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a  b  s  t  r  a  c  t

Pure  monoclinic  bismuth  vanadate  (BiVO4) nanoparticles  were  successfully  prepared  using a  single  step,
pH-controlled,  microwave  approach.  This simple,  fast, synthesis  is  shown  to be  an industrially  viable,
low  temperature  (≤90 ◦C,  non-vacuum)  and  environmentally  benign  alternate  to other  approaches.  The
parameters  of  the  microwave  synthesis  protocol,  including  pH,  temperature,  and  reaction  time,  were
varied  to control  morphology  and  crystal  phase.  Optimal  synthesis  conditions  for  photocatalytic  degra-
eywords:
hase-control
icrowave synthesis

iVO4

dation  of Rhodamine  B (RhB)  were  determined  and  this  material  was  compared  against  state-of-the  art
samples  produced  by more  conventional  methods,  revealing  very  similar  performances.

© 2015  Elsevier  Ltd. All  rights  reserved.
hotocatalysis
ye degradation

. Introduction

It has been well-documented that monoclinic BiVO4 displays
uch better photocatalytic performance than that of other crystal

hases under visible light irradiation. Various synthetic meth-
ds, such as solid-state reactions [1], precipitation reactions [1,2],
ol–gel processes [3], and hydrothermal methods [4,5] have been
mployed to prepare BiVO4 particles. In most of these meth-
ds (apart from hydrothermal), a high temperature treatment is
equired to facilitate good crystallinity. Hydrothermal processes
lso offer an advantage in that the crystal structure, size and
article morphology of BiVO4 can be controlled by adjusting the
emperature in the autoclave reactor and/or the precursor chem-
stry. The preparation of crystalline BiVO4 nanoparticles through
ydrothermal methods however has some disadvantages such as
1) requiring high pressure, (2) being limited to batch processing
typical using a Teflon-lined stainless-steel autoclave), (3) the diffi-
ulty in achieving uniform particle sizes, (4) requiring long reaction

imes, and (5) difficulties in monitoring the reaction in progress.

Recently, there have been a few reports on BiVO4 powder syn-
hesised by a modified hydrothermal method using a Teflon-lined

∗ Corresponding authors.
E-mail address: junc@uow.edu.au (J. Chen).

ttp://dx.doi.org/10.1016/j.apmt.2015.09.003
352-9407/© 2015 Elsevier Ltd. All rights reserved.
stainless-steel autoclave as the reactor, heated by microwave irra-
diation [7]. Li et al. synthesised monoclinic BiVO4 microspheres
from aqueous Bi(NO3)3 and NH4VO3 solutions under microwave
irradiation (300 W)  at 180 ◦C for 3 h [8]. The resultant mono-
clinic BiVO4 consisted of microspheres, themselves composed
of small particles and randomly oriented nanosheets. Zhu et al.
also synthesised decahedral BiVO4 particles with Bi(NO3)3 and
NH4VO3 as precursors and Tween-80 as a template, by a com-
bined hydrothermal-microwave method [8]. It was found that the
synthesised BiVO4 was microstructured and monoclinic. Recently,
Tan et al. synthesised BiVO4 powders with hierarchical structures
using another combined hydrothermal-microwave method, from
precursor solutions of Bi(NO3)3·5H2O and NH4VO3, at various pH
values. These were heated to 200 ◦C for 40 min, leading to different
crystal phases and morphologies [10]. Furthermore, Zhang et al.
also reported that monoclinic BiVO4 micro/nanostructures were
synthesised by a rapid microwave-assisted method, a combined
microwave and ultrasonication technique [6]. These results showed
that the solvents (diethylene glycol and deionized water) and the
pH had a significant influence on morphology, size and crystallinity.

In the aforementioned works, the use of a microwave-assistant

heating step has been employed to significantly reduce processing
time and enhance product purity compared to when conventional
heat sources are used. It has been observed that while microwave
irradiation provides uniform heating in the reactor, this energy is

dx.doi.org/10.1016/j.apmt.2015.09.003
http://www.sciencedirect.com/science/journal/23529407
www.elsevier.com/locate/apmt
mailto:junc@uow.edu.au
dx.doi.org/10.1016/j.apmt.2015.09.003
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ore likely to be transferred to ionic species (such as precursor
alts) [11]. These ionic species oscillate and quickly collide with
heir neighbouring molecules allowing an enhanced reaction rate.
his is modelled according to an Arrhenius equation as follows,
k = Aexp (−Ea/RT)) [11b], where microwave energy increases the
re-exponential factor (Aexp) or the activation energy (Ea) associ-
ted to the reaction rate (k) at temperature (T) and gas constant
R).

The above methods still use high temperatures, which necessar-
ly require pressurisation when using aqueous solutions and as such
imit processes to being batch. Thus, efficient, simple, and low tem-
erature processing is required to synthesise high quality BiVO4
owders. In this research, a single-step pH-dependent microwave-
nly approach, with low irradiation power (<300 W)  was developed
o achieve phase-controlled synthesis of pure-monoclinic BiVO4
anoparticles. The physical properties of the BiVO4 powders along
ith those produced by conventional hydrothermal method were

ompared and investigated through monitoring Rhodamine B (RhB)
egradation under simulated solar illumination (AM1.5G, 1 sun
quivalent).

. Experimental

.1. Synthesis of BiVO4 powders

BiVO4 nanoparticles were prepared by an aqueous-microwave
ynthesis using an Advanced Microwave System (APEX, China)
hich allows for control over reaction power, time and tempera-

ure with an AC frequency of 50 kHz. Bismuth nitrate pentahydrate
Bi(NO3)3·5H2O, 98%, Sigma–Aldrich) and Ammonium metavana-
ate (NH3VO4, 99%, Sigma–Aldrich) were used as bismuth and
anadium precursors, respectively. Firstly, 0.125 M each of pre-
ursors were separately prepared by dissolving Bi(NO3)3·5H2O or
H3VO4 in 1 M nitric acid aqueous solution. A schematic diagram

or the synthesis of BiVO4 nanoparticles is shown in Scheme 1.
riefly, the bismuth nitrate solution was transferred to a reac-
or (Quartz glass, 100 mL)  and heated up to 90 ◦C (<300 W)  by

icrowave irradiation. The vanadium precursor was then added
nto this bismuth solution. Subsequently, a 3 M ammonium hydrox-
de solution was slowly added until the desired pH was attained (1,
, 5, 7, 9 or 12). The solution was kept stirring under maximum
ower of 300 W microwave irradiation with different tempera-
ure (60 ◦C or 90 ◦C) and holding time (5, 15, 30 or 60 min), after
hich it was allowed to cool to room temperature. Then the resul-

ant precipitate was washed with deionized water, centrifuged and
ried at 60 ◦C for 12 h. BiVO4 powders were also synthesised by
ydrothermal and precipitation methods form the same precursors
nd reaction temperature for comparative proposes. Additionally,
iVO4 was synthesised by a hydrothermal method at 120 ◦C for 6 h
s reported previously [18].

The following format has been used “MM-tt-TT-pH”

here “MM” represents the method (MW  = microwave,
T = hydrothermal, PC= precipitate), “tt” represents the reac-

ion time (in minutes), “TT” the temperature (◦C) and “pH” the
recursor pH value.

Scheme 1. Schematic illustration of microwave synthesis of BiVO4 nanoparticles.
rials Today 1 (2015) 67–73

2.2. Material characterizations

The crystal structures of the BiVO4 powders were determined
by an X-ray diffraction (GBC MMA  XRD) with CuK� radiation
(� = 0.154 nm)  in the range of 15–70◦. The morphologies of BiVO4
powders were investigated by scanning electron microscope (SEM,
JEOL JSM-7500FA) and transmission electron microscopy (TEM,
JEOL JEM-2010). Light absorption of the BiVO4 across the UV-
visible spectrum (300–800 nm)  was  investigated with a Shimadzu
UV-3600 spectrophotometer, with an integrating sphere attach-
ment (Shimadzu ISR-3100). A Quantachrome ASiQwin-nitrogen
gas adsorption system was  used to determine the surface area of
the catalysts. In order to investigate the flat band potential (Efb),
Mott–Schottky analysis was carried out in a three-electrode system
with 0.5 M Na2SO4 solution at frequency 1 kHz. The BiVO4 pow-
ders synthesised by microwave and hydrothermal methods were
coated FTO as working electrode, a Pt-wire as counter electrode,
and Ag/AgCl as reference electrode.

2.3. Photocatalytic degradation of RhB dyes

The photocatalytic activities of the BiVO4 powders towards the
degradation of RhB (25 �M)  were studied under the illumination
of AM 1.5 G one sun (100 mW cm2). Photocatalyst powder (catalyst
loading ∼0.01 g per 20 mL  of dye solution) were put in a reactor of
dye solution and kept under stirring. Prior to irradiation, the cat-
alyst was  left overnight in the dye solution in order to attain an
adsorption/desorption equilibrium. At irradiation time intervals of
30 min, the dye solution was collected the absorption measured
using a Shimadzu UV-1601 spectrophotometer and returned to the
reactor (<10 min  intermission).

3. Results and discussion

The first parameter optimised for microwave synthesis was the
solution pH. An aqueous solution of ammonium hydroxide was
employed to adjust the pH values to 1, 3, 5, 7, 9 or 12, in order
to produce MW-60-90-1, MW-60-90-3, MW-60-90-5, MW-60-90-
7, MW-60-90-9 and MW-60-90-12, respectively. These reactions
were all completed at a temperature of 90 ◦C (>300 W)  with a dura-
tion of 60 min. The temperature for the microwave synthesis was
set to 90 ◦C to avoid boiling the aqueous solutions.

The morphologies of the microwave synthesised BiVO4 powders
obtained at different solution pH were investigated by SEM (Fig. 1).
In Fig. 1(a), the SEM image of the MW-60-90-1 sample shows BiVO4
microspheres composed of irregular particles (∼50 nm)  and some
irregular polyhedra. The obtained microspheres had an average
diameter of 3.8 �m,  while the smooth surfaced polyhedra were
∼1.5 �m.

As shown in Fig. 1(b), the morphology of the MW-60-90-3 sam-
ple was  predominantly large (∼300 nm)  plates with rough surfaces.
Given that analysis of the XRD patterns suggested the crystal size
to be ∼60 nm it can be assumed that each of these is comprised of a
number of highly aggregated, crystals. Meanwhile, the aggregates
in MW-60-90-5, MW-60-90-7, MW-60-90-9 and MW-60-90-12
were quite different from those of MW-60-90-1 and MW-60-90-3.
The MW-60-90-5 sample (Fig. 1(c)) contained mixture of large and
small spherical particles with average size of 120 nm and 50 nm,
respectively. Small spherical particles, in the range of 50–80 nm,
are also seen in the SEM images of both MW-60-90-7 (Fig. 1(d)) and

MW-60-90-9 (Fig. 1(e)). However, the average particle size of MW-
60-90-12 (Fig. 1(f)) was once again quite large. Here it can clearly be
seen that these particles are aggregates, composed larger irregular
particles with diameters of about 250 nm.
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ig. 1. SEM images of BiVO4 powders synthesised by the microwave method as a fun
e)  MW-60-90-9 and (f) MW-60-90-12 at 90 ◦C (>300 W)  for 60 min.
The crystal structures of the BiVO4 particles synthesised by this
icrowave method, using precursors of different pH values, were

nvestigated by XRD as shown in Fig. 2. The diffraction peaks of
onoclinic BiVO4 were located at 2� = 28.8◦, 30.6◦, 34.5◦, 35.2◦,

ig. 2. XRD patterns of BiVO4 powders synthesised by the microwave method at
0 ◦C (>300 W)  for 60 min as a function of pH values.
of pH values: (a) MW-60-90-1, (b) MW-60-90-3, (c) MW-60-90-5, (d) MW-60-90-7,

39.8◦, and 42.5◦, corresponding to (1 1 2), (0 0 4), (2 0 0), (0 2 0),
(2 1 1), and (0 1 5) planes of monoclinic BiVO4 (JCPDS No. 75-1866,
space group: I2/b, unit cell parameters: a = 5.194 Å, b = 5.090 Å,
c = 11.697 Å, � = 90.39◦), respectively. This was observed as the main
structure for all of the as-synthesised BiVO4 samples. According
to the XRD patterns in Fig. 2, both MW-60-90-7 and MW-60-90-
9 samples exhibited a single phase of monoclinic BiVO4. While all
three samples obtained from lower pH precursors (MW-60-90-1,
MW-60-90-3 and MW-60-90-5) showed a mixture of tetragonal
(JCPDS no. 14-0133, space group: I41/amd, unit cell parameters:
a = 7.300 Å, c = 6.457 Å) and monoclinic phases, with a trend of the
increased monoclinic phase with higher pH value. For the MW-
60-90-12 sample, no signals of crystalline diffraction peaks were
observed in the XRD pattern, indicating an amorphous material.
The volume percentage of the monoclinic phase and average crys-
talline size (determined by Scherrer equation) of the BiVO4 powder
are summarised in Table S1. It was  found that under acidic con-
ditions mixed phases of monoclinic and tetragonal BiVO4 with
coarse structure was  produced. The crystallinity of monoclinic
BiVO4 decreased and become amorphous with strongly basic con-
ditions (pH more than 9).

Raman spectroscopy provided further information about the
local structure in the BiVO4 powder, as shown in Fig. 3. The Raman
bands at 320, 367, 637, and 820 cm−1, observed for each of the

BiVO4 samples, are characteristic of monoclinic BiVO4, similarly
to reports by Gotić et al. [12] and Zhang et al. [13] The Raman
band at 210 cm−1 could be assigned to the external modes (rota-
tion/translation) of BiVO4, while the bands at 320 and 367 cm−1
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ig. 3. Raman spectra of BiVO4 powders synthesised by the microwave method at
0 ◦C (>300 W)  for 60 min  for various precursor pH values.

ere attributed to the asymmetric and symmetric V O bending
odes of the VO4 tetrahedron, respectively. The bands at 637

nd 820 cm−1 were ascribed to asymmetric and symmetric V O
tretching modes, respectively.

For MW-60-90-5, not only were the Raman bands of monoclinic
iVO4 observed, but also three bands of tetragonal BiVO4, at 398,
17 and 831 cm−1. The bands at 398 and 517 cm−1 were attributed
o the antisymmetric and symmetric V O bending modes, respec-
ively as reported by Sun et al. [14] The 831 cm−1 band of tetragonal
iVO4 overlapped with the main band of monoclinic BiVO4 at
round 820 cm−1. In the measured samples this peak was observed
o shift between the two values as the two peaks were not able
o be deconvoluted. The peak at 831 cm−1 could be described as
he symmetric V O stretching mode, which was also reported by
hang et al. [13]. Moreover, it was observed that the intensity of
he Raman bands for the mixed phases of tetragonal and mono-
linic BiVO4 (MW-60-90-3 and MW-60-90-5) were much stronger
han those of the single phase of monoclinic BiVO4 (MW-60-90-7,

W-60-90-9 and MW-60-90-12) corresponding with the increase
f the percentage of the monoclinic phase.

In comparison to XRD results (Fig. 2), it could be seen that Raman
pectroscopy is more sensitive to the presence of tetragonal phase
iVO4 than the monoclinic phase [14].

From XRD, Raman and SEM results, it is observed that phase-
ontrol of BiVO4 powders, along with control over crystal size and
hape is obtained by adjusting the pH value of precursor solution. In
his one-pot microwave reaction, the growth mechanism of BiVO4
anoparticles can be explained by the amount of nuclei gener-
ted, which is pH-dependent (controlled by addition of ammonium
ydroxide solution) [11a]. The proposed mechanism is presented
elow as Eqs. (1)–(3) [10,12].

i3+ + H2O + HNO3 → BiONO3 + 3H+ (1)

VO3
− + 6HNO3 → 2VO2

+ + 6NO3
− + 2H2O + 2H+ (2)

iONO3 + VO2
+ + 2OH− → BiVO4 + H2O + NO3

− (3)

When the precursor solutions were initially mixed together, no
recipitate was observed. As NH4OH was added to the mixture
to give a final pH of 1, 3, 5, 7, 9 or 12) BiVO4 precipitates under

icrowave irradiation. In acidic conditions, the rate of reaction is

low, producing large particles with high crystallinity. These results
re similar to those reported by Tan et al. [10], however, the micro-
olyhedra and spheres become loose micro-plates at pH 3 or small
pherical particles at pH higher than 3. As shown in Table S1, not
Fig. 4. (a) Photocatalytic activity and (b) kinetics (ln (C0/Ct) vs. t) for RhB degradation
with BiVO4 powders produced with different pH value precursors.

only does the average particle size decrease, but so does crystalline
size. This trend continues with an increase in pH, due to an increase
in the nucleation rate and hence smaller crystal and particle sizes.

Amorphous structures are obtained at pH 12. It is assumed that
Bi(OH)3 formation is favoured with highly basic conditions, thus,
the synthesised BiVO4 at pH 7 appeared to be optimal for the
formation of monoclinic phase and nano-size particles under the
microwave conditions tested. A schematic diagram for the synthe-
sis of BiVO4 nanoparticles is shown in Scheme 1.

RhB dye in aqueous solution was  chosen as a model pollutant
dye to study the photocatalytic activities of the microwave synthe-
sised by BiVO4. Before solar irradiation, dye solution with catalyst
powder was kept overnight in the dark in order to attain an adsorp-
tion/desorption equilibrium and to study the adsorption of the dyes
on the catalyst surface. Fig. 4(a) shows photocatalytic degradation
of RhB under simulated solar irradiation of the BiVO4 powders as
a function of time, along with a control (without photocatalyst).
As expected, the degradation of RhB dye appears to show loga-
rithmic relationship with respect to time. Thus, the photocatalytic

degradation rate of RhB is fitted to the Langmuir–Hinshelwood
(LH) model, using pseudo-first order kinetics (ln Ct/C0 = kappt, where
kapp is pseudo-first order rate constant) as presented in Fig. 4(b)
[15,16]. The apparent rate constants are also presented in Table S1.
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t was found that high crystallinity of the monoclinic structure
nd surface areas of the catalyst powders, calculated by using BET
esults (Table S1), were a strong determining factor for high pho-
ocatalytic activity. The MW-60-90-7 sample provided the highest
hotodegradation rate of 0.830 h−1.

As further steps of optimisation, the effects of the reaction time
nd temperature on morphology, crystallinity and photocatalytic
bility were studied. Fig. S1 highlights that, irrespective of reaction
ime, the morphology of the BiVO4 products produced are similarly,
ith irregular particles in the range of 80–120 nm.

XRD results, however, reveal more marked differences in crys-
allinity and phase purity. This also provides additional information
bout the manner in which monoclinic BiVO4 is formed. The prod-
ct of the short reaction time is a mixture of the monoclinic and
etragonal phases along with a substantial portion of amorphous
aterial. With 15 min  processing this amorphous material is no
onger observed, giving way to more of the both the monoclinic and
etragonal phases. From 30 min  onward there is a notable decrease
n the quantity of tetragonal BiVO4, however it is not until 60 min

Fig. 5. (a) and (b) Typical SEM images; (c) and (d) TEM images; and (e) and (f) its SAED
rials Today 1 (2015) 67–73 71

that the material can be considered phase pure. The percentages
of monoclinic BiVO4 in these samples are reported in Table S2.
With regard to their photocatalytic properties, the 60 min  irradi-
ated sample showed the best performance, this could be expected
since this material was pure monoclinic BiVO4 with small particle
size.

The influence of different temperature (25 ◦C (RT), 60 ◦C, and
90 ◦C) was also studied with a fixed pH of 7 and reaction time of
60 min, as shown in Fig. S2. It was  found that the reaction tem-
perature employed for microwave synthesis of BiVO4 has a minor
effect on morphology and crystallinity. However, the BiVO4 sample
synthesised at temperature of 90 ◦C showed higher photocatalytic
activity than 60 ◦C due to its higher crystallinity of monoclinic
phase (Table S3). Control experiments, conducted at room tem-
perature (25 ◦C) (PC-60-25-7) indicated that the crystalline BiVO4

(Fig. S2d) could not form without microwave treatment, as the
XRD of sample PC-60-25-7 only showed amorphous phase struc-
ture. As such, the optimum pH, reaction time and temperature for
microwave synthesis of BiVO4 were determined to be 7, 60 min and

 of synthesised BiVO4 powders, HT-360-120-7 and MW-60-90-7, respectively.
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Fig. 6. (a) XRD patterns; (b) photocatalytic performances under the illumination of
2 K. Pingmuang et al. / Applied

0 ◦C, respectively. MW-60-90-7 provided single phase of mono-
linic BiVO4 with small spherical particles and high specific surface
rea, leading to a high photocatalytic degradation of RhB dye under
olar irradiation.

To compare the photocatalytic performance of these novel
aterials against a previous reported high performance system

f the photocatalytic behaviour of MW-60-90-7 was compared
gainst BiVO4 samples prepared by a hydrothermal method (HT-
60-120-7) [17] under identical conditions, which is regarded to be
tate-of-the-art for this application.

The morphologies of HT-360-120-7 and MW-60-90-7 samples
ere compared, using SEM and TEM, as presented in Fig. 5. It was

ound that these are radically different with HT-360-120-7 pri-
arily comprised of rod-like particles, about 100 nm in width and

 �m in length (Fig. 5(a) and (c)). Lattice fringes of the samples
re observed with spacings of 0.47 nm for the MW-60-90-7 (inset
ig. 5(c)) and 0.31 nm for HT-360-120-7 (inset Fig. 5(d)), which cor-
esponded with the (0 1 1) and (1 1 2) lattice planes of monoclinic
iVO4, respectively. These results confirm that the rod-like BiVO4
HT-360-120-7) grows in the (0 1 1) plane, corresponding high XRD
elative intensities of (0 1 1) and (1 1 2) as calculated in Table S1.
his agrees well with the results reported by Obregón et al. [4b]
nd Tan et al. [10] Similarly, it can also be noted that MW-60-90-

 (Fig. 1(b)) showed large BiVO4 plate morphology and provided
 highly relative intensity of (0 0 4)/(1 1 2) (Table S1) [4b]. Thus,
t could be concluded that growth in the (0 1 1) and (0 0 4) direc-
ions are associated with the rod-like and plate-like morphologies
f monoclinic BiVO4, respectively. Spherical growth appears to
rovide similar relative intensities in both planes as seen in the
W-60-90-7.
Furthermore, the corresponding SAED patterns (Fig. 5(e) and (f))

f the HRTEM images confirmed that all synthesised BiVO4 samples
ad polycrystalline monoclinic structure, which is in agreement
ith XRD results as shown in Fig. 6(a). The percentage of monoclinic
hase and calculated crystalline size of them also are presented in
able S4, The high crystallinity of both samples led to their high
hotocatalytic efficiencies as shown in Fig. 6(b).

MW-60-90-7 and HT-360-120-7, exhibited degradation rates
f 0.830 h−1 and 0.811 h−1, respectively. MW-60-90-7 has a larger
urface area providing a larger number of reaction interfaces lead-
ng to a higher photocatalytic activity than the HT-360-120-7. To
etter understand the reason for the superior performance of the
icrowave synthesised sample, XRD patterns of samples produced

y hydrothermal (HT-60-90-7) methods, using the same experi-
ental conditions (same precursors, pH 7, temperature of 90 ◦C

nd 60 min  reaction time) were studied and compared as shown
n (Fig. S3). While MW-60-90-7 sample was clearly monoclinic,
T-60-90-7 remained amorphous. This could is explained by the
icrowave energy being applied directly to ions in the solution

roviding a higher probability of collision and subsequent reaction,
hich allows for enhanced reaction rates [10].

The optical and electronic properties of the two  BiVO4 sam-
les were investigated by UV–vis diffuse reflectance spectroscopy
nd the conduction band edges estimated from Mott–Schottky
xperiments. For the Mott–Schottky analysis, the MW-60-90-7 and
T-360-120-7 were fabricated on a fluorine doped tin oxide (FTO)

ubstrate and annealing at 380 ◦C for 48 h to produce a condensed
nd stable electrode. This was necessary to avoid the FTO response
eing observed. The phase structure of both electrodes after anneal-

ng was monoclinic BiVO4 (Fig. S4) which was similar to that of the
owers (Fig. 6(a)). Mott–Schottky experiments were conducted in
.5 M Na2SO4 solution (pH 5.8) at frequency 1 kHz, using a three

lectrode system, in which BiVO4, Ag/AgCl and Pt mesh were work-
ng, reference, counter electrodes, respectively.

As can be seen in Fig. 7(a), the optical band gap energies of
he MW-60-90-7 and HT-360-120-7 (inset Fig. 6(a)) are 2.42 and
solar simulator inset kinetics of RhB photodegradation (ln (C0/Ct) vs. t).

2.40 eV, respectively. Mott–Schottky experiments determine the
positions of conduction band (CB) edges to be −0.48 and −0.50 V
(vs. Ag/AgCl, or +0.06 and +0.04 V vs. NHE). From these mea-
surements the valance band (VB) edge can be determined to be
−2.36 V (vs. NHE) for both samples. Mott–Schottky plots also con-
firm (Fig. 7(b)) both samples to be n-type semiconductors due to
showing the positive slope in line with previously reports by both
Hong et al. [18] and Luo et al. [19].

Possible mechanisms for RhB degradation by BiVO4 photocat-
alyst are shown in the inset of Fig. 6(d) [20]. Under illumination,
RhB can be excited to a higher energy state, from which it can inject
an electron into BiVO4. The electron in the CB of BiVO4 can react
with dissolved O2 to create radical dioxygen. Equally, direct BiVO4
excitation will also create an electron-hole pair which may also
be used to create the aforementioned dioxygen radical. The reduc-
tion of dissolved O2 by electron at the RhB* allowed the yield of
O2

−• radical (O2 + e− = O2
−•, −0.248 V vs. NHE) and/or •HO2 radical

(O2 + H+ + e− = •HO2, −0.046 V vs. NHE) [21]. Simultaneously, BiVO4
also can be activated by visible light and generates electron and hole
pairs. Electrons in the CB of BiVO4 can then be transferred to oxygen
(O2) adsorbed on the surface of BiVO4 to produce hydrogen perox-
ide (H2O2), since the CB level of BiVO4 is more negative than its
standard redox potential (O2 + 2e− + 2H+ = H2O2, 0.682 V vs. NHE)
[21b,22]. Finally, these H2O2 molecules can react with electrons
in BiVO4 to generate active hydroxyl radicals (•OH). Therefore, the
main reaction to produce strong oxidising radicals is the reduction
of surface chemisorbed O2 to form radical species such as O2

−•,

•HO2 and/or •OH, by excited electrons either on RhB* or in the CB
of BiVO4. These strong oxidising radicals can degrade RhB+ [2c,23].
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Fig. 7. (a) Plots of (˛h�)2 vs. photon energy (h�) from inset absorption spectra;
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[
(2010) 86–89;
(b) W.  Liu, M.  Wang, C. Xu, S. Chen, X. Fu, Mater. Res. Bull. 48 (2013) 106–113.

[22] P. Wang, Y. Xia, P. Wu,  X. Wang, H. Yu, J. Yu, J. Phys. Chem. C 118 (2014)
nd (b) Mott–Schottky plot of the MW-60-90-7 compared to the HT-360-120-7
nd (inset BiVO4 band diagram and electron and hole transfer reactions for the
hotocatalytic degradation of RhB).

. Conclusions

A single-step microwave synthesis of BiVO4 has been devel-
ped to produce high-purity nanoparticles. The pH of the precursor
olutions and microwave treatment time had significant influences
n the crystal structure and morphology of the BiVO4 powders
btained. Precursor pH values lower than 7 provided a mixture of
onoclinic and tetragonal structures. BiVO4 synthesised at pH ≥ 7

rovided only monoclinic phase material, with the crystallinity of
iVO4 decreasing as the pH increased. In spite of this decrease in
rystal size, surface area also goes down due to heavy agglomera-
ion.

BiVO4 with small spherical particles of 50 nm,  optical band gap
nergy of 2.4 eV and pure monoclinic structure was  obtained using

 pH 7 solution, microwave power less than 300 W,  at low tem-
erature (90 ◦C), and short reaction time (60 min). The microwave
ynthesised BiVO4 exhibited high comparable photocatalytic activ-
ty for degradation of RhB under solar irradiation. This synthesis
ethod offers a means to overcome many of the drawbacks that
xist for methods used in previous state-of-the-art photocatalytic
erformance nanomaterials, chiefly through scalability and low
nergy consumption.

[
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