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Nickel ferrite [NiFe:Os4 (NFO)] nanoparticles were synthesized using a simple precursor based
chemical route and modified with tetraethoxysilane (TEOS) to form SiO. layer adsorbed on the NFO
particles (SiO:@NFO). Based on the nanoparticles, the SiO.@NFO-PMMA composite films were
prepared embedded with SiO.@NFO nanoparticles in a poly (methylmethacrylate) (PMMA) matrix.
The properties of the composites were characterized extensively using X-ray diffraction (XRD),
scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, dielectric and
electrical measurement. FTIR analysis showed that the SiO; groups had been successfully introduced
into the NFO nanoparticles. The SEM images of the SiO, adsorbed NFO nanoparticles had better
dispersion in the PMMA matrix than the unmodified one. The SiO, modified NFO-PMMA composites
had much higher dielectric constant and better suppressed dielectric loss than the other two phase
composite systems. The maximum dielectric constant was up to ~ 67 while the dielectric loss was
controlled below 0.5. This study suggested that the SiO, modified NFO-PMMA composite films with
high dielectric constant and low loss might be promising candidates for application in microelectronic

engineering.

Introduction

Recently, considerable research interest is emphasized on
the investigations of ferrite -polymer composite materials
among researchers and industries. This is because the
polymers are flexible, easy of processing, minimum cost
and different applications [1-3]. While the combination of
polymer and spinel ferrites may give the composites some
benefits i.e., the progress of new composite materials that
have excellent dielectric and electrical properties is still
challenging [4-6].

In particular, Nickel ferrite (NiFe,O4; NFO) is one of
the most versatile spinel ferrites and ferromagnetic in
nature. This originates from anti-parallel spins between
Ni?* and Fe®*" ions at octahedral and tetrahedral sites,
respectively [7]. These materials have unique properties
such as good dielectric constant, low loss, low
conductivity, high electrical resistivity and considerable
thermal and chemical stability [8-9]. However, the
NiFe;O4 nanoparticles have mixed spinel structure, where
tetrahedral sites may be occupied by Ni?* ions. The
materials also exhibit super-paramagnetic nature and have
widely applied in the manufacture of electronic devices
including magnetic gas sensors, recording media,

microwave devices, lithium ion batteries, hydrogen
production,  telecommunication industries  [10-13].
Polymers such as poly(methylmethacrylate) (PMMA) is
an important transparent thermoplastic material exhibiting
moderate physical properties, high dielectric strength, easy
processing, low cost and good stability [14]. Generally,
the common polymers have very low dielectric constant
(<10). The multifunctional composite materials consisting
of magnetic nanoparticles including cobalt ferrite
(CoFez04) [15], nickel ferrite (NiFe2O4) [16] and iron
oxide (Fes0s) [17] dispersed in a polymer matrix have
been studied due to excellent dielectric and electrical
properties for wide spread technological applications [15-
20]. The ferrite based polymer composite films with
flexible, light weight and ability to easily control in
various shapes along with performance and properties of
nanoparticles fulfil the requirement of specific engineering
applications [19-20]. Besides, the useful characteristic of
polymer matrix is the chance of mediating magnetic
interaction between the particles in the composites with
dipolar, ex-change (isotropic & anisotropic), super
exchange and magneto elastic interactions [20-21]. There
are many researchers those have studied nickel ferrite
containing various cations, but few have reported based on
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nickel  ferrite-polymer composites. The polymer
composites with very high volume fraction of nickel
ferrite (>50 vol%), which may affect the mechanical,
dielectric and electrical properties [22-23]. However,
owing to the difference of surface energy between
inorganic  filler  particles and polymer matrix,
agglomerations in the composites have a crucial effect on
the dielectric and electrical behavior. For minimizing
agglomeration, a few types of surface modifying agents
are used for uniform dispersion of ferrite particles into the
polymer matrix [24]. So far, many techniques have been
made to solve these problems and enhance the dielectric
and electrical properties of the composites [25-29]. Thus,
the appropriate surface modifying agent is necessary to
fabricate ferrite based polymer composites for better
energy storage properties. Meanwhile, the incorporation of
the nanoparticles produce a large number of interfaces in
the polymer and these interfaces influence the dielectric
properties of the composite materials by store and
transport charge [30].A variety of studies to date have
employed that the addition of nanoparticles can improve
the electrical properties of the polymer [30-33]. In
magnetic  nanoparticle-polymer  composite  systems,
Mariatti et al. [18] have prepared the effect of Ni-Zn
ferrite-epoxy composite films with improved dielectric
properties. In these composite systems, the value of
dielectric constant (gr) and dielectric loss (tan 8) increases
with the variation of filler content because of interfacial
and dipolar polarization. He et al. [31] have
studied graphene nanosheets (GNS)-Fe;Os-syndiotactic
polystyrene composite films with enhanced dielectric and
electrical performance in the field of high charge storage
capacitor applications. Piyushch et al. [32] have fabricated
dielectric properties of carbon coated nickel nanoparticle-
poly (dimethylsiloxane) (PDMS) composites in various
frequency ranges and is seen that the value of & increases
linearly with the increase in the filler content. Similarly,
Mendez et al. [33] have also examined the dielectric and
magnetic properties of poly (vinylidene fluoride) (PVDF)
based nanocomposites using cobalt or nickel ferrites via
solvent casting techniques. The effect of dielectric
constant on these nanocomposites increases with increase
in the ferrite content but the cobalt ferrite composites have
high value of & than the nickel ferrite owing to the polar
nature of polymeric phase at low concentration.

In the present work, the SiO, modified NiFe;O4
(SiO2-NiFe204) nano dielectric PMMA composites are
synthesized via solution casting technique. Here, SiO;
groups are chosen as the shell layer due to its good
properties and adsorbed on the ferrite nanoparticles and
polymer matrix. The resultant composite shows significant
increase of & and relatively lower tand than that of the
non-modified NiFe,O4-polymer composites. The high
value of g is achieved = 67 at 100 Hz, while the dielectric
loss is suppressed below 0.5. These experimental results
provide a valuable approach to fabricate uniform ferrite-
polymer composites and facilitate their uses in the
embedded capacitors and other energy storage devices.

www.iaamonline.com

Experimental
Materials

The chemicals Ni (NO3)2.6H,0, Fe (NOs3)3.9H.0,
Ethylene di-amine tetra acetic acid (EDTA; 99.9%,
Merck, India), Tetraethoxysilane (TEOS) was obtained
from Sigma Aldrich, India. Poly (methylmethacrylate)
(PMMA) from M/sHimedia Pvt. Ltd., India was used to
preparing the composites. The solvent of N, N-
dimethylformamide (DMF) was purchased from
Spectrochem Pvt. Ltd., Mumbai, India. All the materials
were of analytical grade and used with no further
purification. Double distilled water was used over the
whole experiment.

Synthesis of Nickel Ferrite (NFO) Nanoparticles

NiFe,04 (NFO) nano-particles were prepared via EDTA
Precursor based chemical route. Briefly, the stoichiometric
amount of Nickel Nitrate and Ferric Nitrate were prepared
by dissolved in distilled water with a molar ratio of 1:2.
These two solutions were mixed in a beaker. On the other
hand, an aqueous solution (EDTA) was prepared by
dissolving EDTA in hot water with drop wise addition of
dilute NH4OH solution. After total dissolution of EDTA,
the solution was boiled to taken out the excess NHs. The
pH of the solution was found to be 6. To this solution, the
aqueous solution of the metal nitrate and EDTA were
mixed in a molar ratio of 1:1 and continuously stirred for
1h at room temperature. Finally, the pH of the resulting
mixture was 2.Then this solution was evaporated to
dryness using a hot plate at 110° C. Towards the end of
the reaction, a black colour precursor was obtained at the
base of the beaker. Then the product was calcined at
900°C for 2 hours and form Nickel ferrite Nano-particle.
The preparation of nickel ferrite nano-particle is shown in
the flow chart (Fig. 1).

Ni(NOy);.6H,0

Fe (NO3);.9H,0 |

I

lpH: '

Mixture was dried
at~110 °C for 2 h

l

Floppy carbonaceous
material

1 Calcined in air for
2 hours at 900°C

NFO Nano particles

Fig. 1. Flow chart of preparation of NiFe,O, nanoparticles.
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Preparation of the SiO2@NFO nano-particles

The SiO.@NFO nanoparticles were synthesized using the
sol-gel technique. In the process of surface modification,
the stoichiometric amount of Nickel Nitrate and Ferric
Nitrate were dissolved in ethanol according to their molar
ratio of 1:2. Further, an aqueous solution of EDTA was
prepared by dissolving EDTA in hot water with the drop
wise addition of dilute NH,OH solution and TEOS (70 wt
%) was added into the solution. Then, these two solutions
were mixed homogeneously under stirring at room
temperature. Ammonia was added drop-wise in the
mixture to adjust the pH value to 6. Then the temperature
was increased up to 70°C and by continuous stirring a gel
was formed. After, the formation of the gel, the sample
was dried at 70°C for 24h and then at 110°C under vacuum
for 5h. Finally, the product was calcined at 900°C for 2h to
obtain modified nickel ferrite nanoparticles.

Fabrication of the SiO2@NFO-PMMA composite films

The composites of SiO.@NFO-PMMA were prepared
through a simple solution casting technique. In this
technique, firstly, PMMA (pallet) was dissolved in N, N-
dimethylformamide (DMF) with constant stirring for 30
minutes at 90°C and obtained a clear solution. Secondly,
the modified NFO nanoparticles were dispersed into the
DMF. Then the mixtures were added into the PMMA
solution under constant stirring for 1h and further, ultra-
sonication for 30 minutes in order to know the uniform
dispersion of NFO nanoparticles. The output suspension
was cast into a glass (clean) petridish and placed in a
vacuum oven to evaporate the solvent. Then the products,
NFO-PMMA composite films were obtained. This
composite film was then subjected for the various
physiological characterizations. The plausible mechanism
for the fabrication of tetraethoxysilane modified nickel
ferrite-PMMA nano-dielectric composites is shown in the
Scheme-1.
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Schemel.Reaction scheme for the preparation process of SiO, modified
NiFe,0,-PMMA composite.

Characterization techniques

The crystal structure of the pure NFO, SiO, modified NFO
nanoparticles and composite films were characterized by
X-ray diffraction (XRD; Ultimate IV, Rigaku Japan) with
Cu K, radiation where A =1.5405A (at room temperature).

www.iaamonline.com

The diffraction data (20) were collected over the scanning
range of 10-80° with a step size of 0.02°. Fourier
transform infrared spectrometry (FT-IR) of unmodified
and modified samples were recorded using a Nicolet 5700
spectrometer in the range of 400-4000 cm* to determine
the functionalization of the NFO nanoparticles. The
morphology of the prepared composite films was carried
out via scanning electron microscope (SEM, ZEISS EVO-
18). The dielectric and electrical properties of the films
were measured by using an impedance analyser (HIOKI,
Japan; IM 3570) in the frequency range of 100 Hz tol
MHz at room temperature.

Results and discussion

The synthetic strategy used for the preparation of NFO-
PMMA and SiO,@NFO-PMMA composite films in this
investigation is schematically illustrated in Schemel.
Firstly, the NiFe,O4 nanoparticles were prepared by a
precursor based chemical route. Then the SiO, modified
NFO nanoparticles were synthesized via a sol-gel process
using tetraethoxysilane as a precursor. The SiO,@NFO-
PMMA composite films were prepared using solution
casting technique. As the schematic pictures shown in
Schemel, quantities of silica layers were attached to the
NFO surface by using sol-gel technique. When the
modified nanoparticles were mixed with PMMA,
hydrogen bond will form between the O atoms on the
PMMA and the H atoms on the surface of the SiO;
modified NFO nanoparticles. Because of this, a strong
interaction between SiO; modified NFO nanoparticles and
PMMA matrix were produced.
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0wt silica-NFO
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Fig. 2.X-ray diffraction patterns of (a) pure nickel ferrite (NiFe,Oq:
NFO), silica modified NFO and (b) different weight percentage of silica
modified NFO-PMMA composite films.

X-ray diffraction analysis

X-ray diffraction (XRD) patterns (Fig. 2) of the (a) pure
NFO, SiO, modified NFO and (b) different weight
percentage of silica modified NFO-PMMA composite
films. As it can be seen, pure nickel ferrite (Fig.1 (a))
shows Bragg reflections which are clearly identified as the
formation of face centered cubic (fcc) and pure inverse
spinel structure of single phase with Fd3m space group is
confirmed by matching with JCPDS card no: 10-0325 [34-
35]. The appearance of a characteristic peaks at 20 =
30.3°, 35.8°, 37.3°, 43.3°, 53.9°, 57.3° and 63.1° refers to
crystal planes of (220), (311), (222), (400), (422), (511)
and (440), respectively. For the silica modified NFO
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nanoparticles, the extra peak at around 22° to 26°, the left
shift of peaks correspond to the amorphous SiO; adsorbed
on the NFO nanoparticles [36-37]. Fig. 2(b) shows SiO,
modified NFO-PMMA films (composite) as a function of
various weight percentages of modified NFO
nanoparticles was obtained by XRD. From these patterns,
it is clearly noticed that the appearance of sharp peaks at
20 = 26° corresponding to the amorphous phase of SiO»
groups, while the characteristic peaks near 20 ~ 30° may
be due to the presence of amorphous polymer chain.
Moreover, it can be observed that with the increase in
percentage of SiO, modified NFO nanoparticles in the
polymer matrix, the intensity and sharpness of the peaks
were disappeared, which indicates the increase of the
amorphous nature of the composites. These pattern
exhibits typical amorphous nature of the composite
material. Further, it is noted that similar results have been
reported in the earlier literature for PMMA [38-39].

— Silica treated NFO

—NFO
=3
] 1073
g
=
2
& 55847
[
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v T v 1 v T v 1 v 1
3000 2500 2000 1500 1000 500

Wave number (cm_1)

Fig. 3. FTIR spectra of silica modified NFO nanoparticles.

FT-IR analysis

Fig. 3 shows the FTIR spectra of the pure NFO and
SiO; modified NFO nano-powders. The characteristic
absorption band in the region of 1073 cmis attributed to
the stretching vibration of Si-O-Si group which signifies
that the silica groups were successfully modified on the
NFO nanoparticles. Further, the characteristic absorption
band at 537 and 558 cm corresponds to bond between
Fe-O stretching and bending vibration of NFO
nanoparticles [40].

Surface morphology

The microscopic images of NFO-PMMA and SiO;
modified NFO-PMMA films (composite) are shown in
Fig. 4(a, b). It is observed that the composites with
modified NFO nanoparticles are almost uniformly
distributed throughout the matrix, with small patches
which are trying to pull up from the vicinity, which refers
the reinforcement nature of silica [41-42]. On the other
hand, the unmodified NFO-PMMA composite shows

www.iaamonline.com

patches but not pronounced which signifies lesser
reinforcement due to the crystalline behaviour of NFO.
However, the presence of SiO, groups adsorbed onto the
NFO particles and enhanced the compatibility of the
matrix. Hence, the interfacial interaction between
modified nanoparticles and polymer matrix are stronger
than that of the composite filled with pure NFO
nanoparticles [42-43]. As a result, the dielectric and
electrical performance of SiO; modified NFO-PMMA
composites are also improved.

Sigral Aw 561
Mag* S00KX

EHT = 5.00 kv
WD = 9.0 mm

Signal A = SE1
Mag= 1.00KX
Y

Fig. 4. SEM image of (a) NFO-PMMA and (b) SiO.@NFO-PMMA
composite films.

Dielectric and electrical properties of NFO-PMMA
composite films

Fig. 5 shows the frequency dependent dielectric constant
(gr) of the NFO-PMMA and SiO; modified NFO-PMMA
composite films with various weight percentage of NFO
(contents) at room temperature. It is revealed that the
dielectric constant increases with the increase of
unmodified and modified NFO particles and decreases
with increase in frequency over the entire frequency range.
The value of ¢ decrease with increase in frequency (at low
frequency region) can be explained on the basis of the
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dispersion of the polarization. At lower frequency region,
the dielectric constant of the composites is mainly
contributed to the Maxwell-Wagner-Sillars (MWS) or
interfacial polarization [44-45]. Moreover, the SiO;
modified NFO-PMMA composites (NFO content is about
10wt %), the dielectric constant is = 67 at 100 Hz, nearly
13 and 1 times higher than that of the pure PMMA and
unmodified one (its dielectric constant is about 47 and 5 at
100 Hz). The modification of SiO, groups on NFO
nanoparticles has improved the dispersion of particles in
composites and the compatibility with the polymer matrix.
Thus, the modified composite shows a good mixing with
defect free such as agglomeration and/or cracks and leads
to enhance the dielectric and electrical performance.
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Fig. 5. Frequency dependence of dielectric constant of (a) NFO-PMMA
and (b) SiO; modified NFO-PMMA composite films at room
temperature.

Fig. 6 shows the dielectric loss (tand) with frequency
for NFO-PMMA and SiO, modified NFO-PMMA
composite films with various weight percentage of NFO in
100 Hz to 1 MHz frequency ranges at room temperature. It
is seen that the value of tan § increases gradually with
increase in filler content over the whole frequency range.
Meanwhile, the loss of the modified NFO-PMMA
composites remain quite lower (< 0.5) than that of the
unmodified one, which is mainly due to the surface
modifiers between the interfaces of NFO and PMMA
matrix with a positive impact on the interfacial
polarization [46]. The SiO; modified NFO-PMMA
composite films exhibit a high value dielectric constant
(= 67) and reasonably low dielectric loss (= 0.35) at low
frequency region (<1000 Hz), which is mainly the
requirement of a composite material for energy storage
devices.

To understand the mechanisms of dielectric properties
for NFO-PMMA composites, the classic percolation
theory is used to predict the dielectric constant of the
SiO,@NFO-PMMA  composite for 100 Hz at room
temperature. The variation of dielectric constant in the
proximity of the percolation threshold power law, which is
expressed as follows [47]:

e =g (fc—1)® for f<fc 1)

where ¢ and ejrepresent the dielectric constant of the
composite and the PMMA matrix, respectively, f is the
weight percentage of the SiO,@NFO, fc is the percolation
threshold and s is the critical exponent.

www.iaamonline.com
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Fig. 6. Dielectric loss of the (a) NFO-PMMA and (b) SiO,@NFO-
PMMA composites with a different weight percentage of NFO contents
as a function of frequency at room temperature.

The experimental results fit well (as shown in
Fig. 7) with the dielectric constant to Equation (1) at
percolation theory when the weight percentage of the
modified NFO is less than 10 wt% (the fitting parameters
fc= 6wt% and critical exponent S=0.976, respectively).
The linear fit of the double log-log value of & (Equation-
1) and the percentage (weight) of modified filler also
indicates that the dielectric property of the composites fits
well with percolation theory.

fc= 6wt%
1.8 s= 0.976
1.6
« 1.4
=
L]
1.2
1.0

T T T T T T T T T T T d T
0.7740 0.7745 0.7750 0.7755 0.7760 0.7765 0.7770
log{fe-f iicanro)

Fig. 7. Shows the best fits of the dielectric constant to Equation (1).
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Fig. 8. Comparison of room temperature dielectric constant and dielectric
loss of the NFO-PMMA and SiO,@NFO-PMMA composites with a
different weight percentage of NFO contents at 100 Hz.

Fig. 8 illustrates the dielectric properties of NFO-
PMMA and SiO; modified NFO-PMMA composite films
with a different weight percentage of NFO nanoparticles
at 100 Hz. As shown in Fig. 8, it is clear that the value of
g as well as tand increases gradually with the increase of
NFO content. The dielectric properties of the composites
is strongly influenced by surface morphology of ferrite
particles, interface areas, agglomeration, increasing air
voids and the large difference of & between the ferrite
particles and polymer matrix [48-50]. These aspects have
negative influence on the dielectric properties of the
unmodified NFO-PMMA composites and yields reduction
in the dielectric constant. However, in the SiO, modified
NFO-PMMA composites (Fig. 8(a)), the value of & is
higher than that of the unmodified NFO nanoparticles.
This can be attributed to the presence of SiO, groups
adsorbed on the NFO nanoparticles within the polymer
matrix, which acts as a passive layer. This may be
explained on the presence of SiO; layer around NFO
nanoparticles with electron affinities (high). This can help
to make strong dipole interaction between the functional
groups of ferrite nanoparticles and polymer to get better
distribution in the polymer matrix and create positive
influences on the interfacial polarization [51-52]. On the
other hand, loss tangent is another crucial parameter for
the capacitor applications. As shown in Fig.7 (b),
dielectric loss of composites increases gradually with the
increase of filler contents (Fig. 8(b)) at 100 Hz. Besides,
it is also noted the dielectric loss of all the composites still
maintains at a relatively low level. For instance, the
dielectric loss of 10 wt% of SiO,@NFO-PMMA
composite film is 0.025 at 100 Hz, which may be
attributed to the factors which includes fewer defects at
the interfaces and homogeneous dispersion of SiO;
modified NFO particles in the PMMA matrix [53-54].

AC electrical conductivity study

Fig. 9 shows alternating current (AC) conductivity with
frequency of unmodified and SiO, modified composites
with various weight percentage of NFO. The ac
conductivity of the composite increases with increase in
frequency for different weight percentage of NFO and
have little higher value than that of the pure PMMA over
the whole frequency region. For the composites with
modified NFO contents, the conductivity exhibits nearly
frequency independent (<10° Hz) and signifies as dc
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conductivity. However, the conductivity of the composite
shows a dispersive behaviour in the higher frequency
region, which increases linearly with increase in frequency
and is signified as ac conductivity. When fsioz@nro
approaches fc, the percolation threshold power law [55] is
described as follows:

caw", as fsiocanro —> fc )

Here, ®=2mv, where v and p are the frequency and
corresponding critical exponent, respectively. The
experimental data of the composite with f sio2@nro = 6Wt%
(near fc) gives u=0.97 [Fig. 9(b)], which is a little higher
than that of the normal value (0.7) obtained from the
percolation theory [55].
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Fig. 9. Frequency dependence of AC conductivity of the (a) SiO,@NFO-
PMMA composites with a different weight percentage of NFO and (b)
shows the best Fit of the AC conductivity of the composites with 6 wt%
of SiO,@NFO to Equation (2).

Conclusions

In summary, the SiO, modified NFO filled PMMA
composite films were prepared through solution casting
technique. XRD study confirmed the formation of the
composites with fcc structure. FTIR spectra confirmed the
presence of SiO, groups on the NFO nanoparticles, which
could be improved the compatibility between the
nanoparticles and the polymer matrix and also make the
homogeneous dispersion of the composite films.
Moreover, the SiO, modified composite exhibited high
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dielectric constant (= 67) and relatively low dielectric loss
(< 0.5) at 100 Hz. The dielectric constant followed the
percolation scaling law with percolation threshold of fc=6
wt% and the critical exponent of s =0.97. These
composites with the performance of high dielectric
constant might be potential candidates for high energy
storage devices.
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