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The fabrication of functional hollow particles is of great
scientific and technological interest for purposes of applications ranging from drug delivery, coatings, photonic
devices, and nanoscale reaction vessels.1-3 Various methods,
including approaches such as spray drying, emulsion templating techniques, and self-assembly processes, have been
described for the preparation of hollow spheres out of latex,
metal, and inorganic materials.4-11
Among the various structures of these particles, the coreshell structure is a powerful platform for controlled release,
confined nanocatalysis and optical and electronic applications.12 A hybrid of the core-shell structure, termed the
yolk-shell or rattle-type structure, is a special class of coreshell structures with a distinctive core@void@shell configuration which has attracted great interest in recent years.13-15
With the unique properties of movable cores, interstitial
hollow spaces, and the functionalization of the shells, yolkshell structures have great potential for application in various fields, including nanoreactors, biomedicine, lithium-ion
batteries, and photocatalysis.16-20 Although various yolkshell structures with different types of cores and different
particle sizes have been successfully prepared, the control of
shell thickness of yolk-shell type particles has been less well
studies.21-23 Therefore, the investigation of the control of
thickness and crystalline structure of yolk-shell type particles
is valuable. Here we report the control of shell thickness in
yolk-shell particles. The crystalline structure of the yolkshell particle has also been characterized by annealing at
different temperatures.
The route for the preparation of yolk-shell (TiO2@SiO2)
titanium-silica particles is given in Scheme 1. After being

dried in an oven at 50 °C for 2 h, titanium particles can be
coated with silica under Stöber conditions. Silica coating of
the dried titanium results in TiO2@SiO2 particles. Upon
calcination at 600-625 °C for 15-60 min, the greater porosity
of the titanium cores of TiO2@SiO2 particles causes them to
shrink more than the silica component and gives rise to
TiO2@SiO2 particles.
A TEM micrograph of the bare titanium particles is given
in Figure 1(a) and the TiO2@SiO2 particles, which display
the shrinkage that occurred after calcination, are shown in
Figure 1(b). We found the size of the particles to be 650-680
nm (5% polydispersity) and the shell thickness to be 100120 nm, with an inner core of 340-360 nm. The void
between the shrunken core and the silica shell was 70-130
nm depending on the particle size and the calcination time.
To corroborate that the synthesized particles have SiO2
layers, an elemental analysis was conducted to identify the
presence of Si and SiO2 in the particles.24 The EDX analysis
showed that the TiO2@SiO2 core/shell particles consisted of
Ti:Si in the ratio of 41:11% (Figure S1). Furthermore, FTIR
studies were also conducted to determine the presence of
specific functional groups and intra and/or intermolecular
interactions between various groups in the sample (Figure
S2). The FTIR spectrum of pure TiO2 particles after calcination at 600 oC showed distinctive vibrational bands about
500-600 cm−1, known to be the asymmetric, symmetric and
bending modes of Ti–O–Ti, respectively (Figure S2(a)).25
However, a new band at 958 cm−1, attributed to the vibrational stretching band of Ti–O–Si, was observed in addition
to the three bands of Si–O–Si in the FTIR spectrum of
TiO2@SiO2 particles after calcination at 600 oC (Figure
S2(b)). This further supports the conclusion that Si was

Scheme 1. Synthetic route of a yolk@shell type acryl functionalized TiO2@SiO2 particles.

Figure 1. TEM images of (a) dried TiO2 particles at 50 °C and (b)
TiO2@SiO2 particles after calcination at 600 °C for 15 min.

Notes

Figure 2. The XRD patterns of (a) TiO2 particles and (b)
TiO2@SiO2 particles; A: anatase, and R: rutile.

covalently bonded to the surface of TiO2 nanospheres, thus
forming TiO2@SiO2 nanospheres.26
To further analyze the crystalline behavior of the TiO2@SiO2
particles with respect to the ratios of Ti:Si obtained at
different calcination temperatures, we employed X-ray diffraction (XRD) and the results are shown in Figure 2(a) and
2(b), respectively. The XRD patterns of the particles show
that all the peaks became narrower by heating which indicated
a greater degree of crystallinity of these TiO2@SiO2 particles.
Furthermore, the XRD pattern of the hollow particles annealed at 800 oC showed new peaks for the rutile phase of
TiO2 at around this temperature, in addition to the peaks
from the anatase phase. The synthesized particles in this
study also showed very similar behavior to the phase change
of bulk TiO2, from anatase to rutile structures. The phase
change temperature of the TiO2@SiO2 particles was slightly
higher than that of bulk TiO2 particles. The phase transition
was also observed by FT IR spectroscopy (Figure S3). The
vibration peak of the Ti-O bond appeared at 588 cm−1 at the
calcination temperature of 800 oC. On the other hands, after
treatment at 900 oC, the vibrational peak of the Ti-O bond
appeared at 625 cm−1 (Figure S3(a) and Figure S3(b)),
because the bond length of Ti-O of the anatase form is
longer than that of the rutile form.27 In comparison of the
wavenumber of Ti-O peak from the TiO2 and TiO2@SiO2
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Figure 3. TEM images of TiO2@SiO2 particles by changing the
reaction time in reactor; (a) 10, (b) 20, (c) 30 and (d) 40 minutes.
(e) The plot for the average thickness of silica shell against
reaction time. Scale bar: 500 nm.

particles against the calcination temperature, TiO2@SiO2
particles showed relatively higher anatase phase stabilities
than the pure TiO2 particles (Figure S3(b) and Figure S3(d)).
The thickness of the shell layer of TiO2@SiO2 particles
was controlled by the reaction times. As shown in Figure 3,
the thickness of shell layer of the particles increased. For
dried titanium, the deposition of the silica occurred mainly
on the surface of the TiO2 nanoparticles. The shortest shell
thickness is ca. 50-60 nm when the TiO2 is not fully dried.
However, shell thickness is ca. 100-120 nm when TiO2 was
thoroughly dried. TiO2@SiO2 prepared from dried TiO2 was
more shrank than that of TiO2@SiO2 prepared from undried
one. In spite of large shrinkage, the surface area of TiO2@SiO2
prepared from dried TiO2 after calcination showed of 250
m2/g (Figure S4).28
Finally, since inorganic-organic hybrid materials offer much
versatility, we attached a functional group onto the surface
of TiO2@SiO2 particles. Methoxysilyl propyl acrylate (MPA)
as the organic matrix was used to provide the inorganicorganic hybrid materials, acrylated TiO2@SiO2 particles. We
observed the FTIR spectra of the TiO2@SiO2 particles
before and after attachment of MPA by covalent bond. A
noticeable distinction between the FTIR spectrum of the
acrylated TiO2@SiO2 particles and that of pure TiO2@SiO2
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particles was the absence of the band around 1735 cm−1,
corresponding to the carbonyl group, -C=O of MPA, bound
to the TiO2@SiO2 particles (Figure S5). This data also
further supports the presence of MPA covalently bound on
the surface of the TiO2@SiO2 particles. In addition, we
performed elemental mapping by energy dispersive X-ray
spectroscopy (EDX) technique coupled with TEM measurements. After attachment of MPA, the material (Figure S6(a))
contained silicon (Figure S6(b)), titanium (Figure S6(c)),
carbon (Figure S6(d)), and oxygen (Figure S6(e)) components. These findings strongly support the view that the MPA
was immobilized onto the surface of the SiO2 layer.
In our preliminary study, we have photo-polymerized the
acrylated TiO2@SiO2 particles onto the surface of polyacrylic
acid using UV irradiation. The particles were homogeneously attached onto polyacrylic acid, as observed by the TEM
images. These results support the idea that the TiO2@SiO2
hybrid particles could act as a new additive to enhance
several physical properties, such as mechanical strength and
reflectivity.
In conclusion, TiO2@SiO2 yolk/core shell particles were
obtained by a sol-gel polymerization. The shell thickness of
TiO2@SiO2 can successfully be controlled by sol-gel reaction
times. The anatase structure of TiO2@SiO2 was more stable
than that of TiO2 particles calcinated at higher temperature.
Moreover, acrylate-functionalized TiO2@SiO2 particles were
also successfully synthesized using the TiO2@SiO2 particles
as building blocks by copolymerization of trimethoxysilyl
groups of MPA with the existing hydroxyl groups on the
surface of TiO2@SiO2 particles. Furthermore, TEM, EDX,
and FTIR studies confirmed that MPA had been successfully
grafted to the surface of TiO2@SiO2 particles. Finally, we
believe that the present results showing the development of
surface functionalized particles can be very useful in the
fields of various functional applications, and could be
extended to more sophisticated hybrid materials.

Notes

of ethanol, 1.7 mL of water and 1.25 mL of aqueous ammonia
solution under sonication for 10 min. 3-(Trimethoxysilyl)propyl acrylate (0.1 mL) was added to the solution. The
solution was stirred for 1 day and the particles were collected
by centrifugation at 3000 rpm for 10 min. The resulting
particles were washed with ethanol and dried in vacuum.
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