafter, 400 mL of distilled water was added, followed
by a dropwise addition of 5 mL of hydrogen peroxide until the mixture turned yellow.
The suspension was allowed to stand for 1 h. Afterwards, it was centrifuged, washed
with distilled water, followed by ethanol for three times until the filtrate was neutral. The
product was dried in the oven for 10 h.

2.1.2. Preparation of Ce2O3/BiVO4 Nanoparticles

About 0.4 g of Bi(NO3)3·5H2O and 0.05 g of Ce(NO3)3·6H2O were dissolved in 30 mL
of ethylene glycol and stirred. After 30 min, a solution of 0.1 g of NH4VO3 in 30 mL of
distilled water was added in dropwise while the constant stirring continued for another
30 min. The solution was then transferred into an autoclave and heated for 10 h at 180 ◦C.
At the end of the reaction, the solution was allowed to cool down to room temperature and
the product was washed with methanol and then dried in the air.

2.1.3. Preparation of Ce2O3/BiVO4 in rGO

Graphene oxide solution was prepared by dispersing 1 g of the prepared graphene
oxide in 10 mL of distilled water and sonicating for 2 h. Into this was added a solution of
bismuth nitrate (0.4 g), cerium nitrate (0.05 g) and ammonium vanadate (0.1 g) and stirred
for 30 min. The ternary solution was transferred to an autoclave, heated up to 180 ◦C and
maintained for 10 h. Afterwards, the product was collected, centrifuged and the solids
were rinsed using methanol and air dried.

2.2. Characterizations

The crystalline structures of the nanoparticles were analysed by X-ray diffraction (XRD,
Bruker Advance D-8, Karlsruhe, Germany) equipped with a proportional counter using Cu
Kλ radiation (λ = 1.5405 A, nickel filter). Samples were placed on a flat steel sample holder
and scanned from 10 to 80 ◦C. The diffraction peaks were matched with other recorded
standards in JCPDS. The external morphology was studied using a scanning electron
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microscope (JEOL 6400F Field Emission SEM at 5 kV, by Zeiss, Oberkochen, Germany),
while transmission electron microscopy (Hitachi HF–2000 TEM at 200 kV by Hitachi High-
Tech Corporation, Tokyo, Japan) was used to examine the internal morphology. The
optical absorption property of the nanoparticles was measured using a Varian UV–vis
spectrophotometer.

3. Results and Discussion
3.1. XRD Analysis

The XRD analysis of the samples was carried out in order to determine the crys-
talline phases of the composites before and after the incorporation of GO. As presented in
Figure 1a, the XRD pattern of the Ce2O3/BiVO4 showed diffraction peaks at 2θ of 18.99◦,
28.90◦, 30.54◦, 34.60◦, 35.15◦, 35.22◦, 40.04◦, 42.58◦, 50.33◦, 53.35◦, 58.59◦, and 59.64◦, which
were attributed to the (011), (121), (040), (200), (002), (112), (150), (042), (202), (222), (321),
and (123) of the monoclinic phase of BiVO4 (JCPDS No. 14-0688) [29]. The Ce2O3 peaks
were identified at 32.59◦, 46.64◦, 56.65◦, and 63.07◦, ascribed to (001), (110), (021), and
(202) crystalline planes, which matched with the hexagonal Ce2O3 structure of JCPDS
No. 044-1086 [30]. The appearance of both the bismuth vanadate and cerium oxide peaks
confirmed the coexistence of the two semiconductor oxides in the same system.

The Ce2O3/BiVO4/rGO composites showed similar diffraction peaks (Figure 1b) with
the pure Ce2O3/BiVO4 nanoparticles, but no diffraction peaks of GO were observed. This
was because the regular stack of GO sheets has been destroyed by the intercalation of
Ce2O3/BiVO4 nanoparticles [31] and also due to the reduction of GO to rGO during the
synthesis [32,33]. Figure 1c shows the diffraction pattern of the GO with its characteristic
(002) peak identified at 2θ = 12.5◦. In Figure 1b, a diffraction peak associated with reduced
graphene oxide was observed at 24◦, which further confirmed the reduction of GO [34]. No
characteristic peaks of other samples were observed, which means there were no impurities.

A comparison of the peak intensities of the pure Ce2O3/BiVO4 with the GO-incorporated
composite showed a decrease in intensity with the addition of GO. The low intensity of the
composite could be a result of the covering of the surface of the nanoparticles (Ce2O3/BiVO4)
by graphene oxide, thereby causing a reduction in the crystallinity of the composite. The
addition of GO did not alter the crystal phase of the nanoparticles but caused a decrease in the
particle size as evident in the broadness of the diffraction peaks. Although low crystallinity has
been reported to reduce the photocatalytic activity of particles [35], the reduction in particle size
enhances the photocatalytic property of nanomaterials. Furthermore, the incorporation of GO
into the photocatalyst is known to increase the surface area and stability of the photocatalyst
for wastewater treatment, thus increasing the activity [36].

3.2. Morphology Studies

Figure 2 shows the typical SEM and TEM images of the prepared GO, which contains
layered structure of GO with exfoliated and crumpled sheets [37,38]. This carbonaceous
material is also composed of various oxygen-containing functional groups including epoxy,
carbonyl, carboxyl, and hydroxyl groups. While the epoxy and hydroxyl groups are found
on the main surface area of GO sheets, the functional groups such as carboxyl and carbonyl
groups are located at the edge of GO sheets [39].

The surface morphology of the composites was analysed using SEM and TEM analyses.
Figure 3a,b show the SEM and TEM images of the Ce2O3/BiVO4 nanoparticles. The SEM
image displayed obvious short rod-like morphology, and the TEM images showed that
some of these rods were somewhat agglomerated to form elongated rods. The SEM image
of the composite with GO does not show a clear presence of rGO at low magnification
(Figure 3c), but a dense agglomerate of particles decorated on the surface of the rGO
nano-sheet. The ratio of the nanoparticles to the rGO is a major factor in the formation
of composites with rGO. The high magnification SEM image of the composite (Figure 3d)
showed spherically-shaped particles distributed across the rGO sheets. From Figure 3d, it
can be observed that the rGO has a crumpled and layered structure.
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Figure 1. XRD pattern (a) Ce2O3/BiVO4 , (b) Ce2O3/BiVO4/rGO composite. (Black—bismuth vana-
date; Red—graphene oxide; Blue—cerium oxide) and (c) graphene oxide. 
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Figure 3. (a) SEM and (b) TEM micrographs of Ce2O3/BiVO4; and (c) SEM and (d) TEM micrographs of Ce2O3/BiVO4

incorporated into rGO.

The distribution of the Ce2O3/BiVO4 nanoparticles on the surface of rGO could be
ascribed to the interaction of the nanoparticles with surface functional groups on the rGO.
During the solvothermal reduction process, most of the functional groups on the surface
of the GO would have been reduced; however, the electrostatic and/or van der Waals
forces were still enough to induce some interaction between the nanoparticles and the
surface of the rGO. The adsorption process between the remaining carboxyl groups at the
surface of the rGO and the nanoparticles has also been reported to be responsible for the
incorporation of the nanoparticles into the reduced GO [40]. Figure 4a,b shows the EDX
spectra of the Ce2O3/BiVO4 nanoparticles and the composite, respectively. The spectra
clearly indicated Bi, V, Ce, and O as the main constituent elements of the nanoparticles. In
the composite with rGO, the additional strong C peak confirms the presence of GO and a
successful loading of the nanoparticles on the GO.
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3.3. FTIR Spectroscopy

Figure 5 presents the FTIR spectra of GO and Ce2O3/BiVO4/rGO overlapped for
proper comparison. The spectrum of the GO exhibited many strong vibrational peaks,
which corresponded to various oxygen functional groups. The observed peaks at 3217, 1737,
1599, 1384, 1338, and 1050 cm−1 were the characteristic peaks associated with hydroxyl
(–OH), C=O, C=C, C–O (carboxy), C–H, and C–O (alkoxy) groups of GO, respectively [41].
In the spectrum of the nanocomposite, Ce2O3/BiVO4/rGO, there are noticeable decrease
in the intensity of those peaks associated with the oxygen functional groups. This indicated
a reduction of GO to rGO. The M–O–C bonds (M = Ce or Bi), which usually appear below
900 cm−1, was found around 860 cm−1 and indicated the interaction of the metal oxide
with graphene [21,41].
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3.4. Optical Spectroscopy

The optical property of the prepared photocatalyst was studied using UV–vis and
fluorescence spectrophotometry. The qualitative analysis of semiconductor materials using
UV–vis is based on the use of light in the UV and visible part of the electromagnetic
spectrum to effect the excitation of electrons in either the atomic or molecular ground state
to higher energy levels. This gives rise to an absorbance, which is at wavelengths that are
specific to each molecule or material being analysed [42,43].

Molecules or semiconductors containing either π- or non-bonding electrons are able to
absorb energy in the form of UV or visible light, which causes excitation of the electrons from
lower to higher energy levels or antibonding molecular orbitals [44,45]. Some molecules or
materials with easily excited electrons, for example those with low energy gaps between the
lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO), or between the valence band and the conduction band, could absorb light with
longer wavelength in the UV–vis range of the electromagnetic spectrum [46].

The molecular structure of the material determines the absorbance of light. When
the light rays pass through the material, scattering, transmittance, or absorbance could
occur. The shape, size, and type of solvents used during the synthesis of the material also
contribute to the optical behavior of the material. The overlapped absorption spectra of the
synthesized nanoparticles and the composite with graphene oxide is shown in Figure 6a.
The nanoparticles showed absorption in the UV and visible regions, with an increase in
absorption intensity in the visible region upon the formation of the GO composite. The
difference in the absorption intensity in the visible region suggests the formation of new
material whose property is different from the prepared Ce2O3/BiVO4. The Tauc equation
was used to calculate the band gap energies of the photocatalysts, and the graphs are
shown in Figure 6b,c The values of the band gaps were 3.25 and 2.99 eV for Ce2O3/BiVO4
and Ce2O3/BiVO4/rGO, respectively. The relatively lower band gap energy observed
for the nanocomposites involving rGO indicated a red shift in the absorption spectrum
and a consequence of size increase. Furthermore, the increased band gap energy of the
nanocomposite compared to the value for BiVO4 (2.54 eV) was due to size reduction within
the nanometric dimension.

3.5. Photocatalytic Activity

The photocatalytic performance of the composite was evaluated by studying the
photocatalytic degradation of methyl orange under visible light irradiation. A control
experiment on the degradation of the dye in the absence of the photocatalysts was also
performed. Methyl orange is a common anionic dye, which contains the azo group (-N=N-)
that connects to sp2-hybridized C-atoms of the aromatic group [47,48]. The absorption
property is pH dependent. Thus, the UV–visible absorption spectra of the MO were first
studied at different pH in order to examine the structural changes of the dye molecules and
to also determine the best pH for the conduction of the photodegradation study. Figure 7a
presents the absorption spectra at pH 3, 5, and 7, which showed that the maximum
absorption peak shifted from 465 nm at pH 10.0 to 512 nm at pH 3.0, indicating the change
in the structure of methyl orange. Obviously, the lowest degradation of methyl orange is
obtained in basic or neutral media, while its highest degradation is in the acidic media.
The adsorption ability of dyes changes significantly with a pH from 2.5 to 10.0. This is
dependent on the nature of the dye and also determines the removal efficiency when using
a photocatalyst. For example, Nguyen et al. [49] reported an increase in color removal
efficiency for MB and a decrease for MO after 40 min reaction in the dark. This observation
was partly ascribed to the change of surface charge of the catalyst with the pH, resulting
in different degrees of repulsion force between the dye molecules and the catalysts. This
influences the activity of the photocatalyst since the OH radicals at the surface of the
catalyst attack the pollutant molecules harder. Consequently, there is a decrease in the rate
of degradation [50].
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Based on the absorption spectra of the blank MO at different pH values (Figure 7a),
the photocatalytic degradation study was conducted at pH 7. Figure 7b,c present the
absorption spectra of methyl orange measured at 15 min intervals using Ce2O3/BiVO4 and
Ce2O3/BiVO4 /rGO, respectively, with 5 mg/L concentration of the catalyst. It could be
observed that the methyl orange peak obviously decreased steadily under the visible light
in the presence of the catalysts. Figure 7d presents a graph of the percentage degradation
of the dye to the irradiation time in the presence and absence of the binary and ternary
nanocomposites. After 120 min irradiation time, about 80% of MO was decomposed
using Ce2O3/BiVO4/rGO, and 70% was removed using Ce2O3/BiVO4. However, the
study conducted in the absence of the catalyst showed negligible degradation of the dye
molecules even after 120 min of irradiation. In addition, Figure 7d showed that only about
15% and 18% of the dye was removed by the adsorption process using Ce2O3/BiVO4 and
Ce2O3/BiVO4/rGO within 15 min. The higher efficiency of the ternary nanocomposite
(Ce2O3/BiVO4/rGO) compared to the binary (Ce2O3/BiVO4) could be ascribed to the
formation of the heterojunction system coupled with the increase in the surface area as a
result of the introduction of rGO, which implies that the composite with reduced graphene
oxide is a better candidate for the photocatalytic degradation of MO.
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3.5.1. Effect of Initial Dye Concentration

For both mechanistic purposes and from an application point of view, it is important
to study the dependence of the photo-enhanced reaction process on the concentration of
the substrate. The formation of hydroxyl radicals, a significant species in the degradation
process, on the surface of the catalyst is the major determinant of the rate of degradation.
Other related factors that are significant to the rate of degradation could be the adsorption
of reactants on the catalyst surface as well as the side reaction rate of the hydroxyl radicals
with other chemicals. Therefore, the factor k could be expressed as:

k = k0P•OH Pdye (1)

where k is the overall rate constant, k0 is the reaction rate constant, P•OH is the proba-
bility of generation of •OH on the catalyst surface, and Pdye is the probability of •OH
reacting with dye molecules. Since P•OH and Pdye are implicitly dependent on the dye
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concentration [51], it therefore implies that the rate of the dye degradation will decrease
with an increase in the initial dye concentration. This is presumed to be due to the fact that
the concentration of generated •OH on the surface of the photocatalyst will decrease as
more dye ions cover the active sites of the photocatalyst. Another possible reason for the
decrease in activity is as a result of the light-screening effect of the dye itself. A significant
amount of light might be absorbed by the dye molecules rather than by the photocatalysts,
at a high dye concentration, thereby resulting in a decrease in the formation of •OH as
well as in the photocatalytic activity [52,53]. As shown in Figure 8a, the photocatalytic
degradation efficiency of the MO was found to decrease at the initial MO concentrations of
5, 10, 15, 20, and 25 mg/L, which indicated that the overall rate constant k decreased with
increase in the initial dye concentration.
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Figure 8. (a) Effect of initial dye concentration, and (b) Effect of catalysts loading on the photo degradation of MO (MO
initial concentration: 10 mg/L, pH value (pH = 7)).

3.5.2. Effect of Catalysts Loading

Figure 8b presents the effect of catalysts loading on the degradation rate of MO. Only
about 4.8% degradation was obtained in the absence of a catalyst after 120 min reaction.
Degradation only commenced after the introduction of 50 mg/L of the catalyst and the
rate increased with catalyst loading up to 200 mg/L. The catalyst displayed an abrupt
increase in performance as the concentration was increased to 200 mg/L. The enhancement
in the degradation efficiency could be attributed to the increased number of available
adsorption and catalytic sites on the catalysts, as well as the reduced recombination of
the electron-hole pairs due to the formation of heterojunction. However, it is important to
indicate that a further increase in catalyst loading has been reported to cause light scattering
and screening effects, which may probably cause a reduction in the specific activities of
the catalysts [54]. In addition, it is possible for agglomeration and sedimentation of the
catalysts particles to occur when high catalysts loading is used in the dye solution [54].
Under such circumstances, it is possible that part of the catalyst surface probably is now
unavailable for both photon absorption and dye adsorption, thereby causing only less
stimulation to the catalytic reaction. A degradation efficiency of 92.5% was obtained at
200 mg/L loading after 120 min at the initial MO concentration of 5 mg/L.

The long-term usage of the nanocomposite photocatalyst was evaluated by reusability
and photo-stability studies, which were conducted by the repeated degradation study
of the MO dye using a solution of 5 mg/L. Figure 9 presents the recyclability graph
for four cycles, and the results clearly showed that despite the loss of a few amount
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of the photocatalyst associated with the separation process, the photocatalyst could be
effectively reused with just a slight loss in activity even after four consecutive cycles.
Therefore, industrial application of this product is highly feasible owing to its stability and
reusability properties.
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4. Conclusions

The mixed metal oxide photocatalysts Ce2O3/BiVO4 have been successfully incorpo-
rated into GO by the hydrothermal method. The particle size of the photocatalyst decreased
upon GO addition with no changes in the crystal phase. The microscopic properties dis-
played a short rod-like morphology, which showed some elongation due to agglomeration.
The composite exhibited enhanced photocatalytic activity under visible light irradiation,
and the highest efficiency was found to be 90% within 2 h. The improved photocatalytic
activity was attributed to the p–n heterojunction structure and the decreased recombination
of the photogenerated excitations. The mechanism was based on the energy band positions
of the nanoparticles within the composite. The activity of the catalyst could further be
improved by reducing the dimension of the metal oxides. The photocatalyst composite is
highly promising and competitive for dye removal application.
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