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ARTICLE INFO ABSTRACT

Keywords:
Nickel ferrite

Polymer-based flexible nanocomposite films, of nickel ferrite nanoparticles in a polyvinylidene fluoride {PVDT}
polymer matrix, were fabricated using a blade coating technique. A two-step process is used to prepare nanocom-

PVDF posite films. The first process involves the synthesis of nickel ferrite (NiFc,04) nanoparticles using sonochemical

Polymer film
Nanocomposite
Ferroelectric
Magnetization

method, and then incorporation of various weight percentage (5, 10, 20, and 30%) of nickel ferrite nanoparticles
inte the PVDF to form polymer nanocemposites. Nickel ferrite nanoparticles demonstrated a magnetization of
37.3 emu/g at magnetic field of 5 kOe while 30% Nickel-ferrite-PVDF nanocomposite shows 23.8 emu/g. Fi-

nally, the ferroelectric and local polarization switching propertics of pure PVDF and nanocomposite films were
investigated via piezoresponse force microscopy (PFM) measurements. The pure PVDF film demonstrates a nega-
tive piezoelectric coefficient from the PFM hysteresis loop measurement whereas the nanocomposite film shaws

a positive piezoelectric coefficient with an oppositc PFM signal.

1. Introduction

Commeonly used multiferroic materials are ceramic and polymer-
based composites. Ceramic-based composites are less favored from the
application peint of view due to lack of flexibility, low processability
and high leakage current density.[1] Polymer-based composites over-
come these limitations and have demonstrated relatively stronger elec-
tromagnetic properties, low dielectric constants and dielectric loss.
[2-5] Tn addition, these materials offer unique advantages over ceramic
such as they can be fabricated into different shapes such as thin films
and molded structures as well as can be formed easily on to the curved
surfaces. Thus, making them suitable for applications such as sensors,
transducer, actuators, and miniature antennas.[6-117 Magnetoelectric
coupling in such polymer-based composite systems can be tuned by
varying different parameters such as the weight (%) of the components
and composite architecture.[12,13] (SeeScheme 1.},

Polyvinylidene fluoride (PVDI) is a semi-crystalline polymer that
can crystallize in four different crystalline phases known as «, §, v, and
8.[14] The existence of these phases depends on the processing condi-
tions or synthesis processes. The o and B phases are the most interesting
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ones for technological applications and are widely studied. The o phase
is known as the non-polar stable phase and the p phase is known as the
polar phase. In the  phase all-trans planar zig—zag conformation results
in a non-zero dipole moment, resulting in remarkable ferroelectric
properties.[15]  phase is the only one that possesses a spontaneous po-
larization, and therefore piezoelectricity.[16] Because of multifunc-
tional properties such as ferroelectric, pyroelectric, and piezoelectric,
PVDF can be used for sensors, actuators, batteries, nanogenerator, and
in the biomedical field.[17-20].

To introduce magnetoelectric coupling in ferroelectric PVDF, spinal
ferrites AFe,04 (A = Ni, Co, Zn, Cd, Mn, Cu, Mg) with good magnetiza-
tion are preferred.[2] In this study, sonochemically synthesized nickel
ferrite nanoparticles were infused into a ferroelectric PVDF polymer,
such that the coupling and synergetic interaction between ferromag-
netic NiFe204 and ferroelectric PVDF could lead to the development of
magnetoelectric nanccompaosites with possible numerous technological
applications. Furthermore, with the addition of such nanofillers in the
polymer matrix, thermal propertics may be changed or improved,
which can in turn modify the application range of the materials. For
such, the understanding of how thermal/magnetic/electric properties

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.
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Scheme 1. Graphical depiction of the fabricalion process for phase-separated porous PVDF film and void-free smooth film. Inset: Pholograph of phase-separated

opagque PVDF film (white color).

are changed due the physical and chemical interaction between
nanoparticles and polymer is essential. Additionally, by addressing how
nanoparticles induce variations in the thermal properties and thermal
degradation of polymers, valuable information on the nature of the par-
ticle-polymer interactions can be understood.

Earlier studies have reported a number of preparation methods, for
PVDF-based nanocompesites films such as PVDF-BiFeOg,[21] PVDF-
CoFe;(,,[22,23] and PVDF-NiFe;0,,[24,25] using either a solution
casting, or hot press, or a combination of both to improve the magneto-
elecric coupling. In those studies, enhancements in magnetoelectric
coupling and dielectric constant with the inerease in filler nanoparticles
were reported. However, because of stochastic nature of the processes,
it is very difficult to prepare large films and control thickness using
those methods. Additionally, nanocomposite films often encountered
with voids and aggregated ferrite particles in the polymer matrix. In
contrast, micreelectronic applications require thinner and pinhole-free
films to operate at low-voltage and to prevent from electrical shorts, re-
spectively. To address aforementioned issucs, spin-coating was used to
prepare the PVDF film. However, an inhomogeneous film was observed,
which was also found to suffer from an opaque or cloudy nature of
PVDF film {data are not shown here). Herein, we report a straightfor-
ward route for the fabrication of large, flexible, and highly smooth pure
PVDF and nickel-ferrite-PVDF nanocomposites films using doctor blade
technique, wherein thickness of the films can be controlled using thick-
ness adjustable film coater or casting blade. Additionally, using this
technique speed of coating and temperature of substrate can be con-
trolled in between 20 °C and 110 "C. We observe that voids present in
the films due to exchange of sclvent (DMF) and non-solvent (water va-
por from ambient humidified air} can be avoided by raising the sub-
strate temperature at or above 95 “C. To our knowledge, this is the first
report for the fabrication of large flexible mangeto-electric film with
controlled thickness and microstructures.

2. Experimental

2.1. Materials

All chemicals used in the reaction were of analytical grade and were
purchased from Sigma-Aldrich. PVDF (—CH,CF,—), with an of average
molecular weight of 180, 000 by gel permeation chromatography
(GPC) and N,N-dimethylformamide (DMF} (C;H,NO) were used for the
fabrication of the films. Nickel nitrate and iron acetate precursors used
to synthesize nickel ferrite nanoparticles were purchased from Sigma-
Aldrich.

2.2, Synthesis of nickel ferrite nenoparticles

NiFc204 nanoparticles were synthesized from nickel nitrate and
iron acetate precursors with the assistance of ultrascund irradiation. A
reaction mixture of nickel nitrate (0.5 g) and iron acetate (1 g} in
60 mL of solvent (50 mL of water and 10 mL of DMF) was prepared and
sonicated for a 2-h by employing a probe sonicator {Model PRO-500,
20 kHz, 500 W). The probe is made of high-grade titanium with a diam-
eter of 13 mm. It was driven at a frequency of 20 kHz and operated at
62% amplitude. Cavitation produced by intense ultrasonic waves was
strong enough to drive reactions like oxidation, reduction, decomposi-
tion, hydrolysis, and dissolution.[26] A black solid precipitate was ob-
tained after a 2-h irradiation and was separated by centrifugation. The
resulting precipitate was dried overnight in an oven at 80 “C and the fi-
nal product was calcined at 600 °C for a 5 h.

2.3. Fabrication of polymer nanocomposite filtms

PVDF was dissolved in DMF as PVDF crystallizes in the § phase
when the films are fabricated using DMF as the sclvent. A 15 wt% of
PVDF homogeneous solution was prepared by continuously heating and
stirring PVDF pellets in DMF at 80 °C. It is noted that at low tempera-
ture very small crystallites still present in the solution, due to partial
dissolution or refolding of the polymer chain, which could act as nuclei
when the sclution is recrystallized. Wc observe that only by raising the
temperature complete dissolution of PVDF can be achieved but not by
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longer dissolution time. Once complete dissclution of the PVDF was
achieved, an appropriatc amount of nickel ferrite was added to the solu-
tion to prepare a series of various content (0, 5, 10, 20 and 30 wit%) of
nickel ferrite in the solurion while magnetically stirring for 30 min. The
reaction solutions were then sonicated for at least a 1-h to attain a uni-
form distribution of nickel ferrite nanoparticles in the pelymer selution.
The homogeneous dispersien thus obtained was used to prepare films
using a film coater. The PVDF films were prepared at room temperature
and at various substrate temperature up to 95 “C. At 95 “C, we observe
smooth and void free films; thus, all the nanocomposite films were pre-
pared at 95 “C. As-fabricated pure PVDF and nanocomposites films
were then heated at 135 °C for a 1-h to facilitate the formation of f-
phase in the PVDF and PVDF-nickel ferrite nanocomposites. It was then
allowed to cool down to room temperature, forming pure PVDF and
PVDF-nickel ferrite nanocomposite films, which were then stored for
characterization and thin film analysis.

2.4. Characterization techniques

X-ray diffraction (XRD) patterns of the synthesized nickel ferrite
nanoparticles and nanocomposite films were recorded using an X-ray
diffractometer {Rigaku) with a Cu-Ku line {wavelength 1.54 f\]. The ac-
celerating voltage and current was set to 40 kV and 30 mA, respec-
tively. The XRD data were analyzed using MDI JADE software. Trans-
mission electron microscopy (HRTEM, JEQL) analysis was performed to
estimate the particle size and shape of the prepared nickel ferrite
nanopowder. FTIR spectra of the pure PVDF and nanocomposite films
were recorded using attenuated total reflectance-FTIR (Nicolet, Nexus
model 670/870} at room temperature. The spectra were recorded be-
tween 600 and 1000 cm~! with a resolution of 4 cm~! and total scans
were 32 per sample. Surface morphology of the pure PVDF and
nanecomposites films were obtained using field emission scanning elec-
tron microscope (FESEM, JEOL). The thermal properties of pure PVDF
and nanocomposites were evaluated using a thermal gravimetric ana-
lyzer (TGA Q500, TA instrument), Samples were analyzed under a ni-
trogen atmosphere to prevent from temperature related oxidative
process and were carried out from 30 to 1000 °C at the constant heating
rate of 10 “C/min The magnetic properties of the nickel ferrite nanopar-
ticles and polymer nanocomposites were studied using superconducting
quantum interference device (SQUID) at room temperature. To esti-
mate the magnetization of nanocomposite, the obtained magnetization
value is normalized to the weight of the composite, and not the weight
of the nickel ferrite nanoparticles.

3. Results and discussion
3.1. Structural characterization

X-ray diffraction patterns of nickel ferrite nanoparticles, pure PVDF
film, and the nanocomposite films are shown in Fig. la-b. As shown in
Fig. la, the PVDF film has distinct diffraction peaks at 18.84°, 20.40°,
36.62", and 39.26". The strong peaks at 18.84" and 20.40" correspond to
the (1 1 0) and (2 0 0) planes of the B phase. The observed strong f
phase of the PVDF film can be attributed to the preferential crystalliza-
tion of PVDF while using DMF as the solvent.[27] The low intensity
peaks at 36.62° and 39.26° are attributed to the y (2 0 0) and o (0 0 2)
phases of PVDF.[25] This result suggests that the plain PVDF film pos-
sesses a combination of «, , and y crystalline polymorphs with a rela-
tively higher quantity of the ferroelectric f§ phase. Fig. 1b shows the dif-
fraction pattern of as-synthesized nickel ferrite nanoparticles. The typi-
cal reflections of the {1 1 1}, {2 2 0}, {3 1 1}, {2 2 2}, {4 0 0O},
{4 2 2}, {51 1}, and {4 4 0} planes were observed, which indicate the
cubic spinel structure of the highly crystalline nickel ferrite nanoparti-
cles. All the observed peaks match well with the standard JCPDS
86-2267. The crystallite size (L) of nickel ferrite nanoparticles was cal-
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Fig. 1. (a) XRD pattern of pure PVDF thin film and (b) XRD diffraction pattern
of nickel ferrite nanoparticle and nanocompositcs of PVDF-5% NiFc,04, PVDF-
10% NiFeyQy, and PVDF-20% NiFeyQ,. Inset: photograph of PVDF film, show-
ing a transparcnt nature of the film.

culated from the most intense diffraction peak ie. (3 1 1) plane by us-
ing Debye-Scherrer equation:

KA
L=
feost)

where A is the wavelength of the X-ray radiation, K is a constant
(K = 0.9), 0is the Bragg angle and f is the full width at half maxima
(FWHM) of the diffraction peak. The crystallite size of the nickel ferrite
nanoparticle was calculated to be 9 nm. The x-ray diffraction patterns
of the composite films show the characteristic peaks corresponding to
phase of PVDF and NiFe204 (Iig. 1b). It is clearly seen that the peaks
correspond to nickel ferrite become more intense with the increase in
nickel ferrite loading in the PVDF matrix. The o phase of PVDF at 39.26"
is presented with the PYDF-5% nickel ferrite and gradually disappeared
with the higher loading of nickel ferrite. This implies that nickel ferrite
peaks dominated over the peaks of PVDF with the increase in loading of
ferrite nanoparticles. The inset shows a photograph of the PVDF thin
films prepared at 95 "C substrate temperature, revealing a high optical
quality transparent nature of the film. The thickness of the film was
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measured using digital screw gauge. The average thickness of the film
was found to be (17 + 2.6) pm, which was obtained by mcasuring 4
different batches of films in 5 different areas of the films. We observe
that speed of coating, temperature of the substrate, and physical prop-
crties of solution (viscosity, density} affect the thickness of the film. So,
we keep all these parameters constant to control the thickness of the
PVDF films.

3.2. Morphology and size analysis of nickel ferrite nanoparticle

SEM and Transmission electron microscopy (TEM) was used to
study the surface morphology and size of the nickel ferrite nanoparti-
cles and the results are presented in Fig. 2. The SEM image of the nickel
ferrite powder exhibited the formation of aggregates in the form of
small spherical grains and interconnected with each other. Similar in-
terconnected behavior of nanopowder is reported previously.[28-32]
The TEM image shows that the nickel ferrite nanoparticles are uni-
formly distributed and spherical in shape. Some separated particles and
some moderately aggregated particles could be due to calcination at
higher temperature (600 "C). The increasc in average particle size and
coalescence of the particles due to annealing at higher temperature was
also reported previously.[33] The average particle size of the nanopar-
ticles measured from TEM was found to be (18 + 3.7) nm.
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3.3. Phase analysis of neat PVDF and composites

FTIR transmission spectra of the PVDF and nickel ferrite-PVDF
nanocomposite films are shown in Fig. 3a. The characteristic transmit-
tance bands corresponding to the o phase (770 and 875 cm~!), § phase
(833 cm!), y phase (812 cm™!), and § + y phase (875 cm™?!) of the
PVDF can be seen.[24] The compaosite films also demonstrate the strong
pand § + y phase polymorphs at 833 cm~! and 875 em~! correspond to
the C-C-C asymmetrical stretching vibration, CH2 recking and CF
stretching vibration.[14,34] The intensities of the o and §§ phase poly-
morphs of PVDF decreases with the increase in amount of NF loading.
Although no shift in peaks of the bands is observed with the composite
films, the transmission bands at 770 cm~! and 812 cm! are disap-
peared with the loading of nanoparticles. This suggests that the incor-
poration of nickel ferrite nanoparticles influences the crystallization of
PVDF. We presume that the ferrite nanoparticle might have constrained
the movement of polynier chain by inducing heterogeneous nucleation
that could have accelerated the isothermal crystallization of the
nanocomposite, leading to influence in crystallization or polymorphs
formation.

3.4. Melting peak characterization

DSC curves of pure PVDF and nanocompasite films are shown in Fig.
3b. DSC studies on neat and various wit% of nickel ferrite incorporated

Fig. 2. (a) SEM imagc of nickel ferrite nanopowder and (b) Bright field TEM micrograph of nickel ferrite nanoparticles prepared using wet chemical approach.
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Fig. 3. (a) FT-IR vibrational spectra of the PVDF and nickel ferrite-PVDF composites films. The B crystalline phase at 833 em~! of PVDF confirms the ferroelec-

tric properties of composites. (b) DSC curve of pure PVDF and nanocemposites films. Nickel ferrite does not have a strong influence on the melting peak.
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nanocomposites (PVDF-5% nickel ferrite, PVDF-10% nickel ferrite,
PVDF-20% nickel ferrite, and PVDF-30% nickel ferrite) films were per-
formed to study the effect of the nickel ferrite nanoparticles on the
melting temperature and the degree of crystallinity of the nanocompos-
ites, Both the pure PVDF and PVDF-NiFc204 nanocomposite films show
a melting endotherm at 170 *C. The melting temperature of our PVDF
film is 11 "C higher than previous report in which a melting endotherm
at 159 °C is reported.[24] However, it is within the range of 165-175 °C
for PVDF material.[35] There are no significant changes observed,
which indicates that NiFc,0,4 does not have a strong influence on the
melting temperature of PVDF pelymer.

3.5. Melting peak characterization

DSC curves of pure PVDF and nanocomposite films are shown in Fig.
3b. DSC studies on neat and various wt% of nickel ferrite incorporated
nanocomposites {PVDF-5% nickel ferrite, PVDF-10% nickel ferrite,
PVDEF-20% nickel ferrite, and PVDF-30% nickel ferrite) films were per-
formed to study the effect of the nickel ferrite nanoparticles on the
meliing temperature and the degree of crystallinity of the nanocompos-
ites. Both the pure PVDF and PVDF-NiFe204 nanocomposite films show
a melting endotherm at 170 "C. The melting temperature of our PVDF
film is 11 “C higher than previous report in which a melting endotherm
at 159 °C is reported.[24] However, it is within the range of 165-175 °C
for PVDF material.[35] There are no significant changes observed,
which indicates that NiFe,O, does not have a strong influence on the
melting temperature of PVDF polymer.

3.6. Surface morphology analysis of PVDF and nanocomposite films

The microstructures of the PVDF film prepared at room temperature
and elevated temperature are studied using FE-SEM and are shown in
Fig. 4a and Fig. 4b respectively. When the film is prepared at room tem-
perature, a highly rough surface of the PVDF film along with voids due
to DMF and water {from humidified air} phase separation can be seen.
This unwanted reugh surface at room temperature is completely trans-
formed intc a very smooth and pore-free surface upon increasing the
substrate temperature to 95 “C (sec detail in experimental section, Fig.
4b). The insct in Fig. 4a shows the high-resolution image where voids
due to phase separation can be seen. It is noted that if the surface of
PVDF is highly rough, it becomes brittle and thus cannot be used for
flexible electronic applications.[36] On the other hand, the micreoelec-
tronic applications require thinner and pin-hole free film to operate at
low-voltage and to prevent electrical shorts.

The microstructures and distribution of nickel ferrite nanoparticles
in the PVDF matrix are shown in Fig, 4¢-4e, The distribution of nickel
ferrite nanoparticles (white dots in the images} increases with increase
in the content of the nanoparticles in the PVDF matrix. It can be seen in
the images that, even with the higher percentage of loading, almost uni-
form distriburion of the nickel ferrite nanoparticles in the PVDF matrix
was achieved. It is noted that the microstructures of our PVDF films do
not show tree-like spherulites as reported previously with solution cast-
ing or spin coating method.[25,27,37] This could be due to the predom-
inant ferroelectric p phase in our PVDF films, as evidenced by XRD re-
sult (Fig, 1a). The spherulite structures are formed with the o nucle-
ation process of PVDF, and this unfavorable structure is reported to di-
minish with increased nanoparticle content in PVDF compesites due to
increased B phase formation. Additionally, unlike previous reports,
where significant aggregation of filler particles or formation of voids in
PVDF nanocomposite films due to addition of nanoparticles is reported,
[2,24] our composite films show uniform distribution of nanoparticles.
As shown in Fig. 4c—e, our nanocomposite films are highly smooth and
pore-free. Fig. 4f-h show elemental {(nickel, iron, and oxygen) maps of
PVDEF-30 % nickel ferrite nanocomposite film, which confirm the homo-
geneous distriburion of nickel ferrite nanoparticles in the PVDF matrix.
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3.7. Thermal stability analysis

Thermal degradation and the nucleation of the ferroelectric phases
of PVDF can be significantly impacted by the geometrical factor such as
size of the nanoparticles and the interaction at the interface between
nanofillers and polymer. [38] We use thermogravimetric analysis
(TGA) to study the thermal behavior of PVDF with the various amount
of nickel ferrite loading. TGA thermograms and the corresponding dif-
ferential TGA plots for various nickel ferrite nanoparticle loading, rang-
ing from O to 30 wt%, are shown in Fig. 5. The typical one step thermal
degradation characteristic of PVDF changes to two step degradation
with 5 to 20 wt% loading, while an additional degradation step (identi-
fied as third step) is observed with 30 wt% loading. This third step is
well identified in the derivative of the TGA curve (green line, Fig. 5b).
These additional degradation steps in the presence of nanoparticles can
be linked to the interaction berween the polymer matrix and the
nanoparticles. [15] Interestingly, loading of nickel ferrite nanoparticles
significantly improved the thermal property of the PVDF film as evi-
denced by an 600% enhancement in thermal stability of PVDF film at
1000 "C with 30 wt% of nickel ferrite additive.

As shown in Fig. 5b, the first step of degradation of the polymer oc-
curs between 440 and 500 °C, and the polymer maximum degradation
temperature is affected by the percentage of loading of nanoparticle in
the nanocomposite. In this first degradation step, the decomposition
mechanism is related to chain-stripping where carbon-hydrogen and
carbon—fluorine scission occurs and the presence of both hydrogen and
fluorine radicals leads to the formation of hydrogen fluoride. [15,39].

3.8, Evidence of possible ferroelectric domains

The ferroelectric behavior and pelarization domain structure were
characterized by means of piezoresponse force microscopy (PFM) mea-
surements in ambient environment.[40,41] The spatially resolved PFM
imaging, performed on the pure PVDF and nanocomposite films, show
that there is a sub-micron domain structure. Fig. 6a, 6b shows the re-
spective amplitude and phase images of pure PVDF film where different
phase contrasts indicate opposite out-of-plane polarization directions.
The respective images for 5 %NiFe-PVDF nanccomposite are shown in
Fig. 6d and 6e, where similar sized domains are cbserved.

The local polarization switching behaviors on the pure PVDF and
5 %NiFe-PVDF nanocomposite samples are characterized by the PFM
switching spectroscopy method and the data are shown in Fig. 6c and
Fig. 6f respectively, where PFM hysteresis loops (PFM signals as a func-
tion of applied de bias) are obtained on the two samples, which is typi-
cal for these PVDF and PVDF copolymer ferroelectric films.[42] [43].

The pure PVDF sample shows a negative piezoelectric coefficient
from the PFM hysteresis loop measurement, i.c., a negative PFM signal
for downward polarization at far positive voltage side (Fig. 6¢). This
negative piezoelectric behavior corresponds to sample contraction
upon a positive PFM modulation voltage to the tip, while the 5 %NiFe-
PVDF (Tig. 6f) shows a pasitive piezoelectric coefficient with an oppo-
site PFM signal sign. Negative piezoelectric coefficients for PVDF are
well established.[36,44].

Polarization switching of the pure PVDF and 5 %NiFe-PVDF
nanocomposite samples takes place at the cocrcive voltages where the
PFM signal reverses the sign. The coercive voltage is significant and
typical of PVDF domains 300 nm thick or more.[42] Artifacts are not
completely excluded, like charge trapping, and a ferroelectric Curic
temperature was not established for these samples as the temperature
of the paraelectric - ferroelectric phase transition in PVDF is above its
melting temperature.[42].
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Fig. 4. FE-SEM micrographs of films: {(a} Surface morphology of pure PVDF film at room temperature. Inset shows high-resolution image where voids due to phase
sceparation can be seen. (b) Surface morphology of pure PVDF film at 95 °C. (¢} Surface morphology of PVDE-5NF nanocomposite film at 95 “C. (d) Surface maorphal-
ogy of PVDF-10% nickel ferrite nanocomposite film at 95 *C. {e) Surface morphology of PVDF-20% nickel ferrite nanocomposite film at 95 °*C. {f-h) EDX elemental
mapping of PVDF-30% nickel ferrite nanocomposite film, showing uniform distribution of nickel ferrite nanoparticles in the PVDF matrix.
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troscopy {(c, ), respectively. The scale bars are 300 nm in {a) and {d).
3.9. Magnetic property studies

The magnetization properties of nickel ferrite nanoparticles and
nanccomposite films were studied SQUID. The variation in the magne-
tization of nickel ferrite nanoparticles and PVDF-NiFe,Q, nanocompos-
ite films as a function of the magnetic field, recorded at room tempera-
ture (300 K), is shown in Fig. 6a and Fig. 6b respectively. The magneci-
zation of nickel ferrite nanoparticles at a magnetic field of 5 kQOe is
37.3 emu/g. The magnetization value of our nickel ferrite nanoparticles
is in agreement with earlier reports.[2,24,45,46] For the nanocompos-
ite films, the magnetization (magnetic moment per unit gram) de-
creases, this behavior is expected due to the non-magnetic nature of
PVDF material. The similar hysteresis loops of the nanocomposite films
as of nickel ferrite are observed, which can be attributed to the uniform
distribution of NiFe,O. nanoparticles in the PVDF matrix. Magnetiza-
tion at 5 kOe (Msgp.), remanent magnetization (M,), and coercivity (H,.)
of nickel ferrite nanoparticles and nanocomposite films are listed in
Table 1. The magnetization of the PYDF-NiFe204 nanocomposites in-

Table 1
Magnetic parameters of the PVDI-Nile,0, films.

Sample Mspge (emu/g) M, (emu/g) H, (Oe)
Nickel ferrite 37.3 2.29 27.9
PVDF-5 %NF 3.38 0.14 18.1
PVDF-10 %NF 6.96 0.28 19.3
PVDF-20 %NF 16.41 0.62 20.5
PVDF-30 %NF 23.85 0.85 21.2

creases with incrcasing NiFe,0, filler content. The value of magnetiza-
tion at 5 kOe as a function of nickel ferrite content is shown in the inset
of Fig. 7a. The presence of a nonzero remanent magnetization is consis-
tent with ferromagnetism. The magnctic propertics of the NiCoyO.
(1 1 1) thin films have been studied systematically.[417,48] In particu-
lar, for the semiconducting NiCo,O. (1 1 1) films, grown on Al,O4
(0 0 1) film, ferrimagnetism occurs below T, = 330 K. Although the
easy axis is not along the out-of-plane direction, there is significant re-
manence (>50% saturation value) with a cocrcivity about 1000 Oe.
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[47] Here the cocreivity and remanent magnetization is much smaller
than seen for NiFe,Q, thin films, consistent with the nanoparticle mor-
phology of the NiFe,0, in PYDF matrix. For nanoparticles of the
NiFe,Qy in PVDF matrix, few particles will be aligned with the easy axis
parallel to the applied magnetic field, so true magnetic saturation re-
quires large applied fields and thus is elusive, as seen here (Fig. 7).
(SeeFig. 8.

3.10. Nanoindentation

Nanoindentation was performed to characterize the nanomechani-
cal properties of pure PVDF and PVDF-NiFe204 nanocomposite [ilms.
For nanoindentation experiments, thin film samples were carefully
mounted on to the AFM pucks and the indentation tests were conducted
in load control mode. For load control mode, the indentation includes a
constant leading, unloading rate, and a holding segment at maximum
load. A maximum load of 2000 N was applied with a dwell time (hold
time) of 5 sec and loading/unloading rate of 400 pN/s. The indentation
depth was kept small compared to the total material thickness so that
the substrate effect on determining the mechanical property of the ma-
terial could be avoided.

To estimate nanemechanical characteristics, a test sample was in-
dented or loaded by an intender tip and then unloaded, and the
load-displacement data were recorded (see Fig. 7a). Load-displacement
data were then analyzed using a common method to determine hard-
ness and elastic modulus of films. The average hardness of pure PVDF
and PVDF-nickel ferrite nanocomposite films is shown in Fig. 7b (left
axis), With the inerease in content of nickel ferrite nanoparticles in the

PVDF matrix, the average hardness value is found to be increased. The
average hardness value for 30 %NiFe-PVDF film (0.47 GPa) is found to
be a 3 times higher than the pure PYDF film (0.16 GPa). This suggests
that the incorporation of nickel ferrite has favorable effect on the hard-
ness of the film. Similarly, the average reduced modulus value is found
to increase with the increase in the content of nickel ferrite nanoparti-
cles in the PVDF matrix (Fig. 7b (right axis)). The maximum reduced
modulus is found to be 7.1 GPa with 30 %NiFe-PVDF film, which is
seven times higher than the pure PVDF film (0.98 GPa).

4. Conclusions

We report a straightforward sonochemical method to prepare nickel
ferrite nanoparticles of average diameter 18 + 3.7 nm. As-synthesized
nickel ferrite nanoparticles are highly crystalline in nature and demon-
strated the cubic spinel structure with good magnetic properties. Next,
we fabricated pure PVDF and nanocomposite films by incorporating
various weight percentage of as-synthesized nanoparticles in PYDF ma-
trix using a blade coating technique. By optimizing the processing para-
meters of the coating, we cobtain highly smooth, good optical quality,
and void-free flexible films. XRD and FTIR analysis confirmed the pres-
ence of predominant ferroelectric p-crystalline phase in pure PYDF and
nanocomposite films. Microstructure analysis showed the homoge-
neous distribution of nickel ferrite nanoparticles in the PVDF matrix.
Further, the investigation of effect of nickel ferrite nanoparticles on
thermal degradation of PVDF demonstrated a 600 % increase in ther-
mal stability of PVDF film at 1000 °C with the infusion of 30 wt% of
nickel ferrite nanoparticles. Magnctic measurements confirm the ferro-
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magnetic nature of nanocomposite films at room temperature. We also
present evidence of sub-microns sized ferroelectric domain structure
and switching of domains by pelling with dc bias. The pure PVDF film
demonstrated a negative piezoelectric coefficient from the PEM hys-
teresis  loop measurement whereas the 5% nickel ferrite-PVDF
nanccompuosite showed a positive piezoelectric coefficient. The nanoin-
dentation tests revealed 3-fold and 7-fold enhancement in average
hardness and reduced modulus with the 30 %NiFe-PVDF film than pure
PVDF film. Finally, the achievement of smooth, pin-hole free, ultra-thin
films of PVDF and nanocomposites could be suitable candidate for the
development capacitor devices.
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