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A highly active photocatalyst, silver loaded mesoporous W03, was successfully synthesized by an ultra-
sound assisted insertion method. The photodegradation of a common air pollutant acetaldehyde was
adopted to evaluate the photocatalytic performance of the as-prepared sample under visible-light irra-
diation. The photocatalytic activity was about three and six times higher than that of pure mesoporous
WOs; and nitrogen-doped TiO,, respectively. The photocatalytic mechanism was investigated to under-
stand the much enhanced photocatalytic activity, which was mainly attributed to the largely improved
electron-hole separation in the Ag-WOs heterojunction.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, numerous studies have been reported on
semiconductor photocatalysis which can utilize solar energy to
decompose harmful organic pollutants in air and aqueous sys-
tems [1-5]. Among the semiconductors employed, TiO, is the most
extensively studied photocatalyst because of its low cost, high effi-
ciency and stability. However, TiO; is only active in the ultraviolet
(UV) light range due to its wide band gap. To obtain visible-
light-driven photocatalysts so as to utilize visible light, doping or
ion-implanting has been used to modify TiO, [6-9], but dopants
usually act as recombination centers between the photogener-
ated electrons and holes, which greatly reduced the photocatalytic
activities [10]. Thus researchers are devoted in searching for other
candidates to solve this problem.

Tungsten trioxide (WOs3), which possesses a small band gap
of 2.4-2.8 eV, has many advantages for visible-light-driven pho-
tocatalysis such as strong adsorption within the solar spectrum,
stable physicochemical properties, and resilience to photocorro-
sion effects [11-14]. In addition to the visible-light absorption,
there are many other factors influencing the photocatalytic activ-
ity, such as the potential levels of energy bands, the separations
of photogenerated electron-hole pairs and the microstructures of
photocatalysts, etc. Like other simple binary metal oxides, WO3 has
adeep valence band which is mainly composed of O 2p orbitals. The
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deep valence band combined with the small band gap results in a
low conduction band level, which limits the photocatalysts to react
with electron acceptors [15-17] and then increases the recombi-
nation of photogenerated electron-hole pairs. This was one of the
reasons limited the development of WO3 as a practical photocata-
lyst. Therefore, one of the principles to improve the photocatalytic
performance of WOs is to increase the efficiency of electron-hole
separation. Loading noble metals on the photocatalyst has been
proved as an effectual approach recently [18-20]. Among various
noble metals, silver is of considerable interest not only because of
the resultant enhanced electron-hole separation but also ascribed
to the extension of visible-light absorption and enhanced photo-
catalytic activity from the surface plasmon resonance (SPR) effect
of silver nanoparticles [21,22].

As mentioned above, the microstructures of the photocatalyst
also influence the photocatalytic activity significantly. Mesoporous
structures exhibit the obvious advantages for the heterogeneous
catalysis [23,24]. Especially, ordered mesoporous structures have
been proved to be excellent structures for photocatalysis due to
their larger surface area and multiple scattering, enable more light
to be harvested and also possess continuous pore channels that
facilitate the transfer of reactant molecules [25]. Inspired by the
above analysis, we conceive that mesoporous silver loaded WO;
(m-Ag/WO03) may exhibit high photocatalytic activity. However,
the preparation and photocatalytic property of m-Ag/WO3 have not
been reported up to the present.

In the present paper, photocatalytic active m-Ag/WO3; was
synthesized by an ultrasound assisted insertion method. The pho-
tooxidation of acommon air pollutant acetaldehyde was adopted to
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evaluate the photocatalytic performance of the as-prepared sam-
ple under visible-light irradiation. Comparative studies indicate
that the photocatalytic activity of m-Ag/WOs3 is much superior to
that of pure mesoporous WO3 (m-WO3), silver loaded commercial
WO3 (c-Ag/WO03) and nitrogen-doped TiO, (N-TiO;) nanoparticles
under the same conditions. Besides, the photocatalytic mechanism
was investigated to understand the much enhanced photocatalytic
activity.

2. Experimental
2.1. Sample preparation

Mesoporous silica with cubic Ia3d symmetry (KIT-6) was pre-
pared according to the reference using tri-block copolymer Pluronic
P123 (EO20PO70EO020, MW = 5800, Aldrich) as template in an acidic
aqueous solution [26].

Mesoporous WO3 was prepared by a hard template replicat-
ing technique. Typically, 1.2g of 12-phosphotungstic acid (AR,
Sinopharm) was dissolved in 10mL of ethanol, and this solu-
tion was incorporated into 0.4g of as-prepared KIT-6 template
under stirring by the impregnation technique. After the ethanol
was evaporated gradually, the sample was calcined at 550°C for
3h to give a decomposed product of tungsten trioxide inside the
silica template. The silica template was removed by 2 M HF solu-
tion under stirring. After washing with enough distilled water and
drying at room temperature the mesoporous W03 sample was
obtained.

Silver loaded mesoporous WO3 was prepared by ultrasound
assisted insertion technology. In a typical synthesis, 0.1 g of meso-
porous WO3 was immersed in a bottle filled with a solution of 0.02 g
AgNOs3 (AR, Sinopharm) in a mixed solution containing 2.5 mL
deionized water and 7.5 mL ethanol. The bottle was put in an
ultrasonic cleaning bath and connected to a vacuum pump. After
sonication under reduced pressure for 10 min, the vacuum pump
was turned off and air was allowed to enter the system till normal
atmospheric pressure was achieved while the ultrasonic treatment
was continued, and the system status was held for another 5 min.
Then the suspension was dried in a vacuum oven at 30°C for 12 h.
After that, the powder was put into a sealed reactor filled with
methanol vapors and irradiated under a Xe lamp (500 W) for 4 h.
This converted the Ag* ions into Ag particles.

The N-TiO, photocatalyst was prepared by nitrogenization of
commercially available TiO, powder (surface area 50m2g-!) at
500°C for 10 h under NH3 flow [27].
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2.2. Characterization

The purity and the crystallinity of the as-prepared samples were
characterized by powder X-ray diffraction (XRD) on a Japan Rigaku
Rotaflex diffractometer using Cu Ko radiation while the voltage and
electric current were held at 40kV and 100 mA. The transmission
electron microscope (TEM) analyses were performed by a JEOL JEM-
2100F field emission electron microscope. Energy-dispersive X-ray
spectrum (EDS) was collected from an attached Oxford Link ISIS
energy-dispersive spectrometer. XPS (X-ray photoelectron spec-
troscopy) measurement was carried out in a VG-Microtech Multilab
electron spectrometer using Mg Ko (1253.6 eV) radiation source.
The N;-sorption measurement was performed using Micromeritics
Tristar 3000 at 77 K, and specific surface area and the pore size dis-
tribution were calculated using the Brunauer-Emmett-Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods, respectively. UV-vis
diffuse reflectance spectrum (DRS) of the sample was measured by
using a Hitachi U-3010 UV-vis spectrophotometer.

2.3. Photocatalytic test

The photocatalytic activity of the samples was evaluated by
the degradation of acetaldehyde under visible-light irradiation of a
500 W Xe lamp with a 420 nm cutoff filter. Typically, 0.2 g of pho-
tocatalyst was placed at the bottom of a gas-closed reactor at room
temperature (capacity 600 mL). This reactor was made of glass and
had a quartz window. The reaction gas mixture (1 atm) consisted of
100 ppm CH3CHO and N balance gas. Prior to commencing irradi-
ation, the reaction system was equilibrated for about 120 min until
no changes in the concentrations of acetaldehyde and CO, were
monitored. Gaseous samples (1 mL) were periodically extracted
and analyzed by a gas chromatography (GC) equipped with a flame
ionization detector (N, carrier) and the catalytic conversion fur-
nace.

3. Results and discussion
3.1. Structural characteristics

The crystalline phase and mesostructural ordering of the
m-WO3; and m-Ag/WO03 samples were characterized by both wide-
angle X-ray diffraction (WXRD) and low-angle X-ray diffraction
(LXRD) measurements. As shown in Fig. 1a, WXRD demonstrates
the m-WO3 sample was well crystallized in a single phase and all
of the diffraction peaks can be indexed to monoclinic WO3 (JCPDS
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Fig. 1. (a) Wide-angle XRD pattern of the as-prepared m-WO3; and m-Ag/WOs3 samples and (b) small-angle XRD patterns of mesoporous cubic KIT-6 silica, m-WO3; and

m-Ag/WO0O; samples.
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Fig. 2. (a) Ny-sorption isotherm and corresponding pore size distribution curves (inset) for replicate template KIT-6 and (b) N,-sorption isotherms for as-prepared m-W0s3

and m-Ag/WO0s3; samples and corresponding pore size distribution curve (inset).

72-0677). The WXRD of the m-Ag/WO3 sample was similar to that
of m-WO3 except for the diffraction peak of Ag (11 1) at 26 of 38.1°
which is attributed to cubic Ag (JCPDS 04-0783). The crystal size of
m-WO3 sample was about 8.9 nm based on the Scherrer formula. By
the same method, the crystal size of WO3 and Ag in the m-Ag/WO3
sample was estimated to be 8.7 and 9.1 nm respectively. According
to the LXRD in Fig. 1b, template KIT-6 exhibits three well-resolved
diffraction peaks in the 26 range between 0.5° and 3°, which can
be indexed as (211),(220) and (32 1) reflections associated with
cubic symmetry (Ia3d space group). The m-WO3 sample shows the
similar characteristic low angle diffraction peaks as the silica tem-
plate with slightly shifted peak position to higher angle, suggesting
that the WOs3 product retains the ordered mesoporous structure
and inherits the cubic [a3d symmetry structure of the template.
The nitrogen adsorption/desorption isotherms of the samples
have been recorded and shown in Fig. 2. The isotherm for KIT-6 was
of type IV classification (Fig. 2a). Both of the as-prepared m-WO3
and m-Ag/WO3; samples show similar isotherm curves to that of
the KIT-6 template, with a weak jump at P/Py =0.3-0.5 and another
jump at P[Py =0.8-0.9 (Fig. 2b), which is the characteristic of meso-
porous solids. This indicates that the mesostructures of m-Ag/WO3
sample have been kept after the incorporation of metallic Ag par-
ticles. The data of the specific surface areas of these samples with
the corresponding pore sizes and pore volumes are summarized
in Table 1. The KIT-6 template had a surface area of 522m2g~!, a
pore volume of 1.17 cm3 g~1, and a pore size of 7.7 nm, while the m-
WO3 sample had a much smaller surface area and a pore volume of
60m2¢g-! and 0.14cm3 g, respectively. The BET specific surface
area and the pore volume of m-Ag/WO3; composite were further
decreased compared with that of the m-WOj3 sample. This is due to
the fact that Ag nanoparticles were dispersed within the pore chan-
nels of the mesoporous WO5 support, leading to the blocking of the
pore channels. The wall thickness of the as-prepared materials was
calculated by using the relation b=[1-Vpp/(1+Vpp)]ag/3.0919,
where p is the density and V;, is the pore volume [28]. The calcu-
lated wall thicknesses of KIT-6 and m-WO3 were 3.5 and 6.13 nm,

Table 1
Pore structure parameters of KIT-6, m-WO3; and m-Ag/WO3 samples.

respectively. The calculated pore wall of KIT-6 was very similar to
the pore size of m-WOs3 centered at 3.1 nm (inset of Fig. 2b). Some
large mesopores with an average pore size of 14 nm in the m-WO3
sample (inset of Fig. 2b) was attributable to the wall junctions in
KIT-6 [29].

Typical TEM images of the m-WO3 sample are shown in Fig. 3,
which reveals clearly the aligned nanorods and mesoporous struc-
ture of the as-prepared m-WOs3. The crystal size of W03 was
estimated to be around 8 nm and is close to the pore size (7.7 nm)
of the hard template KIT-6, indicating that the m-WOs3 productis a
good replica of the mesoporous structure of silica template. Besides,
the result of crystal size was in good agreement with the estimated
value obtained using the Scherrer equation based on the XRD pat-
terns (8.9 nm) and higher than the 6.13 nm calculated from the BET
result. The difference between these two values for the pore wall
thickness may be due to an error inherent in the calculation method
based on the BET result.

TEM images of m-Ag/WOs3 sample in Fig. 4a-c show that Ag
nanoparticles are well dispersed in the pore structure of meso-
porous WOs3. The inset SAED pattern in Fig. 4a was recorded on the
marked area, which reveals the coexistence of crystalline Ag and
WOs in the m-Ag/WOs3 sample. An enlarged TEM image in Fig. 4b
shows the pore channels of the silver loaded sample were impreg-
nate compared with that of bare W03 as a result of the dispersed Ag
nanoparticles in the pore channels. A high-resolution TEM image
in Fig. 4c shows two kinds of crystal lattice stripes. The smaller one
of d=0.24nm belongs to the metallic silver (JCPDS 04-0783) and
another one of d=0.37 nm belongs to WO3 (JCPDS 72-0677), which
is an additional evidence proving the Ag particles existed in the
pores of the support. A more direct evidence of Ag nanoparticles
dispersed in the WO3 matrix is that clear Ag signals could be easily
detected by EDS obtained on the m-Ag/WO3 composites (Fig. 4d).
A quantitative study of the EDS results gives the weight ratio of Ag
in the composite is 9.17%.

The oxidation state of the Ag species is examined by XPS in the
Ag 3d5/2 and Ag 3d3/2 binding energy regions, as shown in Fig. 5.

Sample XRD results (nm) Sger (M?/g) Pore volume (cm?/g) BJH pore size (nm) Lattice parameter, a (nm)?
KIT-6 dy11=9.625 522 1.17 7.7 23.5

m-WO3 dy11=8.850 60 0.14 8.4 21.6

m-Ag/WO0; 36 0.10

2 a=dyy; (h? +k2+12)1/2 js a cubic lattice parameter calculated from X-ray data.
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Fig. 3. TEM images of as-prepared m-WO3; sample.

The Ag 3d5/2 peak is centered at 368.5 eV whereas the Ag 3d3/2
peak is found at 374.5 eV, with a spin energy separation of 6.0eV.
This is characteristic of metallic silver [30].

The optical absorption of the as-prepared m-WO3; and m-
Ag/WO0j3 samples was measured by using an UV-vis spectrometer.
As shown in Fig. 6, both of the samples have a photoabsorption from

UV light to visible light and the wavelength of the absorption-edge
of the m-WOs is at 482 nm. The optical band gap of the as-prepared
m-WO3 sample was estimated from the absorption data by the fol-
lowing equation near the band edge: ahv=A(hv — Eg)"/? [31], where
o, v, Eg and A are absorption coefficient, light frequency, band gap
and a constant, respectively. The value of n is 1 or 4 for a direct

o (d)

Intensity

Energy / KeV

Fig. 4. TEM image (a and b) and HRTEM image (c) of the as-prepared m-Ag/WO; sample and (d) EDS spectrum of the as-prepared m-Ag/WO; sample. Inset of (a): SAED

pattern recorded at the marked area of (a).
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or indirect transition respectively. When an proximate value of Eg
was used and the line of In(ahv) vs In(hv — Eg) was plotted, the value
of n was determined to be 1 indicating a direct optical transition
which is similar to the previous report on monoclinic WOs3 [32,33].
The energy of the band gap of m-WOs3 can thus be obtained from
the plots of (cchv)? versus photon energy hv, as shown in the inset
of Fig. 6. The value estimated from the intercept of the tangent to
the plot is 2.64eV. Fig. 6 also indicates that loading silver on the
m-WO3 sample enhanced the visible-light absorption.

3.2. photocatalytic activity

The photocatalytic activities of m-Ag/WO3; and other photo-
catalysts were evaluated by the photodegradation of a common
air pollutant of acetaldehyde under visible-light irradiation. The
photocatalytic activity was examined by measuring the produc-
tion of CO,. Fig. 7a shows typical plots of the increase in CO,
concentration as a function of irradiation time on different pho-
tocatalysts. As shown in Fig. 7a, with the as-prepared m-Ag/WO;3
sample as photocatalyst, the CO, concentration was dramatically
increased at initial 20 min and about 90% of acetaldehyde was oxi-
dized into CO, after 60 min, showing the excellent photocatalytic
activity under visible-light irradiation. For comparison, the photo-
catalytic activities of m-WO0s3, c-Ag/WO3 and N-TiO, samples were
also tested. After being irradiated under visible light for 60 min, the
degradation of acetaldehyde by c-Ag/WO03 was 17% only, which
is the lowest among these photocatalysts. Under the same con-
ditions, the degradation of acetaldehyde by m-WO3; and N-TiO,
were 53% and 30% respectively, which is also less efficient than
that of m-Ag/WOs3 sample. To enable a quantitative comparison,
the decomposition rates within the first 20 min were proposed
to represent the photocatalytic activities because this region is
most likely to be dominated by pure light-intensity-limited condi-
tions [34]. At the initial 20 min, the decomposition of acetaldehyde
by m-Ag/WO0s3, m-WO03, c-Ag/WO0O3 and N-TiO, samples were 51%,
18%, 6% and 8% respectively. Then the photocatalytic activity of m-
Ag/WOs3 is about three and six times higher than that of m-WO3
and N-TiO, respectively, indicating an obvious advantage of the m-
Ag/WOj3 sample under visible-light irradiation. To investigate the
recyclability of the m-Ag/WO3 photocatalyst for the degradation
of acetaldehyde, sample powders after photocatalytic reactions
were collected for the subsequent photoreaction cycle. As shown in
Fig. 7b, the photocatalytic activity of m-Ag/WOs3 on acetaldehyde
degradation was well-maintained.
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Fig. 8. Schematic illustration of the photocatalytic mechanism of the m-Ag/WOQOs3
sample.

These results strongly suggested that loading silver nanopar-
ticles greatly enhanced the photocatalytic performance. Investiga-
tions on the photocatalytic mechanism are necessary to understand
this enhanced photocatalytic activity. Here we discuss it in detail
based on the band structure of the Ag-WOj3 heterojunction. The
work function of WO5 (5.7 eV) is larger than that of Ag (4.7 eV) [35].
If the Ag contacts WOj3, the electrons will migrate from silver to
the conduction band (CB) of WO5 to achieve the Fermi level equi-
libration. As a result, the surface of the WO3 accumulates excess
electrons, while the Ag exhibits an excess positive charge, and the
deflexed energy band forms at the Ag-WO5 interface. When the
WOs catalysts are illuminated under visible light, electrons (e~) in
the valence band (VB) of WO3 can be excited to the CB and simul-
taneously the same amount of holes (h*) were generated in the VB.
The scheme for the photocatalytic process is shown in Fig. 8. In the
m-Ag/WOs3 system, the deflexed energy band in the space charge
region facilitates the rapid transfer of the as-excited electrons from
WO3 to Ag nanoparticles, which decreases the recombination of
the photogenerated electron-hole pairs. As the WO3 has a low CB
level (+0.5V vs NHE) which is more positive than the potential
for the single-electron reduction of oxygen [20], electrons accu-
mulated at Ag particles or the conduction band of WO3 may be
transferred to surface-adsorbed oxygen molecules to form H;0,
by multi-electron reduction of O,. The photoinduced holes with
high oxidation potential (+3V vs NHE) [36] are apt to react with
surface-bound H,0 or OH™ to produce the hydroxyl radical species
*OH which is an extremely strong oxidant for the mineralization of
organic contaminants. Based on the above analysis, the photocat-
alytic reaction can be expressed as follows:

WOs3 +hv— e +h" (1)
h*+OH- — *OH 2)
h* +H,0 — *OH + H* (3)
e” +Agt > Ag (4)
2e + 0y +2H,0 — Hy0, +20H" (5)
Acetaldehyde + *OH(orh™) — CO, (6)

4. Conclusion

Mesoporous silver loaded WO3 has been successfully synthe-
sized by an ultrasound assisted insertion method. The as-prepared
m-Ag/WO3 sample exhibits excellent photocatalytic decomposi-
tion of a common air pollutant of acetaldehyde under visible-light
irradiation. Comparative studies indicated that the photocatalytic
activity of the m-Ag/WO3 sample is much superior to that of
m-WOs3, c-Ag/WO3 and N-TiO, under the same conditions. The
photocatalytic mechanism was investigated to understand the
much enhanced photocatalytic activity, which is mainly attributed
to the largely improved charge separation of the photogenerated

electrons and holes in the Ag-WOs3 heterojunction, allowing both
of the electrons and holes participating in the overall photocatalytic
reaction.
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