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ABSTRACT: Herein we report an inside-out preinstallation-
infusion-hydration method for targeted synthesis of Keggin
heteropoly acids (silicomolybdic acid, H,SiMo;,0,,) within
mesoporous silica (SiO,) hollow spheres. In this process, discrete
molybdenum dioxide (MoO,) nanoparticles with diameter size
ranging from 25 to 60 nm were first prepared by a one-pot
hydrothermal route in water/ethanol mixed solvents at 180 °C,
which were then used as cores to grow the shell of supramolecular
templated silica with tetraethyl orthosilicate (TEOS) and
hexadecyltrimethyl- ammonium chloride (CTACI) in alkaline
solution. By thermal treatment of as-synthesized MoO,@SiO,
core—shell spheres, the organic template was burned off and

mesoporous shell was formed (BET specific surface area was as high as 872 m*/g). Meanwhile, the encapsulated MoO, was
oxidized to Mo®" and infused to the mesoporous silica shells, forming heptamolybdate species (Mo,0,,%") uniformly dispersed
on the mesopore surfaces of silica, while generating void space at the center of spheres. After hydration with water, H,SiMo,0,,
was formed by reaction between the surface Mo,0,,°™ and silica species in the presence of water. The prepared H,SiMo,,04, @
mSiO, hollow spheres were tested for Friedel—Crafts alkylation of toluene by benzyl alcohol. The H,SiMo,,0,,@mSiO, catalysts
fabricated via this novel route exhibited excellent catalytic activity toward benzylation of toluene, which was approximately 2.6
times as high as that of commercial Amberlyst-15 catalyst. In addition, the H,SiMo,,0,,@mSiO, catalyst was very robust and

could be reused after regeneration.

B INTRODUCTION

Mesoporous silica materials have received tremendous research
interest and activity over the last two decades since the
discovery of MCM-type of mesoporous silica in 1990s.' >
Owing to their uniform pore size, ordered pore structures, and
high surface areas, mesoporous silica has numerous potential
applications across a wide variety of fields such as separation,
sorption, controlled release, biosensing, heterogeneous catal-
ysis, etc.*”® Accordingly, much effort has been devoted to
preparing mesoporous silica with variations of pore structure,
surface area, composition, interior space, and exterior
morphology. For instance, incorporation of inorganic or
organic components into the mesoporous silica structures has
been persistently pursued in order to develop novel composite
materials for drug delivery as well as catalytic applications.®™
Through compositional modification of this type of composites
or supports, unprecedented physicochemical properties could
be attained.*”” There are basically three strategies available to
prepare inorganic or organic mesoporous silica composites. The
first one is by co-condensation of inorganic/organic precursors
with a silica source, which could yield composite materials with
homogeneous composition.'” However, there could be a
limitation on the maximum amount of inorganic materials
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loaded due to lack of hydrolyzable precursors. The second
method is through postmodification with impregnation or
surface reaction, from which inorganic/organic materials are
deposited/grafted on the surfaces of mesoporous silica though
the uniformity could be an issue."" The third approach through
preinstallation is quite commonly used for synthesis of core—
shell and yolk—shell structures,”>~'® but their mesopores or
interior spaces are not utilized fully as supports for inorganic
and organic materials.

In addition to the above functionalization, miniaturization
and shape-controlled preparation of mesoporous silica have also
attracted significant research attention.'”'® In particular, hollow
nanostructures have been considered in recent years as
promising nanomaterials for a wide range of applications.'®**
In this regard, for example, void space within mesoporous silica
spheres can function as a nanoreactor for catalytic reaction or as
a nanocontainer for controlled-release application.'”** Com-
pared to mesoporous bulk silica, furthermore, such hollow
spheres will render the thickness of silica shells within
nanometer scale, which is highly desirable for mass transfer
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of reactants and products especially for liquid-phase reactions.
Due to shorter pore channels and thus less traveling blockage,
the surface of mesopores in the shell structure can be utilized
more efficiently when these hollow spheres are used as catalyst
supports. Many approaches have been reported in the
literature.”*~>° For example, soft templates such as emulsions,
vesicles, and gas bubbles have been employed, which generally
yield hollow mesoporous silica spheres with a relatively wide
size distribution.**”>” On the other hand, hard templates such
as polymer beads with uniform sizes are also widely adopted,
which give rise to hollow mesoporous silica spheres with a
remarkably narrow size distribution, although the templates
have to be removed by extraction or calcinations.”*** Other so-
called template-free methods through Ostwald ripening or
chemical etching to form hollow structures have also been
developed.'>*

Because it is a weak acidic oxide, silica also is very suitable to
serve as a catalyst support for solid acids.’’ In this work,
therefore, we choose acid-catalyzed Friedel—Crafts alkylation as
a model reaction for the present investigation, as it is an
important industry process to produce diphenyl compounds
which are essential intermediates for pharmaceutical and fine
chemical production.* Conventionally, Friedel—Crafts alkyla-
tion is catalyzed by homogeneous acids such as AICI;, FeCl,,
ZnCl,, and H,SO, that are very active, but a large amount of
process wastes is also generated unavoidably.*' Additionally, it
is very difficult to recover the catalysts from the reaction
mixture. Hence, considerable efforts have been made to
develop environmentally benign, recyclable, heterogeneous
solid acid catalysts such as zeolites, clays, heteropoly acids,
ion-exchanged polymers, sulfated metal oxide and carbon as
well as other oxides and mixed oxides.>*™*° Moreover,
mesoporous zeolites have received intense research interests
due to their strong acidity and mesoporous structure which can
accommodate large reactant molecules.*' ~*

Among the above heterogeneous catalysts, heteropoly acids
are known to be very strong solid acids and have wide
applications in catalysis.>>*” It is noted that acidity of solid
heteropoly acids is even stronger than conventional solid acids
such as zeolites X and Y.***’ As bulk heteropoly acids typically
have a very low surface area (1—5 m?/g), it is preferable to
prepare heteropoly acids on high surface area catalyst supports
such as mesoporous silica (i.e, MCM-41 and SBA-15).*7%%
There are two strategies that have been developed to prepare
silica-supported heteropoly acids. The first method is to
impregnate mesoporous silica with heteropoly acids.**™!
Though it is simple for this outside-in process, nevertheless,
pore blockage and thus less working-surface catalyst could be a
major process drawback. The second method is to include
heteropoly acids within mesoporous silica through sol—gel
synthesis, which can ensure homogeneous dispersion of
mesoporous silica within mesoporous silica matrix, minimizing
pore blockage.”>~>> However, the supramolecular template in
the latter has to be removed by either solvent extraction or
thermal treatment above 400 °C, which may result in leaching
or decomposition of heteropoly acids. It is known that many
heteropoly acids have high solubility in polar solvents and start
decomposing above 400 °C.>*3>%7%% 1t is noted that silica
encapsulation followed by thermal treatment has been utilized
for controllable transformation of nanaparticles@silica nano-
structures to achieve hollowed metal oxides, heterodimers/alloy
nanoparticles, and highly dispersed metals/metal oxides on
silica support for biomedical, catalytic and magnetic applica-

tions.>*™®! To overcome the difficulties and dilemmas

encountered in the above methods to prepare supported
heteropolyacids, in this contribution, we have developed a
preinstallation—infusion—hydration (inside-out) method to
prepare highly dispersed silicomolybdic acid (H,SiMo,04)
within mesoporous hollow spheres of silica, as depicted in
Figure 1. First, discrete MoO, nanoparticles are prepared by
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Figure 1. Schematic flowchart of targeted synthesis of silicomolybdic
acid (H,SiMo,,0,,) inside silica hollow spheres: (a) synthesis of
MoO, nanoparticles, (b) deposition of silica shell on the MoO, core,
(c) thermal infusion of MoO, into silica mesopores (during which
MoO, was oxidized to MoO; and then to Mo,0,,°7), and (d)
hydration of Mo""@mSiO, to H,SiMo,,0,,@mSiO,. Notations of
crystallographic structures of MoO,, Mo,0,,%”, and H,SiMo,,0,: the
white, red, and green spheres represent molybdenum, oxygen, and
silicon atoms, respectively (hydrogen atoms are not shown). The sky-
blue octahedral unit represents MoOy, and the yellow tetrahedral unit
signifies SiO,.

hydrothermal synthesis. The as-synthesized MoO, nano-
particles are then used as cores to form MoO,@SiO, core—
shell spheres. Next, thermal treatment of MoO,@SiO, core—
shell spheres leads to oxidation and infusion of encapsulated
MoO, core nanoparticles, which results in highly dispersed
heptamolybdate species (Mo,0,,5") within mesoporous silica
shells and at the same time forms hollow mesoporous silica
spheres. Finally, hydration of the as-prepared Mo @mSiO,
hollow spheres generates silicomolybdic acid (H,SiMo;,04)
which is highly dispersed within the mesoporous silica shells.
Because this is an inside-out synthesis for catalysts, blockage in
the pore entrance can be avoided compared to other
conventional preparative methods such as the metal—salt
impregnation technique by which catalytic components are
introduced to the existing mesopores via outside-in processes.
The resultant H,SiMo,,0,, @mSiO, has been elucidated to be
an active, robust, solid acid catalyst for Friedel—Crafts
alkylation.

B EXPERIMENTAL SECTION

Preparation of MoO, Nanoparticles. Discrete MoO, nano-
particles with sizes in the range of 25—60 nm were obtained by a
simple one-pot hydrothermal synthesis. Briefly, 150 mg of ammonium
heptamolybdate (AHM, Merck) was dissolved in 22.0 mL of deionized
water, followed by addition of 10 mL of ethanol (Merck). Later, S00
mg of polyvinyl-pyrrolidone (PVP; K-40, Aldrich) was added to the
above solution. The resulted mixture was stirred at room temperature
for 30 min. Afterward, the solution was transferred to a Teflon-lined
stainless steel autoclave (40 mL capacity), and hydrothermally treated
in an electric oven at 180 °C for 16 h. The autoclave was then cooled
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under tap water, and dark precipitate (i, product MoO, nano-
particles) was harvested by centrifugation and washed with ethanol—
acetone cosolvent for four times. In addition, MoO, nanoparticles with
a smaller size (~20 nm) could also be synthesized by adding 1.0 mL of
1.0 M HCI into the above synthesis mixture while other parameters
remained unchanged.

Preparation of Mo0,@SiO, Core—Shell Spheres. The above
synthesized MoO, nanoparticles were used as cores to coat with
mesoporous silica shells by hydrolysis and condensation of tetraethyl
orthosilicate (TEOS, Aldrich) in water/ethanol mixed solvent by a
literature method with some modifications.'” In a typical synthesis, for
instance, 5, 10, 20, 30, and 40 mg of the MoO, nanoparticles
synthesized above was redispersed respectively in a mixed solvent
prepared from 33 mL of deionized water and 20.0 mL of ethanol by
sonication for 30 min. After that, 0.55 mL of 25% hexadecyltrime-
thylammonium chloride (CTAC], Sigma-Aldrich) and 02 mL of
triethanolamine (TEA, Acros Organics; to provide a basic environ-
ment) were added to the above mixture and well stirred at room
temperature for another 30 min, followed by a dropwise addition of
0.4 mL of TEOS. The resultant mixture was further stirred for 16 h at
room temperature before separating solid, dark precipitates via
centrifugation. The obtained products (MoO,@SiO,) were washed
with acetone and ethanol and dried in an oven at 80 °C overnight.

Preparation of Mo"@mSiO, Hollow Spheres. The above-
obtained MoO,@SiO, core—shell precursors were calcined in an
electric furnace with laboratory air at 550 °C for 6 h to remove the
organic template, from which the gel precursor (i.e, SiO,) shells were
converted into thermally stabilized mesoporous silica (e, mSiO,). At
the same time, the encapsulated MoO, cores were oxidized into
MoO;; this process was shown with the color change from the dark
MoO,@SiO, precursor to white products. The obtained white
products were denoted as Mo“'@mSiO,-X, where X = 10, 20, 30,
and 40; the number corresponds to the amount (weight in mg) of
MoO, nanoparticles used in the above synthesis of MoO,@SiO,
core—shell nanospheres. Depending on the X value, different Mo"!
species or phases were formed in this thermal oxidative conversion,
which will be detailed in the respective parts of this article.

Preparation of H,SiMo,,0,,@mSiO, Hollow Spheres. The
H,SiMo0,,0,,@mSiO, was prepared by immersing the above
synthesized Mo"'@mSiO, (e.g, 100 mg) into deionized water (e.g,
0.05 mL), followed by drying in laboratory air at 100 °C for 4 h. After
this hydration treatment, the color of Mo"'@mSiO, turned from white
to yellow-green (i, the formation of H,SiMo,,0,, on silica). The
catalysts synthesized from this process were simply named as
H,SiMo,,0,,@mSiO,-X, where X = 10, 20, 30, and 40 are identical
to the earlier denotations, although other phases might also be present
in some cases apart from the targeted H,SiMo,,0, compound.
Commercial solid acid catalysts such as Amberlyst-15 and
phosphomolybdic acid (H;PMo,,0,, PMA) were used as reference
catalysts. 9%H,SiMo,,0,,/SBA-15 was prepared by impregnation (i.e.,
an outside-in process) of SBA-15 support (synthesized according to
literature method)®* with ammonium heptamolybdate to achieve 9 wt
% of Mo loading, followed by calcination at 500 °C for 3 h. After that
9%Mo/SBA-15 was hydrated with deionized water and dried at 100
°C for 4 h to yield 9%H,SiMo,,04,/SBA-1S (9 wt % of Mo loading).
9%PMA/SBA-15 was prepared by impregnation of SBA-1S with
phosphomolybdic acid (9 wt % of Mo loading), followed by drying at
100 °C for 4 h. In addition to the H,SiMo,,0,,@mSiO,-X, for the
comparison purpose, H,SiMo,0,,@mSiO, synthesized using 20 mg
of smaller MoO, nanoparticles (~20 nm) was denoted as
H,SiMo,,0,,@mSiO,-20 nm.

Friedel-Crafts Benzylation of Toluene. Liquid phase Friedel—
Crafts alkylation of toluene by benzyl alcohol was carried out in a
three-necked round-bottom flask coupled with a reflux condenser in a
temperature-controlled oil bath. In a typical experimental run, 50 mg
of catalyst was added to a reactant mixture of 20.0 mL of toluene
(C,Hg, Tedia) and 0.5 mL of benzyl alcohol (C,HgO, Merck) with a
small amount (0.1 mL) of tetradecane (C;4H;,, Alfa Aesar) used as an
internal standard for GC analysis. The reaction was refluxed under
vigorous magnetic stirring at 80 °C for various reaction times. The

concentration of benzyl alcohol was monitored using gas chromatog-
raphy (GC, Agilent-7890A) equipped with a flame ion detector (FID)
and a HP-5 column (30 m X 0.32 mm X0.25 pm). GC-mass
spectrometer (GC—MS) was also employed to identify the reaction
products.

Regeneration of Catalysts. The used catalyst was regenerated by
thermal treatment at S00 °C for 3 h in static laboratory air. The
calcined catalyst was similarly treated with 0.025 mL of deionized
water, followed by drying at 100 °C for 4 h.

Materials Characterization. The crystallographic structure of the
solid samples was investigated using powder X-ray diffraction (XRD,
Bruker D8 Advance, Cu K, radiation, A = 1.5406 A) at a scanning rate
of 1°/min. The dimension, morphology, and chemical composition of
the samples were examined using field emission scanning electron
microscopy and energy dispersive X-ray spectroscopy (FESEM/EDX,
JSM-6700F), transmission electron microscopy (TEM, JEM-2010, 200
kV), and high resolution transmission electron microscopy (HRTEM/
EDX, JEM-2100F, 200 kV). The texture properties of the samples
were studied by measuring nitrogen adsorption- desorption isotherms
(Quantachrome NOVA-3000 system) at 77 K. Prior to measurements,
the samples were degassed at 200 °C overnight. The specific surface
areas of the samples were determined using Brunauer—Emmett—
Teller (BET) method. The total pore volume was estimated at relative
pressure from 0.928 to 0.936 of desorption curve. The pore size
distribution was modeled using nonlocal density function theory
(NLDFT) from adsorption curve.”* Surface composition of the
samples was investigated with X-ray photoelectron spectroscopy (XPS,
AXIS-Hsi, Kratos Analytical) using a monochromatized Al K,, exciting
radiation (hv = 1486.71 eV). The XPS spectra of all studied elements
were measured with a constant analyzer-pass-energy of 40.0 eV. All
binding energies (BEs) were referenced to the Si 2p peak (BE = 103.3
V) from mesoporous silica phase. Chemical bonding information of
the samples was acquired with Fourier transform infrared spectroscopy
(FTIR, Bio-Rad FTS-135) using the potassium bromide (KBr) pellet
technique. Furthermore, micro-Raman spectra were recorded with the
488 nm line of an Ar" laser excitation using a Jobin Yvon-T64000
micro-Raman system. The acidity of the above solid acid catalysts was
determined by titration method.** Briefly, 0.2 g of solid catalyst was
mixed with 10.0 mL of 3.42 M NaCl solution and stirred at room
temperature for 30 h. After that, the solid-solution mixture was
centrifuged and the filtrate was titrated by a 0.05 M NaOH solution.
The equivalence point on the titration curve was used to calculate the
acidity. *Si MAS spectrum was obtained at 79.49 MHz on a Bruker
Advance 400 (DRX400) spectrometer. Sample was spun at a
frequency of 8 kHz in Bruker 4 mm double-air-bearing CPMAS probe.

B RESULTS AND DISCUSSION

Freestanding MoO, nanoparticles were first synthesized by a
hydrothermal route using PVP as capping agent in a water—
ethanol cosolvent, as shown in Figure 2a. The size distribution
of MoO, nanoparticles was determined to be of 25 to 60 nm
(Supporting Information, Figure S1). This synthetic route is
effective and flexible. For example, to scale up the product of
MoO, nanoparticles, the amount of ammonium heptamolyb-
date precursor could be simply increased from 150 mg (the
standard amount reported in Experimental Section) to 200 mg
or even 300 mg, without causing obvious changes of size and
product morphology (Figure S2). The synthesis parameters,
such as amounts of ammonium heptamolybdate, PVP and HC],
have been systematically explored in order to optimize the
synthesis conditions (Figures S3—S8). Before used as cores for
depositing silica shells, the as-prepared MoO, nanoparticles
were washed with ethanol—acetone mixed solvent to remove
excess of capping agent PVP. The deposition of silica shell on
the MoO, core was carried out in water—ethanol cosolvent at
room temperature, together with the surfactant CTACL The
water/ethanol ratio in this cosolvent system turned out to be an
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Figure 2. (a) TEM image of as-prepared MoO, nanoparticles, and (b-
d) TEM images of MoO,@Si0,-20 core—shell spheres at different
magnifications.

important synthetic parameter to form uniform silica shells. In
optimizing this volume ratio, the water/ethanol volume ratio
was varied from 1.25 to 2.0, while keeping all other synthetic
parameters unaltered. When the water/ethanol ratio was fixed
at 1.25, the obtained MoO,@SiO, core—shell nanospheres
aggregated together. By increasing the water/ethanol ratio to
1.50, the dispersion of MoO,@SiO, was improved significantly
(Figure S9). At the volume ratio of water/ethanol =1.65, most
of the core—shell spheres consisted of only one MoO,
nanoparticle, though the spheres with two or three cores are
also found occasionally. Further increasing this ratio to 2.0
resulted in coreless silica gel spheres (Figure S10). It is clear
that the hydrolysis rate of TEOS was increased substantially
when more water was used, leading to fast generation of silica
nuclei. In such a case, some silica nuclei were still deposited
onto the surface of MoO, spheres to form silica shells, while
others simply aggregated into larger clusters and eventually
precipitated out as the coreless pure silica. By optimizing the
water/ethanol ratio in the range of 1.50—1.6S, uniform silica
shells could be successfully coated onto the MoO, nano-
particles, as reported in Figure 2b for a large scale panoramic
view of the MoO,@SiO,. Under higher magnifications, in
Figure 2c-d, the core—shell spheres as well as the mesoporous
nature of silica shells become more obvious; the thickness of
the silica shell is estimated to be around SO nm (Figure 2d).
After a thermal treatment in static laboratory air at 550 °C
for 6 h, the included CTACI was burned off. Rather
unexpectedly, hollow cavities were generated within the
mesoporous spheres, as displayed in Figure 3a-b. The
encapsulated MoO, core spheres shrunk to less than 10 nm
or even not observable in most spheres (Figure 3c,d). The inset
in Figure 3d gives the HRTEM image of a tiny molybdenum
oxide crystal left within the hollow cavity. The spacing of 0.34
nm is assigned to the lattice fringe of (040) plane of
orthorhombic @-MoQ; crystal structure (JCPDS card no. 0S-
0508, space group: Pbnm, a, = 3.962 A, b, = 13.85 A, and ¢, =
3.697 A). Therefore, it is believed that the previously

Figure 3. (a—d) TEM/HRTEM images of Mo @mSi0,-20 hollow
spheres, and (e—g) EDX elemental mappings of a Mo"'@mSi0,-20
hollow sphere (see inserted TEM image in (e)).

encapsulated MoO, nanoparticles were oxidized to Mo""
species (e.g, MoO; phase) and then infused into the
mesopores silica shells which were also formed upon heating.
To verify this postulation, EDX mapping was performed on
individual Mo"'@mSiO, hollow spheres (Figure 3e—g) as well
as on a large group of such hollow spheres (Figure S11). On
the basis of this investigation, it is confirmed that highly
dispersed molybdenum (Mo"") species (which will also be
detailed shortly) have been located inside the silica spheres.
Arising from this metal loading process, moreover, the center of
mesoporous silica spheres was also vacated. Such a hollow
configuration is highly desirable for fast mass transfer of
reactants and products when they are used as a catalyst, as
mentioned earlier.

Shown in Figure 4a, crystallographic structures of MoO,
(core) nanoparticles, MoO,@SiO, core—shell spheres, and
Mo"'@mSiO, hollow spheres were further characterized by
powder XRD technique. The crystalline phase of the oxide core
nanoparticles can be assigned perfectly to monoclinic MoO,
(JCPDS card no. 32-0671, space group: P2,/n, a, = 5.606 A, b,
= 4.859 A, and ¢, = 5.537 A). The XRD peaks become much
weaker in the MoO,@SiO, sample due to a low relative
population of MoO, in this core—shell composite and possible
etching of MoO, by the alkaline (TEA) during the formation of
silica shells. After calcination in air at 550 °C for 6 h, no
diffraction peaks of the resultant Mo"'@mSiO, sample are
detectable, since the total amount of MoQj residue is too small
to be detected by the XRD technique (Figure 3d versus Figure
4a.iii). As mentioned earlier, it is believed that the major part of
the oxidized molybdenum oxide was infused into the
mesoporous shells at 550 °C. To prove this, XPS analysis
was further employed in this study (Figure S12). Figure 4b
gives the XPS spectrum of Mo 3d photoelectrons of Mo"'@
mSiO, hollow spheres. Deconvoluted Mo 3d doublet peaks
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Figure 4. (a) XRD patterns of (i) MoO, nanoparticles, (ii) MoO,@Si0,-20 core—shell spheres, and (iii) Mo @mSiO,-20 hollow spheres; (b) X-ray
photoelectron spectrum of Mo 3d; (c) N, adsorption—desorption isotherm and pore size distribution curve; and (d) FESEM image of Mo"'@

mSi0,-20 hollow spheres.

suggest that molybdenum is solely in the state of Mo®" (Mo
3dy), = 2326 eV).%% The textural properties of the Mo"'@
mSiO, sample was studied by nitrogen adsorption—desorption
at 77 K, as shown in Figure 4c. The Mo"'@mSiO, hollow
spheres exhibit a type IV isotherm, which is typical for
mesoporous silica synthesized with CTAB or CTACI as a
surfactant. The corresponding hysteresis loop is type H4, which
suggests the presence of narrow mesopores in the Mow@
mSiO, hollow spheres.”” Indeed, the average pore size is very
uniform and centered at around 2.6 nm, based on a NLDFT
analysis with the data of adsorption branch. Figure 4d gives a
large scale view of the Mo"'@mSiO, product. The spheres are
nearly monodisperse, and the average size of these hollow
spheres is only around 100 nm. Therefore, the versatility of the
current method is once again demonstrated.

Furthermore, the molybdenum loading could also be tuned
facilely. In Figure Sa—c (Figures S13 and S14), with the weight
of MoO, cores changed from 10 to 30 or 40 mg, the average
size of the product MoO,@SiO, nanospheres reduced from
about 150 to 100 nm. This is understandable because less
TEOS will be available for each MoO, nanoparticle when more
MoO, cores are added but the supply of TEOS is kept
constant. Consistent with this result, the thickness of the
mesoporous silica shells was also reduced from about 60 to 40
nm in Figure Sd—f (Figures S15 and S16). After calcination, the
overall size of the silica spheres remained unchanged exhibiting

16239

the stability of silica shells. In the sample of Mo"'@mSiO,-10,
for example, the initial MoO, cores disappeared in almost all
the spheres (Figure Sd). However, for the sample of Mo"'@
mSi0,-30, the core component is still observable for some
spheres under the same heat-treatment (Figure Se) because
more MoO, cores were included. The pore structures of the
two samples were quite similar (Figure Sd,e). On the contrary,
the pores of the sample Mo @mSi0,-40 seem to be expanded
substantially (Figure Sf). Although there were no observable
core oxide (MoQ,) particles within the hollow spheres, large
MoOj; nanorods were also found outside the silica spheres
(TEM result, Figure S16). In this case, the silica shell was
thinner but the initial molybdenum loading was higher (i.e., 40
mg). It is thus possible for the encapsulated molybdenum oxide
to diffuse out of silica shells. Once the spontaneous nucleation
occurred outside the silica spheres, forming thermodynamically
stable monocrystalline MoO; nanorods became a viable option
for Mo relocation (at 550 °C for 6 h). Of course, certain MoO,
residue inside the spheres was still expected (which will be
addressed shortly). In our present work, EDX analysis was
carried out for each sample to determine the Mo loading on the
hollow mesoporous silica spheres. The Mo/Si ratio before and
after thermal treatment at 550 °C remained largely unchanged
(Table S1), indicating that molybdenum was not lost due to
evaporation. However, the MoO; nanorods were not observed
in H,SiMo,,0,,@mSi0,-10, H,SiMo,,0,,@mSi0,-20, and
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Figure 5. TEM images of (a) MoO,@Si0,-10, (b) MoO,@Si0,-30, (c) MoO,@Si0,-40, (d) Mo @mSi0,-10, (e) Mo"'@mSi0,-30, and (f)
MoV @mSi0,-40; and N, adsorption—desorption isotherms and pore size distribution curves of (g) Mo"'@mSiO,-10, (h) Mo"'@mSi0,-30, and (i)

MoV @mSi0,-40 hollow spheres.

H,SiMo,,0 4@ mSiO,-30 nanocatalysts. Assuming a maximum
Mo content retained by silica spheres was 11 wt % (e.g,, Mo
content in H,SiMo,,0,,@mSi0,-30), the amount of a-MoO;
nanorods coexisting in the sample of H,SiMo,,0,,@mSiO,-40
could be roughly estimated to be S wt % (i.e,, 16 wt % — 11 wt
%, Table 1). In Figure Sg—i, the texture properties of these
MoV @mSiO, hollow spheres are also reported. All the
mesoporous samples exhibit type IV isotherms which can be
associated with type H4 hysteresis loops (including the results
of Figure 4c).”” From Table 1, it is noted that the pore

Table 1. Physical Properties of the Mo"'@mSi0,-X (X = 10,
20, 30, and 40) Hollow Spheres with Different Mo Contents

pore pore

Mo content BET surface volume size
catalyst (wt %; EDX) area (m’/g) (mL/g) (nm)

Mo @mSi0,-10 6 872 0.52 2.8
Mo" @mSi0,-20 9 716 043 2.6
Mo"'@mSi0,-30 11 531 0.35 2.7
Mo @mSi0,-40 16 212 0.32 59

diameter remains as 2.6—2.8 nm at lower Mo loadings of 6—11
wt %, which increases drastically to 5.9 nm at the higher Mo
loading of 16 wt %. Accordingly, the BET surface area dropped
from 872 to 212 m”/g. The significant change in pore size and
surface area in the above sample series seemingly suggests
increasing interactions between molybdenum and silica matrix,
which will be addressed below. The small angle XRD patterns
of Mo @mSiO, hollow spheres show a broad peak around 26
= 1.4°, which is associated with mesoporous silica having
wormlike pore structures (Figure $17)."”

Reported in Figure 6, the crystallographic structure of the
Mo"'@mSiO,-X hollow spheres was further investigated by
XRD method. Consistent with the TEM observations, in
particular, the Mo"'@mSiO,-10 and Mo"'@mSi0,-30 hollow
spheres do not display any diffraction peaks of the MoO; phase,
thus suggesting that either the resultant MoOj clusters might
be too small to be detected or there were other molecular Mo""
species anchored within the hollow spheres. On the contrary,
very sharp diffraction peaks appearing at 20 = 12.7°, 25.7° and
39.1° are observed in the sample of Mo"'@mSiO,-40; they
correspond well to (020), (040), and (060) diffractions of

dx.doi.org/10.1021/ja3055723 | J. Am. Chem. Soc. 2012, 134, 16235—-16246
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Figure 6. XRD patterns of (i) Mo"'@mSi0,-10, (ii) Mo""@mSi0,-30,
and (iii) Mo"'@mSi0,-40 hollow spheres.

orthorhombic @-MoO; phase (JCPDS card no. 05-0508, space
group: Pbnm, a, = 3.962 A, b, = 13.85 A, and ¢, = 3.697 A). As
revealed earlier, this is because of the formation of large a-
MoOj; nanorods in this high Mo-loading sample (TEM result,
Figure S16).

The above Mo @mSiO,-X samples were hydrated with
deionized water to synthesize the H,SiMo;,0,, (silicomolybdic
acid) inside the porous spheres. Both the resultant

H,SiMo,,0,@ mSiO, and its precursor Mov'@mSiO, were
then tested as solid acid catalysts for Friedel—Crafts alkylation
of toluene with benzyl alcohol (Figure 7ab, and Table 2).
Together, commercial solid acids such as Amberlyst-15, PMA,
and PMA/SBA-15 were also used as benchmark catalysts in this
evaluation (Table 2 and Figure S18). Among all the catalysts in
Figure 7a, the H,SiMo0,,0,,@mSiO,-20 was the most active,
through which 94.7 and 99.7% of the initial benzyl alcohol was
converted to methyl diphenylmethanes (1-methyl-2-(phenyl-
methyl) benzene, 1-methyl-3-(phenylmethyl)benzene, 1-meth-
yl-4-(phenylmethyl)benzene), and dibenzyl ether (1,1'-[oxybis-
(methylene) ]bis-benzene, as a side product) at 80 and 120 min
of the reaction (products identified by GC-MS as shown in
Figures S19 and S20). It is noted that the selectivity of methyl
diphenylmethanes in the total reaction products (methyl
diphenylmethanes + dibenzyl ether) was 74 and 82% at 80
and 120 min respectively, which was further increased to 88%
by prolonging the reaction to 180 min, indicating that dibenzyl
ether can function as an alkylation agent as well. In comparison,
the conversion of benzyl alcohol was 35.5 and 64.4% at 80 and
120 min accordingly using the commercial catalyst Amberlyst-
15, that is the conversion % by H,SiMo,,0,,@mSiO,-20 is
about 2.6 times as high as that by Amberlyst-15. It should be
pointed out that Amberlyst-15 is one of the best solid acid
catalysts for benzylation of toluene. Furthermore, our
H,SiMo0,,0,,@mSi0,-20 even has a comparable activity as
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Figure 7. (a) Conversion of benzyl alcohol in Friedel—Crafts alkylation with Mo""@mSi0,-20 (circle), Amberlyst-15 (square), H,SiMo0,,0,@
mSi0,-10 (star), H,SiMo,,0,,@mSi0,-20 (triangle), and H,SiMo,0,,@mSi0,-30 (triangle, upside down). For Mo"'@m$SiO,-20 catalyst, the
reaction was repeated twice. The rest reactions were all repeated 3 times. The error bar stands for the standard error in the three experiments; (b)
Comparison of catalytic activities (at 80 min of reaction) of H,SiMo;,0,,@mSiO,-X (X = 10, 20, 30 and 40) with commercial solid acid catalyst
Amberlyst-15; (c) IR spectra of Mo @mSi0,-20 and H,SiMo;,0,,@mSiO,-X (X = 10, 20, 30 and 40) hollow spheres, and pure silica and a-MoO,
used as reference materials; and (d) TEM image of H,SiMo,0,,@mSiO,-20 hollow spheres.
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Table 2. Comparison of Friedel—Crafts Alkylation of Toluene over Solid Acid Catalysts”

catalyst Sger (m* g7%) acidityb (mmol g™)  yield® (%)
H,SiMo,,0 ,,@mSiO,-10 701 0.13 3L
H,SiMo,,0,,@mSi0,-20 620 0.26 69.0
H,SiMo ,0,0@mSiO,-30 445 N.D. 682
H,SiMo ,0,0@mSiO,-40 156 0.20 7.9
Amberlyst-15 45 3.50 183
9%H,SiMo,,0,40/SBA-15 498 0.19 446
commercial PMA’ 2 1.64" 23.4
9%PMA/SBA-15 653 0.26 70.9

Notes:

selectivity? (%)  activity® (mmol g”' h™!)  TOF/ (h™") TON#®
26:3:31:40 38.5 296 391
33:4:38:25 68.6 264 486
32:4:36:28 68.6 N.D. N.D.
24:3:31:42 10.3 52 202
18:2:23:57 25.7 8 270
29:3:32:36 50.2 264 272
33:4:32:31 24.6 15 N.D.
33:4:36:27 70.7 272 1430

“Reaction conditions: toluene (20.0 mL), benzyl alcohol (0.5 mL), catalyst (50 mg), 80 °C. YDetermined by titration method (see Ex;erimental
Section). “Yield was defined as alkylated products (p-, m-, and o-benzyl toluene) over initial benzyl alcohol at reaction time of 80 min. “Selectivity
was defined as ratio of o-benzyl toluene:m-benzyl toluene:p-benzyl toluene:benzyl ether at reaction time of 80 min. “Activity was defined as mmol of
benzyl alcohol converted per gram of catalyst per hour at reaction time of 80 min. JTOF was defined as number of benzyl alcohol molecules
converted per acid site per hour at reaction time of 80 min. ¥TON (total number of benzyl alcohol molecules converted per acid site over a reaction
period of 16 h) was determined by using the following reaction conditions: toluene (20.0 mL), benzyl alcohol (2.0 mL), catalyst (10 mg), 80 °C, 16

h. "Calculated from molecular formula H;PMo,,0,. 7 mg of PMA was used for Friedel—Crafts alkylation. N.D. - not determined.

commercial phosphomolybdic acid (H;PMo,,0,,) supported
on SBA-15 (ie, 9%PMA/SBA-15, prepared by outside-in
impregnation), with yields of alkylation products as 69.0%
and 70.9% respectively (Table 2). It is known that the acid
strength of H;PMo,,0,, is higher than H,SiMo,,0,,,>° thus
the comparable activity could be due to better dispersion of
H,SiMo,,0,, within mesoporous silica spheres using this inside-
out strategy. In an additional comparison, 9%H,SiMo,,0,y/
SBA-15 prepared by outside-in impregnation could achieve only
44.6% yield of alkylation products at 80 min of reaction. The
H,SiMo0,,0,@ mSiO,-10 catalyst, which had a lower Mo
content, was also tested for the same alkylation reaction. About
53.2% conversion of benzyl alcohol was measured at 80 min,
which is only one-half of that of the H,SiMo,,0,,@mSiO,-20.
Nevertheless, it is still more active than Amberlyst-15,
confirming again the superior activity of H,SiMo,0,@
mSiO, toward Friedel—Crafts alkylation. The observed activity
could be attributed to silicomolybdic acid formed after
hydration, which is known as a strong heteropoly acid. As
additional evidence, less than 5% conversion of benzyl alcohol
was recorded for the nonhydrated Mo @mSi0O,-20 catalyst
(Figure 7a). The effect of the Mo loading on the catalytic
activity is also compared in Figure 7b and Figure S21. The
H,SiMo0,,0,,@mSi0,-20 is the most active catalyst based on
the weight of Mo metal or of the total catalyst, but a lower
catalytic activity is observed in the H,SiMo;,0,,@mSiO,-10
since it has a lower content of Mo and less silicomolybdic acid
is generated. Although the H,SiMo;,0,,@mSi0,-40 sample
has the highest content of Mo, as explained earlier, a fraction of
its molybdenum existed in the form of MoO; nanorods; the
separated nanorods are apparently not as active as silicomo-
lybdic acid. Furthermore, particle size of initial MoO,
nanoparticles used in the synthesis seems to have negligible
effect on the catalytic activity of the final catalyst, as
H,SiMo,,0,,@mSi0,-20 nm shows similar conversion of
benzyl alcohol as H,SiMo;,0,0@ mSi0,-20 (Figure 7a, and
Figures S18 and $22).

Fourier-transform infrared spectra of H,SiMo;,0,,@mSiO,
and Mo"'@mSiO, catalysts are presented in Figure 7c, where
pure silica is also used as reference material. There are four IR
bands observed for silica matrix. Bands at 1050—1250 (not
shown, but similar to those in Figure 9b), 802, and 470 cm™*
could be assigned to asymmetric stretching, symmetric

stretching, and bending modes of Si—O-Si linkages. The
absorption peak at 968 cm™ is due to stretching vibration of
Si—OH bond in silica.®® In addition to the Si—O—Si bands
observed similar to pure silica, a broad band at 957 cm™" was
observed in the H,SiMo,0,,@mSiO,-20 hollow spheres,
which was attributed to terminal Mo==0O vibration of surface
polymeric molybdate phase.”” On the other hand, a weak peak
at 910 cm ™' could be assigned to Mo—O—Si vibration, which
indicates strong chemical interaction between surface polymeric
molybdate species and mesoporous silica shells.”” After
hydration treatment, the two peaks at 957 and 910 cm™'
became much more prominent, which was due to the formation
of silicomolybdic acid,®” especially in the samples of
H,SiMo,,0,,@mSi0,-20 and H,SiMo,,0,,@mSiO,-30. It has
been known that silicomolybdic acid can be generated by
exposing silica-supported molybdenum oxide with moisture.>®
On the basis of this IR study, we verify that the silicomolybdic
acid was synthesized in all our H,SiMo,,0,,@mSiO, samples.
Indirectly, we also validate the Mo"'@mSiO, precursor
proposed earlier, although the MoO; phase was not detectable
by XRD.

It is noted that the morphology of hydrated hollow spheres
remains essentially the same after the hydration, as shown in
Figure 7d, noting that the molybdenum oxide species was
transformed to silicomolybdic acid in this process (Figures S23
and S24). The structure of the hydrated samples was
investigated by XRD method. The diffraction pattern is still
amorphous (Figure S25), suggesting that either the molybde-
num content is too low to be detected or the product
H,SiMo,0,, is noncrystalline. Thus, the surface composition
of H,SiMo,0,@mSiO, was also analyzed by XPS. Once
again, the Mo 3d doublet peaks at 232.4 and 235.5 eV could be
assigned solely to Mo®" state (Figure $S26), indicating that the
oxidation state of molybdenum remained unchanged after the
hydration. After hydration, BET surface areas decreased by 171
to 56 m*/g for H,SiMo,,0,0@ mSiO, hollow spheres (Table 1
versus Table 2, and Figure S27).

In order to obtain better confirmation on the presence of
H,SiMo,,0,,, Raman spectroscopic investigation was also
conducted, because Raman spectroscopy is a sensitive
technique to study supported metal oxide and it is
complementary to IR investigation. The Raman spectra of the
Mo"'@mSiO, and its derived H,SiMo;,0,@mSiO, hollow
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Figure 8. Raman spectra of (a) Mo"'@mSi0,-20, (b) H,SiMo;,0,,@mSi0,-10, (c) H,SiMo,,0,,@mSi0,-20, and (d) H,SiMo;,0,,@mSiO,-30

hollow spheres.

spheres are displayed in Figure 8, with reference to those of
pure mesoporous silica and commercial @-MoO; (Figure $28).
For pure mesoporous silica, the peak at 984 cm™! is attributed
to stretching vibration of Si—OH bond and the peak at 821
cm™" to Si—O—Si linkages, while the two peaks at 648 and 487
cm™! are assigned to the presence of siloxane rings (Figure
$28).”° Indeed, apart from the 488 cm™ peak, there are four
new peaks observed for the Mo"'@mSi0,-20 sample in Figure
8a, which are characteristic of heptamolybdate species
(Mo0,0,,57).”" The peaks at 952 and 878 cm™ are due to
symmetric and asymmetric stretching of the terminal Mo=0
bond, while the peaks at 374 and 223 cm™" are attributable to
bending vibration of terminal Mo=O and deformation of
Mo—O—-Mo respectively.”! It is noted that no peaks
corresponding to the MoO; phase were observed, which
indicates that the present thermal infusion method is effective
to prepare highly dispersed molybdenum oxide within the
mesoporous silica spheres. After the hydration of Mo"'@mSiO,
with water, more Raman peaks appeared due to restructuring of
surface heptamolybdate species. The peaks at 998—999, 977—
981, 910—913, 789, 645, and 247 cm™! can be unambiguously
assigned to silicomolybdic acid, though it is still difficult to
differentiate between the @ and f forms of this solid acid
(Figure 8b,c).**”* In addition to those of silicomolybdic acid,
the peaks at 818, 367 and 214—217, and 155 em™! are also
observed; these peaks could be attributed to the presence of the
a-MoOj; phase. Quite clearly, water could also facilitate the
crystallization of surface heptamolybdate species to small a-
MoO; clusters, which probably took place during the drying
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process (100 °C). The above observation is also consistent with
our FTIR findings, revealing that silicomolybdic acid is
responsible for the high activity observed for the Friedel—
Crafts alkylation. The higher activity of H,SiMo,,0,,@mSiO,-
20 over H,SiMo,,0,,@mSiO,-10 is simply because this catalyst
has a higher loading of Mo, which leads to a higher
concentration of active silicomolybdic acid. Note that the
Raman peak intensity of the H,SiMo,,0,,@mSiO,-20 is also
stronger (Figure 8c versus Figure 8b). For the H,SiMo ;04 @
mSiO,-30 catalyst, however, only three peaks at 984, 655, and
245 cm™' are observed corresponding to silicomolybdic acid
(Figure 8d). Peaks at 1002, 282, 155, and 130 cm™! are
attributed to a-MoO; phase, while much sharper peaks at 903,
849, 775, 418, 353, and 312 cm™! could be assigned to f-MoO;
phase.”"” It is known that f-MoO; is only metastable,”* while
the @-MoQ; is more stable at high temperature.”>’® Because
H,SiMo,,0,,@mSiO,-30 sample has a higher loading of
molybdenum oxide compared to H,SiMo;,0,,@mSiO,-10
and H,SiMo;,0,, @mSiO,-20, the drying at 100 °C for 4 h
might not be sufficient to convert a larger amount of surface
heptamolybdate species to the more stable a-MoQO; phase. As a
result, there is a mixture of both a- and -MoOj; phases in this
sample. Though it has a higher Mo loading (11% Mo), the
concentration of silicomolybdic acid in the H,SiMo,,0,,@
mSi0,-30 is likely to be about that of the H,SiMo,,0,@
mSi0,-20, judging from relative intensities among the three
phases (f-MoO; > a-MoO; > H,SiMo,0,,) in Figure 8d.
Therefore, both samples exhibit very comparable activities
(Figure 7b). Further increase in molybdenum content leads to
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Figure 9. (a) Catalytic stability of hydrated H,SiMo,,0,,@mSiO,-20 catalyst is presented with conversion of benzyl alcohol and selectivity of
alkylation products (defined as mol % of methyl diphenylmethanes in the total reaction products) after 60 min of reaction. (b) FTIR spectra of
H,SiMo,,0,,@mSi0,-20 catalyst before and after reactions and under various regeneration treatment conditions.

the result of a-MoO; as a major phase (Figure S28) and the
silicomolybdic acid peaks were no longer observable in Raman
spectra, possibly being masked by strong peaks of a-MoOj;,
although our IR study clearly indicates the presence of
siliconmolybdic acid (Figure 7c) in the sample of
H,SiMo,,0,,@mSi0,-40. Furthermore, *’Si MAS NMR was
carried out to characterize H,SiMo,,0,,@mSiO,-20 hollow
spheres, as shown in Figure $29. At —76.5 ppm, a very tiny
peak slightly above the background was observed, which can be
assigned to H,SiMo,O,, if it is truly a peak.”” It has been
reported in the literature that supported silicomolybdic acid or
silicotungstic was not detectable by **Si NMR due to low
concentration, though Raman spectra suggests the existence of
these heteropoly acids.”””®

The catalytic stability of H,SiMo,,0,,@mSiO,-X has also
been examined by recycling and regenerating used catalysts. In
particular, in view of its good performance, the H,SiMo,0,,@
mSi0,-20 catalyst was chosen for this study. As shown in
Figure 9a, the conversion of benzyl alcohol of the first run at 1
h was 77% which dropped to 68% in the second run and
became quite steady in the following cycles (e.g., the
conversion at the sixth run: 64%). Meanwhile, the selectivity
of methyl diphenylmethanes over dibenzyl ether from the side
reaction remained at ~66% for all 6 runs. It should be
mentioned that the regeneration of used catalyst is essential to
keep the high activity and selectivity. Without the regeneration,
the catalyst was deactivated after 3 runs (Figure S30). The
regeneration was carried out by thermal treatment of used
catalyst at 500 °C in order to burn off any adsorbed organics,
most likely the methyl diphenylmethanes. Shown in Figure 9b,
the fresh, used, calcined, and regenerated catalysts were
characterized by IR spectroscopy. For the fresh
H,SiMo,,0,,@mSi0,-20, peaks at 3451 and 1627 cm™
could be assigned to adsorbed water or surface —OH groups,
while bands at 1050—1250, 802, and 470 cm ™! are attributed to
silica matrix, as assigned earlier.”” The two peaks at 956 and
910 cm™" could be assigned to surface siliconmolybdic acid as
mentioned in Figure 7c. After the reaction, there are some new
peaks observed on the used catalyst. Peaks at 3062 and 3026
cm™" are attributed to C—H stretch of aromatic compounds,
while peaks at 2920 and 2850 cm™ could be assigned to
asymmetric and symmetric stretch of —CH,— (where the peak
at 2920 cm™ could be due to —CHj attached to aromatics as
well),” which suggests that the used catalyst was adsorbed with
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alkylation products (i.e, methyl diphenylmethanes) and/or
dibenzyl ether from the side reaction. Consistent with the
above observations, peaks at 1513, 1493, and 1454 cm™" can be
assigned to carbon—carbon ring stretch, though the peak at
1454 could be due to scissoring of —CH,—. The three small
peaks at 743, 726, and 698 cm™ of the far-IR range are due to
wag of aromatic C—H.”® It is noted that the asymmetric stretch
of C—O—C at ~1100 cm™" could be well masked by the broad
SiO, band at 1050—1250 cm™. After the thermal treatment of
the used catalyst at S00 °C, the adsorbed organic compounds
were removed, as the peaks due to C—H or —CH,— all
disappeared. In addition, the peak at 910 cm™ was also
significantly weakened, possibly due to decomposition of
surface silicomolybdic acid, as it is not stable above 400 °C.
After the hydration treatment, this heteropoly acid was restored

as evidenced in the reappearing peak at 910 cm™.

Bl CONCLUSIONS

In summary, we have developed a facile hydrothermal method
to prepare free-standing MoO, nanoparticles with sizes in the
range of 25—60 nm, which were then used as cores to be coated
with a uniform CTACIl-templated silica shell. By varying the
amount of MoOQO, cores used, the diameter of MoO,@SiO,
core—shell spheres could be tuned from 100 to 150 nm. After
thermal treatment of as-prepared MoO,@SiO, at 550 °C in air,
the templating molecules (CTACI) were burned off, and
mesoporous Mo"'@mSiO, products were generated, which
have a specific surface area from 212 to 872 m*/g and pore-size
distribution from 5.9 to 2.6 nm, depending on the initial MoO,
cores used in the synthesis. During the same process, the
encapsulated MoO, nanocrystals were oxidized to Mo"" and
diffused outward to mesoporous silica shells, leaving a void
space at the center of mesoporous silica spheres. The oxidized
molybdenum existed as heptamolybdate species (Mo,0,,57) on
the silica mesopore surface, which was later transformed into
silicomolybdic acid (H,SiMo;,0,,) by interaction with silica
shells in the presence of water. It was noted that, apart from
heteropoly acid H,SiMo;,0,, - and/or a-MoOj; could also be
present (if desired), depending on the initial molybdenum
loading. Because this is an inside-out synthesis for catalysts,
blockage in the pore entrance can be avoided. The
H,SiMo,,0,¢-anchored mesoporous silica hollow spheres
were demonstrated to be highly active for Friedel—Crafts
alkylation. The best two catalysts screened, H,SiMo,,0,@
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mSi0,-20 and H,SiMo,,0,,@mSiO,-30, were approximately
2.6 times as active as the commercial Amberlyst-15 solid acid
catalyst, with 99% conversion of benzyl alcohol to methyl
diphenylmethanes and dibenzyl ether within 90 min at the
reaction temperature of 80 °C. More importantly, the
H,SiMo,0,,@mSiO, hollow sphere catalyst was robust,
which could be reused after regeneration. Conversion of benzyl
alcohol and selectivity of methyl diphenylmethanes over
dibenzyl ether were maintained at 64 and 66%, respectively,
after six runs of repeated experiments. Catalyst regeneration
was performed to burn off reaction products adsorbed and
restore the active silicomolybdic acid species. The present
preinstallation—infusion—hydration method could be applied to
prepare highly dispersed metal oxides on mesoporous supports,
while generating hollow structures. In addition, the developed
H,SiMo,0,4,@mSiO, hollow spheres can also be used as solid
acid support to prepare bifunctional catalysts for wide
applications.*”®"
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