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Preparation and magnetic properties of
c-Fe2O3@SiO2 core shell ellipsoids with
diﬀerent aspect ratios†
Xin Zhang,a Yongan Niu,b Yu Yang,a Yao Lib and Jiupeng Zhao*a
Beginning from spindle a-Fe2O3, monodisperse a-Fe2O3@SiO2 ellipsoids with diﬀerent shell thicknesses were
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prepared by the Stöber method using tetraethyl orthosilicate (TEOS) as the precursor. Subsequently, the
monodisperse g-Fe2O3@SiO2 ellipsoids were fabricated by reduction–oxidation treatments under H2/O2 atmospheres. The SiO2 shell thickness could be easily controlled by changing the amounts of TEOS. Their structures
and optical properties were characterized by transmission electron microscopy (TEM), X-ray diffraction (XRD)
and Raman spectroscopy. The hysteresis loops of these nanoparticles were comparatively investigated.
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Furthermore, the relationships of the magnetic parameters and shell thicknesses were analysed in depth.

1. Introduction
Core–shell nanoparticles (NPs) exhibit many outstanding properties
in comparison to single nanoparticles and their bulk materials,
due to their multi-functionality and novel advanced properties.1 Especially, the magnetic core–shell NPs possess many
novel features in magnetic fields, such as superparamagnetic
behaviour,2 high coercivity3 and high magnetic susceptibility.4
In the past decade, these magnetic NPs have attracted some
significant interest concerning their broad and intensive application in magnetic separation,5 catalysis,6 cancer diagnosis and
therapy,7 magnetic fluid hyperthermia8 and targeted drug delivery.9
Among these NPs, the g-Fe2O3 and g-Fe2O3@SiO2 NPs showed
much lower toxicity and therefore better compatibility with organs
and animals. Furthermore, the g-Fe2O3 and g-Fe2O3@SiO2 NPs
with the different shell thickness could supply controllable
magnetic properties, which play an important role in these
potential applications.
Recently, the highly eﬀective and controllable preparation
of g-Fe2O3@SiO2 ellipsoids faced some serious challenges,10
i.e. achieving certain sizes, shapes and structures. Most reports
were focused on direct coating and synthesizing the SiO2 shell
onto the g-Fe2O3 nanoparticles. In addition, several strategies

suggested surface modifications,11 sol–gel processes,12 reverse
microemulsion synthesis in some organic solvents13 and arcdischarge.14 However, the separation between the g-Fe2O3 and SiO2
shell is hard to fully overcome.15,16 Another problem was how to
rigorously control the monodispersity and homogeneity of these
core–shell NPs, which was valuable for obtaining desired products.
In this manuscript, we describe a facile synthesis route of the
g-Fe2O3@SiO2 core–shell ellipsoids, which were fabricated by:
(i) preparation of a-Fe2O3@SiO2 and (ii) phase transformations
to g-Fe2O3 cores under reduction–oxidation treatments. The sizes
and aspect ratios of the g-Fe2O3@SiO2 ellipsoids could be easily
tailored by changing the amount of TEOS in the synthesis process.
Then, the as-obtained g-Fe2O3@SiO2 ellipsoids were characterized
by TEM, XRD and Raman spectroscopy. Particularly, the magnetic
properties of the g-Fe2O3@SiO2 ellipsoids before and after the
reduction–oxidation treatment were investigated and evaluated
with a vibrating sample magnetometer (VSM). The results demonstrated that the shell thickness of the g-Fe2O3@SiO2 ellipsoids has a
significant influence on their magnetic parameters, i.e. coercivity
(Hc), remanent magnetization (Mr) and saturation magnetization
(Ms). After the reduction–oxidation treatments, the as-obtained
g-Fe2O3@SiO2 ellipsoids displayed stronger magnetic properties,
which is very important for many industrial applications.
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2. Experimental
2.1

Synthesis of spindle a-Fe2O3 NPs

The monodisperse spindle a-Fe2O3 NPs were synthesized by a
hydrothermal method.17 Typically, 100 mL of a Fe(ClO4)3xH2O
solution at a concentration of 0.1 moL L 1 was added into a solution
of 0.06 g NaH2PO4 and 0.6 g (NH2)2CO in de-ionized water.
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After stirring for 30 min, this homogeneous yellow solution was
put into a 200 mL Teflon-lined autoclave. Keeping the reaction
temperature at 120 1C for 12 h, the solution was placed in a
baking oven with a heating rate of 10 1C min 1. After this
process, the autoclave was cooled to room temperature in air.
The as-obtained red precipitates were carefully collected by
centrifugal separation and washed with de-ionized water and
alcohol. This process was repeated three times. The precipitate
was dried in an oven at 60 1C for 8 h. Finally, the spindle a-Fe2O3
NPs were collected with a centrifuge tube.
2.2

Preparation of a-Fe2O3@SiO2 core–shell ellipsoids

First, 0.1 g of a-Fe2O3 NPs was dispersed in 300 mL of de-ionized
water to form a homogenous solution by sonication. 1 g of polyvinylpyrrolidone (PVP) was dissolved in this solution with vigorous
stirring for 24 h. Then, the un-adsorbed PVP was removed by three
repetitive centrifugation/washing cycles in water and ethanol. A
stable suspension of a-Fe2O3 NPs modified by PVP was prepared
by sonication treatment for 30 min in 160 mL of ethanol solvent
and transferred into a clean three-neck flask.18
Subsequently, 10 mL ammonia was injected into the a-Fe2O3
suspension under constant stirring. After 20 min, 30 mL of
tetraethyl orthosilicate (TEOS)/ethanol (volume ratio is 1/4) was
slowly added into the reaction system with a stable dropping
rate of 1.5 mL min 1 at room temperature. After constantly
stirring for 12 h, these as-obtained a-Fe2O3@SiO2 core–shell
ellipsoids were collected by there repetitive centrifugation/
washing cycles with deionized water and ethanol and dried in
a vacuum oven at 80 1C for 4 h.
2.3

Preparation of c-Fe2O3@SiO2 core–shell ellipsoids

The appropriate a-Fe2O3@SiO2 ellipsoids were put into a porcelain
boat and taken into the tubular furnace (OTF-1000X).19 Under a
N2 atmosphere, gas was extruded through the furnace and the
temperature was increased to 294 1C. Introducing a high purity
hydrogen (H2) gas, the reduction process was sustained for 2 h,
and the a-Fe2O3@SiO2 ellipsoids should be transformed to the
Fe3O4@SiO2 ellipsoids. Then, introducing oxygen (O2) gas, the
oxidization process was carried out at 302 1C for 150 min.
The high-purity g-Fe2O3@SiO2 ellipsoids were prepared after
cooling them naturally down to room temperature. Fig. 1 shows
a schematic diagram for the preparation process of the monodisperse g-Fe2O3@SiO2 ellipsoids.
2.4

Measurements and characterization

The shell thicknesses and core–shell distributions of the
g-Fe2O3@SiO2 ellipsoids were observed with a transmission
electron microscope (H-7650, Hitachi-Science & Technology). The
compositions and crystalline structures of the g-Fe2O3@SiO2
ellipsoids with different shell thicknesses were recorded by an
X-ray diffractometer (D/max-rB 12 KW, Rigaku Corporation)
in the 2y range from 51 to 901. Moreover, a Raman spectrophotometer (HR 800, LabRAM) was employed to characterize
the structure changes of the g-Fe2O3@SiO2 ellipsoids. Magnetic
properties were investigated with a vibrating sample magnetometer (VSM, Lake Shore 7407, Lake Shore Cryotronics, Inc.)
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Fig. 1 Schematic diagram for preparation process of g-Fe2O3@SiO2
ellipsoids.

for the samples before and after the oxidation and reduction
treatments.

3. Results and discussion
The g-Fe2O3@SiO2 ellipsoids were prepared by hydrothermal
synthesis of spindle a-Fe2O3 NPs, coating with SiO2 shells
and phase transformation from a-Fe2O3@SiO2 ellipsoids to
g-Fe2O3@SiO2 ellipsoids. Fig. 2 shows the TEM images of the
as-prepared g-Fe2O3@SiO2 ellipsoids with diﬀerent shell thicknesses. It was obviously demonstrated that all g-Fe2O3 cores
were surrounded by a continuous SiO2 shell. Minor pores in the
g-Fe2O3 cores partially existed in all samples. As we know, a
great number of H2O molecules inside the a-Fe2O3@SiO2
ellipsoids were produced in the reduction and oxidation processes, which partially occupied the crystal lattices substituting
for Fe2+/Fe3+ ions.20 During the drying treatment, the pores are
produced by evaporating the traces of H2O and presented in the
as-prepared g-Fe2O3@SiO2 ellipsoids.
To investigate the influence of the amount of TEOS on the
morphologies of the g-Fe2O3@SiO2 ellipsoids, the average shell
thickness (Ts) and aspect ratio (Rs) were measured in the
direction of the major and minor axes for every NP and
calculated from their TEM images for at least 100 NPs per
sample. The average shell thicknesses increased with an
increase in the TEOS amount, however the aspect ratios
decreased. This phenomenon was controlled by the interfacial
tension in the SiO2 coating process, where the diﬀerential
growth rates were presented in diﬀerent directions. This reason
would cause more homogenous sizes in the directions of the
major and minor axes. Fig. S1 (ESI†) shows the TEM image of
an individual g-Fe2O3@SiO2 with a shell thickness of 50 nm,
and the HRTEM details of the SiO2 shell and g-Fe2O3 core. The
interatomic separation of 0.295 nm demonstrated the presence
of a (220) plane of the g-Fe2O3, which indicated that the phase
transformation from a-Fe2O3@SiO2 to g-Fe2O3@SiO2 ellipsoids
was completed by annealing.
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Fig. 3 XRD patterns of g-Fe2O3 and g-Fe2O3@SiO2 samples with diﬀerent
shell thicknesses.

Fig. 2 TEM images of (a) g-Fe2O3 and g-Fe2O3@SiO2 ellipsoids with
average shell thicknesses of (b) 15, (c) 30, (d) 50, (e) 65, (f) 75, (g) 110 and
(h) 125 nm.

Fig. 3 shows XRD patterns of various g-Fe2O3@SiO2 samples
with changing SiO2 shell thicknesses. The obvious peaks at
30.41 (220), 35.91 (311), 43.51 (400), 54.11 (442), 57.61 (551) and
63.21 (440) were assigned to the feature diﬀraction peaks of
g-Fe2O3 cores, which were in good agreement with the standard
g-Fe2O3 phase (JCPDS card 39-1356). It indicated that the phase
transformations from the a-Fe2O3 to g-Fe2O3 cores were
successfully completed. With the increase of the SiO2 shell
thickness from 0 nm (in Fig. 2a and 3a) to 125 nm (in Fig. 2h
and 3h), the diﬀraction peak strength of the g-Fe2O3 phase is
decreased, due to the influence of crystalline defects, i.e. interfacial
scattering,21 crystalline localization.22 The appearance of a broad
diﬀraction peak at 22.61 was attributed to the increase of the noncrystalline SiO2 shell. Meanwhile, we measured the XRD patterns of
Fe3O4 and Fe3O4@SiO2 with shell thickness at 15 and 30 nm (as
shown in Fig. S2, ESI†). The feature peaks were assigned to the
standard sample of Fe3O4 (JCPDS card 65-3107).
In addition, Raman spectra have also been measured and
confirmed the phase transition from the a-Fe2O3 to g-Fe2O3.23
Fig. 4 shows the dependence of the Raman intensity of the
g-Fe2O3@SiO2 samples on the SiO2 shell thickness. For the
g-Fe2O3 NPs, the Raman peaks at 350, 500 and 700 cm 1 were well

Fig. 4 Raman spectra of g-Fe2O3 and g-Fe2O3@SiO2 samples with different shell thicknesses.

assigned to the T2g, T2g and A1g modes of the g-Fe2O3 phase.24 With
the increase in the SiO2 shell thickness, the Raman intensity
displayed a relative decrease. When the SiO2 shell thickness was
more than 65 nm, these Raman peaks became a broad peak because
of the SiO2 coating. An amorphous SiO2 shell would exhibit strong
Raman scattering in the region from 100 to 4000 nm.25 The
a-Fe2O3@SiO2 NPs with a 30 nm shell thickness (as seen Fig. S3,
ESI†) were in good agreement with the past report.26 These results
confirmed that the SiO2 shells coated on the g-Fe2O3 cores were
uniform and controllable.
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Fig. 5 FTIR spectra of g-Fe2O3 and g-Fe2O3@SiO2 with diﬀerent shell
thicknesses.

Fig. 5 shows the FTIR spectra of g-Fe2O3 and g-Fe2O3@SiO2
samples. Two regions could be distinguished in all spectra. The
broad absorption peak at 1100 to 1000 cm 1 was assigned to
the stretching vibrations of the Si–O bond. The absorption
peaks at 960, 800 and 470 cm 1 were in good agreement with
the bending vibrations of the Si–O–Si bond.27 Meanwhile, the
absorption peaks at 700, 637 and 557 cm 1 were assigned to
the Fe–O bond of the g-Fe2O3 phase.28 It also meant that the
a-Fe2O3 cores were essentially transformed to g-Fe2O3 cores.
With the increase of the SiO2 shell thickness, the peak position
of the Si–O bond was shifted to a higher wavenumber and the
absorption peak of the Fe–O bond was gradually decreased.
This indicated that the strength of the Si–O bond was increased
and the SiO2 content was increased.

Fig. 6 (a) and (b) UV-Vis absorption spectra of g-Fe2O3 and g-Fe2O3@SiO2
samples with diﬀerent shell thicknesses.
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To evaluate the optical properties of the as-obtained g-Fe2O3
@SiO2 samples, the absorption spectra in the ultraviolet and
visible regions were examined. Fig. 6 shows the dependence of
the absorption intensity of the g-Fe2O3@SiO2 samples on
the SiO2 shell thickness. A strong absorption band ranged from
400 to 500 nm was attributed to the g-Fe2O3 cores, which is
assigned to the ligand field transition of Fe3+.29 The comparison of the diﬀerent samples for this absorption band displayed
a relative decrease of absorption intensity with the increase of
the SiO2 shell thickness. As the absorption of SiO2 itself in
the ultraviolet and visible regions is very weak, a growing SiO2
shell thickness could suppress any absorption and vibrational
transitions of molecules and electrons in the g-Fe2O3 cores.30 It
also indicated that the SiO2 coatings are homogeneous and entire.
The magnetic properties exhibited a significant relation with
the sizes and SiO2 shell thicknesses of the magnetic NPs.31 Fig. 7
displays the field dependence hysteresis loops (M–H curves) of the
a-Fe2O3@SiO2 and g-Fe2O3@SiO2 samples. For the a-Fe2O3 and
a-Fe2O3@SiO2 samples, the hysteresis loops exhibited no obvious
magnetization, which were assigned to their antiferromagnetic characteristics.32 The magnetic parameters were decreased

Fig. 7 Hysteresis loops (M–H curves) of (a) the a-Fe2O3 and
a-Fe2O3@SiO2 and (b) g-Fe2O3 and g-Fe2O3@SiO2 samples with different
shell thicknesses.
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Fig. 8 Relation between the (a) coercivity, (b) remanent magnetization, (c) saturation magnetization and the shell thicknesses of the a-Fe2O3,
a-Fe2O3@SiO2, g-Fe2O3 and g-Fe2O3@SiO2 samples.

monotonously with the increase of the SiO2 shell thickness.
However, the g-Fe2O3 and g-Fe2O3@SiO2 samples displayed
an obvious ferrimagnetic behaviour.33 The magnetization of
the g-Fe2O3@SiO2 NPs displayed an obvious difference to the
bulk material of g-Fe2O3.34 The magnetic parameters strongly
depended on the SiO2 shell thickness. The results also confirmed
that the phase transformation from a-Fe2O3@SiO2 to g-Fe2O3@
SiO2 had been completed after the reduction–oxidation treatments, which was in agreement with the XRD results.
Furthermore, the relation of the SiO2 shell thickness and
magnetic parameters, i.e. coercivity (Hc), remanent magnetization
(Mr) and saturation magnetization (Ms), were shown in Fig. 8. The
spindle g-Fe2O3 NPs exhibited a higher Hc value than the a-Fe2O3
NPs. With increasing the shell thickness, the Hc value of these
a-Fe2O3@SiO2 ellipsoids was gradually decreased. Compared
with a-Fe2O3@SiO2 ellipsoids, the Hc values of g-Fe2O3@SiO2
ellipsoids had an obvious upward peak at the thickness of
110 nm. Owing to interfacial coupling and individual characteristics, the g-Fe2O3@SiO2 ellipsoids had greater interfacial eﬀects
than the others.35 The demagnetization would be influenced by
binding eﬀects of the SiO2 shell. Moreover, the structural changes
of the g-Fe2O3@SiO2 ellipsoids in the thermal treatment also
exhibited an important influence on the magnetic behaviour,
which also caused a diﬀerent magnetization tendency of the
g-Fe2O3@SiO2 ellipsoids.36
As shown in Fig. 8(b) and (c), the Mr and Ms values of the
g-Fe2O3 NPs were 8.53 and 22.51 emu g 1, respectively. With
the increase of the shell thickness, these magnetization values
of the g-Fe2O3@SiO2 ellipsoids displayed an obvious decrease,
which was from 1.562 to 0.1 emu g 1 for Mr and from 6.565 to
0.541 emu g 1 for Ms, respectively. The non-magnetic SiO2 shell
with its various thicknesses and the changes of the crystalline
sizes of the g-Fe2O3 cores caused the decrease of Ms, because
the reduction–oxidation processes were mainly carried out
from the a-Fe2O3 cores to g-Fe2O3 cores. The non-collinear spin
arrangement in the interfaces between the g-Fe2O3 cores and the
SiO2 shells also influenced their magnetic property.37 However,
the g-Fe2O3@SiO2 ellipsoids with different shell thicknesses

could maintain enough magnetic properties to be valuably
applied in biomedicine and catalysis.

4. Conclusions
In summary, we have successfully fabricated g-Fe2O3@SiO2
ellipsoids with various shell thicknesses by facile reduction–
oxidation treatment from a-Fe2O3@SiO2 ellipsoids. The shell
thicknesses and aspect ratios could be easily controlled by the
amount of TEOS, which displayed its important influence on the
magnetic core–shell structures. The TEM images, XRD patterns
and Raman spectra revealed that the as-prepared g-Fe2O3@SiO2
ellipsoids are monodisperse and well-distributed. Furthermore,
the magnetic properties confirmed that good interfaces were
presented in these g-Fe2O3@SiO2 ellipsoids, which could significantly enhance the properties of the g-Fe2O3 cores. Additionally,
the g-Fe2O3@SiO2 ellipsoids with a shell thickness of 110 nm
exhibited a higher Hc value than others. The relation between
the SiO2 shell thickness and changes in the magnetic properties
was very critical for the magnetic design and selection of the
iron oxide nanoparticles.

Acknowledgements
We thank the National Natural Science Foundation of China
(No. 51010005, 91216123, 51174063), the program for New Century
Excellent Talents in University (NCET-08-0168), and the Natural
Science Funds for Distinguished Young Scholar of Heilongjiang
Province. The project of International Cooperation was supported
by the Ministry of Science and Technology of China.

Notes and references
1 S. L. C. Pinho, G. A. Pereira, P. Voisin, J. Kassem,
V. Bouchaud, L. Etienne, J. A. Peters, L. Carlos, S. Mornet,
C. F. G. C. Geraldes, J. Rocha and M. H. Delville, ACS Nano,
2010, 4, 5339–5349.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014

New J. Chem., 2014, 38, 4351--4356 | 4355

View Article Online

Published on 16 May 2014. Downloaded by Harbin Institute of Technology on 11/11/2014 10:34:08.

Paper

NJC

2 D. Li, W. Y. Teoh, C. Selomulya, R. C. Woodward, R. Amal
and B. Rosche, Chem. Mater., 2006, 18, 6403–6413.
3 M. Li, X. Chen, J. C. Guan, X. K. Wang, J. H. Wang,
C. T. Williams and C. H. Liang, J. Mater. Chem., 2012, 22,
609–616.
4 C. Pereira, A. M. Pereira, P. Quaresma, P. B. Tavares, E. Pereira,
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