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bstract

Silica/silver heterogeneous composite particles with hollow structure were successfully prepared by novel strategy including water-in-oil (W/O)
mulsion and polyol process. First, 3-mercaptopropyltrimethoxysilane (MPTMS)-functionalized hollow silica particles were synthesized by adding
etraethyl orthosilicate (TEOS) and MPTMS successively into W/O emulsion. Second, these hollow particles were coated with silver nanoparticles
hrough polyol process. After the preparation, a large number of quasi-spherical silver nanoparticles with a size of ∼50 nm in diameter were

ensely and uniformly formed at the surface of hollow silica particles. The resulting composite particles were characterized by the transmission
lectron microscopy (TEM), the field emission scanning electron microscopy (FE-SEM) including an energy-dispersive X-ray (EDX), and the
-ray diffraction (XRD) analysis. On the basis of the experimental results, the preparation steps for hollow silica supports and silver layers were
iscussed.
 2006 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, many preparation routes [1–7], by which
etal nanoparticles are immobilized onto the various inorganic

upports, have been developed by many scientists to expand
he application area and to control the morphology and the
ehavior of nano-materials. These composite materials have
reatly potential application in various fields such as surface-
nhanced Raman scattering (SERS) [8], photonic crystals [9],
atalysis [10], and biochemistry for chemical sensors [11] and
ntibacterial materials [12], etc. Especially, silver-supported sil-
ca materials, such as silica glass [13] and silica thin films [14],
re expected to be good candidates for antibacterial materials due
o their good chemical durability and high antibacterial activity.

oreover, these hybrid materials can prevent metal nanoparti-
les from agglomerating without the use of a stabilizer and be

asily retrieved owing to the relatively large size of support-
ng materials. As a result, they make it easy to handle metal
anoparticles. On the other hand, hollow structure often exhibits

∗ Corresponding author. Tel.: +82 2 2220 0485; fax: +82 2 2294 4568.
E-mail address: seongoh@hanyang.ac.kr (S.-G. Oh).
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roperties that are substantially different from those of general
articles (low density, large specific surface area, stability, and
urface permeability), thus making them has been also attractive
rom both a scientific and a technological viewpoints [15].

In this study, to improve the physical properties such as
ensity and specific surface area per unit mass of heteroge-
eous composite particles, silica/silver composite particles with
ollow structure were prepared by novel strategy. Generally,
anostructures with hollow interior are commonly prepared by
oating the surfaces of colloidal particles (e.g., silica bead, sil-
er or gold colloids, and polymer latexes) with thin layers of
he desired materials (or its precursor), followed by selective
emoval of the colloidal templates through wet chemical etch-
ng or calcinations [16–18]. Recently, we have reported that

icrometer-sized hollow silica particles were synthesized by
ol–gel reaction in water-in-oil (W/O) emulsion as the viscosity
f water droplets in W/O emulsion was controlled with polyethy-
ene glycol (PEG) or polyvinylpyrrolidone (PVP) [19,20].

In this study, as a continuation of our previous research

egarding the immobilization of silver onto the polystyrene
nd silica surface by polyol process [21], silica/silver het-
rogeneous composite particles with hollow structure were
repared by novel strategy. First, hollow silica particles were

mailto:seongoh@hanyang.ac.kr
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ynthesized by sol–gel reaction in W/O emulsion by adding
he 3-mercaptopropyltrimethoxysilane (MPTMS) into the W/O
mulsion during the sol–gel reaction. Simultaneously, the hol-
ow silica surface was functionalized with thiol groups, which
ere used as a chemical protocol between the silica surface and

he silver nanoparticles. To the best of our knowledge, despite
any papers about preparation of the hollow silica particles,

his one step route, which gives a hollow structure and sur-
ace modification to silica particles at the same time, has never
een reported yet. And then the dense and uniform silver shell
as successfully formed by polyol process on the surface of
PTMS-functionalized hollow silica particles, synthesized in

he W/O emulsion. The resulting composite particles with hol-
ow structure were characterized by TEM, FE-SEM including
DX, and XRD analysis. Also the preparation steps for hollow
ilica supports and silver shell were discussed on the basis of
xperimental results.

. Experimental

.1. Materials

Tetraethyl orthosilicate (TEOS 98%) as a silica source, n-
ecyl alcohol as an oil phase in emulsion, and hydroxypropyl
ellulose (HPC, average Mw 370,000) as a stabilizer of emulsion
tructure were purchased from the Aldrich Chemical Com-
any. The 3-mercaptopropyltrimethoxysilane (MPTMS) as a
hemical protocol and sorbitan monooleate (Span 80) as a
ow-HLB (hydrophilic–lipophilic balance) surfactant to dis-
erse the water droplets were purchased from Sigma Chemical
ompany. Ammonium hydroxide (NH4OH 25%, Wako Pure
hemical Industries, Japan) was used as a catalyst and abso-

ute ethanol (HPLC grade 99.9%, DUKSAN Pure Chemical
ompany, Korea) was used as a washing reagent. Silver nitrate

AgNO3 99.995%, Aldrich) was used as a silver ion source.
thylene glycol (Yakuri Pure Chemicals Company, Japan) and
olyvinylpyrrolidone (PVP, K-15, Mw 10,000, Junsei Chemi-
al Company, Japan) were used to reduce silver ions by polyol
rocess. All materials were used as received. The water used
n this study was deionized by Milli-Q Plus system (Millipore,
rance), having 18.2 M� electrical resistivity.

.2. Preparation of MPTMS-functionalized hollow silica
articles in W/O emulsion

First of all, to prepare MPTMS-functionalized silica particles
ith hollow structure, W/O emulsion was prepared as follows.
n external oil phase was prepared by dissolving 0.4 g of HPC

n n-decyl alcohol (43.1 g), and then kept at 80 ◦C for 4 h to
issolve HPC completely. Then the oil phase was kept at 40 ◦C.
fter 30 min, 1.5 g of span 80 (a low-HLB surfactant) was added

nto the oil phase. HPC and span 80, added into the external oil
hase, increased the stability of the W/O emulsion structure. The

nternal water phase was prepared by adding 0.15 g of NH4OH
3 wt%) as a catalyst into the water (4.85 g). As a final step of the
reparation of W/O emulsion, the water phase was added into the
xternal oil phase. The weight ratio of water phase to oil phase

d
r
K
2
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n the emulsion was kept at 1:9. To disperse the water phase into
he oil phase, agitation was performed using the magnetic stirrer
t 40 ◦C for 1 h.

The sol–gel reaction for the formation of silica particles was
nitiated by adding TEOS into W/O emulsion. After 1 h reaction,

PTMS was added into the reaction system in order to obtain
ilica particles with hollow structure and terminal thiol groups
t the surface of silica. The molar ratio of water to TEOS and
PTMS was 10 and 50, respectively. Sample was prepared in

he experimental beaker and kept for 23 h with soft agitation
sing small magnetic stirrer. After the reaction was completed,
he sample was centrifuged at 2000 rpm for 15 min to obtain
esulting hollow particles. In order to remove the un-reacted
aterials such as polymer, n-decyl alcohol, and surfactant, the

recipitates were washed with absolute ethanol two times. Then,
hese particles were dried in an incubator at 40 ◦C for 1 day.

.3. Preparation of silver shell on the hollow silica
articles

To prepare silver shells on the hollow silica surface mod-
fied with thiol group, polyol process was employed [22–25].
ilver nanoparticles were deposited on the silica surface as fol-

ows; 0.1 g of dry hollow silica particles functionalized with
hiol groups was dispersed in 95.7425 g of ethylene glycol. After
ompletely dispersion, 4 g of PVP was added into the mixture.
n order to completely dissolve the PVP without a distortion
f polymer chain, the mixture was softly stirred with magnetic
tirrer for 1 day. And then, 0.1575 g of AgNO3 was dissolved
n the mixture. After all additives were completely dissolved,
he mixture solution was heated with reflux; the reaction was
onducted at 25 ◦C for 12 h, 40 ◦C for 4 h, and at 60 ◦C, 90 ◦C,
10 ◦C for 1 h, respectively. Increasing rate of the temperature
as kept at the rate of 3 ◦C/min.

.4. Characterization

To investigate the morphological properties of silica/silver
omposite particles with hollow structure, the transmission
lectron microscopy (TEM, JEOL-model JEM-2000EXII) was
perated at 200 kV. All specimens for TEM analysis were pre-
ared as follows; a drop of solution was placed on the TEM grid
a copper grid pre-coated with amorphous carbon) and was dried
n drying oven at 40 ◦C for 1 day before observation. The field
mission scanning electron microscopy (FE-SEM, JEOL JSM-
700F) was operated at acceleration, voltage of 5.0 kV. Some
pecimens were also placed on the TEM grid for FE-SEM anal-
sis. Before the FE-SEM observation, all samples were coated
ith platinum by sputtering for 3 min at 10 kV.
The chemical composition of the silica/silver composite par-

icles was investigated with an energy-dispersive X-ray (EDX)
omponent attached to FE-SEM. In addition, mapping images
f silicon, sulfur, and silver in this sample were obtained. X-ray

iffraction (XRD) was carried out on a Rigaku D/max-2500 X-
ay diffractometer operating at 40 kV and 100 mA with the Cu
� radiation (λ = 0.15418 nm) at a scanning rate of 4◦/min in
θ ranging from 10◦ to 80◦.
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. Results and discussion

.1. Preparation and characterization of the
PTMS-functionalized hollow silica spheres

Since Stöber in 1968 introduced a method for the prepara-
ion of monodisperse silica particles from aqueous solutions of

ilicon alkoxides containing ammonia, the sol–gel method has
een successfully used for the preparation of many inorganic
articles [26–28]. For the preparation of monodisperse spher-

t
t
i

ig. 1. TEM images of hollow silica spheres functionalized with MPTMS at (A) 3.
ample with TEM image (C).
ysicochem. Eng. Aspects 301 (2007) 48–54

cal silica particles, the emulsion technique has occasionally
een utilized. In our previous studies, silica particles with hol-
ow structures and various surface shapes were synthesized by
he addition of water-soluble polymer such as PEG and PVP in
ater phase of W/O emulsion [19,20]. To prepare silica-metal

omposites, the modification of the surface of silica particles by
PTMS and MPTMS is mostly required [29,30]. As a result,
he materials for the control of the shape and the modifica-
ion of the surface should be used at the same time. However,
n this system, spherical silica particles with hollow structure

5 h, (B) 12 h, and (C) 24 h reaction time and (D) FE-SEM image of the same
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ere obtained not by dissolution of polymers in the water
hase but by the addition of MPTMS into the oil phase in
/O emulsion, which have thiol groups from MPTMS on the

urface.
It is well known that thiol groups attach to silver ions by

he cleavage of an S–H bond and the spontaneous formation
f an S–Ag bond [31,32]. As a result of unique behavior
f thiol groups containing sulfur atom, chemicals containing
hiol groups have been widely used as chemical protocols to

ake various metal–polymer and metal–metal oxide composites
30,32,33]. In addition, compounds containing sulfur, includ-
ng metal sulfide such as cadmium sulfide, are known as an

xcellent “adsorbent” for metal ions [34]. Therefore, the intro-
uction of thiol groups by adding TEOS and MPTMS by stages
s very important in this experiment because they were used as

s
p
F

Fig. 2. (A) TEM and FE-SEM images of silica particles with
cochem. Eng. Aspects  301 (2007) 48–54 51

chemical protocol to deposit silver nanoparticles on the silica
urface.

The reaction system is W/O emulsion in which water includ-
ng the ammonium hydroxide as a catalyst is dispersed in
-decanol as a form of droplet. TEOS and MPTMS molecules as
ilica sources are dissolved into the continuous phase, n-decanol,
ecause they are initially hydrophobic. When they are con-
acted with the interface of water droplets containing ammonium
ydroxide, sol–gel reaction of TEOS and MPTMS molecules
akes place. As a result, surface-modified hollow particles can be
ynthesized by control of hydrolysis and condensation of TEOS
nd MPTMS at the interface between water and n-decanol. Fig. 1

hows the TEM and FE-SEM images of the typical hollow
articles functionalized with thiol groups. In TEM images of
ig. 1(A)–(C), the hollow silica particles synthesized at differ-

hollow shape (B) before crushed and (C) after crushed.
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nt reaction times were observed. The wall thickness increases
s the reaction time after the addition of MPTMS increases; it is
bout 20 nm at 3.5 h, about 80 nm at 12 h, and above 130 nm at
4 h. When the reaction times are 3.5 h and 12 h, though the hol-
ow spherical particles were observed by TEM, most of collected
articles are shown as crushed in FE-SEM images because the
all thickness is too thin to support the spherical shape dur-

ng the drying and collecting process. However, over 24 h, the
pherical shape of final products is retained because the shell
as enough thickness to bear the external pressure. In FE-SEM
mage of Fig. 1(D), it is obviously confirmed that hollow sil-
ca particles were successfully synthesized in W/O emulsion by
dding TEOS and MPTMS.

In particular, the dark band in the interior of the shell was
bserved as shown in Fig. 1(C). It is thought that the forma-
ion of the dark band is related to chemical property of MPTMS
nd the initial condensation reaction site of MPTMS and TEOS
ithin water droplets. Unlike TEOS that has four hydrolysis

ites (OCH2CH3), MPTMS has three reactive sites (OCH3),
nd one non-reactive site (CH2)3SH. Although MPTMS has a
ydrophilic property through the hydrolysis process, the non-
eactive site maintains the hydrophobic property of MPTMS
olecules. While they have hydrophilic and hydrophobic prop-

rties through the hydrolysis, TEOS molecules have only
ydrophilic property. It is shown that this chemical prop-
rty influences the co-condensation of MPTMS and TEOS.
ydrolyzed MPTMS molecules may be located near interface of

he water droplets rather than the core because of their hydropho-
ic property. The condensation of MPTMS and TEOS primarily
akes place around that concentrated region and the thin sil-

ca shell is formed. While the contact of silica sources in oil
hase and water inside the shell is restricted, the contact of silica
ources and water in the outside of the shell is advanced contin-
ously. Also, since the condensation reaction primarily occurs

s

i
i

Fig. 3. (A) TEM and (B) FE-SEM images of silica/si
ysicochem. Eng. Aspects 301 (2007) 48–54

round the as-synthesized silica shell, the dark band is formed
nd thickened with time, which is the denser part formed by
he three-dimensional networking condensation of hydrolyzed
ilica sources. Through this procedure, the growth of the silica
hell takes place and the dark band is formed.

The whole morphology of the silica spheres have been
emonstrated by TEM and SEM images in Fig. 2. Fig. 2(B) and
C) shows two silica particles before and after crushed. Before
rushed (Fig. 2(B)), silica particles have micron-sized spherical
hape and exhibit some creators on surface because of hollow
ype structure. When the sample is crushed mechanically, the
ollow structure of silica particles was observed in Fig. 2(C).

.2. Preparation and characterization of silica/silver
omposite particle with hollow structure

To coat hollow silica spheres with silver nanoparticles, polyol
rocess was employed as a reduction method for silver ions. The
reparation steps of silver shell can be explained as follows. At
he first stage of the reaction, MPTMS-functionalized hollow
ilica particles and PVP are dissolved into the ethylene glycol.
fter completely dissolution of PVP, AgNO3 is added into the

ystem. In this stage, some silver ions are bonded with thiol
roups of the silica surface by the cleavage of an S–H bond and
he spontaneous formation of an S–Ag bond [31,32]. In the sec-
nd stage, Ag+ ions are reduced to Ag0 metal state by ethylene
lycol and PVP, and silver nuclei are formed and immobilized
n the surface of the MPTMS-functionalized hollow silica parti-
les. Finally, silver nanoparticles are formed on the silica surface
y growth of nuclei [35] as the thermal energy is supplied to the

ystem by heating at a given temperature.

The morphology of silica/silver composite particles was
nvestigated by TEM and FE-SEM observations. In Fig. 3(A),
t is confirmed that MPTMS-functionalized silica spheres with

lver composite particles with hollow structure.
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ollow structure were uniformly and densely coated with sil-
er nanoparticles by polyol process. Compared to hollow silica
articles in Fig. 1(C), the density of outer shell was clearly
ncreased after the coating process. This is a good evidence
f formation of silver shell on the hollow silica spheres. The
urface morphology of the resulting particles can be observed
rom the FE-SEM image as shown in Fig. 3(B). In this figure, it
s obviously observed that silver nanoparticles with ∼50 nm in
iameter, having narrow size distribution and spherical shape,
re homogeneously immobilized onto the hollow silica spheres.

The chemical composition of resulting silica/silver composite
articles with hollow structure was analyzed by EDX elemen-
al analysis as shown in Fig. 4(A). The electron beam for EDX
nalysis was focused on the particle shown in Fig. 3(B), at the
ow magnification. In this pattern, Si, S, and Ag peaks are clearly
hown, which indicates that MPTMS-functionalized hollow sil-
ca particles were successfully coated with silver nanoparticles
y polyol process. In addition, mapping images of silicon K�1,
ulfur K�1, and silver L�1 obviously show the position of each
lement as shown in Fig. 4(B)–(D). In these figures, dark spots
ndicate the presence of the each element. This result means that
ilver particles were homogeneously immobilized onto the silica

urface functionalized with MPTMS without formation of sep-
rated silver domain consisting of enlarged or aggregated silver
articles. This result also shows good agreement with that of
EM and FE-SEM observations. The XRD pattern of result-

ig. 4. (A) EDX result and mapping images of (B) silicon K�1, (C) sulfur K�l,
nd (D) silver L�1 of the hollow silica/silver composite particles.
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Fig. 5. XRD pattern of the hollow silica/silver composite particles.

ng particles is shown in Fig. 5. Formation of face-centered
ubic (FCC) phase of silver was confirmed; diffraction peaks
t 2θ = 37.90◦, 44.15◦, 64.30◦, and 77.30◦ are assigned as the
1 1 1), (2 0 0), (2 2 0), and (3 1 1) reflection lines, respectively, of
CC phase of silver. This fact is a good evidence of the presence
f silver shell with high crystallinity.

. Conclusions

Silica/silver heterogeneous composite particles with hollow
tructure were successfully prepared by novel strategy. Hollow
ilica particles were synthesized through the sol–gel reaction
y adding the TEOS and MPTMS by stages into the W/O emul-
ion. Simultaneously, the surface of silica particles was modified
ith thiol groups of the MPTMS, which were used as chemical
rotocols between silica surface and silver nanoparticles. Sil-
er layer was formed on the hollow silica spheres, having thiol
roups on the surface, by using polyol process. From the exper-
mental results, it is obviously confirmed that a large number
f quasi-spherical silver nanoparticles with a size of ∼50 nm in
iameter were formed and these nanoparticles are densely and
niformly attached to the hollow silica spheres. The proposed
rocedure for the immobilization of silver nanoparticles on the
urface of hollow silica particles in this study is facile and eco-
omic since wet etching with hydrofluoric acid or calcinations
s not accompanied.
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