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P,  Brazil
Departamento de Física, Universidade Federal de São Carlos, Rod. Washington Luiz, km 235, CEP 13565-905 São Carlos, SP, Brazil

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 7 December 2015
eceived in revised form 20 January 2016
ccepted 26 January 2016
vailable online 1 February 2016

eywords:
-BiVO4/t-BiVO4 heterostructure
anoparticles
ater decontamination

isible-light
hotodegradation mechanism

a  b  s  t  r  a  c  t

Despite  heterostructured  semiconductors  gaining  attention  as photocatalysts  due  to  their  improved
activity  compared  to that  of the  isolated  materials,  the  role  of  these  heterojunctions  in charge  separation
(electron/hole)  remains  unclear.  Therefore,  we studied  these  aspects  in  monoclinic/tetragonal  BiVO4 (m-
BiVO4/t-BiVO4)  heterostructures,  which  was  chosen  as an  active  material  model  under  visible  irradiation.
The  synthetic  route  was  based  on  vanadium  peroxo  complex  preparation  as  an  intermediate  step  in  struc-
ture  formation  using  a  hydrothermal  process.  When  V2O5 was  used  at a molar  ratio  of  5:1  H2O2:(Bi  + V)
with  24 h  of  annealing,  the  m-BiVO4/t-BiVO4 heterostructure  was obtained,  and  this  material  exhibited
better  photocatalytic  performance  in  methylene  blue  degradation  under  visible  irradiation  than  isolated
phases.  The  HRTEM  images  revealed  that  heterostructured  sample  was  composed  of  nanoparticles  of
m-BiVO4 and t-BiVO4 with  size  lower  than  10 nm,  the  interface  of m-BiVO4/t-BiVO4 was  also  evidenced.
Surprisingly,  despite  the  t-BiVO4 structure  being  less  active  than  m-BiVO4, the  heterostructures  with  a
higher  t-BiVO4 content  were  more  photoactive.  The  m-BiVO4/t-BiVO4 heterostructure  showed  no  signif-

icant  deactivation  even  after  four  successive  re-uses  for MB photodegradation.  Oxidation  mechanism  of
the MB  dye  was  elucidated  by mass  spectroscopy.  Indeed,  the  species  scavenger  trapping  experimental
results  reveal  the  formation  of  a type-II  heterostructure  that  led  to an  increase  in  the  charge  carrier  life-
time, where  the  holes  (h+), superoxide  anion  radicals  (O2

−•)  and  hydroxyl  radicals  (•OH)  are  the main
active  species.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Semiconductors employed as photocatalysts that can be acti-
ated by visible radiation have attracted intense scientific interest
ue to their applications in heterogeneous photocatalysis, espe-
ially for the degradation of organic contaminants as well as for
ater splitting and artificial photosynthesis [1–8]. Among the vari-

us photocatalysts, bismuth vanadate (BiVO4) is a promising n-type
emiconductor candidate for these applications due to its narrow

and gap of approximately 2.4–2.8 eV, nontoxicity, high chemi-
al stability and photo stability, and its ability to absorb sunlight
1,9–12]. BiVO4 exists in three different crystalline phases [13,14].

∗ Corresponding author.
E-mail addresses: caue.ribeiro@embrapa.com.br, caue1977@gmail.com

C. Ribeiro).

ttp://dx.doi.org/10.1016/j.apcatb.2016.01.065
926-3373/© 2016 Elsevier B.V. All rights reserved.
Among these phases, the monoclinic (m-BiVO4) phase has been
extensively studied due to its better photocatalytic performance
under visible irradiation, which is primarily due to the lower and
more suitable band gap (i.e., approximately 2.4 eV) [15,16].

Recently, our group demonstrated that the m-BiVO4 photoac-
tivity was limited by its inability to reduce O2 to O2

•− (superoxide
radical) and trap the electron photogenerated on the conduction
band (CB) [17]. Several strategies have been proposed to increase
the performance of these photocatalysts [18–20] including dop-
ing [21–23], co-catalysts loading [24–26], and heterostructures
formation [11,27–29]. The formation of heterojunctions between
different phases of the same material is a promising approach
for photocatalytic applications [30–33]. In addition, the formation

of heterostructure between the monoclinic and tetragonal BiVO4
phases is an interesting method for improving the photoactivity of
these systems. In recent studies, different procedures for prepar-
ing m-BiVO4/t-BiVO4 heterostructure have been reported, and the

dx.doi.org/10.1016/j.apcatb.2016.01.065
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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xistence of a mixed phase resulted in a higher photocatalytic activ-
ty, which was due to the separation of photoinduced electron/hole
airs [30–34]. However, these mechanisms have not been identi-
ed, and a clear correlation between charge separation effects and
he photodegradation paths has not been established.

Therefore, the aim of this study was to analyze the photodegra-
ation mechanisms and the effects of charge transfer on enhancing
he activity of m-BiVO4/t-BiVO4 heterostructures and correlate
hese factors to the structural features. A synthesis method based
n the previous preparation of V peroxo complexes and crystal-
ization using a hydrothermal process has been developed. The
hotocatalytic activity of the as-synthesized BiVO4 pure and het-
rostructured samples were investigated for the photodegradation
f MB dye in an aqueous solution, under visible irradiation.

. Experimental

.1. Synthesis of materials

The oxidant peroxide method (OPM) with crystallization under
ydrothermal conditions is a good route for obtaining oxide
emiconductors with desirable properties for photocatalytic appli-
ations because has several advantages for the synthesis of
anostructures [35–43]. This method was used to prepare BiVO4
amples using different vanadium precursors (i.e., ammonium
etavanadate (NH4VO3, ≥99.0%, Vetec—Sigma) or vanadium oxide

V2O5, ≥98.0%, Sigma)) with different hydrogen peroxide (H2O2,
0%, Synth) concentrations.

In a typical synthetic procedure [17], 0.69 g of bismuth nitrate
Bi(NO3)3·5H2O, ≥99.0%, Aldrich) and 0.16 g of NH4VO3 or 0.13 g
f V2O5 were dissolved in 40 mL  of distilled water under vigorous
tirring at room temperature. To study the effect of different hydro-
en peroxide concentrations, H2O2 was added to the solution at a
2O2:M molar ratio equal to 5:1 or 10:1 (where M is the sum of the
oles of Bi and V). The solution instantaneously exhibited a yellow

olor, which indicates the formation of the vanadium peroxo com-
lex [44]. This complex was crystallized for 12 and 24 h at 120 ◦C
nder stirring using a homemade hydrothermal reactor. Then, the
btained material was cooled to room temperature, centrifuged,
epeatedly washed to remove impurities and dried overnight at
0 ◦C.

The as-synthesized BiVO4 samples are referred to as Vp-C-t,
here p is the vanadium precursor (p = 1 represents the NH4VO3

nd p = 2, the V2O5), C is the H2O2 concentration, and t is the crys-
allization time.

.2. Characterization of materials

The X-ray diffraction (XRD) patterns were recorded on a
himadzu XRD 6000 diffractometer using Ni-filtered Cu k�
� = 0.15406 nm)  radiation operated at 30 kV and 30 mA  in con-
inuous scanning mode at a speed of 1◦ min−1 and a step width of
.02◦ from 10 to 70◦ 2�. UV–vis diffuse reflectance spectra were
ecorded on a Varian model Cary 5G spectrometer from 200 to
00 nm to determine the band gap of the materials. The measure-
ents were performed in total reflection mode with an integration

ell containing MgO  as a reference. To obtain the specific surface
rea (SSA) of the samples, N2 adsorption analysis was performed at
196 ◦C using a Micrometrics ASAP 2000, and the respective SSA
as obtained via BET modeling. Prior to the analyses, the samples
ere pre-treated (degasification) by heating at 80 ◦C under vacuum

ntil reaching a degassing pressure lower than 10 �mHg. The zeta
otential measurements were performed using Malvern—ZetaSizer
odel nano-ZS equipment with the catalyst in a water suspension

0.5 g L−1).
nvironmental 188 (2016) 87–97

The morphology and particles size of the samples were inves-
tigated using scanning electron microscopy (SEM) with a field
emission gun (FEG) JEOL JSM 6701F. High resolution transmission
electron microscopy (HRTEM FEI—TECNAI LaB6) operating at 200
kV was employed to verify the formation of heterostructures. TEM
samples were prepared by wetting carbon-coated copper grids
with a drop of colloidal alcoholic suspensions, followed by dry-
ing in air. Chemical surface analysis was  performed on a K-Alpha
XPS (Thermo Fisher 1 Scientific, UK) using Al K� X-rays, vacuum
>10−8 mbar and charge compensation during measurements. The
survey and high-resolution spectra were recorded using a pass
energy of 1.0 and 0.1 eV at a resolution of 1 and 0.1 eV, respectively.
The binding energy was  referenced to the C 1s peak at 284.8 eV. The
data analysis was performed using the CASA XPS software.

2.3. Photocatalytic performance

The photocatalytic activities of the as-prepared BiVO4 sam-
ples were evaluated for the photodegradation of methylene blue
(MB), which was used as a model organic dye pollutant. In a typ-
ical experiment, 10 mg  of the as-prepared sample were added
to 20 mL  of a 10 mg  L−1 MB  aqueous solution. These dispersions
were stirred and exposed to visible radiation using six lamps
(Osram, 15 W and maximum intensity at 440 nm)  in a homemade
photoreactor maintained at 18 ◦C. The details regarding the home-
made photoreactor have already been published elsewhere [17].
The MB  photodegradation was  monitored based on its absorption
maximum at 665 nm at regular time intervals using a UV–vis spec-
trophotometer (Shimadzu—1601PC) in absorbance mode. Prior to
the experiment, the samples were maintained in contact with
the MB  dye solution for 12 h in the dark to achieve adsorption-
desorption equilibrium. For comparative purposes, we  performed
photocatalytic experiments using the commercial V2O5 – the same
reagent used as V source in the synthetic processes – and it had a
negligible photocatalytic effect under visible irradiation, which is
in agreement with observed results in our previous work [35].

To verify the MB  dye photo-oxidation and the probable forma-
tion of byproducts during the catalytic process, a study using Mass
Spectrometrer and Total Organic Carbon (TOC) analyses were per-
formed. MB dye solution was monitored in a positive ion mode
using an Electrospray Ionization Mass Spectrometrer (ESI–MS, Var-
ian 310-MS). The formed byproducts were analyzed by introducing
aliquots into the ESI source with a syringe pump at a flow rate of
20 mL  min−1. The spectra were obtained after 2 min  of equipment
stabilization. The mineralization degree of MB dye photocatalyzed
by m-BiVO4/t-BiVO4 heterostructure (V2-5-24 sample) was eval-
uated by measuring the decay of dissolved organic carbon using a
total organic carbon (TOC) analyzer (Sievers InnovOx, GE Analytical
Instruments).

Additionally, two different methods were employed to inves-
tigate the MB  photodegradation mechanism driven by the BiVO4
photocatalysts. The first method consisted of adding reactive
species scavengers directly to the BiVO4-containing MB  solu-
tions. In this procedure, dimethyl sulfoxide (DMSO), silver nitrate
(AgNO3) or sodium oxalate (SO) was  added as a scavenger for •OH
radicals, conduction band (CB) electrons and valence band (VB)
photogenerated-holes, respectively [45]. The second method con-
sisted of indirectly detecting the amount of •OH radicals based
on the technique described by Ishibashi and Fujishima [46,47],
where an alkaline terephthalic acid (TA) solution instead of the
MB solution was mixed with BiVO4 in the photoreactor. TA read-
ily reacts with •OH and forms a highly fluorescent product (i.e.,

2-hydroxyterephthalic acid). This product has a fluorescence emis-
sion at approximately 425 nm,  and its amount is proportional to
the total amount of •OH radicals formed during the photocatalytic
process [36]. The concentration of TA was  set to 5 × 10−4 mol L−1
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Fig. 2. Plot of (�h�)1/2 as a function of h� from the UV–vis DRS curve of the

ig. 1. XRD patterns of the as-synthesized BiVO4 samples obtained using different
recursors (V1 = NH4VO3 and V2 = V2O5) and H2O2 concentrations (5:1 and 10:1).

n a dilute NaOH (2 × 10−3 mol  L−1) solution [36]. At regular time
ntervals, aliquots of the suspension were collected and analyzed
n a LS 50B fluorescence spectrometer (Perkin Elmer). The fluores-
ence emission spectra were obtained at an excitation wavelength
f 315 nm.

. Results and discussion

.1. Evaluation of vanadium precursor and H2O2 concentration
n the BiVO4 synthesis

Initially, the effects of the vanadium precursors and H2O2:M
olar ratio (M is the sum moles of Bi and V) on the properties of the

s-obtained materials were analyzed. The X-ray diffraction (XRD)
atterns of the as-synthesized samples using different vanadium
recursors and H2O2 concentrations are shown in Fig. 1. The results

ndicate that the pure m-BiVO4 crystalline phase [JCPDS no. 014-
688] was formed in all of the samples obtained from the NH4VO3
recursor (V1) regardless of the H2O2 concentration. When the
s-synthesized samples were obtained using the V2O5 precursor
V2), the main product was also the m-BiVO4 phase. However,
hen the molar ratio of H2O2:M (M = Bi + V) decreased to 5, a small

mount of the tetragonal BiVO4 crystalline phase was  identified by
he appearance of diffraction peaks at 2� ≈ 24.5◦ and 32.7◦ (marked
ith *), which correspond to the (200) and (112) planes [JCPDS
o. 014-133], respectively. Based on the tetragonal BiVO4 phase
% = Itetragonal(200)/(Imonoclinic(121) + Itetragonal(200) + Iorthorhombic(001))
34] from peaks intensities of XRD patterns, the V2-5 sample
ontains 75 and 19 wt.% of monoclinic and tetragonal BiVO4,
espectively. Additionally, the presence of a spurious orthorhom-
ic V2O5 phase (∼ 6 and 8 wt.%) was observed in the V2-5 and
2-10 samples, respectively, which was most likely due to some
nreacted vanadium precursor that was identified based on the
ppearance of diffraction peaks at 2� ≈ 20.3◦ Corresponding to the
001) plane [JCPDS no. 01-076-1803].

These results reveal that the H2O2 concentration plays an
mportant role in the synthesis of the tetragonal BiVO4 phase, espe-
ially when V2O5 was used as the vanadium precursor. Nag et al.
eported a similar effect, where the obtained TiO2 crystalline phase
epended on the H2O2:Ti ratio [48]. This result may  be due to dif-
erent solubilities of the precursors in water, where the solubility of
he V2O5 precursor is almost negligible. In this case, the solubility

s dependent on the vanadium peroxo complex formation due to
he presence of H2O2.

The optical properties of the materials were studied using
V–vis diffuse reflectance spectroscopy (UV–vis DRS). The band
as-prepared BiVO4 using different precursors (V1 = NH4VO3 and V2 = V2O5) and
H2O2 concentrations (5:1 and 10:1). The band gap values obtained from the Tauc
equation49 are shown in the inset.

gap energy (Eg) for a direct band gap semiconductor can be deter-
mined from the plots of (�h�)1/2 as a function of h� (Fig. 2)
originating from the Tauc equation [49]. The obtained band gap
is very similar for all of the BiVO4 samples and ranges from 2.35
to 2.42 eV. These results indicate that the different synthesis con-
ditions did not lead to significant changes in the optical properties
of these materials. As expected, these results also confirm that the
photocatalysts can be activated by visible radiation [16,50].

The morphology and size of the BiVO4 particles obtained using
different synthesis conditions were examined by scanning electron
microscopy (SEM). As shown in Fig. 3, all of the samples exhibited
nanometer- and micrometer-sized particles in a range from 20 to
800 nm with sphere-like and worm-like shapes in large aggregates.
However, the average particle size decreased, and the uniformity of
size and shape increased (Fig. 3b and d) based on the H2O2 concen-
tration for both cases (i.e., NH4VO3 and V2O5 precursors), which is
most likely due to an increased vanadium peroxo complex forma-
tion that was induced by the increased H2O2 amount. This increased
H2O2 amount controls the nucleation step and subsequent growth
process. The role of the solubilization—reprecipitation processes
during hydrothermal growth may be important. However, in this
case, this aspect must be assumed to be an effect associated with
the particle size after peroxo complex degradation because we
can assume that it is the first step in annealing. It is important
to note that despite the phase compositions among the samples
being different (as shown in Fig. 1), no specific morphologies are
associated with the tetragonal phase, indicating that both phases
are formed together. All of the materials exhibited very low surface
areas (below 1 m2 g−1), as expected [17,51].

The photocatalytic performance of the as-synthesized BiVO4
using different precursors and H2O2 concentrations was inves-
tigated for the degradation of a MB dye solution under visible
irradiation. Prior to the photocatalytic experiments, all of the mate-
rials were maintained in contact with the MB  dye solution for 12 h in
the absence of light to achieve adsorption-desorption equilibrium.

As shown in Fig. 4, the blank test in the absence of the photo-
catalysts indicates that the photolysis contribution can be ignored.
Concerning the MB  adsorption effect, the as-synthesized samples
exhibited low adsorption capacities, ranging from 2 to 15%, as
observed in Fig. S1. However, the V2-5 and V2-10 samples exhib-
ited a higher MB  adsorption capacity (ca. 10 and 15%, respectively)

than the V1-5 and V1-10 samples (ca. 2 and 4%, respectively), indi-
cating that the type of vanadium precursor (V2O5 or NH4VO3) can
influence the physical and chemical properties that determine the
adsorption potential. In fact, significant differences in one of the
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Fig. 3. Representative SEM images of the BiVO4 samples obtained using diffe
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ig. 4. Photodegradation of MB  dye (10 mg  L−1) catalyzed by the BiVO4 samples
nder visible irradiation.

ost important adsorption properties were observed, i.e., the sur-
ace charge of the particles measured by the zeta potential method
t the natural pH of the MB  solution (ca. 6.0) was highly positive
ca. + 33 mV)  for V1-10 and negative (ca. −24 mV)  for V2-10, which
mposes an electrostatic repulsion and attraction to cationic MB
ye, respectively [52]. The negative charge of the nanostructures,
hich was obtained by the OPM method, was also similar to the

esults observed in a previous study [35]. As shown in Table S1, the
egradation rate constants (k) of the BiVO4 photocatalysts followed
he order V1-5 ≈ V1-10 < V2-5 < V2-10. The samples synthesized
sing V2O5 (as precursor) exhibited better photoactivity than the
ther materials, which is most likely due to better interaction with
he MB  dye.

It is well known that the tetragonal BiVO4 crystalline phase is

ess active than the monoclinic one [1]. The V2-5 sample exhib-
ted a high activity despite containing 19 wt.% of the tetragonal
hase. Therefore, the relatively high activity of the V2-5 sample

s most likely related to the formation of m-BiVO4/t-BiVO4 het-
rent synthesis conditions: (a) V1-5, (b) V1-10, (c) V2-5, and (d) V2-10.

erojunctions because a simple physical mixture of both phases
could exhibit a lower activity than pure m-BiVO4. The formation
of heterostructures between different phases of the same semi-
conductor is possible because the phases possess valence and
conduction bands with suitable positions [53–55]. Titanium oxide
(TiO2 P25—Degussa) is a classic example of a heterostructured pho-
tocatalyst (i.e., an ideal mixed formed consisting of anatase and
rutile phases), which has greater photoactivity than its isolated
constituent phases [55,56]. Similarly, Ding et al. demonstrated that
the relative positions of the valence and conduction bands and the
Fermi energy levels of the monoclinic and tetragonal BiVO4 phases
are appropriated for the formation of one type-II heterostructure
that is capable of promoting an effective separation of the photo-
generated charges [57]. However, the ratio between the different
phases in a heterostructure is a fundamental parameter that can be
tuned to optimize its photocatalytic performance.

3.2. Study of BiVO4 heterostructured formation as a function of
synthesis time

As discussed above, the BiVO4 samples that were prepared using
V2O5 as a precursor exhibited higher adsorption and photoactiv-
ity for MB  dye removal than the BiVO4 samples prepared using
the NH4VO3 precursor. The V2-5 sample contained mixed phases
(i.e., m-BiVO4/t-BiVO4), and its higher photoactivity can be directly
related to the formation of a type-II heterostructure between the
constituent phases. The photocatalytic performance of heterostruc-
tures has been previously studied, and an appropriate amount of
the mixed phases appears to be a key factor in the development of
a photocatalyst with a higher performance [33,41,58–60].

To optimize and evaluate the appropriate synthetic conditions
for obtaining a heterostructure with better photocatalytic perfor-

mance, the crystallization time was  also evaluated. The time was
increased from 12 to 24 h using both vanadium precursors (i.e.,
NH4VO3 and V2O5) with a fixed H2O2:M molar ratio equal to 5:1.
For comparative purposes, the V2-10-24 sample was also synthe-
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Fig. 5. Powder XRD patterns of the as-synthesized BiVO4 samples.
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tively. It was  also observed that the increase in hydrothermal
ig. 6. Plots of (�h�)1/2 as a function of the photon energy (h�) obtained using the
auc equation49 from the DRS spectra for the V1-5-24 and V2-5-24 samples.

ized, since the V2-10 sample showed a good photoactivity (Fig. 4).
he XRD patterns for these samples are shown in Fig. 5. When the
H4VO3 precursor was employed (i.e., V1-5-24 sample), pure m-
iVO4 was obtained. Therefore, the increase in the synthesis time
id not cause significant structural changes compared to the syn-
hesis performed for 12 h under the same conditions (V1-5 sample).
his result was also observed for the V2-10-24 sample, in which
as obtained only BiVO4 in monoclinic phase. However, when

he V2O5 precursor was used with a fixed H2O2:M molar ratio
qual to 5:1 (i.e., V2-5-24 sample), a DRX pattern corresponding
o mixed phases consisting of monoclinic (∼ 20 wt.%) and tetrago-
al (∼75 wt.%) BiVO4 crystalline phases were observed, and t-BiVO4
ppears to be the major crystalline phase.

For the V2-5-24 sample, the presence of a spurious V2O5 phase
∼5 wt.%) was also observed. According to the XRD results shown in
igs. 1 and 5, the increase in the synthesis time led to a significant
hange in the ratio between the monoclinic and tetragonal phases
i.e., increase in the percentage of the t-BiVO4 phase from 19 to
5%).

The optical properties of the materials were investigated using
V–vis DRS (Fig. 6). The V1-5-24 sample exhibited a band gap value
f 2.42 eV, which is similar to that of the V1-5 sample (inset on
ig. 2). For the V2-5-24 sample, two band gaps were observed and
re highlighted by dashed lines in Fig. 6. This result confirms the co-
xistence of two crystalline phases of BiVO4. The band gap values

ere determined to be 2.35 and 2.61 eV, and these values are sim-

lar to those reported for the m-  and t-BiVO4 phases, respectively
1].
nvironmental 188 (2016) 87–97 91

Based on the SEM images, the V1-5-24 and V2-5-24 samples
(Fig. 7) exhibited morphologies that were similar to those of their
corresponding samples treated for 12 h (i.e., the V1-5 and V2-5
samples, respectively). However, the increase in the hydrothermal
treatment time led to a higher uniformity in the shape and size of
the particles, and smaller particle sizes were obtained. The SSA data
for both samples obtained using the BET model were 0.63 m2 g−1

and 0.26 m2 g−1 for the V1-5-24 and V2-5-24 samples, respectively.
By considering the intrinsic error of the technique, these values
can be assumed to be equal and not significant parameter for this
material under these specific synthetic conditions.

TEM and HRTEM images of the V1-5-24 and V2-5-24 samples
are shown in Fig. 8. The V1-5-24 sample (Fig. 8a and b) con-
sists of agglomerates formed by a large number of well faceted
BiVO4 nanoparticles with size lower than 10 nm.  This result is sur-
prising because by SEM images analysis of the V1-5-24 sample
(Fig. 7), it was observed only micrometric particles with smooth
surface. Therefore, the SEM analysis for this kind of samples is not
completely proper. HRTEM image of the V1-5-24 sample showed
interlayer distance of 0.31 nm,  which can be assigned to (121) plane
of the monoclinic BiVO4 phase. This result brings a new insight
about the performance of the BiVO4 photocatalysts, since the for-
mation of heterostructures between the nanoparticles can be more
effective than the formation with micrometric particles.

As shown in Fig. 8c, the V2-5-24 sample exhibited similar mor-
phological characteristics to that of the V1-5-24 sample, i.e. the
presence of well faceted nanoparticles with size lower than 10 nm.
Nevertheless, HRTEM image of this sample (Fig. 8d) showed the
coexistence of the nanoparticles of BiVO4 in monoclinic and tetrag-
onal phases in the same region, which were identified by their
interlayer distances of 0.31 nm referent to (121) plane and 0.23 nm
referent to (301) plane, respectively. This result is an indicative of
the formation of heterojunctions between m-BiVO4 and t-BiVO4.

XPS analysis was  performed to investigate the surface composi-
tion and chemical state of the elements of the V1-5-24 and V2-5-24
samples, and the results are shown in Fig. 9. From the survey spec-
tra (Fig. 9a), the presence of Bi, V, O and C (this was  used as an
internal reference) were confirmed in both samples without any
contamination. The XPS spectra contained the characteristic spin-
orbit splitting of the Bi 4f5/2 and Bi 4f7/2 signals (Fig. 9b), V 2p1/2
and V 2p3/2 signals (Fig. 9c), and O 1s peak (Fig. 9d) [14,61,62]. The
binding energies of Bi 4f and V 2p and the difference between the
low and high spin states are provided in Table S2. Slight shifts in the
binding energies were observed among the BiVO4 samples (Fig. 9
and Table S2) because the V1-5-24 sample contains a pure m-BiVO4
phase, whereas the V2-5-24 sample contains a mixture of m-BiVO4
and t-BiVO4 phases. As expected, the samples exhibit differences in
their chemical environments due to the different crystal structures,
which is in agreement with previous results [13,14]. It is impor-
tant to note that the O 1s signal of the samples was a wide and
slightly asymmetrical peak, indicating that other oxygen species
are present in the surface region, and these oxygen species might
be hydroxyl oxygen and adsorbed oxygen on the surface of BiVO4
[13].

The photocatalytic performance of the V1-5-24, V2-5-24 and
V2-10-24 samples was probed by MB  dye photodegradation under
visible irradiation, and these results were compared to the results
obtained using the V1-5 and V2-5 samples (Figs. 10 and S2). For the
samples obtained using the NH4VO3 precursor (V1-5 and V1-5-24),
the synthesis time did not influence the adsorption or photocat-
alytic performance. Both samples exhibited an approximately 5
and 20% MB  removal for adsorption and photodegradation, respec-
treatment time to obtain the V2-10-24 sample did not cause any
difference in its photoactivity when compared to V2-10 sample.
However, for the samples V2-5 and V2-5-24, the synthesis time
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Fig. 7. Representative SEM images of the (a) V1-5-24 and (b) V2-5-24 samples.
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Fig. 8. TEM and HRTEM images of the

layed a fundamental role in the preparation of photocatalysts with
ifferent phases compositions and different photocatalytic perfor-
ances. The V2-5-24 sample exhibited a higher MB  adsorption

approximately 45%) and a higher catalytic activity (approximately
0%) for MB  photodegradation than the V2-5 sample, which exhib-

ted an adsorption and photodegradation efficiency of 15 and 20%,
espectively. This trend was consistent with the results for the
ate constant (k) analysis, where the V2-5-24 sample exhibited a

ate constant for MB photodegradation 3.6 times higher than that
bserved for V2-5 (Table S3). The higher photoactivity of the V2-
-24 sample was  unexpected because in this sample, tetragonal
iVO4 is the major crystalline phase, which is less active than the
 V1-5-24 and (c-d) V2-5-24 samples.

m-BiVO4 phase. The m-BiVO4/t-BiVO4 heterojunctions lead to the
efficient separation of the electron/hole pair (i.e., an increase in life-
time of charge carriers). Therefore, this result is surprising because
it is expected that an efficient heterojunction formed by this system
was composed of m-BiVO4 as the major crystalline phase [63]. This
result indicates that the t-BiVO4 crystalline phase in the V2-5-24
sample was  more photoactive. The origin of great increase in the
adsorption capacity of the V2-5-24 sample (Fig. S2) can be related to

its higher content of tetragonal phase, since Zhang et al. have been
stablished that BiVO4 in tetragonal phase shows a higher affinity to
MB dye than the monoclinic one [64].
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Fig. 9. X-ray photoelectron spectra of the V1-5-24 and V2-5-24 samples. (a) Survey spec
high-resolution spectra of O 1s.

Table 1
First-order rate constants for the MB  photodegradation tests performed under visi-
ble irradiation in the presence and absence of a sacrificial reagent (Ag+).

Sample k × 100 (h−1) kAg × 100 (h−1)a

V1-5-24 9.8 17.0
V2-5-24 23.9 18.7
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tion, the PM sample exhibited an intermediate photoactivity that
a kAg is the rate constants for reaction in the presence of Ag+.

Despite the fact that our results indicate that the m-BiVO4/t-
iVO4 heterojunctions are the main reason for the higher
hotoactivity of the V2-5 and V2-5-24 samples, an investigation of
he influence of the heterojunctions on the photocatalytic perfor-

ance was performed because the formation of a heterojunction
an reduce the recombination rate of electron/hole pairs, which
an increase the photocatalytic activity [65,66]. An analysis of
he increase in the photoactivity associated with electron accep-
ors indirectly indicates the recombination rate of the structure.

 good sacrificial reagent to use as an electron acceptor is Ag+

Ag+/Ag 0.799 V vs NHE) because this ion can be spontaneously
educed at a high reduction potential [67,68]. Therefore, MB  dye
hotodegradation tests in the presence or absence of Ag+ ions were
arried out (Fig. 10b). To quantitatively evaluate the influence of
hotogenerated electrons, a first-order kinetic model of the pho-
odegradation data was  applied (Fig. S3), and the kinetic constants
k) for the reaction are shown in Table 1. For the V1-5-24 sam-
le, the addition of Ag+ in the photocatalytic tests increased the
B degradation efficiency. The degradation percentage increased

rom 29 to 46% with the addition of Ag+, and the k value for the pro-
ess containing Ag+ was 1.7 times higher than that of the process

erformed in the absence of Ag+. Therefore, the effect of the elec-
ron acceptor (Ag+) increased the electron/hole pair lifetime, which
ignificantly increased the efficiency of the photocatalytic process
tra, (b) high-resolution spectra of Bi 4f, (c) high-resolution spectra of V 2p, and (d)

for the samples containing the m-BiVO4 pure phase, as observed in
our previous study [17].

A different effect was  observed for the V2-5-24 sample com-
pared to the V1-5-24 sample, where the addition of Ag+ in the
photocatalytic tests decreased the photoactivity of the sample. The
rate constant of MB  photodegradation for the V2-5-24 sample with
Ag+ was approximately 1.3 times lower than that in the absence of
Ag+. This result indirectly indicates that an efficient heterojunction
was formed between the monoclinic and tetragonal BiVO4 phases
because Ag+ did not increase the efficiency of the photodegradation
process. However, the decrease in the photoactivity of the V2-5-24
sample in the presence of Ag+ is related to the adsorption of Ag
metal in actives sites liable for the adsorption of MB dye, which
were created during visible irradiation leading to Ag+ reduction
[69].

Additionally, the formation and effect of the m-BiVO4/t-BiVO4
heterojunctions in the V2-5-24 sample were studied by analyzing
the photocatalytic performance of a physical mixture (PM) pre-
pared by mixing 75 wt.% of t-BiVO4, 20 wt.% of m-BiVO4 and 5
wt.% of V2O5 (Fig. S4). The t-BiVO4 samples, which were employed
as reference compounds, were prepared using the hydrothermal
method reported by Guo et al. [14]. In summary, the photocatalytic
performances of the as-prepared samples were in the following
order: V2-5-24 (m-BiVO4/t-BiVO4) > m-BiVO4 > PM > t-BiVO4 (Fig.
S4). Interestingly, the PM sample exhibited a lower photoactiv-
ity than the V2-5-24 sample. Therefore, these results confirm that
V2-5-24 is not a physical mixture, rather than contains junctions
between the constituent phases that result in a higher photoactivity
due to the increased in the lifetime of electron/hole pairs. In addi-
was between m-BiVO4 and t-BiVO4, indicating that its photoactiv-
ity is only a linear combination the photoactivity of the isolated
phases.
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Fig. 10. (a) MB  dye photodegradation catalyzed by the as-synthesized samples as
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Fig. 11. ESI mass spectra of (a) MB  dye pure and (b) catalyzed by the V2-5-24 sample
for 3 h under visible irradiation.

Table 2
Rate constant of •OH radical formation by the as-synthesized BiVO4 samples. The k
values from Tables S1 and S3 are reproduced to facilitate comparison.

Sample k kOH

V1-5 5.9 19.6
V1-10 5.6 20.5
V2-5 6.6 44.7

•

 function of time under visible irradiation. (b) Photodegradation kinetics of MB
atalyzed by the V1-5-24 and V2-5-24 samples with and without Ag+ (AgNO3,
0 mmol  L−1).

To elucidate the photo-oxidation of MB  dye, it was performed
he analysis of the MB solution before and after the photocatalytic
xperiments catalyzed by m-BiVO4/t-BiVO4 heterostructure using
ass spectrometry (ESI–MS), depicted in Fig. 11. The ESI–MS spec-

rum obtained from the standard MB solution exhibited only a
trong signal of mass/charge (m/z) ratio at 284, which is assigned
o MB structure without any oxidation. After irradiation of the

B solution (catalyzed by m-BiVO4/t-BiVO4 heterostructure), mass
pectrum revealed several peaks with m/z  equal to 332, 301, 284,
70, 256, 243 and 129. The signals at m/z  = 301 and 332 regard to one
nd three hydroxylation in the aromatic ring of MB,  respectively
70–73]. The process of MB  hydroxylation confirms that •OH radi-
al played an important role for MB  photodegradation. The signals
f m/z = 270, 256 and 243 are referent to cleavage of one or more
ethyl groups substituent on the amine groups of MB  and these

pecies are azure B, azure A and azure C, respectively [74]. The signal
f m/z = 129 is referent to cleavage of ring aromatic due to attack of
pecies actives photogenerated in the presence of m-BiVO4/t-BiVO4
eterostructure [70–73].

Further, to confirm the efficiency of V2-5-24 sample to reduce
he dissolved organic carbon in MB  dye solution, its content was

easured by TOC analyzer after 3 h under visible irradiation. It was
bserved that MB  dye was  65% mineralized to CO2 and H2O by V2-
-24 sample. This result evidences that the photocatalytic process
roposed in this study was  effective not only for the color removal,
ut also to reduce the organic content of the MB  dye solution.
The stability of the catalyst is a fundamental property for its
ractical application for several catalytic cycles without loss in its
fficiency. Therefore, the photostability of the m-BiVO4/t-BiVO4
eterostructure was evaluated by performing recycling experi-
V2-10 7.4 97.4
V1-5-24 6.1 32.3
V2-5-24 24.2 55.6

ments for five times under the same conditions used in the MB
dye photodegradation tests. After each reaction cycle, the sample
was separated from the MB  solution by centrifugation, and placed
immediately in contact with a freshly prepared MB  solution. As
shown in Fig. S5, the photocatalytic performance of m-BiVO4/t-
BiVO4 heterostructure was  kept even after four cycles, exhibiting
only a slight decrease after fourth cycle.

3.3. Investigation of photodegradation mechanism and charge
transfer

Despite the interesting and promising photocatalytic perfor-
mance of the studied materials, a deeper analysis is required to
elucidate the mechanism involved in the photocatalytic process.
To evaluate the mechanism of MB photodegradation driven by
the as-synthesized photocatalysts and the importance of pollutant
degradation due to the formation of active radical species, such as
•OH and O2

•−, the •OH radicals was  detected using a method pro-
posed by Ishibashi et al. [46,47] and discussed in detail by our group
[36,58].

The rate constant formation of the •OH radicals is shown in

Table 2 and Fig. S6. The efficiency of OH radical formation can be
represented by the kOH values listed in Table 2. The observed trend
in the photoactivity of the samples obtained using the NH4VO3 pre-
cursor (V1-5, V1-10 and V1-5-24) for MB  dye degradation was the
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ame as that observed for •OH radical formation (i.e., V1-5 ≈ V1-
0 < V1-5-24), which indicates that an indirect mechanism plays

 key role in the photoactivity. The trend of k and kOH observed
o reaction catalyzed by the V1 samples can be better analyzed
n Fig. S7a. In fact, the pollutant photodegradation via an indirect

echanism (i.e., attack by •OH radical) catalyzed by the m-BiVO4
hase has been previously observed by our group [17]. However,
he observed trend for the efficiency of •OH radical formation over
he samples obtained using the V2O5 precursor (V2-5, V2-10, V2-
-24) was different when compared to their photoactivity for MB
ye photodegradation. The order observed in the photoactivity
as as follows: V2-5 ≤ V2-10 < V2-5-24. However, the efficiency of

OH radical formation was as follows: V2-5 ≤ V2-5-24 < V2-10. The
elationship between k and kOH to reaction catalyzed by the V2
amples can be better analyzed in Fig. S7b. These results indicate
hat the V2-10 sample led the MB  dye photodegradation primar-
ly via an indirect mechanism (i.e., the •OH radical was  the major
ctive species in the process catalyzed by V2-10). The V2-10 sam-
le exhibited a kOH value that was 1.8 times higher than that of
he V2-5-24 sample, and for the rate constant of MB photodegra-
ation, the V2-5-24 sample exhibited a k value that was 3.3 times
igher than that of V2-10. Therefore, despite the V2-5 and V2-5-
4 samples (heterojunctions) producing •OH radicals, the indirect
echanism was not the main mechanism in MB dye degradation

or these samples.
Additionally, to understand the photocatalytic mechanism of

he reaction catalyzed by m-BiVO4/t-BiVO4 (V2-5-24), we evalu-
ted the effects of the addition of three different reactive scavenger
pecies (i.e., Ag+ (strong oxidant, CB electrons acceptor), DMSO
a •OH scavenger) and sodium oxalate (SO, a VB holes photogen-
rated scavenger)) to the MB  solution during the photocatalysis
xperiments [45,75,76]. Dissolved oxygen is considered to be a
hotogenerated electron scavenger that inhibits fast charge carrier
ecombination, resulting in the formation of a superoxide radical
O2

−•), which is important for some photodegradation processes
77]. Therefore, a rational approach for evaluating the importance
f O2

−• is to scavenge it with Ag+ (previously shown in Fig. 10b)

45,76]. Therefore, if the photodegradation process is driven by
2

−• radicals, the reaction rate should be substantially less with
he addition of Ag+. However, if the •OH radical or a direct degra-
ation mechanism (i.e., pollutants are directly attack by VB holes)

ig. 13. Charge transfer between the monoclinic and tetragonal BiVO4 phases in the het
nder  vacuum.
Fig. 12. MB  dye photodegradation percentage catalyzed by the V2-5-24 sample with
different scavengers during 2.5 h of visible irradiation.

plays a major role in the photodegradation process, the reaction
rate should decrease in the presence of excess DMSO and/or SO,
respectively [45,76,78].

As shown in Figs. 12 and S8, the addition of excess SO
(10 mol  L−1) significantly inhibited the photodegradation percent-
age of MB  dye compared to that with no scavenger under the
same conditions from 59 to 34%. The rate constant decreased by
approximately 50% (Fig. S7), indicating that the VB photogener-
ated holes and/or •OH active species play a crucial role in the MB
photooxidation process. To separate the effects of •OH and the VB
photogenerated holes, DMSO was  employed as a selective scav-
enger for •OH. Excess DMSO in the MB  solution capture all of the
•OH radicals produced during the photocatalytic process [78]. As
shown in Fig. 12, the use of excess DMSO resulted in slight decrease
in the photodegradation percentage from 54 to 45% after 2.5 h of
exposure to visible irradiation (the rate constant decreased by 25%,
Fig. S8). Therefore, the direct mechanism plays a more important
role than the indirect mechanism in the MB dye photodegradation

process catalyzed by the V2-5-24 sample even though both mech-
anisms have a significant role. This result is in agreement with the
result obtained for •OH radical formation via the terephthalic acid
method.

erostructure, and the VB and CB values were obtained by VB-XPS in the solid state
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As previously shown in Figs. 10 b and 12, excess of Ag+ in the MB
olution resulted in a decrease in the photodegradation percentage
rom approximately 60–48% after 3 h of exposure to visible radia-
ion (the rate constant decreased by 22%). Therefore, in contrast to
ure m-BiVO4, the m-BiVO4/t-BiVO4 heterostructured sample has a
onduction band edge with a sufficiently high potential or lifetime
f photogenerated electron to reduce the dissolved oxygen. There-
ore, the superoxide radical (O2

−•) plays also an important role in
he MB  photodegradation mechanism catalyzed by the m-BiVO4/t-
iVO4 heterostructure sample.

To understand the photodegradation mechanism and charge
ransfer between the phases contained in the V2-5-24 heterostruc-
ure sample, the valence band (VB) was determined using XPS and
ompared to that of V1-5-24 (Fig. S9). The spectrum thresholds of
he V1-5-24 and V2-5-24 samples are 1.2 and 2.0 eV, respectively.
he value of VB top in V1-5-24 was consistent with that of the m-
iVO4 phase, as previously reported [13]. The t-BiVO4 phase has

 less positive VB top (0.9 eV) than the m-BiVO4 phase (1.1 eV), as
eported by Li et al. [13]. Therefore, the V2-5-24 sample exhibited

 VB top value that was much higher than expected compared to
hose of the m-  and/or t-BiVO4 phases, indicating that a heterojunc-
ion forms between the phases resulting in a shift in the VB top of
oth phases.

In summary, according to our results, the mechanism for the
hotodegradation of organic pollutants on the surface of the pure
-BiVO4 photocatalyst occurs primarily via an indirect mechanism

i.e., •OH radical generation and attack). However, the m-BiVO4/t-
iVO4 heterostructure led the photodegradation of pollutants via
irect and indirect mechanisms (i.e., by the formation and attack of
OH and O2

−• radicals and direct VB hole oxidation). Therefore, the
reat increase in m-BiVO4/t-BiVO4 heterostructure photoactivity
an be related to its ability to activate three different photodegra-
ation paths. The main photodegradation mechanism of m-BiVO4 is
ompared to the mechanism and charge transfer of the enhanced
hotocatalytic performance of the m-BiVO4/t-BiVO4 heterostruc-
ure in Fig. 13.

. Conclusions

In summary, the formation of heterostructures between dif-
erent phases of the same semiconductor provides a viable
lternative for improving the photocatalytic performance. Using
he proposed synthesis method, a pure m-BiVO4 phase as well as m-
iVO4/t-BiVO4 heterostructures were prepared by controlling the
ynthesis parameters. The heterostructured samples are composed
f nanoparticles of m-BiVO4 and t-BiVO4 with size lower than 10
m,  and the probable interface between them was also observed.
amples that contain the m-BiVO4 and t-BiVO4 phases exhib-
ted better photocatalytic performance for MB  degradation under
isible irradiation than that of the isolated phases. The m-BiVO4/t-
iVO4 heterostructure showed no significant deactivation even
fter four successive re-uses for MB  photodegradation. Oxidation
echanism of the MB dye was elucidated by mass spectroscopy.

he photoactivity enhancement in the m-BiVO4/t-BiVO4 sample
as due to the formation of a suitable heterojunction between the
iVO4 phases, promoting the effective separation of photogener-
ted charges. The experiments using active scavenger species and
he VB top analysis based on XPS indicated the formation of a type-

I heterostructure where the increase in the charge carrier lifetime
nabled the formation of active species. In addition, holes (h+),
uperoxide anion radicals (O2

−•) and hydroxyl radicals (•OH) were
he primary active species responsible for MB  photodegradation.
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37] O.F. Lopes, V.R. de Mendonç a, F.B.F. Silva, E. Paris, C. Ribeiro, Quim. Nova 38
(2015) 106–117.

38] E.R. Camargo, M.G. Dancini, M.  Kakihana, J. Mater. Res. 29 (2014) 131–138.
39] H.A.J.L. Mourão, O.F. Lopes, A.R. Malagutti, E.C. Paris, C. Ribeiro, Mater. Sci.

Semicond. Process. 25 (2014) 320–329.
40] J.-Y. Piquemal, E. Briot, J.-M. Brégeault, Dalton Trans. 42 (2013) 29–45.
41] I.A. de Castro, W.  Avansi, C. Ribeiro, CrystEngComm 16 (2014) 1514–1524.
42] W.  Avansi, R. Arenal, V.R. de Mendonç a, C. Ribeiro, E. Longo, CrystEngComm
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