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ABSTRACT
Polymer dielectrics are preferred materials for high-energy-density capacitive energy
storage. In particular, high-temperature dielectrics that can withstand harsh conditions, e.g.,
≥150 °C, is of crucial importance for advanced electronics and electrical power systems.
Herein, high-temperature dielectric polymer composites composed of polyetherimide (PEI)

of

matrix and hafnium oxide (HfO2) nanoparticles are presented. It is found that the

ro

incorporation of HfO2 with a moderate dielectric constant and a wide bandgap improves the

-p

dielectric constant and simultaneously reduces the high-field leakage current density of the

re

PEI nanocomposites. As a result, the PEI/HfO2 composites exhibit superior energy storage

lP

performance to the current high-temperature engineering polymers at elevated temperatures.
Specifically, the nanocomposite with 3 vol% HfO2 displays a discharged energy density of

na

2.82 J/cm3 at 150 °C, which is 77% higher than neat PEI. This work demonstrates the

ur

effectiveness of incorporation of the nanofiller with a medium dielectric constant into the

Jo

polymer on the improvement of high-temperature capacitive properties of the polymer
composites.

KEYWORDS: polymer nanocomposites, hafnium oxide nanoparticles, high temperature,
dielectric properties, energy storage
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1. Introduction
Polymeric materials have been widely used as dielectrics for electrostatic energy
storage in electronic devices and electrical power systems. In comparison to the ceramic
dielectric counterparts, polymer dielectrics feature the intrinsic advantages of light weight,
long lifespan, high electric strength and graceful failure mechanism. In principle, the

of

energy density (Ue) of dielectrics can be expressed as [1,2]
(1)

ro

Ue = ∫ EdD

-p

where E is the applied electric field and D is the electric displacement. For linear

re

dielectrics, the stored energy density Ue is proportional to relative permittivity (εr) and

lP

square of the applied electric field (E), given as [1,2]

(2)

na

1
U e = ε 0ε r E 2
2

ur

where ε0 is the vacuum permittivity. The state-of-the-art capacitor film is biaxially oriented

Jo

polypropylene (BOPP), which possesses frequency-independent low loss (tan δ ~1×10–4)
and high dielectric breakdown strength (~700 MV/m) [3]. These excellent properties are
ascribed to the absence of polar groups in the molecular chains, which will respond to the
applied electric field, generate leakage current and cause premature breakdown. On the
other hand, non-polar molecular chains give rise to low dielectric constants (e.g. ~2.2 of
BOPP), which limits the achievable energy density (e.g. ~2 J/cm3 of BOPP) [1,4]. Another
critical drawback of BOPP is its limited operating temperatures. Measures must be
implemented either by de-rating the operating voltage or by installing passive cooling
system when the operational temperature exceeds 85 °C [5].
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To meet the emerging demands of energy storage under harsh conditions, the
exploitation of high-temperature polymer dielectrics has attracted great interest [6,7]. High
glass transition temperature (Tg) polymers such as polytetrafluoroethylene (PTFE),
polycarbonate (PC), polyphenylene sulfide (PPS), polyaryletherketone (PAEK), polyimide
(PI) and cross-linked divinyltetramethyldisiloxane bis(benzocyclobutene) (c-BCB) have

of

been investigated in order to replace BOPP in high-temperature dielectric applications.

ro

PTFE is a class of non-polar polymer with heat resistance up to 250 oC, however, the

-p

ultralow dielectric constant (~2.0) may overshadow any other advantages gained from its

re

low loss tangent and superior thermal stability for high-energy-density applications

lP

[8,9].Additionally, it is challenging to process PTFE into thin films by conventional
approaches of melt-extrusion or solution-casting [9]. PC and PPS capacitors used to share a

na

great market in the industry. Nevertheless, the relatively low Tgs limit their electrical

ur

properties invariance with an increasing operating temperature higher than ~125 oC

Jo

[7,9,10]. For PAEK families and PI-based polymers [9,11–13], which have been commonly
applied as structural materials in high-temperature aeronautical engineering. Unfortunately,
their electrically insulating properties also degrades severely with the increase of
temperature due to the thermally enhanced electrical conduction which is ubiquitous in the
majority of polymers. c-BCB is a newly developed polymer which exhibits excellent
properties such as ultrahigh Tg (>350 °C), low volume conductivity and low loss tangent
[14,15]. However, the comparatively high-cost and not commercial-available issues limit
its scalable production as of now.
As a thermoplastic engineering polymer, polyetherimide (PEI) possesses an
exquisite structure in which the ether units furnish the mechanical flexibility and fluidity of
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the molecular chain, and the aromatic imide units reinforce thermal resistance and
mechanical strength [16,17]. Consequently, PEI exhibits the leading thermal stability,
dielectric strength and reliability across a wide operating temperature window, e.g., room
temperature to 150 °C, compared with the abovementioned high-temperature polymers.
Moreover, extensive merits such as outstanding solvent solubility, mechanical durability

of

and flame retardancy further make PEI one of the most promising polymers for high-

ro

temperature film capacitors. Irwin et al. found that the PEI exerts superior insulation

-p

resistance than PC and PPS at temperatures up to 200 °C [18]. So far, PEI has been widely

re

used as insulation components in magnet wires, electrical connectors, DC-DC converters

lP

and high-voltage switchgears [16,19]. It has also been explored for applications under
extreme conditions such as aerospace and automotive industries.

na

Despite high dielectric strength that is critical for high energy densities, polymer

ur

dielectrics have much lower dielectric constants when compared with ceramics. In order to

Jo

enhance capacitive energy densities, inorganic nanofillers with high dielectric constants
have been introduced to form dielectric polymer composites [20–26]. Polymer composites
consisting of ceramic fillers with high dielectric constants, e.g., barium titanate (BaTiO3)
[27,28] and copper titanate calcium (CaCu3Ti4O12), indeed exhibit improved electric
displacement, but usually at the expense of much compromised breakdown strength
[29,30]. For example, by adding 20 vol% BaTiO3 nanoparticles into PVDF, the dielectric
constant of the nanocomposite is almost doubled. In the meantime, the breakdown strength
drops vastly from 325 MV/m to only 175 MV/m, which significantly limits the energy
density [30]. On the other hand, the incorporation of inorganic fillers with low dielectric
constants, e.g., silicon dioxide (SiO2) [5] and boron nitride nanosheet (BNNS) [12,31–34],
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shows a modest impact on the dielectric constant of the composites. For instance, the
incorporation of BNNSs to c-BCB matrix slightly improves the dielectric constant from
2.80 of pristine c-BCB to 3.17 of c-BCB nanocomposite with 14 vol% BNNSs [12]. These
relatively low dielectric constant fillers contribute significantly to the large enhancements
in the electric strength and the charge–discharge efficiency via reducing the high-field

of

dielectric loss, especially at elevated temperatures [12,31,32]. While the current research

ro

efforts have mainly focused on the fillers with either high- or low- dielectric constants,

-p

much less attention has been placed on the fillers with moderate dielectric constants [35].

re

The study of the fillers with moderate dielectric constants with respect to polymer matrix is

lP

of great significance in order to ameliorate nanofiller induced electric field distortion and
overcome the paradox between dielectric constant and dielectric strength of polymer

na

nanocomposites.
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Herein, the PEI/HfO2 nanocomposites were prepared by a facile solution-casting
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method. The HfO2 filler with a dielectric constant of ~25 and a wide bandgap of ~5.8 eV
[35,36] is utilized to lessen the dielectric mismatch between the organic and inorganic
phases as seen in the dielectric polymer composites with high dielectric constant fillers. It is
found that the incorporation of HfO2 nanofillers yields the improvement of the dielectric
constant along with the reduction of the leakage current, which gives rise to greatly
increased discharged energy densities and high charge-discharge efficiencies in the
nanocomposites at various temperatures up to 150 oC.
2. Experimental Section
2.1 Sample preparation
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Typically, the PEI/HfO2 nanocomposites were fabricated by solution casting. PEI
pellets (Ultem 1000，weight average molecular weight of 54,000 and polydispersity of
2.5) were dissolved into N-methylpyrrolidone (NMP) (Sigma Aldrich) with the assistance
of vigorous magnetic stirring at around 50 °C. By dispersing different weights of the HfO2
nanofillers (average particle diameter of 61-80 nm, US Research Nanomaterials, Inc.) into

of

NMP and subsequently adding PEI solution into the dispersion, the PEI/HfO2

ro

nanocomposite solution was obtained. The as-prepared solution underwent probe-

-p

sonication (175 W) for 30 min to achieve dispersion. The solution was cast onto a clean

re

glass slide immediately and dried at 120 °C for 2 h and 100 °C for 17 h, respectively, to

lP

remove the solvent. Afterward, the films were peeled off from the glass substrates followed
by drying in a vacuum oven at 200 °C for 24 h to further remove moisture and residual

ur

2.2 Characterization

na

solvent. The thickness of the resultant films was controlled within 9 to 12 μm.
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The morphologies of the fracture surfaces of the polymer and composites were
observed using a FEI Scios2 FIB/SEM field emission scanning electron microscope. For
electrical measurements, both sides of the polymer and composite films were sputtered with
gold electrodes which are 60 nm in thickness and 3 mm in diameter. Agilent HP E4980A
impedance analyzer was used to measure the frequency dependence of the dielectric
constant and loss tangent at room temperature (25 °C) with frequencies ranging from 102 to
106 Hz. Hewlett Packard 4140B pA meter and Trek 610D amplifier was used to acquire
direct-current (DC) conduction currents under an electric field of 100 MV/m. A system in
which a modified Sawyer-Tower circuit is in conjunction with a Trek Model 610E high-
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voltage amplifier was used to record the high-field triangular unipolar waveform electric
displacement–electric field (D–E) loops at frequency of 10 Hz. All the samples in D–E loop
test were immersed into Galden HT insulation fluid to avoid discharging among air gaps.
The charge-discharge tests were performed using a PK-CPR1502 test system (PolyK
Technologies). The samples in were soaked in Galden HT insulation fluid and charged with

of

applied field of 200MV/m. After charging, the charged samples was discharged to a

ro

noninductive resistor of 10.26 kΩ immediately. The thermally stimulated discharge current

-p

(TSDC) test were conducted on a system consisting of Delta Design 9023 oven, Trek

re

1010BHS amplifier and Hewlett Packard 4140B pA meter. The samples were firstly

lP

polarized at an electric field of 50 MV/m at a 180 °C. After 10 min, the samples were
rapidly cooled to -100 °C and kept for another 10 min. The electric field was then removed

na

and discharge current was recorded during temperature rise process, i.e. from -100 °C to

Jo

3. Results

ur

215°C at a heating rate of 3°C/min.

Fig. 1 illustrates the cross-sectional SEM images of neat PEI and the PEI/HfO2
nanocomposites with filler contents of 1, 5 and 9 vol%. It is found that the fillers are
dispersed reasonably well in the nanocomposites even at 9 vol% filler, which afford the
PEI/HfO2 nanocomposites with excellent dielectric strength. The frequency dependence of
the dielectric constant and the loss tangent of the PEI/HfO2 nanocomposites at 25 °C is
illustrated in Fig. 2a. For all the PEI/HfO2 nanocomposites with varied filler contents, the
dielectric constant is stable and exhibits almost frequency-independent features across the
investigated frequency range. The loss tangents are lower than 0.005 at the frequencies
ranging from 103 to 106 Hz. Fig. 2b reveals the dependence of the dielectric constant and

8

the loss tangent at 103 Hz as a function of filler content. The dielectric constant of the
PEI/HfO2 nanocomposites increases monotonically with the increase of HfO2 content, e.g.
from 3.26 of neat PEI [16] to 3.85 of the PEI/HfO2 nanocomposites with 9 vol% filler
content. This enhancement can be ascribed to the relatively higher dielectric constant (~25)
of HfO2 filler compared with PEI. Concurrently, the loss tangent increases slightly from

of

0.0039 to 0.0047 of the PEI/HfO2 nanocomposites with increasing the filler content from 1

ro

vol% to 9 vol%. The increased dielectric loss is typically related to the interface

-p

polarization between the filler and the polymer matrix phases [37–39].Note that the loss

re

tangent of the PEI/HfO2 nanocomposites, which is at the order of magnitude of 10-3, is

lP

much lower than those of many other dielectric polymers and polymer composites, e.g.,
poly(methyl methacrylate) [22] and poly(vinylidene fluoride) [40].

na

Room temperature capacitive energy storage performance and breakdown strength

ur

of neat PEI and the PEI/HfO2 nanocomposites was investigated by using the Sawyer-Tower

Jo

circuit. The comparison of D–E loops for neat PEI and the PEI/HfO2 nanocomposites with
varied filler contents at an electric field of 300 MV/m is depicted in Fig. 3a. It is evident
that the incorporation of the HfO2 nanofillers steadily improves the electric displacement
(D) while maintaining high charge–discharge efficiency above 95%. The maximum
displacement at 300 MV/m of the PEI/HfO2 nanocomposites increases with the increase of
filler content, i.e., from 9.77×10–3 C/m2 of neat PEI to 1.03×10–2 , 1.07×10–2, 1.11×10–2,
1.14×10–2, 1.22×10–2 C/m2 of the PEI/HfO2 nanocomposites with the filler contents of 1, 3,
5, 7 and 9 vol%, respectively. The maximum displacement shows the same trend as the
dielectric constant because D is linearly dependent on εr for linear dielectrics as follow:
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D = ε 0ε r E

(3)

Fig. S1a compares the charge–discharge efficiency of neat PEI and the PEI/HfO2
nanocomposites at various electric fields. When the filler content is lower than 3 vol%, the
composites have similar charge–discharge efficiencies to neat PEI, but a further increase in
the filler content results in the decrease of the efficiency especially at high electric fields. It

of

is thought that the increase of the filler content increases the particle-particle interactions,

ro

which leads to the increase in conduction loss and subsequent reduction in the efficiency.

-p

The discharged energy density of neat PEI and the PEI/HfO2 nanocomposites are

re

summarized in Fig. S1b. The data indicated that the 3 vol% HfO2-filled PEI nanocomposite

lP

can reach a breakdown field near 600 MV/m with maximum discharged energy density of
5.71 J/cm3 and efficiency of 77.5%. At above 95% efficiency, the discharged energy

na

density of the 3 vol% HfO2-filled PEI nanocomposite is 3.45 J/cm3, which far exceeds that

ur

of BOPP (~2 J/cm3) [1,4].

Jo

Electrical conduction is known to play a dominant role in determining the insulation
strength of dielectrics at high applied fields [13,41,42]. The leakage current density of neat
PEI and the PEI/HfO2 nanocomposites at an electric field of 100 MV/m was measured and
shown in Fig. 3b. Owing to the wide bandgap (~5.8 eV) nature of the incorporated HfO2
fillers, the leakage current density of the PEI/HfO2 nanocomposites decreases substantially
in comparison to that of neat PEI. The lowest leakage current density value is achieved in
the 3 vol% HfO2-filled PEI nanocomposite, which accounts for its highest breakdown
strength and the best discharged energy density among the composites. With the further
increase of the HfO2 content, the leakage current density of the composites increases, thus
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decreasing the charge–discharge efficiency and discharge energy density (Fig. 3b) [43].
This is possibly owing to the fact that the nanofillers act as shallow traps at high filler
contents to increase the carrier mobility of the nanocomposites. Moreover, the distance
between the nanoparticles decreases with increase of the HfO2 contents, which facilitates
the formation of conduction path to increase the leakage current.

of

To assess the reliability and stability of the PEI/HfO2 nanocomposites, D–E loops

ro

under three different temperatures are depicted in Fig. S1. The maximum discharged energy

-p

density as a function of temperature are established and displayed in Fig. 4, where the

re

maximum discharged energy density of PEI and the PEI/HfO2 nanocomposites declines
consistently with temperature. The maximum discharged energy density of neat PEI is

lP

reduced from 3.90 J/cm3 at 25 °C to 2.46 J/cm3 and 1.60 J/cm3 at 100 °C and 150 °C,

na

respectively. The 3 vol% HfO2-filled PEI nanocomposite delivers the energy densities of

ur

5.71, 3.70 and 2.82 J/cm3 at 25, 100 and 150 oC, which are 46.4 %, 50.4 % and 76.3 %

Jo

higher than those of neat PEI, respectively. For all temperatures investigated, the
discharged energy densities of the composites are maximized consistently at 3 vol% HfO2
(Fig. 4).

To further reveal the effect of temperature on the capacitive performance, the
energy storage properties and electrical conduction of the 3 vol% HfO2-filled PEI
nanocomposite in comparison to those of neat PEI at various temperatures are depicted in
Fig. 5a-c. Due to the nonlinear increase of electrical conduction with the temperature at
high applied fields [41, 44–4647], the energy storage properties deteriorate with the
increase of the electric field and temperature. The values of Ut/U25 and ηt/η25 were used to
evaluate the change of the discharged energy density and the charge–discharge efficiency,
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respectively, where Ut and ηt are defined as the discharged energy density and the charge–
discharge efficiency at various temperatures, respectively. For example, as shown in Fig.
S2, at an electric field of 400 MV/m, η100/η25 are 83.5% and 93.8% for neat PEI and the 3
vol% HfO2-filled PEI nanocomposite, respectively. U100/U25 is 85.6% and 94.2% for neat
PEI and the 3 vol% HfO2-filled PEI nanocomposite, respectively. Apparently, the

of

incorporation of HfO2 significantly limits the reduction of the discharged energy density

ro

and the charge–discharge efficiency of PEI at elevated temperatures and high fields and

-p

thus gives rise to the improved high-temperature capacitive performance of the PEI/HfO2

re

nanocomposites.

lP

The enhancement in high-temperature capacitive performance of the PEI/HfO2
nanocomposites is due to the suppressed leakage current arising from the incorporated

na

HfO2 nanofillers. The leakage current density of neat PEI and the 3 vol% HfO2-filled PEI

ur

nanocomposite at various temperatures are shown in Fig. 5c. While the leakage current

Jo

density increases with temperature, the leakage current density of the 3 vol% HfO2-filled
PEI nanocomposite is consistently lower than that of neat PEI. The enhancement/reduction
ratio of the nanocomposite relative to neat polymer is defined as Rx=|Xcom-Xneat|/
Xneat*100%, where X can be the discharged energy density (U) or leakage current density
(J), subscript ‘com’ and ‘neat’ represent the nanocomposite and neat polymer, respectively.
As shown in Fig. 5d, the reduction ratios of leakage current density RJ are 8.7%, 40.1% and
70.7% at 25, 100 and 150 oC, respectively. Concurrently, the enhancement ratios of the
discharged energy density RU increase from 46.4% at 25 oC to 50.4 % and 76.3 % at 100
and 150 oC, respectively. Apparently, the positive impact of HfO2 on the reduction of
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electrical conduction and the increase of discharged energy density becomes more
significant with increasing temperature.
The comparison of the charge-discharge behavior of neat PEI and the PEI/HfO2
composites at different temperatures is given in Fig.S4. Apparently, the PEI/HfO2
composite not only delivers higher power densities at varied temperature, e.g. 0.22

of

MW/cm3 vs. 0.18 MW/cm3 of PEI at 150 oC, but also presents much higher stability in

Therefore, the incorporation of HfO2 introduces

-p

temperature from 25 to 150 oC.

ro

discharge time, e.g. varying from 2.41- 2.40 µs vs. 2.43-2.65 µs of PEI with increasing

re

comprehensive improvements in high-temperature capacitive performance, including

lP

higher discharge energy density, faster discharge speed, greater power density and better

4. Discussion

na

stability at elevated temperatures.

ur

The high-temperature capacitive energy storage performance of neat PEI and the

Jo

PEI/HfO2 nanocomposite has been compared with commercially available high-temperature
dielectric polymers, including PC, fluorene polyester (FPE), Kapton® PI and PEEK. As
shown in Fig. S3, the PEI/HfO2 nanocomposite exhibits the best performance at 150 oC.
For example, at an electric field of 250 MV/m, the PEI/HfO2 nanocomposite delivers a
discharged energy density of 0.94 J/cm3 along with an efficiency of 92.1%, while the
discharged energy densities of the high-temperature polymers are below 0.85 J/cm3 with
efficiencies less than 80%. Further increase in the applied field results in the failure of the
high-temperature polymers, but the PEI/HfO2 nanocomposite can operate up to 500 MV/m
with an impressive discharged energy density of 2.82 J/cm3. Fig. 6a compares the
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maximum discharged energy density and the corresponding charge–discharge efficiency of
PEI/HfO2 nanocomposite with the current high-temperature dielectric polymers at 150 °C.
The maximum discharged energy densities are 1.67, 1.19, 0.53 and 0.53 J/cm3 for PC, FPE,
Kapton® PI and PEEK, respectively. Notably, the nanocomposite consisting of PEI/HfO2
delivers the maximum discharged energy density of 2.82 J/cm3, which distinctly

of

outperforms the current high-temperature dielectric polymers. The leakage current densities

ro

of the high-temperature polymers and the PEI/HfO2 nanocomposite are shown in Fig. 6b.

-p

The lowest leakage current density found in PEI is responsible for its best high-temperature

re

capacitive performance among the high-temperature neat polymers. The introduction of

lP

HfO2 into PEI further reduces the leakage current density of the resultant composite.
To rationalize the superior energy storage performance of the composites at

na

elevated temperatures, the interface structure and electrical conduction of the PEI/HfO2

ur

nanocomposite is discussed. According to the multi-core model proposed by Tanaka [48],

Jo

the interface area consists of a bonding layer, a bound layer and a loose layer which are
overlapped by the Gouy-Chapman diffuse layer [49]. When the electric field is applied,
carriers in the nanocomposite establish a Gouy-Chapman diffuse layer and generate traps to
affect the dielectric properties of the nanocomposite. Based on multi-core models, the
interface can act as traps that have significant trapping and scattering effects on carriers. It
has been proposed that the high-temperature energy storage properties of the polymer
nanocomposites are dominated by the band structure of the fillers [35]. The band diagrams
at the polymer/nanofiller interface of the PEI/HfO2 nanocomposite are depicted in Fig. 7a.
Estimated from first-principles calculations, the bandgap and the electron affinity of PEI
are 3.2 eV and 2.2 eV, respectively [32]. The bandgap and the electron affinity of HfO2 are
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5.8 eV and 2.5 eV, respectively [35,50]. Owing to a vast difference between the bandgaps,
deep traps are created in the interface region which can capture charge carriers and reduce
charge density in the polymer composite.
The thermally stimulated depolarization current (TSDC) measurements have been
conducted to understand the charge carrier conduction and verify the band diagram analysis

of

at the polymer/nanofiller interface. As shown in Fig.S5, the peak at lower temperature

ro

corresponds to relaxation of dipoles such as carbonyl (C=O) groups, while the peak at

-p

higher temperature is related to de-trapping of trapped charges. The increase of peak

re

temperature and intensity in the PEI/HfO2 nanocomposites relative to those of neat PEI

lP

implies that more traps with deeper trap depth are formed in the nanocomposites. These
traps can impede charge carrier transport and lower conduction current density in the

na

nanocomposites.

ur

The electrical conduction processes, including charge injection from the electrode,

Jo

charge transport, and charge trapping and de-trapping, in neat PEI and the PEI/HfO2
nanocomposite are illustrated in Fig. 7b and 7c, respectively. At low fields and low
temperatures, the charge density participating conduction processes in the polymer and
composites are limited by injection due to lack of thermal or electrical stimulation. In this
case, the conduction current in the polymer and composite are both low and the conduction
suppression effect brought by inclusion of HfO2 nanoparticles is limited. At high fields and
elevated temperatures, more charges gain sufficient energies to overcome the potential
barrier and be injected into the bulk, which results in a significant increase in conduction
current of neat PEI. Different from neat PEI, the hole traps at the interface of polymer
matrix and nanofiller that introduced by the inclusive of HfO2 nanoparticles gives full play
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to its potential in impeding charge carrier transport in the nanocomposite. As evidenced by
the largely reduced leakage current density, the incorporation of the nanofillers with large
bandgap impedes electrical conduction, thereby yielding improved discharge energy
density and high charge–discharge efficiency at high fields and elevated temperatures.
5. Conclusions

of

In this work, the PEI nanocomposites filled with HfO2 nanoparticles have been

ro

prepared. Different from the typical nanocomposites in which inorganic fillers with high or

-p

low dielectric constants are preferred, HfO2 nanoparticles with a modest dielectric constant

re

are selected as the fillers. It is found that, owing to a medium dielectric constant and a wide

lP

bandgap nature of HfO2 filler, the nanocomposites exhibit simultaneously enhanced
dielectric constant and reduced leakage current density. As a result, remarkable

na

improvements in the electric displacement, discharged energy density and charge–discharge

ur

efficiency are concurrently achieved in the HfO2 filled nanocomposites at elevated

Jo

temperatures. The 3 vol% HfO2-filled PEI nanocomposite delivers the maximum
discharged energy density of 2.82 J/cm3 at 150 °C, which outperforms the current hightemperature dielectric polymers. These results provide a new route to improve the hightemperature energy storage properties of dielectric polymer nanocomposites by
incorporating nanofillers with medium dielectric constants.
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Fig. 1. Cross-sectional SEM images of (a) neat PEI and the PEI/HfO2 nanocomposites with filler

Jo

Fig. 2. (a) Dielectric spectra of the PEI/HfO2 nanocomposites with varied filler contents.
(b) Dielectric constant and loss tangent of the PEI/HfO2 nanocomposites as a function of
filler content.
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Fig. 3. (a) Electric displacement–electric field (D–E) loops of neat PEI and the PEI/HfO2
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nanocomposites at 300 MV/m (Inset: Displacement and charge–discharge efficiency of neat
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PEI and the PEI/HfO2 nanocomposites at 300 MV/m as a function of filler content) (b)
Maximum discharged energy density and leakage current density of neat PEI and the
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PEI/HfO2 nanocomposites as a function of filler content.

Fig. 4. Maximum discharged energy density of neat PEI and the PEI/HfO2
nanocomposites as a function of the filler content at various temperatures.
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Fig. 5. Discharged energy density and charge–discharge efficiency at various
temperatures of (a) neat PEI and (b) the 3 vol% HfO2-filled PEI nanocomposite. (c)
Leakage current density of neat PEI and the 3 vol% HfO2-filled PEI nanocomposite at
various temperatures. (d) Reduction/enhancement ratio of maximum discharged energy
density and leakage current density of the 3 vol% HfO2-filled PEI nanocomposite at various
temperatures.
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Fig. 6. (a) Maximum discharged energy density and the corresponding charge–discharge
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efficiency (b) Leakage current density at 100 MV/m of neat PEI, the 3 vol% HfO2-filled
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PEI nanocomposite, PC, FPE, Kapton® PI and PEEK at 150 °C.
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Fig. 7. (a) Band diagrams at the polymer/nanofiller interface. Evac is the vacuum energy
level, Ef is the Feimi energy level. Ec, Ev, EAf, BGf are the conduction band, valence band,
electron affinity and bandgap of the nanofiller, respectively. LUMO, HOMO, EAm, BGm
are the lowest unoccupied molecular orbital, highest occupied molecular orbital, electron
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affinity and bandgap of the polymer matrix, respectively. Schematic of conduction
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processes in (b) neat PEI and (c) the PEI/HfO2 nanocomposite.
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