
Accelerat ing the world's research.

Synthesis of Multifunctional Metal-
and Metal Oxide Core@Mesoporous
Silica Shell Structures by Using a Wet
Chemi...

Umapada Pal

Chemistry - A European Journal

Cite this paper

Get the citation in MLA, APA, or Chicago styles

Downloaded from Academia.edu 

Related papers

Recent  progress on synthesis of ceramics core/shell nanostructures
Bojana Mojic

Silica-decorated magnet ic nanocomposites for catalyt ic applicat ions
Prof. Manoj B . GAWANDE, Dr. Rakesh Kumar

Design, synthesis and applicat ions of core–shell, hollow core, and nanorat t le mult ifunct ional nanostr…
Joselito Labis

Download a PDF Pack of the best  related papers 

https://www.academia.edu/21749297/Synthesis_of_Multifunctional_Metal_and_Metal_Oxide_Core_at_Mesoporous_Silica_Shell_Structures_by_Using_a_Wet_Chemical_Approach?auto=citations&from=cover_page
https://www.academia.edu/21749297/Synthesis_of_Multifunctional_Metal_and_Metal_Oxide_Core_at_Mesoporous_Silica_Shell_Structures_by_Using_a_Wet_Chemical_Approach?from=cover_page
https://www.academia.edu/16129858/Recent_progress_on_synthesis_of_ceramics_core_shell_nanostructures?from=cover_page
https://www.academia.edu/20703390/Silica_decorated_magnetic_nanocomposites_for_catalytic_applications?from=cover_page
https://www.academia.edu/32796720/Design_synthesis_and_applications_of_core_shell_hollow_core_and_nanorattle_multifunctional_nanostructures?from=cover_page
https://www.academia.edu/21749297/Synthesis_of_Multifunctional_Metal_and_Metal_Oxide_Core_at_Mesoporous_Silica_Shell_Structures_by_Using_a_Wet_Chemical_Approach?bulkDownload=thisPaper-topRelated-sameAuthor-citingThis-citedByThis-secondOrderCitations&from=cover_page


DOI: 10.1002/chem.201200293

Synthesis of Multifunctional Metal- and Metal Oxide Core@Mesoporous
Silica Shell Structures by Using a Wet Chemical Approach

Chang Woo Kim,[a] Umapada Pal,[b] Sangji Park,[c] Jinheung Kim,[c] and
Young Soo Kang*[a]

Introduction

Since the discovery of mesoporous silica like MCM-41 by
Mobil scientists in early 1990s, the controlled synthesis of
several highly ordered mesoporous MCM family members
with high surface area have been reported.[1–4] These porous
materials with uniform porosity and interconnected channels
have shown tremendous potential for applications as cata-
lysts,[5] inorganic filters,[6] chemical sensors,[7] nano-reactors,[8]

adsorbents, and drug-releasing agents,[9] due to their fasci-
nating selectivity.[4–12] By engineering the channel connectivi-
ty and pore network, several porous materials of unique
characteristics have been fabricated for selective applica-
tions. For example, two dimensional (2-D) hexagonal chan-
nel structured MCM-41 and SBA-3 were prepared by using
linear alkyl-chained surfactants. SBA-15 (prepared by Plur-

onic P123) has been applied for the fabrication of nanoparti-
cles, nanowires and nanofibers.[10] Three-dimensional (3-D)
networks of MCM-48 and SBA-1 could be prepared by
using cetyl trimethylammonium bromide (CTAB). On the
other hand, materials such as SBA-6, SBA-16, and FDU
could be synthesized by using block copolymers and have
been successfully applied in catalysis.[5]

Recent advances in morphology and size-controlled syn-
thesis of mesoporous silica particles and their surface func-
tionalization have made them suitable for internalization in
plant and animal cells. These porous nanostructures func-
tionalized with organic moieties or other nanostructures
have been utilized for controlled drug release, molecular
recognition, and sensing. On the other hand, several hier-
archical porous silica nanostructures suitable for catalytic re-
actions and controlled release of therapeutic molecules have
been synthesized through adequate modifications[13] of the
methods by Stçber and co-workers.[14] The fabrication of mi-
crometer and sub-micrometer sized mesoporous silica
spheres,[15] solid silica spheres covered with mesoporous
silica shell,[16] and magnetic nanoparticle encapsulated
porous silica spheres[17] have been reported recently with
promising potential in catalytic and biomedical applications.
Development of such porous silica covered core@shell type
architectures increases the thermal stability of the metallic
or metal oxide cores that was not possible through organic
surfactant capping due to deformation or aggregation of or-
ganic molecules.[18] On the other hand, a great effort has
been devoted to fabricate size-controlled spherical mesopo-
rous silica shell-covered magnetic nanoparticles,[19,20] for use
as targeted drug-delivery agents. However, in most of the
cases, the surface morphology and pore orientation of those
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composite nanoparticles are irregular, and frequently their
NOT-fully opened pores and limited shell thickness pose
limitations for efficient practical applications. In general, the
composite particles with micro- or nanometric cores covered
with 2-D mesoporous silica reveal irregular external shapes
and those covered with 3-D-channeled network exhibit poly-
dispersity with disordered pore orientation. Moreover, these
composite core@shell structures are obtained through sever-
al surface modification processes with tedious manipula-
tions. From this morphosynthetic advantage, porous materi-
als have been widely used as a smart support for various cat-
alytic reactions by eminent research groups, for example,
the groups of Frei,[21] Zhu and Thomas,[22] and Koodali,[23]

which have dealt with the catalyst by using a porous support
for resolving several problems. SBA-15-supported catalysts
and functional materials have demonstrated to be more
stable with enhanced catalytic activities.

In this work, we report a facile approach to synthesize
metal oxide-core@mesoporous-silica shell (MO@mSiO2)
and metal-core@mesoporous-silica shell (M@mSiO2) com-
posite particles with varied core and shell dimensions, in
which the porous channels of the meso-silica shells remain
vertically oriented over the solid cores. Possibilities for uti-
lizing these composite structures as multifunctional agents
have been demonstrated through the incorporation of Ag-,
Mn-, and TiO2 nanoparticles in their porous shells. Applica-
tions of Mn- and TiO2 nanoparticle-incorporated core–shell
structures for oxidation protection of l-ascorbic acid and
the photodegradation of rhodamine B have been studied.
Such thickness-controlled composite particles with external
pores oriented perpendicular to the core surface might be
efficient candidates for utilization as catalysts and antioxid-
izing agents.

Results and Discussion

Whereas most of the colloidal nanoparticles have been syn-
thesized and manipulated by using surface stabilizer or sur-
factant, in which the thermal stability of the surfactant does
not allow to get the proper dispersion of the nanoparticles
after their removal, a silica coating over them increases
their thermal stability and dispersity.[24,25] These two features
were combined in our design strategy. Pre-fabricated spheri-
cal monodispersed metal oxide nanoparticles were used for
covering well aligned, uniform mSiO2 shells of different
thickness. The MO@mSiO2 hybrid spheres were prepared in
three steps. First, the spherical MO core particles were syn-
thesized through sol–gel process using well-known wet
chemistry.[26,27] In the second step, a mesoporous silica shell
around the MO particles was formed by using CTAB as a
structure-directing agent (SDA). In the third step, the
CTAB template was removed by calcinating/firing the
sample in air at 600 8C for five hours. As the MO particles
were synthesized in basic hydrolyzing media, inherently
their surfaces were negatively charged due to the presence
of oxygen or hydroxyl groups.[26,28] The electrostatic force

between the negatively charged MO surface and cationic
surfactant helps to form micelles over the whole area of the
MO surface facilitating direct synthesis of mSiO2 layer of
uniform thickness. The monodispersed nature of the ob-
tained core@shell particles is favored due to the uniform
size of the MO particles, which also act as the solid template
for mSiO2 shell formation. In Figure 1, the formation of the

SDA micelle and mSiO2 shell over the MO surface have
been demonstrated schematically along with the TEM
images of the MO core and MO core@mSiO2 particles. The
images presented in Figure 1 illustrate the formation of
MO@mSiO2 particles with different core sizes and shell
thickness.

Spherical MO cores ranging from 70 nm to 1 mm diameter
could be covered with mSiO2 shells of 126 to 11 nm in thick-
ness. Whereas the size of the MO core could be varied
during their synthesis, the width of the mSiO2 shell could be
manipulated by varying the concentrations of MO precursor
and CTAB during the sol–gel process in step 2. It is noted
that the size dispersion of the core@shell structures is high
when the MO core diameter is smaller than 75 nm and uni-
form shell width is difficult to obtain for very thin shells
through the sol–gel process proposed by Stçber and co-
workers[14] . For core sizes that are larger than the thickness
of the shell, the mesoporous channels orient themselves per-
pendicular to the core surface, as has been demonstrated in
Figure 1 and Figure 2. The meso-shells could also be formed
accommodating more than one core particle (Figure 2 and
the Supporting Information) when the silica shells of larger
thickness were attempted to form over smaller MO parti-
cles. The effect is prominent for the smaller MO core parti-
cles due to their higher surface energy that leads to their ag-
glomeration. The effect has also been observed for small Pd,
Au, hematite, and magnetite particles, when they were incor-
porated into or encapsulated by SiO2.

[21, 29] By using the
same synthesis protocol, various core materials were em-

Figure 1. Schematic presentation of core particle surface with a) SDA mi-
celles, and b) columnar meso-silica structures. Typical TEM images of
SiO2@mSiO2 samples of c) 310 nm@14 nm, d) 163 nm@11 nm,
e) 240 nm@160 nm, and f) 76 nm@126 nm.
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ployed for fabricating the hybrid core@meso-shell struc-
tures.

Figure 3 shows some typical low and high resolution TEM
images of SiO2@mSiO2 with 337 nm@50 nm, TiO2@mSiO2

with 730 nm@35 nm, Ag@mSiO2 with 191 nm@44 nm, and
ZnO@mSiO2 with 199 nm@25 nm. The TEM images high-
light several important implications of the present synthesis
method used to fabricate hybrid core@shell meso-structures.
First, the clear formation of outer meso-shell depends on
the particle dispersity in the used solvent. Core particles
should be well dispersed in the reaction media for the effi-
cient formation of meso-shell around them. The SiO2 parti-
cles synthesized through sol–gel and Ag particles produced
by chemical reduction of metal salt have good dispersity in
the water/ethanol mixture solvent. A micelle of the surfac-

tant-directing agent surrounds each core particle dispersed
in the solvent through electrodispersion. In comparison with
SiO2 and Ag core particles, the dispersity of TiO2 particles
in the water/ethanol mixture solvent is low, and the micelle
(CTAB) frequently interacts with the surface of the partially
aggregated TiO2 particles. Second, for the formation of the
mSiO2 shell over the core particles, the reaction should be
performed at pH>11; a high pH value of the reaction mix-
ture can frequently damage the surface of the pH-sensitive
core particles, altering their morphologies. As can be seen
from the Figure 3d and Figure 4, under such basic condition,

the shape of the ZnO particles was distorted and they were
partially aggregated, indicating their limitations for using as
core material in such highly basic chemical process. Howev-
er, as can be seen, despite these limitations the meso-shells
could be formed over the surface of metallic- and metal
oxide core particles. It is expected that the meso-shell for-
mation over other type of nanoparticles is also possible by
manipulating the reaction conditions. The process of forma-
tion of meso-silica shells over pH stable and pH unstable
core particles have been illustrated schematically in
Figure 4.

Figure 5 presents the small-angle X-ray diffraction
(SAXS) patterns and N2 adsorption/desorption isotherms of
hybrid core@shell meso-structures. There appeared no dif-
fraction peak in the wide-angle X-ray diffraction (WAXD)
of the as-prepared SiO2 or as-prepared SiO2@mSiO2 samples
due to their amorphous nature. The SAXS pattern of the
SiO2@mSiO2 particles presented in Figure 5a clearly demon-
strates the formation of mesoporous SiO2 shell over the
SiO2 particles. It revealed a first order and two higher-order
diffraction peaks correspond to the interplanar spacing (d)
of 3.97, 2.27 and 1.97 nm of the ordered meso-silica shell

Figure 2. TEM images of a) pre-synthesized SiO2 particles of 95 nm aver-
age diameter, and b) SiO2@mSiO2 structures of 95 nm@170 nm. Encapsu-
lation of more than one silica core by the meso-silica layer can be seen in
some structures due to small core size.

Figure 3. Typical low and high resolution TEM images of a) SiO2@mSiO2

of 337 nm@50 nm, b) TiO2@mSiO2 of 730 nm@35 nm, c) Ag@mSiO2 of
191 nm@44 nm, and (d) ZnO@mSiO2 of 199 nm@25 nm. Formation of
the meso-silica layer with pores perpendicular to the core surface can be
seen.

Figure 4. Schematic presentation of mSiO2 formation process in various
MO surfaces, based on TEM images presented in Figures 2 and 3.
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layer. The unstructured higher-order peaks are indicative of
short-range-ordered hexagonal structures of the porous
layer. Angular positions of the higher order peaks at the

p
3

and
p
4 of the first-order diffraction (indicated by arrows)

also indicate the formation of hexagonally ordered struc-
tures. The diffraction peaks could be indexed as the (100),
(110) and (200) planes of the mesoporous lattice. The unit
cell parameter a0 for the meso-lattice was calculated to be
4.584 nm using the relation a0=2*�d100/

p
3. The N2 adsorp-

tion/desorption isotherms of the SiO2@mSiO2 sample (Fig-
ure 5d) revealed a type-IV isotherm according to the
IUPAC classification.[30] An abrupt increase in the amount
of N2 adsorption from STP to a relative pressure of 0.4 indi-

cates the completion of mono-
layer adsorption and beginning
of multilayer adsorption at this
point.[30] Together with the
TEM observations, the average
pore size determined from the
adsorption isotherm (BJH
method) of the sample was
3.36 nm.

The wall thickness (t) of the
meso-layers calculated to be
1.22 nm, by using the relation
t= (a0�pore size). The BET
surface area and BJH cumula-
tive desorption pore volume for
the sample were 428.9 m2g�1

and 0.0957 ccg�1, respectively.
WAXD patterns of the as-pre-
pared TiO2 core particles and
the hybrid TiO2@mSiO2 parti-
cles are presented in Figure S5
(in the Supporting Informa-
tion). The one-step calcination
process helped to remove the
surfactant (CTAB) and to crys-
tallize TiO2 core particles in
single anatase phase (JCPDS
No. 861157). The SAXS pat-
terns of the as-prepared TiO2

particles and TiO2@mSiO2 par-
ticles presented in Figure 5b re-
vealed a first order diffraction
peak at about 2.260 and two
higher-order diffraction peaks
correspond to the interplanar
spacings (d) of 3.90, 2.26 and
1.93 nm, respectively.

Considering the formation of
hexagonally ordered structure,
the diffraction peaks were
matched to the (100), (110) and
(200) planes of the mesoporous
lattice. The lattice parameter a0
for the meso-lattice in

TiO2@mSiO2 particles was calculated to be 4.50 nm from the
relation a0=2*�d100/

p
3. The average pore size calculated

using BJH method was 3.15 nm. The wall thickness was cal-
culated to be 1.35 nm from a0. The BET surface area and
BJH desorption pore volume for TiO2@mSiO2 particles
were estimated to be 327.2 m2g�1 and 0.041 cc g�1, respec-
tively. The SAXS pattern of the ZnO@mSiO2 core–shell par-
ticles after calcination is shown in Figure 5c. The ZnO@m-
SiO2 hybrid structures revealed the characteristic SAXS pat-
tern very similar to the TiO2@SiO2 sample with d values of
about 3.45, 2.09, and 5.89 nm, indicating a short-range order
and hexagonal phase of the mesoporous layer. The unit cell
parameter a0 calculated for this case was about 3.98 nm. The

Figure 5. SAXS patterns of a) as-prepared SiO2 and SiO2@mSiO2 particles, b) as-prepared TiO2 and
TiO2@mSiO2 particles, and c) as-prepared ZnO and ZnO@mSiO2 particles. N2 adsorption/desorption isotherms
of d) SiO2@mSiO2, e) TiO2@mSiO2, and f) ZnO@mSiO2 hybrid particles.
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pore size and BET surface area for the sample were 2.61 nm
and 391.78 m2g�1, respectively.

To induce functionalities in the core@mSiO2 structures,
several elements were incorporated into their porous shells.
In our previous report, we have demonstrated that metal
nanoparticles can be organized over the SiO2 nanoparticle
surface through the deprotonation of hydroxyl ligands.[26, 28]

With partially localized hydroxyl groups at the surface of
mSiO2 layer, hetero-element ions approach into their pores.
Utilizing this mechanism, we could incorporate Ag, Mn, and
Ti ions into the porous network of the mSiO2 shell layers.
The formation of Mn, Ag, and TiO2 nanoclusters inside the
pores of mSiO2 was probed through their TEM images and
elemental mapping. As shown in Figure 6, after incorpora-
tion of hetero-element ions, the clear pores of the meso-
shells were partially blocked. Homogeneous distribution of
Mn, Ag, and TiO2 clusters inside the pore structures of
mSiO2 can be clearly seen in the elemental mapping images
presented in the Figure 6d, h, and l. Specially, the composite
particles with Mn incorporated mSiO2 shells were probed
for their free radical and catalytic evaluations (Figure 7).
The room temperature X-band electron spin resonance
(ESR) spectrum of the Mn-incorporated mSiO2 shell (Fig-
ure 7a) exhibits a sextet splitting with a g factor of 2.0085
and an isotropic hyperfine coupling, Aiso of 9.7 G, clearly in-
dicating the paramagnetic divalent state of the Mn ions (I=
5/2) incorporated into the porous shells.

It is worthy of note that the unpaired electrons of Mn(II)
in the mSiO2 shells are well dispersed in the shell framework
as paramagnetic guests compared with the non-paramagnet-
ic mSiO2 shell (Figure 7a). It means that incorporation of
hetero-element ions is clearly promising for catalytic appli-
cations through their host–guest system. Taking into account

of its TEM and ESR results,
the Mn-doped mSiO2 sample
was utilized to evaluate its anti-
oxidizing effect. The degrada-
tion suppression of l-ascorbic
acid by free radicals was consid-
ered as the estimation of anti-
oxidation effect of manganese
in the composite. The free-radi-
cal scavenging-capacity was
measured by preserved l-ascor-
bic acid% analysis. Figure 7b
indicates that a larger amount
of l-ascorbic acid could be pre-
served by the Mn-doped mSiO2

sample for a prolonged time
even above room temperature.
Over 99 wt% of l-ascorbic acid
could be preserved even after
two weeks at RT. The wt% of
preserved l-ascorbic acid by

Figure 6. TEM images and EDS mapping results of Ag- (a, b, c, d), Mn- (e, f, g, h) and TiO2- (i, j, k, l) incorpo-
rated SiO2@mSiO2 composite particles.

Figure 7. a) X-band ESR spectra of Mn-incorporated SiO2@mSiO2 (gray
line) and SiO2@mSiO2 (black line); b) Release of incorporated vitamin C
(%) with time for the Mn-doped and undoped mSiO2 at RT and 50 8C.
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the Mn-doped mSiO2 sample is considerably higher than
that of the undoped mSiO2 sample, which indicates that the
Mn-doped mSiO2 sample has a free-radical-scavenging ca-
pacity.

We could test the TiO2 nanocluster-incorporated compo-
site particles for photocatalytic degradation of rhodamine B
under UV light. As can be seen from Figure 8, upon UV ir-

radiation the intensity of the characteristic absorption peak
(at 580 nm) of the dye decreases. After about 4 h of UV illu-
mination, the absorption peak almost disappeared. Though
the photocatalytic degradation rate for the porous compo-
site particles is a bit slower in comparison with naked/bare
TiO2 nanoparticles (Degusa P25 �30 nm), their difference
might be due to the lower amount of TiO2 incorporated into
the composite particles. However, with prolonged UV irra-
diation, the TiO2 nanocluster-incorporated composite parti-
cles with a smaller amount of TiO2 have a similar effect
(degradation capacity) as Degusa P25 because of their size
effect (smaller size). Moreover, the photocatalytic activity of

the composite particles did not decrease even after 10
cycles, indicating their excellent reusability. The composite
particles could be collected from the catalytic reaction mix-
ture very easily. The possibility of incorporating several
hetero-elemental guest clusters in these mesoporous compo-
site particles makes them highly attractive for multifunction-
al applications. Whereas Ag cluster-incorporated composite
particles can be utilized for the annihilation of bacteria,[28]

Mn2+-incorporated composite particles have antioxidation
properties and could also be utilized in catalytic reactions.

Conclusion

Compared with earlier research, this combined approach
with core materials and meso-shell is highly promising for
the fabrication of multifunctional hybrid structures. Interest-
ingly, various semiconductors, energy conversion materials
and catalytic materials can be applied as core material
through this facile approach for applications in energy and
environmental fields. In summary, hybrid M@mSiO2 and
MO@mSiO2 nanotructures of different core and shell di-
mensions could be fabricated on pre-synthesized metal or
metal oxide nanoparticles. The three-step fabrication proc-
ess consists of synthesizing metal- or metal oxide nanoparti-
cles through a wet chemical process, interaction of SDA mi-
celle with the core particle surface, and formation of the
final hybrid structure on removing the SDA through calcina-
tions. The homogeneity of the meso-shells and the final mor-
phology of the hybrid particles depend strongly on the dis-
persion ability of the core particles and their pH stability.
Our three-step strategy can be extended to fabricate spheri-
cal particles of more complex structures. Moreover, the out-
ward oriented channels of the meso-silica shells make these
hybrid structures attractive for multi-functional applications
by introducing suitable guest molecules in their oriented
pores. Whereas the guest molecule-incorporated mSiO2

shells are promising for applications in the anti-aging or
anti-wrinkling cosmetics, they can also act as effective cata-
lysts and photocatalysts for the degradation of organic mole-
cules.

Experimental Section

Reagent and Chemicals : Tetraethyl orthosilicate (TEOS, SiC8H20O4,
98%), titanium(IV) butoxide (Ti ACHTUNGTRENNUNG(OBu)4, 97%), manganese chloride
(MnCl2·4H2O, 99%) used as silicon, titanium and manganese precursors,
and cetyl trimethylammonium bromide (CTAB, (C16H33)N ACHTUNGTRENNUNG(CH3)3Br),
95%) used as surfactant were purchased from Aldrich Chemical Co. Eth-
ylene glycol (C2H4(OH)2, 99%), ethanol (95%), ammonia solution (NH3,
�28–30%), and acetone (95%) were purchased from Samchun Pure
Chemical Ltd. All the chemicals were used without further purification.
Ultrahigh purity deionized water (>18 MW, Millipore) was used through-
out the whole experiment.

Sol–gel synthesis of solid SiO2 core particles : SiO2 nanoparticles were
synthesized according to our reported method.[26] The size of SiO2 nano-
particles was controlled by adjusting the molar ratio of TEOS, water, and
ammonia solution.[14] For example, silica nanoparticles of approximately

Figure 8. a) Absorption spectra of the rhodamine B solution in the pres-
ence of TiO2 cluster-incorporated SiO2@mSiO2 under UV exposure;
b) photocatalytic degradation rate of rhodamine B by TiO2 cluster incor-
porated SiO2@mSiO2 and bare TiO2 nanoparticles (Degusa P25, �30 nm)
under UV irradiation (l=300 nm).

Chem. Eur. J. 2012, 18, 12314 – 12321 � 2012 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 12319

FULL PAPER
Metal- and Metal Oxide Core@Meso-Silica Shell Structures

www.chemeurj.org


95 nm in diameter were synthesized through hydrolysis and condensation
of TEOS (0.125 mol, 28 mL) in a mixture of ethanol (4.28 mol, 250 mL),
water (0.25 mol, 4.5 mL), and ammonia solution (0.25 mol, 4.78 mL).[26]

For the synthesis of silica particles of about 130 nm diameter, instead of
0.25 mL ammonia in the earlier recipe, about 0.375 mol (71.7 mL) of am-
monia solution was utilized.[28] Silica particles with a diameter of 320 nm
were synthesized using 0.45 mol (20 mL) of water and 2.1 mol (10 mL) of
ammonia solution. For all the samples, the reactions were performed at
room temperature (RT) under vigorous magnetic agitation for 6 h.

Sol–gel synthesis of TiO2 particles : The titania spheres were synthesized
according to the reported procedure with some modifications.[31] First, Ti-
ACHTUNGTRENNUNG(OBu)4 (1 mL) was added to ethylene glycol (25 mL). The mixture was
magnetically stirred for 12 h at RT to form titanium glycolate. This stable
precursor was then added dropwise into acetone (100 mL, 0.3% water
content) under agitation. After about 30 min of agitation the mixture was
left to stand for 6 h. The product was separated by centrifuging, washed
with ethanol, and dried in atmospheric ambient.

Fabrication of mesoporous SiO2 shell over SiO2 cores (SiO2@mSiO2): For
the fabrication of SiO2@mSiO2 structures, we used the same strategy as
reported by Botella et al.[32] with some modifications. First a pre-fabricat-
ed silica sol (10 mL) was diluted by adding water/ethanol (20 mL, 1:1, v/
v) mixture under agitation. Ethanol was introduced as co-solvent both
for a better dispersion of the pre-fabricated SiO2 cores and to control the
meso-silica shell width. To the earlier solution, water/ethanol mixture
(600 mL, 20:1, v/v) and 0.008 mol (3 g) of CTAB were added under mag-
netic stirring for 30 min. Then, TEOS (6 mL, 0.027 mol) was added to the
solution under magnetic stirring. The pH of the reaction mixture was
controlled in between 10 and 11 by the addition of ammonia solution.
The final solution was kept under magnetic stirring for 24 h. After 24 h
of agitation, the product was collected by centrifuging and washing with
ethanol. The dried product was calcinated at 600 8C for 5 h.

Fabrication of mesoporous SiO2 shell over TiO2 cores (TiO2@mSiO2):
0.125 mol (10 g) of pre-fabricated TiO2 powder was dispersed to a water/
ethanol mixture (900 mL, 2:1, v/v). This TiO2 sol was used to fabricate
meso-silica shell over TiO2 particles. For the growth of the meso-silica
shell, we used the same procedure as in the case of SiO2@mSiO2 struc-
tures described in the previous section.

Incorporation of Mn, Ag, and TiO2 nanoparticles in meso-SiO2 shell : For
the incorporation of Mn in porous core–shell structures, first
MnCl2·4H2O (0.3 g) was dissolved in ethanol (10 mL) and water mixture
(v/v=7:3). The previously synthesized SiO2@mSiO2 (0.03 g) was then
added to this solution. The mixture was kept under ultrasonic agitation
for 30 min in an ice bath. The ultrasonic treatment was repeated three
times, after which the sample was washed several times by ethanol and
water, and dried in air at 90 8C. For the incorporation of Ag, the same
procedure was utilized.

For the incorporation of TiO2, we followed the procedure reported by
Xia et al.[33] Typically, titanium(IV) butoxide (about 0.05 mL) was added
into ethylene glycol (10 mL) containing prefabricated SiO2@mSiO2

(0.03 g) at room temperature under magnetic agitation. After aging the
mixture for 6 h at room temperature, it was added dropwise into acetone
under magnetic agitation. After about 10 min of agitation, the sample
was washed repeatedly by ethanol, dried in air at 90 8C and then air an-
nealed at 500 8C for 2 h.

Characterization : For morphology and structural characterization of the
samples a JEOL, JEM 2100F field emission transmission electron micro-
scope (FETEM) attached with 2k X 2k Charge Coupled Device, scanning
transmission electron microscopy, and energy dispersive spectroscopy
system was utilized. For transmission electron microscopic (TEM) obser-
vations, the samples were prepared by placing one drop of the colloidal
solution onto carbon-coated copper grids of 200 mesh size and dried
under an IR lamp for few minutes. The particle size and pore size of the
MO@mSiO2 structures were evaluated using their TEM micrographs. To
determine the crystallinity and crystal structure of the synthesized sam-
ples, a Rigaku D’Max 2200 V (CuKa radiation, l=1.5406 �) wide-angle
X-ray diffraction system, and a Rigaku D’Max 2500 18 K small-angle X-
ray scattering system were utilized. For the N2 adsorption/desorption iso-

therms, an automated QUADRASORB “SI” analyzer of Quantachrome
Instruments was used.

Electron spin resonance (ESR) measurement and Catalytic test : For
ESR spectra of meso SiO2 shell with manganese was recorded on JEOL
(JAPAN), JES PX 2300 FT-ESR with 1.4 T electromagnet and 8800–
9600 MHz output frequencyACHTUNGTRENNUNG(X-band) at Pukyong National University,
Korea. Test of antioxidizing effect of manganese was carried with Re-
search Center in The Face Shop LTD, Korea. The photocatalytic activity
was monitored during photo-degradation of organic dye, rhodamine B at
RT, and compared with the activity of commercial titania, Degussa P25.
Photocatalytic degradation was carried out in a 50 mL glass vial. The
aqueous slurry (30 mL) with 15 mg of Degussa P25 and rhodamine B was
aged in the dark for 30 min for the dye to be adsorbed on the surface of
TiO2. A 300 W Xe lamp (ARC research sce MODEL 66984, USA) was
placed above the reaction slurry. The degradation of dye with ultraviolet
irradiation time was monitored in a UV/VIS (Model: Jasco V-600 series)
spectrophotometer at RT and an average value was obtained from three
measurements.
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