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ABSTRACT
The nanocomposites of ferroelectric polymers with ceramic nanoparticles are
considered to be fascinating materials for electrical energy storage applications owing to
the combination of their benefits. Ceramic nanofillers, like BaTiO3 nanoparticles, can
offer high dielectric permittivity, while ferroelectric polymer, like poly(vinylidene
fluoride-co-chlorotrifluoroethylene) or P(VDF-CTFE), can provide high breakdown
strength, lightweight, good flexibility and processability. In order to improve the
compatibility and energy storage properties of the nanocomposites, the surface
modification of the nanoparticles is a crucial role. The core-shell particle/polymer
nanocomposites consisting of silica-coated BaTiO3 (BT@SiO2) nanoparticles as
dielectric fillers and P(VDF-CTFE) as ferroelectric polymer matrix could be successfully
fabricated by solution casting method. The BT@SiO2/P(VDF-CTFE) nanocomposites
clearly exhibit improved dielectric properties and electrical breakdown strength
compared to the pristine polymer and the nanocomposites with unmodified BT
nanoparticles. The enhancement in dielectric properties of the nanocomposites is
attributed to the introduction of BaTiO3 nanoparticles, whereas the improvement of
breakdown field has been rationalized on the effects of insulating silica shells by
increasing the electrical resistivity and mechanical strength of the materials. These
developments confirm that the nanocomposites of ferroelectric polymers with silicacoated nanoparticles can be decent materials for energy storage devices.
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Chapter 1
Introduction
According to the rapid growth of energy generation and storage technologies over
the last few decades, the demand of the effective devices for storing and supplying the
electricity has been substantially increased. Generally, the devices for electrical energy
storage are divided into two categories: long-term storage and short-term storage. Each
type of the devices works on different mechanisms and offers a different combination of
power density and energy density, as illustrated in Figure 1-1 [1]. In a term of long-term
energy storage devices, batteries operate on electrochemical reactions to convert
chemical energy into electrical energy and provide high energy density (10-300 W.h/kg)
with relatively low power density (lower than 500 W/kg). Based on their performance,
batteries are suitable for the large and stable energy supply applications [2]. On the other
hand, capacitors are short-term energy storage devices that use physical charge separation
between two electrodes to store energy. Capacitors usually possess low energy density
(typically below 30 W.h/kg), but very high power density (up to 108 W/kg for dielectric
capacitors). This means that capacitors are able to deliver or accept high currents, but
only for short periods, due to their comparatively low capacitance. Consequently,
capacitors typically apply for electronic and electrical systems that require fast chargedischarge capability or pulsed power applications [3]. Moreover, capacitors can find great
potentials in many other fields including power conditioning, signal processing, sensing,
and motor starters [4-6].
Although the conventional dielectric capacitors fabricated of dielectric polymers
or dielectric ceramics have been widely used in many applications nowadays, it would be
still interesting to improve their energy density to be competitive with electrochemical
supercapacitors or even batteries. This may lead to the expansion of their utilization and
the reduction of using devices with complex physical structure. The ultimate goal for the
research on dielectric capacitors is to achieve the materials with high power and energy
density, low electrical loss, good reliability, compact size, and lightweight.
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Figure 1-1. Diagram of power density as a function of energy density in various energy
storage devices.
1.1 CAPACITOR FUNDAMENTALS
In general, a capacitor consists of two parallel conducting plates of area A
separated by certain dielectric materials with thickness d, as exhibited in Figure 1-2 [1].
Theoretically, an applied external voltage V on the conducting plates can induce the
electrical polarization in dielectric materials. In order to compensate this polarization,
positive and negative charges with equal content are accumulated on the two plates,
respectively, which is so-called charging process of the capacitor. The process will be
completed when electrical potential generated by accumulated charges Q on both plates is
equal to the external applied voltage V. The energy storage capability of a capacitor,
which is so-called capacitance C, can be defined as:

C = Q V 	
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Figure 1-2. Diagram of charge separation in a parallel plate capacitor under the function
of electric field.
Moreover, the capacitance of a parallel plate capacitor can be determined as the
function of its physical dimension and the permittivity of the dielectrics, as explained in
the following equation:

C = εrε 0 A d 	
  
where C is the capacitance, A is the surface area of conducting plates, d is the distance
between two parallel plates, εr is the relative permittivity of dielectric materials, and ε0 is
the vacuum permittivity (8.85x10-12 F/m). According to the equation, the capacitance is
directly proportional to the relative permittivity of dielectrics and the surface area of the
plates, while inversely proportional to the thickness of dielectrics. It is clear that the
capacitance of a capacitor does not depend on both the potential difference between the
conducting plates and the total charges on them.
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During the charging process, the charges are moved between the conducting

plates by the function of external bias and the electrical energy is stored in the dielectrics
at the same time. The stored energy W in a capacitor can be calculated by the equation:

Q

Q

W = ∫ V dq =
0

∫
0

q
1 Q2 1
dq =
= CV 2 	
  
C
2 C 2
	
  

Typically, the stored energy per unit volume of a dielectric, which is so-called
stored energy density Ue, is another important parameter used to compare the
performance of a capacitor. Based on the assumption that the charge density (Q/A) on
conducting plates of a capacitor is equal to the electrical displacement D in the
dielectrics, the stored energy density can be defined as:
Q

W
Ue =
=
Ad

∫ V dq
0

Ad

Emax

=

∫

D dE

0

where E is the external applied electric field and equal to V/d. In general, the electrical
displacement D in the dielectrics is very close to their electrical polarization P, especially
for the dielectrics with high permittivity. Consequently, the stored energy density can be
rewritten as:

Emax

Ue =

∫

P dE 	
  

0

	
  
For	
  the	
  linear	
  dielectric	
  materials,	
  whose	
  permittivity	
  is	
  independent	
  of	
  external	
  
applied	
  field,	
  the	
  stored energy density can be simplified to the equation:	
  

Emax

Ue =

∫
0

	
  

1
P dE = εrε 0 E 2 	
  
2
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This	
  noticeably	
  suggests	
  that	
  the	
  stored energy density for	
  the	
  dielectric	
  materials	
  is	
  
directly proportional to the relative permittivity of dielectrics and to the square of the
operating electric field.
In addition, according to the equation, the stored energy density value of the
dielectrics can be easily investigated by numerical integration of the area in the
polarization-electric field (P-E) loop diagram, as illustrated in Figure 1-3. During the
charging process, the increase in the applied electrical field from zero to the maximum
Emax results in the increase of polarization to its maximum Pmax. At the maximum point,
the overall stored energy density is obtained (represented by both red and green area in
the figure). During the discharging process, the electrical field in dielectrics decreases to
zero, whereas the polarization decreases to the remnant polarization. This produces some
released energy density (represented by green area in the figure) and some energy loss
during the depolarization process (represented by red area in the figure). Based on this
relationship, the energy storage efficiency (η) of a capacitor can be calculated by the
following equation:

η=

Ue (released)
× 100% 	
  
Ue (stored)

	
  

Figure 1-3. The polarization-electric field (P-E) loop diagram of the dielectric materials.
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Dielectric Permittivity
Dielectric permittivity is a major parameter to reflect the capability of dielectric
materials to be polarized under the influence of an external applied field as well as the
ability of the materials to store electrical energy in a term of the polarization. In general,
the relative permittivity (εr), also know as dielectric constant, is denoted as a ratio of
absolute permittivity of the materials (ε) to the vacuum permittivity (ε0). Under
alternating current (AC) conditions, the relative permittivity of the materials can also be
presented as a complex value:

εr =

ε
= εr! − iεr!!
ε0

where εr! 	
  and εr!! 	
  are the real part and the imaginary part of the relative permittivity,
respectively. The real part is commonly used as dielectric permittivity for the capacitance
calculation, while the imaginary part is directly related to dielectric loss. The loss in the
dielectric materials is typically presented as the loss tangent (tanδ), which is the ratio of
the imaginary part and the real part of the relative permittivity:

tan δ =

εr!!
	
  
εr!

	
  
In addition, the relationship between dielectric permittivity and polarization of the
materials can be described by the equation:

P = (εr −1)ε 0 E
where P is the polarization of the dielectrics and E is an applied electric field. Typically,
the polarization can be classified into four categories: electronic, ionic, dipolar
(orientational), and interfacial polarizations [7]. Electronic polarization results from the
distortion of the electron cloud and nucleus at atomic level under an applied field, as
illustrated in Figure 1-4 (a). It can be found in all materials and is responsible for the
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refraction of light. As the fastest polarization mechanism, it normally happens in the
frequency range as high as 1015 Hz. Ionic polarization is normally present in ionic
molecules and originates from the displacement of positive and negative ions from their
equilibrium positions, as demonstrated in Figure 1-4 (b). Dipolar polarization usually
occurs in molecules with permanent dipole moments by the orientation and alignment of
these dipoles, as shown in Figure 1-4 (c). Finally, interfacial polarization generally
performs according to the accumulation of charges at an interface between two regions
within materials. Various kinds of charges including electrons, holes, ionic species, or
impurity ions are considered to participate for the interfacial polarization. It is the slowest
polarization mechanism that appears in the low frequency range around 104-10-2 Hz.
Practically, the total permittivity and polarization of the materials can be determined by
the combination of these individual polarizations.

(a)

(b)

(c)
Figure 1-4. Polarization mechanisms: electronic polarization (a), ionic polarization (b),
dipolar polarization (c).
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Dielectric permittivity of some ceramics and polymers commonly used as

dielectric materials is presented in Table 1-1. Apparently, ceramic dielectrics possess
significantly higher permittivity than polymer dielectrics because of more polarization
contributions in ceramic crystal structure.
Table 1-1. Dielectric permittivity of some common dielectric materials [8].

Materials

Dielectric Permittivity

BaTiO3

1,700

PbNb2O6

225

PMN-PT (65/35)

3,640

SiO2

3.9

Al2O3

9

Ta2O5

22

TiO2

80

SrTiO3

2,000

ZrO2

25

La2O3

30

Nonfluorinated aromatic polyimides

3.2-3.6

Fluorinated polyimide

2.6-2.8

Poly(phenyl quinoxaline)

2.8

Poly(arylene ether oxazole)

2.6-2.8

Poly(arylene ether)

2.9

Perfluorocyclobutane polyether

2.4

Polynaphthalene

2.2

Poly(tetrafluoroethylene)

1.9

Polystyrene

2.6

Poly(vinylidene fluoride-co-hexafluoropropylene)

~12

Poly(ether ketone ketone)

~3.5
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Dielectric Breakdown
As mentioned earlier, electrical breakdown field plays a very important role to
improve the stored energy density of dielectric materials. Basically, dielectric breakdown
can be defined as a destructive failure of dielectric materials under a particularly applied
electric field. The breakdown process occurs when an electrically path is formed across
the thickness of the materials under an applied field. Subsequently, the electron flows in
dielectric materials can lead to their mechanical damage and limit their energy storage
capability. This process depends on many factors such as the density of defects,
temperature, humidity, and duration of exposure to the electric field. Table 1-2 shows
dielectric breakdown field of some dielectric materials. In contrast to dielectric
permittivity, polymer dielectrics offer considerably higher dielectric breakdown strength
compared to ceramics.
Table 1-2. Dielectric breakdown field of some common dielectric materials [9-10].

Materials

Dielectric breakdown field
(MV/m)

SiO2

470-670

α-Al2O3

13.4

AlSi2O5

5.9

BaTiO2

30

ZrO2

11.4

BN

37.4

Polypropylene (PP)

640

Polyethylene terephthalate (PET)

570

Polycarbonate (PC)

528

Polyvinylidene fluoride (PVDF)

590

Polyethylene naphlate (PEN)

550

Polyphenylene sulfide (PPS)

550
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1.2 PVDF-Based Ferroelectric Polymer
Compared to ceramic dielectrics, polymers have been much more attracted as
energy storage materials by many researchers because of their impressively high
breakdown field strength, easy fabricating process, and good flexibility. Up to now,
various kinds of polymers including polyester, polypropylene (PP), polycarbonate (PC),
polyimide, aromatic polyurea, polyvinylidene fluoride (PVDF), and their related
composites have been reported on their energy storage properties [11-13]. Among these
polymers, PVDF-based polymers show the most outstanding performance according to
their compact structure and significantly higher dielectric permittivity. In addition, they
can offer electrical persistence, chemical inertness, good mechanical properties, and
processability.
In general, the backbone structure of PVDF contains of -CH2-CF2- as repeating
units. According to the difference in electronegativity between hydrogen and fluorine
atoms, the repeating unit of PVDF provides strong dipole moment of 7.6x10-30 C.m (2.3
Debye) [14]. Normally, the chain conformation of PVDF can be formed into three
different patterns: TGTG’ (trans-gauche-trans-gauche’), TTTT (all-trans), and
TTTGTTTG’, as illustrated in Figure 1-5.

Figure 1-5. Chain conformations of PVDF: TGTG’, TTTT, and TTTGTTTG’ [15].
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The arrangement of PVDF chains with specific conformation in lattice structures

can create four different crystalline phases: α, δ, γ, and β, as shown in Figure 1-6. The
most common crystalline phase of PVDF is the α-phase, which can be generated by melt
solidification at all temperatures. The unit cell of the α-phase consists of two PVDF
chains in TGTG’ conformation with antiparallel arrangement. It leads to the cancellation
of their dipole moments in the unit call and made the α-phase being nonpolar or
paraelectric phase. The δ-phase has the same unit cell dimension and the same TGTG’
chain conformation, but the polymer chains are packed with the transverse components of
their dipole moments pointing in the same direction. As a result, the δ-phase clearly
exhibits ferroelectric nature. Practically, the δ-phase can be obtained by poling the αphase samples under high electric field of 100-200 MV/m at room temperature.
Nevertheless, this paraelectric/ferroelectric transition is not totally reversible. In the other
word, some PVDF samples can still stay in the δ-phase even after the removal of the
applied field. The γ-phase is another ferroelectric phase that composes of polymer chains
with TTTGTTTG’ conformation in the similar unit cell dimensions as that of its αcounterpart. Technically, the γ-phase can be formed by drying polar solvent at
temperature below 100 oC or annealing/crystallization at high temperature. However, the
γ-phase is difficult to identify because it enthusiastically transform to the β-phase under
mechanical stress and has similar x-ray diffraction patterns compared to the α- and βphase. Last but not least, the β-phase is a ferroelectric phase that possesses the largest
spontaneous polarization due to its relatively large dipole moments. The unit cell of βphase comprises of two all-trans polymer chains packed with their dipoles pointing in the
same direction. In the β-phase unit cell, fluorine and hydrogen atoms of neighboring
chains are approximately at the same level parallel to the a-axis, which facilitate the
crystalline structure stabilization. Generally, the β-phase can be achieved by mechanical
stretching or high field poling (400-500 MV/m) of α- or γ-phase samples. The generation
processes of different PVDF crystal phases and their transformations have been clearly
explained in Figure 1-7.

	
  

Figure 1-6. Crystalline phases of PVDF: α, δ, γ, and β [16].
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Figure 1-7. Processing routes of PVDF crystal phases [16].
The energy storage performance of different PVDF crystalline phases has been
studied by Li and coworkers [17]. It pointed out that three crystalline phases of PVDF (α,
γ, and β) exhibited the similar energy storage density and comparable loss under low
electric fields. However, the β-phase cannot be applied under electric fields beyond 200
MV/m because of its early displacement saturation. In the electric fields below 350
MV/m, the α-phase has the similar energy density but higher energy loss than γ-phase.
Additionally, among these three crystalline phases, the γ-phase possesses the highest
discharged energy density of 14 J/cm3 under an electric field of 500 MV/m. This suggests
that the energy storage properties of polymer dielectrics may have some relations to their
crystal phase structure.
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Based on an interesting basic ferroelectric nature of PVDF, many researchers

have attempted to improve its properties in several ways. Some other organic groups such
as chlorotrifluoroethylene (CTFE), hexafluoropropylene (HFP), trifluoroethylene (TrFE),
vinylidene fluoride (VDF) have been introduced to the PVDF backbone structure to
create PVDF-based copolymers and terpolymers [18-22]. For example, the PVDF
homopolymer is generally limited to around 50% crystallinity even with annealing or
stretching, but the copolymer of PVDF with TrFE can be annealed to almost 100%
crystallinity with slightly decreased spontaneous polarization [23]. The addition of CTFE
(5% to 10%) to prepare P(VDF-TrFE-CTFE) terpolymer can offer ferroelectric relaxor
behavior with low remnant polarization and coercive field [24]. For the terpolymer, the
electric field of displacement saturation is enhanced to 500 MV/m, and the discharged
energy density is as high as 13 J/cm3. In a case of P(VDF-CTFE), its α-phase stabilized
films exhibited significantly smaller remnant polarization compared to the PVDF
homopolymer, and released high discharged energy storage density of 25 J/cm3 with a
breakdown field higher than 600 MV/m [20]. This is because the presence of Cl atoms in
CTFE moieties can stabilize the nonpolar α-phase of the copolymer and avoids the
displacement saturation or phase transition under high electric field. As a result, P(VDFCTFE) has been considered as one of the promising ferroelectric polymers for energy
storage applications.
1.3 Polymer-Based Nanocomposites for Energy Storage
Although ferroelectric polymers can offer good dielectric breakdown strength and
many desirable properties, their low dielectric permittivity may cause the limitation of
their energy storage density. One of the most effective approaches to improve their
permittivity is the preparation of polymer nanocomposites with high permittivity
ceramics. Compared to conventional microcomposites, nanocomposites have been
believed to possess higher surface area and much larger interfacial regions between the
fillers and the polymer matrix, which directly impact to dielectric properties of the
materials. It is proposed that the bulk properties of the composites can be dominated by
the properties of the polymer-filler interfacial interaction [25-26].
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In order to understand the dielectric properties of polymer nanocomposites, a

multi-core model has been suggested by Tanaka and coworkers [27]. They proposed that
the interface between inorganic fillers and polymer matrix could be organized into three
distinctive regions: a bonded layer (first layer), a bound layer (second layer), and a loose
layer (third layer), as shown in Figure 1-8. The first layer represents the intimate contact
of polymer chains with the surface of the fillers through chemical interaction or coupling
agents. The second layer resembles to the interfacial region, which contributes to the
reduction in the permittivity by distributing the motion of dipoles from some polar
functional groups. Finally, the third layer is where polymer chains loosely associated to
the surface of the fillers, leading to the free volume and a reduction in the dielectric
permittivity in the composites. Therefore, the second and the third layers, compared to
the first layer, are implied to be more effective to influence the dielectric properties of the
polymer nanocomposites.

Figure 1-8. Multi-core model for polymer nanocomposite dielectrics [27].
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Moreover, an electrical double layer is considered to be overlapped into these

three regions. The existence of different layers results in the gradient in the charge
mobility. According to the differences in the Fermi levels between the nanoparticles and
the polymer matrix, a surface charge on the nanoparticles is created. As illustrated in
Figure 1-9, the redistribution of charges is spontaneously formed in the Stern layer and
the diffuse layer to neutralize the charges on the nanoparticle surface. The diffuse layer in
the polymer matrix is a region of higher charge mobility and exceptionally impacts the
dielectric properties of the nanocomposites.

Figure 1-9. Electrical double layer and electrical potential distribution between particle A
and matrix B [25].
Several metal oxides such as titanium dioxide (TiO2), zirconium dioxide (ZrO2),
barium titanate (BaTiO3), and lead zirconate titanate (PZT) have been extensively studied
as nanofillers for ferroelectric polymers because of their high dielectric permittivity [2831]. However, the introduction of these nanoparticles into the polymer matrix can cause
some disadvantages. Firstly, the permittivity of the resulting nanocomposites is not as
high as expectations because most of the increase in the effective permittivity of the
nanocomposites is generated by an increase in the average field in the polymer matrix,
not directly from the high permittivity phase. Furthermore, the large contrast in
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permittivity between two phases directly lead to highly inhomogeneous electric fields in
the composites. The structural incompatibility between organic polymer and inorganic
fillers may also create inhomogeneous materials with some aggregations of the fillers.
These distinctions can diminish the effective electrical breakdown field strength of the
nanocomposites, and then directly limits their energy storage capability. Accordingly,
suitable surface modifications of the nanoparticles in the nanocomposites are certainly
required to improve their properties.
For instance, the homogeneous nanocomposite films of PVDF with BaTiO3
treated by the agent NXT-105 were successfully fabricated [32]. The relative permittivity
of the nanocomposites gradually increased from 9.9 to 53.9 when the particle content
increased from 0 to 50 vol%. As shown in Figure 1-10, both dielectric displacement and
energy density of the nanocomposites clearly enhanced with the increase of BaTiO3
particle concentration. Under the electric field of 200 MV/m, the nanocomposite with 20
vol% BaTiO3 showed the discharge energy storage density of 3.54 J/cm3, which was 46%
higher than that of the pristine PVDF (2.42 J/cm3). However, too high concentration of
BaTiO3 particles apparently decreased the breakdown field of the nanocomposites due to
the presence of more defects in the films. This suggests that suitable amount of the
nanoparticles in the nanocomposites is one of major factors to improve the energy storage
capability.

Figure 1-10. Dielectric displacement and discharge energy density of the nanocomposites
with various BaTiO3 particle concentrations as a function of electric field [32].
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1.4 Research Motivations and Statement of Goals
According to the combination of advantages of ceramic fillers and ferroelectric
polymer, the nanocomposites between them show promising potential for energy storage
applications. Among various kinds of ceramic fillers, BaTiO3 nanoparticles exhibit
outstanding dielectric permittivity, which arises from the changes in their crystal structure
under an applied electric field. In addition, the surface of BaTiO3 nanoparticles can be
easily modified in many ways, facilitating the formation of polymer nanocomposites. In
the case of polymer matrix, P(VDF-CTFE) is selected due to its low dielectric loss and
good breakdown strength. Nevertheless, the compatibility between BaTiO3 nanoparticles
and P(VDF-CTFE) is still not clarified. Therefore, the BaTiO3/P(VDF-CTFE)
nanocomposite films will be fabricated and then their dielectric and energy storage
properties will be investigated, as discussed in chapter 2. In order to enhance those
properties of the nanocomposites, BaTiO3 nanoparticles would be modified before
making the composites. One of the most interesting approaches to modify the surface of
the BaTiO3 nanoparticles is the preparation of core-shell structure. Not only better
compatibility between particles and polymer matrix, this method may also provide a
reduction of permittivity difference between them and an increase in electrical
breakdown strength. Silica (SiO2) is considered to be a good candidate for shell structure
due to its functional groups and insulator behavior. In chapter 3, the morphology and
energy storage performance of the nanocomposite films of P(VDF-CTFE) with BaTiO3
nanoparticles modified by silica coating will be carefully studied.

Chapter 2
BaTiO3/P(VDF-CTFE) Nanocomposites for Electrical Energy
Storage
In past decades, materials with high electrical energy storage have been paid
considerable attention because of their promising applications in many fields, such as
portable electronic devices, stationary power systems, and hybrid electrical vehicles [3334]. Among various energy storage devices, capacitors exhibit the advantage of high
power density due to their fast electrical energy storage and discharge capability. In
general, the energy density of dielectric materials for capacitors can be estimated by the
equation, Ue = ½ ε0εrEb2, where ε0 is the vacuum permittivity (8.855 x 10-12 F/m), εr is the
relative permittivity, and Eb is the electric breakdown strength, respectively. According to
the equation, the energy density of materials can be improved by increasing the
permittivity or/and enhancing the breakdown strength.
Poly(vinylidene fluoride) (PVDF)-based ferroelectric materials have been widely
studied due to their extraordinary potential for electrical energy storage applications.
Compared to other polymers, PVDF-based polymers possess large spontaneous
polarization and higher dielectric constants owing to the presence of highly
electronegative fluorine atoms on the polymer chains and the spontaneous alignment of
C-F dipoles in the crystalline phases [35]. The charge storage capacity of PVDF polymers
can also be tuned by the introduction of comonomer defects into the polymer structure
such as trifluoroethylene (TrFE), chlorodifluoride ethylene (CFE), and chlorotrifluoride
ethylene (CTFE) [36-37]. For example, the insertion of CTFE into the PVDF polymer
chains can reduce the crystal size of the polymers, resulting in the reduction of remnant
polarization and energy density loss.
Another interesting approach to improve the energy storage properties of PVDFbased polymers is the addition of high dielectric constant ceramic particles into the
polymers to make polymer nanocomposites. The ceramic-polymer nanocomposites have
attracted great attention because they can combine advantages from both ceramic and
polymer dielectrics. In the nanocomposites, ceramic nanoparticles exhibit high dielectric
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permittivity, while polymer matrix can provide high breakdown strength, facile
processability, low cost, and lightweight [38]. In particular, ferroelectric metal oxides
such as barium titanate (BT), lead zirconate titanate (PZT), lead magnesium niobate
titanate (PMNT), and calcium copper titanate (CCTO) have been broadly applied as
fillers in the nanocomposites because of their high permittivity.
In the present study, the nanocomposites of P(VDF-CTFE) with BT nanoparticles
have been prepared and characterized to investigate their dielectric properties and energy
storage capability in a comparison to the pristine polymer.
2.1 EXPERIMENTAL SECTION
Materials
Barium titanate (BaTiO3 or BT) nanoparticles with an average diameter of 100
nm (99%, cubic) were purchased from US Research Nanomaterials, Inc. Poly(vinylidene
fluoride-co-chlorotrifluoroethylene), as known as P(VDF-CTFE), in this study is a
random copolymer with 20wt% CTFE, which was supplied by Solvay. As the solvent,
N,N-dimethylformamide (DMF) was purchased from EMD. All chemicals were used as
purchased without further purification.
Preparation of BT/P(VDF-CTFE) Nanocomposite Films
P(VDF-CTFE) (80/20 mol%) was dissolved in anhydrous DMF and stirred at
room temperature overnight to make a clear solution. The BT particles were added into
the polymer solution and the mixture was subjected to sonication using Vibra-Cell high
intensity ultrasonic processor (VC-505) for 1 h with vigorous stirring to break
agglomeration. After the sonication, the mixture was poured onto clean glass slide. The
film was dried at 75 oC under atmospheric pressure overnight followed by further
annealing at 100 oC for 12 h and 125 oC for 12 h in a vacuum oven in order to remove the
remaining trace of solvent. The resulting film was cooled down to room temperature,
immersed in deionized water for 20 min, and peeled off from glass slide. After being
dried at 60 oC in a vacuum oven for 12 h, the sample film was placed between two Teflon
sheets and melt pressed at 200 oC under 5000 psi for 6 h. The film was obtained after
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being cooled naturally to room temperature in melt-pressing instrument. The typical
thickness of the composite films is around 10-20 µm.
Material Characterizations and Property Measurements
The thermal properties and crystallinity of polymer nanocomposites were studied
by differential scanning calorimetry (DSC) operated on a TA Instrument Q100
differential scanning calorimeter at a heating rate of 10 oC/min and a cooling rate of 5
o

C/min. In order to examine the dielectric properties of nanocomposites, both sides of the

films were coated with circular gold electrodes with diameter of 2.6 mm and a typical
thickness of 60 nm. Dielectric permittivity and loss at room temperature were measured
using an Agilent LCR meter (E4980A). To measure the energy density and dielectric
breakdown, polarization hysteresis loops were collected for increasing voltage cycles
using a modified Sawyer-Tower circuit at 10 Hz and room temperature.
2.2 RESULTS AND DISCUSSION
Thermal Properties
To investigate the effect of nanoparticles on thermal properties of
nanocomposites, DSC experiments have been employed. The DSC data of pristine
P(VDF-CTFE), and BT/P(VDF-CTFE) nanocomposites are summarized in Table 2-1. It
was found that the melting temperature (Tm) of the nanocomposites containing BT
nanoparticles did not show appreciable changes compared to those of the pristine
polymer. However, the crystallization temperature (Tc) of the nanocomposites tends to
increase with the increase of nanoparticles. This suggests that uncoated BaTiO3
nanoparticles may act as a nucleating agent in the crystallization of the polymer matrix.
Based on the fact that the dielectric properties of PVDF-based polymers are directly
related to their crystallinity, the degree of crystallinity in the nanocomposites should be
considered. It can be calculated from the heat of melting at the melting temperature of the
nanocomposites. It has been demonstrated that the addition of small amounts of BT
nanoparticles into the P(VDF-CTFE) matrix did not significantly affect their degree of
crystallinity. In contrast, high concentration of BT nanoparticles in the nanocomposites
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(20wt% BT) can lead to the decrease of degree of crystallinity. It may relate to the
aggregation of excessive nanoparticles, which impairs the crystallization capability of the
polymer matrix. Nevertheless, These results suggest that the change in crystallinity of the
polymer matrix is not a major factor for the improvement of dielectric properties in the
nanocomposites.
Table 2-1. DSC data of pristine P(VDF-CTFE), and BT/P(VDF-CTFE) nanocomposites.
Tm (oC)

Tc (oC)

% Crystallinity

P(VDF-CTFE)

169

138

19.1

3wt% BT

169

138

19.2

5wt% BT

169

140

18.3

7wt% BT

170

141

17.8

10wt% BT

169

145

17.4

20wt% BT

169

143

16.4

Note: Tm was measured during heating scan, while Tc was measured during cooling scan.
Dielectric Properties
The low-field dielectric permittivity and loss tangent of pristine P(VDF-CTFE)
and BT/P(VDF-CTFE) nanocomposites were measured at room temperature from 20 Hz
to 2 MHz with an electric field approximately of 0.05 MV/m. As shown in Figure 2-1, a
gradual decrease of dielectric permittivity with an increase of frequency was observed for
both pristine polymer and nanocomposites due to a slower response of spontaneous
polarization in ferroelectric polymer as an external field switches faster. Furthermore, the
dielectric permittivity of BT/P(VDF-CTFE) nanocomposites significantly increases with
the concentration of nanoparticles for an entire frequency range. This is attributed to the
higher dielectric constant of the BT nanoparticles relative to the polymer matrix.
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Figure 2-1. Dielectric permittivity of pristine P(VDF-CTFE) and BT/P(VDF-CTFE)
nanocomposites at room temperature.
Loss tangent (tan δ) of pristine P(VDF-CTFE) and BT/P(VDF-CTFE)
nanocomposites at room temperature is displayed in Figure 2-2. At low concentration of
nanoparticles (3-7wt% BT), there are no remarkable changes in loss tangent of
nanocomposites compared to the pristine polymer, indicating that the loss mainly
originates from the polymer matrix. Nevertheless, 10wt% and 20wt% BT/P(VDF-CTFE)
nanocomposites show higher loss tangent compared to the pristine polymer. This may be
a result of a particle aggregation in the nanocomposites with high particle concentration,
which results in more conduction loss.
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Figure 2-2. Loss tangent of pristine P(VDF-CTFE) and BT/P(VDF-CTFE)
nanocomposites at room temperature.
Electrical Breakdown Strength
Typically, high electrical breakdown strength is one of the most important
properties for energy storage and high voltage applications. In a case of dielectric
materials, higher breakdown strength provides ability for the materials to work at higher
field, which may produce higher energy storage. Theoretically, there are two possible
breakdown mechanisms for dielectric polymers: thermal breakdown and
electromechanical breakdown. Thermal breakdown normally occurs in the local regions
where electrical conductivity is larger than the surrounding area. The increase in the
conductivity generates more Joule heating, resulting in the local melting and
physical/chemical destruction in the materials. Another breakdown mechanism is
electromechanical breakdown, which appears when the stress induced by the applied field
from the electrodes overcomes the yield stress of the film. This leads to a rapid collapse
and discharge in the materials between the electrodes. Furthermore, the increase in the
applied field generally creates more Joule heating in the materials, thereby weakening the
elastic modulus of the films and accelerating the breakdown process. Therefore, the
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dielectric films with low electrical conductivity and high mechanical strength are
anticipated to achieve high electrical breakdown strength.
According to the electrical displacement measurements, the electrical breakdown
fields of pristine P(VDF-CTFE) and BT/P(VDF-CTFE) nanocomposites are summarized
in Figure 2-3. Obviously, BT@/P(VDF-CTFE) nanocomposites exhibit lower electrical
breakdown strength compared to the pristine polymer. This may be because unmodified
BT nanoparticles possibly act as additional conduction pathways in the nanocomposites
and then facilitate the thermal breakdown process. The aggregation of BT nanoparticles
may also generate some unfavorable porosity in the nanocomposite films, leading to a
dielectric failure at lower fields. In addition, the presence of a large contrast in
permittivity between nanoparticles and polymer matrix creates a highly inhomogeneous
electric field, which significantly interrupts the breakdown strength of the
nanocomposites [39].

Figure 2-3. Breakdown electric field of pristine P(VDF-CTFE) and BT/P(VDF-CTFE)
nanocomposites.
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Energy Storage
Generally, energy storage for pristine P(VDF-CTFE) and nanocomposites can be
determined by the polarization response at high electric field in a displacement-electric
field loop (D-E loop). Figure 2-4 exhibits stored energy and released energy of pristine
P(VDF-CTFE) and BT/P(VDF-CTFE) nanocomposites under an electric field of 150
MV/m at 10 Hz. The addition of BT nanoparticles into the polymer matrix noticeably
increases the stored energy density of the nanocomposites. At 20wt% of BT
nanoparticles, the energy density of the nanocomposite is 1.9 J/cm3, which represents
about 35% increase in a comparison to that of pristine polymer (1.4 J/cm3). This is
attributed to high polarization of BT nanoparticles in the materials. These results can be
used to confirm the assumption that adding particles with high dielectric permittivity into
the polymer matrix can enhance its stored energy. However, the released energy of
20wt% BT/P(VDF-CTFE) nanocomposite significantly drop compared to the
nanocomposites with lower BT content. This can be explained by a substantial increase in
energy loss due to the aggregation of BT nanoparticles in the materials.

Figure 2-4. Stored energy and released energy of pristine P(VDF-CTFE) and BT/P(VDFCTFE) nanocomposites under an electric field of 150 MV/m at 10 Hz.
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Although the BT/P(VDF-CTFE) nanocomposites show a significant improvement

in terms of dielectric properties and energy storage, they also present some major
drawbacks compared to the pristine polymer. The BT/P(VDF-CTFE) nanocomposites
exhibit lower electrical breakdown strength and too high energy loss for the
nanocomposites with higher concentration of BT nanoparticles. It was believed that these
disadvantages could be originated from the aggregation of unmodified BT nanoparticles,
which results in the creation of additional conduction routes and undesirable porosity in
the materials. In order to avoid these effects, the surface modification of BT nanoparticles
would be one of the best solutions.
2.3 CONCLUSIONS
In summary, the nanocomposites of P(VDF-CTFE) with BT nanoparticles have
been prepared by solution casting method. According to DSC experiments, the addition
of BT nanoparticles into the polymer matrix did not significantly affect its thermal
properties and crystal structure. Compared to the pristine polymer, BT/P(VDF-CTFE)
nanocomposites exhibit higher dielectric permittivity due to the addition of nanoparticles
with high dielectric permittivity. Conversely, BT/P(VDF-CTFE) nanocomposites also
offer lower electrical breakdown strength and higher energy loss according to the
introduction of additional conduction pathways and the aggregation of BT nanoparticles
in the materials. However, the surface modification of BT nanoparticles is proposed to be
able to diminish these disadvantages.

Chapter 3
Silica-coated BaTiO3/P(VDF-CTFE) Nanocomposites for
Electrical Energy Storage
As discussed in chapter 2, the incorporation of nanoparticles with extremely high
permittivity may cause some undesired characteristics. Although ferroelectric fillers
obviously improve the dielectric constant of the nanocomposites, they also inevitably
bring in an amount of free charge carriers and directly lead to the leakage current and
conduction loss. The large contrast in permittivity between nanoparticles and polymer
matrix can also generate highly inhomogeneous local electric field, resulting in a
significant decrease in the effective breakdown strength of the nanocomposites [40].
Furthermore, the addition of nanoparticles that are not well-dispersed in the polymer
matrix can give rise to the formations of particle aggregates and voids in the
nanocomposites, causing the electronic conduction for high loss and dielectric failure at
low fields [41].
In order to overcome these limitations, the chemical modification at the surface of
the nanoparticles has been introduced. One of the most effective methods is the
preparation of core-shell nanoparticles. Typically, the shell structures not only improve
the compatibility between the fillers and the polymer matrix, but they also act as
interparticle barriers to prevent a direct connection of ceramic particles [42]. For
example, Marks and coworkers presented the enhanced energy storage and suppressed
dielectric loss in polyolefin nanocomposites with metal oxide nanoparticles encapsulated
in Al2O3 shell [43]. Bai et al. reported the relatively high dielectric constant and low loss
in Zn-ZnO/PVDF composites, which are induced by metal-semiconductor core-shell
structure [44]. Among various kinds of shell structures, silica shells offer many
outstanding properties. Due to their insulating properties, silica shells are supposed to
play an important role in keeping the conductive network of nanoparticles in the
composites to a minimum and then provide lower leakage current loss [45-46]. In
addition, it has been reported that silica shells can be easily prepared onto the surface of
nanoparticles and show a good compatibility with PVDF-based polymers [47]. Therefore,
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the ferroelectric polymer nanocomposites with silica-coated nanoparticles have been
expected to perform improved dielectric properties and enhanced energy storage.
In the present study, the nanocomposites of P(VDF-CTFE) with silica-coated BT
nanoparticles have been prepared and characterized to investigate their dielectric
properties and energy storage capabilities in comparisons to the pristine polymer and the
nanocomposites with unmodified BT nanoparticles. The results show that silica-coated
BT nanoparticles play an important role to improve the energy storage capabilities of the
nanocomposites by providing higher dielectric permittivity, lower loss, and greater
electrical breakdown strength.
3.1 EXPERIMENTAL SECTION
Materials
Barium titanate (BaTiO3 or BT) nanoparticles with an average diameter of 100
nm (99%, cubic) were purchased from US Research Nanomaterials, Inc. Poly(vinylidene
fluoride-co-chlorotrifluoroethylene), as known as P(VDF-CTFE), in this study is a
random copolymer with 20wt% CTFE, which was supplied by Solvay.
Tetraethylorthosilicate (TEOS) was purchased from Aldrich. Ammonium hydroxide
solution (NH4OH) was supplied by J. T. baker. Ethanol and N,N-dimethylformamide
(DMF) were purchased from EMD. All chemicals were used as purchased without further
purification.
Coating BaTiO3 Nanoparticles with Silica
The silica coating on BT nanoparticles was carried out via sol-gel method. First,
the BT nanoparticles were dispersed in the solution of 75/23/2 (vol%)
ethanol/water/NH4OH and then homogenized by ultrasonic vibration. Finally,
tetraethylorthosilicate (TEOS) was slowly added to the dispersion system and stirring at
room temperature for 4 h to allow the hydrolysis and condensation of TEOS to form
silica networks on the surface of BT particles. The silica-coated BT (BT@SiO2)
nanoparticles were collected by centrifugation at 5000 g for 20 min followed by washing
with ethanol (3 times), and then drying at 80 oC in a vacuum oven overnight.
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Preparation of BT@SiO2/P(VDF-CTFE) Nanocomposite Films
P(VDF-CTFE) (80/20 mol%) was dissolved in anhydrous DMF and stirred at
room temperature overnight to make a clear solution. The BT@SiO2 particles were added
into the polymer solution and the mixture was subjected to sonication using Vibra-Cell
high intensity ultrasonic processor (VC-505) for 1 h with vigorous stirring to break
agglomeration. After the sonication, the mixture was poured onto clean glass slide. The
film was dried at 75 oC under atmospheric pressure overnight followed by further
annealing at 100 oC for 12 h and 125 oC for 12 h in a vacuum oven in order to remove the
remaining trace of solvent. The resulting film was cooled down to room temperature,
immersed in deionized water for 20 min, and peeled off from glass slide. After being
dried at 60 oC in a vacuum oven for 12 h, the sample film was placed between two Teflon
sheets and melt pressed at 200 oC under 5000 psi for 6 h. The film was obtained after
being cooled naturally to room temperature in melt-pressing instrument. The typical
thickness of the composite films is around 10-20 µm.
Material Characterizations and Property Measurements
The BT@SiO2 nanoparticles can be characterized by fourier transform infrared
spectroscopy (FTIR), dynamic light scattering (DLS), and transmission electron
microscopy (TEM). FTIR was operated on a Bruker Vertex V70 at room temperature.
DLS experiments and zeta potential measurements were performed on a Malvern
Zetasizer Nano. TEM was carried out on a JEOL 2010F. The fractured surface of pristine
polymer and composite films was investigated by field-emission scanning electron
microscopy (FESEM), which was performed on a Hitachi S-4800. The thermal properties
and crystallinity of polymer nanocomposites were studied by differential scanning
calorimetry (DSC) operated on a TA Instrument Q100 differential scanning calorimeter
at a heating rate of 10 oC/min and a cooling rate of 5 oC/min. In order to examine the
dielectric properties of nanocomposites, both sides of the films were coated with circular
gold electrodes with diameter of 2.6 mm and a typical thickness of 60 nm. Dielectric
permittivity and loss at room temperature were measured using an Agilent LCR meter
(E4980A). Dielectric relaxation spectroscopy was investigated using a Hewlett Packard
4284A LCR meter in a conjunction with a Delta Design oven model 2300. The
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temperature range is -50 oC to 130 oC and the heating rate is set at 4 oC/min. To measure
the energy density, polarization hysteresis loops were collected using a modified SawyerTower circuit at 10 Hz and room temperature. Electrical breakdown strength
measurements were performed using the electrostatic pull-down method by applying a
linearly increasing voltage with a ramp rate of 500 V/s. The DC conductivity of pristine
polymer and nanocomposites was measured on a Hewlett Packard 4140B pA meter
connected to a KEPCO amplifier model BOP 1000M in a conjunction with a Delta
Design oven model 2300. The mechanical properties of nanocomposites were examined
using a Screw Driven Instron model 5866.
3.2 RESULTS AND DISCUSSION
Materials Preparation and Characterization
The silica shell on the surface of BT nanoparticles was generally produced by
hydrolysis and condensation of TEOS under alkaline conditions. At first, TEOS was
hydrolyzed by ammonia and BT-O-Si chemical linkages were created between the
surface of BT nanoparticles and TEOS molecules, followed by a lateral polymerization of
TEOS. Finally, a three-dimensional network via siloxane bond formation (Si-O-Si) was
fabricated to produce a homogeneous silica coating [48].
Figure 3-1 shows FTIR spectra of unmodified BT and BT@SiO2 nanoparticles.
For unmodified BT nanoparticles, the characteristic absorption peak of Ti-O was
observed at 500-700 cm-1. In contrast, the spectrum of BT@SiO2 nanoparticles shows
additional peaks at 950 and 1000-1250 cm-1, which are attributed to the vibration modes
of Ti-O-Si and Si-O-Si, respectively [49]. This evidently indicates the success of silica
coating on BT nanoparticles.
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Figure 3-1. FTIR spectra of unmodified BT and BT@SiO2 nanoparticles.
According to TEM images of BT@SiO2 nanoparticles (Figure 3-2), all the BT
nanoparticles are individually and homogeneously covered by silica without serious
coagulation. The diameter of the BT core (the darker region in TEM images) is about 100
nm, while the thickness of the silica shell (the lighter region in TEM images) is
approximately 5 nm. Furthermore, with the condition used in the silica coating process,
the formation of secondary free silica nuclei has not been observed. This may be because
the basic solution can control the rate of polymerization-precipitation, leading to
homogeneous and rapid coating of the particles without the creation of undesired silica
nuclei [50].
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Figure 3-2. TEM images of BT@SiO2 nanoparticles.
To examine the particle size distributions of uncoated BT and BT@SiO2
nanoparticles, the DLS experiments for both particles were performed in ethanol. As
presented in DLS measurements (Figure 3-3), the uncoated BT nanoparticles show an
average particle size of 205 nm with a polydispersity index equal to 0.174, while the
BT@SiO2 nanoparticles show an average particle size of 221 nm with a polydispersity
index equal to 0.106. This confirms the success of silica coating on the surface of BT
nanoparticles without a major agglomeration. Nevertheless, it is worthy to note that a
particles size observed from the light scattering technique is larger than that detected
from TEM. This is because a particles size observed from DLS is a hydrodynamic size,
which includes a solvent sphere that bound onto the surface of the particles.
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Figure 3-3. DLS size distributions of uncoated BT and BT@SiO2 nanoparticles.
In order to confirm the silica coating of BT nanoparticles, electrophoretic mobility
measurements have been performed. These measurements depend strictly on the nature of
the surface of the nanoparticles. As presented in Figure 3-4, zeta potential of uncoated BT
and BT@SiO2 nanoparticles are plotted as a function of pH value. At various pH values,
the zeta potentials of BT@SiO2 nanoparticles are generally more negative than those of
uncoated BT nanoparticles. This indicates the chemical change on the surface of the
nanoparticles due to the silica coating. Furthermore, uncoated BT and BT@SiO2
nanoparticles show significant difference in their isoelectric points. The isoelectric point
for the uncoated BT nanoparticles is about 3.5 in pH value. On the other hand, BT@SiO2
nanoparticles possesses the isoelectric point of 2.2, which is relatively close to that of
pure silica particles [51-52]. This strongly confirms the achievement of the silica coating
process.
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Figure 3-4. Zeta potential as a function of pH value of uncoated BT and BT@SiO2
nanoparticles.
To investigate the dispersion of BT@SiO2 nanoparticles, the particles were
dissolved in DMF with ultrasonication and the suspension was observed after a period of
time (Figure 3-5). After 4 days, no remarkable precipitation of nanoparticles was
detected. This indicates that the BT@SiO2 nanoparticles can be dispersed well in DMF,
which is a general solvent used for a solution casting of PVDF-based composite films. It
was believed that this decent dispersion might be originated from hydrogen bonds
between hydroxyl groups on the surface of silica shells and oxygen or nitrogen atoms in
DMF.
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Figure 3-5. Suspension stability of BT@SiO2 nanoparticles in DMF.
After film fabrication process, all nanocomposite films exhibit great flexibility,
even for the nanocomposites with high particle concentration. Figure 3-6 reveals the
flexibility of 20wt% BT@SiO2/P(VDF-CTFE) nanocomposite film. The morphologies of
pristine P(VDF-CTFE) film and BT@SiO2/P(VDF-CTFE) nanocomposite films were
studied by cross-sectional FESEM, as illustrated in Figure 3-7. As shown in Figure 3-7b,
the BT@SiO2 nanoparticles in 5wt% BT@SiO2/P(VDF-CTFE) nanocomposite film can
be dispersed randomly in the polymer matrix without serious aggregation. On the other
hand, the cross-sectional FESEM image of 20wt% BT@SiO2/P(VDF-CTFE)
nanocomposite film (Figure 3-7c) shows an obvious particle percolation, which may
affect the energy storage properties of nanocomposite films.

Figure 3-6. Flexibility of 20wt% BT@SiO2/P(VDF-CTFE) nanocomposite film.
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Figure 3-7. Cross-sectional FESEM images of pristine P(VDF-CTFE) film (a), 5wt%
BT@SiO2/P(VDF-CTFE) film (b), and 20wt% BT@SiO2/P(VDF-CTFE) film (c).
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Thermal Properties
As the same procedure for BT/P(VDF-CTFE) nanocomposites, thermal properties
of BT@SiO2/P(VDF-CTFE) nanocomposites have been investigated by DSC
experiments. The melting temperature (Tm), crystallization temperature (Tc), and the
degree of crystallinity of pristine P(VDF-CTFE), BT/P(VDF-CTFE) nanocomposites,
and BT@SiO2/P(VDF-CTFE) nanocomposites are compared in Table 3-1.
Table 3-1. DSC data of pristine P(VDF-CTFE), BT/P(VDF-CTFE) nanocomposites, and
BT@SiO2/P(VDF-CTFE) nanocomposites.
Tm (oC)

Tc (oC)

% Crystallinity

P(VDF-CTFE)

169

138

19.1

3wt% BT

169

138

19.2

5wt% BT

169

140

18.3

7wt% BT

170

141

17.8

10wt% BT

169

145

17.4

20wt% BT

169

143

16.4

3wt% BT@SiO2

169

139

19.3

5wt% BT@SiO2

169

138

19.1

7wt% BT@SiO2

168

138

19.5

10wt% BT@SiO2

168

136

18.7

20wt% BT@SiO2

169

140

17.6

Note: Tm was measured during heating scan, while Tc was measured during cooling scan.
It was clear that no significant changes were found in the terms of melting
temperature and crystallization temperature for both nanocomposites with uncoated BT
and with BT@SiO2 nanoparticles, compared to those of the pristine polymer. Moreover,
the degree of crystallinity was neither affected by the addition of uncoated BT nor
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BT@SiO2 nanoparticles into the P(VDF-CTFE) matrix, except for high concentration of
nanoparticles (20wt%). It can be concluded that dielectric properties and energy storage
capabilities for these kinds of nanocomposites are not relevant to the changes in their
crystal structure.
Dielectric Properties
The low-field dielectric permittivity and loss tangent of BT@SiO2/P(VDF-CTFE)
nanocomposites were measured with the same condition as the experiments for pristine
P(VDF-CTFE) and BT/P(VDF-CTFE) reported in Chapter 2 (room temperature, 20 Hz to
2 MHz, 0.05 MV/m). It was found that the dielectric properties of BT@SiO2/P(VDFCTFE) nanocomposites are in the similar trend with those of BT/P(VDF-CTFE)
nanocomposites. As illustrated in Figure 3-8, the dielectric permittivity of
BT@SiO2/P(VDF-CTFE) nanocomposites gradually decreases with an increase of
frequency and significantly increases with the concentration of nanoparticles due to
higher dielectric constant of the BT nanoparticles relative to the polymer matrix. Figure
3-9 presents the loss tangent of BT@SiO2/P(VDF-CTFE) nanocomposites compared to
pristine P(VDF-CTFE) at room temperature. No remarkable changes in loss tangent of
nanocomposites compared to the pristine polymer were noticed at low concentration of
nanoparticles (3-7wt% BT@SiO2), but significantly higher loss tangent was observed at
higher concentration (10-20wt% BT@SiO2), especially in low frequency range. This
suggests that the coated nanoparticles with small particle content are well-dispersed in the
composites and the loss of the nanocomposites mainly originates from the polymer
matrix. On the other hand, high concentration of nanoparticles may offer some
aggregation leading to more conduction losses in the nanocomposites.

	
  

Figure 3-8. Dielectric permittivity of pristine P(VDF-CTFE) and BT@SiO2/P(VDFCTFE) nanocomposites at room temperature.

Figure 3-9. Loss tangent of pristine P(VDF-CTFE) and BT@SiO2/P(VDF-CTFE)
nanocomposites at room temperature.
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Figure 3-10 exhibits the comparison of dielectric permittivity and loss tangent of

BT/P(VDF-CTFE) nanocomposites and BT@SiO2/P(VDF-CTFE) nanocomposites at 1
kHz and room temperature. The results show that the dielectric permittivity and loss
tangent of both nanocomposites increase with the increase of nanoparticle concentration.
It is interesting to note that the BT@SiO2 nanocomposites reveals slightly higher
dielectric permittivity and lower loss tangent compared to uncoated BT nanocomposites.
These small differences may be ascribed to the better compatibility between the modified
nanoparticles and the pristine polymer [53].

Figure 3-10. Dielectric permittivity and loss tangent of pristine P(VDF-CTFE),
BT/P(VDF-CTFE) nanocomposites, and BT@SiO2/P(VDF-CTFE) nanocomposites at 1
kHz and room temperature.
The temperature dependences of the dielectric permittivity and loss tangent of
pristine P(VDF-CTFE), 5wt% BT/P(VDF-CTFE) nanocomposite and 5wt%
BT@SiO2/P(VDF-CTFE) nanocomposite have been investigated at 1 kHz. As illustrated
in Figure 3-11, the temperature-dependent dielectric responses for nanocomposites are
subjugated mainly by the polymer matrix. However, both 5wt% BT/P(VDF-CTFE)
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nanocomposite and 5wt% BT@SiO2/P(VDF-CTFE) nanocomposite distinctly show
higher dielectric permittivity than the pristine P(VDF-CTFE) for an entire range of
temperature due to the high dielectric constant of BT nanoparticles. The dielectric
permittivities of pristine P(VDF-CTFE) and both nanocomposites significantly change at
around -20 oC resulting from the change in the molecular chain mobility of the polymer
matrix, which is typically ascribed as a β relaxation. This corresponds to the significant
peaks at -20 oC in the dielectric losses of pristine P(VDF-CTFE) and both
nanocomposite, which are associated to the glass transition temperature of the polymer
matrix. Furthermore, the extraordinary enhancement of dielectric permittivity and loss at
temperatures over 80 oC has been observed. The energy loss at high temperature is
normally attributed to conduction and space charge formation. Compared to the pristine
polymer, 5wt% BT/P(VDF-CTFE) nanocomposite exhibit higher loss tangent at high
temperature (>80 oC ) due to an increase in the conduction loss from the addition of
uncoated BT nanoparticles. On the other hand, 5wt% BT@SiO2/P(VDF-CTFE)
nanocomposite offers lower dielectric loss at high temperature, indicating that the
introduction of silica-coated BaTiO3 nanoparticles into the polymer matrix can suppress
the space charge effect and reduce the conduction loss [54]. In the other words, the
surface groups of silica shell and the interface between nanoparticles and the polymer
matrix are possible charge trapping sites in the nanocomposites.
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Figure 3-11. Temperature dependence of the dielectric permittivity and loss tangent of
pristine P(VDF-CTFE), 5wt% BT/P(VDF-CTFE) nanocomposite, and 5wt%
BT@SiO2/P(VDF-CTFE) nanocomposite at 1 kHz.
Electrical Breakdown Strength
Based on the data from the electrical displacement measurements, the electrical
breakdown fields of pristine P(VDF-CTFE), BT/P(VDF-CTFE) nanocomposites, and
BT@SiO2/P(VDF-CTFE) nanocomposites are compared in Figure 3-12. Apparently,
BT@SiO2/P(VDF-CTFE) nanocomposites exhibit higher electrical breakdown strength
compared to BT/P(VDF-CTFE) nanocomposites. It may be attributed to the fact that
BT@SiO2 nanoparticles possess a lower conduction loss and better compatibility in
permittivity relative to the polymer matrix, which can produce more homogeneous
electric field in the nanocomposites than uncoated BT nanoparticles. Compared to the
pristine polymer, BT/P(VDF-CTFE) nanocomposites exhibit significantly lower
breakdown strength, whereas BT@SiO2/P(VDF-CTFE) nanocomposites show
comparable breakdown strength. This indicates that silica coating on the nanoparticle
surface is an effective approach to maintain the electrical breakdown strength of the
nanocomposites, which is very useful for energy storage applications.
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Figure 3-12. Breakdown electric field of pristine P(VDF-CTFE), BT/P(VDF-CTFE)
nanocomposites, and BT@SiO2/P(VDF-CTFE) nanocomposites.
Furthermore, the electrical breakdown strengths of pristine P(VDF-CTFE) and
BT@SiO2/P(VDF-CTFE) nanocomposites were also investigated by the pull-down
method with the Weibull failure probability function: P = 1-exp[-(E/α)^β], where P is the
probability of failure at the applied field lower or equal to E. The α and β parameters
define the scale and shape of the distribution, respectively. The Weibull failure
probability function can be converted to the equation: log [-ln(1-P)] = β log E - β log α.
According to this equation, a plot of log [-ln(1-P)] against log E is a linear relationship
with a slope equal to β and an intercept with the abscissa equal to α. In other words, α is
the breakdown field strength, whereas β expresses the scatter and reliability of data. The
Weibull breakdown strength analysis of pristine P(VDF-CTFE) and BT@SiO2/P(VDFCTFE) nanocomposites is demonstrated in Figure 3-13 and their Weibull parameters are
summarized in Table 3-2.
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Figure 3-13. Weibull analysis for the electrical breakdown strength of pristine P(VDFCTFE) and BT@SiO2/P(VDF-CTFE) nanocomposites.
Table 3-2. Weibull parameters for the electrical breakdown strength of pristine P(VDFCTFE) and BT@SiO2/P(VDF-CTFE) nanocomposites.

α (MV/m)

β

P(VDF-CTFE)

281

15.16

3wt% BT@SiO2

294

22.63

5wt% BT@SiO2

304

21.38

7wt% BT@SiO2

257

16.90

10wt% BT@SiO2

235

8.13

20wt% BT@SiO2

231

13.22
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According to Figure 3-13 and Table 3-2, it has been demonstrated that a small

amount of nanoparticles (3-5wt% BT@SiO2) can improve the electrical breakdown
strength of the pristine polymer. This may be attributed to the decrease in the internal
space charge accumulation and the enhancement of mechanical strength due to the
interfacial interaction between the polymer matrix and BT@SiO2 nanoparticles.
However, too high concentration of nanoparticles in the nanocomposites can reduce the
breakdown strength due to their agglomeration. These results strongly correspond to the
maximum electric fields that can be applied for the pristine polymer and particular
nanocomposites in the electrical displacement process.
Based on the hypothesis that electrical breakdown strength of polymer-based
materials is related to two breakdown mechanisms including thermal breakdown and
electromechanical breakdown, the DC electrical resistivity and the mechanical properties
of the pristine polymer and nanocomposites have been studied.
Electrical Resistivity
As mentioned earlier, it has been believed that the conduction in the dielectric
materials can cause the energy loss and the reduction in the breakdown field strength. It is
worth to measure the electrical resistivity of pristine polymer and nanocomposites to
elucidate this assumption. Figure 3-14 presents the DC resistivity of pristine P(VDFCTFE), BT/P(VDF-CTFE) nanocomposites, and BT@SiO2/P(VDF-CTFE)
nanocomposites under the electric field of 10 MV/m at 25 oC.
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Figure 3-14. DC electrical resistivity of pristine P(VDF-CTFE), BT/P(VDF-CTFE)
nanocomposites, and BT@SiO2/P(VDF-CTFE) nanocomposites under the electric field
of 10 MV/m at 25 oC.
As expected, BT@SiO2/P(VDF-CTFE) nanocomposites show higher electrical
resistivity than BT/P(VDF-CTFE) nanocomposites. This can be explained by the fact that
the uncoated BT nanoparticles tend to aggregate to each other and create more
conduction pathways in the nanocomposites, whereas insulating silica shells in BT@SiO2
nanoparticles can prevent the formation of those conductive pathways resulting in the
increase of electrical resistivity. Moreover, the nanocomposites with low concentration of
silica-coated nanoparticles (3-5wt% BT@SiO2) show slightly higher resistivity in a
comparison to the pristine polymer. It is believed that the inclusion of well-dispersed
nanoparticles into the polymer matrix can provide more trap sites and some local charge
distribution, leading to higher resistivity and then higher breakdown strength [55]. For
high loading of nanoparticles, however, lower resistivity was observed according to their
agglomeration in the nanocomposites. These results confirm the assumption that small
amounts of BT@SiO2 nanoparticles play a key role to enhance the energy storage
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efficiency and the breakdown strength of the nanocomposites by decreasing the
conduction process.
Mechanical Strength
In order to study the effects of mechanical strength of materials on their electrical
breakdown strength, mechanical properties of pristine polymer and nanocomposites have
been investigated. In general, the materials with higher mechanical strength are expected
to show higher breakdown strength because they can reduce the possibility to be broken
by the electromechanical mechanism.
It is clear that the nanocomposites with silica-coated nanoparticles exhibit greater
mechanical strength compared to the nanocomposites with uncoated nanoparticles at the
same level of particle content. For example, Figure 3-15 presents a comparison of tensile
strength of the nanocomposite with uncoated BT and BT@SiO2 at 5wt% particle
concentration. Whereas 5wt% BT/P(VDF-CTFE) nanocomposite shows the Young’s
modulas of 282.75 MPa and the tensile strength of 14.54 MPa, 5wt% BT@SiO2/P(VDFCTFE) nanocomposite possesses higher mechanical strength with the Young’s modulas
of 343.58 MPa and the tensile strength of 18.36 MPa. This suggests that the silica-coated
nanoparticles, compared to uncoated nanoparticles, can generate better interfacial
interactions to the polymer matrix. Based on a large existence of hydroxyl groups on the
surface of silica shells, the enhanced interfacial interactions between the nanoparticles
and the polymer matrix have been proposed to be a dipole-dipole interaction and
hydrogen bonding. These results significantly correspond to the electrical breakdown
strength for both types of nanocomposites.
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Figure 3-15. Tensile stress-strain diagram of 5wt% BT/P(VDF-CTFE) and 5wt%
BT@SiO2/P(VDF-CTFE) nanocomposites.
The tensile stress-strain diagrams of pristine P(VDF-CTFE) and
BT@SiO2/P(VDF-CTFE) nanocomposites are demonstrated in Figure 3-16 and their
Young’s modulas and tensile strength values are listed in Table 3-3. Evidently, the
addition of BT@SiO2 nanoparticles can improve the mechanical strength of the pristine
polymer. This improvement is ascribed to the interfacial interactions between the surface
of nanoparticles and the polymer matrix. The mechanical strength increases with the
nanoparticle content up to 7wt%, at which time the Young’s modulas and the tensile
strength are enhanced by 196% and 172%, respectively. Conversely, the mechanical
strengths for the nanocomposites with larger particle content (10wt% and 20wt%
BT@SiO2) decrease because of their inhomogeneity, undesirable pores, and particle
aggregations, leading to the decrease in the interfacial interactions [56]. These results can
be used to support the assumption that the increase in the mechanical strength is one of
the causes to improve the breakdown strength of the nanocomposites.
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Figure 3-16. Tensile stress-strain diagram of pristine P(VDF-CTFE) and
BT@SiO2/P(VDF-CTFE) nanocomposites.
Table 3-3. Young’s modulas and tensile strength of pristine P(VDF-CTFE) and
BT@SiO2/P(VDF-CTFE) nanocomposites.
Young’s Modulas

Tensile Strength

(MPa)

(MPa)

P(VDF-CTFE)

172.40

7.35

3wt% BT@SiO2

309.31

17.23

5wt% BT@SiO2

343.58

18.36

7wt% BT@SiO2

510.89

20.02

10wt% BT@SiO2

439.74

11.30

20wt% BT@SiO2

393.18

15.70
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At the breakdown field, the stress induced by the applied field exceeds the yield

stress of the materials, resulting in a rapid collapse and discharge between the electrodes.
Consequently, the relationship between mechanical strength of materials and their
electrical breakdown strength can be clearly explained by the modified electromechanical
breakdown equation proposed by Stark and Gorton: Eb = (2σy/ε0ε)1/2, where σy is the
yield stress of materials, ε0 is the vacuum permittivity, and ε is the relative permittivity of
materials, respectively [57-58]. Based on this model, the yield stress of the films and the
calculated breakdown fields in a comparison to the experimental breakdown fields from
the pull-down method are summarized in Table 3-4. Compared to the calculated
breakdown fields, the changes in the experimental breakdown fields of materials show
the same trend, but offer lower values. This suggests that the breakdown process for these
materials is directly related to the electromechanical breakdown mechanism. In addition,
the lower breakdown fields in the experimental section may be attributed to additional
effects from the thermal breakdown process.
Table 3-4. Yield Stress, calculated breakdown field, and experimental breakdown field of
pristine P(VDF-CTFE), BT@SiO2/P(VDF-CTFE) nanocomposite, and
BT@SiO2/P(VDF-CTFE) nanocomposites.
Yield Stress

Calculated Eb

Experimental Eb

(MPa)

(MV/m)

(MV/m)

P(VDF-CTFE)

5.55

397

281

5wt% BT

6.43

402

222

3wt% BT@SiO2

10.17

509

294

5wt% BT@SiO2

11.23

527

304

7wt% BT@SiO2

10.88

511

257

10wt% BT@SiO2

6.39

384

235

20wt% BT@SiO2

6.29

346

231
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According to the investigation of electrical resistivity and mechanical properties

of materials, it can be concluded that silica-coated nanoparticles play an important role to
enhance the electrical breakdown strength of polymer nanocomposites by the reduction
of both thermal and electromechanical breakdown process.
Energy Storage
The energy storage capability for pristine P(VDF-CTFE) and BT@SiO2/P(VDFCTFE) nanocomposites can be examined by the polarization response at high electric
field in a displacement-electric field loop (D-E loop). Figure 3-17 exhibits the D-E
hysteresis loops of pristine P(VDF-CTFE) and BT@SiO2/P(VDF-CTFE) nanocomposites
under unipolar electric field of 275 MV/m at 10 Hz. The maximum electric displacement
of pristine P(VDF-CTFE) is 0.034 C/m2, whereas that of 10wt% BT@SiO2/P(VDFCTFE) nanocomposite can increase up to 0.048 C/m2. It is clear that the incorporation of
BT@SiO2 nanoparticles could effectively improve the electrical displacement of the
nanocomposites. Interestingly, the composites containing low amount of nanoparticles
(3wt% and 5wt% BT@SiO2) show lower remnant polarization compared to the pristine
polymer. That may be because small amounts of nanoparticles can disrupt the conduction
path in the polymer matrix, leading to the reduction of energy loss. However, the remnant
polarization of BT@SiO2/P(VDF-CTFE) nanocomposites is enhanced as the further
increase of BT@SiO2 nanoparticles, mainly caused by the formation of the nanoparticle
aggregates and the heterogeneous interface in the nanocomposites [59].
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Figure 3-17. D-E hysteresis loops of pristine P(VDF-CTFE) and BT@SiO2/P(VDFCTFE) nanocomposites under unipolar electric field of 275 MV/m at 10 Hz.
The stored energy density of pristine P(VDF-CTFE) and various
BT@SiO2/P(VDF-CTFE) nanocomposites as a function of the applied electric field has
been displayed in Figure 3-18. In a whole range of electric field, the addition of
BT@SiO2 nanoparticles into the polymer matrix noticeably increases the stored energy
density of the nanocomposites according to high polarization of BT nanoparticles. Under
the electric field of 275 MV/m, the energy density of 10% BT@SiO2/P(VDF-CTFE)
nanocomposite is 7.5 J/cm3, which represents a ~45% increase in a comparison to the
polymer matrix with an energy density of 5.2 J/cm3. The maximum stored energies for
each nanocomposites are varied, relying on the maximum electric field that can be
applied to the materials. For all of the nanocomposites, the maximum energy density can
reach up to 8.4 J/cm3 for 5wt% BT@SiO2/P(VDF-CTFE) nanocomposite at the electric
field of 325 MV/m.
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Figure 3-18. Stored energy density of pristine P(VDF-CTFE) and BT@SiO2/P(VDFCTFE) nanocomposites as a function of the applied electric field.
To investigate the effect of silica shell on the energy storage properties of the
nanocomposites, the electrical displacements of BT/P(VDF-CTFE) and
BT@SiO2/P(VDF-CTFE) nanocomposites were measured to compare. Figure 3-19
presents the comparison between stored energy and released energy of pristine P(VDFCTFE), 5wt% BT/P(VDF-CTFE) nanocomposite, and 5wt% BT@SiO2/P(VDF-CTFE)
nanocomposite under various electric fields. In a whole range of electric field, the
energies stored and released from 5wt% BT@SiO2/P(VDF-CTFE) nanocomposite are
remarkably higher than those from pristine P(VDF-CTFE) and 5wt% BT/P(VDF-CTFE)
nanocomposite. It supports a hypothesis that BT@SiO2/P(VDF-CTFE) nanocomposites
may exhibit better potential for using as electrical energy storage devices.
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Figure 3-19. Stored energy and released energy density of pristine P(VDF-CTFE), 5wt%
BT/P(VDF-CTFE) nanocomposite, and 5wt% BT@SiO2/P(VDF-CTFE) nanocomposite
as a function of the applied electric field.
In the term of charge-discharge efficiency, 5wt% BT@SiO2/P(VDF-CTFE)
nanocomposite also obviously generate higher efficiency than both prisitine P(VDFCTFE) and 5wt% BT/P(VDF-CTFE) nanocomposite in a whole range of electric fields,
as illustrated in Figure 3-20. It is because BT@SiO2/P(VDF-CTFE) nanocomposites
produce higher stored energy density with lower energy loss. This strongly suggests that
the modification of BT nanoparticles by silica coating could effectively reduce the energy
loss by limiting the conduction loss. It also confirms that the addition of BT@SiO2
nanoparticles into the pristine polymer is an effective method to improve its capabilities
for electrical energy storage applications.
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Figure 3-20. Charge-discharge efficiency of pristine P(VDF-CTFE), 5wt% BT/P(VDFCTFE) nanocomposite, and 5wt% BT@SiO2/P(VDF-CTFE) nanocomposite as a function
of the applied electric field.
As shown in Figure 3-21, 5wt% BT@SiO2/P(VDF-CTFE) nanocomposite
exhibits the highest charge-discharge efficiency under the electric field of 275 MV/m at
60%, which is about 20% higher than the pristine P(VDF-CTFE). In contrast,
BT@SiO2/P(VDF-CTFE) nanocomposites with higher particle concentrations show a
significant drop in charge-discharge efficiency because they possess higher energy loss
from the aggregation of nanoparticles in the polymer matrix.

	
  

57	
  

Figure 3-21. Charge-discharge efficiency of pristine P(VDF-CTFE) and
BT@SiO2/P(VDF-CTFE) nanocomposites under the electric field of 275 MV/m at 10 Hz.
3.3 CONCLUSIONS
In conclusion, the core-shell BT@SiO2 nanoparticles can be prepared by the solgel process and characterized by FTIR, SEM, DLS, and zeta potential measurements. The
nanocomposite films of P(VDF-CTFE) with BT@SiO2 nanoparticles have been
fabricated by solution casting method. Based on DSC experiments, the introduction of
BT@SiO2 nanoparticles with small amounts into the polymer matrix did not significantly
interfere its thermal properties and crystal structure. Compared to the pristine polymer
and the nanocomposites with unmodified BT nanoparticles, BT@SiO2/P(VDF-CTFE)
nanocomposites offer higher dielectric permittivity, lower energy loss, higher electrical
breakdown strength, and higher charge-discharge efficiency. These improved properties
are mostly attributed to the insulating silica shells on BT@SiO2 nanoparticles that can
increase the electrical resistivity and mechanical strength in the nanocomposites.
Moreover, the silica shells of BT@SiO2 nanoparticles offer better interfacial interaction
between particles and the polymer matrix, leading to more homogeneous quality films.
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These results indicate that the nanocomposites of ferroelectric polymer with silica-coated
nanoparticles reveal promising capability in energy storage applications.

Chapter 4
Conclusions and Future Work
This thesis is mainly focused on the investigation of energy storage performances
of ferroelectric polymer-based nanocomposites with ceramic nanofillers. The BT
nanoparticles have been used as fillers because of their large dielectric constant, whereas
P(VDF-CTFE) is selected as the polymer matrix due to its low remnant polarization, high
energy storage efficiency, and good breakdown strength.
In chapter 2, the nanocomposites of P(VDF-CTFE) with unmodified BT
nanoparticles have been successfully fabricated by solution casting and then hot pressing.
The DSC analysis suggests that the introduction of BT nanoparticles into the polymer
matrix did not significantly interupt its thermal properties and crystal structure.
Compared to the pristine polymer, the BT/P(VDF-CTFE) nanocomposites obviously
exhibit greater dielectric permittivity due to the addition of nanoparticles with high
dielectric permittivity. On the other hand, a decrease in electrical breakdown strength and
higher energy loss are observed in the BT/P(VDF-CTFE) nanocomposites owing to a
presence of additional conduction pathways, an aggregation of BT nanoparticles, and
large differences in local electric field in the materials. Furthermore, an incompatibility
between unmodified BT nanoparticles and P(VDF-CTFE) results in inhomogeneous
composite films. Nonetheless, these drawbacks can be reduced by the surface
modification of BT nanoparticles.
In chapter 3, the core-shell BT@SiO2 nanoparticles have been completely
prepared by the sol-gel process of TEOS. In term of characterizations, FTIR, SEM, DLS,
and zeta potential measurements have been used to confirm the successfulness of silica
coating. The well-dispersed and flexible nanocomposite films of P(VDF-CTFE) with
BT@SiO2 nanoparticles have been fabricated by solution casting, and then hot pressing
process. According to DSC experiments, the noteworthy changes in thermal properties
and crystal structures of BT@SiO2/P(VDF-CTFE) nanocomposites compared to the
pristine polymer were not observed clearly, which are similar to the results from
BT/P(VDF-CTFE) nanocomposites. In comparisons to the pristine polymer and the
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nanocomposites with unmodified BT nanoparticles, BT@SiO2/P(VDF-CTFE)
nanocomposites provide higher dielectric permittivity, lower energy loss, higher
electrical breakdown strength, and higher charge-discharge efficiency. These superior
properties are mostly attributed to the insulating silica shells on BT@SiO2 nanoparticles.
They can enhance the electrical resistivity and mechanical strength in the nanocomposites
and reduce the local electric field differences between particles and polymer matrix. In
addition, the silica shells of BT@SiO2 nanoparticles can lead to better interfacial
interaction between two phases, producing more homogeneous quality films. These
results strongly suggest a great potential for the nanocomposites of ferroelectric polymer
with silica-coated nanoparticles in energy storage applications.
For the future work, various different systems of nanocomposites between
ferroelectric polymers and high permittivity ceramic fillers with core-shell structure
would be explored and compared their energy storage properties. Moreover, based on the
fact that higher particle content can bring in the sharp reduction in breakdown field
strength of the materials, it is assumed that an optimum small amount of fillers in the
composites would be expected to achieve the best energy storage performance. One of
effective ways to solve this difficulty is to control the shape of the fillers. Therefore,
another interesting approach to improve the electrical energy storage is the preparation of
ferroelectric polymer nanocomposites with appropriately morphology-controlled and
modified ceramic fillers.
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