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Electrostatic capacitors (ECs) are critical components in advanced electronics and electric power systems
due to their rapid charge—discharge rate and high power density. While polymers are ideal for ECs due to
their high voltage tolerance and mechanical flexibility, their low dielectric constants (K) and limited energy
density remain significant limitations. Traditional polymer nanocomposites, which incorporate high-K
ceramic fillers, have shown promise in enhancing dielectric properties but often at the cost of electric
breakdown strength and scalability. In this perspective, we explore a pioneering approach that utilizes
ultralow loadings of small-sized inorganic nanofillers to significantly improve dielectric constants without
compromising other key properties. We delve into the unconventional effects observed in these polymer
nanocomposites, including dielectric enhancements, charge trapping, mechanical reinforcements, and
microstructural changes, and highlight the impressive energy storage performance achieved with

minimal filler contents. We discuss innovative design strategies from viewpoints of polymer and filler
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structures and showcase recent advancements in nanoscale characterization and theoretical modelling
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for understanding the crucial role of polymer—filler interfaces. Finally, we stress fundamental challenges

DOI: 10.1039/d4sc054379 and prospects, providing insights into the transformative potential of these nanocomposites for next-
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1. Introduction

Electrostatic capacitors (ECs), offering a fast charge-discharge
rate (in microseconds) and a high power density among main-
stream energy storage technologies (e.g., up to 10’-10° W kg *
for ECs versus 10-10> and 10>-10° W kg™ ' for batteries and
electrochemical capacitors, respectively), are indispensable in
advanced electronics and electric systems such as electrified
transportation, power conditioning and switching, and
advanced propulsion.”” Dielectric materials, sandwiched
between two electrodes, are the key components of ECs that
store and release electric energy physically and are generally
divided into two categories: ceramics and polymers. Compara-
tively, polymers are more preferred over ceramics in various
applications such as high-voltage transmissions, electric vehi-
cles, and electromagnetic launching because of their high
voltage tolerance, flexibility, light weight, graceful failure
mechanism, etc.*® However, despite their high electric break-
down strength (E},) and efficiency (n), current polymer dielec-
trics show limited energy density due to their low dielectric
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generation energy storage applications.

constants (K < 10) and are significantly outperformed by
ceramics such as BaTiO; with a K over 1000.**** The state-of-the-
art dielectric polymer, biaxially oriented polypropene (BOPP),
with a K of 2.2 only delivers an energy density of 2-5 ] cm ™2,
which is at least one order of magnitude lower than those of
batteries. Consequently, these polymer-based capacitors can
constitute up to 60% of the converter weight and 50% of the
volume in high voltage direct current transmission systems and
electromagnetic equipment.>**'* Furthermore, the operating
temperatures of commercially available polymers for capacitors,
such as BOPP, poly(ethylene naphthalate) (PEN), poly(ethylene
terephthalate) (PET), and polycarbonate (PC), are inadequate
for harsh-environment applications with high working
temperatures, such as insulated gate bipolar transistors (IGBTs
at 150 °C) and underground oil/gas exploration (170-250 °C).?
Under these conditions, the electrical conduction of dielectric
polymers increases exponentially, drastically reducing E}, and 7,
thereby lowering U, and leading to severe thermal runaway that
threatens the functionality and lifespan of electric systems.
Therefore, enhancing the energy storage performance of
dielectric polymers at both room and high temperatures is
crucial to meet the growing demands for miniaturization, light
weight, and integration of electronic devices and electrical
systems.

The energy density of a dielectric polymer is fundamentally
governed by the equation U= [EdD, where U, E and D represent
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the stored energy density, the electric field, and the electric
displacement, respectively. For linear dielectric polymers, this
is simplified as U = 1DE = 1Ke(E?, where D equals KeoE and ¢,
represents the vacuum permittivity (8.85 x 10> F m ™ *)."® The
efficiency is given by n = U./U x 100%. Therefore, improving
the discharged energy density requires simultaneously
increasing K and Ej,, while reducing energy loss. Early studies,
guided by the mixing rule of combining the advantages of
ceramics and polymers, explored incorporating high-K ceramic
nanofillers into polymer matrices to form polymer
nanocomposites.’*** Although this method elevated K, it ach-
ieved limited success in enhancing U, due to trade-offs between
parameters, such as the mutually exclusive relationship
between K and Ej, [E,—~(1/K)"?].2* The large discrepancy in K of
polymers (<10 in most cases) and ceramics (up to hundreds and
thousands) leads to highly inhomogeneous distributions of
local electric fields and morphological imperfections such as
voids at polymer-filler interfaces. Consequently, increasing K
often results in much lower Ej, and increased energy loss in
polymer nanocomposites. In addition to the significantly
compromised electric breakdown strength, the addition of
high-K inorganic nanoparticles in a low-K polymer matrix
usually increases the dielectric loss and leakage current in the
resultant nanocomposites due to the inferior interfacial
compatibility, which have been extensively reported.”* More-
over, other effects such as abnormal ferroelectricity-like prop-
erties may be induced in nanocomposites as the high-K filler
content is over 20%, which further increases losses and
decreases the charge-discharge efficiency.”® Recently, various
strategies have been developed to address the dilemma,
including modifications of nanofillers,*** gradient-structured
interfacial design,**' and multi-layered nanocomposites.****
These efforts have simultaneously improved K and Ey, leading
to unprecedentedly high U, in dielectric polymers. Despite these
advances, critical challenges remain. For example, enhancing
the dielectric and capacitive performance of polymers often
relies on using high-K fillers with relatively high loadings
(usually 5-20 vol%) and large sizes (e.g., 100 nm in diameter),
which compromise the mechanical and processing advantages
of polymers, making large-scale fabrication through roll-to-roll
processes difficult. Additionally, current high U. values of
polymer nanocomposites are often achieved under very high
electric fields (e.g., >700 MV m ') due to low K, raising reliability
concerns for practical capacitor operation.

Intriguingly, a novel and straightforward polymer nano-
composite approach has emerged, featuring the addition of
small amounts (<1 vol%) of inorganic nanofillers with small
sizes (<50 nm) whose dielectric constant is similar to that of the
polymer, which leads to significantly improved dielectric
constants in nanocomposites without compromising electric
breakdown and efficiency.>**** For example, poly(ether imide)
(PEI) nanocomposites with 0.3 vol% Al,O; nanoparticles exhibit
an increase in the dielectric constant from 3.2 of PEI to around
5.0 while maintaining low loss.*® This dilute nanocomposite
approach overcomes many drawbacks associated with tradi-
tional nanocomposites that use high dielectric constant nano-
fillers at high volume fractions (>10 vol%). According to classic
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dielectric theory, dipolar (or orientational) polarization promi-
nently determines the K of polymer materials with permanent
dipoles.*> However, existing linear dipolar polymers exhibit low
dipolar relaxation strength; for instance, PEI shows a relaxation
strength of =0.3.*" Therefore, the enhanced dielectric
responses in polymers with introduced nanofillers are uncon-
ventional and not fully understood within the existing dielectric
framework. Besides, these emerging polymer nanocomposites
demonstrate efficient charge trapping and substantial
mechanical improvements, indicating high potential for
achieving superior capacitive performance across varied
temperatures. These remarkable effects have been observed in
a diverse range of polymer nanocomposites comprising
different polymers (both linear dielectric and ferroelectric
polymers) and fillers [oxides, perovskites, quantum dots (QDs),
etc.] of various sizes (from sub-nanometers to dozens of nano-
meters) and dimensions (0D nanoparticles, 1D nanowires, and
2D nanosheets).?**7"14349  Furthermore, incorporating low
contents of nanofillers does not compromise the mechanical
flexibility and processing capability of the polymer. This endows
the nanocomposites with high scalability, making them prom-
ising for large-area film production, which is crucial for
replacing current polymer dielectric capacitors. This type of
polymer nanocomposite not only enhances the dielectric and
capacitive properties of dielectric polymers while retaining their
scalability, but also raises new fundamental questions and
fosters progress in chemistry and applied physics.

In this perspective article, we focus on the emerging
phenomena and fundamental understandings of dilute nano-
composites for achieving high capacitive properties, from the
viewpoints of material chemistry and physics. We begin by
describing the unconventional effects (including electric,
mechanical, and microstructural changes) observed in dilute
nanocomposites and discuss the significant progress achieved.
We then explore the design strategies of polymer nano-
composites, analysing how variations in polymer and filler
structures influence the dielectric and energy storage proper-
ties. Following this, we highlight advancements in under-
standing the crucial role of polymer-filler interfaces in polymer
nanocomposites, based on nanoscale interfacial probing and
theoretical modelling. In the last section, we provide
concluding remarks, offering perspectives on fundamental
challenges and application prospects for developing scalable
high-energy-density dielectric polymers and capacitors based
on these polymer nanocomposites.

2. Emerging phenomena in dilute
nanocomposites
2.1 Dielectric enhancements

In 2017, Thakur et al. demonstrated that incorporating a very
low volume of Al,O; nanoparticles (~0.3 vol%) into PEI could
significantly enhance the dielectric constant to approximately 5,
marking an increase of over 55% compared to pure PEI
(Fig. 1a).*® This enhancement was achieved without altering the
dielectric loss or Ep, resulting in improved energy storage

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Dielectric constant of PEl nanocomposites as a function of (a) Al,O3z nanoparticle contents and (b) various filler contents. Lines (1-4) are
the fitted plots of dielectric constants as a function of filler content with classic two-phase dielectric composite models: (1) parallel, (2) Maxwell,
(3) Lichtenecker, and (4) series models. Figures (a) and (b) have been reproduced from ref. *¢ with permission from The Royal Society of
Chemistry, copyright 2017. (c) Dielectric constant of PEEU nanocomposites as a function of Al,Oz nanoparticle contents. This figure has been

reproduced from ref. 37 with permission from the American Association

for the Advancement of Science, copyright 2020. (d) Dielectric constant

of P(VDF-HFP) nanocomposites as a function of CZS-APP QDs (Cd;_,Zn,Se;_,S, quantum dots modified with 3-amino-1-propanol ligand)
contents. This figure has been reproduced from ref. *® with permission from John Wiley and Sons, copyright 2021. (e) Dielectric constant of
poly(methyl methacrylate)(PMMA) nanocomposites as a function of QD contents. This figure has been reproduced from ref. * with permission
from The Royal Society of Chemistry, copyright 2021. (f) Dielectric constant of PEl nanocomposites as a function of phosphotungstic acid
subnanosheets (PWNSs) and oleylamine (SF) contents. This figure has been reproduced from ref. 24 with permission from Springer Nature,

copyright 2024.

capabilities (2.9 J cm ™ compared to 1.9 J cm* for pure PEI at
350 MV m™'). This significant increase in K is particularly
noteworthy given the glassy state of PEI (glass transition
temperature, T, of 217 °C) and intrinsic weak dipolar responses
and the low K of Al,0; (=10) and its small volume fraction. The
observed high dielectric constant is limited to a narrow range of
filler content (0-1 vol%), which cannot be explained by tradi-
tional dielectric models such as those by Wiener,*® Maxwell-
Garnett,”* and Bruggeman®**® that rely on simple volumetric
summations of individual components' dielectric constants.
Moreover, the PEI/Al,O; nanocomposites exhibit high dielectric
stability over a wide frequency (1-10° Hz) and temperature
range (—50 to 250 °C). These dielectric behaviours distinctly
differ from those of previously reported polymer nano-
composites with low filler contents (0.01-0.1 vol%) of conduc-
tive fillers (such as Ag, graphene, etc.) where high K is achieved
through percolative or interfacial polarization mechanisms.****

Up to present, various dilute nanocomposites have been
explored, including polymers such as PEI, polyimide (PI), pol-
y(arylene ether urea) (PEEU), poly(ether methyl ether urea)
(PEMEU), and polyaryletherketone (PAEK), and fillers such as
boron nitride nanosheets (BNNSs), MgO nanoparticles, and
SiO, nanoparticles (Fig. 1b).***” These nanocomposites address
the fundamental K-E;, trade-off, achieving high capacitive
energy storage performance. Zhang et al. reported a significant
enhancement in the dielectric constant from 4.7 (pristine PEEU)

© 2024 The Author(s). Published by the Royal Society of Chemistry

to 7.4 in a PEEU nanocomposite with 0.3 vol% Al,O; nano-
particles (Fig. 1c).*” These nanocomposites maintain a compa-
rable loss to PEEU (~0.01 at 1 kHz) and a high breakdown
strength of ~900 MV m™" (50% higher than that of PEEU),
resulting in a high U, of =27 J em™* at room temperature. We
reported a significant increase in the dielectric constant (from
9.3 to 18.6) in ferroelectric polymer, poly(vinylidene fluoride-co-
hexafluoropropylene) [P(VDF-HFP)], with the addition of <1
vol% CZS-APP QDs (Fig. 1d).*® A further improvement of K from
3.5 of PMMA to 5.9 was observed in a nanocomposite with 0.8
vol% QDs, while maintaining the same dielectric loss as that in
neat PMMA (Fig. 1e).* More recently, Yang et al. reported an
enhanced dielectric constant of 3.5 in PEI nanocomposites with
0.2 wt% PWNSs compared to 3.2 for pure PEI, along with
substantial improvements in breakdown strength at high
temperatures, e.g.,, 694 MV m ', 48% higher than that of PEI
(466 MV m™ ") at 150 °C (Fig. 1f).2** These studies demonstrate
the potential for achieving high K and high capacitive energy
storage performance at both room and high temperatures in
dilute nanocomposites.

Continuous research in this area has dramatically improved
the dielectric constants of dipolar linear dielectric polymers.
The enhancement ratios of K have increased from ~55% in PEI/
AlL,O; to ~69% in PMMA/QDs and ~150% in PI/MgO nano-
composites,****** resulting in an impressively high K around
7.5, which is even comparable to that of ferroelectric polymers

Chem. Sci., 2024, 15, 19651-19668 | 19653
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such as poly(vinylidene fluoride) (PVDF, K of 7-12). However,
the underlying mechanisms for these substantial enhance-
ments remain not fully understood. It is generally believed that
the induced local free space (or free volume) by the nanofillers
reduces constraints on dipole motions, which are otherwise
restricted by the glassy state of high-T, polymers. Current
studies suggest that the dielectric enhancement effect is related
to the polar structures of the dielectric polymers and can be
tuned by varying the sizes, dimensions, and surface environ-
ments of the fillers, which will be further discussed in Section 3.

2.2 Charge trapping

Charge trapping by nanoparticles such as Al,O3, BNNS, etc., in
polymers has been widely reported,>*”-** which primarily origi-
nates from their wide bandgap structures and surface ligands
with high electron affinity, leading to inhibited long-range
carrier transport and thus lowered electrical conduction. As
a result, these polymer nanocomposites exhibit improved Ej,
and 7, even at high temperatures. Previously, achieving signif-
icant charge trapping requires high filler content (>5 vol%),
which may compromise the mechanical flexibility of the

View Article Online
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polymer and is not ideal for scalable industrial production.
Recent findings, however, show that even very low amounts of
nanofillers (<1 vol%) with ultrasmall dimensions (at least in one
dimension) can induce efficient charge trapping comparable to
or even superior to that in traditional high-content
nanocomposites.**?7*+47¢ For example, it has been reported
that due to the introduction of PWNSs that offer deep trap sites
in the polymer, the maximum depolarization current density
(correlating with trap density) of the nanocomposites with only
0.2 wt% filler contents reaches 1.86 x 10~ '° A cm ™2, observed
from thermally stimulated depolarization current (TSDC)
curves, which is nearly two orders of magnitude higher than
that in PEI- or Pl-based nanocomposites.> As a result, the
leakage current is significantly reduced in the nanocomposites
(Fig. 2).

The enhanced charge trapping at low filler contents is
related to the chemical and electronic structural changes of the
fillers with small sizes and low dimensions. The reduction in
size increases the ratio of surface atoms, which include abun-
dant under-coordinated atoms or hanging bonds that create
surface defect states for charge trapping. Smaller fillers also
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(a) Schematic illustration of PWNSs. (b) TEM image of PWNSs. (c) TSDC curves of PEl and PEI/PWNS nanocomposites. (d) Leakage current
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(a) Young's modulus and (b) Weibull breakdown plots of PMMA nanocomposites with various QD contents. Figures (a) and (b) have been

reproduced from ref. 39 with permission from The Royal Society of Chemistry, copyright 2021. (c) Young's modulus of PEI/PWNS nano-
composites as a function of filler contents. (d) Breakdown strength of FPI/PWNS and sPI/PWNS nanocomposites as a function of filler contents.
Figures (c) and (d) have been reproduced from ref. 24 with permission from Springer Nature, copyright 2024.

increase the polymer-filler interfacial regions, providing
numerous interfacial traps for carriers. Therefore, doping with
ultrasmall nanofillers not only improves dipolar responses but
also significantly enhances charge trapping capabilities, which
is beneficial for high energy storage under high electric fields
and elevated temperatures. Despite significant advancements,
there are unresolved challenges in understanding the trapping
mechanisms and developing nanocomposites that achieve both
a high dielectric constant (K) and efficient carrier trapping. For
instance, the literature suggests a correlation between trap
density and dielectric constant with filler content, which are
often attributed to the role of interfacial volume. However,
recent studies have shown discrepancies. For instance, PMMA/
Al,O; nanocomposites demonstrate the highest dielectric
constant at 0.2 vol% Al,O3, while the highest trapping density
and breakdown strength are observed at a higher filler content
of 1 vol%.** Such inconsistency indicates that the electric
charging is possibly governed by other processes in addition to
the interfacial effects determining the dielectric behaviours,
which highlight the need for further investigation into the
mechanisms of deep trapping in nanocomposites with low filler
contents.

2.3 Mechanical reinforcements

Aside from the electrical properties, the addition of small-sized
nanofillers at ultralow contents in polymer nanocomposites has

© 2024 The Author(s). Published by the Royal Society of Chemistry

been found to significantly enhance mechanical properties, an
effect that current mechanistic theories do not fully explain. The
increase in mechanical strength (represented by Young's
modulus, Y) is crucial for achieving a high Ep, in dielectric
polymers, according to the electromechanical model: E, = (4mY/
(Keo))>.>* High mechanical properties also facilitate large-area
film processing and practical applications, giving rise to high
energy density and good scalability with low filler loadings. We
observed a significant increase in Young's modulus for PMMA
with a small amount of QDs, e.g., from 1.78 GPa of pristine
PMMA to 2.58 GPa (approximately a 45% enhancement) of the
nanocomposite with 0.8 vol% QDs (Fig. 3a).*® This increase in Y
resulted in a highly improved E}, and energy density (Fig. 3b).
This enhancement contradicts the classic two-phase average
mixing rule, suggesting unique effects of nanofillers. Micro-
scopic and theoretical studies attributed these effects to the
uniform distribution of fillers and favorable polymer/filler
interactions. Similarly, recent research by Yang et al. reported
that a low loading (<0.5 wt%) of sub-nanosheets (PWNSs) could
strengthen various dielectric polymers such as PEI, PI, and
fluorinated PI (FPI), effectively hindering breakdown path
propagation (Fig. 3c).>* The Young's modulus of PEI nano-
composite with only 0.2 wt% of PWNSs was higher than the
average value of PEI and PWNSs, owing to effective stress
transfer from the polymer to the nanosheets that possess large
surface area-to-thickness ratios, revealed by finite element

Chem. Sci., 2024, 15, 19651-19668 | 19655
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simulations. Phase-field simulations showed that breakdown
paths followed the PWNS-polymer interface, resulting in longer
and tortuous paths. Consequently, these nanocomposites
exhibited high breakdown strength at high temperatures. For
instance, an FPI-based nanocomposite with 0.2 wt% PWNSs
achieved an ultrahigh Ey, of =830 MV m ™" at 200 °C (Fig. 3d),
significantly higher than that of pristine FPI (=590 MV m %),
resulting in a high energy density of 7.2 J em™® with 90%
charge-discharge efficiency at 200 °C.

Although the substantially increased mechanical properties
are conducive to achieving high energy storage performance,
the origins of mechanical enhancements at ultralow filler
contents remain unclear. Traditional theories suggest that
nanoparticles can enhance mechanical strength by promoting
stress transfer from soft polymer phases to hard fillers, acting as
crosslinking agents, aiding in crystallization, etc.'**"*> However,
these effects are usually observed at high filler loadings. Current
reports suggest that the remarkable mechanical reinforcement
observed at ultralow loadings likely results from a combination
of multiple factors, including the nanofillers’ ultrafine sizes,
large specific surface areas, and favourable interactions with the
polymer.***% Further experimental and theoretical investiga-
tions are needed to fully understand and confirm the under-
lying mechanisms.

2.4 Microstructural changes

The introduction of ultralow amounts of small-sized fillers into
polymers can significantly alter their microstructures at the
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polymer-filler interfaces, which are regarded as the possible
origins of the enhanced electrical and mechanical properties.
These structural changes include expansion of local free
volume, disruption of inter-chain interactions, and promotion
of crystallization and phase transitions—effects that are less
commonly observed in conventional polymer nanocomposites
with high filler loadings.*”*****%* These findings challenge
previous understanding, which suggested that fillers without
proper chemical modifications primarily impact macroscopic
properties such as electrical conductivity and mechanical flex-
ibility, but generally have minimal effects on polymer micro-
structures due to their larger sizes and weak interactions
between the organic matrix and inorganic fillers.

Zhang et al. investigated the mean inter-chain distance using
X-ray diffraction (XRD) and found that PEEU nanocomposites
with 0.21 vol% nanofillers exhibited a 5.8% increase in chain
spacing compared to both pure PEEU and nanocomposites with
higher filler loadings (Fig. 4a).*” Infrared (IR) spectroscopy
revealed that these nanofillers also softened hydrogen bonding
in the polymer matrix, reducing constraints on the urea dipoles
(Fig. 4b). This weakening of hydrogen bonding and expansion
of inter-chain spacing create additional local free volume for
dipoles, enhancing their response to external electric fields and
increasing the dielectric constant. Changes in specific heat
capacity (AC},) during the glass transition further reflect these
local structural alterations. Chen et al. observed that in PEI
nanocomposites with Al,0; nanorods, AC,, peaks at approxi-
mately 0.75 vol% loading, indicating that PEI backbones
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(@) XRD patterns and (b) FTIR spectra of PEEU/ALL,Os nanocomposites. Figures (a) and (b) have been reproduced from ref. 37 with

permission from the American Association for the Advancement of Science, copyright 2020. (c) AC, and T4 of PEl nanocomposites as a function
of AlL,Oz contents. This figure has been reproduced from ref. 41 with permission from Elsevier, copyright 2020. (d) Schematic chemical structure
of Ph—O-Ph (diphenyl ether) and the three planes determining the dihedral angles. (e) AFM-IR mapping of topography and IR response with
selected wavenumbers for neat PElI and PEI nanocomposites with 300 nm diameter BaTiOs. (f) FTIR spectra of neat PElI and PEI dilute nano-
composites with 0.3 vol% 20 nm alumina nanoparticles. Figures (d)—(f) have been reproduced from ref. 65 with permission from the American
Institute of Physics, copyright 2023.
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become more coiled compared to pristine PEI before the glass
transition (Fig. 4c).** This coiled conformation increases the
average inter-chain spacing, consistent with the XRD results.
Although T, remains unchanged with nanorod loading, indi-
cating no significant impact on long-range chain segmental
motions, the enhanced local free volume facilitates better
dipole alignment in response to applied electric fields. Atomic
force microscopy-infrared spectroscopy (AFM-IR) studies
further showed that the ether bonds—rotatable backbone
groups of PEI—contribute to local chain distortions around the
nanofillers in PEI nanocomposites (Fig. 4d-f).*>*

In crystalline polymers, the effects of low-loading nanofillers
on microstructural changes can be more pronounced.****%” For
instance, Wang et al. reported that low-density polyethylene
(LDPE)/Al,0; nanocomposites with 0.12 vol% Al,O; (30 nm
diameter particles) increased LDPE crystallinity, enhancing
breakdown field strength and reducing conduction losses at
high electric fields compared to neat LDPE and composites with
higher filler loadings.®” Similarly, in PEEU/AI,O;
composites with 20 nm particles, an increase in crystallinity and
reduced crystallite size were observed at 0.21 vol% filler
loading.®” This reduction in crystallite size is beneficial as it
decreases the mean free path for mobile charges, resulting in
lower conductivity and improved breakdown strength.

nano-

3. Designing dilute nanocomposites

The exceptional dielectric, mechanical, and charge trapping
properties observed in polymer nanocomposites are intricately
linked to the compositions and structures of both the polymers
and fillers. The diverse combinations of these materials create
a large family of polymer nanocomposites, offering numerous
opportunities to fine-tune their properties and achieve
outstanding capacitive energy storage performance across
various temperatures. In this section, we discuss the effects of
polymers and fillers of different structures on the dielectric and
capacitive properties and explore design strategies for opti-
mizing polymer nanocomposites.

3.1 Polymers

3.1.1. Linear dielectric polymers. Linear dielectric polymers,
mainly characterized by their rigid aromatic or heterocyclic rings
and high T,, are ideal for high-temperature applications. Exam-
ples include PI, PEI, fluorene polyester (FPE), crosslinked
divinyltetramethyldisiloxanebis(benzocyclobutene) (¢cBCB), poly(-
ether ether ketone) (PEEK), and polytetrafluoroethylene (PTFE).?
These polymers generally exhibit low dielectric loss over a wide
range of frequencies and temperatures, making them suitable for
dielectric capacitor applications. However, despite containing
polar groups such as ether, imide, or carbonyl, their dielectric
constants often remain below 5 due to relatively small dipole
moments and limited dipole mobility. Using nanocomposite
approaches with low filler contents has demonstrated significant
dielectric enhancement in various commercial dielectric poly-
mers, which are attributed not only to local structural changes at
polymer-filler interfaces but also to the polar groups and inherent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dipolar responses of the polymers. For example, a PEEU nano-
composite with 0.2 vol% Al,O; nanoparticles exhibits a K of 7.4
that is =57% higher than that of pristine PEEU and much higher
than those of PEI-, PI-based nanocomposites with similar filler
loadings, resulting in a high energy density of 1.3 J cm > at 200 MV
m™ " at 150 °C, which is approximately 240% higher than that of
BOPP capacitors at room-temperature (=0.4 J cm’3). In contrast,
nanocomposites based on non-polar polymers such as polystyrene
(PS) and LDPE at similar filler loadings show negligible dielectric
enhancements, thus exhibit comparable U, to pure polymers.*” In
this sense, optimizing the polymer structures is promising to
further enhance dielectric properties and energy storage densities
of dipolar polymer nanocomposites with low contents of fillers.
Strategies for chemically engineering dipolar structures in linear
dielectric polymers include main-chain or side-chain grafting, etc.,
which have been explored in polymer nanocomposites with low
filler contents.>***® It is known that introducing external dipoles
can enhance dipole density thus dielectric responses of the poly-
mer. Commonly used polar groups include -OH [u = 1.7 debye
(D)], -F (v =1.9 D), -CN (1 = 4.0 D), -SO, (1 = 4.3 D), and thiourea
(« = 4.9 D). For instance, PI-based copolymers with poly(amic
acid) (PAA) that introduce more polar groups (Fig. 5a), show an
improved K of 3.8 in the copolymer with 13 mol% of PAA, in
addition to a high breakdown strength of 616 MV m ™" and energy
density of 8.9 J cm >.* Upon the incorporation of BNNSs, the
dielectric constant of the nanocomposites further increases to 4.5
(BNNS content is 0.3 vol%) (Fig. 5b), while the breakdown strength
and discharged energy density improve to 636 MV m ™' and 11 J
em 3, respectively. Side-chain grafting is often preferred over
main-chain grafting due to reduced steric hindrance and
improved mobility. Ren et al. developed two types of high-T,, (~250
°C) PEI polymer (side-chain and main-chain types) (Fig. 5c).*® It
was found that incorporating -CFj; into side chains and -SO, into
main chains boosts orientational polarization and electrical
polarization while maintaining low loss due to weak dipole-dipole
interactions. The trace addition of ultrafine nanoparticles further
reduces the activation energy for polymer chain mobility, leading
to increased electrical polarization and dielectric permittivity
while keeping dielectric loss low (Fig. 5d and e).

3.1.2. Ferroelectric polymers. Compared to linear dielectric
polymers, ferroelectric polymers such as PVDF and its copoly-
mers and terpolymers exhibit inherently high dielectric
responses (K up to 60-70) due to their high C-F dipole moments
and well-ordered dipole alignments,*7* therefore likely expe-
riencing higher dielectric enhancements with the incorpora-
tions of low contents of nanofillers. PVDF-based ferroelectric
polymers are typically semi-crystalline, containing several crys-
talline phases. The different chain configurations and dipole
alignments result in a non-polar o phase (TGTG’, where dipoles
cancel out due to opposite alignments), a highly electroactive
B phase (TTTT, where dipoles align in the same direction), and
a v (T3GT3G’) phase with intermediate polarity. Although the
o phase is the most stable under ambient conditions, the
B phase is the most electroactive, offering high dielectric
responses. Transitions between these phases can be induced by
annealing, quenching, inter-molecular interactions (e.g,
hydrogen bonding), dipole-ion interactions, and filler

Chem. Sci., 2024, 15, 19651-19668 | 19657
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structures of various modified PEls with —CF3 and —SO, groups. (d) Schematic illustration of Al,Oz nanoparticles and the PEI/Al,Os nano-
composites. (e) Dielectric constant as a function of Al,Oz contents of the four kinds of PEI nhanocomposites with Al,Oz nanoparticles. Figures
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additions.*>*>%*7> Besides, the flexibility and structural tunability
of copolymers and terpolymers of PVDF provide extensive
opportunities for adjusting their dielectric, ferroelectric, and
piezoelectric properties in the polymer nanocomposites. These
benefits indicate great potential for tuning electroactive
performance of ferroelectric polymers by the doping of
nanofillers.

We previously reported that incorporating ultralow ratios (<1
vol%) of low-K Cd;_,Zn,Se; ,S, QDs into P(VDF-HFP) resulted
in substantial increases in both K and E, thus high energy
density (Fig. 6a and b).*® The K increased from 9.3 in P(VDF-
HFP) to 18.6 in the nanocomposite with 0.8 vol% QDs, repre-
senting a 100% enhancement, while the dielectric loss
remained nearly unchanged at 0.04. This is in contrast to
traditional polymer nanocomposites with high-K fillers such as
BaTiO3, TiO,, and SrTiOs, which typically show K values below
12 at similar loadings. The observed dielectric enhancements
are attributed to local structural changes induced by the small-
sized fillers, including improvements in crystallization (Fig. 6c),
transitions from non-polar to polar phases (Fig. 6d), and
induced interfacial dipoles. Additionally, the nanocomposites
achieved a high E, of 621 MV m™", originating from enhanced
mechanical strength and reduced leakage current at such low
filler contents. More recently, Li et al. reported that PVDF/TiO,
nanocomposites with 0.35 vol% filler loadings exhibit

19658 | Chem. Sci, 2024, 15, 19651-19668

a dielectric constant of 9.5, i.e., a ~35% increase compared to
pristine PVDF.* This dielectric enhancement, similar to that
observed in P(VDF-HFP)/QDs, demonstrates that small-sized
nanofillers can induce significant conformational changes in
ferroelectric polymers at ultralow filling ratios, enhancing
dielectric responses and electric polarization without compro-
mising breakdown strength and mechanical properties. This is
attributed to the large volume fractions of interfacial regions
surrounding the fillers, which facilitate the formation of polar
conformations (Fig. 6e). The nonpolar-to-polar conformation
transformation has been further confirmed by molecular
simulations (Fig. 6f and g). Advanced microscopic probing
techniques for local chemical characterization of interfaces
have also been conducted, supporting the important role of
interfaces in determining these properties, which will be dis-
cussed in Section 4.

Besides conformational changes, low loadings of nanofillers
also influence the orientation and alignment of polymer chains
and dipoles in ferroelectric polymers. It has been reported that
fillers with large specific surface areas, such as nanosheets, can
cause significant enhancements in dielectric, capacitive energy
storage, and piezo- and ferroelectric properties through
“anchoring” effects.””* For instance, preferred orientations of
all-trans conformations of poly(vinylidene fluoride-co-trifluoro-
ethylene) [P(VDF-TrFE)] on the surface of 2D MXene materials

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic illustration of fabrication of P(VDF-HFP)/QD nanocomposites. (b) Dielectric constant and loss, (c) relative crystallinity, and

(d) relative fractions of phases of P(VDF-HFP) nanocomposites as a function of QD contents. Figures (a)—(d) have been reproduced from ref. 38
with permission from John Wiley and Sons, copyright 2021. (e) Polar/nonpolar ratios in PVDF nanocomposites as a function of TiO, nanoparticle
contents. (f) Probability of various chain conformations as a function of electric potential in PVDF/TiO, nanocomposite models by molecular
simulations. (g) Snapshots of chain conformations at different electric potentials and simulation times. Figures (e)—(g) have been reproduced

from ref. 43 with permission from Springer Nature, copyright 2023.

were reported, leading to improved dielectric and piezoelectric
constants (e.g., ds; is —52 pC N~ for nanocomposites with 0.5
wt% MXene).” Furthermore, a self-polarized phenomenon
before electric poling has been observed due to surface
“anchoring” effects. These findings highlight the potential of
using low contents of nanofillers to fine-tune the structures and
ferroelectric properties of polymers, with exciting possibilities
for future exploration.

3.2 Tuning filler structures

Recent advances in dilute nanocomposites have proved that the
intrinsic structures of nanofillers significantly influence the
overall performance of these materials. However, a lack of clear
guidelines for the selection and engineering of nanofillers has
impeded further progress in achieving high performance at
ultralow loadings. In this section, we summarize recent devel-
opments and explore key considerations for engineering
nanofiller structures, including their size, dimensionality, and
surface environment. By optimizing the electrical and chemical

© 2024 The Author(s). Published by the Royal Society of Chemistry

properties of nanofillers, it is possible to develop polymer
nanocomposites with excellent scalability and superior energy
storage capabilities at both room and high temperatures.
3.2.1. Varying sizes. Dielectric enhancements in dilute
nanocomposites are strongly influenced by interface-governed
characteristics, such as interface thickness/volume and local
structural changes, which depend on the size of the nanofillers
(e.g., the diameter for nanoparticles, diameter and length for
nanowires, and thickness and surface area for nanoplates and
nanosheets). Early studies have shown that physical properties
such as glass transition temperatures, enthalpy, and viscosity of
polymer nanocomposites change significantly with decreasing
nanofiller sizes, due to so-called nanofiller-polymer chain
coupling effects in the interfacial region.” To explore the effect
of nanoparticle size on the dielectric response of PEI nano-
composites, Thakur et al. compared PEI nanocomposites with
alumina particles of 5 nm and 50 nm diameters.*® They found
that the peak dielectric enhancement shifted to higher nano-
filler contents with increasing nanoparticle size. For PEI/Al,O;

Chem. Sci., 2024, 15, 19651-19668 | 19659
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(5 nm) nanocomposites, the dielectric constant reached a peak
at 0.24 vol% with a K of 5, whereas for PEI/Al,O; (50 nm), the
peak was at approximately 0.8 vol% with K near 4.9. Addition-
ally, the range of filler concentrations that achieve dielectric
enhancement is broader for larger particles, as the higher
volume fraction needed for larger particles results in a broader
enhancement range. For example, in PVDF/TiO, nano-
composites, the volume fraction required for maximum K shifts
from 0.2 vol% to 0.7 vol% as the diameter of TiO, particles
increases from 40 nm to 80 nm.* This trend is attributed to the
exponential increase in the polymer-filler interface area with
decreasing filler size, due to the high specific surface area of
smaller fillers,” leading to greater dielectric enhancements.
These findings suggest that size effects on dipolar responses are
significant and consistent with interfacial effects, which
predominantly determine the dielectric properties of polymer
nanocomposites at ultralow loadings (Fig. 7).

However, smaller nanofillers do not always result in higher
dipolar responses compared to larger fillers. Chen et al. found
that PEI/nanorod composites with varying nanowire sizes
(diameters of 35, 10, and 5 nm) showed different dielectric
behaviours.*" PEI films with smaller nanowires (5 nm and 10
nm) exhibited dielectric enhancement peaks at around 0.2 vol%
with K values of 4.1 and 4.6, respectively, which were lower than

19660 | Chem. Sci, 2024, 15, 19651-19668

the K value of 6 observed in films with 35 nm nanorods. The
authors attributed this discrepancy to the different effects of
size on 1D fillers compared to nanoparticles. For nanowires, the
bending or coiling against external forces is governed by flexural
rigidity (Y x I), where I = =R"m/4 is the second moment of area.
The dependence of flexural rigidity on R* means that 35 nm
nanorods have significantly higher rigidity than 5 nm and 10
nm nanowires. As a result, smaller nanowires tend to coil,
which impacts the formation of multilayer shell structures and
results in lower dielectric enhancement.

Furthermore, smaller nanofillers tend to exhibit more
pronounced charge trapping effects compared to larger fillers.
For instance, the formation of oxide nanoclusters from small
nanofillers can significantly enhance charge trapping, leading
to lower conduction loss and higher breakdown strength.”” This
is related to quantum size effects, where the bandgap decreases
sharply as material sizes approach the characteristic Bohr
radius,**”® resulting in a higher conduction band minima
(CBM) and/or lower valence band maxima (VBM), while deep
trap levels remain unchanged. Consequently, electrical
conductivity is reduced, leading to higher E;,, and U, values.
However, it should be noted that quantum tunnelling effects
may occur as filler size decreases, which in turn promote elec-
tron transport in the polymer thus leading to higher leakage

© 2024 The Author(s). Published by the Royal Society of Chemistry
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current. Therefore, considerations of critical sizes are required
when reducing filler sizes for achieving the best charge trapping
effects in polymer nanocomposites.

3.2.2. Tailoring dimensionality. Utilizing nanofillers with
lower dimensions has become a more effective way than using
anisotropic spherical nanoparticles for enhancing dielectric
properties and charge trapping in dilute nanocomposites. It was
observed in PEI nanocomposites with nanorods (1D) that the
dielectric constant can be raised from 3.2 to over 6 across
a broad temperature range (Fig. 8a and b).** The derived dipolar
response is increased by more than tenfold with a low loading of
0.75 vol% of 1D nanofillers. This is related to the increased
volume fractions and also a unique multi-layered cylindrical
interfacial structure with the incorporations of 1D fillers. Phase-
field simulations further support that 1D nanofillers generate
a higher local dielectric constant in the cylindrical interface over
a larger distance, indicating that 1D nanofillers produce
stronger interfacial effects and greater dielectric enhancement
compared to 0D nanofillers. Wang et al. reported that the K of PI
increased from ~3.0 to ~7.5 in PI/MgO nanoplate (NPL)
composites with 1.0 vol% fillers. This value is higher than the
6.55 observed in PI/MgO nanoparticle (NP) composites with 2.0
vol% fillers and the 6.04 in PI/MgO nanowire (NW) composites
(Fig. 8c).** These results further confirm the significant impact
of nanofiller dimensions on the dielectric properties of nano-
composites with low filler loadings. Further analysis using

© 2024 The Author(s). Published by the Royal Society of Chemistry

TSDC measurements revealed that the PI/MgO NPLs-0.5 vol%
nanocomposite exhibited a deeper trap level compared to the
PI/MgO NPs-1 vol% and PI/MgO NWs-0.75 vol% nano-
composites, which are more effective in reducing charge carrier
mobility and enhancing breakdown strength. For instance, E},
increased from 271 MV m ™" for pure PI to 403, 393, and 433 MV
m~! for the PI nanocomposites with MgO NPs, MgO NWs, and
MgO NPLs, respectively (Fig. 8d).

3.2.3. Chemical modification. Due to the inherent differ-
ences in electrical and mechanical properties between polymers
and inorganic fillers, their interfaces often exhibit imperfec-
tions such as voids, distorted electric fields and stresses.**%*”®
These issues can hinder the performance of polymer nano-
composites, leading to increased loss, lowered Ey, and chal-
lenges in large-scale production. To enhance compatibility
between polymers and inorganic fillers, chemical modifications
with organic ligands are commonly employed. These modifi-
cations can improve mechanical durability and performance
reliability but may also alter the volume and distribution of the
interfacial regions, potentially reducing dielectric enhancement
effects.

Zhang and Chen et al. investigated the effects of modifying
Al,O; nanoparticles with an organic molecule that introduces
alkyl groups, forming a ~1 nm thick coating on the nanoparticle
surface (Fig. 9a and b).* They compared the dielectric properties
of PEI nanocomposites modified with these nanoparticles to

Chem. Sci., 2024, 15, 19651-19668 | 19661
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(a) FTIR spectra of neat Al,O3z and surface-modified Al,Os with alkane groups. (b) TEM image of modified Al,Os. (c) Dielectric constant of

PEI nanocomposites with neat Al,Oz and modified Al,Os3 as a function of filler contents. Figures (a)—(c) have been reproduced from ref. 40 with
permission from The Royal Society of Chemistry, copyright 2021. (d) Schematic illustration of surface modification of QDs. (e) Dielectric constant
and loss of P(VDF-HFP) nanocomposites with QDs-MPA and QDs-M-P as a function of filler contents. Figures (d) and (e) have been reproduced
from ref. 64 with permission from The Royal Society of Chemistry, copyright 2020.

those with unmodified oxides. The results showed a decrease in
the peak dielectric constant from 4.8 in the original PEI nano-
composites to 4.0 with the modified fillers (Fig. 9¢). Similarly, in
PEEU/AlL,O; nanocomposites, the dielectric constant decreased
from 7.4 to 6.2 after filler modification. The shift of dielectric
constant peaks to higher filler volume ratios indicated that the
reduced propensity for hydrogen bond formation in the modified
nanocomposites was partially offset by the increased total surface
area of the nanoparticles. However, proper surface modifications
can also increase dielectric responses. Li et al. modified QDs by
first grafting short mercaptopropionic acid (MPA) ligands
through a ligand exchange method, followed by bonding with
a long perfluorosiloxane molecule, 1H,1H,2H,2H-per-
fluorooctyltriethoxysilane (POTS) (Fig. 9d).** Following that, they
introduced the modified QDs (denoted as QDs-M and QDs-M-P,
respectively) into ferroelectric polymer P(VDF-HFP) and observed
an increase in K from 8.5 for pure P(VDF-HFP) to 14.4 and 17.8 for
nanocomposites with 0.82 vol% QDs-M and QDs-M-P, respec-
tively (Fig. 9¢). The higher dielectric enhancement observed with
QDs modified with perfluorinated groups compared to those
with MPA ligands highlights the effectiveness of surface modifi-
cations in tuning dielectric properties. Structural analyses
revealed that QDs-M-P induced higher crystallinity (38.3% vs.
36.1%) and faster crystallization kinetics (1.7 min vs. 2.0 min)
than QDs-M in the polymer, in addition to higher polar phase
ratios, which contribute to higher dielectric responses.

Surface modifications of fillers with organic ligands can also
trap electrons and impede carrier transport, reducing conduc-
tion loss and thus enhancing Ej, and U.. Due to the higher
bandgap (5.7 eV) and stronger electronegativity of the

19662 | Chem. Sci, 2024, 15, 19651-19668

perfluorinated groups, the P(VDF-HFP)/QDs-M-P nano-
composites exhibited a suppressed dielectric loss of 0.029,
compared to up to 0.061 for P(VDF-HFP)/QDs-M, leading to an
improved U, of 21.4 J cm > with high efficiencies of 90% and
78.3% at 300 and 531 MV m ™, respectively.* Similarly, recent
studies have shown that nanosheets modified with oleylamine
ligands exhibit significant electron-capturing effects in PEI and
FPI-based polymer nanocomposites, leading to improved Ei,
and efficiency at high temperatures (150 and 200 °C).>* Experi-
mental and simulation studies reveal that these thin and large
nanosheets, with abundant surface ligands, show not only high
compatibility with the polymer, but also induce deep traps thus
inhibiting charge transport in the polymer nanocomposites.
Additionally, modifying fillers with positively charged surfaces
is another promising approach to enhance charge trapping and
energy storage properties. For instance, calcium silicate colloidal
nanoparticles (CSO) with positively charged surfaces were
prepared using triethylamine (TEA) as a capping agent.** The
electrostatic repulsion from these positively charged nanoparticles
leads to a good distribution throughout the polymer matrix.
Moreover, these nanoparticles enhance resistivity by trapping
electrons thus restricting carrier transport under high electric
fields and at high temperatures. This results in excellent high-
temperature energy storage properties of the PI/CSO composite
(7.33 ] em ™ and 70% at 616 MV m™ ' and 150 °C). These results
highlight the effectiveness of various chemical modifications of
fillers in optimizing both the dielectric properties and charge
trapping capabilities of polymer nanocomposites, demonstrating
the great potential of surface engineering of nanofillers in
enhancing capacitive performance at varied temperatures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Diffuse electric double-layer model, along with the resulting electrical potential distribution y(r) and conduction in a composite
system. (b) Multi-core model of the polymer—nanoparticle interface. Figures (a) and (b) have been reproduced from ref. 42 with permission from
the American Chemical Society, copyright 2016. (c) AFM-IR mapping and (d) local IR spectra of BTO/P(VDF-TrFE-CFE) with BTO of 100 nm in
diameter. Figures (c) and (d) have been reproduced from ref. 81 with permission from John Wiley Sons, copyright 2020. (e) AFM-IR measurement
and the reconstructed dipole orientations in the interfacial region (left), and the interface model consisting of two interfacial polymer layers
(right). This figure has been reproduced from ref. 43 with permission from Springer Nature, copyright 2023. (f) Theoretical inter-filler distances as
a function of CZS-APP contents in P(VDF-HFP) nanocomposites. This figure has been reproduced from ref. 38 with permission from John Wiley
and Sons, copyright 2021. (g) AFM-IR chemical map with irradiation using a laser at 840 cm ™ (left) and the corresponding height image (right) of
the PVDF/TiO, nanocomposite with different inter-particle distances. This figure has been reproduced from ref. 43 with permission from
Springer Nature, copyright 2023. (h) TEM image of a PMMA/ALLOz nanocomposite film with overlapped interfaces. This figure has been
reproduced from ref. 44 with permission from The Royal Society of Chemistry, copyright 2023.

4 Understanding interfaces by free volume, and carrier concentration—that occur within
. . . . a thickness range up to hundreds of nanometers around the
microscopic probing and modelling

nanoparticle.**®" These models are widely used to understand
polymer nanocomposites with low filler loadings. However,
despite the promise of tailoring properties through interfaces,
the exact interfacial structures remain unclear. There is a lack of
nanoscale evidence regarding the composition, structure, and
polarity of these interfaces, which is crucial for understanding
how polymer-filler interfaces influence the nanocomposites’
structures and properties.

Peng et al. reported direct detection of local electric polari-
zation at the polymer-filler interfaces in ferroelectric P(VDF-
TrFE) composites with BaTiO; nanoparticles using modified
Kelvin probe force microscopy (KPFM).** They observed distinct
surface potential differences across a transitional region of 20—
30 nm width between the nanoparticle and the polymer matrix,

Dilute nanocomposites have demonstrated remarkable dielec-
tric, mechanical, and energy storage properties. These
enhancements are attributable to microstructural changes—
such as inter-chain distancing and conformational ordering—
that differ significantly from those in conventional polymer
nanocomposites. These structural changes are believed to
originate at nanoparticle-polymer interfaces, where polymer
chains adopt distinct configurations and exhibit different
dipole activities compared to the bulk polymer. Theoretical
models such as the electric double layer and multi-core models
proposed by Lewis and Tanaka (Fig. 10a and b),*>*>** respec-
tively, describe the interfacial effects—including chain mobility,

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2024, 15, 19651-19668 | 19663
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(a) Modelled dielectric constant of the PEI/Al,Os nanocomposite in the interfacial region as a function of distance from the surface of the

nanofiller. (b) Modelled polarizations of nanocomposites with nanofillers of 20 nm (upper) and 50 nm (lower) with varied filler contents on

applying an electric field of 1l MV m

~1 Figures (a) and (b) have been reproduced from ref. 36 with permission from The Royal Society of Chemistry,

copyright 2017. (c) Simulated distribution of polarization in polymer composites with 1D and 0D nanofillers. This figure has been reproduced
from ref. 41 with permission from Elsevier, copyright 2021. Experimental and modelled dielectric constants of (d) P(VDF-HFP)/CZS-APP, (e)
PMMA/AL,O3, and PP/TiO, nanocomposites as a function of nanofiller contents. Figure (d) has been reproduced from ref. 38 with permission
from John Wiley and Sons, copyright 2021. Figure (e) has been reproduced from ref. 44 with permission from The Royal Society of Chemistry,
copyright 2023. Figure (f) has been reproduced from ref. 87 with permission from the American Chemical Society, copyright 2021.

identifying this as the interface. The electric susceptibility was
approximately 17% higher at the interfaces than in the polymer
matrix, indicating enhanced electric polarization in the inter-
facial region. We used AFM-IR to reveal the chemical structures
at the polymer-filler interfaces in ferroelectric polymer nano-
composites based on poly(vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene) [P(VDF-TrFE-CFE)].** We observed
a stabilization of all-trans conformation in the polymer-filler
interfacial region, which became more prominent with smaller
filler sizes (Fig. 10c and d). These findings suggest that small-
sized fillers significantly enhance electric polarization and the
dielectric constant by creating multiple interfaces within the
nanocomposites. Li et al. further investigated the interfacial
regions surrounding nanoparticles in dipolar nanocomposites,
including PVDF/TiO,, PMMA/TiO,, and PEI/TiO,, using a series
of advanced microscopic probing techniques.” Two distinct
layers were identified: an inner bound polar layer approximately
10 nm thick and an outer polar layer over 100 nm thick, each
with different molecular conformations compared to the bulk
polymer (Fig. 10e and f). These findings support theoretical
models and demonstrate that interfacial polymer layers signif-
icantly improve polarity-related properties. For instance, the K
of pristine PVDF increased from ~7.5 to 9.5 with 0.35 vol% TiO,
nanoparticles, and the ds; value reached a peak of —30 pC N~*
(about twice that of PVDF) at the same filler loading.

It should be emphasized that the inter-filler distance, as
described by the multi-core model, plays a crucial role in
determining the interfacial structure. According to Wu's

19664 | Chem. Sci, 2024, 15, 19651-19668

model,*® the surface-to-surface inter-filler distance (6) in poly-

1/3
mer nanocomposites is given by 6 = d{(;) — 1] , where
[

d is the filler size and ¢ is the filler volume fraction. Ultralow
contents of nanofillers lead to long inter-filler distances,
meaning the interfacial effects of individual nanoparticles are
not counterbalanced by adjacent particles. This was supported
by recent studies showing that for nanocomposites with QDs,
0 decreased from ~40.9 nm at 0.2 vol% to ~20.8 nm and ~19.0
nm at 1.0 vol% and 1.2 vol% of QDs, respectively (Fig. 10f).*
Such decreased ¢ values are suggestive of potential overlap
between diffuse layers of adjacent fillers, contributing to
decreased dielectric polarizations and enhanced -carrier
mobility. Similarly, in PVDF/TiO, (Fig. 10g) and PMMA/AI,O;
(Fig. 10h) nanocomposites, isolated nanoparticles maintain
fully formed polar interfacial regions, which weaken as the
inter-particle distance decreases, leading to reduced polariza-
tion and increased current density due to overlapping diffuse
layers.*>** Based on these findings, further quantitative insights
into the correlations between interfacial structures and local
electrical properties are to be expected in the future.

Besides the experimental investigations, theoretical models,
including phenomenological and mathematical models, have
been developed to provide deeper insights into interfacial
phenomena. Traditional dielectric models, such as those by
Wiener,* Maxwell-Garnett,* and Bruggeman,®**® are inade-
quate for predicting the dielectric constants of polymer nano-
composites with low filler contents, as they assume only two

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phases (matrix and filler) in the polymer nanocomposite. Tha-
kur et al. conducted numerical simulations using the multi-core
model and phase-field method to assess the variation of K
across polymerfiller interfaces (Fig. 11a-c).** Their model,
which includes the dielectric constant around the interfacial
region as a function of distance from the filler surface, found
that polarization improved significantly in the middle region
between nearest fillers at around 0.3 vol% filler content. This
model was validated by molecular dynamics and force-field
simulations, which showed distorted polymer chain packing
and enhanced dipole reorientation,” and verified by other
studies.*™*¢ Li et al. developed a new interphase model, treating
the enhanced dielectric responses as a third phase in addition
to the polymer matrix and filler (Fig. 11d).*>*® This model
accurately fit reported data for ferroelectric polymer nano-
composites and other polymer-based composites, including PEI
and PMMA, and explains the unconventional dielectric behav-
iours observed at ultralow loadings.******%” For instance, the
interphase model effectively described the improved K of
nanocomposites with Al,O3, TiO, and MOFs recently (Fig. 11e
and f).***** In conjunction with the nanoscale evidence, these
modellings highlight the significant role of interfaces in
elevating dielectric and capacitive properties in polymer nano-
composites at ultralow filler loadings.

5. Summary and outlook

Dilute nanocomposites are emerging as a significant advance-
ment in developing scalable, high-energy-density polymer
dielectrics. The unique phenomena and important effects such
as dielectric enhancements, charge trapping and mechanical
reinforcements in these nanocomposites distinctly differ from
those in conventional polymer nanocomposites, which has led
to unprecedented achievements in enhancing dielectric prop-
erties and capacitive energy storage performance at both room
and elevated temperatures. Fundamentally, understanding the
unconventional dielectric enhancements observed at low filler
loadings has been greatly advanced through theoretical anal-
yses and local structural characterization. A series of local
structural and electrical changes such as chain distortion, free
space expansion, and trapping site formation are found at
polymer-filler interfaces, which are strongly correlated with the
macroscopic properties of the nanocomposites. Moreover,
various designing strategies from the perspectives of polymer
and filler structures have been presented for further improving
the overall performance of polymer nanocomposite dielectrics.
With excellent scalability and high energy densities, these
polymer nanocomposites are promising candidates for
substituting current commercial dielectric polymers for high-
energy-density polymer film capacitors. Additionally, this
nanocomposite approach may provide opportunities for
enhancing polarity-related functionalities, such as piezoelec-
tric, pyroelectric and electrocaloric cooling. Despite these
advances and promising applications, fundamental questions
and technological challenges remain, including mechanisms
and models for dielectric enhancements, inverse couplings at
high temperatures, and issues related to scalability and
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reliability in large-area production. Addressing these challenges
requires collaborative efforts across disciplines such as solid-
state physics, polymer chemistry, nanotechnology, nanoscale
characterization and computations.

5.1 Upper limit of dielectric enhancements

The dielectric constants of dipolar linear dielectric polymers
have been significantly improved through local structural
changes induced by small-sized nanofillers at ultralow filling
contents. The highest K achieved in these polymers is
approaching a remarkably high value of 8, comparable to that of
ferroelectric polymers.***** From a fundamental perspective,
a key question is where the upper limit for K is and how to
achieve it? This inquiry is crucial for the development of high-
energy-storage polymer dielectrics and film capacitors across
various applications. Systematic and in-depth investigations are
needed to guide the design of polymer nanocomposites to
further enhance K and energy storage performance at both
room and elevated temperatures. In addition, attention to the
preparation procedures for dilute nanocomposites is required,
since the dielectric enhancement can be varied among batches
(also manufactures) and also be affected by other factors such
as solvents. Also, electrical testing conditions including
frequency and electrode area should be carefully checked
during measurements of dielectric properties and D-E loops for
obtaining accurate capacitive performance. Results can be
deceptive due to effects such as parasitic capacitance, which
may become significant when electrode area decreases to
a small scale (e.g., diameter <2 mm), leading to overestimated K
and U..

5.2 Dielectric enhancement mechanisms and models

A thorough understanding of dielectric enhancement is of
critical importance for achieving high K and U, in polymer
nanocomposites with low filler contents. Despite extensive
experimental and theoretical studies in recent years, funda-
mental questions and controversies persist. For instance, how
can the exact contributions of enhanced dipolar responses be
determined? What causes local chain conformation change and
free space expansion near the filler surface? How can the
seemingly contradictory effects of increased free volume on
dipolar responses and electric breakdown paths be balanced?
To address these questions, continuous efforts can be made on
studying dielectric behaviours through broadband frequency-
and temperature-dependent dielectric spectroscopy and exam-
ining chemical and physical changes at polymer-filler inter-
faces from a dynamic perspective using advanced microscopic
methods. Additionally, theoretical efforts into dielectric
modelling are important and imperative for overcoming the
limitations of traditional models and guiding the design of
high-performance polymer nanocomposite dielectrics. While
phenomenological and interphase models have successfully
described nanocomposites based on linear dipolar and ferro-
electric polymers, they primarily apply to binary polymer
composites. Further modifications are needed for models
dealing with ternary or multi-component polymer composites.
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5.3 Critical inverse couplings at high temperatures

Although the dielectric constant and electric breakdown
strength can be improved in nanocomposites with low filler
contents at room temperature, achieving both high K and Ej, at
elevated temperatures remains challenging. For example, FPI/
0.2 wt% PFNS with a high Ej, of 800 MV m™ " at 200 °C exhibits
a low K of 3.5, showing only a minor increase compared to
pristine FPL.>* On the other hand, a PI nanocomposite with 1.0
vol% MgO demonstrates a high K of 7.5 but a low E;, of ~300 MV
m~' at 150 °C.* This dilemma may arise from at least two
aspects. Firstly, local free volume created by filler doping can
reduce constraints for dipoles but may also introduce weak
points for electric tree propagation and decrease the local
modulus, which become worse at elevated temperatures and
high electric fields. Secondly, aggregations of fillers can damage
dielectric enhancement effects and facilitate carrier transport
between particles due to overlapping interfacial regions. In this
sense, developing new structured fillers with high bandgaps
and good interfacial interactions with the polymer matrix, along
with tuning filler dimensions, are promising solutions to
address these challenges.

5.4 Artificial intelligence (AI)-assisted exploration of
polymer nanocomposites

Compared to traditional development of polymer dielectrics
that has relied on researchers' intuition and scientific under-
standing, rational material design, supported by artificial
intelligence tools (such as machine learning approaches), may
provide a more efficient paradigm for discovering new polymer
dielectrics.®®® For instance, density functional theory (DFT) and
genetic algorithms have been used to predict polymers with
high energy-storage potential, which have been experimentally
confirmed.® The Al-assisted polymer nanocomposite develop-
ment is also promising, yet challenging due to their complexity
and multi-component nature. Future advancements in high-
performance polymer nanocomposite dielectrics will require
interdisciplinary collaboration among material physics, chem-
istry, electrical engineering, and advanced computational
techniques.

5.5 Scalability, reliability, and practical applications in film
capacitors

Currently reported high-performance polymer nanocomposite
dielectrics are mainly produced on a small scale using labora-
tory techniques such as solution casting and layer-by-layer
deposition. These nanocomposites exhibiting undesired
uniformity and reliability are usually confronted with chal-
lenges in scalable production for real applications. In this
context, addressing inhomogeneous filler dispersion in large-
scale production is crucial, and monodispersing nanofillers
throughout the polymer through advanced chemical design and
fabrication methods is highly desired. Furthermore, factors
such as mechanical properties, scalability, processability, and
long-term reliability should also be considered for practical
applications, in addition to the commonly reported energy-
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storage-related parameters. Laboratory-industry jointly super-
vised programs are underway to improve the scalability of
dielectric films for capacitors, with expected progress in the
future.
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