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Broader Context

Polymer-based electrostatic energy storage capacitors are essential components for advanced 

electronics and renewable energy systems. With expanding applications in areas such as electric 

vehicles, oil exploration, and pulsed power systems, there arises a critical need for polymer-based 

dielectrics with reliable performance at temperatures reaching 200 °C. However, current 

commercial polymers are confronted with limitations in maintaining electrical insulating 

properties under such demanding temperatures. We address the critical challenge of improving the 

energy storage performance of heat-resistant polymer dielectrics by compositing 

polyethyleneimide (PEI) with Zr-based metal-organic framework (MOF) nanofillers. Through 

linker engineering, we create a series of isostructural UiO-66 MOF fillers that exhibit diverse 

capabilities in impeding charge migration and minimizing energy loss in PEI. This approach 

results in the development of a PEI/UiO-66-F4 composite, showcasing record-high energy storage 

performance and exceptional cyclic stability at 200 °C. Our findings also underscore an 

unprecedented correlation between the electronic structures of MOF fillers and the composites’ 

improved electrical breakdown strength and energy storage properties. This interdisciplinary 

strategy offers a rational pathway to leverage the remarkable structural diversity of MOFs for 

tailoring polymer composite materials for high-temperature electrostatic energy storage 

applications.
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Advancing high-temperature electrostatic energy storage via 
linker engineering of metal–organic frameworks in polymer 
nanocomposites
Zongliang Xie, ‡abc Zhiyuan Huang, ‡b He Li, ‡ab Tianlei Xu, c Haoyu Zhao, d Yunfei Wang, de Xi Pang, c 
Zhiqiang Cao, d Virginia Altoé, b Liana M. Klivansky, b Zaiyu Wang, ef Steve W. Shelton, b Shiqi Lai, bg 
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High-performance, thermally resilient polymer dielectrics are essential for film capacitors used in advanced electronic 
devices and renewable energy systems, particularly at elevated temperatures where conventional polymers fail to perform. 
Compositing polymers with nanofillers is a well-established approach to enhancing energy storage performance, though 
there remains a strong need for fillers with broad structural tunability and a clear structure-property relationship to further 
improve performance at elevated temperatures. Herein, we unravel the untapped potential of UiO-66 metal–organic 
framework (MOF) derivatives as exceptional nanofillers for tuning the properties of the widely used polyetherimide (PEI). 
By systematically varying the linker structures, we create a series of isostructural MOF fillers that exhibit contrasting 
capabilities in regulating the charge transport and energy storage capacities of the resulting composite films. Notably, 
capacitors based on composite films using the electron-deficient UiO-66-F4 show remarkable long-term charge-discharge 
stability and achieve ultrahigh discharged energy densities of 9.87 J cm−3 at 150 °C and 9.21 J cm−3 at 200 °C, setting a new 
benchmark for high-temperature flexible polymer composites. Through comprehensive experimental and theoretical 
analyses, we establish an unprecedented correlation between the MOF fillers' electronic structures and the composites’ 
improved electrical breakdown strength and energy storage properties. These findings offer a rational pathway to harness 
the exceptional structural diversity of MOFs for the development of composite materials suitable for high-temperature 
electrostatic energy storage.

Introduction
Polymer-based electrostatic energy storage capacitors are 
essential components for high-power electrical and electronic 
systems, owing to their ultra-fast charging-discharging rates, 
high power densities, remarkable voltage-endurance and facile 
processability.1–12 As their applications continue to expand 
across sectors including electric vehicles, oil exploration, and 

pulsed power systems, there arises a critical need to enhance the 
thermal endurance of polymer dielectrics to ensure reliable 
performance at temperatures up to 150 °C13–21 and 200 °C.22–34 
However, current commercial dielectric polymers, such as 
polyimide (PI), polyetherimide (PEI) and fluorene polyester 
(FPE), known for their high thermal endurance characterized by 
high glass transition temperatures (Tg), are confronted with 
limitations in maintaining electrical insulating properties under 
such demanding temperatures. Such deficiency is reflected by a 
pronounced increase in leakage current (J) due to electrical and 
thermal co-assisted electron emission from electrodes. 
Concurrent with the thermally degraded insulating properties, 
their energy storage properties, characterized by discharged 
energy density (Ud) and the charge-discharge efficiency (η), are 
reduced significantly. 

To develop higher-performance polymeric materials for high-
temperature electrostatic capacitors, a hybrid approach 
combining polymer matrices and inorganic nanofillers has been 
extensively explored17–27,35,36 to produce nanocomposites with 
tunable multi-physical properties and improved energy storage 
performance at elevated temperatures. Contingent on the relative 
alignment of electronic band structures of the polymer and filler 
components, this approach introduces filler–matrix interfaces 
that serve as either traps to hinder charge migration or barriers to 
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impede charge injection and hinder the propagation of the 
breakdown paths.37–40 These modulations have been 
demonstrated to increase voltage endurance and reduce energy 
loss, thereby enhancing the energy density and efficiency of the 
composite materials. Various inorganic nanofillers, including 
wide-bandgap oxides (Al2O3,18,19 ZrO2,20,21 HfO2,41 SiO2,42 
MgO43 ), phosphotungstic acid,22 hydroxyapatite,44 
silsesquioxane,26 boron nitride nanosheet (BNNS)27 have been 
utilized accordingly (Table S1). However, a high volume content 
(~5–10 vol%) is usually required to induce a substantial effect, 
which incurs challenges for scaled-up film fabrication. While 
recent studies have shown that subnanomaterials, such as 
phosphotungstic acid subnanosheets, can effectively enhance 
electrostatic energy storage properties of PEI at high 
temperatures with very low filler loading, there remains a strong 
need to explore a broader class of fillers beyond these 
nanomaterials for reliable fabrication of robust and high-
performance composite dielectric films.

Metal–organic frameworks (MOFs) represent a versatile class 
of crystalline porous materials formed by linking metal nodes 
and organic linkers. Rooted in the conceptual framework of 
“reticular chemistry”,45 MOFs have received widespread 
attention for their highly tunable structures, adaptable for 
potential applications in gas storage, separation, sensing, 
catalysis and electrochemical energy storage.46–53 In the realm of 
electrostatic energy storage, while MOFs are recognized as novel 
dielectric materials,54 only very recently have they emerged as 
fillers for polymer composites with improved dielectric 
properties,55–58 showing certain advancements in high-
temperature electrostatic energy storage properties though still 
lagging behind those obtained with state-of-the-art inorganic 

nanofillers.22 Moreover, current studies on polymer/MOF 
composites overlook the most exciting aspect of MOFs, that is, 
their enormous structural diversity derived from the versatile 
choice of metal nodes and organic linkers, has not been explored. 
By leveraging the power of reticular chemistry and establishing 
a rational structure-property relationship, one may tap into an 
extensive resource of structures to identify optimal filler 
candidates for composite films used in electrostatic capacitors. 
This approach holds the promise of unlocking the full potential 
of MOFs in high-temperature electrostatic energy storage 
applications.

Herein, we present a tailored study investigating the impact of 
structural variations of MOF fillers on the interfacial properties 
in their composites with PEI, which ultimately leads to 
extraordinary electrostatic energy storage properties. High-
quality nanocomposite films were fabricated from a mixture of 
PEI and a series of Zr(IV)-based MOFs containing linkers with 
varying electron affinities (Fig. 1). Detailed experimental and 
theoretical studies have unraveled the intricate impact of MOFs’ 
electronic structure on the dielectric properties of the resultant 
polymer composites. By tuning the electron affinity of these 
MOFs, the embedded microscopic polymer–MOF interfaces 
become more efficient in impeding charge migration and 
minimizing energy loss, culminating in the discovery of a 
PEI/MOF composite with record-high energy storage 
performance and exceptional cyclic stability at 200 °C at a 1 wt% 
filler loading ratio. The scalability of this approach was 
demonstrated through the production of large-size 
nanocomposite films, based upon which reproducible arrays of 
film capacitors were fabricated and exhibited consistent and 
enduring high-temperature energy storage capabilities. 

Fig. 1 Schematics illustrating the linker engineering of MOFs and the fabrication of PEI/MOF nanocomposite films. The octahedrons represent MOFs (UiO-66-H, UiO-66-
NH2 and UiO-66-F4), the polyhedrons represent metal clusters and the rectangles represent linkers.
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Results and discussion, Experimental
MOF linker engineering for modulating interfacial charge transport

In composite materials, modulation of interfacial charge 
transport leverages the energy level mismatch between the filler 
components and the polymer matrix, which acts either as traps to 
capture charges or as barriers to impede charge injection and 
migration37–40. Since the effectiveness is contingent on the 
electronic band structures at the interfaces, the ability to tune the 
energy levels of the MOF fillers becomes essential for a 
systematic evaluation of the impact of band alignment on 
materials’ endurance to strong electric fields. UiO-66, 
constructed from the 12-connected hexanuclear 
[Zr6O4(OH)4(O2C-)12] node and the ditopic 1,4-
benzodicarboxylic acid (BDC) linker, was chosen as an 
archetypal MOF for its robust synthesis, tunable structural 
diversity and high stability59. Known as a relatively wide band 
gap material (~4.0 eV), the electronic structures of the parent 
UiO-66 can be readily tuned by using different linkers, allowing 
access to MOFs isostructural to UiO-66 with varying band gaps 
and energy levels. A series of MOFs was thus employed as the 
fillers to investigate their charge-trapping capabilities in 
polymer/MOF composites. Specifically, UiO-66-X (X = H, NH2, 
F4) correspond to MOFs incorporating ditopic BDC linkers with 
varying electronic affinities (Fig. 2a). The frontier orbital energy 
levels and the band gaps of these UiO-66 homologues were 
calculated using density functional theory (DFT) (primitive cells 
shown in Fig. S1, ESI†; DFT results shown in Fig. S2, ESI†) and 
plotted in Fig. 2a. UiO-66-F4 and UiO-66-NH2 have the lowest 
and highest conduction band (CB) energy levels amongst the 
series, respectively, in accordance with the electronic properties 
of the respective linkers due to the introduction of electron-
withdrawing fluorides or the electron-donating amine groups. 
The relative band gap alignments are also consistent with the 
experimental results obtained from their optical spectra (Fig. S3). 
The electron affinity of PEI is similar23 to that of the 
unsubstituted UiO-66-H, but higher than UiO-66-NH2 and lower 
than UiO-66-F4. Such differences create a collection of 
interfaces with varying energy gaps, as defined by φ = EA-MOF − 
EA-PEI. These gaps, presented as a barrier at the PEI–UiO-66-NH2 
interface and a trap at the PEI–UiO-66-F4 interface, are expected 
to more effectively restrict the migration of electrons and 
immobilize charges at high temperatures and electric fields than 
the PEI/UiO-66-H system. In addition, favourable interactions at 
PEI–MOF interfaces were supported by molecular dynamics 
simulation and DFT calculations. Such interactions were 
facilitated by hydrogen bonding interactions between the etheric 
oxygen atoms in PEI and the hydroxyl groups in the MOF 
clusters, and electrostatic interactions between the imide groups 
of PEI and the MOF clusters, as revealed by noncovalent 
interactions (NCI) analysis (Fig. 2b) and charge density 
differences between clusters of MOF and polymer chain 
segments Figs. S4 and S5).

Fabrication and characterization of polymer/MOF nanocomposites

The isostructural UiO-66-X series were synthesized following an 
acid-mediated hydrothermal approach (Table S2)59–61, from 
which polycrystals with an average size of ~50 nm were obtained. 

As confirmed by powder X-ray diffraction (PXRD) (Fig. S6), all 
of the MOF nanoparticles possessed the expected face-centered 
cubic (fcu) topology, consistent with the simulated patterns. The 
structures were featured by the distinctive peaks at 7.4o and 8.5o, 
representing the crystal planes (111) and (200), respectively. The 
relatively broader peaks of the as-synthesized MOFs are in 
accordance with the small particle sizes, as verified by scanning 
electron microscopy (SEM) and transmission electron 
microscopy (TEM) images (Fig. 2c and Figs. S7, S8). Analyses 
of their nitrogen sorption isotherms measured at 77 K revealed 
their permanent microporous nature (Fig. S9), with Brunauer–
Emmett–Teller (BET) surface areas in the range of 708–1292 m2 
g–1 (Table S3) and pore sizes less than 2 nm. The chemical 
compositions of MOF nanoparticles were corroborated by 
Fourier-transform infrared (FT-IR) spectroscopy (Fig. S10) and 
X-ray photoelectron spectroscopy (XPS) (Fig. S11).

Free-standing MOF-containing PEI nanocomposite films were 
prepared via a facile solution casting method (Fig. 1). High-
quality large-area composite films (Fig. 2c) with 1.0 wt% 
loading of MOF nanoparticles were obtained with great 
uniformity (thickness ~12 μm), showing no observable filler 
particle aggregation throughout the polymer matrix (see SEM 
figures in Fig. 2c and Fig. S12). The results were further 
corroborated by atomic force microscopy-infrared spectroscopy 
(AFM-IR) measurements, supported by both wide-range IR 
scanning and IR mapping at characteristic wavenumbers (1404 
cm−1 for MOF and 1718 cm−1 for PEI) (Fig. 2e and Figs. S13, 
S14). The results from Wide-Angle X-ray Scattering (WAXS) 
analysis indicate that all composites exhibit MOF crystallite 
peaks (Fig. 2f), confirming the well-maintained crystallinity of 
the MOF nanoparticles in the composite films. Differential 
scanning calorimetry (DSC) studies (Fig. S15) revealed no 
appreciable changes in Tg upon incorporation of the MOF fillers 
with PEI. Dynamic mechanical analysis (DMA) measurements 
indicated that the incorporation of MOF fillers resulted in 
improved Young’s modulus from ~550 MPa for pure PEI to over 
1000 MPa (Fig. S16). The considerable enhancement in 
mechanical modulus was attributed to favourable intermolecular 
interactions between MOF and PEI, as evidenced by NCI 
analysis62 (Fig. 2b and Figs. S4, S5). Small-angle X-ray 
scattering (SAXS) characterization was carried out to evaluate 
the mass fractal dimension (Dm) of PEI/MOF composites, which 
was acquired from the ln[I(q)]–ln(q) plots (Fig. 2g) after fitting 
the equation I(q) = q−α.55,56 The higher Dm of PEI/MOF 
composites (Dm ~2.49–2.55 nm) compared with PEI (Dm = 2.10 
nm) suggested relatively more compact microstructures and 
lower free volume in PEI/MOF composites than in PEI, resulting 
from good compatibility between MOF and polymer chains due 
to favourable interfacial interactions.

Dielectric characteristics and electrostatic energy storage 
performance

For electrostatic energy storage, it is critical to enhance both the 
dielectric constant (k) and the dielectric breakdown strength (Eb) 
of polymers, given their crucial role in determining the 
maximum Ud in linear dielectric materials, as described by the 
equation:

d 0h e= òU kEdE (Equation 1)
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Fig. 2 (a) Calculated energy level diagrams of PEI and MOFs (UiO-66-H, UiO-66-NH2 and UiO-66-F4), where EVAC represents the vacuum level and EF represents the Fermi 
level. (b) Illustration of simulated non-covalent interactions between a segment of PEI and MOF. PEI chain is highlighted in yellow. Gray-colored atoms represent C, pink-
colored atoms represent H, red-colored atoms represent O, orange-colored atoms represent N, purple-colored atoms represent F, the blue-colored iso-surfaces indicate 
NCIs between PEI and MOF, the flesh-colored iso-surfaces indicate intramolecular interactions. (c) A large-area PEI/UiO66-F4 composite film at 1 wt% loading of MOF 
UiO66-F4, with a SEM image showing the well-dispersed MOF nanoparticles and a TEM image showing particle size ~50 nm). (d) Schematic diagram of AFM-IR 
measurement. (e) AFM phase image and AFM-IR mapping of the PEI/UiO66-F4 composite film probed at the wavenumber of 1718 cm−1, confirming the dispersion of 
MOF particles within the PEI matrix. (f) WAXS curves of PEI and PEI/MOF composites. (g) SAXS curves of PEI and PEI/MOF composites plotted by double logarithmic 
curves, from which fractal dimension Dm were obtained from fitting.

where ε0 represents the permittivity of free space, and E is the 
applied electric field. Dielectric spectroscopic studies revealed 
that the addition of MOF particles resulted in universally 
improved k. For instance, k was improved from 3.16 for PEI to 
3.59 for the PEI/UiO-66-F4 composite measured at 200 °C and 
1 kHz (Fig. 3a and Fig. S17). The larger k may be related to the 
dipolar interactions between the oxygen atoms of the polymers 
and the zirconium metal ions within the MOFs. PEI/MOF 
composites also displayed high dielectric stability at different 
temperatures and frequencies. The tan δ of PEI and all the 
composites remained essentially constant (<0.005) at elevated 
temperatures at 1 kHz, while the frequency-dependent dielectric 
spectra measured at 200 °C showed that both k and tan δ 
remained steady under different frequencies.

To assess the effectiveness of MOF-induced charge trapping 
in composite films, the dielectric breakdown strength of pure PEI 
and PEI/MOF composites was evaluated at different 
temperatures using a two-parameter Weibull statistics:

b( ) 1 exp( ( / ))b= - -P E E E (Equation 2)

where Eb is the Weibull breakdown strength at 63.2% of 
cumulative failure probability and β is the shape parameter that 
reflects data dispersion. At a filler ratio of 1 wt%, all PEI/MOF 
composites showed a marked enhancement in high-temperature 
dielectric breakdown strength, among which PEI/UiO-66-F4 
exhibited the highest Weibull Eb of 720.3 MV m−1 at 150 °C and 
680.8 MV m−1 at 200 °C, corresponding to 37% and 54% 
increase compared to pristine PEI (Fig. 3b and Figs. S18–S20). 

PEI/UiO-66-F4 also exhibited a higher β of 27.0 compared with 
PEI (β = 9.0), indicating improved dielectric reliability under 
harsh conditions (Table S4).

Another compelling indication of suppressed charge transport 
in PEI/MOF composites was manifested by the significantly 
reduced leakage current density (J) than the pure PEI film at 
elevated electric fields under 200 °C (Fig. 3c). The PEI/UiO-66-
F4 film showed the lowest J amongst all the PEI/MOF 
composites. For instance, at 200 °C and 300 MV m−1 and at a 
filler ratio of 1 wt%, the electrical conductivity (γ) was 
2.19×10−12 S m−1 for PEI/UiO-66-H and 1.70×10−12 S m−1 for 
PEI/UiO-66-F4, much lower than 1.53×10−10 S m−1 for pure PEI 
(Fig. S21a). The nearly two orders of magnitude reduction of 
PEI’s electrical conductivity upon loading of UiO-66-F4 is 
indicative of effective mitigation of charge transport, correlating 
well with its anticipated electron trapping capability endowed by 
interfacial energy gaps between PEI and respective MOF. 
Further analysis of the charge transport behavior by fitting the 
field-dependent current curves with different conduction 
equations suggested a prevalent Schottky emission pathway at 
the lower electric field region (Fig. 3c and Fig. S21b), while in 
the higher field region, the hopping conduction pathway 
predominates (Fig. 3c and Fig. S21c). By fitting the high electric 
field conduction behaviour with the following hopping 
conduction equation, the charge hopping distance (λ) between 
charge trapping sites can be quantitatively assessed for PEI and 
PEI/MOF composites:
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( , ) 2 *exp( )*sinh( )
2
ll -

= aE eEJ E T ne v
K T K T (Equation 3)

where n is the carrier concentration in C m–3, e is the charge of 
the carriers that equals to 1.6×10−19 C, λ is the hopping distance, 
ν is the attempt-to-escape frequency in Hz, Ea is the activation 
energy in eV, and KB is the Boltzmann constant that equals to 
1.38×10−23 m2 kg s−2 K−1.

The hopping distance in PEI underwent a notable decrease 
compared with that of the PEI/MOF composites. Among these, 
PEI/UiO-66-F4 displayed the shortest hopping distance of 1.02 
nm, in contrast to 1.92 nm for pure PEI, and 1.11 nm for the 
PEI/UiO-66-NH2 composite (Fig. 3c and Fig. S21c). As the 
hopping distance indicates the average spacing between trap 
sites, the smaller values observed in PEI/MOFs reflect the larger 
density of trap sites, supporting their better charge suppression 
capabilities.

Correlated with restricted leakage current, energy loss is 
significantly reduced in the PEI/MOF composites, as revealed by 
the representative electric displacement–electric field (D–E) 
loops and discharged energy density (Ud) measured at 150 °C 
and 200 °C, respectively (Figs. S22, S23). Slimmer D–E loops 
were obtained for PEI/MOF composites with respect to those of 
pristine PEI, implying suppressed electrical conduction and less 
energy loss. The PEI/UiO-66-F4 composite exhibited the 
slimmest charging–discharging curve, as exemplified by the one 
measured at 450 MV m−1 and 200 °C (Fig. S24). Under such 
conditions, the charge–discharge efficiency (η) of pristine PEI 
dropped precipitously to 43.3%, in contrast to the minimal drop 

to 96.0% for the PEI/UiO-66-F4 composite. Impressively, at a η 
of 90%, PEI/UiO-66-F4 sustained an electric field of 700 MV 
m−1 at 150 °C and 600 MV m−1 at 200 °C. In comparison, the 
pure PEI could only withstand an electric field of up to 300 MV 
m−1 at 150 °C and 250 MV m−1 at 200 °C at the same η (Fig. 
S25).

With the simultaneous enhancement of breakdown strength 
and k, as well as suppressed energy loss (i.e., improved η), the 
discharged energy density (Ud) of PEI/MOFs showed great 
improvement compared to pristine PEI (Fig. 3d and Fig. S26). 
PEI/UiO-66-F4 exhibited the highest Ud among all PEI/MOF 
composites at the optimal filler loading ratio of 1 wt% (Figs. S27, 
S28 and Table S5). At η of 91.0%, it displayed an Ud of 6.45 J 
cm−3 at 200 °C and 600 MV m−1, far exceeding the performance 
of pristine PEI under the same temperature and discharge 
efficiency. A maximum Ud of 9.21 J cm−3 was realized at 200 °C 
and 800 MV m−1, which is more than twice that of the pristine 
PEI (Fig. S29). Such performance is among the highest for high-
temperature polymeric dielectric films (Fig. 3e and Tables S6, 
S7), including lab-synthesized polymers (PSBNP-co-PTNI,28 o-
POFNB,34 PI-oxo-iso,29 PI-spiro-2.5,32 SO-PI,63 sc-PEENA,30 p-
POClNB,33 PONB-2Me5Cl64) and polymer composites (FPI-
PWNS,22 PEI-O-AOC,18 PEI-TE,24 H-Al2O3/PEI,31 
FPI/PCBM,25 FPE/ITIC-Cl,65 PI-3.0,26). Compared to the most 
commonly used benchmark BOPP film, PEI/UiO-66-F4 film 
displays both a higher Ud and a larger power density under 200 
MV m–1 (0.75 J cm–3 and 228.06 MW L–1 for PEI/UiO-66-F4 
tested at 200 °C versus 0.40 J cm–3 and 109.19 MW L–1 for BOPP 
tested at 105 °C) (Fig. 3f).

Fig. 3 (a) Frequency-dependent dielectric spectra, (b) Dielectric breakdown strength, (c) Leakage current density (solid lines represent hopping conduction fittings at 
higher electric field region and dotted lines represent linear fittings) and (d) Discharged energy density and charge–discharge efficiency of PEI and PEI/UiO-66-H, PEI/UiO-
66-NH2, PEI/UiO-66-F4 with 1 wt% filler loading at 200 °C. (e) Comparison of the maximum discharged energy density of PEI/UiO-66-F4 composites with 1 wt% filler 
loading against reported high-temperature polymer dielectrics at 200 °C. (f) Comparison of the power density of PEI/UiO-66-F4 (at 200 °C) and BOPP (at 105 °C).
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Charge migration and trapping behaviours
The charge trapping mechanism can be further validated by 
thermally stimulated depolarization current (TSDC) 
measurements. As indicated by the fitted curves of the TSDC 
results (Fig. 4a), in addition to the 𝛼 relaxation peak66 (Peak I, 
~217 °C) observed in pure PEI, a new peak at ~230 °C (peak II) 
was observed in the cases of PEI/UiO-66-NH2 and PEI/UiO-66-
F4 composite films. This new peak was attributed to the release 
of charges trapped at the PEI–MOF interfaces. In contrast, such 
feature was absent in the TSDC curve of the PEI/UiO-66-H 
composite (Fig. S30). Furthermore, the maximum depolarization 
current density determined from the TSDC curves of PEI/UiO-
66-F4, which was positively related to the trap density, was 
approximately six times that observed for pure PEI. The 
observed deeper trap depth and higher trap density in PEI/UiO-
66-F4 composite contribute to greater charge-capturing 
capability, subsequently leading to decreased leakage current 
under high temperature and high electric field conditions.

To further explore charge transport and charge trapping 
mechanism, as well as their effects on dielectric breakdown 
behaviors, we employed a numerical simulation, which is based 
on a modified two-dimensional bipolar charge transport-
dielectric breakdown (2-D BCT-DB) model20 (Fig. S31, Note S1 
and Tables S8, S9). With an applied electric field of 500 MV m−1 
at 200 °C, both electrons and holes were injected from the 
respective electrodes, forming charge accumulation zones at the 
regions near the electrodes. A large amount of space charge 

accumulation was observed in pristine PEI, with an integrated 
charge density of 11.72 C m−3, which caused severe electric field 
distortion at a degree of ~15% in the inner region of the film (Fig. 
4b and Figs. S32, S33). In contrast, the injected charges could be 
effectively suppressed upon the addition of MOF nanoparticles, 
with UiO-66-F4 showing the best capability in restraining charge 
transport and alleviating charge accumulation (i.e., from 11.72 C 
m−3 of PEI to 7.34 C m−3 of PEI/UiO-66-F4). The formation of 
charge-accumulation zones near the electrode–polymer interface 
in PEI/UiO-66-F4 composite is beneficial for suppressing charge 
injection through the formation of a built-in electric field,23 
which further mitigates electric field distortion (~5% of electric 
field distortion for PEI/UiO-66-F4 versus ~15% for PEI, Fig. 
S33a). As a result, the large energy loss observed in PEI can be 
greatly restrained in PEI/UiO-66-F4, according to the simulated 
D–E loop results (Fig. S33b).

The electric field-concentrated region of polymer matrices 
with localized charge accumulation is typically the most 
vulnerable part that may initiate electrical breakdown. Due to the 
mitigated local electric field, as well as the mitigation of free 
charge transport with the addition of MOF nanoparticles, the 
electric tree propagation was restrained and the dielectric 
breakdown strength was therefore enhanced (Fig. 4b and Figs 
S34, S35). These simulations collectively provide a fundamental 
understanding of the origins of the improved dielectric 
performance and dynamic charge behaviours of the 
polymer/MOF composites.

Fig. 4 (a) Comparison of thermally stimulated depolarization current (TSDC) curves of PEI and PEI/UiO-66-F4 composite. (b) Simulated charge distribution and electric 
tree propagation of PEI and PEI/UiO-66-F4 composite using a modified bipolar charge transport and dielectric breakdown (BCT-DB) model. (c) Interquartile range (IQR) 
analysis of energy storage characteristics of an array of 81 devices fabricated on a large-area PEI/UiO-66-F4 composite film with 1 wt% filler loading measured at 200 °C 
and 200 MV m−1. The area of the film is 100 cm2. (d) Cycling stability of devices based on PEI and the PEI/UiO-66-F4 composite with 1 wt% filler loading, measured at 200 
°C and 400 MV m−1.
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Reliability and fatigue performance
To demonstrate the suitability of the PEI/UiO-66-F4 composite 
for scaling up, films with a large area of 15 cm × 10 cm were 
fabricated using the same drop-cast process. Devices fabricated 
at different regions of the same film showed negligible variations 
in Ud and η when tested under a harsh condition of 500 MV m−1 
and 200 °C (Fig. S36). An additional reliability test was 
conducted on an array of 81 devices fabricated evenly on the film 
with a larger electrode area at 200 MV m−1 and 200 °C. The 
interquartile range (IQR) analysis reveals that the medium η is 
over 90% (Fig. 4c and Note S2), attesting to the high uniformity 
and stability of the composite film. Batch-to-batch experiments 
(Fig. S37) and fatigue testing (Fig. S38) further validated the 
consistency and high-temperature long-term operational stability 
of PEI/UiO-66-F4 composite films. Owing to its low energy loss 
and high dielectric breakdown strength, both Ud and η of the 
PEI/UiO-66-F4 film remained essentially unchanged after 105 
cycles at 400 MV m−1 and 200 °C, while PEI only operated for 
less than 104 cycles under the same condition with much lower 
Ud and η (Fig. 4d). In addition, a preliminary cost analysis 
showed that at a 1 wt% loading ratio, the cost of PEI/MOF 
composites increased only marginally (up to 10% for the most 
expensive variant, PEI/UiO-66-F4, see Table S10 and Fig. S39).

Conclusions
In this study, we rationalize the selection of MOF fillers for 
polymer composites for extreme-temperature electrostatic 
energy storage. The non-covalent interactions between MOF and 
PEI ensure good compatibility between components with the 
polymer nanocomposite, facilitating their processing into large-
scale, high-quality films. By varying the electron affinity of 
MOFs via linker engineering, the introduced polymer–MOF 
interfaces could serve as efficient trapping centers for capturing 
free charges and minimizing energy loss. The dependence of the 
dielectric properties of the resultant polymer composites on the 
electronic structures of the MOF fillers, as revealed by 
comprehensive experimental and theoretical studies, unveils the 
key factors relevant to the electrostatic energy storage 
performance at elevated temperatures. The linker engineering 
approach leads to an exceptional thermally resilient polymer 
composite film, which exhibits an ultrahigh Ud of 9.87 J cm−3 at 
150 °C and 9.21 J cm−3 at 200 °C. At a discharge efficiency of 
91% at 200 °C, a Ud of 6.45 J cm−3 is realized. Rigorous 
reliability assessments and fatigue tests underscore the superior 
quality and durability of the nanocomposite film devices, 
confirming their suitability for incorporation into energy storage 
systems that can endure thermal and electrical extremes. 
Through the identification of the optimal MOF filler via linker 
engineering, our results mark a significant advancement in 
discovering dielectric polymer composites with record 
performance for high-temperature electrostatic energy storage 
applications.

Experimental
Materials

Polyetherimide (PEI) pellets were purchased from PolyK 
Technologies. ZrCl4, tetrahydrofuran (THF), N-methyl 
pyrrolidone (NMP), N, N-dimethylformamide (DMF), benzoic 
acid, formic acid, acetic acid (HAc), terephthalic acid, 2-
aminoterephthalic acid and tetrafluoroterephthalic acid were 
purchased from Sigma-Aldrich. All reagents were used as 
received without further purification.

Synthesis of MOFs

In a typical process, the organic ligand (1 mmol) and ZrCl4 (1 
mmol) were suspended in the corresponding mixture of solvent 
and modulators (quantities listed in Table S2), and the reaction 
mixture was heated in an oven for 24 h to yield a powder product. 
The product was soaked in fresh solvent, DMF (310 mL) and 
methanol (310 mL), at room temperature (Table S2). Then the 
samples were centrifuged and dried under a vacuum at 120 °C 
overnight. The final product was kept in a vacuum dryer until 
used for further application.

Fabrication of polymer/MOF composites

MOF fillers were dispersed in NMP (1 mg mL−1) via 
ultrasonication for 60 min. PEI pellets were magnetically stirred 
in NMP to yield a clear solution (40 mg mL−1). For the 
fabrication of polymer/MOF composite films containing 0.2 
wt%, 0.5 wt%, 1.0 wt%, and 2.0 wt% MOF, aliquots of 
MOF/NMP were added to the PEI/NMP solution at volumetric 
ratios of 1:12.5, 1:5, 1:2.5, and 1:1.25, respectively. The 
mixtures were then ultrasonicated for an additional 60 minutes. 
The resulting solution was immediately cast onto clean glass 
slides at room temperature and kept in an oven at 105 °C for 12 
h. The thus-formed film was then peeled off in deionized water 
and annealed in a vacuum oven at 200 °C for 24 h. Pristine PEI 
film was fabricated by casting a PEI/NMP solution (40 mg mL−1) 
under identical conditions.

Characterization

UV-vis absorption spectra of PEI and diffuse reflectance spectra 
of MOFs were obtained on an Agilent Cary 5000 UV-vis-NIR 
spectrometer. The optical transmittance of PEI and reflectance 
of MOFs were measured in the wavelength range 300–800 nm. 
Transmission electron microscopy (TEM) images of MOF 
nanoparticles were acquired at 200 kV using a JEOL 2100-F 
field emission scanning transmission electron microscope 
(STEM). Cross-sectional micromorphology characterizations of 
the nanocomposite films were conducted by FEI Nova 
NanoSEM 630. Powder X-ray diffraction (PXRD) patterns were 
recorded on a Rigaku X-ray diffractometer using Cu Kα 
radiation (λ = 0.15418 nm) at 40 kV and 20 mA. The infrared 
spectra were recorded in a Nicolet iS50 FTIR from 
ThermoFisher collected over the mid-IR region using a KBr 
beamsplitter and a built-in diamond crystal attenuated total 
reflectance (ATR). Nitrogen sorption measurements were 
conducted at 77 K on an ASAP 2020 sorption analyzer 
(Micromeritics Instrument Co., USA). The corresponding 
specific surface area was calculated by the Brunauer–Emmett–
Teller (BET) method, and the pore size distributions were 
estimated from the adsorption isotherm by the quenched solid 
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density functional theory (QSDFT) equilibrium model. 
Small/wide angle X-ray scattering (SAXS/WAXS) experiments 
were conducted on beamline 7.3.3 at Advanced Light Source in 
Berkeley Lawrence National Lab with an incident beam energy 
of 10 keV. Sample-to-detector distance (SDD) for SAXS and 
WAXS was around 3500 and 280 mm. The scattering signal was 
collected by a Pilatus 2M detector and processed using Igor 8 
software combined with the Nika package. X-ray photoelectron 
spectroscopy (XPS) was performed in a Thermo Scientific™ K-
AlphaPlus™ instrument equipped with monochromatic Al Kα 
radiation (1486.7 eV) as the excitation source. The X-ray 
analysis area for measurement was set at 200×400 μm (ellipse 
shape) and a flood gun was used for charge compensation. The 
pass energy was 200 eV for the wide (survey) spectra and 50 eV 
for the high-resolution regions (narrow spectra). The base 
pressure of the analysis chamber was less than ~1×10−9 mbar. 
The analysis chamber pressure was at 1×10−7 mbar during data 
acquisition. A nanoIR3 AFM-IR from Anasys Instruments 
(Santa Barbara, CA) coupled to a MIRcat-QT quantum cascade, 
mid-infrared laser (frequency range of 917–1700 and 1900–2230 
cm−1 and repetition rate of 1470 kHz). AFM-IR data were 
collected in tapping mode using a gold-coated AFM probe 
(spring constant: 40 N m−1 and resonant frequency [fo]: 300 kHz). 
The pulsed, mid-IR laser was tuned to resonance bands unique 
to each component as determined by FTIR characterization 
(1718 cm−1 for PEI and 1404 cm−1 for MOFs). Acquired images 
were flattened using Analysis Studio software.

Gold electrodes were sputtered on both sides of the polymeric 
films with a diameter of 6 mm for reliability and dielectric 
spectra testing. Frequency-dependent and temperature-
dependent dielectric spectra over the frequency range between 
100 Hz and 1 MHz and the temperature ranges from 20 °C to 
200 °C of the samples were measured using an Agilent LCR 
meter (4294A), and a Delta Design 9023 oven was used to 
control the temperature. Gold electrodes were sputtered on both 
sides of the polymeric films with the size of 1 mm × 1 mm for 
the following measurements. Electric displacement-electric field 
(D−E) loops were collected using a modified Sawyer-Tower 
circuit, where the samples were immersed in high-temperature 
insulating fluid and subjected to a triangular unipolar wave with 
a frequency of 100 Hz. Dielectric breakdown strengths were 
measured with a DC ramp voltage of 500 V s−1 using a Trek 610E 
instrument as the voltage source. Leakage current densities were 
acquired by a Hewlett Packard 4140B pA meter using 
External_Trek 1010BHS amplifier as a voltage source. 
Thermally stimulated depolarization current (TSDC) 
measurements were carried out in a Delta Design 9023 oven and 
the current was measured using a Hewlett Packard 4140B pA 
meter. The samples were firstly polarized under an electric field 
of 100 MV m−1 at 220 °C for 10 min and then rapidly cooled 
down to 0 °C. The applied polarizing field was retained during 
the cooling process. The samples were kept at 0 °C for another 
10 min with the polarizing field applied. After polarization, the 
samples were short-circuited and heated to 260 °C at a rate of 
3 °C min−1 during which the depolarization current was recorded.

DFT calculation

Molecular models construction
The molecular models of MOF and PEI were generated in the 
software package of Materials Studio (2019, Accelrys Software 
Inc.), in which the construction of MOF followed the Fm-3m 
(OH-5) symmetry group. To simplify the calculation scale, MOF 
was set as a primitive cell cleaved at the (110) crystal face, and 
PEI was set as a single chain with a polymerization degree of 1. 
After structural optimization through the Forcite module 
respectively, MOF and PEI were combined through layer 
settings and a vacuum slab was set up to avoid the impact of 
mirror molecules caused by periodic structures. The double-layer 
structure was then stabilized through dynamic and annealing 
simulation.

DFT calculation
First-principles density functional theory (DFT) simulation was 
performed in Castep software (Materials Studio 2019, Accelrys 
Software Inc.). OTFG ultra-soft pseudopotentials and 
generalized gradient approximation (GGA) with a Perdew–
Burke–Ernzerhof (PBE) exchange correlation were used. The 
structure was optimized using a BFGS algorithm until the atomic 
forces converged to 0.05 eV Å−1. In the DFT calculation, the 
differential charge density is defined as ∆ρ = ρtotal − ρ1 - ρ2, where 
ρtotal is the total charge density of double-layered MOF-PEI 
structure, ρ1 and ρ2 represent the charge density of MOF layer 
and PEI layer, respectively.

CP2K calculation
The electronic calculation was carried out in the CP2K first-
principles package, the input file of which was generated using 
the Multiwfn program 67. The high symmetry path of MOF for 
band structure calculation was obtained by the Vaspkit program. 
Band gaps and molecular orbitals were calculated using a HLE17 
exchange-correlation function. The geometry optimization of the 
double-layered MOF-PEI structure was conducted using a 
Perdew–Burke–Ernzerhof (PBE) exchange correlation 
functional and a 6-31G* basis set. A plane-wave basis was set 
with an energy cutoff of 400 eV and the optimization was 
completed after the SCF tolerance reached 3*10−6 eV atom−1. 
Noncovalent interaction (NCI) analysis of the optimized model 
was performed using the Multiwfn program and the interaction 
force diagram was drawn in the VMD program.

Finite element modelling

A bipolar charge transport-dielectric breakdown (BCT-DB) 
model was used to simulate time-dependent charge behaviours, 
electric field distributions and dielectric breakdown propagation 
paths, by solving partial differential equations (current 
continuity equation, the Poisson equation and the transport 
equation) by using COMSOL Multiphysics version 6.0 with 
MUMPS and conjugate solver.
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