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a b s t r a c t

Au-buffered WO3 thin films were deposited on quartz glass using a radio-frequency magnetron sputtering
method and their optical, structural and photocatalytic properties were investigated. The photocatalytic
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activity of the prepared thin films was evaluated by measuring the photodecomposition of methylene
blue. The presence of the Au buffer layer improved photodegradation efficiency by about 50%, red-shifted
the absorption edge to a longer wavelength, and increased the film surface roughness. Photoexcited
charges were separated by surface plasmon resonance at Au nanoparticles.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalytic technology has much potential as green energy
echnology that can be applied to numerous fields [1]. Until now,
trenuous efforts to improve the efficiency of photodegradation
nder a sunlight or indoor light have been made. There are vari-
us materials that have the photocatalytic function such as TiO2,
nO2, WO3, ZnO, Fe2O3, FeTiO3, CdS, Bi2O3 and ZnS [2–10]. Among
hem, TiO2 is known to have an excellent ability to purify organic or
norganic pollutants. It has been widely used in the industry due to
ts chemical stability, harmlessness, inodorous, low cost and abun-
ance [11–13]. Jung et al. has recently reported that Au-doped TiO2
as an excellent photocatalytic activity [14]. Since TiO2 has a wide
and gap energy (∼3.2 eV) [15,16], the photodegradation can be
ffective under illumination of ultraviolet (UV) light that is about
% of sunlight [16,17]. Therefore, it is necessary to develop a mate-
ial photosensitive to visible light. It is well-known that tungsten
xide (WO3) is stable in acid and that it is photosensitive to visible
ight because it is an n-type semiconductor material with a band
ap energy of 2.5 eV [18–20]. WO3 has been extensively applied
o many fields such as electrochromic devices, smart windows, gas

ensors, organic/inorganic hybrid memory devices and solar energy
onversion [16,21–24]. But its photocatalytic efficiency is not still
atisfactory as the photocarriers generated in the WO3 conduction
and are rapidly recombined [16,24]. Recently, several studies on
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improving the photodegradation efficiency of WO3 have been car-
ried out through the doping of transition metals such as Pt, V and
Cu or compositing of impurities [4,15,25].

In this study, we have prepared Au-buffered WO3 thin films by
the radio-frequency (RF) magnetron sputtering method. The optical
and structural properties of the prepared films were characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM)
and scanning probe microscopy (SPM). The photocatalytic activ-
ity of the thin films was analyzed by measuring the degradation of
methylene blue under irradiation of visible light from a fluorescent
lamp.

2. Experimental

Au-buffered WO3 thin films were deposited on quartz glass by
the RF magnetron sputtering method. The WO3/Au/WO3 structure
was introduced in this work because it is difficult to directly deposit
an Au layer on quartz [14]. The RF magnetron sputtering process
is a suitable route for the production of high-quality Au-buffered
WO3 thin films. The WO3 and Au targets with a size of 5 × 10−2 m
in diameter were powered by an RF generated at a frequency of
13.56 MHz. The base pressure of the chamber was 3.6 × 10−6 Torr
and the deposition pressure was set at 1.0 × 10−2 Torr. The flow
rate of Ar (99.99%) was controlled with a mass flow meter sys-
tem. The optimum substrate-to-target distance was determined

to be 150 mm. Before each run, the targets were pre-sputtered
in Ar for 5 min to clean the surface of the targets. The RF power
of the WO3 and Au targets was 75 and 15 W, respectively. The
as-deposited samples were annealed at 500 ◦C in air for 1 h. The
crystal phase of the prepared thin films was determined by XRD

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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ig. 1. XRD patterns of un-buffered WO3 and Au-buffered WO3 thin films annealed
t 500 ◦C in air for 1 h.

Philips, X’pert PRO MRD) in the 2� mode using monochromatic Cu
� radiation at a grazing incidence. SEM (Carl Zeiss, Supra 40) and
PM (Digital Instruments, Multimode) were employed to investi-
ate the surface morphology of the thin films. The photocatalytic
roperty was evaluated by measuring the photodecomposition of
ethylene blue (C16H18CIN3S–Cl–3H2O, Sam Chun Pure Chemical

o. LTD.) in water with an initial concentration of 1 × 10−5 mol/L.
he samples (2 cm × 2 cm) were immersed in the dye solution in
tubular quartz reactor. The methylene blue solution was vigor-

usly stirred under irradiation of four surrounding 20 W fluorescent
amps (Kumho, FL20SD). Photocatalytic degradation of methylene
lue was monitored by measuring the absorbance at 664 nm with
UV–vis spectrophotometer (HP, UV-Vis 8453). The absorbance

pectra of the thin films were also measured by the spectropho-
ometer.

. Results and discussion

Fig. 1 shows the XRD patterns of WO3 thin films annealed at
00 ◦C in air for 1 h. The as-deposited samples were amorphous. The
RD data reveal that the annealed films are crystalline and exhibit

he monoclinic structure [12,26]. The monoclinic WO phase is
3
nown to be the most stable phase at room temperature [27]. The
ntensity of the (0 0 1) peak of the Au-buffered WO3 film was greater
han that of the un-buffered WO3 thin film, and the presence of the
u layer was identified by the large (1 1 1) peak of cubic gold [14].

ig. 2. Surface and cross-sectional SEM images of WO3 thin films: as-deposited (a), ann
00 ◦C (d).
g Journal 161 (2010) 285–288

The crystallite size of the thin films was determined from Scher-
rer’s equation, D = 0.9 �/B cos �, where D is the crystallite size, � is
the wavelength of X-ray radiation (� = 1.54056 Å), B is the full width
at half-maximum (FWHM), and � is the half diffraction angle of the
cancroids of peak in degree. The crystallite size of the un-buffered
and Au-buffered WO3 thin films was 61.2 and 49.2 nm, respectively,
which was determined from the (0 0 1) main peak [28], indicating
that the Au buffer layer decreased the crystallite size.

Fig. 2 depicts the SEM images of WO3 thin films. It can be seen
from Fig. 2 that the as-deposited films consist of uniform granu-
lar grains (Fig. 2(a) and (c)), while the annealed films consist of
non-uniform large grains due to the crystal growth in the thermal
process (Fig. 2(b) and (d)). The cross-sectional SEM images show
the Au thin layer with a thickness of 10 nm is placed between the
top WO3 layer and bottom WO3 layer with a thickness of 220 and
40 nm, respectively (Fig. 2(c)).

Fig. 3 illustrates the SPM images of WO3 thin films. The as-
deposited Au-buffered film (Fig. 3(a)) had rougher surface than
the as-deposited un-buffered film (Fig. 3(b)). The average surface
roughness of the Au-buffered and un-buffered WO3 films was found
to be 0.43 and 0.20 nm, respectively, indicating that the presence
of the Au thin layer increases the surface roughness [14]. The
annealed Au-buffered film (Fig. 3(b)) had also rougher surface than
the annealed un-buffered film (Fig. 3(d)) with an average surface
roughness of about 0.88 and 0.72 nm, respectively. Rougher films
may provide more reactive surface area, resulting in more photo-
catalytic activity [29].

Fig. 4 shows the UV–vis absorbance spectra of WO3 thin films.
The absorption edge of the WO3 thin film was red-shifted in the
presence of the Au buffer layer, indicating a reduction of the
optical band gap (Eobg). The Eobg was computed from plots of
(˛h�)2 ∝ (h� − Eg), where ˛ is the absorption coefficient and h� is
the photon energy for the samples. The Eobg of the un-buffered and
Au-buffered WO3 thin film was 2.98 eV and 2.88 eV, respectively.
A red-shift of the absorption edge of the metal doped WO3 films
is due to the formation of a dopant energy level within the band
gap of WO3. Thus, the optical absorption of the metal doped film
depends on the energy levels of the dopant within the WO3 and
the distribution of the dopant metal ions. The Au-buffered WO3
thin film absorbed the visible light more than the un-buffered WO3
thin film in the 380–460 nm range. More electrons and holes can
be photogenerated in the Au-buffered WO3 thin films as a result of
absorption of more visible light, leading to the enhanced photocat-
Fig. 5 shows the photocatalytic degradation of methylene blue
for various samples under fluorescent lamp irradiation for 6 h. The
photoactivity of the films was found to be in the order: Au-buffered
WO3 film > un-buffered WO3 film > TiO2 film > blank. Note the TiO2

ealed at 500 ◦C (b) and Au-buffered WO3 thin films: as-deposited (c), annealed at
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C (b) and Au-buffered WO3 thin films: as-deposited (c), annealed at 500 ◦C (d).
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Fig. 3. SPM images of WO3 thin films: as-deposited (a), annealed at 500 ◦

lm with 220 nm thickness had negligible photoactivity similar to
he blank sample. Furthermore, the photocatalytic efficiency of the
u-buffered WO3 film was about 50% greater than that of the un-
uffered WO3 thin film. The photocatalytic activity of the WO3 films
urned out to negligibly change after their repeated use. Our results
how that WO3 is an excellent photocatalytic material than TiO2
n the visible light range and the presence of the Au buffer layer
ignificantly improves the photocatalytic efficiency.

Schematic illustration of the photocatalytic mechanism for the
u-buffered WO3 thin film is shown in Fig. 6. When the energy
igher than the band gap energy of WO3 is absorbed, electron
nd hole pairs are generated in WO3. The photocatalytic activity
epends on the number of photogenerated electrons and holes

nd their recombination life time. The photogenerated holes in the
alence band react with the H2O on the surface of the WO3 thin
lm to produce hydroxyl radicals (•OH) that have strong oxidative
apability. On the other hand, the photogenerated electrons in the

ig. 4. UV–vis absorbance spectra of un-buffered WO3 and Au-buffered WO3 thin
lms annealed at 500 ◦C in air for 1 h.

Fig. 5. Photodegradation of methylene blue for un-buffered and Au-buffered WO3

thin film under fluorescent lamp irradiation.

Fig. 6. Schematic illustration of photocatalysis mechanism for Au-buffered WO3

thin film.
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onduction band combine with the oxygen to form •O2
−, which

roduce the hydroxyl radical by reacting with H2O. Moreover, the
u-buffered WO3 thin film utilizing a visible light induces charge
eparation. When it is irradiated by enough visible light with higher
nergy than the band gap, Au nanoparticles in the Au-buffered
O3 thin film are photoexcited. Charges are then separated at the

u–WO3 interface due to surface plasmon resonance [30,31], as
hown in Fig. 6. Electrons generated at the Au particle are moved to
he conduction band of WO3 and contributes to the photocatalytic
ctivity. The holes in the Au particles are also involved in the pho-
ocatalytic reaction. As a result, the photocatalytic activity of the
u-buffered WO3 thin films is greater than the un-buffered WO3

hin film. The methylene blue molecules might be decomposed to
orm organic acids as the intermediate products [32].

. Conclusions

Un-buffered and Au-buffered WO3 thin films were prepared by
he RF sputtering method and their optical, structural, and photo-
atalytic properties were investigate. XRD results showed that the
00 ◦C-annealed WO3 films had the crystalline monoclinic struc-
ure and that the presence of the Au buffer layer slightly decreased
he crystallite size. The surface roughness of the Au-buffered WO3
lm was much greater than that of the un-buffered film. The
bsorption edge of the Au-buffered film was red-shifted to a longer
avelength compared to the un-buffered film. The Au-buffered
O3 film absorbed visible light more than the un-buffered WO3

lm in the 380–460 nm range. The photoactivity of the Au-buffered
O3 film was about 50% greater than that of the un-buffered WO3

lm.
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