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magnetocapacitance in PVDF — (nickel-cobalt—
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In this paper, we report a facile method to synthesize Nig 93C00.02MNg osFe1.9504_s (NCMF)@BaTiOz (BT)
core-shell nanoparticles. Flexible thick films of polyvinylidene fluoride (PVDF)-NCMF@BT core-shell
nanocomposites with a thickness ~110 um were developed. We analysed the impact of the BT shell
phase on the magnetic domain distribution and its interaction on the final properties of the composites.
The magnetic force microscopy (MFM) microstructure revealed well confined, highly dense, and isolated
nanodomains of NCMF. The adequate isolation provided by the BT encapsulation highly reduced the
potential of charge leakage among the neighbouring NCMF nanoparticles, and hence, the dielectric loss.
Their magnetodielectric measurements demonstrated good sensing performance even at a modest
magnetic field of 100 Oe. At 1 kHz, significant magnetocapacitance (Mc) and magnetoresistance (Mg)
values of 1.7% and —4.2% were achieved at 100 Oe and these values increased to a maximum of 4.9%
and —10.8% at 1000 Oe for PVDF-50 vol% of the NCMF@BT nanopowder composite, respectively, mak-
ing them a promising candidate for advanced magnetically ordered pseudocapacitive materials in energy
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Introduction

In the realm of advanced materials and multifunctional compo-
sites, three-phase magnetoelectric polymer composites represent
a captivating and dynamic area of research and innovation.
These materials are at the forefront of scientific exploration,
offering a unique blend of electrical, magnetic, and mechanical
properties that make them exceptionally promising for making
multifunctional miniaturised devices with attributes like low
cost, flexibility, transparency and biocompatibility, which has
led researchers to the field of polymer-based composite
materials."® Interfaces within these nanocomposites play a
pivotal role, as they have the potential to either enhance or
constrain the overall material’s performance. This is primarily
due to the substantial contrast between the surface area and
volume of the reinforcing phase and its aspect ratio.*> Conse-
quently, the expansive surface areas of nanofillers, coupled with
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storage in supercapacitor applications.

the molecular interactions between the polymer and nano-
particles, offer the prospect of introducing distinct properties
or functionalities not present in the pristine polymer.® Examples
of these include the nucleation of a ferroelectric phase of PVDF,
which along with the magnetic phase, gives rise to enhanced
dielectric, magnetic and magnetoelectric (ME) properties of the
composites with respect to the pristine polymers.”®

Flexible composite structures are found to be important
from the perspective of applications in biomedical applica-
tions, information technology, data storage, sensors, actuators,
magnetic resonance imaging, catalysis, telecommunication,
environmental remediation, etc.,” " as well as fundamental
understanding.’® In a broad sense, composites can be fabri-
cated using different approaches, such as core-shell inorganic
structure, self-assembled structures, organic-inorganic struc-
tures, etc."*'® Among these materials, composites having
coupled magnetic as well as dielectric properties offer an
additional degree of freedom because the applications based
on both magneticpolymer and ferroelectric/dielectric polymer
composites can be explored from a single material matrix. As
these are multiphase composites, on the one hand, the char-
acteristics properties of the individual phases are suppressed;
and on the other hand, multiple distinct properties are evolved.
The ME coupling in this type of composites may result from a
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linear elastic interaction between the ferrimagnetic particles or
their agglomerates and the polar microdomains of the semi-
crystalline polymer.

In recent studies, there has been a greater emphasis on
studying the changes in the microstructure of magnetic
domains when subjected to either an electric or magnetic
field."” The microstructural domain evolution plays a crucial role
in various applications, such as multiferroic data storage systems,
nanoscale devices and sensors, where ME coupling at the nano-
scale is utilized rather than the microscopic interaction.'®* Among
different characterisation techniques, MFM is a simple and
adaptable technique that may be used in numerous environmen-
tal conditions without the need for any specific sample prepara-
tion. Using MFM, Zavaliche et al. demonstrated an electric field
induced room temperature magnetization reversal in epitaxial
BiFeO;-CoFe,O, columnar nanostructures.*® Moreover, G. Car-
untu et al. measured the ME coefficient in bilayered ceramic
nanocomposites by observing the variation in the longitudinal
piezoelectric coefficient of the electrostrictive layer.>* Bishaka Ray
et al. studied the variation in the magnetic domain structure using
MFM, in graphene nanoribbon (GNR) conjugated Fe;O, and Ni
nanoparticles. They observed that the magnetic properties and
the imaged magnetic domain structures are influenced by the
concentration of the ferromagnetic material conjugated with
GNR. Hence, to gain a thorough understanding of the magnetic
domain interaction and resulting magnetic properties in the core-
shell structure of NCMF@BT, MFM is employed as a fundamental
characterization technique.

Poly(vinylidene fluoride) (PVDF) is chosen as the matrix
phase, as it is well known for its ferro-, pyro- and piezoelectric
properties. PVDF is also known for its different polymorphic
nature. However, the  and y phases of PVDF alone show the
piezoelectric behaviour.>' Beyond this, PVDF is renowned for
its excellent halogen and acid resistance, good biocompatibil-
ity, and environmental friendliness.>” Arti et al.>* demonstrated
a three-phase BT-CoFe,0,-PVDF composite with a notable
magnetoelectric response of 26 mV cm ™' Oe, enabled by low-
temperature processing and effective CFO-BT interaction.
Using a similar system containing 10 wt% CFO-10 wt% BT-
PVDF, A. Mooti et al.® studied the dielectric and magnetic
properties, and obtained a dielectric constant of 26 at 1 KHz
and a magnetisation of 5.7 emu g~ '. Nevertheless, the primary
challenge encountered in such ferrite-based polymer compo-
sites is the formation of a charge leakage channel caused by the
interconnected grains of ferrite nanoparticles that extend
throughout the polymer matrix. Instead of utilising ferrite
and BT as distinct phases, a core-shell nanoparticle structure
can be employed, with ferrite as the core and BT as the shell. In
this configuration, the outer BT shell layer serves a dual
purpose: it acts as both the ferroelectric phase and an insulat-
ing layer, preventing direct contact between the nearest neigh-
bouring ferrite nanoparticles. The incorporation of core-shell
ME nanoparticles in a polymer composite results in the altera-
tion of the magnetic domain structure and its corresponding
characteristics. To efficiently utilise these composites, it is
imperative to analyse the impact of the microstructure on the
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properties of the composites. The present study focuses on
conducting a thorough examination of the magnetic domain
structure and the magnetic, structural, microstructural and
magnetocapacitance properties of a flexible structure that con-
tains core-shell ME composites dispersed in a PVDF matrix.
In this article, we outline a straightforward, two-step, and
scalable production process for core-shell nanoparticles. A
flexible and self-standing multiferroic inorganic-organic hybrid
film was subsequently produced using PVDF with PVDF@BaTiO;
core-shell nanoparticles. The piezomagnetic phase chosen for
the present study is NCMF, as it shows good ferrimagnetic
properties, along with high resistivity.>**> Owing to its simplest
composition with excellent dielectric and piezoelectric proper-
ties, lead-free BaTiO; was chosen as the ferroelectric phase.?®

Materials and methods
Synthesis of the NCMF nanopowder

NCMF nanoparticles were produced using the hydrothermal
method. The required quantities of FeCl; (99%, Aldrich Che-
micals), Ni(NO3),-6H,0 (99%, Aldrich Chemicals), Co(NO3),-
6H,0 (99.5%, Aldrich Chemicals), and MnCl,-4H,0O (98%,
Merck Chemicals) were determined based on the composition
Nig.03C00.02MNg o5F€1.0504_s (NCMF). The calculated amounts
of salts were weighed and dissolved in deionized water until it
became a uniform solution. To prevent agglomeration during
autoclaving, 1 wt% polyethylene glycol (PEG)-6000 (99%, Aldrich
Chemicals), which acts as a good surfactant, was added to the
above solution. A separate 8 M NaOH solution was prepared and
kept at a temperature of 80 °C using a water bath. The homo-
geneous precursor solution containing all the metal ions was added
dropwise to an aqueous solution of NaOH while vigorously stirring,
resulting in the formation of a homogeneous brown precipitate.
The stirring persisted for an additional 30 minutes, and the mixture
was then rapidly cooled to ambient temperature using a water bath.
The brown suspension was then transferred to an autoclave and
subjected to heating at a temperature of 180 °C for a duration of
24 hours. Once the powder had cooled to room temperature on its
own, it was repeatedly rinsed with distilled water until it reached a
neutral pH. Finally, it was washed with ethanol. The obtained
NCMF nanopowder was subsequently subjected to 12 hour vacuum
drying at a temperature of 80 °C.

Synthesis of the NCMF@BaTiO;(BT) core-shell nano composite

The core-shell nanostructure of NCMF@BT with a 1:1 molar
ratio was synthesised by simple sol-gel technique. To synthesise
the BT nanoparticles, 0.01 mole of barium acetate was dissolved
in acetic acid. After complete dissolution, 0.01 mole of titanium
tetra isopropoxide was added to the same solution under con-
stant magnetic stirring. The precursor solution was heated at
100 °C for 30 minutes to form a thick gel. The gel was further
dried in an oven at 150 °C for 12 hours, ground to a fine powder,
and calcined at 750 °C for 5 hours. Fig. 1 schematically demon-
strates the procedures involved in the synthesis of both NCMF
and NCMF®@BT nanoparticles. To prepare the NCMF@BT core-
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Fig. 1 Schematic representation of the synthesis of the NCMF and
NCMF@BT core—shell nanoparticles.
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shell nanoparticles, the precursor solution of Ba and Ti was
prepared using the same procedure. To this solution, 0.01 mole
NCMF nanopowder was added and ultrasonically dispersed for
30 minutes to form a stable colloidal mixture. Subsequently, the
solution mixture was heated at 100 °C until the solvent evapo-
rated and formed a thick gel, whereby the ferrite nanoparticles
were completely trapped in the BT precursor gel. The thick gel
was further heated in an oven at 150 °C for 12 hours, where the
gel became a hard cake that was then ground into a fine powder
and calcined at 750 °C for 5 hours.

Preparation of the flexible polyvinylidene fluoride (PVDF)-
nanofiller composite film

N-Methyl pyrrolidone (NMP) and PVDF powder with a molecular
weight of 275000 g mol " were purchased from Aldrich Chemicals,
and used to create the flexible nanocomposite films. By dissolving
varying concentrations of the PVDF powder in NMP solution, a
highly viscous solution of PVDF was developed, and the viscosity
was evaluated with a viscometer (Brookfield, DVNext cone/plate
rheometer). Different volume percentages of NCMF@BT core-shell
nanopowders were ultrasonically combined with the optimized
viscous PVDF solution, and the resultant solution mixture was
subsequently film-casted onto a glass plate using a doctor blade.
After the excess solvent was removed from the cast film by heating it
in an oven for three hours at 90 °C, a thick film of PVDF-NCMF@BT
composites was achieved. Subsequently, the film was detached from
the plate and employed for subsequent examination.

Characterisation

The crystalline structures of the synthesised nanopowders and
the polymer composites were identified by employing X-ray
diffraction (XRD, Rigaku miniflex 600) with Cu Ko (1 =
1.5406 A) as the radiation source. The Raman spectra of the
NCMF and NCMF-BT nanopowders were captured using a
785 nm excitation source and Renishaw in Via Raman Micro-
scope. The morphology, size, and shape of the synthesised
nanoparticles, as well as its dispersion in the PVDF matrix, were
studied using a Zeiss EVO MA-10 scanning electron microscope
(SEM). An Asylum Research MFP3D scanning probe microscope
was utilised for magnetic force microscope (MFM) imaging.
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High-resolution transmission electron micrographs (HRTEM)
were recorded using JEOL JEM-200FS FETEM. Magnetic proper-
ties of the filler particles and composite films were examined
using PPMS (Quantum Design DynaCool). JEOL JEM-200FS
FETEM was used to capture the high-resolution transmission
electron micrographs (HRTEM).

The nanocomposite films were coated with silver paste on
both surfaces, each with an area of 1 cm?®. Copper leads were
then attached to the coated area and utilized for dielectric
measurements. The dielectric measurements were conducted
using the HIOKI, IM3523 LCR meter within the frequency range
of 60 Hz to 200 kHz. The magnetodielectric measurements were
conducted by placing the silver-coated samples in the centre of
an electromagnet. Adjacent to the sample, a hall probe was
positioned to measure the magnetic field generated by the
electromagnet. A wide range of frequencies was used to test
the capacitance (Cp), dielectric loss (tan d), and resistance (R;,)
at each external magnetic field strength, which varied from 0 to
1000 G by adjusting the current provided to the electromagnet.

Results and discussion

The viscosity of the initial PVDF-NMP solution plays the most
crucial role in producing well dispersed, flexible, and free-
standing thick films of the PVDF-ceramic 0-3 composite.
Although the filler particles can disperse more uniformly while
mixing in a low viscous solution, they are more likely to clump
together during the casting process. Additionally, because of
their relatively higher density, they tend to settle at the bottom of
the film, leaving a thin layer of PVDF on top. On the other hand,
if the PVDF solution is excessively viscous, adding nanopowders
to it will make it even more viscous, preventing the uniform
distribution of filler particles in the PVDF matrix, and perhaps
causing the polymer to lose its flexibility. Therefore, it is neces-
sary to optimise the viscosity of the PVDF solution to prevent
settling and to encourage the homogeneous dispersion of filler
particles in the polymer matrix. Fig. 2 shows the variation in the
viscosity of the PVDF-NMP solution with different concentra-
tions of PVDF. The value of the viscosity was found to increase
with the PVDF concentration, and nearly attained saturation at
0.1 ¢ ml™". The PVDF concentration of 0.15 g ml~" in NMP
solvent was chosen, so as to disperse the filler particles uni-
formly. It could keep the particles intact in the polymer matrix
without agglomeration during the process of casting.

Fig. 3(a)-(c) shows the XRD patterns of NCMF, BT and
NCMF®@BT nano powders, respectively. The XRD pattern
corresponding to NCMF is shown in Fig. 3 (a). Based on the
JCPDS file no. 77-042 6, the peaks were indexed and the pattern
depicts the cubic spinel ferrite structure with the space group of
Fd3m (227).>® The phase purity and the crystal structure of the
sol-gel synthesised BT calcined at 750 °C were analysed from
the XRD pattern shown in Fig. 3(b). All the peaks were identi-
fied and indexed based on the ICDD pattern no. 31-0174,
corresponding to the perovskite structure of BT.>” Barium
titanate may exist as the cubic, tetragonal, rhombohedral or

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Viscosity with respect to the concentration of PVDF in the NMP
solution.
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Fig. 3 XRD pattern of (a) NCMF, (b) BT, (c) NCMF@BT nano powders, and
the inset graph shows the XRD of NCMF@BT at 45°.

orthorhombic phase, or as a mixture of phases with one phase
being predominant at room temperature. In general, the peak
splitting at 45° 20 depicts the tetragonal symmetry of BT, which
corresponds to the (Zkl) planes (002) and (200), whereas the
rhombohedral/cubic BT shows a single peak at around 45° that
refers to the (200) or (002) plane, respectively.”® In BT, below the
Curie temperature, the tetragonal phase coexists with the
rhombohedral/cubic phases. The peak at 45° in the case of
the NCMF@BT nanopowder is shown in the inset figure in
Fig. 3. A broader peak without any peak splitting is observed
from the figure, which may be attributed to the coexistence of
different phases. Better insight of the structure of BT can be
obtained from the Raman spectroscopic investigation, which
demonstrates the unique vibrations for the tetragonal and
rhombohedral symmetries, as explained in the following

This journal is © The Royal Society of Chemistry 2024
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section. Fig. 3(c) shows the X-ray diffractogram of the core-
shell powder calcined at 750 °C for 5 h. The peaks corres-
ponding to the ferrite phase are marked as F, and that of
barium titanate as B. It is obvious from a comparison with
Fig. 3(a) and (b) that the Bragg peak demonstrates the presence
of both BT (shell) and NCMF (core) phases in the composite
without the presence of any other impurity phases. This
demonstrates unequivocally that even when the composite
powder is subjected to high temperature calcination at around
750 °C, both NCMF and BT continue to exist as distinct phases
without the formation of any additional phase.

The Raman spectra of the NCMF®@BT core-shell nano-
particles were compared with those of pure NCMF, as well as
BT in Fig. 4(a)-(c). Fig. 4(a) shows the spectrum of barium
titanate calcined at 750 °C for 5 h. The band at 259 cm™*
corresponds to E-transverse optic (TO) mode, while a sharp
peak at 306 cm ™" depicts the E (TO + longitudinal optic (LO))
mode, which is also considered as the characteristic peak for
the tetragonal phase of BT. An asymmetric peak at 518 cm ™
and a broad peak at 715 cm ' refer to the E(TO) and E(LO)
vibrational modes of polar BT, respectively.>**° The rhombo-
hedral phase of BT is characterized by the existence of triple
mode bands at 114 cm ™}, 155 cm ™%, and 187 cm ! in the lower
wavenumber region, with a distinct peak at 114 cm™". The band
at 518 cm™ " also corresponds to the E(TO) frequency modes of
the rhombohedral BT phase.*'**> The whole spectrum of pure
BT indicates that barium titanate exists as a composite mixture
of both rhombohedral and tetragonal structures, which is also
clearly evident from the XRD pattern shown in Fig. 3(b).

The Raman spectrum of NCMF is shown in Fig. 4(b). Five
Raman-active modes corresponding to the FeO, octahedra and
FeO, tetrahedra have been predicted from group theory for the
Fd3m (227) space group.®® The bands at 200, 480 and 571 cm ™'
correspond to the T,, mode, while the 322 cm ™" peak refers to
E, and 695 cm ™' to the A, modes of NCMF. Fig. 4(c) shows the
Raman spectrum of the NCMF@BT core-shell nano powders
synthesised by sol-gel technique. The Raman modes

A.
T2g12| Tz:m 4 ()

Intensity (a.u)

E(T0) E(TO), g(10+L0)
E(TO),, (a)

100 200 300 400 500 600 700 800
Raman Shift (cm'l)

Fig. 4 Raman spectrum of (a) BT, (b)NCMF and (c) NCMF@BT
nanoparticles.
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corresponding to NCMF are mainly present in the spectrum,
while the peaks corresponding to BT are less prominent.
However, the intensities of the peaks at 322 cm ' and
200 cm ™! are relatively higher and broader compared to that
of monolithic NCMF. The presence of Raman modes of BT near
183 ecm~ ' and 306 cm™ " could increase the relative intensities
of the aforementioned peaks.?® The formation of a core-shell
structure with NCMF as the core, and finer and dispersed
nanoparticles of BT around the NCMF as the shell, might be
the cause of the predominant peaks of NCMF. Meanwhile,
owing to the nanosize effect, the signals from the Raman
modes corresponding to BT are considerably reduced. The
phonon confinement and differences in phonon relaxation
with particle size are attributed to this broadening of the
Raman lines in the core-shell nanoparticles. Furthermore,
the small particle size prevents phonon propagation and causes
Brillouin zone folding, which makes all phonons Raman-active,
resulting in the broadening of the Raman spectrum.***

The influence of the filler particle on the crystalline phase of
PVDF was studied from the XRD pattern of its composites with
varying filler concentration. Fig. 5 compares the X-ray diffrac-
tion pattern of the PVDF-NCMF®@BT composites at 10 and 20
volume percentages of commercial PVDF powder, as well as the
JCPDS patterns of the o, f and y crystalline phases of PVDF. The
JCPDS card no. 42-1650, 42-1649 and 38-1638 [25] corres-
ponding to the o, f and y phases of PVDF, respectively, are
shown at the bottom of Fig. 5. Both the o and y phases of PVDF
possess a monoclinic crystal structure, resulting in a compar-
able XRD pattern. The Bragg peak observed 20 = 17.71° degrees
represents the reflection from the (100) plane of the o phase of
PVDF. However, the v phase does not exhibit a peak at 17.71°.

The X-ray diffraction (XRD) pattern of the PVDF powder
(Fig. 5) shows clear and identifiable Bragg peaks at 17.71°
18.41°, 20.01° and 26.61°. Upon comparison with the JCPDS
patterns, it is evident that both o and y phases were present in
their inherent state. The analysis of 10 vol% NCMF®@BT nano-
powders revealed that PVDF existed as a mixed phase consist-
ing of both o and y forms. However, the XRD pattern of 20 vol%
NCMF@BT clearly depicts that the intensity of the peak at
17.71° was considerably reduced, while the intensity of the peak
at 18.41° became more prominent, indicating that the ferro-
electric y phase is growing at the expense of the o phase. This
clearly shows that the interaction between the NCMF@BT
nanoparticles and the PVDF matrix induced the growth of the
v phase in the PVDF matrix.

The SEM microstructures of the NCMF and NCMF@BT
core-shell nanopowders are compared in Fig. 6(a) and (b) at
the same magnification. Fig. 6(a) shows a narrow size range of
particles with an average particle size of 80 nm. Fig. 6(b) shows
a comparable particle distribution with a 150 nm average size.
Furthermore, it is clear from the micrographs that no distinct
phase is seen, demonstrating that BT crystallites have devel-
oped on the NCMF nanoparticles and do not exist as a distinct
phase. The observation is further supported by the use of
magnets to draw the particles together. The results confirmed
that all of the particles are attracted by the magnet without
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Fig. 5 X-ray diffraction patterns of the PVDF powder, PVDF-10 vol%
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of NCMF@BT nano powders with the JCPDS patterns of different
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Fig. 6 SEM micrograph of (a) NCMF and (b) NCMF@BT nanopowders. The
inset shows the core—shell nanopowders attracted by magnet.

leaving behind any residual phase of BaTiO;. The inset shows
the photograph of all the core-shell particles being attracted
by the magnet. An in-depth view of the core-shell morphology
of the nanoparticles has been analysed using HRTEM.

The microstructure of the core-shell nanoparticles was
analyzed using HRTEM and MFM micrographs, as depicted in
Fig. 7(a)-(e). A typical TEM image of the core-shell nanoparticles
is shown in Fig. 7(a), while a high-resolution image of a single
nanoparticle is shown in Fig. 7(b), confirming the existence of
the core-shell structure. The interface between the two phases in
the TEM images can be distinguished by the difference in the
transmission intensities for NCMF and BaTiO;.

This journal is © The Royal Society of Chemistry 2024
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0.2090m
(400)

Fig. 7 HRTEM micrograph of the (a) NCMF@BT core—shell nanoparticles,
(b) single core—shell nanoparticle, the enlarged view of the (c) shell, (d)
core region, and (e) MFM image of the core—shell nano particles.

Fig. 7(c) and (d) shows the enlarged image of the shell and
core region, exhibiting clearly defined lattice fringes that point to
the particles’ nanocrystalline structure. The interplanar spacing
measured from the shell region is found to be 0.283 nm, which
agrees well with the d-spacing corresponding to the (011) plane
of BaTiO;,** whereas the core region showed fringes of over-
lapped planes of both NCMF and BT. In addition to 0.238 nm,
the core region showed a fringe width of 0.209 nm, corres-
ponding to the (400) plane of the NCMF phase.>®> The MFM
image of the agglomerates of the nanoparticles shown in
Fig. 7(e) clearly depicts the core-shell microstructure, where
the polarised blue grains of NCMF embedded in the non-
magnetic BaTiO; phase are indicated by the yellow region.

Fig. 8(a) and (b) shows the variation in the particle distribu-
tion at lower and higher filler concentrations. The SEM micro-
graphs of 10 vol% and 50 vol% PVDF-NCMF®@BT core-shell
powders are compared. At lower volume percentage (Fig. 8(a)),
the particles are highly dispersed in the matrix as the filler
concentration is very low. Eventually, their interparticle dis-
tances are higher. However, when the vol% of NCMF®@BT is

saa‘aocwprs OKVEERmm x15, (S J——

v 3 pum

Fig. 8 SEM micrographs of PVDF with (a) 10 vol% NCMF@BT,
(b) 50 vol% NCMF@BT, and cross-sectional view of the (c) PVDF-50%
NCMF@BTcomposites.
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increased, the number of particles per unit volume becomes
significantly higher, resulting in a dense distribution of parti-
cles within the polymer matrix. Hence, in order to investigate
the filler distribution and interaction with the polymer matrix,
the lower (10%) and higher filler loading (50%) were chosen
and compared in Fig. 8(a) and (b), respectively.

Well embedded and broadly distributed nanoparticles were
observed in the composite containing 10 vol% of filler nano-
particles, while a highly dense and close proximity of particles
are observed at 50 vol%. It is also clear from Fig. 8(a) and (b)
that the particles showed good interaction with PVDF even
upon higher filler loading. Fig. 8(c) shows the cross-sectional
view of the free-standing film containing 50 vol% of NCMF@BT
nanopowders with PVDF, and the films thickness measured
from the micrographs was about 110 um. The inset figure of
Fig. 8(c) displays the image of the self-standing film made of
PVDF-50% NCMF composite. The flexibility of the film is
readily apparent, as depicted in the image (Fig. 8(c) inset).

Fig. 9(a) compares the M-H hysteresis loops of the NCMF
and NCMF®@BT core-shell nanopowders plotted in the field
range of £20 kOe to explore the ferrimagnetic behaviour of the
NCMF and NCMF®@BT core-shell nanopowders. Fig. 9(b) shows
the variation in the magnetisation behaviour of the PVDF-
NCMF®@BT composites at different volume percentages when
it was dispersed in the PVDF matrix. It is evident from Fig. 9(a)
that the hysteresis behaviour of both NCMF and NCMF@BT
nanopowders displayed a typical ferrimagnetic character,
which supports the existence of long-range magnetic ordering
in both phases. However, the magnetic saturation falls from
48.46 emu g~ ' to 18.76 emu g ', and the remanence decreases
from 5.07 emu g ' to 3.32 emu g ' for NCMF@BT nano-
particles when compared to that of pure NCMF. On the
contrary, Fig. 9(a) depicts that the coercivity (Hc) of the core-
shell nanoparticles are higher than that of monolithic NCMF,
despite the presence of the thin ferroelectric BT shell phase
covering each NCMF particle. The inset of Fig. 9(a) clearly
shows that Hc increased from 67.06 Oe to 86.85 Oe for the
NCMF®@BT core-shell nanoparticles. The pinning action of the
spins of NCMF at the NCMF-BT interfaces can account for these
reversed experimental results. Due to many nucleation sites
that formed the BT shell during heterogeneous nucleation, the
NCMF-BT interface exhibits a significant amount of lattice
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Fig. 9 Magnetic field (Oe)-dependent magnetization (emu g~%) of (a)
NCMF and NCMF@BT nanoparticles, (b) PVDF with different volume
percentages of NCMF@BT nanopowders.
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misfit between NCMF and BT. Such misfit at the interfaces
frequently results in a high strain and energy, which can pin
the spin rotation at the interface of the NCMF nanoparticles
and increase the coercivity of the core-shell nanopowders.>®*”

Fig. 9(b) illustrates the hysteresis characteristics of the PVDF
composites containing varying volume percentages of
NCMF®@BT nanopowders. For more accurate comparison, the
differences in the magnetic behaviour of the composites are
tabulated in Table 1. The data shown in Table 1 unequivocally
illustrates that when the concentration of filler increases, the
values of the saturation magnetization (M;) and remanence (M,)
of the composites also followed a similar pattern. The square-
ness ratio (M,/M;) of the composites, as shown in Table 1,
indicates that the ratio is lower than 0.5 (the ideal value for
randomly oriented particles) for both composites at all vol%
and the NCMF®@BT core-shell nanoparticles.

The magnetization in the PVDF-NCMF®@BT composite is
solely attributed to the NCMF phase. Therefore, the enhance-
ment of the magnetic characteristics of the composites is
directly proportional to the rise in the concentration of the
magnetic nanoparticles that substitute the polymer matrix.
Each individual grain of ferrite functions as a center of magne-
tization, and the resulting magnetism is the combined vector
sum of the magnetizations of all the grains.*® There are two
distinct forms of interaction that occur in magnetic nano-
particles and their nanocomposites—intra-particle exchange
interaction and interparticle dipolar coupling. The exchange
interaction enhances remanence, but the dipolar coupling
diminishes it. The reduced remanence values observed in both
nanocomposites and nanopowders indicate that dipolar inter-
action is the primary factor influencing the interactions.
Furthermore, the exchange interaction is a quantum mechan-
ical phenomenon that is predominant in hard magnetic
materials,*® thus proving that the composites exhibit excellent
soft magnetic behavior and improved switching properties.
Table 1 also reveals that the value of Hc is maximum for the
lowest filler loading, which is 10 vol% NCMF@BT. As the volume
percentage of the filler nanoparticles increases, the magnitude of
Hc decreases. The presence of a non-magnetic polymer layer
amid the magnetic nanoparticles disrupts the magnetic inter-
action between the particles, resulting in an enhanced coercivity
value in these composites.’®*! At smaller volume percentages,
the distance between the particles is greater, resulting in a
higher effective anisotropy barrier.*> This reduces the dipolar
coupling between the particles, necessitating a higher magnetic
field to cancel out the internally oriented dipoles. As a result, the
coercive (Hc) value is increased. With the increased filler

Table 1 Summary of the magnetic properties of PVDF-NCMF@BT core—
shell nanocomposites at different volume percentages

Composition M;emug ' M,emug ' H,Oe MJ/M;
10 vol% NCMF®@BT 5.08 1.16 195.66 0.228
30 vol% NCMF@BT 8.92 2.29 144.12 0.257
50 vol% NCMF@BT 13.95 3.25 90.92 0.233
100% NCMF@BT 18.76 3.32 86.85 0.177
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loading, the closer proximity between the particles significantly
decreases the anisotropy barrier energy and encourages stronger
magnetic interaction between the neighboring particles. This
results in faster relaxation and lower coercivity.**** A more
detailed investigation on the domain distribution in the compo-
sites was conducted using MFM with variable magnetic field.

The MFM equipped with the lift mode feature was utilised to
capture the topography, amplitude, and phase images of the
composite film. In order to obtain high-quality images without
any artifacts, all MFM tests were conducted using a lift height
of 50 nm. A range of magnetic fields between 0 Oe £ 4000 Oe
was applied to the nanocomposite films, and their corres-
ponding MFM micrographs were generated to study the impact
of the cores-shell microstructure on the magnetic field distri-
bution in the composite. Fig. 10 depicts the MFM micrographs
of the composite containing 50 vol% of NCMF®@BT core-shell
nanopowders at 0 Oe, £1000 Oe and + 4000 Oe. The micro-
structure captured at 0 Oe showed a band of blue and yellow
regions, instead of a well-defined polarised grain. The masking
effect of both PVDF and BT could lead to such microstructure.
Even yet, the MFM tip was able to detect the stray field
produced by the core NCMF nanoparticles, which was visible
as the randomly distributed dotted blue domains in the yellow
band, as seen in Fig. 10 at 0 Oe. As the field increased up to
4000 Oe, the following microstructural variations were observed
from Fig. 10. A greater number of dotted blue domains evolved
with the field, and the size and contrast of the persisting
domains also increased with the field. As a result, the bright
(yellow) region depicting the repulsive force (due to the encap-
sulated BT phase) experienced by the MFM tip grew around the
newly evolved oriented domains. Furthermore, it is also evident
that the domains did not return to their initial state when the
field reversed to 0 Oe. Rather, the oriented blue domains
became more prominent and expanded with the field. This
shows that an irreversible domain wall movement has occurred
when an external magnetic field was applied and removed. This
implies that the domain wall pinning at the interface between
NCMF and BT did not revert the domain alignment back to the
original state.'”*> This further justifies and supports the exis-
tence of barium titanate as encapsulation around the NCMF
nanoparticles, which eventually enhanced the coercivity of
the composite. To apparently view the domain distribution, a
3-dimensional view of the MFM image of 50% NCMF®@BT
composites at —3000 Oe is shown in Fig. 10(b). Fig. 10(b)
depicts dense but isolated small oriented domains of NCMF.
This demonstrates unequivocally that the geometrical restric-
tion imposed by the surrounding BT phase confined the spins
of the NCMF nanoparticles into small islands,*® further con-
firming the core-shell microstructure of the nanoparticles.

In ferroelectric and ferrimagnetic composites, the inter-
action between the two ferroic orders plays a crucial role in
determining the magnetoelectric behavior. Magnetodielectric
measurements have been demonstrated as an effective method
for analysing the level of interaction between magnetic and
electric polarisations.*' The diversity in the microstructure
of the PVDF-NCMF@BT composite systems inspired us to
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(b)

Fig. 10 MFM images of the (a) PVDF-50% NCMF@BT composite at varying external fields between £3000 Oe, and (b) 3-dimensional view of 50%

NCMF@BT at — 3000 Oe. The length of the scale bar denotes 400 nm in all the figures.

investigate the magnetocapacitance response. The magnetoca- and
pacitance (M¢) and magnetoresistance (Mg) of the composites

are determined by applying the equations provided below:*”"*? Mg = % % 100%, (2)
M = C(H) — €(0) % 100% (1) where C(H) and C(0) denote the capacitance in the presence
C(0) and absence of a magnetic field, respectively, while R(H) and
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Fig. 11 Variation in the (a) capacitance, (b) resistance, and (c) dielectric loss with frequency of the PVDF-50 vol% PVDFCMF@BT nanocomposites under

various magnetic fields. The inset figures are their corresponding magnified images.
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R(0) represent the resistance in the presence and absence of a
magnetic field, respectively.

Fig. 11(a) and (b) displays the change in the capacitance and
resistance spectra of PVDF-50 vol% NCMF@BT nanopowders,
respectively. These changes were measured at room tempera-
ture in the frequency range of 0.1-200 kHz and magnetic field
range of 0 Oe to 1000 Oe. Furthermore, the magnetic field was
applied in a direction parallel to the surface of the film.
Fig. 11(a) shows that the value of the capacitance decreased
with the increase in frequency. It is also obvious from Fig. 11(a)
that the capacitance falls precipitously at lower frequencies,
and the pace is considerably reduced toward higher frequency.
The expanded view of the capacitance spectra shown in the
inset of Fig. 11(a) clearly demonstrates that the magnitude of
capacitance of the composite increased with the increase in
magnetic field. The variation in the resistance with a frequency
of PVDF-50 vol% NCMF®@BT, shown in Fig. 11(b), also followed
a similar pattern as that of the capacitance spectra. However,
the inset depicts that the resistance of the composite decreased
with the magnetic field. The significant capacitance and resis-
tance observed at lower frequencies are attributed to the
contribution of the atomic, ionic, and electronic polarizations.
Maxwell-Wagner interfacial polarization, which occurs
between the NCMF, BT, and PVDF phases, along with electrical
charge depletion, are additional factors that can impact the
capacitance.*®

Due to the ability of all polarizations to align themselves
successfully with the electric field at the low frequency range,
the cumulative input of all the polarization leads to a higher
magnitude capacitance and resistance at lower frequencies. As
the frequency increases, the space charge and interfacial polar-
izations are initially unable to align themselves more effectively
with the electric field. This is followed by the dipolar and ionic
polarizations, resulting in an exponential decrease in their
magnitude. Only the electronic polarization contributes to the
dielectric characteristics of the composite in the higher fre-
quency range. Therefore, their values become stable as the
frequency increases.’®" Fig. 11(c) compares the variation in
the dielectric loss with frequency of PVDF-50 vol% NCMF@BT
composite recorded in the frequency range of 0.1-200 kHz at
different magnetic field range values from 0 Oe to 1000 Oe. The
composites showed a decrease in loss with frequency and
increase with the applied magnetic field (Fig. 11(c) inset),
following the same trend as that observed in the case of
capacitance. The higher loss at low frequency is due to the
combined contribution of all four types of polarisations, and
their gradual relaxation towards higher frequency range leads
to the gradual decrease in dielectric loss.>® Even at such higher
filler loading, the dielectric loss is considerably low for the
PVDF-NCMF@BT composites throughout the frequency range.
This clearly demonstrates the advantage of the existence of BT
as an encapsulation around the NCMF nanoparticles, instead
of as a separate particle in the composite. The surrounding BT
phase could effectively contain the induced charge/voltage
within the ferrite nanoparticles, and prevent the generation of
short circuit paths between the nearest neighbouring grains of
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high loss and higher conductive NCMF nanoparticles. In turn,
this could effectively polarise the piezoelectric BT phase with-
out getting shorted. The core-shell microstructure also ensures
the effective transfer of the induced strain between the two
ferroic phases. Moreover, it was possible to effectively transfer
the strain created in the ferrimagnetic phase to the surround-
ing BT phase. Hence, by taking advantage of its low dielectric
loss characteristics, the BT phase here served as both the
piezoelectric phase and the insulating layer.

The magnetocapacitance response of the PVDF-50 vol%
NCMF®@BT composite system with varying magnetic fields
and frequencies of 1, 10, 100 and 200 kHz is shown in
Fig. 12(a). It has been observed that the M values of the
composites increased with the magnetic field, showing a posi-
tive coupling with the field. Furthermore, high values of M¢ are
observed at 1 kHz, and their magnitude decreases with the
increase in frequency. However, the values decreased up to
100 kHz. At 200 kHz, the composite showed a slight increase in
the coefficient. By comparison, the My values of the 50 vol%
NCMF®@BT composite decreased with the magnetic field,
depicting a negative coupling coefficient. Similar to M, the
My values of the composite show a decreasing trend with
negative values for all frequencies under investigation. How-
ever, in contrast to Mc, the values of My steadily decreased with
frequency without any reversal.

The underlying cause of the magnetocapacitance behaviour
in the current PVDF-NCMF@BT composite systems can be
elucidated by various perspectives. The interfacial polarization
effect and interface or core-dominated magnetoresistance in
the magnetodielectric composite systems result in a magneto-
capacitance response. This response is based on the resistance
of the conducting grain or grain boundary when a magnetic
field is applied. The magnetostrictive strain induced in the
magnetic material by the applied magnetic field also alters the
magnetocapacitance of the composite through mechanical
coupling. The dominant mechanism determines whether the
coefficient of M is positive or negative.>® Due to the existence
of barium titanate as a thin shell around the NCMF nano-
particles, as well as the homogeneous distribution of filler
particles in the PVDF matrix, the intrinsic field generated by
the NCMF nanoparticles could effectively induce polarisation
in the surrounding BT phase. Hence, under a magnetic field,
the strong interaction between the NCMF core and BT shell led
to a positive Mc effect in the composites.>™>* As both capaci-
tance and resistance are inversely related, the magnitude of the
My coefficient showed a negative coupling with the magnetic
field. Moreover, the thin insulating layers of BT and PVDF
between the closely packed ferrimagnetic NCMF nanoparticles
function as tunnelling barriers.”” In such granular systems,
spin-disordered grain boundaries exist between the magnetic
particles and their surrounding non-magnetic phase. These
spin disorders at the surface of the nanoparticles further
degrade the spin-polarisation of the enclosed phase. When
such systems are subjected to a magnetic field, the disordered
surface region spin gradually aligns with the direction of the
magnetic field, which eventually promotes spin-polarised

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Variation in the (a) magnetocapacitance and (b) magnetoresistance with the magnetic field at different frequencies of PVDF-50 vol% NCMF@BT

composite.

tunnelling. In turn, this leads to a gradual decrease in resis-
tance and increase in dielectric loss (Fig. 11(c)) of the
composite.>* A consistent observation has been made in many
literature studies and extensively addressed, focusing on the
substantial interfacial mechanical interaction between the
dielectric and magnetic phases.>*>>>°

Fig. 12 demonstrates that at a frequency of 1 kHz, the PVDF-
50 vol% NCMF@BT composite exhibits significant M¢ and My
values of 1.7% and —4.2% at 100 Oe, respectively. These values
grow with the strength of the magnetic field, and reach a
maximum of 4.9% and —10.8% at 1000 Oe. Table 2 compares
the values of magnetocapacitance (M¢) and magnetoresistance
(Mg) reported in other literature studies with the current work.
Although a higher magnitude of M is reported in ceramic-
based composites, a higher field is required to attain that value.
Overall, polymer-based composites had lower M values. How-
ever, the filler nanoparticles with a core-shell microstructure
exhibited improved M values. In terms of My values, polymer —
ferrite composites showed a higher magnitude of Mg, but a
higher magnetic field is necessary to achieve such a high value.
The PVDF-NCMF@BT flexible composites reported in the pre-
sent work showed significant M and Mg magnitudes at 100 Oe,
and their sensitivity was further improved with the applied
magnetic field. These unique properties make the composite an
excellent choice for use in electronic and spintronic devices,

supercapacitors, and devices for the magnetically enhanced
capacitive deionization of water.

Conclusions

A simple synthesis method was used to obtain the NCMF@BT
core-shell nanostructure. Eventually, flexible and free-standing
thick films of PVDF with different volume percentages of
NCMF®@BT nanopowders were also fabricated. The TEM and
SEM microstructures revealed the core-shell morphology and
the distribution of fillers in the composite films. Furthermore,
films with a thickness of around 110 pm were developed. The
microstructure and magnetic structure were observed using a
magnetic force microscope. The MFM images displayed well
confined, densely packed, and separate nanodomains of
NCMF. Furthermore, the recorded variable field MFM images
depict the domain dynamics as a function of the external
magnetic field with the magnetic NCMF at the core and non-
magnetic BT/PVDF at the shell. With the proper isolation
offered by BT encapsulation, the potential for charge leakage
among the neighboring NCMF nanoparticles and the resulting
dielectric loss are significantly reduced. The M and My spectra
of the composites exhibited remarkable sensitivity, even at a
magnetic field as low as 100 Oe. At a frequency of 1 kHz,

Table 2 Comparison of the magnetocapacitance and magnetoresistance values obtained from other literature data with the current system

Composite system

Magnetocapacitance (%)

Magnetoresistance (%) Magnetic field (Oe) Ref.

BaTiO;-CoFe,0, Core-shell bulk composite ~—4.5
BaTiO3;-ZnFe,0, Core-shell bulk composite ~-—1.3
BaTiO;-Coy 5Zn, sFe,0, bulk composite ~1.5
Fe;0,4-PANI core-shell —
Fe;0,-polythiophene core-shell —
Fe;0,-PVA core-shell —

PVDF-NiFe,0, ~—0.3
PVDF-Ni coated MWCNT ~3
P(VDF-TrFE)-La, ;Ba, sMnO; ~0.7
PVDF-50 vol% NCMF@BT ~1.7
~4.9

This journal is © The Royal Society of Chemistry 2024
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remarkable M and My values of 1.7% and —4.2% were
obtained at 100 Oe, respectively. These values further increased
to a maximum of 4.9% and —10.8% at 1000 Oe for the PVDF-
50 vol% NCMF@BT nanopowder composite.
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