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A B S T R A C T   

BiVO4 nanoparticles (NPs) synthesized by hydrothermal approach were hybridized with reduced graphene oxide 
(rGO) in various weight ratios (1:1, 1:3 & 3:1) and their effect of the composition on improving the photo
catalytic degradation performance of the RhB dye was evaluated. The size and morphological variation of BiVO4 
due to the hybridization of rGO have been analyzed with scanning electron microscopy and X-Ray diffraction 
studies, which confirms the formation of the composition. The intimate contact between 2D graphene oxide and 
BiVO4 is expected to lend higher separation of charge carriers due to the built-in electric field at the interface. A 
reduction in the bandgap of BiVO4 from 2.4 to 2.1 eV was demonstrated by UV-DRS and can be associated with 
the correct addition of rGO in BiVO4 NPs. In addition, Raman spectroscopy confirms the chemical reduction of 
GO in the hybrid nanocomposites. The photocatalytic analysis shows that 3:1-rGO-BiVO4 (3:1-RGB) nano
composites have an almost 3.6 times higher performance in the complete degradation of RhB dyes as compared 
to bare BiVO4 NPs.   

1. Introduction 

In the last few decades, the pollution of natural resources has 
increased enormously due to enormous industrialization and rapid 
population growth. Human health is strongly linked to our environment. 
Hence, many efforts have been made to control environmental pollu
tion. For this reason, much attention is paid to the treatment of indus
trial wastewater. In terms of a sustainable environment, approaches 
such as reverse osmosis, ion exchange, solvent extraction, and chlori
nation are the conventional way of extracting waste from water re
sources [1]. However, high cost and the least efficiency limit its practical 
use towards industrial viability. In this regard, there is an urgent need to 
develop a cost-effective and highly efficient garbage remover for treat
ing complex sewage effluents. To achieve this goal, the photocatalytic 
removal of water contaminants is a fascinating and economically viable 
approach to address the above problem [2]. In particular, the photo
catalytic degradation of dye molecules depends on the properties of the 
catalytic materials such as size, light absorption capacity, and chemical 
stability [3]. Usually, nanomaterials are excellent photocatalysts due to 

their increased surface area and the simple bandgap technique [4]. 
Narrow bandgap materials with rich catalytic centers are ideal catalyst 
choices to achieve excellent performance with maximum efficiency 
since visible light covers the maximum part of the solar spectrum [5] 
and visible light can be utilized with the help of the notable narrow 
bandgap semiconductors such as BiVO4, α-Fe2O3, WO3, and MoS2. 

Among these narrow bandgap semiconductors, the monoclinic 
phase-gated bismuth vanadium oxide (BiVO4) is one of the best photo
catalysts in visible light [6] owing to its non-corrosive, narrow bandgap 
(2.4 eV) and biocompatible nature. As a result, BiVO4 is extensively 
investigated for photocatalytic dye degradation, photo-electrocatalytic 
hydrogen generation, photovoltaic applications, electrochemical sen
sors, etc. [7–11]. On the other hand, the high rate of photo-induced 
charge recombination strongly influences the independent BiVO4 for 
commercial applications [12]. This can be overcome by approaches such 
as doping with metal ions, heterojunction formation, and composite 
formation. For this reason, the production of nanocomposites with 
carbon-containing materials is attracting great interest due to their ease 
of processing, and cost-effectiveness [13–15]. 
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From this perspective, graphene is the shining star of the carbon 
family and offers excellent electronic conductivity, high inherent 
strength, very good flexibility, high thermal conductivity, and a large 
surface area [16–18]. The versatility of graphene lends itself very well to 
supercapacitor electrodes, sensors, and photocatalytic materials [19, 
20]. However, the exfoliation of graphene is extremely difficult because 
it requires complicated instruments and time-consuming processes. This 
can be addressed by graphene oxide (GO), as it can be easily and inex
pensively synthesized on a large scale with uncompromising physical 
and chemical properties [21]. 

It has been shown that the hybridization of rGO with transition metal 
oxides could create an excellent platform for electron transfer that fa
cilitates fine-tuning of the photocatalytic performance. In this study, 
BiVO4 NPs and rGO-BiVO4 nanocomposites with different weight ratios 
(1:3, 1:1 & 3:1) were synthesized by the in-situ hydrothermal method. 
The 3:1-rGO-BiVO4 nanocomposites show excellent photocatalytic per
formance against 20 ppm RhB within 120 min. 

2. Experimental details 

2.1. Preparation of GO 

Modified Hummer’s method was adopted for the synthesis of GO. In 
a typical procedure, 4 g of graphite powder and 2 g of sodium nitrate 
(NaNO3) were dissolved with 200 ml of Conc. Sulfuric Acid (H2SO4) 
under magnetic stirring. This solution was maintained at 20 ◦C by 
immersing in an ice bath. After an hour, 12 g of potassium permanganate 
(KMnO4) was gradually added, and the temperature of the solution was 
carefully maintained below 10 ◦C for 1 hour. This is followed by 
vigorous stirring of the mixture at 35 ◦C for almost 18 h. Then, 1000 ml 
of water was added to the above solution, and its temperature rapidly 
raised to 98 ◦C with effervescence. At last, the mixture turned from dark 
brown to brownish-yellow with the successful addition of 10 ml of 50 wt 
% H2O2. Finally, the prepared solution was washed with diluted HCl and 
double distilled (DD) water several times to remove the unwanted metal 
ions present in the prepared solution. Finally, it is dried under a vacuum. 

2.2. Synthesis of rGO-BiVO4 nanocomposites 

To prepare BiVO4, 1.99 g of Bi(NO3)3⋅5H2O and 0.935 g of NH4VO3 
were mixed with 40 ml of 1 M HNO3 solution and stirred for 1 hour. In 
the meantime, 1 M NaOH solution was dropped and wisely added to the 
above mixture until 6 pH was achieved. Then, the resultant yellow- 
colored solution was transferred to a Teflon-lined autoclave and 
treated hydrothermally at 120 ◦C for 4 h and the solution was allowed to 
cool naturally. The obtained product was centrifuged and washed with 
DD water, and ethanol 3 times to remove the unreacted residues. Finally, 
the collected semisolid sample was subjected to vacuum drying to get 
BiVO4 NPs and calcinated at 400 ◦C for 60 min [22]. 

To synthesize rGO-BiVO4 nanocomposites, 100 mg/40 ml of GO and 
100 mg/40 ml of BiVO4 were taken separately and sonicated for 1 hour. 
After the completion of sonication, both solutions were mixed and 
mildly stirred for 30 min. 1 ml of hydrazine hydrate (35%) was added 
successively, to the dispersed solution to reduce GO. After that, the 
prepared solution was transferred to a Teflon-lined autoclave for ther
mal treatment at 120 ◦C for 2 h. The obtained product was centrifuged 
and dried. The final product was labeled as 1:1-RGB (1:1-rGO-BiVO4). 
The same protocol is followed to prepare other compositions of rGO- 
BiVO4 nanocomposites [1:3-rGO-BiVO4 (named as 1:3-RGB) & 3:1-rGO- 
BiVO4 (named as 3:1-RGB)]. 

2.3. Evaluation of photocatalytic activities against RHB 

The photocatalytic dye removal efficiency of BiVO4 and rGO-BiVO4 
nanocomposites was tested against 20 mg L-1 (20 ppm) RhB dye. The 
suspension of 20 mg of BiVO4 and each nanocomposite in 50 ml of 20 

ppm RhB solution was sonicated in the dark (30 min) in order to produce 
an adsorption-desorption equilibrium. The photocatalytic activity was 
examined under direct sunlight. All of this work was done on a sunny 
day in Sattur, Tamil Nadu, India (geographical location 9.37 N 77.93E) 
from 11 a.m. to 2 p.m. In the specified time interval, 3 ml aliquots were 
taken at regular intervals of 15 min from 0 to 120 min. UV–Vis ab
sorption spectra were recorded with a UV–Vis spectrophotometer for the 
filtered solutions. The RhB dye degradation efficiency of the prepared 
photocatalyst was determined by suppressing the absorption peak at 
554 nm. 

2.3.1. Radical trapping experiment 
In order to investigate the role of reactive species in the photo

catalytic degradation process, a radical trapping experiment was carried 
out against the highly efficient photocatalyst among the synthesized 
nanocomposites (here 3:1-RGB). In the present analysis, 1 mM benzo
quinone (BQ), isopropyl alcohol, and ethylene diamine tetra acetic acid 
(EDTA) were used as superoxide quenchers (O2

- ), hydroxyl quenchers 
(OH) and hole quenchers (h+) and dissolved in the RhB dye solution in 
addition to the superior photocatalyst. 

2.4. Material characterizations 

The structural analysis was carried out using an X-ray diffractometer 
(Bruker D8 Advance, Germany) with Cu Kα radiation of wavelength 
λ=1.5406 Å. The morphological analyses have been performed by a field 
emission scanning electron microscope (FESEM, Carl Zeiss-Σigma, 
Germany). The reflectance spectra of the samples were explored using a 
UV–visible spectrophotometer (JASCO V-750, Japan). Raman spec
troscopy analysis has been studied with the help of Raman microscopic 
systems (NT-MDT, Russia) with a 473 nm laser (spot size ~0.5 μm in 
diameter Cobalt laser). 

3. Results and discussion 

The typical X-ray diffraction patterns of BiVO4 NPs and rGO-BiVO4 
nanocomposites are shown in Fig. 1. All peaks of BiVO4–NPs matched 
perfectly with the monoclinic phase of BiVO4 (JCPDS Card No.: 
014–688) and the absence of impurity peaks clearly shows the high 
purity of the sample. The main peaks developed in the GO are indicated 
in the inset of Fig. 1 and agree well with previous reports [23,24]. The 
peak broadening and the lower intensity of this peak mean the good 
formation of GO and the peak at 26.480◦ (#) centered corresponds to the 
reflection plane (002) of graphite [25]. In the XRD spectra of the com
posites, the absence of GO peaks facilitates the deepening of the BiVO4 

Fig. 1. XRD patterns of BiVO4 and different compositions of rGO-BiVO4 
nanocomposites with GO in the inset. 
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NPs in the graphene matrix and the relatively lower intensity of the GO 
peaks than that of BiVO4. In order to observe the structural difference in 
the synthesized BiVO4-rGO, lattice parameters, crystallite size, and unit 
cell volume were examined. The values are calculated using the re
lations (1) (2) & (3) and are shown in Table 1. 

1
d2 =

1
sin2β

(
h2

a2 +
k2sin2β

b2 +
l2

c2 −
2hl cosβ

ac

)

(1)  

D =
0.94 × λ
β cosθ

(2)  

V = abc sinβ (3) 

It should be noted that the crystallite size of the BiVO4 NPs (34.97 
nm) was significantly reduced by the large addition of GO [i.e., the size 
of 3:1 RGB is 20.65 nm]. This size reduction is possibly due to the 
presence of functional groups in the GO. Similarly, the crystal size 
increased slightly with the high loading of BiVO4 in the composition (i. 
e., 1: 3 RGB) compared to that of pure BiVO4 NPs. 

In order to gain insights into the optical properties of the synthesized 
BiVO4 and rGO-BiVO4 nanocomposites, UV–Vis reflection spectra were 
recorded, which show that the reflection of BiVO4 decreases drastically 
about the loading volume of rGO as shown in Fig. 2. This significant 
feature is caused by the color changes stimulated by the improved 
composition of GO. The optical bandgap was calculated from the K-M 
plot by using the following relation (4). The calibrated bandgap values 
are in the order of BiVO4> 1:3-RGB > 1:1- RGB > 3:1-RGB and their 
numerical values are given in Table 3. It corroborates with earlier re
ports [26]. 

F(R) =
(1 − R)2

2R
(4) 

Further, for the higher concentrations of the rGO-BiVO4 composites 
(4:1-RGB and 5:1 RGB), the bandgap lies in the infrared range as shown 
in the supporting information (Fig. S1). Consequently, the photo
catalytic dye degradation performance of these composites is negligible 
as compared to their counterparts. From the observation, it is noticed 
that the excessive loading of rGO forms an adhesion layer on the surface 

of BiVO4 and consequently reduces the degradation efficiency of those 
samples. 

The surface morphology of the synthesized GO, BiVO4, and several 
ratios of the rGO-BiVO4 nanocomposites are summarized in Fig. 3. From 
Fig. 3 (a) and (b), it can be seen that the chemically synthesized GO is 
present in a layer structure with a layer thickness of ~ 7 nm and also 
shows the presence of a large surface. Strongly nucleated, non-uniform 
rod-shaped nanostructures were found in BiVO4 (Fig. 3 (c)), and the 
graphene layer is well connected to BiVO4 NPs in the 1:1 RGB nano
composites (Fig. 3 (d)). This interesting feature specifies the strong bond 
between BiVO4 and rGO and in particular the length and diameter of the 
BiVO4 nanostructures, which are limited by the large composition of GO 
in the 3:1-RGB nanocomposite (Fig. 3 (f)) as compared to an equal ratio 
of 1:1-RGB nanocomposites (Fig. 3 (d)). The average values of the length 
and the diameter of the bare BiVO4 and the various weight ratios of the 
rGO-BiVO4 sample are tabulated (Table 2). The tabular results were 
consistent with the XRD results. 

Raman spectroscopy is the best-known approach to characterize 
carbonaceous materials. Fig. 4 shows the recorded Raman spectra of GO, 
BiVO4, and rGO-BiVO4 nanocomposites. Two dominant peaks appear at 
1339 and 1595 cm-1, which are associated with the D and G modes, 
indicating structural defects or vibrations in the plane of C sp2 atoms. A 
very broad peak centered at 776 cm-1 (*) is related to the in-plane C–C- 
C ring, and less intense peaks at 2634 cm-1 are assigned to the 2D mode 
of GO [27]. Raman spectra of rGO-BiVO4 nanocomposites show the 
characteristic peaks at 817, and 702 cm-1 (symmetrical stretching and 
asymmetrical modes of the V-O bond), 352, and 322 cm-1 (symmetrical 
and anti-symmetrical bending modes of the VO4 tetrahedra) and are 
connected with BiVO4 [28]. It is clear that the intensity of the D, G bands 
and νs (V-O) varies with the variations of the GO and BiVO4 composi
tions, and the decreased intensity of the 2D band in composites means 
the decrease in graphene layers and the formation of rGO [29]. 

The photocatalytic efficiency of the BiVO4 NPs and rGO-BiVO4 
nanocomposites was investigated from the degradation studies of RhB 
under direct sunlight. The characteristic absorption peak of RhB is 
observed at 554 nm and its intensity is canceled according to the solar 
irradiation time, as shown in Fig. 5. It can be seen from the observations 
that the rate of degradation of RhB for BiVO4 and rGO-BiVO4 

Table 1 
Measured lattice parameters, crystalline size, and unit cell volume of BiVO4NPs and rGO-BiVO4 nanocomposites .  

Sample a (Å) b (Å) c (Å) β (degree) d121 (Å) FWHM 
of (121) Plane 

Crystalline Size, D (nm) Unit Cell Volume (Å)3 

BiVO4 5.176 11.695 5.085 89.894 3.085 0.245 34.97 307.835 
1:1-RGB 5.178 11.694 5.083 89.946 3.084 0.244 35.17 307.769 
1:3-RGB 5.178 11.700 5.087 89.951 3.085 0.244 35.28 308.242 
3:1-RGB 5.194 11.682 5.073 91.434 3.086 0.415 20.65 307.686  

Fig. 2. (a) UV–Vis diffuse reflectance spectra and (b) estimated bandgap values of BiVO4 NPs and rGO-BiVO4 nanocomposites from Kubelka-Munk function.  
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nanocomposites varies as shown in Fig. 5 (a-d). In addition, Fig. 5 (e) 
shows the ln (Ct / C0) -time curve of the photodegradation of RhB by 
tested samples under irradiation with sunlight. Remarkably, the linear 
photocatalytic degradation of this organic dye molecule can be related 
to the pseudo-first-order reaction kinetics. The percentage of degrada
tion was calculated using the relation (5) and Ct & C0 is the concentra
tion at time t and initial concentration of RhB respectively. 

Degradation Percentage =

[

1 −
Ct

C0

]

× 100 (5) 

The absorption spectra show a percentage degradation of only 
23.39% for the BiVO4 catalyst after 120 min of solar irradiation. This 
low percentage of degradation can be attributed to the rapid recombi
nation rate of electrons and holes that are generated in the semi
conducting photocatalyst [30]. On the other hand, different volumes of 
rGO-loaded BiVO4 NPs show an excellent degradation performance with 
a degradation percentage of 36.58, 75.15 and 92.51% for 1:3-RGB, 
1:1-RGB, and 3:1-RGB nanocomposites respectively. This improved 
photocatalytic activity is due to the bandgap tuning and the increased 
surface area with the strong binding of BiVO4 to the graphene matrix. In 
addition, the rGO reduces the rapid recombination of charge carriers by 
trapping the electrons and shifts the electron-hole recombination 
directly down. In order to obtain a constant of the degradation rate (K), a 

Fig. 3. FESEM images of (a-b) GO; (c) BiVO4; (d) 1:1-RGB; (e) 1:3-RGB; (f) 3:1-RGB.  

Table 2 
Measured length and diameter of BiVO4 nanorods in the bare sample and its rGO 
composites.  

Sample Average Length (µm) Average Diameter (nm) 

BiVO4 1.05 334 
1:1-RGB 1.09 352 
1:3-RGB 1.20 436 
3:1-RGB 0.55 262  
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kinetic fit plot was created between ln (Ct / C0) and the reaction time 
(Fig. 5 (e)). The calculated K values for BiVO4, 1:1-RGB, 1:3-RGB, and 
3:1-RGB are listed in Table 3. 

The degradation of RhB dye by 3:1 RGB possibly occurs by the 
following way. When the sunlight falls on the surface of BiVO4, the 
separation of charge carriers will take place, where the electrons are 
excited into the conduction band (CB) by leaving the holes in the valence 
band (VB). The photoexcited electrons in the CB of BiVO4 are easily 
transferred to the CB of rGO. Due to the conjugated П- П system, the rGO 
better mobility was attained for the photogenerated electrons which 
avoid the recombination of photo-separated electrons and holes. These 
electrons and holes in the composite sample (3:1-RGB) react with O2 and 
H2O offer superoxide (.O2

- ) and hydroxyl (.OH-) radicals. The generated 
free radicals and remaining electrons in CB potentially degrade the RhB 
dye into CO2 and H2O. 

In order to investigate the role of reactive species in the photo
catalytic degradation process, a radical trapping experiment was carried 
out against the highly efficient photocatalyst among the synthesized 

nanocomposites (3:1-RGB). In the present analysis, 1 mM benzoquinone 
(BQ), isopropyl alcohol and ethylene diamine tetra acetic acid (EDTA) 
were used as superoxide quenchers (.O2

- ), hydroxyl quenchers (.OH) and 
hole quenchers (h+) respectively and dissolved in the RhB dye solution 
in addition to the superior photocatalyst. The results obtained from the 
radical trapping experiment are provided as a bar diagram in Fig. 5 (f). 
The scavenger analysis notifies that the addition of EDTA (hole 
quencher) predominantly suppresses the photodegradation efficiency. 
Following that BQ (superoxide quencher) also shows comparable sup
pression of RhB degradation. From the radical trapping analysis, it is 
noticed that h+ and .O2

- are the major contributors to the photocatalytic 
degradation of RhB dye by using a 3:1-RGB composite. 

The excellent photocatalytic RhB degradation performance of 3:1 
RGB is compared with recently published nanocomposites and shown in 
Table 4 and it shows the quality of the synthesized 3:1 RGB nano
composite for photocatalytic degradation. Interestingly, 20 mg 3:1-RGB 
shows an excellent degradation against RhB with high concentration 
and minimal time interval under freely available sunlight. This confirms 
that the 3:1 rGO-BiVO4 is the more efficient and economically profitable 
photocatalyst against very hard dyes such as RhB. 

4. Conclusion 

A rod-shaped crystalline BiVO4 NPs and nanocomposites with 
different weight ratios of rGO-BiVO4 nanocomposites were successfully 
synthesized by a simple hydrothermal method. The XRD patterns of 
rGO-BiVO4 nanocomposites show the broadening of the dominant peak 
due to mass amplification of GO and reduction in crystal size. The fine 
adhesion of BiVO4 to the graphene matrix and the variation of length 
and diameter can be also seen from FESEM images. The tuning of the 
bandgap energy from 2.4 to 2.10 eV by appropriately mixing GO was 

Fig. 4. Raman spectra of GO, BiVO4, and rGO-BiVO4 nanocomposites (1:1- 
RGB, 1:3-RGB and 3:1-RGB). 

Fig. 5. Photocatalytic degradation of RhB over (a) BiVO4 (b)1:1-RGB (c) 1:3-RGB (d) 3:1-RGB. (e) Degradation profile (f) Radical trapping results of 3:1 RGB.  

Table 3 
Bandgap energy and photocatalytic degradation constant (K) of hydrothermally 
synthesized BiVO4 & rGO-BiVO4 nanocomposites.  

Photocatalyst name Bandgap value (eV) K (min-1) 

BiVO4 2.40 2.3970 x 10–3 

1:3-RGB 2.25 3.7960 x 10–3 

1:1-RGB 2.21 1.1604 x 10–2 

3:1-RGB 2.10 2.1606 x 10–2  
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confirmed from the UV-DRS spectra. Raman spectra provide evidence 
for the reduction of GO in the rGO-BiVO4 nanocomposites. The 3:1 RGO- 
BiVO4 shows 3.64 times better photocatalytic RhB degradation than the 
pure BiVO4. The excellence in photocatalytic activity of 3:1 RGB nano
composites was observed as compared to the previously reported 
nanocomposites. 
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