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ABSTRACT

A facile and one-step hydrothermal procedure was adopted to fabricate a series of W-Ti-SBA15 compos-
ites (WTS). These as-prepared composites were systematically characterized by a collection of analytic
and spectroscopic techniques. It was found that dual phases of titanium and tungsten species coexisted in
mesoporous structures of p6 mm hexagonal symmetry. In addition, these composites were visible-light
responsive and exhibited enhanced photocatalytic capability toward degradation of Rhodamine B (RhB)
and 2,4-dichlorophenol (2,4-DCP) upon visible-light irradiation in comparison to samples containing sin-
gle component of titanium or tungsten species. Specifically, the best candidate, sample 8%WTS0.7, had
the largest apparent reaction rate constant that was nearly 1.2, 2.1, 2.2, and 5.7 times as high as those of
8%WS, TS0.7, WO5/TiO,, and N-TiO,, respectively. The enhancement of photocatalytic performance was
mainly attributed to the well-matched band structures of both components and strengthened visible-
light adsorption ability, originating from the combination of titania with highly acidic WO3 in SBA15
matrix with large specific surface areas. Active radical species were detected by trapping experiments
and a possible photocatalytic mechanism was thus proposed.
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1. Introduction

In recent years, semiconductor-based photocatalysis has
aroused tremendous attention due to its potential applications in
fields of environmental remediation and renewable energy supply
through a green redox process under moderate conditions[1-3].
Among numerous semiconductors researched, titania (TiO,) is the
most popular one in virtue of the favorable physicochemical prop-
erties and outstanding photocatalytic performance in ultraviolet
region [4]. However, TiO, is failed to trigger visible-light-driven
photocatalysis because of the large band gap energy. In addition,
high recombination of photoexcited hole-electron pairs and thus
low quantum efficiency is another obstacle for pursuing practical
uses of TiO, [4]. To overcome abovementioned problems, several
strategies such as structural modifications with metallic or non-
metallic elements, metal ions, dyes in terms of sensitization, and
other semiconductors with narrow band gaps have been adopted to
advance TiO, to achieve both efficient separation of hole-electron
pairs and extension of absorption spectrum beyond ultraviolet
region [5].

WOs3 is an fascinating semiconductor with relatively chemical
stability under acidic conditions, non-toxicity, and a comparably
narrow band gap (~2.4-2.8eV) and thus able to find applica-
tions in various fields including photoeletrocatalytic processes,
elertrochromic devices, dye-sensitized solar cells, and gas sensors
[6-8]. Especially, it is a suitable candidate to fabricate compos-
ites with TiO, to create heterojunction structures that facilitate
the transfer and separation of photoinduced electrons and holes
and hereby inhibit the recombination of charge carriers [9-11].
Accordingly, band-gap shrinkage was observed in composites
on account of the formation of heterojunction structures [12].

Therefore, photocatalytic performances of WO3-TiO, composites
are greatly enhanced upon visible-light irradiation. Besides, the
incorporation of WO3 into composites is able to increase the sur-
face acidity since WO3 is much more acidic than TiO, [9,13-15],and
the increase of surface acidity induces the high affinity of compos-
ites to those species with unpaired electrons, such as dissolved O,
H,0, OH™ and organic contaminants, benefitting the generation of
*0,~ and *OH radicals and further decomposition of contaminants.
In addition, redox reactions of W species (transformation between
W6* and W>*)in composites were deemed as another factor causing
the efficient separation of hole-electron pairs [ 13]. Asaresult, WO3-
TiO, composites have been extensively investigated for different
purpose, particularly for photocatalytic processes [16-20].

It is well demonstrated that the photocatalytic capability is
closely relevant to morphology and particle size of nanostructured
composites that control the amount of exposed active sites and dif-
fusion distance between charge carriers and active sites [21-24].
Loading or incorporation of composites onto a stable matrix can
achieve both goals of particle sizes control and increasing adsorp-
tion of reactant molecules around active sites as a consequence
of large specific surface areas of selected matrixes, likely meso-
porous silicate SBA15 with ordered hexagonal morphologies, large
specific surface areas, tunable pore sizes, good hydrothermal sta-
bility, and unique electron delocalization capacity by framework
[25-29]. To the best of our knowledge, there is no published study
concerning synthesis and photocatalytic evaluation of W and Ti
species co-contained mesoporous SBA15. Herein, we reported for
the first time the preparation of WTS series through a facile one-
step hydrothermal approach with a purpose of obtaining enhanced
catalytic performance toward degradation of dye RhB and 2,4-DCP
under visible-light irradiation in this investigation.
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Fig. 1. Low-angle (A) and wide-angle (B) XRD patterns of WTS series.

Table 1
Sger Pore volume, average pore diameter, and WO3/TiO;/SiO, mass ratios of WTS series.
Samples Sger (M?/g) Pore volume (cm?/g) Average pore diameter (nm) Mass ratios of WO3/TiO, Mass ratios of Ti0,/SiO,
Expected values XPS values Expected values XPS values
2%WTS0.7 4944 0.958 741 0.02 - 0.7 0.224
5%WTS0.7 541.9 1.222 8.24 0.05 0.048 0.7 0.212
8%WTS0.7 541.0 1.097 7.43 0.08 0.077 0.7 0.198
10%WTS0.7 3513 0.877 7.48 0.10 0.09 0.7 0.212
5%WTS0.4 3143 0.838 8.20 0.05 0.047 0.4 0.154
5%WTS1.0 237.5 0.711 9.05 0.05 0.046 1.0 0.374
5%WTS2.0 2334 0.673 9.01 0.05 0.056 2.0 0.420
8%WS 770.8 1.176 6.88

TS0.7 2473 0.71 7.40
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Fig. 2. Raman spectra of WTS composites.

2. Material and methods
2.1. Materials

Pluronic P123 (PEO,oPPO7oPEO,) was obtained from Aldrich
Chemical Co. Sodium tungstate (Na,WO4-2H,0) was purchased
from ACROS Organics. Hydrochloric acid (HCl, 36-38%, AR), tita-
nium sulfate (Ti(SO4)2-9H,0, CP), tetraethyl orthosilicate (TEOS,
Si(OCyHs)4, AR), and other chemicals involved were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and
used directly for experiments without any further purification.
Deionized water was used throughout the experimental.

2.2. Synthesis of W-Ti-SBA15 composites

In a typical synthetic procedure, Pluronic 123 (2 g) was dissolved
into an HCl aqueous solution (2 M, 60 mL) to create a mixture that
was added by TEOS (3.7 g), and desired amount of titanic sulfate
and sodium tungstate in sequence. The resultant suspension was
stirred at 40 °C for 1 h before transferring into a Teflon-lined stain-
less steel autoclave and staying at 110 °C for 72 h. After cooling to
room temperature, a collected precipitate was washed by deion-
ized water and absolute ethanol for several times, dried at 60°C
overnight, and annealed at 600°C for 5h to supply a white pow-
der W-Ti-SBA-15. For convenience, samples with different content
of W, Ti, Si were marked as XWTSy, in which x and y referred to
theoretical mass ratios of formed WO3/TiO, and TiO;,/SiO,. Sam-
ples 8%WS, TS0.7, and WO3/TiO, were fabricated according to a
same procedure above except absence of titanium, tungsten, and
silicon sources, respectively. In addition, N-doped TiO, synthe-
sized according to a previous report [30] and a mechanically mixed
8%WTS0.7 prepared by finely grinding a mixture of WO3 and TSO0.7
with a desired mass ratio were denoted as N-TiO, and mechanically
mixed WTS and then subjected to photocatalytic measurement for
comparison.

2.3. Characterization

The morphological studies of obtained samples were measured
with transmission electron microscopy (TEM, JEOL JEM-2011).
X-ray diffraction (XRD) patterns were recorded on a Bruker
D8 Advance X-ray diffractometer using Cu Ka radiation source
(A=1.5406 A). The specific surface areas were measured by nitro-
gen adsorption-desorption isotherms at 77 K using a Micromeritics
3Flex apparatus. Before measurement, the samples were degassed

at 383K under vacuum for more than 12h. UV-vis diffuse
reflectance spectra (UV-vis DRS) were obtained on a Shimadzu
UV-2600 spectrophotometer using BaSO4 as a reference. X-ray
photoelectron spectroscopy (XPS) was measured on an ESCALAB
250XI Multifunctional imaging electron spectrometer (Thermo).
Binding energies were calibrated by using the containment carbon
(C1s=284.6V). Raman spectra were recorded on a Bruker Senterra
instrument with 532 nm as the exciting source from an argon ion
laser.

2.4. Photocatalytic performance

Photocatalytic performance of as-prepared WTS composites
was measured by degrading dye RhB and 2,4-DCP under visible-
light irradiation from a 300 W xenon lamp (CEL-HXF300, AuLight,
Beijing) equipping with a 420-780 nm cut-off filter. The distance
between the light source and the surface of reaction suspension was
fixed as 20 cm. Catalyst (20 mg) was added to an aqueous solution
of RhB (10 mgL~1, 80 mL) or 2,4-DCP (5 mgL~1, 80 mL) and stirred
in dark for 1h to reach an adsorption saturation of organic com-
pounds onto surface of photocatalyst particles prior to irradiation.
At every 30 min intervals, 4 mL aliquot was sampled, diluted, and
centrifuged to remove catalyst particles. The residue concentration
of RhB and 2,4-DCP was evaluated by a UV-vis spectrophotome-
ter (Purkinje General T6) at the maximum absorption wavelength
554nm and a UV-vis spectrophotometer (Shimadzu UV-2600) at
the maximum absorption wavelength 281 nm, respectively.

Effects of several active radical species on photocatalytic
outcome were studied to understand photocatalytic mecha-
nism. Specifically, 1.0 mM isopropanol alcohol (IPA) or disodium
ethylenediaminetetraacetate (EDTA-2Na) was added to detect
hydroxyl radicals (*OH) or produced holes (h*) [31]. 25 wM nitrob-
lue tetrazolium (NBT) was added in place of RhB to analyze
superoxide radicals (*O,~) that might possibly generate during
photocatalysis [32]. The ESR technique was further used to detect
the presence of radicals *OH and °*O,~ in system. Radicals *OH
and *0,~ could be trapped by 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) on a FA200 spectrometer when the catalyst was respec-
tively dispersed in deionized water for DMPO-*OH and methanol
for DMPO-*0,~, and the settings for spectrometer were as follows:
center field, 323.357 mT; microwave frequency, 9.05 GHz; power,
0.998 mW.

The reusability of sample 8%WTSO0.7 for catalytic degradation of
RhB was performed for seven successive runs. After each run, the
catalyst was centrifuged, ultrasonicated for several times, washed
with deionized water and ethanol, dried overnight at 100°C, and
then was used directly for next cycle.

3. Results and discussion

Low-angle XRD patterns of as-synthesized WTS composites
with different mass ratios of WO3/Ti0O,/SiO, are depicted in Fig. 1A.
It is distinct that low-angle X-ray diagrams of all samples are well-
resolved and exhibit three characteristic peaks corresponding to
Bragg reflections on (100), (110), and (200) planes of mesoporous
silicate materials, revealing the maintenance of original structure
of p6 mm hexagonal symmetry [33]. In addition, the intensity of
diffraction peak (100) of samples somewhat declines along with
the increment of titanium additive dosage, attributing to the grad-
ual destruction of long-range ordering of hexagonal pore structure
[34] or the variation in electron density of titanium-incorporated
materials, similar to tungsten incorporated MCM-41 [35]. A series
of prominent diffraction peaks at nearly 25.6°, 38.2°, 48.4°, 54.4°,
55.4°, 63.1° are found in Fig. 1B, corresponding to crystal planes
(101), (004), (200), (105), (211), (213) of tetragonal phase of
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Fig. 3. N2 adsorption-desorption isotherms (A) and pore size distribution (B) of various WTS samples.
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Fig. 4. TEM images of samples: (A) 5%WTS0.4, (B) 5%WTS0.7, (C) 5%WTS1.0, (D) 5%WTS2.0, (E) 2%WTS0.7, (F) 8%WTS0.7, (G) 10%¥WTS0.7,(H) 8%WS, and (I) TSO.7.
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energy (hvv) of corresponding samples.
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Fig. 6. XPS analysis of 8%WTS0.7: (A) survey spectra, (B) Ti 2p, (C) O 1s, (D) W 4f.

extra-framework anatase TiO, nanoparticles (JCPDS No. 21-1272) possibly owing to the uniform dispersion of W03 into TiO, matrix
[15,20]. No diffraction peaks attributing to W03 are detectable, or substitution of Si** by tungsten ions as a consequence of similar
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Fig. 7. Photocatalytic performances of: various samples for degradation of RhB (A) and corresponding apparent reaction rate constants (C), WTS series for degradation of
RhB (B) and corresponding apparent reaction rate constants (D), various samples for degradation of 2,4-DCP (E), and reusability of sample 8%WTSO0.7 for degradation of RhB

degradation (F).

ion radius of both [16]. In addition, there are no peaks at nearly
20.45°and 22.83° in spectra, revealing the absence of solid solution
of W,Ti; _40>, as reported [36].

The comparison of WO3/TiO, and TiO,/SiO, mass ratios in com-
posites between expected and XPS analytical values is shown in
Table 1. WO3/TiO, mass ratios by XPS analysis are in good agree-
ment with those calculated from initial titanium and tungsten
contents in gel. However, TiO,/SiO, mass ratios in samples by XPS
analysis are much lower than those calculated values. This result

can be explained as follows. The titanium and tungsten species
added are well mixed to make a mixture in solution. A large fraction
of titanium and tungsten species mixture tends to stay in solution
because of the large solubility of titanium species and low con-
tent of tungsten species in acidic medium [37] and only a small
fraction of species mixture with the initial mass ratios integrates
with silicate to produce WTS composites. In addition, it is gener-
ally realized that the optimal Ti/Si molar ratio in initial gel should be
set below 0.015 so as to produce high-quality Ti-SBA-15 [38]. The
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methanol, respectively.

titanium component tends to transform from incorporated species
in silicon skeleton to extra-framework anatase nanoparticles when
excess dosage of titanium additive is involved [39], which has been
evidenced by wide-angle XRD patterns and can be further identi-
fied through Raman spectra in Fig. 2. Strong signals at 144, 197,
395, 515, and 638 cm~! are present in all composites and unam-
biguously relevant to anatase phase TiO, in nanocrystal form [40].
Since these samples are of same mass ratio of TiO,/SiO,, the inten-
sity of those corresponding peaks is almost identical. A weak band
centered at around 795cm~! in inset of Fig. 2 with the intensity
gradually enhanced with the increase of WO3/TiO, mass ratios is
assigned to the O—W—O stretching vibrations [41], revealing the
presence of trace mount of monoclinic WO3 in composites.

Fig. 3A represents N, adsorption-desorption isotherms of
obtained WTS series to further characterize their structural varia-
tion. Obviously, all composites exhibit the type IV isotherm except
5%WTS0.7 basing upon the IUPAC classification and type H1 hys-
teresis loop at relative pressure P/Py ranging from 0.5 to 0.8,

indicative of uniform mesoporous structures with hexagonal cylin-
drical pores at the capillary condensation step [42]. In addition, the
hysteresis loop widely covers at P/Pg region beyond P/Pg = 0.8, asso-
ciating to the intra-aggregate voids of TiO, nanocrystallines [43].
Specific surface area, pore volume and pore diameter of all WTS
samples are listed in Table 1. As observed, specific surface area val-
ues of samples with constant tungsten species amount obviously
increase first and then dramatically reduce when the TiO,/SiO,
mass ratio surpasses 0.7. Similarly, the variation of WO3/TiO, mass
ratio up to 8% has little effect on specific surface area of samples and
then significantly decline. In addition, the average pore diameter of
samples is keeps almost constant at fixed TiO,/SiO, mass ratios and
gradually enlarged with the increment of titanium spices contents
in Fig. 3B. Therefore, both titanium species incorporated into silica
matrix and aggregated as anatase microcrystals outside channels
lead to the variation of Sger and average pore diameter of obtained
composites.
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High resolution TEM images depicted in Fig. 4, supplying visu-
alization of textural properties of as-prepared WTS samples with
different contents of tungsten and titanium species, reveal that WTS
series are composed of well-ordered hexagonal arrays of meso-
porous matrix and regularly-shaped spherical aggregates with size
between 0.1 and 0.6 .m that was mainly controlled by the amount
of titanium species involved. These black spherical aggregates that
decorated on surface of SBA15 matrix turn out to be anatase TiO,
microcrystals, confirmed by wide-angle XRD patterns, Raman spec-
tra, and following XPS analyses. The coexistence of mesoporous
structure with large specific surface areas and catalyst particles
is beneficial to absorb contaminant molecules around active sites
and further decompose them efficiently. Accordingly, the photo-
catalytic behavior of samples is significantly enhanced. In addition,
a similar TEM image of TS0.7 to those of WTS series and a distinct
TEM image without black lump substance for 8%WS are shown in
Fig. 41 and H, respectively.

UV-vis diffuse reflectance spectra of samples 54WTS1.0, 8%WS,
and TS0.7 were measured and shown in Fig. 5A. Sample 8%WS
exhibits a weak absorption in UV and visible-light region, thanks
to the low content of tungsten species contained. In addition, the
spectrum of sample TS0.7 is dominated by the edge relative to the
O~2-Ti*4 charge transition ranging from 300 to 380 nm of anatase
TiO, [20]. The adsorption edge of sample 5%WTSO0.7 is slightly red-
shifted in comparison to that of sample TS0.7. However, sample
5%WTS0.7 shows an additional broad and weak absorption (inset
of Fig. 5A) in ranging from 400 to 450 nm that is ascribed to an
0—2-W*6 charge transfer transition [14]. Corresponding band gap
energies (Eg) of above samples were calculated by an empirical
equation cchv=A(hv-Eg)"/? as 2.8 eV, 3.11 eV, and 3.04 eV for 83WS,
TS0.7, and 5%WTSO0.7, respectively, as seen in Fig. 5B. The shrinkage
of band gap energies facilitates the excitation of semiconductors to
produce electron-hole pairs, thus benefiting to the improvement of
photocatalytic degradation efficiency. UV-vis DRS spectra of other
samples were depicted in Fig. A.1.

The chemical composition and surface valence states of sam-
ple 8%WTS0.7 were measured by XPS analysis and are displayed
in Fig. 6. Peak positions in all spectra were calibrated using C1s
at 284.6eV. The XPS survey spectrum in Fig. 6A reveals the coex-
istence of elements Ti, W, O, and C, which is in agreement with
our expectation. Two intense peaks at 458.5eV and 464.2eV in
Fig. 6B are relevant to the Ti 2p3/,-Ti 2py, spin-orbit components
of Ti*" species in TiO, lattice [11,19]. The lack of binding-energy
peaks corresponding to Ti3* species indicates the absence of sur-
face defects [19]. The O 1s spectrum in Fig. 6C can be fitted well
with doublet peaks cantered at 529.8 eV and 532.8 eV. The former is
indexed to O—Tibonds in TiO, network [44] and the later positioned
at 532.8eV is assigned to Si—O—Si bonds in SBA-15 matrix [45].
No peaks originating from O—W bonds are undetectable, which
is mainly due to the low content of tungsten oxide species. The
XPS spectrum is deconvoluted to three peaks at binding energies of
about 37.3 eV, 35.8 eV, and 37.9eV, as observed in Fig. 6D. The first
located at 37.3 eV is ascribed to Ti** (Ti 3p) species in anatase TiO,
phase [11,46]. The last two due to the spin-orbit splitting of W (4f)
components demonstrate the formation of WO3 in composite [47].
The binding energy difference 5.7 eV and 2.1 eV of Ti 2p and W4f
are in good accordance with the theory of level splitting and those
values reported for TiO, and WOs3 substances [18].

Photocatalytic activities of as-prepared WTS series were evalu-
ated by decomposition of dye RhB and 2,4-DCP under visible-light
irradiation. It is obvious that in Fig. 7A the direct pyrolysis of RhB
without catalysts is almost neglectable and N-TiO, shows a quite
low photocatalytic behavior. Bare SBA15 exhibits slight adsorption
ability over RhB. Samples WO3/TiO, and TS0.7 can destruct similar
amount of RhB (40%) after 3 h irradiation, except that sample TS0.7
had a relatively high adsorption ability resulted by the presence

of SBA15 matrix. Interestingly, sample 8%WS shows the highest
adsorption capability among all samples containing SBA matrix
because of the much more acidic nature of WO3 than that of TiO, [9].
However, with the progress of photocatalysis, sample 8%WTS0.7
with both components of WO3 and TiO, anchored on surface of
SBA15 support tends to show a satisfactory photocatalytic perfor-
mance that is even higher than 8%WS after 1.5 h. As a result, it is
tempting to conclude that the composite is able to achieve excellent
photocatalytic outcome under identical conditions, especially with
the aid of an appropriate support like SBA15. It should be noted that
photocatalytic ability of mechanically ground sample is much lower
than that of sample 8%WTS0.7 and quite close to that of sample
TS0.7 in Fig. 7A, implying the possible existence of heterojunction
structures in composite 8%WTS0.7, instead of a simple physical
mixture. Photocatalytic performance of WTS series with different
contents of tungsten and titanium species was subsequently mea-
sured and is represented in Fig. 7B. With the increase of titanium
species content at the fixed WO3/TiO, mass ratio 5%, the removal
efficiency of catalysts rises first and then falls and best photocat-
alyst candidate turns to be 5%4WTS0.7. A similar trend is observed
with the variation of tungsten species at the fixed TiO,/SiO, mass
ratio 0.7. Eventually, the sample 8%WTS0.7 is deemed as the most
efficient candidate among WTS series. The apparent reaction rate
constants were calculated by means of a pseudo-first-order kinetic
equation simplified from the well-known Langmuir-Hinshelwood
kinetic model in quite diluted solutions [12],as shownin Fig. 7C and
D. As expected,among WTS series sample 8%WTS0.7 is of the largest
apparent reaction rate constant that is approximately 1.2, 2.1, 2.2,
and 5.7 times as high as 8%WS, TS0.7, WO3/TiO;, and N-TiO,,
respectively. The enhancement of photocatalytic performance of
WTS series is mainly attributed to the synergistic effect existed
not only between both components of TiO, and WOs, but also
between semiconductor composites and silicate matrix. Specifi-
cally, the incorporation of WO3 improves the adsorption ability of
TiO, towards dissolved O, H,0, OH~ and contaminant molecules,
owning to the much stronger acidity nature and thus more affin-
ity of W03 than that of TiO; [15]. In addition, energy levels of both
semiconductors are well-matched and easily overlap in band struc-
tures, benefiting to create heterojunction structures to efficiently
separate electrons and holes and thus enhance photocatalytic
performance [17]. Furthermore, as an appropriate mesoporous sup-
port, SBA15 promotes the photocatalytic degradation efficiency by
exerting both roles: the enhancement of contaminant molecules
adsorption by interacting with abundant hydroxyl groups on sur-
face with large specific surface area [48] and the efficient separation
of electron-hole pairs through the electron delocalization capacity
through SBA-15 framework [29]. Finally, a suitable mass ratio of
tungsten species/titanium species is necessary to obtain optimal
photocatalytic degradation efficiency. Below that, the insufficient
amount of tungsten species is unable to form heterostructures and
beyond that, excess amount of tungsten species tends to aggregate
to bulk WO3 phase that shows quite low photocatalytic perfor-
mance as a result of rapid recombination of charge carriers [6]. As
a result, with a considerable specific surface area, favorable opti-
cal property, and suitable mass ratio of two species, the sample
8%WTSO0.7 bears the best catalytic efficiency towards degradation
of dye RhB among all tested candidates.

It is generally accepted that RhB molecules are sensitive to vis-
ible light and a dye-sensitized photodegradation path, instead of
photocatalytic degradation, may possibly occur [49]. To exclude
this possibility, 2,4-DCP, a colorless organic pollutant, was typically
chosen to confirm the visible-light-driven photocatalytic destruc-
tion ability of sample 8%WTSO0.7, as shown in Fig. 7E. Apparently,
the photocatalytic degradation efficiency of 2,4-DCP reaches to 45%
after 3 h that is nearly twice as large as that from sample TS0.7 by a
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Scheme 1. Proposed mechanism of WTS composites upon visible light irradiation.

dye-sensitized photodegradation route. The corresponding appar-
ent reaction rate constants were shown in Fig. A.2 .

The reusability and durability of WTS series are also crucial fac-
tors for their industrial applications, which were further evaluated
by successive photocatalytic entries of sample 8%WTSO0.7 in Fig. 7F.
Satisfactory photocatalytic ability could be maintained without
obvious catalytic deactivation, even though it had been reused for
six times. It should be noted that the sample 8%WTS0.7 was easily
recycled via a simple centrifugation, rinse with water and ethanol,
and dryness under an ambient temperature. As a result, WTS series
are effective and stable visible-light-driven catalysts and can be
potentially applied in environmental protection and remediation
in future.

As usual, catalytic degradation of organic pollutants upon irra-
diation relays on several active radical species, such as h*, *OH,
and *0,~. Therefore, active radicals trapping experiments were
accomplished over 8%WTS0.7 to identify radical species that might
generate and exert oxidation roles in photocatalytic process. As
depictedin Fig. 8A, aslight decrease is found in photocatalytic result
upon addition of EDTA-2Na, indicating that holes have a minor
effect on photocatalytic reactions. However, the addition of IPA
intensively hindered the degradation capability, implying that rad-
icals *OH are dominant active radicals. The amount of *O,~ formed
during photocatalytic reactions can be quantitatively calculated
through the concentration change of NBT in aqueous solutions [32].
In our experimental, the invariableness of NBT concentration is
observable in Fig. 7B, implying the impossible generation of radicals
*0,~. In order to further detect *OH and *O,~ radicals, ESR spec-
tra of DMPO-*0,~ and DMPO-*OH adducts on sample 8%WTS0.7 in
methanol and deionized water were measured and shown in Fig. 9.
Four characteristic peaks of DMPO-*OH adducts appears and no sig-
nals belonging to DMPO-*0, ~ adducts are found under visible-light
irradiation, implying that radicals *OH are predominate oxidative
species rather than holes or *O,~ during photocatalysis.

Basing upon above analysis, a possible photocatalytic mech-
anism is eventually proposed in Scheme 1. Under visible-light
irradiation (420 nm <A< 780 nm), WOs is easily excited to produce
photogenerated electron-hole pairs due to its suitable bandgap
energy and TiO, keeps in ground state. Excited electrons in WO;
move to conduction band with aband edge potential (Ecg) of +0.4 eV
and holes remain on valence band with a band edge potential
(Eyp) of +3.2 eV [50]. Eyg of WO3 is much more positive than the
Eyp (+2.95eV) of TiO, and hereby the holes on valence band of

WOs tends to transfer across interfaces to that of TiO, [50]. Elec-
trons stay on conduction band of W05 since the Ecg of WOs3 is less
negative than that of TiO,. Accordingly, the transfer and separa-
tion of produced charge carriers is successfully achieved, which
is quite beneficial for enhancement of photocatalytic degradation
efficiency. In addition, electrons on conduction band of W03 are
insufficient to reduce dissolved molecular oxygen on surface to
supply radicals *O,~, attributing to the much more positive Ecg
(+0.4eV) than E(0,/*0,7) (—0.33eV) [51]. These electrons can be
dispersed and efficiently removed by means of the electron delocal-
ization capacity of silicate framework [29]. On the contrary, both
Evg (+3.2eV) of W03 and Eyg (+2.95eV) of TiO, are much more
positive than E(*OH/OH™) (+1.99eV) and radicals *OH are hereby
prone to generate through the oxidation of water or OH~ anions
adsorbed around active sites [51]. As a result, holes and radicals
*OH participate the photocatalytic process and radicals *OH exert
a major effect on the photocatalytic process.

4. Conclusions

In this investigation, we reported the preparation, characteriza-
tion, and photocatalytic evaluation of WTS series under visible-light
irradiation. These WTS composites were subjected to the photocat-
alytic degradation of dye RhB and 2,4-DCP and exhibited improved
catalytic behavior comparing with those counterparts contain-
ing only single component of WOs3 or TiO,. Specifically, the best
candidate, sample 8%WTS0.7, showed the highest photocatalytic
degradation efficiency with an apparent reaction rate constant that
was nearly 1.2, 2.1, 2.2, and 5.7 times as high as 8%WS, TS0.7,
WO3/TiO,, and N-TiO,. The enhancement of photocatalytic perfor-
mance was mainly relevant to well-matched electron structures of
both WO3 and TiO, and strengthened adsorption ability originat-
ing from the modification with WO3 with high acidity and SBA15
with large specific surface areas. Radicals *OH were deemed as
major species in photocatalytic system and a possible photocat-
alytic mechanism was eventually proposed.
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