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a b s t r a c t

Although the incorporation of fillers has improved the high temperature (150–200 °C) capacitance of poly-

mer composite dielectrics, effective strategies for designing filler-matrix interface structures remains a

formidable challenge. Herein, defect-rich nanosheets (Ca2Nb2.75Ti0.25O10, CT) were coated with a zeolite

imidazolate frameworks-8 (ZIF-8, Zn(C4H5N2)2) layer (mCT). The mCT was integrated into polyetherimide

(PEI) to create the polymer-based dielectrics. The defects on the surface of the negative CT nanosheets

exhibited strong anchoring effects on the Zn2+ in ZIF-8, enhancing the filler-coating layer interface. Addi-

tionally, X-ray absorption fine structure analysis and density functional theory confirmed that the porous

ZIF-8 coating layer forms strong coordination bonds with the PEI molecular chains, thereby an increased

band gap (3.3 eV) of PEI/mCT compared to PEI (3.0 eV). It demonstrated exceptional performance at high

temperatures, achieving ultra-high energy storage densities of 5.25 and 4.47 J/cm3 with efficiency >90%

at 150 and 200 °C, which are higher than PEI (0.4 and 0.4 J/cm3). This work offers a new approach and

reference for designing high-temperature polymer composite dielectrics for energy storage applications.

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

Medica, Chinese Academy of Medical Sciences.

Polymer capacitors are known for their high-power density,

voltage resistance, and exceptional reliability, advancing modern

power electronic systems [1–7]. There is a growing demand for

polymer capacitors capable of operating at extreme temperatures

(150–200 °C) in applications such as hybrid electric vehicles,

oil and gas exploration, and wind generators [8–12]. However,

commercially available biaxially oriented polypropylene (BOPP)

struggles at high temperatures [13], leading to the development

of high glass transition temperature polymers like Kapton (PI),

ULTEM (PEI) and ISARYL (FPE) for high-temperature dielectric

capacitors [14]. These polymers often exhibit exponentially in-

creasing conduction currents with temperature and electric field,

reducing discharge energy density (Ue) and limiting their industrial

application as dielectrics [15,16]. Research has led to strategies to

suppress high-temperature conductivity and enhance energy stor-

age properties of polymer-based dielectrics [17,18]. For example,

cross-linked c-BCB with BNNs nanosheets shows a tenfold reduc-
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tion in conductivity and impressive energy storage (1.6 J/cm3 at

200 °C, η > 90%) [19]. Physical cross-linking in PI-based polymers

achieves 4.0 J/cm3 with η > 90% at 200 °C [20]. Additionally, wide

bandgap nanofillers like Si3N4, BNNs, Al2O3, and SiO2 [21–24] have

been used to create barriers at the electrode-polymer dielectric

interface, improving capacitive performance by suppressing charge

injection. Inorganic nanofillers with high thermal stability, such

as BNNs, HfO2, Al2O3 [25], and SiO2 [26], alter the energy levels

of polymer dielectrics, improving performance by inducing charge

traps and capturing hot carriers [27–30]. Most methods focus

on the filler-polymer structure, but the inorganic-organic inter-

face significantly impacts insulation and capacitive performance

[17,18,31]. Our previous research has shown that hierarchical

nanofillers (CNO@Al2O3) [32] and organic-metal hybrid interfaces

(MOHI) enhance polymer capacitor energy storage performance

[33]. Interface structure design is thus a promising strategy for

developing advanced polymer dielectrics.

In this work, we present a novel strategy for enhancing high-

temperature energy storage in polymer dielectrics by incorporating

defect-engineered Ca2Nb2.75Ti0.25O10 (CT) nanosheets. The defect

sites facilitate the tight growth of ZIF-8, which introduces low-
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Fig. 1. Morphological and structural characterization of CT, ZIF-8 and mCT: (a) Schematic diagram of interface layer growth induced by defect engineering. (b) Dark field

image and elemental mapping. (c) TEM image. (d) The Porod curves. (e) XRD pattern. (f) FT-IR spectrum. (g) XPS O1s core-level spectrum. (h) Normalized K-edge XANES

absorption spectra of Zn element. (i) K-edge FT-EXAFS in R space. (j) Wavelet transformation analysis.

coordinated Zn2+ capable of forming coordination bonds with the

polymer. This interaction effectively suppresses carbonyl relax-

ation. As a result, the composite dielectric achieves a remarkable

discharged energy density of 4.47 J/cm3 at 200 °C with an effi-

ciency exceeding 90%, even at a low filler loading 0.5wt%. This

work provides a new strategy for designing polymer dielectrics

with outstanding high temperature capacitance.

The mechanism diagram of the coordination between metal

ions and organic compounds induced by Ti-doped calcium niobate

(Ca2Nb2.75Ti0.25O10, CT) nanosheets is shown in Fig. 1a. The CT

nanosheets were prepared via solid-phase reaction. As shown

in Fig. S1a (Supporting information), the X-ray diffraction (XRD)

pattern of pre-CT exhibits weak (001), (002) and (003) diffraction

peaks compared to Ti-undoped nanosheets reported previously

[33], indicating altered interlayer spacing and reduced ordering

(Fig. S1b in Supporting information). The transmission electron

microscopy (TEM) in Fig. S2 (Supporting information) reveales

the typical 2D stacked morphology of CT, while element mapping

(Fig. 1b) confirms Ti incorporation. Subsequently, ZIF-8 (zeolitic

imidazolate framework-8) was coated onto CT to produce the

modified nanosheets (mCT).

TEM image of mCT (Fig. 1c) shows the granular morphology

of ZIF-8, confirming the successful coating of ZIF-8 on the CT. The

electron density fluctuations in nanosheets were examined using

small angle X-ray scattering (SAXS). As shown in Fig. 1d, the pos-

itive deviation at the CT Porod curve tail indicates that CT exhibits

electron density fluctuations or non-uniform regions attributed to

defects caused by Ti doping [34]. The negative deviation at the

mCT Porod curve tail suggests the presence of dispersed transition

layer. This transition layer arises from the physical and chemical

interactions between CT and ZIF-8. In Fig. 1e, the XRD pattern of

mCT exhibits a notable decrease intensity of ZIF-8. The Fourier

transform infrared spectroscopy (FT-IR) results show the presence

of ZIF-8 in mCT (Fig. 1f). Additionally, the Nb-OH absorption

peak exhibits bule shift from 775 cm-1 to 779 cm-1, and the Nb-O

absorption peak shows red shift from 941 cm-1 to 930 cm-1 [32].

These shifts are attributed to the consumption of -OH groups dur-

ing the interactions of Nb-O-Zn or Ti-O-Zn between ZIF-8 and CT.

The X-ray photoelectron spectroscopy (XPS) analysis of nanosheets

is shown in Fig. 1f, Figs. S3 and S4 (Supporting information). The

additional peak of mCT (Fig. 1g) appeared at 532.0 eV can be as-

cribed to the interactions between ZIF-8 and CT, which hinders the

electron transition of O elements in mCT. The strong interactions

are also evidenced in the substantial peak area proportion (28.9%).

The X-ray absorption fine structure (XAFS) measurements provided

coordination information of Zn2+ in the mCT. As shown in Fig. 1h,

the K-Edge of mCT displays a higher white line (WL) peak energy

intensity (1.35) compared to Zn foil (1.05) and ZnO (1.16), and

the K-Edge of mCT lies between Zn foil and ZnO. These results

indicate that Zn in ZIF-8 possesses unoccupied orbitals, which

serve as available sites for coordination bonding with PEI [35].

Extended X-ray absorption fine structure (EXAFS) analysis of mCT
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Fig. 2. (a) Gel content in x mCT. XPS of x mCT. (b) C 1s and (c) O1s core-level spectrum. (d) TEM image and FFT image of 0.5mCT. (e) Schematic diagram of the interactions

between PEI and mCT. (f) DSC curves of x mCT.

Fig. 3. (a) Spectral comparison of PEAA and PEAA/0.5mCT and spatially resolved infrared mapping of PEAA/0.5mCT. The data is the average value of different region, PEAA

is polyether amide acid. (b) Porod curves and (c) ln(q)-ln(I(q)) plots derived from SAXS (Small Angle X-ray Scattering) of x mCT. (d) Normalized K-edge XANES absorption

spectra of Zn element. (e) K-edge FT-EXAFS in R space. (f) Wavelet transformation analysis of 0.5mCT.

(Fig. 1i) confirmed the coordination environments involving Zn-N,

Zn-O and Zn-Zn coordination. Detailed coordination parameters

are provided in Table S1 (Supporting information). The Wavelet

Transform (WT) plot of mCT in Fig. 1j provides evidence of Zn-N,

Zn-O and Zn-Zn coordination in K-space.

Polymer dielectrics containing mCT were synthesized via in situ

polymerization and designated as x mCT (PEI/xwt% mCT, x=0,

0.2, 0.5 and 1.0). As shown in Fig. S5 (Supporting information)

and Fig. 2a, PEI shows no gel after soaking in NMP 24h, whereas

0.5mCT exhibits optimal gel content (88%). Scanning electron mi-

croscopy of the x mCT (Fig. S6 in Supporting information) demon-

strated that those with low filler loading are dense. Polymer di-

electrics containing mCT also exhibit low surface energy. Figs. S7

and S8 (Supporting information) exhibit the increased water con-

tact angle and a low root-mean-square value of 0.5mCT, which are

advantageous for the metallization of polymer dielectrics [36]. The

chemical interaction between mCT and PEI is further supported by

the C=O-Zn coordination peak (Figs. 2b and c). Two factors facili-

tate the formation of C=O-Zn coordination bonds: First, the pres-

ence of Zn2+ with unoccupied orbitals in mCT, as confirmed in

Fig. 1h; Second, the oxygen atoms in the C=O groups of PEI pos-

sess lone pair electrons. To directly investigate the interaction be-

tween ZIF-8 and PEI, TEM was employed to observe the micro-

regions of 0.5mCT. As shown in Fig. 2d, no ZIF-8 particles were

observed, and no nanoscale defects or free volume were detected

at the CT-PEI interface region, which is consistent with the SEM
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Fig. 4. (a) Frequency dependence of dielectric constant (εr) and tanδ at 25 °C of x mCT. (b) The current density of x mCT at 200 °C. (c) Weibull distribution of measured Eb
for x mCT at 25, 150 and 200 °C. (d) D-E loops of x mCT. (e) Discharge energy density of x mCT. (f) Energy storage performance of different regions in large-scale 0.5mCT.

The insets are the photographs of 0.5mCT. (g) Cyclic performance of 0.5mCT at 150 and 200 °C under 300MV/m. (h) Energy storage performance with different electrode

diameter at 200 °C. (i) Comparison of discharged energy density (η > 90%) of this work and other reports at 200 °C.

results (Fig. S6). These results confirmed that the porous structure

of ZIF-8 disrupted in the solvent and imidization (300 °C) process,

thereby preventing defects between CT an PEI. The schematic dia-

gram illustrating the resulting coordination interactions (Fig. 2e).

As depicted in Fig. 2f and Fig. S9 (Supporting information), x

mCT and PEI demonstrate similar glass transition temperature (Tg,

223.2–224.6 °C) and average inter-chain distance (5.36 Å).

Fig. S10 (Supporting information) shows the optical image

and infrared spectrum of PEAA/0.5mCT (where PEAA refers to

polyether amide acid), providing evidence of coordination inter-

actions occurring during the polycondensation process. As shown

in Fig. 3a, the C=O peaks of PEAA and PEAA/0.5mCT appears at

1719 cm-1 and 1713–1723 cm-1, which can be ascribed to C=O

coordination between C=O and Zn2+. Additionally, PEAA/0.5mCT

exhibits a shoulder peak at 1196 cm-1 attributed to the lone pair

electrons of C–O-C. Subsequently, the consistent C–N characteristic

peaks were identified in Fig. S11 (Supporting information), con-

firming the complete imidization of x mCT. The SAXS scattering

patterns and Porod curves of x mCT are depicted in Fig. S11

(Supporting information) and Fig. 3b. All samples exhibit positive

deviation at the Porod curve tails, indicating the absence of sharp

interface within x mCT. The ln(q)-ln(I(q)) plot (Fig. 3c) shows that

the Dm increases with mCT content, reaching a maximun of 3.04

for 0.5 mCT. This increased structural compactness is consistent

with the wider bandgaps observed in UV–vis analysis (Fig. S13 in

Supporting information), where PEI has a bandgap of 3.36 eV and

0.5mCT reaches 3.48 eV. The coordination interaction between Zn

and PEI in 0.5mCT was analyzed using XAFS. Compared to the

mCT, 0.5mCT shows a lower WL energy position (labeled A and

B in Fig. 3d) and a higher WL intensity (1.49 vs. 1.35), indicating

a change in the electronic transition mode of the Zn element in

mCT and 0.5mCT. EXAFS analysis (Fig. 3e) reveals a reduced main

peak intensity and slight peak broadening in 0.5mCT, attributable

to C=O-Zn coordination. The WT plot for 0.5mCT (Fig. 3f) displays

two lobes: a main lobe and a minor lobe are visible (Fig. 3f). The

first one, localized in the �R= (1.0–2.2) Å and �k= (0–12) Å-1

range. The second minor lobe collects the contributions coming

from the Zn in ZIF-8 and the dimethylimidazole (2-MiM). Detailed

coordination parameters for 0.5mCT are provided in Table S1.

Fig. 4a shows the dielectric constant (εr) and loss (tanδ) of

x mCT films measured at room temperature. The εr continu-

ously increases with the content of mCT rising, for example, from

3.10 for the PEI to 3.73 for 1.0mCT. Meanwhile, the tanδ of all

polymer dielectrics remain below 0.015 across a frequency rang-

ing of 102–106 Hz. Fig. S14 shows that the εr of all polymer di-

electrics changes little from room temperature to 200 °C. As shown

in Fig. S15 (Supporting information) and Fig. 4b, the introduction

of the mCT leads to a significant reduction in the current den-

sity at high electric field and wide temperature range (25–200 °C),
e.g., from 7.2×10–7 A/cm2 for PEI to 1.0×10–7 A/cm2 for 0.5mCT

at 100MV/m and 200 °C. The decrease of current density reduces

the conduction loss when polymer dielectrics work at different

temperatures, giving increase to an enhancement in the electri-

cal breakdown strength (Eb) at different temperature. As shown in

Fig. S16 (Supporting information) and Fig. 4c, the Eb of all films

showed a decreasing trend with increasing temperature.

At 200 °C, the incorporation of the optimal loading ratio of mCT

(0.5wt%) increased the Eb to 594MV/m compared to 399MV/m for

the PEI. More notably, 0.5mCT exhibited a higher β value (18.26

for 0.5mCT vs. 9.86 for PEI), indicating enhanced electric field

resistance and dielectric reliability of the polymer dielectric under

harsh conditions due to the introduction of mCT. The energy stor-

age performance of polymer dielectrics at various temperatures

(25, 150 and 200 °C) was obtained by electric displacement-

electric field (D-E) loops (Figs. S17-S19 in Supporting information

and Fig. 4d). The Ue of x mCT at different temperatures (25, 150

and 200 °C) are presented in Fig. S20 (Supporting information) and

Fig. 4e, in which the high temperature energy storage performance

of x mCT are improved compared to PEI. At 200 °C, the Ue with

η > 90% reached 4.47 J/cm3 for 0.5mCT which is an improvement
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Fig. 5. (a) Electrostatic potential distribution of Zn-(2-MiM)4 (ZIF-8 unit), PEI and Zn/(2-MiM)3-PEI (C=O coordination between mCT and PEI). (b) Lowest unoccupied molec-

ular orbital (LUMO) and highest occupied molecular orbital (HOMO) of Different unit.

of 728% over that of PEI (0.54 J/cm3). We prepared a large 0.5mCT

film of 12×18 cm2 area (insert of Fig. 4f), and measured the

breakdown and Ue at 600MV/m and 200 °C at different regions.

The results show high consistency across the different regions

(573–640MV/m and 4.32–4.71 J/cm3). Cyclic charging-discharging

tests at 150 and 200 °C were performed to examine the stability

of 0.5mCT. As shown in Fig. 4g, 0.5mCT exhibits stable energy

storage performance over 104 cycles under up to 150 and 200 °C
at 300MV/m. Furthermore, the Ue and η of 0.5mCT polymer

dielectric film were measured with different electrode diameters

at 200 °C (Fig. 4h). It is found that the size of the electrodes has a

negligible effect on the capacitive performance. Fig. 4i summarizes

the Ue with η ≥ 90% at 200 °C and the electric field of 0.5mCT

and other advanced works. It is impressive that both the dis-

charged energy density ∼4.47 J/cm3 and electric field ∼594MV/m

for the 0.5mCT outperform all the reported dielectric polymers

and polymer nanocomposites [33,37–46].

In order to investigate the effect of interface bonding on molec-

ular orbitals of polymer dielectrics. Density functional theory (DFT)

was employed to analyze the interactions between ZIF-8 and PEI

and HOMO-LUMO gap of 0.5mCT. As shown in Fig. 5a, Zn in

the Zn/(2-MiM)4 (ZIF-8 unit) exhibits neutrality when coordinated

tetrahedrally with 4 ligands. However, when ZIF-8 grows on the

surface of CT, spatial hindrance effects can lead to lower coordina-

tion numbers and unoccupied orbitals of ZIF-8.

In the PEI molecular chain, the oxygen atoms of C=O groups

(shown in red) possess lone pair electrons. The coordination bonds

in Zn/(2-MiM)3-PEI result from unoccupied orbitals of Zn and C=O

lone pairs. The electrostatic potential of Zn/(2-MiM)3-PEI is also

depicted. Fig. 5b analyzes the HOMO and LUMO for Zn/(2-MiM)4,

PEI, and Zn/(2-MiM)3-PEI, showing a HOMO-LUMO gap of 2.985 eV

for PEI, which increases to 3.306 eV in Zn/(2-MiM)3-PEI. This elec-

trostatic distribution confirms the electron-donating role of C=O

and the coordination structure between Zn and C=O, with the

Zn/(2-MiM)3-PEI composite showing a larger HOMO-LUMO gap, in-

dicating that 0.5mCT exhibits an improved insulating properties.

In summary, we propose a strategy of incorporating de-

fects to significantly enhance the high-temperature capacitance of

polymer-based dielectrics. The optimal polymer dielectric achieved

an ultra-high Ue of 4.47 J/cm3 with η > 90% at 200 °C. Notably,

the introduction of surface defects in nanosheets resulted in a

more robust integration between the transitional MOF layer and

nanosheets, as validated by XAFS. The DFT calculation indicate that

MOF provides unoccupied orbitals to facilitate the formation of co-

ordination bonds with C=O groups in the PEI chains, thereby in-

creasing the HOMO-LUMO gap of 0.5mCT. This study presents an

innovative and effective method for enhancing the capacitance of

polymer-based dielectrics in harsh conditions.
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