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Abstract

High dielectric (high-k) polymer nanocomposites that can electrostatically store energy
are widely used in electronics and electric power systems due to their high breakdown
strengths (E,), durability, and ability to configure in various shapes. However, these
nanocomposites suffer from a limited working temperature regime, thus limiting their
extreme applications, such as hybrid and electric vehicles, aerospace power electronics,
and deep ground fuel exploration. Furthermore, the E, and the electric displacement (D)
of polymer nanocomposites must be simultaneously enhanced for high-density
capacitor applications, which prove to be difficult to modify concurrently. This chapter
thoroughly reviews (investigates) the recent developments in the high-k polymer
nanocomposites synthesis, characterization, and energy storage applications. Conse-
quently, the aim of this chapter is to provide an overview of the novel developmental
strategies in order to develop high-dielectric nanocomposites perovskite ceramics that
can be incorporated in high-energy-density (HED) applications.

Keywords: polymer nanocomposites, capacitors, perovskite ceramics, dielectric con-
stant, energy density applications

1. Introduction

Highdielectric constant (high-k) materials and polymer nanocomposites are under extensive
investigation because of their potential applications in organic field-effect transistors (OFETs),
invertors, electro-optics, energy, humidity and temperature sensor applications. The magni-
tude of k for silicon dioxide (SiO,) is given as 3.9. Materials that exhibit k > 3.9 are classified as
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high-k, and materials whose k< 3.9 are classified as low-k materials. Polymer dielectric
nanocomposites are generally composed of dielectric polymers as the matrix material, and
inorganic/organic fillers as the reinforcement, utilizing the properties of both. Polymers have
been found to demonstrate high breakdown strengths along with high energy density (HED),
while the fillers, especially dielectric ceramics, have a high dielectric constant (k). The
combination of both provides superior dielectric properties depending on the type and nature
of the polymer matrices as well as the fillers. The total energy storage density (U) of a capacitor
is given as Eq. (1).

U= jEdD (1)

where E and D are the applied electric field and electric displacement, respectively. The
magnitude of U for the linear dielectrics is defined as Eq. (2).

U=1/2DE+1/2ke,E’ 2)

Where, k is the dielectric constant and & = 8.854 x 1072 F/m is the permittivity of free space.
Therefore, the magnitude of U in Eq. (2) depends on the values of both k and E. However,
limitations exist in ceramic and electrolytic capacitors, such as the applied E of a material is
restricted to the breakdown strength of the same material. Due to these deficiencies, polymer
capacitors have proven to be better alternatives for high energy density applications because
of their high E,, easy and economical processing, and flexibility in designing [1-3].

For high energy density applications, various ceramic fillers have been reported in the re-
cent literature, such as barium titanate (BaTiO,, BT), barium strontium titanate
(Ba;_,Sr, TiO;), barium zirconate titanate (BaZr,Ti,_O;), lead zirconate titanate (PbZr,Ti,_O;),
metal phenylphosphonates ATi(O,PC,H;);, where A = Mg, Ca, Sr, Ba, Pb, MnCoFe,O,, and
MnCuFe,O, [4-6]. The inorganic-organic nanocomposites have been processed by various
techniques. Generally, the presynthesized filler nanoparticles are dispersed in the polymer
matrix. Another method known as the in situ sol-gel involves the hydrothermal treatment of
the filler precursor/polymer system in hydroxide solution. The filler particles are synthe-
sized at the precursor sites in the polymeric system. Despite several modifications in these
synthetic procedures, the final materials still exhibit conglomeration, which is responsible
for the inconsistent behavior of the system. Furthermore, due to the incompatibility of the
polymer-precursor and possible gel formation overtime, the system properties are compro-
mised [7]. Zhu et al. [8] investigated the core-shell structured polymer@BT nanoparticles by
using a polymer shells with different elemental properties in order to study the effect of
core-shell in detail for surface modifications. A surface-initiated reversible-addition-frag-
mentation chain transfer (RAFT) polymerization method was used, where the thicknesses of
the polymer shells were maintained to the same values. Results of this study indicated that
for high energy density applications, high dielectric constant and low electrical conductivity
are required. The importance of conductivity of the shell material in the final device per-
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formance was also reported in this investigation [8]. Other filler materials that are used in-
clude graphene oxide, carbon nanotubes (CNTs), and metal nanoparticles.

This chapter provides a comprehensive understanding of the recent developments in the high-
k nanocomposites without detailing the complex mathematical models and formulas that have
been excessively quoted in various books and reviews. We provide an understanding of the
nanocomposites processing, strategies to optimize their dielectric properties, and various filler
materials that have been recently used. This section also strives to provide a future perspective
in the high-k nanocomposites and conclude with some summarized remarks about the topic.

2. Electrical properties

Currently, pure polymers such as biaxially oriented polypropylene (BOPP) are used in energy
storage applications, because of their high breakdown strength and low cost. However, pure
polymers suffer from low magnitudes of dielectric constant, which results in low performance
for energy density applications [2]. To overcome low dielectric constant limitations, high
dielectric constant electroceramic nanoparticles are used as filler materials. Generally, due to
the small band gap in semiconductors, thermal excitation is responsible for the generation of
charge carriers, while the band gap of dielectric materials is relatively large, so electrical
contacts or an external sources are responsible for the injection of charge carriers. Transition
from one band to another in dielectrics requires high energy [9]. Electrons present in the
valence shell of an atom are responsible for the dielectric phenomena, which interacts with
externally applied fields, such as an electric or magnetic field. In polar dielectrics, the +ve and
—ve charges are responsible for the production of electric dipole, whereas nonpolar dielectric
materials lack this inherent dipole at the zero electric field, so an external potential is applied
to shift the electron cloud, resulting in dipole phenomena [10]. Despite the use of high-k
ceramics as filler materials in the development of nanocomposites, another approach is to
introduce electrically conductive nanofillers. Such a device configuration has shown superior
dielectric response; however, low breakdown strength and high dissipation factor both are
disadvantages to be considered [11]. Ceramics became the backbone of the electronic industry
after the discovery of ferroelectricity in these materials in 1946. Ferroelectricity was first
observed in BT in the mid-1940s and since then, BT has become one of the most essential
ferroelectric materials [12]. Before the discovery of BT, steatite, mica, MgTiO,, CaTiO,, and
TiO, were widely used in capacitors. These materials exhibit & <100, which limits their use in
the industry of dielectric capacitors [13-15]. During World War II, the need of high dielectric
constant materials increased in capacitor applications [16, 17]. Ferroelectric materials exhibit
nonlinear dielectric polarization against an external E due to the presence of permanent
dipoles [18]. The polarization in these materials increases with the increasing strength of E,
which corresponds to the alignment of dipoles in an applied electric field. The state (P,) in
which the dipoles of the ferroelectrics align with the applied field is called saturation. The
polarization decreases with the reduction of E as well as with the reversal of the applied field’s
direction, however, when the applied electric field is removed (E = 0), ferroelectric materials
still exhibit some polarization. When the value of the field reaches to a certain point, the
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materials exhibit zero polarization, which is called coercive field (E,). Dielectric properties of
ferroelectric materials change significantly with temperature near T,. Generally, magnitude of
k increases with an increasing temperature below T, reaching a maximum value and then
decreases with a further increase in temperature, for example, barium titanate k = 2000 at room
temperature reaches 7000 at T(~120°C) [19, 20]. Due to the high dielectric constant of ceramic
materials, they are deemed as an efficient filler material for energy storage applications.

An ideal dielectric material resists the flow of charge completely; only allowing displacement
of charges, resulting in polarization. In a typical capacitor arraignment, when an alternating
E is applied to an ideal dielectric, the current will carry the voltage by a phase angle of /2
(i.e., 90°), where no power will be absorbed by the dielectric, and the capacitor will exhibit
dielectric loss (tan 6 = 0). On the other hand, the practical materials exhibit tan 6, and it is
because the current-voltage phase angle is not exactly 90°; therefore, the current is slightly
lagging behind. The angle and magnitude of the lag are defined as 6 and tan 6, respectively.
Dielectric losses are associated with various mechanisms occurring in materials, such as
electronic polarization, ion vibration, deformation, and ion migration. Generally, dielectricloss
in ceramics is due to ion migration. Temperature and frequency are important factors that
influence tan 6 [21]. Compared to dielectric ceramics, the low magnitudes of k and tan 6 in
polymer dielectrics are attractive for transistor applications and they can be used in the form
of thin layers (nanometer layers) as they exhibit low leakage current and high breakdown
strength, which contributes to the miniaturization of electrical devices. Table 1 summarizes
the breakdown strength of some common polymers. Pure polymers are not suitable for high
energy density applications because of their low dielectric constant.

Polymer Dielectric strength (V/um)  Polymer Dielectric strength (V/pm)
Polyethylene (LD) 200 Polypropylene (biaxially oriented) 200

Polyethylene (HD) 200 Polystyrene 200

Polyethylene (XL) 220 Poly(vinylidene fluoride) 10.2

Polycarbonate 252 Polyester 300

Polyimide 280 Epoxy resin 25-45

Table 1. Dielectric strength of commonly used polymers [22].

High dielectric constants in ceramics originated from ionic polarization, which is associated
with the asymmetric migration of the central metal cation in the crystal lattice. In contrast,
polymers exhibit various types of polarization, i.e., ionic, electronic, and orientation, that are
responsible for their dielectric constants [23, 24]. Typically, depending on the nature of the
material and applied field, at least one kind of polarization mechanism is present in dielectrics.
Electronic polarization is induced in a dielectric material when subjected to an external electric
field, where the electron cloud is displaced relative to the nucleus. This type of polarization
may be stimulated in all dielectrics when they are placed under an external electric field. In
ionic polarization, the cations and anions in an atom are displaced in opposite directions,
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resulting in a net dipole moment. The magnitude of the dipole moment generated for each ion
pair is equivalent to the product of relative displacement and respective ionic charges. This
type of polarization occurs only in ionic materials. Orientation polarization occurs in materials
that possess permanent dipole moments, and it is induced when these permanent dipoles align
in the direction of an applied electric field. This type of polarization decreases with an increase
of temperature [25].

Another polarization characteristic of the multicomponent dielectric systems (such as semi-
crystalline polymers, inorganic-organic nanocomposites, and polymer blends) is Maxwell-
Wagner-Sillars (MWS) interfacial polarization (IP), which is associated with the reorganization
of the interface charges, i.e., electrons and hole accumulated at the interfaces in a heterogeneous
system. According to the MWS effect, when an electric field is applied to a heterogeneous
dielectric system, the charges accumulate on the surfaces of the different dielectrics exhibiting
different retention time. Such a configuration is desirable in achieving a high dielectric constant
in the system. However, a drawback to this inhomogeneous distribution of charge in a
multicomponent system is that the whole system may fail, therefore, it is important to optimize
all the parameters that will define the final properties of the system for better performance

[3].

3. Filler materials/polymers

The dielectric properties of polymer nanocomposites are affected by various factors such as
the type, size, concentration, and shape of the filler materials and polymer matrix. For high
energy density applications, the semiconductive fillers such as titanium dioxide (TiO,), zinc
oxide (ZnO), molybdenum sulfide (MoS,), and silicon carbide (SiC) have been studied. These
fillers have shown considerable promise as candidates for high voltage applications in polymer
dielectrics [26]. Among these, TiO, presents excellent physiochemical properties and it can be
crystallized in the form of rutile, anatase, and brookite structures. Tomara et al. [27] reported
the processing of anatase TiO,-epoxy resin nanocomposites. Various concentrations from 3 to
12% parts per hundred resins per weight were investigated. The broadband dielectric spec-
troscopy measurements showed five relaxation modes designated as y, 3, intermediate dipolar
effect (IDE), @, and interfacial polarization (IP) with varying temperatures and constant
frequencies. The y and 3 modes were associated with the reorientation of smaller segments
and rearrangement of the polarized groups. The IDE, a and IP were attributed to the TiO,
inclusions, glass to rubber transitions, and electric heterogeneity of the nanocomposites,
respectively. The TiO,-polymer composites were reported to have a superior dielectric
response compared to pure polymers [27]. Xie et al. [28] prepared core-shell structured
hyperbranched aromatic polyimide grafted BaTiO, (BT-HBP) hybrid nanofillers. Poly(vinyli-
deneflouride)-trifluoroethylene-chlorofluoethylene(PVDF-TrFE-CFE) was used as the poly-
mer matrix. The dielectric study showed that the 40 vol% of BT-HBP had a high dielectric
constant (1485.5 at 1000 Hz) compared to untreated BaTiO,, which was recorded as 206.3 [28].
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To further investigate and optimize the dielectric and energy storage properties of polymer
nanocomposites, dielectric ceramics with perovskite structures are used as filler materials.
Table 2 presents various ceramic fillers and polymers with respective dielectric constants.

Fillers k Polymers k
BaTiO, 1700 Nonfluorinated aromatic polyimides 3.2-3.6
PLZT (7/60/40) 2590 Fluorinated polyimide 2.6-2.8
PbNb,Oq 225 Poly(phenyl quinoxaline) 2.8
SrTiO, 2000 Poly(arylene ether oxazole) 2.6-2.8
CaCu,Ti,0, ~60,000 Poly(arylene ether) 2.9

La,; ¢Sr,,NiO, ~100,000 Polyquinoline 2.8
TiO, 80 Silsesquioxane 2.8-3.0
ZrO, 25 Poly(norborene) 24
Si0o, 3.9 Perfluorocyclobutane polyether 2.4
ALO; 9 Fluorinated poly(arylene ether) 2.7
Ta,O;5 22 Polynaphthalene 2.2
HfO, 25 Poly(tetrafluoroethylene) 1.9
HIfSiO, 11 Polystyrene 2.6
Y,0, 15 Poly(vinylidene fluoride-co-hexafluoropropylene) ~12
La,O, 30 Poly(ether ketone ketone) ~3.5

*PLZT, lead lanthanum zirconium titanate.

Table 2. Dielectric constant of commonly used ceramics and polymers for energy storage applications [22].

The problem associated with perovskite ceramics as fillers in polymer matrix is the low
breakdown strength of the final system.Due to higher dielectric constant of the ceramic
materials than polymers, a significant electric field is concentrated in the polymer matrix
compared to the ceramic nanoparticles. This behavior is responsible for the decrease of
breakdown strength in the ceramic-polymer nanocomposite systems. To address this issue,
dielectric fillers with large aspect ratios, such as (1D) BaTiO,;, hexagonal boron nitride nano-
sheets, and (2D) clay nanosheets are used. These strategies are the tradeoff between the
permittivity values and dielectric breakdown. These systems have shown high magnitudes of
breakdown strength that may be due to the presence of order traps, an increase in the number
of scattering traps to injected charges, and the path tortuosity in the electrical treeing process
during breakdown [29]. Some recently used ceramic-polymer composites with their corre-
sponding electrical properties are summarized in Table 3.
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Fillers Shape Polymer Surface modifier HOD (J/em® E, Refs
BagSr,, TiO;  nf PVDF - 6.8 3800 kV/em  [30]
Bay(Sr,, TiO;  nf PVDF Isopropyl dioleic 6.95 3800 kV/em  [31]

(dioctylphosphate) titanate

Ba, ;51 ;TiO; nw (P(VDF-HEFP)) Poly(pentafluorophenyl 22 200 kV/mm  [32]
acrylate)
BaTiO, np PDA PLA 1.52 120 MV/m [33]
BaTiO, np PVDF Hydroxylation 3.24 225MV/em  [34]
Ba, ,Ca,TiO; np PVDF Hydroxylation 4.72 1.75MV/em  [34]
BaZr,, Ti,O; np PVDF Hydroxylation 7.74 2.5 MV/ecm [34]
BaTiO, np PVDF Si0o, 6.28 340 MV/m [35]
BaTiO, nc P(VDEF-HFP NOBE, 4.66 150 MV/m [36]
BaTiO, nf PVDF 3-aminopropyltriethoxyilane 5.6 3300 kV/em  [37]

*nf, nanofibers; np, nanoparticles; nc, nanocubes.

Table 3. Energy density and breakdown strength of the ceramic-polymer nanocomposites recently reported in the
literature.

Another complication associated with the nanocomposites is the high dielectric loss. To reduce
the dielectric loss, a dielectric layer coated with conductive nanoparticles is artificially
synthesized. Such efforts have been reported to be successful, however, a decrease in the
dielectric constant was also observed. Moreover, the processing of such systems may cause
conductive networks or tunneling effect between the conductive nanoparticles coated on the
surface of the dielectric layer, which results in high dielectric loss and high current leakage.
One method to overcoming this problem is to distribute the fillers in the polymer matrix
homogeneously in order to avoid contact between the filler particles [38]. Another problem
that may cause high current leakage, high dielectric loss, low dielectric constant, and low
breakdown strength are the compatibility issues between the inorganic and organic nano-
composites. To resolve this problem, “all polymer” approach has been introduced, where a
dielectric polymer such as PVDF and its derivatives are used in the form of polymer blends.
These attempts have shown superior dielectric properties; however, these polymer blends are
known to cause high dielectric loss. To further modify these systems, a “percolative” dielectric
composite approach has been developed. In this method, a conductive organic domain is
dispersed in a dielectric polymer matrix. The space charge accumulates at the interface of the
conductive organic and dielectric domains. A high dielectric response is achieved because the
conductive domain acts as the “super dipole”, resulting in high polarization. The magnitude
of the dielectric constant reaches a maximum, with an increasing volume fraction of the organic
domain, up to just below the percolation threshold. All polymer systems have the advantage
over inorganic-organic polymer composites, such as easy processing, economical, and light
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weight; however, such systems also suffer from high leakage current and low breakdown
strength [39].

The extensive studies that have been reported for various filler materials in the polymer matrix
only highlight the advantages of the final systems. It is important to critically analyze the
underlining physics and chemistry of the filler materials, polymer matrix, and the dielectric
response of the multicomponent systems. An essential aspect of the reported results is the
reproducibility for practical device performance.

4. Interfacial chemistry

The dielectric constant of the polymer nanocomposites can be increased by loading a high
concentration of the dielectric constant fillers. However, high constant, i.e., BT (60%) leads to
agglomeration of the filler particles in the polymer matrix, which results in pore formation
and subsequently low dielectric constant and high dielectric loss. In order to homogeneous-
ly load high concentration of the dielectric fillers, the interfacial chemistry between the filler
particles and the polymer matrix must be optimized. Furthermore, the intergranular interac-
tion should also be investigated for homogeneous distribution and conglomerates formed in
the polymer matrix. Generally, the interfacial polarization is considered as the primary po-
larization mechanism in the polymer nanocomposites. The energy density capacity of the
polymer nanocomposites can be increased by modifying the interfacial chemistry between
the filler materials. By applying this technique, high magnitudes of dielectric constant and
breakdown strength can be achieved. Therefore, for better performance of the device, sur-
face interaction between the filler materials itself and the filler-polymer matrix is important
[29]. To do so, it is vital to understand the affinity between the polymer matrix and filler
particles.

One strategy for addressing this issue is modifying the surface of the filler materials. The
surface modifier consists of two major components: the first one is the functional group that
attaches the modifier to the filler particle’s surface such as, -PO,*>, -OH, -SO;H", -SO;*,
—-COOH, -NR;*, and —Coo07; and the second component is the macromolecular chain, solvable
and dispersible in different media such as polyether, polyester, polyolefin, and polyacrylate.
For example, phosphoric acid and silane coupling agents are used for surface modification of
the BT nanoparticles. Moreover, the molecular structure of the surface modifier must be given
considerable attention, making sure it is similar to the polymer matrix; otherwise it will result
in the formation of pores, voids, and cracks in the polymer nanocomposites. The problem of
high leakage current and dielectric loss associated with the silane coupling agent is due to the
unabsorbed residues species in the final system [40, 41]. Niu et al. [42] studied the relationship
between the surface modifier structure and BT-PVDF nanocomposites for energy storage
applications. The schematic surface modification, composites formation, and energy density
graph are illustrated in Figure 1.

They reported the use of four types of modifiers which belong to the carboxylic acids, i.e., 2,
3, 4, 5-tetrafluorobenzoic acid, 4-(trifluoromethyl) phthalic acid, tetrafluorophthalic acid, and
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phthalic acid designated as F4C, F3C2, F4C2, and C2, respectively. The breakdown strength
was observed to improve in all four cases. The energy density of the BT/PVDF nanocomposites
with F4C and C2 was increased by 35.7 and 37.7%, respectively [42]. Zhou et al. [43] studied
the surface hydroxylated BT (h-BT)/PVDF nanocomposites, where crude BT (c-BT) nanopar-
ticles were transferred to h-BT nanoparticles using the H,O, aqueous solution. Results showed
that h-BT presented high thermal stability, low frequency dependent dielectric response, low
dielectric loss, and high magnitude of dielectric constant compared to c-BT-based nanocom-
posites [43]. Mukherjee et al. [44] reported a surface modification of the BT nanoparticles by
using the plasma enhanced chemical vapor deposition (CVD) method, where the reactive
amine groups were implemented as surface modification agents. The final modified nanopar-
ticles were treated with epoxide monomers to form nanocomposites. A comparison between
the modified BT/epoxide and the unmodified BT/epoxide nanocomposites showed that the
former exhibited superior thermal and electrical properties to the latter [44].

COOH  —p
O ; Q-co

COOH CO
coon —»> CO

2 3]

Modified BT
Modifiers Modification nanoparticle

@m-BT/PVDF fv= 30% o o o

(=]

(=]

Energy density (J/cm?)
A

:

O
O
:

o

BT  F3C2BT F4C2BT F4CBT  C2BT
Kinds of fillers Composite film

Figure 1. Scheme process of nanoparticle modification and incorporation into the polymer matrix and discharged ener-
gy density of the nanocomposites filled with BT and m-BT nanoparticles [42].
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Surface modifications of the filler material are important as it decreases the probability of
contact between the filler materials, and it improves the compatibility between the fillers and
the polymer matrix. Through this procedure, the properties of the polymer nanocomposites
can be enhanced for energy storage applications.

5. Processing strategies

The dielectric and energy storage properties of the polymer nanocomposites can also be
tuned through the preparation methods. The processing techniques not only include the
composite formation, but also the synthesis of the filler materials in various sizes and
shapes. This section only summarizes the methods for the formation of filler-polymer nano-
composites. The most adaptable synthesis approach for the processing of the polymer com-
posites in the recent literature is liquid-phase assisted dispersion. In this method, the filler
materials and the polymer are mixed in a desired solvent, followed by stirring for a long
duration, i.e., 24 h for homogeneous mixing. The mixture is then transferred into a glass
substrate, where the thickness of the film is maintained. The film is further dried at various
desired temperatures and times in a vacuum/air atmosphere to remove the solvent, then an-
nealed at desired temperatures, i.e., BI@TiO,-nanofibers-P (VDE-HFP) at 200°C/7 min and
subsequently quenched in an ice bath [45]. Another approach is the solution casting meth-
od, where a polymer is dissolved in a suitable solvent and a predetermined weight-percent
of the filler material is added to the solution. The solution is thoroughly mixed using an
ultrasonic bath or a magnetic stirrer, and then spin coated on a glass substrate. The process
is repeated until the desired thickness is achieved, then the film is annealed at some low
temperature (~80°C) for crystallization, and the solvent is removed by thermal dehydration
in an oven.

Xu et al. [46] processed a three-phase system using polyimide (PI), BT, and multiwall carbon
nanotubes (MWCNTs) by the electrospinning technique. MWCNTs were homogeneously
dispersed in the PI matrix and subsequently collected by using the BT particles. The solu-
tion was subjected to electrospinning using 20 kV/20 cm from the spinneret to the collector,
keeping the flow rate of 1.2 mL/h at room temperature. The resultant nanofibers were treat-
ed with heat, at 70°C/6h (vacuum), 250°C/1 h in N,. The composite nanofibers were further
treated at 5 MPa pressure at 300°C in a vacuum for 5 min using hot-pressing techniques. A
high dielectric constant of 1061.98 (at 100 Hz) and an energy density of 4.773 J/cm® were
recorded for the composition with 40 vol% BTNPs/10 vol% MWCNTs [46]. Zhang et al. [47]
reported a novel strategy represented in Figure 2 for the processing of the BT and PVDF
nanocomposites. Nanofibers were synthesized using electrospinning, and the surfaces were
modified using 1H,1H,2H,2H-perfluorooctyl trimethoxysilane. Finally, the modified BT and
PVDF nanocomposites were processed using solution blending, where the dielectric proper-
ties of the final composites were improved. In addition, this technique has an advantage
over the grafting method for processing the nanocomposites due to its low cost and simple
procedure [47].
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Figure 2. Schematic illustration of preparation of the nanocomposites of PVDF and fluorosilane-modified BT nanofib-
ers [47].

6. Future trends

To further enhance the dielectric response and physiochemical stability of the high-k dielec-
tric nanocomposites is the fabrication of high aspect ratio filler materials. Tang et al. [48]
studied the effect of different aspect ratios of the BT nanowires on the dielectric properties
of the BI/PVDF nanocomposites. The aspect ratios of the nanowires were tuned by control-
ling the temperature during hydrothermal synthesis, where they were varied from 9.3 to
45.8 corresponding to the temperature ranges from 150 to 240°C, respectively. A direct rela-
tionship was observed with the aspect ratio of nanocomposites and dielectric constant. A
high dielectric constant of 44.3 was reported for the BT-30 vol% nanocomposites with an
aspect ratio of 45.8, which was 30.7% higher than BT samples with an aspect ratio of 9.3
while 352% higher than polymer matrix samples [48]. Despite the high dielectric constant
fillers for high dielectric nanocomposite applications, such as BT and PbZrTiO;-based de-
rivatives, these filler materials still suffer from some disadvantages, which include low die-
lectric response even with high loading concentration, low breakdown strength, and
deteriorated flexibility. Furthermore, lead-based compounds are toxic in nature and are ex-
pected to be banned in the near future. An alternative to ceramic fillers is the graphene-
based nanocomposites for high-energy and ultracapacitor applications. Graphene is a one
atom thick sheet of carbon, in which carbon atoms exhibit sp? hybridization which corre-
spond to excellent electron mobility, mechanothermal stability, and high flexibility. Gra-
phene oxide (GO) can be easily dispersed in the aqueous solution and the electrical
properties can be optimized by using various thermal and chemical approaches such as
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partial reduction. Thus, the GO/polymer nanocomposites can prove an efficient system for
high dielectric applications [49, 50]. Recently, attention has been given to the carbon nano-
tubes (CNTs), a crystalline form of carbon because of their unique physical and mechanical
properties. CNTs are considered to be potential candidates for the formation of nanocom-
posites, which can improve their electrical, thermal, and mechanical properties [51]. Al-
though extensive studies have reported the dielectric properties of the nanocomposites,
very few investigate the dielectric properties vs. temperature [52]. These properties must be
thoroughly investigated under mechanical and dielectric thermal stability for practical de-
vice applications. Recent advances in the computational material science, physics, and
chemistry have developed sophisticated algorithms for predicting the physical and chemi-
cal properties of the system. These methods and molecular dynamic techniques must be
utilized to design a more reliable and comprehensive system for energy storage applica-
tions.

7. Conclusions

For high-energy-density applications, materials should exhibit the high-energy storage
capacity. For this purpose, materials should demonstrate high dielectric permittivity, low
leakage current, low dielectric loss, and high breakdown strength. All these parameters are
crucial for implementing laboratorial research in industrial processes. Furthermore, an
economical device fabrication strategy should be adopted for practical and commercial
applications; however, a single material does not ideally express all these properties as one
system; therefore, a tradeoff is used for device performance between the material properties
for different applications. From previous discussion, it has been established that the energy
storage capability of the dielectric nanocomposites is strongly influenced by the choice of filler
materials, shape and size, morphology, processing methods, use of surfactants or surface
modifying agents, and polymer matrix. For better storage applications, all these parameters
must be optimized and new strategies should be developed for better processing and under-
standing of the device fabrications.
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