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A facile and effective approach has been developed to prepare hybrid hollow microspheres, via consecutive
processes of pickering mini-emulsion polymerization for core-shell formation, and calcination of the sacrificial
core. The resulting hollow composite particles have mono-layered shells. The morphology and size
characteristics of synthesized composite particles were investigated, using dynamic light scattering (DLS) and
scanning electron microscopy (SEM) measurements.
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Introduction
In recent years, hollow composite particles have been
utilized in a wide range of applications, such as drug delivery,
coating, catalysis, cosmetics and inks,1-4 since when compared with common composite particles, they show remarkably improved mechanical, chemical, electrical, and optical
properties. These properties can be tuned for hollow particle
fabrication via appropriate construction of key components,
core, and shell.5-8 The hollow particles are composed of
outer shell and inner cavity. The typical structure is made via
a consecutive two-step process: 1) the formation of organicinorganic composites in core-shell shapes, and 2) chemical
and/or thermal removal of the organic core materials.
The most common method to make organic-inorganic
composites is the direct mixing of polymeric seeds in
mixture solutions containing inorganic nanoparticles, such
as silica (SiO2), titanium oxide (TiO2), zirconium oxide
(ZrO2), and tin dioxide (SnO2).9-12 However, this method has
a critical limitation in coating the inorganic nanoparticles on
the surface of the polymer seeds, owing to their high incompatibility. As a result, both the seeds and the nanoparticles easily aggregate by themselves. Even when the
nanoparticles are physically coated onto the seed, the resulting organic-inorganic composites have fairly wide particle
size distribution.
To date, there have been several trials to solve these problems. One way is to enhance the compatibility between the
polymeric seeds and the inorganic nanoparticles, by chemically incorporating functional groups on the seed surface,
which cause physical interactions (e.g., hydrogen bonding)
with the inorganic nanoparticles.13-15 Though this approach
is helpful in preventing both seeds and inorganic nanoparticles from spontaneously aggregating, it is still difficult
to obtain organic-inorganic composites with evenly controlled particle sizes and narrow size distribution patterns. Another
way is to use organometallic particles chemically converted
from inorganic precursors (e.g., inorganic alkoxides) via solgel reactions, instead of inorganic nanoparticles.16 Conse-

quently, organometallic particles are obtained with uniformly controlled sizes, and the physical interaction with polymeric seeds is further enhanced. However, it is very hard to
form a monodispersed organometallic layer on a polymeric
seed.
In this study, we report a novel strategy for fabricating
mono-layered hollow composite particles, via a pickering
mini-emulsion polymerization reaction of colloidal polyermic
core particles and organometallic shell particles, and a calcination, for selective removal of the polymeric core.17 Here,
the compatibility issue in the core-shell particles can be
completely avoided, since the reactive sites (e.g., double
bonds) on polymer core particles chemically react with sites
on the organometallic shell particles.
Experimental
Materials. Tertiary butyl methacrylate (tBMA), ethylene
glycol dimethacrylate (EGDMA), 3-(trimethoxysily)propyl
methacrylate (γ-MPS), and tetrahydrofuran (THF) were purchased from Tokyo Kasei Organic Chemicals (Tokyo, Japan),
and purified, prior to all the polymerization and treatment
processes. Dodecylbenzenesulfonic acid sodium salt (SDBS),
and ammonium hydroxide solution (30 wt %), potassium
persulfate (KPS) were purchased from Kanto Chemical
Reagent Co (Japan).
Synthesis of Cross-linked tBMA Core Particles (CCPs).
CCPs were synthesized in a 200 mL flask with a nitrogen
inlet, a condenser, and a mechanical stirring machine. First,
tBMA (5.8 mL, 36.2 mmol) and EGDMA (1.7 mL, 9.01
mmol) were preheated to 95 oC in deionized water (150
mL), and flushed with nitrogen. KPS (0.206 g, 7.6 mmol)
used as an initiator was then dissolved in 50 ml of deionized
water under nitrogen atmosphere at 90 oC in a 10 mL flask.
After 20 min, the aqueous KPS solution was added to the
flask containing tBMA and EGDMA for polymerization.
The reaction mixture was stirred at 800 rpm and 95 oC for 2 h.
Here, the reaction medium was kept at pH 4. The obtained
colloids were purified from large agglomerations by filtration
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through a standard paper filter, and centrifugation.
Synthesis of the Silica-functionalized Composite Particles
(SCPs). SCPs were prepared by emulsion polymerization of
tBMA and γ-MPS. t-BMA (4 mL, 2.46 × 10−2 mol), MPS (1
mL, 4.2 × 10−3 mol), KPS (0.1 g, 0.37 mmol), octane (0.2
mL, 1.2 mmol), SDBS (0.14 g, 0.4 mmol), and deionized
water were added into a 100 mL three-neck glass reactor
equipped with a mechanical stirrer, a fluxing condenser, and
a nitrogen inlet system. This polymerization was carried out
at 80 oC for 2 h, to obtain the composite particles with
silanol (Si–OH) groups on their surface. The resulting latex
was filtrated with a Buchner funnel, and the filter cake was
washed, using deionized water.
Formation of Core-Shell Composite Particles (CSPs)
and Hollow Composite Particles (HCPs). 0.7 mL of ammonium hydroxide and 0.7 g of CCPs were added into 20
mL of ethanol under stirring at 30 oC. Then, 1.8 g of SCP
was added dropwise into the suspension at a rate of 1 mL/
min, using a syringe pump. The reaction was maintained at
30 oC for 3 h. CSPs were separated from the reaction medium,
by centrifuging at ca. 8,000 rpm. Finally, HCPs were
produced by drying at room temperature, and calcinating
under nitrogen atmosphere at 450 oC for 2 h.
Characterization. The morphology and the average size
of synthesized particles were investigated by JEOL JSM7500F scanning electron microscopy (SEM, Tokyo, Japan). The
number-average particle diameter (Dn) and particle size
distribution [weight-average particle diameter/number-average particle diameter (Dw/Dn)] were determined through a
survey of 300 samples selected from the SEM images. The
hydrodynamic radius (Rh) of each particle was evaluated by
Stokes-Einstein equation: Rh = kT/6πη0D0, where k, T, and
η0 are the Boltzmann constant, absolute temperature, and
solvent viscosity, respectively. The diffusion coefficient (D0)
was determined using dynamic light scattering (angle = 90o,
He-Ne laser: λ0 = 632.8 nm) on DLS-8000PNA (Otsuka
Electronics, Tokyo). Deionized water and ethanol were used
as solvents to disperse CCPs and CSPs, respectively. Prior to
the measurement, each dispersed solution was filtered through
a membrane filter, with 2 μm of nominal pore size.
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procedures to obtain CCPs, SCPs, CSPs, and targeted HCPs.
CCPs, which were chosen as the seed particles in this study,
were made via surfactant-free emulsion polymerization in
the presence of EGDMA used as a crosslinker, following
published procedures.18 The total monomer conversion was
in the range of 78-80%. The SEM image of Figure 1(a)
shows that the core particles are of spherical shape. Based on
the SEM image, the particle size distribution (Dw/Dn =
1.002) is extremely narrow. This means that the size of CCPs

Results and Discussion
Synthesis of CCPs. Scheme 1 presents brief preparation

Scheme 1. Reaction scheme for HCP synthesis.

Figure 1. (a) SEM image, and (b) size distribution of CCPs.
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is almost identical. The same result is also obtained in DLS
measurement (Figure 1(b)). The average hydrodynamic diameter (Dh = 190 nm) is comparable to the number-average
diameter (Dn = 180 nm).
Synthesis of SCPs. It is difficult to form stable latex
particles via a conventional emulsion polymerization. The
resulting latex particles have a variety of surface structures
and properties, under a wide particle size distribution. In
contrast, the mini-emulsion polymerization can be effectively used to prepare SCP latex particles with uniformly controlled features, including particle size, and surface structure.
The critical consideration for the targeted SCP synthesis is to
minimize the hydrolysis of the alkoxysilane in MPS. For this
purpose, precise reaction controls were taken. The monomer
ratio of MPS to tBMA was chosen as 1 to 4, considering
both their solubility in water, and the degree of polymerization. Note that the water solubility of MPS is much higher
than that of tBMA. The hydrolysis-condensation behavior of
MPS is highly dependent on the pH of the reaction medium.
The acidity of the mini-emulsion polymerization was kept at
pH 4, which value is induced only by sulfate groups in KPS
initiators. Under the acidic condition, KPS catalyzes the

Figure 2. (a) SEM image, and (b) size distribution of SCPs.
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hydrolysis and condensation of MPS. SDBS and octane
were used as a surfactant and co-surfactant, respectively.
Water soluble SDBS adsorbs onto the intermediate particles
obtained from the reaction between MPS and tBMA, and
promotes the selective desorption of the hydrolyzed alkoxysilane moieties. Octane also contributes to the stabilization
of the resulting colloidal particles. The conversion of SCPs
was in the range of 90%, when the conventional gravimetric
method was applied. Figure 2 shows the average particle
size and the particle size distribution. Based on the SEM
images, the Dn value is 33 nm, which value is within the
particle size range of Figure 2(b). Dw/Dn (1.01) is narrow
enough to show a uni-model pattern in the solution state.
Formation of CSPs and HCPs. The core-shell structure
of CSPs is formed with a CCP core, and a shell layer made
up of SCPs. The reaction conversion was about 90%. Under
an ammonia-catalyzed condition, SCPs are rapidly adsorbed
on the CCP surface, and form strong covalent bonds with the
core, via hydrolysis and the condensation of MPS. Figure
3(a) shows a SEM image of CSPs. The average size of CSPs
is about 210 nm. Different from CCPs and SCPs, CSPs have
raspberry-shape morphologies, where the surface is somewhat uneven and erratic. The calcination of CSPs at 450 oC
leads to the formation of a hollow structure in HCPs, whose
shell is composed of a monolayer (see Figure 3(b)). The
structural integrity may be derived from the thermal degradation of the polymeric core, and the thermal fusion of

Figure 3. SEM images of (a) CSPs, and (b) HCPs.
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Figure 4. Thermal degradation behavior of CCPs and CSPs.

polymeric components in the shell layers of CSPs. The
thermogravimetric analysis (TGA) results of Figure 4 demonstrate that the thermal transition yield percent from CSPs to
HCPs is 9%.
Conclusion
In this work, mono-layered hollow composite particles
were successfully obtained after the calcination of core-shell
composites, which were synthesized using a pickering miniemulsion polymerization. The synthetic technique is expected to be directly applied to make multi-layered hollow
composite particles, through sequential activation of core
and shell materials.19,20 The structures of hollow composite
particles can also be tuned, via the appropriate combination
of monomers to determine polymeric template shapes.
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