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ABSTRACT Monodispersed SiO2-shell/ZnO-core composite nanospheres have been prepared in an oil-in-water microemulsion system.
By using cyclohexane as the oil phase and Triton X-100 as the surfactant, composite nanospheres with high core loading levels and
tunable shell thickness were obtained. Utilization of PVP capping agent on ZnO allowed the synthesis of composite nanospheres
without forming any coreless SiO2 spheres or shell-less ZnO particles. The photoactivity of ZnO nanoparticles was greatly reduced by
SiO2-coating, which enables their applications as durable, safe, and nonreactive UV blockers in plastics, coating, and other products.
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INTRODUCTION

SiO2-based composite nanospheres are of particular
interest to many applications because of their bio-
compatibity, chemical stability, and ease of surface

modification with a wide range of functional groups. By
incorporating other types of materials, such as quantum dots
(1) or magnetic nanoparticles (2–4), the composite nano-
spheres can become multifunctionalized. However, a com-
mon problem of SiO2-based composite nanospheres that are
multifunctionalized by core materials is that only a relatively
limited degree of the new functionality is realized because
of the low loading levels of core nanoparticles (2). To
increase the functionality that arises from the incorporated
nanoparticles in the SiO2 spheres, it is of interest to achieve
high loading levels of nanoparticles in each SiO2 sphere. To
date, only a limited number of studies have reported that
high loading levels of functional materials were incorporated
in SiO2 spheres (5), especially for small particles, i.e., ∼50
nm (1, 6).

Nanosized zinc oxide (ZnO) has attracted increasing
attention as one of the multifunctional inorganic nanopar-
ticles because of its promising applications in solar cells (7),
electronic devices (8), ultraviolet (UV)-light detectors (9),
photodiodes (10), and catalysis (11). ZnO has also been
widely used as an excellent UV absorber in outdoor textiles
and personal-care products (12, 13). However, the applica-
tion of ZnO as an UV absorber is limited in many practical
areas because of the inherent photocatalytic activity of ZnO
which results in color fading of fabrics (14) and potential
damage of the skin cells (15). It is expected that fabrication
of a SiO2-shell around ZnO nanoparticles would reduce the

photocatalytic activity, because of the entrapment of pho-
togenerated electrons and holes inside of the SiO2 shell.
Multiple ZnO core in those composite nanospheres is ad-
vantageous for high UV screening efficacy.

In this work, we demonstrated the preparation of mono-
dispersed ZnO-core/SiO2-shell core-shell-structured nano-
spheres with high core loading levels, using a modified
microemulsion method. Although the reverse microemul-
sion technique had been used in the past to apply SiO2

coatings on II-IV semiconductor quantum dots (6), gold and
silver nanoparticles (16), and magnetic iron oxide nanopar-
ticles (2, 17), to the best of our knowledge, this is the first
time the technique has been successfully applied to ZnO to
form ZnO-core/SiO2-shell composite nanoparticles.

EXPERIMENTAL SECTION
First, hydrophilic PVP-capped ZnO nanoparticles were

synthesized separately according to a previous report (18).
A reverse microemulsion system was prepared separately
by sonicating the mixture of polyethylene glycol octylphenyl
ether (1.77 g Triton X-100) and n-hexanol (1.8 mL) in
cyclohexane (7.5 mL). Next, 480 µL of PVP-ZnO disper-
sion (2 mM water) was added to the reverse microemul-
sion medium. After NH4OH (29.4% 60 µL) was added to
the mixture, the medium was stirred to make uniform
emulsion system. Finally tetraethyl orthosilicate (TEOS, 100
µL, Aldrich) was mixed in the system. The mixture was aged
for different durations up to 48 h. The resulting SiO2-coated
ZnO composite nanoparticles were collected by centrifuging,
followed by washing and redispersion in ethanol or deion-
ized water. The whole process was carried out at room
temperature.

X-ray diffraction (XRD) data were obtained on a Phillips
PW-1729 Diffractometer (35 kV, 28 mA) with Cu-kR radia-
tion at a scanning rate of 2.4° min-1. The morphologies and
structures of the samples were investigated by transmission
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electron microscopy (TEM) on a JEM-2100 with an accelera-
tion voltage of 200 kV. The optical absorption spectra of the
samples were obtained using a Varian Cary 3E UV/vis
spectrophotometer. In the photocatalytic activity test, Rhod-
amine B (RhB) was used as a probe molecule to evaluate the
photocatalytic activity of PVP-capped ZnO and ZnO-core/
SiO2-shell composite nanoparticles in respond to UV and
visible light irradiation.

RESULTS AND DISCUSSION
A typical TEM image of the uncoated PVP-capped ZnO

nanoparticles is shown in Figure 1a. The nanoparticles were
monodispersed and single-crystalline. TEM image analysis
revealed that the average diameter was 4.6 nm and the size
distribution was ∼85%. UV/vis spectroscopy showed that
the optical absorption wavelength associated with the band-
gap energy shifted to a lower value than that of bulk ZnO
(375 nm) (19), indicative of a quantum confinement effect
(Figure 2b). XRD spectra confirmed that the ZnO nanopar-
ticles had the wurtzite-type crystal structure (Figure 2a). After
hydrolysis and condensation of TEOS in the microemulsions
for 12 h, a mixture of primary particles and large particles

(24-50 nm) that approached a spherical morphology was
observed (Figure 1b). After 24 h of reaction time, only highly
monodispersed spherical particles were formed (Figure 1c),
where a SiO2 shell was developed around the core that
consisted of many ZnO nanoparticles (Figure 1d). All the
ZnO nanoparticles in the core appeared individually dis-
persed in the SiO2 matrix. PVP-capped ZnO nanoparticles
were always in the center of the composites. The surface of
the nanospheres appeared quite smooth. TEM image analy-
sis revealed that the composite nanospheres were quite
uniform in size (Figure 1d) with an average diameter of 48.5
( 2.1 nm and a size distribution of ∼4% (Figure 1f). No
coreless SiO2 spheres or shell-less ZnO nanoparticles were
found by TEM study. As the reaction time was prolonged
from 24 to 48 h, the shell thickness increased from 11 to 25
nm (Figures 1c and 1e).

To prove that the dark spots in the particles in images c
and e in Figure 1 were in fact ZnO crystals, we performed
XRD and UV/vis analyses. Figure 2a shows the XRD patterns
of the uncoated PVP-capped ZnO and ZnO-core/SiO2-shell
composite nanoparticles. The spectra of both samples cor-

FIGURE 1. (a) TEM micrograph of PVP-capped ZnO nanoparticles. Inset is a high-resolution image of a particle. (b-e) TEM micrographs of
ZnO-core/SiO2-shell composite nanoparticles prepared with different reaction times of (b) 8, (c, d) 24, and (e) 48 h. (f) Size distribution of
ZnO-core/SiO2-shell composite nanoparticles after 24 h of reaction time.

LE
T
T
ER

958 VOL. 2 • NO. 4 • 957–960 • 2010 www.acsami.org



related well with that of wurtzite ZnO, indicative of the
presence of ZnO in the SiO2 shell.

Figure 2b shows UV-absorbance spectra of PVP-capped
ZnO and ZnO-core/SiO2-shell composite nanoparticle sus-
pensions. The PVP-capped ZnO sample showed a sharp
absorption onset at ∼365 nm that corresponds to the
bandgap energy of ZnO quantum dots, which was clearly
evident due to the little light scattering caused by the small
particles. On the other hand, ZnO-core/SiO2-shell composite
nanoparticles did not show clear bandgap absorption due
to the strong light scattering caused by the large particle size.
To analyze the difference in bandgap energy between the

two samples, the first derivative of the absorbance spectra,
which corresponds to the inflection points of the absorption
spectra, were calculated. As shown in the inset of Figure 2b,
the peak positions of the first derivative were identical in
both samples. This indicates that ZnO was present in the
resulting nanoparticles and that the ZnO in SiO2 shells had
nearly the same bandgap energy as that of starting PVP-
capped ZnO nanoparticles. The results indicate that the PVP-
capped ZnO nanoparticles were successfully encapsulated
in SiO2 while remaining as quantum dots.

These observations, together with previously published
works on nanocomposites through reverse microemulsion

FIGURE 2. (a) Powder X-ray diffraction spectra of PVP-capped ZnO and ZnO-core/SiO2-shell composite nanoparticles after 24 h of reaction
time; (b) UV/vis absorption spectra of PVP-capped ZnO and ZnO-core/SiO2-shell composite nanoparticle suspensions at 1 mg mL-1 in absolute
ethanol. Inset is the derivatives of UV/vis absorption curves.

FIGURE 3. Schematic diagram of the formation mechanism of ZnO-core/SiO2-shell composite nanoparticles via a reverse microemulsion method.

FIGURE 4. Absorption spectra of Rhodamine B solutions as a function of light irradiation time in the presence of (a) PVP-capped ZnO, (b)
ZnO-core/SiO2-shell composite nanoparticles after reaction for 24 h, and (c) after reaction for 48 h. (d) Relative change in the intensity of the
absorption peak of Rhodamine B as a function of irradiation time.
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methods (20–23), suggest that the formation mechanism
can be described as follows (Figure 3): The PVP-capped ZnO
nanoparticles are dispersed in water droplets in the reverse
microemulsion. When TEOS is added, it is first dissolved in
the oil phase, and then hydrolyzed at the water/oil inter-
phase. As the hydrization progresses, the SiO2 precursor is
transferred into the water phase and finally forms SiO2

coatings on the surface of the PVP-capped ZnO. Further
hydrization of TEOS contributes to the increase in the shell
thickness and the formation of smooth surface. This modi-
fied water-in-oil technique offers the following advantages
over the conventional SiO2 coating techniques such as the
Stöber method: (1) PVP-capping agent provides ZnO nano-
particles with good dispersion stability at high particle
concentration, leading to the high loading levels of PVP-
capped ZnO in the final composite nanoparticles; (2) PVP-
capping increases their affinity of ZnO surface toward SiO2

(24), which avoids the formation of core-less SiO2 spheres
and shell-less ZnO; and (3) NH4OH is constrained in the
water droplets together with ZnO nanoparticles, which
ensures that the hydrolysis and condensation reactions
occur only in the water droplets in the presence of ZnO,
which again avoids the formation of coreless SiO2 spheres
and shell-less ZnO.

Figure 4 shows the time-dependent absorption spectra
of RhB aqueous solutions during the UV light irradiation in
the presence of PVP-capped ZnO and ZnO-core/SiO2-shell
composite nanoparticles with different shell thicknesses. For
PVP-capped ZnO, the characteristic absorption peaks of RhB
became weaker as the irradiation time increased, and disap-
peared almost completely after irradiation for 120 min
(Figure 4a). Panels b and c in Figure 4 show that ZnO-core/
SiO2-shell composite nanoparticles had much lower ef-
ficiency to degrade RhB than PVP-capped ZnO nanoparti-
cles. As the thickness of the shell increased, the reduction
rate of the dye decreased. The ZnO-core/SiO2-shell compos-
ite nanoparticles with the shell thickness of 25 nm showed
only 8.7% intensity decrease of the UV/vis absorbance,
which is similar to the intensity decrease of the absorption
peak in the present of coreless SiO2 nanoparticles with
similar particle sizes (see Figure S1 in the Supporting Infor-
mation). Thus the coating of SiO2 on the surface of ZnO
nanoparticles could markedly suppress the photodegrada-
tion of the RhB solution under the irradiation of simulated
sunlight.

In this study, monodispersed ZnO-core/SiO2-shell com-
posite nanoparticles with high core loading levels were
successfully prepared using a reverse microemulsion method.
The aging time was shown to be a critical parameter in
tuning the shell thickness between 11 and 25 nm. The
photocatalytic activity of ZnO nanoparticles was greatly
decreased by SiO2 coating. The thicker SiO2 shell resulted
in less photoactivity. Consequently, reduced cytotoxicity
could also be expected from the ZnO-core/SiO2-shell com-

posite nanoparticles, which is of particular importance for
the use of ZnO in personal-care products. Further research
on the application of ZnO-core/SiO2-shell composite nano-
particles as an UV blocking agent is in progress.
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