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Abstract

Bi,WO¢ powder photocatalyst was prepared using Bi(NO3); and Na,WO, as raw materials by a simple hydrothermal method at
150 °C for 24 h, and then calcined at 300, 400, 500, 600 and 700 °C for 2 h, respectively. The as-prepared samples were characterized
with UV-visible diffuse reflectance spectra, fourier transform infrared spectra (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM) and N, adsorption—desorption measurement. The photocatalytic activity of the samples was evaluated using the
photocatalytic oxidation of formaldehyde at room temperature under visible light irradiation. It was found that post-treatment
temperature obviously influenced the visible-light photocatalytic activity and physical properties of Bi,WOg powders. At 500 °C,
Bi,WOg4 powder photocatalyst showed the highest visible-light photocatalytic activity due to the samples with good crystallization

and high BET surface area.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, a large number of investigations have
focused on the semiconductor photocatalyst for its wide
applications in solar energy conversion and environ-
mental purification since Fujishima and Honda dis-
covered the photocatalytic splitting of water on the TiO,
electrodes in 1972 [1-13]. Among various oxide semi-
conductor photocatalyst, TiO, was intensively investi-
gated because of its biological and chemical inertness,
strong oxidizing power, nontoxicity and long-term
stability against photo and chemical corrosion. How-
ever, the fast recombination rate of photogenerated
electron/hole pairs hiders the commercialization of this
technology [14-18]. Furthermore, TiO, is only effective
under ultraviolet irradiation (4 <380 nm) due to its large
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band gap (3.2¢eV). Usually, sunlight contains about 4%
ultraviolet light. Therefore, it is of great interest to
develop new visible-light photocatalysts to extend the
absorption wavelength range into the visible light
region.

In recent years, in the field of water splitting, a new
genre of single-phase catalysts has emerged, in which the
entire solid rather than just the external surface is
involved in catalysis. Layered oxides, such as K4NbgO7
[19], BilnNbO5 [20], Srp;Nb,O5 [21] and In;_,Ni, TaOy,
[22], etc., had been attracting much attention lately
because they are much more active than the generally
used TiO, or SrTiO; for photocatalytic water splitting.
This kind of photocatalyst belongs to a family of
uniform heterogeneous catalyst [23]. However, all the
authors used the solid—solid blending method to prepare
their samples. James et al. [23] pointed out that the lack
of homogeneity of the prepared materials and a drastic
decrease in the surface area of the resulting materials by
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high-temperature sintering was the deadly shortcoming
of the solid-solid blending method. Recently, visible-
light active BisTi30;, photocatalyst was synthesized by
a chemical solution decomposition (CSD) method [24],
which has been proved to be a better method than the
solid—solid blending method to prepare a uniform
catalyst.

In this study, Bi,WOg powder photocatalyst was
prepared using a hydrothermal reaction method. The
specific surface area (21.1m?/g) of BiWO4 powders
prepared by a hydrothermal process is much higher than
that (0.6m?/g) of the samples prepared by a solid-state
reaction method. To the best of our knowledge, this is
the first report on the visible-light photocatalytic active
of Bi,WOg¢ powders prepared by a hydrothermal process
for the photocatalytic oxidation of formaldehyde at
room temperature.

2. Experimental
2.1. Preparation

All chemicals used in this study were received from
Shanghai Chemical Regent Factory of China without
further purification. Bi(NO3); - SH,O and Na,WO, were
firstly dissolved in 150 mL distilled water. After stirring
for 15min, the slurry solution was placed in a 200 mL
autoclave with a Teflon liner. The autoclave was
maintained at 150 °C for 24h and then air cooled to
room temperature. The yellow precipitate was collected
and washed with distilled water. The obtained sample
was dried at 100 °C for 5h and then calcined at 300, 400,
500, 600 and 700 °C for 2h, respectively.

2.2. Characterization

The X-ray diffraction (XRD) patterns obtained on a
diffractometer (type HZG41B-PC) using Cu Ko radia-
tion at a scan rate (20) of 0.05°s™! were used to
determine the identity of any phase present and their
crystallite size. The accelerating voltage and the applied
current were 15kV and 20mA, respectively. The
morphologies of Bi,WOs powders were observed by
scanning electron microscopy (SEM; type JSM-5610LV)
with an accelerating voltage of 20kV. UV-visible
absorption spectra of Bi,WO¢ powders were obtained
for the dry-pressed disk samples using a UV-visible
spectrophotometer (Cary 100 Scan Spectrophotometers,
Varian, USA). BaSO,4 was used as a reflectance standard
in the UV-visible diffuse reflectance experiment. Infra-
red absorption spectra were recorded for KBr disks
containing powder sample with an FTIR spectrometer
(Nialet-60SXB, American). The Brunauer—-Emmett—Tel-
ler (BET) surface area (Sggt) of the samples was
analyzed by nitrogen adsorption in an AUTOSORB-1

(Quantachrome Instruments) nitrogen adsorption appa-
ratus. The dried Bi,WOs powders samples at 100 °C
were degassed at 100 °C, and the calcined samples were
degassed at 180 °C prior to nitrogen adsorption mea-
surements. The BET surface area was determined by
multipoint BET method using the adsorption data in the
relative pressure (P/Py) range of 0.05-0.3 [12,25].

2.3. Measurement of photocatalytic activity

Formaldehyde is a common indoor air pollutant in
modern houses, which has been the subject of numerous
complaints regarding health disorders, such as nausea,
headache, fatigue, dullness and thirst [26,27]. These
volatile harmful gases come from plywood, particle-
board and adhesives for wall clothes, commonly used in
construction and furnishing. In order to improve indoor
air quality (IAQ), these volatile organic compounds
(VOC) must be eliminated. Therefore, we choose
formaldehyde as model contaminate. Photocatalytic
oxidations of formaldehyde is based on the following
reactions [28]:

HCHO + O, — CO; + H,0. (1)

The visible-light photocatalytic activity experiments
on the prepared Bi,WOg4 powders for the oxidations of
formaldehyde in air were performed at ambient tem-
perature using a 15 L rectangular photocatalytic reactor.
The catalysts were prepared by coating an aqueous
suspension of Bi,WOg powders onto three dishes with a
diameter of about 9 cm. The weight of catalysts used for
each experiment was kept 0.5g. The dishes containing
catalysts were dried in an oven at 100°C for 2.5h to
evaporate the water and then cooled to room tempera-
ture before used. After sample-coated dishes were placed
in the reactor, a small amount of formaldehyde was
injected into the reactor with a syringe. The reactor was
connected to a CaCl,-containing dryer used for con-
trolling the initial humidity in the reactor. The analysis
of formaldehyde, carbon dioxide, and water vapor
concentration in the reactor was conducted on line with
a Photoacoustic IR Multigas Monitor (INNOVA Air
Tech Instruments Model 1312). The formaldehyde
vapor was allowed to reach adsorption equilibrium with
catalysts in the reactor in the dark prior to visible-light
irradiation. The initial concentration of formaldehyde
after adsorption equilibrium was controlled to
170+ 10ppm for all experiments, which remained
constant for about 2-3min until a 15W daylight lamp
(YZ20RR29, Nanjing Lamp Factory) in the reactor was
turned on. The distance between the lamp and the
Bi,WOg-coated dishes was about 5cm and the total
effective irradiation area of the Bi,WOg-coated dishes
was about 190cm? Integrated intensity in the range
400-500 nm striking the coatings was measured with a
UV radiometer (Model: UV-A, made in Photoelectric
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Instrument Factory of Beijing Normal University) was
120+ 10 uW/cm?, while the peak wavelength of UV light
was 420nm. The initial concentration of water vapor
was 1.20+0.01vol%, and the initial temperature was
254+1°C. Each set of experiment was carried out for
20 h.

The visible-light photocatalytic activity of the samples
can be quantitatively evaluated by comparing the
removal efficiency of formaldehyde (R (%)). R (%)
was calculated according to the following equation [28]:

[gas]o — [gas],
[gas]y
where [gas]y and [gas], represent the initial equilibrium

concentration and reaction concentration of formalde-
hyde, respectively.

R(%) = x 100%, ©)

3. Results and discussion

XRD is used to investigate the phase structures and
average crystallite size of the as-prepared Bi,WOgq
powders. Fig. 1 shows the XRD patterns of Bi,WOgq
powders calcined at different temperatures. It can be
seen that the as-prepared sample at low temperature
(below 300°C) shows weak crystallization. With in-
creasing calcination temperature, the diffraction peak
intensity of Bi,WOg4 obviously increases and the width
of the peak becomes gradually narrower, which is due to
the growth of crystallites and enhancement of crystal-
lization. At 400 °C, the diffraction peaks of the samples
can be indexed with the russellite phase of Bi;WOg
(JCPDS Card: 26-1044). It is well known that the
crystallization and the surface area of the photocatalyst
are two important factors influencing the photocatalytic
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Fig. 1. XRD patterns of Bi,WO¢ powders calcined at (a) 100, (b) 300,
(c) 400, (d) 500, (e) 600, (f) 700 °C for 2h.

activity. However, with the improvement of crystal-
lization, the crystallites become larger, the BET surface
areas (as shown in Table 1) of the samples decrease.
Figs. 2(a) and (b) show the SEM photographs of
Bi,WO¢ powders calcined at 500 and 700 °C, respec-
tively. It could be seen that the Bi,WO4 powders
calcined at 500°C had smaller particle size. On the
contrary, the Bi,WOg powders calcined at 700°C
displayed greater particle size due to sintering between
smaller particles. This also indicated that the specific
surface areas of the Bi,WOg4 powders decrease with
increasing calcination temperature. Therefore, we try to
find an optimal temperature at which the photocatalyst
shows the highest photocatalytic activity.

Figs. 3(a—d), show the UV-visible diffuse reflectance
spectra of Bi,WO, powders calcined at 400, 500, 600
and 700 °C, respectively. A significant increase in the
absorption wavelengths lower than about 460 nm can be
assigned to the intrinsic band gap absorption of
Bi,WOyg. With increasing calcination temperature, the
samples show a stronger absorption in the UV-visible
range and a red shift in the band gap transition. The red
shift is ascribed to the increase in crystallite size.

The band gap energy can be estimated from a plot of
(oc)l/ 2 versus photon energy (hv). The intercept of the
tangent to the plot will give a good approximation of the
band gap energy for indirect band gap materials such as
TiO, [11,29-31]. The absorption coefficient o can be
calculated from the measured absorbance (A4) using the
following equation:

2.303p10°
 leM

where the density p =9.512gem™>, molecular weight
M =697.81gmol™!, ¢ is the molar concentration of
Bi>WOy, and / is the optical path length [11,30]. Plots of
the («)'/? versus photon energy (hv) are shown in Fig. 4.
The band gap energies estimated from the intercept of
the tangents to the plots are 2.77, 2.64, 2.52 and 2.50 eV
for Bi,WOg¢ calcined at 400, 500, 600 and 700°C,
respectively. The band gap energies decrease with
increasing calcination temperature. This indicates that
Bi,WOg¢ has a suitable band gap for photocatalytic
decomposition of organic contaminants under visible
light irradiation.

FT-IR spectra of Bi,WOg powder samples calcined at
various temperatures are shown in Fig. 5. The Bi;WOgq
samples show main absorption bands at 400-1000cm ™",
which are attributed to Bi-O, W-O stretching and
W-0O-W bridging stretching modes [32,33]. The peaks at
1384 and 1640 cm ™" are attributed to bending vibrations
of N-O and O-H, respectively. The IR spectrum of the
sample dried at 100 °C reveals that W-O, Bi-O, N-O
groups exist in the as-prepared sample. Since hydro-
thermal reaction is carried out in an aqueous solution
system, the prepared samples easily adsorb water

4, (€)
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Table 1

BET surface area and average crystallite size of Bi;WO4 powders calcined at various temperatures

Calcination temperature (°C) 100
Surface area (mz/g) 21.14
Crystallite size (nm) 9.1

500 600 700
10.21 5.458 2.197
28.5 52.0 72.9
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Fig. 2. SEM photographs of Bi,WOg4 powders calcined at (a) 500 and (b) 700 °C for 2 h.
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Fig. 3. UV-Vis diffuse reflectance spectra of Bi,WO¢ powders calcined
at (a) 400, (b) 500, (c) 600 and (d) 700 °C for 2 h.

molecules. NO3 ions come from the raw material. The
intensities of O-H and N-O vibration bands decrease
and the intensities of W-O and Bi—O vibration bands
increase with increasing calcinations temperature. NO3
ions almost completely disappeared at 500 °C. There is a
small peak existing at about 1640cm™" in all curves,
which corresponds to the hydroxyl groups in Bi,WOgq
powders. This shows that the hydroxyl groups always
exist in Bi,WO¢ powders.

Fig. 6 shows the dependence of visible-light photo-
catalytic activity on calcination temperature. It can be
seen that the as-prepared sample at 100 °C shows weak
visible-light photocatalytic activity with formaldehyde
removal efficiency of 8.32%. This may be due to the fact
that at 100 °C, although the sample had high surface
area, Bi,WOg shows weak crystallization. With increas-
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Fig. 4. Plots of the (ot)l/2 versus photon energy (hv) for Bi,WOg¢
powders calcined at (a) 400, (b) 500, (c) 600 and (d) 700 °C for 2 h.

ing calcination temperature, the photocatalytic activity
of Bi,WOg increases due to the enhancement of Bi,WOg¢
crystallization. At 500 °C, the photocatalyst reaches the
highest photocatalytic activity with formaldehyde re-
moval efficiency of 68.8% in 20h. This is due to the
samples with good crystallization and high surface area.
However, with further increasing calcination tempera-
ture, the photocatalystic activity decreases due to the
decrease of BET surface area of Bi,WO¢ samples.

4. Conclusions

Visible-light active Bi,WOg powder photocatalyst
could be prepared by a simple hydrothermal reaction
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Fig. 5. FT-IR spectra of the Bi,WOgs powder samples calcined at
various temperatures.
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Fig. 6. The photocatalytic activity of Bi,WO4 powders calcined at
various temperatures under visible light irradiation.

at 150 °C. Post-treatment temperatures obviously influ-
enced the visible-light photocatalytic activity and
physical properties of Bi;WOg powders. At 500 °C,
Bi-WO¢ powder photocatalyst showed the highest
visible-light photocatalytic activity due to the samples
with good crystallization and high BET surface area.
This work may provide new insights into the develop-
ment of novel visible-light photocatalyst.
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