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Abstract

Ferroelectric ceramic—polymer composites consisting of Poly Vinyledine Fluo-
ride-Hexa Fluoro Propylene (PVDF-HFP) as polymer host and 0.5Ba(Zr,,Ti,g)
0;—-0.5(Ba;,Ca, ;) TiO5 (BZT-BCT) ceramics as filler were prepared using solution
casting technique. These composites are characterized for structural, microstruc-
tural, vibrational, optical, dielectric and ferroelectric properties at various experi-
mental conditions. The electroactive  phase fraction (observed from XRD and
FTIR analysis) increases as the filler concentration increases up to 20 wt% of BZT-
BCT and above that its value decreases. FTIR results were analyzed to understand
the mechanism of enhancement of f phase by the interaction between negatively
surface charged ions of filler with the CH, dipole of polymer matrix. UV-visible
spectroscopy also employed to confirm polymer—ceramic filler interaction. Variation
of the dielectric constant with different filler concentrations is explained using the
percolation theory. Finally, the interplay between the functional properties and the
phase is discussed in detail.
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Introduction

Ferroelectric materials have been widely used in various devices such as non-
volatile random access memory, sensors, actuators, transducers and high energy
density capacitors, due to its excellent dielectric, ferroelectric and piezoelectric
properties [1, 2]. However, in ceramic form, high dielectric constant (e,) of these
materials is less exploited in related devices due to the lack of design flexibil-
ity arisen from the brittle nature, low elasticity and small dielectric breakdown
strength. These latter mentioned drawbacks prevent its application in high energy
density capacitors [3], an excellent energy storage device of contemporary impor-
tance. Contrary to this, polymers show better mechanical strength, good flexibil-
ity and high dielectric break down strength [4]. However, the major drawback of
polymer is the low dielectric constant, a pre-requisite for realizing high energy
density [3, 4]. So, by combining both ceramic and polymer, resulting ceramic-
polymer composite is expected to show higher breakdown strength, flexibility
as compared to the ceramics and high dielectric constant compared to polymer.
Therefore, ceramic—polymer composites are the focus of the current research
in high density energy storage devices. Recently, ceramic—polymer composites
have also explored in various practical application such as, in optoelectronics,
transistor, embedded capacitors, energy harvesting and biomaterials in biomedi-
cal field [5]. To get a flexible ceramic—polymer composite with optimum prop-
erties, mixing of polymer matrix with ceramic filler in a proper ratio is the key
factor. Generally, for the fabrication of polymer composites, three important fac-
tors must be taken into account such as (1) a polymer matrix having high dielec-
tric constant with low loss, (2) a suitable preparation technique to ensure uniform
distribution of ceramic fillers into the polymer matrix [6] and (3) the interface
of different phase in polymer composites which mainly depend on the chemi-
cal structure of both polymer matrix and filler [7]. Poly (Vinyledine fluoride)
(PVDF) and its copolymer such as Poly(Vinyledine fluoride-chlorotrifluroethyl-
ene) P(VDF-CTFE), Poly(Vinyledine fluoride-tetrafluroethylene) P(VDF-TFE),
Poly(Vinyledine fluoride-trifluroethylene) P(VDF-TrFE), Poly (Vinyledine fluo-
ride-cohexafluoropropylene) (PVDF-HFP) are some of the widely used polymers
due to their high dielectric constant [8, 9]. As can be seen, in all these materi-
als PVDF is paired with its copolymer. PVDF is an electroactive polymer, semi-
crystalline in nature with dielectric, ferroelectric, piezoelectric and pyroelectric
properties [10]. Generally, copolymers are added to PVDF to improve/tailor the
physical properties targeted for the particular application [5]. For example, addi-
tion of monomers like hexafluoropropylene (HFP) into the PVDF chain improves
dielectric properties, but reduces crystallinity (due to the presence of CF; group)
[5]. The chemical stability with improved dielectric properties of PVDF-HFP is
promising for optoelectronics devices, sensors and super capacitors [11, 12]. In
fact, PVDF-HFP exists in different phases, o, 8, y, 6 and €, depending upon the
arrangement of monomer unit (-CH,—CF,) as in the case of pure PVDF [13]. «
is the nonpolar phase which is characterized by trans-gauge-trans-gauge (TGTG')
order of the polymeric chain. However, B phase is the important one which is
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polar in nature with trans—trans-trans—trans (TTTT) order while y and € has the
same order TTTGTTTG' [14]. In p phase, H and F are arranged in opposite direc-
tion gives rise to a nonzero dipole moment responsible for the ferroelectric and
piezoelectric properties [15]. Hence, the enhancement of electro-active  phase in
PVDF-HFP polymer and its composite has received a great interest. To enhance
the B phase, different techniques such as mechanical stretching of a phase at a
suitable temperature [16], electrical poling [17], y-ray irradiation [18] and elec-
trospinning [19] have been successfully employed. Recently, addition of various
fillers such as semiconductor nano-particles (ZnO, TiO,, GeO,, SiO,), carbon-
based (Carbon nanotube and graphene) and clay-based (Montmorillonite (MMT))
filler to the aforementioned polymer matrix has also been used to enhance the
B phase [12, 13, 20-22]. The dispersion of the aforementioned fillers into the
polymer matrix increases €, up to a certain concentration known as percolation
threshold and further increase in filler concentration reduces €, [23, 24]. But such
composite has some drawback, i.e., high dielectric loss (tand) and low dielec-
tric breakdown strength (Egp) which restricts its application in embedded capaci-
tor [8]. In this context, addition of perovskite-based ceramics (PbTiO5, Pb(ZrTi)
0O;, K{5sNa, sNbO; and BaTiO;) into the polymer matrix is one of the suitable
approaches to overcome the drawback as these materials invariably have high die-
lectric constant [25].

Based on the above discussion, the fractional improvement of § phase in the
polymer directly enhances the physical properties which is essential from applica-
tion point of view. Ceramic—polymer composite with ferroelectric ceramic filler is
one of the ways to enhance the § phase of the polymer. Various methods such as
solution casting, tape casting, hot pressing and compression molding were generally
used for preparing the polymer composite in different size and shapes [24, 26]. Solu-
tion casting technique has several advantages over other technique as it is easy to
fabricate thin/thick and small/large film [27]. Out of different ferroelectric ceramics,
barium titanate (BT) is widely used in the energy storage devices because of high €,
non-toxicity, and environmental benevolence. Recently, Ca** and Zr** modified BT-
based material, i.e., 0.5 Ba(Zr,,Ti; )O;—0.5(Ba, ,Ca, ;) TiO; (BZT-BCT), also con-
sidered as the morphotropic boundary (MPB) composition, has enhanced dielectric,
ferroelectric and piezoelectric properties [28]. Polymer composites using BZT-BCT
and PVDF showed high dielectric constant value of 100 for 61 wt% of BZT-BCT at
1 kHz with a loss value nearly 0.01 [25]. However, 25 wt% of BZT-BCT composite
showed a dielectric constant of 44 with a loss of 0.02 at 1 kHz [29]. Also, in copoly-
mer added PVDF (PVDF-HFP)—-(BZT-BCT) composite, €, and tand were 19 and
0.08, respectively, at 10 kHz for 15 wt% of BZT-BCT [30]. Reported results are not
comparable as frequency or the filler concentration varying in each cases. Although
BZT-BCT-based polymer composite has been studied based on the effect of filler
concentration on dielectric properties, but no detailed studies have been reported for
the enhancement of §§ phase with different concentration of BZT-BCT and its corre-
lation with the physical properties. In view of this, present communication considers
ferroelectric ceramic (BZT-BCT) based polymer (PVDF-HFP) composites and the
influence of filler concentration on various properties; p-phase enhancement and the
mechanism of enhancement.
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Experimental procedure
Synthesis of (PVDF-HFP)-(BZT-BCT) composite

Auto-combustion and solution casting technique were used for the preparation
of ceramic and polymer composite films, respectively. Polycrystalline lead-free
0.5Ba(Zr, ,Tij 3)05;—0.5(Ba, ;,Ca, 5)TiO; (BZT-BCT) ceramic powder was syn-
thesized first using auto-combustion technique by maintaining fuel (F) to oxi-
dizer (O) ratio 1. For this, stoichiometry amount of Ba(NO;), (99% Alfa aesar),
Ca(NO,),.4H,0 (99% Alfa aesar), ZrO(NO;),.xH,0 (99% Sigma-Aldrich), Ti
[OCH(CH;),l4 (97% Alfa aesar) and urea (Himedia) were taken and mixed in dis-
tilled water. The detailed procedure of the synthesis technique is reported elsewhere
[31]. The samples were calcined at 900°C for 6 h and further pressed into pellet
which is sintered at 1450°C for 4 h. The prepared pellets were crushed into powder
which is further used for the synthesis of composites.

The pure matrix PVDF-HFP and its polymer composites with different wt% of
BZT-BCT, i.e., PVDF-HFP + ¢ wt% BZT-BCT, ¢ =0, 5, 10, 15, 20, 25, 30, 40 were
prepared using solution casting technique. For that, 1 gm of PVDF-HFP (>99%,
Sigma-Aldrich) was dissolved in 25 ml of N,N-dimethylformamide (DMF, Merck)
at room temperature using a magnetic stirrer. DMF acts as a polar solvent and dis-
solved PVDF-HFP at room temperature. The solution was stirred until PVDF-HFP
completely dissolved in DMF. Then, different wt% of BZT-BCT were mixed in the
solution and stirred continuously overnight at room temperature which is further
sonicated for %2 an hour to get homogeneous dispersion of BZT-BCT particles in
the solution. The solution was casted in petri dish and dried in an oven at 90 °C for
9 h. for complete evaporation of solvent to get the flexible composite films. The free-
standing films prepared this way had a thickness~80 um. Details of the synthesis
procedure is schematically shown in Fig. 1.

Magnetic stirring ()\'crnightl

-

PVDF-HFP+BZT-BCT
solution

’ Dried in
/ Oven at
. 920°C
Polymer composite

Fig. 1 (Color online) Flowchart for the preparation of pure polymer and polymer composite films
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Characterization

The formation and preliminary structural analysis of PVDF-HFP and its poly-
mer composites were examined by X-ray diffractometer (XRD, RIGAKU JAPAN
ULTIMA-IV) with Cu K, radiation (A= 1.5405A). The data were taken with 26
values ranging from 5° to 50° at a scan speed of 2°/min. with a step size of 0.05°
at room temperature. Surface morphological analysis of composites was performed
using SEM (SEM-JEOL-JSM 6480 LV) technique. All the samples were coated
with a fine layer of platinum under a vacuum chamber in order to capture the micro-
scopic images of different magnification of the samples. The elemental composition
of the film was analyzed by energy-dispersive X-ray (EDS) spectrum. UV visible
spectrophotometer (Jasco V-650 with BaSO, coated integration sphere) was used
to study the absorption spectra of the pure PVDF-HFP and PVDF-HFP composite
films in the wavelength range 200—800 nm. Fourier transform infrared (FTIR) spec-
tra of all the films were recorded by an IRAFFINITY-1S, Shimadzu spectrometer
in the wavenumber range of 400-4000 cm™! with a resolution of 2 cm™'. The sur-
face charge potential of the ceramic filler was studied using Zeta potential analyzer
(NanoZS90). The dielectric properties of PVDF-HFP-based composites were exam-
ined in the temperature range from 30 °C to 150 °C with a wide range of frequency
from 100 Hz to 1 MHz using an impedance analyzer (HIOKI IM3570). The com-
posite films are kept in between two stainless steel electrodes which is further placed
in the sample holder to perform the dielectric measurement. The room temperature
ferroelectric properties of the composites were studied by Ferroelectric loop tester
(Radiant Ferroelectric Tester) at a frequency of 10 Hz.

Results and discussion
Structural and microstructural studies

Figure 2 shows the room temperature XRD pattern of BZT-BCT, PVDF-HFP and
PVDF-HFP-based polymer composite with different wt% of BZT-BCT ($=5%,
10%, 15%, 20%, 25%, 30%, 40%). In the diffraction pattern of BZT-BCT ceramic,
the characteristic diffraction peaks appear at 20=22.12°, 31.47°, 39.04°, 45.25°,
which matched with the literature and that confirms the formation of a single-phase
material [32, 33]. The XRD pattern of PVDF-HFP consists of crystalline peaks with
a broad background hump which suggest the semi-crystalline nature. Also, in the
figure, characteristics reflections of polymer (PVDF-HFP) and filler (BZT-BCT)
are clearly visible in the composite, suggesting BZT-BCT is uniformly dispersed
in PVDF-HFP. This result clearly confirms the formation of polymer composite. In
the case of pure PVDF-HFP, diffraction peak observed at 260=18.3°(020) represent
the nonpolar o phase while the peak at 20.12° (110/200) corresponds to § phase
[9, 34]. The reflection at 20=26.7° (021) is associated with o phase [13]. As the
BZT-BCT concentration increases, gradual changes were observed in the position,
intensity and width of the diffraction peaks. With the increase in filler concentra-
tion, the intensity of the § phase (20.12°) increases up to 20 wt% with the reduction
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Fig.2 (Color online) Room temperature XRD patterns of PVDF-HFP + ¢ wt% BZT-BCT polymer com-
posites (¢p=0, 5, 10, 15, 20, 25, 30, 40)

in the intensity of o phase (18.3°). Further increase in BZT-BCT concentration, the
trend reverses, the intensity of B phase reduces and that of a phase increases. Also,
as expected the intensity of the peak at 31.55°, 45.25° (most intense peak of BZT-
BCT) increases with the increase in filler concentration as can be seen in Fig. 2. The
intensity ratio of f phase w.r.t. o phase (5 1,/I5 3) (ordering parameter) of PVDF-
HFP and its composite has been calculated from XRD pattern. It is observed that
this ratio increases with the increase in the BZT-BCT concentration up to 20 wt%
and above that it decreases (see in Fig. 9).

Crystallinity in a composite is one of the important physical parameters as it
gives the information about the texture and strength [35]. The polarization of the
material also depends on the crystallinity and processing condition [36]. The degree
of crystallinity of the films was calculated by deconvoluting the XRD pattern into
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crystalline and amorphous peaks (provided in supplementary fig. S1) using the fol-
lowing Eq. (1) [9]

ZACI‘
= —= & %100
X A+ S A o

where YA and YA, represent the integrated areas of the crystalline and amor-
phous region, respectively, in the diffraction pattern. It is observed that the crys-
tallinity of host matrix (PVDF-HFP) is found to be around 31.3% which is well
matched with previous reported value, i.e., 33.2% [12]. However, with the increase
in concentration of BZT-BCT in PVDF-HFP, the crystallinity of the composite
increases up to 20 wt% filler concentration and found to be around 40.2%. However,
further increase in the filler concentration crystallinity decreases and will be dis-
cussed in a latter section (Fig. 9).

The SEM micrographs of pure PVDF-HFP and composites with different wt%
of BZT-BCT are shown in Fig. 3. The micrograph of the pure PVDF-HFP matrix
is found to be smooth and continuous suggesting the spherulites, semi-crystalline
region in the polymers [13]. Spherulites are existing in spherical shape and made
up of ordered lamellae which are connected by amorphous region [37]. As the BZT-
BCT particles added to the PVDF-HFP matrix, the distinct spherulites are observed.
The formation of spherulites depends on several factors such as structure of poly-
mer molecules, number of nucleation sites and synthesis condition [38]. With the

)

-~ ” 7 g‘ 4 i‘
5 O
IE )EA

Fig.3 (Color online) SEM micrographs of PVDF-HFP + ¢ wt% BZT-BCT polymer composites (¢p=0,
5,10, 15, 20, 25, 30, 40)
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increase in filler concentration, the spherulites interact with each other and finally
merged to form larger spherulites. In the present case, spherulites for 20 wt% BZT-
BCT are largest and the size reduced for higher concentrations. This observation
implies that BZT-BCT particles act as a nucleation center for the growth of spher-
ulites, and there is an optimum concentration (20%) [39]. Above 20 wt%, its size
decreases and porosity also is formed. BZT-BCT particles are uniformly dispersed
in the polymer matrix and that indicates the successful synthesis of polymer com-
posite using solution casting technique. The elemental composition of pure polymer
(PVDF-HFP) and its polymer composite has been studied from EDX result (given in
supplementary fig. S2). EDX spectra of neat PVDF-HFP show the elements like car-
bon (C), fluorine (F) and oxygen (O). However, for polymer composite, along with
the aforementioned elements, barium (Ba), calcium (Ca), zirconium (Zr), titanium
(Ti) are also present.

Spectroscopic studies

To understand the interaction of filler with polymer matrix and the band gap of
the composites, UV-visible absorption spectra were recorded. Figure 4 shows the
absorption spectra of pure polymer (PVDF-HFP) and different wt% of BZT-BCT
loaded polymer composite in the wavelength range of 200-800 nm. No absorbance
peak is observed for the host polymer matrix suggesting the film is transparent to
UV-visible light [40]. For BZT-BCT ceramic, a broad peak is observed around
330.18 nm which is well matched with the previously reported value [41]. This sig-
nifies that around this wavelength the absorption process occurs in which electrons
excited from lower to higher energy state and it leads to an absorption edge. As
the volume fraction of BZT-BCT fillers increases in the composite, the intensity
of absorption peak increases and shifted toward lower wavelength. Absorption is
observed at 322 nm for the 20 wt% BZT-BCT composites, a shift of 8 nm as com-
pared to pure BZT-BCT (330.18 nm). This is due to the strong electrostatic interac-
tion between BZT-BCT filler and PVDF-HFP polymer chain, which affect the tran-
sition between valence band and conduction band of BZT-BCT ceramics [13, 42].
This suggests that the interaction occurs between the polymer matrix and filler in the
composite.

The optical energy band gap (E,) of the polymers and its composites can be cal-
culated by Tauc’s model [43] using the following relation

ahv = B(hv - E,)’ Q)

where Av is the energy of the incident photon, B is a constant, depending on the
transition probability within the optical frequency region. E, is the optical band gap
of the material in eV, a is the absorption coefficient. The index y gives the informa-
tion about the nature of electronic transition in the material. The value of vy is ¥2 and
2 for direct and indirect allowed transition, respectively, while that for the direct and
indirect forbidden transition its value are 3/2 and 3, respectively [44]. In the present
work, the indirect allowed transition has been considered [44] to find out the band
gap (E,) of the material. The band gap of the pure polymer and its composites has
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Fig.4 (Color online) UV Visible absorbance spectra of PVDF-HFP +¢ wt% BZT-BCT polymer com-
posites (¢p=0, 5, 10, 15, 20, 25, 30, 40)

been calculated using Eq. (2) by taking y=2 which is shown in fig. S3. By extrapo-
lating the linear portion of the absorption edge on the X-axis, the value of band
gap value (E,) is determined. The value of E, for PVDF-HFP is found to be around
2.7 eV. However, for BZT-BCT ceramic the band gap value is found to be around
3.04 eV which is close to the value reported elsewhere [45]. With the increase in
filler concentration, the optical band gap increases to 3.12 eV for 20 wt% of BZT-
BCT composite. The effective optical band gap of a material also depends on the
intermediate energy in the actual band gap between the valence and conduction
bands [45]. However, the position of such levels depends on the impurities, prepa-
ration technique, processing parameters [46]. With the increase in filler concentra-
tion, the band gap (E,) of the composites increases as shown in fig. S3 (provided
in supplementary material). As BZT-BCT concentration increases, the intermediate
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energy level present between valence band and conduction band decreases and it
leads to an increasing value of Eg [47].

Vibrational spectra through Fourier transform infrared spectroscopy (FTIR) are
also useful to understand the interaction of filler with the polymer matrix. FTIR
spectra of pure polymer and different wt% of BZT-BCT filled PVDF-HFP compos-
ites are shown in Fig. 5 in the wavenumber range of 400-1400 cm™'. We have nor-
malized the FTIR data based on the absorption peak present at 878 cm™! in order to
compensate the differences in the thicknesses of the samples [48]. In the FTIR spec-
tra of pure PVDF-HFP, the presence of peaks at 493 cm™! (bending vibration of CF,
group), 538 cm™! (wagging vibration of CF, group), 619 cm™! (CF, and -C-C—C
skeletal vibration), 769 cm™! (CH, rocking vibration), 803 cm~! (-CF; stretching
vibration), 980 cm™! (C—F stretching vibration) is assigned to the non-electroactive
o phase [49]. On the other hand, the vibrational bands at 840 cm™" attributed to the

¢=40 o
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3

N —

s |¢=20

[=

©

£

§ $=15

<
W

=5
M
y T v T v T v T v
400 600 800 1000 1200 1400

Wavenumber (cm'1)

Fig.5 (Color online) FTIR spectra of PVDF-HFP + ¢ wt% BZT-BCT polymer composites ($p=0, 5, 10,
15, 20, 25, 30, 40) in the wavenumber range of 400—1400 cm™!
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polar B phase which corresponds to the mixed CH, rocking modes [13]. However,
two peaks appear around 1237 cm™! and 1281 cm™! which are characteristic of vy
and P phase, respectively [14]. The peak around 1176 cm™" arises due to the sym-
metric stretching of -C—C—C-bond [49]. These bands are well matched with the pre-
vious reported value and summarized in Table S1. From Fig. 5, it has been observed
that for pure (PVDF-HFP) matrix, the intensity of p phase (peak around 840 cm™)
is very less as compared to a phase (peak around 769 cm™'). As BZT-BCT incor-
porated into PVDF-HFP, changes occur in the position of the band and its intensity.
In the polymer composite, the intensity of § phase increases with the decrease in the
intensity of a phase up to 20 wt% of BZT-BCT and above that the trend reverses.
This changes in the fraction of B phase (F(f)%) content with respect to o phase from
FTIR spectra were calculated using Lambert—Beer Law [13], i.e.,
F A

» (Kp/K,)A, + Ay ®
where A, and A, are the absorption value at the wavenumbers 769 em™" and
840 cm™!, respectively, while K, and K} are the absorption coefficient at the respec-
tive wavenumbers whose values are 6.1x 10* cm? mol™" and 7.7 x 10* cm? mol™".
The F(f) % value for pure matrix and its polymer composites with different wt% of
BZT-BCT are shown in Fig. 9. For pure PVDF-HFP, the fraction of § phase is found
to be 34% while with the increase in BZT-BCT concentration its value increases
up to 20 wt% of BZT-BCT, i.e., 68% and above it, its value decreases. With the
increase in the filler concentration, the interaction between the polymer matrix and
filler increases which results in the enhancement of  phase. This concludes the
enhancement of § phase up to 20 wt% and is well matched with the XRD result dis-
cussed earlier.

The enhancement of f§ phase is further explained by dipole-surface charge inter-
action between PVDF-HFP and BZT-BCT, respectively. In order to study this inter-
action in the polymer composite, FTIR spectra of the composites were plotted in
the wavenumber region of 2950-3050 cm™' and are shown in Fig. 6a. This region
is mainly associated with the symmetric v, (-CH,) and antisymmetric v,; (~CH,)
stretching vibrational band, and they are not coupled with any other vibrational band
[14]. This region is very important to check whether there is any interfacial interac-
tion taking place between the —CH, dipoles of PVDF-HFP with the BZT-BCT filler.
From Fig. 6a, it has been observed that, with the increase in filler concentration
the position of v, (-CH,) and v, (-CH,) band shifts toward the lower wavenumber
side indicating the interaction between BZT-BCT and PVDF-HFP. The shifting of
these bands toward lower wavenumber with the increase in BZT-BCT concentra-
tion up to 20 wt% and above that the shifting toward higher wavenumber has also
been observed. This gives a piece evidence for the interaction which takes place
between surface charges of BZT-BCT with PVDF-HFP matrix. We have performed
the Zeta potential experiment to check whether the surface of filler (BZT-BCT) is
positively or negatively charged. Figure S4 shows the Zeta potential distribution of
BZT-BCT filler. The surface charge of BZT-BCT filler is found to be negative with
a Zeta potential value of — 18.9 mV. The interaction between negatively charged
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Fig.6 (Color online) a FTIR absorbance spectra of PVDF-HFP + ¢ wt% BZT-BCT polymer composites
(p=0, 5, 10, 15, 20, 25, 30, 40) in the wavenumber range of 2950-3050 cm™! b Interaction between
—CH, dipole of polymer (PVDF-HFP) and negatively surface charge of filler (BZT-BCT) ¢ Schematic
diagram of loading of different concentration of BZT-BCT filler into PVDF-HFP polymer chain with an
increasing wt% of BZT-BCT d Variation of 2r,, with different wt% of BZT-BCT

surfaces of BZT-BCT with the -CH, dipoles of PVDF-HFP is represented in a sche-
matic diagram as shown in Fig. 6b. At lower concentration of filler, weak interaction
occurs between the negative surface charge of BZT-BCT filler and partially posi-
tively charged of —CH, dipole of the PVDF-HFP matrix. As the filler concentra-
tion increases, the negatively charged filler interacts strongly with the partially posi-
tively charged —CH, dipoles of PVDF-HFP results in the straightening of chain. This
resulted in the increment of TTTT confirmation in PVDF-HFP polymer chain leads
to an enhancement of B phase. This negatively charged BZT-BCT acts as a nuclea-
tion agent for the enhancement of  phase [14]. At higher concentration of fillers,
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the particles may get agglomerated as shown in Fig. 6¢ in the PVDF-HFP matrix
and it further opposes the nucleation process results a decrease in the electroactive
phase formation in the polymer.

The interaction between the —CH, dipoles and the charge distributed on the sur-
face of BZT-BCT act as a damping source for the oscillation of —CH, dipole results
a shifting of vibrational band toward lower energy (lower wavenumber) region. This
phenomenon can be well explained by the damped harmonic oscillation of —CH,
dipole [50], i.e.,

reo = 2zc(V2 - )" 4)

where 4, is the damping coefficient, v, represents the wavenumber of -CH, free
damping vibration of PVDF-HFP and v is the damped vibration of BZT-BCT in
PVDF-HFP film and c is the speed of light [14]. Figure 6d shows the variation
of 2r,, (damping constant) with different concentration of BZT-BCT. It has been
observed that the 2r,, value increases with the increase in filler concentration up to
20 wt% of BZT-BCT and the value decreases after that. r,, is a physical parameter
from which the information about electroactive phase formation can be extracted due
to the strong electrostatic interaction between —CH, dipole of PVDF-HFP and nega-
tively surface charged ion of BZT-BCT. The behavior of §§ phase fraction (Fig. 9)
and damping constant (Fig. 6d) with BZT-BCT concentrations shows similar type of
behavior. This confirms the enhancement of electroactive f§ phase observed up to 20
wt% due to the strong interaction between negatively surface charged of BZT-BCT
and —CH, dipole of PVDF-HFP, which may leads to an enhanced value of dielectric/
ferroelectric properties and will be discussed in the following section.

Electrical properties

To study the ferroelectric properties, room temperature hysteresis loop (P—E) of
neat PVDF-HFP and composites is plotted as shown in Fig. 7a,b at a frequency of
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Fig.7 (Color online) a Room temperature hysteresis loop (P-E) of PVDF-HFP + ¢ wt% BZT-BCT poly-
mer composites (¢b=0, 5, 10, 15, 25, 30, 40) b P-E loop of polymer composite for 20 wt% of BZT-BCT
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10 Hz. Before performing this experiment, the films were coated with silver paint.
An unsaturated loop has been observed for pure PVDF-HFP due to the application
of low voltage (unit not equipped with high voltage to address the coercive field).
Even though it is inappropriate to say that saturation of ferroelectric polarization is
reached within experimental limitation, a trend has been observed in the P-E hys-
teresis loop. In this case, we say the highest polarization obtained is P,. For pure
PVDF-HFP, a lower value of saturation polarization (P,) of 0.25 pC/cm? is observed.
However, with the increase in filler concentration, P value increases up to 0.5 pC/
cm? for 20 wt% BZT-BCT due to the increase in crystallinity and electroactive p
phase fraction [36]. Above 20 wt% of BZT-BCT, the P, value decreases because the
agglomeration of particle occurs results in the degradation of ferroelectric proper-
ties [51]. This changes in polarization (P,) value with different wt% of BZT-BCT
are discussed in next section. The energy storage density (J) of pure polymer and
its composite can be calculated from P-E loop using relation J = / E dP; where E
is the electric field and P is the polarization [51]. The shaded region in the inset of
Fig. 7b represents the energy stored in the material. A higher value of energy stor-
age density is required for high energy density capacitor applications. The value of
the calculated storage energy density of the composites loaded with different BZT-
BCT concentrations are summarized in Table S2. For pure PVDF-HFP, the storage
energy density is found to be 36.08 mJ/cm?, however, with the increase in the filler
concentration it increases up to 20 wt% of BZT-BCT. Above this filler concentra-
tions, its value decreases. The highest value of storage energy density (J) found to be
86.85 mJ/cm? at an applied electric field of 300 kV/cm which is comparable to BT/
PVDF-HFP-based composite [52]. This enhancement in the storage density is due to
the increasing value of dielectric constant due to filler additions.

Dielectric properties, in terms of the dielectric constant (g,) and dielectric loss
(tand) as a function frequency is studied and is shown in Fig. 8a, b for neat PVDF-
HFP and its polymers composite at room temperature. A decrease in dielectric con-
stant with the increase in frequency is the typical behavior for a polar dielectric
material, which has been observed for both PVDF-HFP and its polymer composite as
shown in Fig. 8a. At lower frequency region, especially in the range of 10>~10* Hz,
the dielectric constant of neat polymer and its composite with different wt% of BZT-
BCT shows a higher value. However, at higher frequency region of 10*~10° Hz, a
nearly same dielectric constant value is observed for all the films which is frequency
independent. With the increase in filler concentration, the dielectric constant (¢,)
increases up to 20 wt% of BZT-BCT and above that its value decreases. Similarly,
in the lower frequency range, the dielectric loss value decreases with the increase
in frequency for pure PVDF-HFP matrix and its composite with different wt% of
BZT-BCT. The dielectric loss (tand) curve shows similar trend as dielectric con-
stant, i.e., its value increases with the increase in BZT-BCT concentration up to 20
wt% and above that it decreases as shown in Fig. 8b. Figure 8c show the variation of
dielectric constant and tangent loss with different filler concentration at a frequency
of 500 Hz. The dielectric constant and tangent loss value of PVDF-HFP are found to
be around 7 and 0.07, respectively, at a frequency of 500 Hz. However, the dielec-
tric constant increases with the increase in filler concentration and a ¢, value of 21
is observed for 20 wt% and above that it starts to decrease. The dielectric constant
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at room temperature ¢ Variation of €, and tand with different wt% of BZT-BCT at 500 Hz d Fitting of
dielectric constant using percolation theory

of 20 wt% BZT-BCT is 3 times higher than that of the pure polymer matrix. The
increase in loss value with the increase in filler concentration is due to the forma-
tion of conducting network and increase in defects [23]. At lower concentration,
the inter particle distance between filler is high results a weak interaction between
filler and polymer matrix which leads to a lower dielectric constant value. However,
with the increase in filler concentration, €, increases up to 20 wt% BZT-BCT due to
the increase in interaction between filler and matrix results in the enhancement of
p phase (observed from FTIR and XRD) [14]. At higher filler concentration, i.e.,
above 20 wt%, agglomeration of fillers occurs (shown in Fig. 6¢) and that results
in the degradation of B phase which leads to decrease in €, value as observed in
Fig. 9. These changes in dielectric behavior of polymer composites with different
filler concentration can also be explained using percolation theory [53, 54] as shown
in Fig. 8d. The experimental dielectric constant value at 500 Hz of the composite is
fitted using the following power law equation, i.e.,

Eoit % E(fo = f) ", forf <f. 5)

@ Springer



Polymer Bulletin

_ 105
& sd~0=y O
S wl  __o—07 o
E 2] n—9 0
,Eoudbh-r, TN
2’ L 0334 =" (e)
Zond kT %
. 19 0] 0
146 /O/ \O——O (d)O
7.34 O_—-O——'O

F(B)%
|§
d
A
)
Ia

>
£ . 4403
=€ j (b)
E © 33.0- V/V”
X » b
% 1.76 4
= ]/=[]=XRD a
S B e )
S 144
= 1.28 EI/

Conc . of BZT-BCT (wt.%)

Fig.9 (Color online) Variation of a I, ,/I;g3 b % of crystallinity ¢ F(B)% d) €, e P, fJ of PVDF-
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where €. and €, are the dielectric constant of the BZT-BCT/PVDF-HFP compos-
ites and PVDF-HFP matrix, respectively, f is the volume fraction of BZT-BCT par-
ticles, f, is the percolation threshold which depends on the filler morphology and
q is the critical exponent. The fitting parameters f, and g obtained are 0.1953 and
0.29, respectively. The minimum volume content of filler where the percolation
takes place named as percolation threshold, f,. Here, the threshold value is found to
be 19.53% around which an enhanced ¢, is obtained as seen from fitting the dielec-
tric permittivity and it is close to experimental value, i.e., 20 wt%. Hence, in poly-
mer—ceramic composites, f, plays a vital role [54-56]. So, the interaction between
surface charges of filler with the dipole of polymer plays an important role in the
enhancement of § phase and it leads to enhancement of dielectric and ferroelectric
properties.

The dielectric constant (e,) and saturation polarization (P,) of composite
depend on the physical properties of individual constituents, (filler and matrix),
filler concentration, size and distribution of the dispersed filler in the host matrix
which depends on the preparation technique [57]. Along with this, the interaction
between filler and matrix affects electroactive  phase percentage which strongly
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affects the physical properties [58—60]. So, we have plotted the change in crystal-
linity, B phase fraction (from XRD and FTIR), dielectric, ferroelectric properties
and energy storage density with different filler concentration of BZT-BCT and is
shown in Fig. 9. At lower filler concentration, a weak interaction occurs between
filler and matrix and it results a lower value of F() % due to which lower values
of dielectric constant and saturation polarization is observed. With the increase in
filler concentration, these values are enhanced up to 20 wt% due to the enhance-
ment of # phase around which the highest €., P, and J has been observed. This
signifies that there is a direct relationship between % of crystallinity, enhance-
ment of # phase with the dielectric, ferroelectric properties and storage energy
density.

Conclusion

Flexible polymer (PVDF-HFP)-ceramic (BZT-BCT) composites were successfully
synthesized by solution casting technique. Structural and morphological studies
revealed composite nature of the mixture. The electroactive f-phase of the poly-
mer composite with 20 wt% filler concentration found to be 68%, double of that of
pure PVDF-HFP. The interaction between polymer and ceramic is nothing but the
‘dipole-surface charge’ interaction and that resulted in the enhancement of f§ phase.
The composite film with 20 wt% BZT-BCT ceramic exhibited an enhanced dielec-
tric constant of 21 at 500 Hz which is three times more compared to the pure PVDF-
HFP (g,=7). Moreover, an improved polarization value of 0.5 uC/cm? was obtained
in the composite film with 20 wt% BZT-BCT, which is more than double the polari-
zation value of pure polymer. The maximum energy storage density of the composite
reached to 86.85 mJ/cm? with 20 wt% of filler concentration at 300 kV/cm, which is
double compared to the pure polymer matrix (36.08 mJ/cm?®). The improved dielec-
tric and ferroelectric properties are well correlated with the enhancement of § phase.
Further, the variations of the dielectric constant with filler concentration are also
explained by percolation theory.
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