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Abstract

Present work describes the formation of a-Fe,O;@Si0, core shell structure by
systematic layer by layer deposition of silica shell on core iron oxide nanoparticles
prepared via various solvents. Sol-gel method has been used to synthesize
magnetic core and the dielectric shell. The average crystallite size of iron oxide
nanoparticles was calculated ~20 nm by X-ray diffraction pattern. Morphological
study by scanning electron microscopy revealed that the core-shell nanoparticles
were spherical in shape and the average size of nanoparticles increased by varying
solvent from methanol to ethanol to isopropanol due to different chemical structure
and nature of the solvents. It was also observed that the particles prepared by
solvent ethanol were more regular and homogeneous as compared to other
solvents. Magnetic measurements showed the weak ferromagnetic behaviour of
both core a-Fe,03 and silica-coated iron oxide nanoparticles which remained same
irrespective of the solvent chosen. However, magnetization showed dependency on
the types of solvent chosen due to the variation in shell thickness. At room
temperature, dielectric constant and dielectric loss of silica nanoparticles for all the
solvents showed decrement with the increment in frequency. Decrement in the

value of dielectric constant and increment in dielectric loss was observed for silica
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coated iron oxide nanoparticles in comparison of pure silica, due to the presence of
metallic core. Homogeneous and regular silica layer prepared by using ethanol as a
solvent could serve as protecting layer to shield the magnetic behaviour of iron
oxide nanoparticles as well as to provide better thermal insulation over pure

a-Fe, 03 nanoparticles.
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1. Introduction

As nanoparticles are smaller than bulk material and larger than individual atoms
and molecules, therefore they don’t follow absolute quantum chemistry and laws of
classical physics. It has been seen that many conventional materials change their
optical, thermal, magnetic properties, strength and reactivity in nano form because
of quantum effect and increased surface area [1, 2, 3]. Currently, different kinds of
magnetic nanoparticles [4, 5, 6, 7, 8, 9], nano-composites [10, 11], doped ferrite
nanomaterials [12] and materials with nanostructures [13, 14] have been paid

much attention concerning their advance properties.

The magnetic nanoparticles made up of elements having magnetic properties, like
cobalt, iron, and nickel show immense potential in many fields such as optical
fibre, data storage, tissue targeting, biomedical and medicinal fields etc. [15, 16,
17, 18]. They possess the unique property of superparamagnetism due to their very
small particle size [19, 20, 21, 22, 23]. Superparamagnetic nanoparticles offer a
high potential for several biomedical applications, such as contrast agents in
magnetic resonance imaging (MRI), hyperthermia magnetic separation in
microbiology and detoxification of biological fluids. Hematite is the most
attractive and important phase amongst all phases of iron oxide nano particles.
Considering the ambient condition of all iron oxides, it is most stable. It was able to
drawn the attention of researchers because of its enhanced properties. Hematite
shows different magnetic properties at different temperatures, it shows antiferro-
magnetic properties below its Morin transition (7},) which is around 260 K and
weak ferromagnetic behaviour between its Morin transition (7,. 260 K) and Neel
temperature (Ty; 948 K) [24, 25, 26, 27].

Dielectric properties of nano materials depend on size, shape, composition as well
as the way they are fabricated. Information about conduction phenomenon can be
gained by studying the influences of frequency and temperature on dielectric
properties of nano substances [28, 29, 30, 31, 32]. Silica nanoparticles have gained
importance in recent years because of their applications in various areas and easy
synthesis process. Surface modification opens up the door for its future application
in the field of biotechnology and medicine such as for cancer treatment, dental

filling composites and drug delivery [33, 34].
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Core-Shell nanoparticles are hybrid systems. They have a core and a shell having
distinct attributes such as metallicity, semiconductivity, magnetism etc. Core-shell
structures are modified in a way that they can protect the core from the chemical
environment of the medium. The surface of the nanoparticles plays a major role in
modifying their physical, optical and magnetic properties. Hence, the best way to
improve the quality of the nanoparticles is to form a shell over core nanoparticles.
Creation of such core shell nanoparticles enables us to achieve properties that
cannot be achieved with uncoated nanoparticles. Thus, core shell or layered
structure of different materials is an efficient way to fabricate systems possessing
diverse physical, chemical, optical and magnetic properties [35, 36]. Present study
is focused on the effect of different solvents on morphology, magnetic and

dielectric properties of silica coated iron oxide core-shell nanoparticles.

2. Materials and methods

The chemicals used in the present experiment were Ferric nitrate ((Fe
(NO5)3.9H,0, 98%, Sigma Aldrich); Ethylene glycol (CoHgO,, 99%, Sigma
Aldrich); Tetraethylorthosilicate (TEOS, 99%, Molychem); Ethanol (C,HsOH,
99.9%), Methanol (CH;0H, 99.9%) and Isopropanol (C;H;OH, 99.9%, Chang-
shuYangyuan Chemicals); Ammonium hydroxide (NH4OH, 29% in water,
Himedia). All the chemicals were used as such, without further purification.
Deionised water was used in all experiments. The procedure of synthesizing
a-Fe,O3 pure silica (SiO,) nanoparticles and a-Fe,O;@SiO, core-shell nanopar-
ticles is described in following schematic diagram {Fig. 1(a), (b) and (c)}

respectively.

3. Result and discussion
3.1. Structural and morphological properties
3.1.1. (a) XRD pattern of iron oxide nanoparticles

The XRD pattern of prepared iron oxide nanoparticles is presented in Fig. 2 Cu-Ka
(A = 1.54 A) radiation was used to record the XRD pattern of the prepared samples.
The most intense peak was observed at 20 = 35.67°. The diffraction peaks
appeared at different angles (20) corroborated with the JCPDS-86-0550 values,
which can be correlated with the (012), (104), (110), (113), (024), (116), (018),
(214) and (300) planes of hematite (a-Fe,O3). This revealed that the resultant
particles are pure a-Fe,O5 without the presence of any other impurities and other
forms of iron oxide phases. Broad nature of the diffraction pattern is an indication
of the smaller sized particles. The average crystalline size from the most intense

peak of the XRD pattern was obtained using Scherrer's formula [37].
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Fig. 1. Schematic representation for synthesis of (a) Iron oxide (b) silica and (c) a-Fe,0;@SiO,
nanoparticles.
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Here, A is the X-ray wavelength (Cug,), k is the machine constant, 3 is the full
width at half maximum (FWHM in radian) of the peak and 0 is the peak angle. The
shape of the prepared crystal of a-Fe,O3; was found hexagonal from JCPDS-86-
0550 and average crystalline size was obtained ~20 nm. Lattice parameters of the

synthesized a-Fe,O3 nanoparticles are tabulated in Table 1.

3.1.2. (b) FT-IR spectra of a-Fe,03;@SiO;core- shell nanoparti-
cles

The FT-IR analysis was performed for the synthesized silica-coated hematite core-
shell nanoparticles to confirm the bonding of silica nanoparticle with the a-Fe,O;

nanoparticles. The feature functional groups of synthesized o-Fe,O;@SiO, NPs
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Fig. 2. XRD pattern of Iron oxide nanoparticles.
have been discussed by FTIR analysis in the wave number range of 500-4000

cm™! and graphically shown in Fig. 3.

The peaks at 677 cm™" are due to the vibration of Fe—O bond that matches well
with the characteristic peaks of Fe,Os. The peak at 1094 cm™' due to Si-O-Fe
indicates the presence of silica content on iron oxide. Intensity of the sharp peak
assigned to the stretching vibrations of Si—-O-Fe bond its intensity increases with
the increase of the SiO, shell thickness [38, 39]. So, from graphical view also, it is
clear that the thickness of silica layer increased with different solvents from
methanol to isopropanol. The band at 1653 cm™" is assigned to C=O stretching.
The peak at 2956 cm™" corresponds to the C—H stretching of —~CH, groups [40].

The obtained results suggested the strong interactions in the interfaces between the
o-Fe,O3 cores and SiO, shells. These results confirmed that a-Fe,O;@SiO,

nanoparticles were prepared successfully.

3.1.3. (c) SEM analysis

SEM images of silica coated iron oxide core-shell nanoparticles prepared by using
methanol, ethanol and isopropanol as solvent are shown in Fig. 4(a), (b) and (c)
Table 1. Crystallographic data obtained from XRD of a-Fe,Os.

Sample Lattice parameters (1&) Crystallite size (nm) Shape
a b c
o-Fe,03 5.0351 5.0351 13.7483 20 Hexagonal
http://dx.doi.org/10.1016/j.heliyon.2017.e00253
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Fig. 3. FT-IR spectrum of a-Fe,0;@SiO, NPs for different solvents (a) Methanol (b) Ethanol and (c)
Isopropanol.

respectively, which was taken at 20 kV accelerating voltage. The SEM images
showed that the silica-coated iron oxide nanoparticles were spherical in nature,
heterogeneous, small and had an average size of about 118 nm for the solvent
methanol. For ethanol the resultant particles were more uniform, spherical,
homogeneous and had average size of about 185 nm. On the other hand for
isopropanol the particles were spherical, heterogeneous, in large cluster and had
average size about 657 nm. From SEM pictures it was analyzed that the alcohols
have a great influence on the morphology of the silica coated iron oxide
nanoparticles. Difference in the particle size depends on hydrolysis rate of TEOS,
molecular weight, polarity of solvent chosen and the dielectric constant of the
medium [41].

Rates of the hydrolysis reaction strongly depend on polarity, molecular weight and
diffusivity of TEOS in alcohol. The diffusivity of TEOS in the solvent, related to

o P R Y
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Fig. 4. SEM images of a-Fe,0;@Si0O, NPs prepared by (a) Methanol (b) Ethanol and (c) Isopropanol.
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its viscosity, decreases with increasing molecular weight of the solvent. In primary
alcohols, hydrolysis rate and average particle size increased with molecular weight
except methanol, while in secondary alcohols, lower hydrolysis rate and larger
particle size was obtained. Among the chosen solvents methanol had highest
hydrolysis rate and the smallest particle size due to strong polarity. This
exceptional behaviour of methanol is mainly attributed to transesterification. The
exchange rate increases when the steric hindrance of alkoxy group decreases.
Highest rate of alkoxy exchange of TEOS is found in methanol [42, 43]. The
varying sizes of the particles are directly correlated with the dielectric constant of
the medium. The nanoparticles prepared using methanol as a solvent were found
smallest in size due to the highest dielectric constant of methanol medium [44].
Silica nanoparticles prepared by ethanol were homogeneous as compared to other
solvents due to simultaneous uniform formation of all the nuclei and subsequent
growth under the same conditions. Nucleation occurs when the concentration
reaches the minimum saturation required to generate the critical free energy [45].
Once nuclei are formed, growth occurs simultaneously, nucleation and growth are

inseparable processes having different speeds.

3.2. Magnetic properties

3.2.1. (a) Magnetic measurements of a-Fe,03 and a-Fe,0;@Si0,
nanoparticles

The magnetic properties of the prepared nanoparticles were examined by vibrating
sample magnetometer (VSM). The M-H curve for a-Fe,O5 and of a-Fe,03; @ SiO,
nanoparticles using different solvents methanol, ethanol and isopropanol at
temperature 302.5 K is presented in Fig. 5. The curve showed that both hematite
and a-Fe,O; @ SiO, nanoparticles exhibited a small magnetic hysteresis and
typically weak ferromagnetic behaviour. Magnetic properties of a material are
influenced by different factors like size, structure, crystallinity and crystal defects
etc. It has been observed that type of solvent used for preparation strongly affects
the magnetization but the magnetic behaviour remains unchanged. Saturation
magnetization, remanent magnetization and coercivity of all the samples are
reported in Table 2.

The saturation magnetization and residual induction of a-Fe,O;@SiO, nanopar-
ticles were found to be lower than those of uncoated a-Fe,O3; nanoparticles. The
change in values is correlated with the change of magnetic particle sizes and iron
ion concentration [20]. When silica is bonded on the surface of a-Fe,O5
nanoparticles, Si-O-Fe bond has been formed. The magnetic moment of iron ions
on the surface of «o-Fe,O; nanoparticles disappeared through the Si-O-Fe
connection and as a result, magnetism decreased. The result shows that the

saturation magnetization decreases from 0.25 to 0.127, 0.0801 and 0.076 emu g~
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Fig. 5. M-H curve of a-Fe,0; and of a-Fe,0; @ SiO, nanoparticles at 302.5 K using different solvents.

and remanent magnetization also decreases from 0.048 to 0.029, 0.0088 and 0.0079
emu g~' for silica coated iron oxide nanoparticles obtained by using solvent
methanol, ethanol & isopropanol, respectively. This is due to increase in shell
thickness from methanol to ethanol to isopropanol. Silica nanoparticles prepared
by solvent isopropanol were largest in size as compared to other solvents, so the
saturation magnetization was lowest for these a-Fe,O;@SiO, nanoparticles due to
large volume of amorphous silica phase [46]. Unlike the saturation magnetization
and residual induction, the coercivity of a-Fe,O; nanoparticles increased after
silica coating. The change in the direction of magnetic moment of iron ions became
difficult near the surface of a-Fe,O; nanoparticles due to Si-O-Fe connection
generated by silica coating. So, silica coating protects the magnetic particles from

possible decomposition induced by surrounding environment, prevents further

Table 2. Magnetic parameters obtain from VSM for pure a-Fe,O; & a-Fe,O3; @ SiO, core- shell

nanoparticles.

o-Fe,0O3 @ SiO, (methanol)
o-Fe,O3 @ SiO, (ethanol)

Saturation magnetization (M) Remanent magnetizations (M,) Coercivity (H,)

0.25 emu g~! 0.048 emu g~! 54.08 Oe

0.127 emu g ! 0.029 emu g~* 75.45 Oe

0.0801 emu g 0.0088 emu g 85.83 Oe

a-Fe,03 @ SiO, (isopropanol) 0.076 emu g™ 0.0079 emu g™ 91.313 Oe
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aggregation and reduces inter particle magnetic cross talk retaining the magnetic

property of each particle intact.

3.3. Dielectric properties
3.3.1. (a) Dielectric properties of pure SiO, nanoparticles

The method of preparation, chemical composition and microstructure determines
the dielectric properties of silica. At room temperature the values of the dielectric
constant and the dielectric loss of the pure silica samples were analyzed within a
stipulated frequency range (1KHz—-1 MHz).

Fig. 6(a and b) show the variation of the dielectric constant and dielectric loss as a
function of frequency for pure silica nanoparticles in solvents methanol, ethanol
and iospropanol respectively. For all the silica samples, a decreasing trend in
dielectric constant and dielectric loss has been observed with increasing frequency

at room temperature.

At lower frequencies, this decrement is rapid, whereas, at higher frequencies it is
slower and much stable. Interfacial polarization can be experienced by silica
nanoparticles at low frequency region, because they are considered as
hetrogeneous materials. At high frequency, reduction in the values of dielectric
constant can be explained by hopping mechanism under the influence of alternating
current. The frequency of hopping between ions lags behind the frequency of

applied field.

On studying and analyzing it has been observed that the dielectric loss strongly
depends on the frequency of the applied field, which is similar to that of the
dielectric constant. Due to the dielectric polarization, space charge and rotation,
high energy loss is observed in the low frequency range. The dipole relaxation also

defines the variation of dielectric loss with the frequency. Dipoles switch their
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Fig. 6. (a) Dielectric Constant and (b) Dielectric Loss variation with Frequency at room Temperature
for pure SiO2.

http://dx.doi.org/10.1016/j.heliyon.2017.e00253
2405-8440/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://dx.doi.org/10.1016/j.heliyon.2017.e00253

10

| Heliyon
Article No~e00253

alignment with the changing field at lower frequency, whereas, with the increase in
frequency the rotation of dipole is less reducing their contribution to the changing
polarization field. The dielectric results showed that there is slight difference in the
value of dielectric constant and loss in silica nanoparticles prepared by various
solvents, which might be due to change in size of prepared particles. The increase
in the particle size from methanol to ethanol to isopropanol as verified by the SEM
analysis might have reduced the electric dipole inside the samples and

consequently dielectric constant decreased.

3.3.2. (b) Dielectric properties of a-Fe,03;@Si0, nanoparticles

The dielectric constant and the dielectric loss of «a-Fe,O;@SiO, core shell
nanoparticles using solvent methanol were also studied at room temperatures in the
same frequency region. It was observed from Fig. 7(a and b) that the dielectric
constant and dielectric loss showed the same decreasing trend with increasing

frequency like pure silica nanoparticles.

From the above results, it can be concluded that silica coated iron oxide
nanoparticles, show decrement in the value of dielectric constant (from 5.2 to 3.2)
and increment in dielectric loss (from .2 to .27) in comparison to pure silica
nanoparticles due to some contribution in conductivity by metallic iron
nanoparticles core. The low dielectric loss with high frequency for a given sample
suggested that the sample had good optical quality with lesser defects and this
parameter plays a vital role in nonlinear optical materials. Low dielectric loss
suggested that low charges induced by the external field were dissipated. The
above findings suggest that the dielectric behaviour of silica remains same for all
the types of solvent used, but the values of dielectric constant and loss varies with
solvent variation, due to morphological change in the prepared sample. The results

show that silica can be used very efficiently as a protective layer over the iron-
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Fig. 7. (a) Dielectric Constant and (b) Dielectric Loss variation with Frequency at room temperature for
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oxide nanoparticles to shield their magnetic behaviour and preventing them from

conducting charges.

4. Conclusion

Surface coating and functionalization of iron oxide nanoparticles not only
stabilizes the nanoparticles but also provided the special functional group for
attaching the biological molecules of interest. The size of the obtained silica-coated
magnetic nanoparticles increases with decrease in polarity of alcohol from
methanol to ethanol to isopropanol. Magnetic study revealed that the weak
ferromagnetic behaviour of uncoated a-Fe,O5; remains the same even after coating
with silica. However, magnetic parameters of core a-Fe,O; nanoparticles after
coating with silica varied, due to slight decrement in the size of the core
nanoparticles and formation of Fe-O-Si bonds at the surface. The higher value of
coercivity of silica-coated iron oxide nanoparticles shows that the stability of
a-Fe,0;@Si0, nanoparticles was more as compared to their parent a-Fe,O;
nanoparticles. Dielectric study shows that the prepared particles show better
insulating behaviour in all the solvents. Size variation owing to the types of solvent
used, endorsed slight change in the value of dielectric constant. Therefore, highly
insulated silica nanoparticles provide better stability and thermal insulation to core

iron oxide nanoparticles.
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