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Herein, Poly (methyl methacrylate)-Bismuth ferrite (PMMA-BFO) nanocomposites were successfully
prepared by in-situ polymerization method for the first time. Initially, the as prepared bismuth ferrite
(BFO) nanoparticles were dispersed in the monomer, (methyl methacrylate) using sonication process.
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Benzoyl peroxide was used to initiate the polymerization reaction in ethyl acetate medium. The
nanocomposite films were subjected to X-ray diffraction (XRD), 'H NMR, Field emission scanning
electron microscopy (FESEM), Transmission electron microscopy (TEM), Atomic force microscopy
(AFM), Thermogravimetric analysis (TGA), Infrared spectroscopy (IR), Dielectric and Magnetic
characterizations. The dielectric measurement of the nanocomposites was investigated from 10 Hz to 1

a

MHz frequency range. It was found that the nanocomposites not only showed a significantly increased
value of dielectric constant with increase in loading percentage of BFO as compared to pure PMMA, but
also exhibited low dielectric loss values in a wide range of frequencies. The value of dielectric constant
and dielectric loss of the PMMA-BFOS5 (5% BFO loading) sample at 1 kHz frequency was found be ~ 14
20 and 0.037. The variation of the ferromagnetic response of the nanocomposite was consistent with the
varying volume percentage of the nanoparticles. The remnant magnetization (Mr) and saturation
magnetization (Ms) values of the composites were found to be enhanced by increasing the loading
percentage of BFO. The value of Ms for PMMA-BFOS5 was found to be ~6 emu/g. The prima facie
observations suggest that the nanocomposite can be a potential candidate for high dielectric constant
capacitors. Significantly, based on its magnetic properties the composite will also be useful for hard disk

)
G

components.

Introduction Recent advances in composite field revealed that mainly two
primary methods have been used to obtain high dielectric
constant in polymer composites. The more traditional one is the
addition of high dielectric constant ceramic fillers to the polymer
*12 and another method is by incorporating conductive
fillers into the polymer matrix. In comparison with the research
interests in high dielectric constant materials, importance has not
been given to the dielectric loss of the material. For many
applications  including integral thin film capacitors,
electrostriction systems for artificial muscles and electric stress
control devices, apart from high dielectric constant; low dielectric
loss is also required.*®" Although, insulating polymers filled
with conductive fillers can exhibit high dielectric constants, it
possess high dielectric loss values and very low breakdown
strengths due to the high electrical conductivity of the fillers,
which limits its applications. Recently, high dielectric constant
ferroelectric ceramic based polymer nanocomposites have
attracted significant interest. These materials generally show
es relatively low dielectric loss because both the polymer and the
ceramic particles are highly insulating in nature.

In past few years, high dielectric constant polymer composites

have attracted the attention of the researchers, especially in the
30 electronic industries because of its ease of preparation and low

cost.” An electronic system is comprised of by both active as well

as passive components. The technologies which are concerned

with the development of the passive components such as

resistors, inductors and capacitors are developing, rapidly. X
3s Among these passive components, capacitor attracts lots of
attention due to its wide range of applications which includes
decoupling, by-passing, filtering and timing capacitors etc. In the
past several years, significant amount of work has been carried
out on various polymer-ceramic composites.>> Among ceramic-
polymer composites, special attention has been paid for the
development of high dielectric constant ceramic-polymer
composites because of its applications mainly in embedded
capacitors. These materials have become potential candidates for
integration into high frequency electronics. However, the detail
understanding of these materials will help the electronic industry
in proper planning, design and processing of these materials.
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Ferroelectric ceramics possess very high dielectric constants as
well as low dielectric loss. However, these are brittle and suffer
mostly because of its low mechanical strength. On the other hand,
polymers have low dielectric constants in the range of ~ 2 to 5.
Traditionally these polymer nanocomposites are used in low
leakage capacitors. Moreover, the flexible nature of polymer
nanocomposites make easy processing which results high
dielectric strength. Hence, new composites with high dielectric
constant and low dielectric loss can be fabricated by combining
the properties of both polymers and ceramics. *** In order to
achieve such an objective, high dielectric constant ferroelectric
ceramics such as Pb(Mg;;sNb,3)O0;5-  PbTiO3(PMNPT),
Pb(Zr,Ti)O3(PZT) and BaTiO; (BT) have already been used as
fillers in polymers. %

Furthermore, composite materials with reinforcing particles
based on permanent magnetic materials like Nd- Fe- based
materials are of current research interest due to numerous
possible applications, such as hard disc components, electric
appliances and automobile industry. In the last several years, the
rapid development in the field of electronic processing has led to
an increased demand for multifunctional electronic
nanocomposites which fulfills the need of electronic devices. > 3
In this context, soft magnetic nanoparticles dispersed in polymer
matrixes have been extensively studied because of their excellent
magnetic as well as electrical properties. ** Polymer magnetic
nanocomposite materials are widely used in various engineering
applications like sensor technology, *° high density storage
media, electromagnetic Interference (EMI) suppression,
superconductors *° etc.

Among the multifunctional materials, Bismuth ferrite (BiFeOs)
is a well investigated material and is known for its multiferroic
properties. It has received considerable interest in the past few
years because of having simultancous ferroelectric and
ferromagnetic properties. The multifunctionality property of BFO
not only provide opportunities to study fundamental physics but
also finds many potential applications in various devices such as
information storage, spintronics and sensors. **° Also, it
possesses high dielectric constant which is the main concern in
this study. However, these nanoparticles need to be embedded in
a suitable polymer matrix in order to make it suitable for various
applications. Few major problems which arise in case of pure
ceramics like high leakage current and dielectric losses, which
lead to failure during operation, can also be eliminated in the
polymer based composites. Hence, in the present work, we have
selected BFO as filler material in the polymer-ceramic composite.

Among the insulating polymers, poly (methyl methacrylate)
(PMMA) is a very good insulating polymer. The dielectric
constant and dielectric loss of this polymer was reported to be ~
2.6 and 0.014 at IMHz frequency respectively. The low dielectric
loss of this polymer enables it to be used as a matrix in
nanocomposites. In the literature, there is hardly any work which
has been devoted to study the electrical, magnetic, structural,
vibrational and microstructural properties of the PMMA-BFO
nanocomposite. Ahlawat et al. studied the magnetic and dielectric
properties of the PMMA-BFO nanocomposites. They found that
with the increase in BFO loading in the composite, the magnetic
as well as dielectric properties are enhanced. *® Sun et al reported
that with the increase in BFO loading in PMMA, the microwave

60

6!

A

70

7

S

80

8

73

90

9

b3

100

10:

b

110

shielding ability of the composite was increased. ** However, the
properties reported here in this study is not sufficient enough for
the device applications. Hence, further study on this
nanocomposite is quite necessary.

In the present work, for the first time, we have successfully
synthesized the novel PMMA-BFO nanocomposite by in-situ
chemical polymerization method. The as prepared PMMA-BFO
nanocomposites were characterized by various techniques to
study its structural, microstructural and vibrational properties.
The electrical and magnetic properties of the nanocomposite have
also been studied in detail, which is hitherto unattempted. Finally,
an effort has also been made to correlate the above properties.

Experimental Section
Materials and Methods

Methyl methacrylate monomer (99% purity,) was stored at low
temperature prior to use. Oxidizing agent benzoyl peroxide and
ethyl acetate (analytical grade) were used as received. Bismuth
nitrate, Ferric nitrate, Nitric acid and Glycine were used as
received. All the solutions were prepared using double distilled
water during the synthesis.

Synthesis of Bismuth ferrite (BFO)

Bismuth ferrite powder was synthesized by auto combustion
method. 0.5 M Bismuth nitrate Bi (NO3); and 0.5 M Ferric nitrate
Fe (NOs); solutions were prepared by dissolving in distilled water
and small amount of dilute nitric acid. These two solutions were
mixed in a beaker. To this solution, Glycine with molar ratio 1:1
with respect to nitrate was added. This solution was then heated
on a hot plate under continuous stirring condition to its boiling
temperature until all the liquid gets evaporated. Towards the end
of the reaction, an immense evolution of brown fumes were
observed, a fluffy brown mass was obtained at the base of the
beaker. Then the powder was calcined at 500°C for 2 hr and
subjected for further characterization.

Synthesis of PMMA-BFO nanocomposite

PMMA-BFO nanocomposite synthesized by in-situ
polymerization method. In this method, initially bismuth ferrite
nanoparticles (1wt.%) were dispersed in MMA and ethyl acetate,
and then ultrasonicated for 30 mins. Finally, the oxidizing agent
benzoyl peroxide was added to it with vigorous stirring. The
same procedure was followed for the synthesis of PMMA-BFO
composites with 3 wt.% and 5 wt. % BFO nanoparticles in the
Polymer matrix. The above dispersion was refluxed at 70°C in
water bath with constant stirring over a period of ~10-16 hours to
initiate the polymerization of MMA. After completion of the
reaction, a gelatinous brownish white solution was obtained.
Finally, required amount of methanol was poured to precipitate
PMMA-BFO nanocomposite. The nanocomposite was then
dissolved in chloroform and cast into film form on the glass slide.
This nanocomposite film was then subjected for the various
physicochemical characterizations. The samples prepared using 1,
3 and 5% loading are termed as PMMA-BFO1, PMMA-BFO3
and PMMA-BFOS5, respectively.

was

Structural Characterizations

The X-ray diffraction (XRD) studies of the sample were
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performed by using X-ray diffractometer (Bruker D8 Advance,
Germany). The sample was scanned in the 26 ranges from 10 to
80°. The field emission scanning electron microscopy (FE-SEM)
(Hitachi S-4800 II) was used to determine the morphology of
pure BFO and PMMA-BFO nanocomposites. The Transmission
electron microscopy (TEM) was performed with (FEI Technai
T20 Netherland) an accelerating voltage of 200 kV. AFM images
were recorded with a NTEGRA aura model (NT MDT) SPM
instrument in semi contact mode using an NSG 01 silicon nitride
probe. FTIR spectra BFO, PMMA and PMMA-BFO (1, 3 and
5%) nanocomposite were studied using Perkin-Elmer-Spectrum
2000 spectrophotometer in the range of 400 and 4000 cm™. Room
temperature dielectric properties were measured by Hioki 3532-
50 LCR Hitester. The M-H loops were measured at room
temperature using a vibration sample magnetometer ~ VSM,
model 4500, EG & G Princeton Applied Research Corporation
USA.

Results and Discussion
X-ray diffraction (XRD)

Inset of Fig.1 shows the XRD pattern of pure BFO ceramic.
Development of single perovskite rhombohedral phase in BFO is
confirmed by matching with the JCPDS card no: 71-2494. The
unit cell parameters of the BFO ceramics are calculated by X’Pert
highscore plus software. The detail parameters are given in
Table-1. Fig.1 shows the XRD patterns of PMMA-BFO
nanocomposites with different load percentage of BFO
nanoparticles. The appearance of a broad peak at 20 ~ 13° can be
attributed to the presence of amorphous polymer chain, while the
sharp peaks are the peaks of BFO ceramics. It can be seen that
with the increase in loading percentage of BFO nanoparticles, the
intensity as well as the sharpness of the peaks are increased,
which indicates the increase of crystalline nature of the
nanocomposites.

Table-1 Structure and unit cell parameters of pure BFO ceramics.

Material Lattice parameter Structure Space
ad) T vA [ cd group
BFO 5.584(3) | 5.584(3) | 13.86(1) | Rhombohedral | R3C
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NMR Spectra

The 'H NMR spectra of the nanocomposites was taken to provide
more detail evidence about the growth of BFO nanoparticles in

40 PMMA matrix. As seen from Fig. 2, all the characteristic proton

absorption bands associated with PMMA could be clearly
detected in the '"H NMR spectrum of PMMA and PMMA-BFO.
Table 2 shows the tacticity of pure PMMA®*® and PMMA-BFO
nanocomposites. It should be noted that the as synthesized

s PMMA and PMMA-BFO nanocomposites shows significantly

different values of tacticity. It can be clearly seen here that apart
from the appearance of distinct proton signals for methoxy
(OCOCHj;, & = 3.6 ppm, peak c¢) and methylene (C—CH,—C, 3 =
1.78 ppm, peak a), there also exists three proton signals for

so methyl (—-CHj3) due to the three conformations of PMMA

(isotactic, heterotactic, syndiotactic): 6= 1.27ppm for isotactic,
1.04 ppm for heterotactic, and 0.8 ppm for syndiotactic.*? By
comparing the '"H NMR spectra of pure PMMA with PMMA-
BFO, we can conclude that in the pure PMMA, isotactic and

ss syndiotactic conformations are overriding while in PMMA-BFO

20 (degree)

35 Fig. 1 XRD patterns of PMMA-BFO nanocomposites

nanocomposites, the heterotactic conformation increases,
significantly.
b
: A
A
- j k‘\_ Jﬂ “-.. —— Y
L]
-».LL‘)_LL
I 1 1 1 L L] 1 1 1 L
45 40 35 a0 5 2.0 1.5 1.0 ppm
Fig. 2 "H NMR spectra of the PMMA-BFO and pure PMMA
60 Table 2 Tacticity of pure PMMA and PMMA-BFO nanocomposites
% Tacticity -:
Isotactic Heterotactic Syndiotactic I
PMMA 0.0979 0.328 0.5737 |
PMMA-BFO 0.068 0.38 0.54 |
Morphology

Fig. 3(a-d) shows the FESEM (a, b) and TEM (c, d) images of
the pure BFO nanoparticles synthesized by combustion method.
It can be clearly seen that the BFO nanoparticles with particle

os size ~ 40-60 nm are uniformly distributed throughout surface.

The shapes of the nanoparticles are mostly spherical in nature
while very few large particles are observed which may be due to
the effect of agglomeration.

This journal is © The Royal Society of Chemistry [year]
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observed. It is quite obvious that due to agglomeration, the

15 particle size increases with increase in BFO loading. At lower
loading percentage, the dispersion of nanoparticles is fairly
uniform and hence shows lower particle size as compared to
pristine BFO.

20 Fig. 5 TEM images of PMMA-BFOL (a,b), PMMA-BFO3 (c,d) and
| PMMA-BFOS (e,f) nanocomposites. Inset Fig. 3 (b,d,f) shows SAED
pattern of PMMA-BFO nanocomposits.

Fig. 5(a-f) displays the TEM images of PMMA-BFO

: nanocomposites. It can be seen from Fig. 5(a-b) that at lower
B percentage of BFO loading, BFO nanoparticles of size 20-40 nm
are uniformly distributed in the polymer matrix. From Fig. 5(c, e)
it can be seen that BFO nanoparticles are embedded in the
polymer matrix having particle size is found to be ~ 40-50 and
Fig. 4 (a.f) FESEM images of PMMA.BFOI (a. by, PMMA-BFO3 (c. ) 60-70 nr.nT respec.tively. Tbe agglomeration of the particle is

5 and PMMA-BFOS (e, f) nanocomposites 30 clearly visible at higher loading percentage (3% and 5%) of BFO.
HRTEM image (Fig. 5b, d, f) have also been taken to extract

Fig. 4(a, b) depicts the FE-SEM images of PMMA-BFO1 more detail information about the microstructure and crystallinity
nanocomposites at low and high magnifications. The FESEM of the as-prepared nanocomposites. The clear and uniform lattice
images shows that the BFO nanoparticles are merely distributed fringes at lower (1%) loading percentage of BFO confirmed the
in the polymer matrix having the particle size around 20-40 nm. s enhancement in the crystalline nature of the composite (Inset in
10 However, with increase in loading percentage of BFO [Fig. 4(c, Fig.5b) which can be seen from the XRD pattern of PMMA-BFO
d)] granular or spherical shaped particles with size ~ 40-60 nm nanocomposites. The appearance of distinctly visible rings in
are observed. With further increase in loading percentage of selected area electron diffraction (SAED) pattern at higher
BFO, Fig. 4(e-f) uneven shaped particles (~ 60-80) nm is loading percentage of BFO confirmed the presence of

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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polycrystalline nature of the nanocomposites (Inset in Fig. 5b, d
and f). Here also, we observed agglomeration of the particle with
increase in loading percentage.

s Fig. 6a, ¢ and e show 2D (two dimensional) and Fig. 6b. d and f shows
3D (three dimensional) images of PMMA-BFO1(a,b), PMMA-BFO3
(c,d) and PMMA-BFOS (e,f) nanocomposites

The atomic force microscopy (AFM) images of PMMA-BFO
nanocomposites are shown in Fig. 6. Fig. 6 (a, c, e) and (b, d, f)
10 shows the 2D (two dimensional) and 3D (three dimensional)
images of the PMMA-BFO nanocomposites, respectively. The
yellow colored spots in the 2D images of AFM represent the
presence of BFO particles whereas the red colored spots represent
the polymer. The surface morphology of the 2D image clearly
15 shows that (yellow colored spots) 30-35 nm sized particles are
dispersed in the PMMA matrix (red color). The 3D image also
provides information about the surface roughness and the height
of the BFO nanoparticles. Most of the nanoparticles have heights
of around ~ 40-45 nm and there are very few particles with
20 heights in the range of ~ 50-60 nm embedded in the PMMA
matrix. The AFM images clearly show agglomeration with
increase in loading percentage of BFO. The surface morphology
obtained using AFM is in good agreement with the FESEM and
TEM results.

25

Fig. 7 shows TG curves of the pure PMMA and PMMA/BFO
nanocomposites. It can be seen that for pure PMMA complete
degradation of polymer occurs ~ 400°C but with the incorporation
of BFO nanoparticle the degradation temperature was found to be

30 slightly shifted towards the higher temperature. Additionally, to
confirm the thermal stability, DSC measurements of
nanocomposites have been performed. The DSC analysis clearly
shows higher decomposition temperature for nanocomposites.
(Supporting information Figure S1).

——PMMA
100 = PMMA-BFO1
———— PMMA-BFO3
80 PMMA-BFO5|
9
< 60-
=
=)
g 40 -
20 b —
0-
- T T T T T T T T T ¥ T
100 200 300 400 500 600
N Temperature (°C)

Fig. 7 TGA of Pristine PMMA, PMMA-BFO1, PMMA-BFO3 and
PMMA-BFOS5 nanocomposites

Reaction Mechanism

Detail formation and growth mechanism of pure BFO by
40 combustion method is illustrated below. The combustion reaction
involves an exothermic redox reaction between oxidant and fuel.
Metal precursors i.e. nitrates of bismuth and iron acts as oxidizers
which decompose in the presence of a fuel, provides oxygen or
lose electrons. When an oxidizer and fuel are mixed in a relevant
4s proportion, a tremendous amount of heat is generated which
propagates the chemical reaction. The significant feature of this
reaction is that, the amount of heat evolved during the course of
reaction is more than the actual heat required for reaction. The
fuel used makes complexes with the metal ions present in the
so precursor solution. This complex on dehydration produces a
viscous gel which on further heating self ignites with the
evolution of huge amount of gases. This leads to the development
of porous floppy ash. Fine phase pure BFO powder can be
obtained on further calcination of the ash at high temperature.
The reaction mechanism for the formation of single phase BFO is
shown in equation (I). Here, Glycine was used as fuel and which
is capable of burning by breaking of C-H bonds or gaining
electrons. The minimum temperature required for rapid reaction
between oxidant and fuel is termed as ignition temperature.
Sudden ignition of oxidant - fuel mixture completes within short
time and makes chemical reaction self sustaining which in turn an
advantage of this process over others. During the auto
combustion process lots of fumes are generated which may be
due to evolution of several gases like NO,, CO,, CH,, NH3 and
H,0 which is shown in equation . Initially, all these gases get
evolved and form BFO nuclei or very small nanoparticles. Then
further calcination at 500 °C, accelerate the crystal growth of
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nuclei or small nanoparticles. The smaller crystals get
agglomerated and form bigger crystals during the calcination.
It is quit understood that the crystal growth of BFO is taking
place as per the well known phenomena Ostwald ripening. 2

Bi (NO;); 5H,0 + Fe (NOs); 9H,0 + NH,CH,COOH
BiFeO; + 6NO, + nH,O + NH; f+ CH, f+ CO, ¢ )

10

15

20

25

Scheme 1: The reaction mechanism of BFO formation

Scheme 2 presents the general process to synthesize the PMMA-
BFO nanocomposites. In the schematic representation, it can be
seen that the monomer (MMA) is wrapped on the BFO
nanoparticles during the polymerization reaction. The further
polymerization of MMA (coated on BFO) gives PMMA wrapped
on BFO (PMMA-BFO) using oxidizing agent BPO.
Agglomeration of the particle is observed in the nanocomposites
due to increase in the loading percentage of BFO.

BFO namoparticles are embedded in the polvmer matrix

Scheme 2: Formation mechanism of PMMA-BFO nanocomposites

—BFO
—PMMA
——PMMA-BFOS5
——PMMA-BFO3
——PMMA-BFO1

%T

e AN e N

L] v L] v 1 v 1 v L] v L] v 1 v
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber {cm™)

Fig. 8 FTIR Spectra of Pristine PMMA, BFO and PMMA-BFOI,
PMMA-BFO3 and PMMA-BFOS5 nanocomposites

FTIR Spectra

The FTIR spectrum of Pristine PMMA, BFO and PMMA-BFO1,
PMMA-BFO3 and PMMA-BFOS5 nanocomposites are shown in
Fig.8. It is evident here that for pure BFO the presence of broad
band at ~3000-3600 cm™ arose from the asymmetric and
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symmetric stretching of OH™ groups, while a band at 1630 cm™
corresponds to the bending vibrations of H,O molecule ** 3
Particularly, two strong absorption peaks around 549.75 and
439.80 cm™ are attributed to the Fe-O stretching and O-Fe-O
bending vibrations, being characteristics of the octahedral FeOg
groups in the perovskite compounds. The presence of metal-
oxygen band confirmed the development of perovskite structure
in BFO. *Fig. 8 shows the details of functional groups present in
the pristine PMMA. A sharp intense peak appeared at 1872 cm™
is due to the presence of ester carbonyl group stretching
vibration, C=0 stretching. *®The broad peak ranging from 1260-
1000 ecm™ can be explained owing by the C-O (ester bond)
stretching vibration. The broad peak ranging from 2900-4000 cm
! is attributed to the presence of stretching vibration and a peak at
1195 cm™ is assigned to —O-CH3 stretching vibrations.”’
Similarly, figure 8 spectra shows the FTIR spectra of PMMA-
BFO1,PMMA-BFO3 and PMMA-BFO5 nanocomposites
respectively. The comparison of the FTIR spectra between the
pure BFO, PMMA and PMMA-BFO (1, 3 and 5%)
nanocomposites shows both peaks of BFO and PMMA.

Dielectric Measurement

The frequency dependence of room temperature dielectric
constant and dielectric loss of the PMMA-BFO nanocomposites
are shown in Fig. 9 (a & b). It can be seen that the dielectric
constant of the nanocomposites increases with increasing BFO
content over the whole frequency range. A much higher increase
of dielectric constant can be observed at the higher BFO content.
For instance, at 1 kHz, the dielectric constant is ~ 6.9 for PMMA-
BFO1 (BiFeO; concentration is about 1 %) and ~ 14 for PMMA-
BFOS5 (BiFeO; concentration is about 5 %). It can also be
observed that the value of dielectric constant decreases with
increase in frequency. The decreasing behavior of dielectric
constant with the increase in frequency can be explained on the
basis of dispersion of polarization with frequency. Dielectric
polarization in a material is the sum total of the different
polarization mechanisms; such as electronic, ionic, dipolar and
interfacial polarization. The mechanisms of polarization have
varying time response dependence on the frequency of the
applied field and the net contribution of polarization to the
dielectric constant is therefore frequency dependent. At lower
frequency all the polarizations respond easily to the time varying
electric field but as the frequency of the field increases different
polarizations are filtered out. Hence, the overall polarizations of
the material decreases which leads to the decrease in the value of
dielectric constant.

It can also be seen that the nanocomposites show inherent low
loss over a wide range of frequencies (10 Hz to 1 MHz). The
dielectric loss of the nanocomposites decreases with the increase
in frequency (Fig. 9 b). However, there is an increment in
dielectric loss is observed after the 100 kHz frequency, which
may be due to the relaxation mechanism present in the polymer.
The higher value of tand at low frequency can be attributed due to
the relaxation of the space charge polarization. The further
increase of tand with the increase in frequency in the samples
may be due to relaxation of the domain wall pinned at defects in
the crystal. %

Dielectric loss of the nanocomposite is found to be slightly
higher than the polymer matrix. These features were consistent

6 | Journal Name, [year], [vol], 00—00
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with the dielectric loss result reported in the literature, which may
be due to the relatively high dielectric loss of the BFO
nanoparticles loading. Considering that the nanocomposites have
a significantly increased dielectric constant and comparable

s dielectric loss, we can say that in situ ATRP could be a promising
method to fabricate dielectric materials for high dielectric
constant films. Fig. 10 also presents the frequency dependence of
ac electrical conductivity of the nanocomposites. The ac electrical
conductivity of the composites increases with the increase in

10 frequency for all the samples and is only slightly higher than that
of pure PMMA over the whole frequency range, indicating the
good insulating properties of the nanocomposites. The observed
low electrical conductivity of the composites in comparison to the
pure BFO samples is due to the fact that BFO nanoparticles are

1s capped by insulating polymer shells and show homogeneous
dispersion in the polymer matrix, which prevent electron
conduction resulting in the lower leakage current and lower
dielectric loss of the nanocomposites.
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20 Fig. 9 (a) Frequency dependence of dielectric constant of PMMA,
PMMA-BFO1, PMMA-BFO3 and PMMA-BFOS5 nanocomposites at
room temperature
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Fig. 9 (b) Frequency dependence of dielectric loss of PMMA, PMMA-
2s BFO1, PMMA-BFO3 and PMMA-BFOS5 nanocomposites at room
temperature
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Fig. 10 Frequency dependence of ac electrical conductivity of PMMA,
PMMA-BFO1, PMMA-BFO3 and PMMA-BFOS5 nanocomposites at
30 room temperature
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Fig.11 M-H loops of the BFO, PMMA-BFO1, PMMA-BFO3 and
PMMA-BFOS nanocomposites at room temperature

Fig.11 shows the room temperature Magnetic hysteresis loop
35 of the pure BFO as well as PMMA-BFO nanocomposites. The
development of well saturated M-H loop confirms the
ferromagnetic nature of all the samples. The value of saturation
magnetization (M) as well as remnant magnetization (M;) of pure
BFO sample is found to be higher than the nanocomposites. It can
40 also be seen that with the increase in loading percentage of BFO
powder in the composite, the value of M and M, increases
linearly which may be due to the increase in magnetic particles in
the nanocomposites. The value of saturation magnetization in
case of 1% BFO filled polymer composite was found to be ~ 0.4
s emu/g whereas the value of My for 5% was found to be ~ 6
emu/g, which is due to the increase of loading percentage of
magnetic nanoparticles.
The increase of M, value with the increase in loading
percentage of BFO nanoparticles can be explained by the
so following equation:

This journal is © The Royal Society of Chemistry [year]
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Where M; is related to the percentage of BFO nanoparticles (¢)

and the saturation moment of a single particle (mg). In all the

nanocomposite samples, a very small value of coercive field (H.)
s is observed, which indicates that the material can be useful for

memory applications.

The result obtained in this study has been compared with the
previously reported results and is given in Table-2. It can be seen
that our results are far better than the reported results.

10 Table-2 Comparison between the dielectric and magnetic properties of
PMMA-BFOS5 with the reported results

Sample Dielectric | Dielectric Saturation Reference
Name constant loss (10 Magnetization Number
(10 kHz) kHz)
10% v BFO ~ 6.5 ~0.005 1 emu/cc3 50
+PMMA
BaTiO3— =62 X E I I —— 30
PMMA (15 v%
BaTiO3)
5 wt% BFO + ~13.6 ~ 0.03 6 emu/g Present work
PMMA
Conclusions

Poly (methyl methacrylate) PMMA-BFO nanocomposites were
15 successfully synthesized by in-situ polymerization method. XRD
results confirm the formation of single phase BFO ceramics. The
presence of both BFO and PMMA peaks in the nanocomposite
indicated the development of both polymer as well as ceramic
phases. The agglomeration of the particles were found to increase
20 with the increase of the loading percentage of BFO particles
which is supported by field emission-scanning electron
microscopy (FE-SEM), transmission electron microscopy (TEM)
and atomic force microscopy (AFM) images. The FTIR spectra
confirm the complexation and interaction among the compounds.
»s The interaction influences the structural interphase changes in the
PMMA-BFO nanocomposites. 'H NMR shows the confirmation
of PMMA and PMMA-BFO group in the nanocomposites. A
broadband dielectric spectroscopy was used to investigate the
dielectric properties of the nanocomposites in a frequency range
30 from 10 Hz to 1 MHz. It was found that the value of dielectric
constant was significantly increased with increase in loading
percentage of BFO as compared to pure PMMA. It also showed
inherent low dielectric loss in a wide range of frequencies.
Development of well saturated magnetic hysteresis loop
35 confirmed the ferromagnetic nature of the BFO ceramics. The
ferromagnetic nature was also retained in the PMMA-BFO
nanocomposites. The value of M; of the PMMA-BFO
nanocomposite was increased with the increase in BFO content.
The dielectric results this study indicated that the
40 nanocomposites can be a potential candidate for high dielectric
constant capacitor applications. Whereas, the magnetic properties
suggested that the nanocomposite can be wuseful for
electromagnetic applications like electromagnetic interference
suppressor in the frequency as well as hard disc components.
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