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A simple and versatile strategy has been employed to fabricate a “microreactor” consisting of
nanoparticles encapsulated in a hollow core of monodispersed mesoporous silica shell. First, based
on our synthesis method for monodispersed silica spheres with radially aligned mesopores, hollow
mesoporous silica spheres have been synthesized using amino modified polystyrene beads as a
template. We then found that introduction of metal oxide precursor into the mesoporous silica
spheres using the incipient wetness technique leads to selective formation of nanoparticles into the
core of the hollow spheres. Using this strategy, inorganic nanoparticles (TiO, and Fe,03) are
confined into the hollow cores, with high loading and high dispersion, to which widely accessible
mesoporous channels were connected. The loading contents of TiO, and Fe,O5 were 40.2 and 36.4 wt %,
respectively. These values were considered quite high when compared to values previously reported
for similar materials. The photocatalytic activity of TiO, encapsulated silica capsules in the
degradation of methyl orange was examined. The decomposition rate, especially at the initial
reaction stage, for this capsule was considerably faster than that for other mesoporous silica-based
TiO,/SiO, composites. The methodology described here is versatile and convenient and thus can be
extended to a broad range of guest species for high-performance catalysis, adsorption, and energy

conversion materials.

1. Introduction

The development of nanoscience and technology has
drawn significant attention to studies on hollow particles
(also referred to as capsules).!"® Among these materials,
hollow mesoporous capsules are promising because of
their distinct characteristics including the large void
volume and tunable porous shells. The void volume can
be used for encapsulation of various guests and the porous
shells provide fast transport for reaction medium with size
selectivity.”'” Further, they function to effectively protect
the encapsulated particles in the core from the surrounding
environment. Therefore, a number of potential applications
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as “microreactors” exist in the fields of chemistry, biotech-
nology, and materials science.''~'* To date, a variety of
chemical and physicochemical approaches have been em-
ployed to fabricate hollow capsules with various types of
shells. For example, oxides, carbon, zeolites, and polymers
have been reported.'*”!” Mesoporous silica capsules are
thought to be a particularly attractive structure because of
the high surface area, tunable pore size, low toxicity, and
mechanical and thermal stability.'® 2>

Template-assisted replication of diverse spherical parti-
cles, such as polymer latex particles, emulsions, and vesi-
cles, have been employed to fabricate hollow mesoporous
silica spheres. Rankin et al. succeeded to obtain hollow
silica particles with hexagonally ordered mesopores via the
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templating method using polystyrene microspheres under
basic conditions.>> TEM observation indicated that the
cylindrical pores ran parallel to the hollow cores and
individual silica particles were, in most cases, attached to
the surface of the hollow particles.

Emulsion templating methods have also been investi-
gated because they do not require removal of the core
template. Fujiwara et al. have adopted the synthesis of an
interfacial reaction using a water/oil/water (W/O/W)
emulsion system.”* Although they have succeeded in
synthesizing mesoporous materials, the regularity of the
pores was compromised and the alignment of the pores
was unclear.

Mesoporous silica capsules themselves are attractive;
however, the encapsulation of guest species into capsules
has increased the range of potential applications because
of the unique structure with a porous outside shell and
functional inner core. Furthermore, the mesopores
aligned perpendicular to the hollow cores are much more
suitable for encapsulating the guest species and providing
a fast diffusion path to the cores. There have been some
reports that describe encapsulation of nanoparticles into
hollow spaces. However, in most examples, either only a
few nanoparticles were encapsulated or the aggregates
were embedded.”> %’ Although diverse functional nano-
particles have been successfully confined within the hol-
low mesoporous shell in these works, the characteristics
have not been investigated or somewhat insufficient
properties have been shown. Therefore, fabrication of
mesoporous silica capsules with a considerable amount of
nanoparticles encapsulated in the hollow cores remains a
challenge. To bring out the properties effectively inherent
in a guest species and impart the hollow capsules with
diverse capabilities, we must address the following: (a) a
considerable amount of guest molecules must be encap-
sulated and distributed homogeneously within the hollow
cores, (b) guest species must be confined only in the
hollow cores and a large proportion of the porosity in
the silica shell must be preserved, (c¢) radially aligned
mesopores are preferable to guarantee easy transporta-
tion for the reaction media, and (d) uniform particle size is
desirable to be achieved for practical applications or
quantitative analysis.

Titanium(IV) oxide (TiO,) has been widely studied
due to its strong oxidizing ability, biological and che-
mical inertness, and suitability for environmental
applications.?® 32 The strong oxidation ability is a great
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advantage of TiO»; however, too strong oxidizing ability
may also be a drawback for constructing reaction system
based on TiO,. The substrate that supports the TiO, as
well as toxic organic pollutants may decompose via the
photooxidation pathway on TiO,. In an effort to address
this problem, various methods have been reported invol-
ving the encapsulation or coating of TiO,.** % There-
fore, incorporation of TiO, nanoparticles inside
mesoporous silica capsules is expected to be a useful
and attractive approach.

Herein, we present the fabrication of monodispersed
hollow mesoporous silica capsules with novel and anom-
alous architectures. The interiors of the capsules are
decorated with a large number of TiO, nanoparticles
connected via widely accessible mesoporous channels.
Amino-modified polystyrene beads were used as tem-
plates for subsequent mesoporous silica shell deposition.
The synthetic condition for the mesoporous silica shell
has been referred to that of the monodispersed mesopor-
ous silica spheres (abbreviated as “MMSS” hereafter)
that we previously reported.*®*” The recipe for MMSS
hasimportant advantages over that for other mesoporous
silica because radially ordered hexagonal mesopores with
spherical morphology and high monodispersity can be
achieved simultaneously, which helps us to reach our
goal; fabricating an ideal “microreactor” that can satisfy
the conditions described above. The encapsulation pro-
cess described in this paper is versatile and convenient
that can be extendable to a broad range of guest species.
In the last part of this article, we have also demonstrated
the results for Fe,O3 encapsulation briefly.

2. Experimental Section

Materials. All starting materials were used as received.
Monodispersed amino-modified polystyrene (amino-PS) beads
(200 nm diameter) were obtained as an aqueous suspension (2.5
wt %) from Polysciences (Warrington, PA). Tetramethoxysi-
lane (TMOS), cetyltrimethylammonium chloride (CTMACI),
titanium(IV) isopropoxide, acetylacetone, and potassium tert-
butoxide were purchased from Tokyo Kasei Co (Japan). One
molar sodium hydroxide solution, methanol, ferrocenecarbal-
dehyde, furfuryl alcohol, ethylene glycol, acetone, tetrahydro-
furan, methyl orange, and methylene blue were purchased from
Wako Pure Chemical Co (Japan). Tetra-zert-butyl orthotitanate
was purchased from Sigma—Aldrich (USA).

Synthesis of Hollow Mesoporous Silica capsules (HMS).
Monodispersed hollow mesoporous silica capsules (HMS) have
been prepared from TMOS and CTMACI using amino-PS as a
template and employing the synthetic procedure described for
MMSS.* The amino group on the PS surface enables TMOS to
be hydrolyzed and condensed on the PS surface without addi-
tional alkaline reagents, thus preventing independent nucleation
of silica particles. Typically, at room temperature, 0.352 g of
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CTMACI was dissolved in 80 g of methanol—water (50: 50 w/w)
and 2.84 mL of the suspension of amino-PS beads and 5.28 g of
TMOS were added sequentially. The reaction was allowed to
proceed for 8 h under continuous stirring and the mixture was
aged overnight. The particles were filtered off, washed with
distilled water three times, and dried at 318 K for 72 h followed
by calcination at 823 K in air for 6 h to remove the CTMACl and
the PS-template.

Confinement of Inorganic Oxide Nanoparticles within the
Interior Surface of HMS. In order to encapsulate the TiO,
nanoparticles, 2.84 g of titanium isopropoxide was first mixed
with 2 g of acetylacetone. This solution was added dropwise into
HMS hosts until incipient wetness was achieved and subse-
quently heated in air at 773 K for 6 h, with supplying water
vapor to the furnace. This process was repeated once or twice in
order to introduce TiO, nanoparticles. The resultant products
are designated HMS-Ti (x), where x indicates repeating number
of the procedure described above (x = 1 or 2). Currently about
46.3% of TiO, was incorporated in HMS-Ti (2). In an effort to
confine Fe,O3 nanoparticles in the hollow core, 2.14 g (0.01 mol)
of ferrocenecarbaldehyde was first dissolved in 1 mL of furfuryl
alcohol. This solution was then added dropwise until incipient
wetness was reached, followed by polymerization and calcina-
tion in air at 773 K.*® The obtained powder was denoted as
HMS-Fe.

Characterization. Powder X-ray diffraction (XRD) measure-
ments were performed using a Rigaku RINT-2200 X-ray dif-
fractometer for the hollow mesoporous silica capsule and a
Rigaku RINT-TTR X-ray diffractometer for inorganic oxide
nanoparticle confined samples, using Cu Ka radiation. The
morphology and the elemental composition of the powders
were examined using a scanning electron microscope (SEM)
equipped with an energy-dispersive X-ray (EDX) detector
(Hitachi, S-3600N). SIGMA-V (Akashi Seisakusho) was also
used to obtain SEMs. The sample was placed on a copper plate
and the surface of each sample was coated with gold prior to
measurement. The average diameter of the particles was calcu-
lated from the SEM images. Transmission electron micrographs
were obtained using a JEOL-200CX TEM with an acceleration
voltage of 200 kV. The particle size of the encapsulated nano-
particles was estimated from TEM images. ultrahigh resolution
scanning electron microscope S-4800 (Hitachi) was also used to
obtain SE and STEM images at 30 kV. Nitrogen adsorption
isotherms were measured using a Quantachrome Autosorb-1 at
77 K. The specific surface areas were deduced from the analysis
of the isotherm by the BET method ranging from P/P, = 0.05to
P/Py = 0.15. The pore size distributions were calculated from
adsorption branches by the BJH method.

Photocatalytic Activity. The photocatalytic activity of the
HMS-Ti (2) was evaluated for the decomposition of methyl
orange and metylene blue under UV light irradiation. Two types
of photocatalysts constructed from mesoporous silica spheres
and the titanium phase were synthesized as controls. The first
was monodispersed mesoporous silica spheres (MMSS) impreg-
nated with titania nanoparticles (denoted as MS-Ti,,,,) and the
other consisted of a combination of the monodispersed titania
core and the mesoporous silica shell (denoted as MS-Ti¢oe)-
Briefly, MS-Ti,.,, Was synthesized by incipient wetness techni-
que using titania precursor and MMSS. In the case of MS-Tigore,
monodispersed spherical colloids of titania were immersed in
silica precursor solution which was referred to that of MMSS.
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Upon calcination at 773K, mesopores in the silica shell were
given rise to. Details of the synthetic conditions are described in
the Supporting Information. The commercial photocatalyst
Degussa P25 was also used as a reference for photocatalytic
activity.

The photocatalytic activity for decomposition of methyl
orange was evaluated as follows. The photocatalyst powders
(25 mg) were dispersed in a 0.2 mM of methyl orange solution
(10 mL) using a magnetic stirrer. After the adsorption equilib-
rium was reached (30 min), UV light (100 W) was supplied to
initiate the reaction. A certain amount of solution was periodi-
cally taken from the reaction mixture and the supernatants were
analyzed using a UV—vis spectrophotometer (Shimadzu UV-
3600 UV—vis-NIR spectrophotometer) after centrifugation.
The degradation ratio was calculated according to the absor-
bance peak at 460 nm in the spectra. To ensure a negligible
heating effect upon the degradation of methyl orange, a blank
experiment was conducted. A 0.2 mM of methyl orange solution
without photocatalyst was irradiated with UV light and the
reaction was monitored in the same manner described above.
No significant decomposition of methyl orange was observed in
the absence of photocatalyst under similar irradiation condi-
tions.

To demonstrate the stability of the TiO, nanoparticles within
HMS-Ti (2) during the photodecomposition reaction, we reused
the used HMS-Ti (2) for testing another photocatalytic activity.
The HMS-Ti (2) was recovered after it was tested for the
decomposition of methyl orange, followed by calcination in
air at 773 K to remove the residual reactant and reactivate the
adsorption and catalytic properties. The obtained HMS-Ti (2)
(15 mg) was dispersed in a 0.05 mM of methylene blue aqueous
solution (8 mL) and shaken for 2 h in the dark to establish an
adsorption equilibrium. The powder was collected by centrifu-
gation and redispersed in water using a magnetic stirrer. UV
light (100 W) was irradiated to the dispersion to evaluate the
photocatalytic activity for the degradation of methylene blue.

3. Results and discussion

Fabrication of Hollow Mesoporous Silica Capsules
(HMS). Figure 1 shows a schematic for the fabrication
of HMS and nanoparticle-decorated HMS. The first step
involves coassembly of TMOS and CTMACI by hydro-
phobicinteractions on the PS template. In the synthesis of
MMSS, sodium hydroxide is added to promote the
hydrolysis and condensation of TMOS, resulting in the
formation of mesoporoussilica. Instead of sodium hydro-
xide, amino group on the PS surface plays a role as a
catalyst for hydrolysis of TMOS in this procedure. There-
fore, the reaction of TMOS can be restricted to only the
surface of the PS beads, and no nucleation of silica
particles occurs in the reaction solution. When the non-
functionalized PS beads were used as seed particles, under
otherwise identical conditions except for adding sodium
hydroxide, mesoporous silica particles not linked to the
PS beads were also observed. The amino-modified PS
beads are thought to be a key to the fabrication of hollow
mesoporous silica capsules. After removal of the PS core
and CTMACI by calcination, monodispersed hollow
mesoporous silica capsules were obtained. TEM and
STEM images of HMS are presented in Figure 2. The
TEM image of Figure 2a clearly shows the hollow silica
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Figure 1. Schematic illustration for the fabrication of nanoparticle-
decorated mesoporous silica capsule.

spheres with high monodispersity in size. The diameter of
the hollow core was about 200 nm, which was consistent
with the average diameter of the PS template. The thick-
ness of the silica shell was uniform and estimated to be
30 nm, containing 2D hexagonal mesopores, as shown in
Figure 2b.

The surface and mesostructure of HMS are clearly
observed in STEM images. The SE image shown in
Figure 2c demonstrates that HMS has a smooth surface
without any deposits, and the thickness of the shell is
uniform. The corresponding BF-STEM image (Figure 2d)
clearly shows the mesoporous structure in the shell.
Further, part of the mesopores is aligned radially from
the center to the outside of the spherical particles. Such
radially aligned mesopores are thought to be advantageous
in encapsulating the reaction site into the hollow cores and
guaranteeing facile entry and discharge of reactants and
products through the silica shell when compared to the
pores that run parallel to the cores or those without
directional regularities.

The mesostructure in the silica shell was confirmed by
XRD and nitrogen adsorption measurements (Figure 3).
The XRD pattern of HMS (a) exhibited one definite peak
indexed to (100) with a d spacing of 3.8 nm. A broad rise
was also observed around 4—5 (26/deg), which was
attributed to higher-order reflection peaks (110) and
(200). This implies hexagonally close-packed cylindrical
pores. The silica shell was thin and curved, resulting in
small diffraction domains; therefore, higher-order reflec-
tions were not clearly observed. The nitrogen adsorption
isotherm was type IV, which is typical for mesoporous
materials. The isotherm shows a steep increase around
P/Py = 0.2, indicating that the pore size distribution is
quite narrow. The pore diameter calculated from the
nitrogen adsorption isotherm was 20 A by the BJH
method and the specific surface area was 1040 m* g~ '.
It should be noted that the BIJH method, which is used in
this study for estimating the pore size, is not the most
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suitable approach for the evaluation of small mesopores
like our materials. DFT or some careful estimation®”
might be recommended to obtain more accurate values.
However, because the BJH method has been widely
applied in many reports,***! including the references of
this study,”’* the BJH method has been chosen to
evaluate the pore size.

Decoration of Hollow Mesoporous Silica Capsules with
TiO, Nanoparticles (HMS-Ti). SEM images and the
corresponding EDX spectra are shown in Figure 4. The
HMS samples were found to maintain their monodisper-
sity and spherical morphology after the titanium infiltra-
tion process. The EDX signal at 1.74 keV, assigned to
silicon, was observed for both HMS-Ti (1) and HMS-Ti
(2). These results provide conclusive evidence that the
shell of the hollow capsule consisted of SiO,. In HMS-Ti
(x), the signal attributed to titanium is observed at 4.5 keV
and the signal intensity increases with number of the
repeated infiltration cycles. The copper signal was attrib-
uted to the copper plate that the sample was fixed on for
observation. The amount of loaded TiO, was estimated
from EDX analysis and is listed in Table 1.

The amount of encapsulated TiO, in the hollow meso-
porous capsule is 13.7 wt % for the HMS-Ti (1) and
increased drastically to 40.2 wt % for the HMS-Ti (2). Itis
important to note that in spite of such a high loading of
TiO,, the SEM images show no extra TiO, particles on the
surface of HMS-Ti (x). TEM images of HMS-Ti (2) are
shown in Figure 5. These images demonstrate the unique
structure of the prepared samples. The TiO, nanoparti-
cles, observable as black dots, were almost entirely en-
capsulated in the hollow core and very few were deposited
in the mesopores of the silica shell. This was verified by
the inset of Figure 5b, which shows an enlarged image of
the boundary between the mesoporous silica shell and the
hollow core of HMS-Ti (2). The boundary between the
silica shell and the hollow core is a sharp black line where
the TiO, nanoparticles are concentrated. In addition, the
TiO, (uniform size of 8.3 nm obtained from the TEM
image) is well-dispersed in the inner surface of the shell. A
selected area electron diffraction (SAED) pattern ob-
tained for the HMS-Ti (2) (Figure 5c) confirms that the
encapsulated TiO, nanoparticles are the anatase phase.

The crystal structure of the encapsulated TiO, was
analyzed by XRD measurement (Figure 6a). For HMS-
Ti (1), the diffraction intensity was not strong, but for
HMS-Ti (2) with high TiO, loading, a pattern with a
strong intensity was observed and can be indexed as the
anatase phase, which is consistent with the crystal struc-
ture obtained from the SAED pattern. The size of the
crystals was estimated to be 8 nm, by applying Scherer’s
equation to the main peak of the XRD pattern. This
finding is in good agreement with that obtained from the
TEM images (8.3 nm).

Nitrogen adsorption measurements for HMS-Ti (x)
were conducted and the results are shown in Table 1
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30.0kV x600k SE

30.0kV x600k BF-STEM

Figure 2. TEM images of HMS at (a) low and (b) high magnifications. (c) Secondary electron (SE) and (d) corresponding bright-field scanning
transmission electron microscopy (BF-STEM) images for a single HMS particle.
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Figure 3. (a) XRD pattern and (b) nitrogen adsorption isotherm for
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and Figure 6 b. (Nitrogen adsorption isotherms are
shown in the Supporting Information, Figure S1).

The BET surface area and pore volume decreased with
increasing the infiltration cycle. However, the pore dia-
meter was fairly constant. Further, the BET surface areas
expressed on a SiO, mass basis (normalized to SiO,
content) were 988 and 893 m?/g for HMS-Ti (1) and
HMS-Ti (2), respectively. In the case of HMS-Ti (2),
the reduction in the BET surface area was very small

(b)

Figure 4. (a, c) SEM images and (b, d) energy-dispersive X-ray spectra
for (a, b) HMS-Ti (1) and (¢, d) HMS-Ti (2).

Table 1. Structural Properties for Samples

TiO, loading  specific surface specific surface pore
wt % area (m’g ")’ area/m’g”'¢  diameter/nm

HMS / 1040 — 2.0
HMS-Ti(1) 13.7 853 988 2.0
HMS-Ti(2) 40.2 534 893 1.9
MMSS / 1394 — 22
MS-Tipano 12.7 1090 1250 1.9
MS-Ticore 82.2

“Content of TiO, in the samples estimated by EDX. ” BET surface
area expressed on a sample mass basis. “ BET surface area expressed on a
SiO> mass basis.

regardless of the large TiO, content (40 w%) in the
capsules, retaining almost 86% of the initial value. The
result indicates that most of the TiO, was encapsulated
in the large hollow core, and hardly deposited in the
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Figure 5. TEM images of MHS-Ti (2) at (a) low and (b) high magnifications. The inset of (b) is an enlarged view of the interior surface of HMS-Ti (2)
showing titania nanoparticles confined within the interior surface of the hollow spheres. (c) Selected-area electron diffraction (SAED) pattern for the

encapsulated titania nanoparticles.
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Figure 6. (a) XRD patterns for HMS-Ti (1). Inset: Enlarged view of
wide-angle XRD patterns for HMS-Ti (1) (lower) and HMS-Ti (2)
(upper). (b) Pore size distribution for HMS (a), HMS-Ti (1) (@), and
HMS-Ti (2) (O).

mesopores of the silica shell. This assumption is in good
agreement with the result obtained from TEM obser-
vation.

The mechanism of formation of HMS-Ti (interior sur-
face was selectively decorated with a large amount of
TiO, nanoparticles) is as follows. In the case of HMS with
the mesopores connected to the hollow core, the precur-
sor solution is introduced into the mesopores of the silica
shell by capillary force, which induces differences in the
concentration of precursor solution between the hollow
core and the mesopores. Such a concentration difference
provides the driving force to accelerate the diffusion of
precursor solution from the mesochannel to the inner
core. Once the inorganic precursor is introduced into the
hollow cores, they prefer to aggregate rather than to be
isolated in mesopores in order to reduce the surface
energy. The aggregates of the precursor that are larger
than the mesopores are prevented from being retracted
into the mesochannels and are converted into inorganic
nanoparticles by successive heat treatment. The volume
of the hollow core is so large compared to that of a
mesochannel, therefore, the concentration difference of
the inorganic precursor between outside and inside of the
core can not be eliminated. Thus, the driving force behind
filling the hollow core with the inorganic precursor is
strong enough to bring a large amount of nanoparticles
into the core without depositing the precursor in the
mesochannel. In this way, hollow mesoporous silica
capsules with inner surfaces decorated with a large
amount of inorganic nanoparticles are obtained.

The preservation of mesoporous channels is important
for applications that require facile entry and discharge of
reactants and products through the mesoporous silica
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shell. One appropriate example in which such a system
would be of use is when encapsulated nanoparticles are
adapted as catalysts. As is mentioned in Introduction, a
number of mesoporous silica capsules have been pro-
posed and some have functional reaction sites introduced
into them. However, among these, HMS-Ti is the best
candidate for use as a “microreactor” composed of con-
fined catalytic sites connected with widely accessible
mesoporous channels which offer rapid transportation.
We can point out a possibility to use HMS-Ti as novel
high-performance catalysts by modifying them on the
basis of our knowledge. We have succeeded in synthesiz-
ing various types of core/shell MMSS.**** One of them
has consisted of a catalytic active site (sulfonic acid) in the
core and an adsorption site (hydrophobic organic groups)
in the shell.** The resulting core/shell type MMSS has
shown higher catalytic activities than MMSS having
randomly distributed SOsH and hydrophobic groups.
The composition of the core/shell structure can be tuned
freely; therefore, by confining TiO, nanoparticles within
the inner core of the core/shell structures, which are
designed for the catalytic reactions, new types of selective
catalysts or multistep reaction catalysts can be realized. It
is believed that such particles consisting of tailor-made
type multilayers will be advantageous for both funda-
mental and applied research.

Preparation of Reference Samples and Comparison with
HMS-Ti. The unique characteristics of HMS-Ti can be
confirmed by comparing it to MS-Ti,a,,, Which is com-
posed of MMSS (mesoporous solid silica spheres) im-
pregnated with TiO, nanoparticles. Characterization of
MS-Ti,an0 Wwas conducted and the results are summarized
in the Supporting Information (Figure S2). The SEM
image (Figure S2a in the Supporting Information) shows
that hardly any deposits are observed on the surface of
MMSS, and the monodispersed spherical shape was
retained after TiO, infiltration. The EDX (Figure S2b
in the Supporting Information) spectrum and a wide-
angle XRD pattern (Figure S2¢ in the Supporting In-
formation) have confirmed the immobilization of anatase
TiO, within MMSS. However, the ratio of Si/Ti esti-
mated by EDX was 84.3/15.7, which corresponded to ca.
12.7 wt % TiO, loading. This value was significantly
lower than that obtained for HMS-Ti (2) (40.2 wt %). The
amount of nitrogen adsorbed as well as the pore diameter
for MS-Ti,.n, has decreased to 1.9 nm from the initial
value (2.2 nm) obtained for MMSS. The BET surface area
normalized to the SiO5 content is 1250 m* g~ ' for MS-
Tinano, retaining 89.6% of that of MMSS (1390 m* g~ !).
Results indicate that unlike HMS-Ti (2), only a small
amount of TiO, nanoparticle loading causes a noticeable
decrease in the pore diameter and the BET surface area
for MS-Ti,ano. These decreases are associated with the
pore-filling effect** because of the incorporation of the

(42) Yano, K.; Nakamura, T. Chem. Lett. 2006, 35, 1014.

(43) Suzuki, T. M.; Nakamura, T.; Sudo, E.; Akimoto, Y.; Yano, K.
J. Catal. 2008, 258, 265.

(44) Gierszal, K. P.;Yoon,S.B.; Yu, J.S.; Jaroniec, M. J. Mater. Chem.
C 2006, 16, 2819.

Chem. Mater., Vol. 22, No. 5, 2010 1701

TiO, nanoparticles into the mesopores of the solid mate-
rials.

In addition, it is important to increase the amount of
encapsulated TiO, nanoparticles in the practical use.
However, previous attempts to increase the impregnated
TiO, nanoparticles in the MMSS were unsuccessful. In
order to increase the amount of TiO, in the MS-Ti, 50,
infiltration of the titania precursor was in triplicate. In
most cases, aggregates were observed on the surface of
MMSS (see the Supporting Information Figure S3). It
was clearly shown that encapsulation of a substantial
amount of nanoparticles into the solid porous materials,
into which the concentration difference of precursor
solution was small, was quite difficult.

We have succeeded in synthesizing another photocata-
lysts (MS-Ticore) having a unique architecture composed
of titania core® and mesoporous silica shell. The SEM
images show that the monodispersity and the spherical
shape of titania spheres are well-inherited after the addi-
tion of a silica source (Figure S4a,c in the Supporting
Information). The average particle sizes are 390 and
400 nm for titania spheres and MS-Ti.., respectively,
indicating that the titania core is coated with a thin layer
of silica. The generation of a silica shell is also confirmed
using an EDX spectrum that shows a definite signal
assigned to silicon (Figure S4d in the Supporting In-
formation). The ratio of Si/Ti was estimated to be 14.4/
85.6. The XRD pattern reveals that the crystal structure
of titania particles is anatase (Figure S4e in the Support-
ing Information). The nitrogen adsorption—desorption
isotherm for MS-Ti.,.. was measured to investigate the
porosity of the silica shell (Figure S4f in the Supporting
Information). Although the amount of adsorbed nitrogen
is relatively low, the isotherm can be classified as type IV,
with a capillary condensation step, which is characteristic
of mesoporous materials. To confirm the alignment of the
mesopores, we performed TEM observation on the core/
shell particles (Figure S5 in the Supporting Information).
The synthetic conditions were slightly altered in order to
promote the growth of the silica shell for more facile
observation.

The TEM image of the obtained particles (Figure S5a in
the Supporting Information) clearly shows an egg-type
structure, indicating it is composed of a titania core and
silica shell. Radial alignment of ordered mesopores in the
silica shell is substantiated by the enlarged view shown in
Figure S5b in the Supporting Information. This result
suggests that the shell of HMS may also be composed of
radially aligned mesopores, because the synthesis of
mesoporous silica shells is almost identical for HMS
and MS-Ticoe.

Photocatalytic Activity. To explore potential applica-
tions of HMS-Ti (2) as a “microreactor” for catalysis, we
carried out UV-induced photocatalytic decomposition of
methyl orange (MO). As controls, the catalytic activities
of MS-Ti.ore and MS-Ti,,,, were also examined. MO
was selected as a reactant because the amount of MO

(45) Jiang, X. C.; Herricks, T.; Xia, Y. N. Adv. Mater. 2003, 15, 1205.
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adsorbed into mesoporous silica is negligible. In combi-
nation of mesoporous silica and active titania, one can
expect mesoporous silica of high adsorption perfor-
mance, because of large specific surface areas, prior to
photodecomposition on the surface of titania. However,
whether adsorption or photodecomposition contributes
to the reduction of the reactant can not be distinguished
because these two functions occur simultaneously.*®

Additionally, the point we mention the most in this
studyis that HMS can provide easy entry and discharge of
reactants and products from the outer environment to the
inner core where activation sites are encapsulated. Vice
versa, by adopting MO as a reactant in this study,
structural advantage of the HMS-Ti, which provides the
fast diffusion path through the mesopores, can be pre-
cisely evaluated.

Figure 7 shows the results of the photocatalytic degra-
dation of MO under UV light as function of irradiation
time with schematic illustration for fabricated photoca-
talysts. One of the advantages of the HMS-Ti (2) is the
high capacity of TiO, within the structure. The residual
ratio is calculated based on the sample weight (Figure 7a),
which is important in describing the feature of the HMS-
Ti (2). HMS-Ti (2) showed high photocatalytic activity
compared to the controls. The absorbance of MO as
function of irradiation time significantly decreased, espe-
cially at the initial stage, and the residual ratio reached
nearly 10% in 2.5 h. On the other hand, the MS-Ti.,.. and
the MS-Ti,.n, exhibited the values of 60 and 85%, respec-
tively, in 2.5 h. The photocatalytic activity was evaluated
based on the residual ratio; the performance of the HMS-Ti
(2) was about 2.2 times as high as that of MS-Tig., and
about 5.8 times as high as that of MS-Ti,,,,- The super-
iority of HMS-Ti (2) concerning the catalytic activity was
maintained, even when the decomposition of MO was
expressed on a TiO, mass basis (Figure 7b).

The lowest decomposition rate of MO was observed
for MS-Ti.o.. This was attributed to large titania dia-
meter*’** (390 nm) in spite of accompanying the active
anatase structure with the accessible mesochannels.

The particle sizes of TiO, for MS-Ti, ., are estimated
to be below 2 nm because they are encapsulated within the
mesopores of MMSS (2.2 nm), the value is smaller than
that obtained for HMS-Ti (2). Judging from the impreg-
nated TiO, particle size, the photocatalytic activity of
MS-Ti, a4, 18 supposed to be equivalent, or rather super-
ior, to HMS-Ti (2). The diffraction peak intensity of
anatase titania is lower for MS-Ti,,,, than that observed
for HMS-Ti (2); however, the crystallinity of these two
catalysts are expected to be comparative because the
impregnation of titania precursor and the crystallization
condition are the same. It is implied that the difference
observed for the XRD diffraction patterns are due to the
size and the amount of TiO, particles. The catalytic

(46) Li,J.J.;Liu,S.Q.;He, Y. Y.; Wang, J. Q. Microporous Mesoporous
Mater. 2008, 115, 416.

(47) Maira, A. J.; Yeung, K. L.; Lee, C. Y.; Yue, P. L.; Chan, C. K.
J. Catal. 2000, 192, 185.

(48) Liu, S.; Jaffrezic, N.; Guillard, C. Appl. Surf. Sci. 2008, 255, 2704.
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Figure 7. Photocatalytic degradation of methyl orange under UV light as
function of irradiation time. Mesoporous silica capsules confining titania
nanoparticles (HMS-Ti(2), pink), mesoporous silica spheres impregnat-
ing titania nanoparticles (MS-Tiyan0, blue), and titania core mesoporous
silica shell spheres (MS-Ticore, green). Approximate expressions are also
shown on the right side. (B) Result expressed on a TiO, mass base.

activity shown in Figure 7 suggests that HMS-Ti (2) is
superior to MS-Ti, .. It is to be noted that the inherent
properties (e.g., crystallinity, crystal sizes) of the TiO,
particles often play definitive roles in the catalytic activ-
ity. We can not determine the contributing ratio of such
inherent properties precisely, due to the lack of the
absolute value of the TiO, particle sizes for MS-Ti,,0-
However, on the basis of the discussion above, the
enhanced catalytic activity of HMS-Ti (2) shown in
Figure 7b is assumed to be derived from the structural
specificity of the HMS-Ti (2). That is, in the case of HMS-
Ti (2) the reaction sites with high catalytic activity were
well-dispersed over the internal capsule walls into which
reaction medium was carried through radially aligned
mesopores, supplying a fast diffusion path. The fast
diffusion path of the mesopores within HMS-Ti (2) are
suggested by the shape of the MO decomposition curve.
MO decomposition was approximated by a linear first-
order reaction for the MS-Ticore, and MS-Ti,a,0. On the
other hand, HMS-Ti (2) displayed an exponential decay
curve in which the MO decomposition rate was especially
high in the initial reaction stage. The obtained result
strongly supports the idea that the anomalous shape of
HMS-Ti (2) is advantageous for the photocatalytic reac-
tion because of the fast diffusion path.
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In the case of P25, the amount of decomposed MO
reached 0.026 mg, based on the titania weight, in 0.5 hand
the MO dispersion turned clear within 1 h. This result
indicates that the catalytic activity of the commercial
photocatalyst P25 is higher than that of HMS-Ti (2). As
is described in the Introduction, there have been many
reports about encapsulation or coating of TiO, particles
with various kinds of substrates to provide selective
photocatalytic functions. However, this approach seems
to incur an unavoidable result that it decreases intrinsic
photocatalytic activity of the TiO, particles because of the
surface coverage over them. Another possible reason for
the lower catalytic activity of HMS-Ti (2) is aggregation
of the particles, as are observed in SEM or TEM images,
caused by the small particle size. It is well-known that the
dispersity of catalyst is very important in solution-phase
catalysis. And it is also known that small particles tend to
aggregate. In this study, we used amino-PS beads with
diameter of 200 nm as sacrificial scaffolds and it was
difficult to obtain a well-dispersed suspension from them
during the condensation of silica source. Choosing PS
template with a larger diameter will lead to the improve-
ment of the dispersibility, thus photocatalytic activity for
the resultant HMS-Ti.

Next, to demonstrate the advantage of HMS-Ti (2)
over P25 as well as the stability of the encapsulated TiO,,
another catalytic reaction involving adsorption process,
which takes advantage of the mesopores in the shell, was
conducted (see the Supporting Information, Figure S6).
As was clearly observed in Figure S6 a, the adsorption of
methylene blue to the mesopores of HMS-Ti (2) is
thought to proceed efficiently because the particles were
colored blue after centrifugation. The commercial photo-
catalyst P25 remained white after the same adsorption
procedure due to the lack of adsorption ability. The
methylene blue adsorbed on HMS-Ti (2) decomposed
rapidly under UV irradiation. The obtained result
strongly indicates the advantage of HMS-Ti (2) derived
from its unique structure, which provides adsorption
ability as well as photocatalytic activity for realizing
highly selective photocatalytic functions. It should be
noted that adsorption and degradation of methylene blue
were evaluated using the recovered HMS-Ti (2) after the
photodecomposition reaction of MO. The photocatalytic
efficiency as well as the adsorption property was main-
tained, suggesting that the stability of the TiO, nanopar-
ticles on the inner wall of the HMS capsule and the
mesostructure in the capsule is high enough for recycling.

Herein, we have focused on mesoporous silica capsules
encapsulating TiO, nanoparticles, however, nanoparti-
cles are not only restricted to TiO,. To demonstrate the
versatility of this system, we have also decorated the
interior surface of mesoporous silica capsules with
Fe,O3 nanoparticles (denoted as MHS-Fe) and the results
are shown in the Supporting Information (Figure S7).
The content of Fe,Oj3 in the hollow mesoporous capsule
was estimated to be 36.4 wt % from EDX analysis, which
is considerably high for a single infiltration. Previously,
we reported fabrication of Fe,O3/MMSS composite
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spheres obtained from the same infiltration process.*®

The loading content of Fe,O5 in the composite attained
19 wt %, which was quite high compared to other
reported mesoporous silica-based Fe,03/SiO, compo-
sites. However, the number obtained for the MHS-Fe,
36.4 wt %, was much higher than that of the Fe,Os/
MMSS composite spheres. In spite of such a high loading
of Fe,05, no extra particles were observed on the surface
of Fe,O5 loading capsules, as is clear from the SEM image
(see Figure S7b in the Supporting Information). Decora-
tion of the interior surface of hollow mesoporous silica
capsules with Fe,O3 nanoparticles was confirmed by the
TEM image (see Figure S7a in the Supporting In-
formation). Application of the MHS-Fe as a drug deli-
very vehicle is currently underway in our laboratory. This
procedure can be readily extended to other functional
nanoparticles. Further studies to produce an ideal micro-
reactor by changing the variety and quantity of the
nanoparticles are also under investigation.

4. Conclusions

In summary, we have succeeded to fabricate uniform
hollow mesoporous silica capsules (HMS) and to dec-
orate the interior surface of the cores with highly dis-
persed inorganic oxide nanoparticles.

Taking advantage of the synthesis method for mono-
dispersed silica spheres with radially aligned mesopores,
HMS have been synthesized using amino-modified poly-
styrene beads as a template. Incipient wetness technique
has been found to bring about selective formation of a
large amount of nanoparticles into the cores of the HMS.
Although TiO, and Fe,O3 nanoparticles were success-
fully encapsulated in the hollow cores of HMS, the
mesopores of the silica shell contained very few nanoparticles.
The loading contents of TiO, and Fe,O5 were high, 40.2 and
36.4 wt %, respectively. Photocatalytic activity of TiO,
encapsulated HMS was investigated and the systems dis-
played high performance in the degradation of methyl
orange, especially at the initial stage of the reaction. The
obtained results were thought to be blessed with the anom-
alous architecture, which is composed of a large amount of
confined active catalysts connected with widely accessible
mesoporous channels. The methodology reported herein is
versatile and convenient and can be extended to a broad
range of guest species, which can be easily incorporated in
mesoporous materials. Taking advantage of such a unique
architecture, these composites are expected to be used in a
wide range of applications as a novel “microreactors” such as
high-performance catalysis and energy conversion materials.

Acknowledgment. The authors are grateful to Noritomo
Suzuki (TEM images) and Hiroaki Kadoura (STEM images).

Supporting Information Available: Nitrogen adsorption
isotherms, characterization and synthetic condition of the
MS-Tiyano, characterization and synthetic condition of the
MS-Ticere, adsorption and decomposition of methylene blue,
and characterization of HMS-Fe (PDF). This material is avail-
able free of charge via the Internet at http://pubs.acs.org.



