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Introduction

In a recent review article the synthesis of mesoporous silica is
considered as one of the four most important discoveries in
solid-state and materials science in the last decade.[1] Indeed
ever since the first report of its synthesis in 1992,[2, 3]

mesoporous silica and other mesoporous materials have
attracted much attention. This is reflected in close to 2000
or more papers in the literature. The interest in these
compounds is due to their importance in the many applica-
tions in catalytic and separation technologies. Several reviews
have already been written on these materials.[4±6]

The original sol ± gel synthesis was conducted at 1008C, and
used C16H33(CH3)3NOH/Cl as the surfactant. The surfactant

was added to an acidic solution of sodium silicate and the
mixture was heated for 144 hours. Decreasing the heating
temperature and shortening the reaction time has been
achieved in the synthesis of MCM-41;[7] however, the silica
groups of the material were poorly condensed, and the
product was less thermally stable than those synthesized at
higher temperatures. This report will not review the enormous
amount of synthetic routes varying parameters such as the
surfactants, structural components, temperatures, and others
that have been experimented over the last eight years. It will
concentrate only on a new method that have been developed
lately for the synthesis of mesoporous materials, that is, the
sonochemical method. Sonochemistry has been used not only
for the preparation of the meporous materials, but also for the
insertion of amorphous nanoparticles into the mesoporoes.
Suslick has demonstrated that these amorphous nanoparticles
are catalytically more active than their corresponding nano-
crystalline compounds.[8]

Sonochemistry arises from the acoustic cavitation phenom-
enon, that is, the formation, growth, and implosive collapse of
bubbles in a liquid medium.[8] The extremely high temper-
atures (>5000 K), pressure (>20 Mpa), and very high cooling
rates (>1010 K sÿ1)[9] attained during cavitation collapse lead
to many unique properties in the irradiated solution. For
example, the sonication of a volatile precursor in a nonvolatile
solvent would yield amorphous nanoparticles. This is due to
the high cooling rates that prevent the crystallization of the
sonication products.

We have recently demonstrated that ultrasound radiation
can also be used for the preparation of mesoporous materials.
Mesoporous silica, MCM-41,[10] titania,[11] and YSZ (yittria
stabilized zirconia)[12] were all prepared by this method. In
addition, straight-extended layered mesostructures based on
transition metal (Fe, Cr) and rare earth (Y, Ce, La, Sm, Er)
oxides were also synthesized sonochemically.[13] The main
advantage of the sonication method is in the short irradiation
time. In most cases the reaction time was three hours. The
longest sonication period was six hours. It was applied for the
synthesis of mesoporous YSZ and caused the transformation
of the product from a layered to hexagonal mesostructure due
to this prolonged irradiation time. The thermal stability of the
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product is another advantage of the technique. We were able
to show that the MCM-41 obtained sonochemically is more
stable than MCM-41 prepared by conventional hydrothermal
methods.[14] This was demonstrated when our product was
treated with pure water, its crystallinity changed only a little
after heating under reflux for six hours, and decreased by
approximately 65 % after heating under refluxing for twelve
hours. In the literature[14] the MCM-41 prepared by using
conventional hydrothermal methods became amorphous after
refluxing for twelve hours.

Synthetic Methods

Since the reaction conditions for the preparation of meso-
porous silica and titania have already been reported the
synthesis of YSZ will exemplify the typical sonication
conditions. The molar ratio of Y/Zr was 1:1, and the molar
ratio of (Y�Zr)/SDS/urea was 1:2:30 (SDS� sodium dodecyl
sulfate). Typically, Y2O3 (0.28 g) was dissolved in a minimum
amount of HNO3 and heated until it dried. Distilled water
(60 mL) was then added to this mixture. ZrO(NO3)2 (0.57 g),
SDS (2.88 g), and urea (9.0 g) were added then added to this
solution under stirring. The pH of this mixture was approx-
imately 4.5. The mixture was sonicated at room temperature
for 1.5, 3, or 6 hours by a high-intensity ultrasonic probe
(Misonix, XL sonifier, 1.13 cm diameter Ti horn, 20 KHz,
100 W cmÿ2). During sonication, the temperature of the
reaction mixture rose to approximately 80 8C. After sonica-
tion, the suspension was centrifuged, washed with deionized
water and ethanol, and dried in vacuum. For the removal of
the surfactant, sodium acetate was used, following Yada�s
method.[15] In addition to using SDS as the surfactant for the
preparation of mesoporous YSZ, we have also successfully
employed carboxylic acids as the templating agents for its
synthesis. The as-prepared materials maintain their original
hexagonal structure after calcination at 400 8C for one hour.
Unlike the SDS synthesis which used zirconyl nitrate as the Zr
source, Zr(iOPr)4 was employed in the latter reaction.
Layered and hexagonal mesostructures were obtained as the
products after sonication of 1.5 hours, when SDS was used as
the surfactant. A longer irradiation time of six hours caused a
lamellar to hexagonal transition. When carboxylic acids were
used as the templating agents, only a wormhole mesophase
was detected. The original wormhole structure remained
intact even after calcination at 400 8C for one hour.

Straight-extended layered mesostructures based on transi-
tion metal (Fe, Cr) and rare earth (Y, Ce, La, Sm, Er) oxides
were synthesized by sonication for three hours. In this
synthesis, sodium dodecyl sulfate (SDS) was used as the
surfactant template, urea was used as the precipitating agent,
and the nitrate salts of metals were used as the precursors of
metal ions. Long-range straight-extended layered structures
are obtained for all as-prepared samples, except for Cr-, and
Er-based layered structures, for which short-range layered
structures are obtained. These straight-extended layered
structures are consistent with most layered mesostructured
solids, such as the silica/surfactant[16] and zirconia/surfactant[17]

systems, but very different from that prepared under heat-

ing.[15, 18] In all the sonication processes in which SDS was used
as the templating agent, the interlayer spacings from TEM are
in the range of 3.3 ± 4.8 nm. This spacing can be explained by
assuming that SDS molecules are arranged as a bilayer
between the inorganic layers.

Advantages and Mechanism of the Sonochemical
Method

The main advantage in the application of ultrasound radiation
to the synthesis of the various mesoporous materials is the
drastic reduction in the fabrication time from days[3] to
3 ± 6 hours. In addition in the case of MCM-41 we have
demonstrated that the walls of the sonochemical product were
thicker than those obtained conventionally (see Table 1
ref. [11]). We have already mentioned above the thermal
stability resulting from these thicker walls. During the

formation of the framework, despite the agitation of the
ultrasound which helps to disperse the small silica oligomers
more homogeneously in the mixture, the formation of hot
spots within the surfactant-silicate interface may accelerate
the silica polymerization, which is slow and rate-limiting
under normal conditions. Thus the fabrication of the meso-
structure can be achieved more efficiently. On the one hand,
acoustic cavitation etches the surfactant ± silicate micelles on
the surface; this results in a coarse outer surface or even the
fragmentation of the micelles. On the other hand, hot spots
accelerate the condensation of surface silanol groups among
micelles; in this way ultrasound radiation accelerates the
formation of MCM-41 framework and the growth of particles.
This twofold function of ultrasound radiation results in the
particles of sonochemical product being bigger and more
aggregated than those prepared conventionally, though the
latter are more uniform in size. It is also worth noting that
ultrasound radiation did not destroy the micellar structure.[19]

Inserting Nanocatalysts Sonochemically into
Mesopores

The discovery of mesoporous materials has led immediately
to the development of many experimental methods for the
deposition of materials, especially catalysts, into the meso-
pores. In many cases a precursor for the catalyst was mixed
with the precursor for the mesoporous material and in one

Table 1. Physicochemical properties of iron oxide catalyst prepared by the
sonication method.

Support Fe2O3 [mass %] Eb [eV][a] Conversion of

EDX AAS Fe2P3/2 Ti2P3/2
cyclohexane [%]

Fe2O3 100 100 710.5 ± 16.5
Fe2O3/TiO2 (Degussa P-25) 20.3 12.0 710.6 457.6 21.3
Fe2O3/TiO2 (MSPT) 18.7 14.5 710.9 458.7 25.8
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step the catalyst is incorporated
in the skeleton of the mesopo-
rous structure.[20] In other cases
materials have been introduced
into the preprepared pores by
impregnation,[21] chemical vapor
deposition,[22] deposition ± preci-
pitation method,[23] or electro-
chemical methods.[24]

We have deposited Mo oxide,
and Co ± Mo oxides into MCM-
41 as well as into the pores of Al-
MCM-41. We have also anch-
ored Fe2O3 into the mesopores
of titania. In addition to the
characterization studies of the
composite catalyst ± mesoporous
product, catalytic studies have
also been conducted.

The typical sonochemical reaction is performed as follows:
a slurry of Al-MCM-41 in decalin (120 mL) containing
dissolved Mo(CO)6 and/or Co(CO)3NO. The sonication was
carried out by employing a high-intensity Ti-horn (20 kHz,
100 W cmÿ2) sonicator under ambient air at room temperature
for periods of up to four hours. The solid product was
separated by centrifugation, thoroughly washed with dry
pentane, and dried in vacuum at room temperature. In all
cases we have based the sonochemical synthesis on reactions
that have been developed in our laboratory.[25, 26] Character-
ization measurements have demonstrated that nanosized
amorphous catalysts were anchored in the pores.

IR measurements were always the first to be performed. In
all cases no peaks in the region of 2000 cmÿ1 of the CÿO
stretching vibrational mode were detected for the products of
the insertion of Fe(CO)5, or Mo(CO)6 and/or Co(CO)3NO
into the mesoporous support. This is an indication that the
precursor is not being deposited on the walls of the support,
but rather the sonication product. The wide-angle X-ray
diffraction (XRD) pattern of the deposition products did not
show distinct peaks, as a result of the amorphous nature of the
sonication products.

For the sake of brevity we will demonstrate the method-
ology undertaken for the examination of the sonochemical
deposition only for Mo oxide deposited in the pores of Al-
MCM-41. The chemical reaction leading to the formation of
the Mo oxide has been previously reported [Eq. (1)].[26, 27]

2Mo(CO)6 (decalin) � 8.5O2 (g)!Mo2O5 (s) � 12 CO2 (g) (1)

The chemical composition of solid catalysts (wt %, average
of five measurements at different points of the solid) was
measured by SEM-EDAX (scanning electron microscopy/
energy-dispersive X-ray analysis) method. The sonication
yield of Mo(CO)6 in decalin solution (with a starting concen-
tration of 4.75 g of Mo(CO)6/L), as reflected in the amount of
deposited Mo oxide phase (calculated as MoO3 from EDAX
data) was probed. The yield of the Mo oxide in presence of
Al-MCM-41 support was greater than in the absence of Al-
MCM-41 support (Figure 1a). It implies that the number of

collapsing bubbles is enhanced due to the presence of the solid
surfaces of the mesoporous material.

The significant increase of Mo oxide deposition rate after
its insertion into the Al-MCM-41 support indicates not only
that there are more collapsing bubbles, but also that there is a
strong interaction between the support and Mo oxide. This
interaction is induced by sonication, since attempts to deposit
Mo or Co oxides onto Al-MCM-41 by the same procedure
without sonication were unsuccessful. The ultrasonically
induced chemical interaction between the Mo precursor
(carbonyl or oxide) and Al-MCM-41-support should yield
new silicate-type compounds with characteristic chemical
state of Mo, Si, and O atoms. This was demonstrated from the
binding energies of characteristic electrons measured by
X-ray photoelectron spectroscopy (XPS) for pure Al-MCM-
41, Mo oxide deposited under sonication in the absence of Al-
MCM-41, and for MoOx-Al-MCM-41 composites obtained
sonochemically. The XPS spectra of Si 2p, O 1s, and Mo 3d
electrons of those samples are shown in Figure 2. It is clear
that the Mo deposition created a new band in spectrum of the
Si 2p electrons at binding energy of 102.2 eV, in addition to the
band at 103.4 eV characteristic for Si atoms in Si gels
(Figure 2a).[28] A detailed explanation of the spectra is
presented elsewhere.[29]

The location of the MoOx particles in the MoOx/support
composite, was determined by TEM-EDAX (transmission
electron microscopy/energy-dispersive X-ray analysis) mea-
surements. This method was employed to measure the
chemical composition of selected primary particles observed
in TEM images of composite samples. The TEM micrographs
of pure Al-MCM-41 and three MoOx/Al-MCM-41 composites
obtained ultrasonically at different Mo/support ratios are
depicted in Figure 3. The composites consist of friable
aggregates of Al-MCM-41 crystals and almost spherical 50 ±
200 nm particles of MoOx phase. At low Mo content (21 wt%
MoO3, Figure 3b) no spherical MoOx particles were detected
(on looking at 15 different 85� 85 mm areas of the sample).
Only one �200 nm spherical-particle agglomerate with
>90 wt % MoO3 content (Figure 3c) was found in the 45 %
MoO3 sample. At an MoO3 content of 66 wt% many separate
spherical 40 ± 60 nm particles of pure MoOx phase (Figure 3d)

Figure 1. a) The amount of MoO3 and b) the kinetics of its formation as a function of sonication time in the
presence and absence of Al-MCM-41.
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were observed. The data clearly demonstrates that the Mo
oxide phase is located inside the support�s pores and does not
form separate particles up to an MoO3 content of about 40 ±
45 wt% upon ultrasonic deposition. High-resolution TEM
(HRTEM) pictures reveal that the MoO3 deposition does no
cause degradation of Al-MCM-41 hexagonal pore struc-
ture.[29] In fact the HRTEM images clearly show the hexag-
onal nanotubes that form the pore structure of the support
with walls thickness of �1.5 nm. It also shows that deposition

of MoOx increased the wall thickness to �2.3 nm. This is a
result of formation of closed-packed monolayer of MoOx

phase on the surface of Al-MCM-41 pores due to the
ultrasonically controlled formation of surface Mo ± silicate
species.

Additional information about the location and state of
MoOx phase in MoOx/Al-MCM-41 composites was obtained
from the XRD patterns of thermally treated samples. As
shown by Dhas and Gedanken,[26, 27] the Mo-blue oxide,

Figure 2. a) Si 2p, b) O 1s, and c) Mo 3d XPS spectra of sonochemically synthesized MoOx/Al-MCM-41 compared with the bare support and unreacted
MoOx.

Figure 3. TEM micrographs of the Al-MCM-41 support and MoOx/Al-MCM-41 composite. a) Al-MCM-41; b) 21% MoO3/Al-MCM-41; c) 45% MoO3/Al-
MCM-41; d) 66% MoO3/Al-MCM-41.
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precipitated from a solution of Mo(CO)6 in decalin under
ultrasonication, is XRD amorphous and can be fully crystal-
lized into a crystalline MoO3 phase by heating in air at 300 8C
for 48 hours. The MoOx/Al-MCM-41 composites with differ-
ent Mo-loading, prepared by ultrasonically controlled HDP
(homogeneous deposition ± precipitation), were treated in
these conditions after drying. The integral intensity of the
MoO3 (020) reflection (2q� 12.88), with respect to the
calibration data, was used for estimating the content of the
MoO3 phases in thermally treated samples. The XRD of the
21 and 45 wt% MoO3 samples reveals only a very small
crystalline fraction (<5 %) of MoOx. Most of the MoOx is
located inside the pores in form of a close-packed monolayer,
with chemical bonds between the MoOx and the support.
These bonds prevent its crystallization into MoO3 bulk
particles. At a higher Mo-loading of 66 wt% significant
amounts of MoOx phase crystallizes into MoO3 particles with
domain diameters of 35 nm. Such particles are not located in
Al-MCM-41 pores of 6 ± 9 nm, but outside, in agreement with
TEM data. It means that crystalline MoO3 could be thermally
created only from the MoOx phase precipitated outside the
Al-MCM-41 mesopores. It confirms the chemical interaction
of MoOx phase with support surface in ultrasonically depos-
ited composites and its location inside the support pores up to
MoO3 loading 40 ± 45 wt %.[29]

Considering the surface area of Al-MCM-41 used in this
work and an Mo surface concentration of 5 Mo atoms nmÿ2,
the geometrical closed packed monolayer capacity corre-
sponds to 50 wt % MoO3, which is in the good agreement with
our measurements.

The remaining question is what is the role of the ultrasound
radiation in the insertion of the nanoparticles into the
mesopores. It is clear that the bubble can not collapse inside
the mesopores because the size that the bubble reaches before
its collapse is estimated to be about 100 microns.[8] Instead our
explanation is based on microjects and shock waves that result
when a bubble collapses near a solid surface.[30] Cavitation
near liquid ± solid interfaces is very different from cavitation
in pure liquids.[31] Near a solid surface the collapse drives high-
speed jets of liquid into the surface. Since most of the energy is
transferred to the accelarating jet, the jet can reach velocities
of hundreds of meters per second. In addition, shockwaves
created by cavity collapse may also induce surface damage. In
our case the small nanoparticles are pushed by these jets into
the mesopores and, as a result of their reaction with the
mesoporous support, are anchored to the inner surface of the
mesoporous material.

The Use of the Sonochemically Prepared
Mesoporous Composites in Catalysis

Two catalytic reactions have been examined with sonochemi-
cally prepared composites. The first, the hydrodesulfurization
(HDS) of dibenzothiophene (DBT) on MoOx/Al-MCM-41,
the second the oxidation of cyclohexane on Fe2O3/TiO2. Only
the latter results will be presented.

The procedure for cyclohexane oxidation : The oxidation of
cyclohexane was performed in a thermostated glass reactor
with cyclohexane (2 mL, 18.5 mmol), isobutyraldehyde
(2.5 mL, 27.75 mmol) (molar ratio 1.5:1), a catalytic amount
of acetic acid (0.06 mL, 1 mmol), and an amount of the
catalyst equivalent to 0.015 mmol of iron oxide. The reaction
mixture was stirred magnetically at 708C and 1 atm of oxygen
for 15 ± 17 hours. The reaction products were analyzed by GC
by using the starting alkane as an internal standard. Con-
version was defined as a percentage of the starting alkane
converted into the products. In Table 1 we present the
conversion of cyclohexane into oxidation products detected
by using three forms of the catalyst: 1) unsupported nano-
phased amorphous Fe2O3; 2) amorphous Fe2O3 deposited on
TiO2 (Degussa P-25), which we have reported on previous-
ly,[32] and 3) amorphous Fe2O3 deposited on mesoporous TiO2.
The last system showed the highest activity in the cyclohexane
oxidation. The main products (selectivity almost 90 %) were
cyclohexanol and cyclohexanone in the ratio 1.5:1.
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