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ABSTRACT
Poly (vinylidene fluoride) (PVDF)-based ferroelectric polymers exhibit much higher
electrical energy storage capability than other linear dielectric polymers. These ferroelectric
polymers, therefore, find the most promise in manufacturing advanced electronic devices and
electric power systems with reduced weight, size, and cost. Polymer-based capacitor technology
has the advantages of high energy density, low dielectric loss, easy processing, and good
flexibility. In order to further improve and tailor the energy storage capability, carefully selected
inorganic nanoparticles are incorporated into polymer matrices. Structural and dielectric
properties of the resulting nanocomposites have been examined.
Firstly, high dielectric constant BaTiO3 nanoparticles, whose surface were functionalized
by ethylene diamine, were used as dopant to prepare nanocomposite with poly (vinylidene
fluoride-chlorotrifluoroethylene)

[P(VDF-CTFE)]

and

poly

(vinylidene

fluoride-

trifluoroethylene-chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)]. The morphology, crystalline
structure, and dielectric responses were revealed in dependence on the loading of BaTiO3 and
selection of polymer matrices. It was concluded that the polymer matrices play a decisive role in
determining the energy density of nanocomposites.
To obviate the negative influence of dielectric contrast, polymer nanocomposites were
then fabricated based on surface-functionalized TiO2 nanoparticles dispersed in a ferroelectric
P(VDF-TrFE-CTFE). TiO2 nanoparticles with barium hydroxide (Ba-OH) as surface modifier
possess dielectric permittivity of 47, comparable to that of P(VDF-TrFE-CTFE) around 42, were
uniformly dispersed in polymer matrix with limited aggregation. The resultant nanocomposites
revealed a large enhancement in polarization response at high electric fields and hence the energy
density, which might be attributed to the change in polymer microstructure induced by the nanofillers as well as the interfacial effect.
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To eliminate the adverse influence of surfactant on the overall dielectric properties,
“Graft to” method was also utilized to fabricate polymer nanocomposites. Phosphonic acid group,
which is proven to attach to metal oxide surface firmly, was introduced as end functional group of
P(VDF-CTFE) by free radical polymerization initiated by a functional benzoyl peroxide (BPO)
with phosphonate group followed by transformation of phosphonate to phosphonic acid. The
phosphonic acid end-groups were grafted onto the surface of ZrO2 nanoparticles. Comprehensive
structural, morphological, thermal, and dielectric studies were conducted on the resultant
nanocomposites.
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Chapter 1
Background and Statement of Goals
The last decade has been marked by the rapid growth of electrical energy storage
technologies. Utilized to store electrical energy electromagnetically, electrochemically,
kinetically, or as potential energy, energy storage technologies function as energy sources as well
as maintain system reliability and power quality. Two factors determine the performance of an
energy storage system: the amount of energy that can be stored in the system (volumetric energy
density or specific energy) and the rate at which energy can be transferred into or out of the
system (power density or specific power). [1] Current energy storage devices include batteries,
fuel cells, capacitors, and supercapacitors. Each of these technologies has a different combination
of power density and energy density. (Figure 1-1) [2] Among these technologies, capacitors
feature the advantage of high power density due to the fast electrical energy storage and discharge
capability. With the leaping demand for compact, low-cost and high-efficiency electrical power
systems, the energy density of capacitors is to be improved further.

Figure 1-1 Specific power and energy of different energy storage devices. [2]
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1.1 Capacitors technology
Capacitors are normally composed of metallic conducting plates or foils (electrodes)
separated by thin layers of dielectric materials. When the plates on the opposite sides are applied
by voltage source, physical charge separation will be induced in the dielectric medium, and
therefore electrical energy is stored as potential energy on the surfaces of capacitors. A parallel
plate capacitor is shown in Figure 1-2.

Figure 1-2 Parallel plate capacitors with dielectric media. [3]

Some parameters of parallel plate capacitors are shown as follow.
Surface char:

(1)

Capacitance:

(2)

Energy stored in capacitors:

(3)

Volumetric energy density:

(4)

where ε is dielectric permittivity of the dielectric materials, A is surface area of plates, d is the
distance between two parallel plates, V is the voltage applied on capacitors and E is the applied
electric field.
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The dielectric permittivity is normally represented as dielectric constant εr (relative
permittivity), which is written in complex form under alternate current (AC) condition
"

where
"

(5)

is the real part which indicates relative permittivity used for calculation of capacitance,

is the imaginary part which represents the energy loss in the dielectric medium and ε is the

permittivity of free space. When a dielectric medium is inserted into the parallel plates, the
increase of capacitance or the charge storage (Q) originates from the polarization response of the
dielectric medium, which attempts to decrease the applied electric field passing through the
material by setting up an opposing one. The polarization response of a material is defined by
P

1

(6).

There are different polarization mechanisms in dielectric materials: electronic, ionic,
dipolar, spontaneous, and interfacial polarization. The electronic polarization originates from the
displacement of valence electrons and nucleus at the applied electric field. The ionic polarization
comes from the displacement of positive and negative ions from their equilibrium positions in
ionic crystals such as salts and ceramics. If the molecules possess permanent dipole moments,
such as H2O molecules, the rotation of these dipoles under an electric field will produce the
dipolar polarization. Spontaneous polarization refers to the possession of dipole moments in the
absence of external electric field. This mechanism is normally observed in ferroelectric materials
and will be discussed later. The interfacial polarization is associated with the accumulation of
charges at an interface between two regions within a material. These charges include electrons,
holes, or ionized host or impurity ions. The total polarization will be the sum of all the
contribution from different mechanisms. The dielectric constant suggests the magnitude of the
polarization response of dielectric materials at the applied field, as shown in equation 6.
Moreover, each type of polarization needs certain time to perform, which results in a frequency
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dependence of dielectric constant and therefore capacitance (Figure 1-3). The electronic and ionic
polarization fall within the category of instantaneous polarization because they occur so rapidly
as to follow up with the frequency of external field above 1010 Hz. The dipolar and spontaneous
polarization involve the rotational process and therefore happen within relatively low frequency
range (below 108 Hz). Induced by migration of charge carriers, interfacial polarization can only
be found in low or quasi-DC frequency range.

Figure 1-3 The frequency dependence of the real and imaginary parts of dielectric permittivity.
[4]

The electrical energy storage capability of parallel plate capacitors is directly related to
the capacitance and the voltage applied on the capacitors, and eventually can be improved
through either high permittivity or dielectric strength (breakdown strength) of materials, as
suggested in equation 4. Current commercially available capacitor technologies include
electrolytic, ceramic, and polymer film capacitor. Since they have different polarization
mechanisms, variant capacitances and applicable frequencies are observed in these dielectrics.
Electrolytic capacitor, such as Al/ (Al2O3)/electrolyte capacitor, provides moderate energy (<1
kJ/kg) and power density (~2 kW/kg), as well as high energy losses (several %) at relatively low
frequency range (<1 kHz). It is polarity dependent and hence normally used in dc circuits.
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Ceramic dielectrics, usually a mixture of oxides and ferroelectric ceramics, offer high dielectric
constants (up to several thousand) yet suffer low breakdown strength, which limits the energy
density.
Polymer thin films are widely used as capacitor materials. Table 1-1 lists some major
polymer dielectric materials for the capacitor application. Compared with electrolytic and ceramic
materials, most polymers have relatively low dielectric constants (2~3), which are almost
constant over a wide frequency range. This is due to the prevalent electronic or dipolar
polarization mechanisms. Ferroelectric polymer poly (vinylidene fluoride) (PVDF) shows much
higher dielectric constant around 12 than other polymers, primarily resulting from the extra
spontaneous polarization from its ferroelectricity, which also leads to high dielectric dissipation
factor (~1.8% at 1 kHz). Polymer dielectrics feature considerably high voltage breakdown (up to
600 MV/m), leading to a high energy density (1~2 J/cm3). However, the operating temperature of
polymer dielectrics is restricted by the low temperature thermal transitions of polymers. Polymer
films are usually prepared from extrusion, solution casting, or evaporation deposition, and then
wound into cylinder configurations in actual devices (Figure 1-4). [5] To achieve high withstand
field of polymer film as well as decrease the electrical discharge and stress, insulating fluid is
used to replace the air space between layers of dielectric film. Also, polymer film is self-healing
as dielectric materials, which keeps its functions largely after the breakdown occurs. [6]
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Table 1-1 Some polymer dielectric materials for capacitors [7]

Dielectric
polymer

Electrode

Figure 1-4 Metalized polymer capacitor construction.

1.2 PVDF based ferroelectric polymer
The piezoelectric activity of poly (vinylidene fluoride) (PVDF) polymer were first
reported in 1969. [8] Its piezoelectricity and ferroelectricity are subject to the chain conformation
and packing of molecules. The repeating unit of PVDF –CH2CF2– exhibits a dipole moment of
7*10-30 Cm or 2.1 Debye, originating from the positively charged H-atoms and negatively
charged F-atoms. [9] Three conformations of PVDF molecular chain were found, all-trans (TT),

7

trans-gauche-trans-gauche’ (TG+TG-) and TTTG+TTTG-, as illustrated in Figure 1-5. Moreover,
their packing fashions play a dominant role in the overall polarity of the PVDF crystalline phase.
Four major crystalline polymorphs, which yield piezoelectricity of PVDF, have been studied
(Figure 1-6). The lattice of the most common α-phase contains two TG+TG- conformation, whose
dipole components neutralize each other due to the antiparallel packing and no polarity is found
in this phase. The α-phase can be readily obtained by melt-sodification. The unit cell of the most
polar phase, β-phase, comprises two all-trans chains packed with their dipoles pointing in the
same direction. The β-phase exhibits the highest dipole moment in the unit-cell and is of most
interest for electrical properties. The polar γ-phase has the TTTG+TTTG- conformations with
aligned dipole moments in the same direction. Another polar δ-phase also takes on the TG+TGconformation, yet the dipole moments point the same direction.

Figure 1-5 Three conformations of PVDF, from left to right: TT, TG+TG-, TTTG+TTTG-.
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Figure 1-6 Four polymorphs of PVDF: a. α-phase, b. β-phase, c. γ-phase, d. δ-phase.

As a proof of ferroelectricity of PVDF, a reversible spontaneous polarization can be
observed in the Displacement-Electric filed (D-E) hysteresis loop. Electric displacement D is
defined to represent the total polarization obtained from an empty capacitor plus the dielectric
material (equation 7). The energy density Ue of materials can be obtained by means of the integral
area in D-E loop (equation 8).
(7)
(8)
Another proof of ferroelectricity is the presence of the Curie transition temperature (Tc),
which denotes the transition temperature from ferroelectric phase to paraelectric phase. Tc is not
observable in PVDF for it occurs over the melting temperature. By means of introduction of
structural defects such as trifluoroethylene (TrFE) monomer, copolymer P (VDF-TrFE) reveals
the Tc below the melting point depending on the composition of the copolymer. More
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interestingly, a relaxor ferroelectric polymer can be realized by irradiation or introduction of
chlorotrifluoroethylene (CTFE) monomer into P (VDF-TrFE). [10] These modifications on P
(VDF-TrFE) copolymer tend to break the coherent ferroelectric domain to unstable local nonpolar regions, leading to an effective reduction of the energy barrier to reorientation of
ferroelectric domains and hence the hysteresis effect in D-E loop. Terpolymer P(VDF-TrFECTFE) has been synthesized and studied to realize a high dielectric constant at room temperature
and sizable energy density compared with P (VDF-TrFE) copolymer. As the D-E loops in Figure
1-7 show [6], the relaxor gives rise to a greater discharged energy density (the shaded area) in
terpolymer.

Figure 1-7 The polarization vs. electric field response for PVDF-based copolymers
(normal ferroelectric) and terpolymers (relaxor ferroelectric). [6]

1.3 Polymer-based nanocomposites for dielectrics
The concept of inorganic-organic multicomponent material becomes increasingly
attractive in recent years. Various inorganic building blocks, such as metal complex and inorganic
particles, are considered to be incorporated into organic polymers for extraordinary mechanical,
thermal, optical, and electrical properties compared to pure polymers.
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Polymer-based nanocomposites indicate a structure consisting of certain amount of nanosized fillers homogeneously dispersed in a polymer matrix. Nano-sized, herein, is normally
defined in size less than 100 nm. [11] Due to the high specific surface area of nano-sized
materials, a large interfacial region between the nano-fillers and polymer matrix is therefore
created in the nanocomposites. This region is much greater than that of conventional composites
with micro-scale fillers, and considerably influences the overall dielectric properties of
nanocomposites. Since the concept of nanometric dielectrics was introduced in 1994, [12]
intensive studies have been conducted to explore the role of interface in various polymer-based
nanocomposites systems.

Interface in nanocomposites
Consider the case that spherical particles (A) are dispersed in polymer matrix (B). As the
particle size decreases to nanometer scale, the interface region (AB) becomes significant in
volume. As revealed in Figure 1-8, the volume of interface AB climbs up to 50% if the interface
is 1 nm thick and the diameter of particles is reduced to 10 nm. Consequently, the interface, with
distinct physical and chemical properties from the bulk, must be considered in the study of
nanocomposites.
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Figure 1-8 The volume contribution of the interface AB to the nanocomposites at different
diameter of particles. Interface thickness is 0.5, 1 and 10 nm. [13]

The nature of this interface is still under discussion. It is normally considered as an
interaction zone between polymer matrix and nanoparticles. T. J. Lewis utilized the concept of
electrical double layer in surface chemistry to explain this interfacial zone. [12] As shown in
Figure 1-9, the particles become charged due to the equalization of Fermi level or chemical
potential, which causes processes like ionization of surface groups and adsorption of ions from
the polymer. Responding the charges on particle surface, polymer in the vicinity of particles tends
to build up a charge distribution layer. Two mechanisms are involved. One is the induced
polarization of polymer molecules through electronic, ionic or dipolar polarization. The other
mechanism is associated with a diffuse space charges double layer given the occurrence of charge
injection in the system.
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Figure 1-9 The diffuse electrical double layer and distribution of electrical potential ψ.

A multi-core model was proposed by T. Tanaka et al to explain the effect of interfaces
electrically and chemically in the composites with chemical interaction between filler particles
and polymer matrix (Figure 1-10). [14] For nanoparticles with diameter around 20~50 nm and
inter-particle distance about 40~100 nm, the thickness of multiple layers varies from 10 to 30 nm.
The first layer is called bonded layer in which the particles are bonded with polymers through
coupling agents. This layer is merely present when there is chemical interaction between the
surface of particles and polymer molecular chains. The second layer comprises polymer chains
strongly interacted with first layer and the surface of particles. Polymer chains loosely coupled
with the second layer form the third layer, which can also feel the influence of inner layers. A
Gouy-Chapman diffuse electrical double layer is considered overlapped with these three layers.
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Figure 1-10 Multi-core model for nanoparticles-polymer composites. [13]

Given the presence of interfacial layers, polymer behavior will be altered dramatically.
Generally, polymer molecules residing at the interfacial zone tend to exhibit different chain
conformation and chain mobility from those in the matrix. Many reports suggested physical and
electrical properties of polymer-based nanocomposites, such as free volume, [15] glass transition
temperature, [16] the internal field and space charge distribution. [17]

Energy storage in nanocomposites
Polymer-based nanocomposites are also considered as an approach to boost the energy
storage of polymer matrix for capacitor application. Large dielectric permittivity can be obtained
from ceramic materials, which normally suffers a relatively low breakdown. While polymers
exhibit high breakdown strength, low dielectric constant always limits the energy density.
Improved energy density is anticipated via incorporation of ceramic materials into polymer
matrix. Moreover, the massive interfacial region coming from the nano-scale ceramic fillers leads
to the interfacial exchange coupling through a dipolar interface layer, which may produce
enhanced polarization and polarizability in polymer matrix near the interface. [18]
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A straightforward method is addition of high dielectric constant nano-fillers into polymer
matrix to achieve high effective dielectric constant. Ferroelectric metal oxides such as Pb (Zr, Ti)
O3 (PZT), Pb (Mg1/3Nb2/3) O3- PbTiO3 (PMNT), and BaTiO3 have been adopted as filler materials
for their large dielectric constants. However, a noticeable improvement of dielectric constant can
merely be observed above certain volume fraction of nanoparticles, which leads to a deteriorated
flexibility and dielectric breakdown of polymer matrix. Utilizing the percolation phenomena,
some researchers chose metallic or semiconductor like ceramic nanoparticles as fillers. [19, 20]
These systems deliver a high dielectric loss, limiting their application in capacitor technology.
On the other hand, since the energy density is quadratically proportional to the
breakdown strength of materials, the approach of enhancing the breakdown strength of polymers
by nano-fillers is more appealing. However, negative effects on breakdown strength are usually
induced by the ceramic fillers. Highly inhomogeneous electric field was found due to high
contrast of dielectric constants between polymer matrix and fillers. [21] Low electric field will
reside in the fillers which have much greater dielectric constant than the matrix. The enhanced
local field in polymers leads to an early breakdown. Besides, the massive surface region between
polymer matrix and nano-fillers might coalesce, producing a conductive overlapped interfacial
layer and therefore impairing the breakdown strength. [12] Ma et al. [22, 23] found that surface
properties and modifications of nanoparticles exert considerable influence on the breakdown
strength via affecting the space charge distribution and morphology of polymer matrix.

1.4 Statement of goals
The mounting need for compact, low-cost electrical power systems imposes a challenge
to improve the energy density of materials. Dielectric polymers possess a variety of advantages,
like relatively high energy density, low loss, good processibility, and self-healing, and thus are
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considered to be ideal capacitor materials. The goal of this work is to study the possibility of
further enhancing the energy density of polymer through incorporation of suitable nanoparticles.
The impact of polymer matrices and ceramic nanoparticles on the structure and dielectric
properties of composites will be explored.
A family of PVDF ferroelectric copolymers is studied as polymer matrices for their high
dielectric constant and breakdown strength. Various nanoparticles are carefully selected and
incorporated into polymer matrices via either physical blending or self-assembly. Several subjects
are covered in this work:
1. Surface-functionalized BaTiO3 nanoparticles are included into P(VDF-CTFE) and
P(VDF-TrFE-CTFE) respectively. The comparison on the microstructure and dielectric
properties between pristine polymer matrices and nanocomposites will be revealed. The
contribution of different polymer matrix to the energy density will be studied.
2. Surface-functionalized TiO2 nanoparticles are chosen as fillers in P(VDF-TrFE-CTFE)based nanocomposites considering they exhibit close dielectric constants. The interfacial
effect on energy density of the nanocomposites will be explored.
3. Telechelic P(VDF-CTFE) with phosphonic acid end-group will be synthesized and
assembled to the surface of ZrO2 nanoparticles. The structural and dielectric properties of
this novel nanocomposite will be disclosed.

Chapter 2
PVDF-based Polymer-BaTiO3 Nanocomposites for Energy Storage
Dielectric polymers currently used for energy storage, including polyethylenes,
polymethyl methacrylate, epoxy resins, and polyimides, usually possess low dielectric
permittivities of ~2-5. Since polymer matrices account for the majority of the composites, small
dielectric constants severely restrict the overall energy storage capacity. Since the discovery of its
ferroelectricity in 1970s, PVDF and its copolymers, such as P (VDF-TrFE) and poly (vinylidene
fluoride-hexafluoropropylene) [P (VDF-HFP)], have more promise in the application of energy
storage materials, owing to their relatively high dielectric permittivity at approximate 10. [24-28]
As recently discovered, relaxor terpolymer P(VDF-TrFE-CTFE) at certain composition exhibits
dielectric constant as high as 50 at room temperature and 1 kHz. [29] The presence of bulky
chlorotrifluoroethylene (CTFE) monomer reduces the crystalline domain size and the energy
barrier in phase transition, resulting in the shift of Curie transition to nearly ambient temperature.
To illustrate the effect of different polymer matrices on energy storage, P(VDF-CTFE) and
P(VDF-TrFE-CTFE) are synthesized and employed as matrices of nanocomposites for the
dielectric studies.
In another respect, the dispersion of inorganic nano-fillers in these fluorinated polymers
is always problematical because of the low surface energy of the polymers. As mentioned in the
introduction, the agglomeration of the ceramic dopant gives rise to electron conduction for a high
dielectric loss and undesirable porosity for dielectric failure at much lower fields. Surfacefunctionalization of nanoparticles is widely studied to improve the miscibility of polymer
matrices and ceramic dopant. [22, 25, 30] Herein, BaTiO3 nanoparticles are used as fillers in the
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nanocomposites. Ethylene diamine is utilized as surface modifier, which has been proved to
improve the dispersibility of BaTiO3 in organic medium. [31]

2.1 Experimental

Materials
All chemicals were used as purchased without purification unless otherwise noted.
Benzoyl peroxide (BPO), 2, 2’-azobis (2-methylpropionitrile) (AIBN), methanol, acetone, N, Ndimethylformamide (DMF), tetrahydrofuran (THF), acetonitrile, hexane, potassium fluoride, and
tri-n-butyltin hydride were purchased from Aldrich. Benzoyl peroxide (BPO) was purified by
recrystallization from methanol and acetone. Tetrahydrofuran (THF) was dried and distilled over
sodium benzophenone ketyl under nitrogen. Vinylidene fluoride (VDF) and chlorotrifluoroethylene (CTFE) were purchased from SynQuest Laboratory Inc. and purified by a freeze-thaw
process. Ethylene diamine coated BaTiO3 was provided by Korea Research Institute of Chemical
Technology, and the preparation of BaTiO3 is described elsewhere. [31]

Polymerization of P(VDF-CTFE) copolymer (representative experiment)
A stainless steel autoclave with a magnetic stir bar was charged with 0.12 g of BPO and
30 ml of acetonitrile. The autoclave was sealed, cooled in liquid nitrogen and degassed on a
vacuum line. 18.4 g of VDF and 7.3 g of CTFE were condensed in the autoclave at liquid
nitrogen temperature before being warmed to ambient temperature. The autoclave was then
heated for 6 hours at 80 °C. After the reaction, the volatiles were vented and the polymer was
precipitated in methanol and washed by hexane. After drying in vacuo, 9.4 g of white solid
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identified as P(VDF-CTFE) was obtained. 1H NMR (DMSO d6, ppm): δ 8.1 (d, 2H, o-C6H5), 7.7
(t, 1H, p-C6H5), 7.5 (t, 2H, m-C6H5), 2.6-3.6 (m, 2H, -CF2CH2CF2-, head-to-tail structure of VDF
segment), 2.2-2.5 (m, 2H, -CF2CH2CH2CF2-, tail-to-tail structure of VDF segment).

Preparation of P(VDF-TrFE-CTFE) terpolymer (representative experiment)
0.8 g of P(VDF-CTFE) copolymer, 42.8 mg of AIBN and 20 mL THF were mixed in a
flask. The reaction solution was bubbled with argon for 20 min and was followed by freezepump-thaw cycles and a final argon backfill to provide a positive atmosphere. After the mixture
was stirred at 60 °C for 30 min, 0.14 mL of tri (n-butyl) tin hydride was added by syringe. The
solution was kept stirring for 24 hours at 60 °C before it was terminated with methanol. The
resulting terpolymer of P (VDF-TrFE-CTFE) was washed with hexane and dried in vacuum to get
a white solid. Tin byproducts were removed by dissolving the polymers in THF and stirring the
solution with aqueous potassium fluoride. 1H NMR (DMSO d6, ppm): δ 8.1 (d, 2H, o-C6H5), 7.7
(t, 1H, p-C6H5), 7.5 (t, 2H, m-C6H5), 5.3-5.7 (m, 1H, -CFHCF2- of TrFE segment), 2.6-3.6 (m,
2H, -CF2CH2CF2-, head-to-tail structure of VDF segment), 2.2-2.5 (m, 2H, -CF2CH2CH2CF2-,
tail-to-tail structure of VDF segment).

Film preparation
P(VDF-CTFE) 91/9 mol % and P(VDF-TrFE-CTFE) 78.8/5.4/15.8 mol % were
employed as matrices in the nanocomposites. Polymer was dissolved in anhydrous DMF and
stirred for 12 h at room temperature. Certain amount of BaTiO3 nanoparticles were dried in
vacuum oven at 120 °C for 6 h to remove the surface-bound water, and then dispersed in polymer
solution. This mixture was stirred using Vibra-Cell high intensity ultrasonic processor (VC-505)
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at 20% power for 5 min to break agglomeration, and then poured onto clean glass slide. The film
was dried at 70 °C for overnight, followed by further annealing at 120 °C in a vacuum oven to
remove the remaining trace of solvent. The coated glass slide was soaked in deionized water.
Then the free-standing film was peeled off from glass slide and melt pressed at 200 °C for
P(VDF-CTFE) based composites and 160 °C for P(VDF-TrFE-CTFE) based composites under
3000 psi respectively. The thickness of composites film is around 25~60 μm.

Materials characterizations
Molecular weights and polydispersity of the P(VDF-CTFE) and P(VDF-TrFE-CTFE)
were determined in a DMF mobile phase at a flow rate of 1.0 mL/min using gel permeation
chromatography. The instrument is Viscotek Model 302 triple detection system equipped with
refractive index, right angle light scattering and viscometer detectors, and the columns were
Viscogel I-Series for intermediate polar polymers. Dynamic light scattering (DLS) measurements
were operated on Malvern Zetarsizer Nano. Transmission scanning microscopy experiments were
performed using JEOL JEM-1200 EX II TEM equipment and the sample was made by cryomicrotome. Field-emission scanning electron microscopy was conducted on JEOL 6700F
(FESEM) of the fractured surface. The differential scanning calorimetry (DSC) measurements
were conducted on a TA Instrument Q100 differential scanning calorimeter at a heating rate of 10
°C/min. The amount of samples is around 5-7 mg. To examine the dielectric properties of
composites, circular gold electrodes with diameter of 2.6 mm and a typical thickness of 30 nm
were sputtered on both sides of the films for the electric measurements. Dielectric constant and
loss at room temperature were measured using an Agilent LCR meter (E4980A). The maximum
electric field was around 0.05 MV/m. Dielectric relaxation spectroscopy of the polymer and
nanocomposites at frequencies ranging from 100 to 1 MHz has been investigated using a Hewlett
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Packard 4284A LCR meter equipped with a Delta Design Oven model 2300. The heating and
cooling rates are set to be 2 °C/min. The energy density of samples was measured at 10 Hz in
dependence on applied electric field by a modified Sawyer-Tower circuit.

2.2 Results and discussions

Structure and morphology
The chemical composition of the resulting P(VDF-CTFE) and P(VDF-TrFE-CTFE) was
calculated according to the integrals of the characteristic peaks in 1H and 19F NMR spectra. [32]
The absolute weight-average molecular weight of the polymer, determined by gel permeation
chromatography (GPC) in DMF, is ~240 kDa with a polydispersity of 3.40.
Redispersible crystalline BaTiO3 nanoparticles were prepared by wet chemical method,
and enthylene diamine (EDA) was utilized as surface functional group. [31] EDA can coordinate
with transition metal as a bidentate ligand, forming the capping agent to prevent further
agglomeration among the nanoparticles. BaTiO3 nanoparticles provided have an average size in
the range 55-120 nm. [31] The chemical functionalization of the BaTiO3 nanoparticles with EDA
moieties on the surface renders the particles a greatly enhanced dispersibility in organic solvents
and in turn a homogeneous distribution in the polymer matrix. The dynamic light scattering
(DLS) measurements (Figure 2-1) disclose a number average aggregation size of

60 nm for the

suspension of the ethylene diamine-stabilized BaTiO3 nanoparticles in DMF. The uniformity of
the nano-composite films is evidenced in the cryo-microtomed TEM and cross-sectional fieldemission SEM (FE-SEM) images as shown in Figure 2-2, where the BaTiO3 nanoparticles are
homogeneously dispersed in the polymer matrix with an average particle size of 50-70 nm.
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Figure 2-1 Particle sizee distributionn of surface-m
modified BaT
TiO3 particlees in DMF (1
1mg/ml) by
DL
LS.

Figure 2-2 (a)
( TEM imaages of P(VD
DF-CTFE)-B
BaTiO3 nanoccomposites w
with 7 vol % BaTiO3. (b)
Cross-secctional FESE
EM image off the P(VDF-TrFE-CTFE
E)-BaTiO3 naanocompositee thin film
coontaining 20 vol % BaTiO
O3 .
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Thermal properties
To acquire the influence of the BaTiO3 nanoparticles on the crystallization behavior of
the polymer matrix, differential scanning calorimetry (DSC) measurements were carried out.
DSC profiles of the polymers and nanocomposites are recorded after an initial cooling-heating
cycle to remove the impact of different thermal history of samples, and displayed in Figure 2-3.
The P(VDF-CTFE) copolymer presents two melting peaks, one at about 158 °C and the other at
about 167°C. These double melting peaks are ascribed to two different crystalline phase, as
disclosed in previous study. [6] One phase is the almost pure PVDF phase which has constant
peak position as the composition of polymer changes, and the other is CTFE modified PVDF
phase, which forms a peak shifting to lower temperature with the inclusion of CTFE. In the
heating curve of nanocomposites, the double melting peaks merge to a single peak at around 166
°C, suggesting that the crystallization of CTFE modified PVDF phase is interfered by the nanosized filler in cooling process.
As to the crystallization, P(VDF-CTFE) and P(VDF-TrFE-CTFE) exhibit crystallization
temperature (Tc) at ~124 and ~100 °C respectively. The introduction of the nanoparticles into the
P(VDF-TrFE-CTFE) raises the crystallization temperatures (Tc) to

106 °C for the

nanocomposite containing 5 vol % BaTiO3. Further addition of BaTiO3 to 10% or even 20% leads
to slightly decrease of Tc to 104.2 or 103.3 °C, all above the Tc of pristine polymer. An even
larger shift of about 20 °C has been observed in the P(VDF-CTFE) composite with 7 vol %
BaTiO3 nanoparticles. Similarly, slight shift of Tc occurs with increasing concentration of fillers.
It is concluded that the nanoparticles play a role as a nucleating agent in the crystallization of the
polymer matrix. No appreciable change is found as the concentration of BaTiO3 increases, which
indicates the effects of BaTiO3 filler on the Tc have been saturated at certain loadings.
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Figure 2-3 DSC profiles of a) P(VDF-TrFE-CTFE) and nanocomposites b) P(VDF-CTFE) and
nanocomposites.
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The enthalpy of fusion (ΔHm) was calculated from the melting peak in the heating
profiles, and listed in Table 2-1 and 2-2. Assume 100% crystallized PVDF has a ΔHm around 105
J/g, and the crystallinity (Xc) of samples can be evaluated. [33] An enhancement of ΔHm is
revealed in P(VDF-CTFE) based nanocomposites, from 19.5 J/g of P(VDF-CTFE) to 25.3 J/g for
the 7 vol % BaTiO3 composite, which corresponds to a change of the degree of crystallinity from
19% for the neat polymer to 24% for the composites. Further addition of BaTiO3, however,
affords decreasing ΔHm, denoting lower crystallinity in polymer matrix. Similar trend was
observed in the P(VDF-TrFE-CTFE) based nanocomposites. For 20 vol % BaTiO3
nanocomposite, the ΔHm is even lower than pristine terpolymer. This phenomenon suggests
complicated influence of BaTiO3 nanoparticles on the thermal behavior of composite. Moderate
amount of BaTiO3 can enhance the crystallization of polymers, while excessive nanoparticles tend
to form large aggregation and impair the crystallization capability.

Table 2-1 DSC data of P(VDF-CTFE) and nanocomposites.
Tm (°C) ΔHm (J/g) Tc (°C)
P(VDF-CTFE)

166.9

19.5

124.6

7 vol % BaTiO3

165.8

25.3

145.0

11 vol % BaTiO3

166.4

23.6

146.4

16 vol % BaTiO3

166.8

22.9

146.1
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Table 2-2 DSC data of P(VDF-TrFE-CTFE) and nanocomposites.
Tm (°C) ΔHm (J/g) Tc (°C)
P(VDF-TrFE-CTFE)

127.4

18.4

100.4

5 vol % BaTiO3

125.3

20.6

106.3

10 vol % BaTiO3

125.4

19.8

104.2

20% BaTiO3

124.8

14.3

103.3

Dielectric properties
Ethylene diamine-functionalized BaTiO3 nanoparticles exhibit dielectric permittivity of
180 at 1 kHz and room temperature, determined using impedance spectroscopy. [34] Dielectric
permittivity and loss tangent of pristine polymer and nanocomposties were measured from 20 Hz
to 2 MHz. The maximum electric field was around 0.05 MV/m. The dielectric spectroscopies of
P(VDF-TrFE-CTFE) and composites are displayed in Figure 2-4. The decreasing dielectric
constant with frequency presents the spontaneous polarization in ferroelectric polymer becomes
sluggish as the external field switches faster. All BaTiO3 contained nanocomposites deliver
enhanced dielectric constants within the whole frequency range relative to pristine P(VDF-TrFECTFE), owing to the higher dielectric constant of BaTiO3 than polymer matrix. Also, the
dielectric constants of composites rise monotonically with the loading of BaTiO3 in most of the
frequency range. Similar trends are found in P(VDF-CTFE) copolymer based hybrids.
Loss tangent (tan δ) of pristine P(VDF-TrFE-CTFE) and composite samples are shown in
Figure 2-4b. The dielectric loss of composites exhibit little variation within moderate frequency
range (<10 kHz) compared with those of pure polymer, a sign of well-dispersed nanoparticles in
the polymer host without serious percolation. When approaching high frequency range, the

26

presence of BaTiO3 significantly diminishes the loss tangent of composites, suggestive of the fact
that BaTiO3 nanoparticles deliver smaller loss than the polymer matrix.
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Figure 2-4 Dielectric responses of the P(VDF-TrFE-CTFE)-BaTiO3 nanocomposites measured at
room temperature: a) dielectric constant and b) loss tangent.
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The variation of the weak-field dielectric permittivity and loss tangent with the
concentration of nanoparticles is plotted in Figure 2-5. The dielectric properties at 1 kHz are used
herein. The dielectric permittivity steadily increases with the increase of the BaTiO3 content. At a
20 vol % content of the BaTiO3 nanoparticles, P(VDF-TrFE-CTFE) based nanocomposite
exhibits a dielectric permittivity of 50, whereas a permittivity of 24 was found in the P(VDFCTFE) based nanocomposite at similar loading. The effective dielectric permittivity of the
nanocomposite was calculated based on the Lichtenecker logarithmic rule, which is commonly
used in a two-phase composite system:
log ε = y1log ε1+ y2log ε2

(9)

where y1 and y2 denote the volume fractions of ceramic fillers and polymer matrix which have
dielectric permittivities of ε1 and ε2, respectively. [35] As shown in Figure 2-5, the calculated
results agree reasonably well with the experimental data except at high BaTiO3 concentrations
(>20 vol %) in the P(VDF-TrFE-CTFE)-based nanocomposites where the Lichtenecker
logarithmic law overpredicts those measured.
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Figure 2-5 Dielectric constant and loss tangent of the P(VDF-TrFE-CTFE)-BaTiO3 (star) and
P(VDF-CTFE)-BaTiO3 (square) nanocomposites measured at 1 kHz and room temperature. Open
circles and squares are the calculated effective permittivity from the Lichtenecker law for the
P(VDF-TrFE-CTFE) and P(VDF-CTFE) based nanocomposites, respectively.

Temperature dependence of the dielectric permittivity and loss tangent of the polymers
and nanocomposites at frequencies of 100, 1k, 10k, 100k and 1 MHz has been investigated at 1 V
bias. As illustrated in Figure 2-6, the dielectric spectroscopy of P(VDF-CTFE)-BaTiO3
nanocomposites are dominated by the dielectric responses of the polymer matrix. For the P(VDFCTFE), dielectric constant undergoes an increase within -40-40 °C, resulting from the frozen
molecular chains gaining their mobility at glass transition, which is normally denoted as βa
relaxation. It also features dielectric loss maxima shifting progressively toward high temperatures
with an increase of frequency. At temperatures above 60 °C, both the dielectric permittivity and
loss increase markedly with temperatures, especially at low frequencies, which are usually
interpreted as the Maxwell-Wagner-Sillars (MWS) interfacial polarization in heterogeneous
systems and conduction from space charge. The introduction of the BaTiO3 nanoparticles into the
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polymers drastically decreases the weak-field dielectric permittivity and loss at high temperatures
(>60 °C) and low frequencies (e.g., 100 Hz), implying that an increased trapping density in the
nanocomposites suppresses the space charge effect and reduces the conduction loss. [36] The
surface groups of the BaTiO3 and the nanoparticle/polymer interface are possible charge trapping
centers.
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Figure 2-6 Temperature dependence of dielectric responses of a) P(VDF-CTFE) and b) P(VDFCTFE) –BaTiO3 with 11 vol % BaTiO3 at different frequencies in the heating process.
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Dielectric spectroscopy of terpolymer P(VDF-TrFE-CTFE) shows some different
characteristics. A set of dielectric constant peaks display strong dispersion with frequency, i.e.,
shift progressively to high temperature as frequency increases. This feature is explained by the
fact that the incorporation of CTFE components leads to the conversion from a normal
ferroelectric [PVDF or P (VDF-TrFE)] to a ferroelectric relaxor. [37] The essence of these peaks
is still arguable. It is normally suggested that the frequency dependent phase transition of
ferroelectric to paraelectric phase (F-P transition) is observed below the melting point of
polymer. However, it may also be associated with glass-transition behaviors, or βa relaxation as
previous mentioned, which falls in the same temperature range. [38] In the composite sample,
additional set of peaks appears around 40 °C and shows little dependence on frequency (marked
by red arrow). Several possible reasons are revealed. The origin of these dielectric maxima might
be the dipolar polarization from γ phase of polymer which is enhanced due to the increased
crystallinity at the presence of nanoparticles. Also, given the large interface in the heterogeneous
system, the mobility of polymer chains is affected in the vicinity of the particle surface, which
differentiates them from the bulk of polymer matrix and thus tends to exhibit different relaxation
peaks. Besides, the interfacial polarization also influences the dielectric constant at low
frequency.
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Figure 2-7 Temperature dependence of dielectric responses of a) P(VDF-TrFE-CTFE) and b)
P(VDF-TrFE-CTFE)-BaTiO3 with 10 vol % BaTiO3 at different frequencies in the heating
process.
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Energy storage
The polarization response at high electric field was characterized by displacementelectric field loop (D-E loop) at 10 Hz. The electrical energy density Ue can be calculated by
integrating the applied electric field over the displacement. As summarized in Figure 2-8a, the
addition of the BaTiO3 nanoparticles into the polymers greatly increases the energy density of the
materials. At 150 MV/m, the stored energy density of the P(VDF-TrFE-CTFE) sample with 30
vol % BaTiO3 is 7.0 J/cm3, which corresponds to a

120% improvement compared with pure

P(VDF-TrFE-CTFE) with a energy density of 3.2 J/cm3. For P(VDF-CTFE), the achieved stored
energy density nearly doubles from 1.9 J/cm3 to 3.7 J/cm3 for the nanocomposite containing 23
vol % BaTiO3 nanoparticles under the same field. These energy densities far exceed those
reported in the composites based on the conventional polymers such as epoxy and polyethylene,
which are less than 3 J/cm3 in most cases. [39, 40] Importantly, the P(VDF-TrFE-CTFE) based
nanocomposites generally exhibit much higher energy densities than the corresponding
composites based on P(VDF-CTFE). This is in accordance with the weak-field trend presented in
Figure 2-4 and can be attributed to larger electric displacement achieved in the P(VDF-TrFECTFE) matrix. As exampled in Figure 2-8b, under a field of 100 MV/m the electric displacement
reaches more than 5.6 µC/cm2 in the P(VDF-TrFE-CTFE) composite with 20 vol % BaTiO3,
while the electric displacement in the sample composed of P(VDF-CTFE) and the same volume
content of BaTiO3 is less than 3.3 µC/cm2. Furthermore, in Figure 2-8b, compared to the polymer
matrix, the nanocomposites exhibit increased polarization hysteresis and dielectric loss, which
also increase progressively with the applied fields. These results are consistent with earlier
studies, indicating strong charge injection and trapping in the composites because the BaTiO3
nanoparticles with a higher permittivity greatly enhance the local electric field dropped across the
polymer phase. [41]
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Figure 2-8 (a) The dependence of energy density on the BaTiO3 content in the P(VDF-TrFECTFE) and P(VDF-CTFE) based nanocomposites measured under 100 and 150 MV/m. (b)
Electric displacement-field (D-E) loop measured under different electric fields at ambient
temperature and 10 Hz for the polymers and nanocomposites.
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Chapter 3
P(VDF-TrFE-CTFE)/Functionalized TiO2 Nanocomposites for Energy Storage
Most of the current studies on dielectric nanocomposites are concentrated on the
enhancement of dielectric permittivity by inclusion of high-ε nano-fillers. However, the inclusion
of nanoparticles with permittivity on the order of hundreds and even thousands into polymers,
which generally possess a permittivity less than 10, might not be desirable from the perspective of
electrical energy storage. As computed by Annie Ling An et al, when fillers with a dielectric
constant of 3300 are incorporated into polymer matrix with dielectric constant of 10, most of the
increase in effective dielectric permittivity comes though an increase in the average field in the
polymer matrix with very little of the energy being stored in the high permittivity filler phase
(Figure 3-1). [21] Furthermore, the presence of a large contrast in permittivity between two
phases gives rise to a highly inhomogeneous electrical field and thus a significantly reduced
effective breakdown strength of the composite. [18]

Figure 3-1 Electrical energy distribution between polymer matrix and filler with dielectric
constant about 10 and 3300 respectively.
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In this part, the polymer nanocomposites based on surface-functionalized TiO2
nanoparticles as dopant in a ferroelectric P(VDF- TrFE-CTFE) matrix will be described. The
choice of polymer matrix and the dopant is based on the fact that P(VDF- TrFE-CTFE) and
modified TiO2 nanoparticles possess comparable dielectric permittivities. The microstructure,
interfacial effect, and energy storage of the nanocomposites will be explored.

3.1 Experimental

Materials
The TiO2 nanoparticles with a rod-shaped dimension (~20 nm×70 nm) were provided by
Korea Research Institute of Chemical Technology, and the preparation of TiO2 is described
elsewhere. [42]

Materials characterizations
P(VDF-TrFE-CTFE) (78.8/5.4/15.8 mol %) was employed as matrix in the
nanocomposites. The nanocomposite films were prepared by the procedure described in
experimental section of chapter 2. The thermal transition data were obtained by a TA Instrument
Q100 differential scanning calorimeter at a heating rate of 10 °C /min. Wide-angle X-ray
diffraction measurements were conducted using a Scintag diffractometer with Cu Kα radiation
(wavelength λ=0.154 nm). Field-emission scanning electron microscopy was conducted on JEOL
6700F (FESEM) of the fractured surface. Dielectric constant and loss at room temperature were
measured using an Agilent LCR meter (E4980A). The maximum electric field was around 0.05
MV/m. Dielectric relaxation spectroscopy of the polymer and nanocomposites at frequencies
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ranging from 100 to 1 MHz has been investigated using a Hewlett Packard 4284A LCR meter
equipped with a Delta Design Oven model 2300. The temperature range is -50-120 °C. The
energy density of samples was measured by a modified Sawyer-Tower circuit with a unipolar
field. Thermally stimulated discharge current (TSDC) measurements were performed with a
Hewlett Packard 4140B pA meter / DC voltage source with a Delta Design oven and a Kepco
Model BOP 1000M high voltage source. The samples are first poled at 50 °C by applying an
electric field of 10 MV/m for 10 min, followed by quick freezing to -50 °C, and then are heated
with a ramp rate of 4 °C /min to 100 °C.

3.2 Results and discussions

Homogeneity and morphology
Rutile TiO2 nanocrystal was adopted herein as a dielectric constant modifier because it
can be conveniently synthesized by hydrothermal method. The surface functionalization agent
can also be introduced directly into the reaction system. In our dielectric composites, rutile TiO2
nanoparticles are functionalized by barium hydroxide groups considering they can prevent the Ti–
O–Ti condensation among the TiO2 nanocrystals, and allow nanoparticles readily redispersible in
organic media. [42] As revealed in DLS measurements, the barium hydroxide-modified TiO2
nanoparticles can be dispersed in N, N-dimethylformamide (DMF) with an average aggregation
size of ~60 nm and an overall size below 100 nm. The sedimentation test was conducted by
dissolving a certain amount of TiO2 nanoparticles in DMF followed by ultrasonication. The
suspension was laid still and pictured after a period of time. (Figure 3-2) The Ba(OH)2 modified
TiO2 can suspend in DMF for a few days without obvious precipitation.
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Figure 3-2 Suspension stability of barium hydroxide-modified TiO2 nanoparticles in DMF
(2mg/ml)
Figure 3-3 presents the field-emission scanning electron microscopic (FESEM) image of
the cross-section of nanocomposite sample containing 30 vol% TiO2. The TiO2 nanoparticles are
homogeneously dispersed in the polymer matrix with an average size about 50-70 nm, suggesting
that the particles are successfully transformed from solution to solid states with minimized
agglomeration.

Figure 3-3 Cross-sectional FESEM image of the nanocomposite thin film containing 30 vol%
TiO2.
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Dielectric properties
The dielectric permittivity of the barium hydroxide-functionalized TiO2 nanoparticles
was determined about 47 at room temperature and 1 kHz by impedance spectroscopy using an
appropriate equivalent circuit model. [34] Since the P(VDF-TrFE-CTFE) (78.8/5.4/15.8 mol %)
we synthesized has a dielectric constant around 42 at 1 kHz, no apparent change of the low-field
dielectric permittivity was observed in the nanocomposites within relatively low frequency range
(<30 kHz). (Figure 3-4a) When frequency of switching electric field goes up, TiO2 nanoparticles
retain relatively stable dielectric properties while polymer matrix undergoes a drop of dielectric
constant. Compared with the trend disclosed in previous chapter (Figure 2-4a), it would not be
surprised that the composites samples, with increasing loading of TiO2 nanoparticles, deliver
improved dielectric constant than P(VDF-TrFE-CTFE) at higher frequency.
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Figure 3-4 Dielectric responses of the P(VDF-TrFE-CTFE)-TiO2 nanocomposites measured at
room temperature: a) dielectric constant and b) loss tangent.

The impact of Ba(OH)2 functionalized TiO2 nanoparticles on the dielectric responses of
polymer matrix is also investigated by temperature varying dielectric spectroscopy, as shown in
Figure 3-5. The dielectric constant of nanocomposite containing 10 vol% TiO2 shares similar
trends with the profile of P(VDF-TrFE-CTFE) based nanocomposite with 10 vol % BaTiO3
revealed in Figure 2-7b. The broad peak shifting to higher temperature as frequency increases is
the consequence of the kinetics related to freezing of dipolar motion in polymer matrix.
Incorporation of TiO2 nanoparticles into the polymer shows the appearance of a new dielectric
anomaly around 38 °C, which can be ascribed to the dipolar glass freezing transition from the
polymer chains surrounding the nanoparticles. (Figure 3-6a) In accordance with the changes in
crystalline size and thermal transition temperatures discussed in the following section, the
presence of the particles restricts the chain mobility of nearby polymers and thus enhances
activation energy of the transition. It was also found that dielectric loss tangent peak shift
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downwards during the glass transition in composite sample, which is indicative of an increased
trap density at the addition of fillers (Figure 3-6b) [43] Thermally stimulated current (TSC)
measurements have been performed on the polymers and the nanocomposites. (Figure 3-7) It was
found that the nanocomposites generate two-orders-of-magnitude higher TSC than the polymer
matrix, confirming that large amounts of charge are trapped presumably around the
polymer/nanoparticle interface regions under an applied electric field.
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Figure 3-5 Temperature dependence of dielectric responses of composite sample with 10 vol %
TiO2 at different frequencies in the heating process.
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Figure 3-6 Temperature-dependence of the a) dielectric constant and b) dielectric loss of the
polymer and nanocomposite measured at 1 kHz.
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Figure 3-7 TSDC curves of polymer matrix and composite at the heating rate of 4 °C /min.

In high field D-E loop measurements, the energy density Ue of the P(VDF-TrFE-CTFE)
nanocomposites on the TiO2 concentration has been revealed in Figure 3-8a. A strong
dependence of energy density of the composites on the loading of TiO2 nanoparticles was found.
Hybrid sample with 10 vol% TiO2 realizes the greatest enhancement of energy density relative to
pristine polymer. A further increase in the TiO2 concentration to 20 vol% leads to a decreased
energy density. This trend is likely associated with the interface effect which is proportional to
the interfacial area. [44] For a composite containing 10 vol% nanoparticles with a 20 x 70 nm
rod-shaped dimension and ideally uniform dispersion, the calculated inter-particle distance is
around 40 nm. As the thickness of the interface region is generally estimated to be ~20 nm, the
volume fraction of the polymer chains residing in the interfacial area reaches a maximum at a 10
vol% content of nanoparticles. The large interface area in the nanocomposites would produce the
Maxwell-Wagner-Sillars (MWS) interfacial polarization at low frequencies and/or leads to an
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“interaction zone” with Gouy-Chapman diffuse layer, thereby greatly affecting polarization and
dielectric responses of the polymer matrix. [45, 46] Indeed, as shown in Figure 3-8b, the
incorporation of the TiO2 nanoparticles into the polymer induces an improved electric
displacement, which accounts for high energy densities observed in the nanocomposites. Under
an applied field of 175 MV/m, the maximum displacement in the neat polymer is 5.87 μC/cm2.
The electric displacement of the nanocomposites monotonically increases to 6.93 μC/cm2 as the
TiO2 content increases to 10 vol%. The decrease in electric displacement and energy density with
the further increase of the nanoparticle concentration is presumably caused by the coalescing of
the interface region and a reduction of the interface effect.
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Figure 3-8 a) The stored energy density of the polymer and nanocomposites as a function of the
applied field. b) The dependence of maximum electric displacement on the TiO2 content in the
nanocomposites at 175 MV/m.

Effect of TiO2 on the microstructure
Polarization responses of PVDF ferroelectric polymers are closely related to their
crystalline structure. DSC and WAXD measurements have been carried out to examine the effect
of TiO2 nanoparticles on the microstructure of P(VDF-TrFE-CTFE) matrix. As revealed in the
DSC profile (Figure 3-9), the crystallization temperature (Tc) of the nanocomposites shifts by
around 3 °C, from ~100 °C for P(VDF-TrFE-CTFE) to ~103 °C for the nanocomposite with 2.5
vol% TiO2 nanoparticles. No further change was found as the concentration of TiO2 increases,
which indicates the effect of TiO2 filler on the thermal transition is saturated at a loading of 2.5
vol%. The introduction of TiO2 also results in an increase of the heat of fusion from ~18.3 J/g for
the polymer to ~22 J/g for the nanocomposite containing 2.5 vol% TiO2 nanoparticles, implying a
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raise of the degree of crystallinity from 17% in the polymer to 21% in the nanocomposite. (Table
3-1) Similarly, no noticeable change in the heat of fusion has been observed as the volume
fraction of TiO2 nanoparticle further increases.

Heat Flow (Exo up)

1.2
0.8

10% TiO2

0.4

5% TiO2
2.5% TiO2

P(VDF-TrFE-CTFE)

0.0

-0.4
-0.8
60

80

100

120

140

160

o

Temperature ( C)

Figure 3-9 DSC curves of the polymer and nanocomposites.

Table 3-1 DSC data of P(VDF-TrFE-CTFE) and nanocomposites.
Tc(°C)

Tm(°C)

ΔHm(J/g)

P(VDF-TrFE-CTFE)

100.4

127.4

18.4

2.5 vol % TiO2

103.3

125.9

21.2

5 vol % TiO2

102.9

125.7

18.8

10 vol % TiO2

102.7

124.7

22.6

The WAXD patterns of the nanocomposites display a main peak at a 2θ angle of 18.2o
corresponding to the compound (110) and (200) diffractions from α and γ phases in the polymer.
(Figure 3-10) [38] The diffraction peaks at 27.4, 36.1, 41.3 and 44.0° are attributed to the rutile
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phase TiO2, whose intensities are obviously elevated as the concentration of the nanoparticles
increases. The size of the crystalline domain was calculated by using Scherrer’s formula,
t=0.9λ/Bcosθ

(10)

where t is the crystallite size, λ is the wavelength (1.54 Å), B is the normalized the full width at
half max (fwhm) of diffraction peak, and θ is the diffraction angle. The inclusion of TiO2
nanoparticles significantly reduces the crystallite size from 80 nm in the polymer to 30 nm in the
nanocomposites.

This result is in agreement with the change of melting temperature (Tm)

observed in DSC studies, in which Tm decreases from 127.4 °C for the neat polymer to ~125 °C
for the nanocomposites. The nanoparticle acts as a nucleating agent and improves the degree of
crystallinity of the polymer matrix, consistent with other reports and results in chapter 2. [27, 47]
On the other hand, the presence of the nanoparticles suppresses the recrystallization process and
affords reduction in size of the crystalline domain in the polymer. Both effects induced by the
nanoparticles are highly beneficial for large polarization at high electric fields. As the crystalline
region in the polymer is responsible for polarization, an improved crystallinity would offer a high
polarizability and an enhanced permittivity. Smaller crystalline domains suggest a low energy
barrier in phase transition from disordered trans-gauche chain conformation (TG+TG- and
T3G+T3G- in the α and γ phases, respectively) to the polar β phase with all-trans conformation
yielded from the orientation under an applied electric field. Consequently, polarization can be
induced to a high degree at lower electric fields in the nanocomposites compared to those in the
neat polymer.
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Figure 3-10 WAXD spectra of P(VDF-TrFE-CTFE) and nanocomposites.
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Chapter 4
Phosphonic Acid Ended Ferroelectric Polymer-ZrO2 Nanocomposites for Energy Storage
In chapter 2 and 3, nanoparticles fillers are surface modified by organic capping agent
and physically blended with polymer matrix to achieve uniform distribution. Although simple and
effective, this approach inevitably introduces the third component, which has no contribution to
the dielectric constant and energy density. Besides, these surface organic groups might be ionized
and afford considerable ionic conduction at applied electric field, causing unwanted high
dielectric loss and leakage current. [48] Moreover, these drawbacks might be escalated by the
possible aggregation of nanoparticles in matrix. It is not surprised to observe the relatively low
breakdown strength in this type of polymer-nanoparticles composites.
Alternative methods have been explored to incorporate inorganic moieties into polymer
matrix. The primary consideration is to introduce chemical bonds between the two components
and therefore phase separation can be minimized. For instance, inorganic particles can be in situ
or post functionalized by polymerizable groups and then polymerization is conducted on the
surface of particles. [49] Another approach is “Graft” technique, which includes “graft from” and
“graft to”. (Figure 4-1) The former involves the introduction of initiating groups to the surface of
inorganic nanoparticles followed by polymerization. Free radical polymerization or controlled
radical polymerization is usually adopted in this method for its less stringent requirements to
reaction conditions. [50-52] “Graft to” indicates that the polymer is firstly synthesized with
functional groups and then reacts with surface of nanoparticles. [53, 54]
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Figure 4-1 “Graft from” and “Graft to” methods in preparing hybrid materials [55]

“Graft to” approach will be utilized to prepare the ferroelectric polymer based
nanocomposite based on the study conducted in our group concerning telechelic structure of
fluoropolymers. The incorporation of functional groups into fluorinated polymers can occur via
copolymerization with co-monomer containing pendant functional groups. [56] However, a
different reactivity of co-monomer generally results in polymers with low molecular weights. As
the electric breakdown strength of this class of polymers is correlated with polymer molecular
weight via the electromechanical mechanism, [57, 58] low-molecular-weight polymers
experience dielectric failure at much lower applied fields. Furthermore, the introduced side chains
usually impair crystallization of the polymers and greatly alter the polymer chain conformation
and solid-state structure. The dramatic reduction in the crystallinity of the polymers would result
in a decrease or even a total loss of the associated ferroelectricity and energy density. Therefore,
telechelic structures in which functional groups are introduced at the polymer chain ends are
highly desirable. [59] This chain-end functionalization approach would keep the main chain
structure of the ferroelectric polymers intact and thus preserve unique properties of the polymers
to a large degree in the nanocomposites.
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In this chapter, first, a chain-end functionalization will be realized via adopting
phosphonate functionalized benzoyl peroxide as initiator to synthesize ferroelectric polymer. By
robust chemical coupling between phosphonic acid endgroups and zirconium oxide nanoparticles,
polymer chains will be assembled on the surface of nano-filler and form the dielectric
nanocomposites. Zirconium oxide is considered for this work due to its reported high energy
density [60] and its comparable dielectric constant to the ferroelectric polymer matrix. The
existence of a small contrast in dielectric constant between the filler and matrix phases avoids the
creation of highly inhomogeneous electric field distribution within the composites which reduces
the effective breakdown strength of the composites. Extraordinary breakdown strengths and high
energy densities will be demonstrated in the prepared polymer nanocomposites.

4.1 Experimental

Materials
4-(Bromomethyl) benzoic acid (97%), hydrogen peroxide (29-32% w/w aq. solution),
iodotrimethylsilane (97% stab. with copper) were purchased from Alfa Aesar. Triethyl phosphate
(98%) was purchased by Aldrich. N, N’-Dicyclohexylcarbodiimide (99.0%) was purchased from
Fluka. Zirconium (IV) oxide nanopowder (<100 nm particle size by BET) was obtained from
Aldrich. All the solvents used for the synthesis were ACS grade and used without further
purification.
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Synthesis of end functionalized polymer

Synthesis of 4-carboxyphenylphosphonate 1
4-(Bromomethyl) benzoic acid (5.2 g, 24.2 mmol) and triethyl phosphate (4.64 mL, 26.6
mmol) were mixed in toluene (30 mL) and heated to reflux at 115 °C for 18 h under nitrogen
atmosphere. The resulting white solid was collected by suction filtration, washed by hexane and
dried in vacuo. 4.6 g of 4-carboxyphenylphosphonate was obtained. 1H NMR (CD3OD, ppm): δ
8.00 (d, 2H, ArH), 7.44 (m, 2H, ArH), 4.07 (m, 4H), 3.38 (s, 2H), 1.28 (t, 6H).

Scheme 4-1 Synthesis of 4-carboxyphenylphosphonate

Synthesis of phosphonate functional initiator 2
To a mixture of N,N’-dicyclohexylcarbodiimide (DCC, 0.85 g, 4.13 mmol), dichloromethane (40 mL) and H2O2 aqueous solution (1.8 mL, 30%), 4-carboxyphenylphosphonate (1.07
g, 3.94 mmol) was added at -10 °C. The reaction mixture was stirred at -5 °C for 6 h and
monitored by thin layer chromatography (TLC). The reaction mixture was filtered and the filter
cake was washed with cold dichloromethane several times. The filtrates were combined and the
solvent was evaporated. The residue was redissolved in cold dichloromethane and the above step
was repeated twice to give a white solid (0.35 g, 35%). 1H NMR (CD3OD, ppm): δ 8.05 (d, 4H,
ArH), 7.58 (d, 4H, ArH), 4.08 (m, 8H), 3.39 (d, 2H), 1.30 (m, 12H).
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Scheme 4-2 Synthesis of phosphonate functional benzoyl peroxide

Synthesis of phosphonate acid terminated P(VDF-CTFE) copolymer
The phosphonate functional initiator (2, 0.26 g, 0.48 mmol) and acetonitrile (30 mL)
were added in a stainless steel vessel equipped with a magnetic stir bar. The vessel was sealed,
submerged in liquid nitrogen, and degassed on a vacuum line. 16.8 g of VDF (0.26 mol) and 1.9 g
of CTFE (16.4 mmol) were added to the reactor at liquid nitrogen temperature. The vessel was
warmed to ambient temperature and heated for 6 h at 80 °C. After the polymerization, the reactor
was cooled down and the residue volatiles were vented. The polymer was subsequently
precipitated in methanol and dried in vacuo. 7.0 g of P(VDF-CTFE) was obtained as white solid.
1

H NMR (d3-Acetonitrile, ppm): δ 7.98 (d, ArH), 7.49 (d, ArH), 4.00 (m, 8H), 2.91 (-CF2CH2-

CF2CH2-, head-to-tail structure), 2.32 (-CF2CH2-CH2CF2-, tail-to-tail structure), 1.18 (m, 12H).
19

F NMR (d6-DMSO, ppm): δ -92.4 (-CH2CF2-CH2CF2-CH2CF2-), -93.7 (-CFClCH2-CF2CH2-

CF2-), -94.8 to -97.1 (-CF2CH2-CH2CF2-CH2CF2-), -108.9 (-CF2CH2CF2CF2CFCl-), -114.3 (CH2CF2-CH2CF2-CF2CH2-),

-116.1

(-CH2CF2-CF2CH2-CH2CF2-),

-118.2

CH2CF2CF2CFClCH2-), -120.4 to -121.7 (-CF2CF2CFClCH2CF2-).

Scheme 4-3 Synthesis of phosphonate-terminated P(VDF-CTFE).

to

-119.9

(-
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Synthesis of phosphonic acid terminated P(VDF-CTFE) copolymer
The phosphonate terminated P(VDF-CTFE) (0.50 g) was dissolved in dichloromethane
(25 mL) followed by addition of iodotrimethylsilane (0.2 mL, 1.36 mmol). The mixture was
stirred at room temperature for 2 h and then evaporated to give a yellow solid. Methanol (20 mL)
was added and the suspension was stirred for 1.5 h. The product (0.41 g) was collected by
filtration. 1H NMR (d6-DMSO, ppm): δ 7.91 (d, ArH), 7.43 (d, ArH), 2.89 (-CF2CH2-CF2CH2-,
head-to-tail structure), 2.24 (-CF2CH2-CH2CF2-, tail-to-tail structure).

P(VDF-CTFE)

O
1)TMSI
2) CH3OH HO P
OH

O

O
O

CF2-CH2

x

CF2 CFCl

O
y

O
P OH
OH

Scheme 4-4 Synthesis of phosphonic acid-terminated P(VDF-CTFE).

Preparation of nanocomposite film
The phosphonic acid terminated P(VDF-CTFE) was dissolved in anhydrous N, Ndimethylformamide (DMF) and stirred for 12 h at room temperature to make a transparent
solution. ZrO2 nanoparticles were dried in vacuo at 120 °C for 12 h to remove the surface-bound
water, and then dispersed in DMF (4 mg/mL). This dispersion was treated using Vibra-Cell high
intensity ultrasonic processor (VC-505) at 30% power amplitude for 5 min followed by being
dipped into ultrasonic bath for 30 min to break agglomeration. The polymer solution was added
into ZrO2 suspension slowly and the mixture was stirred at ambient temperature for 12 h. The
mixture underwent a second ultrasonication for 30 min before it was poured onto clean glass slide
(7.5 x 5.0 cm) at 50 °C. After being dried at 70 °C under atmospheric pressure for 12 h, the film
was transferred into a vacuum oven and baked at 90 °C for 4 h, 120 °C for 4 h and 150 °C for 24
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h in order to remove the remaining trace of solvent and enhance the Zr-OH/P-OH condensation.
The resulting film was cooled down to room temperature, immersed in deionized water for 2 h
and peeled off from glass slide. After being dried in vacuo at 60 °C for 12 h, the sample films
were placed between two Teflon sheets and melt pressed at 150 °C under 600 psi for 20 min. The
free-standing films were obtained after being cooled naturally to temperature in melt-pressing
instrument. The thickness of these films are around 20~30 μm.

Characterizations
1

H and

19

F NMR spectra were recorded on Bruker AM-300 spectrometer instrument at

room temperature using tetramethylsilane (TMS) and CF3Cl as internal references, respectively.
Direct-polarization magic angle spinning

31

P solid state NMR spectra of the phosphonic acid

terminated P(VDF-CTFE) and the composites film were acquired on Chemagnetics-Varian
Infinity 500 spectrometer with a

31

P transmitter frequency of 202.36 MHz.

31

P signals were

externally referenced to 85% H3PO4. Direct polarization techniques with continuous wave (cw)
proton decoupling were used throughout. The decoupling field was on the order of 40 kHz. A 31P
excitation pulse width of 4 microseconds was used. Spinning frequency was set to 6.5 kHz. The
pulse delay was 5 sec and the number of scans was 13844 for P(VDF-CTFE) and 2288 for
composites. Molecular weights and polydispersity of the phosphonate terminated P(VDF-CTFE)
were determined in a DMF mobile phase at a flow rate of 1.0 mL/min using gel permeation
chromatography. The thermal transition data were obtained by a TA Instrument Q100 differential
scanning calorimeter at a heating rate of 10 oC/min. Dynamic mechanical analyses (DMA)
measurements were performed on TA Instruments DMA Q800 from -60 °C to 50 °C at the ramp
rate of 3 °C/min in tensile mode. WAXD measurements were conducted using a Scintag
diffractometer with Cu Kα radiation (wavelength λ=0.154 nm). TEM was performed using JEOL
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JEM-1200 EX II TEM equipment. Circular gold electrodes with diameter of 2.6 mm and a typical
thickness of 30 nm were sputtered on both sides of the films. Dielectric constant and loss at room
temperature were measured using an Agilent LCR meter (E4980A). The maximum electric field
was around 0.05 MV/m. Dielectric relaxation spectroscopy of the polymer and nanocomposites at
frequencies ranging from 100 to 1 MHz has been investigated using a Hewlett Packard 4284A
LCR meter equipped with a Delta Design Oven model 2300. The temperature range is -50-100
o

C. The energy density of samples was measured by a modified Sawyer-Tower circuit.

4.2 Results and discussions

Structural characterizations
Organophosphorus acids and their derivatives (salts, esters) are known to be promising
coupling agents for surface modification of various metal oxides. [61] Compared with widely
used silicon-based coupling agents, phosphorus derivatives are less sensitive to nucleophilic
substitution, leading to stable P-O-C bonds. The homocondensation of P-O-H bonds between two
molecules organophosphorous acids, therefore, is largely restrained in surface modification. [62]
Moreover, the formation of Metal-O-P bonds by heterecondensation is kinetically and
thermodynamically favored. A variety of organophosphorus acids and their esters have been
utilized to modify the surface properties of zirconia and titania particles. [63]
Benzoyl peroxide (BPO) based functional initiators have been proved efficient for the
free radical polymerization of a variety of fluorinated alkenes. [28, 64] To incorporate
phosphonate end-group into P(VDF-CTFE), phosphonate functional BPO initiator was
synthesized. As shown in scheme 4-1, 4-carboxyphenylphosphonate was firstly obtained by
Arbuzov reaction from 4-(bromomethyl) benzoic acid and triethyl phosphate. Then the functional
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initiator 2 was synthesized through the reaction between two molecules of 4-carboxyphenylphosphonate with H2O2 in the presence of DCC. In 1H NMR, the peaks at 8.00 and 7.44 ppm,
(Figure 4-2) attributed to the protons from phenyl group, shift slightly downfield to 8.05 and 7.58
ppm (Figure 4-3) respectively after the reaction. The absence of the former two peaks reveals the
completion of this reaction. Initiator 2 was employed to initiate the co-polymerization of VDF
with CTFE. The peaks at 7.98, 7.49, 4.00 and 1.18 ppm verified the existence of phenyl group
and phosphonate at both chain ends. (Figure 4-4) Since VDF and CTFE have similar reactivity
ratios in free radical polymerization (0.70 and 0.72 respectively) [32], the chemical compositions
of the resultant P(VDF-CTFE) can be adjusted simply by varying the monomer feeding ratios.
The P(VDF-CTFE) synthesized herein has the composition of 91/9 mol% (VDF/CTFE), as
calculated according to the integrals of the characteristic peaks of VDF and CTFE in 19F NMR
spectra. (Figure 4-5) GPC measurement in DMF gave a number-average molecular weight (Mn)
around 28000 g/mol with a polydispersity index (PDI) around 1.3. The average degree of
functionality [65] was thus determined to be ~1.9. The phosphonate end-group was consequently
converted to phosphonic acid at presence of iodotrimethylsilane. This conversion is referred to as
deprotection in this chapter. In 1H NMR, the signals ascribed to phosphonate end-group disappear
after the deprotection, which suggests the phosphonate were transformed by phosphonic acid
completely. (Figure 4-6)
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Figure 4-2 1H NMR spectrum of 4-carboxyphenylphosphonate 1.
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Figure 4-3 1H NMR spectrum of phosphonate peroxide initiator 2.
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Figure 4-4 1H NMR spectrum of phosphonate terminated P(VDF-CTFE).

Figure 4-5 19F NMR spectrum of phosphonate terminated P(VDF-CTFE).
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Figure 4-6 1H NMR spectrum of phosphonic acid terminated P(VDF-CTFE).

The interaction between phosphonic acid end-group of P(VDF-CTFE) and ZrO2 was
probed by the direct-polarization magic angle spinning (MAS) 31P solid-state NMR spectroscopy.
As shown in Figure 4-7, the

31

P NMR signal shifts from 45 ppm in the phosphonic acid

terminated P(VDF-CTFE) to 28 ppm in the composites of P(VDF-CTFE)-ZrO2. This significant
upfield shift is ascribed to bidentate binding mode of terminal phosphonic acids on ZrO2. [66]
The presence of single peak in the 31P NMR spectra of the composites implies that majority of
phosphonic acid endgroups are bonded to the surface of ZrO2.
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a

b

Figure 4-7 31P solid-state NMR spectra of a) phosphonic acid-terminated P(VDF-CTFE); b)
P(VDF-CTFE) nanocomposites with 1.5 vol % ZrO2.

It has been suggested that the termination in free radical polymerization of fluorinated
alkenes proceeds predominantly through the radical coupling reaction. Phosphonic acid groups at
both terminals of P (VDF-CTFE) chain, therefore, are obtained from the polymerization. In other
words, both P (VDF-CTFE) terminal phosphonic acid groups will be attached to the surface of
ZrO2 by P-O-Zr bonds. The formation of cross-linked network is expected, consisting of ZrO2
nanocrystals interconnected by P (VDF-CTFE) chains. The formation of covalent bonds offers
enhanced thermal stability of the composites compared to pure polymer. The composite thin films
remain intact upon heating at 200 oC for 24 hours, as shown in Figure 4-8, while the neat polymer
melts at ~120 °C. In controlled experiment, the composites film containing phosphonate
terminated P(VDF-CTFE) (before the deprotection) and ZrO2 was partially melted after baking.
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Therefore, no condensation reaction occurs between phosphonate end-group and surface of ZrO2.
The TEM images of these two samples are also shown in Figure 4-9. Merely a blend of two
components, phosphonate terminated P(VDF-CTFE) based composite presents a severe aggregate
of ZrO2 nanoparticles. In a stark contrast, phosphonic end-group helps the dispersion of nanofiller in the polymer matrix without noticeable signs of aggregation.

Figure 4-8 Thermal stability of composite films: a) phosphonate terminated P(VDF-CTFE)-ZrO2;
b) phosphonic acid terminated P(VDF-CTFE)-ZrO2.
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Figure 4-9 TEM image: a) phosphonate terminated P(VDF-CTFE)-ZrO2; b) phosphonic acid
terminated P(VDF-CTFE)-ZrO2.

Thermal analysis
Thermal properties are further studied by DSC and Dynamic mechanical analyses (DMA)
techniques. The DSC profiles of the polymers and nanocomposites recorded during heating and
cooling scans are displayed in Figures 4-10. It was found that the introduction of the
nanoparticles into the polymers raises the crystallization temperatures, from 82 oC for P(VDFCTFE) to 91 oC for the nanocomposite containing 3.0 vol % ZrO2. Consistent with the change in
the crystallization temperatures, the enthalpy of fusion in the nanocomposites increases from 15.9
J/g for P(VDF-CTFE) to 19.8 J/g for the composite with 3.0 vol % ZrO2, indicating a change of
the degree of crystallinity from 15.1% for the neat polymer to 18.8% for the composites. The ΔHm
undergoes a reduction to 18.7 J/g when the loading of ZrO2 is raised to 5.9 vol %. Given the
formation of cross-linking network of P (VDF-CTFE)-ZrO2, reduced chain mobility is expected
and the crystallization is inhibited in this scenario.
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Figure 4-10 DSC profiles of P(VDF-CTFE) and nanocomposites.

Table 4-1 DSC data for P(VDF-CTFE) and nanocomposites.
Tc (°C)

Tm (°C)

ΔHm (J/g)

P(VDF-CTFE)

82.5

120.9

15.9

1.5 vol % ZrO2

88.1

120.3

16.1

3.0 vol % ZrO2

90.8

120.3

19.8

5.9 vol % ZrO2

88.8

120.0

18.7

DMA plots of P (VDF-CTFE) and composites samples were obtained at 2 Hz. No
appreciable change of peak position can be found in loss modulus (Figure 4-11b) and loss tangent
plots. (Figure 4-11c) In loss tangent curves, the first peak at -40~ -20 oC is due to the glass
transition relaxation of polymer matrix. This is correspondent with the position of dielectric loss
peak in all temperature varying dielectric spectroscopy. The second broad relaxation peak falls
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between glass transition and melting temperature, related to the amorphous region in the vicinity
of crystalline domains (also called upper glass transition). [67]
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Figure 4-11 DMA curves of P (VDF-CTFE) and composite with 3.0 vol% ZrO2: a)
storage modulus, b) loss modulus, c) loss tangent.

Crystalline structure
XRD pattern of pure polymer reveals three peaks at 18.1°, 19.2 and 26.5° corresponding
to (020), (110) and (120) diffractions respectively. These diffractions are from non-polar α-phase
of P(VDF-CTFE) which consists of trans-gauche (TG+TG-) conformation. [68] With increasing
the nanoparticle content, the (020) peak becomes sharper, indicating that the crystallite size
successively increases from 4.4 nm in the polymer to ~25 nm in the nanocomposites containing
5.9 vol % ZrO2. The diffraction peaks at 28.0, 30.0, and 31.4 are attributed to the monoclinic
phase of ZrO2 nanocrystals, whose intensities increase gradually as the concentration of the
nanoparticle increases.
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Figure 4-12 WXRD pattern of P(VDF-CTFE) and composites.

Table 4-2 Crystalline structure parameters based on XRD
Sample

d spacing (Å)

Crystalline size(Å)

(020)

(110)

(120)

(020)

(110)

(120)

P(VDF-CTFE)

4.87

4.62

3.45

44

NA

30

1.5 vol% ZrO2

4.87

4.62

3.4

79

49

17

3.0 vol% ZrO2

4.87

4.62

NA

210

117

13

5.9 vol% ZrO2

4.87

4.52

NA

251

18

3

Dielectric properties and energy storage
Since P(VDF-CTFE) and ZrO2 have dielectric permittivities of about 11 and 21
respectively at 1 kHz, there is no drastic change of the dielectric permittivities of the
nanocomposites until the content of ZrO2 reaches 5.9 vol % where improved dielectric
permittivity was found (Figure 4-13). The effective dielectric permittivity of the composites was
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calculated according to the logarithmic mixing rule. As shown in Figure 4-13, the calculated
results confirm the steady permittivity of the composites at low contents of ZrO2, but the model
becomes inaccurate at high concentrations of the nanoparticle (> 4.0 vol %) where the predicted
values are lower than those measured. The dielectric loss tangent of the composites also shows
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Figure 4-13 Dielectric permittivity and loss tangent of P(VDF-CTFE) and nanocomposites
measured at 1 kHz and room temperature. Circles resprent the effective dielectric permittivity of
the composites calculated from the Lichtenecker mixing rule.

The impact of covalent-bonded ZrO2 on dielectric realxation of polymer matrix has also
been studied by temperature dependent dielectric spectroscopy. The dielectric anomaly was
observed within 20 to 30 °C, showing as extra humps. New dielectric loss maxima are found at
the corresponding frequencies and temperature. These extra peaks suggest additional polarization
introduced by the nanoparticles. The P-O-Zr bonds produced in the condensation reaction
between phosphonic acid and ZrO2 might play a significant role in modifying the properties of
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the interface. Given the presence of P-O-Zr interactions, a bonded polymer layer is produced at
the surface of ZrO2 nanoparticles, according to the multi-core proposed by T. Tanaka et al. [14]
Polymer chains in the vicinity of particles are also subject to the impact from the bonded layer
and neighboring particles. The mobility of polymer chains residing in these surface layers might
be inhibited by chemical interaction or confined spaces between particles. Consequently, the
dipolar polarization and relaxation in near-surface amorphous phase tends to occur at higher
temperature to provide energy for micro-Brownian motions. On the other hand, Gouy-Chapman
diffuse electrical double layer is proposed to be superimposed on these surface layers. Enhanced
interfacial exchange coupling effect is produced due to induced polarization in polymer matrix
and the electrical double layer, and might account for the observed extra polarization response.
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Figure 4-14 Temperature dependence of the dielectric constants and loss of the 3.0 vol% ZrO2
composite in the heating process.

The high electric field dielectric response of P(VDF-CTFE) and composites was
characterized by D-E loop at 10 Hz. As summarized in Figure 4-15, at each applied electric field,
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the energy density of the composite increases with the content of ZrO2 nanoparticles and reaches
a maximum in the sample with 3.0 vol % ZrO2. As the loading rises further to 4.0 vol% and 5.9
vol%, the energy density drops. Compared with nanocomposites prepared by physical blending in
previous chapters and some other reports, [69-71] P(VDF-CTFE)-graft-ZrO2 samples possess
higher breakdown strength of over 250 MV/m. The enhanced energy densities can be attributed to
the increase in the crystallinity of the polymer induced by the nanoparticles as shown in the DSC
and WAXD studies. Additionally, as pointed out in previous chapters, the interfacial coupling
effect plays a role in enhancing energy density at high fields, [72] which has been evidenced in
the temperature spectra of the dielectric constant. Above 3.0 vol % content, the increase of the
nanoparticle concentration leads to a decreased energy density. It likely arises from decreased
crystallinity as well as the coalescing of the interfacial area at high filler concentrations, which
discourages the contribution from the interfacial effect.
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Figure 4-15 The stored energy density of the polymers and nanocomposites as a function of the
applied field.
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Chapter 5
Conclusions and Future Work

Summary of conclusions
This thesis is primarily focused on the exploration of energy storage capability of
polymer based nanocomposites for capacitor application. Stemming from the two decisive factors
affecting energy density of materials, dielectric permittivity and breakdown strength, a family of
ferroelectric PVDF based co/ter- polymers are employed due to their excellent dielectric
performances. Different nanoparticles are carefully chosen as inorganic moieties to polish the
polymer matrix. Either polymer matrix or nanoparticles are functionalized to realize desirable
dielectric responses.
First, two series of the polymer nanocomposites based on the ethylene diaminefunctionalized BaTiO3 nanoparticles and ferroelectric P(VDF-CTFE) and P(VDF-TrFE-CTFE)
were prepared. The presence of organic surface layers on the particle affords excellent
compatibility between the fillers and the polymer matrix and ensures uniform composite films
even at higher filler concentrations. Acting as nucleating agent, BaTiO3 nanoparticles improve the
crystallinity of polymer matrix at moderate loading. In weak electric field, the composites feature
gradually increasing dielectric constant with the addition of high dielectric constant BaTiO3
nanoparticles. P(VDF-TrFE-CTFE) based nanocomposites overshadow the P(VDF-CTFE) based
ones in terms of energy storage. These results demonstrate the dominant role of dielectric
constant of the polymer matrix in determining the energy density of the nanocomposite.
Second, the criteria of selecting nanoparticles for polymer matrix were discussed.
Dielectric nanocomposites composed

of P(VDF-TrFE-CTFE) and barium hydroxide-

functionalized TiO2 nanoparticles with comparable dielectric permittivities were fabricated. The
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presence of the nano-scale TiO2 favors the formation of smaller crystalline domains and a higher
degree of crystallinity in the polymer. Nanocomposite samples possess similar dielectric constant
and loss in weak electric field. However, enhancements in electric displacement and energy
density at high electric fields have been demonstrated in the nanocomposites. This part of work
suggests the dielectric contrast between polymer matrix and nano-filler should be obviated to
ensure substantial contribution from both components.
To eliminate the negative influence of surface modifier on the dielectric properties,
telechelic P(VDF-CTFE) with phosphonic acid as end functional groups was synthesized and
grafted to ZrO2 nanoparticles to prepare nanocomposites based upon covalent coupling reaction.
The robust and stable P-O-Zr bonds enable the uniform dispersion of nanoparticles. This
approach paves a road for fabricating dielectric nanocomposites with large dielectric strengths. In
conjunction with enhanced crystallinity and substantial interfacial effect, improved energy
densities were realized in nanocomposites.

Future work
Since phosphonic acid shows an excellent affinity toward a variety of metal oxides, the
strategy described in chapter four can be generalized to the preparation of nanocomposites
containing a diverse range of fluorinated polymer-nanoparticle combinations with synergic
properties for energy and electronic applications.
“Grafting from” method, as reported by many researchers, exhibits great potential in
developing well-defined composite materials. A possible approach is to incorporate initiator
groups onto the surface of nanoparticles followed by polymerization of fluoropolymers. By
tailoring the density of initiator on the surface and molecular weight of polymer, compositions of
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hybrid materials can be manipulated. It is anticipated that the “Grafting from” will provide
precise control over the interfacial properties and thus final performance of dielectric materials.
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