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Abstract

The exploration of high-energy-density electrostatic capacitors capable of operating

both efficiently and reliably at elevated temperatures is of great significance in

order to meet advanced power electronic applications. The energy density of a

capacitor is strongly dependent on dielectric constant and breakdown strength of a

dielectric material. Here, we demonstrate a class of solution-processable polymer

nanocomposites exhibiting a concurrent improvement in dielectric constant and

breakdown strength, which typically show a negative correlation in conventional

dielectric materials, along with a reduction in dielectric loss. The excellent perfor-

mance is enabled by the elegant combination of nanostructured barium titanate and

boron nitride fillers with complementary functionalities. The ternary polymer

nanocomposite with the optimized filler compositions delivers a discharged energy

density of 2.92 J cm−3 and a Weibull breakdown strength of 547 MV m−1 at

150�C, which are 83% and 25%, respectively, greater than those of the pristine

polymer. The conduction behaviors including interfacial barrier and carrier trans-

port process have been investigated to rationalize the energy storage performance

of ternary polymer nanocomposite. This contribution provides a new design para-

digm for scalable high-temperature polymer film capacitors.
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1 | INTRODUCTION

Dielectric capacitors are ubiquitous components of electric

circuits that are utilized to control charges electrostatically

via a dielectric material.1-4 The working principle of electro-

static capacitors involves the repeated electrical polarization

and depolarization processes, giving them excellent stability

and ultra-fast discharging rates with respect to electrochemi-

cal energy storage devices.5-9 Compared to dielectric

ceramics, polymer dielectrics possess intrinsic advantages

including lightweight, low cost, and mechanically flexible

(critical for coiled capacitor designs), as well as superior

electrical breakdown strength and relatively low dielectric

loss.2,10-14He Li, Lulu Ren, and Ding Ai contributed equally to this study.
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On the other hand, relatively poor thermal stability of

polymers limits their high-temperature usages for advanced

microelectronics and power systems. For instance, to utilize

the state-of-the-art commercial biaxially oriented polypro-

pylene (BOPP) films in power inverters, a separated cooling

system has to be installed in electric vehicles in order to

reduce operating temperature from ~150�C to ~80�C.14-16

The additional cooling system not only brings extra weight

and volume but also reduces the stability and efficiency of

power systems. Recently, engineering polymers with high

glass transition temperature (Tg), such as polycarbonate, pol-

yimide (PI), poly(arylene ether nitrile), and poly(ether

ketone ketone) have been exploited as high-temperature

dielectric materials.14,17-23 Unfortunately, all the polymers

suffer considerable energy loss under high electric fields and

at elevated temperatures, which is due to the leakage current

that increases exponentially with increasing temperature,

resulting in sharp drops in both energy density and charge-

discharge efficiency of the polymer dielectrics.

Moreover, compared with electrochemical energy

storage devices such as batteries and supercapacitors,

the electrostatic capacitors store less energy per unit

volume, which fail to meet increasing demands of high

energy densities required by advanced energy sys-

tems.9,24 For linear dielectrics, the discharged energy

density Ue = 1/2DE = 1/2ε0KE,
2 where D is the electric dis-

placement, E is the applied electric field, ε0 is the vacuum

permittivity (8.85 × 10−12 F m−1), and K is the dielectric

constant. Therefore, Ue is highly dependent on both K and

E, where E limited by the breakdown strength of dielec-

trics.25,26 To enhance Ue, extensive studies have been carried

out to improve K by adding high K ceramic fillers such as

barium titanate (BT), barium strontium titanate, and copper

titanate calcium into polymer matrices.27-32 However, the

thus-designed polymer composites typically suffer from

large reductions in breakdown strength, which preclude a

substantial gain in Ue. Alternatively, wide-band-gap fillers

such as aluminum oxide (Al2O3), silicon dioxide (SiO2), and

boron nitride (BN) have been utilized to enhance breakdown

strength of polymer composites.33-37 For instance, a library

of BN nanosheets (BNNSs)-based polymer nanocomposites

have been prepared by using various polymer matrices

including poly(vinylidene fluoride-triuoroethylene-

chlorouoroethylene), poly(methyl methacrylate), poly(ether

imide) (PEI), and crosslinked divinyltetramethyldisiloxane-

bis(benzocyclobutene) (c-BCB).14,38-41 Synergistic enhance-

ments in breakdown strength, mechanical strength, and

thermal conductivity along with reduced electric conductiv-

ity and lowered loss tangent (tan δ) are achieved in the resul-

tant nanocomposites. It is well recognized that K and

breakdown strength show a negative correlation in conventional

dielectric materials. Numerous efforts such as construction of

the core-shell structured fillers42-44 and design of multilay-

ered films45-49 have been performed to enhance both K and

breakdown strength of dielectric composites. However, the

complex fabrication processes limit scalability of these

approaches.

Herein, we report a solution-processable PEI

nanocomposites consisting of two inorganic fillers with

complementary functionalities, including BNNSs with high

dielectric strength and BT nanoparticles (BTNPs) with large

electric polarization. Concurrent enhancements in both

K and breakdown strength have been achieved in the

resulting ternary polymer nanocomposites, which lead to

outstanding electrical storage and discharging performance

in comparison with pristine PEI and other engineering poly-

mer films and excellent cyclability at elevated temperatures.

2 | METHODS

2.1 | Materials fabrication

BNNSs were fabricated via a modified liquid-phase exfolia-

tion method.50 4 g h-BN powders (Sigma Aldrich) were dis-

persed in 300 mL N,N-dimethylformamide (Sigma Aldrich)

and exfoliated using a tip-type ultrasonic disruptor (175 W,

500 W × 35%) for 48 hours. The resulting mixture was first

centrifuged at 3000 rpm for 40 minutes to purify the mixture

from un-exfoliated h-BN powders. Then the purified super-

natant was centrifuged at 10 000 rpm for 20 minutes to col-

lect BNNSs from solvent. The products were dried at 70�C

overnight in a vacuum oven.

Binary PEI/BTNP and PEI/BNNS and ternary

PEI/BTNP/BNNS nanocomposite films were fabricated

through solution casting processes. PEI pellets were incorpo-

rated into N-methylpyrrolidone (NMP; Sigma Aldrich) and

vigorously magnetic stirred overnight to yield a clear and

transparent solution. The nanofillers of BTNP (average parti-

cle diameter of 100 nm, US Research Nanomaterials, Inc.)

and BNNS dispersion with varied concentrations were pre-

pared in NMP by tip-type ultrasonication (175 W,

500 W × 35%) for 1 hour, respectively. The binary

PEI/BTNP and PEI/BNNS mixtures were obtained by

mixing PEI solution with nanofiller dispersion. Similarly,

the ternary PEI/BTNP/BNNS mixtures were yielded through

introducing both BTNP and BNNS dispersions into PEI

solution. All the mixtures were further sonicated for another

30 minutes before casting onto a clean glass substrate. The

schematic fabrication process of the films is shown in

Figure 1. Afterwards, the solution-casted nanocomposite

films were dried at 120�C for 12 hours, and subsequently

peeled off from the substrates in deionized water followed

by drying at 120�C for another 12 hours in a vacuum oven
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to remove solvent residue and water. The typical thickness

of nanocomposite films is 8-14 μm.

2.2 | Characterization

Transmission electron microscopy (TEM) images were col-

lected using a FEI Talos F200X transmission electron

microscopy by firstly placing a few drops of dispersion on a

lacey carbon covered copper grid and then evaporating it

prior to observation. Scanning electron microscopy (SEM)

images of cross-sectional morphologies were obtained using

a FEI NanoSEM 630 Field emission scanning electron

microscope. The element mapping images were obtained

using an energy-dispersive spectroscopy (EDS) attached to

SEM. Fourier transform infrared (FTIR) spectra were

recorded by a Varian Digilab FTS-8010 spectrometer at

room temperature. Polymeric films were collected in the

attenuated total reflectance mode using ZnSe crystal as a

contact to the samples, and nanofillers were mixed with

potassium bromide (KBr) and collected in the transmission

mode. X-ray diffraction (XRD) analysis was carried out by a

PANalytical X'pert Pro MPD theta-theta diffractometer.

Dielectric spectra were recorded using a Hewlett Packard

4284A LCR meter within a broad frequency range of 102 to

106 Hz and at varied temperatures. Direct-current

(DC) steady state conduction currents were obtained under

an electric field of 100 MV m−1 using a Hewlett Packard

4140B pA meter/DC voltage source with External Trek

1010BHS amplifier as a high-voltage source in conjunction

with a Delta Design 9023 oven equipped with a liquid

nitrogen cooling system. DC volume conductivities were

calculated based on the conduction current results. Dielectric

breakdown strength measurements were carried out using a

TREK P0621P instrument according to an electrostatic pull-

down method under a DC voltage ramp of 500 V s−1. The

breakdown field from 15 measurements was determined

based on a two-parameter Weibull statistic described as:

P Eð Þ=1−exp − E=Ebð Þβ
� �

ð1Þ

where P(E) is the cumulative probability of electric failure,

E is the measured breakdown field, Eb (Weibull breakdown

strength) is the characteristic breakdown strength that corre-

sponds to a 63.2% probability of failure, and the shape

parameter β evaluates the scatter of data. High field

displacement-electric field (D-E) loops were collected using

a modified Sawyer-Tower circuit with a high-voltage ampli-

fier system, using a triangular unipolar wave with a fre-

quency of 10 Hz. The charged energy density (Uc) is

derived from the D-E loop by integration of the area

between the charge curve and the ordinate, and the dis-

charged energy density (Ue) is determined by the area

between the discharge curve and ordinate, accordingly, the

charge-discharge efficiency (η) can be calculated from

η = Ue/Uc. Fast discharge tests were carried out using a PK-

CPR1502 test system equipped with a Behlke HTS81 high-

voltage metal oxide semiconductor field-effect transistor

switch. The resistance of the load resistor is 6.5 kΩ and the

charge-discharge cycles were controlled by a LabVIEW pro-

gram. All the breakdown, D-E loop, and fast discharge

FIGURE 1 Schematic of the preparation of the poly(ether imide) (PEI)-based nanocomposite films
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measurements were performed in Galden HT insulation

fluid. The temperature was controlled by a digital hot plate

equipped with a thermal couple. For all the electrical mea-

surements, gold electrodes with a thickness of around 60 nm

were sputtered on both sides of the polymeric films.

3 | RESULTS AND DISCUSSION

3.1 | Structural characterizations

As shown in the TEM image of the exfoliated BNNS

(Figure 2A), the thickness of BNNS is around 2.2 nm with

2 to 6 layers. The width of the nanosheets is around 400 to

600 nm as demonstrated in our previous works.14,25,26,40

The XRD curves of h-BN and BNNS are presented in

Figure S1, the shape characteristic peak at 2θ = 26.7� refers

to the hexagonal symmetry of (002) BN, which evidences

that the exfoliation process does not change the crystal struc-

tures of h-BN. Figure 2B,C show the cross-sectional images

of the PEI nanocomposite films filled with BTNPs and

BNNSs, respectively, indicating that the inorganic fillers are

well dispersed in PEI matrix. Stable ternary suspensions in

NMP at a relatively high concentration of

25:1.5:2.5 mg mL−1 of PEI to BTNPs to BNNSs is shown

in Figure 2D. It can be seen from Figure 2E that the

nanocomposite film displays excellent mechanical flexibility

even at a relatively high filler concentration, for example,

1.27 vol% BTNPs and 6.05 vol% BNNSs. The cross-

sectional morphology of the ternary nanocomposite is

exhibited in Figure 2F, in which the homogeneous filler dis-

persion is verified by the EDS mapping of different element

distributions (Figure 2G). Different from conventional poly-

mer composites that usually require surface functionalization

of inorganic fillers to achieve uniform filler dispersion in

polymer matrix,8,51,52 the direct use of pristine fillers without

any surface modification would not only simplify the prepa-

ration of the polymer nanocomposites but also greatly bene-

fit the breakdown strength of the composites. For the

polymer composites filled with surface-functionalized fillers,

the modification agents are typically long hydrocarbon

chains, which is the region most vulnerable to the applied

high electric field due to their lowest K in comparison with

polymer matrices and inorganic phases.25,38 In addition, the

thermal-dielectric stability of the grafted ligands and molec-

ular chain segments is inferior to that of high-temperature

PEI matrix and inorganic fillers, which would contribute to

dielectric loss especially at elevated temperatures, for exam-

ple, >150�C and under high electric fields. Figures S2 and

FIGURE 2 A, TEM image of BNNS with exposed edge showing the layer structure. B, Cross-sectional SEM image of the PEI nanocomposite

with 1.27 vol% BTNPs. C, Cross-sectional SEM image of the PEI nanocomposite with 6.05 vol% BNNSs. D, Photograph of PEI pellet, BTNP and

BNNS dissolved in NMP. E, Photograph of a bent ternary PEI nanocomposite film containing 1.27 vol% BTNPs and 6.05 vol% BNNSs. F, Cross-

sectional SEM image of the ternary PEI nanocomposite with 1.27 vol% BTNPs and 6.05 vol% BNNSs. G, Element mapping of carbon (C), oxygen

(O), nitrogen (N), boron (B), titanium (Ti) and barium (Ba) on the orange-marked area in F established using EDS. BNNSs, BN nanosheets; BTNPs,

BT nanoparticles; NMP, N-methylpyrrolidone; PEI, poly(ether imide); SEM, scanning electron microscopy; TEM, Transmission electron

microscopy
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S3 show the FTIR and XRD curves of BNNS, BTNP, PEI,

and ternary PEI nanocomposite consisting 1.27 vol% BTNPs

and 6.05 vol% BNNSs, respectively, indicating that the addi-

tion of multiple inorganic fillers does not change the chemi-

cal structure and the amorphous nature of PEI.

3.2 | Dielectric properties of binary
nanocomposites

The frequency-dependent dielectric spectra of binary

PEI/BTNP and PEI/BNNS nanocomposites are shown in

Figure S4. Figure 3A,B summarize the K and tan δ as a

function of BTNP and BNNS filler content, respectively.

The K of both binary nanocomposites increases with increas-

ing filler content, for example, from 3.26 of the neat PEI to

3.82 of PEI/BTNP with 1.69 vol% fillers, to 3.44 of

PEI/BNNS with 8.47 vol% fillers at 103 Hz and room tem-

perature. As excepted, BTNP fillers give rise to higher K of

the composites relative to the PEI filled with the same con-

tent of BNNS, which is attributed to the greater K of BT

comparing with BN (>60 vs 4-4.5).7,9,10 As the inorganic

fillers with higher K usually exhibit greater dielectric loss,

tan δ of the composites increases from 0.0084 of the neat

PEI to 0.0117 of the PEI composite with 1.69 vol% BNTP

fillers. Conversely, the addition of wide band-gap (~6 eV)

BNNS fillers can effectively reduce tan δ of the

composites,14,38,39 which reaches the minimum value of

0.0053 at 7.26 vol% filler content.

It is known that the breakdown behavior of

nanocomposites is largely dependent on the morphology of

incorporated fillers.33,53 In general, the parallel two-

dimensional nanosheets are effective in dispersing the

applied electric field throughout the polymer matrix to miti-

gate the inhomogeneous distribution of local electric fields.

For the composite filled with zero-dimensional

nanoparticles, the electric fields are highly concentrated

around the fillers, leading to the easy formation of dis-

charging channels and consequently compromised Eb.

Figure S5 presents the Weibull statistics of dielectric break-

down strength of the PEI/BTNPs and PEI/BNNSs

nanocomposites measured at room temperature. The Eb and

β are summarized in Figure 4A,B, respectively, as a function

of BTNP and BNNS filler contents. The monotonic decrease

in Eb and β value of the BTNP-containing composites with

increasing filler loading is associated with the lower dielec-

tric strength and larger dielectric loss of BT as well as large

contrast in K between organic and inorganic phases. On the

contrary, the Eb of PEI/BNNSs nanocomposites achieves the

peak value of 638 MV m−1 at 6.05 vol% filler feeding ratio,

which represents almost 30% enhancement as compared to

that of neat PEI. Meanwhile, a pronounced increase of β

value is found from 10.79 of neat PEI to 15.17 of the PEI

nanocomposite with 7.26 vol% BNNSs, indicative of higher

dielectric reliability of the nanocomposite. The further addi-

tion of the BNNS fillers into PEI leads to concomitant reduc-

tions in Eb and β, which is mainly attributed to filler

aggregations and interfacial defects as evidenced by cross-

sectional SEM image of 8.47 vol% BNNS-filled PEI com-

posite film (Figure S6).

Figure S7 presents the η of binary PEI/BTNP and

PEI/BNNS nanocomposites with varied filler loadings,

which show a strong dependence on the filler content. For

instance, the incorporation of BTNP fillers sequentially

decreases η whereas the PEI/BNNS nanocomposite with

6.05 vol% filler loading achieves the highest η among all the

feeding ratios. It is seen that the relatively high loss of the

BT-containing composites leads to a sharply reduction in η.

On the other hand, the relatively low K of BNNS precludes

a substantial gain in electric displacement of the polymer

composites. Therefore, the use of these two fillers

FIGURE 3 Dielectric constant and loss tangent of the binary PEI nanocomposites as a function of A, BTNP filler content and B, BNNS filler

content measured at room temperature and 103 Hz. BNNS, BN nanosheets; BTNP, BT nanoparticle; PEI, poly(ether imide)
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FIGURE 4 Eb and β value of the binary PEI nanocomposites as a function of A, BTNP filler content and B, BNNS filler content measured at

room temperature. BNNS, BN nanosheet; BTNP, BT nanoparticle; PEI, poly(ether imide)

FIGURE 5 Weibull plots of dielectric breakdown strength of the ternary PEI nanocomposites with A, 6.05 vol% BNNS filler content and B,

1.27 vol% BTNP filler content at room temperature. Eb of the ternary PEI nanocomposites with C, 6.05 vol% BNNS loading as a function of BTNP

filler content and D, 1.27 vol% BTNP loading as a function of BNNS filler content. BNNS, BN nanosheet; BTNP, BT nanoparticle; PEI, poly(ether

imide)
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individually limits the further increment of the energy den-

sity of electrostatic capacitors. To achieve concurrent

enhancements in both η and electric displacement, BTNPs

along with BNNSs were synergistically included in PEI to

create ternary PEI/BTNP/BNNS nanocomposites.

3.3 | Dielectric properties of ternary
nanocomposites

A library of the ternary PEI/BTNP/BNNS nanocomposites

consisting of multiple nanostructured inorganic fillers with

varied feeding ratios has been prepared. We first conducted

systematic investigation on the dielectric breakdown strength

of the ternary PEI composites with 6.05 vol% BNNSs and

varied BTNP feeding ratios, since the highest Eb was

achieved in the binary PEI/BNNS system with an optimal

content of 6.05 vol% BNNSs. Weibull statistics of dielectric

breakdown strength of the ternary PEI nanocomposites with

6.05 vol% BNNSs measured at room temperature and 150�C

are shown in Figures 5A and S8A, respectively, and Eb

values are summarized in Figure 5C as a function of filler

content. As can be seen in Figure 5C, the incorporation of

BTNPs leads to the initial decrease in Eb. With further

increase of BTNP filler content beyond 1.27 vol%, Eb

exhibits a steeply fall which seems to be a threshold that the

BTNP fillers gradually start to connect with each other and

thus result in vulnerable regions against breakdown process.

To find out the optimum ratio of the inorganic fillers, we fix

the threshold-liked ratio of 1.27 vol%, for BTNPs and vary

the BNNS content in the ternary nanocomposites. As shown

in Figure 5B and Figure S8B, the Eb of the ternary compos-

ites increase with increasing BNNS filler content but β value

FIGURE 6 Discharged energy density of the ternary PEI nanocomposites with A, 6.05 vol% BNNS filler content and B, 1.27 vol% BTNP

filler content as a function of electric fields at 150�C. Insets show the partial enlarged details of the dotted box in (A) and (B). C, discharged energy

density of the ternary PEI nanocomposites with 6.05 vol% BNNS loading and 1.27 vol% BTNP loading, respectively, as a function of the third-

phase filler content at 150�C and under 400 MV m−1. D, D-E loops of neat PEI and the ternary PEI nanocomposite containing 1.27 vol% BTNP and

6.05 vol% BNNS at 150�C. BNNS, BN nanosheet; BTNP, BT nanoparticle; PEI, poly(ether imide)
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starts to fall when the feeding ratio of BNNS is more than

6.05 vol% (Table S1). The reduction in β is likely due to the

agglomeration of inorganic fillers at high loadings. The

inflection points highlighted in Figure 5D further evidence a

balanced content of these two complementary fillers, that is,

1.27 vol% BTNPs and 6.05 vol% BNNSs, in the ternary sys-

tem. As seen in the frequency-dependent dielectric spectra

of the ternary composites (Figure S9), both K and tan δ

increase with increasing BTNP filler content of the ternary

PEI nanocomposites with 6.05 vol% BNNSs. By sharp con-

trast, the addition of the BNNS fillers in the ternary

nanocomposites not only effectively suppresses dielectric

loss but also simultaneously retains the high K value that

induced by BTNP fillers. These results indicate that the key

dielectric characteristics of K and Eb could be readily tai-

lored by varying the composite compositions. Figure S10

presents the temperature dependence of dielectric spectra of

neat PEI and the composites. The binary and ternary

nanocomposites retain the distinct weak-field dielectric

properties of PEI, for example, stable K over a temperature

range of 25�C to 200�C, indicative of minimized impacts of

BTNP and BNNS fillers on the temperature-dependent prop-

erties of the PEI-based composites.

Capacitive performances of the ternary PEI nanocomposites

with multiple nanostructured inorganic fillers of BTNP

and BNNS have been systematically investigated. As

FIGURE 7 A, Comparison of the Weibull breakdown strength at 150�C and the dielectric constant at 103 Hz and room temperature of neat

PEI, the binary PEI/BTNP nanocomposite with 1.27 vol% BTNP, the binary PEI/BNNS nanocomposite with 6.05 vol% BNNS and the ternary PEI

nanocomposite with 1.27 vol% BTNPs and 6.05 vol% BNNSs. B, Arrhenius plots of electrical conductivity of neat PEI, the binary PEI/BTNP

nanocomposite with 1.27 vol% BTNPs, the binary PEI/BNNS nanocomposite with 6.05 vol% BNNSs and the ternary PEI nanocomposite with

1.27 vol% BTNPs and 6.05 vol% BNNSs under 100 MV m−1. C, Schematics of the interfacial barrier and the carrier transport process of the PEI-

based nanocomposites. BNNS, BN nanosheet; BTNPs, BT nanoparticles; PEI, poly(ether imide)

8 LI ET AL.



shown in Figure 6A,B, the ternary system filled with

1.27 vol% BTNPs and 6.05 vol% BNNSs gives rise to the

highest Ue among all the binary and ternary systems.

Figure 6C compares the Ue of the PEI nanocomposites

with varied third-phase filler content measured at 150�C

and 400 MV m−1. As excepted, the highest Ue of 2.45 J cm−3

is achieved from the composition of 1.27 vol% BTNPs and

6.05 vol% BNNSs, which further verified the optimized filler

compositions of ternary PEI/BTNP/BNNS nanocomposites.

From the comparison in D-E hysteresis loops of neat PEI and

the ternary PEI nanocomposite with 1.27 vol% BTNPs and

6.05 vol% BNNSs (Figures 6D and S11), it is evident that the

incorporated fillers drastically narrow the loops while

retaining the electric displacement. Notably, as seen in

Figure 6D, concomitant enhancements in both electric dis-

placement and the strength of the applied electric field are

presented in the loops of the ternary nanocomposite with

respect to that of neat PEI, owing to the synergetic effects

from the introduced BTNP and BNNS fillers with comple-

mentary functionalities. Moreover, the existence of BNNSs

suppresses the leakage current under high electric fields, lead-

ing to lower remnant polarization and higher η of the ternary

composites.

Figure 7A compares K and Eb of neat PEI, binary

1.27 vol% BTNP-filled PEI, 6.05 vol% BNNS-filled PEI

nanocomposite, and the ternary PEI nanocomposite with

1.27 vol% BTNPs and 6.05 vol% BNNSs. A high K of 3.74

along with a low tan δ of 0.00715 at 103 Hz and room tem-

perature as well as an outstanding Eb of 547 MV m−1 mea-

sured at 150�C are obtained in the ternary PEI

nanocomposite, significantly outperforming pristine PEI. It

is known that electrical conduction plays a critical role in

dielectrics operating at elevated temperatures and high elec-

tric fields. Therefore, we investigated the conduction behav-

iors of the composites at a relatively high electric field, for

example, 100 MV m−1, at varied temperatures as shown in

Figure 7B. The activation energy is determined from the

temperature dependence of electrical conductivity, which

typically fits an Arrhenius relationship given as:

σ Tð Þ= σ0*exp −

Aae

KBT

� �

ð2Þ

where σ0 is the prefactor, Aa is the activation energy in eV,

e is the electronic charge of carriers, and KB is the

Boltzmann constant. Compared with neat PEI, the activation

energy of BTNP-filled binary composite decreases from

0.512 eV to 0.499 eV. In contrast, the addition of BNNSs

increases the activation energy to 0.525 eV, which is attrib-

uted to a higher barrier at the interface between polymer

matrix and BNNS than that of BTNP (Figure 7C). In the

rationally designed ternary composites, BNNSs not only

give rise to a higher energy barrier for the carrier to over-

come during conduction process because of their wide

bandgap but also effectively block the connection of BTNPs,

thus ensuring the ternary polymer composites to maintain

excellent dielectric strength.

The ternary PEI/BTNP/BNNS nanocomposite with the

optimized filler concentration possesses the best Ue among

the PEI-based binary and ternary nanocomposites as com-

pared above, and also exhibits great high-temperature capa-

bilities in both Ue and η with respect to other commercial

high-temperature polymer films including fluorine polyester

(FPE), Kapton PI, and the state-of-the-art polymer dielectric

FIGURE 8 A, Discharged energy density and B, charge-discharge efficiency of commercial dielectric polymers and the ternary PEI

nanocomposite with 1.27 vol% BTNPs and 6.05 vol% BNNSs. BNNSs, BN nanosheets; BOPP, biaxially oriented polypropylene; BTNPs, BT

nanoparticles; FPE, fluorine polyester; PEI, poly(ether imide)
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film—BOPP,16,34 as shown in Figure 8. Note that the results

for BOPP is collected at 120�C due to its relatively low

melting temperature of ~165�C.40 At 150�C, the ternary PEI

nanocomposite with 1.27 vol% BTNPs and 6.05 vol%

BNNSs delivers the highest Ue of 2.92 J cm−3 vs 1.6 J cm−3

of neat PEI and 1.19 J cm−1 of FPE. Remarkably, the ter-

nary nanocomposite maintains a η of almost 90% under a

high field of 300 MV m−1.

To evaluate the stability of the ternary nanocomposite

films over continuous charge-discharge processes, the cyclic

fast discharge tests have been conducted at ambient and ele-

vated temperature at an applied filed of 200 MV m−1 as

shown in Figure 9. Impressively, the ternary nanocomposite

with 1.27 vol% BTNPs and 6.05 vol% BNNSs presents

almost no sign of degradation in Ue over a straight

50 000 cycles at both room temperature and 150�C. In con-

trast, while neat PEI and BOPP remain stable at room tem-

perature throughout the whole cycle range, noticeable

variations of Ue appears when the temperature increases. As

shown in Figure 9B, the PEI film displays a variation of Ue

of over 9% within 50 000 cycles at 150�C, and the BOPP

film is broken down at the 12 852nd cycle at 120�C.

4 | CONCLUSION

In summary, we demonstrate substantially enhanced energy

density and charge-discharge efficiency in rationally

designed ternary polymer nanocomposite films with multiple

ceramic nanofillers. Owing to the coexistence of BTNP

fillers with large electric displacement and BNNS fillers with

ultra-high insulting strength, two key dielectric characteris-

tics of K and Eb have been readily tailored by simply varying

the composite compositions. Along with the decreased

high-field dielectric loss, the ternary PEI/BTNP/BNNS

nanocomposites with optimized filler feeding ratios yield

vastly enhanced high-temperature capacitive perfor-

mance. The excellent charge-discharge efficiency and

outstanding cyclability achieved under high electric fields

and at elevated temperatures demonstrate the feasibility

of the ternary polymer nanocomposite films for applica-

tions in high-temperature electrostatic capacitors. Com-

pared with the current designs of multiphased polymer

nanocomposites, for example, core@shell-structured fillers

and sandwich-structured films. The approach we describe

herein possesses the advantage of facile preparation and

thus offers a general design paradigm of the combination

of complementary nanostructured fillers for polymer

nanocomposites to boost their comprehensive properties.
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