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PREFACE

High-energy density capacitors are essential components in modern electronics due to their
application in pulsed power systems such as military, aerospace and hybrid electric
vehicles. The high energy density capacitors store large amounts of electrostatic energy per
unit volume, which is readily available for delivering to a load in a very short span of time.
There are certain ceramic materials which are found to exhibit extremely high energy
density in the form of thin films, but they cannot be processed over larger areas in the
capacitors constituting energy banks. The dielectric polymer-ceramic nanocomposites have
the ease of processability in the form of flexible thin films, which could serve the purpose
of high energy density as well as miniaturization of modern electronic devices. These
electronic devices, e.g., avionics in aerospace cover 70% of its volume by capacitors.
Despite of having high mechanical and breakdown strength, the dielectric polymers have a
drawback of low dielectric constant. On the other hand, the ceramics have high dielectric
constant but relatively very low breakdown strength. Therefore, dielectric polymer ceramic
nanocomposites having a moderate dielectric constant, high breakdown strength and low
tangent loss could serve the purpose of high energy density capacitor materials.

A large number of polymers are used as a matrix, such as polyvinyl chloride (PVC),
polyethylene terephthalate (PET), polyvinylidene fluoride (PVDF), etc., with particular
interest surrounding PVDF due to its favorable functional attributes, high breakdown
strength, flexibility, and ease of processing. On the other hand, some examples of ceramics
fillers are PbZrTiO3 (PZT), PbTiO; (PTO), BaTiO; (BTO), BaSrTiO; (BST), HfO», etc.,
which are highly appealing for their applications in various fields as they have high
dielectric constant. Among these ceramic fillers, barium strontium titanate (BST) exhibits
an exceptionally high dielectric constant (e.g., 2500-3000) at room temperature and
maintains a nearly constant dielectric constant over a wide temperature range (-173°C to
120°C) and frequency range (100 Hz to 1 MHz).

Extensive literature has documented thorough examinations of the energy storage
characteristics of polymer-ceramic nanocomposites, emphasizing on the pivotal role of
breakdown strength and dielectric performance. The investigations carried out have
adopted several approaches based on the engineered processing, such as the use of
nanowires, nanotubes etc., functionalization, poling, incorporation of wide band gap

nanofillers and engineered multilayer structure in the dielectric polymer ceramic
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nanocomposites. Moreover, the use of polymer-ceramic nanocomposite thick films in harsh
conditions (room temperature to 100 °C) is very important to operating it for strategic
purposes. Therefore, understanding the cause that deteriorates its energy storage
performance at high temperatures requires deeper understanding since the understanding
will lead towards the solution.

The existing literature survey necessitates and demands a thorough investigation of
polyvinylidene fluoride (PVDF)-(Ba,Sr)TiO3 (BST) nanocomposites towards improvement
in dielectric properties, breakdown strength, discharge energy density and energy
efficiency. Consequently, the present thesis is divided into seven chapters consisting of
aforesaid physical parameters, which are as follows:

Chapter 1 provides a concise synopsis of polyvinylidene fluoride (PVDF) polymers,
ceramics, and polymer-based ceramic nanocomposites. PVDF polymers exhibit a high
breakdown strength but a low dielectric constant, whereas ceramics have a high dielectric
constant but a low breakdown strength. The combination of these materials presents an
opportunity to create a nanocomposite with a moderate dielectric constant and high
breakdown strength. Such nanocomposite materials, leveraging polymers and ceramics, are
recognized as promising materials for high-energy density capacitors. The chapter
emphasizes the potential dielectric ceramic fillers to be included in the polymeric matrix,
including barium strontium titanate ((Ba,Sr)TiO3), BST), as they stand out for their
impressive dielectric constant (~3000) across a broad frequency range (100Hz - IMHz) and
temperature range (-173 °C-120 °C). The chapter concludes with the methods and
approaches adapted in the existing literature leading towards the motivation and objectives
of the thesis entitled "Effect of functionalization of (Ba,Sr)TiO3 on dielectric and energy
storage behavior of PVDF-(Ba,Sr)TiO3 nanocomposites".

Chapter 2 is focused on the synthesis procedures and experimental methodologies utilized
for the analysis of synthesized materials, namely Bao.sSro.TiO3 (BST) nanopowder and
polyvinylidene fluoride-Bag §Sro.2TiO3 (PVDF-BST) nanocomposite thick films. The BST
nanopowder is synthesized employing the hydrothermal method, whereas the fabrication
of PVDF-BST nanocomposite thick films is accomplished through the tape-casting
technique.

Chapter 3 is related to studies of the effect of an applied electric field on the dielectric and
structural ~ properties of polyvinylidene fluoride-BaosSro2TiO3  (PVDF-BST)

nanocomposite thick films synthesized using a tape-casting technique. These films were
XV



exposed to an electric field for varying durations. The study reveals that the electric field
induces changes in the crystalline phases of PVDF, specifically enhancing the f§ phase. The
dielectric behavior of the nanocomposite films is significantly improved under the electric
field, with the film exposed for 60 minutes showing the highest dielectric constant (~25)
and low tangent loss (~0.02) at 1 kHz. The enhancement is attributed to increased dipolar
density resulting from modifications in structural and interfacial behavior, as well as
molecular motion of the dipoles in the PVDF chain. The findings suggest that electric field-
induced modifications could serve as an effective strategy for developing flexible
nanocomposite films with low ceramic filler loading for various electronic applications.
Chapter 4 is associated with one of the important requirements for utilizing polyvinylidene
fluoride-Bao sSr0.2TiO3 (PVDF-BST) nanocomposites for high energy density capacitors
operating in harsh conditions, i.e., in high-temperature electronics and electrical power
systems (RT-100°C). This requirement necessitates the investigation of the temperature-
dependent dielectric behavior, AC conductivity, and impedance of flexible PVDF-
BaosSro2TiO3 nanocomposite thick films. Tape-casting is used to synthesize flexible
PVDF-Bay sSro2TiO3 nanocomposite thick films with varying BST concentrations (0.75%,
1.5%, 2.25%, and 3% by volume). An increase in the dielectric constant and a decrease in
the tangent loss is found with an increase in the loading of BST nanoparticles in the
nanocomposite thick films. The highest dielectric constant (~25) and the lowest tangent
loss (~0.03) are observed for 3 vol% BST-loaded PVDF-BST nanocomposite at 1 kHz; the
dielectric constant and the tangent loss increase to ~93 and ~1.64, respectively, at 150 °C.
The dielectric constant and the tangent loss of all the PVDF-BST nanocomposites are
thermally stable up to 70 °C and then increase with further increases in temperature. A
phenomenological model is proposed to explain the experimentally observed behavior,
which might be attributed to the thermally induced translational motion in the polymeric
chains of PVDF, the motion of ions, and the migration of space charge in the interfacial
layer of the PVDF matrix and BST nanoparticles.

Chapter 5 focuses on the processing of polyvinylidene fluoride-Bag§Sro.TiO3 (PVDEF-
BST) nanocomposite films to achieve high discharge energy density, higher breakdown
strength, and high efficiency. The articulated synthesis process of fabrication of PVDF-
BST trilayered nanocomposites has been adopted with varying BST nanoparticle
concentrations (0.75%, 1.50%, 2.25%, and 3.00% by volume). By using the tape casting

technique, the upper and lower layers of the nanocomposites are cast in the same direction,
XVi



while the middle layer is cast in the opposite direction. The 3.00 vol% BST-loaded
nanocomposite demonstrates notable dielectric properties, including high dielectric
permittivity (~25), low tangent loss (~0.03), and moderately high breakdown strength
(~282 MV/m). Additionally, it exhibits a high discharge energy density (~7.8 J/cc at 1400
kV/cm) and efficiency (~93%). A mechanism is proposed that involves the interfacial
dipoles and the distribution of the local electric field, contributing to the enhanced energy
storage behavior. The results suggest the potential application of these trilayered
nanocomposites in high-energy density capacitors for pulsed power systems.

Chapter 6 is dedicated to exploring the role of surface functionalization on dielectric and
energy storage behavior. For this purpose, the surface of BST nanoparticles is
functionalized with -OH and PO}~ using H20, and H3POj surface modifiers. The surface
modification of BST nanoparticles is confirmed through Fourier transform infrared (FTIR)
spectra and energy dispersive spectroscopy (EDS) mapping. The resulting polyvinylidene
fluoride-Bao §Sto2TiO3; (PVDF-BST) nanocomposites, particularly H3POs4 modified,
exhibit improved dielectric constants, with the highest value of ~30 at 1 kHz. The addition
of BST nanoparticles enhances energy storage capabilities, as indicated by increased
discharge energy density and efficiency. The H3POs-modified nanocomposite film
demonstrates superior performance with higher saturation polarization, lower remanent
polarization, increased discharge energy density, and efficiency. The breakdown strength
of nanocomposites, however, decreases compared to pure PVDF. It is reported that surface
modification using H3POs leads to an increase in the mechanical strength of the
nanocomposites. This enhancement in the mechanical strength further leads to an increment
in the dielectric constant and electrical breakdown strength of the H3PO4-modified PVDF-
BST nanocomposite as compared to H>O»-modified and unfunctionalized PVDF-BST
nanocomposite thick films.

Chapter 7 presents the summary of the findings and conclusions derived from the
conducted investigations. Additionally, potential directions for future research are proposed

to expand on the current insights and contribute to the ongoing scientific investigations in

this field.
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Chapter 1

Introduction



1.1 Introduction
The polymer-based dielectric nanocomposites have become the integral contributory in the list
Table 1.1 Comparative table of dielectric constant, tangent loss of modern advanced

at 1 kHz and breakdown strength for different ceramics
materials due to their

Dielectric Tangent | Breakdown
Sample constant (¢') | loss (tand) | strength Ref. prospects of
at 1 kHz at 1 kHz (BDS)
BaTiO3 1000 09 15 kV/mm [1,2] application in
BaSrTiOs 3000 0.02 43 kV/mm [3,4] ) _
3 sensors, piezoelectric
PbTiOs 1100 0.02 1.1 MV/em | [5,6]
PbZrTiO3 1300 0.01 8 MV/m [7,8] actuators, capacitors,
CaCusTisOn2 14892 0.03 8.7kV/em [9]

etc. [10,11]. These
materials have the capability to store high electrostatic energy in small volumes, i.e., high
energy density; this energy can be released in the form of high current in a very short duration
(0.1~us) [12,13]. The high energy density capacitors are too much in demand in high voltage
capacitors, pulsed power systems, and energy storage banks. The essential electrical properties
that make them suitable are moderately high dielectric constant, low tangent loss and high
dielectric breakdown strength [14—19]. The dielectric properties of ceramic dielectric has been
widely investigated [20-23] and they have been found to have a very high dielectric constant
but low breakdown strength, which is not favorable for high energy density capacitors. Since
electrostatic stored energy density varies directly with the dielectric constant and quadratically
with breakdown strength [24]. Some examples of dielectric ceramics are PbZrTiO3 (PZT),
PbTiO3 (PTO), BaTiOs (BTO), (Ba,Sr)TiO3 (BST), HfO,, etc., which are otherwise useful for
several other applications [20-23,25,26]. A comparative table showing the dielectric constant,
tangent loss at 1 kHz and the breakdown strength is presented in Table 1.1. The investigation
and development of dielectric polymers have also been carried out in order to miniaturize and
cost-effective application in the modern electronics such as sensors [27,28], actuators [29,30],

transistors and resistors [31,32] and capacitors [11,33,34]. The polymers falling under the



category of dielectric polymers include polyimide (PI), polyvinyl chloride (PVC), polyethylene

terephthalate (PET), polyvinylidene fluoride (PVDF) and its copolymers, polypropylene (PP),

etc. [14-19,35]. Table 1.2 Comparative table of dielectric constant, tangent loss at

1 kHz and breakdown strength for different polymers
A comparative Dielectric Tangent | Breakdown

. Sample constant (¢') | loss (tand) strength Ref.
table showing the at 1 kHz at 1 kHz (BDS)
di . PVDF 10-11 0.02-0.05 | 314 MV/m | [36,37]
ielectric constant,

PVDF-TrFE 15 0.05 280 kV/mm | [38,39]
tangent loss and BOPP 2.25 0.005 681 V/um | [40,41]
breakdown strength PVA 14.7 2.7 100 kV/mm | [42,43]

PVC 4.25 0.08 518 MV/m | [44,45]

for different

polymers is given in Table 1.2. The polymers are found to have a very low dielectric constant
(~2-12), low tangent loss (~0.001-0.003) and high breakdown strength [46,47]. Therefore, the
dielectric polymer-ceramic nanocomposites are expected to have moderate dielectric constant,
low tangent loss and high breakdown strength, which makes them suitable for the high energy
density capacitor application [48—53]. These nanocomposites can be processed in the form of
large-area thin films, which is very useful for developing the miniaturized energy storage banks
since, in various high-power electronic applications, capacitor banks cover 70 percent of the
space of the electronic system [54-56]. Among the available polymers, PVDF (polyvinylidene
fluoride) is on edge due to its relatively high dielectric constant (~12), low tangent loss (~0.03)
and high breakdown strength (~MV/m). These electrical behavior of PVDF are tunable due to
its various crystalline phases, i.e., a, B, v, 6 and & [57-59]. Among the ceramic fillers, barium
strontium titanate (BST) exhibits a high dielectric constant and low tangent loss over a wide
frequency range (100 Hz-1 MHz), which is helpful for its application in various electronic
devices [60-62], which makes BST as suitable ceramic filler in polymeric matrix for

developing polymer ceramic nanocomposites.



This chapter briefly discusses about the dielectric properties, energy storage behavior and
breakdown strength of the nanocomposites, as well as their modification by different
processing conditions. The discussion is centered around PVDF-based dielectric polymer
nanocomposites. The aim of the thesis is outlined in the final section of this chapter.

1.2 High-energy density capacitors: Properties and applications
The electrostatic energy density of a capacitor is given as (Ug) = %&SOE%, where €, & are the

vacuum permittivity (8.854 x 102 F/m) & dielectric constant and Ep is the dielectric
breakdown strength [24]. Also, the charging and discharging energy density for a given

dielectric material can be calculated from unipolar displacement vs. electric field data, as
shown in Fig. 1.1. The charging energy density (Uc) is calculated using | OPmax E.dP, whereas

discharge energy density (Up) is calculated using |, :Tmax E.dP and the final energy efficiency

(m) is calculated by using the following formula [63]:

_Discharge energy density (Up)

% x 100% (1.1)

Charge energy density (Uc)

Fig.:1.1 Schematic representation for the High-energy  density ~ capacitors  are
calculation of charging and discharging

energy density using unipolar D-E loop cssential  components in modern

U gischarei . .
discharging electronics, serving as energy storage

devices that can rapidly discharge stored

energy when needed [64-66]. The
polypropylene (PP) has been employed as a
commercial high-energy density capacitor

material (~2J/cc) [67]. The low dielectric

Electric displacement (D)

constant of PP limits its discharge energy

» density. However, in comparison to
Electric field (E)

polypropylene, the PVDF polymer stands



out as a superior material for capacitors as PVDF has a higher dielectric constant than PP,
whereas their dielectric breakdown strength is almost comparable. The nanocomposite of

PVDF with high-permittivity ceramic

Fig.:1.2 Applications of polymer based
energy storage capacitors

nanofiller can lead to a material
characterized by high permittivity, high
dielectric breakdown strength, and ease of
processing [68,69]. These materials may be

suitable choices for the design and

Energy

development of  high-energy-density c::;:?tg:rs
capacitors. Properties such as high voltage Badar! Palsed EMP/ Fusion
laser reactor
handling capability, fast charge/discharge (((l))) @
rates, and long cycle life are crucial Pulsed power
applications

characteristics of high energy density

capacitors, making them crucial in various applications, including electric vehicles, renewable
energy systems, and pulse power applications, as shown in Fig. 1.2 [46,70-72].

A detailed discussion about the PVDF, ceramic dielectric BST ((Ba,Sr)TiO3) and the PVDF-
based composites, including their structural, dielectric, energy storage and breakdown
properties, is given in the following sections.

1.3 Polyvinylidene fluoride (PVDF): Properties and applications

Polyvinylidene fluoride (PVDF, -(C2H2F2)s-) is a polymer composed of a long carbon chain
with fluorine and hydrogen atoms attached to the carbon atoms. Its melting point is 180 °C,
and it is stable at room temperature. PVDF has five crystalline forms, designated as a, B, v, 6
and &, which depend on the processing conditions. The a-phase is non-polar, while the  and
y-phases are polar. PVDF is semi-crystalline and exhibits piezoelectric, pyroelectric, and

ferroelectric properties [57,58]. Among the five phases, the f-phase possesses exceptional



Fig.: 1.3 XRD pattern of (a) pure PVDF film [73]
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ferroelectric  and  piezoelectric
properties and has an all-trans-trans
(TTTT) configuration (making it
polar). On the other hand, the a-phase
has a  trans-gauche (TGTQG)
configuration and is non-polar. The y-
phase is also polar due to its TTTG
configuration, while the d-phase

exhibits a TGTG configuration with

all dipoles aligned parallel to each other [73]. The formation of these phases in PVDF is

influenced by various processing
conditions such as temperature, poling,
quenching and the method of synthesis
[62,74—79]. The crystalline phases of
PVDF can be determined by analyzing
the X-ray diffraction (XRD) and
Fourier transform infrared (FTIR)
spectroscopy. The presence of

different phases (i.e. a, B, v and 9) in

the PVDF polymer is confirmed by

Fig.: 1.4 FTIR spectra of PVDF with different
crystalline phases [57]
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Fig. 1.3 [73] and Fig. 1.4 [57] by using X-ray diffraction (XRD) and Fourier transform infrared

(FTIR) spectroscopy as shown above. Dielectric studies, i.e., dielectric constant and tangent

loss of PVDF has also been studied [35,36,62,63,68,80,81].



The occurrence of the dielectric constant in a material is attributed to its polarizability. The

overall polarizability can be categorized into electronic, ionic, and dipolar polarization [82,83].

Electronic polarization occurs when the electron shell displacement relative to the nucleus is

known, while ionic polarization happens when the displacement of a charged ion with respect

to other ions is observed [82]. Dipolar polarization arises from the orientation changes of

Fig.: 1.5
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molecules with a permanent electric dipole
moment in response to an applied electric field
[82,83]. Heterogeneous materials accumulate
charge at structural interfaces, resulting in
interfacial polarization. As a result, most
heterogeneous materials possess insulating
properties. Interface or space polarization
typically occurs at the grain boundaries or any
other interface, such as the electrode-material
interface [83]. The dielectric behavior of PVDF
is explained on the behalf of existing physics
and apparent phenomena taking place due to
variations in the processing.

The dielectric behavior of PVDF is primarily

influenced by interfacial and orientational

polarizability. Interfacial polarization governs the dielectric behavior at lower frequencies,

while orientation polarizability dominates at frequencies less than 10 MHz [82,83]. Typically,

the dielectric constant of PVDF is higher in the lower frequency range, i.e., less than 1kHz and

decreases in the high-frequency region, i.e., greater than 100 kHz. This high dielectric constant

in the lower frequency range is due to the Maxwell-Wagner-Sillar (MWS), interfacial, and



space polarization [83,84]. The dielectric constant Fig.: 1.6 Unipolar and dipolar D-E

hysteresis loops of (a) a-, (b) B- and

of the o and B phases is significantly higher () y-PVDF films [81]

compared to that of the y phase, as shown in Fig.
a-PVDF
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tangent loss arises due to the combined effect of
electron conduction, interfacial polarization, and

dipolar relaxation, with electron conduction and ©)

interfacial polarization dominating the frequency 20 - h;d . 100 200
range of 1 kHz to 100 kHz [36]. The B-phase has the highest saturation polarization, affirming
its ferroelectric nature, but is not ideal for capacitor-based energy storage due to a large
ferroelectric loop causing energy loss, as shown in Fig. 1.6 [85,86]. In contrast, the y-phase
exhibits better energy storage characteristics, including higher discharge energy density and
efficiency [87]. Hence, the PVDF polymer stands out as the most suitable matrix for making
polymer-ceramic nanocomposites, given its stability, versatility, and ease of processability
[80,88,89]

(Ba,Sr)TiO; (BST) has emerged as an excellent nanofiller for polymer-ceramic

nanocomposites because of its peculiar characteristics, such as high dielectric constant, low



tangent loss and moderate breakdown strength, which enhance the overall performance of the
composite material. BST nanoparticles contribute to increased capacitance, improved electrical
insulation and high dielectric breakdown strength in the nanocomposites. The subsequent
section briefly discusses the structural and dielectric properties of barium strontium titanate
(BST).

1.4 Barium strontium titanate ((Ba,Sr)TiOs3): Properties and applications

The present section gives insights into barium strontium titanate's structural and dielectric
properties.

Barium strontium titanate (BST),  gjo . 1.7 Variation of dielectric constant and tangent

. . loss with frequency for Bao.sSro2TiOs ceramic
a ceramic compound, has received

4500 0.100
considerable attention in the field 1000
of  materials science  and ~ 3500
T;.’/ 2000 ; 0.075 "E
electronics due to its unique £ ‘ g
§ 2500 _§
structure and remarkable Z J E
% 2000 .' - 0.050 L:Ef
properties. BST is essentially a & 50} s -
l..
solid solution, blending two 1000°F
500 L L L 0.025
distinct perovskite oxides, barium 100 1k 10K 100K ™

Frequency (Hz)

titanate (BaTiO3) and strontium titanate (SrTiO3), with the general formula (Ba, Sr)TiO3
[90,91]. Its structure and properties are highly tunable, making it a versatile material with a
wide range of applications. The crystal structure of BST is perovskite, where a central titanium
(Ti) atom is surrounded by oxygen (O) atoms, forming a cubic lattice. The key feature of
perovskite materials is the arrangement of cations (in this case, barium and strontium) at the
corners of the unit cell. This arrangement allows for manipulating the properties of barium
strontium titanate by altering the ratio of barium to strontium [90,92]. One of the most

important characteristics of BST is its stable dielectric constant over a wide range of



Fig.: 1.8 Room temperature polarization- frequencies as well as low tangent loss, as

electric loops of the unpoled bst ceramics at
10 hz. The inset graphic was the P-E loops
under the excitation of small electric field

shown in Fig. 1.7. The dielectric constant
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allowing precise control of signal processing in communication systems. Furthermore, BST
exhibits ferroelectric behavior, i.e., it possesses a spontaneous electric polarization that can be
switched by applying an external electric field, as shown in Fig. 1.8. The switching polarization
characteristics of BST are used in non-volatile ferroelectric random-access memory (FERAM)
devices [95,96]. The main challenges and opportunities in developing the PVDF based
nanocomposites for high energy density capacitors lie with:

i.  Improvement in dielectric properties.

ii.  Improvement in the breakdown strength of the material.
Combining PVDF with ceramic materials can produce nanocomposites with a moderate
dielectric constant and exceptional dielectric breakdown strength. Furthermore, these
nanocomposites can maintain polarization even under high electric fields, leading to the
development of capacitor materials with a high energy density [12,97]. Extensive research has
been conducted on polymer-ceramic nanocomposites, including PVDF, revealing their
remarkable performance in terms of dielectric and energy storage characteristics. Ceramic

nanoparticles, including PbZrTiO3 (PZT), PbTiO3 (PTO), BaTiO3; (BTO), (Ba,Sr)TiO3 (BST),



have been incorporated into the PVDF polymer matrix to investigate their electrical properties
and to check their suitability in high-energy-density capacitor applications [63,88,98]. Table
1.3 provides the results for the dielectric constant (€'), tangent loss (tan §), discharging energy

density (Up) and breakdown strength (BDS) of PVDF polymer-based nanocomposites.

Table 1.3 Comparative table for PVDF-based nanocomposites

. , tano at 1 Up
Sample Loading | €' at1 kHz KHz (J/ce) BDS Ref.
1.8
0,
PVDF/PZT 20wt% 28 0.02 14 MV/em [73]
PVDF/CCTO 4vol% 12 0.03 0.2 - [63]
389
0,
PVDF/BT 10wt% 19.4 0.07 4.12 MV/m [99]
311
0,
PVDF/BST 7.5vol% 22 0.05 6.95 MV/m [100]
PVDF/BF Swt% 15 0.04 1.15 1000 [101]
' ' kV/em

1.5 Polyvinylidene fluoride (PVDF)-based nanocomposites
A composite material is created by blending two or more components in such a way that it

exhibits a unified set of properties derived from the diverse characteristics of these components.

Fig.: 1.9 (a, b) Surface field emission scanning electron microscope
(FESEM) image and (c) cross-sectional FESEM image of PVDF-BST
trilayered nanocomposite with 3 vol% loading [102]

In this context,
low  dielectric

constant
polymers (such
as PVDF) and

high dielectric

constant ceramics (such as BST) have been combined. This blending process results in the
formation of films that possess a high dielectric constant, low tangent loss and high dielectric
breakdown strength [68,69]. During the synthesis of nanocomposites, one important factor is
the careful adjustment and measurement of the nanoparticle-to-polymer ratio. An excessive
amount of polymer can lead to a situation where the benefits of enhanced dielectric properties
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are diminished. One way of checking the dispersion quality can be by using scanning electron
microscopy, as shown in Fig. 1.9, which shows a multilayered PVDF-BST nanocomposite
thick film with no trace of agglomeration of the BST nanoparticles that are embedded in the
PVDF polymer matrix. It can also be observed here that there is a diffusion of layers due to the
hot-pressing process, and the bending of the film (marked in yellow) around the edge is
observed due to the high power of the electron beam of the FESEM apparatus. The three-layer
structure can be distinguished by the difference in the color contrast presented in the cross-
sectional FESEM image of the PVDF-BST nanocomposite. This is because the top and bottom
layers are cast in the same direction (dark in color) as compared to the middle layer, which is
cast in the opposite direction (lighter in color) [102]. On the other hand, low polymer content

can result in the incomplete suspension of the particles within the polymer matrix, leading to

Fig.: 1.10 Dielectric spectroscopy of
PFBPA-BT:P(VDF-HFP) nanocomposites
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much greater stability up to 1 MHz and significantly lower tangent loss. It's important to
emphasize that the ideal ratio may need to be adapted based on the size of the nanoparticles.
This is because changes in particle size can affect the exposed surface area and overall density
of the dipoles in the nanocomposite [104,105]. In Fig 1.10, the increase of tangent loss for
frequencies >10 kHz is related to the segmental relaxation of polymeric chains i.e., a-relaxation
and dipolar relaxation among the interfacial layers due to the developed local electric field
[106]. The tangent loss of all the nanocomposites is higher at 100 Hz, which decreases with an
increase in frequency (100 Hz-10 kHz). The high value of the tangent loss at 100 Hz is caused
by the molecular motion of polymeric chains and the internal rotation of the crystal. A similar
kind of observation is reported elsewhere [107,108].

Fig.: 1.11 The breakdown strengths at each  Moreover, the percolation threshold of

volume fraction as determined from the

Weibull analysis [103] ceramic nanoparticles in a polymer matrix
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of nanoparticles surpasses the percolation threshold, the composite becomes electrically
conductive due to the formation of a conductive pathway, as observed in Fig. 1.11. This is
crucial in applications with high breakdown strength, such as high-voltage insulation materials

or high-energy density capacitors. By carefully controlling the nanoparticle concentration and

distribution in the polymer matrix, it is possible to optimize the electric breakdown strength of
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the composite, making it a key factor in the development of advanced dielectric materials for

various electrical and electronic applications.
Furthermore, the high-temperature use of
polymer-ceramic nanocomposite thick films
holds immense importance in addressing the
growing demand for materials capable of
withstanding extreme thermal conditions. As
industries such as aerospace, automotive, energy,
and electronics continue to push the boundaries
of performance, the need for advanced materials
that can work at elevated temperatures becomes
increasingly critical [15,109,110]. Previous
investigations have confirmed the significance of
thermal stability concerning the dielectric
behavior, specifically focusing on parameters
such as dielectric constant and loss tangent. This
emphasis on thermal stability is pivotal in the
synthesis and design of polymer-ceramic
nanocomposites tailored for high-energy density
capacitors intended for utilization in elevated

temperature environments and under harsh

Fig.: 1.12 (i) Unipolar D-E loop (ii)
Discharge energy density (iii) Energy
efficiency under applied electric field of
(a) PVDF-4CCTO, (b) PVDF-8CCTO,
(¢) PVDF-12CCTO and, (d) PVDF-
15CCTO nanocomposite films [63]
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operating conditions [111,112]. Research groups around the world have studied polymer-

ceramic nanocomposite films to fulfill this need by combining the unique attributes of polymers

and ceramics, offering a versatile and robust solution. The electronics industry uses the high-

temperature resistance of these films in the development of electronic components that operate
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in demanding thermal environments. Their dielectric properties and thermal conductivity make
them essential for high-temperature electronic circuitry, ensuring reliability and longevity
[112-114].

On the other hand, polymer-ceramic nanocomposites have also emerged as an excellent choice
for high-energy density capacitors, attributed to their moderate dielectric constant and
impressive breakdown strength [68,69]. Several research groups have been working on the
synthesis of polymer-ceramic nanocomposites with increased discharge energy density (Up)
and high breakdown strength (BDS) [99,115,116]. However, it is very important for polymer-
ceramic nanocomposites to have both high efficiency () and discharge energy density for
optimal performance in pulsed power as well as high-energy density capacitor applications.
Generally, high discharge energy densities have been obtained in these nanocomposites by
increasing the volume/weight percentage loading of ceramic nanoparticles. Yet, this approach
often compromises the breakdown strength, which is detrimental to the overall energy storage
behavior [60,117]. So, the main challenge lies in obtaining high discharge energy density with
low hysteretic loss and good breakdown strength at a low loading of the ceramic nanofillers.
The variation in energy storage properties of a PVDF polymer-based nanocomposite is shown
in Fig. 1.12.

Though the dielectric properties, breakdown strength and energy storage properties of the
dielectric polymer and ceramic nanocomposite are modified, but the extent of modification is
influenced by various alterations in processing conditions and engineering of the
nanocomposites, such as stretching/processing, functionalization, hierarchical engineering or
multilayered structures. A brief discussion about these modifications is done in the subsequent

section.
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1.6 Strategies to improve the dielectric performance of polymer-ceramic nanocomposites

Apart from the choice of dielectric polymer matrix and ceramic nanofiller for making
nanocomposites, the compatibility of ceramic nanoparticles with the PVDF matrix plays an
important role. The modification in crystalline structure, morphological structure, dielectric
behavior and energy storage behavior have been reported by several research groups. Some
aspects of improving the compatibility between ceramic nanoparticles and polymer matrix have
been summarized below. A comparative table showing the dielectric constant, tangent loss,
breakdown strength (BDS) and discharge energy density with respect to the method type is

given in Table 1.4.

Table 1.4 Comparative table for method-based nanocomposites

. ¢ atl | tand at Up
Method Sample | Loading kHz | 1kHz | (J/cc) BDS Ref.
Stretching/ pvDE/GO | U 27 | 0.02 ] - gy
processing wt%

Functionalization | PVDF/BT 73 24 0.02 5.6 3300 [119]

vol% ) ) kV/m

Hierarchical PVDF/TiO 10 3128
structure 2-BT-TiO> vol% 12.6 0.03 44 kV/cm 53]

Multilayer 5 4474
structure PVDEF/BT vol% 11 0.03 6.2 V/em [120]

a.) Stretching or processing: Stretching, or mechanical deformation, is employed to align
and orient the polymer chains and nanoparticles within the composite structure. This process
leads to improved crystallinity and alignment of the ferroelectric domains, resulting in
enhanced dielectric properties such as permittivity and breakdown strength. The stretching-
induced molecular orientation promotes better charge mobility and polarization behavior,
thereby influencing the overall electrical response of the nanocomposite. This tailored
approach to manipulating the material's structure through stretching not only contributes to the
efficient utilization of the ferroelectric properties of ceramic nanoparticles but also enhances

the overall dielectric performance of the polymer-ceramic nanocomposites [118,121,122].

15



Mishra et al. [118] observed that the mechanical stretching of PVDF-GO composites led to the
development of polar B-phase structures due to the heightened stress concentration in the
interfacial region. This further led to the improvement in dielectric constant (28.5 for PVDF-
GO and 27.5 for PVDF-rGO) and reduced tangent loss (0.025 for PVDF-GO and 0.015 for
PVDF-rGO) of such stretched PVDF polymer-based composites.

b.) Functionalization: Functionalization involves the introduction of specific functional

groups onto the surface of ceramic nanoparticles or within the polymer matrix, as shown in

Fig. 1.13. This Fig.: 1.13 Schematic diagram illustrating hydroxylation of
the BST-NPs and formation of a bond between the F atoms

modification enhances on the PVDF chains and the —OH groups on surface of the
BST-NPs—-OH [119]
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reducing aggregation. The improved dispersion leads to increased interfacial polarization,
resulting in enhanced dielectric constant and reduced tangent loss in the nanocomposites.
Additionally, functionalization can facilitate better interfacial interactions, allowing for the
formation of a well-defined interface that mitigates charge carrier's scattering and leakage
[123-125]. Liu et al. [119] reported that 3-aminopropyltriethoxysilane (APS) modified
BaTiO3 nanofibers could facilitate in the better dispersion of the BaTiO3 nanofibers in the
PVDF polymer matrix and strongly couple with the polymer matrix by chemical bonds in the
interfacial layer. An energy density of 5.6 J/cc at 3000 kV/cm is observed for 2.5 vol% BT-
NF-APS loading with an efficiency of 63.3%, along with a breakdown strength of 3300

kV/cm.
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c.) Hierarchical structure: The hierarchical structural arrangement involves the

incorporation of multi-level components, creating a synergistic effect that significantly

Fig.: 1.14 Schematic diagrams of hierarchical optimization

. - . . improves the overall
and its contribution to energy storage properties [128]
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interfacial polarization and
charge storage capabilities, as shown in Fig. 1.14. Furthermore, at the nanoscale, the specific
orientation and alignment of the ceramic nanoparticles within the polymer chains contribute to
the enhanced dielectric constant and reduced loss tangent. This hierarchical structure facilitates
improved charge transport and storage, resulting in increased dielectric strength and enhanced
energy storage capabilities in polymer-ceramic nanocomposites [55,126—128]. Prateek et al.
[55] constructed a hierarchical architecture of core multishell TiO>—BT—-TiO2@dopa NPs as
nanofillers to study the effect of interface modulation on the dielectric properties of the PVDF-
polymer nanocomposite-based capacitors. The maximum energy density of 4.4 J/cm® is
obtained, which is ascribed to the fact that each TiO,—BT-TiO>@dopa NP works as an
individual capacitor with an improved interface surrounding the polymer matrix, resulting in
improved dielectric performance as compared to that of PVDF. The breakdown strength of the
nanocomposites improved to 3128 kV/cm, which is due to the formation of enclosed interfacial
zones (TiO—BT and BT-TiO;) and reduced leakage current, which helped in charge

entrapment in both NPs and polymer matrix.
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d.) Multilayered structure: The integration of a multilayered architecture in these
nanocomposites offers several advantages that contribute to improved dielectric performance,

as depicted by Fig. 1.15. Firstly, the multilayered structure provides a larger interfacial area

between the polymer Fig.: 1.15 Schematics of the interaction of PVP with the top
and bottom layers of PVDF leading to an enhancement in
matrix and ceramic  the energy storage properties [120]

nanoparticles, promoting U,=16Jem? U,=6.2Jcm?

E, =1872kVcm’ E, =4474kVcm'
a more efficient N + .’+ oy N - .+ + L -l-.
interaction and + P

distribution of the filler
" Interface

Activation

within  the  polymer
matrix. This enhanced  PYDF-PVDF BT/PVDF-PVP-BT/PVDF
dispersion helps in reducing agglomeration, ensuring a more uniform distribution of the
nanoparticles and preventing the formation of large clusters that could negatively impact
dielectric properties. Additionally, the multilayered configuration may create interfaces with
varying dielectric constants, leading to improved polarization and charge storage capabilities.
This results in enhanced overall dielectric constant and reduced tangent loss, making
multilayered nanocomposites promising materials for advanced electronic applications such as
capacitors and energy storage devices [115,120,129,130]. Prateek et al. [120] studied the use
of a polyvinylpyrrolidone (PVP) linker layer as an adhesive in multilayered BaTiOs;
nanofiber/PVDF nanocomposites and found that it improved the dielectric behavior and energy
storage properties, which is caused by homogeneous surfaces due to the presence of the
multilayer PVDF. A discharge energy density of 6.2 J/cc with a breakdown strength of 4474
kV/cm is observed for the multilayered nanocomposite structure. The integration of PVDF and
(Ba,Sr)TiOs creates a synergistic approach and the exploration of the unique strengths of each

material. PVDF, known for its high dielectric breakdown strength, contributes remarkable
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flexibility and processability, while (Ba,Sr)TiO; brings tunable dielectric properties to the
composite. This combination not only increases the dielectric performance but also opens the
doors for tailored applications, as this type of composite holds the promise of achieving high
energy density in capacitors, addressing the escalating need for efficient energy storage
solutions in contemporary electronic devices. The inherent thermal stability of PVDF, further
improved by (Ba,Sr)TiOs, ensures reliable performance even under harsh environmental
conditions. These observations lead to the motivation of the thesis, which is given in the
following section.

1.7 Motivation of thesis

The attainment of high dielectric constant, high breakdown strength and low tangent loss in the
dielectric polymer ceramic nanocomposites at low volume percentage loading of the ceramic
nanofiller is still challenging. The interfacial modification of the polymer/ceramic interface in
the polymer ceramic nanocomposites by the various processes such as surface functionalization
and by developing specially architectured structures has been found to lead towards improved
direlectric and energy storage behavior. Apart from interfacial processing, the choice of
ceramic nanofillers is also important for achieving the good dielectric properties.

The inherent nature of (Ba,Sr)TiO; materials, characterized by a notably high dielectric
constant over a wider frequency range, contributes to reduced energy loss in the polyvinylidene
fluoride-(Ba,Sr)TiO3 nanocomposites, which may enhance the energy efficiency. Additionally,
the ceramic filler's size and concentration in the polymer matrix should be minimized to as low
as possible for maintaining breakdown and mechanical strength in the nanocomposites. A
comprehensive and analytical investigation of the dielectric and energy storage characteristics
of this nanocomposite holds significant importance for academic, scientific, and technological

communities. Therefore, the incorporation of (Ba,Sr)TiOs (BST) nanoparticles in the
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polyvinylidene fluoride (PVDF) matrix could lead towards promising nanocomposites for
developing the high-energy density capacitors and pulsed power applications.
Taking the existing aspect of the physical parameters, the thesis aims to achieve the following
objectives:

1) To synthesize and characterize the (Ba,Sr)TiO3 (BST) nanoparticles.

2) To investigate the energy storage behavior of PVDF-BST nanocomposites.

3) To investigate the effect of surface functionalization of BST on the dielectric behavior

of PVDF-BST nanocomposites.
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Chapter 2

Experimental techniques



2.1 Introduction

This chapter provides a comprehensive overview of the methodologies employed in the
fabrication and analysis of ceramics and polymer nanocomposites, with a particular focus on
polyvinylidene difluoride (PVDF) polymer and barium strontium titanate (Bao.gSto2TiO3, BST)
ceramic nanoparticles. The BST nanoparticles are prepared through the hydrothermal method
and subsequently integrated into the PVDF matrix to form polymer-ceramic nanocomposites.
The PVDF-BST nanocomposite films are fabricated using a tape-casting process. Various
analytical tools are utilized to probe the structural, compositional and morphological aspects
of both BST nanoparticles and PVDF-BST nanocomposite films. These tools include X-ray
diffraction (XRD) for investigating the crystallographic structure, scanning electron
microscopy (SEM) for assessing the surface morphology, and transmission electron
microscopy (TEM) for determining the particle size of BST nanoparticles. Fourier transform
infrared spectroscopy (FTIR) is employed to study the bonding and polymorphic forms within
the PVDF-BST nanocomposite films. Dielectric measurements are conducted to gain insights
into the capacitive and dielectric behavior of both BST pellets and PVDF-BST nanocomposite
films. Electric displacement versus electric field measurements are carried out to ascertain the
charging and discharging energy density and efficiency of the capacitors based on the
synthesized PVDF-BST nanocomposite films. The electrical breakdown analysis is utterly
important for the polymer-based nanocomposites employed for the high energy density
capacitors. Danbridge Denmark 30 kV Non-destructive Insulation Tester with a ramp voltage
of 1kV/sec is employed for measuring electrical breakdown strength.

This chapter briefly explains about the experimental techniques, processes and methods

employed in the present thesis work.
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2.2 Synthesis process

Barium strontium titanate (BaosSro2TiO3, BST) nanoparticles have been synthesized by
hydrothermal process. Tape casting technique have been employed for synthesizing the
polyvinylidene fluoride (PVDF)-BST nanocomposite films, which is essential for the
investigation of their dielectric and energy storage characteristics. The processes and methods
used for synthesizing the BST nanoparticles and PVDF-BST nanocomposite films are
explained in the subsequent sections.

2.2.1 Synthesis of barium strontium titanate (Bao.sSro.2TiO3) nanoparticles

The hydrothermal process is used for the synthesis of barium strontium titanate (Bao.§Sro.2TiO3)
nanoparticles. Here, barium chloride dihydrate (BaCl,-2H»0), strontium chloride hexahydrate
(SrCl2-6H20), and titanium trichloride (TiCl3) (all from Sigma Aldrich) served as the precursor
compounds. These compounds are precisely weighed to ensure a stoichiometric composition.
BaCl>-2H>0O and SrCl>-6H20 are dissolved in distilled water and stirred mechanically until a
clear solution (designated as solution A) is achieved. Subsequently, TiCls is added drop by drop
to solution A, ensuring homogenization through magnetic stirring for 1 hour while maintaining
a temperature of 50 °C (referred to as solution B). Following this, a NaOH solution is
introduced into solution B under vigorous stirring, yielding a precipitate solution. This solution
is then transferred to a Teflon-lined autoclave and placed inside an oven set to 180°C for 12
hours. The autoclave is then cooled to room temperature, and the resulting precipitates are
subjected to six cycles of washing with distilled water. After washing, the precipitates are dried
at 80 °C overnight and subsequently subjected to calcination at 800 °C for 2 hours to produce
(Ba,Sr)TiO3 nanoparticles.

2.2.2 Synthesis of polyvinylidene fluoride-Bao.sSro.2TiO3 nanocomposite films

PVDF-BST nanocomposites containing of different volume percentage loadings of BST

nanoparticles are synthesized using the tape casting technique. Initially, commercially procured
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polyvinylidene fluoride (PVDF) powder (Alfa Aesar) is dissolved in N,N-dimethylformamide

(DMF) (Loba Chemie) and stirred ~ Fig. 2.1 Schematic representation of the tape casting
process for making PVDF-BST nanocomposite thick

using a magnetic stirrer at room  films

temperature for 2 hours (solution

I). Subsequently, different volume @\ - =
of the BST nanoparticles are 1 ’ . 7

Probe sonication h | stirring of sol Pouring of slurry onto tape
b : : PVDF+DMF+BST(0.75, 1.5, | at 60 °C for 12 hrs. casting bed (pre-set at 70°C)
introduced into solution I. After the L

solution |

addition of BST nanoparticles, the

solution s subjected  to

BST8 nanoparticles \\ )

ultrasonication for 30 minutes to Peeling off the thick film from casting bed

PVDF matrix

. . PVDF-BST nanocomposite thick film
ensure the proper dispersion of

BST nanoparticles within the PVDF matrix. The sonicated solution is further stirred for 12
hours at 60 °C, ensuring the homogeneous distribution of BST nanoparticles in the PVDF
matrix. This process results in the thickening of the solution, and the resultant solution is cast
into thick films by using TMAX tape casting equipment preset at 70 °C for 2 hours. The
complete evaporation of DMF is ensured by heating the nanocomposite films in a vacuum oven
at 150 °C for 8 hours. Afterward, the nanocomposite films are allowed to cool in the air. A
schematic diagram depicting the synthesis of PVDF-BST nanocomposite thick films is shown
in Figure 2.1.

2.2.3 Functionalization of barium strontium titanate (Bao.sSro2TiO3) nanoparticles
(Ba,Sr)TiO3; (BST) nanoparticles synthesized by the hydrothermal method are subjected to
functionalization with different functional groups, i.e. —OH™! and —P0,;3. The important
chemicals for functionalizing with —OH™! and —P0, 3 are hydrogen peroxide (H.0,) and
phosphoric acid (H3POs), respectively. Initially, 3 grams of BST nanopowder is dispersed in

100 ml DI water and sonicated for 30 minutes. Subsequently, the solution is subjected to
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magnetic stirring at 80 °C for 1 hour, followed by the addition of 100 ml of hydrogen peroxide

Fig. 2.2 Schematic representation of (H202) and 100 ml of phosphoric

functionalization of BST nanoparticles using H20: acid (H:POs) into the stirred

solutions,  respectively. ~ The

solutions are then continuously

they are allowed to cool down to
room temperature. The cooled

=)
=)
H()ﬁ*—ou
@ H,0, i L stirred until drying and afterwards,
=
&O\(@b
~a°/ %

solution is then centrifuged and

Surface hydroxylated

BET nanopartieles BST nanoparticles

washed with DI water at 10000
rpm for 10 minutes. The resulting centrifuged product is subsequently dried at 60°C for 12
hours, resulting in the functionalization of BST nanoparticles with —OH™! groups and -
PO; 3 groups, respectively. A schematic representation of the functionalization of BST
nanoparticles using H>O» is shown in Figure 2.2. Finally, the functionalized BST nanoparticles
are incorporated into the PVDF polymer matrix at 3% volume loading, and the casting process
for creating PVDF-BST nanocomposite films is carried out in the same manner as described in
section 2.2.2 above.

2.3 Characterization techniques

The characterization techniques necessary for the detailed understanding about the dielectric
and energy storage behavior of PVDF-BST nanocomposite films are broadly divided into two
categories. The first one is the structural and morphological characterization, while the another

one is the electrical characterization. These techniques are briefly described in the following

subsections.
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2.3.1 Structural characterizations
X-ray diffraction (XRD) and Fourier transform infrared (FTIR) are used for determining the
presence of crystalline phase and molecular bonding pattern in the BST nanoparticles and
PVDF-BST nanocomposites. These techniques are explained as follows:
2.3.1.1 X-ray diffraction
X-ray diffraction (XRD) is an indispensable analytical technique widely utilized in various
fields of science and engineering, especially in materials research. It plays a pivotal role in
characterizing the crystalline structure of materials by measuring the diffraction patterns
resulting from X-ray beams interacting with the atomic arrangement within a sample. Through
XRD analysis, we can identify crystallographic phases, determine lattice parameters and gain
insights into the atomic positions within a crystalline material [1,2]. This information is
invaluable in understanding the structural properties of materials, making XRD an essential
tool for investigating the composition and stability of a wide range of substances, from minerals
and metals to polymers and biomaterials. Incident X-rays give rise to constructive interference
upon interaction with the sample, a phenomenon that satisfies the principles of Bragg's law,
given as:

2d Sinf =nh (2.1)
Here, the variable d represents the separation distance between diffracting planes in a crystal,
0 signifies the incident angle, n is an integer and A denotes the wavelength of the incident beam.
X-rays are chosen as the preferred radiation source for generating diffraction patterns because
their wavelength falls within a comparable range to the crystal plane spacing (typically 1-100
A). The precise measurement of diffraction peak positions through XRD distinguishes it as the
most effective method for characterizing both uniform and non-uniform strains within

materials.
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In this study, we have employed X-ray diffraction (XRD) utilizing a PANalytical instrument
to distinguish and identify the crystallographic phases present in (Ba,Sr)TiO3 (BST)
nanoparticles and the PVDF-BST nanocomposite thick films.

2.3.1.2 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectroscopy serves as a tool for elucidating information
regarding the molecular structure and the vibrational or rotational characteristics of chemical
bonds and identifying functional groups within a given compound or sample. The FTIR method
operates in either absorption or transmission modes and when the sample is exposed to IR
radiation, it selectively absorbs specific wavelengths, suggesting its unique characteristics. The
infrared (IR) spectrum have a wavenumber range of 4000 cm™ to 400 cm™. The infrared
radiation from the source is directed to the interferometer, which splits the beam of radiation
into two parts. Transmitted light falls onto two mirrors (one fixed and the other moving) and
the reflected light coming from both mirrors at the beam splitter falls on the sample. These two
rays reflected from the sample interfere and produce FTIR spectra, which are recorded by the
detector. The remaining radiation is either transmitted or reflected, providing valuable
information about the vibrational modes of atomic and molecular species, including changes
in bond length (stretching) and bond angle (bending) [3.4].

In this investigation, FTIR spectra have been recorded using the Agilent Resolution Pro Cary
660 to examine the bonding patterns and various polymorphs within PVDF-BST
nanocomposite thick films. Additionally, the confirmation of -OH group and -P0; 3 group
functionalization in BST nanoparticles and PVDF-BST nanocomposites has been established
through FTIR measurements.

2.3.2 Morphological characterizations

The morphological characterization is essential for examining the surfaces and interfaces of

the BST nanoparticles and PVDF-BST nanocomposites. The morphological character
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determines the degree of compatibility of the BST nanofiller with the PVDF matrix, which
influences their dielectric and energy storage behavior. Scanning electron microscopy (SEM)
and high-resolution transmission electron microscopy (HRTEM) are used for these
characterizations, which are discussed as follows:

2.3.2.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a crucial imaging and analytical tool that plays an
important role in scientific research and the characterization of materials. SEM allows us to
explore the microscopic world with exceptional resolution, offering detailed insights into the
surface morphology and structure of various materials, from biological specimens to
engineered components. By employing a focused beam of electrons to interact with the
sample's surface, SEM generates high-resolution images, enabling the visualization of features
at the nanoscale [5]. Moreover, SEM is not limited to visual examination alone; it provides the
capability for elemental analysis through energy-dispersive X-ray spectroscopy (EDS)
attachments, making it a versatile tool for characterizing both the topography and composition
of materials. SEM operates by directing a focused beam of high-energy electrons onto the
surface of the sample. These electrons interact with the sample, causing the emission of
secondary electrons and backscattered electrons. Detectors capture and analyze these emissions
to create detailed images that reveal the surface morphology and composition of the material
at high magnification.

During this investigation, the microstructure and surface morphology of BST nanoparticles and
PVDF-BST nanocomposite thick films have been studied using the JEOL JSM-6610LV SEM
instrument.

2.3.2.2 High-resolution transmission electron microscopy (HRTEM)

High-resolution transmission electron microscopy (HRTEM) stands out as a pivotal technique

in material science for investigating the internal structure and analysis of features at the atomic
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scale, typically within a range of a few nanometers. This method relies on the utilization of an
electron beam to pass through the sample, generating a significantly magnified image of the
specimen. A high voltage, typically in the kilovolt range, is applied to the cathode, thereby
producing an electron beam that navigates through electromagnetic coils (lenses). To ensure
optimal performance, the electron beam is accelerated through these lenses, possessing
sufficient energy, typically in the range of 100 to 400 keV. This energy is crucial for generating
an electron beam with a diameter of the order of tens of nanometers. This electron beam helps
in generating a monochromatic image that reveals morphological, compositional, and
crystallographic details of the sample. Notably, HRTEM has the capability to unveil the finest
internal structures, reaching down to the scale of individual atoms [6].

In this study, JEOL 2100 F HRTEM is employed to examine the particle size and distribution
of BST nanoparticles. The sample preparation for TEM has been done by adding a minute
quantity of BST powder into ethanol and drop-casting this solution onto carbon-coated grids.
2.3.3 Electrical characterizations

The electrical characterization used in the present study includes the measurement of the
electrical parameters at low voltage and high voltage. The low voltage (<1V) is employed for
studying the dielectric characteristics, i.e. dielectric constant and tangent loss. The
measurement of the D-E loop and electrical breakdown strength involves high voltage
(>10kV), which are essential for ascertaining the energy storage behavior. These techniques
are discussed briefly in the following subsections as follows:

2.3.3.1 Dielectric measurements

When a dielectric material is subjected to an electric field, it undergoes a phenomenon known
as dielectric polarization. In contrast to electrical conductors, the electric charges within the
dielectric do not flow; instead, they subtly shift from their average positions. This shift results

in the displacement of positive charges in the direction of the applied field, while negative
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charges move in the opposite direction. Consequently, an internal electric field is generated

within the dielectric, mitigating the overall external electric field. The capacity of dielectric

materials to  store Fig.2.3. Schematic representation of the dielectric
characteristic measurements setup
energy is ascribed to

this polarization Computer system to record data
process, wherein
electric charges

undergo separation and  electrode
alignment under the

influence of the

applied electric field.

This phenomenon

Lower
electrode

leads to an increase in Sample holder
Sample
capacitance. Various polarization mechanisms contribute to this effect, including electronic,
ionic, molecular (dipole), and interfacial (space-charge) polarization. When an electric field is
applied to each of these mechanisms in their normal state, charge displacement occurs,
resulting in polarization aligned with the field direction. Describing the dielectric material as a
capacitor, it stores electric charges +Q (in coulombs) on its surfaces, between which a potential
difference V (in volts) is applied. This relationship is governed by Q = CV. Here, C (in farads)

denotes the capacitance of the system, representing the amount of electric charge that can be

stored in the capacitor. The connection between C and the dielectric constant is given by C =

A—S;’ET, where &, signifies the dielectric constant of free space (8.854 x 10! F/m), A (in meters)

represents the area of the electrical conductor, d (in meters) denotes the thickness of the
dielectric layer and &, is the dielectric constant of the dielectric material [7,8]. Commonly, the

dielectric constant is assessed using instruments like LCR meters or impedance analyzers,
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employing a parallel plate configuration with the sample subjected to a minimal voltage (e.g.,
0.5 V-5 V). The formation of interfaces in polymer-ceramic nanocomposites markedly affects
the dielectric behavior. The frequency-dependent dielectric constant offers insights into the
relaxation phenomena taking place in various materials, whereas the temperature-dependent
dielectric constant gives us information about the reliability of the material in harsh
environments and its different applications.

On the other hand, the tangent loss (tan 9) is a measure of the energy lost as heat during each
cycle of the electric field. Studying its variation with temperature can provide insights into the
material's ability to dissipate heat and the presence of any temperature-dependent loss

mechanisms. This information is crucial for applications where heat dissipation is a concern. It

is dependent on the dielectric constant of a material as tan & = 3 where €' is the dielectric

constant of the material and &" is known as the loss component. The dielectric properties of
BST pellet and PVDF-BST nanocomposite thin films are measured under an applied voltage
of £1.0 V within the frequency range of 100 Hz-1 MHz and the temperature range of room
temperature (RT)-150 °C using a Wayne Kerr 6500B impedance analyzer. This equipment is
interfaced with the computer. To investigate these properties, silver electrodes are carefully
applied to both sides of the pellet and nanocomposite films using silver paint. The schematic
diagram for the dielectric constant and tangent loss measurements is shown in Fig. 2.3.
2.3.3.2 Displacement vs electric field (D-E loop) measurements

Upon the application of an external voltage, charges of equal magnitude but opposite signs
accumulate at the electrodes, starting the charging process. This process establishes an internal
electric field directed opposite to the external field and intensifies as the accumulated charges
increase. In the course of the charging process, charges are mobilized by the external electric

field, leading to the storage of electrostatic energy in the dielectric layer and the energy stored

is represented by W = [ emax

0 V.dQ, where Qmax denotes the maximum charge attained at the
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completion of the charging process, and dQ represents the incremental charge. For energy-
storage electrostatic capacitors, the energy density Uit quantifies the performance capability
of energy storage. It is expressed as the ratio of stored energy to the volume of the capacitor as

d
7 ) ODmax E.dD, where D signifies the electrical displacement in the

dielectric layer and E is the maximum electric field induced by the accumulated charges,
equivalent to the external electric field. For dielectrics with high permittivity, D closely

approximates the polarization (P) as per D = g, E + P if &, E >> P [9]. Consequently, Utotal =

Pmax
Js

E.dp = [

g,&-E.dE, where g, is the vacuum permittivity, & is the dielectric
permittivity and E is the dielectric/breakdown strength [10]. The final energy efficiency (1) of

Discharge energy density

x 100%. A schematic

the nanocomposites is calculated by using n =
p Yy gn Charg energy density

representation for the calculation of charging and discharging energy density using a unipolar
D-E loop is shown in Fig. 1.1 of section 1.2 in Chapter 1.

Here, we have used a Radiant Precision Multiferroic II Ferroelectric Tester to measure the
displacement loops (D-E) of the PVDF-BST nanocomposite thick films by applying a
triangular wave of 10 Hz frequency.

2.3.2.4 Electrical breakdown strength measurements
. : . 1
For a capacitor, the electrostatic energy density is given as (Ug) = EsrsoEﬁ, where €o, & are the

vacuum permittivity (8.854 x 102 F/m) & dielectric constant and Ep is the dielectric
breakdown strength. So, the dielectric breakdown strength is related to the dielectric
characteristics of the material. Electrical breakdown strength is a critical parameter that
characterizes the ability of a material to withstand electrical stress without undergoing a sudden
breakdown. The breakdown strength is typically measured as the maximum electric field that

a material can endure before experiencing a breakdown, leading to the sudden and irreversible
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conduction of electricity. The breakdown analysis is extremely essential for the

nanocomposites to be employed for high-energy density capacitors.

In the present work, the breakdown strength of the PVDF-BST nanocomposites is measured

by using the Danbridge Denmark 30 kV Non-destructive Insulation Tester with a ramp voltage

of 1 kV/sec. A schematic diagram showing the process of breakdown measurement of the

polymer-based nanocomposites is shown in Fig 2.4. A total of 10 specimens have been chosen
Fig 2.4: Schematic representation for the measurement for recording the breakdown

of breakdown strength of the polymer based
nanocomposites strength.  The  electrical

breakdown strength of any

material is statistical in
0-30kV variable

voltage /

/

High voltage
connecting wires

nature. Therefore, a two-

Circular electrode

(dia. 3mm) parameter Weibull analysis is

usually employed for the

Immersed in
transformer oil

determination of  actual

P‘%:_BST breakdown strength. The

nanocomposite

Weibull equation is given as:

p=1—elEm 22)
where P; is the breakdown probability, m is the shape factor (Weibull modulus) for estimating
data scattering, E; is the average breakdown strength, and E, is the field corresponding to 63.2%
breakdown cumulative probability. The experimental plot is a straight line in the X-Y plane
given by [11,12]:

X=Wm(E)andY = In(—In (1 — F)) (2.3)
Now, to analyze the data using the Weibull distribution, the data is first sorted in ascending
order of breakdown strength voltage and the respective Weibull probability is calculated for
each data point using equation 2.2. Now, we plot the sorted data against their corresponding

42



Weibull probabilities. Afterward, a linear fit is done to the plotted data, and the slope of this
fitted line gives us an estimate for the shape parameter (m), while the intercept of the fitted line

gives the value of the breakdown strength of the material.
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Chapter 3

Studies on the role of electric
field-induced effects on the
structural and dielectric
behavior of polyvinylidene
fluoride-barium strontium
titanate flexible

nanocomposites



3.1 Introduction

Polymer-based ceramic nanocomposites and their dielectric behavior have been in focus for the
last decade due to their prospect of application in high-energy storage capacitors, embedded
electronics, pulse power generation, etc. [1-3]. There are a large number of polymers that are
utilized as a matrix for this purpose, e.g. bi-axially oriented polypropylene [4], polyamide [5],
polyvinylidene fluoride (PVDF) [6,7], polyvinylidene fluoride-trifluoro ethylene (PVDF-TrFE)
[8], polydimethylsiloxane (PDMS) [9] etc. All these polymers have a very low dielectric constant
(< 12) [10,11]. The high dielectric constant ceramic particles are incorporated in the matrix of
polymers, in order to make polymer-based nanocomposites, are consisting of lead zirconate
titanate (PZT) (¢' ~600) [12], barium titanate (BaTiO3) (¢' ~1700) [13], strontium titanate (SrTiO3)
(¢' ~1000) [14], calcium copper titanate (CCTO) (&' ~60000) [13], titanium oxide (TiO2) (¢' ~200)
[15], etc. The composites based on high dielectric constant ceramic materials and low dielectric
constant flexible polymers will have a moderate dielectric constant and low tangent loss. PVDF
shows unique behavior among all dielectric polymers with its dielectric constant ~10, tangent loss
~0.05, and breakdown field ~500 MV/m [16]. Apart from this, its ease of processing, the existence
of various crystalline phases (such as a, B, and y crystalline phases), and associated electrical
properties such as ferroelectric, piezoelectric, and pyroelectric [17] make it most suitable for
making polymer-based ceramic nanocomposites. On the other hand, lead-free barium strontium
titanate (BaSrTiOs, BST) possesses very good dielectric behavior with a large dielectric constant
over a wide temperature (-173 °C-120 °C) and frequency (100 Hz - 1 MHz) range [18,19].
Therefore, the dielectric, structural, and energy storage behavior of PVDF-BST nanocomposites
has been widely investigated [7,20,21]. These days, polymer-ceramic nanocomposites with a low

volume/weight percentage of ceramic loading, higher dielectric constant, and low loss are required
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[22]. Several methods have been adopted to achieve high dielectric constant and low loss polymer-
ceramic nanocomposites, such as a change in shape, size, and functionalization of the incorporated
filler, stretching, poling the nanocomposites etc. [20,23-25]. Dopamine-modified Bao.sSro.4T103
(BST) nanofibers-PVDF nanocomposites are found to have much improved dielectric and energy
storage behavior [18], which is attributed to surface modification by dopamine and large aspect
ratio of BST nanofibers. The use of polyvinylpyrrolidone (PVP) linker layer as an adhesive in
multilayered BaTiO3; nanofibers/PVDF nanocomposites is found to improve the dielectric
behavior and energy storage properties [26], which is caused by homogeneous surfaces due to the
presence of the multilayer PVDF. The high discharge energy density in PVDF-based
nanocomposites loaded with fine Bag ¢Sr0.4T103 nanofibers along with a high dielectric constant
(~22) has been achieved [27], which is assigned to the regulation of diameter of 1-D nanofiber and
improvement of interfaces between ceramic filler and PVDF matrix. Dielectric constant and
breakdown field are very important parameters for the material to be used for high-voltage
capacitor applications. The higher volume/weight percentage loading of the ceramic particles in
the polymer-based composites leads to a high dielectric constant, but the breakdown field
decreases. Dielectric properties of polymer-based nanocomposites are improved by different
methods of processing [28,29], interfacial modification [18,27], etc. The high value of the
dielectric constant is usually obtained for higher loading of ceramic nanoparticles as well as poling
at a very high voltage for a longer duration [23,30-32]. The processing techniques adopted for
synthesizing nanocomposite thick films include tape-casting, solution casting, and spin casting
[28,33-35]. The tape-casting method produces large area nanocomposite thick films of uniform
thickness and ensures homogeneous dispersion of ceramic nanoparticles. The application of

electric field is capable of rotating randomly aligned dipoles in the direction of the electric field
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[36], which may change the crystalline phases of PVDF in PVDF-Bag sSro,TiO3 nanocomposite
thick films. There, the motivation of the present work is based on the fact that the exposure of
electric field on PVDF-Bag §Sro.2Ti03 nanocomposite thick films will finally affect the structural
and dielectric properties at very small fractional loading of Bao.§Sro2TiO3; nanoparticle in PVDF
matrix.

The present chapter reports the electric field-induced effect on the dielectric and structural
behavior of tape-casted PVDF-Bag sSro2TiO3 nanocomposite thick films at very small loading of
Bao §Sr0.2TiO3 nanoparticles in PVDF matrix, which could be adopted as an efficient way for
modification and tuning of dielectric behavior of nanocomposites.

3.2 Experimental

It includes the synthesis of PVDF-Bag sSrp2TiO3 (BST) nanocomposite thick films along with their
structural, morphological and dielectric studies, which are described in the following subsections.

3.2.1 Synthesis of PVDF-Bao.sSro.2TiO3 nanocomposite films

BST nanoparticles are synthesized  pjg_ 3 1: Detailed flowchart for the synthesis of BST
nanopowder

using a hydrothermal method, as

discussed in section 2.2.1 of

+

Sl'C|2.6H20

experimental techniques (Chapter

2). A detailed flowchart for the

Addition of NaOH under
vigorous stirring

=

synthesis of BST nanopowder is

shown in Fig. 3.1. PVDF-BST

nanocomposite film with 1.5 vol%
Centrifugation + washing

i rerni 0
with DI water Drying overnight at 100 °C

1
1
1
1
|
v

loading of BST is prepared by tape-

casting using the TMAX tape BS-“er
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Fig. 3.2: Schematic diagram showing the application of ~ €3sting unit as discussed in

electric field on the nanocomposites )
section 2.2.2 of Chapter 2. The

synthesized  nanocomposite

0-30kV variable

voltage i

film is then cut into small

Circularelectrode  pl€ces, which are subjected to
(dia. 3mm)

an electric field of 22 kV/mm

L
High voltage
connecting wires

Immersed in  for 40 min, 50 min, and 60

transformer oil

7 } : < min, respectively. The electric
PVDF-BST
e field 1is applied using

Danbridge Denmark 30 kV Non-destructive Insulation Tester. A schematic diagram showing the
electric field measurements is shown in Fig. 3.2. The samples have been named as 0 min, 40 min,
50 min and 60 min, respectively.

3.2.2 Structural studies of PVDF-Bao.sSro.2TiO3 nanocomposite films

X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) have been employed to examine the phases and surface morphology of the
PVDF-BST nanocomposite films, respectively. Fourier transform infrared spectroscopy (FTIR)
has been utilized to analyze the bonding of different crystalline phases of PVDF matrix in PVDF-
BST nanocomposite films, as detailed in section 2.3.1 of Chapter 2.

3.2.3 Dielectric studies of PVDF-Bao.sSro.2TiO3 nanocomposite films

The dielectric constant and tangent loss of the PVDF-BST nanocomposite thick films have been
measured and analyzed at room temperature. The details of these techniques are already described

in section 2.3.2 of Chapter 2.
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3.3 Results and discussion

The results of structural, morphological and electrical studies are described in the subsequent
sections.

3.3.1 Structural studies

The subsequent sections explain the results obtained from X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR) investigations, scanning electron microscopy (SEM), and

transmission electron microscopy (TEM).

3.3.1.1 X-ray diffraction Fig. 3.3: X-ray diffraction patterns of PVDF-BST
nanocomposites exposed to the electric field for

PVDF-BST nanocomposite films are  gifferent time durations

subjected to an external electric field * Ba, 4Sr,, TiO;
of 22 kV/mm for different time
duration. The presence of a and P

crystalline phases for all films has

Counts (a.u.)

been observed. The P phase with

(110) plane at 20.4° and o phase with

a
(020) plane of PVDF at 18.5° (JCPDS A\ l o

card no. 38-1638) are observed. The 20 30 40 50 60 70
20 ()

diffraction peaks at 22.5°, 31.8°,

39.30°, 45.6°, 51.3°, 56.8°, and 66.4° correspond to (100), (101), (111), (200), (210), (211), and
(220) planes of BST with the tetragonal crystal structure (JCPDS card no. 44-0093) having lattice
parameters a=b =0.3977 nm, ¢ = 0.3988 nm and average crystallite size of ~19 nm (as discussed
in Table 3.1), which are observed for all the PVDF-BST nanocomposite films [20] [37]. The peak

position, crystallite size, FWHM, and d-spacing of BST nanoparticles calculated from the XRD
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pattern using X'Pert Highscore Plus are shown in Table 3.1. The average crystallite size is ~19 nm,

Table: 3.1 Peak position, crystallite size, d-spacing agreeing with the FESEM and TEM

and FWHM of BST nanoparticles calculated from . . .
studies (discussed later in Sec.

XRD pattern
S. No. | Peak pos. | FWHM | d-spacing | Crystallite 3.3.1.3).
°20 °20 A size [nm ,

1 [22'5] 5.2 4,; 3F9§ 4 ~3[ 4 | So, the peaks of BaggSro.TiO3; and
2 31.8 0.370 2.811 ~23 )
3 393 0.442 3290 19 PVDF are observed in all the
4 45.6 0.542 1.987 ~16 nanocomposite films, confirming the
5 56.8 0.680 1.619 ~13 ’
6 66.4 0.827 1.406 ~11

incorporation of BST nanoparticles in
the PVDF polymer matrix [38,39]. But, the duration of electric field application on PVDF-BST
nanocomposite thick films affects the intensity of peaks corresponding to a and 3 phase of PVDF.
With the increase in the time duration of application of the electric field, the intensity of the peak
corresponding to the o phase at 18.5° decreases, whereas for the B phase at 20.4°, the intensity
increases. The peak of B phase for the nanocomposite films having exposure to the electric field
for 50 min and 60 min is more intense than the peak for the film having a lower duration of
exposure to the electric field. The XRD studies confirm that the electric field induces the
enhancement of the B phase in PVDF-BST nanocomposite thick films. Since X-ray diffraction
only shows the probable evolution of the § phase induced by the electric field, Fourier transform
infrared spectroscopy studies will further confirm these findings.

3.3.1.2 Fourier transform infrared spectroscopy

Fig. 3.4 shows the FTIR absorption spectra of PVDF-BST nanocomposite films in the range 1500-
400 cm™!. The formation of the B-phase of PVDF is observed at wavenumbers 429, 508, 835, 874,
1166, 1230, 1278, and 1401 cm™! [40]. The characteristic peaks of the a and B phases of PVDF are

summarized in Table 3.2. The absorption band at 606 cm™! corresponding to the o phase is due to
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the rocking vibration of the CF2 group, whereas the band at 763 cm! is due to a mixture of CF»

bending and GGG skeletal vibrations [41].  Fig. 3.4: Fourier transform infrared absorption
spectra of PVDF-BST nanocomposites exposed
The peaks of o phase corresponding to the  to the electric field for different time durations

absorption band present at 763, 810, and

[0 4
I
I
I

1112 cm™! are absent in 50 min and 60 min
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samples, whereas the intensity of

absorption bands corresponding to J3

phase at 874 and 1166 cm’' increases.

Absorbance (a.u.)

These studies confirm the formation of

|
I
I
|
a 1
I
|

I
I
I
the P crystalline phase due to exposure to E

lI I 1 1
the electric field. The FTIR results are 1400 1200 1000 800 600 400
Wavenumber (cm™)

used to find the relative fraction of the 3
phase using absorption peaks of a and B phases, which is validated using the Beer-Lambert law.

Accordingly, the relative fraction of the § phase is given by [42,43]:

— 4p —_ %
X +XB (Kﬁ/Ka)A(x+AB 1.3Aq+A4g

F(B) = (3.1)

where X, and Xj in equation (1) represent the mass fraction of o and 3 phases, A, and Ag represent

Table: 3.2 FTIR characteristic  the absorbance at 835 cm™ and 763 cm’', respectively
diffraction peaks of a and B phase

of PVDF and the absorption coefficients are expressed by Ky
Crystalline phases o B

Wavenumber (cm™) | 478 429
606 508  particular wavenumber, respectively [42]. According to

(6.1x10* cm? mol ™) and Kg (7.7x10* cm? mol™!) at that

763 835

810 874  equation (1), it can be seen that the F(B) values of the 0

1068 1166

1112 1230 min, 40 min, 50 min, and 60 min samples are 33.32%, 4
1278

1401 7.50%, 50.19%, and 54.49%, respectively. The observed
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results further corroborate the evolution of B-phase in PVDF of PVDF-BST nanocomposites due

to the increase in time duration of exposure to the electric field. The variation in the content of -

phase fraction with time duration to the electric field exposure for PVDF-BST nanocomposites is

shown in Fig. 3.8.

3.3.1.3 Field emission scanning electron microscopy and transmission electron microscopy

Fig. 3.5: (a) FESEM of Bao.sSro.2TiO3 powder (inset: TEM
image confirming the particle size), (b) Particle size
distribution curve for BaosSro.2TiO3 particles (¢) Lattice
fringe pattern of BaosSro2TiOs3, (d) SAED pattern of
BaosSro2TiO3 powder, and (¢) SEM micrograph of PVDF-

BST nanocomposite

b [}
Particle sire (mm)

15 15
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Fig. 3.5(a) shows the
FESEM of the
Bag.sSro2TiO3 (BST)
powder, which shows the
agglomerates  of  the
nanoparticles. The inset of
Fig. 3.5(a) shows the
transmission electron
microscopy (TEM) image
of (BST), which confirms
the formation of
nanoparticles in the range
of 15-20 nm. The particle
size distribution curve is
shown in Fig. 3.5(b). Fig.
3.5(c) shows the fringe
pattern of BST, which

confirms the formation of



BST with the separation between lattice planes of 0.18 nm corresponding to the [101] plane. The
selected area diffraction (SAED) pattern of the synthesized BST powder clearly shows [100] and
[101] planes in Fig. 3.5(d) [37], which matches with the XRD of BST powder. Fig. 3.5(e) shows
the surface scanning electron micrograph (SEM), revealing the homogeneous distribution of BST
nanoparticles in the PVDF polymer matrix. This uniform distribution of ceramic particles in the
polymer matrix ensures a good quality PVDF-BST nanocomposite thick film with a uniform
dielectric constant.

3.3.2 Electrical studies

The electrical studies in the subsequent sections include dielectric constant and tangent loss of the
PVDF-BST nanocomposite thick films, which are used in the Cole-Cole analysis.

3.3.2.1 Dielectric studies

The electric field-induced effect on the dielectric properties of PVDF-BST nanocomposites is very
important in its application for various purposes. The BST nanoparticle will experience a much
lower field as compared to the polymer PVDF by virtue of its high dielectric constant [44,45]. The
XRD and IR studies have already confirmed the electric field-induced evolution of the  phase in
PVDF-BST nanocomposites. The variation of dielectric constant (&') with frequency for the PVDF-
BST nanocomposite films exposed to the electric field of 22 kV/mm for different time durations
is shown in Fig. 3.6(a). The dielectric constant is found to increase with the increase in the duration
of the applied electric field. But the frequency from where the dielectric constant starts decreasing
is shifting towards lower values with an increase in the time duration of the applied electric field.
A decrease in frequency is associated with the increase of dipolar relaxation time, which might be
due to the decrease of mobility of the dipoles/charge carriers in the polymeric chain or polymeric

chain as a whole. Though the value of dielectric constant for the PVDF-BST nanocomposite
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exposed to the
Fig. 3.6: Frequency dependent (a) real, (b) imaginary dielectric

constant and (c) tangent loss for PYDF-BST nanocomposites electric field of
40 —— = 22 kV/mm for
3.5 ——40min
30p 60 min s
25}
%o 2:0f highest, i.e., ~25
15}
Lot at 1 kHz, but the
] 0.5}
s . . . 0.0 . . -
100 1k 10k 100k 1M 100 1k 10k 100k v trend of
Frquency (Hz) Frequency (Hz)
| —— Omin o« e .
0.30f(c) —— 40min variation 1S
——50min
0.25f ~—— 60min
020} found to be
2
0415} .
different.
010}
0.05} All PVDF-BST
0.00 . . -
100 1k 10k 100k M .
Frequency (Hz) nanocomposites

are showing nearly constant dielectric constant in the frequency range 100 Hz-100 kHz. The high
values of €' in this frequency range can be ascribed to interfacial polarization present due to the
difference in dielectric constant values of the filler (i.e., BST) and the polymer matrix (i.e.,
PVDF) [46]. The decrease in &' with increasing frequency (>100 kHz) is due to a lag in the
frequency of the applied field and the dipolar orientation in PVDF-BST nanocomposites [47]. A
comparative table of observed dielectric constant and tangent loss is shown in Table 3.3. The
observed high value of dielectric constant with an increase of exposure time of applied electric
field is ascribed to:

i. The evolution of the B phase of PVDF in PVDF-BST nanocomposites and decrease of

mobility of polymeric chain.

ii. Enhancement of the B phase leads to an increase in the dipolar density.
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iii. The application of the electric field promotes the accumulation of space charges in the polymer
near the interface, which increases the internal field in the ceramics phase and removes the
discontinuity of the electric displacement at the interface, leading to an increase in the
dielectric constant.

Significant enhancement in the dielectric properties resulting from the interfaces between the
BST/PVDF and CH»-CF; in PVDF. These interfaces might be forming the parallel capacitance
network, which enhances the dielectric constant[48]. The tangent loss, imaginary component of
dielectric constant, and Cole-Cole analysis have also been carried out in order to get more insight
into the physical phenomena taking place due to the application of the electric field. The tangent
loss (Fig. 3.6(c)) decreases in the range of 100 Hz to 10 kHz due to molecular motions in the
crystalline regions of PVDF (a relaxation) [50], whereas increased tangent loss for the frequencies
greater than 100 kHz could be caused by B-relaxation effects in the copolymer, which arise from
the micro-Brownian motion of non-crystalline chain segments [44,45,47,50]. The values of the

dielectric constant and tangent loss at 1 kHz are summarized in Table 3.4.

Table: 3.3 Comparative data for dielectric constant and tangent loss of PVDF-BST
nanocomposites

S. No. Year Material Dielectric (1kHz) Loss (1kHz) | References
1. 2012 PVDF-BST | ~12.5 (at 4.4% loading) ~0.04 [18]
2. 2015 PVDF-ST | ~12.5 (at 5% loading) ~0.04 [51]
3. 2016 PVDF-BST | ~16 (at 5% loading) ~0.04 [19]
4. 2017 PVDF-BT ~13 (at 5% loading) ~0.05 [29]
5. 2018 PVDF-BST | ~ 21 (at 5% loading) ~0.04 [20]
6. 2020 PVDF-BT ~13 (at 5% loading) ~0.05 [52]
7. | Present work | PVDF-BST | ~25 (at 5% loading) ~0.02 Present work
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The variation of the imaginary part of the dielectric constant (¢") with frequency is shown in Fig.
3.6(b). It indicates almost similar behavior as that of tangent loss. Initially, the decrease of €" up
to the frequency of 10 kHz is observed, which is caused by molecular motion in the crystalline
region of PVDF [49]. But for frequencies greater than 10 kHz, €" increases, and it attains a peak
at different frequencies for the PVDF-BST nanocomposite films exposed to the electric field for
different time durations. This peak shifts towards the lower frequency with an increase in the time
duration of electric field exposure, showing a complete correlation with frequency from where the
dielectric constant starts decreasing. The peak in " might be originating from the micro-Brownian

motion of the amorphous chain segment
Table: 3.4 Dielectric constant and tangent

[46,47], which controls the charge carrier loss at 1 kHz for PVDF-BST nanocomposites

transport. The relaxation of dipoles becomes Sample Omin | 40min | 50min | 60min

¢ (IkHz) | ~15 | ~17 | ~21 | ~25
Tand (1kHz) | ~0.04 | ~0.03 | ~0.02 | ~0.02

slower with the increased exposure time of

the applied electric field; that's why the peak

at the higher frequency is shifting towards a lower frequency. The Cole-Cole analysis has been
widely used for understanding dielectric relaxation. The Cole-Cole shows the plot between the real
and imaginary parts of the dielectric constant. According to Debye relaxation theory (equation
(2)), the real part and imaginary part of the dielectric constant are related as:

(6" —€0)? + (") = (&0 — €c0)* (3.2)
where €, &y are dielectric constant at infinite frequency and static dielectric constant, respectively.
The difference of &5 and €, i.e., Ae measures the dielectric strength. Fig. 3.7 shows the Cole-Cole
plot of PVDF-BST nanocomposites exposed to the electric field for different durations. The
absence of complete semicircles indicates that Debye-type relaxation is not exactly taking place in

PVDF-BST nanocomposites. Therefore, approximated Debye-type relaxation is used to
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understand the relaxation process in PVDF-BST nanocomposites. Also, the relaxation time (i.e.,

= - ! ) is found to  Fig. 3.7: Cole-Cole plots for PVDF-BST nanocomposites
max exposed to the electric field for different time durations
increase  with  the
2.1 F—=— Omin (a) 3.0 —=— 40min (l))
increase  of  time 18} 5
1.5} 2.0
duration of exposure of =, 12} I 1.5}
0.9} 1.0}
the electric field, which 06k osl
03F . .
. .. " " " " M " 0.0 " " " " " " " "
might be arising due to 0.0 25 50 75 100 125 150 175 0 2 4 6 8 10 12 14 16 18
g' g'
) ) 35— 4.0———
an increase in the sob Of ™" (@
] 2.5} 3.0f
motion of the charge sal 25|
w 1.5} 2.0t
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o sl Lo}
crystalline interface of I A I - .
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PVDF in PVDF-BST

8'

8!

nanocomposites. The dielectric strength Ag (g0 - €x) estimated from Cole-Cole plots for different
time durations of the applied electric field are given in Table 3.5. The number density of dipoles
(N) contributing to the dipolar relaxation process can be estimated using the following equation:

. a
Nuzsng

3€0kT

Ag (3.3)

where Ae, N, 1, a, k, & and T are dielectric strength, the number density of dipoles, dipole moment,
the angle between dipole moments in two possible directions, Boltzmann's constant, absolute
dielectric constant and the absolute temperature, respectively. Modifying this equation for PVDF-

BST nanocomposites, equation (3) gets modified as:

N
380kT

(W, 2sin? % + py2sin? %) (3.4)
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where W and po represent the dipole moment of prominent dipoles present in the ceramic and

Fig. 3.8: Variation of P fraction and number density of
dipoles for PVDF-BST nanocomposites exposed to the
electric field for different time durations

polymeric phases of PVDF-BST

nanocomposites. For the polar -

3.0
e CF>- groups in PVDF, pui=1.66
&~ Debye and a1=105.3° while, for
50 F 42.5 g
;\? &  the polar tetragonal phase for
Rl Z BST, w2 = 230 Debye and
2 {20 £
S a0t Z ax=180° [53]. The obtained
=3
(=" . .
- 1is A number density of dipoles (N)
for all the samples is listed in
30 1 1 1 1
{fmin 40min Smn Glmin Table 3.5. The number density
Sample

of dipoles for the pristine sample is 1.34 x 10?® cm™, which increased up to 2.83 x 10?® cm™ for the
nanocomposite exposed to the electric field for 60 min. The variation of dipolar density along with
the B phase of PVDF for the PVDF-BST nanocomposites exposed to the electric field for different

time durations  Taple: 3.5 Dielectric strength, B fraction, the number density of dipoles,

i and relaxation time for PVDF-BST nanocomposites
are shown in

Fig. 3.8. The Sample | Dielectric B fraction | Number density of Relfl.xation
strength (Ag % dipoles (N, in cm> 1me
density of g ( ) ( 0) P ( ’ ) (T, in sec)
Omin 9.5 33.32 1.34 x 108 4.08x 108
dipoles in
40min 11 47.5 1.56 x 107 4.54x 108
PVDF-BST 50min 15 50.19 2.12x 10?8 4.82x 10°
60min 20 54.49 2.83 x 1078 1.13x 107

nanocomposites thick films exposed to the electric field for 60 min has become more than double

as compared to pristine film, which is attributed to the evolution of the § phase of PVDF in PVDF-

BST nanocomposite.
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3.4 Conclusion

The flexible polyvinylidene fluoride (PVDF)-Bao.sSr92Ti03 (BST) nanocomposite thick films of
thickness ~100 um have been synthesized by tape-casting technique. A detailed study of the
electric field-induced effect on dielectric and structural properties of PVDF-BST nanocomposite
thick films has been carried out. The XRD and IR studies reveal the evolution of the  phase of
PVDF for the PVDF-BST nanocomposites. The dielectric constant at 1 kHz for the films exposed
to the electric field for 60 min duration is increased up to ~25 as compared to ~15 for unexposed
films, whereas the tangent loss does not exhibit significant change. The significant enhancement
in the dielectric constant is attributed to the evolution of the § phase in PVDF and enhancement in
dipolar density due to modification in the structural and interfacial behavior as well as molecular
motion of the dipoles in the polymeric chain. Electric field-induced modification of dielectric
properties (i.e., high dielectric constant and low tangent loss) could be adopted as an effective
strategy for the development of flexible nanocomposite films with very low loading of ceramic

filler for different electronic applications, including high energy density capacitors.
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Chapter 4

Studies on the effect of
interfacial layers on the
temperature-dependent
dielectric and impedance
behavior of flexible
polyvinylidene fluoride-
barium strontium titanate

nanocomposites



4.1 Introduction

Polymer-ceramic nanocomposites have attracted considerable attention because of their
prospects for application in advanced electronics and electrical power systems, such as
aerospace, power systems, electric vehicles, and pulsed power applications [1-3]. These
polymer nanocomposites are expected to operate efficiently in the higher-temperature range
(room temperature to 100 °C), which is possible only when their electric properties, such as
dielectric constant, tangent loss, and dielectric breakdown strength, remain stable in that
operating temperature range [4—6]. A variety of polymer-ceramic nanocomposites have been
explored for this purpose and include polymers such as poly(vinylidene difluoride) (PVDF),
poly(vinylidene difluoride—trifluoroethylene), biaxially oriented polypropylene, and polyimide
[6-11] and nanoceramic fillers such as BaTiO3, BaxSri- xTiO3, PbZrTii- O3, HfO», boron
nitride, and Al,O3 [12-16]. Despite there being many choices, some electrical parameters are
always compromised by another electrical parameter; for example, adding conducting fillers
such as graphene [17], carbon nanotubes [14], and aluminum fibers [18] to the polymer matrix
provides a nanocomposite with an increased dielectric constant along with increased tangent
loss and electrical conductivity [19]. The size of the ceramic fillers also affects the performance
of the nanocomposites. Composites with smaller filler sizes will be more beneficial since they
have a more uniform morphology. These days, polymer-ceramic nanocomposites with a low
weight/volume percentage of ceramic loading, high dielectric constant, and low tangent loss
are required [3,8,9,20,21], as these nanocomposites having low tangent loss do not compromise
with breakdown strength. Thus, the choice of polymer, ceramic filler, and filler size plays a
very important role in the designing of polymer-ceramic nanocomposites with a high dielectric
constant and a low tangent loss over a wide temperature range [22,23].

Several research groups have investigated the dielectric behavior of polymers/polymer-ceramic

nanocomposites over a broad temperature range [4,24-28]. Recently, Wang et al. [4] studied
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the dielectric and energy storage properties of layered polymer-ceramic nanocomposites over
a broad temperature range (room temperature to 150 °C). The layered nanocomposites are
synthesized with alternate layers of boron nitride nanosheet/polyetherimide and TiO2 nanorod
array/polyetherimide. For a 7 vol% ceramic—loaded layered composite, the activation energy
is approximately 0.77 eV, while the dielectric constant and tangent loss at 1 kHz and room
temperature are 7.12 and 0.013, respectively, and decreased to 6.9 and 0.01, respectively, at
120 °C. The decrease in the conduction process due to the increased activation energy is
assigned as the main cause of the decreased tangent loss with increasing temperature.
Polyimide and Al>O3;, HfO», and TiO> nanocomposites are investigated in another study for
high-temperature capacitive energy storage [6]. A considerably stable dielectric constant and a
considerably stable tangent loss over a wide temperature range are found, but the dielectric
constant is very small (less than 5). A possible reason for the thermal stability of the dielectric
behavior is not suggested. The microstructure and temperature-dependent dielectric properties
of PVDF—submicron hollow-sphere Bao ¢Sro4Ti03 composites have also been studied [25]. At
very high loading (i.e., 40 vol% loading of submicron hollow-sphere Bao¢Sro4Ti03), the
observed dielectric constant and tangent loss are 15 and 0.03, respectively. The increase of the
dielectric constant and tangent loss with increasing temperature is ascribed to mitigated
interfacial bonding between the polymer and Bao.cSro4TiO;3. Studies of the dielectric constant
and thermal stability of flexible composite films of PVDF-polyacrylonitrile revealed a
dielectric constant and tangent loss at 1 kHz and room temperature of approximately 38 and
approximately 0.05, respectively [26]; however, the loading of BaTiO3 nanoparticles is very
high, i.e., 64.7 vol%. Although the dielectric constant and tangent loss increased slightly to
41.5 and 0.08, respectively, at 120 °C, a reason for these observations is not given. Core-shell-
structured AI-PVDF nanocomposites showed an increase in the dielectric constant and tangent

loss with increasing temperature due to the gradually increased mobility of molecular chain
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segments of PVDF [27]. Barium strontium titanate-based PVDF-poly(methyl methacrylate)
trilayer nanocomposites exhibited a dielectric constant and tangent loss of 7 and 0.04,
respectively. The low tangent loss at elevated temperatures is caused by the limitation of the
migration of ions by the poly(methyl methacrylate) layer [24]. Most of the investigations based
on the temperature-dependent breakdown strength and discharge energy density have been
performed on low dielectric constant—based polymer-ceramic nanocomposites [4,6,24,25]. On
the other hand, many studies have already reported on PVDF, poly(vinylidene difluoride—
trifluoroethylene), and ceramic nanocomposites exhibiting a relatively very high dielectric
constant and high discharge energy density [6-9,29], but they lack investigations of
temperature dependency. Earlier studies confirmed that the thermal stability of the dielectric
behavior (dielectric constant and tangent loss) is very important for the designing of polymer-
ceramic nanocomposites for high energy density capacitors to be used at high temperatures and
in harsh conditions. An understanding of the physical phenomena for the observed behavior
would be very useful since it will help in the development of nanocomposite thick films with
tailored dielectric behavior.

In the present chapter, the temperature-dependent dielectric behavior, AC conductivity, and
impedance of PVDF-BaosSro2TiOs (BST) nanocomposite thick films are studied. A
phenomenological model based on the Lewis model [30,31] is proposed to understand the role
of various interfaces and the translational motion of the polymeric chain of PVDF for the
observed experimental behavior.

4.2 Experimental

This chapter involves the fabrication of nanocomposite films comprising PVDF-Bag gSro2TiO3
and the consequent examination of their structural and temperature-dependent dielectric

characteristics. The experimental studies are discussed in the following subsections.
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4.2.1 Synthesis of PYDF-Bao.sSro.2TiO3 nanocomposite films

Fig. 4.1. Synthesis of PVDF-BST nanocomposite thick films 1€ synthesis of

Bao §Sro2TiO3
(BST)
nanoparticles
involves a
i

- hydrothermal

Probe sonication Mechanical stirring of solution Pouring of slurry onto tape
WDHIZJZ?:SV'L(I(’);;S, 1L, 1 at 60 °C for 12 hrs. casting bed (pre-set at 70°C) metho d, followed

solution |

by calcination at

800°C for a

BST8 nanoparticles

duration of 2

Peeling off the thick film from casting bed hours. Utilizing a
PVDF matrix

PVDF-BST nanocomposite thick film tape castin g

technique outlined in section 2.2.3 (Chapter 2), nanocomposite films of PVDF-BST are
fabricated with varying vol% loadings of BST nanoparticles. Specifically, films are produced
at four different vol% concentrations 0.75%, 1.5%, 2.25%, and 3 vol% designated as PVDF-
0.75BST, PVDF-1.5BST, PVDF-2.25BST, and PVDF-3BST, respectively. Fig. 4.1 shows a
schematic for the synthesis of the PVDF-BST nanocomposite thick films.

4.2.2 Structural studies of PVDF-Bao.sSro.2TiO3 nanocomposite films

X-ray diffraction (XRD) patterns of the BST powder and the PVDF-BST nanocomposite films,
along with Fourier transform infrared (FTIR) spectra of the nanocomposites have been
recorded to investigate their phases and crystallinity. Microstructural and morphological
characteristics of the BST powder are studied with a transmission electron microscope (TEM),
while the surfaces of the PVDF-BST nanocomposites are studied with a scanning electron

microscope (SEM).
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4.2.3 Dielectric studies of PVDF-Bao.sSro.2TiO3 nanocomposite films

Dielectric properties (i.e., dielectric constant and tangent loss) of the nanocomposite films have
been measured in the frequency range from 100 Hz to 1 MHz from room temperature to
150 °C. These dielectric parameters are used to calculate the temperature-dependent AC
conductivity, activation energy and impedance of the PVDF-BST nanocomposite films.

4.3 Results and discussion

The results of structural and electrical studies are described in the subsequent sections.

4.3.1 Structural studies

The structural studies include X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR) investigations. Whereas the scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are used for morphological studies. The results of
these studies are included in the following subsections.

4.3.1.1 X-ray diffraction

Fig. 4.2 shows the XRD patterns of BST nanopowder and PVDF-BST nanocomposite films.
The peak at 20 corresponding to 18.5° (020) is designated to the a phase of PVDF, and the

higher-intensity ~ Fig. 4.2. X-ray diffraction patterns of BST powder and PVDF-BST
nanocomposite thick films

peak at o o B
5'8‘ T I: I: T~ I~ l: T~ = 1=
Q=2 13 iz S S 15 1S ) S
o SHS) I 2 8 8 e s le Iz
20.4 (110) LA 1 | I | | I 1 |
e L SRS U NS WS e ) ) S - | ]
| | 1 | ] I 1
I ‘h 1 I | IPVDF-2.25BSTI i !
confirms the L~ e » A . [ [
1A I 1 I [ | 1 | |
D W A s | R
presence of = C | oo | ! !
N [ | I | I I I |
‘E (T I I | I I M\
1 [ I | I I
= ] PVDF-0.75BST 1 1
the p phase 3 | A} I TR i | .
(| :I I | I I | | |
1
of PVDF i A 1 ! :
I I | | |
| 1 l : | 1 | |
I I | I I | |
32]. The | ! N [ e
32] [T S B A . :
L L L L L L L L i |
eak at 10 20 30 40 50 60 70 18 19 20 21
P 200) 200

31.8° represents the (101) plane of BST powder, and the BST powder showed a tetragonal
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geometry with a=b =0.39771 nm and ¢ = 0.39883 nm, corresponding to ICDD card number
00-044-0093. The modified Scherer's formula is used to calculate the crystallite size of BST,
which is approximately 19 nm. The crystallite size obtained is confirmed by transmission
electron microscopy. The interplanar spacing (d spacing) for the intense peak at 31.8° for the
BST powder is 0.281 nm. The diffractogram shows that as the volume percentage of
nanoparticles increases in the PVDF matrix, the relative peak intensity of the B phase at 20.4°
increases.

4.3.1.2 Fourier transform infrared spectroscopy

Fig. 4.3 shows the Fourier transform infrared spectra of PVDF nanocomposite thick films with
different loading volume percentages of BST nanoparticles from 1600 cm ™! to 400 cm ™. It is

found that each nanocomposite film exhibits the characteristic bands of the a and B phases of

Fig. 4.3. Fourier transform infrared absorption spectra of PVDF- PVDF. The
BST nanocomposite thick films
absorption bands at
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and rocking [33]. The peaks at 1234 cm ™! and 1402 cm ™! correspond to the B phase of PVDF.
Also, the band at 1070 cm™! gives the impression of bending of the C—C—C group [33,34].

It is well known that the B crystalline phase is polar in nature, whereas the o phase is nonpolar.
The wvariation in the fractional content of the B phase of PVDF in the PVDF-BST
nanocomposite thick films with different loading volume percentages of BST nanoparticles is
also determined. The B-phase content has been determined by using the Beer-Lambert law as

[35]:

FB) = i = e = T
XatXg (KB/K(X)AO(+AB 1.3Aqt+Ag

4.1)

where X, and Xp in equation (1) represent the mass fraction of a and B phases, A, and Ag
represent the absorbance at 763 cm™ and 835 cm™!, respectively. The absorption coefficients

are expressed by K, Fig.: 4.4 Variation of B-phase content with increasing vol%
loading of BST in the PYDF-BST nanocomposite thick films

(6.1x10* cm? mol™) and 56
Kg (7.7x10* cm? mol ™) at i -
. 55 | /
that particular
wavenumber, _
st
respectively [35]. The ¢
<
values of A, and Ap are 253 -
taken from the IR
2 F
absorption spectra shown
in section 3 of the a1 . , , .
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manuscript. The variation BST loading (vol%)

of B-phase content with increasing vol% loading of BST in the PVDF-BST nanocomposite
thick films is shown in Fig. 4.4. The content of the p phase of PVDF in the PVDF-BST
nanocomposite thick films is found to increase with an increase in the loading of BST

nanoparticles.
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4.3.1.3 Scanning electron microscopy

Fig. 4.5. (a) SEM and (b) particle size distribution of the Fig4. 5(a) shows a
synthesized BST nanoparticles, and (c)—(f) SEM micrographs )
of PVDF-BST nanocomposite thick films scanning electron

micrograph of BST

nanoparticles, and Fig.

4.5(b) shows the

particle size

i

distribution of these
nanoparticles. The
average size of the BST
nanoparticles is

approximately 17 nm,

SEI 15kV  WD10mm SS35

(e) PVDF-2.25BST ; : ‘ : which is consistent with

the crystallite size

~

calculated from XRD

. and the particle size

oseyranssn electron microscoy. Fig. 4.5(c)-4.5(f) shows scanning electron
micrographs of the PVDF-BST nanocomposite films. The presence of spherulite-like particles
of PVDF, along with embedded BST nanoparticles, can be clearly seen in Fig. 4.5(c). At a low
loading volume percentage of BST, the boundaries among the PVDF spherulite-like particles
are not very distinct and clear, whereas, with an increase in loading volume percentage (more
than 1.5%), the boundaries among the PVDF spherulite-like particles become clearer along

with a decrease in the size of the PVDF particles [36]. The incorporation of BST nanoparticles

above a certain volume percentage (more than 1.5 vol%) might change the local charge
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distribution, changing the interfacial force at PVDF/BST or PVDF/PVDF interfaces. These
interfacial forces might decrease the size of PVDF spherulite-like particles.

4.3.1.4 Transmission electron microscopy

Fig. 4.6 shows Fig. 4.6. (a) HRTEM image and (b) the fringe pattern (the inset shows
the selected-area electron diffraction pattern) of the BST
nanoparticles

the particle size
of the BST
nanoparticles

and the lattice
fringe pattern.

Agglomeration

of the BST nanoparticles can be seen in Fig. 4.6(a). The particle size is found to be
approximately 17 nm. Fig. 4.6(b) shows an interplanar spacing of 0.28 nm for the (101) lattice
plane. These observations are in agreement with the XRD results for BST nanoparticles. The
inset in Fig. 4.6(b) shows the selected area electron diffraction pattern along with marked lattice
planes of the BST nanoparticles.

4.3.2 Electrical studies

The electrical studies include the results of temperature-dependent dielectric constant and
tangent loss of the PVDF-BST nanocomposite thick films. These parameters are used to
calculate the AC conductivity and impedance of the nanocomposite films.

4.3.2.1 Dielectric studies

Fig. 4.7 shows the variation of the dielectric constant (&") and tangent loss (tan 6) of the PVDF-
BST nanocomposite films with frequency at room temperature. An increase in the dielectric
constant with an increase in the loading volume percentage of BST is observed in all the films.

Moreover, the trend of the variation of the dielectric constant with frequency is also similar for
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Fig. 4.7. Variation of dielectric constant and loss tangent with
frequency at room temperature for PVDF-BST nanocomposite thick

films
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increase of the loading of BST nanoparticles is ascribed to the increase of the local electric

field in the PVDF-BST nanocomposite films [37]. The dielectric constant is found to decrease

from 100 Hz to 1 kHz, which is associated with the decrease of surface or space charge

polarization at the interfaces between PVDF and BST [38]. The dielectric constant remains

almost the same in the frequency
range from 1kHz to 100 kHz,
which is attributed to the dielectric
behavior of BST [39]. The decrease
in the dielectric constant for
frequencies greater than 100 kHz is
due to the characteristic a-phase
relaxation of PVDF [40].

The tangent loss in a dielectric
material arises mainly due to (i)

surface/interface polarization,

Dielectric constant (g')

Fig.: 4.8 Variation of dielectric constant with
temperature for the as-prepared Bao.sSro.2TiO3

nanoparticles at 1 kHz frequency
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which is associated with space charge migration, (ii) the response of dipoles with the frequency

of the applied field and (iii) DC conductivity.
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The trend of the variation of the tangent loss for all the PVDF-BST nanocomposite thick films
is similar and follows the same trend as for the dielectric constant. The tangent loss decreases
with increasing frequency in the frequency range from 100 Hz to 1kHz, whereas for
frequencies in the range from 1 kHz to 100 kHz, it is nearly constant. For frequencies greater
than 100 kHz, the tangent loss increases. These are the general features observed for all the
nanocomposite films. Table 4.1 shows the dielectric constant, tangent loss, AC conductivity,

and activation energy for different PVDF-BST nanocomposites at 1 kHz and room

Table: 4.1 Dielectric constant, loss tangent, AC conductivity,

U . . temperature. The

and activation energy of PVDF-BST nanocomposite thick films
at room temperature importance of the

Sample g’ at tan 0 at | oac (S/m) at | Ea (eV)

1 kHz 1 kHz 1 kHz dielectric stability of

PVDF-0.75BST ~13 ~0.06 ~7x1078 ~0.25
PVDF-BST

PVDF-1.5BST ~15 ~0.04 ~5%x10°8 ~0.23
PVDF-2.25BST | ~18 ~0.06 | ~6x10° | ~0.16 | hanocomposites  at
PVDF-3BST ~25 ~0.03 ~8x107° ~0.15 | elevated temperatures

is a deciding parameter for their application in high energy density capacitors [4]. Therefore,
an understanding of the dielectric behavior and relaxation mechanism at high temperatures is
needed. The dielectric constant of an as-prepared BST pellet is also measured; the variation of
the dielectric constant shows nearly temperature-independent behavior until 120 °C. The data
is shown in Fig. 4.8.

Here, the temperature-dependent dielectric constant and tangent loss of PVDF-BST
nanocomposite films are investigated. The glass transition temperature of amorphous polymers
is a very important parameter for determining their applicability in polymer-ceramic
nanocomposites [41]. On the other hand, the melting temperature is significant for
nanocomposites based on crystalline polymers such as PVDF [41]. The melting temperature of
PVDF is approximately 169 °C [41]; therefore, the temperature-dependent dielectric behavior

is investigated up to 150 °C. Fig. 4.9 shows the temperature-dependent dielectric constant and
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tangent loss  of Fig. 4.9. Variation of dielectric constant and loss tangent with

temperature for PVDF-BST nanocomposite thick films at 1 kHz
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constant is nearly the same as the trend of the variation of the tangent loss. The dielectric
constant of all the PVDF-BST nanocomposite films is nearly constant up to 70 °C because, in
this temperature range the dielectric constant is determined mainly by the BST content. The
CH>—CF; dipole-related polar groups of PVDF are frozen and orientational polarization is not
established [42]. Moreover, the role of PVDF/BST interfaces may also not be significant up to
70 °C. BST shows nearly temperature-independent behavior by virtue of its paraelectric nature
above room temperature [25]. For temperatures greater than 70 °C, the dipoles of PVDF gain
mobility and the time required for the establishment of the polarization is decreased.

At higher temperatures, the evolution of orientational polarization caused by the translational
motion of the PVDF molecular chain is the main cause of the increase in the dielectric constant
[25,43,44]. The presence of ions and space charge at the PVDF/BST interface could also be
the cause of the increase in polarization. At temperatures greater than 120 °C, the
nanocomposites with BST loading greater than 1.5 vol% exhibit a sharp increase in the
dielectric constant. The softening of PVDF at relatively lower temperatures and, hence
increased movement among the polar molecules might be the associated cause of this sharp

increase of the dielectric constant and tangent loss.
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4.3.2.2 AC conductivity studies
Fig. 4.10(a) shows the variation of AC conductivity of the PVDF-BST nanocomposite with
3 vol% loading of BST (PVDF-3BST) with frequency at different temperatures. Fig. 4.10(b)
shows the variation of AC conductivity with temperature for different PVDF-BST
nanocomposites at 1 kHz. It can be seen from the plots that the AC conductivity of the PVDF-
BST nanocomposite films is influenced by frequency and temperature. The following
observations have been made:

(a) AC conductivity at constant temperature increases with frequency.

(b) AC conductivity increases with temperature at all frequencies.
The electrical conductivity of a material is determined by the type and mobility of the charge
carriers. The relationship between the motion of charge carriers (including electrons, ions,
defects, and dipoles) and the frequency can be described by Jonscher's power law as [10]

Oac = Opc + A"  (0<n<1), (4.1)
where A is the strength of polarization, n represents the degree of interaction between mobile
ions and the surrounding lattice, and ® is the probing frequency. The whole conduction
phenomenon is analyzed within the framework of Jonscher's power law [45,46] and thermally
activated transport [4,46,47]. The value of n and its variation with temperature gives the
physical phenomenon responsible for conduction. If n < 1, hopping motion involves a
translational motion with sudden hopping; if n > 1, then localized hopping is present in the
motion [47]. The values of A and n are very important for understanding the inherent physics.
The values of these parameters are calculated for all the PVDF-BST nanocomposite thick films
at different temperatures. The values of parameters' A' and 'n' for PVDF-BST nanocomposite
thick films in different temperature ranges are given in Table 4.2.

In our case, for all the nanocomposites in the temperature range from 30 °C to 150 °C, n is

found to be less than 1. Therefore, the most dominant conduction mechanism to explain the
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transport properties in the present case is possibly the correlated barrier hopping model [10,46].

According to this model, because of thermal activation, charge carriers hop between two sites,

increasing the AC conductivity of the PVDF-BST nanocomposite films.

Fig. 4.10. Variation of (a) AC conductivity with frequency for PVDF-3BST
nanocomposite and (b) AC conductivity with temperature for different PVDF-BST

nanocomposite thick films at 1 kHz
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4.2 Parameters obtained from Jonscher's plot for the PVDF-BST

nanocomposite thick films at 30 °C, 60 °C, 90 °C, 120 °C and 150 °C

Sample Temperature -In(A) A n

PVDF-0.75BST 30 °C 26.128 4.49 x 1072 0.939
60 °C 24.640 1.99 x 107! 0.948

90 °C 22.304 2.05x 10" 0.773

120 °C 24.324 2.73x 10" 0.995

150 °C 21.842 3.26x 101 0.809

PVDF-1.5BST 30 °C 26.429 3.32x 10" 0.943
60 °C 24.762 1.76 x 107! 0.928

90 °C 21.966 2.88x 101 0.717

120 °C 21.049 7.21x 101 0.646

150 °C 20.432 1.33x10° 0.637

PVDF-2.25BST 30 °C 25.897 5.66 x 1072 0.958
60 °C 24.182 3.14x 10" 0.905

90 °C 22.535 1.63x 10" 0.773

120 °C 21.801 3.40x 1071 0.692

150 °C 20.833 8.96 x 1071° 0.659

PVDF-3BST 30°C 22.534 1.63x 10" 0.834
60 °C 21.002 7.56x 107 0.716

90 °C 20.093 1.87x10° 0.638

120 °C 20.044 1.97x 10° 0.609

150 °C 19.497 3.40 x 10 0.592
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Fig. 4.11 shows very interesting results. The value of n is nearly constant (approximately 0.9)
in the temperature range from 30 °C to 60 °C for PVDF-BST nanocomposites with BST
loading of 2.25 vol% or less, whereas a sharp decrease in n occurs for the PVDF-3BST

nanocomposite.

Fig. 4.11. Variation of (a) n with temperature for different PVDF-BST
nanocomposites at 1 kHz (the inset shows the variation of 4 with temperature) and (b)
n with BST loading volume percentage for different PVDF-BST nanocomposite films

at 1 kHz
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The value of n shows a decreasing trend in the temperature range from 60 °C to 120 °C for all
the PVDF-BST nanocomposites. The constant value of n (approximately 0.9) with BST loading
up to 2.25 vol% for the PVDF-BST nanocomposites indicates that the number of hopping sites
is nearly constant in the temperature range from 30 °C to 60 °C, whereas the number of
thermally induced hopping sites (defects, ions, and space charge) might be increasing in the
PVDF-BST nanocomposites. The thermally induced abrupt increase in the number of hopping
sites occurs in the temperature range from 60 °C to 120 °C; beyond 120 °C, the evolution of
hopping sites saturates.

The parameter A in Jonscher's law gives the strength of polarization. The variation of A with
temperature for all the PVDF-BST nanocomposites is shown in the inset in Fig. 4.11(a). The
increase of A with temperature might be related to the enhanced molecular motion of PVDF in
the PVDF-BST nanocomposites [25], which in turn increases the polarizability. A similar trend
is found for the variation of the dielectric constant with temperature. Fig. 4.11(b) shows the

variation of n with the loading volume percentage of BST nanoparticles for the PVDF-BST
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nanocomposite thick films at different temperatures. It is seen that n is almost constant for the
nanocomposite with BST loading of up to 2.25 vol%. A sudden decrease in n is seen for the
PVDF-3BST nanocomposite thick film owing to an increase in the number of hopping sites.
This analysis reveals the evolution of hopping sites with temperature for the conduction of
charge carriers. Hence, it is pertinent to investigate thermally activated transport by the

Arrhenius equation, which is given as

Ea
kT

)s 4.2)

Oac = 0o€Xp(

Fig.: 4.12 Variation of fitting of cac as a function of inverse temperature where oo is
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conduction from one site to another), k is Boltzmann's constant, and T is the temperature at

which the study is being done. It is clear from Fig. 4.10 (a) that the AC conductivity of the
nanocomposite thick films increases with increasing temperature. Also, the AC conductivity
data shown in Fig. 4.12 has been fitted in two ranges, (i) RT-110 °C and (ii) 120 °C-150 °C,
with activation energies Ea1 and E.» (summarized in Table 4.3). The resultant activation energy
has been taken as the average of these two values. The observation of a decrease in the

activation energy with an increase in the loading of BST nanoparticles in the PVDF matrix
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implies that the barrier height facilitating the hopping of the charge carriers decreases with the

increase in the loading of BST [10].

The AC conductivity is maximum for the PVDF-3BST nanocomposite, which has the lowest

activation energy of approximately 0.15 eV. The conductivity at lower temperatures is

predominantly due to long-distance hopping of charge carriers, while at higher temperatures, it

may also be attributed to

an increase in the
thermally induced
hopping sites (defects,
ions, space charge),

which leads to an increase

Table: 4.3 Values of activation energy for the PVDF-BST
nanocomposite thick films in different temperature ranges

PVDF- | PVDF- | PVDF- | PVDF-
Sample
0.75BST | 1.5BST | 2.25BST | 3BST
Eai (eV) 0.19 0.14 0.19 0.11
Ea (eV) 0.32 0.32 0.13 0.19
Ea (average) (eV) 0.25 0.23 0.16 0.15

in the activation energy of the nanocomposite thick films [46,48].

4.3.2.3 Impedance studies

Fig. 4.13. Variation of real and imaginary parts of the impedance
with temperature for (a) PVDF-0.75BST, (b) PVDF-1.5BST, (c)
PVDF-2.25BST, and (d) PVDF-3BST nanocomposite thick films and

(e) equivalent electrical circuit
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impedance analysis is performed. Fig. 4.13(a)-4.13(d) shows Nyquist plots for the PVDF-BST
nanocomposites at different temperatures. The absence of complete semicircles can be seen
here for all the nanocomposites, which confirms non-Debye-type relaxation behavior. Also, it
is clear from these plots that as the temperature increases, the Nyquist plot tends more and more
toward the real axis of the impedance for all the PVDF-BST nanocomposite samples. These
observations are related to the decrease in resistance of PVDF-BST nanocomposite grains,
which decreases with increasing temperature [10]. The Nyquist plots are fitted with an
equivalent electrical circuit, as shown in Fig. 4.13(e). The fitted data is denoted using an F in
front of the temperature (such as 30F, 60F, etc.).

The series combination of these two parallel circuits shows the best fit of the experimental data.
Here, R1 and QI and R2 and Q2 represent the resistance and constant phase element of the
grains and the grain boundaries, respectively. PVDF-BST particulates (as seen by scanning
electron microscopy) represent the grains, and the interfacial space between any two PVDF-
BST particulates represents the grain boundary. The temperature-dependent conductivity
revealed that some kind of leakage might be happening in all the PVDF-BST nanocomposites.
The leakage is responsible for the nonideal capacitive behavior of the PVDF-BST
nanocomposites. Hence, a constant phase element is added in the equivalent circuit; the

constant phase element is determined by [49]

_ 1
Q= (w)C

(4.3)

where o is 0 for an ideal resistor and 1 for an ideal capacitor. The fitting parameters are
summarized in Table 4.4. R1 and R2 decrease with increasing temperature for all the
nanocomposite films, as shown in Table 4.4. The resistance R2 associated with grain boundary
in the PVDF-3BST nanocomposite thick film decreases from 18.8 MQ to approximately 4.5
MQ, which is caused by thermally induced hopping of the charge carriers in the grain

boundaries [10,46]. So, it can be said that the resistance due to grains and grain boundaries
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decreases because of thermal agitation and the existence of thermally activated conduction

mechanisms in the grains and grain boundaries of the nanocomposite thick films.

Table: 4.4 Fitting parameters from the Nyquist plots for PVDF-BST nanocomposite
thick films at different temperatures

Sample | Parameter 30 °C 60 °C 90 °C 110 °C 150 °C
PVDF- | Rl (MQ) 70.34 6.61 0.72 0.37 0.10
0.75BST | Q1 (Fs®~ | 0.27x107° | 0.27x107° | 0.28 x 107° 0.33 x 0.31x107°
1)) 10*9
al 0.965 0.970 0.971 0.961 0.962
R2 (MQ) 470 60.16 20.08 5.90 3.56
Q2 (Fs@~ 89.93 x 0.56 x 107 | 3.47 x 107 6.69 x 16.58 x
D) 1012 10 10°
a2 0.934 0.691 0.562 0.556 0.496
PVDF- | Rl (MQ) 140 13.01 1.14 0.60 0.15
1.5BST | QI (Fs®@~ 91.76 x 93.09 x 95.36 x 91.8 x 94.23 x
1)) 10*12 10*12 10*12 10*12 10*12
al 0.963 0.967 0.969 0.971 0.975
R2 (MQ) 210 201 47.5 22.68 5.19
Q2(Fs@ | 1547x |029x10° |1.62x10°| 230x | 6.09x10°
1)) 10—12 10—9
a2 1 0.638 0.553 0.550 0.512
PVDF- | Rl (MQ) 190 12.65 0.71 0.51 0.26
2.25BST | Q1 (Fs® | 0.1052x | 0.10x107° | 0.11 x 107 0.10 x 0.10 x 107°
Dy 10 10
al 0.966 0.969 0.971 0.971 0.974
R2 (MQ) 430 150.2 50.22 39.24 17.19
Q2 (Fs®" 14.81 x 0.49x 107 | 2.03 x 107 1.91 x 3.55x107°
1)) 10*12 10*9
a2 1 0.551 0.491 0.558 0.529
PVDF- | R1 (MQ) 2.36 0.32 0.14 0.14 0.66
3BST | QI (5 s@ 10.17x107° ] 0.16 x 107 [ 0.10 x 107 0.12 | 0.11 107
) 10°
al 0.946 0.955 0.982 0.969 0.971
R2 (MQY) 18.58 4.64 3.36 4.02 4.52
Q2 (Fs@® | 1.95x107° | 7.15x 107° 11.47 x 9.67 x 14.89 x
h) 10 10 107
a2 0.593 0.519 0.483 0.494 0.469

Note: For Q1 and Q2, the units are F s@~ 1, where F represents Farads, s denotes the complex
frequency variable, and a is the dimensionless constant that characterizes the behavior of the
constant phase element.

4.3.3 Mechanism: effect of polymer-ceramic nanoparticle interfacial layers

The incorporation of nanoparticles in polymeric material makes the surface of the nanoparticles

positively charged [50]. Therefore, the interface between the polymer matrix and the
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nanoparticles affects the charge distribution, the polarization, and hence the dielectric behavior.
The effect of the interface on these properties has already been explored by two important
models proposed by Lewis [30,31] and Tanaka [50]. The experimental observation in the
present work can be described by the Lewis model. The surface of BST nanoparticles
incorporated in the PVDF matrix becomes positively charged (Fig. 4.14). The charged interface
in PVDF-BST nanocomposites comprises three charged layers that determine the dielectric
properties. The formation of an electrical double layer at the PVDF and BST interface occurs
as a result of the charge redistribution in the PVDF matrix via coulombic attraction caused by
charged BST nanoparticles. These double layers are termed the Stern layer and the Gouy-
Chapman diffused layer [30,31,51]. The Stern layer exists around the surface of the BST
nanoparticles and consists of small molecules, adsorbed ions, etc., which cannot move freely,
whereas the diffused layer is formed around the Stern layer by the distribution of charges
(positive and negative). This layer may be treated as a space charge zone. When the temperature
of the PVDF-BST nanocomposites is increased from 30 °C to 70 °C, frozen ions of the Stern
layer and space charge of the diffused layer do not have sufficient thermal energy to increase

the interfacial polarization.

Fig. 4.14. Mechanism responsible for the observed experimental behavior
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Moreover, translational motion in the polymeric chains also does not occur. When the
temperature becomes greater than 70 °C, thermal migration of frozen ions and space charge

occurs, which causes the interfacial polarization. The thermally induced motion in the
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polymeric chain also causes an increase in the dipole moment. The increase in the interfacial
polarization and the thermally induced dipole moment is ascribed to the increase in the
dielectric constant. On the other hand, the migration of space charge of the inner layer and ions
of the outer layer causes the tangent loss to increase with increasing temperature. The
conduction of ions/space charge leaves sites called hopping sites. The increase in the number
of hopping sites with temperature is attributed to an increase in conductivity and a decrease in
impedance. Hence, interfacial polarization in the double layer between PVDF-BST
nanocomposites and translational motion in polymeric chains of PVDF is attributed to the
observed dielectric, AC conductivity, and impedance behavior.

4.4 Conclusion

Flexible PVDF-BST nanocomposite thick films (approximately 80 pm) with different loading
volume percentages of BST nanoparticles are synthesized by the tape casting method. The
dielectric constant and tangent loss of all the PVDF-BST nanocomposites remain nearly
constant until 70 °C, and with further increase of the temperature (> 70 °C), the dielectric
constant and tangent loss increase. An increase in the AC conductivity and a decrease in the
impedance are observed with an increase in temperature for the PVDF-BST nanocomposites.
Impedance analysis confirmed non-Debye-type relaxation behavior for all the nanocomposite
thick films, and the dipolar contribution to the polarization increased with increasing
temperature. A possible mechanism for the increase of the dielectric constant, tangent loss, and
AC conductivity and the decrease of impedance with increasing temperature for the PVDF-
BST nanocomposite thick films is proposed, which relies on the Lewis model and the
interfacial double-layer model. Thermally-induced translational motion of polymeric chains of
PVDF, the motion of ions, and the migration of space charge in the interfacial layer of the
PVDF matrix and BST nanoparticles might be attributed to the observed dielectric behavior.

These investigations and analyses are important as the suitable interfacial modification of the
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polymer-ceramic interface in the nanocomposites could passivate the migration of space charge
and the motion of ions in the interfacial layers, which might prevent the increase in the tangent

loss of the nanocomposites with temperature.
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Chapter 5

Studies on the dielectric and
energy storage behavior of
the specially architectured

trilayered polyvinylidene
fluoride-Bao.sSro.2TiO3
nanocomposites at low

loading of nanofiller



5.1 Introduction
Polymer-ceramics nanocomposites have received huge demand due to their capacitative energy
storage performance and its application in pulsed power systems such as military, aerospace
and hybrid electric vehicles, etc. [1,2]. Pulsed power application requires a capacitor which can
deliver a large amount of current in a very short span of time, which requires a capacitor bank
with capacitors of very high discharge energy density. The performance of these capacitors is
primarily determined by two physical parameters, i.e., (i) dielectric constant related with the
ability to store the charge and (i1) breakdown strength. The structured thin film that could be
deposited over a large volume will miniaturize the electronic and serve the purpose in a better
way. Fundamentally, the electrostatic energy density of a linear dielectric material is given as
[31:

energy density (Ug) = %ersoEkZ, (5.1)
where €, € are the vacuum permittivity (8.854 x 1012 F/m) & dielectric constant and Ej, is the
dielectric strength. The ceramics (such as BaTiO; (BT), BaSrTiO; (BST), PbZrTiO; (PZT),
HfO,, etc.) based capacitors possess high dielectric constant(~4,000), but have very low
breakdown strength (~150 MV/m) [4-6]. On the other hand, ceramic materials structured in
the form of thin films have very high energy density (~43 J/cc), but they could not be deposited
over large volumes [7]. Therefore, ceramic materials are not suitable to meet the growing
demand for pulsed power applications. On the other hand, polymer ceramic nanocomposites
would be the most suitable choice for high energy density capacitors due to their ease of
processability, moderate dielectric constant(~16-40) and high breakdown strength
(~500MV/m) [8,9]. These nanocomposites consist of high dielectric ceramic nanoparticles
embedded in a dielectric polymer (such as poly(methyl methacrylate) (PMMA), epoxy resin,
polyvinylidene difluoride (PVDF), polypropylene (PP), etc.) [10—14]. Plethora of research

investigations have been done to synthesize polymer ceramic nanocomposites with high
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discharge energy density (Up) and high breakdown strength (BDS) [15—-17]. But, the polymer-
ceramic nanocomposites having high efficiency () and discharge energy density are
pertinently important for efficient pulsed power applications. Usually, high discharge energy
densities have been achieved in polymer ceramic nanocomposites at higher vol% loading of
ceramic nanoparticles [18,19]. The high loading of ceramic nanoparticles always compromises
with the BDS, which is not favorable for the energy storage behavior. Several approaches have
been adopted to achieve high energy density, breakdown strength and efficiency by improving
the connectivity between polymer matrix and ceramic nanoparticles [18,20].

Table 5.1: Comparison of dielectric constant(s'), tangent loss (tand), discharge energy

density (Up), breakdown strength (BDS) and efficiency (n) in different polymer-ceramic
nanocomposites

Material Loading &' Tand Up BDS % n Ref.
7.5 6.95 Jem™ at 350
PVDF/BST 0 22 0.5 MV 325MV/m = 50 [21]
4.4 Jem3 at 120
0 -
PVDE/BT 20vol% 25  0.05 MY/ 78 [22]
3.2 Jem at 2800 2883
0
PVDE/BT 15vol% 16 0.04 o Ve | 30 [23]
3
PVDF/BT 10wt% 194 007 F12Iem=atd00 aeq v 0 (16
MV/m
3
PVDF/BT 20vol”% 23 004 HO8Jem~atls0 osyvnn 60 4]
MV/m
1.15 Jem?3 at 800 1000
0
PVDF/BF  5wt% 15 0.04 Ve Wi | [25]
3
PVDFBT  60wt% 14 006 205 atl20 o0 vivim 71 [26]
MV/m
PVDF/BT- , 5.6 Jem® at 263 263
CF Twt% 13 0.03 o Whe 5T [27]
3 .
PVDE/BST 3vole 25 003 /-8Jematld00 oe) iy gpg  This
kV/em work

The incorporation of a large volume percentage (~20%) of tetradecyl phosphonic acid-
modified BaTiO; in the PVDF matrix has shown the discharge energy density and efficiency
of ~ 4.4 Jem and ~ 78%, respectively, which is ascribed to the improved compatibility
between polymeric matrix and surface modified BaTiO; nanoparticles [22]. Homogeneous

interfaces with BaTiO; nanoparticles (BTNPs)/poly(vinylidene fluoride) (PVDF) multilayered
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nanocomposites have been synthesized by using the spin coating technique, where PVP is
employed as a linker to connect the top and bottom layers [23]. For 15 vol% loaded BT
nanoparticles, trilayered nanocomposites demonstrate the Up of ~2 Jem™ and dielectric BDS
of 224.9 MV/m, which is caused by the interfacial homogeneity due to the presence of PVP
layers. In a research report, where enhanced discharge energy density (~1.56 Jcm™) and
efficiency (~71% ) at low field (120 MV/m) is achieved in the heterojunction structure where
high ion polarized BaTiO; films are sandwiched between PVDF layers [26]. The observed
properties are supported by inhibition in the formation of conducting paths due to the spacer
layer of BaTiOj; films. A comparative table consisting of the dielectric permittivity, tangent
loss, discharge energy density, breakdown strength and efficiency is given in table 5.1. The
current research trend elucidates about the quest for the low-loaded polymer-ceramic
nanocomposites with superior efficiency, discharge energy density and excellent dielectric
properties.

Therefore, the present chapter is aimed at the synthesis of trilayered PVDF-BST
nanocomposites with very small vol% loading of BST nanoparticles (i.e., 0.75%, 1.50%, 2.25%
and 3.00%) for achieving the excellent dielectric properties, efficiency and discharge energy
density.

5.2 Experimental

This chapter involves the fabrication of specially architectured trilayered nanocomposite films
comprising PVDF-Ba, ¢Sty ,Ti03. The structural, dielectric, displacement versus electric field
and electrical breakdown strength studies of these films have been carried out, which are
discussed as follows.

5.2.1 Synthesis of PVDF-Ba gSr(,TiO; nanocomposite films

The Bag ¢Sty ,TiO3 (BST) nanoparticles are produced with the hydrothermal method [28]. The

poly(vinylidene)fluoride-Bag gSry ,TiO3 (PVDF-BST) nanocomposites are prepared using the
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Fig.:5.1 Schematic representation of the synthesis of  ape casting technique with 0.75,

specially architecture nanocomposite films
1.50, 2.25 and 3.00 vol % BST

BST
nanoparticles

nanoparticles into the PVDF

Doctor blade PVDF-BST . .
nanocomposite polymer matrix. The trilayered
- // film
/-l - / PVDF-BST nanocomposites are

PVDF solution PVDF-BST solution e
Tape casting bed

& S made by casting the top and

2 bottom layers in the same
direction, whereas the middle

layer is casted in the opposite

.
§ Trilayered film specially architecture

direction. The schematic of

A —— nanocomposite films is shown
in Fig. 5.1. The individual nanocomposite thick films stacked over one another in this way are
subjected to a hot press with 250 kN pressure for 5 minutes at 150 °C to get the trilayered
nanocomposite films. The samples have been named as 0.75% BST, 1.50% BST, 2.25% BST
and 3.00% BST, respectively.

5.2.2 Structural studies of PVDF-BagSr(,TiO; nanocomposite films

Transmission electron microscope (TEM) is used to study the microstructural characteristics
of the BST nanoparticles, while the surface and cross-section of the trilayer PVDF-BST
nanocomposites films along with the morphology of single-layer PVDF-BST nanocomposites
are analyzed with a field emission scanning electron microscope (FESEM). The crystallinity
of the BST powder and the nanocomposites is identified using X-ray diffraction (XRD) along

with the Fourier-transform infrared (FTIR) spectra of the trilayered PVDF-BST

nanocomposites.
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5.2.3 Electrical studies of PYDF-Ba sSr(,TiO; nanocomposite films

An impedance analyzer has been used to measure the room temperature dielectric properties
of these nanocomposites in the frequency range of 100 Hz to 1 MHz with an oscillating voltage
of = 1V across the samples. The breakdown strength (BDS) of PVDF-BST nanocomposites is
measured by using Danbridge 30 kV Non-Destructive Insulation Tester (Denmark), whereas
dielectric displacement vs. electric field (D-E) loops are measured by employing a 10 Hz
triangular wave.

5.3 Results and discussion

The results of structural, morphological and electrical studies are described in subsequent
subsections.

5.3.1 Structural studies

The results of the X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),

field emission scanning electron microscopy (FESEM) and transmission electron microscopy

(TEM) are explained in subsequent subsections. Fig.:5.2 XRD  pattern  of
Ba sSr(,TiO; nanoparticles and

5.3.1.1 X-ray diffraction different trilayered PVDF-BST
nanocomposites

Fig. 5.2 presents the X-ray diffraction (XRD) patterns

of both BST nanoparticles and trilayered PVDF-BST

2.35% BS1
nanocomposites with different vol% loading of BST
N i 'M l o I

nanoparticles. The (101) plane of BST is denoted by

the intense peak at 31.8° with tetragonal geometry

Intensity (a.u.)

(ICDD card no. 00-044-0093). The crystallite size of 0.75% BST
these nanoparticles is calculated using a modified I | S
BST
Scherer's formula, which came out to be ~19 nm &
A | I N
confirmed with TEM (discussed later). Thermal strain |7 50 20 a0 =0 &0 0
26 ()

due to the calcination of BST nanopowder and
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instrument broadening could also be the cause of the broadening of diffraction peaks in the
XRD pattern. Therefore, the particle size has also been calculated with the Williamson-Hall
method [29]. The peak broadening of the material due to lattice strain can be calculated using

the following relationship [29]:

Brki cosO = K; + 4n sind (5.1
where X is the wavelength of the X-rays used (1.54A), 0 is the Bragg angle, D is the average
crystalline size measured in the direction perpendicular to the surface of the specimen, K is a

constant (K=0.94) and n is the strain in the material. Equation (5.1) is called the Williamson-

Fig.:5.3 W-H plot for BaysSr,,TiO; powder  Hall (W-H) equation and the plot of

0.012 Brkicosd (y-axis) vs. 4sinf (x-axis) is

0.010 known as the W-H plot. The estimated

value of the strain is calculated from the
0.008 -

BCosH

slope of the linear fit of the data, which
0.006

comes out to be 1.2856 x 104 The

m  Fxperimental data
Linear fit

v =0.00551 £1.2856E-4 x

06 08 10 12 14 16 18 20 21 24

{5in0 of the crystallite size, which is ~19 nm

"o intercept of the linear fit gives the value

for the synthesized BST nanopowder. From Fig. 5.3, it is conventional to say that the estimated
value of lattice strain is appropriate as the data points are less scattered from the linear fit. The
better fit of the experimental data points confirms the uniformity of the lattice strain in the
synthesized BST powder. The 26 peak at 18.5° (020) designates the a-phase of PVDF, which
is nonpolar, whereas the presence of B phase of PVDF (which is polar) is confirmed by the
higher intensity peak at 20.4° (110) [30].

5.3.1.2 Fourier transform infrared spectroscopy

Fig. 5.4 displays the FTIR spectra from 1600 cm™! to 400 cm™! for different trilayered PVDF-

BST nanocomposites. For all the trilayered PVDF-BST nanocomposites, transmittance peaks
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of two crystalline PVDF phases

Fig.:5.4 The FTIR transmittance spectrum of
different trilayered PVDF-BST nanocomposites

_B BB o B Poa o PBap

(i.e., the a-phase and the B-phase)

are observed. The transmission
bands at 486 cm™!, 612 cm! and 763
cm’!, respectively, belong to
wagging, bending and skeletal
bending of CF, in the PVDF, which

resembles the a-phase. The bands at

510 cm! and 1168 cm! are

1600 1400 1200 1000  S00 600 400
associated with CF, stretching, Wavenumber (cm™)

whereas the bands at 835 cm™ and 872 cm! represent the rocking and wagging of CH,,
respectively. The band at 1230 cm™! associates itself with the skeletal C-C stretching. All these
bands, along with the bands at 1234 cm! and 1402 cm™!, represent the B phase of PVDF [31,32].
The bending of the C-C-C group is confirmed by the 1070 cm! peak [31,32]. The variation of

. . . o
Fig.:5.5 Variation of B fraction with different b fraction with — different - vol%

volume fraction loading of BST nanoparticles in loading of BST nanoparticles in

the PVDF matrix
90
PVDF has also been calculated
a2 using the Beer-Lambert law as
~80F [33,34]:
ET-‘. B " T XAp Ag
\ FB) =X x, = W o =
ﬂ'.-'[] B | AB
1.34q + Ag
65 |
(5.2)
60 L L 1 L . .
0.75 1.50 235 3.00 where X, and Xp in equation (B)

Volume fraction of BST in PVDF matrix (%)
represent the mass fraction of a and
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B phases, A, and Ay represent the absorbance at 763 cm! and 835 cm!, respectively. The
absorption coefficients are expressed by K, (6.1x10* cm? mol'!) and Ky (7.7x10* cm? mol™!) at
that particular wavenumber, respectively [33]. The variation of B-phase content with increasing
wt% loading of BST in the trilayered PVDF-BST nanocomposite thick films is shown in Fig.
5.5.

5.3.1.3 Field emission scanning electron microscopy

Fig. 5.6 is showing the surface scanning electron microscope (SEM) images of

poly(vinylidene)fluoride-Ba gSry,TiO; (PVDF-BST) single-layer nanocomposites with (a)

Fig.:5.6 SEM images of PVDF-BST single- 0.75, (b) 1.50, (c) 2.25 and (d) 3.00 vol%
layer nanocomposites with (a) 0.75, (b)

1.50, (¢) 2.25 and (d) 3.00 vol% loading of
BST nanoparticles

loading of BST nanoparticles. No
agglomeration of BST nanoparticles is
visible in the synthesized single-layer
PVDF-BST nanocomposite.

Fig. 5.7 (a) displays the surface of the
: , .;‘:'. FESEM image of PVDF-BST trilayered
nanocomposite with 3 vol% concentration

of BST nanoparticles after hot-pressing. Fig.

5.7 (b) shows the embedded BST nanopartlcles in the PVDF polymer matrix. Upon inspecting
the surface of the trilayered nanocomposite films after hot pressing, the absence of

agglomeration of BST nanoparticles in the PVDF matrix is observed. Further analysis of

FESEM Fig.:5.7 (a), (b) Surface field emission scanning electron microscope
(FESEM) 1mage and (c) cross-sectional FESEM image of PVDF-BST
micrographs trilayered nanocompg gavith 3 vol% loading

also indicates
that the BST

nanoparticles

50 pm
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are properly embedded in each layer of the trilayered nanocomposites. The cross-sectional
FESEM of PVDF-BST nanocomposites have been carried out for the conspicuous inspection
of the formation of trilayered nanocomposites. The thickness of this hot-pressed trilayered thick
film comes out to be ~70 um (single layer thickness ~25 pm). It can be observed here that the
layers have diffused into each other due to the hot-pressing process. The bending of the film
(marked in yellow color) around the edge is observed due to the high power of the electron
beam of the FESEM apparatus. The three-layer structure can be distinguished by the difference
in the color contrast presented in the cross-sectional FESEM image of the PVDF-BST
nanocomposite. This color contrast is occurring due to the variation in the distribution of the
BST nanoparticles in each layer. The top and bottom layers, which are casted in the same
direction, are dark in color as compared to the middle layer, which is casted in the opposite
direction and is lighter in color.

5.3.1.4 Transmission electron microscopy

Fig. 5.8 (a) Fig.:5.8 (a) FESEM image and (b) High-resolution transmission electron

microscope (HRTEM) fringe pattern (inset: SAED pattern) of the BST

displays the nanoparticles

field
emission
scanning
electron
micrograph
(FESEM)
of Bay gSry,TiO; nanoparticles at a 300 nm scale. For these nanoparticles, the average size
comes out to be ~17 nm, which is in agreement with the particle size observed in transmission
electron microscopy (TEM) analysis and with the XRD results. For the (101) lattice plane of

BST nanoparticles, an interplanar spacing of 0.28 nm is observed in Fig. 5.8 (b). The inset of
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Fig. 5.8 (b) is showing the selected area electron diffraction (SAED) pattern, where the lattice
planes of the BST nanoparticles are clearly visible, which are marked for reference.

5.3.2 Electrical studies

The electrical studies include dielectric behavior and electrical displacement vs electric field
(D-E) studies. The discharging energy density, as well as energy efficiency of all the
PVDEF/BST trilayered nanocomposite thick films, have been calculated from electrical
displacement vs electric field data. The results of these studies are discussed in the following
subsections.

5.3.2.1 Dielectric studies

The frequency dependence of the dielectric constant and tangent loss for the pure PVDF
nanocomposite is shown in Fig 5.9 (a). It can be observed here that with higher values at lower
frequencies than at higher frequencies. At 1 kHz, the dielectric constant is ~10, with a tangent

loss value of ~0.03. Within the range of 1 kHz-100 kHz, the dielectric constant remains

relatively Fig.:5.9 Variation of the dielectric constant and tangent loss (a) for
pure PVDF nanocomposite, (b) and (c) for the PVDF-BST trilayered
stable. Beyond nanocomposites at room temperature
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the PVDF polymer. The tangent loss remains relatively stable within the frequency range of 1
kHz-100 kHz and exhibits an increase leading to a peak value for frequencies beyond 100 kHz,
a characteristic behavior associated with the a. relaxation of PVDF. The influence of
conduction electrons and interfacial polarization mechanisms is predominant at lower
frequencies (up to 100 kHz), while losses arising from dipolar relaxation involving the CH,
and CF, dipoles of PVDF become dominant at higher frequencies [35].

Fig. 5.9 (b) and (c) illustrate the room temperature behavior of dielectric constant(e') and
tangent loss (tan 6) of the trilayered PVDF-BST nanocomposites with frequency. It is observed
that the variational trend of &' and tan ¢ is similar for all the trilayered nanocomposites with
frequency. With increased vol% loading of BST nanoparticles, the €' of the nanocomposites
increases (i.e. ~12 for 0.75 vol% loading and ~25 for 3.00 vol% loading at 1 kHz), which can
be ascribed to the stronger local field caused by the ceramic nanoparticles than the polymer
matrix and Maxwell-Wagner-Sillar interfacial polarization [36,37]. From 100 Hz to 1 kHz, the
permittivity decreases, which is ascribed to the reduction of interfacial polarization due to the
space charge generated at the PVDF/BST interface [38], whereas from 1 kHz to 100 kHz, it
almost remains constant, which can be associated to the BST's dielectric behavior [39]. When
the applied electric field has a frequency >100 kHz, the decrease in €' is noticed in all the
trilayered nanocomposites, which is caused by a-dipolar relaxation evolving due to the micro-
Brownian motion of the polymeric chain [35]. The single-layer polymer-ceramic
nanocomposites have more dielectric constant by virtue of the increased loading of ceramic
nanoparticles. In contrast, the observation of a high dielectric constant in the trilayered PVDF-
BST nanocomposites can be understood by taking the polarization phenomenon at the
interlayer (layer/layer) interface [40] and the polymer-ceramic interface in the individual layer
of the trilayered nanocomposites. Polymer chain mobility, chain conformation, coulombic

potential, crystallinity, etc., also affect the dielectric constant in the single-layer PVDF-BST
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nanocomposites [41,42]. But in the present case, redistribution of interfacial local electric field
between the layers of PVDF-BST nanocomposites leads to induced polarization [43,44]. The
interaction between two layers also creates interfacial dipoles [45,46]. The induced polarization
between the layers and the creation of interfacial dipoles are responsible for the increased
dielectric permittivity. The PVDF-BST nanocomposite shows the notable enhancement in the
dielectric constant merely at 3.00 vol% loading of the BST nanoparticles due to the following
reasons:

1. The distribution of BST nanoparticles at the interface in the trilayered

nanocomposites creates an additional local electric field.

2. The surface of BST nanoparticles becomes positively charged [47], which interacts

with the CF, dipoles of PVDF and increases the dielectric constant of the

nanocomposite.

Table 5.2: Value of dielectric constant, tangent loss, discharge energy density, AP,
breakdown strength, distortion parameter m and the efficiency of different PVDF-
BST trilayered nanocomposite films

. . Tangent .
Dielectric loss Discharge AP (Pyax - BDS Efficiency
Sample constant (at energy P,) (MV/m) (%)
. 2 (1)
(at 1kHz) 1KHZ) density (J/cc) | (nC/cm?)
0.75%
BST ~13 ~0.06 7.3 1.113 ~422 89.3
1.50%
BST ~15 ~0.04 7.4 1.116 ~330 90.9
2.25%
BST ~18 ~0.04 6.6 1.004 ~208 86.8
3.00%
BST ~25 ~0.03 7.8 1.202 ~282 92.9

The variation of tangent loss with frequency is of peculiar interest since it is an important factor
influencing the energy efficiency and the electrical breakdown strength (BDS) of the trilayered
nanocomposites. The trilayer PVDF-BST nanocomposites with 0.75%-2.25% v/v loading of
BST show a similar variational trend of tangent loss. The tangent loss of all trilayered PVDF-

BST nanocomposites is higher at 100 Hz, which decreases with an increase in frequency (100
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Hz-10 kHz). The high value of the tangent loss at 100 Hz is caused by the molecular motion of
polymeric chains and the internal rotation of the crystal. A similar kind of observation is
reported elsewhere [48,49]. The value of tand for these nanocomposites decreases in the 100
Hz-10 kHz frequency range and increases for the frequencies >10 kHz. Initial decrease of
tangent loss is associated with surface/interface polarization [40] at various interfaces such as
electrode-sample interface, PVDF/BST interface and the interface among the layers of
trilayered nanocomposites.

The increase of tangent loss for frequencies >10 kHz is related with the segmental relaxation
of polymeric chains i.e., a-relaxation and dipolar relaxation among the interfacial layers due to
the developed local electric field [35]. Though, the trend of variation of the tangent loss
behavior has also been found to be similar for PVDF-BST nanocomposite loaded with 3 vol%
of BST. But, the rate of decrease of tangent loss between 100 Hz-10 kHz range is lower as
compared to other PVDF-BST trilayer nanocomposites. The lower rate is ascribed to the
decreased surface/interfacial polarization due to better connectivity between PVDF/BST of
PVDF with BST and among the layers of trilayered nanocomposites. It also has the lowest
value of tangent loss (~0.03) at 1 kHz. For better understanding, a comparative table consisting
of the dielectric permittivity, tangent loss, discharge energy density, breakdown strength and
efficiency for different polymer-ceramic nanocomposites is given in table 5.2.

5.3.2.2 Breakdown strength studies

Fig. 5.10 shows the breakdown strength of each trilayered PVDF-BST nanocomposite using
10 data points for the Weibull distribution analysis. Two-parameter Weibull analysis is

conveniently used for breakdown analysis of this kind of nanocomposites; accordingly:

[—2m
Pi=1—¢" ¥ (5.3)
where P; is the breakdown probability, m is the shape factor (Weibull modulus) for estimating

data scattering, E; is the average breakdown strength, and E, is the field corresponding to 63.2%
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breakdown cumulative probability. The experimental plot is a straight line in the X-Y plane
given by [50,51]:
X=m(E)andY =In(—In(1—-P)) ) 54

Fig.:5.10 Weibull distribution of A total of 10 measurements are done for each

different PVDF-BST trilayered

nanocomposite films PVDF-BST trilayered nanocomposite to obtain

10| these Weibull distribution curves. The value

0.5 |-

. of scattering parameter m of the trilayered
0.0 -
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In(Ey) "m" values have also been reported earlier
[52,53]. The loading of BST nanoparticles decreases the breakdown strength (Ey). The value
of Ey, for PVDF-BST trilayered nanocomposites determined from Weibull distribution is found

to be ~422, ~330, ~208 and ~282 Fig.:5.11 Bar diagram showing the tangent loss

and breakdown strength with the volume

0 0 0
MV/m for 0.75%, 1.50%, 2.25% and fraction of BST in the PVDF matrix

3.00% volume percent loading of @ Tangent loss
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BST nanoparticles, respectively. The
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and sometimes it is due to the
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aggregation of nanoparticles; it is also observed in other reports [44,54]. Since the tangent loss,
leakage current and breakdown strength are related with electric field-induced conduction in
the PVDF-BST trilayered nanocomposites. Therefore, the bar diagram showing the values of
breakdown strength, along with the tangent loss, is shown in Fig. 5.11. Though the increase in
loading decreases the electric breakdown strength (BDS), but when the loading of BST
nanoparticles is changed from 2.25 vol% to 3.00 vol%, the BDS is found to increase from ~208
MV/m to ~282 MV/m, which is attributed to the blocking of charges evoluted at the interface
by electric field [44]. The studies on breakdown strength clearly demonstrate the increased
BDS (~282 MV/m) for 3.00 vol% loaded PVDF-BST trilayered nanocomposite. The trilayered
nanocomposites exhibit spatial variation in the local electric field at the interfaces of PVDF-
BST nanocomposites, which might be preventing the conduction of the charge carriers. The
restriction of movement of charge carriers is ascribed to the increased BDS for 3.00 vol%
PVDF-BST trilayered nanocomposite films.

5.3.2.3 Dielectric displacement and energy storage behavior studies

In Fig. 5.12, the charging energy density (Uc), as shown in the grey area, is calculated using

J-Pmax

0 E.dP, whereas discharge energy density (Up), as shown in the shaded area, is calculated

Pmax

using [ pr E.dP and the final energy efficiency (n) is calculated by using the following

formula:

Discharge energy density (Up)
Charge energy density (Uc)

% n= x 100% (5.4)
The discharge energy density and the efficiency of the PVDF-BST trilayered nanocomposites
are discussed in detail in the main manuscript, whereas Fig. 5.13 shows the charging energy
density of the trilayered PVDF-BST nanocomposites with varying electric field. The lower

values of polarization with high charging and discharging energy densities have been reported

earlier by various research groups [22,55-58].
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Fig.:5.12 Schematic representation of Fig. 5.14 (a) to 5.14 (d) sequentially displays
charging energy density (Uc) in grey . ) i
area and discharging energy density the D-E hysteresis loops, discharging energy

(Up) in shaded area with the electric o ] o
field (E) densities, the efficiency and the variation of

'Pmmr
Discharging energy U, Jp E.dp Prax-Pr with increased concentration of the

r

BST in the PVDF matrix of different PVDF-
BST trilayered nanocomposites at a frequency

Charging energy Ug of 10 Hz. All the nanocomposites show a slim

Polarization (uC/cm?)

P x
| “E.ar o |
0 loop, which is typical for relaxor ferroelectrics

T [50], having negligible residual polarization.
This unipolar D-E loop is used to calculate the charging energy density, discharging energy
density (Up) and efficiency (1) [3]. 3 vol% loaded PVDF-BST trilayered nanocomposite has
the highest maximum polarization (Pp.y) ~1.30 uC/cm?. The similar polarization values have
been reported elsewhere [60]. The observed maximum polarization is attributed to the
formation of additional dipoles at Fig.:5.13 Charging energy density of

different PVDF-BST trilayered
polymer/polymer, polymer/ceramic and nanocomposite films

surface at the interlayer of PVDF-BST 183
trilayered nanocomposites [61]. The value
of Ppa-P; should be maximum for high
discharging energy density. The plot of

Puax-P: of different trilayered PVDF-BST

—m—0.75% BST
—a—1.50% BST
—a—1.15% BST
—“?—IJ.UU% B?I

514 (d) Pmax'Pr has been found to be 0 00 400 600 800 1000 1200 1400
Field (kV/cm)

Charging energy density (J/cc)

nanocomposite thick films is given in Fig.

maximum (1.202 uC/cm?) for the 3 vol% BST nanoparticles loaded trilayered nanocomposite.

The same composition of trilayered nanocomposite has a Up of ~7.8 J/cc and a maximum %on
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Fig.:5.14 (a) D-E hysteresis loop, (b) discharging energy density, (¢) of ~93%.
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storage behavior

of the PVDF-BST trilayered nanocomposites highlights the superiority of the 3 vol% loaded
trilayered nanocomposite, which are as follows:

(1) It exhibits a high €' (~25) and low tand (~0.03) at 1 kHz.

(11) It has moderately high BDS (~282 MV/m) as well as low leakage current density.

(i11) It also possesses ultrahigh efficiency (~93%) and enhanced Up, (~7.8 J/cc at 1400

kV/cm).

These spectacular and encouraging results of PVDF-BST trilayered nanocomposites could be
understood by a mechanism which relies on the nature of various interfaces and distribution of

the local electric field. The mechanism is discussed in the following section.
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5.3.3 Mechanism
The schematic of the mechanism responsible for ultrahigh efficiency and enhanced discharge
energy density exhibited by the PVDF-BST trilayer nanocomposite is shown in Fig. 5.15. The

upper &  Fig.:5.15 Mechanism showing the presence of interfacial layers and locally
induced electric field in the trilayered PVDF-BST nanocomposite films

lower -
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middle
layer is opposite to the casting direction. All these layers are stacked together by hot pressing.
This arrangement leads to spatial distribution in dielectric permittivity, which creates spatial
variation in the local electric field. This local electric field opposes the external electric field-
induced injection of the charge carriers, restricting the movement of the space charges and,
hence increasing the breakdown strength by preventing the formation of electrical treeing [62].
It is also the reason for the decreased tangent loss. The decreased tangent loss leads to the slim
D-E loops, which leads to the ultrahigh efficiency. Interfacial polarization among the layers
and within the layers creates additional dipoles [63,64], which is associated to the enhanced
dielectric constant and polarization. Therefore, trilayered PVDF-BST nanocomposites with
ultrahigh efficiency and enhanced discharging energy density are making them suitable for

high-energy-density capacitors.
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5.4 Conclusion

The PVDF-BST trilayered nanocomposites (with different vol% loading of BST nanoparticles,
1.e. 0.75%, 1.50%, 2.25% and 3.00%) have been processed by the tape casting method. The
structural and morphological studies have confirmed the formation of PVDF-BST trilayered
nanocomposites. PVDF-BST trilayered nanocomposite consisting of 3.00 vol% of BST
nanoparticles exhibited high dielectric constant(~25), low tangent loss (~0.03), and
anomalously high BDS (~282 MV/m). Moreover, PVDF-BST trilayered nanocomposite with
3.00 vol% BST loading has the ultrahigh efficiency (~93%) and Up, (~7.8 J/cc at 1400 kV/cm).
A mechanism for the excellent energy storage behavior and dielectric properties have been
proposed. Where, low tangent loss and high BDS are associated with the spatial variation of
the local electric field at interlayer interfaces of PVDF-BST trilayered nanocomposites. This
local electric field restricts the external electric field-induced movement of charge carriers and
space charges in the nanocomposites. The enhanced discharge energy density is associated with
the formation of additional interfacial dipoles at various interfaces such as interlayer, intralayer
(PVDF/PVDF), and PVDF/BST interfaces, whereas ultra-high efficiency is assigned to the
decreased hysteretic polarization caused by the prevention of the external electric field induced
movement of the charge carriers. These investigations would be adopted as a futuristic strategy
for developing excellently efficient polymer-ceramic nanocomposites for the high energy

density capacitors used in pulsed power applications.
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Chapter 6
Studies on the effect of the

surface-modified
Bao.sSro.2TiO3 nanoparticles
on the dielectric and energy
storage performance of the
trilayered
PVDF/BagsSro2TiO;

nanocomposites films



6.1 Introduction

Polymer-based dielectric nanocomposites have drawn considerable attention due to their high
energy storage properties, which are useful in various technological and strategic applications
such as pulsed power systems, smart grids, etc. [1,2]. There are numerous polymers which fall
under the category of dielectric polymers, such as poly(methyl methacrylate) (PMMA),
polydimethylsiloxane (PDMS), polyvinylidene difluoride (PVDF), polyethylene terephthalate
(PET), polyvinyl alcohol (PVA), etc. [3]. Among them, PVDF and its copolymers are at the
edge due to the existence of a, B, vy, and o crystalline phases. The alignment of dipoles in

crystalline phases offers a relatively high dielectric constant (~11) and low tangent loss (~0.02)
[4]. The stored energy density in a dielectric material is given by U = %grSOE 2, where €0, &rand

Ep are the vacuum permittivity, dielectric constant and breakdown strength, respectively[1].
On the other hand, ceramic materials such as BaTiO3; (BT, &’~1000) [5], (Ba, Sr)TiO3 (BST,
£’~3000) [6], CaCu3Ti4012 (CCTO, £’~5000) [5], PbZrTiOs (PZT, £’~1300) [7], etc. provides
high dielectric constant, whereas polymers are adored with connatural high breakdown
strength. Among the galaxy of available dielectric ceramics, BST exhibits an exceptionally
high dielectric constant (2500-3000) at room temperature and possesses a stable dielectric
constant over wide temperature (room temperature - 120°C) and frequency range (100 Hz - 1
MHz) [8,9]. Therefore, PVDF-BST nanocomposites consisting of ceramic nanoparticles would
be an excellent material for energy storage applications. The large difference in the physical
and dielectric properties of polymer and ceramic nanoparticles creates charged interfaces,
interfacial ion migration and distribution of local electric field, which combinely lead towards
decreased breakdown strength (Ep) [10,11]. The decreased breakdown strength, increased loss
and hysteretic behavior in electric field-dependent displacement in polymer-ceramic

nanocomposites deteriorate the capacitive energy storage performance.
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The effort to improve these parameters for developing polymer ceramic nanocomposites for
energy storage applications have been undertaken in the investigations by different research
groups [12—14]. The investigations carried out have adopted several approaches based on the
engineered processing, such as the use of nanowires, nanotubes etc., [13,15], functionalization
[16,17], poling [18], incorporation of wide band gap nanoparticles [19,20] and engineered
multilayer structure [21,22] in the dielectric polymer ceramic nanocomposites. The
incorporation of Bao.¢Sro4TiO3 nanotubes with a large aspect ratio and large surface area leads
to enhanced dielectric properties of the PVDF-based nanocomposites. The value of the
dielectric constant and tangent loss at 1 kHz is observed to be 50 and 0.07, respectively, for 10
vol% loading of the nanotubes. The study does not have any mention about the breakdown
strength and energy storage properties [15].

The incorporation of surface-modified ceramic nanoparticles has a positive influence on the
dielectric and energy storage behavior [14,16,23-26], where the surface of ceramic
nanoparticles has been modified with different functional groups such as -NH» [14], -OH [23],
dopamine [24] etc. The ceramic-polymer nanocomposites consisting of -OH modified
Bao6Sr0.4Ti03 nanofibers exhibit enhanced dielectric constant (~24), reduced loss (~0.02),
discharge energy density (~6.4 J/cc), energy efficiency (~70 %) and improved breakdown
electric field strength (~398 MV/m) at a 10% volume fraction [23]. Significantly improved
results have been assigned to the combined effect of the large aspect ratio and the surface
modification-induced improvement in the crystallinity of the PVDF. The surface modification
of the ceramic filler by PO, 3 group [treating with phosphoric acid (H3PO4)] has been found to
significantly affect the mechanical strength, i.e. flexural strength and elastic modulus in various
composites [27,28]. The modification in the mechanical behavior is assigned to increased
surface roughness and surface chemical activity. But, the effect of the incorporation of surface-

modified ceramic nanoparticles by PO; 3 group in the polymeric matrix on the dielectric and
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energy storage behavior have not been investigated. These investigations are utterly important
as the increased surface chemical activity at the interfaces of ceramic nanoparticles and
polymeric matrix may have a positive influence on the dielectric, breakdown strength and
energy storage behavior. Further, for improving the dielectric properties, breakdown strength
and energy storage performance, the concept of specially architectured nanocomposite films
have also been employed, such as opposite lamellar-structured fillers [26], gradient structure
[29], layered structure [10,30], multilayered structure [21,22] etc. The BFO/MgO-
PVDF/PMMA composite-based lemmelar structured film with 0.9 wt% loading has shown an
energy density of 9.93 J/cc at 409.6 MV/m. But the energy efficiency is only 66% which is due
to increased hysteretic loss. Also, the dielectric constant and tangent loss are observed to be 10
and 0.04 at 1 kHz. The interfacial polarization and local field at heterojunction are assigned for
the observed behavior [26]. On the other hand, Wang et al. [31] synthesized multilayer all
polymer PVDF/P(VDF-HFP)/PVDF composite films using the spin-coating technique, which
showed an improved breakdown strength of 449.2 MV/m and a discharged energy density of
6.24 J/cc. This increase in the breakdown strength and energy storage performance is ascribed
to the enhanced interfacial polarization effect and reduced leakage current in the multilayer
films. The dielectric constant and tangent loss for the multilayer composite film came out to be
8 and 0.02, respectively, at 1 kHz.

Table 6.1 provides a comparative overview of the work undertaken by various research groups
consisting of functionalized ceramic nanoparticles in different polymer matrices. The
considered parameters for the comparison include the volume/weight percentage of
functionalized ceramic nanoparticles with different functional groups in the polymeric matrix
and its influence on the dielectric properties (dielectric constant and tangent loss, discharge

energy density, energy efficiency and breakdown strength).
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Table 6.1: Comparison of dielectric constant (¢'), tangent loss (tand), discharge energy
density (Up), breakdown strength (BDS) and efficiency (n) in different polymer-ceramic
nanocomposites

Material Loading | &' Tano Up %n | BDS | Ref.
PYPRESTO | svoioa | 19 | 003 | P2eat300 gs | g
Pvgfng' 30w% | 50 | 030 | O lskj@cﬁ 1001 g4 M{]O/m [16]
P\I;%FS/?OT' 20vol% | 26 | 012 | *? {\f\c, . 301 99 1\/12\3/9111 [17]
PVDF/BT@Ag | 10wt% | 20 | 003 | * 12;;\:5/2: S Nfé?m [25]
HFIE/\IIBI’)FI-:I;VP 5vol% | 19 | 0.06 |6J/ccat250 MV/m | 70 MZ\me [32]
PVTII))FP/ET' 20vol% | 25 | 005 | ** {\//;‘; . 1201 7 Ml\z/?m [33]
PVDE/BST-P | 3vol% | 30 | 004 | 7 g{’,‘;carfl 18001 og 1\/[3\%/1m VTVEE

The existing work highlights that the combination of the incorporated surface-modified
nanoparticles and the specially architectured polymer ceramic nanocomposite thick films might
lead to improved dielectric properties, breakdown strength and energy storage performance.
The present chapter consists of a detailed investigation of the dielectric properties, breakdown
strength and energy storage performance (discharge energy density and energy efficiency) of
trilayered PVDF-BST films consisting of very low-loaded surface modified BST nanoparticles.
6.2 Experimental

The studies mentioned in this chapter are focused around the synthesis of BaggSro2TiO3
nanoparticles functionalized using H20: and H3;POs4 with their respective abbreviated
nomination as BST-H and BST-P and their incorporation into the PVDF polymer matrix. The
following sections explain the synthesis of functionalized BaosSro.TiO3 nanoparticles
incorporated into the PVDF matrix for fabricating the specially architectured trilayered films.
These films are subjected to a comprehensive investigation of structural, morphological as well

as dielectric, electrical breakdown strength and energy storage behavior.
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6.2.1 Synthesis of functionalized Bao.sSro.2TiO3 nanoparticles

The BST nanoparticles have been synthesized using the hydrothermal method [34], as
discussed in section 2.2.1 of Chapter 2 and the functionalization of the BST nanoparticles is
done using H>O> and H3POa, as detailed in section 2.2.3 of Chapter 2.

6.2.2 Synthesis of PVDF-functionalized Bao.sSro..TiO3 nanocomposite trilayered films
Initially, PVDF powder (Alfa Aesar) is dissolved in DMF solvent and sonicated for 30 minutes.
3 volume percent of the H>O> and H3PO4 functionalized Bao.sSro.2TiO3 nanoparticles viz. BST-
H and BST-P are added to the sonicated PVDF solution. The mixtures are stirred at 60°C for
12 hours using a mechanical stirrer. The homogenized solutions are then cast onto the bed of a
TMAX tape casting unit set at 70°C and dried for 2 hours in the air. The dried nanocomposite
films of PVDF, PBST-H and PBST-P are peeled off and placed in a vacuum oven for 8 hrs,
which is pre-heated at 150°C. Subsequently, the nanocomposite thick films are cooled down
to ambient temperature. The hot-pressing process involved the stacking of three layers of
individual nanocomposite films placed over one another. Hot-pressing is done at a pressure of
250 kN for 5 minutes at a temperature of 150°C.

6.2.3 Structural studies of PVDF-functionalized Bao.sSro2TiO3 nanocomposite trilayered
films

The crystallinity of both the functionalized BST powder and the PVDF-functionalized BST
nanocomposites is characterized using X-ray diffraction (XRD), along with the Fourier-
transform infrared (FTIR) spectra analysis of the functionalized BST nanoparticles and the
trilayered PVDF-functionalized BST nanocomposites. The functionalization of the BST
nanoparticles is further confirmed by using energy dispersive spectroscopy (EDS) mapping of
H3POgy-treated BST nanoparticles. Additionally, the surface and cross-section of the trilayered
PVDF-functionalized BST nanocomposites have been studied by using a field emission

scanning electron microscope (FESEM).
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6.2.4 Electrical studies of PVDF-functionalized Bao.sSro.2TiOs trilayered nanocomposite
films

An impedance analyzer has been used to measure the room temperature dielectric properties
of the functionalized nanocomposites in the frequency range of 100 Hz to 1 MHz with an
oscillating voltage of £ 1V across the samples. The breakdown strength (BDS) of PVDF-
functionalized BST nanocomposites is measured by using a Danbridge 30 kV Non-Destructive
Insulation Tester (Denmark), whereas dielectric displacement vs. electric field (D-E) loops are
measured by employing a 10 Hz triangular wave.

6.3 Results and discussion

The results of structural and electrical studies are discussed in the subsequent subsections.
6.3.1 Structural studies

The subsequent sections explore the findings obtained from X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), field emission scanning electron microscopy
(FESEM) and electron dispersion spectroscopy (EDS).

6.3.1.1 X-ray diffraction

Fig. 6.1 shows the X-ray diffraction (XRD) patterns of pure PVDF, PBST-H and PBST-P

nanocomposite thick films. The XRD peaks observed at 20 values of 18.5° and 26.5° confirm

Fig.6.1: XRD spectra of pure PVDF film, PBST-H and

) . the presence of the a-crystalline
PBST-P trilayered nanocomposite films

phase of PVDF, whereas the
prominent peak at 20.2°

corresponds to the f-

crystalline phase [35]. These

Intensity (a.u.)

crystalline phases are
showing their presence in

pure PVDF, PBST-H and

10 . 20 . 30 . 40 . 50 . 60 . 70 PBST-P thick films.
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Additionally, the XRD peaks at 36.2°, 42.5°, and 56.8° correspond to the 3-phase of the PVDF
[35]. A low-intensity XRD peak observed at 39.1° has been observed in all nanocomposite
films, which corresponds to the y-phase of PVDF [36]. However, this peak gets merged with
the (111) crystal plane of BST in PBST-H and PBST-P thick films. The high-intensity peak
observed at 31.8° for PBST-H and PBST-P corresponds to the (101) crystal plane of the
functionalized BST nanoparticles (ICDD card number 00-044-0093). The XRD pattern have
also indicated that the surface functionalization of BST nanoparticles did not change its crystal
structure in the nanocomposites, as well as the proper inclusion of functionalized nanoparticles
in the PVDF matrix.

6.3.1.2 Fourier transform infrared spectroscopy

Fig. 6.2 shows the FTIR spectra of BagsSro.TiO3 nanoparticles functionalized with H>O»
(BST-H) and H3PO4 (BST-P), along with pure BST nanoparticles. The IR spectra of BST-P

show the bands at  Fig.6.2: FTIR spectrum of BST nanoparticles

functionalized with different surface modifiers

wavenumbers 1145 cm™

1063 cm™, 1018 cm™, 957 BST-P
cm!, and 890 cm’!, which
Sk
correspond to the stretching < BST-H
=
vibrations of the phosphate é
=
(P0;3) group, while the E 10!
BST
bands at 599 cm™, 569 cm™,
and 549 cm” indicate the Ti-Oi
. o 2500 2000 1500 1000 500
bending vibrations of the Wavenumber (cm™)

phosphate group. The BST-H nanoparticles exhibit bands at 1635 cm™ and 1574 cm!, which
corresponds to the -OH group-related vibrations [37,38]. The IR spectra have given a

confirmatory signature of surface modification of BST nanoparticles with —OH~ and PO, 3
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functional groups. These functional groups will have a bridging role with CH»-CF> dipoles of

the PVDF polymer with the functionalized BST nanoparticles [39].

Fig. 6.3 shows the IR spectra of the PBST-P, PBST-H and pure PVDF nanocomposite films.

The characteristic IR bands of the a crystalline phase of the PVDF are observed at
Fig.6.3: FTIR spectrum of functionalized PVDF, PBST-H  wavenumbers 530 cm’,

and PBST-P trilayered nanocomposite films with different
surface modifiers 614 cm’!, 763/766 cm’',

795 cm’, 854 cm’,
1149 cm, 1330 cm’!
and 1382 cm™!, common
878 (B-phase) A 840 (B-phase) in all the nanocomposite

films [40]. The IR bands

Transmission (%)

of the P crystalline

phase of the PVDF are

observed at 600 cm,
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Wavenumber (cm™) 840 cm™', 878 cm’!, and

948 cm™! [40]. The bands at 510 cm™ correspond to both a/f phases of PVDF, whereas the
bands at 1070 cm™ and 1454 cm! indicate the presence of B/y phases [40]. The band observed
at 840 cm™! corresponds to B-phase, while the bands at 430 cm™ and 490 cm™ correspond to
B/y phases of PVDF. These bands are more distinct and clear for PBST-P films as compared to
PBST-H and pure PVDF films. The band at 510 cm™! corresponding to either o or B phase has
only been observed in PBST-P film, whereas it is absent in PBST-H and pure PVDF films. It
is clearly marked in the IR spectra shown in Fig. 6.3. The IR studies confirm that the
incorporation of the functionalized BST nanoparticles in the PVDF polymer matrix (i.e., PBST-
P and PBST-H films) leads to the evolution of § and y crystalline phases, which are polar in

nature and possess very good dielectric and energy storage properties [40,41]. Another
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important observation indicates that the emergence of B and y crystalline phases in PBST-P
films are more prominent as compared to PBST-H films.

6.3.1.3 Field emission scanning electron microscopy

The modification  gjo 4. FESEM images of (a) H:POs functionalized BST
nanoparticles, (b) surface of PBST-P nanocomposite and (c) cross-
section of the PBST-P trilayered nanocomposite film
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well as modification in the interfacial forces between ceramic nanoparticles and polymers. The

field emission scanning electron microscopy (FESEM) studies have also been carried out for

Fig.6.5: FESEM images of (a) unfunctionalized BST nanoparticles ;) the
and (b) H20: functionalized BST nanoparticles
nanocomposite

films. Fig. 6.4
shows the
FESEM

micrographs  of

EHT= 10004V Signal A= SE2 Dete: 27 Jan 2022
wo= 8.3mm Mog = 150000 KX Time: 16:18:32

H3PO4 functionalized BST nanoparticles, the surface of PBST-P nanocomposite film and the
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cross-section of PBST-P film. The FESEM images of unfunctionalized and -OH functionalized

BST nanoparticles, PBST and PBST-H films are given in Fig. 6.5.

It can be seen that the surface of H3PO4 functionalized BST nanoparticles is porous and rough,

which is in agreement with earlier reports [27,42]. The incorporation of these nanoparticles in

the PVDF polymer matrix results into the homogeneous distribution of H3PO4 functionalized

BST nanoparticles. The porous structure of BST-P particles and increased chemical activity at

the BST-P/PVDF interface lead towards a completely covered surface of the BST-P

nanoparticles with PVDF. The observed surface morphology of PBST-P nanocomposites could

be due to the following reasons:

a)

b)

The increase in surface roughness could further help increase the adhesion at interfaces

between BST-P nanoparticles and the PVDF polymer matrix.

The surface  Fig.6.6: FESEM images of (a) the surface of PBST film, (b)
the surface of PBST-H nanocomposite and (c) the cross-
roughness and  section of the PBST-H nanocomposite film

porous structure of
H;POy
functionalized BST

nanoparticles,

which allow PVDF
to seep in through
the BST
nanoparticles.

This will increase

the compatibility between the interfaces of BST nanoparticles and the PVDF matrix.
PO; 3 group attached with BST nanoparticles creates a better bridging network with

—F ™2 of CF: dipoles of PVDF due to the variation in the coordination numbers [43].
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On the other hand, H»>O; surface-functionalized and unfunctionalized BST nanoparticles do

not show that degree of compatibility with the PVDF matrix, as seen in Fig. 6.6. The

Fig.6.7: EDS mapping of BST nanoparticles functionalized with
H3PO4

functionalization
of the BST
nanoparticles is
further confirmed
by using energy

dispersive

spectroscopy (EDS) mapping of H3POs-treated BST nanoparticles, as shown in Fig. 6.7. It is
seen here that all the elements (i.e., Ba, Sr, Ti, O and P) are present on the clustered surface of
the treated BST nanoparticles. Carbon is present in the mapping because the sample is
prepared on carbon tape for testing.

6.3.2 Electrical studies

The electrical studies include dielectric behavior and electrical displacement vs electric field
(D-E) studies. The discharging energy density, as well as energy efficiency of all the
PVDF/functionalized BST trilayered nanocomposite thick films, have been calculated from
electrical displacement vs. electric field data. The results of these studies are discussed in the
following subsections.

6.3.2.1 Dielectric studies

Fig. 6.8 (a) and (b) show the variation of dielectric constant and tangent loss of the trilayered
pure PVDF film, PBST-H and PBST-P nanocomposite films. The dielectric constant of PVDF,
PBST-H and PBST-P films has been found to be ~11, ~24, & ~32 and ~10, ~22, & ~30,
respectively, at the frequencies 100 Hz and 1 kHz. The dielectric constant of PBST-H and
PBST-P films has been found to be higher as compared to that of the pure PVDF film. The

high value of the dielectric constant in the nanocomposite films consisting of functionalized

126



BST nanoparticles is caused by the high permittivity of BST itself, increased interfacial

polarization Fig.6.8: Variation of (a) dielectric constant and (b) tangent loss with
frequency for pure PVDF film, PBST-H and PBST-P trilayered
due to the papgcomposite films
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and the increased bridging effect mediated by oxygen between PVDF/BST interface [10]. The
dielectric constant shows a decrease for frequencies greater than 100 kHz, which is associated

with the a-relaxations caused by the motion of polymeric chains of the PVDF polymer matrix

Fig.6.9: Variation of dielectric constant and tangent [45]. The onset frequency of the
loss with frequency for PBST nanocomposite

decrease in the dielectric constant

PBST s
/ is the lowest (~385 kHz) for
- 0.20

PBST-P nanocomposite film,
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angent loss

0.10 incorporation  of  phosphate-

I

Dielectric constant

functionalized BST nanoparticles

0.05

slows down the micro-Brownian

10 . . . . 0.00 . . .
100 1k 10k 100k 1M 10M motion in the polymeric chains.
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On the other hand, for PBST-H, this onset frequency is 690 kHz, whereas for pure PVDF, it

may be beyond 1 MHz. The variation of dielectric constant and tangent loss with frequency for
PVDF-BST (PBST) nanocomposite film is given in Fig. 6.9. The dielectric constant of PBST-
P nanocomposite thick film is remarkably higher, which is ascribed to the enhanced linkages

between the PVDF matrix and —P0O; > functionalized BST nanoparticles, as well as the

127



increased interfacial polarization due to the better interconnect between the —P0; 3 group of

Fig.6.10: The dielectric constant and tangent loss
at 1kHz for pure PVDF film, PBST-H and PBST-

PVDF [43]. The tangent loss of all P trilayered nanocomposite films
Dielectric constant

- Tangent loss

BST nanoparticles and —F~ group of

the films shows a decrease in the

frequency range of 100 Hz-10 kHz.
This decrease of loss is caused by the

surface/surface polarization due to

various interfaces such as the
sample/electrode  interface, the

interface among the layers of the

films, as well as PVDF PBST-H PBST-P

Type of nanocomposite
PVDF/functionalized BST interfaces [10,14]. The tangent loss is found to increase for
frequencies greater than 10 kHz, which is ascribed to the a-relaxations, dipolar relaxation
within the PVDF, as well as at the interfaces [9,45]. The local electric field arising due to the
interaction between interfacial charges and the dipolar field of the functionalized BST
nanoparticles, as well as PVDF also contributes in increasing the tangent loss. The dielectric
constant and tangent loss at 1 kHz for pure PVDF film, PBST-H and PBST-P nanocomposite
trilayered films is shown in Fig. 6.10 in the form of a bar graph.
6.3.2.2 Breakdown strength studies
The dielectric breakdown strength of polymer-based nanocomposites to be employed for
energy storage purposes plays a significant role as it affects the energy storage behavior in an

exponential fashion. Two-parameter Weibull statistical analysis is normally used to determine

the electrical breakdown strength (BDS). The Weibull equation is given as:

P,=1—exp (5—:)7 (6.1)
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where P; is the breakdown probability, E; is the average breakdown strength, E, is the field
corresponding to 63.2% breakdown cumulative probability and vy is the shape factor (Weibull
modulus) for estimating data scattering and its value is related with the uniformity of the
breakdown strength throughout the polymer nanocomposite films, i.e., microscopic
inhomogeneity. The experimental plot is a straight line given by [46]:
X=Imn(E)andY = In(—In (1 - P)) (6.2)
High breakdown strength ensures the sustainability of the electric displacement/polarization at
high fields. Fig. 6.11 shows the Weibull distribution curve depicting the breakdown strength
(BDS) for PVDF film, PBST-H and PBST-P nanocomposite film. Ten data points are taken
Fig.6.11: Weibull distribution curve of PVDF film, PBST-H for calculating the

and PBST-P trilayered nanocomposite films
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noticeable decrease in the breakdown strength of the nanocomposites as compared to the pure
PVDF is observed when functionalized BST nanoparticles are added to the polymer matrix.
The decrease in the breakdown strength in the nanocomposite films consisting of nanoparticles

is ascribed to the electronic and morphological defects, which gives the percolative conducting

path at the ceramic nanoparticle/polymer interface [47].
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The interfacial morphological defects create the space charge, which are excited at a lower
electric field as compared to the bound charges in the nanocomposite films. The observed
breakdown behavior is very interesting since the incorporation of H3;POs-modified BST
nanoparticles in the PVDF matrix possesses high breakdown strength as compared to H,0»-
modified BST nanoparticles incorporated in the PVDF matrix. The interaction of the -OH
group with the F~ion of the PVDF matrix forms the hydrogen bond, which is widely reported
in the literature [15,23,33,48]. This interaction has also been found to improve the dielectric
and energy storage behavior. The —P0; 3 group-modified BST nanoparticles incorporated in
the PVDF matrix serve as a better network modifier between PVDF and BST-P by breaking
the linkages joined by 05 of —P0; 3 and F;” of PVDF. The local environment and PVDF/BST-
P interface is expanded to high coordination numbers [43]. The increased networking leads to
modification in the crystalline structure of PVDF and improved surface morphology, as
evidenced in IR and FESEM studies. The interface of PVDF/BST have modified charge
density, which causes the increased breakdown strength.

6.3.2.3 Dielectric displacement and energy storage behavior studies

Undoubtedly, the increase in breakdown strength is essential in order to have very good energy
storage properties. The discharge energy density and efficiency are also the key parameters for
energy storage devices. Therefore, unipolar displacement vs. electric field (D-E) loop studies
have been carried out. Fig. 6.12 (a), (b) and (c) shows the displacement-electric field loop (D-
E loop), discharge energy density and efficiency of the PVDF film, PBST-H and PBST-P
nanocomposite films varying with the applied electric field, respectively. The value of
saturation polarization for PBST-H and PBST-P is ~1.43 and ~1.41uC/cm?, which is much
higher than pure PVDF film (~1.11 uC/cm?). Also, the remanent polarization is very low in
PBST-P nanocomposite films, which leads to the increased discharge energy density and higher

energy efficiency. The value of discharge energy density at 1800 kV/cm is calculated using Up
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= JE.dD, which comes out to be 6.09, 6.71 and 7.97 J/cc for PVDF, PBST-H and PBST-P,
respectively.

Moreover, the energy efficiency of the nanocomposites is observed to be ~80%, ~78% and
~98% for PVDF, PBST-H and PBST-P nanocomposites, respectively, at 1800 kV/cm. The
energy efficiency of these nanocomposites has been calculated as the ratio of the discharging

energy density Fig.6.12: Variation of (a) displacement, (b) discharge energy density

and (c) efficiency with the electric field of the PVDF, PBST-H and
PBST-P trilayered nanocomposite films
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whereas

discharge energy density (Up) is calculated using |, :Tmax E.dP and the final energy efficiency

(m) is calculated by using the following formula [10]:

_Discharge energy density (Up)

% x 100% (6.3)

Charge energy density (Uc)
The D-E loop, discharge energy density and efficiency of PBST trilayered nanocomposite film
are shown in Fig. 6.13. The discharge energy density, breakdown strength and efficiency of the
pure PVDF, PBST-H and PBST-P nanocomposite multilayer films are shown in Fig. 6.14 in
the form of a bar chart. The low value of remanent displacement and less hysteresis losses are

momentous for high discharge energy density and energy efficiency, respectively [49,50]. The
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PBST-P nanocomposite film possesses a higher discharge energy density (7.97 J/cc at 1800

kV/cm) and ultrahigh efficiency (~98%). The PBST-P nanocomposite multilayer thick films

Fig.6.13: Variation of (a) displacement and (b) discharge energy  cxhibit superior
density & efficiency of PBST nanocomposite film with the electric
field
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6.3.3 Mechanism
The schematic representation of the

mechanism is shown in Fig. 6.15; the

RIS
oS

incorporation of —P0; 3 surface-modified

BST into the PVDF matrix (i.c., PBST-P PVDF PBST-H ——~  PBST-P

Type of nanocomposite
nanocomposite trilayered films) provides the flexibility of change of coordination states of
phosphorous with respect to fluoride ions of PVDF [43], which can act as a better bridging

network at the interfaces. The resulting interfacial forces rotate the CH2 and CF> dipole of the

PVDF matrix polymer matrix, which leads to the evolution of B and y crystalline phases as
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evidenced by IR studies. The linkage between BST nanoparticle with PVDF matrix via the
—P0; 3 group creates a strong bridging network as compared to that via —OH~ ions (shown in
Fig. 6.15). Interfacial network modification at the PVDF/BST-P interface and interfaces among
the different layers creates additional dipoles, which enhances the polarization as well as the

dielectric constant.

Fig. :6.15 Mechanism showing the interaction of —OH~ and —P0}3 ions with the BST
nanoparticles and PVDF polymer matrix for PBST-H and PBST-P trilayered
nanocomposite films
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The formation of the local electric field at the interface of PBST-P multilayer films is much
stronger as compared to the PBS-H multilayer films. This local field at the interfaces resists
the externally applied electric field and prevents the PBST-P multilayer film to have electrical
breakdown at a low field. The prompt switching of dipoles [51] with the reversal of the electric
field is caused by y-phase as well as smaller crystallites in PBST-P multilayer nanocomposite
films. This prompt switching of the dipoles decreases the hysteretic behavior in the D-E loops,
which in turn leads to ultrahigh-energy efficiency.

6.4 Conclusion

The trilayered PVDF-BST nanocomposite films have been synthesized by tape casting. The
surface of BST nanoparticles is modified with PO;3 and —OH~ functional groups, the
respective films consisting of these nanoparticles are named as PBST-P and PBST-H films.
The inclusion of surface-modified nanoparticles strongly affects the structural and
morphological features of the trilayered films. The PBST-P film exhibits the evolution of B and
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vy crystalline phases of PVDF along with improved surface morphology. The PBST-P trilayered
films are found to exhibit superior dielectric properties, breakdown strength, discharge energy
density and energy efficiency with their respective values of ~30 at 1 kHz, 381 MV/m, 7.97
J/cc at 1800 kV/em and 98%. The improved structural and morphological properties, as well
as superior dielectric properties and energy storage performance is attributed to the better
bridging network created between —F~2 of CF, dipoles of PVDF with PO, 3 group of BST-P
nanoparticles. These interactions lead to enhancement in the PVDF/BST-P interface and
interlayer interfaces, introducing extra dipoles and establishing a strong local electric field at
the interfaces for an improved interfacial network. The qualitative explanation of the involved
mechanism is also discussed. The study may lead towards the novel ways of developing
polymer-ceramic nanocomposites for high-energy density capacitors, where the incorporation
of functionalized nanoparticles in the polymer matrix is accompanied by the architectured

structure.
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Chapter 7

Conclusions and future scope



7.1 Introduction

The polymer ceramic nanocomposite dielectric materials have become of special interest in the
global research and development due to its prospect of application in the high-energy density
capacitors for pulsed power applications, electrical vehicles, inverters etc. The performance of
a high energy density capacitor relies on the various parameters such as high dielectric constant,
high dielectric breakdown strength and low tangent loss. The polymers have a low dielectric
constant and high dielectric breakdown strength, whereas the ceramics have a high dielectric
constant and low breakdown strength. This complimentary feature is utilized for developing
the polymer-ceramic nanocomposites with moderate dielectric constant, low tangent loss and
high dielectric breakdown strength, which are useful characteristics of a material for high-
energy density capacitors. Among the galaxy of polymer dielectric materials, polyvinylidene
difluoride (PVDF) is one such polymer that is used as the polymer matrix in such
nanocomposites because it has various crystalline phases (i.e., o, B, y and §) with different
dielectric and polarization properties, high breakdown strength (~500 MV/m), dielectric
constant (~10-15) and tangent loss (~0.03). Apart from these properties, it is easy to process
and dielectric properties can be tuned by modifying the processing conditions. The barium
strontium titanate (BST) stands out as a suitable ceramic nanofiller in the polymer matrix due
to its remarkable combination of high dielectric constant (~3000) and minimal tangent loss
(~0.02) over a wide frequency range (100 Hz-1 MHz). Though the choice of the polymer
dielectric and the ceramic nanofiller for developing the polymer ceramic nanocomposites is the
primary requirement, but the dielectric properties and energy storage behavior can be modified
by the various other methods such as shape and size of the nanofiller (such as the use of
nanowires (NW), nanotubes (NT), nanofibers (NF), etc.,), its functionalization, poling,
incorporation of wide band gap nanofillers and engineered multilayer structure. An

enhancement in the dielectric constant, breakdown strength and energy storage performance of
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the polymer-ceramic nanocomposites is observed through the integration of surface-modified
ceramic nanofillers, which enhances the compatibility between the polymer matrix and the
surface functionalized nanofiller via the use of various functional groups, such as -OH, -NHo,
etc.

The nanocomposites of PVDF as a matrix with BST as a nanofiller could be of great importance
so as to understand the underlying physics behind the interactions at the interfacial sites of the
nanocomposite as well as their potential application in pulsed power systems and high energy
density capacitors. Therefore, in the present study entitled "Effect of functionalization of
(Ba,Sr)TiOs on dielectric and energy storage behavior of PVDF-(Ba,Sr)TiO3 nanocomposites"
the structural, dielectric, breakdown strength and energy storage properties of polyvinylidene
difluoride-barium strontium titanate (PVDF-BaggSro2TiO3) nanocomposites have been
investigated.

7.2 Component of study

The exploration of the dielectric and energy storage characteristics of nanocomposites
comprising polyvinylidene fluoride and barium strontium titanate (PVDF-Bag sSro2TiO3) has
been conducted. The various elements analyzed in these investigations are discussed in the
following sections.

7.3 Results and conclusion

The results of structural, dielectric, breakdown strength and energy storage properties of
BaosSr0.2TiO3 as well as PVDF-Bag sSro2TiO3 nanocomposite and the significant conclusions
derived from the present work have been briefly summarized in the subsequent sections.

7.3.1 Polyvinylidene fluoride-Bao.sSro.2TiO3 flexible nanocomposite films

Polyvinylidene fluoride (PVDF)-Bao.sSro.TiOs (BST) nanocomposite thick film with 1.5
volume percent loading and thickness ~100 pm has been synthesized by tape-casting technique.

The thick film is cut into small pieces and subjected to an external electric field of 22 kV/mm
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for different time durations of 40 min, 50 min and 60 min. The XRD and IR studies reveal the
evolution of the f phase of PVDF for the PVDF-Bao sSr0.2TiO3 nanocomposites. The dielectric
constant at 1 kHz for the films exposed to the electric field for 60 min duration is increased up
to ~25 as compared to ~15 for unexposed films, whereas the tangent loss does not exhibit
significant change. The significant enhancement in the dielectric constant is attributed to the
evolution of the  phase in PVDF and enhancement in dipolar density due to modification in
the structural and interfacial behavior as well as molecular motion of the dipoles in the
polymeric chain.

7.3.2 Temperature-dependent dielectric and impedance behavior of flexible
Polyvinylidene fluoride-Bao.sSro.2TiO3 flexible nanocomposite films

Flexible PVDF-Bag §Sr0.2TiO3 nanocomposite thick films of thickness ~80 pm with 0.75, 1.5,
2.25 and 3 volume percentage loading of BaosSro2TiO3 nanoparticles are synthesized by the
tape casting method. The dielectric constant and loss tangent of all the PVDF-Bao.sSro2TiO3
nanocomposites remains nearly constant until 70 °C, and with further increase of the
temperature (> 70 °C), the dielectric constant and loss tangent increase. An increase in the AC
conductivity and a decrease in the impedance are observed with an increase in temperature for
the PVDF-BagsSro.TiO3 nanocomposites. Impedance analysis confirmed non-Debye-type
relaxation behavior for all the nanocomposite thick films. A possible mechanism for the
increase of the dielectric constant, loss tangent, and AC conductivity and the decrease of
impedance with increasing temperature for the PVDF-BaogSro2TiO3 nanocomposite thick
films is proposed, which relies on the Lewis model and the interfacial double-layer model.
Thermally-induced translational motion of polymeric chains of PVDF, the motion of ions, and
the migration of space charge in the interfacial layer of the PVDF matrix and Bao.sSro2TiO3

nanoparticles might be attributed to the observed dielectric behavior.
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7.3.3 The specially architectured trilayered polyvinylidene fluoride-Bao.sSro.2TiO3
nanocomposite films

The PVDF-Bao sSro.2TiO; trilayered nanocomposites with different volume percent loading of
Ba sSr0.2TiO3 nanoparticles, i.e., 0.75%, 1.50%, 2.25% and 3.00%, have been processed by the
tape casting method. PVDF-BagsSro2TiOs3 trilayered nanocomposite consisting of 3.00 vol%
of Bag gSr2TiO3 nanoparticles exhibited high dielectric permittivity (~25), low tangent loss
(~0.03), and anomalously high BDS (~282 MV/m). Moreover, PVDF-Ba §Sro 2 TiO3 trilayered
nanocomposite with 3.00 vol% BST loading has the ultrahigh efficiency (~93%) and Up (~7.8
J/cc at 1400 kV/cm). A mechanism for the excellent energy storage behavior and dielectric
properties has been proposed. Where low tangent loss and high BDS are associated with the
spatial variation of the local electric field at interlayer interfaces of PVDF-BaggSro2TiO3
trilayered nanocomposites. The enhanced discharge energy density is associated with the
formation of additional interfacial dipoles at various interfaces such as interlayer, intralayer
(PVDF/PVDF), and PVDF/Bao sSro2TiO3 interfaces, whereas ultra-high efficiency is assigned
to the decreased hysteretic polarization caused by the prevention of the external electric field
induced movement of the charge carriers.

7.3.4 The specially architectured trilayered polyvinylidene fluoride-Bao.sSro2TiO3
nanocomposite films incorporated with functionalized BST nanoparticles

Tape-casted multilayer PVDF-BaosSro2TiO3 nanocomposite films have been synthesized,
incorporating surface-modified BaosSro2TiO3 nanoparticles with PO;3 and —OH™ groups,
resulting in PBST-P and PBST-H films, respectively. The inclusion of these modified
nanoparticles strongly influenced the structural and morphological features of the films. PBST-
P exhibited improved surface morphology and the evolution of § and y crystalline phases in
PVDF. The PBST-P films demonstrated superior dielectric properties, breakdown strength (381
MV/m), discharge energy density (7.97 J/cc at 1800 kV/cm), and energy efficiency (98%). The
enhanced properties have been attributed to a better bridging network formed between the CF»
dipoles of PVDF and the PO 3 groups of BST-P nanoparticles, leading to improved interfaces
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and introducing extra dipoles. The study suggests novel approaches for developing high-energy

density capacitors using functionalized nanoparticles in a polymer matrix with an architectured

structure.

7.4 Future scope of the thesis

Apart from studies carried out in this thesis, there are still some investigations of futuristic

technological and academic importance. These studies may further improve the dielectric

behavior, breakdown strength and energy storage performance of PVDF-(Ba,Sr)TiO3

nanocomposites. They are as follows:

1.

The graded PVDF-(Ba,Sr)TiOs multilayer nanocomposite films (where the
concentration of (Ba,Sr)TiO3 in each layer will be varied). This kind of structure may
have a positive impact on the dielectric behavior and energy storage performance.

The encapsulation of (Ba,Sr)TiO3; nanoparticles with low dielectric materials such as
Si0,, etc., before incorporating them into the PVDF matrix, will passivate the
PVDF/(Ba,Sr)TiO3 interface. This process may produce PVDF-(Ba,Sr)TiOs
nanocomposite thick films with improved dielectric and energy storage behavior at
higher temperatures (RT-100 °C).

The heterogeneous PVDF-(Ba,Sr)TiO; nanocomposite thick films (where the
sandwiched structure PVDF film and (Ba,Sr)TiO3 nanoparticle will be formed) could

also lead to improved energy storage performance.
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Abstract

The polyvinylidene fluoride (PVDF)-0.05Ba,, ¢Sr,, ,TiO; (BST) nanocomposite (0.05 is the fractional weight of BST) facile
thick films of thickness ~100 pm have been synthesized by tape-casting. The synthesized films are exposed to an electric
field of 22 kV/mm (for different time durations, 0 min, 40 min, 50 min, and 60 min) to investigate the electric field-induced
effects on dielectric and structural properties of nanocomposite thick films. Structural studies have shown that the electric
field increases the f phase of PVDF in PVDF-BST nanocomposites. The most prominent effect of the applied electric field
is observed in the dielectric behavior of the nanocomposite thick films. The film exposed to the electric field for 60 min has
the highest dielectric constant (~25) and very low tangent loss (~0.02) at 1 kHz, whereas the unexposed film of nanocom-
posite has a dielectric constant of ~15 and tangent loss (~0.03). The approximated Debye relaxation theory has been used
to understand the correlation between dielectric and structural observations. Analysis confirms the duration of exposure to
the electric field enhances the f-phase, which causes the increase in the density of dipoles. The enhanced dielectric perfor-
mance is attributed to the increased dipolar density due to modification in the structural and interfacial behavior as well as
molecular motion of the dipoles in the polymeric chain.

Keywords BST - PVDF - polymer-ceramic nanocomposites - dielectric constant - impedance analysis

Introduction

Polymer-based ceramic nanocomposites and their dielec-
tric behavior have been the focus of research for the last
decade due to their prospect of application in high-energy
storage capacitors, embedded electronics, pulse power
generation, etc.'™ There are a large number of polymers
that are utilized as a matrix for this purpose, e.g. biaxi-
ally oriented polypropylene,* polyamide,’ polyvinylidene
fluoride (PVDF),% polyvinylidene fluoride-trifluoroethyl-
ene (PVDF-TrFE),} polydimethylsiloxane (PDMS)’, etc.
All these polymers have a very low dielectric constant
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(< 12).1%11 Ceramic particles with a high dielectric con-
stant are incorporated into the matrix of polymers in order
to make polymer-based nanocomposites that consist of
lead zirconate titanate (PZT) (&' ~600),'? barium titan-
ate (BaTiO;) (¢' ~1700) ,13 strontium titanate (SrTiO;) (€'
~1000),'* calcium copper titanate (CCTO) (¢' ~60000),"3
titanium oxide (TiO,) (&' ~200),'% etc. The composites
based on high dielectric constant ceramic materials and
low dielectric constant flexible polymers have a moder-
ate dielectric constant and low tangent loss. PVDF shows
unique behavior among all dielectric polymers with its
dielectric constant ~10, tangent loss ~0.05, and break-
down field ~500 MV/m.'® Apart from this, its ease of
processing, the existence of various crystalline phases
(such as a, f, and y crystalline phases), and associated
electrical properties such as ferroelectric, piezoelectric,
and pyroelectric'” make it most suitable for making pol-
ymer-based ceramic nanocomposites. On the other hand,
lead-free barium strontium titanate (BaSrTiO;, BST) pos-
sesses very good dielectric behavior with a large dielectric
constant over a wide temperature (—173°C to 120°C) and

@ Springer
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ARTICLEINFO ABSTRACT

Keywords: High energy storage performance of polymer-ceramic nanocomposites at elevated temperatures (room temper-
Poly(vinylidene difluoride)-Bao.gSt0.2TiO3 ature to 100 °C) becomes unstable because of thermally unstable dielectric behavior (permittivity and loss
nanocomposites

tangent). Therefore, the present work describes the experimental and analytical investigation of the temperature-
dependent dielectric behavior, AC conductivity, and impedance of flexible poly(vinylidene difluoride) (PVDF)-
Bag gSro.2TiO3 (BST) nanocomposite thick films. An increase in the dielectric constant and a decrease in the loss
tangent is found with an increase in the loading of BST nanoparticles in the nanocomposite thick films. The
highest dielectric constant, approximately 25, and the lowest loss tangent, approximately 0.03, are observed for
10 wt% BST-loaded PVDF-BST nanocomposite at 1 kHz; the dielectric constant and the loss tangent increase to
approximately 93 and approximately 1.64, respectively, at 150 °C. The dielectric constant and the loss tangent of
all the PVDF-BST nanocomposites are thermally stable up to 70 °C, and then increase with further increase of the
temperature. A phenomenological model is proposed to explain the experimentally observed behavior, which
might be attributed to the thermally induced translational motion in the polymeric chains of PVDF, the motion of

Dielectric properties
Impedance spectroscopy
AC conductivity
Interfacial effects

ions, and the migration of space charge in the interfacial layer of the PVDF matrix and BST nanoparticles.

1. Introduction

Polymer-ceramic nanocomposites have attracted considerable
attention because of their prospects for application in advanced elec-
tronics and electrical power systems, such as aerospace, power system,
electric vehicle, and pulsed power applications [1-3]. These polymer
nanocomposites are expected to operate efficiently in the
higher-temperature range (room temperature to 100 °C), which is
possible only when their electric properties, such as dielectric constant,
loss tangent, and dielectric breakdown strength, remain stable in that
operating temperature range [4-6]. A variety of polymer-ceramic
nanocomposites have been explored for this purpose, and include
polymers such as poly(vinylidene difluoride) (PVDF), poly(vinylidene
difluoride-trifluoroethylene), biaxially oriented polypropylene, and
polyimide [6-11] and nanoceramic fillers such as BaTiO3 Ba,Sr;_
«Ti03, PbZr,Ti;_ O3, HfO5, boron nitride, and AlyO3 [12-16]. Despite
there being much choice, some electrical parameters are always
compromised by another electrical parameter; for example, adding
conducting fillers such as graphene [17], carbon nanotubes [14], and
aluminum fibers [18] to the polymer matrix provides a nanocomposite
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with an increased dielectric constant along with increased dielectric loss
and electrical conductivity [19]. The size of the ceramic fillers also af-
fects the performance of the nanocomposites. Composites with smaller
filler sizes will be more beneficial since they have a more uniform
morphology. These days, polymer-ceramic nanocomposites with a low
vol/wt percentage of ceramic loading, high dielectric constant, and low
loss tangent are required [3,8,9,20,211], as these nanocomposites having
low loss tangent do not compromise with breakdown strength. Thus, the
choice of polymer, ceramic filler, and filler size plays a very important
role in the designing of polymer-ceramic nanocomposites with a high
dielectric constant and a low loss tangent over a wide temperature range
[22,23].

Several research groups have investigated the dielectric behavior of
polymers/polymer-ceramic nanocomposites over a broad temperature
range [4,24-28]. Recently, Wang et al. [4] studied the dielectric and
energy storage properties of layered polymer-ceramic nanocomposites
over a broad temperature range (room temperature to 150 °C). The
layered nanocomposites were synthesized with alternate layers of boron
nitride nanosheet/polyetherimide and TiO, nanorod array/polyether-
imide. For a 7 vol% ceramic-loaded layered composite, the activation
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and Technology, Patiala, Punjab, India. posite consisting of 3.00 vol% of BST nanoparticles exhibited high dielectric
Email: dpsingh@thapar.edu permittivity (~25), low tangent loss (~0.03) and moderately high breakdown
strength (BDS ~282 MV/m). Moreover, it also possesses a high discharge energy
density (~7.8 J/cc at 1400 kV/cm) and efficiency (~93%). A mechanism for the
excellent energy storage behavior and dielectric properties has been proposed.
Where, moderately high BDS and low tangent loss are associated with the spa-
tial distribution of the local electric field at interlayer interfaces of PVDF-BST tri-
layered nanocomposites, which restricts the conduction of charge carriers at
high electric field. The ultrahigh efficiency and enhanced discharge energy den-
sity is attributed to the formation of interfacial dipoles at various interfaces such
as interlayer, intralayer (PVDF/PVDF), and PVDF/BST interfaces. These investi-
gations would be adopted as a futuristic strategy for developing excellently effi-
cient polymer-ceramic nanocomposites for the high energy density capacitors

used in pulsed power applications.

Highlights

« PVDF-BST trilayered nanocomposites exhibit high & ~25 and low
tano ~0.03.

« Nanocomposite shows ultra-high energy efficiency ~93% and enhanced
Up ~ 7.8 J/cc.

» Mechanism for the excellent energy storage and dielectric properties

+ Relies on the interfacial dipoles and distribution of the local electric field.

KEYWORDS

breakdown strength; charge-discharge efficiency, dielectric properties; discharge energy
density; PVDF nanocomposites

Polymer Composites. 2023;1-12. wileyonlinelibrary.com/journal/pc © 2023 Society of Plastics Engineers. 1
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