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For use as a photocatalyst, bismuth tungsten oxide, Bi,WOs, was successfully synthesized by hydrothermal treat-
ment at pH = 11 and heating at 200 °C for 24 h, and samples were subsequently thermal treated at 400, 600, and 800
°C to increase crystallinity. TEM results revealed that the initial untreated particles were sheet-shaped, grain size was
below 80 nm, and it increased with treated temperatures. These Bi;WOg samples absorbed at around 400 nm in the
visible light range and the intensity of absorption was particularly strongest in samples thermal treated at 600 °C.
Their photoluminescence abilities, related to the recombination between the excited electrons and holes, were
overall small for other general photocatalysts such as TiO,, and the smallest in the case of thermal treatment at 600
°C, as reversible result of UV-visible absorbance. Methyl orange of 5.0 ppm aqueous solution was almost
completely removed after 2 h when treated over the Bi,WOs thermal treated at 600 °C.
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Introduction

Semiconductor photocatalysts have attracted great interest
for their potential applications in environmental treatments,
hydrogen evolution from the hydrolysis of water, the fixation
of CO, and Ny, and the photosynthesis of organic com-
pounds.'” TiO, is by far the most popular photocatalyst,
desired for its high activity, good photostability, non-toxicity,
and low price. But the large band gap of TiO, (3.2 eV) makes
it excitable only by UV light wavelengths below 387 nm,
which severely limits the efficient usage of solar energy to a
maximum of 5% and hinders the commercialization of this
technology. "'’ Therefore, to avoid this drawback, new visible-
light-driven photocatalysts have been explored. Recently,
nano-structured tungsten materials, such as Bi,WOs, BizMOg,
Bi;W1.xCuxOs.2x, and SbyWOg, have attracted much interest
because of their potential application in various fields, including
photoluminescence, optical fiber, scintillation materials, and
photocatalysts.”’14 These materials have unique combinations
of physical and chemical properties, such as electronic
versatility, reactivity, and stability.

Bi;,WO¢ has been reported to be particularly photo-
catalytically active for the breakdown of dye compounds (Fu
et al.”); RhB at 10 ppm photodestructed in 240 minutes over
0.5 grams of Bi;WOs prepared at 180 °C. It is wellknown that
Bi;WOg exhibits higher activity than TiO, and has potential
uses in environmental remediation induced by solar energy. 16:17
Unfortunately Bi,WOg has a higher molecular weight than
TiO; and is more difficult to disperse in aqueous solution, a
serious drawback for heterogeneous photocatalysis. In addi-
tion, when particle size is decreased, the decreased crystallinity
resulted in lower photocatalytic activity. Therefore, in this
study, we tried to control the particle size of Bi,WOg nano-
sheet to below 100 nm using a hydrothermal treatment at high
temperature (200 °C) and pressure (20 atm). Crystallinity was
then increased by thermal treatment at temperatures above

400 °C. The resulting Bi,WOs nanosheet photocatalysts were
then assesed for their photocatalytic activity in the removal of
methyl orange from solution.

Experimental Section

Preparation of Bi;WOs photocatalysts. The Bi,WOg nano-
meter-sized sheet-shaped particles were prepared using a
commercial hydrothermal method as shown in Figure 1. Bi*®
(Bi(NOs)3 - SH>0, 99.9%) and W ion precursors (WClg, 99.9%)
were mixed with distilled water, with the mole ratio of Bi’":
we kept at 1.0:2.0 and the pH of the solution maintained at
9.0 with ammonium hydroxide. After 5 h of stirring to obtain
a homogeneous state, the final solution was transferred to an
autoclave, which was then heated to 200 °C at a rate of 5 °C/
min and held at this temperature for 24 h. The autoclave was
maintained with nitrogen gas at 20.0 atm to produce smaller
crystallite size. During the thermal treatment, bismuth and
tungsten were hydrolyzed by the OH group in the water and
crystallites of BiuWOg with an orthorhombic structure then
appeared. The powders obtained were washed in distilled
water and dried at 100 °C for 24 h. Finally, these were thermal
treated at 400, 600, and 800 °C for 3 h to get the higher
crystallinity.

Characteristics of Bi;WQs photocatalysts. The synthe-
sized Bi,WOg powders were subjected to X-ray diffractometry
(XRD, Yeungnam University Instrumental Analysis Center,
Korea; Model PW 1830, Philips, Amsterdam, The Nether-
lands) with nickel-filtered CuKa radiation (30 kV, 30mA)
from 5° to 70° with a scan speed of 10° min"' and time
constant of 1 s. The sizes and shapes of the Bi,WOg particles
were determined using scanning electron microscopy (SEM,
Yeungnam University Instrumental Analysis Center, Korea;
Model JEOL-JSM35CEF, Tokyo, Japan). High-resolution trans-
mission electron microscopy (TEM, Yeungnam University
Instrumental Analysis Center, Korea) images of the nanometer-
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Figure 1. The preparation of Bi;WOs nanosheet particles using a
commercial hydrothermal method.

sized samples were obtained on a JEOL 2000EX transmission
electron microscope operated at 200 kV. The UV-visible spectra
of the Bi;WOg powders were obtained using a Shimadzu MPS-
2000 spectrometer (Kyoto, Japan) with a reflectance sphere
over the special range of 200 to 800 nm.

Photoluminescence (PL, Research Institute of Basic
Sciences Sunchon National University, Korea) spectroscopy
measurements of the Bi,WOg powders were also conducted to
examine the number of photo-excited electron hole pairs in
each of the samples. Samples as 1.0 mm pellets were
measured at room temperature using a He-Cd laser source at a
wavelength of 325 nm. X-ray photon spectroscopy (XPS,
Cooperative Center to Research Facilities, Sungkyunkwan
University Instrumental Analysis Center, Korea) measure-
ments of Bi4f W4f, and Ols were recorded with an ESCA
2000 (VZ MicroTech, Oxford, UK) system, equipped with a
non-monochromatic AlKa (1486.6 eV) X-ray source. The
Bi, WO, powders were pelletized, at 1.2 x 10" kPa for 1 min,
and the 1.0-mm pellets were then maintained overnight in a
vacuum (1.0 x 107 Pa) to remove water molecules from the
surface prior to measurement. The base pressure of the ESCA
system was below 1 x 10 Pa. Experiments were recorded
with a 200 W power source and an angular acceptance of + 5°.
The analyzer axis made an angle of 90° with the specimen
surface. Wide scan spectra were measured over a binding
energy range of 0 to 1200 eV, with pass energy of 100.0 eV.
The Ar’ bombardment of the Bi,WOg was performed with an
ion current of 70 to 100 nA over an area of 10.0 X 10.0 mm
with a total sputter time of 2400 s divided into 60 s intervals.
A Shirley function was used to subtract the background in the
XPS data analysis. The O1s, Bi4f, and W4f XPS signals were
fitted using mixed Lorentzian-Gaussian curves.
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Figure 2. The photoreactor for methyl orange removal (decom-
position).
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Figure 3. The XRD patterns of the Bi,WOs particles thermal
treated at various temperatures.

d) The thermal treated at 800°C
Ao~ A

Photodecomposition of methyl orange. The decomposition
of methyl orange was carried out using bed photo reactors
designed in the laboratory (Figure 2). In preparation for the
methyl orange decomposition, Bi;WOgs powder of 0.5
g/1000 mL solution were added into a pyrex cylinder reactor
with 2.0 L volume. The initial concentration of methyl orange
was 5.00 ppm. A UV-lamp (model BBL, 24 W/cm®, 30 cm
length x 2.0 cm diameter, Shinan Co., Korea) emitting 365
nm light was used. The methyl orange decomposition was
performed in the condition without air bubbling. Analyses of
the concentration of methyl orange in the reaction solution
before and after the reaction were done using UV-visible
spectroscopy.

Results and Discussion

Figure 3 shows the XRD patterns of the Bi, WO particles
thermal treated at various temperatures. The Bi,WOg par-
ticles, all the samples exhibited an orthorhombic structure.
The orthorhombic structure had peaks at 28.3, 32.7, 47.1,
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Figure 4. The SEM and TEM photographs of thermal treated Bi;WOs at various temperatures.

55.7, and 58.5, which are assigned to the (di31), (d200, 060), (digo,
202,260), (dos2, 133, 191), and (dis2, 110, 262) planes, respectively. 0
The peak intensities increased with the increase of the treated
temperature, however, no other peaks assigned to Bi,Os or
WOs;, which would indicate their presence on the external
surface of the Bi,WO¢ framework, were seen in the XRD
patterns of any of the samples. On the other hand, the line
widths of the peaks were broad; generally, the larger the
line-broadening of the peaks, the smaller the crystalline
domain sizes. Scherrer’s equation, T = 0.92/Bcos0, where A is
the wavelength of the incident X-rays, B is the full width at
half maximum height in radians, and 0 is the diffraction angle,
was used to determine the crystalline domain size. The calcu-
lated crystalline domain sizes in the plane (131) were 17, 25,
24, and 23 nm for the as-synthesized (not thermal treated)
product, the thermal treated at 400 °C, 600 °C, and 800 °C pro-
ducts, respectively.

Figure 4 shows the SEM and TEM photographs of the
particle shapes of thermal treated Bi,WOs. A relatively uni-
form mixture of nanosheet shaped particles whose sizes were
distributed in the 80-100 nm range, was shown in these photo-
graphs. Their size was increased in the samples prepared at
higher temperatures, owing to the agglomeration induced by a
considerable sintering effect. This corresponds to the results
of the XRD analysis shown in Figure 3.

Table 1 summarizes the physical properties of the thermal
treated Bi,WOg powders. From the energy dispersive analysis
of X-rays (EDAX), the true atomic ratios of bismuth/tungsten
in the as-synthesized product, and the thermal treated at 400,
600, and 800 °C products were found to be 2.03, 2.31, 2.51,
and 2.41, respectively, indicating the separation of the
tungsten ion from Bi,WOg orthorhombic framework at higher

Table 1. The physical properties of the thermal treated Bi;WOs
powders.

Elements Atomic compo-

Catalysts sitions Bi W o) Bi/lW O/Bi+W
As-synthesized 55.82 2753 1665 203 020
treTa?:dtL‘fZggloc 58.16 2507 1677 231 020
trel;iedtla‘fgggloc 61.53 2443 1404 251 0.16
tr;{‘;ffgggloc 58.11 2411 1770 241 022

temperatures, with the largest effect in the Bi;WOs thermal
treated at 600 °C. Additionally, the atomic ratio of O/(B+W) is
also the smallest in the sample, indicating the framework
anion defect which related to conduction properties. The frame-
work defect leads to easier electron transfer to the conduction
band, and suppressed the recombination of electrons and holes
during photocatalysis.

Quantitative XPS analyses of the Bi,WOg particles were
performed, with the typical survey and high-resolution spectra
shown in Figure 5. The Bi4fs;, and Bi4f;, spin-orbital splitting
photoelectrons for anatase Bi,O; were located at binding
energies of 164.4 and 159.1 eV, respectively, and assigned to
the presence of typical Bi’" in the as-synthesized product.”
When it was treated at 600 °C, the bands were a little broader,
and shifted slightly to a higher binding energy of 164.60 and
159.3 eV for Bi4fs), and Bidfyp,, respectively, which might be
assigned to more oxidized Bi ions. The differences (delta) in
binding energies between Bi4fs, and Bi4f;, were distributed
in the range of 5.25~5.40 eV in all of the Bi,WOj particles.
The Ols region was decomposed into two contributions:
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Figure 5. The XPS curves of thermal treated Bi,WOs at various temperatures. a) As-synthesized, b) Thermal treated at 400 °C, ¢) Thermal

treated at 600 °C, and d) Thermal treated at 800 °C

metal-O (530.2 eV) in the metal oxide and metal-OH (531.0 eV).
The area ratio of metal-OH/metal-O in the Ols peaks were
distinguishably increased in the sample thermal treated at 600 °C
compared to those in other products, increasing in the
magnitude of the ratio in the treated samples at 400 °C (0.240)
<800 °C (0.293) < 200 °C (as-synthesized, 0.545) < 600 °C
(0.762). In general, a higher metal-OH peak indicated that the
particles were more hydrophilic, and thus produced many more
OH radicals during photocatalysis; consequently, its photo-
catalytic activity could be improved. The W4f;, and W4fs)
spin-orbital splitting photoelectrons for WO; were located at
binding energies of 35.40 and 37.54¢V, respectively. When it
was treated at 600 °C, the bands shifted slightly to a lower
binding energy of 35.20 and 37.36eV for W4f;,; and W4fs,,
respectively, which might be assigned to less oxidized W ions.

Figure 6 shows the UV-visible spectra of the Bi;WOg
powders thermal treated at various temperatures. The absorp-
tion normally appears first at around 400 nm in the samples
prepared from all products. Generally, the band gaps in a
semiconductor material are closely related to the wavelength
range absorbed. The longer the absorption wavelength has,
the shorter the band gap. Herein, it is postulated that the
Bi,WOg samples treated at higher temperatures have a shorter
band gap than that of the non-treated sample, and that the band
gap decreased in the order of the as-synthesized product = the
product thermal treated at 400 °C > the product thermal
treated at 600 °C > the product thermal treated at 800 °C.

12 ] © Themmal treated at 600°C

Absorbance

0.0 T T T

T
200 300 400 500 600 700 800
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Figure 6. The UV-visible spectra of the Bi,WOs powders thermal
treated at various temperatures.

However, the absorption ability was the greatest in the Bi,WOg
thermal treated at 600 °C. The commercialized photocatalyst,
TiO, with anatase structure, absorbs around 370 nm, which
has been also expressed in this figure as a reference.

Figure 7 presents the photoluminescence (PL) spectra of
Bi;WOg powders thermal treated at various temperatures. The
PL curve indicates that the electrons in the valence band
transferred to the conduction band, and then the excited
electrons were stabilized by photoemission. In general, if the
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Figure 7. The photoluminescence (PL) spectra of Bi,WOg powders
thermal treated at various temperatures.

number of the emitted photons resulting from the recom-
bination between excited electrons and holes is increased, the
PL intensity increases, and consequently, the photo activity
decrease. Therefore, there is a strong relationship between PL
intensity and photo activity. In particular, when metal captures
excited electrons the PL intensity decreases to an even greater
extent. In this figure, the PL curves of Bi,WOs powders were
similar to that of general titania (TiO,) photocatalysts with an
emission at 450-650 nm. But their photoluminescence were
overall very small compared with general titania photocatalysts.
The PL curve is smallest in the case of thermal treatment at
600 °C, most likely due to the oxygen atoms playing the role
of electron capturers as the expected result in Table 1, thereby
depressing the recombination process. This result was rever-
sible in UV-visible absorbance. Consequently, the PL intensity
depends on whether the added tungsten metal was acted as an
electron capturer or not.

Figure 8 gives the methyl orange decomposition over
thermal treated Bi-WOs powders. The decomposition rate
was faster in the Bi,WOs thermal treated at 600 °C, as might
be expected by the physical properties explained in Table 1,
Figure 5, and Figure 6.; methyl orange of 5.0 ppm mostly
decomposed after 2 h. However, when the treated temperature
was increased to 800 °C, the photodestruction of methyl
orange decreased. This was in spite of having the lower band
gap caused by considerable agglomeration between particles
through sintering at higher temperatures, as shown in SEM
and TEM images, and the increased recombination between
electrons and holes suggested from the result of PL curves.
Based on this observation, it was concluded that the optimum
temperature treatment for Bi;WOs photocatalyst was 600 °C
to produce effective methyl orange decomposition and that
this resulted from having a proper sized band gap and depre-
ssing the recombination between electrons and holes. This
result confirmed that Bi,WOg can be very useful as a photo-
catalyst for removal of dye compounds like methyl orange.
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Figure 8. The methyl orange removal over thermal treated Bi;WOg
powders.

Conclusions

The following conclusions can be drawn from this study:
the removal of methyl orange of 5.0 ppm was completely
photodestructed after 2 h over the Bi,WOg powder thermal
treated at 600 °C, but effectiveness was rather decreased over
Bi;WOg powder thermal treated at 800 °C in spite of it having
the lower band gap. Consequently, we found herein that the
lower band gap did not always affect the photocatalytic activity,
and depressing the recombination between electrons and holes
was rather important. Additionally, when the Bi,WOg is more
and less oxidized, Bi and W ions are present and its photocatalytic
performance is enhanced.
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