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Abstract The development of reliable energy storage systems is the best strategy to
resolve the global crisis of increased energy consumption in this modern high-tech
world and exhaustion of fossil fuels for energy production. Electrostatic capaci-
tors are one of the extensively used energy storage systems by the engineers and
researchers among other such devices like supercapacitors and batteries due to its
unique characteristics of superior charge density, ultrafast charge and discharge, high
stability, and long-life time. These unique features made them suitable for distributed
power systems, microelectronic circuits, electric vehicles, etc. But these electrostatic
capacitors have the demerits of low energy density. Therefore, the main objective
of researchers is now to achieve high energy density and energy storage efficiency
along with the high-power density. The only possible way to attain the high energy
density of the electrostatic capacitor is to tailor the features of dielectric materials.
Both the ceramics and polymers were used individually in the dielectric layer of the
electrostatic capacitors, while the both the individuals have some pros and cons. So,
materials scientist combines both the ceramics and polymer to obtain the pro qualities
of polymer like high breakdown strength and flexibility, and high dielectric constant
of ceramics. Recently, ceramics in nanoform are chosen as the filler materials to the
polymer matrix in the trend of device miniaturization. So, in this chapter, we will
discuss about the various attempts made to design the polymer-ceramic nanocom-
posites to obtain the high dielectric constant and hence the energy density of the
material.
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4.1 Introduction

The current craze in portable and wearable electronics in the modern high-tech world
triggered a growing interest of scientific communities toward the design and develop-
ment of flexible piezo/triboelectric nanogenerators for energy harvesting and storage
devices [1-4]. Polymer-based materials are the best option to choose as the base mate-
rial for flexibility purpose as it can easily rollable, foldable, twistable, and bendable.
Flexibility is not only the feature required for energy harvesting and storage devices,
so we need to optimize other parameters for the device performance. On the other
hand, we are all aware of the fact that the exhausted usage of fossil fuels and high
consumption of energy in the modern high-tech world became a serious threat to our
society. To avoid the consequences of this serious threat, we need to resolve these
problems by (1) developing some cost-effective, ecofriendly, and efficient energy
storage devices and (2) diverting our path from exhausting usage of nonrenewable
energy resources to renewable energy sources (like wind, sun, sound thermal and
mechanical energy, etc.). So, some of the researchers now put their efforts on energy
conversion from environmental phenomena. Though the idea of energy conversion
seems very simple, it is really challenging due to the intermittent nature of this
energy sources [5-9]. Some other material researcher trying to resolve the storage of
the conversion energy in a stable and controlled manner [10]. Among all the storage
systems (such as flywheel energy storage, compressed air storage, and hydro storage),
the electrochemical energy storage systems, fuel cells, and electrostatic capacitors
are widely used by the researchers [11-13]. The two main subsystems of electro-
chemical storage systems are Li-ion batteries and supercapacitors, both depends on
electrochemical processes to store energy, but both of them have different working
mechanism yielding different charge storage properties [14]. However, the electro-
static capacitors usually store the energy through electric field induced polarization
and depolarization process [15].

Li-ion batteries follow the diffusion controlled faradic reactions in the bulk elec-
trode to store energy, i.e., the Li-ion travels from anode to cathode or cathode to
anode during charging and discharging process, and hence, the process is slow [14].
The bulk storage mechanism of batteries causes its high energy density, whereas
the lengthy process yields low power density and short life time. In contrast to
batteries, supercapacitors stores energy either through the accumulation of elec-
trostatic charge on the electrode—electrolyte surface (EDLC) or through fast and
reversible redox reactions (pseudocapacitors) [16]. Supercapacitors exhibit high-
power density and long-life span, but low energy density. In contrast to the above
two electrochemical storage devices, the electrostatic (or dielectric) capacitors store
energy through electric-field-induced polarization and depolarization process and
have unique pro qualities of ultrahigh-power density, greater cycling stability, and
long lifespan [17—-19], but limited energy densities [20]. The energy density of these
dielectric capacitors strongly depend on their dielectric permittivity and breakdown
strength. Conventional dielectrics are either polymer or ceramics. Both of them
have some merits and demerits for application purpose. The ceramics exhibit high
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dielectric permittivity and thermal stability, but have demerits of poor flexibility and
low breakdown strength. However, the polymers have good flexibility and break-
down strength, but have low dielectric permittivity. Therefore, polymer nanocom-
posites were proposed, which incorporate the individual’s merits by dispersing
nanofillers in the polymer matrix [21-24]. Various types of polymer matrix used
for energy storage devices including both ferroelectric and conducting polymer such
as poly(vinylideneflouride) PVDEF, poly(methylmethacrylate) (PMMA), polyether-
imide (PEI), PVDF-based copolymers, polyimide (PI), polypyrrole (PPy), polyani-
line (PANI), polyvinyl alcohol (PVA), and polytetrafluoroethylene (PTFE) [25-
35]. The ultimate properties of the polymer nanocomposites are strongly affected
or controlled by the features of nanofiller, nanofiller/polymer interfaces, interac-
tion between the nanofillers, and spatial composite structure. Hence, it has been
a great challenge for researchers to achieve simultaneous improvement in dielec-
tric permittivity (dielectric and energy storage properties) as well as breakdown
strength (mechanical properties). A continuous effort has been made by the material
researchers to solve the technical challenges associated with the polymer nanocom-
posites and improve their performance by choosing the suitable types of fillers,
surface modification, microstructure and alignment of filler, complex structures,
etc., for the application perspective. Various parameters are designed such as the
(1) selection of the polymer matrix, e.g., linear dielectric or ferroelectric polymers,
in some cases even conductive polymer matrix was also chosen; (2) nanofillers with
different electrical properties (conductor, semiconductor, and dielectric), shapes,
size, and compositions; (3) surface engineering; (4) hierarchical structures with
different orientation and morphology of fillers; (5) multilayered nanocomposites
[36-41].

Though excellent reviews on polymer nanocomposites are summarized earlier,
but the collective information regarding the fundamental mechanisms and the signif-
icance of dielectric properties of polymer nanocomposites for energy devices as well
as the theoretical and experimental approach to explain the crucial parameters are
discussed in this chapter. Section 4.2 covers the basic concepts of dielectric, i.e.,
dielectric polarization to understand the working mechanism of capacitive storage,
the dielectric breakdown, and energy storage density. Section 4.3 covers the models
for dielectric permittivity and breakdown strength, which are used to explain the
experimental trend of the polymer nanocomposites. Section 4.4 describes the crucial
parameters which affect the overall properties of the polymer nanocomposites. The
last section describes the different attempts made by the researcher to enhance and
optimize these crucial parameters for energy storage devices.
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4.2 Some Basic Concepts of Dielectric Capacitors
and Energy Storage

Dielectric capacitors stores energy through electric-field-induced polarization and
depolarization process. Since polarization, breakdown, conduction, and dissipation
strongly affect the different properties of a dielectric material, we have discussed
these mechanisms for better understanding of the basic concepts.

4.2.1 Dielectric Polarization

Polarization mechanism can be explained based on the response of individual atoms,
ions, and dipoles of a dielectric material under the action of external applied field.
The dielectric material polarized through displacement of atoms, ions, or dipoles
from their equilibrium position by the action of an external electric field causing
electric dipole moment. Electronic, ionic, dipolar or orientational, and space charge
polarizations are the four different types of polarization mechanisms. Electronic
polarization is the response of individual atoms to the external applied electric field.
Each material constitutes atoms, and there is a symmetric distribution of electronic
cloud and nucleus resulting zero dipole moment in the absence of applied electric
field. But these atoms can be polarized due to the displacement of the centers of
electron cloud and nucleus under the action of electric field causing some nonzero
dipole moment. Electronic polarization is observed in all dielectrics and exists up
to optical frequency range (ultraviolet/visible), i.e., a very high frequency range
due to involvement of electron. Similarly, the displacement of positive and negative
ions from their equilibrium position results a net induced dipole moment under the
influence of electric field, and the corresponding polarization is called as the ionic
polarization. Ionic polarization is observed in those dielectric materials which have
ionic bonding and exists up to infrared frequency. But some dielectrics possess some
permanent dipole moments, and the application of electric field causes these dipole
moments to align in one direction. Such kind of polarization is called orientational
polarization. Orientational or dipolar polarization is observed in polar dielectrics and
exists only up to microwave frequency due to slow response of dipoles to the applied
field. Due to electrical inhomogeneity, defects, and imperfections in some inhomo-
geneous dielectric material, charges are accumulated on the surfaces of grain and
grain boundary or near the electrode interfaces resulting space charge or interfacial
polarization. The total polarization of the dielectric material is the contribution of all
these four types of polarization [20, 42].
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4.2.2 Dielectric Breakdown

Breakdown suggests about the failure of a dielectric material against a certain applied
electric field which causes the loss of its insulating properties and the corresponding
electric field called as the breakdown strength or dielectric strength of the mate-
rial. The breakdown process of the dielectric material involves three mechanisms
such as electromechanical breakdown, intrinsic breakdown, and thermal breakdown.
The dominance of electrostatic compressive force over the mechanical compressive
strength is the main reason for electromechanical breakdown of the dielectric mate-
rial. The breakdown strength of electromechanical breakdown is generally expressed
in terms of Young’s modulus (Y) as [43, 44]:

Y

E0&r

E;, =0.606

4.1)

The crossover of charge carriers (mainly electrons) from valence band to conduc-
tion band under the influence of very high electric field results large conduction
currents and hence breakdown of dielectric material. This breakdown is known as
intrinsic breakdown. The collision of highly accelerated electrons with atoms or
molecules broke their covalent bonds under the application of high field and released
more electrons and holes. This leads to a dielectric breakdown in a material, and
it is known as avalanche breakdown. The thermal breakdown generally occurs in
the dielectric material, when the heat produced through the conduction and leakage
loss of the dielectric exceeds the dissipation of those energy through radiation and
conduction.

4.2.3 Energy Storage

The energy density of polar or nonlinear dielectric materials can be defined as the
integral of electric field (£) with respect to the electrical displacement (D) vector
between the limit of remnant polarization (P, ) and maximum electrical displacement
(Dmax) 1.e. [19, 45],

Drnax
U,= [ EdD 4.2)
P,

and the energy storage efficiency (1) can be defined in terms energy density (U, ) and
energy loss (U;) as the following equation:

(4.3)
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The energy loss (U;) represents the energy dissipated during the charge and
discharge process of dielectric material. U; also denotes the (1) energy consump-
tion of all the dielectric materials during polarization and depolarization process and
(2) unavoidable leakage loss.

The electrical displacement vector for these polar dielectrics can be expressed as:

D =P+ ¢E 4.4

However, the energy density (U,) for nonpolar or linear dielectric materials can
be defined as the product of electrical displacement vector and electric field with
some constant (i.e., %).

1
Ue = 3 DE 4.5)

The electrical displacement vector for these nonpolar dielectric materials directly
proportional to electric field and can be written as:

D =¢E = ¢ys, E (4.6)

g, €, and gy are the relative dielectric constant and dielectric constants in
medium and free space, respectively.
So, the above equation of energy density is deduced to [46, 47]:

1 2
U, = EE()E,E 4.7

All these mathematical expressions clearly indicate the significant contribution
of these critical parameters such as polarization, dielectric constant, breakdown
strength, and energy loss to the energy density of the dielectric material. Any one
of them can affect the energy storage performance of the material. High dielectric
constant and high breakdown strength are required to obtain high energy density of
nonpolar (linear) dielectric material. Similarly, high polarization (or high dielectric
displacement) and high breakdown strength are required for high energy density
of polar (or nonlinear) dielectric material. High dielectric constant is needed for
high polarization in polar dielectrics. Therefore, dielectric constant and breakdown
strength are most important parameter, and their value should be high to obtain
enhanced energy density for both polar and nonpolar dielectrics. On the other hand,
it is not only to achieve the high energy density, but we have to optimize the
energy storage efficiency. So, the dielectric material should have low energy loss,
leakage loss, and conductivity. Polymer nanocomposites incorporate the individual’s
pro factor such as high breakdown strength of polymer and filler’s high dielec-
tric constant (or polarization) to optimize the most essential factor energy density
and consequently the dielectric energy storage performance. The high dielectric
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constant of these polymer nanocomposites can be obtained either from percola-
tion polymer nanocomposites by addition of conductive fillers or from dielectric-
reinforced polymer nanocomposites having intrinsic dielectric properties. Similarly,
the breakdown strength has equal significance in energy storage, so the breakdown
processes are also discussed in our following sections.

4.3 Models for Dielectric Permittivity and Breakdown
Strength

As we have mentioned earlier, the polymer nanocomposites combined the pro
quality of individual components such as the fillers which significantly contributes
to the dielectric properties and the polymer matrix which provides the mechanical
properties. The electrical properties of polymer nanocomposites exhibit completely
different trends than the pure polymer and filler constituents. Therefore, several
models are proposed to explain the dielectric properties of these polymer nanocom-
posites.

4.3.1 Models for Dielectric Permittivity

Initially, simple models such as series and parallel models are proposed by assuming
continuous medium of polymer matrix with dielectric permittivity ‘s, filled with
spherical fillers of dielectric permittivity ‘e ;°, and both the filler and the polymer have
no dielectric loss. The series and parallel model can be mathematically expressed as:

Series Model : ¢, = T — (4.8)
e epfr+ersfp '
Parallel Model : &, = ¢, f, + &/ f; 4.9)

where ¢, is the permittivity of the polymer composites, f, and f, represent the
volume fraction of the polymer matrix and the filler, respectively.

Then, these simple models are modified by Sillars and Landau-Lifshitz which
holds good for lower volume fraction of the filler, but limited to the conductivity of
both filler and polymer matrix. The mathematical expression can be written as:

3frler—¢
£ = 8,,|:1 + M] (4.10)
2ep, &y

Maxwell-Garnet equation which is more accurate than the previous ones but have
the limitation in resistivity of polymer matrix and filler can be expressed as [48, 49]:
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3frler — €,
g =¢p| 1+ ff( / 1) (For spherical fillers) “4.11
(1= fr)(er —p) + 3ep
and
gf—¢€
g =6, 1+ ff( / p) (for non spheroid fillers) 4.12)
A(L=fr)(er =) +&p
A= % is the depolarization factor, which indicates the deviation from spherical

shape of the dispersed filler.

Then, Bruggeman proposed an improved model (expressed in the following equa-
tion) which is valid for relatively large volume fractions of spherical filler than the
previous models and for agglomerated or closely packed filler particles.

3ep + 2ff(ef - Sp)

& =&y 4.13)
ey — frler — )
And the final Bruggeman equation can be written as [48, 50]:
gr — & 1-— gr—¢
(e —e&c) _ (L= fr)(er —2p) “.14)

/3 1/3
ec/ sp/

Further, Jaysundere and Smith proposed a model by considering the interaction
between the filler particles which cannot be neglected for nanosized fillers and also in
large volume fractions of filler, hence, calculated the overall electric field by including
the polarization of adjacent particles. This factor was neglected in previous models
as all of them are valid for lower filler loadings and assumed less interaction of filler
particles due to large distance between them. The Jaysundere—Smith equation can
be written as [48, 51, 52]:

enfy ter by gty 1430 G

3¢ Er—&p
I+ fr ety [ 30 G ]

(4.15)

Ec =

Lichtenker proposed a model by modifying the initial idea of series and parallel
model and calculated the formula for effective dielectric permittivity and conductivity
of the polymer-based composites. The series and parallel models explained the lower
and upper bound of the effective dielectric permittivity based on arrangement of
the parallel layers of the composite perpendicular or along the field, respectively.
The Lichtenker formula widen the lower and upper limit of the effective dielectric
permittivity and can be written as [52, 53]:

ot = Epf, +Erff (4.16)
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« is the parameter whose value explains the transition from anisotropy (= —1) to
isotropy (= 1).

Another model was proposed to explain the dielectric properties of the polymer
composite having conducting fillers and called as percolation model. Though insu-
lating (inorganic) fillers mainly dispersed in polymer matrix to enhance the dielectric
permittivity of the composite, the dielectric constant is not still high enough in appli-
cation point of view even at high filler concentration and the high filler inclusion
affects the mechanical properties of the host polymer. So, some researcher dispersed
conducting fillers to achieve high dielectric constant of the composites. The high
dielectric constant in these composites is the result of Maxwell-Wagner polariza-
tion. These composites also exhibit high loss and conductivity. Both the dielectric
constant and conductivity of these composites follow a nonlinear trend above perco-
lation threshold (f,) which cannot be explained by the above-mentioned models.
The equations for percolation theories can be written as [48, 49, 54]:

ec o< (fo— fr) " for fr < f 4.17)

q = 0.8 — 1 is the dielectric critical exponent.
Yamada model was proposed for polymer composites with higher loading of
dielectric filler and the equation can be written as [55, 56]:

nfr(er —ep)

=1
T e T e —e) (1= 1)

(4.18)

n is the shape factor.

Yu et al. [56] fitted the experimental data of surface-modified BaTiO3; nanofillers
dispersed PVDF matrix composites with the Yamada model and find that the model
simulation fitted well with the trend of experimental data of permittivity except the
filler concentration at 60%.

Modified Kernel model was another model purposed which considers the inter-
action between the adjacent fillers in the polymer composites and the equation can
be written as [53, 57]:

3e, 3fr(er—ep
epfp +€fff[g,jzsp][l + 2,(+f25,, )]

fo+ ff[gfjggp][l N 3f£‘fif2:p)] (4.19)

Ec =
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4.3.2 Models for Breakdown Strength

Phase-field model, finite element simulation, stochastic simulation, and machine
learning are the different type of breakdown simulations used to understand the
dielectric breakdown mechanism of the polymer nanocomposites.

Dielectric breakdown model:

The dielectric breakdown model was proposed to understand the underlying mecha-
nism of breakdown patterns in a polymer composite by assuming the homogeneous
distribution of the dielectric fillers in the polymer matrix. The formed electrical
trees in the polymer composite propagate through the dielectric medium during the
dielectric breakdown, and the electrical field affects this tree channel growth. So, the
mathematical relation between the probability (p) of tree channel growth and the
electric field (E) can be expressed as [58]:

(Ew)’
S (E)

where 7 is the exponent and i, k' represents the tree channel growth sites.

Failure probability and fractal dimension are the two factors which can determine
the electrical tree behaviors. The number of channels connected to the electrical
tree are controlled by the factor called propagation time, which affect the failure
probability. Similarly scaling behavior (C) is another function used to calculate the
fractal dimension (D) using the following mathematical relation:

pli k= K, k) = (4.20)

C, = CoyrP? 4.21)

where r represents the radius of the circle which covers all the electrical sites.

The failure probability was also explained on the basis of Weibull distribution
model. The Weibull statistics model can be mathematically expressed as [45, 59,
60]:

£ B
p=1-c(#) (4.22)

where P, E, Ey, and B represent the cumulative probability of electric failure,
experimental breakdown data, scale parameter, and shape parameter, respectively.
The scale parameter suggests the field strength where there is a 63% probability for
the sample to breakdown (characteristic E;), and the shape parameter called as the
Weibull modulus displays the dispersion of E.

Modified dielectric breakdown model:

The dielectric breakdown model was again modified for randomly distributed filler
in the polymer matrix by introducing a new term “L;” in the existing equation of
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probability as [58]:

()
pli.k > K, k)= m (4.23)
Li

where L; was represented as the pertaining breakdown channel length which can be
expressed as:

L
Li=Lo— =2 (4.24)

a;

a; is the distance between the conducting particle.

Wang et al. used the modified dielectric breakdown model to explain the improve-
ment of breakdown strength of a sandwich polymer nanocomposites which constitute
an array of ultrasmall metal particles (Ag, Au, or Pt) in between the layers of PVDF
HFP.

Phase-field model:

Ceramics or dielectric fillers with high dielectric constant were dispersed in
the polymer matrix to enhance the effective dielectric permittivity of the polymer
nanocomposites. The accumulation of charges in the interfaces of ceramic fillers
and the polymer matrix due to the huge difference in their dielectric constant also
affects the local electric field at the interface and consequently deteriorates the break-
down strength of the polymer nanocomposites. Further, application of electric field
above a critical value may initiate cracks and weak paths to propagate, resulting in
a complete breakdown. Phase-field model was developed to describe the damage
initiation and the progress in the polymer composites [61]. The dielectric breakdown
of the polymer composites can be explored by obtaining the local field distributions
and crack propagation details continuum phase-field model [62]. The influence of
microstructure on the breakdown strength, energy density, and dielectric permit-
tivity of the polymer composites can also be investigated from the simulation of
this model. This model can also design the novel microstructures of desired energy
density and breakdown strength. The influence of various stimuli (e.g., mechanical,
electrical, and thermal stimulus) on breakdown behavior of polymer composites can
be predicted by the continuous phase-field model. By considering the contribution
of electric energy, phase separation energy, and gradient energy, one can develop the
phase-field model to simulate the breakdown strength in polymer nanocomposites.
The contribution of thermal energy which was not included in the phase-field model
was incorporated to develop the electrothermal breakdown model, which predicts
well about the breakdown strength of the 3D filler-based polymer nanocomposites.

Stochastic model:

Stochastic model was proposed to understand the breakdown phenomena by studying
one of the most important features, i.e., the fractal properties of the branched



108 S. Sahoo et al.

discharges. According to this model, the growth probability depends on the local
field (potential), and the mathematical expression can be written as [63]:

L n
plik— i, K) = % (4.25)

The denominator represents all the possible growth processes.

Yue et al. [64] reported a modified stochastic model to study the growth of the
breakdown path and the internal electric field distribution of the polymer composites
under the applied electric field. The break down probability P(r) was reported as:

_E@) E(r)®
CE(r )2/ 2 Ey(r)? (320

where E(r) and E,(r) represent the electric field of a local point and intrinsic break-
down strength, respectively. The denominator suggests the sum of all points where
local electric field exceeds the breakdown strength. In addition to modified stochastic
model, they also used the machine learning to study the breakdown strength of the
polymer composites. They used three parameters, i.e., the dielectric permittivity,
size, and content of the filler, to build the model for the breakdown process of the
polymer composites.

Finite element simulations:

Wang et al. [65] investigated the local electric field distribution and its effect on
breakdown strength of the polymer composites by finite element simulations, when
high permittivity fillers like barium titanate were added on the polymer matrix.
Similarly, the local field distributions and leakage current density of the double-
layered composite of boron nitride surface-modified BCZT ferroelectric nanofillers
and PVDF polymer were analyzed by the finite element simulations [66]. The elec-
tric field distribution in the layered structure of PVDF/PMMA polymer composites
was analyzed from the finite element analysis [67]. The effect of surface-modified
barium titanate nanoparticle by TiO, and polydopamine filler on breakdown strength
of epoxy composite was studied by finite element simulations [68].

4.4 Crucial Parameters (Dielectric Permittivity, Dielectric
Loss, Breakdown Strength, and Energy Density)
of Polymer-Based Nanocomposites

The first crucial factor in polymer composite dielectric is the type of dielectric mate-
rial which means the variation of electric displacement is different in different dielec-
tric materials with application of electric field as the polarization and energy loss is
different in polar and nonpolar (linear) dielectrics. There are mainly two types of
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dielectrics: (1) polar or nonlinear dielectrics and (2) nonpolar or linear dielectrics.
Again, the polar or nonlinear dielectric subcategorized to ferroelectric (both normal
and relaxor) and antiferroelectric. However, the nonpolar dielectrics include the linear
dielectrics and paraelectric material. The variation of electric displacement for both
polar and nonpolar dielectrics with application of electric field is illustrated in Fig. 4.1.
It is clear from the figure that the nonlinear dielectrics have more pronounced energy
loss, but they also exhibit high polarization and dielectric constant. Relaxor ferro-
electric material possess high saturation polarization, low remnant polarization, and
moderate breakdown strength, which made them potential material among all the
dielectric. The efficiency of these relaxor materials can reach up to 90%, and the
narrow hysteresis loop suggests the low energy dissipation in the form of heat during
discharging. As we have mentioned in our previous Sect. 4.2.3, the energy storage
density and efficiency of these polar dielectrics depend upon the remnant polariza-
tion and saturation polarization and low energy loss. However, the linear dielectrics
(e.g., polymers or some composite) exhibits almost no energy loss, but their energy
density was limited due to their low polarization and dielectric permittivity.

From the above discussion on energy density of capacitive storage, we found that
the other important parameters are the dielectric permittivity and breakdown strength.
Various types of nanofillers based on their electrical properties like dielectric/
ceramics, conducting, and semiconducting are incorporated in the polymer matrix
to improve the dielectric permittivity of the polymer nanocomposites. More details
regarding the inclusion of ceramics, conductive and semiconductive nanofillers for
the enhancement of dielectric permittivity, and the energy storage properties are
discussed in or following sections. However, in search for high permittivity of the
polymer nanocomposites, researchers never tried to sacrifice the flexibility of the

Pi al
D D D
E :

E

K K# K
E E E E E

Linear dielectric Paraelectric Anti-ferroelectric Relaxor ferroelectric Anti-ferroelectric

Fig. 4.1 Variation of electric displacement with applied electric field in linear and nonlinear
dielectric. Reprinted with permission from Ref. [69]. Copyright 2019 Elsevier
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polymer matrix. So, a small amount of filler incorporated in the polymer matrix to
maintain the flexibility. In case of linear dielectrics, there is only induced polariza-
tion; whereas for polymer nanocomposites, the total polarization is the contribution
of polarization of the nanofiller, the interaction between the fillers, and interface
between the polymer matrix and nanofillers. The inclusion of nanofiller (whether
it is conductive or insulating) in polymer matrix has a significant effect on overall
properties of the polymer nanocomposites because the large surface area of nanoma-
terials create a large interaction zone among the nanofiller and the polymer matrix.
In addition, the inclusion of nanofiller also changes the surface morphology of the
polymer matrix. The small size of the nanofiller also modifies the internal field and
space charge distribution of the polymer nanocomposites. The space charge distri-
bution and the scattering effect due to the incorporation of nanofillers significantly
affect the breakdown strength and dielectric permittivity of the polymer nanocom-
posites. Maxwell-Wager—Sillars theory was used to explain the interfacial space
charge behavior of polymer nanocomposites [70]. Two different models, i.e., Lewis
and Tanaka’s model [71-73], are purposed to understand the effect of interface due
to inclusion of nanosized filler in the polymer matrix, and the details of models, the
influence of interface in different parameters, and overall properties of the compos-
ites are explained in Prateek et al. They also reviewed in detail the effect of (i) shape
of conducting and nonconducting filler with different dimensions (0D, 1D, 2D), (ii)
the 1D and 2D fillers with different aspect ratios on overall properties of the polymer
nanocomposites. Another important parameter in the energy density equation is the
breakdown strength, but it was studied that the enhancement of breakdown strength
always accompanied by the decrease in dielectric permittivity. The inverse relation-
ship between the breakdown strength and dielectric permittivity mainly attributed to
the local electric field distribution in the polymer nanocomposites due to huge differ-
ence of individual dielectric permittivity of filler and matrix. We can neither ignore
the breakdown strength nor the contribution of dielectric permittivity to the energy
density, so we have to maintain these to parameter to obtain the optimized proper-
ties of the polymer nanocomposites. So, the one promising way to maintain these
parameters is to reduce the difference of permittivity of filler and polymer matrix,
and this can be obtained by adopting surface engineering, interfacial, and topological
design. The examples of surface modification to maintain the breakdown strength of
the polymer composites are discussed in the following section.

4.5 Different Approaches for Performance Improvement
of Polymer Nanocomposites

(a) By adding different types of fillers in polymer dielectric

Different types of nanofillers such as conductors, semiconductors, and ceramics
with different electrical properties are dispersed with the polymer matrix to tailor the
dielectric and energy storage performance of the polymer nanocomposites.
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Ceramics Fillers:

The most traditional way to achieve the high dielectric constant in the polymer
nanocomposites is to incorporate ceramics filler such as Pb(ZrsTip5)O3 (PZT)
[74], CaCu3T14012 (CCTO) [75], BaT103 (BT) [76], Na1/2Y1/2Cu3Ti4012
(NYCTO) [77], BasSr;x TiO3, xNaNbO;- (1-x)BaTiO; (NN-BT) [78],
(Bio,5BaQ_25 SI‘Q.25)(FGQ_5T10'5)O3 (BFO—BST) [79], and O.78Bi0‘5Nao,5TiO3—
0.22SrTiO3 (BNT-ST) [80] in the polymer matrix. Some of other recent examples
are also discussed in the following paragraph.

Considering ultrahigh dielectric and polarization response of the ferroelectric
ceramics near the morphotropic phase boundary (MPB), Xie et al. [81] chosen the
MPB composition of the Pb(Zr 5, Tip 45)O3 (PZT) nanocubes (NCs) as ceramic fillers
for the P(VDF-CTFE) polymer matrix. But, as we know, the huge difference between
the dielectric constant of the PZT ceramic and the PVDF-CTFE polymer would cause
accumulation of charges in the interfaces between the ceramic and polymer, which
also affect the local electric field at the interface and consequently the reduction of
overall breakdown strength of the polymer nanocomposite. Again, the high conduc-
tivity of the ferroelectric ceramics filler will induce the high leakage current and loss
of the polymer nanocomposite and hence affect the energy density. So, to avoid such
problems, they tried to introduce a buffer coating layer of SiO, over the PZT ceramics.
The dielectric constant of the polymer nanocomposites increased from 11 of pristine
polymer to 15.8 at 1 kHz in the addition of 5 vol% of the filler. This core—shell struc-
ture PZT@Si0O, embedded P(VDF-CTFE) nanocomposites possess a high energy
density of 16.8 Jem™ at breakdown strength of 401 MVm™'. Xie et al. [82] studied
the effect of three different types of filler, i.e., semiconductive (SiO,), conductive
(Al,03), and dielectric nanofiller (BaTiO3) on dielectric and energy storage proper-
ties of polypropylene polymer matrix experimentally explained based on theoretical
models and visualized simulation. Jaysundere—Smith, Maxwell-Wagner, and parallel
models are used to explain the experimental data of the dielectric constant for all
the composites. They found that the BaTiO3/PP composites are the best option to
obtain high dielectric constant with low loss among the others by keeping the same
breakdown strength for all the composites.

Conductive or Metallic Fillers:

Conductive fillers include the pure metallic nanoparticles, conducting polymers, and
carbon-based nanoparticles like Fe,O3 [83], NiO [84], Ni, carbon black, W and
Ag [85, 86] carbon nanotube [87, 88], graphene, etc., were used for the polymer
nanocomposites [§9-91].

The dramatic increase of dielectric constant near the percolation threshold leads
to the development of conductive filler-based polymer composites. Qi et al. [92]
explained clearly that the size of the metal filler has a significant effect on the proper-
ties of polymer composites. They also mentioned the relation between the percolation
probability to the size ratio of the filler to composite thickness and proposed that the
metal fillers in the nanometer range will be the suitable option for polymer compos-
ites for practical applications. They added Ag nanoparticles on the epoxy polymer
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to form the metal-polymer nanocomposite which has the dielectric constant of 300
with a relatively low loss of 0.05. A highly aligned reduced graphene oxide (rGO)/
epoxy polymer nanocomposites exhibit an exceptionally high dielectric constant of
14,000 with 3 wt% of the filler concentration atl kHz and explained on the basis of
Maxwell-Wagner-Sillars polarization [93].

Semiconductor Fillers:

Apart from conducting and dielectric ceramics fillers, semiconducting nanofillers
are also used to improve the dielectric constant of the polymer matrix and the
enhanced dielectric constant in these semiconductor polymer nanocomposites is
mainly observed near the percolation threshold. The pro qualities of semicon-
ducting fillers include the appreciable band gap, low AC conductivity, relatively low
dielectric constant compatible to the polymer matrix, and the nonlinear electrical
characteristics.

The enhanced dielectric, energy storage performance of the semiconductor filler-
based polymer nanocomposites, i.e., fullerene-type tungsten disulfide nanoparticle-
PVDF, was recently reported by Guo et al. [94]. They observed the enhancement of
polar electroactive phases with increase in filler content leading to enhanced dielec-
tric, mechanical, and energy storage properties. The dielectric constant increases 1.5
to 4 times than the pristine polymer PVDF even in the moderate addition of filler,
whereas the higher filler concentration exhibits dielectric constant more than 40 times
with an increase in tan §. The dielectric behavior with the filler content was explained
with the percolation model and fitted with various model for the comparison as shown
in Fig. 4.2.

Similarly, Jia et al. enhanced electrical polarization and improved dielectric
constant of a semiconductor nanostructured filler (both flower and nanosheet) in
the PVDF matrix [95]. A novel three-dimensional zinc oxide superstructures (flower
and walnut like) filler was used by Wu et al. [96] to tailor the dielectric constant
and breakdown strength of the PVDF polymer matrix. The polymer nanocomposites
significantly enhance the dielectric constant to 19.4, 104.9, and 221.1 for commer-
cial ZnO, walnut-like, and flower-like ZnO superstructures at 100 Hz, whereas their
breakdown strengths are found to be 45, 40, and 42 kV/mm, respectively. Ji et al.
[97] used nickel hydroxide Ni(OH), nanoparticles in three different dimensions,
i.e., nanosphere (0D), nanoplates (1D), and nanoflowers (3D) as fillers in the PVDF
matrix, and the existence of -OH group will enhance the polar/electroactive § phase
of PVDEFE. The -OH group will act as a surface layer above the Ni and do not need
additional surface modification of the conductive filler. The hydroxyl group will
provide a good interaction between the polymer matrix and filler. The maximum
energy density of 17.3 J/cm3 at 421 kV/mm and dielectric constant of 16.3 at 100 Hz
were observed for 5 wt% nanoplates-Ni(OH), based composites in comparison
with other nanofillers having different dimensions. It also suggests the filler dimen-
sion which also affects dielectric and energy storage properties. A semiconductor-
based hybrid filler, i.e., ZnO@MoS, was used to modify the different properties of
poly(vinylidene fluoride-chlorotrifluoroethylene-double bonds) [98]. The 2 wt% of
this hybrid nanofiller (4 mol% of MoS; in ZnO) in the polymer matrix yields the
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Fig. 4.2 Variation of dielectric constant with respect to frequency and filler content of fullerene-type
tungsten disulfide nanoparticle-PVDF nanocomposites. Fitting of experimental data of dielectric
constant with filler content by various model. Reprinted with permission from Ref. [94]. Copyright
2020 Elsevier

energy density of 7.2 Jem™3 at 300 MVm™!which is 70% higher compared to that
of pristine polymer and possess high energy efficiency of 8§3%.

Jing et al. [99] prepared a polymer nanocomposite by incorporating a completely
new type of filler, i.e., a high entropy oxide nanofiber (Eug,Big,Yo2Lap2Cro2),03
in the P(VDF-HFP)/PMMA polymer matrix. The 0.6 wt% of the filler concentration
leads to highest breakdown strength of 509.4 kV mm~! and energy density of 15.13
Jem™3. The enhanced breakdown strength in the nanocomposites is explained by
the several factors such as polymorphic distortion caused by the high entropy in the
lattice, and the movement of the long polymer was restricted by the pinning effect
associated with the polymorphic distortion and reduces the loss in strong electric
field and promotes the breakdown strength. The transmission of space charges is
also blocked by the charge shielding layer between the nanofiber and the polymer,
which again contributes to the enhanced breakdown strength.

Heterogenous fillers are also used in some literatures where both conductive and
insulating fillers are used for the polymer nanocomposites. Ji et al. [100] used multi-
walled carbon nanotube (MWCNTs) and barium titanate (BaTiO3) fillers and PVDF
polymer to prepare multilayered films with alternate distribution of layers. They
also proposed a theoretical calculations/model for dielectric properties of heteroge-
nous filler-based polymer nanocomposites by modifying the classical series model
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by considering the contribution of two additional factors, i.e., filler distribution and
interfacial polarization.

4.6 By Structural Design and Surface Engineering

Recently, Zeng et al. [101] developed a novel polymer nanocomposite by incorpo-
rating a surface-modified BaTiO3 nanoparticle with polyimide (PI) polymer shells
in the polyetherimide (PEI) polymer matrix. The dispersion of core—shell struc-
tured PI@BTO nanofillers yields an improved the energy density to 15.55 Jem™3
with charger—discharge efficiency (1) of 80% and enhanced breakdown strength
of 600.7 MVm~! in the PEI-PI@BTO nanocomposites. Similarly, Hu et al. [102]
first designed a polymer nanocomposite by employing surface-modified core—shell
nanofibers and then fabricated sandwiched structures by sandwiching these polymer
nanocomposites layer in between the outer layer of host polymer matrix. They have
chosen Ba(Tig g5Zrg15)O3 as core and Ba(Tig ¢5Zr035)O3 as shell nanofibers for the
core—shell structure, which was further modified by polydopamine (PDA). Then,
after modification, they have added the surface-modified core—shell nanofiber to
the PVDF polymer matrix in different filler concentration. Then, they fabricated
three-layer sandwich structure by considering the polymer nanocomposite as the
central layer in between the host PVDF outer layer. They observed the enhanced
dielectric constant, breakdown strength, and energy density in lower filler content
(2wt% of surface-modified core—shell structure) of both the single layer and trilayer
nanocomposites. The energy density of the single and trilayer composites are found
to be 8.2 and 9.9 Jem ™3, respectively. The energy density and breakdown strength
of the polymer nanocomposites are tailored by adding different polymer @BaTiO3
nanoparticle core—shell structure on PVDF HFP matrix in Li et al. [103]. The BaTiO3
is surface modified by the polymethyl methacrylate (PMMA), polymethylsulfonyl
ethyl methacrylate (PMSEMA), and polyglycidyl methacrylate (PGMA) polymers
to prepare the core—shell structure. They studied the polarity of different polymer
shell on the energy storage performance of the polymer nanocomposite and found the
enhanced energy density and breakdown strength for the PMMA polymer shell with
lowest polarity. Pan et al. [104] reported the enhanced dielectric constant of 149.5 at
1 kHz, high breakdown strength of 250.6 MV m~! with suppressed dielectric loss 0.19
of PVDF/MoS,-PPy composites. The hybrid MoS,-PPy nanofiller was fabricated by
first exfoliating the molybdenum disulfide (MoS;) with the cetyltrimethyl ammo-
nium bromide (CTAB) solution and the exfoliated MoS, again followed by surface
modification with conducting polymer polypyrrole (PPy). Xu et al. [68] recently
reported a novel design of polymer nanocomposites by using a gradient dielectric
filler means a double core—shell structure which not only improves the compatibility
and dispersibility between the filler and polymer matrix but also improves the break-
down strength, nonlinear conductive, and dielectric properties. The double core—shell
structure filler material constitutes BaTiO3; nanoparticle as the core covered by TiO,
as the first shell layer and then encapsulated by a second layer of polydopamine. Then,
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this double core—shell structure filler was dispersed in the epoxy polymer matrix to
prepare the polymer nanocomposites. Then, again these polymer nanocomposites
were exfoliated boron nitride nanosheets with parallel and random alignments. The
dispersion of this double core—shell structure filler with 10 wt% and the exfolia-
tion of the polymer nanocomposite significantly improves the breakdown strength
of the pure polymer matrix epoxy by 55%, i.e., from 29.4 to 45.7 kVmm~'. The
nonlinear trend of dielectric and conductivity properties of these nanocomposites
were explained on the basis of nonlinear effective medium theory (EMT) and the
hopping transport model, respectively.

Li et al. [105] developed sandwich-structured ceramic-polymer nanocomposites,
which constitute BaTiO3; nanofiber-(PVDF-HFP) composites as the outer layer and
MgO nanowires-(PVDF-HFP) composites in the central layer in an objective to
improve the breakdown strength and high dielectric constant by the outer layer
and central layer, respectively. They found best energy density of 15.55 Jem™3 and
charge—discharge efficiency of 68% at Weibull breakdown strength of 416 MVm™!
for the sandwich structure with 2 wt% MgO in the central layer and 20 wt% BaTiO3
in the outer layers. Bai et al. [66] prepared a two-layer polymer composite, where the
bottom layer constitutes the polymer composites of PVDF filled with boron nitride
surface insulated 0.5(Bag;Cag3)TiO3-0.5Ba(Zr(,Tip )O3 (BCZT) nanofibers and
the top layer consists of the boron-nitride-filled PVDF composite. They obtained a
high breakdown strength and energy density by tailoring the ratios of boron nitrides
in the top layer and also the amounts of surface-insulated BCZT nanofibers in the
bottom layer. The PVDF-boron nitrides nanocomposite in the top layer exhibits an
ultrahigh breakdown strength of 730 MVm™! for 0.8 wt% of fillers. The double-
layer nanocomposites with the above composite in the top layer and the bottom
layer with 1.6 wt% of BCZT @boron nitride nanofiber was found to be with energy
density of 24.3 Jem™> at 718 MVm™'. Luo et al. [106] designed a unique sand-
wich film in which the Bag¢Srp4TiOs nanofibers network are completely inter-
connected and covered by the PVDF-HFP top and bottom layers. The sandwich
film with 4 vol% of the nanofibers possesses an enhanced energy storage density
of 9.46 J/cm™3, improved dielectric constant of 24.8 at 1 kHz and higher break-
down strength of 2954 kVem™!. Here, instead of polymer-based nanocomposites
in the middle layer, a direct nanofiber network was used for the sandwich structure
to improve the dielectric constant, energy density, and breakdown strength. Zhang
et al. [67] reported high breakdown strength of 486.05 MVm™', energy density
of 8.65 Jem ™3, and a high polarization of 4.48 wCcm~ for a sandwich structure of
PMMA/PVDF blended layer (for 30 mass% of PMMA) covered by the outer layer of
polyetherimide. The designing of different layered structures by ordering the polymer
nanocomposites layer (called hard layer) and pure polymer layer (soft layer) in five
different arrangements and the influence of interfaces between the adjacent layers
on different parameters like breakdown strength and energy density were studied
by Wang et al. [107]. The BaTiOs/poly(vinylidene fluoride) nanocomposites repre-
sent the hard layer and denoted by B, and the pure PVDF layer represents the soft
layer denoted by P. They observed the layer structure with polymer nanocomposites
as the outer layer, and pure polymer in the middle layer (i.e., B-P-B film) exhibits
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the highest breakdown strength in comparison with others as shown in Fig. 4.3.
They also prepared the single-layer polymer nanocomposites of PVDF and BaTiO3
nanoparticles and compared the energy density and breakdown strength with the
polymer nanocomposites. They found that both the energy density (7.02 Jem~?) and
breakdown strength (390 kVmm™') of layered structure are higher than those of
single-layer nanocomposites.

4.7 Conclusion and Perspectives

In comparison with the recent energy storage systems such as supercapacitors,
batteries, and fuel cells, dielectric capacitors attracted much attention of contem-
porary materials researcher due to its unique qualities such as high-power density,
fast cycling rate, and long lifespan. But the application potentiality of conventional
dielectric capacitors (either ceramics or polymer) is restricted by alternate pro qual-
ities of pure polymer and ceramics, i.e., pure polymer’s application potentiality is
limited due to its low permittivity and energy density, whereas the ceramics lack
in flexibility and breakdown strength. These shortcomings of conventional dielec-
tric capacitors are resolved by fabrication of polymer-ceramics composites through
inclusion of ceramics filler in the polymer matrix. Again, for further improvement
in the energy storage properties with high energy density, polymer nanocomposites
were developed which incorporates the fillers in nanoform (0D, 1D, 2D nanofillers).
The main focus of the researchers in recent trend to design and develop efficient
energy storage system is to optimize all the parameters of dielectric to attain high
energy density and efficiency in polymer nanocomposites. The dielectric proper-
ties of the polymer nanocomposites strongly depend on the physical, chemical, and
mechanical properties of both the fillers and polymer matrix. So, selection of both
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the filler and polymer matrix is the most significant step to expect the desired param-
eters in the polymer nanocomposites. To obtain the high dielectric permittivity of the
polymer nanocomposites, two different approaches have been made, i.e., addition
of either (1) ceramics filler with high dielectric permittivity or (2) conductive filler
associated with the percolation thresholds. But again, the addition of ceramics filler
in the polymer matrix affects/deteriorates the breakdown strength of the polymer
nanocomposites due to huge difference in their permittivity. So, to maintain both the
breakdown strength and dielectric permittivity in polymer nanocomposites, surface
modification of ceramics filler was carried out. Again, to reduce the difference of
dielectric permittivity of polymer matrix and filler, conductive or semiconducting
filler having comparatively lower permittivity was added to resolve the above issues.
Both nanoparticles and nanofibers are added as fillers in the polymer matrix to prepare
ternary composites with improved properties in comparison with binary composites.
Novel structural design such as multilayered and core—shell structure has been devel-
oped to tailor the properties by interface minimization. Nanofillers (specifically 1D
or 2D) with specific orientation or alignment found to be the best core filler in core—
shell structured polymer nanocomposites to obtain enhanced dielectric constant.
The difference in permittivity of polymer matrix and filler can be balanced by core—
shell configuration and results a gradient dielectric permittivity. The development of
different layered and laminated architecture also enables another way to improve in
breakdown strength and energy density of the polymer nanocomposites.

Though there are many major breakthroughs in the design and development of
polymer nanocomposites and tailoring their properties by novel approaches and
architecture, still there are some unresolved quests to be explored in the future
generation such as (1) the unsolved puzzle for simultaneous improvement break-
down strength and dielectric permittivity, (2) more attention needed to reduce the
dielectric loss to improve the efficiency of energy storage, (3) new attempts and
extensive analysis needed to alleviate the interfacial polarization, and (4) significant
effort to design novel engineered architecture for effective energy storage systems.
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