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ABSTRACT: In recent years, there have been significant efforts to
find novel photocatalytic materials with improved properties. Thus,
there is an active ongoing search for new materials that can operate at a
broad range of wavelengths for photocatalytic reactions. Among
photocatalytically active semiconductors, considerable attention has
been given to tungsten oxide with a band gap of E; ~ 2.6 eV, which
provides the opportunity to harvest visible light. In the present work,
we report on a one-step synthesis of c-WO;_,/WO;xH,0 nano-
whiskers dispersed in a hydrolytically stable mesoporous polycarbosi-
lane-siloxane ([—Si(O)CH,—],) matrix. The as-synthesized nano-
composites possess high photocatalytic activity for the degradation of methylene blue (MB) under visible light irradiation. The
enhanced photocatalytic activity is due to (i) the reduction in the electron—hole recombination rate because of the reduced
dimensions of nanowhiskers, (ii) more efficient consumption of photogenerated electrons and holes as a result of the high
surface-to-bulk-ratio of the nanowhiskers, and (iii) better electron—hole pair separation due to the formation of c-WO,_,/
WO;XH,0 nanoheterostructures.

WOCI,,(OCH; +~[»$i{oc,H,:zCH,+ — ~[~5i:0}CH,-]- + N0, /WO, x H,0
n

B INTRODUCTION situ synthesis, and characterization of nanoheterostructures of
cubic tungsten oxide and tungsten oxide monohydrate (c-
WO,_,/WO,;xH,0) dispersed in a mesoporous polycarbosi-
lane-siloxane matrix.

The reason we work with the ¢-WO;_,/WO;XH,0 and
polycarbosilane-siloxane polymer system is as follows:

TiO, is the most widely studied photocatalyst with a band
gap (E ) of ~3.2 eV, which limits the photocatalytic activity of
TiO, to ultraviolet range.'>'%*"** In contrast, crystalline WO,
with a narrower band gap (e.g, E, & 2.6 eV for monoclinic
WO; in bulk form at room temperature) provides the
opportunity to harvest visible light.>*>** WO, has been used
for the photocatalytic degradation of organic molecules, such as
methylene blue and methanol under visible light irradia-
tion.'"”** However, pure WO, is not an efficient photocatalyst
because of its relatively low conduction band level (0.5 V vs

Semiconductor nanoparticles with high photocatalytic activity
and strong quantum-size effect are considered to be superior
photocatalysts.'~* However, the application of nanoparticles for
photocatalytic water decontamination faces several obstacles,
including aggregation of nanoparticles and separation/reuse of
nanoparticles from photoreactors.” The former leads to the
rapid loss of active sites and photocatalytic efficiency;’ the latter
results in the contamination of water sources with nano-
particles.>>™” Both are formidable obstacles to green
applications.

The above problems have been addressed by the following
methods:®> (i) thin films comprised of meso-/macroporous
photocatalysts supported on substrates,* "> (i) photocatalytic
nanoparticles supported on porous solids,">™'® and (iii)
photocatalysts supported on membranes for water purifica-

tion, 1720 NHE, normal hydrogen electrode). Therefore, photogenerated
Here, we implement the second approach to synthesize novel

mesoporous nanocomposites, possessing high photocatalytic Received: December 28, 2012
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electrons are not effectively consumed in oxygen reduction
reactions, and the subsequent oxidative degradation of
pollutants by the holes is hindered.>> Two approaches
have been applied to enhance the photocatalytic activity of
WO;.

The first approach focuses on the synthesis of nanostructured
WO;, with tailored morphology,8’23’ 830 and size.">*' Nano-
structured WOj; offers more sites for photocatalytic reactions
and reduced diffusion distances for the photogenerated
electrons and holes to reaction sites.>

In the second method, the photocatalytic efficiency is
enhanced by modifying WO;. Several methods have been
suggested to modify WO;, such as coupling with other
semiconductors,”*>**** noble metals,***”** and graphene
oxide,*® as well as doping with metal ions**™>* and non
metals.*** For example, coupling of WO, with several
semiconductors has been reported, and the resultant
heterostructures show eflicient separation of electrons and
holes, leading to an enhanced photocatalytic activity.”">**>%*
Cubic tungsten oxide and tungsten oxide hydrate particles
provide a heterostructure, resulting in a high photocatalytic
alctivity.32

For both approaches, high crystallinity is required because
defects are scattering centers and retard the transport of
carriers.”>*" In addition, amorghous WO; manifests poor
structural and chemical stability.*” The most distorted structure
of amorphous WO; has E, of ~3.25 eV,? while E, of monoclinic
WO, is ~2.6 eV.>*" High annealing temperatures are required
to obtain well crystalline WO,, leading to a considerable
decrease in surface area and active sites for photocatalytic
reactions.”

Mesoporous silica, a typical porous matrix for immobilizing
nanoparticles," suffers from inherent poor hydrolytic stabil-
ity.”* The development of a novel approach to disperse
tungsten oxide and/or tungsten oxide hydrate nanoparticles in
a hydrolytically stable matrix is required. The hydrolytic
stability of silica is significantly enhanced if moisture-sensitive
silicon—oxygen bonds (Si—O—Si) are replaced by more stable
silicon—carbon bonds (Si—CH,—Si or Si—CH,—CH,—Si).*
This approach was successfully employed for obtaining
hydrothermally stable silica membranes® and mesoporous
organosilicates.*

In the present study, we apply a combination of different
approaches to in situ synthesize nanoheterostructures of c-
WO,;_,/WO;XH,0 in the polycarbosilane-siloxane matrix with
high surface area at an annealing temperature as low as 120 °C.

B SYNTHESIS METHOD

Polycarbosilane-siloxane hybrid polymer ([—Si(O)CH,—],)
was synthesized, using the procedure given by Liu et al.*’
Accordingly, polydiethoxy carbosilane was gelated in methanol
by a 1 M HCI aqueous solution (Scheme 1(I)). WO;xH,0
nanowhiskers were synthesized from tungsten(VI) oxychlor-
omethoxide by applying a similar procedure (Scheme 1(II)).
The homogeneous transparent solution of polydiethoxy
carbosilane and tungsten(VI) oxychloromethoxide in methanol
then was gelated under the same conditions to obtain c-
WO,_,/WO;xH,0/[-Si(O)CH,—], nanocomposite, which
consisted of 30 wt % nanowhiskers dispersed in the
polycarbosilane-siloxane matrix (Scheme 1(III)).

The concentration of the nanowhiskers (30 wt %) was
chosen so as to obtain a mesoporous nanocomposite with no
residual microporosity, which was considered to be appropriate
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Scheme 1. Schematic Representation of the Synthesis of
[-Si(0)CH,—], (I), WO;xH,O (II), and c-WO;_,/
WO;xH,0/[-Si(0)CH,—], (IIT) Specimens

~
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for the efficient diffusion of bulky molecules, such as methylene
blue (MB) in the pores (for further discussions, refer to Figure
S1, Figure S2, Table S1, and the section about porosity
optimization in the Supporting Information). Finally, all
materials after aging and drying were heat treated under Ar
atmosphere at 120 °C (the temperature of tungsten oxide
monohydrate formation).*®

The thermal stability of the WO;xH,0 and c¢WO,_,/
WO;xH,0/[—Si(O)CH,—], specimens was analyzed by heat
treatment at 200 °C under Ar atmosphere, producing c-WO;_,
and ¢-WO,_,/[-Si(O)CH,—], materials, respectively.

B RESULTS AND DISCUSSION

Phase Composition and Microstructure. The X-ray
diffraction (XRD) patterns (Figure 1) confirm the formation of
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Figure 1. XRD patterns of [—Si(O)CH,—], (a), WO;xH,O (b), and
c-WO;_,/WO;xH,0/[-Si(0)CH,—], (c) specimens thermally
treated at 120 °C. The latter two specimens transform after heat
treatment at 200 °C under Ar atmosphere into c-WO;_, (b1) and c-
WO,_,/[-Si(0)CH,—], (cl), respectively. At the bottom the
diffraction patterns of orthorhombic tungsten oxide monohydrate
(WO,xH,0, Pmnb, No. 62, Z = 4, a = 52477 A, b = 10.7851 A, ¢ =
5.1440 A) and cubic tungsten oxide (c-WOs, Pm3m, No. 221, Z=1,a
= 3.714 A) are shown.

orthorhombic tungsten oxide monohydrate (WO;XH,O, space
group Pmnb, No. 62, Z = 4, a = 52477 A, b = 10.7851 A, ¢ =
5.1440 A) in the WO;xH,0 and cWO,_,/WO;xH,0/
[-Si(O)CH,—], specimens (Figure 1b and c, respectively).
However, a careful study of the XRD pattern in the c-WO;_,/
WO;xH,0/[—Si(O)CH,—], nanocomposite indicates a re-
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flection (shown with an arrow in Figure 1c), which is attributed
to cubic tungsten oxide (c-WO;, space group Pm3m, No. 221,
Z =1,a=3.714 A).*>* As to be discussed later, the formed cubic
tungsten oxide is substoichiometric (c-WO5_,), and it generates
c-WO;_,/WO;xH,0 nanoheterostructures in the c-WO;_./
WO;xH,0/[—Si(O)CH,—], nanocomposite. The specimens,
which are heat treated at 200 °C under Ar atmosphere, exhibit
the diffraction patterns of cubic tungsten oxide (Figure 1b1 and
cl).

High-resolution transmission electron microscopy
(HRTEM) characterization confirms the phase composition
and crystallinity of the samples, indicating tungsten oxide
monohydrate nanowhiskers in the WO;xH,O (Figure 2c and

Figure 2. TEM (aceg) and HRTEM (b,d,fh) micrographs of
[=Si(0)CH,—], (ab), WO;xH,0 (¢d), c-WO,_,/WO,xH,0/
[-Si(O)CH,—], (ef), and -WO,_,/[-Si(O)CH,-], (gh) speci-
mens with the corresponding selected area electron diffraction patterns
(insets), which confirm the amorphous character of the polycarbosi-
lane-siloxane hybrid polymer (a), the crystallinity of the nanowhiskers
(ce,g), and the formation of cubic tungsten oxide (h).

d) and <WO,_,/WO;xH,0/[-Si(O)CH,—], specimens
(Figure 2e and f). The interplanar d spacing of 0.35 nm is in
good agreement with that of the (010) plane of tungsten oxide
monohydrate in the WO;XH,O specimen. The d spacing of
0.36 nm is in agreement with that of the tungsten oxide
monohydrate {101} planes in the c-WO;_,/WO;xH,0/
[-Si(O)CH,—], nanocomposite. It can also be seen from the
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TEM study that the [—Si(O)CH,—], hybrid polymer is
completely amorphous (see Figure 2a and b).

The nanowhiskers are ~3 times smaller in the ¢WO,_,/
WO,xH,0/[—Si(O)CH,—], nanocomposite {(5—15) X (20—
100) nm?} as compared to those in the WO;XxH,O specimen
{(20-50) x (100-300) nm?}. This finding supports the
stabilization effect of the polycarbosilane-siloxane matrix, which
prevents the growth and agglomeration of the nanowhiskers.
The simultaneous formation of the ¢-WO,_,/WO;XxH,0
nanowhiskers and [—Si(O)CH,—], matrix assures the good
dispersion of the inorganic semiconducting nanowhiskers
confirmed by the elemental (W, O) mapping (Figure SS).

The TEM and HRTEM results (Figure 2g and h) of the c-
WO,_,/[-Si(O)CH,—], nanocomposite show the formation
of the cubic tungsten oxide phase and confirm the XRD result
(Figure 1cl). The dispersion and size of the nanowhiskers in
the c-WO,_,/[—Si(O)CH,—], nanocomposite are homoge-
neous and similar to those of the ¢WO;_,/WO;xH,0/
[-Si(O)CH,—], nanocomposite. The d spacing of 0.39 nm is
slightly larger than that of the cubic WO; (100) planes, which
could be due to the substoichiometry of the formed cubic
tungsten oxide in the c-WO;_,/[—Si(O)CH,—], nanocompo-
site.

Thermal Stability. Simultaneous thermal analysis coupled
with infrared spectroscopy (STA-IR) measurement is per-
formed under Ar atmosphere to study the thermal stability of
the ¢WO,_,/WO;xH,0/[-Si(O)CH,—], nanocomposite
(Figure 3).

H,0 and ethene (C,H,) are the main gaseous species
detected by the STA-IR measurement up to 300 °C. The
evolution patterns of the gaseous H,O and C,H, indicate
significant differences between the decomposition behaviors of
the [—Si(O)CH,—], hybrid polymer and c-WO,_./
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Figure 3. STA-IR measurements showing the mass loss (dashed lines,
primary Y axis) of [—Si(O)CH,—], (black, 1) and cWO,_,/
WO;xXH,0/[—Si(O)CH,—], (blue, 2) specimens during thermolysis
under Ar atmosphere. The evolution patterns (solid lines, secondary Y
axis) of the gaseous H,O (a) and C,H, (b) are drawn from the
integration of selected IR bands ranges along the temperature profile.

dx.doi.org/10.1021/ja3126678 | J. Am. Chem. Soc. 2013, 135, 4467—4475



Journal of the American Chemical Society

WO,xH,0/[-Si(O)CH,—], nanocomposite during the ther-
molysis: (a) The evolution of H,O during the thermolysis
shows a maximum at ~112 °C in both samples and an
additional maximum at ~205 °C in the c-WO;_,/WO;xH,0/
[-Si(O)CH,—], nanocomposite (Figure 3a). The first
maximum at ~112 °C is related to the evaporation of adsorbed
water in pores. The second maximum at ~205 °C in the c-
WO,_,/WO,xH,0/[-Si(0)CH,~], nanocomposite is asso-
ciated with the dehydroxylation of the tungsten oxide
monohydrate to the cubic tungsten oxide. (b) The release of
C,H, from the c-WO,_,/WO;xH,0/[-Si(O)CH,—], nano-
composite starts at ~190 °C and has a maximum at ~240 °C,
while C,H, does not outgas from the pure [—Si(O)CH,—],
specimen (Figure 3b). The evolution of C,H, from the c-
WO,_,/WO,;xH,0/[-Si(O)CH,—], nanocomposite is related
to rearrangement reactions.”” The rearrangement reactions are
facilitated by the oxygen transfer (loss) from WO; to
carbosilane bonds (Si—CH,—Si), leading to the formation of
WO,_, and silicon—oxygen bonds (Si—O—Si), respectively, as
well as release of C,H, (combination of —CH,— linkages).
Hence, the nanowhiskers facilitate the decomposition of
[-Si(O)CH,—], matrix at temperatures as low as 200 °C.

Optical Properties and Surface Composition. Diffuse
reflectance UV—vis (DR-UV—vis) spectroscopy reveals that the
band gap (E,) of the c-WO,;_,/WO;xH,0/[-Si(O)CH,~],
nanocomposite is ~2.54 eV, which is slightly larger than E, ~
249 eV of the WO;XH,0O specimen (Figure 4a, inset, refer to
the Supporting Information for the details of the calculations).
This difference is explained by the smaller particle size in the c-
WO,_,/WO,;xH,0/[-Si(0)CH,—], nanocomposite as com-
pared to the WO;XH,O specimen.

The WO;XxH,O nanowhiskers do not show absorption in the
500—800 nm range (Figure 4a, Al); however, after the in situ
formation of the nanowhiskers in the polycarbosilane-siloxane
matrix (the c-WO;_,/WO;xH,0/[-Si(O)CH,—], nanocom-
posite), significant absorption in the S00—800 nm range is
found (Figure 4a, Bl). The absorption of the c-WO,_,/
WO;xH,0/[-Si(O)CH,—], nanocomposite in the 500—800
nm range originates from W' species at the surfaces of the
nanowhiskers, which absorb strongly in the visible range.””**>
The presence of W°* species is confirmed by X-ray photo-
electron spectroscopy (XPS) measurements. W-4f (Figure 5a)
and W-4d (Figure Sb) core-level photoelectron spectra are
decomposed and fitted to W*, W**, and W* oxidation states
(24%, 62%, and 14%, respectively). The W-4f binding energies
are 34.4, 35.7, and 36.9 eV for W, W**, and W™, respectively.
The W-4d binding energies are 244.7, 247.1, and 249.1 eV for
W*, W™ and W®, respectively. The W-4f and W-4d binding
energies are slightly larger than those of the values reported in
the literature.””>> The deviation and increase in the binding
energies of metal oxide nanoparticles as compared to those of
the bulk values have been attributed to the size effects.’>**
Therefore, the surfaces of the nanowhiskers in the c-WO;_,/
WO;xH,0/[-Si(O)CH,—], nanocomposite contain substoi-
chiometric cWO,_,.

As expected, the ¢-WO;_,/[-Si(O)CH,—], and cWO,_,
specimens (Figure 4b, B2 and A2, respectively) absorb more
strongly in the visible range, when compared to the c-WO;_,/
WO,xH,0/[-Si(O)CH,—], and WO;XH,O specimens (Fig-
ure 4b, B1 and Al, respectively).

The results from an additional experiment indicate that the
thermal treatment at 200 °C causes degradation of the
polymeric matrix in the cWO,_,/[-Si(O)CH,—], nano-
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Figure 4. (a) DR-UV—vis spectra of WO;XH,O (green line, Al) and
cWO,_,/WO,;xH,0/[-Si(O)CH,—], (blue line, B1) specimens. In
the inset, the plot of (ahv)? versus hv is shown to determine E,. (b)
DR-UV—vis spectra of the above two specimens, green and blue lines,
respectively, and after their thermal treatment at 200 °C under Ar
atmosphere; c-WO,_, (green dash line, A2) and c-WO,_,/[-Si(O)-
CH,—], (blue dash line, B2) specimens, respectively. DR-UV—vis
spectra of the remaining matrixes: Matrix-B1 (red line) and Matrix-B2
(black line) after the nanowhiskers are leached out from the c-WO,_,/
WO,xH,0/[-Si(0O)CH,—], and ¢WO,_,/[-Si(O)CH,—], speci-
mens, respectively.

composite. In this experiment, the nanowhiskers of the c-
WO,_,/WO,;xH,0/[-Si(0O)CH,—], and ¢-WO,_,/[-Si(O)-
CH,—], nanocomposites are dissolved in an aqueous ammonia
solution. The dissolution and removal of the nanowhiskers are
confirmed by XRD. The remaining matrix from the ¢-WO;_,/
[-Si(O)CH,—], specimen, which is thermally treated at 200
°C, shows significant absorption in the visible range (Figure 4b,
Matrix-B2), while the remaining matrix from the c-WO,_,/
WO,xH,0/[—Si(O)CH,—], sample, which is heat-treated at
120 °C, does not absorb in the same range (Figure 4b, Matrix-
B1). This finding agrees with the results of STA-IR character-
ization, which indicates the decomposition of [—Si(O)CH,—],,
matrix at temperatures as low as 200 °C in the ¢-WO;_,/
[-Si(O)CH,—], nanocomposite.

The polymeric matrix in the c-WO,_./[-Si(O)CH,—],
nanocomposite absorbs significantly in the visible range,
which makes ¢WO;_,/[—Si(O)CH,—], nanocomposite un-
suitable for photocatalysis. Therefore, only the porosity and
photocatalytic performance of the c-WO,_,/WO;xH,0/[-Si-
(O)CH,—], nanocomposite and the reference specimens,
WO;xH,0 and [-Si(O)CH,—],, will be discussed.

Porosity Characteristics. The most remarkable features of
the as-synthesized c-WO,_,/WO;xH,0/[-Si(O)CH,-],
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Figure S. XPS spectra of ¢-WO;_,/WO;xH,0/[-Si(O)CH,-],
nanocomposite, showing the decomposition and fitting of the W-4f
and W-4d lines to W (green), W** (pink), and W*" (blue) oxidation
states.

nanocomposite are the high volume of mesopores and the high
specific surface area, as well as the high photocatalytic activity
under visible light (Table 1).

Table 1. Porosity and Photocatalytic Activity Characteristics
of [—Si(O)CH,—], (I), WO;xH,O (II), and c-WO;_,/
WO,;xH,0/[-Si(0)CH,—], (IIT) Specimens

characteristic 1 11 1
Sper (m* g™)* 655 40 509
Smeso (mz gil)b 68 40 509
V, (em® g71)° 0.41 0.27 1.11
Vigeso (cm® g™ 0.09 027 L11
r (nm)* 122 13.50 435
E, (eV) 2.49 2.54
D/ Dyuik 0.31 0.90 0.72

. b

“Sper: specific surface area. S,,.,: mesoporous surface area. “V,;: total
d

pore volume. “V,,...,: mesoporous volume. °r = 2V,/Spgr: average pore

size.

The [-Si(O)CH,—], hybrid polymer reveals a type I
nitrogen physisorption isotherm, which is typical for micro-
porous materials. On the other hand, the c-WO,_,/
WO;xH,0/[—Si(O)CH,—], nanocomposite exhibits type V
nitrogen physisorption isotherm characteristic for mesoporous
materials with type H3 loops, resulting from wedge-shaped or
slit-shaped pores (Figure 6). Even if the specific surface area
(Spgr) decreases slightly in the c-WO,_,/WO,;xH,0/[-Si-
(O)CH,—], nanocomposite to 509 m* g™, if compared to that
of the [—Si(O)CH,—], hybrid polymer (655 m* g™'), this value
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Figure 6. Nitrogen physisorption isotherms (left) and the
corresponding pore size distributions (right) of [—Si(O)CH,—], (a),
WO,;xH,0 (b), and cWO;_,/WO;xH,0/[-Si(O)CH,—], (c)

specimens.

is ~10 times larger than that of the WO;XH,O specimen (40
m® g7'). In contrast to the [—Si(O)CH,—], hybrid polymer,
the ¢WO,_,/WO,;xH,0/[-Si(O)CH,—], nanocomposite
manifests a much higher mesopore volume, 1.11 versus 0.09
cm?® g_l, and a larger pore radius, 4.35 versus 1.22 nm,
respectively.

The intriguing finding in our study is the transformation of
the predominantly microporous [—Si(O)CH,—], hybrid
polymer to completely mesoporous cWO;_,/WO;xH,0/
[-Si(O)CH,—], nanocomposite (Table 1, Scheme 2). This
transformation could be understood, using the mechanism
responsible for the mesostructuration of silica or various metal
oxides with block copolymers.”»*>™>” In our case, after
hydrolysis, the multivalent tungsten species form crown-type
complexes with the hydrophilic Si—O—Si moieties as indicated
in Scheme 2b, left. The result is the microphase separation of
the hydrophilic Si—O-Si and hydrophobic Si—CH,—Si
moieties, leading to the formation of a mesoporous structure
in the c-WO,_,/WO,xH,0/[-Si(0)CH,—], nanocomposite
(Scheme 2b, right), which is similar to the assembly of silica or
metal oxides with block copolymers.*>*>~%"

The preferential association of tungsten species in the c-
WO,_,/WO;xH,0/[-Si(O)CH,—], nanocomposite through
crown-type complexes stabilized via physical (intermolecular)
interactions is confirmed by **Si NMR spectroscopy. Because
no new *’Si NMR chemical shift signals are found in the c-
WO,_,/WO,;xH,0/[-Si(O)CH,—], nanocomposite as com-
pared to those of the [—Si(O)CH,—], hybrid polymer (Figure
7), the formation of Si—O—W bonds is excluded. Therefore,
the nanowhiskers are formed within the porous polycarbosi-
lane-siloxane hybrid polymers without chemically reacting with
the matrix.

On the contrary to the common ordered mesostruc-
tures,”*>~>" a fast cross-linking happens within a few seconds
after the addition of a 1 M HCI aqueous solution to the mixture
of polydiethoxy carbosilane and tungsten(VI) oxychlorometh-
oxide in methanol. Accordingly, polymerization and cross-
linking processes dominate over a slower mesoscopic ordering,
As a result, a nonordered mesoporous ¢-WO,_,/WO;xH,0/
[-Si(O)CH,—], nanocomposite is obtained.

The thermal history for the synthesis of the ¢WO,;_,/
WO;xH,0/[-Si(O)CH,—], and WO;xH,O specimens is the
same. The high surface-to-bulk ratio of the nanowhiskers in the
c-WO,_,/WO,;xH,0/[-Si(0)CH,—], nanocomposite favors
the dehydroxylation of the nanowhisker surfaces and the
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Scheme 2. (a) Microporous [—Si(O)CH,—], Hybrid
Polymer Made of 4-, 5-, 6-, 7-, and 8-Membered Silicon-
Containing Ring Clusters, Resembling in This Way the
Structure of Microporous Silica (See Refs 58,59); and (b)
Preferential Association of Multivalent Tungsten Species in
the c-WO;_,/WO;xH,0/[—Si(O)CH,—], Nanocomposite
via Crown-type Complexes Stabilized by Physical
(Intermolecular) Interactions

a) [-Si(0)CH ],
\J

T
=]

p O
I

ﬁ,Tmﬁjsiq

oY) &
i He I
\q:sl,(‘,\ssl H.\C_-Ia,:j‘ﬁ,o—s.—-o-\i

formation of substoichiometric c-WO;_,, similar to the work by
Cao et al.*”

The preferential association of multivalent tungsten species
via physical (intermolecular) interactions with oxygen atoms
present in the matrix (Scheme 2b, left) leads to the enrichment
of tungsten species on the surfaces of the nanowhiskers,
inducing the formation of substoichiometric c-WOj;_,.

Photocatalytic Performance. The solar-driven photo-
catalytic activities of the [—Si(O)CH,—],, WO;xH,0, and c-
WO,_,/WO,;xH,0/[-Si(O)CH,—], specimens are measured
by monitoring the change in the optical absorption of
methylene blue (MB) solution at 664 nm during its adsorption
and photocatalytic degradation process in the dark and under
visible-light irradiation (40 W xenon lamp, UV cutoff at 420
nm), respectively. The MB adsorption experiments in the dark
demonstrate the accessibility of the surfaces of the nano-

4472

(‘C Hz}'si'( O‘}a

Intensity (a.u.)

40 0 40 -80
Chemical shift (ppm)

-120

Figure 7. *Si NMR spectra of the [—Si(O)CH,—], (red dot, 1) and c-
WO,_,/WO;xH,0/[-Si(O)CH,—], (blue, 2) specimens. The
chemical shift signals related to (—CH,);—Si—O—, (—CH,),—Si—
(0-), and (—CH,)-Si—(O—); units at 3.4, —20, and —60 ppm,
respectively, are indicated.

whiskers in the ¢-WO;_,/WO;xH,0/[—Si(O)CH,—], nano-
composite.

The effective diffusion (D) for the molecules with radius r,,
through the pores of radius r, in };olar solvents, such as water, is

o Py2
related to bulk diffusivity (Dy):
Dg _

1- rm/rp)2

D, (1+ 2r,/1,) (1)

Practically, a D.g/Dy ratio larger than 0.70 is required for
effective diffusion of molecules under study.® Taking r,, of the
diffusing species (MB) as 0.36 nm, we obtain a D4/Dj equal to
0.31, 0.90, and 0.72 for the [—Si(O)CH,—],, WO;xH,0, and
c-WO,_,/WO,;xH,0/[-Si(O)CH,—], specimens, respec-
tively. Hence, small pores in the [—Si(O)CH,—], hybrid
polymer limit the diffusion of MB, whereas the pores in the c-
WO,_,/WO;xH,0/[-Si(O)CH,—], nanocomposite are large
enough for effective diffusion of MB. As the minimum pore
size, allowing for the diffusion of MB, is about 2.6 nm,* the
microporous [—Si(O)CH,—], hybrid polymer with very small
pores (~1.22 nm) adsorbs only ~0.3% of the initial MB in the
dark. In contrast, the mesoporous WO;XH,0 and ¢-WO;_,/
WO,xH,0/[—Si(O)CH,—], specimens adsorb a significantly
larger amount of MB, that is, ~76% and 82%, respectively.

Although the surface area of the ¢WO; ,/WO;xH,0/
[-Si(O)CH,—], nanocomposite is much higher than that of
the WO;XH,O specimen (Table 1), the amount of MB
adsorbed after 1 h of equilibration in the dark is almost similar
for both specimens. The following experiment is performed to
understand the nature of the adsorption sites in the c-WO;_,/
WO,;xH,0/[-Si(0)CH,—], nanocomposite. The nano-
whiskers are removed from the c-WO,_,/WO;xH,0/[-Si-
(O)CH,—], nanocomposite by treatment in an aqueous
ammonia solution to obtain pure mesoporous polycarbosi-
lane-siloxane matrix. Next, MB adsorption at equilibrium for
the remaining matrix is measured under the same conditions as
those of the adsorption stage in the dark, showing ~12%
adsorption of MB. This result indicates that the nanowhiskers
are the main sites for the adsorption of MB in the ¢-WO;_,/
WO;xH,0/[-Si(O)CH,—], nanocomposite and the high
surface area of the mesoporous polycarbosilane-siloxane matrix
has much lower capacity to adsorb MB. In other words, the
mesoporous matrix of the cWO,;_,/WO;xH,0/[-Si(O)-
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CH,—], nanocomposite provides mesopores for the diffusion
of MB to the surfaces of the nanowhiskers with a low
contribution to the overall adsorption. The low adsorption is
because of the low polarity of the Si—CH,—Si groups, and it
reveals that the adsorption of MB on the surfaces of the
nanowhiskers is not restricted by physical (intermolecular)
bonding between the matrix and the surfaces of the
nanowhiskers as described in Scheme 2b, left. Either the
physical (intermolecular) bondings happen partially between
the matrix and the surfaces of the nanowhiskers, allowing for
sufficient adsorption sites for MB, or they can be exchanged
(physical bonds are weak) with MB during the diffusion and
adsorption process.

The equilibrium adsorption in the dark is measured for 1, 1.5,
2, and 3 h. No further decrease in the concentration of MB
after 1 h of adsorption in the dark is detected. Accordingly, 1 h
of equilibrium adsorption in the dark is considered to be
appropriate to start the photodegradation of MB under visible
light irradiation.

The kinetic data of MB photodegradation after equilibrium
adsorption in the dark are shown in Figure 8. MB does not
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Figure 8. Degradation of MB after visible light irradiation (4 > 420
nm) by the [—Si(O)CH,—], (M, 1), WO;xH,O (blue A, 2), and c-
WO,_,/WO;xH,0/[-Si(O)CH,—], (green @, 3) specimens. A
blank run (red %, 4) for MB solution under visible light irradiation
is measured for comparison, excluding the possibility of direct MB
degradation during visible light irradiation of the c¢-WO;_,/
WO;xH,0/[-Si(0)CH,—], nanocomposite. MB concentration C
during visible light irradiation is normalized by the equilibrium
concentration of MB after 1 h of adsorption in the dark in each case,
Co.

degrade on the [—Si(O)CH,—], and WO;XH,0O specimens
during visible light irradiation, and the decrease in the
equilibrium concentration of MB for these materials is similar
to that of the blank run. In contrast, the c-WO;_,/WO;xH,0/
[-Si(O)CH,—], nanocomposite shows a 3-fold increase in the
photocatalytic activity, leading to ~70% degradation of the MB
after 3 h of irradiation.

Following the arguments presented in refs 1—3, we suggest
that the dispersion of the nanowhiskers in the c¢-WO;_,/
WO,;xH,0/[-Si(0)CH,—], nanocomposite increases the
photocatalytic degradation of MB via the following mecha-
nisms: (i) reducing the recombination rate of photogenerated
electrons and holes, (ii) increasing the encounter between the
photogenerated electrons (holes) with O, (MB), respectively,
and (iii) formation of the c-WO;_,/WO;XxH,0 nanoheteros-
tructures.
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(i) Assuming the size of the ¢-WO;_,/WO;xH,0 nano-
heterostructures is comparable to Debye length of the tungsten
oxide (~5 nm),®" the minority carriers generated within a few
nanometer from the surfaces of the nanowhiskers in the c-
WO,_,/WO;xH,0/[-Si(0)CH,—], nanocomposite would
escape recombination and reach the oxidizable species.®>®*

(ii) The high surface-to-bulk ratio of the nanowhiskers in the
c-WO,_,/WO,;xH,0/[-Si(O)CH,—], nanocomposite in-
creases the probability for the photocatalytic reactions at the
surfaces of the nanowhiskers to occur. The surface-to-bulk ratio
of the nanowhiskers in the ¢-WO,_,/WO,;xH,0/[-Si(O)-
CH,—], nanocomposite is 3 times larger than that of the
WO;XH,O specimen. Therefore, the nanowhiskers in the c-
WO,_,/WO;xH,0/[-Si(O)CH,—], nanocomposite provide
a shorter path for the diffusive transport of electrons and holes
to the surfaces of the nanowhiskers, making also the
recombination of electrons and holes less probable.

(iii) It has been recently shown that cubic tungsten oxide
formed by partial thermal decomposition of tungsten oxide
monohydrate makes a heterostructure with the parent tungsten
oxide monohydrate, resulting in a more efficient electron hole
pair separation and enhanced photocatalytic degradation of
organic dyes.32 Therefore, ¢-WO,_,/WO,;xH,0/[-Si(O)-
CH,—], nanocomposite contains well-dispersed nanowhiskers,
which are actually nanoheterostructures between c-WO;_, and
WO;XH,0, providing an eflicient photocatalyst.

Although tungsten oxide and its hydrates offer the possibility
to harvest the visible range of solar light,lz’é4 the use of these
materials for the photocatalytic degradation of organic
compounds has been hampered. The main reason for that is
the low conduction band level of tungsten oxide, which is more
positive than the oxidation/reduction potential (vs NHE,
normal hydrogen electrode) required for the single-electron
reduction of oxygen:

0, + ¢ =0, (aq),

E, = —0284V

0, + H" + ¢” = HO,(aq), E,= —0.046V

As a result, the consumption of photogenerated electrons
and the subsequent oxidative degradation of organic pollutants
by the holes are effectively reduced.””*> However, as shown
recently for tungsten oxide, the photogenerated electrons can
be involved in competitive multielectron reduction reactions of
O,, which is more positive than for the single-electron

processes:27’65
0, + 2H" + 2¢” = H,0,(aq), E, = 0682V
0, + 4H" + 4e” = 2H,0(aq), E,= 1230V

These multielectron processes have been proven to be
facilitated by a high electron flux that can be gained via a Pt
cocatalyst dispersed on the surface of WO;, which behaves as a
p00217 gsf electrons for the multielectron reduction reactions of
0,.7"

By analogy, in the ¢-WO,_,/WO,;xH,0/[-Si(O)CH,—],
nanocomposite, (i) the reduced recombination rate of electrons
and holes, (ii) the better accessibility of electrons for O,
reduction reactions, and (iii) the formation of c-WO,_,/
WO;xH,0 nanoheterostructures could create a high flux of
electrons needed for the multielectron reduction of O,,
enabling the efficient consumption of holes by the oxidizable
species, resulting in the enhanced photocatalytic degradation of
MB.
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B CONCLUSIONS

A novel approach is developed to disperse photocatalytically
active nanoparticles in a hydrolytically stable mesoporous
matrix. As demonstrated in the present case study, in situ
formation of c-WO;_,/WO;XH,0O nanoheterostructures in the
[-Si(O)CH,—], matrix transforms the predominantly micro-
porous [—Si(O)CH,—], hybrid polymer to completely
mesoporous ¢-WO,_,/WO;xH,0/[-Si(O)CH,—], nanocom-
posite, possessing high photocatalytic activity under visible light
irradiation.
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