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Abstract
Silica/silver heterogeneous composite particles with hollow structure were successfully prepared by novel strategy including water-in-oil (W/O)
emulsion and polyol process. First, 3-mercaptopropyltrimethoxysilane (MPTMS)-functionalized hollow silica particles were synthesized by adding
tetraethyl orthosilicate (TEOS) and MPTMS successively into W/O emulsion. Second, these hollow particles were coated with silver nanoparticles
through polyol process. After the preparation, a large number of quasi-spherical silver nanoparticles with a size of ∼50 nm in diameter were
densely and uniformly formed at the surface of hollow silica particles. The resulting composite particles were characterized by the transmission
electron microscopy (TEM), the field emission scanning electron microscopy (FE-SEM) including an energy-dispersive X-ray (EDX), and the
X-ray diffraction (XRD) analysis. On the basis of the experimental results, the preparation steps for hollow silica supports and silver layers were
discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
In recent years, many preparation routes [1–7], by which
metal nanoparticles are immobilized onto the various inorganic
supports, have been developed by many scientists to expand
the application area and to control the morphology and the
behavior of nano-materials. These composite materials have
greatly potential application in various fields such as surfaceenhanced Raman scattering (SERS) [8], photonic crystals [9],
catalysis [10], and biochemistry for chemical sensors [11] and
antibacterial materials [12], etc. Especially, silver-supported silica materials, such as silica glass [13] and silica thin films [14],
are expected to be good candidates for antibacterial materials due
to their good chemical durability and high antibacterial activity.
Moreover, these hybrid materials can prevent metal nanoparticles from agglomerating without the use of a stabilizer and be
easily retrieved owing to the relatively large size of supporting materials. As a result, they make it easy to handle metal
nanoparticles. On the other hand, hollow structure often exhibits
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properties that are substantially different from those of general
particles (low density, large specific surface area, stability, and
surface permeability), thus making them has been also attractive
from both a scientific and a technological viewpoints [15].
In this study, to improve the physical properties such as
density and specific surface area per unit mass of heterogeneous composite particles, silica/silver composite particles with
hollow structure were prepared by novel strategy. Generally,
nanostructures with hollow interior are commonly prepared by
coating the surfaces of colloidal particles (e.g., silica bead, silver or gold colloids, and polymer latexes) with thin layers of
the desired materials (or its precursor), followed by selective
removal of the colloidal templates through wet chemical etching or calcinations [16–18]. Recently, we have reported that
micrometer-sized hollow silica particles were synthesized by
sol–gel reaction in water-in-oil (W/O) emulsion as the viscosity
of water droplets in W/O emulsion was controlled with polyethylene glycol (PEG) or polyvinylpyrrolidone (PVP) [19,20].
In this study, as a continuation of our previous research
regarding the immobilization of silver onto the polystyrene
and silica surface by polyol process [21], silica/silver heterogeneous composite particles with hollow structure were
prepared by novel strategy. First, hollow silica particles were
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synthesized by sol–gel reaction in W/O emulsion by adding
the 3-mercaptopropyltrimethoxysilane (MPTMS) into the W/O
emulsion during the sol–gel reaction. Simultaneously, the hollow silica surface was functionalized with thiol groups, which
were used as a chemical protocol between the silica surface and
the silver nanoparticles. To the best of our knowledge, despite
many papers about preparation of the hollow silica particles,
this one step route, which gives a hollow structure and surface modification to silica particles at the same time, has never
been reported yet. And then the dense and uniform silver shell
was successfully formed by polyol process on the surface of
MPTMS-functionalized hollow silica particles, synthesized in
the W/O emulsion. The resulting composite particles with hollow structure were characterized by TEM, FE-SEM including
EDX, and XRD analysis. Also the preparation steps for hollow
silica supports and silver shell were discussed on the basis of
experimental results.
2. Experimental
2.1. Materials
Tetraethyl orthosilicate (TEOS 98%) as a silica source, ndecyl alcohol as an oil phase in emulsion, and hydroxypropyl
cellulose (HPC, average Mw 370,000) as a stabilizer of emulsion
structure were purchased from the Aldrich Chemical Company. The 3-mercaptopropyltrimethoxysilane (MPTMS) as a
chemical protocol and sorbitan monooleate (Span 80) as a
low-HLB (hydrophilic–lipophilic balance) surfactant to disperse the water droplets were purchased from Sigma Chemical
Company. Ammonium hydroxide (NH4 OH 25%, Wako Pure
Chemical Industries, Japan) was used as a catalyst and absolute ethanol (HPLC grade 99.9%, DUKSAN Pure Chemical
Company, Korea) was used as a washing reagent. Silver nitrate
(AgNO3 99.995%, Aldrich) was used as a silver ion source.
Ethylene glycol (Yakuri Pure Chemicals Company, Japan) and
polyvinylpyrrolidone (PVP, K-15, Mw 10,000, Junsei Chemical Company, Japan) were used to reduce silver ions by polyol
process. All materials were used as received. The water used
in this study was deionized by Milli-Q Plus system (Millipore,
France), having 18.2 M electrical resistivity.
2.2. Preparation of MPTMS-functionalized hollow silica
particles in W/O emulsion
First of all, to prepare MPTMS-functionalized silica particles
with hollow structure, W/O emulsion was prepared as follows.
An external oil phase was prepared by dissolving 0.4 g of HPC
in n-decyl alcohol (43.1 g), and then kept at 80 ◦ C for 4 h to
dissolve HPC completely. Then the oil phase was kept at 40 ◦ C.
After 30 min, 1.5 g of span 80 (a low-HLB surfactant) was added
into the oil phase. HPC and span 80, added into the external oil
phase, increased the stability of the W/O emulsion structure. The
internal water phase was prepared by adding 0.15 g of NH4 OH
(3 wt%) as a catalyst into the water (4.85 g). As a final step of the
preparation of W/O emulsion, the water phase was added into the
external oil phase. The weight ratio of water phase to oil phase
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in the emulsion was kept at 1:9. To disperse the water phase into
the oil phase, agitation was performed using the magnetic stirrer
at 40 ◦ C for 1 h.
The sol–gel reaction for the formation of silica particles was
initiated by adding TEOS into W/O emulsion. After 1 h reaction,
MPTMS was added into the reaction system in order to obtain
silica particles with hollow structure and terminal thiol groups
at the surface of silica. The molar ratio of water to TEOS and
MPTMS was 10 and 50, respectively. Sample was prepared in
the experimental beaker and kept for 23 h with soft agitation
using small magnetic stirrer. After the reaction was completed,
the sample was centrifuged at 2000 rpm for 15 min to obtain
resulting hollow particles. In order to remove the un-reacted
materials such as polymer, n-decyl alcohol, and surfactant, the
precipitates were washed with absolute ethanol two times. Then,
these particles were dried in an incubator at 40 ◦ C for 1 day.
2.3. Preparation of silver shell on the hollow silica
particles
To prepare silver shells on the hollow silica surface modified with thiol group, polyol process was employed [22–25].
Silver nanoparticles were deposited on the silica surface as follows; 0.1 g of dry hollow silica particles functionalized with
thiol groups was dispersed in 95.7425 g of ethylene glycol. After
completely dispersion, 4 g of PVP was added into the mixture.
In order to completely dissolve the PVP without a distortion
of polymer chain, the mixture was softly stirred with magnetic
stirrer for 1 day. And then, 0.1575 g of AgNO3 was dissolved
in the mixture. After all additives were completely dissolved,
the mixture solution was heated with reflux; the reaction was
conducted at 25 ◦ C for 12 h, 40 ◦ C for 4 h, and at 60 ◦ C, 90 ◦ C,
110 ◦ C for 1 h, respectively. Increasing rate of the temperature
was kept at the rate of 3 ◦ C/min.
2.4. Characterization
To investigate the morphological properties of silica/silver
composite particles with hollow structure, the transmission
electron microscopy (TEM, JEOL-model JEM-2000EXII) was
operated at 200 kV. All specimens for TEM analysis were prepared as follows; a drop of solution was placed on the TEM grid
(a copper grid pre-coated with amorphous carbon) and was dried
in drying oven at 40 ◦ C for 1 day before observation. The field
emission scanning electron microscopy (FE-SEM, JEOL JSM6700F) was operated at acceleration, voltage of 5.0 kV. Some
specimens were also placed on the TEM grid for FE-SEM analysis. Before the FE-SEM observation, all samples were coated
with platinum by sputtering for 3 min at 10 kV.
The chemical composition of the silica/silver composite particles was investigated with an energy-dispersive X-ray (EDX)
component attached to FE-SEM. In addition, mapping images
of silicon, sulfur, and silver in this sample were obtained. X-ray
diffraction (XRD) was carried out on a Rigaku D/max-2500 Xray diffractometer operating at 40 kV and 100 mA with the Cu
K␣ radiation (λ = 0.15418 nm) at a scanning rate of 4◦ /min in
2θ ranging from 10◦ to 80◦ .
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3. Results and discussion
3.1. Preparation and characterization of the
MPTMS-functionalized hollow silica spheres
Since Stöber in 1968 introduced a method for the preparation of monodisperse silica particles from aqueous solutions of
silicon alkoxides containing ammonia, the sol–gel method has
been successfully used for the preparation of many inorganic
particles [26–28]. For the preparation of monodisperse spher-

ical silica particles, the emulsion technique has occasionally
been utilized. In our previous studies, silica particles with hollow structures and various surface shapes were synthesized by
the addition of water-soluble polymer such as PEG and PVP in
water phase of W/O emulsion [19,20]. To prepare silica-metal
composites, the modification of the surface of silica particles by
APTMS and MPTMS is mostly required [29,30]. As a result,
the materials for the control of the shape and the modification of the surface should be used at the same time. However,
in this system, spherical silica particles with hollow structure

Fig. 1. TEM images of hollow silica spheres functionalized with MPTMS at (A) 3.5 h, (B) 12 h, and (C) 24 h reaction time and (D) FE-SEM image of the same
sample with TEM image (C).
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were obtained not by dissolution of polymers in the water
phase but by the addition of MPTMS into the oil phase in
W/O emulsion, which have thiol groups from MPTMS on the
surface.
It is well known that thiol groups attach to silver ions by
the cleavage of an S–H bond and the spontaneous formation
of an S–Ag bond [31,32]. As a result of unique behavior
of thiol groups containing sulfur atom, chemicals containing
thiol groups have been widely used as chemical protocols to
make various metal–polymer and metal–metal oxide composites
[30,32,33]. In addition, compounds containing sulfur, including metal sulfide such as cadmium sulfide, are known as an
excellent “adsorbent” for metal ions [34]. Therefore, the introduction of thiol groups by adding TEOS and MPTMS by stages
is very important in this experiment because they were used as
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a chemical protocol to deposit silver nanoparticles on the silica
surface.
The reaction system is W/O emulsion in which water including the ammonium hydroxide as a catalyst is dispersed in
n-decanol as a form of droplet. TEOS and MPTMS molecules as
silica sources are dissolved into the continuous phase, n-decanol,
because they are initially hydrophobic. When they are contacted with the interface of water droplets containing ammonium
hydroxide, sol–gel reaction of TEOS and MPTMS molecules
takes place. As a result, surface-modified hollow particles can be
synthesized by control of hydrolysis and condensation of TEOS
and MPTMS at the interface between water and n-decanol. Fig. 1
shows the TEM and FE-SEM images of the typical hollow
particles functionalized with thiol groups. In TEM images of
Fig. 1(A)–(C), the hollow silica particles synthesized at differ-

Fig. 2. (A) TEM and FE-SEM images of silica particles with hollow shape (B) before crushed and (C) after crushed.
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ent reaction times were observed. The wall thickness increases
as the reaction time after the addition of MPTMS increases; it is
about 20 nm at 3.5 h, about 80 nm at 12 h, and above 130 nm at
24 h. When the reaction times are 3.5 h and 12 h, though the hollow spherical particles were observed by TEM, most of collected
particles are shown as crushed in FE-SEM images because the
wall thickness is too thin to support the spherical shape during the drying and collecting process. However, over 24 h, the
spherical shape of final products is retained because the shell
has enough thickness to bear the external pressure. In FE-SEM
image of Fig. 1(D), it is obviously confirmed that hollow silica particles were successfully synthesized in W/O emulsion by
adding TEOS and MPTMS.
In particular, the dark band in the interior of the shell was
observed as shown in Fig. 1(C). It is thought that the formation of the dark band is related to chemical property of MPTMS
and the initial condensation reaction site of MPTMS and TEOS
within water droplets. Unlike TEOS that has four hydrolysis
sites (OCH2 CH3 ), MPTMS has three reactive sites (OCH3 ),
and one non-reactive site (CH2 )3 SH. Although MPTMS has a
hydrophilic property through the hydrolysis process, the nonreactive site maintains the hydrophobic property of MPTMS
molecules. While they have hydrophilic and hydrophobic properties through the hydrolysis, TEOS molecules have only
hydrophilic property. It is shown that this chemical property influences the co-condensation of MPTMS and TEOS.
Hydrolyzed MPTMS molecules may be located near interface of
the water droplets rather than the core because of their hydrophobic property. The condensation of MPTMS and TEOS primarily
takes place around that concentrated region and the thin silica shell is formed. While the contact of silica sources in oil
phase and water inside the shell is restricted, the contact of silica
sources and water in the outside of the shell is advanced continuously. Also, since the condensation reaction primarily occurs

around the as-synthesized silica shell, the dark band is formed
and thickened with time, which is the denser part formed by
the three-dimensional networking condensation of hydrolyzed
silica sources. Through this procedure, the growth of the silica
shell takes place and the dark band is formed.
The whole morphology of the silica spheres have been
demonstrated by TEM and SEM images in Fig. 2. Fig. 2(B) and
(C) shows two silica particles before and after crushed. Before
crushed (Fig. 2(B)), silica particles have micron-sized spherical
shape and exhibit some creators on surface because of hollow
type structure. When the sample is crushed mechanically, the
hollow structure of silica particles was observed in Fig. 2(C).
3.2. Preparation and characterization of silica/silver
composite particle with hollow structure
To coat hollow silica spheres with silver nanoparticles, polyol
process was employed as a reduction method for silver ions. The
preparation steps of silver shell can be explained as follows. At
the first stage of the reaction, MPTMS-functionalized hollow
silica particles and PVP are dissolved into the ethylene glycol.
After completely dissolution of PVP, AgNO3 is added into the
system. In this stage, some silver ions are bonded with thiol
groups of the silica surface by the cleavage of an S–H bond and
the spontaneous formation of an S–Ag bond [31,32]. In the second stage, Ag+ ions are reduced to Ag0 metal state by ethylene
glycol and PVP, and silver nuclei are formed and immobilized
on the surface of the MPTMS-functionalized hollow silica particles. Finally, silver nanoparticles are formed on the silica surface
by growth of nuclei [35] as the thermal energy is supplied to the
system by heating at a given temperature.
The morphology of silica/silver composite particles was
investigated by TEM and FE-SEM observations. In Fig. 3(A),
it is confirmed that MPTMS-functionalized silica spheres with

Fig. 3. (A) TEM and (B) FE-SEM images of silica/silver composite particles with hollow structure.
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hollow structure were uniformly and densely coated with silver nanoparticles by polyol process. Compared to hollow silica
particles in Fig. 1(C), the density of outer shell was clearly
increased after the coating process. This is a good evidence
of formation of silver shell on the hollow silica spheres. The
surface morphology of the resulting particles can be observed
from the FE-SEM image as shown in Fig. 3(B). In this figure, it
is obviously observed that silver nanoparticles with ∼50 nm in
diameter, having narrow size distribution and spherical shape,
are homogeneously immobilized onto the hollow silica spheres.
The chemical composition of resulting silica/silver composite
particles with hollow structure was analyzed by EDX elemental analysis as shown in Fig. 4(A). The electron beam for EDX
analysis was focused on the particle shown in Fig. 3(B), at the
low magnification. In this pattern, Si, S, and Ag peaks are clearly
shown, which indicates that MPTMS-functionalized hollow silica particles were successfully coated with silver nanoparticles
by polyol process. In addition, mapping images of silicon K␣1,
sulfur K␣1, and silver L␣1 obviously show the position of each
element as shown in Fig. 4(B)–(D). In these figures, dark spots
indicate the presence of the each element. This result means that
silver particles were homogeneously immobilized onto the silica
surface functionalized with MPTMS without formation of separated silver domain consisting of enlarged or aggregated silver
particles. This result also shows good agreement with that of
TEM and FE-SEM observations. The XRD pattern of result-
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Fig. 5. XRD pattern of the hollow silica/silver composite particles.

ing particles is shown in Fig. 5. Formation of face-centered
cubic (FCC) phase of silver was confirmed; diffraction peaks
at 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
FCC phase of silver. This fact is a good evidence of the presence
of silver shell with high crystallinity.
4. Conclusions
Silica/silver heterogeneous composite particles with hollow
structure were successfully prepared by novel strategy. Hollow
silica particles were synthesized through the sol–gel reaction
by adding the TEOS and MPTMS by stages into the W/O emulsion. Simultaneously, the surface of silica particles was modified
with thiol groups of the MPTMS, which were used as chemical
protocols between silica surface and silver nanoparticles. Silver layer was formed on the hollow silica spheres, having thiol
groups on the surface, by using polyol process. From the experimental results, it is obviously confirmed that a large number
of quasi-spherical silver nanoparticles with a size of ∼50 nm in
diameter were formed and these nanoparticles are densely and
uniformly attached to the hollow silica spheres. The proposed
procedure for the immobilization of silver nanoparticles on the
surface of hollow silica particles in this study is facile and economic since wet etching with hydrofluoric acid or calcinations
is not accompanied.
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