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SUMMARY

Dielectric capacitors with higher working voltage and power density are favor-
able candidates for renewable energy systems and pulsed power applications.
A polymer with high breakdown strength, low dielectric loss, great scalability,
and reliability is a preferred dielectric material for dielectric capacitors. However,
their low dielectric constant limits the polymer to achieve satisfying energy den-
sity. Therefore, great efforts have been made to get high-energy-density poly-
mer dielectrics. By compositional and structural tailoring, the synergic integra-
tions of the multiple components and optimized structural design effectively
improved the energy storage properties. This review presents an overview of
recent advancements in the field of high-energy-density polymer dielectrics via
compositional and structural tailoring. The surface/interfacial engineering con-
ducted on both microscale and macroscale for polymer dielectrics is the focus
of this review. Challenges and the promising opportunities for the development
of polymer dielectrics for capacitive energy storage applications are presented at
the end of this review.

INTRODUCTION

With the shortage of fossil fuels and the increasing demand for energy supply, advanced and environ-
mentally friendly energy storage technologies are highly desired. Compared with electrochemical de-
vices, such as batteries and supercapacitors, electrostatic capacitors possess unique advantages of ul-
tra-fast charge and discharge, ultrahigh power density, and long lifespan (Niu et al., 2015b). However,
they are limited by low energy densities. Therefore, it is critical to explore high-energy-density dielectric
materials.

For linear dielectrics, the energy density (Ue) equation is described as follows:

Ue = O.5£oerE§ (Equation 1)

where ¢ is the vacuum dielectric constant, ¢, is the relative dielectric constant and E,, is the breakdown
strength. The dielectric constant (¢) and breakdown strength (Ep,) are two key parameters to evaluate en-
ergy density. Polymer dielectrics with high breakdown strength, low dielectric loss, great scalability, and
reliability are favorable candidates for high-energy-density capacitors (Cao et al., 2004; Qiao et al,
2013). But the dielectric constant of dielectric polymers is low, so a high electric field near the breakdown
strength is required to achieve satisfying energy densities (i.e. > 450-600 MV/m) (Chen et al., 2019). For
instance, as the best commercially available dielectric polymer, the biaxially oriented polypropylene
(BOPP) can only deliver a low U, (~5 J/em®) near its Ep, limited by its low € (usually <3) (Chen et al.,
2019). Compared with polymers, dielectric ceramics possess much higher €. Therefore, a straightforward
way is to fabricate composites by introducing ceramics into the polymers. The polymer composites
comprising the high breakdown strength polymer matrix and the high dielectric constant ceramic fillers
improve U, via compositional tailoring.

Zero-dimensional (OD) ceramic nanoparticles were adopted as the high dielectric constant fillers for de-
cades (Li et al., 2009; Kim et al., 2009; Mendes et al., 2011; Wang and Zhu, 2011; Zhou et al., 2011,
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Yu et al., 2013b). However, through many experiments and theoretical studies, researchers found that high
filler loading in nanocomposites is needed for high U,, which increases the probability of filler agglomer-
ation and phase separation from the polymer matrix. To achieve further enhanced €, with lower filler con-
tent, one-dimensional (1D) ceramic nanofibers with a high aspect ratio were developed to provide larger
dipoles (Tang et al., 2012, 2014; Song et al., 2012; Tang and Sodano, 2013; Sodano et al., 2013). The well-
aligned nanofibers that are perpendicular to the direction of the electric field can also improve the break-
down strength of polymer nanocomposites. Meantime, two-dimensional (2D) ceramic nanosheets with
large bandgap (Eg), such as boron nitride, were introduced into nanocomposites to enhance their electrical
insulation capability (Osada et al., 2006, 2011; He et al., 2009; Kim et al., 2014). Besides, the incorporation of
ceramic fillers could cause air voids, inorganic-organic interfaces, and other defects, which increase the
leakage current and decrease the E,, of nanocomposites. One effective way to address this issue is based
on microscale surface engineering for the nanofillers (Pellerite et al., 2003; Spori et al., 2007; Schulmeyer
et al., 2007; Paniagua et al., 2008; lijima et al., 2009; Siddabattuni et al., 2011; Zhou and Yu, 2011; Choud-
hury, 2012; Schuman et al., 2012; Yu et al., 2013a; Rong et al., 2013; Niu et al., 2015a, 2015b, 2018). The sur-
face modification for nanoparticles, via surfactant and covalent grafting, can facilitate their dispersion in the
polymer matrix.

In addition to the composition adjustment, the rational design and elaborate control of the structure of
inorganic fillers are also vital. For example, nanofillers with core-shell structure can reduce the energy
loss and improve the discharged energy density of nanocomposites (Li et al., 2007, 2012; Ma et al,,
2012; Yu et al., 2013c; Rahimabady et al., 2013; Gao et al., 2014; Zhang et al., 2014, 2019; Liu et al,,
2015a, 2017a; Pan et al.,, 2016, 2017a; Wang et al., 2017¢). In the recent decade, polymer dielectrics with
optimized hierarchically layered structures have become an emerging approach to resolve the existing
paradox between high dielectric constant and high breakdown strength in single-layered composite films,
which resulted in substantial improvement in their capacitive energy storage performance (Wang et al.,
2015a, 20174, 2017b, 2018a, 2019a, 2020a; Chen et al., 2018a, 2019, 2020). Different from single-layered
nanocomposites, layer-structured polymer composites enable to spatially regulate the distribution of
the electric field, endowing them with high E, even with high filler contents. The macroscale surfaces
and interfaces in layered nanocomposites attract increasing attention, which triggers interfacial engineer-
ing by incorporating 2D materials with large Eq for achieving enhanced insulating capability (Azizi et al.,
2017; Zhou et al., 2018; Zhu et al., 2019; Cheng et al., 2020; Wang et al., 2020b). This enables to interpose
of high-aspect-ratio nanosheets as topological barriers to suppress the electrical conduction to improve
the high-temperature capacitive properties.

This review addresses the recent advancements in the field of high-energy-density polymer dielectrics via
compositional and structural tailoring for electrical energy storage. Correspondingly, section 2 presents
the fundamental theory of dielectrics: polarization, breakdown, electrical conduction, and electrical energy
storage. Section 3 illustrates the state-of-the-art polymer dielectrics for capacitive applications (i.e., ferro-
electric polymers, linear polymers, and novel high-temperature polymers). Section 4 introduces polymer
nanocomposites that incorporate nanofillers with different topologies, including nanoparticles (0D), nano-
fibers (1D), and nanosheets (2D). Then section 5 describes layer-structured all-organic polymer composites
and ceramic/polymer composites. The surface/interfacial engineering conducted on both microscale and
macroscale for polymer dielectrics is summarized in section 6. Finally, we present a summary and some
future recommendations in section 7.

THEORY FOR DIELECTRICS

Polarization

Concept of polarization

Electric polarization refers to a phenomenon of inductive dipole moment in the dielectric under the ac-
tion of an external electric field. After applying an external electric field, polarization charges appear at
the dielectric surface that is vertical to the direction of the electric field, namely bound charges, which
are opposite in polarity but equal in the magnitude to charges on the polar plate. The dipole moment
is induced inside the dielectric, and the whole dielectric produces a macroscopic dipole moment
not equal to zero. Owing to charges being bounded in atoms or molecules, the positive and
negative charges in dielectric are relatively displaced at the microscopic scale when the dielectric is
polarized.
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Figure 1. Polarization forms of dielectric in static electric fields
Adapted with permission (Li et al., 2021). Copyright [2022] Clearance Center, Inc. ("CCC").

A pair of electric dipoles consist of two heater charges with an equal charge quantity. The electric dipole
moment u is generated when the center of dipoles shifts under the action of the applied electric field, which
can be represented as:

w=ql (Equation 2)

where g is the absolute value of the charge quantity of electric dipoles and | is the distance between pos-
itive and negative charge. The electric polarization, P, is the total dipole moments in a per unit volume of
dielectric, which is represented as follows:

1 .
pP= VZ“ (Equation 3)

Under the action of the applied electric field, the original chaotic dipole moment in the dielectric will be
arranged along the direction of the applied electric field which is expressed as:

P = xeoE (Equation 4)

where y is the polarizability, which reflects the polarization intensity and is an intrinsic characteristic of the
dielectric. In a linear medium, P, is generally proportional to the electric field, E, in the same direction. Ac-
cording to Maxwell’s electromagnetic equations, the electric displacement, D, can be described as:

D = goe E (Equation 5)

Meanwhile, according to the definition of the potential shift, the relationship between D and P is:

D =¢gE+P (Equation 6)

Polarization mechanism of dielectric

Dielectrics can be divided into nonpolar dielectrics and polar dielectrics, corresponding to the displace-
ment polarization and the orientation polarization, respectively. Based on resonance and relaxation re-
gimes, four typical electric polarization exist in dielectric materials, including electronic polarization, ionic
polarization, dipolar (orientational) polarization, and interfacial (space charge) polarization. Electronic po-
larization and ionic polarization are displacement polarization. Dipolar polarization and interfacial polari-
zation are orientation polarization. The macroscopic polarization phenomenon is a combination of several
different polarization mechanisms. The response mechanism of four polarization types to the applied elec-
tric field in dielectrics is shown in Figure 1.

Electronic polarization

Electronic polarization refers to the deformation or translation of the originally symmetrical distribution of
the electron clouds of atoms or molecules caused by the electric field. This is essentially the displacement

¢? CellPress

OPEN ACCESS

iScience 25, 104837, August 19, 2022 3




¢? CellPress

OPEN ACCESS

of the outer electron clouds for the inner positive atomic cores, which induces dipole moment along the
direction of the electric field. Electron polarization exists in all dielectrics and is independent of tempera-
ture, but the polarization is lower than other polarization mechanisms.

lonic polarization

lonic polarization is caused by the relative displacement of ions in dielectric, which is widely found in ionic
crystal materials. Under the action of the electric field, when the equilibrium state of the positive and nega-
tive ions in the dielectric is broken, the positive ions move along the electric field direction whereas the
negative ions move in the opposite direction to form an induced dipole moment, resulting in ionic polar-
ization. Like electron polarization, ionic polarization is independent of the temperature.

Dipole polarization

Dipole polarization occurs in materials containing molecules or particles with a permanent dipole moment.
The electric field causes the reorientation of the dipoles toward the direction of the field. The molecular
groups need a certain amount of energy to overcome the hindrance of adjacent molecules in this process,
thus sensitive to the temperature. The higher the temperature, the stronger the electric dipole moment
motion ability, resulting in a higher characteristic frequency.

Interfacial polarization

Interfacial polarization mainly occurs in materials with multiphase interfaces or inhomogeneous materials
with defects, particles, and impurities. Under electric fields, the charges will move orientationally, but they
cannot cross two sets of interfaces while accumulating at the phase interface of two materials or between
two different regions of one material. Macroscopically, the dielectric constant increases rapidly. Therefore,
interfacial polarization is the most obvious one among the four polarization mechanisms.

The time required for the establishment or disappearance of dielectric polarization is called the response
time of polarization. The response time of electron polarization is about 10~ *-107"¢ s, and that of the ionic
polarization is about 107'2-107"% 5. On the contrary, for orientation polarization, their response time is
longer. The time required for the establishment of dipole polarization is about 1078-1072 s whereas that
of interfacial polarization is longer, generally more than 107" s.

Dielectric breakdown

Dielectric breakdown is a form of dielectric failure in dielectric capacitors, mainly caused by the electrical
conduction or mechanical structure failure of dielectric in a short time under the high electric fields, which
eventually leads to the failure of the device. The insulation characteristics of dielectric materials can be
maintained below a certain electric field strength. When the voltage applied to the dielectric exceeds a
certain critical value, the dielectric insulation capability sharply decreases, and then breakdown occurs.
The corresponding voltage is the breakdown voltage U, and the corresponding field strength is Ep,. Their
relation is expressed as follows:

Uo

E, = = (Equation 7)

where d is the thickness of the dielectric.
According to the mechanism of breakdown, the dielectric breakdown can be divided into three types: free
volume breakdown, thermal breakdown, and electromechanical breakdown.

Free volume breakdown

Electrostatic breakdown refers to the accelerated movement of carriers in the dielectric under high electric
fields. The energy or quantity of carriers will exceed certain critical values during collisions which will even-
tually lead to breakdown. The former is called intrinsic breakdown, while the latter is called electron
avalanche breakdown.

Thermal breakdown

Under the applied electric field, the dielectric loss because of the electrical conduction and polarization
produces heat. When the temperature exceeds a certain threshold, the thermal breakdown will occur.
The thermal breakdown is mainly divided into two types: thermal instability and thermal runaway. The
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former is that under high temperature, the physical structure of dielectric is changed thus causing the
breakdown; and the latter is because of the continuous increase of the loss, which causes the temperature
rise, resulting in runaway and final breakdown. The thermal equilibrium equation of dielectric is:

dT
dt
where p and C are the density and heat capacity of the dielectric, and A and ¢ are the thermal conductivity
and electrical conductivity of the material, respectively. Obviously, in order to alleviate the thermal break-
down of the dielectric, it is necessary to improve the thermal conductivity and reduce the electrical conduc-
tivity of the material.

pC—— — AV?T =gFE? (Equation 8)

Electromechanical breakdown

The dielectric will undergo compression deformation under the applied electric fields so that the deforma-
tion becomes more and more significant by increasing the electric field intensity and the electromechanical
breakdown will occur until the critical value is reached. According to the force balance of the dielectric
before the breakdown, the theoretical strength of electrical breakdown, E., is as follows:

Eem = 0.6064 /L (Equation 9)
E0&r

where Y is the Young's modulus of the dielectric. For polymer dielectrics, the increasing of temperature will
not only bring about a significant increase in electrical conductivity, but also cause a decrease in Y, which is
more susceptible to electrical breakdown. Therefore, in order to alleviate the electrical breakdown of the
dielectric, it is necessary to raise Y of the dielectric.

Electrical conduction

The conduction current of dielectric materials is usually very small at a low electric field because of the lower
conductivity on the order of 1072°-1078 S/cm. When a relatively high electric field is applied to the dielec-
tric film, the conduction current will be noticed and impacted by many different conductive mechanisms. At
present, there are two types of conduction mechanisms in dielectric films, that is, electrode-limited con-
duction mechanism and bulk-limited conduction mechanism (Chiu, 2014).

Electrode-limited conduction mechanism

The electrode-limited conduction mechanism is related to electrical properties at the electrode-dielec-
tric interface, in which the barrier height is the most important parameter. According to the charge in-
jection conductive mechanism, the process of conduction can be divided into the crossing barrier and
the tunneling barrier. The former includes Schottky (thermionic) emission and thermionic-field emission
whereas the latter includes Fowler-Nordheim tunneling and direct tunneling. Schottky emission is a
conduction mechanism that if the electrons in the metal can obtain enough energy provided by the
thermal activation, they will overcome the potential barrier at the metal-dielectric interface to go to
the dielectric, which is highly dependent on the temperature. The tunneling current is nearly temper-
ature independent. Both Fowler-Nordheim tunneling and direct tunneling belong to the field emission
mechanism. Fowler-Nordheim tunneling may occur if the applied electric field is high enough. The
electron wave function may penetrate through the potential barrier into the conduction band of the
dielectric. If the dielectric film thickness is thin enough, direct tunneling will also happen at a low elec-
tric field.

Bulk-limited conduction mechanism

The bulk-limited conduction mechanism is determined by the electrical properties of the dielectricitself, in
which the trap energy level in dielectric films is the most important parameter. The bulk-limited conduction
mechanisms include (1) Poole-Frenkel (P-F) emission, (2) hopping conduction, (3) ohmic conduction, (4)
space-charge-limited conduction, (5) ionic conduction, and (6) grain-boundary-limited conduction. P-F
emission, called the internal Schottky emission, is owing to the thermal activation under an electric field
and the thermal excitation of electrons may emit from traps into the conduction band of the dielectric,
and thus the conduction mechanism is often observed at high temperature and high electric field. The trap-
ped electrons “hopping” from one trap site to another is called hopping conduction, which corresponds to
the tunnel effect. In the dielectric film, the movement of mobile electrons in the conduction band and holes
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Figure 2. Schematic diagram of the charge and discharge process of the dielectric capacitor

(Green arrow represents the electric dipole moments. Status Ill: Red arrow represents some of the electric dipole
moments still arranged in orientation after removing the electric field.)

in the valence band attributes to Ohmic conduction. For ionic conduction, ions jump over a potential bar-
rier from one defect site to another under an applied electric field. Space-Charge-Limited Conduction is
caused by the spatial charge accumulation at the electrode when the external electric field exceeds a
certain threshold.

Electrical energy storage

The energy storage process of dielectric material is the process of dielectric polarization and depolariza-
tion when the external electric field is applied and withdrawn. The energy storage process of dielectric ca-
pacitors mainly includes three states, as shown in Figure 2. I: When there is no applied electric field, the
dipole moment inside the dielectric is arranged in disorder and there is no net polarization. II: As the
external electric field E is applied, the dipole moment inside the dielectric is arranged gradually to reach
the maximum polarization intensity, and the macroscopic polarization charge is induced on the electrode
surface to complete the process of energy storage. llI: After removing the electric field because of the com-
bined action of depolarization field and thermal motion produced by the internal dipole moment, the ori-
ented dipole moment will return to the original random state, and the macroscopic polarization charge on
the electrode will be reduced. At this time, the external release of electrical energy is completed. During
charging (from | to ll), the external circuit stores energy in capacitors is as follows:

Drmax
U= / EdD (Equation 10)
0
During discharging (from Il to lll), the energy released from capacitors is as follows:
0
Ue = EdD (Equation 11)
Drmax

where Uis the charged energy density and U is the discharged energy density,namely the energy density.
Because of the inevitable leakage loss and bound charge motion of all dielectrics during polarization, the
energy consumption makes energy loss in the charge and discharge process. The U, and the energy loss
can be characterized by the electric displacement-electric field (D-E) loop, as shown in Figure 3. Capacitor
charge-discharge efficiency (n) is usually used to describe the energy efficiency as follows:

U

n= Ue x 100% (Equation 12)

Hence, to obtain higher Ue, higher er (enhancing D), higher Eb, and higher n (decreasing energy loss) are
required.
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A Figure 3. Schematic D-E loop of a dielectric material

Electric displacement (D)

Electric field (F)

POLYMER DIELECTRICS

Dielectric polymers are a class of organic compounds with high molecular mass composed of one or more
monomers. Based on the polymer polarity and its dielectric properties at high electric fields, the polymer
dielectric can be divided into four categories: ferroelectric, relaxor ferroelectric, antiferroelectric, and
linear dielectric materials, which can be distinguished by the D-E loop tested by the ferroelectric analyzer,
as shown in Figure 4. In this chapter, we mainly detail describe the chemical composition and structure of
some ferroelectric polymers and their copolymers, linear polymers, and high-temperature dielectric poly-
mers, with a summary of their key dielectric properties. To provide the readers with a more intuitive com-
parison, the key dielectric properties of the polymers are summarized in Table 1.

Ferroelectric polymer

Under the Curie temperature (T.), ferroelectric polymers have spontaneous polarization, and the polariza-
tion direction can be redirected under the action of an electric field. However, when the temperature is
higher than T, the ferroelectric phase changes to the paraelectric phase, and the spontaneous polarization
disappears. Poly(vinylidene fluoride) (PVDF) and its copolymers are ferroelectric polymers that have been
widely concerned and studied.

PVDF

PVDF is the polymer of vinylidene fluoride (VDF) and consists of-CH,-CF,- repeating units with the chemical
formula (CH,-CF,), (Prateek et al., 2016). PVDF has the excellent UV resistance, the good thermal and
chemical stability, and can be dissolved or swelled by a few chemicals. Compared with other dielectric
polymers, PVDF has an exceptionally high ¢ and high E, (~500 MV/m). Because of the high electronega-
tivity and small size of fluorine atoms, PVDF has high dipole moment and packing density for C-F bonds
to get superior g, (Li et al., 2014). PVDF is a semicrystalline polymer with multiple crystalline phases, namely,

Figure 4. Schematic hysteresis loops
(A) normal ferroelectric.

(B) relaxor ferroelectric.
(@)

D)

antiferroelectric.
linear dielectric materials. Adapted with permission (Yang et al., 2013). Copyright [2022] Elsevier.
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Table 1. Dielectric properties of polymers
Dielectric Dielectric
constant loss tangent Glass transition breakdown Energy density
Polymer (1kHz) (1kHz) temperature (°C)  strength (MV/m) (J/em?) Ref
BOPP ~2.25@20°C ~0.0001@20°C <0 496@120°C 1.28@110MV/m  (Zhou et al., 2018;
120°C and 10 Hz Li et al., 2021)
PC ~2.25@25°C ~0.0001@25°C ~150-160 528@150°C 1.29@400MV/m (Zhou et al., 2018;
150°C and 10 Hz Rabuffi and Picci, 2002;
Li et al., 2021)
PPS ~3-3.1@25°C ~0.0003@25°C ~90 550@150°C 0.22 @400MV/m (Zhou et al., 2018;
150°C and 10 Hz Rabuffi and Picci, 2002;
Li et al., 2021)
PET ~3@25°C ~0.0002@25°C ~70-80 570@150°C 0.93 @400MV/m (Zhou et al., 2018;
150°C and 10 Hz Rabuffi and Picci, 2002;
Li et al., 2021)
PEN ~2.9-3@25°C ~0.0015@25°C ~125 550@150°C 1.41 @400MV/m (Zhou et al., 2018;
150°C and 10 Hz Rabuffi and Picci, 2002;
Li et al., 2021)
Kapton (Pl) ~3.3-3.4@25°C ~0.0001@25°C ~360 314@150°C 0.82 @250MV/m (Li et al., 2015b;
150°C and 10 Hz Ai et al., 2020;
Li et al., 2021)
Ultem (PEI) ~3.2@25°C ~0.0001@25°C ~217 439@150°C 1.6 @400MV/m (Li et al., 2021;
150°C and 10 Hz Li et al., 2015b;
Li et al., 2019)
PEEU ~4.7@25°C ~0.0015@25°C >250 400@150°C 2.9 @400MV/m (Zhang et al., 2020a)
150°C and 10 Hz
PEKK ~3.6@25°C ~0.003@25°C 155 468@70°C 2.37 @450MV/m (Pan et al., 2009)
140°C and 10 Hz
PPEK ~3.5@25°C ~0.0063@25°C ~250 470@25°C 2.1 @450MV/m (Pan et al., 2010)
190°C and 10 Hz
PEEK ~3.2@25°C ~0.0015@25°C ~150 290@150°C 0.5 @250MV/m (Ho and Jow, 2009;
150°C and 10 Hz Li et al., 2021;
Li et al., 2015b)
PVDF 10@25°C 0.04@25°C —-40 150-500 @25°C 14@500 MV/m (Li et al., 2010)
25°C and 10 Hz
P(VDF-TrFE) 12@25°C 0.018@25°C - ~160@25°C 1.13@130 MV/m (Hu et al., 2013)
25°C and 10 Hz
P(VDF-HFP) 15@25°C 0.05@25°C -90 ~750@25°C 25 @700 MV/m (Zhou et al., 2009)
25°C and 10 Hz
P(VDF-TrFE-CFE) 55@25°C 0.05@25°C - ~400@25°C 10@400 MV/m (Chu et al., 2006b;
25°C and 10 Hz Chen et al., 2007)
PMMA ~3@25°C 0.0418@25°C 107 240@25°C 1.5@330 MV/m  (Gross et al., 2007;

25°C and 10 Hz

Xie et al., 2013)

PVDF: poly(vinylidene fluoride); P(VDF-TrFE): poly(vinylidene fluoride-trifluoroethylene); P(VDF-HFP): poly(vinylidene fluoride-hexafluoropropylene); P(VDF-TrFE-
CFE): poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene); BOPP: biaxially-oriented polypropylene; PC: polycarbonate; PPS: polyphenylene sulfid;
PET: poly(ethylene terephthalate); PEN: poly(ethylene naphthalate); Pl: polyimide; PEI: polyetherimide; PEEU: poly(arylene ether urea); PEKK: poly(ether ketone

ketone); PPEK: poly(phthalazinone ether ketone); PEEK:poly(ether ether ketone); PMMA: poly(methyl methacrylate); PPS: polyphenylene sulfide.

a-, B-, v-, 3-, and e-phases, based on different chain confirmations (Martins et al., 2014). The majorly used
polymers with confirmations of TGTG’ for e and 3, TTT for B, and T3GT3G' for y phases, as shown in Figure 5.

The a-phase crystal patterns are usually obtained by PVDF melt under atmospheric pressure cooling con-
ditions. In the a-phase, two chains with the trans-gauche conformation are packed in opposite directions.
Therefore, the electric dipole moments formed by the electronegative H atom and the electronegative F
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Figure 5. Schematic representation of the chain conformation for the o, B, and y phases of PVDF. Adapted with
permission (Ai et al., 2020). Copyright [2022] Elsevier.

atom are equal in magnitude and opposite in direction, which cancels each other out and causes a zero of
macroscopic electric dipole moment and none external polarity.

The B-phase crystal can be obtained under melt stretching conditions. In the B-phase, there are two parallel
and homo-aligned molecular chains, in which the electric dipole moment formed by the electronegative H
atom and the electronegative F atom are in the same direction, thereby producing a high net polarization.
The B-phase crystal is the stronger spontaneous polarization structure of all the crystals. The maximum po-
larization intensity of each cell is about 0.19Cm 2. Thus, B-phase PVDF has good ferroelectric and piezo-
electric properties. But the residual polarization of the B-phase crystal is also the highest, and the energy
loss is great during the response of the external electric field. A facile process of pressing-and-folding is
proposed to produce B-PVDF (B-phase content: ~98%), which achieved an ultrahigh energy density (35
J/em?) with a high efficiency (74%) in a pressed-and-folded PVDF (670-700 kg/mol), which is higher than
that of other reported polymer-based dielectric capacitors (Meng et al., 2019).

When PVDF begins to crystallize from the initial state of melting, it mainly forms a-phase nonpolar crystals
whereas the polar B-phase crystals are not easy to form directly. The a-phase crystals are generally con-
verted into B-phase crystals by controlled annealing and low-temperature mechanical stretching. The
B-phase film shows comparable efficiency and evidently higher energy density than the a-phase film at
high fields (Yuan et al., 2020). Moreover, the a-phase crystals can be annealed at the high temperature
to obtain a y-phase crystal with polar crystallization, and the polarization treatment at high voltage makes
up the e-phase crystal with polar crystallizations (Xu, 2001). Among different types of PVDF, a-phase is
nonpolar as the dipole moments cancel out each other whereas 3-, y-, and B-phases exhibit high polariz-
ability because of the presence of net dipole moments and hence have high dielectric constants as
compared to a-phase. Compared with a-phase, the y-phase with high maximum polarization with relatively
low remnant polarization is the optimal configuration for dielectric energy storage.

P(VDF-TrFE)

To satisfy the increasing demands of high dielectric performance, different copolymers of PVDF, such as
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)), have been developed for improving the PVDF
properties (Martins et al., 2014). P(VDF-TrFE) is one of the most studied copolymers, as its electrical prop-
erties can be tailored by using high-energy irradiation or the addition of different monomer units (Yang
et al., 2013). When VDF is copolymerized with trifluoroethylene (TrFE) or tetrafluoroethylene (TFE), the
lateral dimensions of the unit cell are enlarged by the inclusion of bulky TrFE and TFE comonomers because
of isomorphism. Intriguingly, the enlarged lateral dimensions of the unit cell weaken the intermolecular in-
teractions among P(VDF-TrFE) chains and thermodynamically destabilize the ferroelectric phase with all-
trans zigzag chain conformation. As a result, the ferroelectric-to-paraelectric T, decreases from just below
the melting temperature (T,,) for B-PVDF to temperatures significantly below the T, depending on the
TrFE content. Moreover, P(VDF-TrFE) (75/25 mol %) has relatively higher remnant polarization of about
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7.5 uC/cm? than that of PVDF, which results in lower energy density (1.13 J/cm?® at 1300 kV/cm) that may
even reduce to zero, when the electric field becomes zero (Wang et al., 2010; Hu et al., 2013; Chu et al.,
2006a). The dielectric constant of P(VDF-TrFE) has a higher value of about 18, compared with that of
PVDF (6-12), with loss tangent of less than 0.1 at 1 kHz (Xu, 2001).

P(VDF-HFP)

The hexafluoropropylene (HFP) is introduced into the PVDF matrix to fabricate poly(vinylidene fluoride-
hexafluoropropylene) (P(VDF-HFP)). P(VDF-HFP) with different content of HFP is obtained with a variety
of attractive properties. The flexible PVDF with low HFP contents are thermoplastic as well as semicrystal-
line in nature. But the PVDF with higher HFP contents is amorphous and elastomeric. Besides, the remnant
polarization decreases with increasing HFP content, which is similar to P(VDF-TrFE). When 5% of HFP is
introduced into PVDF, the remnant polarization of P(VDF-HFP) is a maximum of 8 uC/cm2 at 80 MV/m
(Yang et al., 2013; Zhang et al., 1998; Jayasuriya et al., 2001). The polymer P(VDF-HFP) has a comparatively
lower crystallinity than that of PVDF because of the presence of bulky CF3 groups. P(VDF-HFP) films can
achieve a higher energy density of 25 J/cm® at 700 MV/m (Zhou et al., 2009).

P(VDF-TrFE-CFE)

The PVDF terpolymers are based on P(VDF-TrFE) copolymer, such as poly-(vinylidene fluoride-trifluoro-
ethylene-chlorotrifluoroethylene) (P(VDF-TrFE-CFE)) (Bharti et al., 1998). P(VDF-TrFE-CFE) has a compara-
tively higher interchain distance in comparison to P(VDF-TrFE) because of the addition of the bulky group,
chlorofluoroethylene (CFE) so that the terpolymer shows relaxor ferroelectric behavior (Chen et al., 2013;
Jeong et al., 2004; Jayasuriya et al., 2001). It is found that regions of low and high CFE contents have
different effects on the terpolymer. Low CFE content shows all-trans conformation, whereas high content
is associated with mixed chain conformation. With the increase of the CFE content from 0 to 9 mol % for the
VDF/TrFE mole ratio between 64/36 to 75/25, the polymer shows relaxor ferroelectric behavior (Klein et al.,
2005).

Linear polymer
BOPP

Features of linear dielectric such as high intrinsic Ey, low loss, and large Eg, are favorable for high-temper-
ature applications. The main bottleneck of linear dielectric is their low &, which needs to be increased
without sacrificing E, for achieving a high energy density (Fan et al., 2018).

BOPP is a state-of-the-art polymer dielectric material, mainly applied in high voltage and high frequency. BOPP
has a high Ey, of 730 MV/m and a low dielectric loss (tand = 0.0003). But, the maximum U, of BOPP is about 5 J/em?®
at ambient temperature and breakdown, because of its low ¢, (¢, = 2.25). Under high temperatures, the electrical
conductivity of BOPP will sharply increase so its maximum operating temperature is on more than 105°C. For
example, the DC volume electrical resistivity of BOPP measured at the electric field of 200 MV/m and 120°C is
about 2.53 x 10"'Qm (Zhou et al., 2018). Meanwhile, the U, and 7 also significantly decrease under high temper-
atures. For example, U, is about 2.43 J/cm® at ambient temperature, which decreases to 2 J/cm? at 100°C and
1.28 J/ecm?® at 120°C. 5 decreases from 99.3% to 80.5 and 52.1%, respectively (Zhou et al., 2018).

For many pulsed power systems and power electronics (Zhang et al., 2012), BOPP film capacitors are critical
components to control and convert direct current from batteries into alternating current. At present, cool-
ing systems are introduced into BOPP film capacitors of inverters in hybrid electric vehicles (HEVs) to solve
the difference of BOPP's properties between ambient temperature and the maximum operating temper-
ature. Usually, the environmental temperature is required to decrease from 140°C to 70°C (Li et al., 2015b).
However, it is adverse for HEVs that the auxiliary cooling system brings extra weight and volume and make
the design of power systems more complex, as well as the performance reduction of HEVs and the rise of
manufacturing costs (Li et al., 2018).

PMMA

In the last decades, Poly(methyl methacrylate) (PMMA) is one of the most widely studied polymers,
because of the favorable combination of chemical and physical properties and outstanding mechanical
properties (Gross et al., 2007). PMMA has good thermal stability, optical clarity, and excellent weather
and chemical resistance. Specific electrical properties of PMMA make it an appealing starting material
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for the development of dielectric films. In addition, PMMA is widely used in high voltage applications
because of its high resistance and non-tracking characteristics. Its dielectric constant is 3.7 and dielectric
loss is 0.0418 at 1 kHz and 25°C whereas the dielectric constant is 2.6 at 1 MHz (Xie et al., 2013). There-
fore, & of PMMA is unstable and dependent on the temperature, which has been proved by dielectric
constant measurements at the frequency from 400 Hz to 100 kHz and the temperature from 35°C to
80°C (Mittal et al., 2001). Meantime, the thickness of PMMA film also affects its electrical properties
and the thickness dependence of the dynamics in thin films of isotactic PMMA was investigated (Ngaia,
2003; Rawlins et al., 1996). The breakdown strength of PMMA films with a thicknesses (~3 pum) is about
240 MV/m (Paniagua et al., 2014). At ambient temperature, the electric displacement of PMMA is about
0.101 pC/em? at 10 Hz (Xie et al., 2013). In addition, Us of PMMA films reaches 1.5 J/cm? at 330 MV/m
(Prateek et al., 2016).

High-temperature polymers

The U, of ferroelectric polymer matrix composites can reach more than 20 J/cm?, but it should be noted
that these excellent energy storage properties are mainly obtained at ambient temperature. The high-tem-
perature environment can accelerate the aging of polymer materials, seriously affects the breakdown per-
formance of polymer dielectric materials, and further impairs their energy storage performance and service
life. In most practical application scenarios, such as new energy vehicles, power equipment, electronic sys-
tems, and so on, because the heat generated by the system operation cannot be dissipated in time, poly-
mer-based dielectric materials must be operated above ambient temperature. Therefore, their tempera-
ture stability is crucial for system performance, safety, and service life. It is of great academic value and
engineering significance to systematically study the effect of temperature on energy storage properties
and to develop polymer-based dielectric materials with high-temperature resistance.

Currently, high-temperature polymer-based dielectrics are mainly focused on the search, design, and
synthesis of high-temperature resistant polymer matrix with high glass transition temperature (T). It is
found that the strong intermolecular and intramolecular interactions initiated within the polymer chem-
ical structure by hydrogen bonds, conjugated polymer chains, aromatic/heterocyclic molecular frame-
works, and high-strength chemical bonds (carbon-fluorine bonds, etc.) have a significant effect on
enhancing the thermal stability of the polymer at high temperatures. Therefore, polymer materials
with above chemical structures, such as polyimide (Pl), polycarbonate (PC), polyphenylene sulfide
(PPS), poly(ether ether ketone) (PEEK), and poly(ether ketone ketone) (PEKK), are resistant to higher tem-
peratures and shows higher Tg.

Pl and PEI|

Plis a kind of polymer with a main chain containing imide structure, usually constructed by the polyconden-
sation of dihydride and diamine monomers. Pl has excellent heat resistance, chemical resistance, and good
mechanical strength, which are mainly derived from PI’s unique molecular chain structure. The imide struc-
ture in the backbone combined with the aromatic heterocyclic structure has a thermal decomposition tem-
perature of up to 500°C. In addition, Pl has not only a higher ¢, than that of polypropylene (PP) for engineer-
ing applications but also excellent insulation properties such as low loss factor, high Ep, and high volume
resistivity. More importantly, because of Pl's good thermal stability and excellent dielectric properties, it
has great potential for high-temperature film capacitors.

Poly (ether imides) (PEls), a modified version of Pl, are amorphous dielectric polymers with improved pro-
cessability at the expense of compromised thermal stability compared to Pls. The improved processability
and reduced thermal stability are because of the presence of flexible ether linkages incorporated into the
backbone of PEls through the nucleophilic aromatic substitution of leaving groups from phthalic anhydride
by bisphenol A.

PC and PPS

PC is a dielectric polymer synthesized from carbonic acids and dihydric alcohols and is mostly in the amor-
phous phase. The Ty of PC is around 150-160°C so the rating temperature of PCs is limited to approxi-
mately 150°C. The dielectric constant is about 3 with high stability over temperature (Li et al., 2021). For
example, the temperature coefficient of the capacitance is only 2% at 125°C, and a low dielectric loss is
about 0.1% at 1 kHz from 25°C to 125°C. In addition, PC exhibits anU, of 1.29 J/cm® and a n of 47% at
400 MV/m (Prateek et al., 2016).
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PPS consists of aromatic rings linked with sulfides and has been regarded as an ideal replacement for PCin
high-temperature capacitor applications, because they have very similar dielectric properties, including a
low dissipation factor and decent dielectric stability with temperature. The breakdown strength of PPS is
500 MV/m at elevated temperatures. At 150°C, PPS remained unchanged whereas the decrease ratio of
breakdown strength relative to ambient temperature for PEl is about 16% and about 13% for PEEK (Ho
and Jow, 2009). Notably, although the Ty (~ 120°C) of PPS is lower than other high-temperature polymer
dielectrics, it can be used up to temperatures higher than T for film capacitor applications because of its
high crystallinity of 60-65% and a high T, of 285°C (Ho and Jow, 2009; Li et al., 2021). The low E-field con-
ductivity of PPS is 6.90 x 107'% S/m at 165°C and 1.72 x 10~"" S/m at 200°C (Ho and Jow, 2009).

PEEK and PPEK

PEEK is one of the most important members of the poly ketone family. PEEK is considered a high-tem-
perature thermoplastic polymer and is known for its insulation performance against electrical coronas,
where mineral fillers are usually added. Neat PEEK films are classified into amorphous and crystalline
phases. A thermal stability study showed that amorphous PEEK has a lower Ty and is subjected to
high shrinkage in comparison with crystalline PEEK when approaching its Ty (140°C) (Pan et al., 2010).
PEKK are synthesized via a reaction between diphenylether and a mixture of benzene dicarboxylic
acid halides. Poly(phthalazinone ether ketone) (PPEK) displays excellent stability in dielectric properties
in the broad frequency and temperature range. Little change in the breakdown field (>440 MV/m) and
discharge time has been observed in PPEK with an increase of temperature up to 150°C (Pan et al.,
2010). Kepstan provided by Arkema is a commercialized PEKK copolymer with a Ty of 162°C. This
PEKK can discharge anU, of ~ 0.6 J/cm? with an efficiency of 90% under an electric field of 200 MV/m
and at 160°C (Tan et al., 2014). This performance is among the best in all high-temperature polymer di-
electrics under comparable conditions.

Novel high-temperature polymers

Although high-temperature polymer dielectrics have high Ty to resist higher temperatures, the polymers
are unable to efficiently impede electrical conduction under elevated temperatures and high electric fields
(Ho and Greenbaum, 2018; Li et al., 2018). In the last decade, researchers have discovered and manufac-
tured some novel high-temperature capacitive materials based on crosslinked polymers, flexible polymers
with large Eg, and dipolar glass polymers. They exhibit superior electric discharging performance to the
current dielectric polymers at high temperatures.

Crosslinked polymers

Crosslinking is an effective way to reduce conduction loss and increase the energy storage performance
of dielectrics at high temperatures. The molecular trapping centers created by the crosslinked structures
can effectively limit charge transport and reduce conduction loss at elevated temperatures and high
applied electric fields. Li et al. (2020a, 2020b) introduced a new class of all-polymer-based high-temper-
ature dielectric materials prepared from crosslinking of melt-processable fluoropolymers. The cross-
linked polymers exhibit excellent capacitive stability over 50,000 charge-discharge cycles at 150°C and
discharge a stable power density over a wide temperature range. The implementation of melt-extrud-
able polymers would enable scalable processing that is compatible with the current fabrication tech-
niques used for polymer dielectrics, which is in sharp contrast to the dielectric polymer composites
with inorganic fillers. Furthermore, the structure tunability and designability of polymers and crosslinking
chemistry will allow the further development of novel high-temperature energy materials for compact,
lightweight, and robust energy storage systems.

Flexible polymers with large bandgaps

The dominant role of E4 was found in determining the electrical conduction and intrinsic breakdown
strength of the polymer dielectrics (Chen et al., 2015z, 2018b; Sun et al., 2012). However, conventional
high-performance polymer dielectrics generally have conjugated aromatic backbones, leading to limited
Eg and hence high conduction loss and poor energy densities, especially at elevated temperatures. Wu
et al. (2020) introduce an all-organic polymer, polyoxafluoronor-bornene (POFNB), with saturated fused
bicyclic structure in the backbone, rather than the aromatic structures, to break the aforementioned design
constraint. In POFNB, the nonplanar structure avoiding -7 stacking and nonconjugated polymer back-
bones could restrict charge mobility between and along polymer chains concurrently. With this strategy,
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large Eg (4.9 eV) and high T (186°C) are achieved, making POFNB an outlier compared to common high-
temperature polymers. The flexible polymers with large Eg offer intrinsically stable and temperature
invariant high electric field dielectric characteristics, especially at elevated temperatures because of their
large Eg and high T,

Dipolar glass polymers

The isolated molecular dipoles of dipolar glass polymer exhibit weak dipole-dipole interactions because
of the limited amount of free volumes in glassy polymers (Binder, 1986). Most dipolar glass polymers
contain highly polar groups such as nitrile (dipole moment of 3.9 D) (Bendler et al., 2013), and sulfone
(dipole moment of 4.5 D) groups (Wei et al., 2015). These dipolar glass polymers have high dielectric
constants in the range of 4-15. But, the T of dipolar glass polymers is relatively low and cannot meet
the requirement of 150°C for operation. The post-polymer functionalization is a novel effective method
to attain high Ty dipolar glass polymers. Zhang et al. (2018d) synthesized a new class of high-temperature
dipolar polymer, sulfonylated poly (2,6-dimethyl-1,4-phenylene oxide) (SO,-PPO), showing enhanced
dielectric performance. Because of efficient rotation of highly polar methylsulfonyl side groups below
Ty (~220°C), enhanced dipolar polarization and thus high dielectric constant was obtained for these
SO,-PPOs. Consequently, the discharged energy density reached as high as 22 J/cm?. Moreover, SO,-
PPOgys also exhibited a low dielectric loss with a dissipation factor of 0.003 and a high discharge effi-
ciency at 800 MV/m of 92%. These dipolar glass polymers are promising for high temperature, high en-
ergy density, and low loss electric energy storage applications.

POLYMER NANOCOMPOSITES WITH CERAMIC NANOFILLERS

In order to achieve high U, dielectric materials must have high E, and high ¢, but it is difficult for a single
dielectric material to satisfy two performances at the same time (Wang and Zhu, 2011; Chen et al., 2015b).
At present, constructing polymer nanocomposites with ceramic nanofillers is an effective way to obtain
high Ue. The composite material inherits the advantages of each component material so that nanocompo-
sites acquire the complementary performance of each component (Zhou et al., 2011; Tang and Sodano,
2013; Luo et al., 2014, 2020; Tang et al., 2014; Fu et al., 2015; Zhang et al., 2015; Cai et al., 2017, 2018).
The method is to fill ceramic particles with high ¢ into high E, polymer matrix to form ceramic/polymer
composites with high energy storage density. The ceramic materials filled in composites can be divided
into nanoparticles (0D), nanofibers (1D), and nanosheets (2D) according to their spatial dimensions. The
corresponding composite structure types are 0-3 composites, 1-3 composites, and 2-3 composites, in
which the polymer matrix is a three-dimensional structure.

Nanoparticle (0D)

0D ceramic particles are generally spherical. The earliest way to prepare 0-3 ceramic/polymer composites
is to fill ceramic particles directly into the polymer matrix. Ceramic particles with high dielectric constant,
such as TiO, (TO), ferroelectric dielectric ceramic BaTiO3 (BT), and so on, are considered as excellent nano-
fillers. Yu et al. (2013b) prepared homogeneous nanocomposites comprising surface-modified BT nanopar-
ticles and PVDF polymer matrix, as shown in Figure 6A. As the volume fraction of BT increases, the dielectric
constant of nanocomposites increases and then decreases, as shown in Figure 6B. However, it can be seen
that the ceramic/polymer nanocomposites with high ¢ are obtained only under the condition of high vol-
ume fraction filling, which causes the decrease of electrical breakdown strength. The significant enhance-
ment of the energy storage performance in the nanocomposites was achieved at a BT content of 10 vol %
(i.e. the calculated energy density was enhanced to 6.8 J/cm®), as shown in Figure 6C. This could be ex-
plained by the agglomeration of nanoparticles and the increased air voids when the content of ceramic
fillers is high, which results in nonuniform electric field in the polymer matrix (Kim et al., 2009). Hao et al.
(2017) prepared P(VDF-HFP)-based nanocomposites by introducing BT nanocrystals into the polymer ma-
trix to realize both the high €, and E,,. They had reported that smaller-sized nanocrystals could benefit to the
alleviation of interfacial electric field strength between fillers and polymer matrix. The nanocomposite films
with BT nanocrystal a volume fraction less than 40% presented high discharged energy density and a
maximum discharged energy density value of 9.7 J/cm? was obtained for the nanocomposite film with a
volume fraction of 30%, as shown in Figure 6D. When the nanocrystal loading is further increased, although
the higher electric displacement is obtained, the discharged energy density drops sharply because of the
high leakage current and the low Ey,.
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Figure 6. Polymer nanocomposites with 0D ceramic nanofillers

(A) The schematic of the fabrication of BT/PVDF nanocomposite films using a solution casting processing. Adapted with permission (Yu et al., 2013a).
Copyright [2022] John Wiley and Sons.

(B) The dielectric constant and loss tangent, and (C) the electric breakdown strength and energy density of nanocomposites with the treated BT as a function
of the volume fraction of BT, measured at 1 kHz. Adapted with permission (Yu et al., 2013b). Copyright [2022] John Wiley and Sons.

(D) Breakdown strength and maximum discharged energy density variation related to the BT volume fraction. Adapted with permission (Hao et al., 2017).
Copyright [2022] Elsevier.

(E) Energy density of pure PVDF and nanocomposites filled with 4 vol % BT NTs, BT NFs and BT NPs. Adapted with permission (Pan et al., 2017d). Copyright
[2022] American Chemical Society.

(F) Energy density of pure Pl and BT/PI nanocomposites filled with the same content BT-NPs and BT-NWs (2 vol %, 5 vol %, and 10 vol %). Adapted with
permission (Wang et al., 2015b). Copyright [2022] Elsevier.

Generally, the ceramic/polymer nanocomposites for energy storage applications are divided into three
categories according to the volume ratio of filled ceramic particles: high fill volume ratio polymer-based
nanocomposites with volume ratio greater than 50 vol %, medium fill volume ratio polymer-based nano-
composites with volume ratio of 10-50 vol % and low fill volume ratio polymer-based nanocomposites
with volume ratio less than 10 vol %. Among them, the medium-filled volume ratio of polymer-based nano-
composites can balance the relative dielectric constant and E,, of polymer-based nanocomposites while
increasing the relative dielectric constant and avoiding the sharp decrease of Ey,. Although the low fill vol-
ume ratio polymer-based nanocomposites are mainly used in the field of high voltage insulation because
E, does not decrease too much with the low fill concentration. Compared with these two categories,
although ¢ is increased, E, of the high fill volume ratio of polymer-based nanocomposites is extremely
decreased. Thus, polymer nanocomposites with high energy storage density cannot be realized by
increasing the filling ratio of nanoparticles in practical applications.

In addition to the filling ratio of nanoparticles, the size of ceramic particles filled into the polymer matrix will
also affect the energy storage density of composites. PVDF/BT composites with different sizes and con-
tents of BT particles were prepared by solution casting (Mendes et al., 2011). To determine the appropriate
particle size of ceramic particles, the high-energy-density nanocomposite films were prepared by intro-
ducing the final size ferroelectric nanocrystals into the polymer matrix for the first time. The researchers
found that BT nanocrystalline fillers with good dispersion and an average particle size of 6.9 nm are advan-
tageous to improve dielectric properties and enhance the energy storage density (Hao et al., 2017). How-
ever, it should be noticed that smaller particles lead to larger interaction areas between the ceramic filler
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and the polymer matrix whereas ceramic particles tend to aggregate with each other to reduce surface en-
ergy, which leads to the decrease of ¢, and the increase of Ey,.

For ceramic/polymer composites, the dielectric constant of the polymer matrix is also of great importance
for nanocomposites. The nanocomposites with high U need to rationally select a combination of polymer
matrix and nanoparticles with balanced dielectric properties. Li et al. (2009) introduced TO nanoparticles
into P(VDF-TrFE-CTFE) and P(VDF-CTFE) to fabricate nanocomposites, separately. The P(VDF-TrFE-CTFE)-
based nanocomposite containing 10 vol % TO nanoparticles exhibits a much higher U, than the nanocom-
posite based on the P(VDF-CTFE) matrix. This is because P(VDF-TrFE-CTFE) and TO fillers possess compa-
rable dielectric constants of 42 and 47 at ambient temperature and 1 kHz, respectively. Similarly, the energy
density of P(VDF-TrFE-CTFE) nanocomposites has a strong dependence on the TO concentration. The
nanocomposite loading with 10 vol % TO nanoparticles shows a maximal U, of 6.9 J/cm®. But, a further in-
crease in the TO concentration leads to decreased U..

Nanofibers (1D)

The incorporation of OD nanoparticles into composites can improve ¢, at the expense of E,, which in turn
limits the energy density of the capacitor. Thus, the integration and geometry of nanofillers should be opti-
mized along with the filler to reach the highest possible U, of nanocomposites (Sodano et al., 2013).
Compared with 0D nanoparticles, 1D materials (e.g., nanowires, nanofibers, nanorods, and nanotubes)
could provide the highest polarizability and E, (Pan et al., 2017c¢). One possible reason is that the 1D ma-
terial with a large aspect ratio could be more significantly improved in terms of the dielectric constant of
nanocomposites. Besides, the 1D material has a smaller specific surface, which can help to reduce the sur-
face energy and thus prevent the agglomeration of nanofillers in the polymer matrix (Song et al., 2012). For
instance, different BT nanostructures (e.g., nanoparticles, nanofibers, nanotubes) were synthesized and
used to prepare polymer composite films in the PVDF matrix (Pan et al., 2017c¢). Obviously, the energy
density of nanocomposites filled with BT nanotubes/nanofibers (BT-NTs/BT-NFs) is higher than BT
nanoparticles (BT-NPs), as shown in Figure 4E. Besides, BT nanowires/Pl (BT-NWs/Pl) and BaTiO3 nanopar-
ticles/Pl (BT-NPs/Pl) composites with different volume fractions of ceramic fillers were successfully pre-
pared. Compared with BT-NPs/P| composites, the energy density of composites filled by BT-NWs was
higher at the same concentration (Wang et al., 2015b), as shown in Figure 6F.

The various types of 1D nanofillers have different inherent characteristics and there will be discussed four
main nanofillers, including linear, ferroelectric, paraelectric, and relaxor-ferroelectric nanofillers. Because
of the high polarization responses and high Dpax, 1D ferroelectric nanofillers are one of the most widely
used nanofillers inside polymer nanocomposites. Wang et al. (20152) selected a series of surface-modified
nanowires with different inherent characteristics to fabricate the P(VDF-HFP)-based nanocomposites. Four
nanowires, including non-ferroelectric Na,Ti3O; nanowires (NTO NWs) and TiO, nanowires (TO NWs),
ferroelectric BT NW, and paraelectric SrTiO3 nanowires (ST NWs), were synthesized respectively and
then functionalized by dopamine. As a result, compared with ST NWs, TO NWs, and NTO NWs, the
P(VDF-HFP)-based nanocomposites with DA-modified BT NWs reveal the best potential in the dielectric
constant and discharged energy density. However, the charge-discharge efficiency of nanocomposites
with 1D ferroelectric nanofillers is limited by their high remnant polarization and thus does not meet the
application demand.

Except for high remnant polarization, another drawback of 1D ferroelectric nanoparticles is the wide D-E
loop, which leads to large energy loss. Therefore, 1D relaxor-ferroelectrics nanofillers with intrinsically
thinner D-E loop, such as were incorporated to reduce the energy loss and improve the charge-discharge
efficiency of nanocomposites (Liu et al., 2016; Chi et al., 2017, 2018; Zhang et al., 2018a; Pan et al., 2017b).
Nevertheless, because of the low Ey, the energy density of nanocomposites with 1D relaxor-ferroelectric
nanofillers ranged between 6 and 9 J/em®, which is still lower than that of 1D ferroelectric nanofillers.

The advantages of 1D paraelectric nanofillers are the lower remnant polarization and higher maximum po-
larization, which can compensate for the shortcomings of 1D ferroelectric nanofillers. The lower remnant
polarization and larger maximum polarization can translate into maximum discharge energy density and
charge-discharge efficiency (Wang et al., 2015¢), as shown in Figure 7A. For example, the fabricated
P(VDF-CTFE)-based nanocomposites containing a 3 vol % of paraelectric ST NWs exhibit an enhanced
U, of 8.8 J/cm?® at 338.1 MVm, which exceeds some reported at the same electric field. By direct comparison
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Figure 7. Polymer nanocomposites with 1D ceramic nanofillers

(A) The (Dmax-P,) values of the P(VDF-CTFE)-based nanocomposites with different amounts of STnws versus the maximum electric field. Adapted with
permission (Zhang et al., 2018b). Copyright [2022] Elsevier.

(B) The discharged energy density and (C) efficiency of the nanocomposites with 3 vol % STnw and BTnw. Adapted with permission (Zhang et al., 2018d).
Copyright [2022] Elsevier.

(D) Comparison of measured dielectric constant (at 1 kHz) of nanocomposites under different orientations (Random, 1-Direction Alignment, and 3-Direction
Alignment) as a function of PZT NW volume fraction. Adapted with permission (Tang et al., 2012). Copyright [2022] John Wiley and Sons.

(E) Schematic illustration of X-Y-aligned nanocomposite and Z-aligned nanocomposite. Adapted with permission (Xie et al., 2017). Copyright [2022]
Clearance Center, Inc. ("CCC").

with ferroelectric BaTiO3 nanowires fillers, the result shown paraelectric ST NWSs can simultaneously
improve the breakdown strength, the maximum discharged energy density, and make a higher efficiency
(Zhang et al., 2018b), as shown in Figures 7B and 7C.

The 1D linear nanofillers (like 1D TO) could enhance D,,., at the high electric field because of the large area
enclosed between D-E loops and the vertical D-axis. Meantime, a small dielectric difference between the
linear fillers and polymers (like TO and PVDF) contributes to achieving higher E, and U, in the final nano-
composites. For example, the dielectric breakdown strength of 2.5 vol % TO NWs/P(VDF-HFP) nanocom-
posites reached 520 MV/m because of the great compatibility between polymer and filler (Wang et al.,
2017a,2017b). In practical experiments and applications, the orientation of 1D nanofillers inside a polymer
is of great importance, because the alignment affects the dielectric, ferroelectric and energy storage per-
formances of nanocomposites (Zhang et al., 2018c; Andrews et al., 2010; Tang et al., 2012). In early research,
Tang et al. (2012) prepared nanocomposites with the aligned PbZrTiO3 nanowires (PZT NWs) and samples
with randomly dispersed PZT NWs to investigate the effect of the filler orientation on the energy storage
properties of nanocomposites. Under three different orientations (random, 1-direction alignment and
3-direction alignment), the dielectric constant of the nanocomposites with various volume fractions of
PZT NWs, is shown in Figure 7D. The results demonstrated that the dielectric constant of 3-direction
aligned PZT NW samples are much larger than that of random and 1-direction aligned PZT NW samples
at the same volume fraction.

In further research, Xie et al. (2017) tuned the alignment of BT NWs in the P(VDF-CTFE) matrix. The nano-
composite with nanowires aligned in the direction of the applying electric field (z axis) is noted as Z-aligned
nanocomposite whereas X-Y-aligned nanocomposite refers to nanowires aligned perpendicular to the
applying electric field, as shown in Figure 7E. Compared with the pure P(VDF-CTFE), the energy density
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Figure 8. Polymer nanocomposites with 2D ceramic nanofillers

(A) The discharged energy density of pure P(VDF-CTFE), X-Y-aligned BT NWs, and Z-aligned BT NWs nanocomposites. Adapted with permission (Yao et al.,
2016). Copyright [2022] American Chemical Society.

(B) The energy density of TNA/PVDF nanocomposites with 18% height ratio fillers. Adapted with permission (Yao et al., 2016). Copyright [2022] American
Chemical Society.

(C) Dielectric loss and breakdown strength of RCH/BN composites measured at 1kHz as a function of BN content. with different content of BN. Adapted with
permission (Wang et al., 2020c). Copyright [2022] Elsevier.

(D) The discharged energy density and charge-discharge efficiency of c-BCB/BNNS nanocomposite measured at 150°C, 200°C, and 250°C. Adapted with
permission (Li et al., 2015b). Copyright [2022] Springer Nature.

(E) Temperature-dependent breakdown strength of the nanocomposites filled with BNNSs, Al,O3-NPs, Al;O3-NW,s and Al,O3-NPLs. Adapted with
permission (Li et al., 2019). Copyright [2022] John Wiley and Sons.

(F) CNO nanosheet weight fraction dependence of the breakdown strength and the corresponding maximum recoverable energy density. Adapted with
permission (Bao et al., 2020). Copyright [2022] John Wiley and Sons.

of X-Y-aligned nanocomposite increased (10.1 J/cm?® at 340 MV/m). Meantime, Z-aligned nanocomposite
could exhibit an enhanced U, of 10.8 J/cm? and discharge efficiency of 61.4% at a lower electric field of 240
MV/m, as shown in Figure 8A. Obviously, the energy storage properties of Z-aligned nanocomposites are
superior to X-Y-aligned nanocomposites. In addition, the significantly enhanced energy density in nano-
composite capacitors combining the TiO, nanorod array (TNA) with PVDF has been achieved (Yao et al.,
2016). The maximum U, of TNA/PVDF nanocomposites with 18% height ratio fillers is 10.62 J/cm® under
a breakdown strength of 340 MV/m, as shown in Figure 8B. More importantly, the way does not need
any modification of the surface or some other complicated treating process.

Nanosheets (2D)

With the continuous improvement of the manufacturing process, the application of 2D nanosheets is
becoming more and more extensive. 2D nanosheets have higher breakdown strength and lower
dielectric loss than the other two ceramic nanofillers (Li et al., 2019; Ji et al., 2019; Feng et al., 2017,
He et al., 2009; Wang et al., 2019b, 2019¢). Usually, to compensate for the decrease in E, caused by
introducing the nanoparticles with high ¢, 2D nanosheets, such as 2D montmorillonite (MMT) and hex-
agonal boron nitride nanosheets (BNNS), are employed for their capability of improving E,, of polymer
matrix.
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Boron nitride nanosheets

Hexagonal boron nitride (BN), a layered structure similar to graphite, is a wide Eg (ca. 6eV) insulator with an
E,, of 800 MV/m (Wu et al., 2018a; Zhang et al., 2020a). Therefore, the introduction of BNNS is beneficial to
improve the E, markedly, and the excellent insulating and mechanical properties can also decrease the en-
ergy loss (Wang et al., 2020a; Li et al., 2015a). Wang et al. (2020a) fabricated flexible film based on regen-
erated chitin and BNNSs. Taking 1 kHz as an example, the dielectric loss decreased from 0.021 of the neat
regenerated chitin (RCH) film to only 0.018 of the composites filled with 6 wt % BN (RCH-BN¥), and the
maximum value of breakdown strength is 451 MV/m in RCH/BN composite film with 6 wt % BN loading,
as shown in Figure 8C. Besides, Li et al. (2015a) utilized ferroelectric P(VDF-TrFE-CFE) terpolymers incorpo-
rated with ultra-thin BNNSs to prepare P(VDF-TrFE-CFE)/BNNS nanocomposites. It is found that U, and 7
of P(VDF-TrFE-CFE)/BNNS nanocomposites remarkably improved in comparison to the pristine
terpolymer.

The working temperatures of polymer dielectrics usually are always low because of the dramatically
increased electrical conduction at elevated temperatures. However, researchers found that the dielectric
properties of polymer nanocomposites filled with BNNSs are stable over a broad temperature and fre-
quency range, which is attributed to its excellent thermal properties. The ultrahigh thermal conductivity
of BNNS makes polymer nanocomposites achieve satisfying energy storage properties at different
elevated temperatures by adjusting the matrixes (Xu et al.,, 2019; Hu et al., 2021; Li et al., 2015b; Liu
et al., 2017a). For example, by thermally crosslinked divinyltetramethyldisi-loxane-bis(benzocyclobutene)
(BCB), Lietal. (2015b) made the crosslinked c-BCB/BNNS nanocomposite which is of both high discharged
energy density and ultrahigh charge-discharge efficiency at 150°C, 200°C, and 250°C, as shown in Fig-
ure 8D. In addition, Xu et al. (2019) prepared the nanocomposites by anchoring poly(aryl ether sulfone)
(DPAES) on the surface of functionalized BNNSs (BN-BCB), which obtain a giant discharged energy density
(2.7 J/em®) and high charge-discharge efficiency (>90%) at 150°C and 400 MV/m.

2D oxide ceramic materials

2D oxide ceramicfillers also reveal obvious advantages in improving the energy storage properties of poly-
mer nanocomposites, including electroneutral nanoplates and nanosheets, and negatively charged nano-
sheets. Electroneutral nanoplates (like BT nanoplates (BT-NPLs) and Al,O3 nanoplates (Al,O3-NPLs)) as
fillers effectively improve the breakdown strength by alleviating the concentration of local electric fields un-
der high external electric fields and elevated temperatures (Shen et al., 2016; Li et al., 2019; Wen et al.,
2019). Li et al. (2019) fabricated c-BCB-based nanocomposites filled with BNNSs and various types Al,O5
nanoparticles of Al,O3 nanofillers (Al,O3 nanoparticles (Al,O3-NPs), Al,O3 nanowires (Al,O3-NWs),
Al,O3-NPLs), among which ¢-BCB/Al,O3-NPLs nanocomposites with the same filling content have the
highest E,, of 482 MV/m at 200°C, as shown in Figure 8E. At present, compared with single metal oxides
easily prepared by a hydrothermal reaction (Zhu et al., 2018; Li et al., 2019), the preparation of multiplex
metal oxides usually needs a one-step or two-step molten salt method (Wang et al., 2018a, 2019a; Fu
et al., 2020; Pan et al., 2019).

Similarly, the introduction of negatively charged nanosheets is an effective way to improve E, resulting in
enhanced energy density and lower energy loss. More importantly, most of those flexible polymer nano-
composites with high energy density are obtained by only adding a small loading of negatively charged
2D nanosheets along with concurrent improvements of breakdown strength. For example, the significantly
enhanced £, of 792 MV/m and the record-high recoverable energy density of 36.2 J/cm?® are reported in
PVDF-based nanocomposite capacitors with negatively charged C,,Nb3O4o (CNO) nanosheets (Bao
et al., 2020), as shown in Figure 8F. According to the phase-field simulations, the local electric field contrib-
utes to the enhanced breakdown strength which is produced by the negatively charged CNO nanosheets
sandwiched with the positively charged PEI. Because it suppresses the secondary impact-ionized electrons
and blocks the breakdown path in nanocomposites, thus preventing a complete breakdown of
nanocomposites.

2D multiphase materials

Although the incorporation of single 2D nanofillers enhances the energy density to a certain degree, the
nanocomposites are still unsuitable for energy storage because of high energy loss of high ¢ fillers or
low polarization of highly insulating fillers. To further enhance the energy density and meet the need
for energy storage applications, multiphase 2D nanofillers are introduced into the polymer matrix in
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single-layered polymer nanocomposites (Liu et al., 2020; Wang et al., 2018b; Ke et al., 2019; Zhu et al., 2020;
Feng et al.,, 2019; Deng et al., 2019; He et al., 2018; Luo et al., 2018; Li et al., 2019; Song et al., 2020) or
different 2D materials are filled separately into multilayer-structured nanocomposites (Guo et al., 2020,
Chi et al., 2019; Wu et al., 2018a; Liu et al., 2017b; Shen et al., 2015).

In single-layered polymer nanocomposites, the 2D multiphase systems with both conductive 2D fillers
and relatively insulating fillers enable to achieve both high ¢ and low loss tangent (Ke et al., 2019,
Zhu et al., 2020). Ke et al. (2019) prepared the thermoplastic polyurethane (TPU) composites by filling
hybrids of carbon nanostructures (CNS, also known as branched carbon nanotubes) and graphene nano-
platelets (GNP). The results demonstrated improved dielectric properties (i.e. dielectric constant of 10
with a low loss tangent of 0.008). Moreover, introducing ultra-small Ag nanoparticles had effectively
decreased the dielectric loss and conductivity of TPU/GNS/Ag composites, which resulted in the
improvement of energy storage characteristics of the composite (Zhu et al., 2020). In comparison to bi-
nary BT/polymer composites, the 2D multiphase systems with 2D MXene nanosheets significantly
improved the dielectric constant, which ascribes to remarkably increased interface types and enhanced
interface polarization (Feng et al., 2019). Similarly, by adding a low concentration of 2D titanium carbide
(Ti3Cy) MXene nanosheets into the alpha-SiC/PVDF nanocomposites, the SiC/MXene/PVDF nanocompo-
sites showed an improved high €, because of the multiple interfaces instead of a single interface (Deng et
al., 2019).

The insulating 2D fillers in multiphase systems mainly include BNNS (Luo et al., 2018; Li et al., 2019), and
MMT (Wang et al., 2018b; Song et al., 2020). Li et al. (2019) prepared PEl-based nanocomposites consisting
of two inorganic fillers with complementary functionalities, including BNNSs with high dielectric strength
and BT NPs with large electric polarization. Enhancements of both E, and € have been achieved in the
resulting ternary polymer nanocomposites, which lead to outstanding electrical storage and discharging
performance in comparison with pristine PEl and other engineering polymer films and excellent cyclability
at elevated temperatures. In addition, the PVYDF/IL/MMT nanocomposite exhibited improved energy stor-
age performance compared with the nanocomposites containing ionic liquid (IL) or nano-montmorillonite
(Na+ MMT) independently (Song et al., 2020).

However, conductive 2D fillers and relatively insulating filler could be filled into a multilayer-structured
nanocomposite at the same time, which are introduced into different layers. Guo et al. (2020) designed
a novel micro-sandwich-structured Pl-based nanocomposites by rationally arranging highly aligned
conductive reduced graphene oxide (rGO) and insulating BNNS layers in an alternating manner. The alter-
nating stacking of rGO and BNNS synergistically exploits the large difference in their electrical conductiv-
ities to yield a high dielectric constant with a moderate breakdown strength. Consequently, the micro-
sandwich nanocomposite prevails over the Pl film with a simultaneously high dielectric constant
of =579, a high energy density (43-fold higher than Pl) and an excellent thermal conductivity (11-fold higher
than PI) at a low hybrid filler content of only 2.5 vol %.

LAYER-STRUCTURED POLYMER COMPOSITES

The layer-structure design has been reported as an effective method to solve the above paradox between
high E, and enhanced ¢, of the ceramic/polymer nanocomposites. Recently, a series of topologically sand-
wich-structured polymer composites are emerging as a promising route to provide concurrent enhance-
ments in Ue and 7. The layer-structured polymer composite with superior energy storage properties is a
combination of compositional and structural tailoring by synergic integrations of the multiple components
in the layered structures and deliberately adjusting the interfaces and the relative ratios of the constituent
layers (Wang et al., 2019a). Two major layer-structured polymer composites will be introduced here, which
are layered all-organic polymer composites and layered ceramic/polymer composites.

Layered ceramic/polymer composites

The multilayered hierarchical structures enable to well adjust the distribution of the electric field by rear-
ranging the organization of the constituents in multi-component composite materials, resulting in opti-
mized overall performance (Wang et al., 2019b). In the single-layer ceramic/polymer nanocomposites,
the highly heterogeneous field distribution would cause a significant reduction of the breakdown strength
to limit the enhancement of U,. However, the interface between the matrix and fillers would overlap
together, especially when fillers with high loadings aggregate in the matrix, leading to nonuniform field
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Figure 9. Schematic illustration of the sandwich-structured BT/PVDFcomposites

(A) Sandwich BT/PVDF nanocomposites. Adapted with permission (Wang et al., 2017d). Copyright [2022] Clearance
Center, Inc. ("CCC").

(B) Sandwich-structured BT/PVDF composites. Adapted with permission (Wang et al., 2015a). Copyright [2022] John
Wiley and Sons.

distribution, which provides conductive paths for charge carriers. The layer-structured ceramic/polymer
nanocomposites could spatially regulate the distribution of the electric field even at high filler contents.
In the early studies, Wang et al. (2017a) designed and prepared sandwich-structured ceramic/polymer
nanocomposites by stacking the layer with high ¢ and the layer with high E,. The pure PVDF was adopted
as the middle layer to offer high E,, whereas two outer layers were BT/PVDF composite layers with high
permittivity, as shown in Figure 9A. By tailoring BT contents in the outer layers varies from 1 to 16%, it is
found that the best energy storage performance has been achieved at the outer layer with 3 vol % BT,
showing a breakdown strength of 410 MV/m, an energy density of 16.2 J/cm® and discharge efficiency of
70%, which are much higher than those of pure PVDF. This is because more applied voltage concentrates
onthe middle layer, resulting in a weak electric field region formed in the outer layer to hinder the growth of
electrical trees during the breakdown process, and decrease the conductivity of PVDF in the outer layer
simultaneously. In addition, Wang et al. (2015a) designed the middle layer with a small amount of BT nano-
particles to prepare the sandwich-structured nanocomposites, which is a stacking of three layers of conve-
nient 0-3 composites, as shown in Figure 9B. In the growth process of electrical trees during the break-
down, the introduction of electron traps increased the path tortuosity to improve the energy density
and breakdown strength.

Although the sandwich-structured composites have obtained enhanced energy storage properties, the
charge carrierinjection and associated electrical conduction still limit their energy storage capability, espe-
cially under high electric fields. The energy density and discharge efficiency of sandwich-structured poly-
mer composites are rarely higher than 20 J/cm?® and 70%, respectively. Thus, structural optimization needs
to be further studied. Different from most traditional sandwiched structures, Wang et al. (2018b) designed a
sandwich-structured nanocomposite with a high ¢, polarization layer as the middle layer and the high E,
insulation layer as the outer layers, as shown in Figure 10A. The outer layers were adopted with small BT
nanoparticles placed near the electrodes to prevent the charges injection whereas the middle layer with
high BT nanoparticles offers high ¢,. As a result, compared with most sandwich-structured nanocomposites,
the reverse sandwich structure with the optimized compositions and configurations obtained an ultrahigh
energy density of 26.4 J/cm? at E, of 526 MV/m along with a much-enhanced n of 72%, as shown in
Figure 10E.

The gradient-layered polymer nanocomposite is a new class of hierarchically structured multi-component
materials, whose design strategy applies to a variety of advanced composites with integrated contradictory
characteristics for outstanding comprehensive performance. The gradient-layered ceramic/polymer com-
posites would form the gradient electric fields at the interfaces between the adjacent layers by gradually
increasing the contents of ceramic fillers from the upper to bottom layers. The interfacial barrier effect
attributed to the gradient electric field distribution hampers the growth of electrical trees and thus
leads to the improvement of the breakdown strength. Wang et al. (2017b) prepared the gradient-layer
BT/PVDF nanocomposites, in which the BT contents of the bottom layer, middle layer, and upper layer
were high (10-30 vol %), medium (5-20 vol %), and low (1 vol %) respectively, as shown in Figure 10B. As
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Figure 10. Layered ceramic/polymer composites
Schematic illustration of (A) the reverse sandwich-structured BT/P(VDF-HFP) composites, (B) the gradient-layer BT/PVDF nanocomposites, (C) the P(VDF-

HFP) pure buffer layer and (D) the gradient-layered polymer composites with a buffer layer. Adapted with permission (Wang et al., 2020c). Copyright [2022]
Elsevier.

(E) Discharged energy density and discharged efficiency of pure P(VDF-HFP), sandwich-structured BT/P(VDF-HFP) composites, and reverse sandwich-
structured BT/P(VDF-HFP) composites. Adapted with permission (Wang et al., 2018c). Copyright [2022] Elsevier.

(F) Discharged energy density and discharged efficiency of “20-10-1", pure PVDF, and single layer BT/PVDF nanocomposites with BT contents of 1 vol %, 10
vol %, and 20 vol %, near their breakdown strength respectively. Adapted with permission (Wang et al., 2017¢e). Copyright [2022] Clearance Center, Inc.
("ccc).

(G) The discharged energy density and (H) efficiency of pure P(VDF-HFP), single-layered nanocomposites, gradient-layered nanocomposites, and gradient-
layered nanocomposites with a buffer layer. Adapted with permission (Wang et al., 2020c). Copyright [2022] Elsevier.

aresult, the optimization of the composite compositions achieved an ultrahigh discharged energy density
of 16.5 J/cm?® at Ey, of 390 MV/m, when the BT contents were 1, 10, and 20 vol % respectively, as shown in
Figure 10F. However, the breakdown strength of the gradient layered nanocomposites was limited below
400 MV/m, which is attributed to the fillers, namely spherical ceramic nanoparticles. Thus, to realize the full
potential, Wang et al. (2020a) selected P(VDF-HFP) as the matrix and BT NWs as filler instead of BT NPs to
prepare gradient-layered polymer composites. Meanwhile, a buffer layer with pure polymer was intro-
duced into the gradient-layered structure to reduce the charge injection from the electrodes, as shown
in Figures 10C and 10D. Therefore, the gradient-layered nanocomposite with a buffer layer obtained a
further enhancement in the breakdown strength to 510 MV/m, which is ~34% higher greater than the sam-
ple without the buffer layer. And the highest energy density is 17.6 J/cm? at 510 MV/m accompanied by a
charge-discharge efficiency of 71.2%, as shown in Figures 10G and 10H.

Layered all-organic polymer composites

Greatly improved energy densities have been achieved in layered ceramic/polymer composites, but sup-
pressed 7 (<80%) and elevated loss (>0.1 @ 1 kHz) cannot meet the requirements of practical applications.
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Figure 11. Layered all-organic polymer composites

(A) Schematic illustration of single-layered PMMA/P(VDF-HFP) films, sandwich-structured PMMA/P(VDF-HFP) films, and DE/PMMA/P(VDF-HFP) films.
Adapted with permission (Chen et al., 2018a). Copyright [2022] Elsevier.

(B) Discharged energy density and efficiency of pristine P(VDF-HFP) and the tri-layered all-polymer films with different PMMA volume fractions as a function
of the applied field. Adapted with permission (Chen et al., 2018b). Copyright [2022] Elsevier.

(C) Discharged energy density and efficiency of sandwich-structured DE/PMMA/P(VDF-HFP) films measured at 300 MV/m. Adapted with permission (Chen
et al., 2019). Copyright [2022] Clearance Center, Inc. ("CCC").

(D) discharged energy density and efficiency of pristine P(VDF-HFP) and PMMA, tri-layered PMMA/P(VDF-HFP) films and DE/PMMA/P(VDF-HFP) films.
Adapted with permission (Chen et al., 2019). Copyright [2022] Clearance Center, Inc. ("CCC").

Therefore, more attention should be paid to the concurrent improvement of U, and 7 rather than solely U,
(Sun et al., 2020). Paraelectric polymers, such as PEI (Sun et al., 2020), PP (Dang et al., 2007), and PMMA (Luo
etal., 2017a; Kang et al., 2009), have extremely low dielectric loss and high discharge efficiencies, so that
are incorporated into ferroelectric PVDF or its copolymers to suppress the ferroelectricity and then reduce
the conduction loss and improve 5 of polymer dielectric materials. The singer-layered P(VDF-HFP)/PMMA
blend films with 42.6 vol % PMMA could achieve an efficiency of 85.8% at the electric field of 475 MV/m (Luo
et al.,, 2017b). However, high loadings of PMMA in polymer blends substantially deteriorate € in turn and
limit the further enhancement of U. Instead of the singer layer films, PMMA was introduced into the middle
of the topological structure as the insulating layer, which effectively hinders the electron propagation and
impedes the breakdown across the film thickness (Fournier and Lamarre, 1992). In addition, excellent
cycling and mechanical reliability have been demonstrated in the tri-layered all-polymer films. Chen
et al. (2018b) prepared the multilayered PMMA/P(VDF-HFP) polymer films via a simple solution-casting
process, as shown in Figure 11A, resulting in a much improved discharged efficiency of 84% and higher
U, of 20.3 J/ecm® at 440 MV/m with 30 vol % PMMA, which reduce the conduction loss in comparison
with the single-layer blend film with an U, of 17.5 J/cm® and a charge-discharge efficiency of 72% measured
at 440 MV/m, as shown in Figure 11B.

Although the tri-layered PMMA/P(VDF-HFP) polymer films achieve large enhancement in the charge-
discharge efficiency (>80%) and the energy density (>20 J/cm?) at high electric fields, there is room for
improving the energy density of multilayered PMMA/P(VDF-HFP) polymer films at low electric fields. For
example, the tri-layered film with 70 vol % PMMA obtained an ultrahigh charge-discharged efficiency of
92% at 300 MV/m, but U, is only 9.1 J/cm?. The dielectric elastomers (DE) can undergo large elastic defor-
mation with increasing the electric field, and thus are a class of field responsive electroactive polymers
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(Yu et al., 2014; Pelrine et al., 2000). The organic DE was blended in ferroelectric P(VDF-HFP) matrix as the
outer layers of the sandwich-structured PMMA/P(VDF-HFP) polymer film to provide high maximum
displacement (Chen et al., 2019), resulting in a high U, of 11.8 J/cm?® at 300 MV/m whereas the tri-layered
films maintain the high energy storage efficiency of 89%, which is attributed to the volume ratio of the cen-
tral to outer layers (70:30), as shown in Figures 11C and 11D. This work provides a promising paradigm for
the design of flexible dielectric materials operating efficiently at relatively low electric fields.

Recently, asymmetric trilayer all-polymer dielectric composites were reported, which is a unique trilayer
paraelectric-moderate-ferroelectric (PMF) structure (Sun et al., 2021a, 2021b). For example, paraelectric
PMMA offers a high E, and high 5, and ferroelectric P(VDF-HFP) improves the polarization intensity and
U,. Particularly, the Moderate layer, which is a PMMA/P(VDF-HFP) blend composite, can partially undertake
the applied voltage of the PMF structure and then homogenize the electric field. This structure shows
tremendous potential for application in advanced dielectric energy-storage devices.

MICRO-/MACRO-SURFACE AND INTERFACE ENGINEERING FOR POLYMER DIELECTRICS
Micro-surface engineering

The nanofillers with a high volume fraction tend to have high surface energy in the ceramic/polymer nano-
composites, which usually leads to agglomeration and phase separation from the polymer matrix, and re-
sults in a decreased breakdown strength of the nanocomposites. Nevertheless, to achieve high energy
storage density, it is necessary to increase the volume fraction for nanocomposites filled with OD nanofillers.
The 1D nanofillers with the small specific surface area reduce the surface energy instead of 0D nanofillers to
prevent themselves from agglomerating in the polymer matrix and then contribute ordered traps, and scat-
tering centers to restrict charge shifting (Song et al., 2012; Xie et al., 2016). Unfortunately, the nanocompo-
sites with high loading 1D nanofillers still result in agglomeration of fillers, air voids, inorganic-organic in-
terfaces, and other defects, which will increase the leakage current and decrease E,, of the nanocomposites
(Lin et al., 2016; Almadhoun et al., 2012). At present, micro-surface engineering is focusing on alleviating
the negative influences of the inorganic filler aggregation on the nanocomposites.

Surface modification

The surface modification for nanofillers is a useful method to facilitate their dispersion in the polymer matrix (Niu
et al., 2015b). From many experimental and theoretical studies, researchers found that the elaborate modifica-
tion of nanofillers can facilitate the subsequent performance improvement of the polymer nanocomposites (Xie
etal., 2016; Panetal., 2017a; Wang etal., 2017a, 2017b; Liu et al., 2015b, 2016). Modification means the introduc-
tion of organic coatings onto the surface of inorganic fillers, which can be carried out by utilizing physical and
chemical interactions between the filler and the modifier. Normally modifier consists of two major components.
One is a functional group, such as —OH, —NH,, —NR3**, ~COOH, —COO~, —SOzH", —505%7, and —PO,°7,
which helps the anchoring of the modifiers to the particle’s surface through hydroxyl and electrostatic bonds.
The other is a solvable macromolecular chain, such as polyolefin, polyester, poly different, and polyether, which
is appropriate to be dispersed in different media (Chen et al., 2018a). Except for the above modifiers, a series of
modifiers were used to improve the dispersion of metal oxide nanoparticles in polymers (Choudhury, 2012; Schu-
manetal., 2012; Zhouand Yu, 2011; Rong etal., 2013), such as silanes (lijima et al., 2009), carboxylicacids (Yu et al.,
20713a), and phosphonicacid(Siddabattuni et al., 2011). Silane coupling agents were used to modify the surface of
BT particles in different solvents, which improved the dielectric properties of BT/epoxy composites (lijima et al.,
2009). The phosphonic acids were usually used to surface modifications on various oxides including ITO (Pania-
gua et al., 2008), TO (Spori et al., 2007), ZrO, (Gao et al., 1996), Al,O3 (Pellerite et al., 2003), and BT (Schulmeyer
et al., 2007).

Among the various modifiers, it is relatively less about the research on carboxylic acids as modifiers for
ceramic nanoparticles due to the small coverage level of them binding to the surface of metal oxides
(Niu et al., 2015a). The high adsorption level of modifiers in nanocomposites will lead to significantly lower
dielectric constant or high leakage current and dielectric loss. Therefore, Niu et al. (2018) used three car-
boxylic acids to treat the surface of BT NPs including 2,3,4,5-tetrafluorobenzoic acid (F4C), tetrafluoroph-
thalic acid (F4C2) and phthalic acid (C2) and tried to change the coverage level of carboxylic acids on the
surface of metal oxides by adjusting the number of carboxyl groups in the modifier molecule. They found
that a higher coverage level on the surface of BT nanoparticles can make the dielectric constant of the
nanocomposites increase, but meantime E, will be reduced. The amount of modifier on the surface of
the nanoparticle should be as small as possible while ensuring good dispersion of the nanoparticles and
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Figure 12. Surface modification and covalent grafting in micro-surface engineering
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(A) Schematic diagrams of the fabrication of F-BST NFs and the nanocomposites processes. Adapted with permission (Liu et al., 2015a). Copyright [2022]

Clearance Center, Inc. ("CCC").

(B) Schematic diagrams of the fabrication of BCZT@PATP NFs and the nanocomposites processes. Adapted with permission (Pan et al., 2017d). Copyright

[2022] American Chemical Society.

(C) Energy density and energy efficiency under various applied electric fields for 2.5 vol % BST NF/PVDF and 2.5 vol % F-BST NF/PVDF nanocomposites.

Adapted with permission (Liu et al., 2015b). Copyright [2022] Clearance Center, Inc. ("CCC").

(D) Energy densities of h-DOPA@TiO, NWs/P(VDF-HFP) nanocomposites with different volume fractions under varied applied fields. Adapted with

permission (Wang et al., 2017a). Copyright [2022] Springer Nature.

(E) The breakdown strength of the BCZT@PATP NFs/PVDF and BCZT NFs/PVDF nanocomposites with different volume fractions and (F) the energy density
of 2.1 vol % BCZT@PATP NFs/PVDF and BCZT NFs/PVDF nanocomposites. Adapted with permission (Pan et al., 2017a). Surface coating in micro-surface

engineerin Copyright [2022] American Chemical Society.

improved compatibility with the matrix. In addition, through the studies of the performance of the nano-
composites filled with BT nanoparticles modified by carboxylic acids, they found that the structure of mod-
ifiers including type, number, and position of functional groups in molecules have different effects on the
performance of the nanocomposites (Niu et al., 2015b).

Another example is the functionalization of the Bag ¢Sro 4TiO3 nanofibers (BST NFs) by hydroxylation using H,O,
treatment and subsequent fluorination. The surface-modified BST NFs were filled into the PVDF polymer matrix
to prepare the nanocomposites (Liu et al., 2015b), as shown in Figure 12A. The nanocomposites with surface-
fluorinated BST NFs (F-BST NFs) exhibit better dielectric performance than that with untreated BST NFs. Mean-
while, the composites with 2.5 wt % F-BST NF achieved U, of 7.5 J/cm® at 390 MV/m, as shown in Figure 12C.
Similarly, Liu et al. (2016) fabricate the nanocomposite films based on surface-modified Ba(Zrg 3Tip 7)O3 nanofib-
ers (BZT NFs) and PVDF. As a result, the energy storage density of 6.3 J/cm® was obtained at 380 MV/m with 2.5
vol % surface-modified BZT NF. At a relatively low electric field, significant enhancement in energy density was
also achieved because of the synergistic effect of both surface modifications by dopamine and large aspect ratio
nanowires. For example, the nanocomposite films with 3 vol % surface-modified BaTiO3 nanowires exhibited a
high energy density of 8.4 J/cm? at 280 MV/m (Xie et al., 2016).

Inspired by adhesive proteins in mussels, Wang et al. (2017a, 2017b) employed fluoro-polydopamine(f-
DOPA) to reinforce the compatibility of TiO, NWs in the fluoropolymer matrix. As a result, the energy stor-
age performances of nanocomposites exceed most previously reported nano-TiO, based nanocomposites
at both low and high electric fields. The nanocomposites with 2.5 vol % f-DOPA@TiO, NWs possessed an
ultrahigh discharged energy density of 11.13 J/cm? at 520 MV/m, and a gratifying high U, of 9.12 J/cm® was
also obtained with nanofiller loading as high as 15 vol % at 360 MV/m, as shown in Figure 12D.
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Covalent grafting

Except for using surfactants, covalent grafting of the nanoparticles to polymer chains also can enhance the
dispersion of nanoparticles in the polymer matrix. The covalent is “grafting to” the polymer chain or “graft-
ing from" the organic monomer on the filler surface, which is also an approach for modulating the polymer-
filler interface route to enhance the dielectric energy density in ceramic-polymer nanocomposites. Because
the way not only can alleviate filler aggregation but also retard the movement of charge carriers on the sur-
face between the polymer matrix and fillers. Pan et al. (2017b) proposed a novel approach to fabricate
nanocomposite films employed PVDF blends as the polymer matrix and high-aspect-ratio BCZT@PATP
NFs as fillers by grafting the polypropylene acyl tetraethylene pentamine (PATP) into 1D 0.5(BagsCag.3)
TiO3-0.5Ba(Zrg 2 Tig )O3 nanofibers (BCZT NFs), as shown in Figure 12B. The nanocomposite films loading
with BCZT@PATP NFs could more effectively improve the dielectric performance compared with the BCZT
NFs, as shown in Figure 12E. The energy density was improved to 8.23 J/cm® by small loading fillers at the
electricfield of 380 MV/m, as shown in Figure 12F. In another work, ST NWs were grafted onto the surface of
BT NPs functionalized with polyphenol-Sr?* shells on the surface via a hydrothermal process. As a result,
BT-ST-P(VDF-HFP) composites also exhibited superior dielectric properties compared with both pure
P(VDF-HFP) and BT-P(VDF-HFP) composites (Yu et al., 2015).

Surface coating

High energy density polymer nanocomposites with high loading of nanofillers give rise to more interfacial
imperfections, such as holes or voids (Zhang et al., 2014). Although modifying the interface between the
fillers and the polymer matrix has made some improvements, the large contrast in the dielectric constant
and conductivity at the interface between the polymer matrix and fillers results in nonuniform electric field
and thus the energy loss of nanocomposites (Gao et al., 2014; Li et al., 2007; Rahimabady et al., 2013). En-
ergy loss of nanocomposites could be attributed to the hysteresis loss of the PVDF matrix, interfacial po-
larization, and leakage current. Because of the significant difference in dielectric constant and conductivity
between ceramic fillers and PVDF matrix, space charges are blocked at the interfaces between the two me-
dia under a high electric field, which leads to an increase in dielectric loss and a decrease in breakdown
strength (Liu et al., 2015a). To overcome this issue, an effective way is a core-shell structure designed based
on interfacial engineering to introduce a shell layer with a moderating dielectric constant on the surface of
the nanofiller, which not only focuses solely on the interface between filler and polymer matrix but also pays
attention to the interface inside the dielectricfillers. The interface between polymers and ceramics plays an
important role in determining the dielectric properties of nanocomposites (Rahimabady et al., 2013). For
the core-shell structured nanocomposites, there are two main forms: one is encapsulating a low dielectric
constant ceramic nanolayer (a shell) on top of a high ¢ 1D ceramic nanofillers (a core), on the contrary, the
other is that the high ¢, ceramic nanolayer serves as the shell, which is on top of a low dielectric constant 1D
ceramic nanofillers. At present, the latter case has rarely been examined owing to polymer-nanofiller ¢,
mismatch and distortions accompanied by low E, in the low e-core@ high ¢ shell structures (Zhang et
al., 2019).

In the former case, when ceramic nanofillers with high ¢, as a core, for the shell layer, the ceramic nanolayers
with moderate ¢, such as TO, Al,O3, and SiO; (SO), are preferred as a buffer layer, which alleviates the elec-
tric field concentration in the polymer matrix to achieve the substantial improvement of energy storage
capability for polymer nanocomposites. To reduce the energy loss of the nanocomposites under high
applied electric fields, Yu et al. (2013¢c) prepared homogeneous ceramics-polymer nanocomposites
comprising core-shell structured BT/SO nanoparticles (BT@SO NPs) and a PVDF polymer matrix. They
found that the nanocomposites with BT@SO NPs exhibited much lower DC leakage current compared
to those of BT nanoparticles, as shown in Figure 13A, and the nanocomposite of 2 vol % BT@SO NPs ex-
hibited 46% reduced energy loss compared to that of BT NPs accompanied with an U, of 6.28 J/cm? under
an applied electric field of 340 MV/m, as shown in Figures 13C and 13D. Those are attributed to the SO
coating layers on the surface of BT NPs, which reduces the Maxwell-Wagner-Sillars interfacial polarization
and space charge polarization. Besides, Liu et al. (2015a) also prepared core-shell structured BT@SO nano-
fibers (BT@SO NFs) by coating SO layers into the surface of 1D BT NFs, as shown in Figure 13B. According
to the results, similarly, coating SO layers can block the movement of charge carriers through the nanocom-
posites by playing a shielding role on the charge-rich interlayer, which results in weak MWS interfacial po-
larization, reduces the energy loss and improves the energy discharged density of the nanocomposites.
The energy discharged density in the nanocomposite with 2.5 vol % BT@SO NFs is 6.28 J/cm? at 3.3
MV/cm.
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Figure 13. Surface coating in micro-surface engineering

(A) Schematic illustration of the synthesis of core-shell structured BT/SiO, nanoparticles and the fabrication of polymer-based nanocomposites. Adapted
with permission (Yu et al., 2013a). Copyright [2022] AIP Publishing.

(B) Schematic illustration of the synthesis of core-shell structured BT/SiO; nanofillers and the fabrication of polymer-based nanocomposites. Adapted with
permission (Wang et al., 2017b). Copyright [2022] Clearance Center, Inc. ("CCC").

(C) The dcleakage current of the nanocomposites as a function of the volume fraction of ceramic fillers. Adapted with permission (Yu et al., 2013b). Copyright
[2022] AIP Publishing.

(D) The energy discharged and energy loss of the nanocomposite of BT/SiO, nanoparticles and that of BT nanoparticles with a concentration of 2 vol %, as a
function of the applied electric field. Adapted with permission (Yu et al., 2013c). Copyright [2022] AIP Publishing.

(E) The energy discharged density for BT@AI,O3 NF/PVDF and BT NF/PVDF nanocomposites with a concentration of 2.5 vol %, as functions of the applied
electric field. Adapted with permission (Liu et al., 2017a). Copyright [2022] Elsevier.

(F) The dielectric breakdown strength and energy density of BT@AI,O3 NFs/PVDF nanocomposites with different volumes. Adapted with permission (Pan
et al., 2016). Copyright [2022] Clearance Center, Inc. ("CCC").

In addition to SO, the Al,O3 with moderate ¢, were incorporated as a shell layer on the surface of the BT
nanofibers to form a moderate interfacial area, which led to the gradient of the dielectric constant between
the filler and polymer matrix. Liu et al. (2017b) prepared 1D core-shell structured BT@AI,O3 nanofibers
(BT@AI,O3 NFs), which were homogeneously distributed in the PVDF polymer matrix to form the nanocom-
posite films. As a result, the maximum discharged energy density of 7.1 J/cm® was achieved in the nano-
composite with 2.5 vol % BT@AI,O3 NFs at 3800 kV/cm with an efficiency of above 65.1%, as shown in Fig-
ure 13E. In another study, Pan et al. (2016) also prepared nanocomposite films with BT@AI,O3 NFs, which
exhibited an excellent discharged energy density of 12.18 J/cm® under a field of 400 MV/m when the
loading of BT@AI,O3 NFs was 5 vol %, as shown in Figure 13F.

TO with a moderate €, was also introduced into the surface of BT nanofillers to form the hierarchical inter-
faces in polymer nanocomposites. Compared with SO and Al,O3, the nanocomposites with BT@AI,O3 NFs
could obtain better dielectric performance. Zhang et al. (2016) prepared TO nanofibers embedded with BT
nanoparticles via electrospinning and then fused them with PVDF into polymer nanocomposite films, as
shown in Figures 14A and 14B. The nanocomposites with a low loading of 3 vol % core-shell structured
BT@TO nanofibers (BT@TO NFs) achieved a giant U, of ~31.2 J/em? and raised Exup to 797.7 kV/mm,
which is evidence that one can manipulate the topological structure of interfaces for enhancing interfacial
polarization, as shown in Figure 14C. This is by far the highest energy density ever achieved in polymer
nanocomposites dielectrics, as shown in Figure 14D. Along this line, in other research (Song et al., 2012;
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Figure 14. Surface coating in micro-surface engineering

Schematicillustrations of (A) BTO NPs/PVDF nanocomposites and (B) nanocomposites filled with TO@BTO NFs. Adapted
with permission (Zhang et al., 2014). Copyright [2022] Clearance Center, Inc. ("CCC").

(C) Discharge energy density with the electric field for the P(VDF-HFP)/BTO@TO NFs nanocomposites with different
volume fractions of BTO@TO NFs. Adapted with permission (Zhang et al., 2016). Copyright [2022] John Wiley and Sons.
(D) Discharged energy densities of 3 vol % TO@BTO NFs/P(VDF-HFP) nanocomposites and some dielectric nanocom-
posites reported in previous literature in the range of 330-450 MV/m.

Rahimabady et al., 2013; Zhang et al., 2014, 2016), some results suggest that the enhanced interfacial po-
larization in the percolated interfacial regions induced by the motion of space charges with these perco-
lation paths gives rise to high ¢, of the polymer nanocomposites and even changes the electrical breakdown
behavior. The topological structure of interfaces between nanofillers and the polymer plays equally impor-
tant roles as the intrinsic dielectric property of the nanofillers in determining the dielectric performance of
the polymer nanocomposites (Zhang et al., 2014). Meanwhile, the role of shell thickness on the perfor-
mance of polymer nanocomposites was also investigated (Wang et al., 2017b; Li et al., 2012). Ma et al.
(2012) fabricated a dielectric polymer to utilize the BT NWs encapsulated by a TO shell of variable thickness
via a kinetics-controlled coating method. As a consequence, the energy storage capability of the nanocom-
posites can be tailored by the TO shell thickness.

In addition to core-shell structure, Pan et al. (2017d) successfully prepared a novel core-double-shell struc-
ture BT@TO@AI,O3 nanofibers (BT@TO@AO NFs) via the one-step method. They were incorporated into
PVDF, which was beneficial to alleviating the local electric field and electric current density intensification in
the filler/polymer system. As a result, compared with the nanocomposites loaded with BT NFs and BT@TO
NFs, the nanocomposites filled with BT@TO@AO NFs exhibit much decreased dielectric loss, enhanced
breakdown strength, and suppressed leakage current densities. For example, the nanocomposite films
loading with 3.6 vol % BT@TO@AO NFs show a maximal U, of 14.84 J/em?® at 450 MV/m, which was about
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twelve times greater than BOPP (=1.2 J/em? at 640 MV/m). Moreover, the nanocomposite exhibited a su-
perior power density of 4.7 MW/cm?® and an ultra-fast discharge speed of 0.37 ps.

Macro-interface engineering

The polymer-based dielectrics must withstand ever-increasing and enormous operating electric fields, but
a clear negative correlation between U, and E,, of surface states in polymer dielectrics has been demon-
strated experimentally (Wang et al., 2021). The surface state dramatically reduces the charge injection bar-
rier height lead to high electrical conduction. Therefore, the ideal Schottky barrier is hardly achieved and
cannot sufficiently impede the charge injection. At present, macro-interface engineering is a useful strat-
egy to enhance the breakdown strength by nanocoating on polymer films to eliminate surface states, re-
sulting in reviving the injection barrier and promoting lateral dissipation of injected charges (Zhang
et al., 2021).

Introducing highly insulating nanostructures

The addition of 2D nanosheets with wide Eg such as BNNS and alumina nanoplates into the polymer matrix
is an effective method to improve the capacitive properties at high electric fields and elevated tempera-
tures. In the polymer matrix, these high-aspect-ratio nanosheets function as topological barriers, which in-
crease the propagation path length of charge carriers and prevent the progress of electrical treeing. Thus,
introducing highly insulating nanostructures suppresses the electrical conduction and improves Ey,.

BNNSs are a 2D nanomaterial with a wide Eg (=6 eV), which have proved to be an intriguing dopant in
dielectric polymer nanocomposites to enhance Ep and 7. Because they have high intrinsic breakdown
voltage, great thermal conductivity, mechanical strength as well as large electrical resistance, which can
serve as efficient scattering centers for charge carriers. Zhu et al. (2019) fabricated a novel high energy den-
sity polymer composite with a nanosized interlayer of BNNSs through a simple layer-by-layer solution-
coating process, as shown in Figure 15A. The BNNSs were directly assembled as a compact and successive
interlayer located in the middle of PVDF films, which were aligned along the in-plane direction. Thus, the
amount of BNNSs in the sandwich-structured composite film is substantially lower than that in the conven-
tional polymer nanocomposites containing BNNSs. The experimental results reveal that introducing the
nanosized insulating interlayer impedes charge conduction and blocks the propagation of electrical
treeing, giving rise to suppressing the leakage and hence achieving a high breakdown strength and a su-
perior energy density. For instance, the composite film with 0.16 vol % BNNSs possesses a superior dis-
charged energy density of 14.3 J/cm® and an excellent breakdown strength of 612 MV/m. Especially, the
discharged energy density and efficiency of the composite film with 0.16 vol % BNNSs (BPB3) is superior
to that of a conventional PVDF-based nanocomposite with uniformly dispersed BNNSs of the same loading
content, as shown in Figures 15B and 15C. Because BNNS in conventional nanocomposites cannot form a
continuous topological barrier, resulting in the fact that the electrical tree propagates freely across the
nanocomposite films. Therefore, the compact and successive BNNS interlayer can more effectively inhibit
the development of electric damage, leading to a higher breakdown strength.

In the sandwich-structured nanocomposite films, interposing the 2D nanosheets between adjacent layers
based on macro-interface engineering is also able to suppress the energy loss at high electric fields and
elevated temperatures. The nanoscale MMT nanosheets were introduced into layered polymer nanocom-
posites to form 2D interfaces, giving rise to structural optimization (Wang et al., 2020b). The MMT interfaces
could impede the charge penetration through the whole film, which were because of providing paths to
relationally regulate the charges transport along the in-plane direction while suppressing the through-
plane conduction. For example, the energy loss can be suppressed by 45% with ceramic content increased
to 40 wt % at 250 MV/m and 150°C, which thereby provokes a significant enhancement of 52% for charge-
discharge efficiency, as shown in Figures 15D and 15E.

Coating wide-bandgap insulating materials with refined manufacturing technology

In order to enable the high-temperature capacitive energy applications of a wide range of engineering
polymers, coating wide-bandgap insulating materials onto the surface of engineering polymers is another
effective strategy. At present, chemical vapor deposition (CVD) and physical vapor deposition (PVD) are
commonly existing thin-film-deposition technology for the synthesis of 2D materials to deposit the
wide-bandgap 2D materials onto both sides of polymers.
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Figure 15. Macro-interface engineering

(A) Schematic illustrations of the fabrication process of sandwich-structured films (P stands for the PVDF layer, and B
denotes the BNNSs layer). Adapted with permission (Zhu et al., 2019). Copyright [2022] John Wiley and Sons.

(B) The discharged energy density and (C) charge-discharge efficiency as a function of the electric field of PBP3 and BNNS
0.2 (the conventional nanocomposites with the same loading content BNNSs). Adapted with permission (Zhu et al., 2019).
Copyright [2022] John Wiley and Sons.

(D) Energy losses and (E) charge-discharge efficiency of PBP (the layered nanocomposites without MMT interfaces) and
PMBMP-1L (the layered nanocomposites with nano-scale 2D MMT interfaces (1-time spraying)) with the BT content varied
from 15 wt % to 40 wt % in the middle layer at 150°C. Adapted with permission (Wang et al., 2020a). Copyright [2022]
Elsevier.
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CVD is a reproducible and scalable method for the synthesis of 2D materials, such as graphene, BN, and
transition metal dichalcogenides (Song et al., 2010). h-BN films were prepared from the CVD and trans-
ferred onto PEI films to form sandwich-structured h-BN/PEI/h-BN films. Impressively, the h-BN-coated
PEI films were capable of operating efficiently and delivering high energy densities even at a temperature
close to the Ty of polymers (Azizi et al., 2017). Thus, the scalability and processability of the method are
expected to enable the continuous production of 2D nanomaterial-functionalized polymers at large scales
for advanced electronics and energy devices. PVD, a straightforward thin-film-deposition technology, was
used to deposit various inorganic materials by just altering the target materials (Cheng et al., 2020). The
films deposited by this method exhibited different mechanical and electrical properties from CVD depos-
ited ones (Ye et al., 1998). Cheng et al. (2020) deposited h-BN of optimal thickness onto both sides of PI
films by using magnetron sputtering, a common PVD approach. The experimental results showed that
the dense and compact coating layer of h-BN could effectively suppress the charge injection at the elec-
trode/dielectric interfaces by improving the barrier height. Therefore, the sandwiched film exhibited a
discharge energy density of 0.493 J/cm® with charge-discharge efficiency of 91.3% under an electric field
of 200 MV/m at 150°C.

In addition, plasma-enhanced chemical vapor deposition (PECVD) is also a general and scalable approach
to surface-modified polymer dielectric films, which is faster than other existing film coating technologies,
such as CVD and PVD. Because PECVD capitalizes on highly reactive chemical species in ionized and
excited states as well as free radicals in the discharge region (Merche et al., 2012). Although PVD usually
requires vacuum, high-quality deposition of PECVD can be achieved at atmospheric pressure as a conse-
quence of stable and uniform discharge plasma by placing a dielectric layer between the electrodes to in-
crease the mean free path of plasma species and avoid arc discharge (Kogelschatz, 2003). Zhou et al. (2018)
deposited wide-bandgap SiO, onto the dielectric polymer films under ambient temperature and atmo-
spheric pressure by using the specially designed roll-to-roll PECVD, which is a general and environmentally
benign method for high-throughput preparation of high-performance polymer dielectrics operating at
elevated temperatures. Similarly, the introduced SiO; layer impedes the charge injection from electrodes
by increasing the potential barrier at the electrode/dielectric interface and hence improves high-temper-
ature capacitive performance. The roll-to-roll ambient-temperature PECVD approach overcomes one of
the key challenges of the field of dielectric materials and is also readily adaptable to large-scale production
of a variety of surface-functionalized polymer thin films for flexible energy and electronic applications.

SUMMARY AND OUTLOOK

High-energy-density polymer dielectrics via compositional and structural tailoring for electrical energy
storage are discussed in this review. To provide readers with a more intuitive comparison, the energy stor-
age properties of the main polymer nanocomposites discussed in this review were summarized in Table 2.

The dielectric materials play a significant role in dielectric capacitors, thus, to get high-energy-density poly-
mer dielectrics, researchers have made great efforts. The high dielectric constant ceramic fillers are intro-
duced into the high breakdown strength polymer matrix to comprise the ceramic/polymer nanocompo-
sites with high energy storage density. With regards to ceramic filler, ferroelectric ceramics with high e,
such as BT and SrTiO3 are typical choices, but the high €, would be accompanied by lower E, values, which
seriously limits the ultimate U,. Linear dielectric nanoparticles with moderate ¢, and high E, such as TiO,,
Al,O3, ZrO; and SiO,, have been used to improve the E,. They are usually incorporated onto the surface of
the nanofiller to suppress the energy loss, thereby increasing the E, value of the nanocomposite films. In
addition, the BNNS is also beneficial to improving the E,markedly, and the excellent insulating and me-
chanical properties can decrease the energy loss. At present, the ultrahigh specific surface area of
BNNS has been proved to more effectively improve the energy density compared with other nanofillers.

According to their spatial dimensions, different kinds of ceramic materials including nanoparticles (0D),
nanofibers (1D), and nanosheets (2D) are filled into various polymers. However, the nanocomposites con-
taining high loadings will give rise to agglomeration and phase separation from the polymer matrix result-
ing in a decreased breakdown strength. Besides, air voids, inorganic-organic interfaces, and other defects
will also increase the leakage current and decrease the electric breakdown strength of the nanocompo-
sites. Micro-surface engineering is focusing on minimizing the negative influences of the inorganic fillers
on the nanocomposites. The surface modification for nanoparticles, such as surfactant and covalent graft-
ing, is a useful method to facilitate their dispersion in the polymer matrix. The nanocomposites with
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Table 2. Energy storage properties of polymer nanocomposites
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Maximum
Dielectric discharged Charge-

Polymer Polymer breakdown energy density discharge
Nanocomposites Structure matrix Fillers strength (MV/m) (J/em?) efficiency (%) Ref
P(VDF-HFP)/BT Single layer P(VDF-HFP) m-BT NPs 164@25°C 3.2@25°C and TkHz = (Kim et al., 2009)
composites
P(VDF-TrFE-CTFE)/ Single layer P(VDF-TrFE- m-TiO, NPs 220@25°C 7.5@25°C and 1kHz - (Li et al., 2009)
TiO, composites CTFE)
PVDF/PZT composites Single layer PVDF PZT NWs - 1.28@25°C and 100Hz - (Tang et al., 2012)
BSBT/P(VDF-TrFE) Single layer P(VDF-TrFE) BSBT 155@25°C 4.72@25°C and 10Hz - (Hu et al., 2013)
composites
P(VDF-HFP) Core-shell P(VDF-HFP) BT@TO 340@25°C 12.2@25°C and 1kHz = (Rahimabady et al., 2013)
/BT@TiO, nano structure
composites
BST NWs/PVDF Single layer PVDF BST NWs 450@25°C 14.86@25°C and 1kHz - (Tang and Sodan, 2013)
composites
m-TiO, NWs/PVDF Single layer PVDF m-TiO, NWs 450@25°C 12.4@25°C and 100Hz - (Sodano et al., 2013)
composites
PVDF/BT@ SiO, Core-shell PVDF BT@SiO, 340@25°C 6.28@25°C and 1kHz - (Yu et al., 2013¢)
nanocomposites structure
PVDF/BT nanocomposites Single layer PVDF m-BT NPs 285@25°C 5.1@25°C and 10Hz - (Yu et al., 2013a)
PVDF/BT nanocomposites Single layer PVDF m-BT NPs 340@25°C 6.28@25°C and 10Hz - (Yu et al., 2013b)
PVDF/BT nanocomposites Single layer PVDF m-BT NPs 260@25°C 9.01@25°C and 10Hz - (Gao et al., 2014)
PVDF/BT/AR71 Single layer PVDF AR71/BT NPs 400@25°C 8.8@25°C and 10Hz - (Yu et al., 2014)
nanocomposites
The crosslinked Single layer c-BCB BNNSs 400@25°C 2.2@25°C 90@25°C (Li et al., 2015b)
c-BCB/BNNS
nanocomposite
P(VDF-TrFE-CTFE)/ Single layer P(VDF-TrFE- BNNSs 650@25°C 20.3@25°C and 10Hz 78@25°C (Li et al., 2015a)
BNNS composites CTFE)
F-BST NF/PVDF Single layer PVDF F-BST NF 390@25°C 7.5@25°C and 100Hz 64@25°C (Liu et al., 2015b)
nanocomposites
PVDF/BT nanocomposites Single layer PVDF m-BT NPs 400@25°C 9.4@25°C 61@25°C (Niu et al., 2015a)
PVDF/BT nanocomposites Sandwich- PVDF BT NPs 450@25°C 12.4@25°C - (Wang et al., 2015b)

structure
BT-ST/P(VDF-HFP) Single layer P(VDF-HFP) BT-ST 200@25°C 5@25°C and 100Hz - (Yu et al., 2015)

composites

(Continued on next page)
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Table 2. Continued

SS300V N3dO

Maximum

Dielectric discharged Charge-
Polymer Polymer breakdown energy density discharge
Nanocomposites Structure matrix Fillers strength (MV/m) (J/em?) efficiency (%) Ref
PVDF/TO @ BT NFs Core-shell PVDF TO @ BT NFs 646@25°C 20@25°C and 10Hz 75@25°C (Zhang et al., 2015)
nanocomposites structure
PVDF/TO @ BT NFs Single layer PVDF TO @ BT NFs 360@25°C 10.94@25°C and 10Hz - (Lin et al., 2016)
nanocomposites
PVDF/m-BZT NF Single layer PVDF m-BZT NF 380@25°C 6.3@25°C and 100Hz 64@25°C (Liu et al., 2016)
nanocomposites
PVDF/BT@AI,O3 Core-shell PVDF BT@AI,O3 NFs 400@25°C 12.8@25°C and 10Hz 65@25°C (Pan et al., 2016)
NFs nanocomposites structure
PVDF/ZrO, NSs Single layer PVDF ZrO, NSs 519@25°C 11.3@25°C and 100Hz 67.4@25°C (Shen et al., 2016)
nanocomposites
P(VDF-CTFE)/BT NWs Single layer P(VDF-CTFE) BT NWs 280@25°C 8.4@25°C and 100Hz - (Xie et al., 2016)
nanocomposites
TNA/PVDF nanocomposites Single layer PVDF TNA 340@200°C 10.62@200°C and 1kHz - (Yao et al., 2016)
TO @ BT NFs/P(VDF-HFP) Core-shell P(VDF-HFP) TO @ BT NFs 797.7@25°C 31.2@25°C and 10Hz - (Zhang et al., 2016)
nanocomposites structure
BZT-BCT NFs/PVDF Single layer PVDF BZT-BCT NFs 310@25°C 7.86@25°C and 100Hz 58@25°C (Chi et al., 2017)
nanocomposites
GNs-HAP-PBO Single layer PBO GNs-HAP 132.5@25°C 6@25°C and 100Hz - (Feng et al., 2017)
nanocomposites
BT/P(VDF-HFP) Single layer P(VDF-HFP) BT NPs 330@25°C 9.7@25°C and 100Hz - (Hao et al., 2017)
nanocomposite
PMMA/BNNS Single layer PMMA BNNS 400@25°C 3.55@25°C and 10Hz 84@25°C (Liu et al., 2017b)
nanocomposites
PVDF/BT@AI,O3 Core-shell PVDF BT@AI,O3 NFs 380@25°C 7.1@25°C and 100Hz 65.1@25°C (Liu et al., 2017¢)
NFs nanocomposites structure
P(VDF-HFP)/PMMA Single layer P(VDF-HFP) PMMA 475@25°C 11.2@25°C and 10Hz 85.8@25°C (Luo et al., 2017a)
flexible composite
BT-DA NTs/PVDF Single layer PVDF BT-DA NTs 330@25°C 7.03@25°C and 10Hz - (Pan et al., 2017a)
nanocomposites
BCZT@PATP NFs/ Single layer PVDF BCZT@PATP NFs 380@25°C 8.23@25°C and 10Hz 58@25°C (Pan et al., 2017b)
PVDF composites
PVDF/BT@AI,O3 Core-shell PVDF BT@AI,O3 NFs 450@25°C 12.37@25°C and 10Hz 64@25°C (Pan et al., 2017¢)
NFs nanocomposites structure

(Continued on next page)
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Table 2. Continued

Maximum
Dielectric discharged Charge-

Polymer Polymer breakdown energy density discharge
Nanocomposites Structure matrix Fillers strength (MV/m) (J/em?) efficiency (%) Ref
BT@TO@AO NFs/ Core-double- PVDF BT@TO@AO NFs 450@25°C 14.8@25°C and 100Hz 65@25°C (Pan et al., 2017b)
PVDF composite shell structure
f-DOPA@TiIO, NWs Single layer P(VDF-HFP) f-DOP@TIO, NWs 530@25°C 11.48@25°C and 100Hz 60@25°C (Wang et al., 2017b)
/P(VDF-HFP)
nanocomposite
TO@BT NWs/P(VDF-HFP) Core-shell P(VDF-HFP) TO@BT NWs 440@25°C 9.53@25°C and 10Hz 64@25°C (Wang et al., 2017¢)
nanocomposite structure
Sandwich-structured Sandwich PVDF BT NPs 410@25°C 16.2@25°C and 10Hz 70@25°C (Wang et al., 2017a)
BT/PVDF nanocomposites structure
Gradient layer-structured Gradient PVDF BT NPs 390@25°C 16.5@25°C 55@25°C (Wang et al., 2017b)
BT/PVDF nanocomposites layered

structure
P(VDF-CTFE)/BT NWs Single layer P(VDF-CTFE) BT NWs 240@25°C 10.8@25°C and 100Hz 61.4@25°C (Xie et al., 2017)
nanocomposites
Multilayered P(VDF-HFP)/ Sandwich P(VDF-HFP) PMMA 440@25°C 20.3@25°C and 10Hz 84@25°C (Chen et al., 2018b)
PMMA composite structure
BZT-BCT NFs/PVDF Single layer PVDF BZT-BCT NFs 240@25°C 3.08@25°C and 10Hz 60@25°C (Chi et al., 2018)
composite
P(VDF-HFP)/Ag-OMMT Single layer P(VDF-HFP) Ag-OMMT 400@25°C 10.51@25°C and 100Hz 45@25°C (Wang et al., 2018a)
composite
P-BST/PVDFnanocomposites Single layer PVDF P-BST 151.9@25°;C 6.36@25°C and 1kHz = (Wang et al., 2018b)
Sandwich-structured Sandwich P(VDF-HFP) BT NPs 530@25°C 26.4@25°C and 10Hz 72@25°C (Wang et al., 2018c)
BT/P(VDFHFP) structure
nanocomposite
PVDF/TOML nanocomposites Single layer PVDF TOML 650@25°C 21.1@25°C and 10Hz 61@25°C (Wen et al., 2017)
PVDF/OH-BNNS Single layer PVDF OH-BNNS 517@25°C 13.1@25°C - (Wu et al., 2018b)
nanocomposites
ST NWs/P(VDF-CTFE) Single layer P(VDF-CTFE) ST NWs 338.1@25°C 8.8@25°C and 100Hz 45@25°C (Zhang et al., 2018c)
nanocomposite
Sandwiched Sandwich PVDF BZT-BCT NFs 350@25°C 8.9@25°C and 10Hz 48@25°C (Zhang et al., 2018d)
BZT-BCT NFs-PVDF structure /Fe30,@BNNSs

/Fe30,@BNNSs-PVDF
/BZT-BCT NFs-PVDF

composite

/BZT-BCT NFs

(Continued on next page)
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Table 2. Continued

SS300V N3dO

Maximum

Dielectric discharged Charge-
Polymer Polymer breakdown energy density discharge
Nanocomposites Structure matrix Fillers strength (MV/m) (J/em?) efficiency (%) Ref
PMMA/P(VDF-HFP)/TiO, Single layer P(VDF-HFP) DOPAR@TIO, 570@25°C 13@25°C and 10Hz - (Zhu et al., 2018)
composite /PMMA
Tri-layered Sandwich P(VDF-HFP) DE/PMMA 300@25°C 11.8@25°C and 10Hz 89@25°C (Chen et al., 2019)
DE/PMMA/P(VDF-HFP) structure
nanocomposite
The ternary Single layer PVDF BT/MXene 220@25°C 7@25°C and 10Hz 42@25°C (Feng et al., 2019)
BT/MXene/PVDF
nanocomposites
Ni(OH),/PVDF composite Single layer PVDF Ni(OH), 421@25°C 17.3@25°C and 1kHz 56@25°C (Jietal., 2019)
c-BCB/AI,O3 NWs Single layer c-BCB Al,O3 NWs 450@150°C 3.31@150°C and 1kHz 90@150°C (Li et al., 2019)
nanocomposite
The ternary Single layer PEI BT NPs/BNNS 547@150°C 2.92@150°C and 10 Hz - (Li et al., 2019)
PEI/BT NPs/BNNS
nanocomposites
NN@AO Ps/P(VDF-HFP) Single layer P(VDF-HFP) NN@AO Ps 450@25°C 14.59@25°C and 10Hz 70.1@25°C (Pan et al., 2019)
nanocomposite
P(VDF-TrFE-CTFE)-g- Single layer P(VDF-TrFE- eMica 250@25°C 9.6@25°C and 10Hz 78@25°C (Wang et al., 2019b)
PMMA/eMica CTFE)
nanocomposite -g-PMMA
P-NBT4/PVDF composites Single layer PVDF P-NBT4 300@25°C 9.45@25°C and 100Hz 52.28@25°C (Wang et al., 2019¢)
PVDF/BT nanocomposites Single layer PVDF BT platelets 450@25°C 9.7@25°C and 100Hz - (Wen et al., 2019)
BN-BCB@DPAES Single layer DPAES BN-BCB 400@150°C 2.7@150°C and 100Hz 90@25°C (Xu et al., 2019)
nanocomposites
sandwich-structured Sandwich PVDF BNNS 612@25°C 14.3@25°C and 10Hz 71@25°C (Zhu et al., 2019)
BNNS/PVDF nanocomposite structure
CNO/PVDF nanocomposites Single layer PVDF CNO 792@25°C 36.2@25°C and 10Hz 61@25°C (Bao et al., 2020)
Sandwich-structured Sandwich Pl BN 200@25°C 0.943@25°C and 10Hz 90@25°C (Cheng et al., 2020)
BN/PI/BN films structure
PVDF/IL/MMT composite Single layer PVDF I/MMT 360@25°C 12.8@25°C and 1kHz 81.4@25°C (Song et al., 2020)
RCH/BN nanocomposites Single layer RCH BN 400@25°C 8.67@25°C and 100Hz 90@25°C (Wang et al., 2020c)
Gradient-layered Gradient P(VDF-HFP) BT NWs 510@25°C 17.6@25°C and 10Hz 71.2@25°C (Wang et al., 2020a)
BT NWs/P(VDF-HFP) layered
nanocomposites structure

(Continued on next page)
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Table 2. Continued

Maximum

Dielectric discharged Charge-
Polymer Polymer breakdown energy density discharge
Nanocomposites Structure matrix Fillers strength (MV/m) (J/em?) efficiency (%) Ref
Sandwich-structured Sandwich PAI BT/MMT 400@25°C 3.6@25°C and 10Hz 70@25°C (Wang et al., 2020b)
BT/MMT/PAI structure
nanocomposites
BNNSs/P(VDF-CTFE) Single layer P(VDF-CTFE) BNNSs 250@25°C 7@25°C and 100Hz 56@25°C (Zhang et al., 2020b)

nanocomposite

PVDF: polyvinylidene fluoride; Pl: polyimide; PEI: poly(ether imide); P(VDF-HFP): poly(vinylidene fluoride-co-hexafluoro propylene); P(VDF-TrFE): poly(vinylidene-fluoridetri-fluoroethylene); P(VDF-CTFE): pol-
y(vinylidene fluoride-chlorotrifluoroethylene); P(VDF-TrFE-CTFE): poly(vinylidene-fluoride-tertrifluoroethylene-ter-chlorotrifluoroethylene); PMMA: poly(methyl methacrylate); c-BCB: crosslinked divinyltetra-
methyldisiloxane-bis(benzocyclobutene); RCH: chitin; PATP: the polypropylene acyl tetraethylene pentaamine; DPAES: poly(aryl ether sulfone); IL: ionic liquid; BT NPs: BaTiO3 nanoparticles; BT NWs: BaTiO3
nanowires; Al,O3 NWs: Al,O3 nanoplates; PZT NWs: lead zirconate titanate; ST NWs: SrTiO3 nanowires; ZrO, NSs: ZrO, nanosheets; BCZT NFs: 0.5(Bag 7Cag 3) TiO3-0.5Ba(Zro »Tio )O3 nanofibers; BST NWs:
Ba »Sr0.8TiO3 nanowires; BCZT NFs: 0.5(Bag 7Cag 3) TiO3-0.5Ba(Zr 5 Tip.8)O3 nanofibers; m-BT NPs: modified BaTiO3 nanoparticles; m-TiO, NPs: modified TiO, nanoparticles; m-TiO, NWs: modified TiO, nano-
wires; m-BZT NFs: surface-modified Ba(Zro 3Tio 7)O3 nanofibers; -DOPA@TiO, NWs: fluoro-polydopamine modified-TiO, nanowires; DOPA@TIO,: polydopamine coated TiO,; BT-DA NTs: BaTiO3 nanotubes
coated with a dense dopamine layer; BT-ST: SrTiO3 nanowires grafted onto the surface of BaTiO3 nanoparticles; BSBT: Bi,Os-doped Bag 3Sro 7 TiO3; F-BST NFs: surface fluorinated Bag 4Sr 4TiO3 nanofibers;
BZT-BCT NFs: 0.5Ba(Zro »Tio.8)O30.5(Bag 7Cap 3) TiO3 nanofibers; P-BST: plate-like (Bag 4Sro.4)TiO3 particles; TOMLs: titania monolayers; AR71: polyacrylate elastomers; BNNSs: boron nitride nanosheets; OH-
BNNSs: surface hydroxylated BNNSs; MMT: montmorillonite nanoplatelets; MXene: Titanium carbide MXene; BT@BN: BaTiO3@BN nanosheets; BT@TO NPs: core-shell structured BaTiO;@TiO, nanopar-
ticles; TO@BT NFs: core-shell structured TiO,@BaTiO3 nanofibers; TO@BT NWs: core-shell structured TiO,@BaTiO3 nanowires; BT@SiO,: core-shell structured BaTiO3/SiO, nanoparticles; BT@AI,O3
NFs: core-shell structured BaTiO3@Al,O3 nanofibers; BT@TO@AO NFs: core-double-shell structured BaTiO;@TiO,@Al,O3 nanofibers; BCZT@PATP NFs: PATP grafted into the surface of BCZT NFs;
Fe304,@BNNSs: Fe3O4@boron nitride nanosheets; 2D NN@AO Ps: two-dimensional core-shell NaNbO3;@AI,05 platelets; P-NBT4: The plate-like Nag sBis 5TisO15 particles; RCH/BN: chitin/boron nitride nano-
sheets; Ni(OH),: platelet 2D Nickel hydroxide; eMica: ultrasonic-exfoliated mica nanosheets; TNA: 1-dimensional TiO, nanorod array; Ag-OMMT: silver-deposited exfoliated montmorillonite nanoplatelets;
P(VDF-TrFE-CTFE)-g-PMMA: PMMA grafted into P(VDF-TrFE-CTFE); GNs-HAP-PBO: core/shell-structured hyperbranched aromatic polyamide functionalized graphene nanosheets-poly(p-phenylene ben-
zobisoxazole).
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NOMENCLATURE

Ue the energy density

E, breakdown strength

€0 vacuum dielectric constant
¢ relative dielectric constant
BOPP biaxially oriented polypropylen
0D zero-dimensional

1D one-dimensional

2D two-dimensional

electric dipole moment
electric polarization
polarizability

the electric field

O m>x TE

the electric displacement

Uy the breakdown voltage

p the density

C the heat capacity

k the electrical conductivity

o the thermal conductivity

n charge-discharge efficiency

Y Young's modulus

D-E loop the electric displacement-electric field loop
T. the Curie temperature

Tm the melting temperature

Ty glass transition temperature

PVDF poly(vinylidene fluoride)

P(VDF-TrFE) poly(vinylidene fluoride-trifluoroethylene)
P(VDF-HFP) poly(vinylidene fluoride-hexafluoropropylene)
P(VDF-TrFE-CFE) poly(vinylidene-fluoride-trifluoroethylene-chlorofluoroethylene)
VDF vinylidene fluoride

TrFE trifluoroethylene

TFE tetrafluoroethylene

HFP hexafluoropropylene

CFE chlorofluoroethylene

HEVs hybrid electric vehicles

PMMA Poly(methyl methacrylate)

PC polycarbonate

Pl polyimide

PP polypropylene

PPS polyphenylene sulfide

PEls Poly (ether imides)

PEEK poly(ether ether ketone)

PEKK poly(ether ketone ketone)

PPEK poly(phthalazinone ether ketone)

SO,-PPO sulfonylated poly (2,6-dimethyl-1,4-phenylene oxide)
BT BaTiO;

TO TiO,

SO SiO;

BT-NTs BT nanotubes

BT-NFs BT nanofibers

BT-NPs BT nanoparticles

BT-NWs BT nanowires

BT-NPLs BT nanoplates

NTO NWs Na,Ti3O7 nanowires

TO NWs TiO, nanowires

ST NWs SrTiO3 nanowires

PZT NWs PbZrTiO3 nanowires

TNA TiO; nanorod array

MMT montmorillonite

BN hexagonal boron nitride

BNNS hexagonal boron nitride nanosheets
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RCH regenerated chitin

BCB divinyltetramethyldisi-loxane-bis(benzocyclobutene)
c-BCB crosslinked divinyltetramethyldisiloxane-bis(benzocyclobutene)
DPAES anchoring poly(aryl ether sulfone)

CNO CayNbsO1g

Al;O3-NPs  Al,O3 nanoparticles

Al,O3-NWs  Al,O3 nanowires

Al,03-NPLs  Al,O3 nanoplates

Eg bandgap

POFNB polyoxafluoronor-bornene

TPU thermoplastic polyurethane

CNS carbon nanostructures

GNP graphene nanoplatelets

TisC, titanium carbide

IL ionic liquid

Na+ MMT nano-montmorillonite

rGO reduced graphene oxide

DE dielectric elastomers

PMF paraelectric-moderate-ferroelectric

FAC 2,3,4,5-tetrafluorobenzoic acid

FAC2 tetrafluorophthalic acid

C2 phthalic acid

BST NFs Bag Srg.4TiO3 nanofibers

F-BST NF  surface-fluorinated BST NFs

BZT NFs Ba(Zro 3Tig.7)O3 nanofibers

f-DOPA  fluoro-polydopamine

PATP polypropylene acyl tetraethylene pentaamine

BCZT NFs 0.5(Bag.;Cag.3)TiO3-0.5Ba(Zrp 2 Tip.g)O3 nanofibers
BT@SO NPs core-shell structured BT/SO nanoparticles
BT@SO NFs core-shell structured BT/SO nanofibers
BT@TO NFs core-shell structured BT/TO nanofibers
BT@AI,O3 NFs core-shell structured BT@AI,O3 nanofibers
BT@TO@AO NFs core-double-shell structure BT@TO@AI,O3 nanofibers
CVD chemical vapor deposition

PVD physical vapor deposition

PECVD plasma-enhanced chemical vapor deposition

core-shell structured fillers by introducing a shell layer with a moderating dielectric constant possess
reduced energy loss and improved energy discharged density. In order to further improve the high energy
density of polymer dielectrics, the single-layer nanocomposites have met great challenges, a series of to-
pologically sandwich-structured films were prepared as a promising route to provide concurrent
enhancements in the dischargeable U, and 7.

In addition, macro-interface engineering enables to interpose of high-aspect-ratio nanosheets as topolog-
ical barriers to suppress electrical conduction. Coating wide-bandgap insulating materials onto the surface
of polymers is believed to be an effective approach to suppress the surface charge injection and improve
the high-temperature performance of polymer dielectrics. Alternatively, introducing highly insulating
nanostructures into the polymer matrix has proved to be another effective strategy to improving the
high-temperature capacitive properties. In our opinion, the approach of interfacial modification via 2D ma-
terials is the most promising strategy of developing BOPP substitutes in the above discussion. For
example, 2D MMT are interposed at the interfaces of a sandwich-structured BT/PI film, resulting in an ul-
trahigh U, of 3.6 J/cm® accompanied with a 5 of 70% at 150°C and 400 MV/m, which is at least two times
higher than that of state-of-the-art high-temperature polymers.

Although great progress has been achieved in developing high-energy-density polymer dielectrics for
electrical energy storage and applications, challenges remain. First, the incorporation of nanofillers is
beneficial to improving the energy storage properties of the nanocomposites, but still could not meet
the needs of electrical energy storage and applications. For nanofillers, 0D nanoparticles with high packing
volume fraction added into composites improve ¢ at the expense of the breakdown strength, which in turn
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limits the energy density of the capacitor. 1D nanofibers with a large aspect ratio provide the highest polar-
izability and breakdown strength, but the energy loss is still higher and thus leads to low charge-discharge
efficiency. Compared with 0D and 1D nanofillers, 2D nanosheets have higher breakdown strength and
lower dielectric loss. 2D fillers also show some problems, such as high conductivity, low polarization, or
large thickness. Therefore, at present, the composition of nanocomposites needs to be further optimized
for achieving excellent energy storage performance.

Secondly, the multi-interfaces of 2D multiphase systems and the topologically sandwich structure are effec-
tive in improving the energy storage properties of nanocomposites. Although synergic integrations of the
multiple components and the introduction of multi-interfaces are a perfect combination of compositional
and structural tailoring, the mechanisms underlying the interplay of multi-interfaces remain unclear. For
example, the hierarchical polymer composites and films achieved higher E, in comparison with the sin-
gle-layered counterparts by adjusting the electric distribution. However, the internal breakdown process
is difficult to observe by experimental methods so there are challenges for optimizing the structural design
to further achieve the outstanding energy storage properties.

Finally, the preparation methods of nanocomposite films also hinder the advancements. Although the
powerful electrospinning method tends to be used for preparing complicated sandwich-structured nano-
composites, its throughput rate is extremely low. Besides, it is difficult to simultaneously achieve large-
scale and high-quality films by a layer-by-layer hot-pressing method. The methods for orienting 2D mate-
rials include shearing and electrospinning, but the achieved orientation by those methods lacks variety and
is not as strict as that of 1D fillers. Therefore, the effective preparation methods for application still need to
be further developed. All in all, advancing the development of polymer dielectrics requires close interdis-
ciplinary cooperation among chemists, materials scientists, mechanical engineers, and other experts.
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