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1. Introduction

Synthesis of BiVO, via oxidant peroxo-method:
insights into the photocatalytic performance and
degradation mechanism of pollutantst

Osmando F. Lopes,® Kele T. G. Carvalho,” Gabriel K. Macedo,®
Vagner R. de Mendonca,” Waldir Avansi Jr.*® and Caue Ribeiro®

This paper reports the synthesis of monoclinic bismuth vanadate (BiVO,4) by the oxidant peroxide method
with crystallization under hydrothermal conditions, and its catalytic performance on the photodegradation of
pollutants under visible light. The as-synthesized BiVO, materials were characterized by means of X-ray
diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS), Raman spectroscopy, Ultraviolet-visible diffuse
reflectance spectroscopy (UV-Vis DRS) and scanning electron microscopy (SEM). Hydrothermal treatment
above 80 °C was required to obtain pure monoclinic BiVO,4 phase by releasing V" ions from vanadium
peroxo complexes. With the increase in hydrothermal reaction temperature, the particle size decreased.
All BiVO,4 samples presented large size and shape distribution and band gap of approximately 2.40 eV. The
as-prepared BiVO,4 catalysts showed high photoactivity for decomposition of model pollutants, methylene
blue (MB) and rhodamine B (RhB) dyes, under exposure to visible light. The photodegradation mechanism
was evaluated by adding scavengers, DMSO and KBrOs, which were used to probe *OH radical and
conduction band (CB) electrons, respectively. It was observed that photodegradation of MB and RhB dyes is
caused by the action of *OH radicals, and that BiVO, CB electrons do not have reduction potential
sufficiently high to reduce dissolved oxygen to O, . It was proven that the indirect mechanism, i.e. *OH
radical formation, plays the major role on the BiVO,4-assisted photodegradation process.

and 3.4 eV, respectively, suitable textural properties, and slow

Titanium dioxide (TiO,)'® and zinc oxide (ZnO)"° are the main
semiconductors applied in heterogeneous photocatalysis processes
such as organic pollutants degradation and water splitting.'"*>
These materials possess specific characteristics that are regarded as
crucial for good photocatalytic performance under UV-light when
compared with other materials, such as band gap values of 3.2 eV
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recombination rate of a photogenerated electron-hole pair.'*"?
However, these materials can only be activated by UV radiation
(wavelength below of 385 nm), which represents less than 5% of all
solar energy that reaches the earth’s surface, thereby eliminating
their application under natural conditions."*™*°

In this sense, semiconductors that can be activated by visible
radiation have generated much scientific interest. Bismuth vanadate
(BiVO,) is a n-type semiconductor with band gap values ranging
from 2.4 to 2.8 €V, depending on its crystalline phase.”*”" BiVO,
exists in three different crystalline phases: two tetragonal structures
(zircon type and scheelite type), and one monoclinic structure
(scheelite type). Among them, the monoclinic phase shows better
photocatalytic performance under visible radiation, probably due to
the lower and more suitable band gap of around 2.4 eV.*** This low
band gap value is a result of the hybridization between the Bi 2s
orbital and the O 2p orbital, which causes a shift in the valence
band, and decreases the difference of energy between the valence
and conduction bands.?**> Although monoclinic BiVO, phase has
been well studied as a photocatalyst, its role in the mechanism
involved in the photocatalysis process is still open.

As a matter of fact, photocatalytic performance of semiconductors
is also influenced by their structural, electronic and morphologic
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characteristics, and the procedure used to synthesize them;
these all have direct effects on their properties.*'*?°"?8 Several
methods have been used to obtain photocatalysts: these include the
sol-gel technique, polymeric precursor method, oxidant peroxide
method (OPM), precipitation and co-precipitation.”>*® Among these,
the OPM method with crystallization under hydrothermal conditions
is a remarkable route, since it possesses several advantages for
the synthesis of nanostructures, especially low temperatures of
crystallization, elimination of foreign ions or organic ligands,
and control of morphology and structure of the semiconductor
crystals through the synthesis parameters.>”>%*"

Therefore, the aim of this study was to develop a new method
to obtain monoclinic BiVO, at a low temperature, and to evaluate
the photocatalytic performance of this semiconductor under
visible light. The effect of the hydrothermal treatment on the
structural, electronic, and morphologic properties of the BiVO,
is described in this paper. Furthermore, we studied the major
mechanism involved in the photodegradation of model pollutants
by examining the behavior of different scavengers in the photo-
catalytic process, and by detection of hydroxyl radicals.

2. Experimental
2.1 Synthesis of BiVO,

BiVO, samples were obtained using the oxidant peroxide method
(OPM) followed by crystallization under hydrothermal conditions.
First, 0.69 g of Bi(NO3);-5H,0 (Vetec — Sigma) and 0.16 g of NH,VO;
(Vetec - Sigma) were added to 40 mL of distilled water under
vigorous stirring, where the Bi: V molar ratio was kept at 1: 1. Then,
hydrogen peroxide (H,O, 30%, Synth) was added to the solution
with H,0, : M molar ratio equal to 10: 1 (where M is the sum of Bi
and V mols). The solution instantaneously presented a yellow color,
which indicated formation of a vanadium peroxo complex.® This
complex was crystallized for 12 hours using a homemade hydro-
thermal reactor, where the synthesis temperature was varied in a
range between 80 °C and 160 °C. A synthesis at room temperature
(25 °C) was also performed in order to understand the effect of the
hydrothermal treatment on material crystallization. The samples
were washed three times with distilled water, and subsequently
with isopropyl alcohol, followed by centrifugation and then drying
in an oven at 60 °C for 12 h. The sample obtained at room
temperature was identified as BV-25, and the other samples were
identified as BV-HTXX, where HT refers to “hydrothermal treatment”
and XX is the synthesis temperature.

2.2 Powder characterization

Powder X-ray diffraction (XRD) was conducted using a Shimadzu
XRD6000 diffractometer operating with Cu Ko radiation generated
at 30 kv and a filament current of 30 mA. The 20 range from 10 to
70° was continuously scanned with a speed of 1° min~* and a step
width of 0.02°. Raman spectroscopy measurements were performed
with a FT-Raman spectrometer (Bruker RAM II with a Ge detector),
equipped with a Nd:YAG laser with a wavelength centered at
1064 nm. Ultraviolet-visible diffuse reflectance spectroscopy (DRS)
was carried out with a Cary 5G spectrometer in the total reflection
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mode with an integration cell and a scanned wavelength range
of 200-800 nm.

A field emission gun scanning electron microscope (FEG-
SEM Jeol JSM 6701F) working at 5 kV was used to verify the
material’s morphology. Semi-quantitative atomic compositions
were evaluated by energy-dispersive X-ray spectroscopy (EDS)
using a Thermo Noran device coupled to a SEM (Jeol JEM 2010).

The analysis of N, adsorption at 77 K was conducted in a
Micrometrics ASAP 2000, and the specific surface area (SSA)
was obtained by the application of BET modeling. Before these
analyses, the samples were pre-treated (degasification) by heating
at 80 °C under vacuum until reaching a degassing pressure of less
than 10 um Hg.

2.3 Photocatalytic properties and mechanism evaluation

The photocatalytic activity of the as-synthesized BiVO, samples
was evaluated by studying the photodegradation of methylene
blue (MB) dye, which is considered one of the most common
chemicals used in industrial processes, and often causes environ-
mental pollution.>?® In order to perform the photocatalysis experi-
ments, 10 mg of the as-synthesized sample was added to 20 mL of a
5 mg L' MB aqueous solution. All experiments were performed at
pH = 6.5. The as-prepared dispersions were stirred and exposed
to visible light radiation in a homemade photo-reactor with six
fluorescent lamps (Osram, 15 W and maximum intensity at
440 nm) operating at 18 °C. The representative image of the
photo-reactor is shown in Fig. S1 (ESIt). The MB photodegradation
was monitored by its absorption maximum at 665 nm at regular
periods of time using a UV-Vis spectrophotometer (Shimadzu -
1601PC) in the absorbance mode. In order to reach adsorption
equilibrium the samples were previously kept in contact with the MB
dye solution for 12 h in the dark. For comparative purposes, the
photocatalytic behavior of a pristine commercial tetragonal Bi,O;
phase (Sigma-Aldrich, nanopowders 200 nm) was also evaluated.
The crystalline phase, particle size, and morphology of Bi,O; were
confirmed by XRD and FEG-SEM (Fig. S2 and S4, respectively, for
ESIT). DRS spectra were obtained to answer the question of
suitability of Bi,O; as a reference compound under visible light
(see Fig. S3, in ESIt). The tetragonal Bi,O; phase presented a
band gap of 2.48 eV, as expected.®” Therefore, the Bi,O; used as a
reference compound in this work absorbs photons at similar
energies when compared with as-synthesized BiVO, samples. So,
a tetragonal Bi,O; phase is a suitable photocatalyst for use as a
reference in the photocatalytic process under visible light.

Two different methods were used to investigate the MB
photodegradation mechanism catalyzed by BiVO,. The first
consisted of adding reactive species scavengers directly to the
BiVO,-containing MB solutions. In this procedure, dimethyl
sulfoxide (DMSO) and potassium bromate (KBrO;) were added
as scavengers for *OH radicals and CB electrons, respectively.*?
The second method consisted of indirectly detecting *OH
radicals employing the technique described by Ishibashi et al.
(2000),>*** in which alkaline terephthalic acid (TA) solution,
instead of MB solution, is mixed with BiVO, in the photo-
reactor. TA readily reacts with *OH and forms a highly fluo-
rescent product, 2-hydroxyterephthalic acid. This product has a
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fluorescence emission at around 425 nm, and its amount is
proportional to the amount of *OH radicals formed during the
photocatalytic process.*" The concentration of TA was set at
5 x 107" mol L' in a dilute NaOH (2 x 10~* mol L™ %)
solution.® At regular time intervals, aliquots of the suspension
were collected and analyzed in a LS 50B fluorescence spectro-
meter (PerkinElmer). The fluorescence emission spectra were
obtained with an excitation wavelength of 315 nm.

3. Results and discussion
3.1 Characterization of the as-synthesized samples

The XRD patterns for the as-synthesized BiVO, samples are
shown in Fig. 1. It is noted that the sample obtained without
hydrothermal treatment (BV-25) presented a mixture of crystal-
line phases. The diffraction peaks were indexed as belonging to
tetragonal [BigOs(OH);](NO;)5-1.5H,0 phase (JCPDS: 53-1038,
highlighted for #) and vanadium hydrogen oxide (H;;VsO13)
(JCPDS: 38-0008, highlighted for *). It was also observed that
the BV-25 suspension maintained its yellow color (the same
characteristic color of the vanadium peroxo-complex) even after
synthesis and centrifugation, indicating that the V°* ions were
not completely released from the complex, and the BiVO,
formation was incomplete.*® Conversely, the XRD patterns for
the samples synthesized by hydrothermal treatment under
temperatures ranging from 80 °C to 160 °C (Fig. 1) were similar
and presented well-defined peaks, which could be indexed as
the pure monoclinic BiVO, crystalline phase (JCPDS - 83-1699).
This is possibly explained by the fact that H,0, reacts with V>*
ions forming the stable peroxo-complex under environmental
conditions during relatively short periods of time.*® Thus, the
subsequent hydrothermal treatment, even when performed at
80 °C, provides sufficient energy to degrade the vanadium
peroxo-complex, making all V°* ions free to form the BiVO,
structure. Therefore, XRD results clearly showed that the hydro-
thermal treatment has a fundamental role in the synthesis of
pure monoclinic BiVO,. Further increases in the temperature of
hydrothermal treatment did not lead to any significant long
range structural changes in the BiVO, samples.
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Fig. 1 Powder XRD patterns of as-synthesized BiVO, samples.
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Fig. 2 EDS analysis of BV-25. The peaks related to O, Bi and V are
identified in the plots.

Additionally, the semi-quantitative EDS analysis, performed
on sample BV-25 (Fig. 2), confirmed the presence of only Bi and
V elements with approximately 71% and 15% atomic percentages
of Bi and V, respectively. This confirms that V°* ions were not
totally released at room temperature. The small peak below 0.5 keV
and the peaks around 1.5 keV are related to the presence of carbon
(C) from carbon conductive adhesive and the aluminum (Al) of
stub, respectively.

Raman spectroscopy was performed in order to access
medium-range order effects in the hydrothermally treated
BiVO, samples, as seen in Fig. 3. The BV-HTXX samples, ie.
those obtained via hydrothermal treatment, presented similar
spectra with five main Raman shifts at 120 ecm™*, 200 cm™*,
330 cm ™, 362 cm ™' and 826 cm ™. The peaks at 120 cm ™' and
200 cm ™ are related to the external mode of BiVOy; the peaks at
330 cm™ ' and 362 cm ! are ascribed to the asymmetric and
symmetric deformation modes, respectively, of V-O bonds in the
VO, tetrahedrons; and the peak at 826 cm ™' can be assigned to
symmetric stretching of the V-O mode with A, symmetry.>**” It
was verified that these bands were not shifted as the temperature
of the hydrothermal treatment was increased, meaning that
no significant medium-range structural change occurred in the

1
1 ! BV-HT120

! ! BV-HT100

Intensity (a.u.)

1
I ! BV-HT80

1 1 (] 1
BV-25
T T T T T T T T T x
200 400 600 800 1000 1200
Raman shift (cm™)

Fig. 3 Raman scattering spectra of the as-synthesized BiVO, samples.
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Fig. 4 Plots of (xhv)1/2 vs. photon energy (hv) obtained by Tauc equation
from DRS spectra.

Table 1 Band gap values of as-synthesized samples

Sample Band gap/eV
BV-25 2.41/2.76
BV-HT80 2.35
BV-HT100 2.45
BV-HT120 2.40
BV-HT140 2.45
BV-HT160 2.40

BV-HTXX samples, and confirming the XRD results (Fig. 1).
Furthermore, the BV-25 sample exhibited Raman scattering
different from the BV-HTXX series, as expected.

The band gap values of the as-synthesized BiVO, samples
were determined by applying the Tauc equation®® to the diffuse
reflectance spectroscopy UV-Vis data (Fig. 4). The band gap was
calculated assuming that BiVO, has a direct-type transition, by
plotting (eav)* versus hv.*° The band gap values for the BiVO,
samples exhibited small fluctuations, which ranged from 2.35 eV to
2.45 €V (Table 1), in a good agreement with literature values.**”’

Therefore, different temperatures of hydrothermal treatment
did not induce any significant changes in electronic properties,
allowing activation of the as-synthesized BiVO, samples by
visible light. The BV-25 sample showed two distinct band gaps
of 2.41 eV and 2.76 eV, highlighting the presence of two different
crystalline phases, as observed by XRD and Raman scattering.

The morphology of the BiVO, samples was examined by
FEG-SEM, and representative images are presented in Fig. 5.
The BV-25 sample displayed irregular micrometric particles
with different sizes, while for the BV-HT80 sample well faceted
particles, also with different sizes and shapes, can be noted. On
the other hand, for the BV-HT100 sample it was possible to
observe the presence of more elongated particle branched in
two axes, the known fish-bone BiVO, morphology.*® Further
increase in temperature (120 °C, 140 °C, and 160 °C) led to
smaller particles in relation to BV-HT100. Size distribution of
the particles was estimated using the software Image Pro Plus,
by counting an average of 200 particles in different images
(Fig. S5, ESIt). An average size equal to 828 nm, 443 nm, and
561 nm for BV-HT120, BV-HT140, and BV-HT160 samples,
respectively, was observed. Therefore, the sizes of BV-HT140

6234 | New J. Chem., 2015, 39, 6231-6237
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500 nm

Fig. 5 Representative FEG-SEM images of (a) BV-25, (b) BV-HT80,
(c) BV-HT100, (d) BV-HT120, (e) BV-HT140, and (f) BV-HT160. A magnification
of a single particle is shown as an insert in (c).

and BV-HT160 are similar, since both distributions are wide but
they present smaller sizes than BV-HT120. Despite the fact that
the BV-HT120, BV-HT140, and BV-HT160 samples had a wide
distribution of sizes, it is clear that increasing the temperature of
the hydrothermal treatment decreases particles size of BiVO,.*

3.2 Evaluation of photocatalytic properties

The photocatalytic properties of the as-synthesized samples
were initially tested by using MB dye photodegradation induced
by visible light (Fig. 6a). The commercial Bi,O; nanopowder,
employed as referential catalyst in the photocatalytic tests,
presented lower photoactivity than all synthesized samples
including that obtained at 25 °C. The direct photolysis of MB
without catalyst was of approximately 8% after 3 h exposure to
visible light. The BV-25 sample led to MB photodegradation of
approximately 20%, and the MB photodegradation catalyzed
for the BV-HTXX samples ranged from 40 to 50% (Fig. 6). These
results confirm that the hydrothermal treatment step plays a
fundamental role on the synthesis of highly efficient BiVO, photo-
catalysts, since the BV-25 sample (mixed [BigOs(OH);](NO;)3-1.5H,0
and Hj;,Vs013 phases) presented the lowest photoactivity among all
synthesized samples.

In order to test the reproducibility of the photocatalytic
results, the experiments were performed in triplicate, and the
first-order rate constant was calculated for each condition (Table 2).
The R values (higher than 0.97), confirm that the pollutant photo-
degradation follows a first-order mechanism. It can be observed that
there was no significant photocatalytic activity difference in the
BV-HTXX series if the standard deviation is taken into account.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015
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Fig. 6 (a) Photodegradation kinetics of MB dye (Co = 5 mg L) catalyzed

by BiVO,4 as a function of visible light exposure time; (b) photodegradation

kinetic of RhB dye (Co = 5 mg L™ catalyzed by BV-HT120.

This result was expected, since the changes in temperature did
not modify the features (structural, electronic, and morphologic)
of the BiVO, samples. All synthesized BiVO, samples presented
specific surface area (SSA) below of 1 m® g™, and any significant
difference between samples was verified. Therefore, we considered
that the temperature treatment has no significant influence in SSA,
and consequently SSA does not play a fundamental role in this
specific case. For the Bi,O; samples (used as reference compound)
the SSA presented a value equal to 2.8 m* g~ . Despite the fact that
the reference compound presented higher SSA compared to the
as-synthesized samples, the performance in MB photodegradation
of synthesized samples was significantly higher.

Table 2 First-order rate constants for the MB dye photodegradation
reaction performed under visible radiation

Sample k x 100 (h™) R?

Blank 0.3 0.998
BV-25 0.9 £ 0.1 0.980
BV-HT80 2.0 = 0.2 0.980
BV-HT100 2.1£0.3 0.970
BV-HT120 1.8 £ 0.3 0.970
BV-HT140 1.7 £ 0.2 0.970
BV-HT160 2.0 £ 0.2 0.986
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Photoactivity of the BV-HTXX series was also examined
for degradation of dyes with different physical-chemistry
characteristics. The BV-HT120 sample (intermediate synthesis
condition) was chosen as a representative sample in the study
of RhB dye degradation under visible light (Fig. 6b). The result
shown in Fig. 6b is remarkable, since the as-synthesized BiVO,
presents activity for degradation of different organic pollutants.
Even though BiVO, samples presented lower photoactivity for
RhB dye photodegradation compared with MB dye, it’s clear that
the photoactivity can be improved by optimizing experimental
conditions such as pH, ionic strength, and enhancement in
dispersion by sonication.*>*"*> Additional investigations in
future works are necessary for optimization.

3.3 Photocatalytic mechanism study

The monoclinic BiVO, phase has been extensively studied for
applications in photocatalysis,"**>*>** but few studies were
aimed at elucidating the mechanism involved in the photo-
catalytic process. There are three principal mechanisms that
may be involved in the catalyst-assisted photodegradation of
pollutants: an indirect mechanism, a direct mechanism, and a
photosensitization process.”*"*>™*° Initially, we studied the
photocatalytic mechanism by analyzing the effects of the addi-
tion of two different reactive scavenger species to MB solutions
during photocatalysis: KBrO; (strong oxidant, CB electrons
acceptor) and DMSO (a *OH scavenger).'®*® The representative
BV-HT120 sample was used in these experiments, and the
results are shown in Fig. 7a. Dissolved oxygen is considered
to be a CB electrons scavenger that inhibits fast charge carrier
recombination, and consequently formation of superoxide
radical (O, *), which is very important for some photodegradation
processes.”® Therefore, a rational way of evaluating the importance
1833 In this sense, if the
photodegradation process is driven by O, * radicals, the reaction
rate is expected to be greatly decreased. On the other hand, if *OH
radicals play the major role on the photodegradation process, then

of O, * is to scavenge it with KBrOs;.

the reaction rate should be decreased in presence of excess
DMSO‘18,33,51

As it can be seen in Fig. 7a, the excess of KBrO; in MB
solution caused a great increase in the photodegradation rate,
from around 40% to 48% after 3 h of exposure to visible light
(the rate constant underwent an increase of 25%). In order to
check the effect of KBrOj;, blank experiments with and without
KBrO; in MB dye solution (in absence of photocatalyst) were
performed, where any effect in MB removal related to the KBrO;
presence was verified. Thus, the effect of MB photodegradation was
strictly related to electronic characteristics of the as-prepared
photocatalyst. Two facts arose from this result. First, the O, *
radical has a negligible effect on the MB photodegradation
mechanism (probably because the conduction band edge potential
of BiVO, is not sufficiently high to reduce the dissolved oxygen),
plus the irrelevant effect of the dye-photosensitized mechanism on
MB photodegradation also was demonstrated.>** The second fact
is that a suitable CB electron acceptor, such as KBrO3, can enhance
the photoactivity of the BiVO, sample by inhibiting fast charge
carrier recombination. Then different schemes to improve the

New J. Chem., 2015, 39, 6231-6237 | 6235
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Fig. 7 (a) Photodegradation kinetic of MB dye (5 mg L™Y catalyzed by
BV-HT120 in the presence of KBrOs (scavenger of CB electrons) and DMSO
(scavenger of *OH radicals). Kinetic rate constant values were added as an insert.
(b) Spectral profile of 2-hydroxyterephthalic acid produced by BV-HT120, to
detect radical *OH indirectly, as a function of visible light exposure time.

photocatalytic performance of the BiVO, samples can be per-
formed, such as use of a sacrificial reagent (e.g., Ag" and Au’*
cations) to scavenge CB electrons, and formation of hetero-
structures with metals and other suitable oxides.

The second scavenger, DMSO, can react quickly with *OH,
forming a stable adduct, thus making the DMSO excess in MB
solution capture all *OH radicals produced during the photo-
catalytic process.”’ As shown in Fig. 7a, the use of DMSO in
excess considerably decreased the photodegradation rate from
40% to 25% after 3 h exposure (the rate constant underwent a
decrease of 45%). Thus, it can be suggested that the indirect
mechanism, i.e., *OH radical generation has a major contribu-
tion for the MB dye photodegradation process.

In order to confirm the role played by *OH radicals in the
photocatalytic mechanism, its detection was performed using
terephthalic acid (TA) as a fluorescent probe.** The *OH radical
is trapped by TA producing fluorescent 2-hydroxyterephthalic
acid, as illustrated in Fig. 7b. Increases in the intensity of
emission show that 2-hydroxyterephthalic acid was produced
over time, proving that the BiVO, sample produced hydroxyl
radicals. This confirms the results obtained with the DMSO
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scavenget, Le., the leading mechanism of MB dye photodegradation
is based on hydroxyl radical attack. This finding was unexpected,
since the generally proposed mechanisms of photodegradation
reactions catalyzed by BiVO, are based mainly on O,*~ generation®
and/or photosensitization.*®*”>® According to our results, the
mechanism of photodegradation for organic pollutants on the
surface of BiVO, photocatalyst, in the absence or presence of
scavengers, is schematically represented in Fig. 8.

4. Conclusions

In summary, the synthesis proposed in this work was efficient in
obtaining monoclinic BiVO, at low temperatures. The as-prepared
BiVO, displayed efficient photoactivity with the decomposition of
model pollutants, methylene blue and rhodamine B dyes, under
visible light. The hydrothermal treatment was required to release
V>" ions from vanadium peroxo complexes, forming a monoclinic
BiVO, phase with a band gap of around 2.40 eV. The addition of
two different radical scavengers to MB solutions during photo-
catalysis showed that the indirect mechanism, ie., generation of
*OH radicals, has an important contribution for the photodegrada-
tion process, and that BiVO, CB electrons do not have sufficient
reduction potential to reduce dissolved oxygen to O, °. It was
proven that suitable schemes (use of sacrificial reagents and
formation of heterostructures between metals and oxides with
BiVO,) enhance the BiVO, photocatalytic performance.
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