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Abstract: Fe;0,@SiO, core—shell composite nanoparticles were successfully prepared by a one-pot process. Tetraethyl—orthosilicate was
used as a surfactant to synthesize Fe;0,@SiO, core—shell structures from prepared Fe;O4 nanoparticles. The properties of the Fe;O4 and
Fe;0,@Si0, composite nanoparticles were studied by X-ray diffraction, transmission electron microscopy, energy dispersive spectroscopy,
and Fourier transform infrared spectroscopy. The prepared Fe;O, particles were approximately 12 nm in size, and the thickness of the SiO,
coating was approximately 4 nm. The magnetic properties were studied by vibrating sample magnetometry. The results show that the maxi-
mum saturation magnetization of the Fe;04@SiO, powder (34.85 A'm*>kg ") was markedly lower than that of the Fe;0, powder (79.55
A-m*kg™"), which demonstrates that Fe;0, was successfully wrapped by SiO,. The Fe;0,@SiO, composite nanoparticles have broad pros-

pects in biomedical applications; thus, our next study will apply them in magnetic resonance imaging.

Keywords: composite materials; magnetite nanoparticles; iron oxides; silicon dioxide; one-pot process

1. Introduction

Magnetic fluid comprises magnetic nanoparticles, a sur-
factant, and a carrier liquid. The magnetic nanoparticles,
which are the main component, are modified by the surfac-
tant, which not only reduces their agglomeration and uneven
dispersion but also endows them with good compatibility. In
addition, the application of a magnetic fluid is determined
by the carrier liquid [1]. Paramagnetic iron oxide nanoparti-
cles have promising application prospects as bio-magnetic
materials, because they possess the advantages of both pa-
ramagnetism and properties originating from the nanoscale
effect. Furthermore, these nanoparticles are non-toxic and
thus stable in vivo [2]. Water-based magnetic fluid contain-
ing Fe;04 nanoparticles has broad potential applications as a
magnetic resonance imaging (MRI) contrast agent [3] and in
the removal of heavy metal ions from aqueous solution [4],
biological cell separation [5], targeted drug delivery [6], and
magnetic hyperthermia and catalysis [7]. However, Fe;O04
nanoparticles aggregate easily due to the nanoscale effect
and magnetic gravitational effect [8]. SiO, nanoparticles
have good hydrophilicity, stability, and biocompatibility,
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which effectively improve the performance of Fe;O4
nanoparticles in biological applications [9] and allow the at-
tachment of organic molecules to the nanoparticle surface
by covalent bonds. Wrapping the surface of Fe;O, nanopar-
ticles with SiO, to form Fe;04@SiO, core—shell nanoparti-
cles is an effective means of preventing the agglomeration
of these nanoparticles.

Fe;0,@Si0, composite nanoparticles have the desirable
properties of magnetic nanoparticles while also benefiting
from the SiO, shell. The hydroxyl functional groups of SiO,
facilitate the ornamentation, grafting, and joining of these
nanoparticles with drug carriers, which is beneficial for their
application in MRI research [10]. Fe;04@SiO,@chitosan or
glucan magnetic composite nanoparticles exhibit good
magnetism, hydrophilicity, stability, and biocompatibility,
thereby improving the image quality of MRI. When these
nanoparticles are injected into biological systems under an
external magnetic field, different magnetic relaxation time
are produced, enhancing the MRI resolution ratio. In addi-
tion, these magnetic composite nanoparticles are non-toxic
and can be excreted in urine, making them promising MRI
contrast agents [11-12].
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Fe;0,@SiO, composite nanoparticles have been pre-
pared by the micro-emulsion method and Stober hydrolysis
method, as reported in many previous studies [13]. In this
study, Fe;0,@SiO, was prepared by a one-pot process,
which differs from the conventional two-step approach in
which Fe;O4 nanoparticles are prepared in the first step and
then used as seeds for the growth of silica in the second step.
The composite nanoparticles were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDS), Fourier trans-
form infrared spectroscopy (FTIR), and vibrating sample
magnetometry (VSM) at room temperature. The results
show that this one-pot synthesis is a low-cost and conven-
ient method for the preparation of Fe;O4@SiO, core—shell
nanoparticles. Moreover, the results of this work will pro-
vide the foundation for our next study in which these
nanoparticles are applied as MRI contrast agents.

2. Experimental
2.1. Chemicals

Ferric chloride hexahydrate (FeCl;-6H,0), ferrous sulfate
heptahydrate (FeSO, 7H,0), ammonia hydroxide (NH;-H,O),
tetraethyl orthosilicate (TEOS), and sodium dodecyl benzene
sulfonate (SDBS) were purchased from China National
Pharmaceutical Group Chemical Reagent Co., Ltd. Ethanol
was purchased from Beijing Chemical Industry Group Co.
All chemicals mentioned above were of analytical purity.
Deionized water was used in all experiments.

2.2. Synthesis of Fe;O,@SiO, magnetic composite
nanoparticles

Referring to a previously published procedure [14-16],
15 mL of deionized water in a 250-mL beaker was heated in
a water bath to 75°C, at which point 0.81 g of FeCl;-6H,0O
and 0.556 g of FeSO,7H,0 were added to the beaker. Next,
3 mL of ammonia was added quickly, and the reaction was
conducted for 25 min at 75°C. SDBS (0.12 g) was then
added as a surface modifier to reduce the agglomeration of
the Fe;04 nanoparticles, and the reaction was continued for
50 min at 75°C under stirring. The solution was then sepa-
rated into two equal batches. The first batch (marked as S1)
was washed with deionized water and ethanol alternately,
providing the Fe;O4 nanoparticles used as a basis of com-
parison for the composite nanoparticles. The second batch
(marked as S2) was dispersed in 96 mL of deionized water
by an ultrasonicator for 30 min at room temperature. The
solution was then transferred to a 1000-mL beaker, after
which 480 mL of ethanol was added and mixed uniformly,

15 mL of ammonia was added slowly, and then 4.8 mL of
TEOS (as Fig. 1(b)) was added. The reaction was conducted
for 8 h at room temperature and stirring at 300 r/min. Finally,
the Fe;0,@SiO, magnetic composite nanoparticles were
obtained.

Fig. 1 shows the TEM images of the Fe;O4@SiO,
core—shell composite nanoparticles prepared with different
amounts of TEOS: 3.6 mL, 4.8 mL, and 6.0 mL. When 3.6
mL of TEOS was added, the Fe;04@SiO, magnetic com-
posite nanoparticle solution was cloudy. Meanwhile, when
6.0 mL of TEOS was added, the SiO, coating was too thick,
degrading the quality of the prepared Fe;0,@SiO, compos-
ite nanoparticles and making them unsuitable for biological
applications. However, when 4.8 mL of TEOS was added,
the Fe;O4 nanoparticles were effectively wrapped by the
Si0,. Thus, 4.8 mL of TEOS was appropriate for this syn-
thesis [17-18].

2.3. Characterization of Fe;O, nanoparticles (S1) and
Fe;0,@Si0, composite nanoparticles (S2)

The Fe;0,4 nanoparticles (S1) and Fe;0,@SiO, compos-
ite nanoparticles (S2) were characterized by XRD, TEM,
EDS, FTIR, and VSM.

3. Results and discussion
3.1. X-ray diffraction analysis

Fig. 2 shows the XRD patterns of the Fe;O, nanoparticles
and Fe;04@Si0, composite nanoparticles. As shown in Fig.
2, the position and intensity of the Fe;O, diffraction peak
(the S1 curve) were consistent with the powder diffraction
file (PDF) standard card. Peaks were detected at 26 = 30.1°,
35.4°, 43.0°, 53.4°, 56.9°, and 62.6°, corresponding to the
(220), (311), (400), (422), (511), and (440) crystal planes,
respectively [19]. According to the Scherrer formula, D =
K-/(f-cos) (6: diffraction angle; K: Scherrer constant, K =
0.89; 2 = 0.154 nm; f: diffraction peak half-width) [18], the
Fe;0,4 nanoparticles were 12 nm in size. A broad peak was
observed at 20 = 20°~24.3° in the S2 curve, which may cor-
respond to the amorphous SiO, [20]. However, the absence
of the three strong peaks characteristic of SiO, in this region
made it impossible to prove this assignment. Thus, more
work must be performed to confirm whether the Fe;O4
nanoparticles were coated by SiO, nanoparticles. The shapes
and locations of the other peaks in S2 clearly corresponded
to Fe;O4 nanoparticles, revealing that the structures of the
Fe;0,4 nanoparticles were not changed in S2. Therefore, ac-
cording to the XRD patterns of the magnetic composite
nanoparticles, Fe;0, may have been coated by SiO,.
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Fig. 2. XRD patterns of Fe;O4nanoparticles and Fe;0,@SiO,
composite nanoparticles.

3.2. Transmission electron microscopy study

TEM images of the Fe;04 nanoparticles and Fe;0,@SiO,
core—shell composite nanoparticles are shown in Fig. 3. As
evident in Fig. 3(a), the Fe;0O4 nanoparticles were spherical,
regular in shape, and uniform in size. The Fe;0, nanoparti-

Fig. 1. TEM images of Fe;0,@SiO,
core—shell composite nanoparticles ob-
tained using different amounts of TEOS:
(a) 3.6 mL; (b) 4.8 mL; (c) 6.0 mL.

cles were found to be approximately 12 nm in size, which
was consistent with the results from the Scherrer equation
based on the XRD data. Comparing Figs. 3(a)—(c), it is ob-
vious that the Fe;O, particles were coated with SiO,, as
verified by the EDS and FTIR analyses described in subse-
quent sections. In the high-resolution TEM image of the
Fe;04,@Si0, composite nanoparticles presented in Fig. 3(c),
it is clear that the surface of the Fe;O, nanoparticles was
coated by SiO,.

3.3. Energy-dispersive X-ray analysis

The EDS analysis of the Fe;O4 nanoparticles (S1) and
Fe;04@Si0, composite nanoparticles (S2) are presented in
Fig. 4. Peaks corresponding to Fe, O, C, and Si are observed
in both the S1 and S2 curves, whereas a strong Si peak is
observed markedly in S2. According to Table 1, the compo-
sitions of Si and Fe (by weight) were 1.40% and 28.10%,
respectively, for the Fe;O4 nanoparticles, but 23.6% and
10.20%, respectively, for the Fe;04@SiO, composite
nanoparticles; this difference provides further evidence that
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the Fe;0, surface was coated with SiO, [21]. The that the SiO, layer was located on the surface of the Fe;O,
high-resolution TEM image of the Fe;0,@SiO, composite nanoparticles, not that the SiO, was physically mixed with
nanoparticles as well as the FTIR and VSM data indicate the Fe;0,4 nanoparticles.
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Fig. 3. TEM images of Fe;O4 nanopar-
ticles (a) and Fe;0,@SiO, composite
nanoparticles (b), and high-resolution
TEM image of Fe;0,@SiO, composite
nanoparticles (c).
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Fig. 4. EDS spectra of Fe;04 nanoparticles (S1) and Fe;0,@SiO, composite nanoparticles (S2).

Table 1. Elemental compositions of Fe;O, nanoparticles (S1) and Fe;0,@SiO, composite nanoparticles (S2) identified by EDS.

Mass fraction / % Atom fraction / %
Element
S1 S2 S1 S2
CK 51.80 39.20 71.40 46.80
oK 18.70 33.30 19.40 35.60
SiK 01.40 23.60 00.80 14.40

FeK 28.10 10.20 08.40 03.10
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3.4. Fourier transform infrared spectroscopy study

The FTIR spectra of Fe;O4 nanoparticles (S1) and
Fe;0,@Si0, composite nanoparticles (S2) are compared in
Fig. 5. These spectra show that a thin SiO, layer was present
on the surface of the Fe;O,4 and that this SiO, was generated
from TEOS to form Fe-O-Si bonds [22-23]. The two
curves featured a peak at approximately 3424 cm ', which
was due to O—H stretching vibrations [24], and small peaks
at approximately 2361 cm ', which were due to C—H bend-
ing vibrations. The peak at approximately 1624 cm ' was
due to H-O-H bending vibrations [25], while the peak at
565 cm ' was due to Fe-O stretching vibrations [26]. In the
spectrum for S2, the peaks at approximately 1091 cm™ and
799 cm ' were due to Si-O-Si symmetric and asymmetric
stretching vibrations, respectively, whereas the peak at ap-
proximately 950 cm™' was due to Si—O stretching vibrations
[27]. Therefore, based on these FTIR data, it was concluded
that SiO, was present in the composite nanoparticles and
that the Fe;O,4 was successfully wrapped by SiO, [28].

3.5. Magnetic properties of the composite nanoparticles

Photographs of S1 (Fe;O4 aqueous solution) and S2

(@
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(Fe;04@Si0, composite aqueous solution) are shown in Fig.
6(a), while the photographs of Fe;O, aqueous solution and
Fe;0,@Si0, composite aqueous solution approached by a
magnet are shown in Fig. 6(b). Fig. 6(a) shows that the
Fe;0,4 nanoparticles and Fe;04@Si0, composite nanoparti-
cles exhibited good dispersibility in an aqueous medium and
that the former was black, but the latter was brown. When
the solution was approached by a magnet, the magnetic
nanoparticles were attracted (as Fig. 6(b)), rapidly turning
the water solution clear [29].

S2
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Fig. 5. FTIR spectra of Fe;O, nanoparticles (S1) and
Fe;0,@Si0, composite nanoparticles (S2).

(®)

Fig. 6. Photographs of the aqueous nanoparticle solutions: (a) approached by nothing; (b) approached by a magnet.

The magnetic properties of the Fe;O4 nanoparticles (S1)
and Fe;04@Si0, composite nanoparticles (S2) were meas-
ured at room temperature by VSM as the magnetic field
varied from —20.0 kOe to 20.0 kOe, as shown in Fig. 7. The
saturation magnetizations of the Fe;O, nanoparticles and
Fe;0,4@SiO, composite nanoparticles were 79.55 A-m*kg '
and 34.85 A-m*kg !, respectively; the lower value for the
composite nanoparticles was due to the reduction of the
Fe;0, relative content by coating with SiO,.

The Fe;0,4 nanoparticles (S1) and Fe;04@SiO, compos-

ite nanoparticles (S2) demonstrated paramagnetic properties.
As the external magnetic field strength increased, the mag-
netization first increased rapidly and then reached saturation.
Then, as the external magnetic field strength decreased, the
magnetization of the sample returned along the original
route, showing S-type behavior and nearly no residual mag-
netism and coercivity force, which is significant for bio-
medical applications. However, the Fe;0, nanoparticles (S1)
and Fe;0,@SiO, composite nanoparticles demonstrated
very weak residual magnetism and coercivity in Fig. 8. As
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presented in Table 2, the Fe;O, nanoparticles and
Fe;04@Si0, composite nanoparticles had residual magnet-
isms of 2.297 A‘m*kg ' and 1.667 A-m*kg', respectively,
and coercive forces of 22 Oe and 18 Oe, respectively. The
coercivities of all samples were less than 100 Oe; therefore,
they would be considered paramagnetic in biological appli-
cations [30]. In our next study, the Fe;0,@SiO, composite
nanoparticles will be coated with chitosan or glucan to be
used as an MRI contrast agent, enhancing the resolution ra-
tio of MRI.
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Fig. 7. Magnetic curves of Fe;O, nanoparticles and
Fe;0,@SiO, composite nanoparticles.
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Fig. 8. Enlarged view of VSM results for Fe;O, nanoparticles
and Fe;0,@SiO, composite nanoparticles.

Table 2. Magnetic properties of Fe;O, nanoparticles and
Fe;0,@SiO, composite nanoparticles.

Saturation magnetiza- Residual magnetiza- Coerci-

Material
AL fion/(AmPke ) tion/(A-m*kg)  vity/ Oe
Fes0, 79.55 2297 2
Fe;0,@Si0; 34.85 1.667 18

4. Conclusions

(1) Fe;04,@Si0, core—shell magnetic composite nanopar-

ticles were prepared successfully by a cost-effective one-pot
process. The Fe;O4 magnetic particles were approximately
12 nm in size, and the SiO, coating was approximately 4 nm
thick. Based on the TEM results, the Fe;04 was spherical,
regular in shape, and uniform in size, and the SiO, coating
layer was uniform. The results showed that the Fe;O,4 core
was coated by SiO, particles.

(2) The saturation magnetization of the Fe;O4 nanoparti-
cles was 79.55 A~m2~kg’1, while that of the Fe;0,@SiO,
composite nanoparticles was 34.85 A-m*kg"'. This differ-
ence could be attributed to the SiO, coated layer.

(3) Although the magnetism of the Fe;0,@SiO, compos-
ite nanoparticles was lower than that of the Fe;O, nanoparti-
cles, it still satisfied the requirements for biological applica-
tions. This work laid the foundation for our next study,
which will apply these composite nanoparticles to MRI con-
trast agents.
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