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The monodisperse Fe@SiO, core-shell nanocapsules were synthesised via hydrothermal reaction followed with heat treatment. Nanostructures
were characterised by X-ray diffraction, scanning electron microscopy and transmission electron microscopy. The magnetic properties of
Fe@SiO, nanocapsules were evaluated with magnetic property measurement system. The results show that Fe@SiO, core-shell
nanocapsules are highly monodispersed. The silica thickness of Fe@SiO, nanocapsules increased from 10-20 to 25-35 nm with
increasing tetraethyl orthosilicate (TEOS) amount. In the Fe@SiO, nanocapsules prepared with 900 ul TEOS, as the reaction temperature
increases, the mean particle size of Fe@SiO, nanocapsules increases from 328 to 546 nm. It is remarkable that the saturation
magnetisation of Fe@SiO, nanocapsules decreases with increasing silica thickness. However, the coercivity of nanocapsules has less
influence with the variation of silica thickness and particles’ length.

1. Introduction: Nanomaterials are subjected to extensive research
efforts due to their exceptional surface effects, quantum size effects
and macroscopical quantum tunnel effects compared with conven-
tional materials [1, 2]. Nanomaterials can be classified into three
types, namely discrete nanomaterials, nanoscale device materials
and bulk nanomaterials [3]. Discrete nanomaterials are material
elements that are freestanding and in the range of 1-10 nm in
scale as zero-dimensional (0D) (particles) or 1D (fibres) [3].
Nanoscale device materials are nanoscale material elements that
are contained within devices, usually as 2D (thin films) [3]. Bulk
nanomaterials are materials that are available in bulk quantities
and usually as 3D [3]. However, some potential applications and
properties of nanoparticles are limited due to their propensity to
be easily agglomeration and oxidisation. In order to address these
problems, several methods have been investigated. The most
widely reported method is to coat the nanoparticles with a protect-
ive shell to form core-shell nanocomposites. The materials of pro-
tective shell include silica [4-10], carbon [11, 12], titanium oxide
[13, 14], polymers [15] etc. The core-shell nanocomposites have
many potential applications, such as drug delivery, bioimaging,
catalytic, electronic, microwave absorbents and environmental
remediation [16-21].

Iron (Fe) nanocomposites have been attracting great attention
because of their low cost and wide applications. Fe nanocomposites
have good magnetic properties. The Fe@SiO,/polymer nano-
composites have higher magnetodielectric properties [dielectric
permittivity (), dielectric loss (tan §), magnetic permeability ()]
at radio frequencies (1 MHz—1 GHz), renders it as a good candidate
for dielectric applications [7]. The Fe@SiO, nanoparticles exhibit
superferromagnetism properties, renders it as a good candidate
for microelectronics applications [5, 8]. In addition, nanoscale
zero-valent iron (NZVI) nanocomposites are well-known for their
application in environmental fields due to their small particle size,
large surface area and high in situ reactivity. NZVI nanocomposites
are widely used to remove Cr®" [19, 22-24], nitrate [25-27] and
other metal ions (Co*', Cu*', Fe*, Be*", Zn*', Hg?' etc.)
[20, 28, 29]. Obviously, particle size and degree of dispersion are
important factors that affect the use of Fe nanocomposites.
Although there have been many studies on the preparation of
iron nanocomposites, however, the studies on the preparation
of monodisperse Fe nanorods are still rare.
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In this research, highly monodisperse Fe@SiO, core-shell
nanocapsules were synthesised by hydrothermal reaction followed
with heat treatment. Nanostructures were characterised by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The magnetic properties
of the Fe@SiO, core-shell nanocapsules were investigated at
300 K.

2. Experimental

2.1. Materials and reagents: All chemicals, namely iron chloride
hexahydrate (FeCl;-6H,O, 99% AR), tetracthyl orthosilicate
(TEOS, 99% GC), polyvinylpyrrolidone (PVP, molecular weight
58,000), ammonia solution (25-28% GR), absolute ethanol
(99.7% AR) were purchased from Shanghai Aladdin Bio-Chem
Technology Co., LTD and used as received without further purifi-
cation. Deionised water was prepared in the laboratory and used
for the preparation of all the reagents in all of the experiments.

2.2. Synthesis of B-FeOOH nanorods: The B-FeOOH nanorods
were synthesised by hydrothermal reaction. FeCl;-6H,0 was dis-
solved in deionised water and the concentration of Fe*" adjusted
to 0.02 M. Studies have shown that the morphology and size
of B-FeOOH can be adjusted by varying the concentrations of
FeCls, reaction temperature, electrolytes and surfactants [30]. In
order to obtain B-FeOOH nanorods with different sizes, the solution
was heated at 90 and 120°C, respectively. For f-FeOOH nanorods
synthesised at 90°C, the solution was poured into a round-bottomed
flask and stirred mechanically for 8h to obtain uniformly
distributed B-FeOOH nanorods. For B-FeOOH nanorods synthe-
sised at 120°C, the solution was transferred into a stainless steel
autoclave with a Teflon liner of 50 ml capacity. The B-FeOOH
nanorods were isolated and separated by centrifugation, washed
with water and ethanol, and finally dried in an oven at 60°C.

2.3. Synthesis of B-FeOOH@SiO, nanocapsules: The synthesis of
silica-coated B-FeOOH was carried out using a modified version
of the Stober method. 0.2 g of B-FeOOH nanorods and 1.2 g of
PVP were dissolved in 100 ml deionised water. The solution was
put under sonication for 15 min and mechanically stirred for 12 h.
Subsequently, the solution was isolated by centrifugation. Then,
150 ml ethanol, 15 ml deionised water and 9 ml ammonia solution
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were added. In order to obtain silica shells with different thick-
nesses, 100 and 900 ul TEOS were added to the solution, respect-
ively. Subsequently, the solution was mechanically stirred for 8 h
to mix evenly. The synthesised B-FeOOH@SiO, nanocapsules
were isolated by centrifugation and washed with deionised water
and ethanol, and finally dried in an oven at 60°C.

2.4. Synthesis of Fe@SiO, nanocapsules: The synthesised
B-FeEOOH@Si0, nanocapsules were packed in crucible for air
heat treatment. The temperature was raised to 500°C in 5°C/min
and holding for 4 h, and then decreased to room temperature in
5°C/min. In this way, the o-Fe,O;@SiO, nanocapsules were
obtained. To obtain Fe@SiO, nanocapsules, the o-Fe,O;@SiO,
nanocapsules were further heated at S00°C for 10 h under a flow
0f 300 s.c.c.m. Hy/Ar mixed gas (10% H, +90% Ar, volume ratio).

2.5. Characterisation: The phase compositions of different nanopar-
ticles were studied by X-ray diffraction (smart-Lab) by Cu K,, radi-
ation (45 kV, 200 mA; 20 range from 10° to 90° with 0.03°/min).
The morphology and size of the nanoparticles were characterised
by field emission SEM (FE-SEM) (JSM-7800F, JEOL) and high-
resolution TEM (HRTEM) (JEM-2100F, JEOL). The magnetic
properties of the nanoparticles were obtained using a magnetic
property measurement system (MPMS) (MPMS3, Quantum, USA).

3. Results and discussion: Fig. 1 shows the XRD patterns of all
the synthesised nanoparticles. From Fig. la, it can be seen that
the pure B-FeOOH (PDF No. 75-1594) nanoparticles were synthe-
sised by hydrolysis of Fe**. After B-FeOOH@SiO, nanoparticles
were heating at 500°C for 4 h in air, the o-Fe,O;@SiO, (PDF
No. 79—-1741) nanoparticles were obtained, as shown in Fig. 1b.
Finally, the pure Fe@SiO, (PDF No. 65-4899) nanoparticles
were obtained by o-Fe,O3;@SiO, nanoparticles calcined H,/Ar
mixed gas and no other phases were identified.

The TEM, HRTEM and SEM images of synthesised nano-
particles prepared at 120°C are presented in Fig. 2. From Fig. 2a,
it is clear that the B-FeOOH nanoparticles are rod-like and agglom-
erated seriously. The growth mechanism of rod-like B-FeOOH is as
follows [31]. The dissolved Fe** ions form a complex with water
molecules and further form B-FeOOH seeds by hydrolysis reaction.
The anions (C17) in solution will interact with the B-FeOOH seeds
and incorporate into the tunnel structure. The (100) and (110)
surfaces of B-FeOOH have less interaction with the anions (CI7)
compared with the (001) surface. Finally, B-FeOOH seeds grow
along the [001] direction to form a nanorod.
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Fig. 1 X-ray diffraction patterns of the nanoparticles
a B-FeOOH nanoparticles

b 0-Fe;,0;@Si0, nanoparticles

¢ Fe@SiO, nanoparticles
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Fig. 2 TEM, HRTEM and SEM images of nanoparticles prepared at 120°C
a TEM image of B-FeOOH nanoparticles

b TEM image of silica-coated B-FeOOH nanoparticles

¢ HRTEM image of silica-coated f-FeOOH nanoparticle

d TEM image of silica-coated o-Fe,O3 nanoparticles

e TEM image of silica-coated Fe nanoparticles

f SEM image of silica-coated Fe nanoparticles

After the dispersed and coated silica, monodisperse
B-FeOOH@SiO, nanorods were obtained, as shown in Fig. 2b.
Fig. 2¢ shows the HRTEM image of a silica-coated f-FeOOH nano-
particle, it can be seen that the B-FeOOH particle mainly grows
along (130) crystal plane with d(;39)=0.33 nm. In addition, the
coated silica layer is amorphous, which helps improve oxidation-
resistance and avoid agglomeration [4, 9, 19]. As Fig. 1 identified,
o-Fe,O;@Si0, nanoparticles were obtained after further calcined
in air. As Fig. 2d shows, the o-Fe,O5; nanoparticles are fluffy and
distributed uniformly in the silica shell. To synthesise Fe nano-
particles, o-Fe,O;@SiO, nanoparticles were further heated under
H, flow. As depicted in Figs. 2e and f; the Fe nanoparticles are
granular and formed a hollow nanostructure of Fe@SiO, core-shell
nanocapsules, which is due to the volume reduction from the trans-
formation of 0-Fe,05 with a low density of 5.3 g cm™ to denser Fe
with a density of 7.86 g cm™.

Fig. 3 illustrates the morphology and particles length of
Fe@SiO, nanocapsules prepared at 90 and 120°C. It is clear that
the size of Fe@SiO, nanocapsules prepared at 120°C is longer
than Fe@SiO, nanocapsules prepared at 90°C. Figs. 3¢ and frepre-
sent the distribution map of particles length obtained by analysis of
multiple SEM micrographs. It is obvious that the particles length
of Fe@SiO, nanoparticles prepared at 90°C is in the of range
240-440 nm, and mostly concentrated in 320-360 nm. By counting
Fe@SiO, nanoparticles from the SEM micrographs the mean
particle size was calculated to be 328 nm. By contrast, the particles
length of Fe@SiO, nanoparticles prepared at 120°C is in the range
0f'300-900 nm, and mostly concentrated in 400-500 nm. The mean
particle size was calculated to be 546 nm. This is mainly due to the
effect of reaction temperature, which contributes to the growth of
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Fig. 3 SEM, TEM images and histograms showing the particles length of
Fe@SiO; nanocapsules prepared by hydrothermal reaction at 90°C and
120°C

a-c 90°C

d-f120°C
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Fig. 4 TEM images showing the silica thickness of Fe@SiO, core-shell
nanocapsules prepared at 120°C

a-b 100 ul TEOS

¢-d 900 ul TEOS

Table 1 Analysis results of particles size of iron in each Fe@SiO,
nanocapsules. (Fourteen particles were selected from each Fe@SiO,
nanocapsules for statistics.)

Reaction temperature, °C TEOS amount, pl Particles size, nm

90 900 62+15
120 100 63+15
120 900 57+11

particles [30, 32]. Fig. 4 presents the morphology of Fe@SiO,
nanocapsules prepared at 120°C with different TEOS amount.
It is clear that the shell surface of nanocapsules appeared to be
quite smooth. The TEM images of the hollow iron nanocapsules
show that they are uniform with a shell thickness of 10-20 and
25-35 nm for TEOS with 100 and 900 pl respectively.

The particles size of iron in each Fe@SiO, nanocapsules were
analysed from the TEM micrographs and the results are listed in
Table 1. The results show that the particles size of each nanocapsule
is about 60 nm and there is little difference for each nanocapsule.
It indicates that the reaction temperature and silica thickness have
little effect on the particles size of iron in each nanocapsule.

For comparison the magnetic properties of Fe@SiO, nano-
capsules with different particle size and shell thickness, the
magnetic hysteresis loops of each Fe@SiO, nanocapsules in
Fig. 5 were measured at 300 K between —20 and 20 kOe. The satur-
ation magnetisation and coercivity of Fe@SiO, nanocapsules
prepared at 90°C with 900 ul TEOS are 43.05emug™’ and
708 Oe, while those of Fe@SiO, nanocapsules prepared at 120°C
with 900 ul TEOS are 51.44 emu g™’ and 717 Oe, and Fe@SiO,
nanocapsules prepared at 120°C with 100l TEOS are
123.48 emu g~! and 674 Oe, respectively. It is obvious that the
saturation magnetisation of Fe@SiO, nanocapsules decreases
with increasing TEOS amount. This was due to the increase in
shell thickness with increasing TEOS amount, as discussed in
Fig. 4, which decreased the Fe fraction in each nanocapsule [33].
For Fe@SiO, nanocapsules prepared with 900 ul TEOS, the
saturation magnetisation of nanocapsules prepared at 90°C is less
than nanocapsules prepared at 120°C. This was due to the particles
length of Fe@SiO, nanocapsules prepared at 90°C is shorter than
nanocapsules prepared at 120°C, therefore, it has more surface
area and coated more silica. Moreover, there has been little
change among the coercivity of each Fe@SiO, nanocapsules. The
coercivity of nanocapsules is independent of silica thickness and
particles length, which is mainly influenced by the magnetic
phase (iron particles). However, there are no significant changes
in the size of Fe particles for each nanocapsule [S], as listed in
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Fig. 5 Magnetic hysteresis loops of Fe@SiO, nanocapsules

Table 1. The coercivity of Fe@SiO, nanocomposites is higher
than pristine Fe nanoparticles [8]. The magnetic moments of
pristine Fe nanoparticles are oriented randomly, which led to the
smaller value of magnetic anisotropy. In contrast, the silica-coated
Fe nanoparticles lead to the ferromagnetic state and promote the
higher magnetic anisotropy of the ensembles.

4. Conclusion: In summary, highly monodisperse Fe@SiO,
core-shell nanocapsules with different particle size and different
silica thickness were synthesised via hydrothermal reaction
followed with heat treatment. The Fe@SiO, nanocapsules prepared
at 90 and 120°C are relatively monodispersed with their mean size
328 and 546 nm, respectively. The silica thickness of Fe@SiO,
nanocapsules prepared at 120°C with 100 and 900 ul TEOS are
in the range of 10-20 and 25-35 nm, respectively. The saturation
magnetisation of Fe@SiO, nanocapsules decreases with increasing
silica thickness due to the volume fraction of Fe particles decreased.
The particles length and silica thickness of Fe@SiO, nanocapsules
have no significant influence on the coercivity of Fe@SiO,
nanocapsules, owing to the size of Fe particles have little changed.
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