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Reverse microemulsion techniques combined with templating strategies have led to the synthesis of
four types of nanoparticles. First, homogeneous SiO2-coated Fe2O3 (SiO2/Fe2O3) nanoparticles with
controlled SiO2 shell thickness (1.8-30 nm) were synthesized by reverse microemulsion. These
nanocomposite particles were used as templates for the deposition of a mesoporous silica shell. The iron
oxide core in SiO2/Fe2O3 could be partially and completely etched to produce rattle-type SiO2/Fe2O3

nanoballs and hollow SiO2 nanoballs, respectively. These facile synthetic methods led to the formation
of different nanoparticle architectures with tailored silica shell thickness and porosity.

Introduction

Magnetic nanoparticles have broad applications such as
data storage, bearings, lubricants, wave absorbers, magnetic
resonance contrast-enhancing media, therapeutic agent in
cancer treatment (e.g., hyperthermia), drug delivery, cell
separation, and protein immobilization.1 The superparamag-
netic properties of these nanoparticles are of great interest
for biomedical applications. However, the bare magnetic
nanoparticles need to be coated with a suitable material that
is biocompatible, nontoxic, and water soluble.

Polystyrene coating on iron oxide nanoparticles has been
proposed using emulsion polymerization2 and atom transfer
radical polymerization.3 Hydrophobic materials in the blood
can be attacked by the immune system and removed from
the body. Therefore, polystyrene-coated iron oxide systems
are not suitable for in vivo applications. In contrast, SiO2-
coated magnetic nanoparticles are hydrophilic and stable
against biodegradation. Furthermore, the ease of silica surface
modification4 would allow for biolabeling, drug targeting,

and delivery. Sto¨ber5 and sol-gel processes are the prevailing
methods used for coating magnetic nanoparticles with silica.6

Aerosol pyrolysis has also been used for silica coating, but
the particles produced are hollow silica spheres with magnetic
shells.7 Microemulsion has been used to prepare silica-coated
magnetic nanoparticles.6d-f However, synthesis of uniform
and controlled silica shell thickness on the nanometer scale
remains challenging. Well-controlled particle size and mor-
phology would be important for the application of SiO2-
coated magnetic nanoparticles in biomedical applications,
such as magnetic resonance imaging, magnetorelaxometry,
magnetic cell separation, and drug delivery. By introducing
mesoporous silica8 coating on dense SiO2-coated magnetic
nanoparticles, and by creating rattle-type silica balls with
magnetic nanoparticles, applications in catalysis, chemical
sensing and separations may be explored. These systems have
not been reported, although Au nanoparticles with mesopo-
rous silica shells9a and rattle-type silica balls with Cu cores
have been examined.9b
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Experimental Section

In this work, SiO2/Fe2O3 nanoparticles were used as a platform
for deriving other nanoparticle architectures. Uniform SiO2/Fe2O3

nanoparticles were prepared using monodispersedγ-Fe2O3 nano-
crystals (average diameter∼12.5 nm) (see Figure 1), which had
been synthesized by the thermal decomposition of iron pentacar-
bonyl precursor in the presence of an oleic acid stabilizer and octyl
ether.10 SiO2 coating on theγ-Fe2O3 nanoparticles was performed
through the formation of water-in-cyclohexane reverse microemul-
sion11 (see Scheme 1). Specifically, for a 10 nm thick SiO2 shell,
polyoxyethylene(5)nonylphenyl ether (0.56 mmol, Igepal CO-520,
containing 50 mol % hydrophilic group) was dispersed in cyclo-
hexane (4.2 mL) by sonication. Then, 300µL of Fe2O3 solution
(0.8 mg/mL of cyclohexane) was added. The resulting mixture was
vortexed, and ammonium hydroxide (29.4%, 35µL) was added to
form a transparent, brown solution of reverse microemulsion. Next,
tetraethyl orthosilicate (20µL, TEOS) was added, and the reaction
was continued for 16 h at room temperature. When methanol was
added into the reaction solution, SiO2/Fe2O3 nanoparticles were
precipitated. They were collected by a magnet, washed with
methanol, and redispersed in ethanol.

Cytotoxicity of the SiO2/Fe2O3 nanoparticles was measured using
two different cell lines, HepG2 and NIH3T3. Cell viability was
measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay on day 1, 2, and 3 over nanoparticle
doses of 10-100 µg/mL.

Mesoporous silica-coated SiO2/Fe2O3 (MS/SiO2/Fe2O3) nano-
composite particles were prepared by stirring TEOS and octa-
decyltrimethoxysilane (C18TMS) (at a molar ratio of 1:4.7) in a

mixture of ethanol (22 mL) and aqueous 15% NH4OH solution (2
mL) with SiO2/Fe2O3 nanoparticles at room temperature for 6 h.
The product was collected by a magnet, washed with ethanol, and
calcined at 823 K in air for 7 h to remove the C18TMS porogen
(ramp ) 1 K/min). To control the thickness of the mesoporous
silica layer, the volume of TEOS and C18TMS mixture was varied
from 100 to 300µL.

Hollow SiO2 balls and rattle-type SiO2/Fe2O3 nanoballs were
prepared by etching SiO2/Fe2O3 nanoparticles with 20% HCl. They
were collected by centrifuging at 7000 rpm for 15 min and were
washed with deionized water and ethanol to remove the yellowish
FeCl3.

Results and Discussion

The SiO2 shell thickness in the SiO2/Fe2O3 nanoparticles
could be tuned by controlling the synthesis and processing
parameters. Figure 2 shows that the shell thickness increased
with increasing TEOS content and aging time and decreasing
Fe2O3 solution volume and surfactant content. The shell
thickness was tunable from∼1.8 to ∼30 nm. Figure 2c
shows that when the surfactant content was increased beyond
0.61 mmol, no change in SiO2 shell thickness was noted.
In this special case, some core-free silica nanoparticles
were observed, most likely because some of the excess sur-
factant formed micelles that did not contain any Fe2O3

nanoparticles.
Figure 3a inset illustrates a high-resolution transmission

electron microscopy (HRTEM) image ofγ-Fe2O3 nanocrys-
tals with thin silica shells of∼1.8 nm thickness (noted by
an arrow). Figure 3b illustrates SiO2/Fe2O3 nanoparticles with
a shell thickness of∼4 nm. The asymmetrically coated silica
layers observed along the edges of theγ-Fe2O3 nanocrystals
(noted by arrows) suggested a silica nucleation and coating
process directed byγ-Fe2O3 nanocrystals. Similar phenom-
enon (noted by arrows) was noted to a lesser extent for SiO2/
Fe2O3 nanoparticles with thicker shells of 9 nm (Figure 3c).
For nanoparticles with 25 nm thick shells (Figure 3d),
symmetrical coating of SiO2 was observed around each
γ-Fe2O3 core, and uniform particle size and morphology were
achieved.

Cytotoxicity of the SiO2/Fe2O3 nanoparticles with∼25 nm
thick shells was studied using two different cell lines, HepG2
and NIH3T3. The inhibitory activities of SiO2/Fe2O3 nano-
particles were dependent on particle dose and period of
exposure. The strongest inhibitory activity was observed on
day 3 with a particle dose of 100µg/mL. In all cases, the
inhibitory concentration 50 (IC50) was larger than 100
µg/mL. Such IC50 value was substantially higher than that
of nanoparticles such as CdSe (IC50 < 62.5µg/mL).12 Details
of the percentage of viable cells with respect to the control
for a given cell type are available in the Supporting
Information (SI).
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Figure 1. (a) X-ray diffraction (XRD) pattern and (b) transmission electron
microscopy (TEM) images ofγ-Fe2O3 nanocrystals.

Nanoparticle Architectures from Nanocomposites Chem. Mater., Vol. 18, No. 3, 2006615



been a report of magnetic nanoparticles deposited within
mesoporous matrices,16 MS/SiO2/Fe2O3 nanocomposite par-
ticles have not been examined before. Parts a and b of Figure
4 show that fairly uniform mesoporous silica layers were
obtained over SiO2/Fe2O3 nanoparticles with 25 nm thick
solid SiO2 shells. MS/SiO2/Fe2O3 nanocomposite particles
with irregular particle morphologies were produced with
SiO2/Fe2O3 nanoparticles with 4 nm thick solid SiO2 shells
(see Figure 4c). They were comprised of several SiO2/Fe2O3

nanoparticles even at a low mesoporous silica coating level
(i.e., when a low volume (100µL) was used for the TEOS
and C18TMS mixture).

The MS/SiO2/Fe2O3 nanocomposite particles demonstrated
type IV N2 adsorption-desorption isotherms (Figure 5),
confirming their mesoporosity. They all exhibited narrow
BJH (Barret-Joyner-Halenda) pore size distributions with
mesopores of<4 nm (Figure 5 inset). Reproducibly high
BET (Brunauer-Emmett-Teller) surface areas were ob-
tained for the MS/SiO2/Fe2O3 nanocomposite particles (see
Table 1). The particles with the thickest mesoporous silica
shells (∼21 nm thick) showed the highest BET surface area

and mesoporosity. In comparison to the MS/SiO2/Fe2O3

nanocomposite particles, the SiO2/Fe2O3 nanoparticles with

(14) Büchel, G.; Unger, K. K.; Matsumoto, A.; Tsutsumi, K.AdV. Mater.
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Scheme 1. Schematic of the Synthesis of SiO2/Fe2O3 Nanoparticles by Reverse Microemulsiona

a These nanoparticles were then used to derive mesoporous silica-coated SiO2/Fe2O3 nanoparticles, rattle-type SiO2/Fe2O3 nanoballs, and hollow SiO2
nanoballs.

Figure 2. Effect of (a) TEOS content, (b) Fe2O3 solution volume, and (c) Igepal surfactant content on the SiO2 shell thickness of SiO2/Fe2O3 nanoparticles.
Fixed Fe2O3 solution volume (300µL) and surfactant content (0.56 mmol) were used in (a). Fixed TEOS content (10µL) and surfactant content (0.56 mmol)
were used in (b), whereby Fe2O3 was solubilized in cyclohexane (0.8 mg/mL of cyclohexane). In (a) and (b), the samples were aged for 16 h (red) or 240
h (black). Fixed TEOS content (30µL), Fe2O3 solution volume (400µL), and aging time (50 h) were used in (c).

Figure 3. TEM micrographs of SiO2/Fe2O3 nanoparticles with a SiO2 shell
thickness of (a)∼1.8 nm, (b)∼4 nm, (c)∼9 nm, and (d)∼25 nm.
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25 nm thick solid SiO2 shells displayed a much smaller BET
surface area and a lower porosity, which could be attributed
to interparticle instead of intraparticle porosity.

Magnetic characterization was performed using a super-
conducting quantum interference device (SQUID). Field-
dependent magnetization plots illustrated that bare Fe2O3

nanoparticles, SiO2/Fe2O3 nanoparticles, and MS/SiO2/Fe2O3

nanocomposite particles were hysteretic at 5 K (Figure 6).
Raw data were presented in emu per g of sample. The bare
Fe2O3 magnetic nanoparticles showed the highest magnetiza-
tion value (saturation magnetization (Ms) ∼57 emu/g) (Figure
6a). TheMs values of the SiO2/Fe2O3 nanoparticles decreased
with increasing shell thickness (40 emu/g and 3.6 emu/g for
samples with shell thicknesses of 4 and 25 nm, respectively)
(Figure 6, parts b and c). MS/SiO2/Fe2O3 nanocomposite
showed an even lowerMs value (1.5 emu/g) with the addi-
tional mesoporous silica layer (∼21 nm thick). The reduction
in Ms values could be attributed to the lower density of the

magnetic component in the SiO2/Fe2O3 and MS/SiO2/Fe2O3

samples. When their magnetization values were normalized
to emu per gram of Fe2O3 content, comparableMs values
were obtained as those of the bare Fe2O3 nanoparticles (see
SI).

Figure 4. TEM micrographs of MS/SiO2/Fe2O3 nanocomposite particles
with (a) ∼21 nm thick and (b)∼10 nm thick mesoporous silica layers and
(c) irregular morphologies comprising several SiO2/Fe2O3 nanoparticles.
For the synthesis, (a) 260µL, (b) 120µL, and (c) 200µL of a mixture of
TEOS and C18TMS were used with SiO2/Fe2O3 nanoparticles of (a,b) 25
nm thick and (c) 4 nm thick solid SiO2 shells.

Figure 5. N2 adsorption-desorption isotherms and pore size distributions
(inset) of MS/SiO2/Fe2O3 nanocomposite particles with∼21 nm thick (red)
and∼10 nm thick (blue) mesoporous silica layers, and irregular morphol-
ogies (green), prepared according to the description in Figure 4a-c,
respectively. N2 adsorption-desorption isotherm (magenta) of SiO2/Fe2O3

nanoparticles with 25 nm thick solid SiO2 shells.

Figure 6. Field-dependent magnetization hysteresis loops of (a) bare Fe2O3

nanoparticles, (b) SiO2/Fe2O3 nanoparticles with 4 nm thick SiO2 shells,
(c) SiO2/Fe2O3 nanoparticles with 25 nm thick SiO2 shells, and (d)
MS/SiO2/Fe2O3 nanocomposite particles with 25 nm thick SiO2 shells and
21 nm thick mesoporous silica layer at 5 K.

Table 1. BET Surface Area and Total Pore Volume of the MS/SiO2/
Fe2O3 Nanocomposite Particles and SiO2/Fe2O3 Nanoparticles

Described in Figure 5

SiO2 shell thickness
in the SiO2/Fe2O3

template (nm)
mesoporous silica

layer thickness (nm)
BET surface area

(m2/g)
total pore vol

(cm3/g)

25 21 607 0.75
25 10 433 0.63
4 irregular 557 0.70

25 - 157 0.51
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The bare Fe2O3 nanoparticles and the SiO2/Fe2O3 nano-
particles with 4 nm SiO2 coating exhibited similar coercivi-
ties,Hc ∼530 Oe, at 5 K. The SiO2/Fe2O3 nanoparticles with
the thick 25 nm SiO2 coating and the MS/SiO2/Fe2O3

nanocomposite particles showed lower coercivities of 500
and 157 Oe, respectively. The significant decrease in
coercivity in the latter could be attributed to changes in the
SiO2/Fe2O3 interfacial structure induced during annealing at
823 K for the porogen removal. This 7 h annealing process
resulted in lowering the interfacial stresses and their contri-
bution to the surface anisotropy of the magnetic core. X-ray
diffraction (XRD) patterns showed that the Fe2O3 cores in
the MS/SiO2/Fe2O3 nanocomposite particles retained their
crystallinity after calcination at 823 K (see the Supporting
Information).

It was noted that all hysteresis loops in Figure 6
showed a remnant magnetization (Mr) to Ms ratio of 1/2.
This value indicated that all four magnetic nanocomposite
particles exhibited uniaxial magnetic anisotropy,17 as ex-
pected for nanostructuredγ-Fe2O3, which possessed weak
magnetocrystalline anisotropies, leaving shape and surface
effects to dominate their effective magnetic anisotropy
densities.18 This is in contrast, for example, to CoFe2O4 nano-
particles, which possess strong magnetocrystalline anisotro-
pies. For the case of spherical particles, as observed herewith,
surface effects and interfacial stresses19 at the SiO2/magnetic

(17) Stoner, E. C.; Wohlfarth, E. P.Philos. Trans. R. Soc. London, Ser. A
1948, 240, 599; reprinted inIEEE Trans. Magn.1991, 27, 3475.

(18) Papaefthymiou, G. C.Mater. Res. Soc. Symp. Proc.2001, 635, C.2.4.1.

Figure 7. TEM micrographs of hollow SiO2 balls, whose shell thickness
was controlled by the SiO2 coating thickness in the SiO2/Fe2O3 nano-
particles to be (a)∼19 nm, (b)∼9 nm, and (c)∼4 nm.

Figure 8. TEM micrographs of rattle-type SiO2/Fe2O3 nanoballs. By
varying the HCl concentration and etching time, Fe2O3 cores of (a)∼8 nm
and (b)∼9 nm were obtained. (c) Fe2O3 cores of an irregular morphology
were observed when SiO2/Fe2O3 nanoparticles with thin SiO2 shells of∼4
nm were used as the templates.
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core interface would be the dominant sources of magnetic
anisotropy.

Our as-synthesized SiO2/Fe2O3 nanoparticles could serve
as a template to derive hollow nanoballs. Compared to
conventional methods,20-22 our synthesis produced more
uniform and smaller hollow SiO2 balls with tunable shell
thickness. Size tunability in the range of<100 nm would
be of importance in biomedical applications, such as in drug
delivery systems23 to control drug release rates and durations.
Since our hollow SiO2 balls were derived by etching away
the Fe2O3 cores from the SiO2/Fe2O3 nanoparticles using 20%
HCl solution, they were structurally stable in the presence
of water. Figure 7 demonstrates that hollow SiO2 balls could
be prepared with uniform shell thicknesses of 4-19 nm.
Some of the hollow balls with thin SiO2 shells were
asymmetrical (noted by arrows in Figure 7c), reflecting the
asymmetrically coated SiO2 in the templating SiO2/Fe2O3

nanoparticles (see Figure 3b). It should be noted that the
Fe2O3 core for SiO2/Fe2O3 nanoparticles used in this study
was fixed at∼12 nm; thus, the hollow core in the SiO2 balls
was set at∼12 nm in diameter. The latter could be easily
varied by controlling the size of the Fe2O3 nanocrystals used
as the sacrificial core.24

With mild etching, it was possible to have partial removal
of the Fe2O3 core in the SiO2/Fe2O3 nanoparticles, producing
rattle-type SiO2/Fe2O3 nanoballs. Recent studies on rattle-
type nanoballs have focused on polymer/metal25-27 and SiO2/
metal9b,15 systems. Rattle-type nanoballs with metal oxide
cores would offer additional possibilities for the research and

applications of nanocomposites. Our synthesis allowed the
SiO2 shell thickness of the rattle-type SiO2/Fe2O3 nanoballs
to be controlled by the SiO2 coating thickness of the
templating SiO2/Fe2O3 nanoparticles. Furthermore, the Fe2O3

core size could be manipulated on the nanometer scale by
varying the HCl concentration and etching time. For example,
when SiO2/Fe2O3 nanoparticles with∼23 nm SiO2 shells
were etched by 20% HCl for 15 min, rattle-type SiO2/Fe2O3

nanoballs with∼8 nm Fe2O3 cores were produced (Figure
8a). When SiO2/Fe2O3 nanoparticles with∼11 nm SiO2 shells
were etched by 20% HCl for 2 min, rattle-type SiO2/Fe2O3

nanoballs with∼9 nm Fe2O3 cores were generated (Figure
8b). When SiO2/Fe2O3 nanoparticles with∼4 nm SiO2 shells
were etched by 10% HCl for 2 min, rattle-type SiO2/Fe2O3

nanoballs with irregular Fe2O3 morphology were obtained
(Figure 8c). The rattle-type SiO2/Fe2O3 nanoballs could be
easily collected by a magnet, indicating that the magnetic
property of the Fe2O3 cores was preserved after the mild
etching.

In conclusion, uniform SiO2/Fe2O3 nanoparticles have been
fabricated with well-controlled shell thickness. These nano-
particles were successfully used as templates for the synthesis
of mesoporous silica-coated SiO2/Fe2O3 nanoparticles, rattle-
type SiO2/Fe2O3 nanoballs, and hollow SiO2 nanoballs.
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