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a b s t r a c t

Polymer dielectric capacitors are crucial for advanced power electronics but are often limited by the

trade-off among energy density, efficiency, and thermal stability under high electric fields. To over-

come these challenges, we propose a multiscale chemical configuration design strategy by constructing a

ternary composite comprising high glass transition temperature fluorene polyester (FPE), polyetherimide

(PEI), and high-aspect-ratio γ -Al2O3 nanosheets (AO NS). At the molecular scale, the structural compati-

bility between FPE and PEI enables homogeneous blending, while the incorporation of PEI increases free

volume, enhances dipolar mobility, and preserves low dielectric loss. At the nanoscale, AO NS act as ce-

ramic barriers to suppress charge injection, raise interfacial polarization, and stabilize the local electric

field. At the device level, this hierarchical design leads to synergistic improvements in dielectric proper-

ties, insulation, and energy storage performance. As a result, the optimized composite achieves excellent

high-temperature energy-storage capability, characterized by a high energy density of 5.51 J/cm3 with

above 80% efficiency at 150 °C and 550MV/m. This study paves a practical and scalable path toward

high-performance polymer dielectrics for reliable energy storage under extreme thermal and electrical

conditions.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polymer dielectric capacitors are widely recognized for their

rapid charge/discharge rates and exceptional power density, ren-

dering them indispensable in modern electronic and electrical sys-

tems [1–5]. Compared to dielectric ceramics, polymer-based coun-

terparts are favored due to their superior breakdown strength, in-

herent flexibility, and scalability for large-area fabrication [6–8].

However, under combined thermal stimuli and electrical stress,

charge injection, excitation, and migration within polymer di-

electrics induce an exponential increase in leakage conductance

and thereby attenuate the energy-storage capacity [9–12]. These

factors inevitably constrain their operational temperature range,

failing to meet application requirements in the ever-increasing de-

mand within a harsh environment exceeding 100 °C [4,13]. Thus,

developing dielectric polymers that can deliver not only high dis-

charged energy density (Ud) and energy efficiency (η) but also out-

standing thermal stability is highly demanded [14,15]. According
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to electrostatic theory, Ud =
Pmax∫
Pr

EdP and η =Ud/(Ud +Uloss), where

E is the electric field, Pmax and Pr denote the maximum and

remanent polarization, Uloss represents energy loss, respectively

[6,16,17]. Therefore, it is noteworthy that a large Pmax, small Pr,

high breakdown strength (Eb), along with good insulating proper-

ties under high temperature, constitute the foundations for high-

temperature and high-performance energy storage.

To address these limitations, various strategies have been de-

veloped to optimize polarization behavior and enhance dielectric

performance at elevated temperatures. A widely adopted approach

involves incorporating heat-resistant polymers with high dielectric

constant (εr) inorganic oxides or nitrides (e.g., Al2O3, HfO2, SiO2,

BNNS), which possess wide bandgaps and excellent thermal stabil-

ity [18–23]. These inorganic fillers serve both as charge-blocking

barriers and interfacial polarization centers, effectively impeding

carrier transport and suppressing leakage currents under high elec-

tric fields [24–27]. Another promising method involves hybridiz-

ing metal oxide clusters with polymer matrices [28]. The resultant

architecture not only leverages the electrical advantages of inor-
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ganic components but also mitigates interfacial incompatibility be-

tween organic and inorganic phases, thereby improving dispersion

and functional integration [28–31]. Given that dielectric loss and

polarization instability are often intensified near the glass transi-

tion temperature (Tg), high-Tg polymers, such as polyetherimide

(PEI), polycarbonate (PC), and polyimide (PI), are commonly se-

lected as matrix to composite them with other organics through

crosslinking [2,32], blending [33–37] or molecular structure tailor-

ing [38–40]. The resulting complex microstructures and interfa-

cial domains can effectively trap thermally activated carriers, en-

hance thermal resistance, and progressively boost insulating prop-

erty and energy-storage capability. Despite these advancements,

many polymer-based dielectrics still struggle with issues such as

filler agglomeration, interfacial mismatch, and reduced mechan-

ical flexibility [7,41]. These limitations may lead to local elec-

tric field distortion and early breakdown under coupled thermal-

electric stress [35,42]. Moreover, the intrinsic trade-offs among po-

larization strength, dielectric hysteresis, and breakdown strength,

particularly under high-temperature and high electric fields, high-

light the urgent need for multiscale design strategies to finely bal-

ance these competing parameters and unlock the full potential of

polymer-based dielectric materials.

Herein, we present a multiscale chemical configuration-

engineered ternary composite comprising high-Tg fluorene

polyester (FPE), polyetherimide (PEI), and high-aspect-ratio γ -

Al2O3 nanosheets (AO NS) to overcome these challenges. At the

molecular level, FPE and PEI share comparable backbone architec-

tures and polar functional groups, ensuring intrinsic compatibility

and uniform morphology without compromising mechanical in-

tegrity. The introduction of PEI selectively expands the free volume

and enhances chain-segment mobility, which synergistically aug-

ments dipolar orientation and thermal stability. At the nanoscale,

AO NS serve as dispersed barriers that drastically increase the

tortuosity of the leakage pathways, while their high dielectric

constant and interfacial polarization amplify Pmax and suppress Pr.

At the device level, the optimized FPE/PEI-50/AO NS-1.0 composite

exhibits a breakdown strength of 662MV/m and delivers a high

discharged energy density of 5.51 J/cm3 with above 80% efficiency

at 150 °C. Comprehensive experimental characterization, combined

with multiscale simulations of free-volume distributions, interfacial

field mapping, and electronic energy levels, elucidates the under-

lying mechanisms governing its exceptionally high-temperature

energy-storage capabilities. This work provides a scalable, practical

pathway to overcome the performance limitations of dielectric

polymers, advancing next-generation high-temperature capacitors

for energy systems.

FPE/PEI/AO NS composites were synthesized by a solution-

casting method, in which γ -phase alumina nanosheets (γ -AO NS)

were prepared through a hydrothermal process (see Supporting

information for detailed procedures and X-ray diffraction pattern

of as-prepared and high-purity AO NS in Fig. S1 in Supporting

information). The molecular structures of FPE and PEI are illus-

trated in Fig. 1a, demonstrating a high degree of structural similar-

ity, including comparable backbone configurations and functional

groups. This molecular-level resemblance indicates strong intrin-

sic compatibility between the two polymers. To further substanti-

ate this compatibility, molecular dynamics (MD) simulations were

conducted. As shown in Fig. 1b, a schematic of the multiscale-

engineered ternary composite comprising FPE, PEI, and γ -AO NS

is presented, along with a three-dimensional simulated structure

reflecting the actual compositional ratios. The simulation con-

firms a favorable interfacial interaction among the three com-

ponents, supporting the formation of a structurally coherent hy-

brid system. Morphological characterization using scanning elec-

tron microscopy (SEM) reveals a dense and uniform composite

surface, free from visible cracks, voids, or nanoparticle agglomer-

Fig. 1. Schematic illustration of the multiscale chemical configuration design pro-

posed in the FPE/PEI/AO NS composite systems. (a) Molecular structures of PEI and

FPE. (b) Schematic diagram (left) and three-dimensional simulation diagram of the

ternary blend (right).

Fig. 2. Microstructure and thermal stability characterizations of the multiscale-

engineered ternary composite system. (a, b) SEM image (inset) and EDS maps of the

FPE/PEI-50/AO NS-1.0 composite material. (c) TG curve of pure FPE and its compos-

ite materials. (d) Local magnified view of the TG curve.

ation. Moreover, energy-dispersive X-ray spectroscopy (EDS) ele-

mental mapping confirms the uniform distribution of nitrogen and

aluminum elements within the FPE matrix (Figs. 2a and b). The

thermal stability of the composites was further evaluated by ther-

mogravimetric analysis under N2 atmosphere (Fig. 2c). A closer in-

spection of the initial decomposition region (Fig. 2d) reveals that

the temperatures corresponding to 5% and 10% weight loss (T5%
and T10%) increase significantly from 481 °C and 496 °C for pure

FPE to 527 °C and 538 °C, respectively, for the FPE/PEI-50/AO NS-

1.0 composite. These results collectively affirm that the excellent

structural homogeneity, as well as significantly improved thermal

stability of the composite, indicate the successful preparation of

high-quality dielectric composites following the proposed design

strategy.

Dielectric properties and breakdown strength of the composites

were subsequently investigated; these are critical parameters gov-

erning their energy storage capability. It is well established that

a high εr value often implies a strong polarization capability and

increased potential for dielectric energy storage. As shown in the

frequency-dependent dielectric spectra (Fig. 3a), the FPE/PEI-50 bi-

nary composite exhibits a higher dielectric constant (e.g., εr =3.89

at 1 kHz) than that of pristine FPE (εr =3.12 at 1 kHz) and PEI

(εr =3.13 at 1 kHz). This is because the increased chain spacing and
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Fig. 3. Measurements of high-temperature dielectric and insulating properties for

the multiscale-engineered ternary dielectric composite. Spectra of dielectric con-

stant and dielectric loss of pure polymer and FPE-based composites as a function

of (a) frequency and (b) temperature. (c) Two-parameter Weibull distribution and

fitting results for breakdown strength and (d) leakage current density as a function

of electric field of the polymer-based systems measured at 150 °C.

enlarged free volume induced by blending FPE with PEI, which fa-

cilitate dipole reorientation and alignment under applied electric

fields, thereby boosting dielectric polarization with minimal en-

ergy loss. Upon further incorporation of Al2O3 nanosheets, the εr

value of the FPE/PEI-50/AO NS-1.0 composite increases to 4.25 at

1 kHz, surpassing those of both the FPE/AO NS-1.0 and FPE/PEI-50

binary composites. In addition to the intrinsically high dielectric

constant of γ -phase alumina fillers, this further enhancement can

be attributed to interfacial polarization effects, namely Maxwell–

Wagner–Sillars polarization, which arises from strong interactions

between the high-aspect-ratio AO NS and the surrounding polymer

chains. These interfacial effects significantly strengthen the com-

posite’s overall polarization response, leading to improved dielec-

tric performance. Furthermore, the composites also demonstrate

excellent dielectric thermal stability. As shown in Fig. 3b, the εr

of FPE/PEI-50/AO NS-1.0 decreases by only 2.9 % when the temper-

ature increases from 25 °C to 150 °C. Simultaneously, the dielectric

loss remains exceptionally low (tanδ < 0.005) across this wide

temperature range. These results collectively highlight the supe-

rior dielectric reliability of the composite under thermal stress and

further confirm its strong potential for high-temperature dielectric

energy storage applications.

Given that excellent insulating characteristics are essential for

achieving high energy-storage performance, we evaluated the high-

temperature breakdown strength (Eb) and leakage current density

(J) of pure polymer and FPE-based composite materials. The Eb val-

ues at 150 °C were determined using a two-parameter Weibull dis-

tribution, with the fitting results presented in Fig. 3c. It is notewor-

thy that the FPE/PEI-50/AO NS-1.0 composite material achieves a

maximum breakdown strength of 662 MV/m compared with pure

FPE (366 MV/m), PEI (463 MV/m), and FPE-based binary compos-

ites (520 and 648 MV/m). The remarkable breakdown performance

of the ternary composite is driven by the large band gap and high

insulating property of the alumina nanosheet (AO NS) filler, along

with the nanostructured morphology impeding carrier immigra-

tion and inhibiting the formation of conductive paths under high

field. Fig. 3d compares the leakage current density of the different

composites, pristine FPE and PEI, wherein the ternary composite

exhibits a minimal leakage conductance. Specially, the J value of

FPE/PEI-50/AO NS-1.0 decreases from 1.0×10–6 A/cm2 for pure FPE

to 2.1×10–8 A/cm2 at 200 MV/m, being significantly lower than

Table 1

Pmax, Pr, and �P values of the polymer systems at 150 °C under their respective

maximum electric fields.

Polymer and composite Pmax (μC/cm2) Pr (μC/cm2) �P (μC/cm2)

FPE 1.69 0.42 1.27

PEI 2.14 0.43 1.71

FPE/AO NS-1.0 2.25 0.23 2.02

FPE/PEI-50 2.65 0.52 2.13

FPE/PEI-50/AO NS-1.0 2.81 0.52 2.29

other pristine and composite systems, which should be attributed

to the optimized dielectric properties and electronic configuration.

Therefore, it can be concluded a significantly improved insulating

properties for the FPE/PEI/AO NS ternary system, thereby provid-

ing a favorable foundation for achieving high-temperature energy

storage.

High-temperature polarization behavior of the composites was

systematically investigated by measuring their P− E loops. Figs.

S2 and S3 (Supporting information) illustrate the comparison of

the P− E cycles of the original polymer and its composite ma-

terial under the conditions of 150 °C and 200 °C. Among them,

the FPE/PEI-50/AO NS-1.0 composites endure the highest strength

of tolerable electric field, agreeing well with its highest Eb value

and lowest leakage conductance, as previously discussed. Bene-

fiting from the easier polarization reorientation/tension within a

large free volume and additional contribution of linear polariza-

tion from high dielectric constant Al2O3 nanosheets, the FPE/PEI-

50/AO NS-1.0 composite material possesses large Pmax and small Pr,

as shown in Table 1. Its Pmax (2.81 μC/cm2) is the highest among

all samples. Compared to pristine FPE (Pmax =1.69 μC/cm2), this

represents a 66% improvement, yielding the highest effective po-

larization (�P= Pmax − Pr) among all tested systems. These results

demonstrate that the FPE/PEI-50/AO NS-1.0 composite achieves an

optimal balance between high Pmax, low Pr, and excellent break-

down strength, which is critical for efficient energy-storage per-

formance. Furthermore, the large �P value confirms the material’s

strong potential to achieve high discharged energy density, rein-

forcing the effectiveness of the ternary design strategy in simulta-

neously optimizing dielectric, insulating, and polarization charac-

teristics for next-generation polymer-based capacitors.

High-temperature energy-storage capabilities and practical

charging-discharging characteristics of the polymer-based com-

posites were subsequently measured (Fig. 4). The electric field-

dependent Ud and η were extracted from their respective P− E

loops. As expected, FPE/PEI-50/AO NS-1.0 exhibits the highest Ud,

reaching up to 6.48 J/cm3 at a high temperature of 150 °C and an

applied electric field of 620 MV/m (Fig. 4a). This value represents

a remarkable 241% improvement over that of pristine FPE, which

delivers only 1.9 J/cm3 at 350 MV/m. Equally noteworthy is the fact

that the ternary composite maintains a high Ud of 5.51 J/cm3 while

preserving an efficiency of above 80% at 150 °C, highlighting its ex-

cellent energy retention at elevated temperature. Further measure-

ments at 200 °C (Fig. 4b) show that the FPE/PEI-50/AO NS-1.0 com-

posite still achieves Ud of 3.22 J/cm3 with an η exceeding 70% un-

der 440MV/m, corresponding to a 279% enhancement compared

to the 0.85 J/cm3 of pure FPE. To investigate the power density

of the composite, a fast-discharging experiment was implemented.

Fig. 4c and d illustrate the time-dependent charging/discharging

energy density and power density under various environmental

temperatures (25, 100, and 150 °C), derived from the correspond-

ing current curves. At 150 °C, the FPE/PEI-50/AO NS-1.0 compos-

ite demonstrates a rapid discharging time t0.9 of 7.24 μs (t0.9 is

defined as the time to release 90% of stored energy) and high

discharging energy density Wdis of 0.77 J/cm3, leading to an out-

standing power density (PD) of 98.23 MW/L. Collectively, these re-
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Fig. 4. High-temperature dielectric energy-storage performance of multiscale-

engineered polymer composites. Discharged energy density and efficiency of pure

FPE and its composite materials measured at (a) 150 °C and (b) 200 °C. (c) Discharg-
ing energy density and (d) power density of FPE/PEI-50/AO NS-1.0 composite mate-

rial measured at various temperatures.

Fig. 5. (a) Free volume simulation of pure FPE and FPE/PEI-50 based on molecular

dynamic calculation. (b) Simulation diagram of electric tree breakdown of FPE/PEI-

50 (the first row) and FPE/PEI-50/AO NS-1.0 (the second row). (c) Band diagram of

FPE and PEI based on density functional theory calculation.

sults unequivocally demonstrate the superior high-temperature di-

electric energy storage performance of the FPE/PEI-50/AO NS-1.0

composite. The combination of high energy density, excellent ef-

ficiency, and rapid charging-discharging behavior validates the ef-

fectiveness of the proposed nanocomposite design strategy for ad-

vanced thermal-stable polymer capacitors.

To unravel the underlying physical mechanism governing the

optimized electric properties and reinforced energy storage, mul-

tiscale theoretical simulations were carried out to corroborate the

experimental findings. First, free-volume calculations (Fig. 5a) re-

veal that blending FPE with PEI enlarges the inter-chain spacing

and increases the total free-volume fraction compared with neat

FPE. The shaded regions in Fig. 5a quantitatively demonstrate that

a higher free volume facilitates dipolar rotation and alignment un-

der an external field, thereby boosting the dielectric constant and

polarization while suppressing dielectric loss. The close similarity

of εr and molecular structure between FPE and PEI ensures good

intermolecular compatibility and avoids severe dielectric-mismatch

stresses, which further contributes to the high breakdown electric

field. Second, continuum-scale electrostatic simulations of the two-

dimensional AO NS fillers (Fig. 5b) show that their high-aspect-

ratio morphology effectively blocks charge injection from the elec-

trodes, lengthens the branching paths of partial discharges, and

stabilizes the local field distribution at elevated temperatures. At

the same time, the intrinsic high dielectric constant of AO NS and

the Maxwell-Wagner-Sillars interfacial polarization at the filler-

polymer boundaries jointly raise the composite εr and improve

thermal breakdown resistance. Third, our density functional theory

calculations of the molecular band structures for FPE and PEI indi-

cate that PEI possesses a deeper LUMO level (Fig. 5c), which cor-

responds to a larger electron affinity and underlies a higher Schot-

tky barrier at the electrode/dielectric interface. This elevated bar-

rier suppresses electron injection into the bulk under high fields,

reducing leakage current density and thus enhancing the dielectric

strength. Taken together, these results provide a coherent physi-

cal picture: increased free volume and interfacial polarization raise

εr and P while high-aspect-ratio fillers and Schottky-barrier ef-

fects suppress charge injection; and polymer compatibility main-

tains mechanical integrity, all of which synergistically drive the ob-

served improvements in high-temperature energy-storage perfor-

mance.

In summary, we present a ternary FPE/PEI/γ -Al2O3-nanosheet

ternary composite that leverages free-volume engineering and in-

terfacial polarization to achieve a high dielectric constant of 4.13

with very low dielectric loss below 0.005 (at 150 °C, 1 kHz) and

high breakdown strength of 662 MV/m, delivering a superior high-

temperature energy-storage performance of energy density up to

5.51 J/cm3 at η > 80% and 150 °C. By combining experimental

findings with multiscale simulations, we identify that PEI’s deeper

lowest unoccupied molecular orbital suppresses leakage currents,

while high-aspect-ratio alumina nanosheets stabilize local electric

fields and impede the formation of breakdown paths. The pro-

posed design paradigm in this study provides a versatile strategy

for next-generation polymer capacitors operating under extreme

thermal and electrical conditions.
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