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Abstract

With the development of modern technology, the demand of high energy density
dielectric capacitor devices is increasing for its significant role in stationary power systems,
mobile devices, and pulse power applications. Among the different energy storage devices,
polymer film based dielectric capacitor is still one of the most widely used energy storage
devices mainly due to its high energy density, significant higher charge/discharge rate and low
cost. To further enhance the energy density, high dielectric ceramic inclusions have been
embedded in the polymer matrix; however, the temperature influence on the energy density has
not been investigated. Therefore, in this research work we fabricated BaTiOs/PVDF and
BaTiO3/PI nanocomposites with different volume fractions of high dielectric constant ceramic
filler materials and high dielectric breakdown strength polymer materials by solution casting
method to explore their energy densities at temperature ranges from 20°C to 120°C. Scanning
Electron Microscopy (SEM) and X-ray Diffraction (XRD) were used for materials
characterization. Capacitance and breakdown strength were measured to determine the energy
density of the samples for BaTiO3;/PVDF nanocomposites with 0%, 10%, 20%, 30% and 40%
volume fractions of BatiOs; with the PVDF matrix. For BaTiO3;/PI nanocomposites, 0%, 5%,
10%, 15% and 20% volume fractions of BatiOs; was used with the PI matrix. The resulting
dielectric film capacitors displayed improved energy densities to meet the future demands of

energy storage applications.
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Chapter 1: Introduction

Chapter 1 is focused on different types of energy storage devices, and their applications
in modern technology. This chapter is also discussed about the necessity of high energy density
energy storage devices and the objective for this research work, in order to meet the present and

future demands in stationary power systems, mobile applications, and pulse power applications.

1.1 BACKGROUND

In modern technology the importance of energy storage devices has increased due to its
viable solution in power applications. To ensure system reliability and better power quality
energy storage devices are playing a significant role [1]. There are different types of energy
storage devices —fuel cells, batteries, capacitor and super capacitor are presently used in power
electronic applications [1, 2]. There are three basic components in fuel cell and battery devices-
anode, cathode and separator where anode and cathode work as a media for charge transfer.
Electrical power is generated in the fuel cell and battery through redox reaction from chemical

energy (Figure 1-1) [2]. Fuel cell works as an open cycle
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Figure 1.1: Representation of continuous supply of reactants (hydrogen at the anode and oxygen
at the cathode) and redox reactions in the cell [2].

where hydrogen and hydrocarbon are the active masses that are supplied from the
outside to have the redox reaction. Fuel cell can be operated at elevated temperature ranges from
200°C to 1000°C. Fuel cell is widely used in the space application but still, it requires more
development to improve its overall performance under high power demands. Inefficiency under
high power demands and high cost materials are the main barrier for fuel cell to get access into
other sectors. For the cost effectiveness and capability of storing large amount of energy in
small volume, batteries are widely used as an energy storage device. But it has fast discharge
rate and limitations for the long run operation owing to its chemical kinematics involvement and

this lead to the development of another energy storage device, capacitor [1, 3].
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Figure 1.2: Representation of a battery showing the key feature of battery operation and the
requirements on electron and ion conduction [2].

Capacitors are fabricated with two conductive parallel plates or electrodes separated by
dielectric materials. The distance created between two electrodes by dielectric materials is used
to store energy, and dielectric capacitance of capacitor is dependent on the dielectric medium.
Electrical charge is stored as potential energy in the dielectric materials/medium when the plates
or electrodes surface area is exposed to a voltage source. Thus, surface area of the electrodes or
plates plays an important role to store energy. The capacitance is increased with the increasing

of surface area of the plates [4, 5]. A parallel plate capacitor is shown in figure 1.3.
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Figure 1.3 Parallel plate capacitor with dielectric medium [4].

Supercapacitor is also an alternative to batteries and has the same basic principle as the
capacitor. In supercapacitor, an electrode material with high surface area and thin electrolytic
dielectric is used to achieve higher capacitance than conventional capacitor [6]. Electrical
energy is stored in supercapacitor through static charge and energy is delivered by parallel
movement of electrons in an external wire, which is also caused by the orientation of ions at the

electrolyte interface [2, 6].
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Figure 1.4 Representation of a supercapacitor, illustrating the energy storage in the electric
double layers at the electrode-electrolyte interfaces [2].

All these energy storage devices have some merits and demerits under different operating
circumstances. To analyze the overall performance of these energy storage devices, energy
density and power density are two important factors that determine the energy storing capability.
In contrast with different energy storing devices, capacitor is more focused in present research
area due to its higher power density, fast charge and discharge rate and high operating voltage

[7]. Energy and power density for different energy storage devices is shown in figure 1.5.
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Figure 1.5 Energy density and power density of different energy storage devices [7].

For better power density, fast charge and discharge rate, and high operating voltage, the
significance of capacitor as an energy storage device has been increasing in modern technology
[8]. Three types of capacitors such as dielectric capacitors, electrolytic capacitors and
supercapacitors are commonly used in different applications of modern technology [9]. Among
these types of capacitors, dielectric capacitor is the best choice to serve the purpose due to its
excellent dielectric properties, reliability, easy accessibility and low cost [8]. Depending on the
application requirements, dielectric capacitors are divided into polymer capacitor and ceramic
capacitor, and each type of capacitor has its unique features which led to use them in different
applications. In comparison with polymer based capacitor, ceramic based capacitor has higher
dielectric constant; however, it has a lower breakdown strength that also limits the energy
density and performance of the capacitor [8]. To mitigate this issue, a novel approach of
fabricating nanocomposites has been implemented by many researchers to combine the high
dielectric constant of ceramic and the high breakdown strength of polymer in a capacitor with

high energy density. With this approach, dielectric capacitors can be manufactured by inclusion



of ceramic filler materials with high dielectric constant into polymer matrix that has higher
breakdown strength in order to achieve a higher energy density capacitor [10, 11, 12].

There are different ceramic filler materials which have been employed to fabricate a
dielectric capacitor with high dielectric constant: barium titanate (BaTiOs), lithium niobate
(LiINbOs3), silicone nitrate (Si3Ny4), silicon oxide (Si0;), aluminum oxide (Al,O3), zinc oxide
(Zn0O), lead titanate (PbTiO3) and lead zirconate titanate (Pb(ZryTi 1x)O3) [13]. Among various
ceramic filler materials, the most common lead free ferroelectric ceramic is barium titanate
(BaTiOs) [10]. For more than 60 years, BaTiO3; has been broadly used in capacitor fabrication
due to its chemical and mechanical stability, excellent ferroelectric and piezoelectric properties
at and above room temperature, high dielectric constant and low loss characteristics,
polycrystalline form and also to comply with the environmental safety policy [10, 14, 15, 16].

BaTiO; is the most common useful ferroelectric material with excellent ferroelectric
characteristics, that led to use it very extensively in capacitor fabrications for energy storage
applications and it exhibits a spontaneous polarization, as well as the reorientation of the
polarization with the applied electric field which results in higher dielectric constant [14]. In
ferroelectric materials, the directions of dipoles are always aligned parallel to the applied electric
field and they change their direction to be aligned even if they are in opposite direction of the
electric field. Dipole also remains polarized permanently after changes in the applied electric
field [14]. The change of direction of dipole polarization with the applied electric filed is shown

in figure 1.6 using the hysteresis loop.
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Figure 1.6 P-E Hysteresis loop in ferroelectric ceramic materials [14]

BaTiO; has noncentrosymmetry in its crystal arrangement, the essential quality to display
very strong piezoelectric properties and due to these excellent properties BaTiO; is widely used
among the various lead free ceramic materials [15]. BaTiOs has high piezoelectric coupling
coefficient achieved by chemical process among different manufacturing methods, which
influenced the characteristics of ceramic [17]. Due to high coupling coefficient, piezoelectric
properties are more stable chemically and mechanically up to 3x10° V/m and these properties are
also maintained at and above room temperature, since BaTiO; has high Curie temperature 120°C
[17].

BaTiO; is one of the strong members in the perovskite family, a big group in the field of
ferroelectric ceramic materials with the general formula ABO;, where, A is 12 fold
interconnected with oxygen and B is octahedrally interconnected with oxygen [18]. Ceramic
materials with perovskite structure have some special quality to adjust the bond length of A-O

and B-O, which changed through some structural variation [18]. Due to these excellent
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properties of perovskite structure, BaTiOs is an excellent choice and is also playing a very
significant role in the field of modern electronics to fulfill the increasing demand of high energy
density energy storage device [14, 15]. A perovskite structure for ceramic materials is shown in
figure 1.7. Perovskite is considered three dimensions closed-packed with A and B ions
interconnected by O ions. On each face edges, A ion is at the corner, B ion is at the middle and
O ion in the center respectively. Perovskite structure of the ceramic materials generates the
ferroelectric and piezoelectric properties by shifting the ions position by an electric field and that
led to use them in several applications in energy storage device manufacturing, especially in

capacitor fabrication.

Figure 1.7 Perovskite structures of ferroelectric ceramic materials [14]

BaTiO; has outstanding dielectric properties to achieve high dielectric constant of the
dielectric capacitor. However, it has lower breakdown strength, which limits the energy density
of the dielectric capacitor. To enhance the energy density of dielectric capacitor, there are
different types of dielectric polymers with high breakdown strength, which are employed to
fabricate the dielectric capacitor for energy storage application. In table 1.1, different polymers

are shown with their dielectric constant and breakdown strength [19]. Among the various types

9



of polymer dielectric materials PVDF (Polyvinylidene fluoride) is widely used due to its
spontaneous polarization, which results in higher dielectric constant than other linear polymers.
PVDF is the most promising polymer in dielectric capacitor fabrication due to its higher
dielectric constant 12 [19] and good breakdown strength 200 MV/m. The higher breakdown
strength is display by PI 600 MV/m, which is also broadly used in dielectric capacitor fabrication
due to itshigh operating temperature [19]. Therefore, fabrication of nanocomposites by
integrating high breakdown strength of polymer dielectric materials and high dielectric constant
of ceramic filler materials may serve a significant role to analyze the temperature influence on

dielectric properties of the dielectric capacitor.

Table 1.1. Dielectric properties of different polymer dielectric materials with operating

temperature.
Dielectric Breakdown 12)’[21::2:;10111:
Polymer Dielectric Material Permittivity Strength Tenll)pera ture

(1 kHZ) (MV/m) CC)
Polycarbonate (PC) 2.8 350 150
Polypropylene (PP) 2.2 500 105
Polyester (PET) 33 400 125
Polyvinylidene fluoride (PVDF) 12 200 105
Polyethylene naphthalene (PEN) 3.1 440 137
Polyphenylene sulfide (PPS) 3 360 200
Polyimide (PI) 3.5 600 350

1.2 OBJECTIVE

The main objective for this research work is to fabricate nanocomposites by solution
casting method for dielectric capacitor, by integrating the high dielectric constant of lead free
ceramic filler material and high dielectric breakdown strength of polymer dielectric materials in
order to improve the energy density of dielectric capacitor. In order to fabricate the
nanocomposites, different volume BaTiO3 nanoparticles with high dielectric constant, and PVDF

and PI with high breakdown strengths were used. For BaTiO3;/PVDF nanocomposites

10




fabrication, 10% to 40% volume fraction of BaTiO; nanoparticles were used with PVDF
polymer material, and for BaTiOs/PI nanocomposites, 5% to 20% volume fractions of BaTiO;
was used with PI polymer matrix. Samples were analyzed by SEM and XRD to investigate their
morphology and crystal structure, respectively. Capacitance, dielectric permittivity, dielectric
breakdown strengths and energy density were tested under different frequency levels ranging
from 20 Hz to 1 MHz and also at different temperatures ranging from 20°C to 120°C to analyze
the frequency and temperature influence on dielectric properties of dielectric capacitor.

This chapter is discussed about the importance of new series of energy storage devices
with high energy density and their applications in elevated temperatures. The common materials
used to fabricate the new series of energy storage devices are also discussed with their unique

properties.

11



Chapter 2: Literature Review

This chapter focused on the basic principles of a dielectric capacitor, nanocomposite
approach for fabrication of dielectric capacitor in order to improve the dielectric properties, and
previous research works on dielectric capacitor, where different methods were used for the

fabrication and the development.

2.1 DIELECTRIC CAPACITOR

Dielectric capacitor is one of the most common capacitor among different types of
capacitor used in stationary power systems, mobile devices and pulse power applications. The
demand of dielectric capacitor with high energy storage density is increasing for its excellent
energy storing capability, low cost, low dielectric loss, and reliability for viable power solutions
[8]. Dielectric capacitors are also playing significant role because of its ability to storage energy
in a less volume, and for its light weight [20]. Dielectric capacitor can be operated in high
voltage and high temperature as there is no involvement of chemical reaction [8]. The dielectric
capacitor includes a dielectric material positioned between two conductive parallel plates. The
distance created between two electrodes by dielectric materials is used to store energy and the
dielectric capacitance depends on the thickness of dielectric medium. Electrical charge is stored
as potential energy in the dielectric materials/medium when the plates or electrodes surface area
is exposed to a voltage source [4, 5]. A dielectric capacitor with parallel plate and dielectric

material is shown in figure 2.1.

12
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Figure 2.1 Schematic of dielectric capacitor [6]

Capacitance of a parallel plate dielectric capacitor can be calculated by following
equation:
"i
C=cz.¢g, 3 (2.1)
where C is the capacitance of the capacitor that measures the storing electrical charge in Farad.
g, 1s the permittivity of the vacuum (8.854 X 10" F/m), g, 1is the dielectric constant of
dielectric material, d is the thickness of the capacitor measured in meter (m), and A4 is the

effective surface area of the electrode of the capacitor calculated in m”. Breakdown strength of

the dielectric capacitor is calculated by using the following equation:

2.2)
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where Ej,; is the breakdown strength of the dielectric capacitor measured in MV/m, V, is
the breakdown voltage and d is the thickness of the dielectric material. Volumetric energy
density is one of the key factors of dielectric capacitor; it denotes the amount of energy stored in
the device and also determines the performance of the capacitor. Volumetric energy density is
directly proportional to the dielectric constant and breakdown strength of dielectric capacitor and

it is defined by the following equation:
£,.5,E5; (2.3)

where W is the energy density for dielectric capacitor measured in J/cc, Eps is the breakdown

strength, £,. is the dielectric constant and £, is the dielectric constant of vacuum.

2.1 NANOCOMPOSITE

Development of modern technology is increasing the requirement of new material with
unique properties [21]. These requirements introduce the nanocomposite materials manufacture
by nanocomposite approach with developed fabrication process in order to improve the materials
properties [21]. Nanocomposite is a multiphase solid material with unique material properties
[22]. Nanocomposites are superior to conventional materials due to their excellent physical,
mechanical, electrical, and thermal properties [23, 24]. Nanocomposites are attracted significant
interest due to its wide application in fabrication of energy storage devices to improve the energy
density of the capacitor [22]. Nanocomposites are used for research to further enhance the
energy density of the capacitor, by integration of high dielectric constant of ceramic filler
materials and the high breakdown strength of polymer dielectric materials [22]. For energy
storage device fabrication, nanocomposite approach has significant potential to overcome the

limitations of dielectric properties of the capacitor [22, 23].
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2.3 NANOCOMPOSITE FOR DIELECTRIC CAPACITOR

2.3.1 Nanocomposites with BaTiO3;/PVDF

By using the nanocomposite approach, integrate the excellent dielectric properties of
BaTiO; (Barium titanate) and PVDF (Polyvinylidene fluoride), researchers offer some potential
improvement of the dielectric properties for dielectric capacitor. Dang et al. showed the
improvement of the dielectric properties by chemical surface modification of BaTiO;
nanoparticles [25]. Silane coupling agent (KH550) was used to modify the nanoparticles of
BaTiO; and for a bridge linked action in order to improve the compatibility between ceramic
filler materials and the polymer matrix [25]. Improved dielectric constant and good morphology
of the nanocomposite was achieved through a strong bonding between ceramic filler materials
and polymer matrix and that helps to achieve high energy density of the capacitor [25]. Using
dopamine, Song et al. strengthened the interfacial adhesion of polymer and thus improved the
dielectric properties of BaTiO3/PVDF-TrFE nanocomposite [26]. Nanofibers of BaTiO3 were
produced by electrospinning in order to get large aspect ratio, and dopamine was used to modify
the nanofibers in order to enhance the dielectric properties [26]. Nanocomposite was fabricated
by solution casting method to improve the dispersion of ceramic filler materials into the polymer
matrix in order to enhance the dielectric properties of dielectric capacitor [26]. Dou et al.
investigated the technique of improvement of dielectric strength for BaTiO;-PVDF
nanocomposite by using titanate coated barium titanate nanoparticles [27]. Coated BaTiO;
nanoparticles helps to achieve homogeneous dispersion of ceramic filler materials into the PVDF
polymer matrix and also create strong bonding in between of BaTiO; nanoparticles and polymer
[27]. Homogeneous dispersion and strong linking improved the breakdown strength as well as
the energy density of the dielectric capacitor [27]. Wen et al. improved the dielectric properties
of BaTiOs/ PVDF-CTFE nanocomposite by heat treatment process [28]. They maintained low
temperature to achieve better energy storage capability of the capacitor [28]. Flore et al.

prepared the nanocomposite with BaTiOs/PVDF and was fabricated by template assisted
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synthesis [29]. In order to improve the energy density of the capacitor they produce the

nanofibers from BaTiOs and PVDF via eletrospinning [29].

2.3.2 Nanocomposites with BaTiO3/PI

Polyimide (PI) attained significant interest for fabrication of nanocomposite for energy
storage application due to its higher breakdown strength 600 MV/m. In order to improve the
energy density of dielectric capacitor, researchers are offering potential development in energy
storage sector and they fabricated nanocomposite by integrating the excellent properties of the PI
and BaTiO; [8] Choi et al. prepared the nanocomposites with BaTiO3; and PI, and used different
coupling agents to improve the dielectric properties of the composite [30]. They analyzed the
dielectric properties by using INAAT (isopropyl tris (N-amino-ethyl aminoethyl)titanate), KR 44
and APTS (3-amino-propyl-triethoxysilane) coupling agents [30]. They used different volume
fraction from 10% to 50% of ceramic filler materials and got high resulted dielectric constant
with INAAT for the composite with 50% volume fraction of ceramic filler materials [30]. Xie et
al. also analyzed the performance of the nanocomposites prepared by colloidal process with
modified BaTiO; nanoparticles and PI [31]. They prepared different samples with different
volume fractions of ceramic filler materials and high dielectric constant as 35 was calculated for
50% volume fraction [31]. By using the in-situ polymerization, Dang et al. prepared the
composite for dielectric capacitor with good dielectric properties [32]. Using the core-shell
structure, they reported high breakdown strength for 40% volume fraction of BaTiOs is 67
MV/m at room temperature [32]. Feng et al. investigated the influence of the ceramic filler
materials on dielectric constant of dielectric capacitor and prepared the nanocomposites by using

the in-situ polarization method [33]. He used up to 70% volume fraction of BaTiOs; and
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maximum dielectric constant was reported as more that 15.1 and breakdown voltage was 41

MV/m at room temperature [33].

This chapter is discussed about the recent research developments in dielectric properties
of a dielectric capacitor. In order to enhance the energy density, different methods for

fabrication of a dielectric capacitor are also discussed.
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Chapter 3: Experimental Procedures

Chapter 3 is focused on required materials for fabrication of nanocompsoites for
dielectric film capacitor. Detail of the procedure of solution casting method for fabrication was
discussed. The characterization methods and testing setup for measuring the dielectric properties

are also discussed.
3.1 MATERIALS FOR NANOCOMPOSITES

3.1.1 Materials for BaTiO3;/PVDF and BaTiOs/PI Nanocomposites

Commercially available BaTiOs; powder, PVDF/DMF (Dimethylformamide), and PI were
used to fabricate the nanocomposites. According to the solution casting method, nanocomposites
were prepared by inclusion of different volume fractions of barium titanate nanoparticles into the
PVDF/DMF and PI polymer matrix to investigate the influence of filler ceramic materials on
dielectric properties. 10% to 40% volume fractions of barium titanate nanoparticles were used to
fabricate the BaTiOs/PVDF nanocomposites, and 5% to 20% volume fractions of BaTiO;
nanoparticles were used to fabricate the BaTiO3s/PI nanocomposites. Average size of the BaTiO;

nanoparticle was 100 nm and all the fabrication processes were conducted at room temperature.
3.2 FABRICATION OF NANOCOMPOSITES
3.2.1 Fabrication of BaTiO3/PVDF Nanocomposites

A schematic diagram of BaTiOs;/PVDF nanocomposites fabrication is shown in figure
3.1.1. In order to prepare the PVDF/DMF solution, firstly PVDF (Aldrich, Mw~53, 4000)
powder and DMF (Acros Organics, 99.8%) solution were mixed in a certain weight ratio (1: 10)
and the mixture was heated up at 80°C for 45 minutes. Then, according to the different volume
fraction of BaTiOs required, nano powder was taken and mixed into the PVDF/DMF solution.
In order to get a better dispersion of nanoparticles into the polymer matrix, the mixture was
manually stirred and sonicated for 15 minutes and 20 minutes, respectively by using the glass rod

and horn sonicator (Branson S-450A). Subsequently, solution was casted onto a PTFE film and
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dried at 80°C for one hour. After drying out, samples were hot pressed under a constant pressure
of 1 ton (Carver, 3850) and a constant temperature of 150°C was maintained for 20 minutes to
have a constant thickness. Lastly, for testing of capacitance samples were coated on top and

bottom surfaces with silver paint.
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Figure 3.1 Schematic diagrams for fabrication process of BaTiO3/PVDF nanocomposites.

3.2.2 Fabrication of BaTiO3/PI Nanocomposites

For BaTiOs/PI nanocomposites fabrication, firstly PI was taken in a glass beaker and then
BaTiO; nanoparticles were added according to different volume fraction of ceramic filler
materials and mixed together. In order to get a better dispersion of nanoparticles into the
polymer matrix, the mixture was manually stirred for 20 minutes and sonicated for another 20
minutes, respectively by using the glass rod and horn sonicator (Branson S-450A). Afterward,
solution was casted onto a glass plate and dried by using the hot plate. For drying, solution was
heated from 25°C to 300°C following a 25°C step. The casted solution was left at each targeted
temperature for 15 until the 300°C mark was reached. After heated at 300°C solution was cooled
down to room temperature to get the nanocomposite. After drying out, samples were polished

with the sand paper to reduce the thickness, which helped to improve the breakdown strength.
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Lastly, for testing of capacitance samples were coated on top and bottom surfaces with silver

paint. A schematic diagram of BaTiOs/PI nanocomposites fabrication is shown in figure 3.2.
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Figure 3.2 Schematic diagrams for fabrication process of BaTiO3/PI nanocomposites.
3.3 NANOCOMPOSITES CHARACTERIZATION

X-ray diffraction (XRD) was carried out to analyze the crystal structure of BaTiO;
nanoparticles by using Bruker D8 Discover XRD. After fabricating nanocomposites with
BaTiO3;/PVDF and BaTiO;/PI, all samples were sputtered with gold for scanning electron
microscopy (SEM) by using S-4800 SEM to check the morphology.
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Figure 3.3 (a) Scanning Electron Microscopy (SEM) for analyze the morphology of
nanocomposite and (b) X-ray diffraction (XRD) for analyze the crystal structure of
BaTiO3 nanoparticles.

34 DIELECTRIC PROPERTIES TESTING

3.4.1 Dielectric Capacitance and Dielectric Properties

Dielectric properties were analyzed at 20°C, 50°C, 75°C, 100°C and 120°C, respectively
for the nanocomposite with different volume fraction of filler ceramic materials. For
BaTiOs/PVDF nanocomposites, all the samples with 10% to 40% volume fraction and for
BaTiOs/PI nanocomposites, all the samples with 5% to 20% volume fraction of filler ceramic
materials were tested at the mentioned temperature range. Using HP 4284A LCR meter, the
dielectric capacitance of the composite was tested at different frequency levels ranging from
20Hz to 1MHz and dielectric permittivity was also calculated for the different frequencies and
temperatures as well. At each temperature, each sample was tested under the same frequency

level and was submerged in silicon oil at all times.
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Figure 3.4 Schematic diagram for dielectric capacitance testing for nanocomposites

3.4.2 Dielectric Capacitance and Dielectric Properties

A schematic diagram for breakdown strength testing is shown in figure 3.5. According to
ASTM standard (ASTM D149-09), the breakdown strength of each sample of BaTiOs/PVDF and
BaTiO3/PI nanocomposite was calculated at different temperatures 20°C, 50°C, 75°C, 100°C and
120°C. For breakdown strength testing of dielectric capacitor, test setup included a 30 kV high
voltage power supply (Acopian PO3HP2), digital oscilloscope (Rigol DS1102E), 20 MHz
function/arbitrary waveform generator (Agilent 33220A) and a digital multimeter (FLUKE 16
Multimeter). During breakdown tests, all of the nanocomposites were kept inside in a 300 mL
beaker filled with silicon oil to avoid moisture effect on test results and spark while applying

high voltage and with high DC voltage up to 30KV.
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Figure 3.5 A schematic diagram for dielectric breakdown strength testing of nanocomposites.

In order to improve the dielectric properties of a dielectric capacitor, this chapter is
discussed about the solution casting method for fabrication of nanocomposites. According to
solution casting method, nanocomposites were fabricated by integration of unique properties of
dielectric polymer matrix and the ceramic filler materials. For fabrication of nanocomposites,
different volume fractions of BaTiO; were used with PVDF and PI polymer matrix.
investigate the temperature influence on dielectric properties of a dielectric capacitor, different

test setup are also discussed and these setup were used to measure the dielectric properties at

different temperatures ranging from 20°C to 120°C.
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Chapter 4: Results and Discussion

This chapter is focused on the testing results of nanocomposites for a dielectric capacitor
with different volume fractions of ceramic filler materials. Nanocomposites with BaTiO3/PVDF
and BaTiO3/PI were characterized by SEM and XRD, and their morphology and crystal
structures are also discussed in this chapter. In order to investigate the frequency and
temperature influence on dielectric properties of a dielectric capacitor, all the samples of
nanocomposites were tested under different frequency levels from 20 Hz to 1 MHz, and the
different temperatures ranging from 20°C to 120°C. The tested results are also discussed in this

chapter.
4.1 BATIO;/PVDF NANOCOMPOSITES FOR DIELECTRIC CAPACITOR

4.1.1 Sample Characterization

By using the scanning electron microscopy (S-4800), fabricated nanocomposites with
different volume fraction of BaTiO; samples were analyzed to characterize their morphology and
the dispersion of the nanoparticles into the PVDF polymer matrix. SEM images of
BaTiO3/PVDF naocomopites with 10%, 20%, 30% and 40 % volume fractions are shown in
figure 4.1. From SEM images, it is obvious that all samples have a better homogeneous
dispersion of the BaTiO; nanoparticles into the PVDF polymer matrix. Better dispersion was
achieved by manual stirring and horn sonication of the mixture for an adequate time. Samples
with homogeneous mixture also influenced the dielectric properties of the Nanocomposites.
Better dispersion was observed with increasing higher volume fractions of ceramic filler

materials.
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Figure 4.1: SEM images of BaTiO3/PVDF nanocomposites: (a) 10% BaTiO3/PVDF, (b) 20%
BaTi0s/PVDF, (c) 30% BaTiOs/PVDF, and (d) 40% BaTiOs;/PVDF
nanocomposites.

The crystal structures of the BaTiO3;/PVDF nanocomposites were determined through
Bruker D8 Discover XRD using Cu Ka radiation after testing samples at different temperatures
ranging from 20°C to 120°C. XRD patterns for the nanocomposites are shown in figure 4.2.
BaTiO3;/PVDF nanocomposites displayed tetragonal phase and excellent crystallinity for all
samples tested within the temperature ranging from 20°C to 120°C. The calculated parameters
for these BaTiO3/PVDF nanocomposites are a=3.99454A & c=4.02411A which are similar
values previously reported in literature [34, 35]. For all samples the entire diffraction peaks
match with those indicated by standard card JCPDS (No. 05-0626) pertaining to this tetragonal
structure; no other peaks were determined indicating all BaTiOs utilized for the nanocomposites

had excellent crystallinity.
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Figure 4.2: XRD patterns of BaTiO3/PVDF nanocomposites at different temperature.

4.1.2 Dielectric Properties of BaTiO3/PVDF Nanocomposites

In order to measure the capacitance of the dielectric capacitor, all the samples were tested
by using the LCR meter (HP 4284A) at different frequency levels ranging from 20Hz to IMHz
and the frequency-capacitance plot is presented in figure 4.3. Dielectric properties of a dielectric
capacitor are influenced by the volume fraction of ceramic filler materials and frequency. A
higher volume fraction of filler materials increased the capacitance, but the capacitance lowered
under the high frequencies. At 20 Hz frequency all the samples were showing higher
capacitance but with the change of frequency from 20Hz to 100Hz, capacitance was linearly
decreased for all the samples due to nature of the ferroelectric materials. At lower frequency all
the samples showed higher capacitance, however, an abrupt drop in capacitance occurs within
the lower frequency level ranges from 20Hz to 100Hz due to the nature of the ferroelectric
materials. All the samples with different volume fraction of BaTiO3 nanoparticles displayed the

same trend of change in capacitance.
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Figure 4.3: Capacitance of BaTiO3/PVDF nanocomposites with 0% to 40% volume fractions
within a frequency ranges of 20 Hz-1MHz at room temperature.

In order to determine the performance at high temperature, capacitance was tested at
20°C, 50°C, 75°C, 100°C and 120°C, respectively, while maintaining the same level of
frequency shown in figure 4.4. For each temperature, capacitance was calculated considering the
average capacitance of tested capacitance from 20Hz to 1MHz. The resulted average
capacitance at 50°C, 75°C, 100°C and 120°C for all the samples was higher than the capacitance
at 20°C for both lower frequency and higher frequency level as well. The change of average
capacitance for BaTiOs;/PVDF nanocomposites at 120°C was 577%, 198.89%, 166.65%,
164.84% and 86% higher than the results at 20°C for 0%, 10%, 20%, 30% and 40% volume

fractions respectively.
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Figure 4.4: Capacitance of BaTiO3/PVDF nanocomposites with 0% to 40% volume fractions at
20°C, 50°C, 75°C, 100°C and 120°C.
By using the tested capacitance results, the dielectric constant for all the parallel plate
dielectric capacitor were calculated at the same frequency ranges from 20Hz to IMHz and all the
tests were carried out at 20°C, 50°C, 75°C, 100°C and 120°C respectively. The following

equation was used to calculate the dielectric constant-

Cd
£pA

4.1)

€r=

here ¢, is the relative dielectric constant of the dielectric material, C is the capacitance which

was calculated in Farads (F) by an inductance-capacitance-resistance (LCR) meter, d is the

thickness of the capacitor measured in meters (m), &, is the permittivity of the vaccum (8.854 X

102 F/m) and A is the effective surface area of the electrode of the capacitor calculated in m®.
Dielectric permittivity for all the samples with different volume fraction of ceramic filler

materials were tested under a frequency level from 20 Hz to 1 MHz and also tested at
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temperatures ranging from 20°C to 120°C. The dielectric permittivity of a dielectric capacitor is
influenced by its loading concentration of ceramic filler materials under different frequency
levels and elevated operating temperature. To understand the relation of how does the dielectric
constant change with the increase of volume fraction at different levels of frequency, samples
were tested from 20 Hz to 1 MHz, which is shown in figure 4.5. A higher dielectric constant was
calculated for the sample with 40% volume fraction of barium titanate due to the loading
concentration of ceramic filler materials with high dielectric constant. With the increase of
frequency, the dielectric constant for all the samples was decreasing due to unstable molecular

polarization at higher frequency.
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Figure 4.5: Dielectric Permittivity of BaTiOs/PVDF nanocomposites with 0% to 40% volume
fractions within the frequency ranges from 20 Hz to 1 MHz at room temperature.

The change of the dielectric constant is so sharp within a 20 Hz to 100 Hz frequency

ranges but at higher level of frequency, the change of dielectric constant is more linear compared
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with the change at lower frequency. With the increase of frequency, the change of dielectric
constant varies from 2 to 8 times lower than its resulted value at 20 Hz depending on the volume
fraction of barium titanate. For 30% BaTiO3;/PVDF composite, the dielectric constant at 1 MHz
is around 8 times lower than its calculated dielectric constant at 20 Hz. In order to analyze the
temperature influence on dielectric properties, the dielectric constant was also tested at the
different temperature levels under the same frequency for all samples with different volume
fraction of ceramic filler materials which is shown in figure 4.6. For all the samples, higher
dielectric constant was calculated at elevated temperature due to rapid molecular movement
caused by the increased temperature. Among the different samples, nanocomposite with 40%

volume fraction of ceramic filler materials displayed higher dielectric constant
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Figure 4.6: Dielectric Permittivity of BaTiO3;/PVDF nanocomposites with 0% to 40% volume

fractions
at 25°C, 50°C, 75°C, 100°C and 120°C and 20 Hz to 1 MHz frequency.
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at all the tested temperature and frequency levels, and there was significant change in dielectric
constant from 20°C to 120°C. The calculated difference of dielectric constant is 902.59 at 20
Hz. In figure 4.6, for each temperature, average dielectric constants of each sample were
considered, which were tested from 20 Hz to 1 MHz.

Following the dielectric capacitance and the dielectric permittivity calculations, the
breakdown strengths of dielectric capacitors were also tested under higher voltage ranges and
elevated temperatures for all the samples with different volume fraction of ceramic filler
materials. The breakdown voltages were measured according to the ASTM D149-09 standard

[36] and using the following equation:

E,, = (4.2)

where Eyq is the breakdown strength of the material measured in MV/m, V4 is the breakdown
voltage and d is the thickness of the capacitor. For breakdown strength testing of dielectric
capacitor, the test setup included a 30 kV high voltage power supply (Acopian PO3HP2), digital
oscilloscope (Rigol DS1102E), 20 MHz function/arbitrary waveform generator (Agilent
33220A) and a digital multimeter (FLUKE 16 Multimeter). During breakdown test all the
nanocomposites were kept inside a 300 mL beaker filled with silicon oil to avoid moisture effect
on test results and sparks while applying high voltage. The breakdown strength testing was
carried out in different temperatures from 20°C to 120°C for all the samples with different
volume fractions of filler ceramics; the results are shown in figure 4.7. The inclusion of filler

materials, increased the dielectric constant of the dielectric capacitor,
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Figure 4.7: Breakdown strength of BaTiO3/PVDF nanocomposites for 0% to 40% volume
fraction of BaTiO; at different temperatures.

but brought down the breakdown strength of the capacitor due to its lower dielectric strength.
With a change of volume fractions of ceramic fillers from 10% to 40%, the breakdown strength
for all the samples decreased more than by half of those tested results for a composite with 10%
volume fraction. The rapid change of breakdown strength occurred from 30% to 40% of volume
fractions, and resulted breakdown strength was decreased by half those from the tested results for
the composite 30% volume fraction. These changes occurred due to more ceramic filler
materials that have influence on the dielectric strength of the capacitor. More filler material
introduces more air voids that require a lower electrical field and results in lower dielectric
breakdown strength. Temperature also influenced the breakdown strengths of the dielectric
capacitors. Breakdown strengths are decreasing with increasing of temperatures for all the

samples with the different volume fractions. For 10%, 20%, 30% and 40% BaTiOs;/PVDF
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composites, changed in resulted breakdown strength tested from 20°C to 120°C temperature was

74%, 62%, 67% and 37%, respectively shown in figure 4.8.
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Figure 4.8: Breakdown strength of BaTiO3/PVDF nanocomposites with different volume fraction
of BaTiOs at 20°C, 50°C, 75°C, 100°C and 120°C.

After breakdown strength testing, the following equation was used to calculate the energy
density of the dielectric capacitor by using the calculated dielectric constants and breakdown
strengths of the samples:

£,.50E 54 (4.3)

where W is the energy density measured in J/cc, Ep; is the breakdown strength of the dielectric
capacitor, &, is the dielectric constant of the dielectric materials and ¢, the dielectric constant of
vacuum. Energy density was tested for all the samples with different volume fraction of ceramic
filler materials at different temperature ranging from 20°C to 120°C shown in figure 4.9. Energy

density is proportional to the dielectric constant and breakdown strength of the dielectric
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capacitor. Improved dielectric constant and breakdown strength greatly influence the energy
density of the capacitor. Though a, higher volume fraction of ceramic filler materials increase

the dielectric constant, a higher
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Figure 4.9: Energy Density of BaTiO3/PVDF nanocomposite with different volume fraction of
BaTiO; at 20°C, 50°C, 75°C, 100°C and 120°C.

volume fraction of ceramic filler materials also decreases the dielectric breakdown strength of

the capacitor, which limits the resulted energy density. Among the different dielectric

capacitors, higher energy density was calculated for the sample with 30% volume fraction of

BaTiOs, and the sample displayed a higher value on energy density under all the tested

temperatures. The highest energy density was calculated at 50°C temperature.
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Figure 4.10: Energy Density of various BaTiO3/PVDF nanocomposites at 20°C, 50°C, 75°C,
100°C and 120°C.

4.2 BATIO;/PI NANOCOMPOSITES FOR DIELECTRIC CAPACITOR
4.2.1 Samples Characterization

By using the scanning electron microscopy (S-4800), fabricated nanocomposites with
different volume fraction of BaTiO; samples were analyzed to characterize their morphology and
the dispersion of the nanoparticles into the PI polymer matrix. SEM images of BaTiO;/PI
naocomopites with 5%, 10%, 15% and 20% volume fractions are shown in figure 4.11. From
SEM images it is obvious that all samples have a better homogeneous dispersion of the BaTiO3
ceramic filler within the PI polymer matrix. Better dispersion was achieved by manual stirring
for 20 minutes and another 20 minutes by horn sonication of the mixture. Better dispersion was
observed with the increasing volume fraction of ceramic filler materials and it depends on the
mixing time. Samples with homogeneous mixture also influenced the dielectric constants and

breakdown strengths of dielectric capacitors.
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Figure 4.11: SEM images of BaTiOs/PI nanocomposites: (a) 5% BaTiOs/P1, (b) 10% BaTiOs/PI,
(c) 15% BaTiOs/P1, and (d) 20% BaTiOs/PI nanocomposites.

The crystal structures of the BaTiO3/PI nanocomposites were determined through Bruker
D8 Discover XRD using Cu Ka radiation after testing samples at different temperatures ranging
from 20°C to 120°C. XRD patterns for the nanocomposites are shown in Figure 3. BaTiOs/PI
nanocomposites displayed tetragonal phase and excellent crystallinity for all samples tested
within the temperature ranging from 20°C to 120°C. The calculated parameters for these
BaTiO3/PI nanocomposites are a=3.99454A & c=4.02411A which are similar values previously
reported in literature [34, 35]. For all samples the entire diffraction peaks match with those
indicated by standard card JCPDS (No. 05-0626) pertaining to this tetragonal structure; no other
peaks were determined indicating all BaTiO; utilized for the nanocomposites had excellent

crystallinity.
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Figure 4.12: XRD patterns of BaTiO3/PI nanocomposites at different temperature.
4.2.2 Dielectric Properties of BaTiO3/PI Nanocomposites

In order to measure the capacitance of the dielectric capacitor, all the samples with
BaTiO;/PI were tested using an LCR meter (HP 4284A) at different frequency levels ranging
from 20Hz to 1MHz, and the frequency-capacitance plot is presented in figure 4.13. The
capacitance of a dielectric capacitor is influenced by the volume fractions of ceramic filler
materials and frequency. Higher volume fraction of filler materials increased the capacitance but
it was lowered under the high frequencies. At 20 Hz frequency all the samples showed their
highest capacitance but with the change of frequency from 20Hz to 100Hz, capacitance was
linearly decreased for all the samples due to nature of the ferroelectric materials. The composite
with 20% volume fraction of BaTiO3 nanoparticles showed the highest capacitance of 95.59 (pF)
at 20 Hz frequency and as 84.26 (pF) at 1 MHz, the change in capacitance from 20 Hz to 1 MHz
frequency is 13.44%. All the samples with different volume fractions - 0%, 5%, 10%, 15% and

20% of BaTiOs displayed the same trend of change in capacitance with change in frequency.
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In order to investigate the temperature influence on capacitance, all the nanocmposites
were also tested at different temperature- 20°C, 50°C, 75°C, 100°C and 120°C respectively,
maintaining the same level of frequency, the test results are shown in figure 4.14. For each
temperature, capacitance for all the samples was calculated considering the average capacitance
tested from 20Hz to 1MHz. The resulted average capacitance at 50°C, 75°C, 100°C and 120°C
was higher than capacitance at room temperature at both lower and higher frequencies. At
120°C, the change of average capacitance for BaTiO3/PI nanocomposites was 62.26%, 50.5%,
39.46%, 10.81% and 20.23% higher than the resulted value at 20°C for 0%, 5%, 10%, 15% and

20% volume fractions respectively.

100

90! \\\
¢

80r

701

60f ——P|

5% BTO/PI
50 —+— 10% BTO/PI
15% BTO/PI
40+ 4 | =+ 20% BTO/PI

Capacitance (pF)

301

20+

10 o——6—o—66gs

0 " PR | " PR | " bl " PR
10 10 10° 10'

Frequency (Hz)

Figure 4.13: Capacitance of BaTiOs/PI nanocomposites with 0% to 20% volume fractions within
a frequency ranges of 20 Hz-1MHz at room temperature.
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Figure 4.14: Capacitance of BaTiOs/PI nanocomposites with 0% to 20% volume fractions at
20°C, 50°C, 75°C, 100°C and 120°C.

By using the tested capacitance values at different frequency levels from 20 Hz to 1
MHz, the dielectric permittivity for all the parallel plate dielectric capacitors was calculated. The
dielectric permittivity of a dielectric capacitor is influenced by its loading concentration of
ceramic filler materials under different frequency levels. The influence of BaTiO; nanoparticles
on dielectric permittivity of the composites was analyzed from 20 Hz to 1 MHz frequency ranges
at room temperature, which is shown in figure 4.15. With higher volume fractions of BaTiO;
nanoparticles, the dielectric permittivity for all the samples increased due to high dielectric
constant ceramic filler materials, but dielectric permittivity linearly decreases with increasing
frequency from 20 Hz to IMHz. All the samples with different volume fractions of BaTiO;
showed their high dielectric permittivity at low frequency due to improved interfacial
polarization, but at high frequency, there was significant drop in dielectric permittivity of

dielectric capacitor due to unstable molecular polarization of the polymer, which results in less
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contribution to its dielectric permittivity [37]. The higher dielectric permittivity was calculated
as 34.55 at 20 Hz for composite with 20% volume fraction of BaTiOs and it decreased by

13.46% at IMHz.
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Figure 4.15: Dielectric Permittivity of BaTiOs/PI nanocomposites with 0% to 20% volume
fractions within frequency ranges of 20 Hz-1MHz at room temperature.

A dielectric capacitor’s dielectric properties are strongly influenced by temperature. In
order to investigate the temperature influence on dielectric permittivity, all the samples with
different volume fractions of BaTiO3; were tested at 20°C, 50°C, 75°C, 100°C and 120°C, under
the frequency levels from 20Hz to 1MHz. With the increase of temperature, the dielectric
permittivity of dielectric capacitor increases due to rapid molecular movement caused by high
temperatures.  For all the samples of dielectric capacitors, a high dielectric constant was

calculated at elevated temperatures. Among the different samples, nanocomposites with 20%
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volume fraction of ceramic filler materials displayed higher dielectric permittivity at all the
tested temperatures and there was significant improvement in dielectric permittivity from 20°C
to 120°C. At 120°C, highest dielectric permittivity was obtained; a value of 51.66 was
calculated for the composite with 20% volume fraction at 20Hz, which was 52.97% higher than
dielectric permittivity at IMHz. The changes of dielectric permittivity for all the samples at
different temperatures are shown in figure 4.16. At each temperature, the average dielectric

permittivity of each sample was considered, which was tested at different frequency levels.
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Figure 4.16: Dielectric permittivity of BaTiOs/PI nanocomposites with 0% to 20% volume
fractions at 20°C, 50°C, 75°C, 100°C and 120°C.

Following the dielectric capacitance and dielectric permittivity calculation, the
breakdown strengths of the dielectric capacitors were also tested under a high voltage range from
0 to 30 kV and at elevated temperatures for all the samples with different volume fractions of

ceramic filler materials. The breakdown strength testing was carried out in different
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temperatures from 20°C to 120°C for all the samples of dielectric capacitors; results are shown in
figure 4.17. With the increase of volume fraction of filler materials from 0% to 20%, the
breakdown field of the composites decreased due to the lower dielectric strength of ceramic filler
materials. More filler materials introduce more air voids that require lower electrical field and
results in lower dielectric breakdown strength. Temperature also influenced the breakdown
strengths of the dielectric capacitors. Breakdown strengths decreased with increased of
temperatures for all the samples with different volume fractions. For 0%, 5%, 10%, 15% and
20% BaTi03/PI composites, changes in resulted breakdown strength tested from 20°C to 120°C

temperature were 23.48%, 20%, 27.34%, 28.03% and 29.15% respectively.
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Figure 4.17: Breakdown strength of BaTi03/PI nanocomposites for 0% to 20% volume fraction
of BaTiOs at different temperature.

Followed by the breakdown strength testing, the energy density of the dielectric

capacitor was calculated by using the calculated dielectric constants and breakdown strengths of
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the samples. Energy density was calculated for all the samples with different volume fraction of
ceramic filler materials at different temperatures ranging from 20°C to 120°C shown in figure
4.18. Energy density is proportional to the dielectric constant and breakdown strength of the
dielectric capacitor. Improved dielectric constant and breakdown strength greatly influence the
energy density of the capacitor. Though, higher volume fractions of ceramic filler materials
increased the dielectric constant, but decreased the dielectric breakdown strength of the
capacitor, which also limits the resulted energy density. Among the different tested dielectric
capacitors, the highest energy density of 9.42 J/cc was calculated for the sample with 20%
volume fraction of BaTiOs; at 20°C temperature. At 50°C temperature, this sample was also

showed high energy density of 9.40 J/cc.
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Figure 4.20: Energy Density of various BaTiO3/PI nanocomposites at 20°C, 50°C, 75°C, 100°C
and 120°C.

43



In this chapter, the test results for all the nanocomposites with different volume fractions
of ceramic filler materials were analyzed. Nanocomposites with BaTiOs;/PVDF, displayed
higher dielectric constant than BaTiOs/PI nanocomposites with the same volume fractions of
ceramic filler materials. Increasing loading concentration of ceramic filler materials reduce the
breakdown strength of a dielectric capacitor with BaTiO3/PVDF and BaTiOs/PI.
Nanocomposites with BaTiO3;/PI displayed higher energy density than BaTiO:;/PVDF

nanocomposites.
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Chapter 5: Conclusion

In this research work, a nanocomposite approach was used to fabricate the dielectric
capacitors by integration of the high dielectric permittivity properties of BaTiOs, and the higher
breakdown strength of PVDF and PI, in order to develop better series of energy storage devices
with improved energy density. Different volume fractions of ceramic filler materials were used
to analyze their effects on dielectric properties of dielectric capacitor. All the samples were
tested at elevated temperatures to investigate temperature influence in order improve the energy
density. Among different BaTiO3;/PVDF nanocomposites, a composite with 30% volume
fraction demonstrated highest energy density at all the temperatures ranging from 20°C to 120°C,
and under the frequency levels from 20 Hz to 1 MHz. The highest energy density of 5.79 J/cc
was calculated at 50 C fo4r this nanocomposite due to higher calculated dielectric constant and
breakdown strength. BaTiOs/PI nanocomposites also displayed higher energy density at elevated
temperatures. Though PI has lower dielectric constant than PVDF, BaTiO3/PI nanocomposites
displayed higher energy density than BaTiO3/PVDF with lower volume fraction of ceramic filler
materials. A highest energy density of 9.42 J/cc was calculated for BaTiO3/PI nanocomposites
with 20% volume fraction at 20°C, which is 62.69% higher than the resulted energy density of
BaTiO3/PVDF nanocomposites with 30% volume fraction. At SOOC, BaTiO3/PI nanocomposites
with 20% volume fraction also displayed 62.35% higher energy density than the highest energy
density of BaTiO3;/PVDF nanocomposites with 30% volume fraction. Thus, these results
indicate the improvement of energy density of dielectric capacitors for future energy storage

applications at elevated temperatures.
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Appendix

For the uncertainty analysis, following calculations were performed using the various
trials for the dielectric capacitance of a dielectric capacitor under different frequency levels from

20Hz to 1IMHz:

[(14.84-12.37)* +(14.21-12.37)* +(13.89-12.37)* +(13.21-12.37)* +
1
Sx, = EXE(12.87-12.37)2 +(12.53-12.37)" +(11.28-12.37)* +(11.09-12.37)* +
(10.79-12.37)* + (1046 -12.37)* +(10.34-12.37)* + (10.25-12.37)*]

= +1.66( pF)

Sx, 1.66

S

= 2222 _ +1.06(pF)
J12

% n

R=t
B=—LC=0.01

w=+R>+ B>

= J(1.06)? +(0.01)?

= +1.06( pF)

After taking our T distribution degrees of freedom at 95% confidence interval we
received % = 2.2making our total uncertainty analysis for the dielectric capacitance to be

12.37+ 1.06 (pF) which means that calculations are all fairly accurate to the hundredths of the

capacitance of a dielectric capacitor.
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a) Improved energy density for BaTiOs/PVDF nanocomposites at different temperatures

Nanocomposites with Temperature (°C)
different volume 20°C 50°C 75°C 100°C 120°C
fractions of BaTiO;
10% BaTiOs/PVDF 1.52 J/cc 1.57 J/ce 1.16 J/cc 1.32 J/cc 1.41 J/cc
20% BaTiO3;/PVDF 1.77 J/cc 2.64 J/cc 1.11 J/cc 1.36 J/cc 1.43 J/cc
30% BaTiOs/PVDF 5.16 J/cc 5.79 J/ce 4.01 J/ce 4.42 J/cc 4.15 J/cc
40% BaTiO3;/PVDF 2 J/cc 1.51 J/cc 2.29 J/cc 1.17 J/cc 1.27 J/cc
b) Improved energy density for BaTiOs/PI nanocomposites at different temperatures
Nanocomposites with Temperature (°C)
different volume
. . 20°C 50°C 75°C 100°C 120°C
fractions of BaTiO;
5% BaTiO5/PI 6.02 J/cc 5.75 J/cc 5.70 J/cc 6.60 J/cc 6.29 J/cc
10% BaTiOs/PI 8.06 J/cc 8.22 J/cc 7.67 J/cc 8.29 J/cc 6.94 J/cc
15% BaTiOs/PI 7.44 J/cc 7.46 J/cc 6.79 J/cc 5.82 J/cc 5.07 J/cc
20% BaTiOs/PI 9.42 J/cc 9.40 J/cc 8.86 J/cc 7.55 J/cc 6.79 J/cc
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