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Abstract: Due to the trend of multi-function, integration, and miniaturization of electronics, tra-
ditional dielectric materials are difficult to satisfy new requirements, such as balanced dielectric
properties and good designability. Therefore, high dielectric polymer composites have attracted
wide attention due to their outstanding processibility, good designability, and dielectric properties.
A number of polymer composites are employed in capacitors and sensors. All these applications
are directly affected by the composite’s dielectric properties, which are highly depended on the
compositions and internal structure design, including the polymer matrix, fillers, structural design,
etc. In this review, the influences of matrix, fillers, and filler arrangement on dielectric properties
are systematically and comprehensively summarized and the regulation strategies of dielectric loss
are introduced as well. Finally, the challenges and prospects of high dielectric polymer composites
are proposed.
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1. Introduction

As the demand for electronics and capacitor devices increases, high dielectric materials
have attracted increasing attention [1-3]. Polymer materials own advantages of ease of
processing, flexibility, and good mechanical properties but the dielectric properties are
usually less than satisfactory. Therefore, the preparation of high dielectric composites by
introducing high dielectric fillers has become a research hotspot [4,5]. Fillers or interfaces
can be easily polarized under external electric fields then enhances the dielectric permittivity
of polymer composites [6]. Compared with traditional dielectric materials, high dielectric
polymer composites offer more benefits, such as easy processing, excellent mechanical
properties, and good flexibility [7].

The dielectric permittivity (e) and dielectric loss (tand) composes the dielectric prop-
erties of the composites [8]. Additionally, the ¢ is composed by a real (¢') and imaginary
part (¢"). The dielectric loss refers to the phenomenon of heat generation accompanied by
energy consumption during polarization [8-10]. The relationship between the dielectric
permittivity (¢) and dielectric loss (tand) is shown by the following Equation (1):

/!

€
tand = o €))

where ¢ is the real permittivity of the system and ¢” is the imaginary permittivity of
the system. Dielectric loss is mainly attributed to polarization loss and conductivity
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loss. Polarization loss is mainly generated by the polarization of the molecular dipole.
Polarization loss occurs during the polarization and relaxation process, which inevitably
consumes electrical energy to overcome internal viscous resistance of the medium, thus
resulting in dielectric loss of the material. Any movement of current carriers, even in
very restricted areas, also consumes energy to overcome the resistance and results in
conductivity loss [6]. Both the dielectric permittivity and dielectric loss directly affect the
practical application of dielectric materials [11,12]. By the reasonable selection principle of
the matrix and filler, dielectric properties of composites are manipulated. For instance, the
addition of conductive fillers or ceramic fillers can increase the dielectric permittivity. By
introducing insulating fillers or core-shell structures to block the formation of conductive
paths, the increase of dielectric loss can be effectively suppressed [13-15]. Of course, not all
fillers can enhance dielectric permittivity, the dielectric permittivity decreases when fillers
such as POSS with a cage structure are introduced [16-18].

Based on physics theory, polarization can affect the dielectric permittivity of the mate-
rial and the charge of the material accumulates under the external electric filed leading to
the polarization phenomenon (Figure 1). Factors affecting dielectric permittivity include
electron polarization, atomic polarization, dipole polarization, and interfacial polariza-
tion [6,19,20]. Both electronic polarization and atomic polarization are collectively referred
to as deformation polarization or induced polarization. Polymers are subject to deformation
polarization or induced polarization in the high-frequency region. Interfacial polarization is
generated by the aggregation of electrons or ions in the dielectric at the non-homogeneous
interface and due to the different polarization rates of the components on either side of
the interface, this often occurs at the interfaces of impurities, defects, crystalline, and
amorphous regions [21-24]. Compared to the three polarization phenomena mentioned
above, dipole polarization usually takes a longer time since the molecules are required to
override inertia and resistance during polarization; therefore, dipole polarization occurs
at a low-frequency range. The above mentioned four types of polarization determine the
dielectric permittivity of the material. The relationship between polarization and dielectric
permittivity is as follows:

P = (g —1)gE (2)

where P is the polarization intensity and &, and gy represents the dielectric permittivity of
the material and vacuum, respectively. E is the strength of applied electric fields. It can be
derived that the polarization intensity and dielectric permittivity are proportional to each
other based on Equation (2). Hence, the higher the polarity of the material the higher its
dielectric permittivity. This is also the cause of why the polymer owning of a large number
of polar groups are chosen as the matrix of high dielectric polymer composites. Table 1
shows dielectric properties of common matrix at 1 KHz frequency [6].

Table 1. Dielectric properties of various polymers [6].

Dielectric Permittivity Loss Tangent

Polymer Materials (1 KHz) (1 KHz) References
Polytetrafluoroethylene (PTFE) 2 0.0001 [25]
Biaxially oriented polypropylene (BOPP) 2.2 0.0002 [26]
Low-Density Polyethylene (LDPE) 2.3 0.003 [25,27]
High-Density Polyethylene (HDPE) 2.3 0.0002-0.0007 [25,27]
Polystyrene (PS) 24-2.7 0.008 [28]
Polydimethyl siloxane (PDMS) 2.6 0.01 [25,29]
Polycarbonate (PC) 3.0 0.0015 [28]
Polyvinyl chloride (PVC) 34 0.018 [30]
Polyimide (PT) 35 0.04 [31]
Polyethylene glycol terephthalate (PET) 3.6 0.01 [25,32]
Poly(ether-ether-ketone) (PEEK) 4.0 0.009 (100 KHz) [25,33,34]
Epoxy 45 0.015 [25,28,35,36]
Polymethyl methacrylate (PMMA) 45 0.05 [25,37-39]
Polyurethane (PU) 4.6 0.02 [40]
Polyvinylidene difluoride (PVDF) 10 0.04 [36]
Polyvinyl alcohol (PVA) 12 0.3 [41,42]
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Figure 1. Polarization under electric fields.

Compared with the principle of matrix selection, the selection strategy of fillers for
high dielectric polymer composites have to take more factors into consideration, including
polarity, electrical conductivity and interfacial effects, processing properties, and mechani-
cal properties [43]. The commonly used fillers are classified as the following: (1) conductive
fillers [44—-47]; (2) ceramic fillers; and (3) polar polymer fillers [48-55]. The addition of fillers
can increase the dielectric constant of composites to some extent; however, it also increases
the dielectric loss simultaneously, which is undesirable for practical applications.

In addition to the selection strategies for fillers, controlling the distribution of fillers
by external fields can also improve the dielectric permittivity of the composite. External
fields can align the particles by shearing force or electrophoretic force along one direction
in the polymer matrix (Figure 2). This alignment structure effects the dielectric properties
on many aspects. Based on the above considerations, this review systematically discusses
the impact on fillers, structural design on dielectric permittivity of composites, as well as
regulation strategies of dielectric loss. Typically used fillers of a different nature, such as
conductive, inorganic, and organic, have been investigated. At the end, the challenges
and prospects of high dielectric polymer composites are proposed [55-58]. The dielectric
properties of polymer high dielectric composites are mainly affected by the matrix and filler.
Distinct from reported reviews, in this review, we introduce not only the effects of polymer
matrix and filler type but also the cutting-edge research, such as the effect of the distribution
method of filler on the dielectric properties of composites and the up-to-date method of
suppressing the dielectric loss of the composites. We Hope that this review article will
give readers a comprehensive understanding and inspire future multidisciplinary research
efforts in high dielectric polymer composites arena.
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Figure 2. Fillers oriented under external electric fields.

2. Influence of Polymer Matrix on Dielectric Properties of Composites

Polymer materials are widely used in electronic fields, such as integrated circuit boards,
film capacitors, and display screens, due to their excellent processability and low dielectric
loss. Due to the huge demand, a variety of polymer materials have gradually emerged,
including polystyrene, polyethylene, polycarbonate, polyvinylidene fluoride, and other
materials [59-62].

As shown in Table 1, polymers with high polarity are preferred for high dielectric
polymer composites matrix [6]. The most commonly used include PVDE, PMMA, etc., while
polyvinyl alcohol has a high dielectric permittivity, but its loss is also very high, affecting
the practical application, so it is generally not used as a matrix. PTFE, BOPP, LDPE, HDPE,
and PS have high molecular regularity and there are no polar groups in the molecular
chain. Therefore, these materials own low dielectric permittivity and dielectric loss. The
polar groups in the system will improve the dielectric permittivity and dielectric loss of the
composite, such as PVDF, PVA, etc. Of course, the same material’s dielectric permittivity
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and dielectric loss are not invariable; the different test frequency will also cause the change
of dielectric permittivity. Figure 3 shows that different polarization phenomena will
occur at different test frequencies and accumulate continuously [6]. Therefore, dielectric
permittivity and dielectric loss for a certain test frequency may be a result of multiple
polarization phenomena superimposed.

A

Dielectric constant

Dielectric loss

10’ 10° 10" 10'
[Radio| [Infrared] [UV light|

Frequency, Hz

Figure 3. Polarization types at different frequencies. Pe, P;, Pq, and Pj,; refer to e-polarization,
ion-polarization, dipole-polarization, and interfacial polarization, respectively. Adapted with permis-
sion [6]. Copyright 2016, American Chemical Society.

The polymer matrix can provide excellent mechanical properties for the composite
and also has a great influence on the dielectric properties of the composite. The dielectric
properties of composite materials are greatly influenced by the matrix [63,64]. As shown
in Figure 4, the dielectric composite with the middle layer of polymethyl methacrylate
(PMMA) and the outer layer of polyvinylidene fluoride-co-hexafluoropropvlene (PVDF-
HEFP) filled with BaTiO3; nanoparticles (BI-NPs) was prepared (Figure 4a,b) [65]. The
dielectric properties of PMMA, PVDF-HFP, PVDF-HFP/PMMA /PVDF-HEFP, and the de-
signed sandwich composites (PVDF-HFP/BT-NPs)/PMMA / (PVDF-HFP /BT-NPs) were
characterized. The dielectric permittivity of P(VDF-HFP) was around 11 (at 100 Hz), while
that of PMMA was only 4. The dielectric permittivity of the sandwich structure composite
is 4.8 (Figure 4c). The dielectric permittivity of the sandwich structure composite could be
enhanced to around 6 by adding 20 wt% BaTiO3 nanoparticles, but the dielectric permit-
tivity of PVDF-HFP was still higher than that of the composite. In addition, the addition
of BaTiO3 nanoparticles into PMMA also caused the increase of dielectric loss (Figure 4d),
which is undesirable. Therefore, the effect of polarity on the dielectric permittivity of the
polymer is pronounced. There are a large number of polar groups in the PVDF matrix, and
PVDF has a higher dielectric constant than PMMA and the difference is very large. In other
words, a polymer matrix with weak polarity is not always able to exceed a polymer matrix
with strong polarity by adding a certain content of filler. Therefore, the selection of matrix
is very important for high dielectric composites [63,64]. Commonly, polymers with strong
polarity are preferred when designing high dielectric composites.
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Figure 4. (a) SEM diagrams for sandwich structure composite with 10 wt% BT-NPs. (b) SEM images
for adjacent region of PVDF-HFP/BT-NPs and PMMA. The dielectric permittivity (c) and dielectric
loss (d). Adapted with permission [65]. Copyright 2021, Elsevier.

3. Influence of Fillers on Dielectric Properties of Polymer Composites

Filler has a great influence on the performance of composites as well. Usually, fillers
with high polarity or conductivity can be added to greatly increase the dielectric permittivity
of the composite. However, the dispersion is crucial to both the dielectric permittivity and
dielectric loss [66-69]. Poor dispersion leads to higher dielectric loss and lower dielectric
permittivity. Moreover, the addition of filler will inevitably generate a mass of interface
in the composite, which leads a troublesome issue of increasing dielectric loss [70-72]. It
is worth mentioning that the interaction between the filler and the matrix may restrict
the movement of the molecular chains, which can reduce dielectric loss [73]. In high
dielectric composite systems, conductive fillers, ceramic fillers, and polar polymer fillers
are the mainly used categories. Their advantages and disadvantages were summarized in
the Table 2.

Table 2. Common high dielectric fillers and their advantages and disadvantages.

Type of Filler Common Materials Advantages Disadvantages References
. . Ag, Au, CNTs, . . . Difficult to disperse;
Conductive fillers Graphene, etc. High dielectric Poor compatibility [44-47]
. BaSrTiO3, BaTiO3, . . . High dielectric loss; 8
Ceramic fillers CaCuTiOs, etc. High dielectric Poor compatibility [48-50]
Polar polymers CNCs, PAN, etc. Good compatibility Limited increase of [51-55]

dielectric permittivity

3.1. Application of Conductive Fillers in Dielectric Composites

Conductive fillers are mainly divided into metallic materials and carbon materials.
Metallic particles include silver, copper, aluminum, and nickel and carbon materials involve
carbon nanotubes, graphene, carbon black, etc. [74-78]. Although all these particles above
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mentioned can greatly increase the dielectric permittivity of composites, their disadvantages
cannot be ignored. On the one hand, the conductive fillers are less compatible with polymer
matrix, accompanying agglomeration phenomenon, which has bad influence on both
processing and performance of the composites [10]. On the other hand, the fillers contact
each other and form conductive pathways easily due to their good conductivity, which
results in current leakage and increases the dielectric loss of the composites [43]. Therefore,
many researchers have addressed the drawbacks of poor filler-matrix compatibility by
modifying conductive fillers. For instance, the compatibility problem can be solved by
modifying the conductive filler with a insulative polymer layer, and if the layer is isolating,
the formation of the conductive pathway can also be blocked [79,80].

Chen et al. prepared carboxylated multiwalled carbon nanotubes using acid oxidation
and then acyl chlorinated carbon nanotubes (NH,-MWNT) were prepared by immersing
the carboxylated multiwalled carbon nanotubes into chlorinated sulfoxide [81]. Then,
NH;-MWNT/PI composites were prepared by using modified carbon nanotubes as fillers
and polyimide (PI) as the matrix (Figure 5a,b). The dielectric permittivity of composites
gradually increases with increasing NHy-MWNT content, which could reach up to 31
(1 KHz) until the content of NH,-MWNT was 10 wt%, and the dielectric loss is only
0.022. The dielectric permittivity of the composites began to decrease when the content of
NH;-MWNT was over 10 wt%. That is because NH,-MWNT has good dispersion in the
composite by surface modification when the content of NH,-MWNT was not exceeding
10 wt%, while the dispersion of NH,-MWNT became worse as long as the content was over
the limit, which leads to a decrease in dielectric permittivity and an increase in dielectric loss
(Figure 5c—e). Carbon nanotubes have excellent electrical conductivity, which can increase
the polarization phenomenon and the dielectric constant of composites. The reduction of
mutual contact of carbon nanotubes after modification can suppress the elevated dielectric
loss to some extent. Therefore, the method of modifying conductive fillers by polymer
materials can improve the compatibility between the conductive fillers and polymer matrix
to a certain extent and also can restrain the formation of conductive pathways.

3.2. Application of Ceramic Fillers in Dielectric Composites

Ceramic materials have excellent dielectric properties, but they suffer from poor
processing properties due to their low impact resistance and high brittleness, which limit
their use in electronics [82]. Therefore, ceramic fillers are commonly applied to prepare high
dielectric composites, which own processing and mechanical properties of the polymer
matrix while possessing excellent dielectric permittivity of fillers [83—-85]. However, to
improve the dielectric permittivity of composites, a high loading of ceramic fillers is often
necessary and the poor compatibility of ceramic fillers with polymers often introduces a
large number of defects and voids when the loading is high, which will directly increase
dielectric loss and greatly affect mechanical properties of composites. The ceramic filler
has a great enhancement of the dielectric permittivity of the composite. Costa et al. used
BaTiOs as fillers in a silk fibroin matrix to prepare bio-based composites with high dielectric
properties (Figure 6) [86]. The distribution of BaTiO3 particles in silk fibroin are relatively
uniform. The dielectric permittivity of the composites improved from 4 to 141 at 1 KHZ
for BaTiO3 addition of 40 wt%. While the dielectric loss also increased from 0.1 to 10, this
seriously affects the practical application since high dielectric loss means lot of heat will
be generated during use. BaTiO3 has very high polarizability, which can greatly improve
the dielectric constant of composites. However, as a ceramic filler, the dielectric loss will
also greatly increase, which will seriously affect the practical application of polymer high
dielectric composites.
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Figure 5. (a) Synthetic route of NH,-MWNT. (b) Schematic and physical diagram of NH,-MWNT /PI
composites. (c¢) Dielectric permittivity and (d) dielectric loss of NHy-MWNT /PI composite films.
(e) The dielectric properties of the composites at 1 KHz influenced by the NH,-MWNT content.
Adapted with permission [81]. Copyright 2014, Royal Society of Chemistry.
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Figure 6. (a) Images of flexible silk fibroin/BaTiO3 composite films. (b) Cross-sectional morphology
of silk fibroin films, 10 wt% BaTiO3 /silk fibroin, and 40 wt% BaTiOj3 /silk fibroin composites. Variation
of ¢ (c) and ¢’ (d) with temperature for BaTiO3/silk fibroin composites at 1 KHz. Adapted with
permission [86]. Copyright 2021, Elsevier.

To address the high dielectric loss and poor compatibility of ceramic fillers, many
researchers have explored strategies to increase the interaction between a ceramic filler and
the matrix [87-89]. Yang et al. developed a method of preparing vinylated BaTiO3 [90].
Both polystyrene modified BaTiO3; (PS@BaTiO3) and poly (methyl methacrylate) modified
BaTiO3; (PMMA@BaTiO3) are investigated systematically, as shown in Figure 7. BaTiO3 was
modified by polymer and the dielectric loss remained very low (<0.04) when the dielectric
permittivity was increased above 30 at 100 Hz. BaTiOj; often has uneven dispersion
phenomenon when used as filler, which is one of the reasons for the high dielectric loss
of composites with BaTiOj3 as filler. Therefore, modifying BaTiO3; with polymer materials
can improve the compatibility with the matrix and achieve the purpose of suppressing the
dielectric loss.
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Figure 7. (a) Preparation of core-shell structured polymer@BaTiO3 Nanoparticles. (b) PS@BaTiO3
nanoparticle and (¢) PMMA@BaTiO; at high magnification. Dielectric properties of PS@BaTiO3
(d) and PMMA@BaTiO3 (e) composites. Adapted with permission [90]. Copyright 2014, American
Chemical Society.

3.3. Application of Polymer Fillers in Dielectric Composites

Some polar polymers cannot be used as a matrix for high dielectric polymer composites
directly, but they are effective as filler to increase the dielectric properties of the composite
due to the very high content of polar groups. For instance, both polyaniline (PANI) and
cellulose nanocrystals (CNCs) as fillers can effectively improve the dielectric properties of
composites [91-93].

Polyaniline is a special conductive polymer material. As a filler, it has good compati-
bility with the matrix and can also improve the dielectric permittivity of composites. Dash
et al. has successfully enhanced the dielectric properties of thermoplastic polyurethane
(TPU) using polyaniline (PANI) as a filler [94]. As shown in Figure 8, both ¢ and ¢” of
the composites increase with the addition of PANI. When the amount of PANTI is less than
15 wt%, the break strength of the composite increased. PANI as a special conductive
polymer can not only improve the dielectric constant of the composites, but also PANI has
excellent compatibility with the polymer matrix when added to the polymer at a certain
content and has a low impact on the dielectric loss of the composite (as shown in Figure 8c).
Wau et al. prepared PANI/PDMS composites by orienting PANI fillers in a polydimethyl-
siloxane (PDMS) matrix through AC electric fields [91]. When the PANI addition was 10%,
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the dielectric permittivity of PANI/PDMS (random) increased by 1.72 at 100 Hz and that
of PANI/PDMS (aligned) increased by 96.02 at 100 Hz. In addition to being used as a
filler, many researchers use PANI to modify the filler to prepare composite materials with
excellent dielectric properties. Zhang et al. prepared composites with excellent dielectric
properties by embedding polyaniline modified BaTiO3 (BT@PANI) as fillers into polyvinyli-
dene cohexafluoropropylene [P(VDE-HFP)] [95]. With 20 vol% of BT@PANI, the dielectric
permittivity of the composite can reach 99.1 at 1 KHz, which is 83 higher than that of
20 vol% BT (16.1) and 88.8 higher than that of the original P(VDF-HDP) (10.3). In the study
of Rahnamol A. M. et al., PANI and GO hybrid materials were used as fillers to increase the
dielectric properties of an epoxy resin matrix [96]. In the work of many researchers, PANI
not only provides excellent dielectric properties for composite materials but also has better
compatibility with the matrix and thus results in better mechanical properties.

PANI Chains

0 \ N

/_/ /_/./
TPU AN XN K J
p— & Matrix : P . P
PANI phase in absence of Polarization of PANI molecule in presence
External Electric Filed of External Electric Filed

(b)

—O-TPU —A-95:5
~(1-90:10 —-80:20
—O—-PANI —5-70:30

10°

Frequency (Hz)

Frequency (Hz)

Figure 8. (a) Polarization of TPU/PANI composites under electric fields. The effect of PANI loading
on¢ (b)and ¢” (c). Adapted with permission [94]. Copyright 2020, Springer Nature.

In our earlier study, CNCs were modified by methacrylic acid and then dispersed into
UV curable resin methacrylate malate photocurable resin (MMPR) to prepare high dielectric
CNCs-MAA /MMPR composites [93]. The modified CNCs can dispersed in the resin well
and enhance the dielectric properties (Figure 9). With the addition of 1.0 wt% CNCs-MAA,
the dielectric permittivity increased from 4.0 to 10.9 at 1 KHz, while the dielectric loss was
only improved by 0.22. The influence of CNCs on the dielectric properties of composites
mainly includes polar groups and the interface effect. The modified CNCs will have better
dispersion in the matrix, but if the grafted polymer chain is too long, the interface effect
will be affected, and the dielectric constant will be less improved. Asma Khouaja et al. used
cellulose to enhance the dielectric permittivity of high density polyethylene (HDPE) [97].
With a 50% addition of cellulose, the dielectric permittivity of HDPE at 10° Hz increased
from 1.3 to 2.2. This shows that it is feasible to enhance the dielectric properties of the
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composites by polymer fillers, such as CNCs, PANI, which provides a new insight for
research on all-organic high dielectric polymer composites [98,99].
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Figure 9. (a) preparation of MMPR/CNCs-MAA. Dielectric permittivity (b) and dielectric loss (c) of
MMPR/CNCs-MAA. Adapted with permission [93]. Copyright 2022, Elsevier.

4. Influence of Structural Design to Dielectric Properties of Polymer Composites

The dielectric properties of composites are influenced not only by the matrix and
filler but also by the distribution of the filler in the matrix. The orientation of the fillers
in a certain direction can improve the dielectric permittivity in this direction to a large
extent [46,55,57]. Shear force, magnetic fields, and electric fields have been developed to
orient fillers in a specific direction to prepare dielectric materials of outstanding dielectric
properties [100-103].

Under tensile or shear forces, fillers in the polymer matrix can be aligned in the
direction of the force. Zhang et al. oriented 0.5Ba(Zr 2 Tig g)O3-0.5(Bag 7Cag 3)TiO3 (BZCT)
BZCT and BZCT@SiO, nanofibers in PVDF by shear force during electrospinning [104].
Two nanocomposites, BZCT-PVDF and BZCT@SiO,-PVDEF, were prepared by the hot-
pressing method. As shown in Figure 10, the orientation direction of the nanofibers is
perpendicular to the direction of the electric field and the orientation structure of fibers in
the matrix is obvious. The dielectric permittivity of BZCT-PVDF at 10 Hz decreases from 24
to 22 when the nanofiber content is 15 vol% after orientation. Tang et al. used the uniaxial
tensile method to orient lead zirconate titanate nanowires (PZT-NWs) in a thermoplastic
elastomer [102]. The orientation of the oriented nanowires was also perpendicular to the
electric field. At a frequency of 1 KHz with a PZT-NWs content of 40%, the dielectric
permittivity of the oriented composite decreases from 40 to 25. The orientation can increase
the amount of filler in a certain direction. If the orientation is wrong, the result will be a
decrease in the amount of filler in this direction. Although the orientation of the force field
can complete the orientation process smoothly and quickly, the orientation process often
requires a large displacement, which greatly limits the orientation direction. Therefore,
magnetic field and electric field, which are convenient and simple orientation methods, are
favored by more researchers.
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Figure 10. (a) Schematic illustration of polarization behavior of BZCT and BZCT@SiO, nanofibers.
(b) SEM image of oriented structure. (c) Dielectric permittivity of composites after orientation at
10 Hz. Adapted with permission [104]. Copyright 2019, Elsevier.

The electric or magnetic fields can rapidly orient the fillers and produce thin films
with oriented structures along the direction of electric fields. Chen et al. prepared high
dielectric composites with excellent properties by orientations of silver-coated cellulose
nanocrystals in silicone rubber by the electric field (Figure 11) [101]. The orientation process
could be completed in only 90s. The dielectric permittivity of the oriented composites
was significantly improved and the dielectric permittivity after orientation was increased
from 13.8 to 38.6 at 10~2 Hz for 10 wt% silver plated CNC and the dielectric loss did not
increase significantly. The silver-coated cellulose nanocrystals have a higher response
rate under the electric field, which makes the cellulose nanocrystals more easily oriented.
The orientation process increases the amount of cellulose in the direction of the electric
filed, so the dielectric constant increases. Of course, at low filler content, the orientation
process has little effect on the dielectric loss and if the content is high, the dielectric loss will
rise sharply.
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Figure 11. (A) Preparation of high dielectric composites by electric fields. (B) SEM image of oriented
structures. (C) Dielectric properties of composites after orientation. Adapted with permission [101].
Copyright 2020, American Chemical Society.

5. Regulation Strategies of Dielectric Loss

High dielectric loss can seriously affect the practical application of high dielectric
polymer composites. Dielectric loss represents the heat generated by the dielectric when it
consumes part of the electric energy in the alternating electric field, which is mainly affected
by polarization loss and conductivity loss. Polarization loss can hardly be avoided, while
the conductivity loss caused dielectric loss can be effectively manipulated. Conductivity
loss is caused by the current flow generated inside of the material. Therefore, conductance
loss can be reduced by blocking the conductive pathways [105,106]. The key to reducing
dielectric loss is to prevent the fillers from contacting each other to form conductive
pathways, since the polymer matrix is not conductive. As Figure 12 shows, Wang et al.
prepared rGO-PVA by polyvinyl alcohol modification of reduced grapheme oxide (rGO) to
block the mutual contact between rGO in the PVDF matrix [107]. The dielectric permittivity
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of 2.2 vol% rGO-PVA /PVDF composite is up to 230 at 100 Hz and the dielectric loss remains
low. While the dielectric loss of 2.2 vol% rGO/PVDF is as high as 50, which is unacceptable
for practical energy storage use. It can be concluded that the coated insulation layers can
effectively block the conductive pathways to suppress the rise of dielectric loss. The fillers
are evenly dispersed into the matrix after being coated with insulation coating. In this way,
the fillers can not only improve the dielectric constant of the composite but also prevent
the filler from contacting each other, so as to achieve the purpose of inhibiting the dielectric
loss. Therefore, in the report of wang et al., the dielectric constant of composite materials
is increased while the dielectric loss is lower. Similarly, Yang et al. prepared PS/BaTiO3
(BT-PS) by modifying BaTiO3 with polystyrene (PS) and prepared composites with BT-PS
as the filler and PS as the matrix [108]. The PS shell effectively inhibits the enhancement
of dielectric loss. With addition of 47.69 vol% BaTiOs, the dielectric loss of PS/BaTiO3
composites at 1 KHZ was increased by as low as 0.005.
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Figure 12. (a) Sketches of rGO and rGO-PVA. (b) AFM images of (i) rGO and (ii) rGO-PVA. Dielectric
permittivity of (c¢) rtGO-PVA/PVDF films and (d) rGO/PVDF films. (e) Dielectric properties of
nanocomposites. Adapted with permission [107]. Copyright 2012, American Chemical Society.
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In addition to the modification of fillers with polymers, incorporating insulative
particles into potential conductive pathways is also an eye-catching approach. To prevent
the formation of a conductive pathway, the method of using barium titanate (BaTiOg,
particles as a barrier to block the formation of a conductive pathway was ingeniously
proposed and achieved quite good performance (Figure 13) [109]. As shown in Figure 13¢,d,
when the graphite content was 2.5 wt%, the dielectric loss increased to as high as 396 for
aligned composites; however, the dielectric loss could be reduced to 0.19 by blocking
the formation of the conductive pathway by adding 5 wt% insulating BaTiO3. Note that
the dielectric permittivity remained at a high value (73.5) after introducing insulating
BaTiO3. BaTiO3 blocks the mutual contact of PANI and reduces the formation of conductive
pathways, which can significantly reduce the conductivity loss in the composite, so the
dielectric loss of the composite is still low after orientation.
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Figure 13. (a) A scheme of perparation of aligned copmposites. (b) Cross-sectional SEM images of
the composites. Dielectric permittivity (c) and dielectric loss (d) of composite films. Adapted with
permission [109]. Copyright 2021, Elsevier.

6. Summary and Outlook

In summary, the influences of the matrix, fillers, and filler arrangement on dielec-
tric properties are systematically and comprehensively summarized, and the regulation
strategies of dielectric loss are introduced as well. The effect of the polarity of the matrix
on dielectric properties and the influences of conductive fillers, ceramic fillers, and polar
polymer fillers on the dielectric properties of composites are described. The advantages
and disadvantages of different type fillers are listed. The influence of dielectric properties
of oriented structures and various orientation methods, including electric fields, shear
force, and magnetic fields, are also introduced. Moreover, the methods to inhibit the in-
crease of dielectric loss, including coating insulation and introducing insulation particles,
are reviewed.
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While considerable progress has been made in the research of high dielectric com-
posites in recent years, challenges and bottlenecks still exists. Informed research and
technologies in high dielectric composites are still limited to the laboratory state. The
reported methods to inhibit the rise of dielectric loss are cumbersome, which limits its
commercial process. In addition, the preparation of high dielectric composite materials is
still dominated by traditional methods, which make it difficult to prepare complex and
ingenious structures.

In the near future, the development of high dielectric polymer composites is no longer
limited to the use of only one type of filler in one system. Instead, multiple fillers and
multiple structures desiderate to be designed and combined in high dielectric polymer
composites to enhance dielectric properties by synergistic effect [109,110]. New strategies
of restraining dielectric loss are also urgently needed since the previous methods of coating
insulating layer on fillers or introducing insulating fillers into conductive fillers are still
difficult to scaleup in practical application. The application of biomaterials is also a new
trend of high dielectric composites due to the growing piles of electronic trash. In order to
solve the environmental problems caused by electronic trash, more and more biological
matrix and bio-based fillers will be applied for the preparation of high dielectric composites.
Note here, the long-term stability of the biological matrix and bio-based fillers during
electronic environments need to be systematically investigated. Finally, 3D printing is
needed in future studies on the preparation of high dielectric polymer composites, which
will have positive implications for demonstrating the increasingly complicated electronic
design in numerous fields.
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