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ABSTRACT

Bismuth vanadate (BiVO,) is a semiconductor with a localized electronic
structure that facilitates photocatalysis under visible light. The efficiency of such
photocatalyst is not high due to physical and chemical properties limitations. This
research presents the results of an ethanol-assisted hydrothermal synthesis of BiVO,
as well as the effects of the BiVO, synthesis conditions; such as pH, temperature and
reaction time, that affect the decomposition capacity of methyl orange (MO) and
oxygen production. It was found that pH, reaction temperature and reaction time
affects directly on the crystalline structure and crystallinity of BiVO, Single
monoclinic structure could be synthesized at pH 7 and 8, and the crystallinity was
increased by increasing the reaction temperature and reaction time. In addition, the
parameters also contributed significantly to the morphology of BiVO, particles,
including particle size, surface area, electronic structure and arrangement of atoms in
the crystal structure. These characteristics significantly affected the photocatalytic
efficiency of the BiVO,. The BiVO, with monoclinic structure, high crystallinity, a great
surface area and a distortion of the V-O bond is the most active photocatalyst for
photocatalysis under visible light. Moreover, stability and sustainability of the
photocatalytic rate are also important. Bismuth vanadate/bismuth tungstate
(BiVO,/Bi,WO,) composites in various molar ratios were synthesized in the same way
as the BiVO,. Photocatalytic activity results demonstrated that BiVO, powder had the

highest efficiency. It was also found that, the BiVO,/Bi,WO, composites activities were




based on the fraction of BiVO, without synergetic effect. This finding was supported
by results of energy resolved distribution of electron traps. However, after calcination
at 600 °C for 4 h, photocatalytic oxygen liberation was enhanced by the combination
of BiVO, (80%) and Bi,WOy (20%) followed by calcination. Furthermore, the calcined
BiVO,/Bi,WOs composite had superior advantages over BiVO, in stability and
reusability. Based on this research, the BiVO, with highly efficiency visible-light
absorption has been developed for future photocatalyst in order to overcome its
disadvantages; such as low stability and rapid electron-hole recombination rate

under light irradiation, which decrease photocatalytic activity of the BiVO,.

Keywords: bismuth vanadate, bismuth tungstate, photocatalysis, stabilization
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CHAPTER 1
INTRODUCTION

Photocatalysis or photocatalytic reaction is a promising way for clean
renewable energy (Chen et al, 2017). It has received increased attention by many
researchers around the world and has been applied in environmental treatment
(Zhang et al.,, 2010) and energy production (Ke et al., 2009). The reaction can be
driven by natural sunlight absorption of a photocatalyst and give small molecules
such as oxygen (O,), carbon dioxide (CO,) and water (H,0) as the final products. This
clean chemical-reaction activity will be enhanced by a suitable photocatalyst. A
famous photocatalyst, titania (titanium dioxide, TiO,) semiconductor, has been
reported its performance as a highly-active photocatalyst under ultraviolet (UV) light
iradiation (Fujishima et al,, 2000). However, pristine TiO, cannot effectively absorb
sunlight due to wide bang gap energy (E;) of 3.2 eV and the entire solar energy

observed on earth is only about 6% of UV light (Fig. 1).
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Figure 1 Solar radiation spectrum (Misawa, 2017).



Nevertheless, some visible light-responsive photocatalysts have been
proposed and studied. Visible-light active photocatalysts can be spontaneously
effective under natural sunlight such as bismuth vanadate (BiVO,) (Lai et al., 2014)
and bismuth tungstate (Bi,WOg) (Kudo and Hijii, 1999) due to their narow E,.
Although a relatively narrow E, of the BiVO, (2.4 eV) and Bi,WO; (2.7 eV) leading to
high photoabsorption performance under visible light, these gaps accelerate
generated electron/positive-hole recombination rate which reduces photocatalytic
activity. Moreover, morphology of a photocatalyst’s particle also plays important role
in its photocatalytic activity. Hence, it is necessary to modify the BiVO, and Bi,WOy
photocatalysts for more stable and higher activity photocatalysts.

1. Background and signification of the Research
1.1 Principal and application of photocatalysis

An acceleration of chemicals conversion by solar energy using a
photocatalyst is called “photocatalysis”. Well-known photocatalytic reactions are
photodegradation of organic compounds and water splitting photocatalysis which
oxygen and/or hydrogen can be produced (Fan et al., 2012; Yang et al, 2013).
General photocatalysis process is shown in Fig. 2. Firstly, (1) sufficient absorption of
lisht (hV) by surface of a semiconductor photocatalyst (C) generates hole (h") at
valence band (VB) and electron (e) at conduction band (CB). Then, (2) h* and e
migrate to the semiconductor’s surface allowing (3) redox reaction of substrates (S)
with h” and e at VB and CB, respectively. Theoretically, reduction will occurs if redox
potential of CB is more negative than the substrates while oxidation reaction will
occurs if redox potential of VB is more positive than that of substrates. Meanwhile, a
simple recombination of electron-hole pair can be happened (4) with releasing of
thermal energy. This process reduces amount of separated h' and e for redox

reaction so that photocatalytic activity is also decreased.
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Figure 2 Schemes of photocatalysis process on a semiconductor photocatalyst: (1)
photoinduced electron-hole generation, (2) migration, (3) redox reaction

on photocatalyst surface and (4) electron-hole recombination.

In principle, oxidation reaction for photodegradation of organic
compounds can take place in two ways: directly oxidation of organic material by C
and oxidation of water for formation of highly reactive hydroxyl radicals (OH) as
show as follow equation (Jackson and Hargreaves, 2009):

(Light absorption) CPHVEE -, Cxh + e)
(Oxidation) S+h N W AN T

H,0 + h' ———» OH +H
Main reduction occurring on C surface is reduction of oxygen which give superoxide
radicals (O,) as a product. The O, can give rise of additional OH" as showed in these
equation (Jackson and Hargreaves, 2009):
(Reduction) O 4@ m = U QY

0, +H Awl B T

An example for water splitting photocatalysis is showed as follows
equation (Kim and Lee, 2014):

(Light absorption) C+hV(EE) — C(h +e)

(Water oxidation) 2HO + 80" — 0, + aH"



(Hydrogen reduction) 4H" + de 4 2H,

(Overall reaction) 2H,0 —> 2H,+ O,

1.2 Semiconductor as a photocatalyst

Photocatalysis requires a suitable photocatalyst which must enables wide
light absorption, charge separation, migration and transfer to the solution for redox
reactions, suitable band edge energy, strong photocatalytic activity, good stability,
sustainability and low cost (Li and Wu, 2015). From these requirments, BiVO, is a
good candidate that having been considered.

1.2.1 Physical and chemical properties of BiVO,

BiVO, is a bright yellow semiconductor which is nontoxic, stable,
environmental friendly material and has good chemical and physical properties for
applying in color pigment (Wood and Glasser, 2004) and a photocatalyst under
visible light (Lai et al., 2014; Li et al,, 2013; Sun et al., 2014). Physical and chemical
properties of commercial BiVO, are reported by a LTS Research Laboratories, Inc. and

showed in Table 1.

Table 1 Physical and chemical properties of BiVO, (Chen et al.,, 2017; Marta
Castellote, 2011)

Properties Information
Mineral name Clinobisvanite
Molecular formula BiVO,
CAS No. 14059-33-7
Appearance Yellow solid
Molecular weight 323.92 ¢ mol '
Density 6.95 g cm
Water solubility Insoluble

Melting point >1000 °C




1.2.2 Chemical structure of BiVO,

Chemical structure of BiVO, which represents its crystalline structure and
electronic structure plays important role in its photocatalytic activity. There are three
crystalline structures of synthetic BiVO, (Fan et al, 2012); tetragonal zircon (tz),
tetragonal scheelite (ts) and monoclinic scheelite (ms) as shows in Fig. 3. Among
these crystal types, the ms-BiVO, has the highest photocatalytic activity under visible
iradiation for hydrogen or oxygen evaluation and organic pollutants degradation. This
is due to the narrow band gap energy of the monoclinic structure BiVO, ranging from
2.4 to 2.5 eV. This small band gap allowed the catalyst to absorb energy in the
visible light region (Kudo et al., 1999).

Figure 3 BiVO, crystalline phases: (a) monoclinic, (b) tetragonal scheelite and

(c) tetragonal zircon BiVO, (Ding et al., 2013).

In addition, electronic structure of the ms-BiVO, composes of CB formed
by V 3d atomic orbitals and VB formed by means of the hybridization of Bi 6s and O
2p atomic orbitals are presented in Fig. 4 (with respect to vacuum) (Cooper et al.,
2014; He et al., 2014). Moreover, Fermi energy (¢f) is 2.0 eV different from VB. Band
edge positions of CB and VB are 4.79 and 7.27 eV, respectively, below the vacuum
level (or 0.3d and 2.74 eV, respectively, with respect to natural hydrogen electrode

(NHE) (He et al., 2014)).
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Figure 4 Energy level diagram for the electronic structure of ms-BiVO, thin film.
Equilirium redox potential for H+/H2 and O,/H,0 relative to

reversible hydrogen electrode (Cooper et al., 2014).

Moreover, another important property that makes ms-BiVO, suitable for
photocatalysis is band edge position. Diagram of band edge positions of BiVO,
comparing to other semiconductors with the vacuum level and the NHE is showed in

Fig. 5.
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Figure 5 Band edge positions with respect to the vacuum level and the NHE for

selected semiconductors at pH = 0 (Tamirat et al., 2016)



1.2.3 Physical and chemical properties of Bi,WOs

Bi,WOQj is a pale yellow semiconductor. It has been interested because of
its excellent photocatalytic activity under visible light with its band ¢ap energy of 2.7
eV (Fu et al, 2005; Fumiaki et al., 2007). Physical and chemical properties of the
Bi,WQO; are shown in Table 2.

Table 2 Physical and chemical properties of Bi,WO; (Barthelmy, 2014;
Dumrongrojthanath, 2015)

Properties Information
Mineral name Russellite
Molecular formula Bi,WOg
CAS No. 13595-86-3
Appearance Pale yellow solid
Molecular weight 697.81 ¢ mol '
Density 735gcm’
Water solubility Insoluble
Melting point >300 °C

1.2.4 Chemical structure of Bi,WO; (Fu et al., 2006)
Orthorhombic structure of a Bi,WO;4 crystal includes Bi atoms layers
sandwiched between WO, octahedral layers. Lattices parameters of the Bi,WOq

crystal were a = 0.5437 nm, b = 1.643 nm and ¢ = 0.5458 nm.

Figure 6 Crystal structure of Bi,WO;.



Figure 7 Schematic crystal structure of (a) monoclinic BiVO, and (b) orthorhombic

Bi,WOs in the polyhedron mode (Sun and Wang, 2014).

1.3 Synthesis methods

ms-BiVO, structure is successful synthesis via various methods including
solid-state reaction (Venkatesan et al, 2012), co-precipitation (Martinez-de la Cruz
and Perez, 2010; Ravidhas et al., 2015), sonochemical (Zhou et al, 2006) and
hydrothermal or solvothermal treatment (Guo et al, 2010; Ma et al, 2013). In
comparison, the hydrothermal and solvothermal methods are a soft-chemical
process. More than that, effective morphology can be manipulated by controlling
some synthesis condition parameters such as pH value, reaction temperature,
reaction time and mixture medium. Photocatalytic efficiency of BiVO, synthesized by
solvothermal method using binary green solvent of water and ethanol comparing
with pure water was studied and published in 2009 (Lu et al., 2009). The results
showed that the crystalline phase of both conditions were pure monoclinic phase.
However, the binary solvent exhibited extremely higher photocatalytic degradation of
rhodamine B (RhB) under visible-light irradiation. This is due to ethanol played an
important role in BiVO, crystal formation process.

To improve photocatalytic activity of BiVO,, a lot of researchers have

tried to describe parameters related to photocatalytic efficiency under visible light.



Many publications showed that the photocatalytic activity of the BiVO, depends on
synthesized method, pH value (which contributes to differential morphology of BiVO,
particle and surface area), heating temperature and reaction time. Some researchers
believed that monoclinic scheelite BiVO, with narrow band gap energy (E,) enhances
the photocatalytic performance. However, the narrow band gap increases
recombination probability of induced electron-hole.

Preparing heterojunction of BiVO,/Bi,WO¢ composite becomes a
promising way to retain electron-hole separation life-time by migration of the
electron and hole to different materials. Thus, photocatalytic activity of BiVO, as well
as Bi,WO; will be enhanced.

Therefore, in this research, monoclinic BiVO,, flake-ball like Bi,WQO, and
BiVO,/Bi,WO¢ composites in various BiVO, fractions were synthesized by ethanol-
assisted hydrothermal method. They were studied deeply in their characteristics and

photocatalytic activity relationship.

2. Objectives

2.1 To synthesize monoclinic scheelite BiVO, powders by ethanol-assisted
hydrothermal method.

2.2 To synthesize a flake-ball liked Bi,WO,4 powder by hydrothermal method.

2.3 To characterize monoclinic scheelite BiVO, powders that synthesized by
- ethanol-assisted hydrothermal method.

2.4 To investigate photocatalytic activity of BiVO, powder under visible light.

2.5 To study parameters affect photocatalytic activity of BiVO, powder.

2.6 To enhance photocatalytic activity of BiVO, powder under visible light by
adding Bi,WO, powder to form a composite.

2.7 To study Bi,WO/BiVO, composites structure for photocatalytic

enhancement for further applications using BiVO, based composite.
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3. Expected benefits

3.1 Monoclinic scheelite BiVO, powder can be synthesized by ethanol-
assisted hydrothermal method.

3.2 Stable structure of flake-ball like Bi,WOs powder can be obtained by
hydrothermal method.

3.3 Characteristics of monoclinic scheelite BiVO, powder can describe their
relationship with synthesized conditions.

3.4 Synthesized BiVO, powder can drive photocatalysis under visible light.

3.5 Parameters affected photocatalytic activity of BiVO, powder can be
investigated and evaluated for their relationship.

3.6 BiVO,/Bi,WO, composite enhances photocatalytic activity under visible
light.

3.7 An idea of powerful BiVO,/Bi,WO, composite design is proposed for high-

level photocatalytic enhancement for energy and environmental applications.



CHAPTER 2
LITERATURE REVIEWS

1. Synthesis of monoclinic BiVO, powder by ethanol assisted-hydrothermal
method

Various synthesize methods of monoclinic scheelite BiVO, powder have been
reported as mentioned in Chapter 1. However, ethanol assisted-hydrothermal
method is an interesting strategy.

Lu et al. (2009) studied relationship between BiVO, structure synthesized by
ethanol assisted-hydrothermal method and photocatalytic activity for rhodamine B
degradation under visible light. 1 mmol Bismuth nitrate (Bi(NO);5H,0) and 1 mmol
ammonium meta vanadate (NH,VO;) solutions were used as starting materials. After
mixing, pH of the mixture was adjusted to 4 and transferred into 100 mL Teflon-lines
stainless-steel autoclave for heat treatment at 140 or 160 °C for 12 h. The X-ray
diffraction (XRD) patterns in Fig. 8 showed that monoclinic BiVO, was obtained by
using both pure-water and binary solvent (ethanolwater = 3:1) as a solvent in
synthesis reaction comparing to JCPDS card No. 14-0688. However, BiVO, which
synthesized by binary solvent had higher surface area and photocatalytic activity
than pure water. The binary solvent played important role in crystal formation
leading to different in morphology which affected photocatalytic activity of the
BiVO,. Moreover, morphology of BiVO, was depended on synthesize conditions such
as concentration of precursors and reaction temperature. BiVO, with two-
dimensional (2D) morphologies (platelike and disclike structures) had better
photocatalytic activity than three-dimensional (3D) morphologies (flowerlike

superstructures and hexagonal-prismatic nanotubes).
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Figure 8 XRD patterns of BiVO, (a)-(d) ethanol+water and (e) pure water
(Lu et al., 2009).

Sun et al. (2009) studied methylene blue (MB) removal by photocatalysis of
BiVO, synthesized by hydrothermal method using ethanol-ethylenediamine
tetraacetic acid (EtOH-EDTA) as a mixed solvent. In synthesis process, 2.5 mmol
Bismuth nitrate (Bi(NOs);5H,0) and 2.5 mmol ammonium meta vanadate (NH,VO-)
were used as starting materials. After co-precipitation, it was heated in a 50 mL
Teflon-lines stainless-steel autoclave at 120 °C for 12 h. Characterize results showed
various morphologies of BiVO, by adding EDTA with different molar ratio of EDTA to
Bi. These due to adding chelate EDTA had an influence in crystal formation.
Photocatalytic efficiency of obtained BiVO, was evaluated by investigation of
degradation of MB comparing with BiVO, synthesized by solid state reaction. It was
found that 91% degradation of MB under visible light was achieved after 25 min
irradiation by using starlike BiVO, prepared by EtOH-EDTA-assisted hydrothermal
(EDTA/Bi = 0.75). This was much higher than hydrothermal without EDTA and the
solid state reaction even though its surface area was smallest. These suggested that
nanoplate structure with large atom density of (010) plan on surface led
photogenerated electrons and hole to diffuse easily on the surface and reacted

efficiently to MB.
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Jiang et al. (2011) studied morphology-dependent photocatalytic activity of
BiVO; monoclinic scheelite structure by investigation of methyl orange (MO)
degradation under visible light. Monoclinic BiVO, was synthesized by ethanol-assisted
hydrothermal method which triblock copolymer (P123: poly(ethylene glycol)-
poly(propylene glycol)-poly(ethylene glycol)) was added as a surfactant. 10 mmol
bismuth nitrate (Bi(NOs);5H,0) and 10 mmol ammonium meta vanadate (NH,VO;)
were used as starting materials. Mixture’s pH value was adjusted to 2, 7 and 10 and
reaction temperature was controlled at 180 °C for 12 h. The characterization results
showed that morphology of BiVO, was significantly influenced by pH of mixture and
surfactant. In addition, Bi'%, Vm, V™" and oxygen species were determined and
summarized that high surface VA molar ratio contained high amount of surface
oxygen vacancies. The highest VAT molar ratio and the highest photocatalytic
activity for degradation of MO was occurred by using BiVO, synthesized at pH 2 with
P123 surfactant (rodlike morphology). It was suggested that fabrication of BiVO,
particle with high surface area, high surface oxygen vacancy, high intensity of (040)

planes enhanced photocatalytic activity.

2. Effect of pH adjustment, reaction temperature and time

Dong et al. (2014) studied shape-controlled synthesis and photocatalysis
under natural light of BiVO, synthesized by solvothermal method (ethanol : acetic
acid : water = 1 : 1 : 3). 2 mmol bismuth nitrate (Bi(NO3);5H,0) and 2 mmol
ammonium meta vanadate (NH,VO;) were used as starting materials. pH value of
mixture was adjusted to 1.7-7.98. Then it was heated at 80 °C for 3 h. X-ray
diffraction (XRD) pattern showed that relative intensities of (110) and (040) diffraction
peaks increased with increasing pH value of the mixture. Hierarchical structure of
BIVO, including peanut, dumbbell, flower, sphere, olive and rod-sheaves was
obtained differently by pH adjustment using ammonium hydroxide (NH:sH,O) or
sodium hydroxide (NaOH). Moreover, morphology of BiVO, at the same pH was
differenced due to basic solvent used for pH adjustment. pH value also influenced
on electronic structure of BiVO,. Band gap energy (E,) was declined with decreasing

of pH value. Photocatalytic performance of BiVO, was determined in terms of
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degradation of Rhodamine B (RhB) dye. The greatest photocatalytic performance
could be obtained by using BiVO, synthesized at pH 6.26 (dumbbell shape and olive-
like shape adjustment by using NHyH,O (A6.26) and NaOH (S6.26), respectively).
These suggested that perfect and unique 3D shape played important role in
photodegradation of RhB. However, results showed that photocatalytic efficiency was
not related to surface area and aspect ratios of the fabricated photocatalyst.

Ke et al (2009) studied effects of hydrothermal temperature on the
microstructures of BiVO, and its photocatalytic O, evolution activity under visible
light. 2.9100 g (7 mmol) bismuth nitrate (Bi(NO3);5H,0) and 0.7204 g (6 mmol)
ammonium meta vanadate (NH,VOs); in 30 mL of a 0.5M nitric acid, were used as
starting materials. Next, 30 mL of 0.03 M cetyltrimethylammonium bromide (CTAB)
solution was added to the mixture of the starting materials. Then, pH of the mixture
was controlled at 6 by adding ammonium solution. After aging for 12 h, it was
transferred into Teflon-lines stainless-steel autoclave and reaction temperature was
controlled at 80, 120, 160 and 200 °C for 72 h. XRD patterns of BiVO, synthesized at
different temperatures were showed in Fig. 9. It was clearly that mixed phase of
tetragonal and monoclinic BiVO, was obtained at reaction temperature of 80-160 °C
but tetragonal phase transform to pure monoclinic phase at 200 °C. However,
prolonging the hydrothermal time from 72 to 96 h, a pure monoclinic phase BiVO,
could also be obtained at 160 °C. Photocatalytic activity was showed that lamellar
BiVO, synthesize at 200 °C had better photocatalyst than microsphere BiVO, with
mixed phases synthesized at lower temperature. So that, phase and morphology of
the BiVO, was significant depended on hydrothermal temperature as well as oxygen

evolution by photocatalysis under visible light.
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Figure 9 XRD patterns of BiVO, synthesized at different hydrothermal temperatures
for 72 h in the presence of 0.03 M CTAB. (a) 80 °C, (b) 120 °C, (c) 160 °C,
and (d) 200 °C (Ke et al., 2009).

Lu et al. (2014) reported core-shell structured (CSS) BiVO, hollow spheres
synthesized by ethanol and acetic acid-assisted hydrothermal method. 1 mmol
Bimuth nitrate (Bi(NO5)s5H,0) and 1 mmol ammonium meta vanadate (NH;VO3) were
used as starting materials. Mixture’ pH value was kept at 2. It was heated at
temperature of 180 °C for 1-15 h. XRD results showed that amorphous compound
was obtained before hydrothermal treatment but pure crystalline monoclinic phase
of BiVO, was presented after 1h heating. Intensity of diffraction peak was increased
by prolonging reaction time from 1 to 15 h. Morphologies of BiVO, synthesized at
various times were observed by scanning electron microscopy (SEM) and showed in
Fie. 10. It revealed that after hydrothermal heating, microsphere was formed and
shell of BiVO, was separated after 5 h of heat treatment. Furthermore, the shell
became thinner as reaction time was extended to longer time. Band gap energy (E,)
of CSS BiVO, was 2.43 eV with large surface area was 13.09 mE-gl. Photocatalytic
activity of the CSS BiVO, was evaluated as degradation of RhB dye under visible light.
99% of RhB was degraded after 4.5 h by using 0.5 g~L'1 of CSS BiVO, photocatalyst.
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The CSS BiVO, photocatalyst presented excellent photocatalytic activity and stability

that less than 5% decrease of activity after five recycling.

Figure 10 SEM images of CSS BiVO, hollow spheres: (a) 1, (b) 3, (c) 5, (d) 8, (e) 10 and
(f) 15h (Lu et al., 2014).

Thalluri et al. (2013) studied parameters affect visible-light-induced
photocatalytic activity of monoclinic BiVO, for water oxidation. The BiVO, was
synthesized by coprecipitation method and then it was calcined at different
temperatures. 5 mmol of ammonium metavanadate (NH,VO,) solution was added
into 5 mmol of bismuth nitrate pentahydrate, (Bi(NO3)s:5H,0) solution. Precipitate
was collected and calcined in air at temperatures of 350, 450, 550, 700, and 800 °C
for 3 h. XRD pattern of all BiVO, samples were exhibited monoclinic scheelite
structure. Crystalline size calculated by Scherrer equation was increased after
increased calcination temperature from 450 to 800 °C due to aggregation of particles.
Surface area was decreased as temperature increased. Raman peaks of V-O bond
were shifted to higher frequency related to V-O bond length that was shortened at
higher calcination temperature. These demonstrated that shorter V-O bond length,

stronger packing and larger lone pair distortion around the Bi cation. Furthermore,
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photocatalytic activity of O, evolution on BiVO, was enhanced by calcination
temperature increased. It can be summarized that crystalline size, band gap, V-O

bond length, and O, evolution had a good correlation as shown in Fig. 11.
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Figure 11 Correlation of characteristic parameters of BiVO, and O, evolution

(Thalluri et al., 2013).

3. Synthesis of BiVO,/Bi,WO4 composite

Ju etal (2014) studied synthesis and characterization of calcined
Bi,WO,/BiVO, (C-Bi,WO,/BiVO,) heterojunction photocatalyst as well as its
photocatalytic activity Ju et al,, 2014). The C-Bi,WO¢/BiVO; was synthesized by
hydrothermal method followed by the calcination at 600 °C. In hydrothermal
process, Bi(NO3):-5H,0 (3 mmol in 30 mL of 2 M HNO;) and NH,VO; (1 mmol in 30 mL
of 1 M NaOH) were used as starting materials for BiVO, synthesis. Na,WO,2H,O (1
mmol) was added at the same time in NH;VO; solution for Bi,WO,/BiVO, synthesis.
Moreover, sodium dodecyl benzene sulfonate (SDBS) was used as surfactant. After
coprecipitation, the pH value of the final suspension was adjusted to 7 by 2 M

NH3H,O and transferred into a 100 mL Teflon-lined autoclave and heat at 160 °C for
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12h. Then it was naturally cooled down, filtered, washed and dried. Next, the
precipitate was calcined at 600 °C for 4 h to remove all organic compounds.
Photocatalytic activities of the Bi,WO/BiVO, samples were determined as the
degradation of RhB under visible light irradiation using a 300W Xe lamp with a 420
nm cutoff filter. XRD patterned confirmed that C-Bi,WO/BiVO, and Bi,WO./BiVO,
were consisted of Bi,WO4 and BiVO, fractions without an impurity peak was observed.
However, it can be seen that the calcined product was better crystallized than non-
calcined. Specific surface area of C-Bi,WO, C-BiVO, Bi,WO./BiVO, and C-
Bi,WQO,/BiVO, are 7.67, 3.62, 20.78, and 2.69 mz-gfl, respectively. This means that
calcination decreased surface area. The band gaps of C-Bi,WO, C-BiVO,,
Bi,WO,/BiVO,, and C-Bi,WO,/BiVO, were estimated to be 2.69, 2.30, 2.18, and 2.08 eV,
reapectively. Photocatalytic result in Fig. 12 showed that C-Bi,WO,/BiVO, exhibited
higher photocatalytic activity than C-Bi,WOg, C-BiVO,, and uncalcined Bi,WO,/BiVO,.
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Figure 12 (a) Photocatalytic degradation efficiency of RhB by different photocatalysts
under visible light irradiation and (b) the dynamics of RhB degradation
reaction (Ju et al., 2014).

In addition, trapping experiments were performed to explain the
photocatalytic mechanism of C-Bi,WO/BiVO, composite. Quenchers were added to
the photocatalytic reaction (1.0 mM IPA (a quencher of -OH), BQ (a quencher of -O,),
and TEOA (a quencher of h'), respectively) to investigate hydroxyl radicals (-OH),
superoxide radical (-0,) and holes (h'). Possible mechanism of C-Bi,WO,/BiVO,
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photocatalysis was showed in Fig. 13. C-Bi,WO4/BiVO, composite exhibits enhanced
photocatalytic activities due to Bi,WOy4 accelerating the separation of photoinduced
electron-hole pairs which reduce the recombination of the photoinduced charge

carriers.
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Figure 13 Photocatalytic mechanism of Bi,WO,/BiVO, photocatalyst (Ju et al., 2014).

Ju et al. (2016) studied a synthesis of a novel nest-like Bi,WO/BiVO,
photocatalyst and its enhancement in photocatalytic antifouling activity under visible
light. The Bi,WO4/BiVO, in difference W/V mole ratios of 1:0.25, 1:0.5, 1:0.75 and 1:1
were synthesized by hydrothermal method. Investigation of morphologies by field-
emission scanning electron microscope showed that construction of nanoplates on a
flower-like structure was increased as BiVO, contents increased. Moreover, the more
BiVO, contents increased, more perfect structure of Bi,WO,/BiVO, could be observed
as showed in Fig. 14. Photocatalytic antifouling activities showed in Fig. 15 that
Bi,WO,/BiVO,-1 exhibited the best activity. It was clearly seen that photocatalysis by
the Bi,WO4/BiVO,-1 proceeded to killing almost of bacteria cells in 60 min with the
highest rate over pristine Bi,WO4, BiVO,; and other Bi,WO./BiVO,. In addition,
photocatalytic antifouling mechanism of the Bi,WO,/BiVO,;-1 was suggested and
showed in Fig. 16.



Figure 14 FESEM images of the as-prepared photocatalysts: (a) Bi, WOy,
(b) BiVOy, (c) Bi;WO,/BiVO4-0.25, (d) Bi,WO./BiVO,-0.5,
(e) Bi,WOy/BiVO4-0.75, and (f) Bi,WO,/BiVO,-1.
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Figure 16 Photocatalytic antifouling mechanism of the Bi,WO,/BiVO,-1 composite.

4. Visible driven photodegradation of methyl orange

Zhang et al. (2009) studied effects of pH on hydrothermal synthesis and
photocatalytic activities of the BiVO, evaluated by the decolorization of methyl
orange (MO) in aqueous solution under visible light irradiation. 0.02 mol Bi(NOs)s-5H,0
and 0.02 mol NH.VO; were used as starting materials. These two solutions were
mixed and the pH values were adjusted to be 1.7, 3.2, 5.3, 6.9, 8.8 and 11.5 by
diluted NaOH and HNO; solutions. Characterization results showed that crystalline
phase, morphology, surface area and electronic structures of obtained BiVO, were
significantly influenced by pH used in hydrothermal synthesis. Mixed phases of
tetragonal and monoclicnic structrues could be occurred at low pH and pure
monoclinic phase could be selectively synthesis by increasing pH value
Photocatalytic activity of BiVO, samples were studied by decolorization of MO under
visible light irradiation using a 500-W Xe-lamp with UV cut-off. 0.2 ¢ of BiVO,

photocatalyst was added into 100 mL of 10 ppm MO solution. The solution was
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stired for 10 min in darkness in order to reach the adsorption-desorption
equilibrium. At a certain irradiation time, each 5 mlL suspension was taken, and
solution was collected by centrifugation to determined concentrations of the MO by
checking the absorbance of solutions at 464 nm. Percentage of degradation in Fig. 17
showed that BiVO, synthesized at pH 6.9 (d) was sharply increased in first 5 min and
the highest of 98.5% MO degradation could be obtained in 60 min. This rapid high
photocatalytic activity of the BiVO, synthesized at pH 6.9 was because of strong
absorption of visible light due to the narrow band gap (2.29 eV) and large surface
area (4.98 m’g ).
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Figure 17 Photodegradation of MO by BiVO, samples prepared at different pHs:
(a) 1.7; (b) 3.2; (c) 5.3; (d) 6.9; (e) 8.8; (f) 11.5 (Zhang et al., 2009).

Jiang et al. (2012) studied synthesis of multiple morphologies of BiVO,
powders via hydrothermal method and their visible-light-driven photocatalytic
properties for methyl orange (MO) degradation. 10 mmol of well-ground
Bi(NO1);-5H,0 and 10 mmol NH,VO; were used as starting materials. The starting
materials were dissolved in 50 mL of 2 M HNO;. Hydrothermal treatment was

controlled at 100 or 160 °C for 30 h. Yellow precipitate was obtained and calcined at
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550 °C for 4 h. Characterization results showed that spherical BiVO, with porous
structures was fabricated by hydrothermal treatment at 100 °C with poly(vinyl
pyrrolidone) (PVP) and urea pH = 2. On the other hand, flower-cluster-like BiVO,, and
flower-bundle-like BiVO, were generated hydrothermally at 100°C without PVP at
160°C with NaHCO; adjustment of pH = 7 and 8, respectively. XRD patterns and
Raman spectra of all conditions confirmed that BiVO, samples were monoclinic
structure. Photocatalytic activities of the BiVO, samples were studied by evaluation
of the MO degradation under visible-light generated by a 300-W Xe lamp with an UV
optical cut-off filter. 0.1 g of the BiVO, or P25 (TiO,) sample was added to 200 mL of
10 ppm MO solution. Then mixture was sonicated for 30 min and stirred in dark for
3h to reach absorption equilibrium. 4 mL of reactant was taken every 20 min and
solution was separated by centrifugation. The concentration of MO solution was
analyzed by UV-Vis equipment. Photocatalytic performance of BiVO, samples
showed in Fig. 18 and the spherical BiVO, presented the best activity with a surface
area of 8.4 mz-gflwas associated with its higher surface area, narrower band gap

energy, higher surface oxygen vacancy density, and unique porous architecture.

® Blnk 0 BiVO,2 o
02} .

m P25 A BiVO,3 )
A BiVO,1 o BiVO-4

0.0 1 I 1
0 30 60 90 120

Irradiation time (min)

Figure 18 Photocatalytic performance of BiVO, samples: BiVO,-1 spherical,
BiVO,-2 porous spherical, BiVO,-3 flower-cluster-like and BiVO,-4
flower-bundle-like (Jiang et al., 2012).



24

5. Visible driven photocatalysis oxygen liberation

Soma et al. (2014) reported photocatalytic oxygen (O,) liberation (evolution)
performance of high crystallinity BiVO, under visible light. The BiVO, was synthesized
with a short synthetic time by a homogeneous-precipitation urea method using
microwave as the internal heating (MW-urea method). Photocatalytic O, liberation
from an aqueous silver nitrate solution over various synthesized method BiVO,
showed in Table 3 that photocatalytic activity increased by heating time due to the
increasing of ms- phase. Moreover, small amount of defect and clear crystal facets of

the single crystal like particle also contributed to high photocatalytic activity Fig. 19.

Table 3 Sacrificial O, liberation over BiVO, photocatalyst prepared by various
methods (Soma et al., 2014)

Rate of O,
Preparation Preparation Surface area

Crystal form 5 evolution

method condition (m™g’) .

(umol h )
MW-urea 373 K, 5 min 2t° s-m” 1.1 31
MW-urea 373 K, 30 min z—ta, s-mb 0.2 318
MW-urea 373 K, 45 min s-m” 03 466
MW-urea 373 K, 60 min 5-m” 0.4 597
MW-urea 373 K, 120 min s-m’ 0.3 481
Urea 348 K, 60 min z—ta, s—mb L8 285
Urea 348 K, 300 min sm"° 0.4 373
MW-LSR 373 K, 240 min s-m’ 1.5 625
LSR RT, 3 days sm’ 18 142

*Photocatalyst: 0.5 g; reactant solution: 0.05 mol L AeNQO; ag., 120 mL; light source: 300 W Xe
lamp with a cut-off filter (A > 420 nm)
a z-t: zircon structure tetragonal system

b s-m: scheelite structure monoclinic system
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Figure 19 SEM images of BiVO, prepared by (a)-(d) MW-urea method, (e), (f) Urea
method (g) MW-LSR, and (h) LSR. Each preparation time is (a) 5 min,
(b) 30 min, (c) 45 min, (d) 60 min, (e) 60 min, (f) 300 min,
(g) 240 min and (h) 3 days.

In addition, BIVO, prepared by microwave-urea method was reported its
performance in Z-schematic solar water splitting with Fe’'/Fe”" electron mediator.
In the system, 0.2 ¢ of Ru/SrTiOs:Rh and 0.4 g of BiVO, photocatalysts were used for

H;-evoling and O,-evolving, respectively. Reactant solution was prepared: 2 mmol L
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FeCls ag. 120 mL (pH 2.4), light source: solar simulator (AM-1.5, 100 mw cm_z),
iradiated area: 33 cm’. It was resulted in Fig. 20 that solar water splitting steadily

proceeded and gave activities of 354 and 171 mL h_1 for H, and O, evolution,

g
respectively, for 1 m" irradiation area.
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Figure 20 Z-schematic solar water splitting using Ru/SrTiOs:Rh and BiVO,
photocatalysts for H, and O, evolution, respectively.

(Soma et al., 2014).



CHAPTER 3

RESEARCH METHODOLOGY

Research methodology is separated into four main parts. The first part is

synthesis of BiVO; powder by ethanol-assisted hydrothermal (ET) method. The

second part is synthesis of BiVO,/Bi,WO, composites by ET method. The third part is

characterization of products obtained from the first and second parts. The last part is

a study of photocatalytic activity of the BiVO,

composites.

1. Synthesis of BiVO,

1.1 Chemicals

powders and BiVO./Bi, WO,

Analytical grade chemical used through these experiments are shown in

Table 4.

Table 4 Chemicals used for BiVO, synthesis and methyl orange photodegradation

Chemical lists assay Manufacturer Country
1. Ammonium hydroxide (NH,OH)  29.5 % v/v J.T. Baker USA
2. Ammonium vanadate (NH,VO3z)  99.5 % w/w Ajax New Zealand
3. Bismuth nitrate pentahydrate 98.0% w/w Fluka England
(Bi(NO3)5-5H,0)
4. Ethanol (C,HsOH) 998 % Vv/v Liquor Thailand
Distillery
Organization
Excise

Department
5. Methyl orange (C,4H;4N3Na05S) AR grade RCl Labscan Thailand
6. Nitric acid (HNO3) 65.0% wv/v RCl Labscan Thailand
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Table 5 Instruments used for BiVO, synthesis and methyl orange photodegradation

Instrument Manufacturer Country
1. Analytical balance Mettler Toledo Switzerland
2. Centrifuge machine Labquip Centurion England
1000 series
3. Energy dispersive X-ray spectrometer Oxford England
IncaPentaFETx3
4. Fine coater JEOL JFC 1200 Japan
5. Fourier transform infrared AB304-5 USA
spectrophotometer PerkinElmer
SpectrumRX |
6. LED Lamp 14 Watt (cool daylight) Philips Electronic China
7. Mortar - -
8. Oven Memmert Germany
9. Scanning electron microscope JEOL JSM-6335F Japan
10. Surface area analyzer Quantachrome USA
Autosorb 1 MP
10. Ultrasonic bath Labquid 136H England
11. UV-Vis spectrometer Hitachi U2900 Japan
12. UV-Vis diffuse reflectance spectrometer Shimadzu UV2600 Japan
13. X-ray diffractometer Bruker D8 Advance Germany
14. X-ray absorption spectroscope SUT-NANOTEC-SLRI Thailand

XAS beamline
(BL. 5.2)

1.3 Experimental

1.3.1 BiVO,; was synthesized by Bi and V ratio of 1:1. Solution A was

prepared by dissolving 10 mmol Bi(NOs); 5H,0 in 20 mL of 6 M HNOs. Solution B was

prepared by dissolving 10 mmol NH,VO; in 40 mL of 5 M NH,OH.
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1.3.2 After that, solution B was slowly and carefully dropped into
solution A while continuously stirring.

1.3.3 The pH of the mixture was adjusted to 6—8. The mixture became
yellow slurry.

1.3.4 Then, 100 mL of absolute C,HsOH was poured into the mixture. It
was stirred for 60 minutes before adding some absolute C,H:OH to make the final
volume 200 mL and transferred to a 1,000 mL Teflon-lined stainless steel reactor.

1.3.5 The ET conditions were controlled by heating at temperature of
100-200 °C for 2-6 h as showed in Table 6 and 7.

1.3.6 Finally, yellow precipitate was obtained and then it was separated
by a centrifuge at 3000 rpm for 10 min, washed with deionized water three times and
dried in an oven at 100 °C for 24 h,

1.3.7 The obtained powder was ground before characterization and

photocatalysis study.

Table 6 Ethanol-assisted hydrothermal conditions at 200 °C for 4 h

pH Temperature (°C) Time (h)
6 200 4
i 200 q
8 200 4

Table 7 Ethanol-assisted hydrothermal conditions at pH 7

pH Temperature (°C) Time (h)

100 2
100

o R

100
200
200

~N NN~
o ANy B

200
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Figure 21 Scheme of synthesis of BiVO, via ethanol-assisted hydrothermal method:

(a) co-precipitation and (b) hydrothermal reaction.



2. Synthesis of BiVO,/Bi,WO, composites

2.1 Chemicals
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BiVO,/Bi,WOs composites were synthesized in OHTANI’s laboratory at

Hokkaido University, Japan. So that, all chemicals use in this part are totally different

manufacturer. However, all chemical used are analytical grade as shows in Table 8.

Table 8 Chemicals used for BiVO,/Bi,WO; synthesis and photocatalytic oxygen

liberation
Chemical lists assay Manufacturer Country
1. Ammonium solution (NHs) 250% w/w
2. Ammonium vanadate (NH,VO;)  99.0 % w/w
3. Bismuth nitrate pentahydrate
99.9% w/w
(Bi(NO4)5-5H,0)
4, Ethanol (C,H;OH) 99.5% w/w  Wako Pure
Japan
5. Iron(lll) chloride hexahydrate Chemical
99.9 % w/w
(FeCls-6H,0)
6. Nitric acid (HNO,) 60 % Vv
7. Sodium tungstate (VI) dihydrate
99.0% v/v

(Na,WO4-6H,0)

2.2 Instruments

Table 9 Instruments used for BiVO,/Bi,WOs synthesis and photocatalytic oxygen

liberation
Instrument Manufacturer Country
1. Analytical balance SHIMADZI Japan
2. Centrifuge machine KUBOTA 2010 Japan
3. Centrifuge machine (micro centrifuge) Eppendorf 5424 Germany
4. Electric furnace SHIROTA DENKI Japan

ROZAI Super series
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Table 9 (Continued)

Instrument Manufacturer Country
5. Energy dispersive X-ray spectrometer (EDS) Oxford Japan
IncaPentaFETx3
6. Gas chromatograph (GC-8A) Shimadzu Japan
7. Magnetic stirrer ASONE HS-30D Japan
8. Oven (drying oven) ADVANTEC VR420 Japan
9. Oven (hydrothermal oven) Yamato DKN 302 Japan
10. Photoacoustic spectroscopy (PAS) Household Japan
11. Scanning electron microscope (SEM) JEOL JSM-7400F Japan
12. Surface area analyzer Quantachrome Japan
NOVA1200e
13. Ultrasonic bath YAMATO Japan
BRANSON 5800
14. UV-Vis diffuse reflectance spectrometer Jasco V-670 Japan
(UV-Vis DRS)
15. X-ray absorption spectrometer (XAS) SUT-NANOTEC-SLRI Thailand

XAS beamline

(BL. 5.2)
16. X-ray diffractometer (XRD) Rigaku Smart lab Japan
17. X-ray photoelectron spectrometer (XPS) XPS beamline Thailand
(BL. 5.3)

2.3 Experimental
BiVO,/Bi,WO¢ was synthesized via ethanol-assisted hydrothermal method
using the same synthesis process as BiVO, (10 times smaller in batch size) and Bi,WO,

powder was added into suspension before heating.
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2.3.1 Synthesis of Bi,WO, powder

Firstly, flake-ball like (FB) Bi,WO; powder was synthesized by
hydrothermal method at 200 °C for 20 h according to the previous report (Hori et al.,
2017). In the synthesis process, Bi(NOs)s-5H,0 and Na,WO,-2H,0O were used as starting
materials as shown in Fig. 22. In solution A, 5.0 mmol (2.4202 g) of the Bi(NOs);-5H,0
was easily dissolved in 10 mL pure water under magnetic stirring at 500 rpm.
Separately, solution B was 2.75 mmol (0.9072 ¢) of Na,WO,2H,0 which was
completely dissolved in 40 mL pure water. Then, the solution B was slowly added
drop wise into the solution A under continuous stirring. After that, 10 min stirring
followed by 10 min sonication were applied to the suspension. Consequently, water
was added to adjust the final volume to 70 mL before hydrothermal heating at
200 °C for 20 h. After natural cooling, pale yellow precipitate was obtained. It was
wash with 50 mL water 3 times until pH of liquid phase was 7 and dried at 120 °C for
4 h. Finally, dried Bi;WO; cake was ground and its powder was collected and keeps

in a dry glass bottom.

2.75 mmol Stir
Na, WO, 10 min
3 +
40 mL H,0 AddSmL (3 Sonicate A
, | Diopdd  HO . 10 min !
Stir 15 min - @ £ E 3 L4
5.0 mmol
Bi(NO,),.5H,0 Add 15 mL H,0
+ o Vol. = 70 mL
10 mL H,0O ! |

Figure 22 Scheme of synthesis of Bi, WOy via hydrothermal method.
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2.3.2 Synthesis of BiVO,/Bi,WOy4 composites

BiVO,/Bi;,WO, composites were synthesized in various BiVO, mole
fractions (Fig. 23(b)) by the same process as in the synthesis of BiVO, (Fig. 23(a)) which
pH value was controlled at 7. After continuously stirring for 1 h, a certainly weight of
Bi,WO, powder was added into the mixture. Then, the suspension was stirred for 15
min. After mixing well, some absolute ethanol was added into the mixture to make
the final volume 20 mL and transferred to a 100 mL Teflon-lined stainless steel
reactor. The ethanol-assisted hydrothermal conditions were controlled by heat

treatment at 200 °C for 2 h as showed in Table 10.

Table 10 Synthesis conditions of BiVO,/Bi,WO, composites

BiVO, : Bi,WOs Temperature Time
Sample

(mol : mol) (°C) (h)
Bi,WOy 0:1 200 2
BiVO./Bi,WO4_0.5 1:1 200 2
BiVO,/Bi,WO; 0.67 7050 200 2
BiVO,/Bi,WO, 0.80 1:0.25 200 2
BiVO,/Bi,WO, 0.91 L 000 200 2
BiVO, 1:0 200 2

Finally, all synthesized samples were characterized and evaluated their

photocatalytic oxygen liberation performance.
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Figure 23 Scheme of synthesis of (a) BiVO, and (b) BiVO,/Bi,WO, composites via

ethanol-assisted hydrothermal method.
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3. Characterizations
3.1 X-ray diffraction spectrometry (XRD)
Crystalline structures were analyzed by using XRD. Synthesized sample
power was placed on sample holder and pressed with glass slide to make its surface

smooth before analysis. The crystalline phase of BiVO,; was determined by X-ray

diffractometer using CuKg radiation (A = 0.15418 nm), scanning step of 0.02°
(2/step/sec) and the monoclinic and tetragonal structure of the BIVO, and
orthorhombic of Bi,WO,; were confirmed by comparing JCPDS file no. 14-0688, 14-
0133 and 79-2381, respectively.

3.2 Fourier transform infrared spectroscopy (FT-IR)

Synthesized sample power was ground with potassium bromide (KBr) with
the ratio of sample: KBr = 1:100. Next, the mixture powder was pressed into a pellet.
The pellet was placed on sample holder and analyzed.

3.3 Scanning electron microscopy (SEM)

Morphologies of obtained powders were observed by SEM. Synthesized
sample power was ground and dispersed in ethanol by sonication for 10 min. Next,
the mixture was dropped on a stup and quickly dried. After that, it was coated by
goal at a voltage of 15 kV, placed on sample holder and analyzed. Some samples
were observed by another instrument, a field-emission scanning electron microscope
(FE-SEM) in secondary-electron image (SEI) mode. The FE-SEM was operated at 5.0 kV
electron-acceleration voltage, 10.0 pA current and 5-6 mm working distance. Dried
sample powder was placed onto a carbon tap (Okenshoji #15-1096) sticked on a
stub (12 mm in diameter; 10 mm in height).

3.4 Surface area analysis

Synthesized sample power were weight to 500 mg in a sample vassel.
Pre-heating at 150 °C for 90 min was applied to remove some moisture before
measuring surface area of the particles by nitrogen absorption and calculated by

Bruauer-Emmett-Teller (BET) method.
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3.5 Diffuse reflectance spectroscopy (DRS)

Absorption spectrum was recorded by UV-Vis absorption spectrometer.
Barium sulfate was used as white reflectance standard. Then, band gap energy (E,)
was calculated by a Tauc plot from the Kubelka-Munk equation.

3.6 Photoacoustic spectroscopy (PAS)

Energy-resolved density of electron traps (ERDT)and conduction band-
bottom position (CBB)were measured by reversed double-beam photoacoustic
spectroscopy (RDB-PAS) and single-beam PAS, respectively using home-made RDB-PAS
apparatus. The experiment was processed in a glove box under nitrogen gas.

3.7 X-ray absorption spectroscopy (XAS)

Oxidation state of vanadium atoms and mean bonding distance between
vanadium and oxygen atoms were studied by X-ray absorption spectroscopy (XAS)
technique at the SUT-NANOTEC-SLRI XAS beamline (BL. 5.2), Synchrotron Light
Research Institute (SLRI, Nakhon Ratchasima, Thailand). XAS measurements were
collected at V K-edge energy (5465 eV) and Bi Ms-edge energy (2580 eV) in
transmission mode. The measured XAS data were analyzed using Athena software as

implement in the IFEFFIT package (Newville, 2001; Ravel et al., 2005).

4. Photocatalysis studies

4.1 Photodegradation of MO
Photocatalytic activity of BiVO, samples were studied by decolorization

of MO under visible light irradiation using 14W LED lamps as showed in Fig. 24. 0.05 g
of BiVO, photocatalyst was added in 100 mL MO solution (10 ppm) and sonicated for
15 min. After that, it was stirred in dark for 60 min to allow the absorption-desorption
equilibrium. Then, a 5 mL of suspension was taken (marked as Cy), centrifuged and
filttered. Liquid phase was collected to determined concentrations of the MO by
measured absorbance using UV-Vis spectrometer (scanning mode). Next, each 5 mL
of the reactant suspension was sampled very 30 min and the absorbance was

recorded. Finally, concentration of MO at time, t, was calculate and marked as C..
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Figure 24 Scheme of photocatalytic methyl orange degradation study.

4.2 Photocatalytic oxygen liberation

Photocatalytic oxygen liberation over BiVO,; Bi,WO; and BiVO,/Bi,WOy
composites also studied following the process showed in Fig. 25. A photocatalys was
weight for 50 mg and suspended in an aqueous solution of FeCl; (5.0 mL; 0.25
mmol) in a glass tube. Consequently, sonication for 15 min and argon bubbling for 15
min to purge off air were applied. Next, the suspension was photoirradiated by a UV-
Vis lamp (a 400-W high pressure Hg arc lamp) or visible-light (a 300-W Xe lamp with a
Y44 cut-off glass filter (Hoya, Japan) transmitting lisht of wavelength > ca. 420 nm) in
a thermostatic bath (25 °C). At every 15 min reaction time, amount of liberated
oxygen in the gas phase of a glass tube was measured by a thermal conductivity
detector-gas chromatograph (GC-TCD) with a molecular sieve 5A column to calculate

the rate of oxygen liberation.
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Figure 25 Scheme of photocatalytic oxygen liberation study.
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CHAPTER 4
RESULTS AND DISCUSSION

There are mainly two parts described in this chapter. In the first part, effects
of synthesis parameters on characteristics of BivO, and its photocatalytic degradation
of methyl orange (MO) dye are showed and discussed. The optimum synthesis
condition is chosen for the next experiments. For another part, characterizations of
BiVO./Bi,WOs composites and their photocatalytic oxygen liberation comparing to
pristine BiVO, and Bi,WOy are subsequently discussed.

Theoretically, synthesis conditions; such as pH of suspension, reaction
temperature and reaction time, will impact on crystalline structure as well as
morphology of a photocatalyst product. These properties relate to its photocatalytic
activity (Dong, Feng et al., 2014; Tan et al., 2013; Zhang et al., 2006). Hence, it is

necessary to study some optimize parameters of the synthesis conditions.

1. Effect of pH on characteristic of BiVO, powder
1.1 Crystalline structure of synthesized BiVO,

During the synthesis of BiVO,, VOQ} and Bi' precursors are formed
depending on pH values of the suspension. The forming of these precursors
influenced crystal structure of the obtained products. Initially, there was no
precipitate formed because mixture of the precursors was in strong acid solution (pH
= 0). As pH value was increased, red-orange precipitates were formed. Finally, yellow
mixture was obtained after pH adjustment to 7. XRD patterns of obtained BiVO,
synthesized by adjusting the before-heating pH values to 6, 7 and 8 were shown in
Fig. 26. It was shown that tetragonal structure preferred to obtain in acidic
synthesized condition. However, crystalline phase transformed from tetragonal to
monoclinic structure by increasing the pH value to 7 and 8. In another word, fraction

of ms-phase was increased by increased pH values and the ms-phase usually
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obtained at neutral pH. This result related to the previous reports (Wan et al., 2012:
Zhang et al., 2012).
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Figure 26 XRD patterns of BiVO, powder synthesized by ET method at 200 °C for 4 h
by adjusting pH to (a) 6, (b) 7 and (c) 8.

1.2 Morphology of synthesized BiVO,

Moreover, the initial pH value has significantly influences morphology of
BiVO, as has been reported by other researchers (Lu et al., 2015; Wan et al,, 2012,
Zhang et al., 2009). SEM images in Fig. 27 showed morphologies of BiVO, particles
synthesized at pH 6, 7 and 8. Ball-like particles mixed with rod- and plate-like
particles were obtained by adjusting pH value to 6 (Fig. 27 (a-b)). The morphology of
the BIVO, particles was changed to nano rod-like particles by adding more
ammonium hydroxide solution (NH;OH (aq)) to adjust pH value to 7 (Fig. 27 (c-d)). In
addition, at pH 7, some rods were growth to become bigger size particles. Further

adding more NH,OH until pH = 8, shape of particles were retained with a bigger
particles (Fig. 27 (e-f)).
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Figure 27 FE-SEM images of BiVO, synthesized by ET method at 200 °C for 4 h by
adjusting pH to (a-b) 6, (c-d) 7 and (e-f) 8.
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1.3 Electronic structure of synthesized BiVO,

Optical properties of BiVO, powders synthesized at various pH conditions
were determined by DRS. Kubelka-Munk (K-M) function spectra of the BiVO, powders
in Fig. 28 showed absorption range covering UV and visible region. It could be
noticed that curve of pH 6 spectrum had difference from spectra of pH 7 and 8 as
well as XRD results that pH 6 showed mixed phases of tetragonal and monoclinic

structure while pH 7 and 8 were both pure monoclinic phase.

K-M function

O * ¥ i I i 1 ¥ 1 1
200 300 400 500 600 700 800

Wavelength (nm)

Figure 28 K-M function versus wavelength (nm) spectra of BiVO, powders
synthesized by ET method at 200 °C for 4 h by adjusting pH to
6, 7 and 8.

Furthermore, E, of BiVO, powders were determined from Fig. 29 which
(FRIE)” (calculated from K-M function) and E were plotted. It was found that E, of the
BiVO, powders were in range of 2.58-2.60 eV.

In addition, XANES spectra of Bi and V measured at Ms-edge and K-
edge were shown in Fig. 30 and 31, respectively. Bi in all BiVO, structures synthesized
at pH 6, 7 and 8 showed similar edges position as standards Bi”' (Bi,Os) indicating that

oxidation state of Bi in the samples were remained in +3 state by varying pH values.
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In similar investigation way, edges of V K-edges XANES spectra of the BiVO, powders

appeared near edge of standard v (V;0s) suggesting the most vanadium in the

samples were V in V" mixed with V" in minority (Chaurand et al., 2007; Zhai et al.,

2013).
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method at 200 °C for 4 h by adjusting pH to 6, 7 and 8.
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Figure 30 Normalization Bi M5-edge XANES spectra of BiVO, powders synthesized at

200 °C for 4 h by adjusting pH to 6, 7 and 8.
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Figure 31 Normalization V K-edge XANES spectra of BiVO, powders synthesized at
200 °C for 4 h by adjusting pH to 6, 7 and 8 and compared with

standard powders of V,05, VO, and V,0s. The bottom figure

is a scale up figure.
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V K-edges XANES spectra in Fig. 31 showed that vanadium in pH 6 was
composed of V' while pH 7 and 8 were mixing phases of V™ and V7 it was also
found that, oxidation state results from the V K-edge XANES spectra were
corresponding to absorption spectra in Fig. 28. A shift of absorption edge from 520
nm to shorter wavelength described decreasing of Vv"* concentration (Lacrodphan et
al., 2016). Moreover, a slightly presence of V' mixed with V' on BiVO, surface with
high VM/V5+ molar ratio suggesting high amount of surface oxygen vacancies that
could be advantageous for photodegradation of MO (Jiang et al., 2011).

Additionally, V K-edge EXAFS spectra in Fig. 32 showed local structures of
the BiVO, powders synthesized at pH 6-8. It is clearly that the first shell positions of
nearest atoms were shifted as increasing pH from 6 to 8. V-0 bond distance of BiVO,
synthesized at pH 6, 7 and 8 were 1.25, 1.29 and 1.31 A, respectively, (no phase shift
has been applied to the ¥(R) functions). The BiVO, synthesized at pH 6 showed
clearly different characteristic spectrum from pH 7 and 8 indicating different

environment around interested V atom.

pH 8

pH7

pH 6

<

> B JF ALY NI Y
Radial distance (A)

Figure 32 Normalized V K-edge EXAFS spectra of BiVO, powders synthesized at
200 °C for 4 h by adjusting pH to 6, 7 and 8.
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According to above results, it was obviously that pH values affected
formation of BiVO, structure and shape of BiVO, particles. At different pH values,
concentration of precursor ions can be varied, the relevant chemical reactions can
be formulated in the suspension. In the acidic condition (pH=1 and 4), the
concentration of hydrogen ion (H) is high enough to restrain the hydrolysis of
Bi(NOs); to BIONO; (1)-(2), thus B> is the main form (Lu et al,, 2015; Opimakh et al,
2014, Zhang et al., 2009). On the other hand, alkalization (in basic solution) of the
vanadate solution caused the decavanadate (Vloozgﬁ_) to decomposed to a lower
degree of condensation (3) (Opimakh et al., 2014):

B’ + 2H,0 «— BiOH)" + H' + H,0 <«—» BI(OH), + 2H (1)
NO; + Bi(OH),” — BIONO;| + H,0 (2)
VigOss (brown-red) + OH — V,0p," + OH — V,0," + OH —» VO,”  (3)
BIONO; + VO; — BiVO,] + NO5 (4)
Therefore, monoclinic phase was selectively synthesized by adjusting pH value

during the synthesis process.

2. Effect of reaction temperature and reaction time on characteristic of BiVO,
powder
2.1 Appearance of synthesized BiVO,

Reaction temperature and reaction time for ET reaction were controlled
at 100 and 200 °C and 2, 4 and 6 h, respectively. Variation in colors of BiVO, products
were showed in Fig. 33. The BiVO, powder synthesized at 100 °C were bright yellow
with no impact of reaction time. However, the bright yellow powder was changed to
pale yellow and green-yellow as temperature increased and reaction time was
prolonged. These various colors depended on the Bi content (black => low Bi; green
yellow => high Bi content) which influenced chemical composition, crystal form,
particle size, size distribution and particle morphology (Barreca et al., 1999; Zhang

et al., 2006).



48

(e)

Figure 33 Color of BiVO, powder synthesized by ET method at 100 °C for (a) 2, (b) 4,
(c) 6 h and 200 °C for (d) 2, (e) 4, (f) 6 h.

2.2 Crystalline structure of synthesized BiVO,

Crystalline structure of synthesized BiVO, powders analyzed by XRD
showed that reaction temperature and reaction time played an important role on
their crystalline types. X-ray diffraction patterns of synthesized BiVO, were shown in
Fig. 34 and the characteristic peaks were compared with the JCPDS Card No. 14-0133
and 14-0688. The rest of the peaks were assigned to monoclinic (m-) phase BiVO,. It
was clearly shown that almost all samples were pure ms-structure excepted the
BiVO, synthesized at 100 °C for 2 h where a small peak at 20 = 24.4° in Fig. 34(a)
corresponded to tetragonal phase. However, the tetragonal phase was found to
transfer to monoclinic phase when the synthesized time was increased from 2 h to 4
and 6 h as can be seen an absence of tetragonal peak at 24.4° in Fig. 34(b) and (c),
respectively. For the synthesized temperature of 200 °C, crystalline single monoclinic
phase of BiVO, nanoparticle was obtained for all hydrothermal reaction time of 2, 4

and 6 h as seen in Fig. 34(d), (e) and (f), respectively.
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Figure 34 XRD patterns of BiVO, powder synthesized by ET method at 100 °C for
(@) 2, (b) 8, (c) 6 h and 200 °C for (d) 2, () 4, () 6 h.

Crystalline characteristics of BiVO, powders synthesized by ET method
were summarized in Tables 11. The percentage of the m-phase in the BiVO, structure
was calculated by ratio of intensity of (121) peak of m-structure (I,,ono) and summary
of lmono @nd intensity of (200) peak of t-structure (leya). The BiVO, nanoparticle
synthesized at 100 °C for 2 h consisted of 3 % of tetragonal phase while further
increasing of reaction time and reaction temperature developed the crystalline
structure to ms-strucuture. Approximate crystalline sizes of a single monoclinic phase
of BiVO, synthesized at 100 °C and 200 °C were calculated by the Scherrer equation
(Bhattacharya et al., 1997; Ohtani, 2008). It was found that the crystalline sizes were
increased at a higher temperature and prolonger processing time. In addition, the
crystalline structures of BiVO, synthesized in this work were extremely smaller than
other BiVO, crystals synthesized by other methods, e.g. homogeneous precipitation
(Yu et al., 2009) hydrothermal (HT) and surfactant-assisted hydrothermal (Zhang and
Zhang, 2009a).
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Table 11 Crystalline characteristic of BiVO, powder synthesized by ET method at
100 °C and 200 °C for 2-6 h

Reaction  Percentage of  Crystalline size  Stretching of V-0

Temperature 1
time (h) ms-phase (nm) bond (cm )

100 °C % 97 23 729

4 100 e 737

6 100 23 726

200 °C 2 100 24 735

4 100 25 742

6 100 25 744

IR spectrum showed in Fig. 35 that peak position and characteristic peaks
were corresponded to ms-phase of BiVO, (Ke et al., 2009) and related to XRD results.
The IR characteristic peaks were summarized in Table 12. Small peaks at 474 cm’
were corresponding to VO, stretching. Moreover, the sharp peaks (732-740 cm ' and
828-836 cm) were asymmetric and symmetric stretching of V-O bonding,
respectively (Goti¢ et al., 2005; Ke et al, 2009). A minor shift of the V-O bands to
higher frequency was suggested corresponding to distortion of VO, tetrahedral
structure, thus changed electronic structure and photocatalytic activity of the BiVO,
(Ding et al., 2013; Thalluri et al., 2013; Zhang and Zhang, 2009b).

In addition, the symmetric V-O frequencies were increased along with the
asymmetric V-0 by increasing heating temperature to 200 °C as shown in Fig. 35 (d)-
(f). It has been reported that high temperature (180 °C, 24 h) solvothermal synthesis
of the ms-BiVO, using polyethylene glycol (PEG 2000) with V-O band located at
higher wavenumber trended to improve the photocatalytic performance. BiVO, with
732 cm’ stretching were found to decolorize over 90% rhodamine B (RhB) under
visible light in 180 min (Lin et al,, 2014). In addition, the band at 2345 cm’ was
assigned to carbon dioxide (CO,) impurity from atmosphere. From results has
discussed above, BiVO, nanoparticle synthesized via low temperature ET method

may be a candidate for photocatalytic dye degradation. Further investigation of V-O
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distance of BiVO, will be discussed in the part of electronic structure of synthesized

BiVO, powder.
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Figure 35 FT-IR spectra of BiVO, nanoparticle synthesized by ET method at 100 °C
for (a) 2, (b) 4, (c) 6 h and 200 °C for (d) 2, (e) 4, (f) 6 h.

Table 12 IR characteristics of BiVO, powder synthesized by ET method

Wavenumber (cm)

Molecular 100 °C 200 °C
motion 2h 4h 6 h 2h 4 h 6 h
VO, 474 474 474 474 474 474
as(V-0) 732 736 734 738 740 733
s(v-0) 870 870 870 870 870 870

NO; 1394 1394 1394 - - -
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2.3 Morphology of synthesized BiVO,

Morphology of synthesized BiVO, powder was showed in Fig. 36. FE-SEM
images of BiVO, particles synthesized at 100 °C and 200 °C for 2-6 h were different in
their particle size and shape. It can be seen that particle size of BiVO, was increased
as the heat-treated time increased. The of BiVO, particle synthesized at 100 °C for
2 h were agglomerate and irregular in shapes. Fig. 36 (a) illustrated polygon large and
thick particle with particle sizes range between 200 nm - 1 pm similar to the ms-
BiVO, prepared precipitation method that need three-day crystallization (Saison et
al.,, 2011). Longer heating enhanced narrower particle size distribution and smaller
particles as seen in Fig. 36 (b) due to rearrangement of crystalline structure to be the
ms-crystal (Ke et al.,, 2009; Zhang et al., 2007). Continuously, the particles formed
larger particles as the processing time increased to 6 h. Moreover, BiVO, nanoparticle
synthesized at 200 °C for 2-6 h was showed rod-like particle growth with circular
grain (Fig. 36 (d)-(f)). As prolong heat-treated time, the larger and longer particle could
be obtained related to previous report (Zhang et al., 2007). According to the
morphology that played important role in photocatalytic activity (Jiang et al., 2011;
Lei et al., 2014), controllable T-shape monoclinic BiVO, synthesized by structure-
directing surfactant assisted hydrothermal were reported (Dong, Yu et al., 2014). T-
shape monoclinic BiVO, with 0.5 pm width and 2 um length was obtained and
showed higher decolorization rate of methylene blue (MB) solution than commercial
P25 under visible-light irradiation. As this work, synthesis condition played important
role on BiVO, morphology. The similar morphology and smaller particles of the BiVO,
synthesized by ET method might be a high performance candidate for MB dye

degradation application.
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Figure 36 FE-SEM images of BiVO, synthesized by ET method at 100 °C for (a) 2,
(b) 4, (c) 6 h and 200 °C for (d) 2, (e) 4, (f) 6 h.

2.4 Surface area of synthesized BiVO,
Specific surface areas (SSA) of BiVO, powders synthesized by ET method

were proved and showed in Table 13. The SSA increased as reaction time increased
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and higher reaction temperature improved the surface area. However, decreasing of

surface area for 200 °C 6 h was due to particle growth and became a larger particle.

Table 13 Physical properties of BiVO, synthesized by ET method in various synthesis

conditions
Reaction Reaction 5 V-O bond
SSA E4 b
Temperature time Morphology 5 distance
m-g ) (eV)

(°Q) (h) (A)

100 2 Irregular 6.80 2558 1.28

4 Irregular 5.69 2.59 1.45

6 Irregular 7.56 2.58 1.52

200 2 Red 8.79 2.59 1.24

4 Rod 9.80 2.5¢ 1.36

6 Rod 7.74 2. 57 1.38

: Specific surface area
° No phase shift (0.2-0.3 A) was applied
NA = Not analysis

2.5 Electronic structure of synthesized BiVQ,

In order to study reaction temperature and reaction time effects on
electronic structures of BiVO, powders synthesized by ET method, optical property of
the BiVO, was determined. K-M function spectra of BiVO, powders in various
synthesis conditions (Fig. 37) showed that the spectra covered UV and visible regions
(200-500 nm). It can be suggested that these BiVO, powders were monoclinic
structure related to XRD results (Tokunaga et al., 2001). Band gap energy (E,) of BiVO,
was evaluated from Tauc plot by a Kubelka-Munk function. The E, values of the
BiVO, powders were ranged from 2.57 to 2.59 eV for ET synthesis as summarized in

Table 13.
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Figure 37 K-M function versus wavelength (nm) spectra of BiVO, powder synthesized
by ET method at 100 °C for (a) 2, (b) 4, (c) 6 h and 200 °C for (d) 2, (e) 4,
(f) 6 h.

Furthermore, oxidation state of vanadium (V) and bond length between
vanadium atom and oxygen atom (V-O) were determined by XAS. X-ray absorption
near-edge (XANE) characteristics of the BiVO, were compared with vanadium oxide
standards (V,0; and V,0s5 for V"' and V5+, respectively) as showed in Fig. 38.
Noticeably, shift of pre-edge positions represented different in energy states of
excited electrons while the edge overlapped each other near V,0s (V5+) indicated
that the oxidation state of vanadium in the BiVO, structures were reduced from +5
to +4 (Zhai et al., 2013). These results were related to above-absorption spectrum in

Fig. 37 as it had already described in the previous part.
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Figure 38 Normalization V K-edge XANES spectra of BiVO, synthesized at 100 °C for
(@) 2, (b) 4, (c) 6 h and 200 °C for (d) 2, (e) 4, (f) 6 h. p(E) is X-ray

absorption coefficient.

On the other hand, V-O bond distances were calculated from Extended
X-Ray Absorption Fine Structure (EXAFS) characteristics. A V-O bond distance was
examined as the first shell di:stance from V atom in term of R-space. Figure 39
showed normalized V K-edge EXAFS spectra of BiVO, synthesized at 100 and 200 °C
for 2-6 h. The first highest loop of spectrum was the distance between V and O
atoms could be determined and showed in Table 13. It is noted that no phase shift
has been applied to the Y(R) functions, thus the peak position of ¥(R) functions will
be shifted from the actual value by approximately 0.2-0.3 A. The spectrum of BiVO;,
powder synthesized at 100 °C 2 h looked different from other synthesized conditions
suggesting that environment of V atom in the BiVO, was different from other. This
result corresponded to XRD diffraction pattern in Fig. 34 (a), where it showed an
impurity peak of tetragonal phase which V atoms were located differently comparing
to monoclinic phase (see Fig. 3). As prolonging reaction time, EXAFS spectrum of
BiVO, powder synthesized at 100 °C 4 h showed similar pattern as 2 h (Fig. 39 (a)) but

V-0 bond distance was increased. Further increasing of reaction time to 6 h, EXAFS
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characteristic was changed again. In addition, increasing of heating temperature to
200 °C showed other different patterns and lengthening occurred from 1.24 to 1.38 A
after prolongation from 2 to 6 h, respectively. Nevertheless, V-O bond lengths
obtained from BiVO, powders synthesized at 200 °C resembled to previous report
that V-0 bond lengths of the monoclinic BiVO, from experimental value were 1.692
and 1.767 A as well as from theoretical calculation using the density functional

theory (DFT) were 1.718 and 1.769 A (Ding et al., 2013).
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Figure 39 Normalized V K-edge EXAFS spectra of BiVO, synthesized at 100 °C for
(a) 2, (b) 4, (c) 6 h and 200 °C for (d) 2, (e) 4, (f) 6 h.

3. Photocatalytic activity of BiVO,
3.1 Photodegradation of MO dye over BiVO,
Photocatalytic efficiency of BiVO, powders synthesized in various pH
values on MO dye degradation showed in Fig. 40. Ratio of MO concentration at time
(C)) and initial concentration (Co) was calculated and plotted with light irradiation

time. As the results, It could be seen clearly that the BiVO, samples obtained at
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different pH values exhibited different photocatalytic activities (Lu et al., 2015). BVO,

obtained by adjusting pH to 7 was the most effective photocatalyst in this case.

oG

Figure 40 Photodegradation under LED lamps using BiVO, synthesized at pH 6-8
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and heating at 200 °C for 4 h.

Characteristics of BiVO, photocatalysts were changed by pH adjustment in

synthesis process. Influences of the characteristics on photocatalytic performance of

the BiVO, powder were showed in Fig. 41. In summary, the highest photocatalytic

activity was obtained by BiVO, with pure monoclinic structure, large SSA, small

crystalline size and short V-O bond distance. Thus, photocatalytic activity could be

controlled by adjusting pH.
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Figure 41 Characteristics and photocatalytic activities of BiVO, powders

synthesized at pH 6-8.

Photocatalytic efficiency of BiVO, powders synthesized in various reaction
temperatures and reaction times on MO dye degradation showed in Fig. 42. All
photocatalyst samples were stirred in darkness for 60 min before light irradiation in
order to make absorption equilibrium. It was clearly that the BiVO, synthesized by
ET method showed significantly better photocatalytic activity than hydrothermal (HT)
method (Fig. 42 (g)) at the same pH, reaction temperature and reaction time.
Notably, no MO degradation in dark as well as MO solution with BiVO, in dark and
MO with light were remained even after light irradiation for 240 min. Photocatalytic
activities of ET-BiVO, were followed: 100 °C 2 h = 100 °C 4 h = 200 °C 2 h < 100 °C
6 h < HT < 200 °C 4 h < 200 °C 6 h. BiVO, synthesized at 200 °C for 6 h showed
highest photocatalytic efficiency of 16% MO degradation in 240 min.
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Figure 42 Photodegradation of MO under visible light using BiVO, synthesized

at 100 °C (a) 2, (b) 4, (¢) 6 h and 200 °C for (d) 2, (e) 4, () 6 h
comparing with BiVO, synthesized by (¢) HT method.

3.2 Photocatalytic oxygen liberation of BiVO,

Photocatalytic oxygen liberation of BiVO, powder synthesized in various
reaction temperatures and reaction times were also studied for the real
photocatalysis through photoexcitation of a photocatalys, not electron injection from
dye molecule through photoabsorption (Ohtani, 2016; Yan et al., 2006). Figure 43
showed amount of oxygen liberation in average (number of data = 2) after UV-Vis
light irradiation (400W Hg arc lamp) for 240 min that BiVO, synthesized at 200 °C for
2 h exhibited the highest amount of oxygen gas.

In Fig. 44, reaction temperature and reaction time played role on
characteristics of synthesized BiVO, especially V-O bond distance. Correlation of
photocatalytic activities of the as-prepared BiVO, samples and their characteristic
parameters were clearly illustrated that the major factors influenced photocatalytic
activity of the BiVO, were V-0 bond distance and SSA. The best oxygen liberation
efficiency was obtained by the BiVO, with the shortest V-O bond distance and large
SSA.
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Figure 44 Characteristics and photocatalytic activities of BiVO, powders synthesized

by ET method at 100 °C and 200 °C for 2-6 h.
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All physical properties and photocatalytic activities results (numerical data) of
the obtained BiVO, powders were summarized in Table 14. It could be concluded
that crystalline structure, SSA and V-O bond distance had high impacts on
photocatalytic activity of the BiVO, These factors were simply controlled by
adjusting pH value of suspension before heating, reaction temperature and reaction
time. However, photocatalytic activity of a BiVO, sample can be improved by

modification such as adding other metal oxide to construct a composite.



Table 14 Physical properties and photocatalytic activities of BiVO, powder synthesized by ET method with various conditions

Stretching
Heating i V-0 bond 5 Oxygen
D of V-0 E, SSA %Degradation
Sample time %ms-phase Morphology distance ¥ . liberation
(nm) bond (eV) . (m-g) of MO
(h) ki (A) (pmol)
(cm )

PH 6 i 30 a5 NA Ball 2.58 1.25 1.24 10° NA
pH 7 q 100 27 NA Rod 2.60 1.29 7.05 46" NA
pH 8 4 100 29 NA Rod 759 1531 4.60 18° NA
2 Oif 23 132 Irregular 2.59 1.28 6.80 0 10.9
100 °C 4 100 23 736 Irregular 2.60 1.45 5.69 0.45 10.5
6 100 25 734 Irregular 2.60 1.32 1.56 0.56 12.6
2 100 24 738 Rod 2.60 1.24 8.79 0.45 17.5
2000%€ a4 100 25 740 Rod 2.58 1.36 9.80 9.0 134
6 100 25 733 Rod 2.58 1.38 7.74 16 115

’ Crystalline size of BiVO, were calculated from (121) XRD peaks by the Scherrer equation. ° Specific surface area. - Photocatalyst 1 ¢ L
under 14W LED lamp. ’ Photocatalyst 0.5 g L under 14w LED lamp for 4 h, © Photocatalyst 10 ¢ L™ under 300w Xe lamp with a Y44 Uv

cut-off window for 4 h.

€9
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4. Characterization of BiVO,/Bi,WO4 composites
4.1 Appearance of BiVO,/Bi,WO4 composite
Color of a BiVO./Bi,WOs composite with fIV) of 0.8 was presented in
brighten yellow while Bi,WOg and BiVO, powder were pale yellow and brighten
yellow, respectively, as shown in Fig. 45. Their color were not changed by calcination
at 600 °C for 4 h, excepted the shade of c-BiVO, could became a little darker than

uncalcined BiVOj,.

B,WO;  BIVO./BiWO, 0.8 BIVO,

V) oo, )

c-Bi,WOg  c-BiVO,/Bi,WO;_0.8

Y

c-BiVO,

Figure 45 Colors of uncalcined and calcined Bi, WOy, BiVO, and BiVO,/Bi,WO;_0.8

composites powder.

4.2 Crystalline structure

Crystalline phase structures of uncalcined and calcined pristine Bi,WOy,
BiVO, and BiVO,/Bi,WO¢ composites were analyzed by XRD as shown in Fig. 46. As
expected, XRD patterns of Bi,WOjy (Fig. 46A (a)) and BiVO, (Fig. 46A (f)) were defined
as orthorhombic (JCPDS file No. 79-2381) and monoclinic (JCPDS file No. 14-0688)
structure, respectively, without an impurity peak. Diffraction peaks of BiVO,/Bi,WOy
composites showed that the structures of the composites were constructed of
monoclinic phase of BiVO, and orthorhombic phase of Bi,WO,. Reasonably, peaks
intensities respected to BiVO,/Bi;WOs mole ratio as shown in Fig. 46A (b)-(e).
Crystalline phases after calcination at 600 °C for 4 h of all samples were unchanged

as showed in Fig. 46B. In contrast, peak intensities were greatly increased indicating
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that crystallinities of all samples were improved. Moreover, increasing of crystalline

sizes after calcination as shown in Table 15 indicated crystalline growth by

calcination.
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Figure 46 XRD patterns of (A) uncalcined and (B) calcined (a) Bi,WO, (b)-(e)
BiVO4/Bi,WO, composites with V) = 0.50, 0.67, 0.80 and 0.91,
respectively, and (f) BiVO,.



Table 15 Physical properties and photocatalytic activities of uncalcined and calcined Bi,WQys, BiVO, and BiVO,/Bi,WO, composites under
UV-visible and visible light

Uncalcined Calcined
4 UV-visible visible K UV-visible visible
SSA SSA
Samples V) D’ E 2 Rate Rate ) E, % Rate Rate
(m 2 2 m 2 2
(nm)  (eV) N (umol R (umol R (nm)  (eV) b (umol R (umol R
3 - gl 8] -1 -1
h) h) ho) h)
Bi,WO, 0 16 2.65 19 1.91 0.9825 0.38 0.9440 29 2.65 4 2.71 0.9943 0.15 0.9523
0.50 gl 2.56 NA 8.64 0.9898 2.04 0.9734 a7 2.49 NA 6.20 0.9908 1.84 0.9759
0.67 26 2.56 NA 10.45 0.9952 5.08 0.9525 60 2:50 NA 7.79 0.9880 3.80 0.9847
BIVO,/Bi,WO,
0.80 29 255 14 11.33 0.9932 4.82 0.9820 56 2.49 3 944 0.9909 4.10 0.9859
0.91 26 2.54 NA 12 77 0.9929 6.73 0.9790 58 2:51 NA 8.64 0.9865 3.60 0.9940
BiVO, 1 42 255 12 14.01 0.9932 7.90 0.9910 62 2.47 1l 4.62 0.9912 1.90 0.9824

aCrystalline size of Bi,WOg and BiVO, were calculated from (131) and (121) XRD peaks, respectively, by the Scherrer equation.

b .
Specific surface area

NA = Not analyzed

99
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4.3 Morphology

Morphologies of synthesized BiVO, was small rod-like particles of ca. 100
nm in width and ca. 200 nm in length as shown in Fig. 47 (a). Additionally, the rod-
like particles were agglomerated and densified by calcination at 600 °C for 4 h to
produce large particles with grain boundaries (Fig. 47 (b)). Moreover, hydrothermally
synthesized flake-ball-like (FB) Bi;WOy in Fig. 47 (c) was confirmed by SEM images that
all the Bi;WO¢ particles were assemblies of flakes with their outer diameter of ca. 5
MM as has been reported previously (Hori et al.,, 2015). The particle size of FB-
Bi,WOy particle was decreased by ca. 10-20% by calcination at 600 °C for 4 h (Fig. 47
(d)) presumably due to shrinkage and fusion of flakes.

On the other hand, calcined BiVO,/Bi,WO, composites showed different
results. Figures 47 (e)-(h) show morphologies of BiVO,/Bi,WO, composites with f{V) of
0.50, 0.67, 0.80 and 0.91, respectively, before calcination. As expectation based on
the preparation process, it appeared that small BiVO, rods were partly deposited on
and between flakes of FB-Bi,WO; particles. It was also noteworthy that although AV)
was increased, morphologies of the composites were similar while BiVO,/Bi,WO;,_0.80
particle was more covered by rod-like BiVO, particles than other composites.
Furthermore, by calcination at 600 °C (Fig. 47 (i)-(1)), it was interesting that the
deposited small BiVO, particles were interconnected with each other on the FB, but
did not form large sintered particles (as was seen for c-BiVO,). It was obviously that
BiVO, particles were stabilized on FB-Bi,WOy particles toward heat-induced sintering.

Elemental mapping analysis was shown in Fig. 48 in order to confirm that
c-BiVO,/Bi,WO4 composite was composted of Bi, O, V and W elements where the V

atoms were partly distributed on the Bi,WOy flake ball.
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SEM image Bismuth (Bi) Oxygen (O)

c————20 pm 0K

2.0 ym Bi M

Mixed Vanadium (V) Tungstate (W)

.?(}pm ——— 2.0 pm VK

Figure 48 Elemental mapping of ¢c-BiVO,/Bi,WQO, 0.8.

4.4 Surface area analysis
Specific surface area (SSA) of Bi,WO;4 BIVO, and BiVO./Bi;WOg_0.8
composite were determined by nitrogen adsorption method. As showed in Tablel5,
SSA of Bi;WO;, BIVO, and BiVO./Bi,WO,_0.8 composite were 19, 12 and 14 m’-g ,
respectively. However, SSA values were largely reduced by calcination. SSA of c-
BiVO, was much decreased by ca. 92% from before calcination due to particle
agelomeration while c-Bi,WO4 and c-BiVO,/Bi;WO,_0.8 were ca. 78% reduction. This
result related to FE-SEM images.
4.5 Electronic structure
Figure 49 shows KM spectra of uncalcined (Fig. 49 (A)) and calcined (Fig.
49 (B)) samples. It was found that all samples absorbed light in UV and visible region
while BiVO, and BiVO./Bi,WOs composites had wider light absorption in the visible
region than Bi,WOs. As summarized in Table 15, E, values of the BiVO, and Bi,WOx
were 2.53 and 2.65 eV, respectively. Moreover, E, of composites were slightly wider
(2.54-2.56 eV) than BiVO,, but they were not significantly affected by varying AV).
From XRD results and E, values, c-BiVO, and c-BiVO,/Bi,WO; should be promised to
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be the most visible-light active photocatalysts due to narrow band gap energies (Ju

et al,, 2014).
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Figure 49 KM spectra of (A) uncalcined and (B) calcined (a) Bi,WOy, (b)-(e)
BiVO4/Bi,WOg¢ composites with V) = 0.50, 0.67, 0.80 and
0.91, respectively and (f) BiVO,.
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Figure 50 shows ERDT and CBB position of samples plotted as a function
of energy (eV) from the top of valence band (VBT) of each sample. ERDT/CBB
pattemns represented surface properties of metal oxides (Nitta et al., 2016). It could
be seen that distribution of electrons were detected near CBB. In comparison, total
ETs densities in < > of Bi;WOg and BIVO, after calcination were significantly
decreased. Moreover, it was found that ERDT pattern of BiVO,/Bi,WO, was
reproducible by summations of the ERDT patterns of BiVO, and Bi,WO, with ca. 0.4
eV negative (downward) shift of the Bi;WOy pattern based on the assumption that
ETs in BiVO, and Bi,;WO, gave ERDT patterns independently. Notably, degree of
coincidence (C(a) = ERDT-pattern matching) = 0.589. This suggests that apparent VBT
of Bi,WO; is more anodic by ca. 0.4 eV than that of BiVO,. As a result, apparent CBB
of BiVO, and Bi,WO4 are almost the same position, being consistent with previous
reports (Kang et al., 2014). However, according to the fact that the ERDT patterns of
BiVO,/Bi,WO, composite could be simulated only by summation of ERDT patterns of
each component suggests negligible electron/positive hole transfer between two
components (Ohtani et al., 2010), which have been often presumed for the other

composite photocatalysts (Jia et al., 2014; Lin et al., 2008).
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5. Photocatalytic oxygen liberation over BiVO,/Bi,WO,
5.1 Photocatalysis under UV light irradiation

Figure 51 shows photocatalytic activities of Bi,WO,, BiVO,, BiVO,/Bi, WO
and their calcined samples in various AV) under UV-visible and visible light irradiation,
respectively. It was found that amount of oxygen liberation increased as light
irradiation time and the UV-visible light with powerful photon energy accelerated
photocatalysis to give higher amount of oxygen gas than the visible light.

At the beginning of photocatalysis under UV-visible light irradiation (Fig.
51), BiVO4 and Bi,WOg showed the highest and lowest-level photocatalytic activities,
14 and 2 ymol in 1.5 h, respectively. However, the activity of BiVO, was dropped
down and became to be lower than that of BiVO,/Bi,WO,_0.91 after irradiation for
1 h. It was obviously showed that the BiVO,/Bi,WOs_0.91 composite exhibited the

highest activity for prolonged reaction time to 1.5 h. On the other hand,
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photocatalytic activity of c-BiVO,; was lower than calcined composites and much
decreased when compared to BiVO, (Fig. 51A). The highest activity among the
calcined samples was observed for c-BiVO,/Bi;WO,_0.91.
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Figure 51 Photocatalytic oxygen liberations under UV-Vis light using (A) uncalcined
and (B) calcined Bi,WOy, BiVO, and BiVO,/Bi,WO, composites.
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5.2 Photocatalysis under visible light irradiation

Photocatalytic activity of present photocatalyst powders under visible

light irradiation (Fig. 52) showed similar results to under UV-Vis irradiation.
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In differently, BiVO,/Bi,WO,_0.80 showed the highest activity among the calcined
samples, while BiVO, showed the most active photocatalyst even after visible-light
irradiation for 1.5 h.

Change of reaction rate after photocatalysis for 0.5 h as a function of
BiVO, content in composites; fIV), was plotted as showed in Fig. 53. Photocatalytic
activity was obviously increased with AIV) for the uncalcined samples under both Uv-
Vis and visible-light irradiations. On the other hand, the activities of calcined
composites samples increased with f{V) to attain maximum at V) = 0.8 and then
decreased to result in the relatively lower activity of c-BiVO,. In other words, both
UV-Vis and visible-light activities of uncalcined BiVO, was largely decreased to be ca.
30% by calcination (c-BiVO,), while the activity of BiVO,/Bi,WO, composites, owing
predominantly to vanadate component, was kept almost the same degree (or
slightly decreased) even with calcination. Note that, the relatively lower activity of
Bi;WOs and almost linear increase with fiV).) It could say that tungsten components
were negligibly active, but it helped to stabilize the activity of BiVO, when it was

calcined.
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To understand electron-hole transfer and photocatalytic mechanism, CB and
VB potentials of BiVO, and Bi,WO, were calculated from an empirical equation and
evaluated by E, which determined by UV-Vis DRS (see appendix) (Chen et al., 2016;
Ju et al., 2016). According to the equation, the calculated CB and VB potentials of
BiVO, were 0.27 and 2.80 eV, respectively. Moreover, the calculated CB and VB
potentials of Bi,WO, were 0.37 and 3.02 eV, respectively. Therefore, on the basis of
calculated energy bands and photocatalytic results, possible photocatalytic oxygen
liberation mechanism of c-BiVO,/Bi,WOs powder was proposed as shown in Fig. 54.
Two metal oxides were in contact by calcination. Under visible light irradiation,
electrons were excited from VB to CB of BiVO,. At the same time, positive holes were
left in VB. This process was also happened in Bi;WOs. Electrons in CB of the BiVO,
were transfer to CB of the Bi,WO; while holes in VB of Bi,WO, were migrated to VB of
BiVO,. Redox reactions were occurred at the surface. Notably; uncalcined
BiVO./Bi,WO, composites were proved for negligible electron-hole transfer between

them.
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Figure 54 Schematic diagram of electron-hole pair separation and the possible

photocatalytic mechanism over a c-BiVO,/Bi,WO, composite.
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6. Stability of BiVO,/Bi,WQO, composite
6.1 Sedimentation of BiVO,/Bi,WO, composite

Although BiVO, was the most active photocatalyst for oxygen liberation
among the photocatalyst samples used in this study, c-BiVO,/Bi,WO, composite with
a large overall particle size has potential for separating photocatalyst from reaction
mixture after photoirradiation. Sedimentation test in Fig. 55 (A) showed dispersion of
BiVO,, c-BiVO,/Bi,WO;_0.80 and titanium dioxide (TiO,) powders in ultrapure water
(pH = 7) after sonication for 15 min. Then, they were left in a room temperature.
After 78 h (Fig. 55 (B)), the supernatant of a ¢c-BiVO,/Bi,WO,_0.80 suspension was the
most clearly where the c-BiVO,/Bi;WO;_0.80 precipitates were settled down at the
bottom and some on the glass surface. On the other side, BiVO, powder and TiO,
powder were stably dispersed in water even after standing for 78 h. This easy
separated c-BiVO./Bi;WOs photocatalyst is an advantage supporting practical

applications in the future.

(A)

(B)

Figure 55 Sedimentation images of (a) BiVOy, (b) c-BiVO,/Bi,WO, 0.80
and (c) TiO, after (A) 0 h and (B) 78 h.
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6.2 Reusability of BiVO,/Bi,WO, composite under visible light irradiation

Beside high photocatalytic activity and sedimentation property, long-life
photocatalyst is also another important property for practical applications of a
photocatalyst. Stability of BiVO,, ¢-BiVO,, BiVO,/Bi;WO,_0.80 and c-BiVO,/Bi,WO,_0.80
composite was tested by reusing them under the same environment (visible light
irradiation). Photocatalytic oxygen liberations of 5 cycles were shown in Fig. 56. For
each cycle, amount of oxygen at 0, 10, 20 and 30 min were determined by GC. BiVO,
showed the highest photocatalytic activity in the initial cycles. However, rapid
decreasing of photocatalytic activity was presented especially in the second cycle for
all samples. After 5 cycles (2.5 h) irradiation, the activities of BiVO,, c-BiVO,,
BiVO,/Bi,WO,_0.80 and c-BiVO,/Bi,WOs_0.80 were decreased to 16%, 24%, 25% and
45% of the first cycle, respectively. Thus, the c-BiVO,/Bi,WOs composite exhibited

more stable in visible light irradiation than the others.
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Figure 56 Reusability of uncalcined and calcined BiVO, and BiVO,/Bi,WO,_0.8
composites in photocatalytic oxygen liberation under visible light.

Numbers on top of the bar graph show cycles of photocatalysis.
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6.3 Oxidation state and local structures of used photocatalysts

According to the sharply reduction of generated oxygen in the second
cycles, used photocatalysts after the first cycle (15 min irradiation) were collected
and analyzed. XANES spectra of fresh and used (U) were compared with vanadium
oxide standards and showed in Fig. 57. It was illustrated that each spectrum had
almost the same characteristic including pre-edge and absorption-edge position. In
addition, the edges overlapped each other near V,Os v indicating that the
oxidation states of vanadium in fresh and used BiVO, and BiVO./Bi,WO¢ 0.8
structures were +5. Moreover, EXAFS spectra in Fig. 58 showed V-O bond distances
which were examined as the first shell distance from the vanadium atoms in terms of
R-space. It was found that the V-O bond distances were almost the same for all
fresh and used samples. As the results, it can be suggested that bulk structures of

the used photocatalyst were not changed by photocatalysis under visible irradiation.
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Figure 57 Normalization V K-edge XANES spectra of fresh and used BiVOy,, Bi,WO4 and
BiVO,/Bi,WO,_0.8 composite.
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Figure 58 Normalized V K-edge EXAFS spectra of fresh and used BivO, and
BiVO,/Bi,WO,_0.8 composite.

6.4 Morphology of used photocatalysts
Differentiation of particle surface and shape of photocatalysts samples
after photoirradiation for 30 min were determined by FE-SEM and shown in Fig. 59. It
was found that morphologies of BiVO, c¢-BiVO,, BiVO,/Bi,WO; 0.8 and c-
BiVO,/Bi,WO,_0.8 were almost unchanged as well as particle sizes were the same

size as fresh particles suggesting that the declination of photocatalytic activities were

not cause by photocorrosion.
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(a)

Figure 59 FE-SEM images of used (a) BiVO,, (b) c-BiVO,, (c) BiVO,/Bi,WO,_0.8
and (d) c-BiVO,/Bi;WO;_0.8 composites.

In fact, BiVO, is a stabilized semiconductor in wide range of electrolyte pH
value (pH = 3 ~ 14) was accelerated by pH. Degradation of BiVO, in this research
might be occurred due to low pH of iron(lll) solution of 1.9. Additionally, surface of
BiVO, tends to be damaged by V" ion leaching (Li et al., 2013; Lichterman et al,,
2013; Park et al., 2013; Sayama et al.,, 2006). It was reported that ratio of V/Bi was
significantly decreased during photoirradiation, resulting Bi-rich on the BiVO, surface
and considerable reduction of photocurrent (Berglund et al., 2011; Seabold and Choi,
2012). Thus, it was suggested that the reduction of photocatalytic activity of the
studied samples might be due to a change of surface properties of the

photocatalysts during photocatalysis.



CHAPTER 5
CONCLUSIONS

On the basis of previously mentioned results and discussion, it is concluded
that ethanol is a key factor play role on BiVO, formation and enhances
photocatalytic activity of a BiVOs; semiconductor. The photocatalytic activity of
obtained BiVO, powder depends on its crystalline structure; pure monoclinic phase is
the most active photocatalyst over mixed phase. Moreover, pH value is another
important parameter that influenced formation of BiVO, crystal as well as its
morphology, particle size, specific surface area (SSA), band gap energy, electronic
structure and local structure. In addition, reaction temperature and reaction time
play role on morphology, particle size and SSA of the BiVO,. It is also suggested that,
XAS technique provided some useful data of local structure that a shorter V-O bond
distance exhibits higher photocatalytic activity in case of photocatalytic oxygen
liberation.

Furthermore, uncalcined BiVO,/Bi,WO, composites is proved that BiVO, and
Bi,WO, components exhibited photocatalytic activity independently without possible
electron/positive hole transfer between them. The result of photocatalytic activity
for oxygen liberation showed evident to support this finding since the linearly
changing of photocatalytic activity with the composition for uncalcined BiVO,/Bi, WO,
composites. Another support for the independency of two components is that ERDT
of the uncalcined composite can be reproduced by summation of the ERDT patterns
of each component by assuming VBT of Bi,WQ; is lower (more anodic) by ca. 0.4 eV
than that of BiVO,. If electron or positive-hole transfer happens between two
components, the ERDT pattern of composites might not be a simple summation. On
the other hand, calcined composites show maximum photocatalytic activity at 80%
BiVO, fraction. This result is attributable to ability of Bi,WO, to keep the BiVO,
physical and chemical properties after calcination by retarding aggregation and fusion
of BiVO, crystals into large and less active particles. In general, relatively higher

photocatalytic activity of composite materials compared with those of single
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components, often called "synergetic effect’, has been defined to the interparticle
electron/positive-hole transfers without showing the experimental evidence for the
charge transfer. For the calcined BiVO,/Bi,WO4; composite photocatalysts studied in
this research, the maximum activity was observed due to stabilization of BiVO,
particles by Bi,WO, upon calcination rather than to possible charge transfer between
the Bi,WO, and BiVO,. Thus, synergetic effects are not always owing to electronic
effect, but, at least in the present case, to morphological effect or the others, and
this must be important to design composite materials with high-level photocatalytic
activity.

Long-term stability of a photocatalyst with strong reductive and oxidative
properties and long life of photogenerated electron-hole pair still remain a challenge
for future visible-light active photocatalyst. Reusability study for uncalcined and
calcined pristine BiVO, and BiVO,/Bi,WO,_0.8 composites shows stability of them for

long-term photoirradiation.
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Color:
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Sample preparation:

Analysis:

Temperature:
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Stick Pattern
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Changes to stable monoclinic form on heating to 400-
500 °C.

Sample was obtained from City Chemical Corp., New
York, USA.

Sample was also precipitated at NBS, Gaithersburg,
Maryland, USA, from solutions of NazVO, and

Bi(NO3)s.

Spectrographic analysis: 0.0001-0.01% each of Al and
Si.
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Name and formula

Reference code: 00-014-0688

Mineral name: Clinobisvanite, syn

PDF index name: Bismuth Vanadium Oxide
Empirical formula: BiOgV

Chemical formula: BiVOq

Crystallographic parameters

Crystal system: Monoclinic
Space group: 12/a
Space group number: 15

a (A): 5.1950
b (A): 11.7010
c (A): 5.0920
Alpha (°): 90.0000
Beta (°): 90.3800
Gamma (°): 90.0000
Calculated density (g cm ) 6.95
Volume of cell (10° pma): 309.52
7 4.00

Subfiles and Quality

Subfiles: Inorganic
Mineral
Common Phase
NBS pattern

Quality: Indexed (1)
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Comments

Color: Orange-yellow

Sample preparation: Sample was prepared at NBS, Gaithersburg, Maryland,
USA, by heating stoichiometric mixtures of bismuth
oxide and vanadium oxide at 895 C for 16 hours.

Analysis: Spectrographic analysis: 0.001 to 0.01% each of Al and
Si.

Additional pattern: See ICSD 100602, 100603, 100604 and 100605 (PDF
83-1697, 83-1698, 83-1699 and 83-1700).

Temperature: Pattern taken at 26 °C.

References

Primary reference: Natl. Bur. Stand. (U.S.) Monogr. 25, 3, 14, (1964)
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Test from ICSD:
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Stick Pattern
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XRD pattern of BiVO, synthesized at pH 6

Intensity (a.u.)
—

105

adl L. w JCPDS 14-0688

JCPDS 14-0133
1S

10 20 30

26 (degree)

50 60

XRD patterns of BiVO, powder synthesized at pH 6 by ET method at 200 °C for 4 h.

It was found that BiVO, powder synthesized at pH 6 showed mixed phases of

tetragonal and monoclinic phase where tetragonal phase was more than monoclinic

phase (69.6 : 30.4).

Percentage of phase composition was calculated from ratio of intensity of the

highest peak as following equation (Bhattacharya et al., 1997):

%monoclinic phase

lmono 1S the intensity of [-121] plane

itetra

is the intensity of [200] plane

For example: from above XRD pattern;

%monoclinic phase

|mono

ltetra +1

X100

mono

69501

X100
1628694 69501

29.90%
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So that %monoclinic phase is about 30%.
Scherrer’s equation

Crystalline size was estimated from the Scherrer equation (Ohtani, 2008).

KA
) BcosO

D

where

D s the crystalline size

A is the wavelength of the X-ray radiation (0.154 nm)

K is taken as 0.89

B is peak widths at haft-maximum intensity of the sample

20 is around 28.9°

For example: from XRD pattern of BiVO, powder synthesized at pH 7,
Peak intensity at 20 = 28.9 is 259445.8 a.u., then, peak width at 129722.9 a.u. is 29.0 -
28.7 = 0.3 degree.
So that, B = 0.005236 radian
and 0 = 28.9/2 degree
= 0.252287 radian

Substitute values in the equation

(0.89)(0.154)

(0.0052)(@s(0.25))
27 nm
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UV-Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS)

Barium sulphate (BaSO,) powder is used as a reference material. First, BaSO,
powder is put in a circular sample holder and press it to make it uniform. It is
analyzed as a blank sample. Then amount of your sample press and rotate to make

uniform and smooth surface. Then it is monitored by UV/Vis. spectroscopy in term of

%reflectance (%R).

Reference cell for  Sample cell for

transmission. transmission
asurerrent mﬁasummant
j.
Reference
heam
BaS0y standard
white board
AAA
Photornultplier
St Sample beam
Optizal system
Sample holder
Measurement
light
Incident
Reflected  light 'y
light ¥
. ; &

ﬁ"’ = R
g Reference
=
I
73]

e

Diffuse reflection

ff/ light

At Sample Measurement

Principal of UV-Vis DRS.
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UV-Vis DRS brand Shimadzu UV-2600.

Comparison between general UV-Vis spectroscopy and DRS

UV-Vis. DRS

H,/D, lamp , Tungsten lamp

Excite valence electrons to empty orbitals

Solution Solid
Relative change of transmittance of Relative change of reflected light of
light surface
Blank = Clear solution Blank = White powder

The band gap energy (E,) was evaluated using the modified Kubelka-Munk
method as the following equation:
(1-R)°
2R

where R is the reflectance.

F(R) is functioning of reflectance which proportional to absorbance
coefficient (OL).
(ah V) = AhV-E)

where A, ¢, and hV are a constant, the absorption coefficient, and the incident

photon energy, respectively, while n is 1 for bismuth vanadate (BiVO,)

(@ V)’ = ARV- AL,
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(0E)’

Oor (F(RIEY’

AE- AF,

AE- AE,

From figures below, £, = 2.6 eV.
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Measuring of E, of BiVO, sample synthesized by ET method at 200 °C 4 h,
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X-ray Absorption Spectroscopy (XAS)

X-ray Absorption or XAS is the spectroscopy use to observe fine structure and
oscillation of X-ray absorption when scanning photon energy. The X-ray is a tunable
monochromatic X-rays with enough photon energy for absorption of a selected

element.

Double crystal

monochromator

. White beam 7

-

a9
-~
o

Iz %
(O | iy,

) j \ ¥ e Detector
Bending magnet  vertical Vertical® ~ _ . »# Monochromatic (lonization
aperture slits beam chamber)

Schematic of XAS instrument.

Absorption is measured directly by measuring what is transmitted through the

sample.

-uT
il loe

Intensity of X-ray after absorption

Intensity of X-ray before absorption

(=5
1

=
I

Linear absorption coefficient

—
Il

Thickness of sample

Transmission mode which absorption is measured directly is suitable for a
sample contain more than 5%wt of absorbing element. Sample environment are air
and helium. |y and | are measured by using ionization chambers detector.

HE) = In(y/)
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XAS at BL 5.2 of The Synchrotron Light Research Institute,

Nakhon Ratchasima, Thailand.

X-ray Absorption Near Edge Structure (XANES)
- caused by electronic transition from a core level to unoccupied state
+ information of oxidation states, local geometry

Extended X-ray Absorption Fine Structure (EXAFS)

*  spectrum conforms constructive and destructive scattering of a photoelectron

* information of local environmental around probing atom

XANES EXAFS
1.04 *

T Mulltiple stattering F)E?r]k/
3
Pre-edeel peak : :

© \ Maodification of
ol s ] ! :
w scattering region
2
=)
2=

O I ¥ T T

5445 5465 5485 5505 5525 5545

Energy (eV)

XAS spectrum of standard vanadium (V) oxide (V,O).
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Pre-edee: Small (or large, certainly meaningful) feature between the Femi energy

Edge:

and the threshold (equal to K-edge energy). This peak causes by
transitions to unoccupied orbitals.
The main rising part of XAS spectrum. They are multiple scattering

peaks.

Near-edge:  Characteristic features above the edge

EXAFS oscillations come from constructive scattering (CS) and destructive scattering

(DS) as showed in this figure:
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Constructive scattering (CS). Destructive scattering (DS).

EXAFS structure (Y(k)) arises from scattering wave from all neighbor atoms

around the absorbing element. Frequency of the wave represents distance from the

neighbors and amplitude represent number and type of neighbors.

k = Wave number of photon

2m

m = Electron mass

Eo = Threshold energy or ionization energy
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Number of neighbors  Back-scattering amplitude  Disorder in interatomic distance

boe®

2 -2
NS, fi(k)e
X = Z — 2

kR 7

sin[2kR L0, (k)]

Neighbors distance Atomic phase shift

Atom of the same type at the same distance from the absorber groups in a shell
indexed by .

N = Number of neighbor atoms at the same distance (R) (coordination number)
502 = passive electron reduction factor (relaxation effect in presence of core hole)
R = Distance between the absorbing atom and the neighbor atoms (bond distance)
G’= mean square displacement in distance (R)

f(k) = effective scatterin amplitutde of atom type j

AK) = photoelectron mean free path (to ensure elastic scattering)

(k) = effective scattering phase shift of photoelectron scattered wave

Note: N, SOZ, R, o’ and Ey are parameters determined by modeling data

f(k), A(k) and (k) are parameters calculated by theoretical calculations (FEFF)

Sample powder Kapton tape

Sample preparation by two-side kapton for high concentrate sample.
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Sample holder for XAS measurement.
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Revered double-beam photoacoustic spectroscopy (RDB-PAS)
Photoacoustic spectroscopy (PAS) is one of the photothermal spectroscopic

techniques and the PA spectrum corresponds to photoabsortption spectrum.

Modulated light

y = -0.0338x + 17.75 %—.\

~, L

PA intensity (a.u.)
T

R2 = 0.9973
0 1 1 1 1 L 1 1 -&‘
450 470 490 510 530 550
wavelength/nm
PAS spectroscopy. RDB-PA spectrum.

From the equation of straight line of PA spectrum of BiVOy;
y = -0.0338x + 17.75
According to raw data at 530 nm, PA intensity (y) = 0.46019;
x = (0.46019-17.75)/(-0.0338)

x = 5115
CBB = 1240/x
= 2424 eV

In the RDB-PAS measurement, electrons are accumulated in ETs from deeper side to
shallower side under irradiation of scanned continuous light for excitation of valence-
band (VB) electrons directly to ETs. About 220 g of sample powder is put into a
home-made aluminum PAS cell with a quartz window sample holder. During the
process, photoabsorption of the accumulated electrons is detected by modulated
LED light of 625 nm at 80 Hz. Under methanol saturated argon gas atmosphere, the
obtained spectrum corresponds to an action spectrum of reactions for direct

excitation from VB to ETs.
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modulated light continuous light

function generator
80 Hz

lock-in
amplifier

' sample

Schematic representation of the setup for RDB-PAS.
[A. Nitta, M. Takase, M. Takashima, N. Murakami, B. Ohtani, Chem. Commun., 52,
12096-12099 (2016).]
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RDB-PAS data analysis.
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Calculation of band edge position of conduction band and valence band
The conduction band (CB) and valence band (VB) potentials of a

semiconductor can be calculated using the following equation:
e = X=E =/

X is the absolute electronegativity; defined as the arithmetic mean of the electron
affinity and the first ionization of the constituent atoms

X of BVO, = 6.035¢eV

X of Bi,WO; = 6.2 eV
E"is the energy of free electron on the hydrogen scale (4.5 eV)

E, is band gap energy of the semiconductor evaluated by UV-Vis DRS spectroscopy

For BiVOy;
Ecg = 6.035 - 4.5 - (1/2)2.53
= 0.27 eV
el = {Ere + E;
So that Eg .= 2.53:+0.27 eV
i 2.80 eV

CB and VB band positions are 0.27 and

For B|?W06,
Fall EXoaB 765
= 0.37 eV
So that E°ve = 2.65+ 037 eV

= 3.02 eV
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Energy
{V vs RHE)
O] E—— SRS NENOY St — H/H*
027_‘_v3c§ OSTﬁ_WSd
. o =¥a ¥R § ON W/ Fe’t/Fe’*
IRVCT SR e ———, A — H.0/0
2.53 eV g T4
© 2.65 eV
2.80 Y O 2p + Bi 65 .
BiVOq 3,02 we——— O 2p + Bi 65
Bi, WO,

Presumption of possible CB and VB potential positions of synthesized BiVO, powder
and FB-Bi,WO4 powder.
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PHOTOCATALYSIS

Photodegradation mechanism of methyl orange (MO) (Luan et al., 2014)

COOH CHO

NH, NO, s H

1 CHOCH,OH
NO, l
|
© CH,COOH HOOC —COOH
2-aminomuconic semialdehyde Aliphatic acids

l

CO, H,0 50> NOy

Degradation mechanism of a MO molecule.



Calibration graph for MO

Table of absorbance of MO at various concentrations

Concentration (ppm) Absorbance
0 0
1 0.0604
3 0.211
5 0.353
6 0.419
b 0.525
10 0.699
15 1.04
20 1.39
1254 o b 20
1 4 15
8 10
§ o075
2
Ll 6
< 05
5
3
0.25 -
1 ppm

320 340 360 380 400 420 440 460 480 500 520 540 560 580 600

Wavelength (nm)

Absorption spectrum: scanning from 200 to 800 nm using deionized water as

a blank solution.
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Calibration graph for standard MO.

Amount of MO calculates from calibration equation.

%degradation =

= Concentration of MO at time = 0

)
o
1

C; = Concentration of MO at time = t
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Calculation of amount of oxygen generated from photocatalysis

— Head space (all gas volume)

— Solution + Photocatalyst

A glass reactor for studying oxygen liberation photocatalysis.

After photoirradiation, oxygen gas is liberated. Amount of the liberated gas is
calculated by following equations;
According to ratio of amount of injected gas per injected gas volume is equal
to amount of all gas per all volume
Injection volume : All volume
v(L)/Y(mol) = (Z+ 22.4X)(L)/ X (mol)
Z

Head space (L)

V

Injected volume (L)
X = Mole of generated gas (mol)

Y

Mole of injected gas (mol)
From ideal gas; 1 mol of gas = 224 L at 1 atm, 273K
So that X mol of gas = 22.4X

From relation of mole of gas in injection and all volume we will get;

Xv
Vo ————
(V+224X)

Y(Z +22.4X) = Xv
YZ + 22.4XY = Xv
Xv — 22.4XY = YZ



So that amount of oxygen X is;

However, there is some nitrogen gas and oxygen gas from air that should be

X(v - 22.4Y) = Y
YZ
e
(v — 22.4Y)

173

eliminates to get the correct area of oxygen (A ect). The Acorect IS @amount of oxygen

liberation minute amount of oxygen from air flow.

QT @ >
1

W
Il

Calibration graph for oxygen

Table of amount of oxygen gas in various injection volumes

= Peak area of oxygen gas

Acorrect = A-(Bx é )
o

Peak area of oxygen gas in air
= Peak area of nitrogen gas in air

Y4

Peak area of nitrogen gas from air in flow

Acorrect X @

factor (slope of oxygen calibration graph)

Injection volume (mL) Area O, (umol) Time (min)
0.05 11471 0.42832188 1.316
0.10 22766 0.856643761 1.318
0.15 34549 1.284965641 1.315
0.20 45869 R/ 5987521 1.313
0.25 57217 2.141609402 V3l




Injection volume (mL)
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y = 0.00003738 x
K
2 - R? = 0.99995431
1.5 4 r
’ 0
g el
*
05 4 ‘,/"
O T I T T I T 1

0 10000 20000 30000 40000 50000 60000

0,

Calibration graph for oxygen gas liberation; a = 3.738x10 .

70000
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_tance between vanadi

Introduction

BiVO, is a ferroelectric/ferroelastic material that has attracted interest from many
researchers [1-3]. There has also been a rapid increase in the number of interna-
tional publications that have reported on its performance.

BiVO, has been studied in applications as a photocatalyst [4], non-toxic pig-
ment [5] and conductor [6]. Crystalline structure of BiVOy is divided mainly into
three types: monoclinic scheelite, tetragonal scheelite and tetragonal zircon struc-
ture [7]. Among these, the monoclinic structure presents ferroelectric and ferroe-
lastic properties due to phase transition by external pressure and stress inducement
[8]. Moreover, it shows the highest photocatalytic activity under visible light due to
band gap energy of the monoclinic structure BiVO, ranges from 2.4 to 2.5 eV. This
narrow band gap allows the catalyst to absorb energy in the visible light region [7,
9]. Although the monoclinic structure can be synthesized by various methods such
as: solid-state reaction [10], co-precipitation method [11], hydrothermal method
[12] and solvothermal method [13], however, these methods result in different crys-
tal formations, particle sizes, surface areas and photocatalytic efficiency of BiVQ,.
Nanoparticle with homogeneous particle size distribution and high efficiency can
be obtained in mild conditions by the hydrothermal [14] or solvothermal [15]. In

CONTACT Pusit Pookmanee &) pusit@mju.ac.th
© 2016 Taylor & Francis Group, LLC
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addition, the chemical structure of BiVO, has an extremely high impact on its
photocatalytic performance. Crystalline structures of the BiVO, synthesized by
hydrothermal method showed that the crystalline structures were depending on
hydrothermal temperature. Mixed phases of tetragonal and monoclinic BiVO, were
obtained at 140°C, after increasing heating temperature, the tetragonal structure
was transferred to monoclinic structure and pure monoclinic was performed at
180°C [16]. Furthermore, the pure monoclinic had significantly higher photoac-
tivity than the tetragonal. Photocatalytic performance of monoclinic BiVO, synthe-
sized by surfactant-ethanol-assisted hydrothermal using sodium hydroxide (NaOH)
for pH adjustment was studied and showed that surface area, crystalline phase and
chemical structure of BiVO, had a strong influence on photocatalytic activity for
photodegradation of methyl orange (MO) [17]. In addition, BiVO, synthesized by
the solvothermal method using binary green solvent of water and ethanol compared
with pure water were studied [18]. The result showed that the crystalline phase of
BiVO, prepared by both binary solvent and pure water were presenting a mon-
oclinic phase. However, percentage of degradation of rhodamine B (RhB) under
visible-light irradiation using BiVO, synthesized by ethanol-water mixed solvent
was exhibiting extremely higher than pure water.

In this research, BiVO, was synthesized via ethanol-assisted solvothermal at var-
ious heat treatment times without a surfactant and calcination process. Effect of
ethanol assistance on crystalline phase, morphology, physical properties such as sur-
face area and band gap energy and chemical structure of the BiVO, was investigated
and discussed.

Experimental

Synthesis

BiVO, was synthesized using the ethanol-assisted solvothermal method with the Bi
and V ratio of 1:1. Solution A was prepared by dissolving 10 mmol bismuth nitrate
pentahydrate (Bi{NO3);.5H,0) (Ajax Finechem, New Zealand) in 20 mL of 6 M
nitric acid (HNO;) (RCI Labscan, Thailand). Meanwhile, solution B was prepared
by dissolving 10 mmol ammonium metavanadate (NH,VO3) (Ajax Finechem, New
Zealand) in 40 mL of 5 M ammonium hydroxide (NH;OH) (J.T. Baker, USA). After
that, solution B was slowly and carefully dropped into solution A while continuously
stirring. The pH of the mixture was adjusted to 7. The mixture became yellow slurry.
Then, 100 mL of absolute ethanol (C;HsOH) (Liquor Distillery Organization Excise
Department, Thailand) was poured into the mixture. It was stirred for 60 min-
utes before adding some absolute ethanol to make the final volume 200 mL and
transferred to a 1,000 mL Teflon-lined stainless steel reactor (Thailand). The
ethanol-assisted solvothermal conditions were controlled by heat treatment at
200°C for 2-6 h. Finally, yellow precipitate was obtained and then it was sepa-
rated by a centrifuge (Labquip Centurion 1000 series, England) at 3000 rpm for
10 minutes, washed with deionized water three times and dried in an oven (Hotbox
Oven Size 2, Gallenkamp, UK) at 100°C for 24 h.
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Characterization

The crystalline phase of BiVO,; was determined by X-ray diffractometer (XRD,
JEOL, JDX-3530, Japan) using CuK,, radiation (A = 0.15418 nm), and the mono-
clinic and tetragonal structure were confirmed by comparing JCPDS file no. 14~
0688 and 14-0133, respectively. Morphologies of BiVO, were investigated by field
emission scanning electron microscope (FE-SEM, JEOL JSM-6335F, Japan) at a volt-
age of 15 kV. BiVO, powder was dispersed in absolute ethanol, sonicated for 15 min
and dropped onto a stub. After drying in a desiccator, it was coated with a gold coater
(SPI sputter coater, USA) using standard method. Surface area of the particles were
measured by nitrogen absorption and calculated by Brunauer-Emmett-Teller (BET)
method (Autosorb I MP, Quantachrome, USA). Absorption spectrum was recorded
by UV-vis absorption spectrometer (Shimadzu 2600, Japan). Then, band gap energy
(Ey) was calculated by a plot of [F(R)E]* versus absorbed light energy (E) from the
Kubelka-Munk equation. Oxidation state and bonding distance between vanadium
and oxygen atoms were studied by X-ray absorption spectroscopy (XAS) technique
at the SUT-NANOTEC-SLRI XAS beamline (BL. 5.2), Synchrotron Light Research
Institute (SLRI, Nakhon Ratchasima, Thailand). XAS measurements were collected
at V K-edge energy (5465 eV) in transmission mode. The measured XAS data were
analyzed using Athena software as implement in the IFEFFIT package [19, 20].

Results and discussion

X-ray diffraction peaks of BiVO, synthesized via ethanol-assisted solvothermal
method were compared with the Joint Committee on Powder Diffraction Standards
(JCPDS) file No. 14-0688 (monoclinic structure) as shown in Fig. 1. All diffraction
patterns of different reaction times were in agreement with the standard mono-
clinic scheelite structure and no impurities were detected. The percentage volume
of monoclinic phase in Table 1 was calculated according to V menoclinic = Lpan /Uy
+ Ii200)) where Ij55) is the highest intensity of monoclinic peak (at [121] plane) and

Intensity (a.u.)

. JCPDS 14-0688
- ittt d Fl
T T T T v T £l

15 200 258 30 35 40 45 00 55 0
20

Figure 1. XRD patterns of BiVO, synthesized via solvothermal method at 200°C for (a) 2, (b) 4 and (c)
6h.
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Table 1. Physical properties of BiVO, synthesized via solvothermal method at 200°C for 2-6 h.

Timeth)  Monoclinic phase volume(%)  Crystalline size (nm)  Surface area (m?’/g)  Band gap energy (eV)

2 100 24 8.79 2.60
4 100 25 9.80 2.58
6 100 25 774 258

1200 is the highest intensity of tetragonal pattern (peak at [200] plane). The peaks
at [110], [011] and [200], [002] were clearly separated after a prolonged reaction
time. These results suggested that the crystallinities had improved [21].

Average crystalline sizes (D) of the obtained bismuth vanadate powders were cal-
culated using the Scherrer equation:

_ Ka
~ Bcosd

(1)

where % is the wavelength of the X-ray radiation (0.154 nm), K is taken as 0.89, B
is a peak at half-maximum intensity of the peak at 20 = 28.8. BiVO, crystalline
sizes were slightly increased from 24-25 nm after prolongation of time as shown
in Table 1. In addition, obtained BiVOy crystal was compared to other methods
and showed smaller in size than the BiVO, synthesized by the solid state method
(>100 nm), the coprecipitation method (32 nm) [22] and the surfactant-assisted
(polyvinyl pyrrolidone, PVPK30) hydrothermal method (34 nm) [23]. Conversely,
it was found that BiVO, prepared by the diethylene glycal-assisted hydrothermal
method resulted in a similar crystalline size (23.6 nm) [24].

SEM images of BiVOy in Fig. 2 illustrate that particle sizes were increased as reac-
tion times increased. At 200°C for 2 h, agglomerated ellipse shapes were formed
with a large range of particle size distribution between 100-500 nm. As heat treat-
ment times increased to 4 h, particle size also increased with a narrow size dis-
tribution and their grains became clearer. Longer reaction times, larger in width
and length were detected. The SEM results related to surface area results calculated
by BET as summarized in Table 1. It was found that the surface areas of BiVO,
synthesized under ethanol-assisted solvothermal for 2, 4 and 6 h were 8.79, 9.80
and 7.74 m*/g, respectively. Compared to previous reports of BiVO, synthesized
via ethanol-hydrothermal strategy [17], this method improved the surface area in
shorter reaction times and without adding surfactant.

Electronic structure of BiVO, were also studied by UV-vis diffuse reflectance
spectroscopy. The band gap energy (E,) was evaluated using the modified Kubelka-
Munk method [25] as the following equation:

=1

F(R) = SR (2)

where R is the reflectance, F(R) is function of reflectance which is proportional to
absorbance coeflicient («).

Absorption spectra of BiVO, in Fig. 3 were assigned to the monoclinic structures
as the absorption edge found in the visible region [26]. E, was evaluated by this
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e}

Figure 2. FE-SEM images of BiVO, synthesized via solvothermal method at 200°C for (a) 2, (b) 4 and
{c6h.

equation:

F(R)E = A(E — Eg)" (3)

where A is a constant and E is the photon energy (eV); E = 1240/ (A = wavelength
in nm unit). In the case of BiVO,, n = 1/2 for direct band gap transition so that
(F(R)E)? versus E was plotted as shown in Fig, 4. Band-gap energies of the BiVO,
were 2.58-2.60 eV larger than in theory (2.4-2.5 eV) [27] and the longer heat treat-
ment process reduced the band gap.

Moreover, the oxidation state of vanadium and the bond length between vana-
dium atoms and oxygen atoms (V-0) were determined by XAS. X-ray absorp-
tion near-edge structure (XANES) spectra of BiVO, were compared with vanadium
oxide standards and shown in Fig. 5. It was obvious that the pre-edge decreased
with time. Nevertheless, the edges overlapped each other near V,05 (V*°) indicat-
ing that the oxidation states of vanadium in BiVOy structures were reduced from
54 to 4+ [28]. In addition, it was reported that co-presence of V> and V** in
BiVO, structures with a high molar ratio of V**/V>" led to high oxygen vacancies
that enhanced photocatalytic performance [17]. The V-O bond distance was exam-
ined as the first shell distance from the vanadium atoms in terms of R-space. Fig. 6
showed extended X-ray absorption fine structure (EXAFS) spectra that lengthening
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Absorbance

— y r .
200 300 400 500 600 700 800
Wavelength (nm)

Figure 3. Absorption spectra of BiVO, synthesized via solvothermal method at 200°C for (a) 2, (b) 4
and (c)6 h.

of the V-0 bond distance occurred from 1.24 to 1.38 A after prolongation of time
from 2 to 6 h, respectively. This may be due to an influence of the Bi atom because
the Bi-O bond distance was changed.

It is noted that no phase shift was applied to the x(R) functions, thus the
peak position of x(R) functions will shift from the actual value by approximately
0.2 - 0.3 A. Additionally, previous reports showed that the V-O bond lengths
of the monoclinic BiVO, structures from the experimental value were 1.692 and
1.767 A as well as from theoretical calculation using the density functional the-
ory (DFT), which were 1.718 and 1.769 A [29]. Therefore, the V-O bond lengths
obtained from BiVO, powders resembled the previous reports.

200 4

T x T il ¥ N T r 1

¥ . Py
20 22 24 26 28 30 32 34 36 38 440
Energy {eV)

Figure 4. Plot of [F(R)E}? versus E of BiVO, synthesized via solvothermal method at 200°C for (a) 2, (b)
4and (¢) 6 h.
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Figure 5. Normalized V K-edge XANES spectra of BiVO, synthesized via solvothermal method at 200°C
for (a) 2, (b) 4 and {c) 6 h.
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Figure 6. Normalized V K-edge EXAFS spectra of BiVO, synthesized via solvothermal method at 200°C

for (a) 2, (b) 4 and (¢

Conclusions

)6 h.

In conclusion, the monoclinic structure BiVO, was successfully synthesized via
ethanol-assisted solvothermal method. Characterization results confirmed that
crystalline phases, physical properties and bond distance between vanadium and
oxygen were influenced by reaction times. Moreover, crystalline sizes and surface
areas of BiVO, were improved by our synthesizing method with shorter reaction
times without surfactant assist and calcination process. Therefore, obtained BiVO,
is a candidate for application in photocatalysis under visible light in water purifica-
tion and energy production.
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Photocatalyst

Stabilization

Phatoacoustic spectroscapy

alytic oxygen liberation

tivities of the BVO/BWO composite

Bismuth vanadate/bismuth tungstare {B’%’()/BWO]
through hydrothermal reaction. Morphology
partially deposited on flake-ball (FB) BWO pnnicles 1n addition, surface structures of BWO, BVO and BVO/BWO
were studied in energy-resolved
household reversed double-beam
CBB of BVO/BWO was ca. 04 eV anodi

‘mposi(es in various BVO fractions (f(\e’)) were synthesized
sis of the composites showed that rod-like BVO structures were

Stri

bution of electron traps and conduction band-bottom (CBB) position by
usﬁc spectroscopy {PAS) and single-beam PAS, respectively, Apparent
,:';hjﬁed from BWO and almost similar to BVO. Mareover, photocat-
dlauon of by UV-vis and visible lights demonstrated thar photocatalytic ac-
ere depended on f(V) and calcined BVO/BWO composites in which BVO

was stabilized on BWO showed enhancement of photocatalytic activity comparing to a pristine BVO. The pro-
lunged and the highest active photocatalyst under visible light was caleined 0.80f(V) due ro BVO stabilization on

FB-BWO particles.

1. Introduction

Photocatalysts used for solar photocatalysis, which is & photochem-
seal reaction, have been developed for enwmummmi rrea?mem appli-
cations and energy production [1-4]. A famous | sla
tanium(iV) oxide (Ti0,} was reported as a h;gh 1
mance photocatalyst under ultraviolet (UV) light irrddiation {5). How-
ever, pristine TiO, cannot absorb sun light effectively due to large band
gap energy of 3.2eV (absorb only 5% of sun light). Therefore, visible
light-active photocatalysts become more attrac ve for the solar photo-
catalysis.

In recent years, bismuth- bwed oxides: were reported as visi-
ble light-active photocatalysts owmg to the. mreracnon between Bi (65)
and O (2p) making band-gap energy small corresponding to visible light
region [6-8]. Monoclinic bismuth vanadate (BiVO,, BVQ) with narrow
band gap energy of 240V and high: Gisiblcdighz absorption is a good
candidate and has been develaped for the more effective visible- lighe
photocatalyst since there‘ar;e_‘soﬁil'éfdisadvanmges such as slow charge

« Corresponding authaor.

transportation, rapid electron-hole recombination rate and photocorro-
sion [7-12]. Coupling BVO with appropriate band structure metal ox-
ides (FeOOH/BVO [131, Ti0./BVO [14] and BVO/BIOCL [15]) is an ef-
fective strategy to enhance photocatalytic activity and long-life reac-
tion of the BVO. Similarly, bismuth tungstate (Bi,WO,, BWO) is an-
other suitable support with a unique morphology and band-gap en-
ergy of 2.8eV [16]. It was reported that photocatalytic activity of
BWO for oxygen liberation under visible light (. > 420nm) [16,17] and
the photocatalytic activity was increased by increasing specific surface
area and reducing lattice defect density [16]. Bismuth vanadate/bis-
muth tungstate (BiVO,/Bi,W0Q,, BVO/BWO) heterojunction was firstly
reported to show an improvement of decomposition of phenol under vis-
ible light over the individual components [18]. Furthermore, fraction
of BVO content in composites (f{V)) played an important role in pho-
tocatalytic activity and the sample of f{lV} = 1 showed the best activ-
ity in photodegradation of methylene blue [19], photocatalytic degra-
dation of Rhodamine B (RhB) [20] and photocatalytic antifouling activ-
ity [21]. Two-step process (hydrothermal and calcination) was applied
to obtain uniform morphology and better crystallinity of the BVO/BWO
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composite leading to superior visible-light absorption and higher pho-
todegradation activity for RhB [22]. Moreover, forming of BVO/BWO
heterojuncrion facilitated electron-hole separation and charge transfer,
which promoted photocatalytic activity [23,24].

Herein, we synthesized BVO/BWO composites in various (f{iV)) and
firstly report the results of photocatalytic oxygen liberation. The results
of energy-resolved distribution of electron traps (ERIT) and conduction
band positions of BWO, BVO and BVO/BWO composite were also for
the first time analyzed and diseussed, In addition, we found that BVO
could be stabilized by loading on BWO and calcination at 873K for 4h
was an important step to make better connection belween BVO and
BWO particles, In case of calcination, photocatalytic activity was en-
hanced by adding BWO into the composite and it was depended on BVQ
fraction.

2. Experimental
2.1. Sample preparation

2.1.1. Synthesis of BYO

BVO was synthesized by using 1.0mmol bismwuth(ll1) nitrate pen-
tahydrate (Bi(NO4);5H,0, 99.9%, Wako Pure Chemical) dissolved in
2-mol L™ nitric acid (60%, Wako Pure Chemical) and 1.0 mmol ammo-
nium metavanadate (NH VO, 99.0%, Wako Pure Chemical) dissolved
in 5-mol L™ aqueous ammonia (25%, Wako Pure Chemical) as start-
ing materials, The vanadate solution was added dropwise to the bismuth
solution and then the mixture was stirred. The pH of the mixture was
adjusted to 7 by 2-mol L nitric acid to obtain a bright vellow suspen-
sion, Then, 10ml. of ethanol (99.5%; Wako Pure Chemical) was added
to obtain a feed suspension. After stirred for 60min, the feed suspen-
sion was poured in a Teflon (PTFE) bottle in a stainless-steel outer bottle
{San-ai Science HUT-100), heated at 473K for 2h in an oven and E@%o
be cooled down to ambient temperature, The precipitate was collected
by centrifugation at 3000 rpm, washed by Milli-Q water several m
and dried at 393K in an oven. The resultant yellow product, 4
calcined, if needed, at 873K in air for 4h {c-BVO).

2.1.2. Synthesis of BVO/BWO composites A

Firstly, flake ball-shaped (FB) BWO particles were synthesized by hy
drothermal reactien of an aqueous suspension mnmi&:nng bismuth(111)
hydroxide and tungstic acid at 433K for 20h aceg ing iopnwmus pa-
pers [25,26]. Then, BWO was added into a wo i
2.1.7). The resultant suspension was vigorously sti
underwent hydrothermal reaction under the sam
for the BVO preparation to obtain a BVQ/BWO mmpas}lse It was con-
tinuously stirred for 15 min before heat treatment at 473K for 21, Molar
fraction of BYO (f(V}) was controlled by changing the ratio of the feed
BVO and BWO to be 0,50 (BVO/BWO 0.50);0.67 (BVO/BWO.0.67),
0.80 (BVO/BWO_0.80) or 0.91 (BVO/BWO 0.91). For calcined samples
at 873K in air for 4h, "c-" was pui kn{ore their names; e.g. "¢-BVO/
BWO 0.50".

2.2. Characterization of samples’

Surface morphologies of obtained powders were observed by a
field-emission seanning elcﬂtmn microscope (FE-SEM, JSM-7400F,
JEOL) in mcomiarv-électmn !mdge (SE1) mode and scanning transmis-
sion electron microscopy (STEM, HD2000 ultrathin film evaluation sys-
tem, Hitachi). The FE-SEM was operated at 5.0kV electron-accelera-
tion voltage, 10.04A current and 5-6mm working distance. Dried sam-
ple powder was placed onto a carbon tape (Okenshoji #15-1096) stuck
on a specimen stub (12mm in diameter; 10mm in height). In case of
STEM, sample powders were dispersed in methanol and sonicated in an
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ultrasound bath for a few seconds. Then suspension was dropped and
deposited on carbon covered cupper microgrid (NS-C15, Okenshoji).
The images were observed using 3mm working distance, 200kV accel-
erating voltage and 20pA emission current. Crystalline structures were
analyzed by an X-ray diffractometer (XRI,; $SmartLab, Rigaku, Japan)
with Cu K, radiation (40kV, 30mA, 0.154nm). XRD analysis was per-
formed at scanning rate of 1.0° min~’ and steps of 0.01° in the 20
range of 10-80°. Crystalline phases of BVO and BWO were compared
with Joint Gommittee on Powder Diffraction Standards (JCPDS) file
No. 14-0688 and 79-2381, respectively. Primary particle size (or crvs-
tallite. size) was evaluated by Fowidth of the most intensive
XRD peak of each crystalline phase (121) for BVO and tljl) for BWO

face-area and pazevsize amlw:r Quantachrome (pmvmus]y Yuasa !ow
ies)) and catculgpgy_! by Brunauer-Emmett-Teller (BET) method. A sam-
ple powder was ﬁwbmtrd under nitrogen atmosphere at 423K for
90 min before analysis. Energy-resolved density of electron traps (ERDT)
and condugtion band-bottom position (CBB) were measured by reversed
double-beam photoacoustic spectroscopy (RDB-PAS) and single-beam
PAS, respectively, using laboratory-made RDB-PAS apparatus [29].

J. Photocatalytic activity test

tocatalytic activities of the samples were evaluated by the rate of
oxygen liberation. A photocatalyst (50mg) was suspended in an aque-
solution of iron(lil) chioride (5.0mL; 0.25mmol) in a glass tube, Af-
sonicated for 15min, argon bubbling was applied for 15min to purge
off air and the suspension was photeirradiated by UV-vis light (a 400-W
high-pressure mercury arc) or visible-light (a 300-W xenon arc with a
Y44 cut-off glass filter (Hoya, Japan) transmitting light of wavelength
= ta, 420nm) in a thermostatic bath (298K). The amount of liberated
oxygen in the gas phase of a glass tube was measured by a TCD-gas
chromatograph (GC, GC-8A, Shimadzu, Japan) with a molecular sieve
5A eolumn to calculate the rate of oxygen liberation. Since contami-
nation of air could not be excluded thoroughly, the amount of evolved
oxygen was calibrated with amount of nitrogen caleulated by the chro-
matograms on the assumption that air, as a mixture of nitrogen and oxy-
gen, was contaminated in the samples tubes and the molar amount of
corresponding contaminated oxygen can be calculated by that of nitro-
gen.

Reusability of BVO, BVQO/BW0.0.80, ¢-BVO and c-BVQ/BWO_0.80
photocatalysts was tested in the same condition under visible light for 5
cycles. After the visible-light irradiation for 30min in every cycle, gen-
erated oxygen gas was removed by argon-gas bubbling for 15min. The
next cycle was started under visible-light irradiation and 0.20mL of gas
was sampled every 10min until reached 30min. Amount of produced
oxygen was analyvzed by TCD-GC.

3. Results and discussion
3.1. Morphologies of BVO, BWO and BVO/BWO composites

The morphology of synthesized BVO was small rod-like particles
of ca. 100nm in width and ea. 200nm in length as shown in Fig.
1(a), and they were agglomerated and densified by calcination to pro-
duce larger particles with grain boundaries {Fig. 1(b)). In addition,
hydrothermally synthesized FB-BWO was analysed by SEM images as
shown in Fig. 1(c). All the BWO particles were assemblies of flakes
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Fig. 1. FESEM images of (a) BVO, {h) ¢-BVO, {c) BWO, {d} c-BWO, {e)-h) BVO/BWO composi

with their outer diameter of ca. Sum as has been reported previous
[26]. The particle size was decreased by ca. 10-20% by calcination a
873K for 4h (Fig. 1{d)) presumably due to shrinkage and fusi
flakes.

On the other hand, BVO/BWO showed different results when cal-
cined. Figs. 1{e)-(h) show morphologies of BVO/BWO with fov)
0.50, 0.67, 0.80 and 0.91, respectively, before calcination. M expected

based on the preparation process, it seems that small }’N&} P niciw'

were partially deposited on and between flakes in FB-BWO par
it was also noticed that although fiV) was increased, murphoiog
the composites were similar while BYO/BWO_0.80. particle
more covered by rod-like BVO particles than other composites. More-
over, from the surface observation of the BVO/BWO 0.0 particles ob-
served by STEM, it was confirmed that rod particles
flakes as shown in Fig. 2(a). On the other hand, by the 873.K calei-
nation (Fig. 1G31(1)}, the deposited small BVO pn:rfrte.;_wem intercon-
nected and grown larger. The same phenomenon could also be observed
by STEM as shown in Fig. 2(b). The surface of ¢-BVO/BW0_0.80 com-
posite was composed of BVO with smooth suqu_ce-iind various particles
sizes, but not formed by large sintered particles as seen for ¢-BVO in Fig.
1{b). In other word, BVO particles were slabﬁlzvd on FB-BWO particles
against heat-induced sintering.

3.2. Crystalline structures of BVO, BWQ and BVO,/BWO composites

Crystalline phase structures of all samples were analyzed by XRD
and shown in Fig. 3. XRD patteros of BWO (Fig. 3A(a)) and BVO
(Fig. BAIR) were defined as orthorhombic and monaclinic structure, re-
spectively, without any impurity peaks. Consequently, BVO/BWO com-
pusites were composed of ‘monoclinic phase of BVO and orthorhom-
bic phase of BWO peak intensities of which were related to BVO/
BWO mole ratio as shown in Fig., 3A{b)~(e). Crystalline phases did not
change even after calcination av 873K for 4h as showed in Fig. 3B. Dif-
fraction patterns of calcined composites remained in the combination
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{11} e-BVO/BWO composites with AV) = (.50, 0,67, 0.80 and 0.91, respectively.
of the monoclinic and orthorhombic structures. However, marked in-
ase in the peak intensities indicated improvement of the crystallini-
ties of all samples and increase in the crystalline sizes indicated crys-
talline growth by calcination. All characteristics of the samples synthe-
sized in this work were summarized in Table 1.

3.3. Photoabsorption properties of BVO, BWO and BYO/BWO composites

Fig. 4 shows diffuse reflectance spectra of uncalcined (Fig. 4A) and
calcined (Fig. 4B) samples. It was found that all samples absorbed light
in UV and visible region while BVQ and BVO/BWO composites had
wider light absorption in the visible region than BWO. Moreover, band
gap energy {E;) was evaluated by following equation:

FRE = ACE ~ E,)° M

where A is a constant, £ is the photon energy (eV); E = 1240/%
(r = wavelength in nm unit), n= 1,2 (in the case of BVC) and 2 (in
the case of BWO), and E, of the BVO and BWO were 2.53 and 2.65eV,
respectively. Moreover, £, of composites were slightly wider (2.54 -
2.56eV) than BVO, but they were not significantly affected by varving
JIV). As shown in Table 1, ¢.BVO and ¢-BVO/BWO were promised to be
the most visible light-active photocatalysts due to narrow band-gap en-
ergies.

3.4, Surface structure of BVO, BWO and BVO/BWO composites

Fig. 5 shows ERDT and CBB position of samples plotted as a func-
tion of energy (eV) fram the top of valence band (VBT) of each sam-
ple. As has been reported previously [29), metal-oxide powders may
have electron traps (ETs), localized electronic states accepting electrons,
with their energies close to CBB, and those ETs are presumed to be lo-
cated mainly on the surface of powders, i.e., ERDT reflects the surface
structure of metal-oxide powders. For the samples used in the present
study, ERDT/CBB patterns were observed similar to the other metal ox-
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Fig. 2. STEM images of (a) BVO/BWO
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Fig. 3. Xxay diffraction patterns of {AYuncaleined and (B caleined (a) BWO, (b)-(2) BVOS
WO composiees with SV} = 0.50, 0,67, 0.80 and 0.91, respectively. and (f) BVO,

ides. Being consistent with the results of band gaps measured by DRS
as described above, apparent CBB, showing band gap energy with ref.
erence to VBT, of BWO was higher than that of BVO. The same as the
other metal oxide particles, parts of ETs were located in the energy

and -] cABVQz}.!\\’[),_D.SO commpasites.

nge close to or slightly above CBB for all samples (The reasons for
presence of ETs in the conduction band has been discussed in the previ-
ous paper {29]).

i Comparing ERDT patterns of BWO, BVO and BVO/BWO, the BV(/

BWO pattern was found to be reproduced by summations of the ERDT
i patterns of BVO and BWO with ca. 0.4V anodic (downward) shift of

the BWO partern, on the assumption that ETs in BVO and BWO gave
ERDT patterns independently. This suggests that apparent VBT of BWO
is more anodic by ca. 0.4¢V than that of BVO and, as a result, appar-
ent CBB of BVO and BWO are almost the same position, being con-
sistent with previous reports {7,18,22,30]. Anyway, the fact that the
ERDT pattern of composites could be reproduced only by summation of
ERDT patterns of each component suggests negligible electron/positive
hole transfer between two components [31], which have been often pre-
sumed for the other composite photocatalysts [32,33].

3.5. Photocatalytic activities

Fig. 6.1 and 6.2 show photocatalytic activities of BWO, BVO, BV(Q/
BWO and their calcined samples in various V) under UV-vis and
visible-light irradiation, respectively. At the beginning of phorocataly-
sis under UV-vis light irradiation (Fig. 6.1A), BVO and BWQ showed
the highest and lowest-level photocatalytic rate, 14 and 2pmolh 4, re-
spectively. However, the activity of BVO was dropped down and be-
came to be lower than that of BVO/BWO 0.91 after 1-h irradiation.
Thus, BVO/BWO 0.91 sample exhibited the highest activity for pro-
longed reaction time to 1.5h. In conrrast, activity of c-BVO was lower
than caleined composites and much decreased when compared 1o BVO
(Fig. 6.1B). The highest activity among the calcined samples was ob-
served for o-BVO/BWO 0.91. In the case of photocatalytic activities un-
der visible-light irradiation, the similar results as in case of the un-
der UV-vis irradiation were obtained, but ¢-BVO/BWO 0.80 showed the
highest activity among the calcined samples (Fig. 6,28), while BVO still
kept higher activity after 1.5-h visible-light irradiation (Fig. 6.2A). It



Table 1

Physical properties and photocatalytic activities of uncalcined and calcined BWO, BVO and BYO/BWO composites under UV-vis and visible light.

Samples V) Uncalcined - Caleined
E,
D*/nm seV SSAL/mTg ! UV-vis D/nm E/eV SSA/m2g"! UV-vis
Rate/pmol o Rate/pmol
h? e R? R? h=% R?
BWO o] 16 2.65 19 1.9% 0.38 0.9440 29 2.65 4 271 0.9943
BVO/BWO 0.50 31 2.56 NA W A 2.04 0.9734 47 2.49 NA 6.20 0.9908
0.67 26 2.56 NA 10.45.° 5.08 0.9525 60 2.50 NA 7.79 0.9880
0.80 29 2.55 14 11.33 4.82 0.9820 56 2.49 3 9.44 0.9909
0.91 36 2.54 NA * 12774 6.73 0.9790 58 2.51 NA 8.64 0.9865
BVO 1 42 253 12 ' 14.01 790 0.9910 62 2.47 1 4.62 0.9912

NA == Not apalyzed

» Crystalline sizes (D) of BWO and BVO were calculate

% Specific surface area,

by (1§i§ and (121) XRD peaks. respectively.
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Fig. 4. KM spectra of {A) unealcined and (B) caleined (a} BWO, {b)-(2) BVO/BWO com-
posites with AV = 0.50, 0.67, 9.80 amd 0.91, respectively, and (0 BVO,

g

Energy from VBTiaY
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Electron-trap density/pmoi g*

Fig. 5. ERDT patterns of BWO, ¢-BWO. BYD, ¢-BVO, BV
bers in < > denote the rotal density of ETs in the unit of umoly % The fast row is specific
surface area in the unit of m°g . i

seems strange. in the ordinary sense in the field of photocatalysis stud-
ies. that the ¢-BVO/BWO activities were higher than those of BVO/BWO
though the $SA was a few times decreased by the calcination. However,
as has been reported previously [34], photocatalytic activities of com-
mercial titania samples for oxygen evolution in the presence of elec-
tron acceptors, but not ordinary grghﬂi%.geéomposizion reactions, were
predominantly regulated by their secondary particle size (SPS) and the
larger the SPS of samples were, the higher their photocatalytic activities
became. This may be becnuse Jarger particle size is required 10 ab-
sorb multiple photons within the life time of an electron-positive hole
pair to drive oxygen evolution with four-electron transfer process. The
observed activity not so decreased by calcination of BVO/BWO compos-
ites (flV) < 0.8) cmild'bé,gy_piﬁined by the stabilization of loaded small
BVO particles, not to be aggregated but keeping the high dispersion of
BVO particles,

Fig. 7 is plots of 30-min rate of photocatalysis as a function of BVO
content in composites, fIV). Photocatalytic activities were obviously in-
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Fig. 6. 1 Photocatalytic oxygen liberations under UV vis light using (A} uncalcined and

(B} calcined BWO, BVO and BVO/BWO composites. 2 Photocatalytic oxygen liberations

under visible light using (A) uncalcined and (B) calcined BWO, BVO and BYO/BWO com-
posites.

creased with increasing f{iV) for the uncalcined samples under both
UV-vis and visible-light irradiations. For the calcined samples, on the
other hand, the activities increased with increasing V) to attain max-
imum at fiV) = 0.8 and then decreased to result in the relatively lower
activity of ¢-BVO. In other words, both UV--vis and visible-light activi-
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Fig. 7. Change ln photocatalytic activities of BVO/BWO and o BVO/BWO composites a5
# funethan of fiVi Open and closed cirdes: uncalcined and caleined samples, respectively,
under UV-vis irmadiation. Open and closed triangles: uncaleined and caleined samples, re-
spactively, under visible-light irradiation.

ties of BVO were largely decreased to be ea. 30% by calcination
(c-BVQ), while the activity of BVO/BWO composites, owing predom-
inantly to vanadate component (Note the relatively lower activity of
BWO and almost linearly increasing BVO activity with V), was kept
almost the same degree (or slightly decreased) even with caleination.
It could be said that the photochemical reaction oceurred mainly on
BVO particles and rungsten components were negligibly active, but they
helped to stabilize the BVO particles when they were calcined. In this
sense, uncalcined pristine BVO was the best photocatalyst, but as shown
in Fig. 8 and discussed in the following section, the stability of uncal-
cined BVO was worse than those of calcined samples.

The above-mentioned photocatalytic-activity trends can reasonabl
be interpreted by the change in morphology by calcination. As shuwﬁ
in Fig. 1 and 2, relatively smaller-sized BVO was fused and smx&ﬁd
to become larger-sized particles with possible grain boundaries, whil
no S!gmﬁcan( chnng,es by calcination, in morpholngy of BV

cated around CBB seemed to become less than halﬁiy caleination, the
above-mentioned change in total density ETs suggests that deeper ETs
might be increased by calcination presumably due to crystalline de-
fects at the grain boundaries of ¢-BVO, as was clai in & previous re-
search (35]. Analysis of ERDT patterns of composites with various fiV)

(a)

Fig. 8. Sedimentation images of (a} BVO and (b} ¢ BVO/BWO 0.80,

(b) (a)

(b)
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and correlation between photocatalytic activities and ERDT/CBB pat-
terns is another valuable target and further studies along this line as
well as study on calculating absolute position of ERDT/CBB are now un-
derway.

3.6, Sedimentation of BVO and BVO/BWO composites

Although BVO was the most active phot
dtion among the samples used in this stud
ovemll particle size has pomeiai

talyst for oxygen liber-
 ¢-BVO/BWO with a large
arathxg phmocma]ysl from reac-

BYO powder was still smbiy 'ﬁ’i water even after 78-h stmdmg

This is one of the admmag&s?hf ¢-BVO/BWO_0.80 for practical applica-
tions in the future.

3.7. Reusability

Long-life phatocatalyst is an important property for practical appli-
cations. Reusability of c-BVO/BWO_0.80 composite was tested and com-
pared to BYO, ¢-BVO BVO/BWO_0.80 as showed in Fig. 9. In the

first eyele, BVO showed the highest activity, however, rapid decreases
of photomgc activity were presented in the second cycle for all the
mmples After 5-h irradiation, the activities of BVO, ¢-BVO, BVO/
BWO.0.80 and ¢-BVO/BWO 0.80 were reduced to 16%, 24%, 25% and

the basis of above-mentioned results and discussion, it is con-
cluded that BVO and BWO components exhibit photocatalytic activity
independently, i.e., without possible electron/positive hole transfer be-
tween two kinds of metal oxides since the photocatalytic activity for
oxygen liberation changed linearly with changing BVO contents in un-
calcined BVO/BWO composites. Another support for the independency
of two components is that ERDT of the uncalcined composite can be re-
produced by summation of the ERDT patterns of each component by as-
suming that VBT of BWO is lower (more anodic) by ca. 0.4V than that
of BYO; if electron or positive-hole transfer happens between two cont-
ponents, the ERDT pattern of composites might not be a simple summa-
tion. The fact that the calcined composites showed the photocatalytic
activity maximum at the BVQ composition of 80% is attributable to
the ability of BWO to keep the BVO activity after calcination by pre-
venting the aggregation and fusion of the BVO crystallites into large,
less active, particles. In general, relatively higher photocatalytic activ-
ity of compasite materials compared with those of single components,

4

iod

-

Oxygen liberation/pmol
L]

Fig. 9. Reusability of BYO, BVO BVO/BWO 0,80 and ¢ IVO/BWO 0 50 composites,



7. Kepwong o al.

often called “synergetic effect™, has been atuributed to the interparticle
electron/positive-hole transfers without showing the experimental evi-
dence for the charge transfer. For the ¢-BWO-BVO composite photocat-
alysts reported in this paper, the maximum activity was observed due
to physically stabilized BVO particles by BWO in calcination rather than
to possible charge transfer between two components. Thus, synergetic
effects are not always owing to electronic effect, but, at least in the pre-
sent case, to morphological effect or the others, and this must be impor-
tant to design composite materials with high-level photocatalytic activ-
ity.
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