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a b s t r a c t

The spindle α-Fe2O3@SiO2 core–shell nanoparticles (NPs) are prepared via hydrothermal synthesis and
modified Stöber method. During these processes, shell thicknesses could be easily adjusted by the
amount of tetraethylorthosilicate (TEOS), and the formation of core-free SiO2 could be effectively
avoided. The structures and compositions of α-Fe2O3@SiO2 NPs are investigated by transmission electron
microscope (TEM), X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and
ultraviolet–visible (UV–vis) absorption spectroscopy. These results reveal that the α-Fe2O3@SiO2 NPs
with certain sizes are monodisperse and homogeneous. To estimate the thermal stability, the α-Fe2O3,
α-Fe2O3@SiO2 and SiO2 NPs are annealed at 600, 800 and 1000 1C for 1 h under air atmosphere,
respectively. Furthermore, the stabilities of these NPs are confirmed by thermal analysis methods. The
structure and shape stabilities of these as-prepared α-Fe2O3@SiO2 NPs are investigated by XRD and
scanning electron microscope (SEM).

& 2013 Elsevier Inc. All rights reserved.

1. Introduction

Monodisperse α-Fe2O3@SiO2 nanoparticles (NPs) with various
shapes have much promising applications in many fields, i.e.
photocatalysis [1], thermophotovoltaics [2], thermal emission
materials [3] and photonic crystals [4], due to their outstanding
stability and non-toxicity under harsh conditions. Recently, var-
ious Fe2O3@SiO2 NPs have been reported by some researchers
[5,6]. Hydrothermal synthesis is a facile and large-scale approach
to prepare the monodisperse α-Fe2O3 NPs. Many different shapes
of α-Fe2O3 NPs have been successfully prepared in the previous
reports [7,8]. Moreover, there are two main routes of the SiO2-
coated methods that are the Stöber method [9] and sol–gel
technology [10]. Here, the Stöber method possesses many advan-
tages, i.e. low-cost, compatibility and stability, which have been
widely applied into the targeted drug delivery [11], magnetic
microsphere and biomedicine [12]. However, most of the previous
reports mainly focused on the subjects of synthesis routes, surface
modified methods and physical properties, including the magnet-
ism, absorption and catalysis [13]. In particular, thermal stabilities
of α-Fe2O3@SiO2 NPs were still scarce in literature, which are the
most important properties in the fields of high-temperature
photonic crystals and thermal protections [14].

In this work, the monodisperse α-Fe2O3@SiO2 NPs with differ-
ent shell thicknesses are prepared via hydrothermal synthesis and
modified Stöber method. Polyvinylpyrrolidone (PVP) as a disper-
sing agent is used to improve the monodispersity of α-Fe2O3@SiO2

NPs. The compositions and structures of all samples are measured
and analyzed by TEM micrographs, XRD patterns and FTIR spectra.
Furthermore, the optical property and thermal stability are esti-
mated by the UV–vis absorption and thermal analysis methods. A
SEM measurement is used to directly investigate the morphologic
change and structure stability of all samples after annealed at 600,
800 and 1000 1C for 1 h. Moreover, XRD patterns are used to
determine the structure and phase changes of α-Fe2O3 cores.

2. Experimental

2.1. Hydrothermal synthesis of spindle α-Fe2O3 NPs

In typical synthesis, 10 mmol of ferric perchlorate (Fe(ClO4)3 �
xH2O, J&K Chemical) and 0.5 mmol of ammonium dihydrogen
phosphate (NH4H2PO4, Sinopharm Chemical Reagent) are dissolved
into deionized water. After stirring for 30 min, 10 mmol of urea
((NH2)2CO, Sinopharm Chemical Reagent) is added into the solution
to obtain the homogeneous mixture. Then, this yellow solution is
transferred into a 200 mL Teflon-lined autoclave, and deionized
water is subsequently added up to 50% of its capacity. The autoclave
is sealed and placed in an oven, heated to 120 1C and maintained for
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12 h. After the reaction, the autoclave is cooled in air. The pre-
cipitation is transferred into centrifugal tubes and washed with
distilled water and ethanol both for four times at 6000 revolutions
per minute for 5 min, the resulting red precipitates finally are dried
in an oven at 60 1C for 8 h and collected.

2.2. Preparation of the monodisperse α-Fe2O3@SiO2 NPs

First, 0.1 g of the as-obtain α-Fe2O3 NPs are dispersed in the
200mL of deionized water to form a homogeneous dispersion by
ultra sonication. Subsequently, 0.8 g of PVP (Mw¼360,000, J&K
Chemical) is dissolved in 200mL of deionized water, and the solution
is introduced into the homogeneous dispersion with vigorous stirring
at room temperature for 24 h. Un-adsorbed PVP is removed by three
repeated centrifugation and washing cycles, and the as-prepared NPs
are redispersed in 160 mL of ethanol and further ultrasonically treated
to form a stable dispersion. Second, 10 mL of ammonia (NH3 �H2O,
Sinopharm Chemical Reagent) is injected into the stable dispersion
under constant stirring, and then tetraethylorthosilicate (TEOS) in
ethanol (volume ratio¼1/4) solution is added in this dispersion by a
constant pressure funnel at a speed of 1.5 mL min�1 at room
temperature, and the mixture is constantly stirred for 12 h. The as-
obtained α-Fe2O3@SiO2 samples are collected by centrifugation and
washing with ethanol and deionized water for three times and then
dried in an oven at 80 1C for 4 h. As a comparison, the SiO2 micro-
spheres are prepared by the modified Stöber method, as the same
condition with SiO2 coating on the surface of the α-Fe2O3 NPs. Fig. 1
presents the schematic of preparation of monodisperse α-Fe2O3@SiO2

NPs in this work. The key point is using PVP as stability agent in the
first step to improve the monodispersity of α-Fe2O3@SiO2 NPs. The α-
Fe2O3 cores are coated by TEOS under the absolute ethanol as solvent,
and ammonia as a catalyst is used to adjust the reaction rate of TEOS
to improve the coating results of SiO2 shells.

2.3. Characterization and measurements

The as-prepared samples are investigated by a transmission
electron microscope (TEM, H-7650, Hitachi) with an accelerating
voltage of 100 kV. The crystalline structures of the α-Fe2O3 and
α-Fe2O3@SiO2 samples are characterized by X-ray diffraction
technique (XRD, D/max-rb 12KW, Rigaku) with CuKα radiations
(λ¼1.542 Å). The compositions of the as-prepared samples are
characterized by a FT-IR spectrum (AVATAR 360, Nicolet) and the
optical properties are estimated by UV–vis absorption spectrum
(U-4100, Hitachi). The thermal stabilities of the α-Fe2O3,
α-Fe2O3@SiO2 and SiO2 NPs are performed by thermal analysis
methods of thermogravimetry (TG) and differential thermal analy-
sis (DTA) (ZRY-2P, Shanghai Kaiping). The morphologies of samples
after annealed at different temperatures are measured by a field
emission scanning electron microscope (FE-SEM, S-4300, FEI).

3. Results and discussion

The monodisperse α-Fe2O3@SiO2 samples with various thick-
nesses are prepared via hydrothermal synthesis and modified

Stöber method. Fig. 2 presents the representative TEM micro-
graphs of the α-Fe2O3 and α-Fe2O3@SiO2 NPs with various SiO2

shell thicknesses. These α-Fe2O3@SiO2 NPs are almost monodis-
perse and homogeneous. The core–shell structures are well coated
by SiO2 shells, avoiding the core-free SiO2. The insets in Fig. 2 show
the average size distributions of these corresponding NPs. The
results display that the SiO2 shells are homogeneously formed on
the surfaces of pristine α-Fe2O3 cores. The shell thicknesses of
α-Fe2O3@SiO2 NPs range from 15 to 125 nm. The changes of shell
thicknesses and aspect ratios with the TEOS dosage are shown in
Table 1. It indicates that the aspect ratios of the α-Fe2O3@SiO2 NPs
are decreased with the increase of SiO2 shell thicknesses, which
could be caused by the growth orientation and shape effects of the
spindle α-Fe2O3 NPs [15].

Fig. 3a shows the XRD patterns of the α-Fe2O3 NPs prepared by
hydrothermal synthesis. The sharp diffraction peaks are consistent
with the rhombohedral α-Fe2O3 phase (JCPDS No. 33-0664). No
characteristic peaks of other impurities are observed, therefore the
as-prepared α-Fe2O3 NPs are the high-purity single crystalline
samples [16]. All peaks could be assigned to (0 1 2), (1 0 4), (1 1 0),
(1 1 3), (0 2 4), (1 1 6), (0 1 8), (2 1 4), (3 0 0), (1 0 1 0) and (2 2 0)
facets of the rhombohedral α-Fe2O3, respectively. The peaks of
α-Fe2O3@SiO2 NPs in Fig. 3b are combined between the rhombo-
hedral α-Fe2O3 and SiO2 phases. A broad peak centered at 2θ¼231
indicates that the SiO2 phase is amorphous state [17]. These results
confirm that the SiO2 is just coated on the surface of the α-
Fe2O3 NPs.

To investigate the compositions and structures, an FTIR spec-
troscopy is used to measure the feature functional groups of
samples. FTIR spectra of the α-Fe2O3, α-Fe2O3@SiO2 and SiO2 NPs
are displayed in Fig. 4. An absorption peak centered at 538 cm�1

and a shoulder at 472 cm�1 are corresponding to the characteristic
O–Fe–O bonds for the α-Fe2O3 sample [18]. For other samples, an
abroad absorption peak between 1080 and 1100 cm�1 and the
lower absorption peaks at 900, 780 and 450 cm�1 are assigned to
the stretching vibrations of O–Si–O bonds, whose intensity
increases with the increase of the SiO2 shell thicknesses. Moreover,
the blue shifts of O–Si–O bonds are obviously demonstrated, for
α-Fe2O3@SiO2 NPs with the shell thickness of 15 nm at
1085.78 cm�1 and for the pure SiO2 NPs at 1097.35 cm�1, which
suggests the strong interactions in the interfaces between the
α-Fe2O3 cores and SiO2 shells [19]. These results determine that
α-Fe2O3@SiO2 NPs are successfully prepared.

To estimate optical properties of the α-Fe2O3 and α-Fe2O3@SiO2

samples, the UV–vis absorption spectra are showed in Fig. 5.
The pristine α-Fe2O3 NPs have two absorption peaks in wave-
length ranges of the ultra-violet and visible light, respectively.
The first region is assigned to the transfer spectra between metal
and ligand ranged from 274 to 380 nm, and the finger print region
of the band edge of hematite ranged from 520 to 570 nm. More-
over, the absorption strength of the α-Fe2O3@SiO2 NPs decrease
with the increase of SiO2 shell thicknesses, because the pure SiO2

NPs have no absorption peak in ultra-violet and visible regions
[20]. These facts may be attributed to the transition in crystal field
and the charge transfer processes, which is increased with the
gradual incorporation of the SiO2 shells. Furthermore, the band

Fig. 1. Schematic of preparation of monodisperse spindle α-Fe2O3@SiO2 NPs.
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gap energies of the α-Fe2O3@SiO2 NPs could be quantitatively
estimated by the following equation [21]:

Eg ¼ 1240=λg ð1Þ
where Eg is the band gap energies of the α-Fe2O3@SiO2 NPs, λg is
the wavelength at the overlap of the vertical and horizontal
portions on the band edge.

As seen in Fig. 5, the value of λg at the absorption edge is
increased with the SiO2 shell thickness, which shifts from 530 nm
of α-Fe2O3, corresponding to a band gap energy of 2.34 eV, to
696 nm of SiO2 shell thickness of 125 nm, corresponding to a band
gap energy of 1.78 eV. These results could be caused by the
influence of the SiO2 shell, which has much lower band gap
energy [22].

The TG curves of the α-Fe2O3, α-Fe2O3@SiO2 NPs with different
SiO2 shell thicknesses and SiO2 NPs are shown in Fig. 6a. From

these TG curves, all samples have two steps of weigh loss
processes from room temperature continuously to 1000 1C.
It obviously demonstrates that these samples are thermal stability
below 500 1C in step (I). Combined with the DTA curves in Fig. 6b,
an exothermic peak is presented in each sample. The main weight
loss is due to dehydration of physically absorbed water (H2O) [23]
and hydroxyl groups on the surface of these NPs [24], and the
dehydration of PVP is another factor [25]. The DTA curve of SiO2 NPs
displays the second exothermic peak at 435 1C, which is lower than
that of other samples. Because the interfacial effects of the SiO2 and
α-Fe2O3 components, the exothermic peak of α-Fe2O3@SiO2 NPs
would shift to much higher temperature. According to the TG curves,
the mass of all samples have no significant change between 500 and

Fig. 2. TEM micrographs of (a) α-Fe2O3 NPs, α-Fe2O3@SiO2 NPs with the shell thickness of (b) 15, (c) 30, (d) 50, (e) 65, (f) 75, (g) 110 and (h) 125 nm. The insets in (a)–
(h) show the corresponding size distributions of α-Fe2O3@SiO2 NPs.

Table 1

The shell thicknesses and aspect ratios of the α-Fe2O3@SiO2 NPs following with the changes of the TEOS dosage.

Sample (a) (b) (c) (d) (e) (f) (g) (h)

TEOS (mL) 0 0.5 0.7 1 2 3 5 6
Shell thickness (nm) 0 �15 �30 �50 �65 �75 �110 �125
Aspect ratio �3.27 �2.12 �1.94 �1.70 �1.56 �1.50 �1.44 �1.33

Fig. 3. XRD patterns of the (a) α-Fe2O3 and (b) α-Fe2O3@SiO2 NPs with a shell
thickness of 15 nm.

Fig. 4. FTIR spectra of the (a) spindle α-Fe2O3, α-Fe2O3@SiO2 with the shell
thickness of (b) 15, (c) 30, (d) 50, (e) 65, (f) 75, (g) 110 and (h) 125 nm, and
(i) pure SiO2 NPs.
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1000 1C. Therefore, exothermic effects at this temperature range in
the step (II) are corresponding to the phase transformation of these
NPs [26]. In particular, the α-Fe2O3@SiO2 NPs with the shell
thickness of 30 nm had the highest temperature of the phase
transformation. Due to the modification of α-Fe2O3 cores by PVP,
the stronger interfaces the between α-Fe2O3 core and SiO2 shell
presented in these samples [27]. Furthermore, the degradation
of hydroxyl groups in the SiO2 is easily happened in higher
temperature [28]. Thus, the interfacial effects would significantly

enhance its thermal stability of α-Fe2O3@SiO2 NPs with shell
thickness of 30 nm.

Furthermore, to illustrate the thermal stabilities, the α-Fe2O3,
α-Fe2O3@SiO2 and SiO2 samples were annealed at 600, 800, 1000 1C
for 1 h, respectively. An SEM measurement was used to directly
analyse the stability changes of α-Fe2O3@SiO2 NPs with the annealing
temperatures [29]. The morphologies of the α-Fe2O3, α-Fe2O3@SiO2

and SiO2 NPs after annealing are shown in Fig. 7. As observed in Fig. 7
(1–10), the surface of α-Fe2O3 NPs is distinctly changed after annealing
at 600 1C for 1 h. It means that the shapes of α-Fe2O3 NPs become
nonuniform and aggregative. Because the structural stability of SiO2

NPs is higher than α-Fe2O3, the α-Fe2O3@SiO2 NPs are enhanced by
the SiO2 shells after the annealing at 600 1C [30]. This fact confirms
that the coating with the SiO2 is an effective and valuable approach to
improve the anti-heating property of α-Fe2O3 NPs [31]. Fig. 7(11–20)
shows morphologies of all samples annealed at 800 1C for 1 h. It is
obviously displayed that the α-Fe2O3 NPs have reunited and trans-
formed into much bigger α-Fe2O3 NPs. Nevertheless, the other
samples have no significant deformation in their shapes, except for the
α-Fe2O3@SiO2 samples of 15, 30 and 50 nm with a little agglomera-
tion. After annealing at 1000 1C, all NPs present the deformation with
different degrees, as shown in Fig. 7(21–30). Especially, the α-Fe2O3

NPs are almost cemented to several big particles of micrometers. The
α-Fe2O3@SiO2 samples with the shell thicknesses between 15 and
85 nm also reunited to multi-particles state. Meanwhile, the fractured
and exfoliated phenomena appear on the surfaces of SiO2 NPs. The
morphologies of the α-Fe2O3@SiO2 NPs have changed from the whole
cementation to the surface exfoliation with the increasing of the SiO2

shell thickness. Therefore, the α-Fe2O3@SiO2 NPs has a good thermal
stability under the temperature of 800 1C.

Moreover, the crystal structure and the phase information for
α-Fe2O3 samples annealed at 600, 800 and 1000 1C have been
confirmed with X-ray diffraction (XRD) patterns, as shown in
Fig. 8. All the reflections can be indexed to a pure rhombohedral
phase of α-Fe2O3 (JCPDS no. 33-0664). The narrow sharp peaks
suggest that all samples are well crystallized. Furthermore, the
intensity ratio between (1 0 4) and (1 1 0) peaks are different for
each other. Especially, the (2 1 4) and (3 0 0) peaks are enhanced
with a increasing of the annealing temperature. It indicates that
the structure and phase are stable under 1000 1C, but the prefer
orientation of α-Fe2O3 samples is changed after annealed.

4. Conclusions

In summary, α-Fe2O3@SiO2 NPs with various shell thicknesses
are successfully prepared. Their structures and compositions are
confirmed by TEM micrographs, XRD patterns and FTIR spectra.
Furthermore, band gap energies are analyzed and calculated by
UV–vis absorption spectra. It is confirmed that the α-Fe2O3@SiO2

NPs are monodisperse and homogeneous. Furthermore, it is also
an important viewpoint that these α-Fe2O3@SiO2 NPs have good
thermal stabilities, determined by the TG and DTA method. Due to
the enhancement of SiO2, the steady temperature of α-Fe2O3@SiO2

NPs exceeded 800 1C. XRD patterns confirm that the α-Fe2O3 NPs
have structure stability under 1000 1C. These results supplied a
new strategy to design and prepare the high-temperature photo-
nic crystals, thermal protects and magnetic materials.
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