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Synthesis and Characterization of Fe3O4@SiO2@mesoporous-SiO2 Materials
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In this work, a magnetic Fe3O4@SiO2@mesoporous-SiO2 (F@S@m-S) material was successfully prepared by a three-step
method: firstly, Fe3O4 particles were synthesized through hydro-thermal synthesis process; secondly, Fe3O4@SiO2
materials were fabricated via a template method using tetraethyl orthosilicate (TEOS) as silicon sources and
cetyltrimethylammonium chloride (CTAC) as templates; lastly, F@S@m-S materials were prepared through a template
method as well. The influence of TEOS/CTAC molar ratio on the morphology and mesostructure was investigated. The
product was characterized by Fourier-transform Infrared Spectroscopy (FT-IR), small-angle X-ray scattering (SAXS),
scanning electron microscopy (SEM), transmission electron microscope (TEM), and N2 adsorption-desorption. The results
demonstrated that F@S@m-S materials have a well spherical morphology and a typical mesostructure. The increase of
TEOS/CTAC molar ratio can improve the mesostructure and crystal form of F@S@m-S materials. The average particle
size, specific surface area, average pore size and pore volume of F@S@m-S-4.78 materials are 130 nm, 77.1 m2/g, 9.2 nm
and 0.1668 cm2/g, respectively.
Keywords: mesoporous silica, microspheres, TEOS.

1. INTRODUCTION∗

2. EXPERIMENTAL

Transition metal oxides, especially nanoparticles with
unique properties owing to finite size effects [1], have
attracted much interest in transforming hazardous organic
wastes into low toxicity compounds as a catalyst [2].
However, one barrier of this transformation is dependent on
the specific surface area and matter transmission channel of
carriers, which restrict the contact of transition metal
nanoparticles and hazardous organic waste [3 – 6]. Another
barrier is the dispersion of transition metal nanoparticles in
carriers [3].
In order to overcome these two obstacles, the active
transition metal nanoparticles are usually immobilized on
the solid carriers such as porous carbon [7] and mesoporous
materials [8]. Mesoporous silica, which exhibits a high
specific surface area, regularly pore channel, adjustable pore
size and tunable pore volume, is an ideal carrier for
transition metal nanoparticles [9 – 12]. These excellent
characters of mesoporous materials are favorable for well
dispersion and prevent the aggregation of transition metal
nanoparticles [2].
In
the
current
work,
a
magnetic
Fe3O4@SiO2@mesoporous-SiO2 (F@S@m-S) material
was prepared by a three-step method by using tetraethyl
orthosilicate
(TEOS)
as
silica
source
and
cetyltrimethylammonium chloride (CTAC) as templates.
The effect of TEOS/CTAC ratio on the morphology and
mesostructured was studied. F@S@m-S materials
presented a typical mesostructured and uniform spherical
morphology.

2.1. Materials
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Ferrous sulfate heptahydrate (FeSO4·7H2O, 99.0 %)
and sodium acetate (CH3COONa·3H2O, 99 %) were
supplied by Jiangsu Yixing Second Chemical Reagent
Factory. Aqueous ammonia (NH3·H2O, 99.0 %),
ammonium nitrate (NH4NO3, 99.2 %) and triethanolamine
(TEA, 99.0 %) were purchased from Jiangsu Tongsheng
Chemical Reagent CO., LTD. Sodium dodecylbenzene
sulfonate (SDS, 98.5 %) was obtained from Tianjin BASF
Chemical Trade Co., LTD. Tetraethyl orthosilicate (TEOS,
99.9 %) and Cetyltrimethylammonium chloride (CTAC,
99.0 %) were supplied by Sinopharm Chemical Reagent
Co., LTD. Ethanol (99.0 %) was purchased from Chengdu
Kelong Chemical Reagent Co., LTD. All above chemical
reagents were used directly without further treatment except
when mentioned.

2.2. Synthesis of ferric oxide (Fe3O4)
Typically, 1.4 g of FeSO4·7H2O, 3.6 g of sodium
acetate and 0.5 g of SDS were added successively into
70 mL of deionized water and stirred for 30 min under
magnetic stirring at 200 rpm to form a solution. The solution
was removed to a Teflon-lined stainless-steel autoclave and
kept in vacuum oven at 200 °C for 8 h. After cooling to
room temperature, the black precipitates were obtained by
centrifugation, washed with ethanol and deionized water for
three times, and dried in vacuum at 60 °C for 12 h and then
at 105 °C for 4 h. The X-ray diffraction pattern (XRD) of
particles was shown in Fig. 1.
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Fig. 1. The X-ray diffraction pattern (XRD) of particles

2.3. Fabrication of Fe3O4@SiO2
The fabrication of Fe3O4@SiO2 materials was
performed following the procedure suggested by Sun [2]:
0.2 g of Fe3O4 particles were added into 40 mL of ethanol
and sonicated at 30 °C for 30 min. Then, 20 mL of
deionized water, 40 mL of ethanol and 1 mL of aqueous
ammonia were added into the mixture. 0.2 g of TEOS was
added and stirred under magnetic stirring at room
temperature for 6 h. The gray precipitates were obtained by
centrifugation, washed with ethanol and deionized water for
three times and dried in vacuum at 60 °C for 12 h and then
at 105 °C for 4 h.

2.4. Preparation
SiO2

of

Fe3O4@SiO2@mesoporous-

Deionized water, 24 mL of CTAC and 0.18 g of TEA
were added into a 250 mL three-neck round-bottomed flask
equipped with a thermometer, a constant-voltage dropping
funnel, and a condenser pipe. 0.2 g of Fe3O4@SiO2 particles
were added into the solution and sonicated for 1 h, followed
by stirring at 60 °C for 1 h under magnetic stirring at
300 rpm. Appropriate amount of TEOS was dropwise into
the solution and stirred at 60 °C for 12 h under reflux
conditions. The precipitates were obtained by
centrifugation, washed with ethanol and deionized water for
three times, and dried in vacuum at 80 °C for 4 h and then
at 105 °C for 6 h. The final products (F@S@m-S-x), where
x denotes the molar ratio of TEOS/CTAC (4.58, 4.78 and
4.98), were removed to a muffle furnace and heated to
600 °C with a speed of 1 °C/min and calcined for 6 h.

2.5. Characterization
Fourier-transform Infrared Spectroscopy (FT-IR)
spectra were measured with a Tensor 37 instrument
(Germany, Bruker) through Potassium bromide pellet
method. Each sample was scanned in the range of 6001800 cm−1 with a resolution of 4 cm-1.
Small-angle X-ray scattering (SAXS) patterns were
recorded on a X’Pert3 Powder (PANalytical, Netherlands)
using Cu Kα radiation.
Scanning electron microscopy (SEM) images were
recorded using a scanning electron microscope (Hitachi
SU8000), and the samples were sputter-coated with gold
before observation. SEM micrographs were obtained under

conventional secondary electron imaging conditions with an
accelerating voltage of 10 kV.
Transmission
electron
microscope
(TEM)
morphologies were observed by a JEM-2100F (JEOL,
Japan) with an accelerating voltage of 200 kV, matching
with a X-MaxN 80T IE250 energy dispersive spectrometer
(EDS). Powder samples were suspended in ethanol using an
ultrasonic horn and small volumes of the suspensions were
deposited onto carbon-coated 400 mesh copper grids and
dried under air.
N2 adsorption-desorption isotherms at 77 K were
measured with a Tristar II 3020 instrument (Micromeritics,
USA). The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) method from the linear part
of BET plot according to IUPAC recommendations using
the
adsorption
isotherm
(relative
pressure
(P/P0) = 0.05 – 0.20). The pore size distribution and pore
volume were calculated by the Barrett-Joyner-Halenda
(BJH) method.

3. RESULTS AND DISCUSSION
The FT-IR spectrum of Fe3O4@SiO2 materials is shown
in Fig. 2. The vibration band at 587 cm-1 is assigned to
stretching vibration of Fe-O, which indicates the presence
of Fe3O4. The vibration band at 1092 cm-1 is attributed to
asymmetric stretching vibration of Si-O-Si, which results
from the hydrolysis of TEOS. The appearance of vibration
band at 1092 cm-1 indicates the successful coating with SiO2
on the surface of Fe3O4 materials. However, this spectrum
demonstrates that Fe3O4 particles have not been totally
covered by SiO2 particles.
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Fig. 2. FT-IR spectrum of Fe3O4@SiO2 materials

The FT-IR spectra of F@S@m-S materials are shown
in Fig. 3. The vibration bands at 651.4, 798.2 and
1085.2 cm-1 are assigned to asymmetric stretching vibration
of Si-O, symmetric stretching vibration of tetrahedral SiO4
unit and asymmetric stretching vibration of Si-O-Si,
respectively. The bands at 1085.2 cm-1 in the spectra of
F@S@m-S-4.78 and F@S@m-S-4.98 are clearer than that
in F@S@m-S-4.58. These results indicate that the increase
of TEOS/CTAC molar ratio is beneficial to the formation of
F@S@m-S materials.
The SAXS patterns of F@S@m-S materials are shown
in Fig. 4. The SAXS pattern of F@S@m-S-4.58, (Fig. 4 a)
presents two weak diffraction peaks at 2θ = 0.86° and
2θ = 1.72°, which can be indexed to the 100 and 110 planes
of mesostructures, respectively.
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Fig. 3. FT-IR spectra of DMS-x materials
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The unit cell parameter is calculated to be about 11 nm.
These two characteristic peaks suggest that F@S@m-S4.58 materials have mesoporous structure [13]. The SAXS
pattern of F@S@m-S-4.78 (Fig. 4 b) shows a strong
diffraction peak at 2θ = 0.86° and a weak diffraction peak at
2θ = 1.72°. This result indicates that increasing
TEOS/CTAC molar ratio can improve the mesostructured
state and influence the crystal form of F@S@m-S materials.
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Fig. 4. SAXS patterns: a – DMS-4.58; b – DMS-4.78

SEM images of F@S@m-S materials are presented in
Fig. 5. As shown in Fig. 5, all F@S@m-S materials exhibit
a spherical morphology. F@S@m-S-4.58, F@S@m-S-4.78
and F@S@M-S-4.98 materials have an average particle
sizes of 100 nm, 130 nm and 180 nm, respectively. The
increase of TEOS/CTAC molar ratio, which supplies
enough silicon sources, can increase the particle sizes of
F@S@m-S materials. This result indicates that a higher
TEOS/CTAC molar ratio can be beneficial to obtaining
F@S@M-S materials with bigger particle size.

Fig. 5. SEM images:
c – DMS-4.98

a – DMS-4.58;

b – DMS-4.78

(B);

TEM morphologies of F@S@m-S materials of
F@S@m-S-4.78 materials are shown in Fig. 6. As shown in
Fig. 5 a, F@S@m-S-4.78 materials present an average size
of 130 nm, which is in correspondence with the result
observed in Fig. 5. Moreover, F@S@m-S-4.78 materials
have well uniform spherical morphology. It can be observed
that F@S@m-S-4.78 materials have both ordered and
disordered
mesoporous
structure
(Fig. 6 b and c).
Disordered mesoporous structure may results in a low
specific surface area.
The energy dispersive spectroscopic (EDS) analysis
was utilized to determine the chemical composition of the
F@S@m-S-4.78 materials and the result are shown in
Fig. 6. Fig. 7 shows that the F@S@m-S-4.78 materials
present a spectrum containing a signal of C, O, Cu, and Si
elements. Among these, the signal of C, O, and Cu were
usually affected by the cooper grids and their degree of
oxidation. Si and O signals resulted from the F@S@m-S4.78 materials. It should be noted that there is no signal of
Fe element, which demonstrates that Fe3O4 was completely
coated with mesoporous silica.
N2 adsorption-desorption method is a typical process for
charactering the mesostructure of mesoporous materials.
The N2 adsorption-desorption isotherm of F@S@m-S-4.78
materials is shown in Fig. 8.

loop, which indicates the existence of mesopores and results
from capillary condensation in mesopores [14]. The specific
surface area, average pore size and pore volume of
F@S@m-S-4.78 materials are calculated to be 77.1 m2/g,
9.2 nm and 0.1668 cm2/g, respectively. It is well known that
the specific surface area of ordered mesoporous materials is
higher than that of mesoporous materials with disordered
mesoporous structure. The low specific surface area of this
materials may be attributed to the disordered mesoporous
structure which is observed in Fig. 6.

a

4. CONCLUSIONS
In
summary,
Fe3O4@SiO2@mesoporous-SiO2
(F@S@m-S) materials were successful prepared by a threestep method, using Ferrous sulfate heptahydrate as iron
source, TEOS as silica source, SDS and CTAC as templates.
The effect of TEOS/CTAC molar ratio on the morphology
and mesostructured was investigated. The products were
characterized by FT-IR, SAXS, SEM, TEM and N2
adsorption-desorption. F@S@m-S materials present a
uniform spherical morphology and exhibit a typical
mesoporous structure. The increase of TEOS/CTAC molar
ratio may improve the mesostructured state. The three-step
method provides a cost-effective procedure for the
preparation of magnetic Fe3O4@SiO2@mesoporous-SiO2
materials with uniform spherical morphology.
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