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ABSTRACT: A facile sonochemical approach was used to deposit 3−5 nm
monodisperse gold nanoparticles on porous SiO2−WO3 composite spheres, as
confirmed by powder X-ray diffraction (XRD) and transmission electron
microscopy (TEM). High-resolution TEM (HR-TEM) and energy dispersive
X-ray spectroscopy (EDS) further characterized the supported Au nano-
particles within the Au−SiO2−WO3 composite. These analyses showed
isolated Au nanoparticles within both SiO2- and WO3-containing regions.
Selective etching of the SiO2 matrix from Au−SiO2−WO3 yielded a pure Au−
WO3 material with well-dispersed 10 nm Au nanoparticles and moderate
porosity. This combined sonochemical-nanocasting technique has not been
previously used to synthesize Au−WO3 photocatalysts. Methylene blue (MB)
served as a probe for the adsorption capacity and visible light photocatalytic
activity of these WO3-containing catalysts. Extensive MB demethylation
(azures A, B, C, and thionine) and polymerization of these products occurred
over WO3 under dark conditions, as confirmed by electrospray ionization mass spectrometry (ESI-MS). Photoirradiation of these
suspensions led to further degradation primarily through demethylation and polymerization pathways, regardless of the presence
of Au nanoparticles. Ring-opening sulfur oxidation to the sulfone was a secondary photocatalytic pathway. According to UV−vis
spectroscopy, pure WO3 materials showed superior MB adsorption compared to SiO2−WO3 composites. Compared to their
respective nonloaded catalysts, Au−SiO2−WO3 and Au−WO3 catalysts exhibited enhanced visible light photocatalytic activity
toward the degradation of MB. Specifically, the rates of MB degradation over Au−WO3 and Au−SiO2−WO3 during 300 min of
irradiation were faster than those over their nonloaded counterparts (WO3 and SiO2−WO3). These studies highlight the ability
of Au−WO3 to serve as an excellent adsorbant and photodegradation catalyst toward MB.
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■ INTRODUCTION

Tungsten oxide (WO3) is an n-type semiconductor that has
been extensively studied for applications in gas sensing,
catalysis, solar energy conversion, and electrochromic dis-
plays.1−6 With a small band gap of 2.4−2.8 eV, WO3 is more
effective than TiO2 at absorbing visible light. Indeed, WO3 has
been studied as a visible light photocatalyst.7,8 It is resistant to
degradation due to photocorrosion,9 which can lead to the
formation of metal ions and decrease catalytic activity.
Importantly, a deep lying valence band (+3.1 eV) favors
oxidation reactions on the WO3 surface.9,10 These attributes
make WO3 a promising alternative to TiO2, which needs to be
modified in order to absorb visible light.
In addition to favorable photocatalytic attributes, WO3

surfaces possess highly negative surface charges that are ideal
for adsorption applications, especially for cationic dyes such as
methylene blue (MB). Negative charges on the surface of WO3
are a result of the oxide’s low isoelectric point (IEP = 0.2−1).
Studies using other WO3 nanostructures have also taken
advantage of this strong electrostatic interaction between MB
and WO3.

11−13 The combination of high adsorption capacity

for MB and the photocatalytic nature of the WO3 surface makes
this oxide a strong candidate for subsequent conversion of
adsorbed MB in aqueous systems.
Modifying WO3 with Au nanoparticles has proven to be

beneficial in improving the gas sensing,14−16 photochromic, and
electrochromic17,18 properties of the pure oxide. Since Haruta’s
definitive review of catalysis performed by supported gold
nanoparticles,19 numerous studies have been conducted to
further study and optimize these systems in various chemical
transformations.20,21 More recently, Au nanoparticles have been
explored in photocatalysis applications,22 with Au/TiO2 being
one of the most frequently studied systems.23−26 The
preparation and application of Au-loaded WO3 visible light
photocatalysts have not been thoroughly explored, however. It
is expected that Au nanoparticles will facilitate better
photocatalytic activity on the surface of WO3 compared to
pure WO3. Enhancement of photocatalytic activity has been

Received: November 7, 2014
Accepted: December 30, 2014
Published: December 30, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 1987 DOI: 10.1021/am507806a
ACS Appl. Mater. Interfaces 2015, 7, 1987−1996

www.acsami.org
http://dx.doi.org/10.1021/am507806a


demonstrated with different Au−WO3 systems.27−30 The
increased photocatalytic ability of Au−WO3 originates from
the trapping of excited conduction band electrons in WO3 by
Au nanoparticles and increased e−/h+ (exciton) separation.
Valence band holes (h+) of WO3 can be used for the oxidation
of adsorbed molecules.9,31−33 Alternatively, h+ can oxidize
surface H2O to form reactive ·OH, which can subsequently
oxidize adsorbed organics.28 Improving the exciton separation
on the WO3 surface with Au nanoparticles will ultimately
enhance photoreactivity toward adsorbed molecules.
Synthetically, there is still a great need for a facile and reliable

method to deposit well-dispersed Au nanoparticles on the
surface of WO3. Due to the low IEP of WO3, the simple
deposition−precipitation (DP) technique is generally poor in
creating small Au nanoparticles on this oxide and others that
possess an IEP < 5.34−37 Furthermore, physical methods to
deposit Au nanoparticles on WO3 such as pulsed laser
deposition (PLD),14 magnetron sputtering,28,30,37 and aerosol
assisted chemical vapor deposition (AACVD)16,38 include
expensive instrumentation, evacuated environments, and are
not readily accessible in most laboratories.
Sonochemical deposition serves as a promising chemical

route to overcome these shortcomings in order to easily
prepare small Au nanoparticles on metal oxides. Previous work
by Chen39,40 and Gedanken41 demonstrated the effectiveness of
this method in the deposition of small (<5 nm) Au
nanoparticles on silica. Most recently, Lin and co-workers42

have used the sonochemical approach to deposit Au nano-
particles on the (001) and (101) facets of anatase TiO2 to
facilitate the plasmon-induced photocatalytic degradation of
2,4-dichlorophenol under visible light. The Au nanoparticles in
that study possessed a mean diameter of 10−11 nm, but the
thermal stability of the nanoparticles and the surface areas of
the catalysts were not assessed. We predict that a porous SiO2−
WO3 composite will serve as a suitable substrate for the
sonochemical deposition of small Au nanoparticles, which will
increase the visible light photocatalytic activity of these porous
powders.
In the studies described here, a sonochemical approach is

developed to deposit Au nanoparticles within the pores of acid-
prepared mesoporous spheres (APMS) of silica previously
impregnated with crystalline WO3 (SiO2−WO3) to form Au−
SiO2−WO3. Similar to the nanocasting technique, Au−SiO2−
WO3 is selectively etched to form porous Au−WO3. Porous
Au−WO3 particles have not been thoroughly developed for
photocatalytic applications. This facile method avoids the
problem of large Au NP deposition on WO3 when using the
traditional DP method. To the best of our knowledge, this
combination of sonochemical and nanocasting techniques has
not been previously studied for the deposition of Au
nanoparticles on metal oxides. Herein, the Au nanoparticles
are deposited without an organic stabilizer such as poly-
vinylpyrrolidone (PVP), which can negatively affect the Au−
WO3 interactions upon removal.28 Lastly, solutions containing
methylene blue (MB) are used to probe both the adsorption
capacity and the visible light photocatalytic activity of Au-
loaded and nonloaded oxides, and mass spectrometry is used to
study the mechanism of MB photocatalytic conversion.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Materials. Meso-

porous WO3 and SiO2−WO3 microparticles with a spherical
morphology were prepared as described in the Supporting

Information. This process used a nanocasting procedure in
which (NH4)6H2W12O40, ammonium metatungstate or AMT,
was impregnated into mesoporous silica spheres in several
stages, followed by calcination at each stage to produce SiO2−
WO3 microparticles with the same spherical morphology as the
silica template. For some experiments, this material was etched
with HF to dissolve the SiO2, leaving pure WO3 mesoporous
microparticles with diameters of 1−3 μm, as confirmed by
energy dispersive X-ray spectroscopy and scanning electron
microscopy (Figure S1, Supporting Information). Purity of the
WO3 catalysts was further supported by elemental analysis
(ICP-OES, see below).
Sonication of silica in aqueous solutions containing HAuCl4

and NH3, followed by calcination at 500 °C, has been shown to
produce Au nanoparticles on the silica surface.41 It is thought
that the purpose of NH3 is to activate silanol groups on the
surface of SiO2. Powerful jets formed during sonication then
provide the necessary energy to propel Au species toward the
SiO2 surface, and upon impact, the Au reacts with free silanols
or Si−O−Si species, resulting in the formation of Au−O−Si
bonds. In previous research, the nature of Au−silanol bonds
was indirectly characterized by Fourier transform infrared (FT-
IR) measurements, which showed a disappearance of the
isolated silanol stretching band when Au was deposited on the
surface.41 Here, this procedure was adapted for SiO2−WO3 to
produce Au−SiO2−WO3. Although WO3 dissolved to produce
water-soluble tungstate ions (WO4

2−) at the pH of the
sonication (10.5),43,44 we found that enough of the WO3
remained to allow us to prepare Au−SiO2−WO3 by the
sonication/calcination procedure with retention of the overall
structural integrity of the nanocomposite. Attempts to use this
sonication procedure on pure WO3 to afford Au−WO3 catalysts
were unsuccessful. Excessive dissolution and degradation of
WO3 particles in the basic solution, as well as poor dispersion
of Au nanoparticles, was observed when using pure WO3 as the
starting material. Therefore, SiO2 in the initial substrate was
necessary for successful Au deposition. Previous research
suggested that sonication produces H· radicals in solution
that reduce surface-bound Au3+ in AuCl4

− to Au0.41,42 In this
study, however, the yellow color of the as-prepared samples
before calcination indicated that Au3+ reduction did not occur
in solution during sonication. After calcination of Au−SiO2−
WO3, small, well-dispersed Au nanoparticles were found at low
loadings, and the sample took on the characteristic red-purple
color signifying Au reduction. This suggests that the main role
of sonication in this synthesis is to facilitate bonding between
the Au precursor and the SiO2 surface. Finally, Au−WO3 was
then formed by removing the SiO2 from Au−SiO2−WO3 by
etching with HF. Elemental analysis confirmed complete
removal of SiO2 from both WO3 and Au−WO3. During the
washing steps after this final HF treatment, the supernatant was
dark purple after centrifugation. We attribute this to the loss of
Au and smaller Au−WO3 nanoparticles that are not retained on
the spherical Au−WO3 microparticles during etching. Indeed,
the Au content of Au−WO3 was less than Au−SiO2−WO3. The
dark red-purple color of Au−WO3 and further direct analyses
indicated that crystalline Au nanoparticles remained on WO3. A
schematic summarizing the synthetic procedures is shown in
Scheme 1.
The crystallinity of the materials was analyzed by powder X-

ray diffraction (Figure 1). Mesoporous materials showed a
broad peak at low angles due to pore-to-pore scattering.
Materials containing WO3 (composites and pure WO3)
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displayed high-angle diffraction peaks corresponding to
monoclinic WO3. All WO3-containing samples exhibited peak
broadening due to the nanocrystalline nature of the metal
oxide. On the basis of Scherrer equation45 calculations,
nanoparticles of WO3 ranged in sizes from 6 to 15 nm.
These small WO3 nanoparticles are aggregated and make up
the spherical microparticles observed by SEM. It was clear that
the sonochemical deposition of Au nanoparticles did not
significantly alter the crystallinity of the WO3. Au−SiO2−WO3
and Au−WO3 showed an additional broad, weak intensity peak
at 38° due to the Au(111) diffraction plane, which was used to
estimate the crystallite diameter of the Au contained in those
samples. X-ray diffraction data revealed Au nanoparticles with a
diameter of 5 and 10 nm in Au−SiO2−WO3 and Au−WO3,
respectively. Transmission electron microscopy (TEM) was
also used to characterize the nature of the deposited Au
nanoparticles (Figure 1). Well-dispersed Au nanoparticles with
diameters of 3−5 and 10 nm for Au−SiO2−WO3 and Au−
WO3, respectively, were confirmed by TEM. These nano-
particle sizes are in agreement with the XRD data. The
presence of only larger (∼10 nm) Au nanoparticles in Au−
WO3 meant that the smallest nanoparticles are removed during
the etching of the SiO2 matrix.
The Au nanoparticles within Au−SiO2−WO3 were further

characterized by EDS and high-resolution TEM (HR-TEM). A
TEM image and corresponding EDS spectra at several locations
within this region are shown in Figure 2. The EDS peak for Si

(1.74 keV) is known to overlap with the adjacent W peak (1.78
keV), and in region 3 within this TEM image, the combined Si/
W peak was clearly shifted to lower energies as compared to
regions 1 and 2, signifying the presence of Si in region 3. Au
was found both in areas containing pure WO3 as well as those
with combined SiO2−WO3. Thus, it appeared that the Au
nanoparticles were in contact with all regions of the sample, not
only those containing SiO2. Figure 2 also shows a HR-TEM
image of an isolated Au nanoparticle in contact with a WO3
surface within the composite. Of note is the fact that this
nanoparticle is slightly larger (∼10 nm) than the diameter
calculated from XRD data (5 nm).
There is some evidence to suggest that the Au nanoparticles

in contact with the WO3 portions of the composite should be
larger than those in contact with SiO2, based on the difference
in isoelectric point values of the two materials (WO3 = 0.2−1;
SiO2 = 2). Another factor is the error associated with estimation
of particle diameters from XRD data. However, it seems clear
that the Au nanoparticles within Au−SiO2−WO3 were between
3 and 10 nm, depending on their location. In any case, the Au
nanoparticles appeared to be uniformly deposited, hemi-
spherical in shape, and highly crystalline. Measurements of
the Au lattice fringes yielded a d-spacing of 0.23 nm,
corresponding to the Au(111) plane, which is consistent with
the XRD pattern. The measured d-spacing of 0.30 nm for the
WO3 corresponded to the (112) plane of monoclinic WO3.
Sintering of Au nanoparticles is a common problem for

catalysts during industrial catalytic reactions, as small Au
nanoparticles tend to sinter at temperatures above 400 °C.46−49

To observe the thermal stability of Au in our materials, Au−
SiO2−WO3 was subjected to four heating cycles during which
the samples were heated to 450 °C and held at that
temperature for 3 h, cooling to room temperature between
cycles. TEM showed that the particle size of the Au
nanoparticles did not change significantly after this experiment
(Figure S2, Supporting Information), indicating that the SiO2−
WO3 composite is a good support for thermally stable Au
nanoparticles.
The porosity of the materials was examined using N2

physisorption (Table 1). The mesoporous silica substrate had
only a moderate surface area (463 m2 g−1), consistent with its
relatively large average pore diameter (78 Å). We found in
previous studies that a large pore diameter was required for
successful nanocasting that retained the particle morphology of
the silica template. The surface areas of the SiO2−WO3
composite and the WO3 product were consistent with a
moderately porous material, given the increased mass of W
relative to Si, and are also consistent with porous WO3 from the

Scheme 1. Summary of Synthesis Procedures Used to
Prepare the Materials in These Experimentsa

a“AMT” = ammonium metatungstate. Complete synthetic details are
in the Supporting Information.

Figure 1. (A) Powder XRD patterns of materials prepared for catalytic experiments. The asterisk denotes the Au(111) peak. TEM images of (B)
Au−SiO2−WO3 and (C) Au−WO3. Arrows indicate Au nanoparticles.
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literature. The decreased pore diameter of the SiO2−WO3
composite (47 Å) relative to the SiO2 template showed that a
significant portion of the SiO2 pore surfaces had been modified
with WO3. Elemental analysis and the determined Si/W ratio of
SiO2−WO3 showed that WO3 was incorporated throughout the
sample (Table 1). On the other hand, upon etching, the pore
diameter increased significantly due to increased porosity of the
material after removal of SiO2. Importantly, the pure WO3
sample had the same, if not slightly higher surface area than
similar materials reported previously.50,51

Further changes in porosity were found for Au-loaded
materials. While the surface area of Au−SiO2−WO3 decreased
compared to SiO2−WO3, the pore diameter increased and was
larger than expected based on the characterization of the SiO2−
WO3 composite with no Au. This indicated that the pore
surfaces had been modified during sonication and Au
deposition and confirmed that some of the WO3 dissolved in
the basic aqueous solution used for sonication. It also showed
that the effect of WO3 dissolution and, to some extent, SiO2
dissolution (pore expansion), played a greater role than Au
nanoparticle deposition (pore blockage) in the resulting
porosity of the Au−SiO2−WO3 composite. An increase in the
Si/W mole ratio of Au−SiO2−WO3 in relation to SiO2−WO3
provided evidence of WO3 dissolution during the sonochemical
deposition of Au nanoparticles. As mentioned above, this data

also indicated a loss of Au (in the form of <10 nm
nanoparticles) during the etching of Au−SiO2−WO3 to form
Au−WO3. The pore diameter of Au−WO3 was larger than the
unetched composite (Au−SiO2−WO3), as found for the
material not loaded with Au. Overall, Au−SiO2−WO3, Au−
WO3, and WO3 had somewhat larger surface areas than similar
materials from the literature; this, with the nanocrystallinity
observed by TEM and XRD, made them desirable for
adsorption and visible light photocatalysis,52,53 as will be
discussed in the next section.

Adsorption and Photocatalytic Degradation of Meth-
ylene Blue. Photocatalysis is widely used in environmental
remediation; often the goal in this application is to degrade
environmental contaminants under ambient conditions, that is,
in aqueous solutions using the solar spectrum. The removal and
subsequent photocatalytic degradation of pollutants from
aqueous systems has been demonstrated in the presence of
semiconducting metal oxides capable of absorbing UV and/or
visible light, such as TiO2 or modified TiO2. Methylene blue
(MB) is a dye that is commonly used to probe the photoactivity
of metal oxides, and this molecule was the basis of our own
photocatalysis studies using SiO2−WO3, WO3, and the Au
nanoparticle-loaded versions of these materials. In this work, we
took advantage of the highly negative charges on the WO3
surface to synthesize an excellent adsorbant for MB. By

Figure 2. Structural characterization of Au−SiO2−WO3. (A) TEM image and (B) associated EDS of selected regions within Au−SiO2−WO3.
Numbers in panel B correspond to sites identified in panel A. (C) HR-TEM image of an Au nanoparticle on an area of WO3.

Table 1. Summary of Elemental Analysis, Au Nanoparticle Sizes, and N2 Physisorption Data for the Porous Au-Loaded and
Nonloaded Oxides Discussed in This Worka

sample W (wt %) Au (wt %) Si/W (mole ratio) W/Au (mole ratio) Au diameter (nm) SABET (m2 g−1) Vpore (cm
3 g−1) dpore (Å)

SiO2 463 0.95 78
SiO2−WO3 49.1 1.15 65 0.12 47
WO3 72.7 0.0033 53 0.20 101
Au−SiO2−WO3 51.3 0.40 1.27 137 3−5b 55 0.17 74
Au−WO3 68.2 0.28 0.0054 261 ∼10b 66 0.24 135

aWeight percent and mole ratios determined by ICP-OES. bMeasured by TEM and XRD.

Figure 3. Methylene blue and the demethylated derivatives found by ESI-MS after adsorption and photocatalytic degradation.
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incorporating Au nanoparticles into WO3-containing catalysts,
we also increased the photoactivity of these materials under
visible light irradiation.
Photocatalytic experiments were performed by adding

materials to an aqueous MB solution, equilibrating the resulting
suspensions in the dark for 120 min, and then irradiating the
suspensions with visible light for 300 min. A halogen lamp (72
W, 1520 lm) was used for visible light exposures; the UV
portion of the spectrum was specifically excluded by passing the
light through a UV filter. Electrospray ionization mass
spectrometry (ESI-MS) is an effective method to determine
byproducts of MB photodegradation in solution54−56 and this
technique was used in our initial experiments to identify
degradation products, using Au−SiO2−WO3, Au−WO3, and
WO3. Preliminary analysis of MB by ESI-MS showed a major
peak at m/z = 284 due to MB, and a second small peak at m/z
= 270 due to contamination with azure B, a monodemethylated
product of MB. There were no peaks at higher m/z ratios,
indicating that the ESI-MS technique did not cause any further
degradation or polymerization of MB.
We found that degradation of MB on our materials

proceeded primarily through demethylation (Figure 3) and
polymerization, although oxidized products were also observed
after irradiation. The addition of MB over 120 min in the dark
by Au−SiO2−WO3 led to the formation of the fully
demethylated product thionine with m/z = 228 (Figure 4),
although MB remained the most abundant species. Major MS
peaks were also observed at m/z = 340, 358, 402, 453, 680, and
702 due to polymerization of demethylated products.
There are several significant peaks identified throughout the

series of mass spectra worth mentioning. The peaks at m/z =
453 and 680 were identified as the thionine dimer and trimer,
respectively, which was supported by further analyses of these

peaks using tandem MS (MS2, Figure S4, Supporting
Information). The +2-charged tetramer of thionine could also
be contributing to the peak at m/z = 453 because a small peak
at m/z = 906 due to the singly charged thionine tetramer was
also observed. The peak at m/z = 340 was identified as the +2-
charged thionine trimer from isotope ratio and MS2 analysis.
Doubly charged NH4

+ and 3ACN+2H (ACN = acetonitrile)
adducts of the thionine trimer were responsible for the peaks at
m/z = 358 and 402, respectively,57 and the peak at m/z = 702
was due to the Na+ adduct of the thionine trimer. Other,
smaller peaks in the complicated ESI-MS spectrum could be
due to several other stable degradation products or adducts of
MB and demethylated aggregates at higher m/z values.
During the dark adsorption period, it appeared that MB

degradation occurred on the surfaces of Au−SiO2−WO3, Au−
WO3, and WO3 (Figure 4). The ESI-MS data indicated that
prior to visible light irradiation, MB remained the major
component, but degradation occurred primarily through
demethylation to azures A, B, and C and thionine, and
polymerization of these products to form dimers and trimers.
This correlated with previous reports that used spectrophoto-
metric techniques to characterize MB and thionine polymer-
ization on WO3 nanocolloids58 and MB aggregates on
amorphous WO3.

12 Importantly, Au nanoparticles did not
affect the types of products observed during adsorption of MB
under dark conditions. Also, oxidation of MB was not apparent
over Au−SiO2−WO3 and WO3 during this time. However, in
the presence of Au−WO3, a substantial m/z = 319 peak was
observed under dark conditions, which could be attributed to
the ring-opened MB sulfone. Upon further MS2 analysis, this
peak could also be assigned to the Na+ adduct of an
unidentified compound with m/z = 296, which is a potential
MB degradation intermediate.

Figure 4. ESI-MS spectra of MB and MB degradation products using Au−SiO2−WO3, Au−WO3, and WO3 before and after exposure to visible light
(300 min). AB, AA, and AC = azure A, B, and C, respectively; Th = thionine. Y-axes are in arbitrary intensity units. Note: When present, the highest
intensity m/z = 114 peak was truncated so that other peaks can be easily distinguished.
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To confirm that crystalline WO3 was responsible for the
extensive polymerization of dye molecules, the pure porous
SiO2 starting material was added to a solution of MB and
equilibrated for 120 min under the same conditions. On the
basis of ESI-MS data, no significant high m/z peaks are
observed, and azure B remains as the secondary peak to MB
(Figure S5, Supporting Information). It was clear that SiO2 did
not demethylate MB or aggregate the converted products to
any significant extent. Therefore, the addition of acidic WO3
species to these materials caused extensive demethylation and
polymerization of dye molecules to occur during the initial
adsorption period. In fact, it has also been observed in different
materials that the incorporation of strongly acidic W-sites favors
dealkylation and polymerization processes.59

After exposure of the catalyst suspensions to visible light for
300 min, the ESI-MS spectra showed significant changes. A
more complicated mass spectrum indicated that a wider variety
of products was observed as a result of photodegradation.
Importantly, similar photocatalyic selectivity was observed over
the three studied catalysts, regardless of their composition
(Figure 4). Similar to the spectra measured after dark
adsorption, MB demethylation products and aggregates of
these products remained as the major components, and their
abundance at the expense of monomeric MB (small peak at m/
z = 284) indicated that MB was almost completely converted.
New peaks at m/z = 242 and 256 were attributed to the partial
demethylation of MB to form azure C and azure A, respectively.
Adducts of partially demethylated products, such as the NH4

+

adduct of azure B (m/z = 288) were also observed. Major peaks
at m/z = 114 and 150 were assigned to stable fragments of MB
or demethylated products. Aggregates of thionine, the fully
demethylated compound, were still the major products.
Continued polymerization of partially demethylated products
was shown by the peaks at m/z = 730, 774, and 818,
corresponding to the trimers of azure C, azure A, and azure B,
respectively. The peak at m/z = 906 was assigned as the
thionine tetramer. Similar to the dark equilibration period, Au-
loaded and nonloaded materials show similar selectivity toward
this photocatalytic reaction.
In addition to demethylation products, the ESI-MS spectra

showed evidence of photo-oxidation in the presence of each
catalyst. A small peak at m/z = 319 was assigned to the ring-
opened sulfone oxidation product of MB during photo-
irradiation. However, the sulfoxide (m/z = 303) could not be
clearly identified in these tests. Depending on the catalyst, the
m/z = 319 peak had varying intensities, with Au−WO3 showing
the most significant peak. It has been accepted that ring sulfur
atoms of adsorbed MB are oxidized to the sulfoxide, causing
ring opening, and then further oxidized to the sulfone.52,60

Here, we conclude that demethylation is the primary mode of
MB photodegradation, but oxidation may also proceed as a
secondary photodegradation pathway. Also, this oxidation
pathway may be more facile over Au-loaded catalysts (i.e.,
Au−WO3). As highlighted below, Au-loaded catalysts also
showed a substantial increase in MB photodegradation activity
compared to their nonloaded counterparts. Current experi-
ments are being performed on the interaction of adsorbed MB
with the surface, to examine the effect of this strong interaction
on the photodegradation process.
After preliminary identification of MB degradation products

with ESI-MS, we used UV−visible spectroscopy to quantify the
removal of MB over time. A representative series of UV−vis
spectra, for Au−SiO2−WO3, are shown in Figure 5. The major

peak at 664 nm is due to monomeric MB, whereas the shoulder
at 619 nm is due to the MB dimer. It is clear that a portion of
MB was adsorbed by the solid during the initial period in the
dark, and that some of the dimer was adsorbed as well. During
the 300 min of visible light irradiation, a hypsochromic shift of
the peak at 664 nm was observed due to polymerization and
demethylation of MB, which is consistent with the compounds
identified by ESI-MS (Figure 4). Similar spectra and
hypsochromic shifts were observed in all UV−vis experiments
(Figure S6, Supporting Information).
Utilizing the absorbance at 664 nm, we measured the ratios

of the remaining MB concentration vs the initial MB
concentration (C/Co) before and during visible light irradiation
with each catalyst (Figure 6A). Prior to irradiation, Au−WO3
and WO3 both had a significantly greater affinity for MB than
Au−SiO2−WO3 and SiO2−WO3 and were able to adsorb
nearly all of the MB from solution. Pure SiO2 adsorbed an
amount of MB (not shown, C/Co = 0.88) that was comparable
to that for Au−SiO2−WO3. The large surface area of this
sample (∼450 m2/g) accounted for the facile MB adsorption.
Visible light irradiation of the MB/catalyst suspension followed
the dark equilibration over the course of 300 min. Irradiation of
MB in the absence of any porous solid did not produce any
change in concentration. Also, there was no MB degradation
with Au−SiO2−WO3 after 300 min in the dark following the
initial adsorption period. This indicated the need for photo-
excitation of the catalyst in order for MB degradation to
proceed. It is clear from our data that Au−WO3 and WO3
behaved similarly, adsorbing most of the MB from solution
during the 120 min adsorption period, and converting the
remainder during visible light exposure. To compare reaction
rates, the photodegradation data was fitted to first-order
reaction kinetics, and the observed rate constant (kobs) was
calculated as the slope of the linear fit (Figure 6B). Importantly,
Au−WO3 had a faster rate of photodegradation than WO3
under visible light irradiation. It also appeared that essentially
all MB was degraded over Au−WO3 before 300 min. Thus, it
seemed that porous Au−WO3 was, overall, the best material for
total MB removal and degradation. As discussed above, Au−
WO3 did not contain smaller (<10 nm) Au nanoparticles, as
they were lost during the etching of Au−SiO2−WO3, which
could negatively affect the photocatalytic performance of this
material. Among the SiO2-containing materials, Au−SiO2−
WO3 was slightly better than SiO2−WO3 at adsorbing MB, but

Figure 5. UV−visible spectra of MB in an aqueous solution containing
Au−SiO2−WO3 during irradiation with visible light. Inset: spectrum of
MB in solution (no solid or irradiation).
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was significantly better at degrading MB during the visible light
exposure. Consistent with the pure WO3 materials, the rate of
MB conversion over Au−SiO2−WO3 was much greater than
SiO2−WO3. We attributed this to the presence of small (3−5
nm) Au nanoparticles dispersed throughout the Au−SiO2−
WO3 catalyst. Almost all of the MB was photocatalytically
degraded in the presence of Au−SiO2−WO3 (93% conversion),
while only 51% conversion was achieved with SiO2−WO3 after
300 min. Comparing kobs among the various materials, catalysts
not containing SiO2 showed faster rates of photodegradation
than the SiO2-containing catalysts. The rate of photo-
degradation was much faster for Au−WO3 than Au−SiO2−
WO3, but the difference was not as significant when WO3 was
compared to SiO2−WO3. This suggested that the presence of
SiO2 in these materials might hinder the rate of photocatalysis.
Importantly, this more clearly showed the benefit of

depositing Au nanoparticles on these catalysts to enhance the
rate of photocatalytic degradation of the remaining portion of
MB. The improved photocatalytic activity of Au-loaded
materials was attributed to the more efficient separation of
e−/h+ pairs after WO3 band gap excitation. Upon photo-
excitation, the electrons in the WO3 conduction band (+0.2 eV
vs NHE)61 transfer to Au, which has a lower Fermi level (+0.5
eV vs NHE).27,62 Photoexcited h+ can lead to direct oxidative
degradation of adsorbed MB, or these excitons can oxidize
adsorbed water to create reactive ·OH. The latter mechanism
has been proposed by Houas et al.60 and further accepted by
Steiner and Eder52 for MB photooxidation over mesoporous
WO3. A scheme that relates the proposed photodegradation
pathways to the relevant energy levels of the materials involved
is shown in Figure S7 (Supporting Information). At this time,
other mechanisms for the photocatalytic enhancements due to
Au cannot be excluded, however. For instance, nanoparticulate
Au deposited on WO3 catalysts may also benefit from surface
plasmon resonance (SPR) that could improve the rate of
photocatalysis.28 In summary, pure WO3 adsorbed the greatest
amount of MB and Au-loaded materials possessed enhanced
photocatalytic activity compared to their nonloaded counter-
parts. Future studies will focus on altering Au loadings to
optimize these photocatalysts.

■ CONCLUSIONS
Porous Au-loaded SiO2−WO3 and WO3 catalysts have been
synthesized using a combined sonochemical and nanocasting
process. Gold nanoparticles were found to be highly dispersed
within the SiO2 and WO3 matrices. Also, the size of the
deposited Au nanoparticles depended on the substrate
composition, and ranged from 3 to 10 nm. Thermally stable
Au nanoparticles resisted sintering after repeated high temper-
ature (450 °C) treatments when combined in the SiO2−WO3
composite. We have prepared a porous Au−WO3 photocatalyst
simply by etching the Au−SiO2−WO3 composite. Mass
spectral data in combination with UV−vis spectroscopy
confirmed demethylation and polymerization of MB as the
major degradation pathways during adsorption and visible light
irradiation over Au−SiO2−WO3, Au−WO3, and WO3. Photo-
oxidation of the MB ring sulfur also occurred as a secondary
degradation pathway. The WO3 contained in these samples was
responsible for the extensive polymerization of dye molecules.
In addition, samples of pure WO3 adsorb significantly more MB
than SiO2−WO3 composites. Finally, we have shown clear
photocatalytic benefits in loading SiO2−WO3 and WO3
materials with Au nanoparticles. Gold nanoparticles did not
alter the selectivity of MB photodegradation over these
catalysts, but the Au-loaded catalysts photocatalytically
degraded MB at a greater rate than their nonloaded
counterparts. Enhanced exciton (e−/h+) separation within Au-
loaded catalysts greatly improved the visible light photocatalytic
activity of these materials, which may serve as promising
environmental remediation photocatalysts.

■ EXPERIMENTAL SECTION
Materials Characterization. Nitrogen physisorption was carried

out at 77 K on a Micromeritics TriStar 3000 surface area and porosity
analyzer. Surface areas and pore size distributions were calculated
using the BET and BJH methods, respectively. Powder X-ray
diffraction (XRD) was performed on a Rigaku MiniFlex II
diffractometer using Cu Kα radiation generated with a tube output
voltage and current of 30 kV and 15 mA, respectively. The
diffractometer was equipped with a water-cooled Scintillator detector
that was used at a continuous rate of 0.5° (2θ) per minute. Scanning
electron micrographs were recorded with a JEOL JSM-6060 SEM
instrument. Dry samples were dispersed on carbon tape and sputter

Figure 6. (A) Plot of MB remaining in solution (C/Co, measured by the absorbance at 664 nm) as a function of photoirradiation time in the
presence of various catalysts. The dashed line signifies the start of photoirradiation. (B) First-order reaction kinetics for data shown in panel A;
respective kobs are listed to the right of each linear fit. Correlation coefficients (R

2) for each fit in panel B can be found in the Supporting Information,
Table S1.
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coated with Au/Pd prior to imaging. Sputter coating was omitted for
samples containing Au. Transmission electron micrographs were
recorded with a JEOL JEM-1400 TEM instrument operating at 120
kV. In some cases, samples were embedded in Spurrs epoxy resin at 70
°C overnight and then microtomed in order to analyze the interior
surfaces of the porous particles. Others were dispersed in ethanol and
then dropped onto copper grids. High-resolution transmission
electron micrographs were recorded with a JEOL JEM 2100F
microscope operating at 200 kV. Samples were dispersed in methyl
chloride and transferred to carbon coated copper grids prior to
analysis. Energy dispersive X-ray spectroscopy (EDS) elemental
analysis of samples was done with an Oxford INCA system attached
to the same microscope. Elemental analysis by ICP-OES was
completed at Robertson Microlit Laboratories (Ledgewood, NJ). A
PerkinElmer Lambda 35 UV/vis spectrometer with PerkinElmer UV
Winlab software was used for the measurement of methylene blue in
solution. Samples were analyzed in a quartz cuvette with a path length
of 1 cm. Electrospray ionization mass spectrometry (ESI-MS) analysis
of samples were conducted on an AB Sciex 4000 QTrap (AB Sciex,
Framingham, MA) hybrid triple quadrupole/linear ion trap liquid
chromatograph-mass spectrometer operating in single quadrupole
mode, scanning from 100 to 1000 Da. Positive electrospray ionization
(ESI) was used as the ionization source. Source temperature was
maintained at 350 °C. Nitrogen was used as the sheath gas (GS1, flow
= 30, arbitrary units), auxiliary gas (GS2, flow = 40) and curtain gas
(flow = 30). The declustering potential was set to 60. Tandem MS
(MS2) spectra were obtained using nitrogen as the collision gas. The
accelerating voltage (collision energy) into the collision cell was
optimized for each precursor ion to maximize the intensity of product
ions. Samples were directly infused at 1 μL/min into an isocratic (50%
H2O and 50% acetonitrile with 0.1% formic acid) mobile phase flow
from a Shimadzu Prominence high performance liquid chromatog-
raphy (HPLC) system (Shimadzu Scientific Instruments, Columbia,
MD). Mobile phase flow was maintained at 100 μL/min.
Concentrated ammonium hydroxide (29 wt %) was obtained from
Fisher Scientific. All other chemicals were obtained from Sigma-
Aldrich. All chemicals were used as received.
Synthesis of APMS Mesoporous Template. APMS are

disordered mesoporous silica microparticles that can be synthesized
very rapidly with good control of porosity and spherical morphol-
ogy.63−65 The synthesis of APMS is described in the Supporting
Information.
Nanocast Synthesis of Mesoporous WO3 Microspheres. WO3

microspheres were created by the method described in the Supporting
Information.
Sonochemical Deposition of Au Nanoparticles on SiO2−

WO3 Spheres. A sonochemical method adapted from Gedanken and
co-workers41 was used to deposit Au nanoparticles on SiO2−WO3
spheres at room temperature. In a typical synthesis, 300 mL (16.67
mol) of deionized H2O was added to a 500 mL round-bottom flask.
Then, 0.6 g of SiO2−WO3 (APMS previously impregnated twice with
ammonium metatungstate, AMT), and 3.088 mL chloroauric acid
trihydrate (1 g HAuCl4·3H2O in 100 mL of H2O, 15.4 mg of Au, 0.078
mmol Au) were added with stirring. The nominal weight loading of Au
was 2.5 wt % based on SiO2−WO3. After 30−40 min of stirring, the
flask was submerged in a water bath-type sonicator (Branson 2510, 40
kHz, 130 W). During sonication, 19.5 mL of aqueous ammonium
hydroxide (14.8 wt %, 8.7 M, 0.170 mol NH3) was added dropwise in
several installments throughout the total sonication time of 45 min.
The suspension was then centrifuged for 15 min at 15000g, and then
the liquid was decanted. The solid was washed twice with deionized
water. The damp, yellow-colored solid was dried overnight under
vacuum at room temperature. The dry powder was then calcined with
the following program: ramp from 298 to 773 K at 0.95 K min−1

followed by a 3 h hold at 773 K. The resulting product was a dark
wine-colored powder.
Synthesis of Mesoporous Au−WO3 Microspheres. Au−WO3

microspheres were created by etching the Au−SiO2−WO3 composite
material in 10% HF in a similar manner to the SiO2−WO3 composite
above.

Visible Light Photocatalytic Degradation of Methylene Blue.
Photocatalytic methylene blue (MB) degradation experiments were
adapted from Steiner and Eder.52 In a typical experiment, MB in
deionized H2O (50 mL, 4.9 mg MB L−1, 0.015 mM MB) was stirred in
a foil-wrapped 100 mL beaker for several minutes. The appropriate
photocatalyst powder (0.010 g) was then added and the mixture was
left stirring in the dark for 2 h at room temperature to allow for
adsorption equilibrium between the dye and the catalyst. After, the
mixture was subjected to visible light irradiation (halogen lamp, white
light, 72 W, 1520 lm) that was passed through a UV filter (Ru UV
filter-001). The light source was positioned approximately 7 cm from
the top of the beaker, which was fan-cooled during the experiment. At
the appropriate time point, an aliquot was removed from the beaker
and passed through a 22 mm syringe filter with a 0.2 μm nylon
membrane (VWR International) before analysis by UV−vis spectros-
copy and liquid chromatography (LC)-MS. Filtration of the reaction
solution was necessary to avoid artificial results due to light scattering
from catalyst particles during spectroscopic measurements.
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