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Abstract: High-temperature performance is crucial for dielectric capacitors, especially in
military and aerospace applications, as they offer superior charge–discharge rates and
power density compared to supercapacitors and batteries. However, the stability of poly-
mers based on commercial dielectric capacitors under extreme environmental conditions
(i.e., ≥100 ◦C) presents significant challenges. Herein, with polyimide (PI) as the ma-
trix, a middle layer is produced that is rich in zero-dimensional nanoparticles, BaTiO3

(0DBTO@PI), to enhance dielectric polarization. The upper and lower layers integrate
two-dimensional laminated Al2O3 (2DAO@PI) as thermal conductive and insulating layers
to improve heat dissipation and electrical insulation. The composites combine polariza-
tion enhancement and thermal management to synergistically improve high-temperature
capacitive energy storage. As a result, the designed composite capacitors maintain good
performance at temperatures > 150 ◦C. Even at 200 ◦C, it retains 2.36 J cm−3 (a 203% in-
crease over pure PI), demonstrating unprecedented stability under extreme temperatures.
Layer-specific functionalization provides a new and significant paradigm for designing
high-temperature polymer-based energy storage films.

Keywords: composite capacitors; dielectric composite; high-temperature properties; energy
density; multidimensional synergetic effects

1. Introduction
Polymer-based capacitors are essential energy storage devices due to their ultrahigh-

power density, high voltage tolerance, and flexibility, making them pivotal in appli-
cations such as power grids, electronic control circuits, and advanced electromagnetic
weaponry [1–3]. However, under harsh conditions, particularly high temperatures, the
performance of polymer-based capacitors significantly deteriorates. Generally, ambient
temperatures in automotive inverters can typically hit 140 ◦C, and in underground oil and
gas exploration, they can soar to 200 ◦C. This poses an extremely tough challenge for the
stable operation of capacitors. Most current capacitors use biaxially oriented polypropylene
(BOPP). However, BOPP has inherent limitations, as its performance plummets once the
operating temperature exceeds 105 ◦C, making it unsuitable for proper function in these
high-temperature scenarios [4–7]. Therefore, an additional cooling system is required to
ensure the normal functioning of BOPP. Therefore, intensive efforts have been devoted
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to improving the performance of polymer-based capacitors at elevated temperatures by
loading ceramic fillers, such as Al2O3, BN, and HrO2 [8–11]. Fan et al. [12] used solution
casting to incorporate a small amount of Al2O3 into a polyetherimide (PEI) matrix. The
composite film with 5 wt% Al2O3 nanoparticles showed the best energy storage perfor-
mance. At 150 ◦C and 500 MV m−1, it had a discharge energy density of 3.70 J cm−3 and a
charge–discharge efficiency of 90.1%. Similarly, Sun et al. [13] incorporated 5 vol% SiO2

nanoparticles into PEI via the solution casting method, and the resulting composite film
achieved a discharge energy density of 6.30 J cm−3 and a charge–discharge efficiency of
90.5% under conditions of 150 ◦C and 620 MV m−1. Up until now, most of the research
has focused on exploring the performance conducted within 150 ◦C, with a few studies
at 200 ◦C. However, polymer-based dielectric capacitors often face much higher oper-
ating temperatures in applications like military or aerospace exploration. The storage
performance of existing polymer-based dielectric capacitors can significantly drop at high
temperatures, and their operational stability can also decrease. Thus, there is an urgent
need to develop polymer-based capacitors with high energy storage density and excellent
thermal stability [14–17].

In high-temperature-resistant capacitive performance research, polymers like poly-
imide (PI), PEI, polyethylene naphthalate (PEN), and polyetheretherketone (PEEK) are
commonly chosen. Their rigid components, like aromatic and heterocyclic rings, give them
a high glass transition temperature, excellent heat resistance, and outstanding mechanical
properties. However, these polymers still experience a significant decrease in energy storage
efficiency at high temperatures and high electric field conditions [18,19]. Many researchers
posit that the inherent low thermal conductivity of polymer films results in excessive Joule
heat generation under harsh conditions. This, in turn, significantly increases dielectric
losses and can ultimately trigger thermal runaway and premature electrical breakdown.
Against this backdrop, enhancing the heat dissipation and insulating properties of polymer-
based dielectric materials is critical for ensuring their stability at elevated temperatures.
On the one hand, incorporating high thermal conductivity fillers with a bandgap (such as
BN and Al2O3) into the polymer matrix is indeed a viable method. Liu et al. [20] show that
when BN nanosheets (BNNs) are added to PEI at 10 vol%, the discharge energy density of
the composite material can reach 4.58 J cm−3 at 150 ◦C and 500 MV m−1.

Introducing inorganic particles with high thermal conductivity and a wide bandgap
can increase the polymer matrix’s thermal conductivity and reduce the leakage current,
thereby enhancing the composite film’s energy storage performance at high temperatures.
However, this is often limited by the low dielectric constant of the fillers themselves,
resulting in a relatively low energy storage density at high temperatures. Some studies have
attempted to incorporate high dielectric constant ceramic fillers with surface modification
into the polymer matrix, such as TiO2 (TO), doped BaTiO3 (BTO), and NaNbO3 (NN).
Although the energy storage density of these composites has seen some improvement, it
often comes at the cost of sacrificing energy storage efficiency, which is a phenomenon
that is particularly pronounced at high temperatures. Therefore, their energy storage
performance is often far from ideal under high-temperature conditions. Hu et al. [21]
prepared BaTiO3 nanofibers (BTNFs) by electrospinning and incorporated 1vol% BTNFs
into PI; the composite film achieved a discharge energy density of 1.74 J cm−3 at 200 ◦C,
with a charge–discharge efficiency of less than 30%.

It has been demonstrated that a sandwich structure can be designed to enhance the
high-temperature stability of composite materials by simultaneously integrating high
thermal conductivity fillers and high dielectric constant fillers into the polymer. The mi-
crostructural control of fillers, including their dimensions and orientation, has a significant
impact on the high-temperature energy storage characteristics of the polymer matrix. It
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is worth mentioning that the microstructural control of fillers, including their dimensions
and orientation, has a significant impact on the high-temperature energy storage character-
istics of polymer composites. Xu et al. [22] constructed PI-based nanocomposite dielectric
materials using a ternary structure strategy. The composite films comprised BNNS/PI
as the breakdown-resistant layer and BaTiO3/PI as the central polarization layer. At the
optimal BaTiO3 volume ratio of 10% (denoted as N-10T-N), the N-10T-N composite film
achieved a maximum discharge energy density of 11.6 J cm−3 and an efficiency of 87% at
room temperature. At 150 ◦C, the discharge energy density of N−10T-N was 5.1 J cm−3,
which is 3.17 times that of the original Kapton film. Similarly, Chen et al. [23] proposed a
sandwich structure with hydroxyl-modified h-BNNSs added to the outer layers and core–
shell structure SrTiO3@Al2O3 nanoparticles (STO@AO NPs) in the middle layer, which
simultaneously increased the dielectric constant and breakdown strength. The composite
material exhibited an ultrahigh discharged energy density of 4.14 J cm−3 at 150 ◦C, with an
efficiency above 90%, demonstrating excellent temperature stability.

Herein, we utilize the synergistic effects of multi-dimensional fillers and control their
orientation to enhance the high-temperature (200 ◦C) dielectric performance capacitor.
By introducing an appropriate amount of 2DAl2O3 with a laminated structure in the
outer layer and dopamine-modified 0DBaTiO3 in the middle layer, the prepared sandwich
structure (2DAl2O3-0DBaTiO3-2DAl2O3)/PI composite thin film exhibits high polarization
performance and thermal stability at high temperatures. Furthermore, the addition of
2DAl2O3 with a high bandgap (9.3 eV, 35 W (m K)−1) in the outer layer increases the depth
of molecular charge traps in the composite material, thereby significantly reducing current
loss. The incorporation of BaTiO3 (where the dielectric constant is approximately 3500)
with a high dielectric constant in the middle layer significantly enhances the dielectric
constant and polarization performance of the composite material. By integrating 2D
and 0D materials into the PI matrix through a well-designed layered structure based
on multidimensional synergy, the designed composite capacitors significantly enhance
energy storage efficiency and density at 200 ◦C (2.36 J cm−3). Their performance surpasses
that of current high-temperature dielectric composites, offering a new approach for high-
temperature polymer-based capacitors.

2. Materials and Methods
2.1. Materials

We used aluminum oxide (Al2O3, 99.99%, α-phase, the thickness is 300 nm, Aladdin,
Shanghai, China), barium titanate (BaTiO3, 99.99%, 4 nm, Aladdin, Shanghai, China),
polyimide (PI, Matrimid 5218, DuPont, Wilmington, NC, USA), N, N-dimethylformamide
(DMF, AR, Aladdin), ethanol (AR, Aladdin, Shanghai, China), dopamine hydrochloride
(98%, Aladdin), Shanghai, China, and deionized water.

2.2. Modification of BaTiO3

To improve the dispersibility and compatibility of BaTiO3 particles (0DBTO) in a PI
matrix, the surface modification of 0DBTO with dopamine hydrochloride was employed.
Firstly, a 50 mL solution of BaTiO3 with a concentration of 3 g L−1 was prepared. To
this solution, 1.5 g of Tris was added and stirred at a temperature of 40 ◦C for 1 h to
ensure complete dissolution and homogenization. Following this, dopamine hydrochloride
(25 mg mL−1) was introduced into the 0DBTO solution dropwise, resulting in a noticeable
change in the solution color to a grayish-brown hue. The solution was then stirred for an
additional 2 h at 40 ◦C to facilitate the modification process. Subsequently, the modified
0DBTO solution was subjected to centrifugal washing using ethanol at a speed of 7000 rpm
for three consecutive washes to remove any unreacted dopamine. The residue was then
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dried in an oven at a temperature of 60 ◦C for a period of 12 h to yield the final product:
dopamine-modified 0DBTO powder (referred to as 0DBTO@PDA).

2.3. Preparation of Nanocomposite Films with (2DAl2O3-0DBaTiO3-2DAl2O3)/PI

Figure 1 shows the preparation route of (2DAl2O3-0DBaTiO3-2DAl2O3)/PI sandwich
structure composite films (referred to as the ABA/PI composite film). ABA/PI composite
films were fabricated using the sol–gel method combined with the tape casting technique.
First, 1.5 g of PI and an appropriate amount of DMF were weighed, and the corresponding
nanofillers were weighed according to the volume fraction of nanofillers in the PI matrix.
The PI, DMF, and nanofillers were placed in a sample bottle and magnetically stirred at
room temperature for 12 h to ensure the complete dissolution of PI and the inorganic fillers,
forming a uniform coating solution. During the experiment, the volume ratio of 2DAO
to PI was kept constant at 5 vol%, and after mixing and stirring, a castable 2DAO/PI
solution was obtained. Meanwhile, the volume ratio of 0DBTO to PI was varied (2 vol%,
4 vol%, 6 vol%, 8 vol%) to obtain castable 0DBTO/PI solutions. Then, ITO conductive glass
was placed on a coater, preheated to 50 ◦C, and the 2DAO/PI was cast onto the ITO and
evenly spread with a blade to form the first layer, followed by a 5 min wait for the initial
setting. Subsequently, the second and third layers were prepared in the same way, with the
second layer being 0DBTO/PI and the third layer being 2DAO/PI. Finally, the prepared
three-layer composite film was dried in an oven at 60 ◦C for 12 h to remove excess DMF;
then, the temperature was raised to 200 ◦C and maintained for 10 min. The composite
film was quickly immersed in 0 ◦C deionized water for quenching to obtain the densified
ABA/PI composite film. This effectively eliminated pinhole formation during ABA/PI
composite film preparation, laying a solid foundation for subsequent testing. Based on the
different contents of incorporated 0DBTO, the prepared composite films were designated
as ABA/PI-2, ABA/PI-4, ABA/PI-6, and ABA/PI-8.
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The film thickness is controlled by adjusting the blade during coating, with each layer
being approximately 5 µm thick, resulting in an average total thickness of 15 µm.

2.4. Characterizations

The structure of the prepared BaTiO3 particles and dopamine-modified BaTiO3 parti-
cles was characterized by X-ray diffraction (XRD, PW3040/60, PANalytical, Almelo, The
Netherlands) with a scan range of 10–80◦. Dopamine-modified BaTiO3 particles were
measured by X-ray photoelectron spectroscopy (XPS, Thermo Kalpha, Thermo Fisher Sci-
entific, Waltham, MA, USA). Dopamine-modified BaTiO3 particles were characterized by
field emission transmission electron microscopy (FE-TEM, Titan G260-300, FEI Company,
Hillsboro, OR, USA). Information on the microscopic morphology of the thickness of the
prepared sandwich composite films was analyzed by field emission scanning electron
microscopy (FE-SEM, JSM-7001F, JEOL, Tokyo, Japan). Fourier transform infrared (FTIR,
Vertex 70, Bruker, Billerica, MA, USA) spectroscopy was employed to probe the functional
groups in the sandwich composite films.
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3. Results and Discussion
Figure 2a–c show the XRD and XPS spectra of BTO and BTO@PDA. The XRD patterns

show that the characteristic peaks of BTO and BTO@PDA correspond to the standard
card PDF 01-080-0601, indicating that the modification process does not alter the crystal
structure of BTO [24]. Figure 2b presents the XPS survey spectrum of BTO@PDA, where
C 1s and N 1s peaks are observed at 284.8 eV and 400.8 eV, respectively, indicating the
presence of carbon and nitrogen in the sample. Figure 2c shows the high-resolution N 1s
spectrum of BTO@PDA, with an O 1s peak at 530.2 eV. This peak is attributed to the oxygen
from dopamine, confirming its successful incorporation into the BTO surface. These results
collectively confirm that dopamine successfully coated the surface of BTO, thereby affecting
its chemical composition and structure.
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PI film.

To characterize the morphology of 0DBTO and 0DBTO@PDA, TEM was used to
capture images at different magnifications. As shown in Figure S1, the BTO particles before
and after surface modification were approximately 100 nm in diameter, with circular or
square shapes. As depicted in Figure S1, it can be clearly observed that the 0DBTO@PDA
particles were uniformly coated with an amorphous PDA layer, which is about 5 nm in
thickness, and the BTO nanoparticles used in this study had a diameter of approximately
50–100 nm. Additionally, the presence of the (110) crystal plane was also observed in the
modified 0DBTO@PDA (Figure S1e,f). Meanwhile, as shown in Figure S2, 2DAO exhibited
an irregular flake-like structure with a smooth and uniform surface, and the thickness of
2DAO was approximately 300 nm.
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Figure 2d compares the FTIR spectra of ABA/PI composite films with those of pure
PI films. Both show characteristic imide ring absorption peaks at 1777 cm−1, 1717 cm−1,
1368 cm−1, and 719 cm−1, corresponding to the asymmetric and symmetric stretching, C-N
stretching, and bending vibration of the C = O bond in the imide ring. These findings
confirm that the PI matrix structure remains unchanged after incorporating alumina and
barium titanate, as well as during the film preparation process. In the ABA/PI composite
film, barium titanate (Ti-O) exhibits characteristic absorption between 495 and 650 cm−1,
with a prominent aluminum peak near 433 cm−1. The α-Al2O3 absorption at 564 cm−1

overlaps with the Ti-O peak. These results validate the fact that the composite film meets
expectations.

Figure 3 presents the SEM images and Energy-Dispersive X-ray Spectroscopy (EDS,
Thermo Fisher Scientific, Waltham, MA, USA) elemental analysis results of the cross-
section of the ABA/PI composite film. It can be clearly observed that the cross-section of
the composite film has a smooth fracture and no pinholes. This also confirms the rationality
of the ABA/PI composite film’s fabrication. The 2DAO/PI layer and the 0DBTO@PDA/PI
layer are distinctly defined with tight interlayer adhesion and no gaps, with a thickness
of approximately 15 µm. The Al element is distributed in the outer layer of the composite
film, while the Ba element is located in the middle layer. The aluminum oxide flakes in the
2DAO/PI layer and the barium titanate in the 0DBTO@PDA/PI layer are clearly visible.
It is particularly noteworthy that barium titanate modified by dopamine is uniformly
dispersed within the PI matrix without any aggregation.
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Figure 4 shows how the dielectric constant and loss of ABA/PI vary with frequency
and temperature. From Figure 4a, at room temperature, all materials clearly show stable
frequency stability from 103 to 106 Hz, with the dielectric constant rising as the BTO content
increases. At 103 Hz, the dielectric constants are 4.37 for ABA/PI-2, 4.71 for ABA/PI-4, 5.30
for ABA/PI-6, and 5.91 for ABA/PI-8. This increase is mainly because BTO, with a much
higher dielectric constant than PI and a high specific surface area, enhances interfacial
polarization and the composite film’s polarization ability. Additionally, the interface
between 2DAO and PI also contributes to the higher dielectric constant. The introduction
of 2DAO with a wide bandgap provided deeper trap levels that captured free electrons,
thereby reducing the leakage current and conductivity losses and keeping the ABA/PI
composite film’s loss factor low (<0.02).
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As shown in Figure 4b, the ABA/PI composite film’s dielectric properties were stable
from 25 to 200 ◦C. The dielectric constant of ABA/PI showed a consistent upward trend in
Figure 4a. Meanwhile, the dielectric loss of the composite material remained consistently
low (<0.02) with rising temperatures, which is crucial for developing high-temperature
energy storage films. Comparing Figure 4c,d, it is clear that as the BTO content increases,
both the dielectric constant and loss of the ABA/PI composite film increase. All the
dielectric constants exceed those of pure PI (3.2), while the losses remain lower than those
of pure PI (0.00844). ABA/PI-8 shows the most significant increase in the dielectric constant
but also has a higher dielectric loss. This is attributed to the addition of excessive BTO
causing local agglomeration, increasing the leakage current and affecting the composite thin
film’s performance. To further confirm its high-temperature polarization, we conducted
additional tests on the frequency dependence of the dielectric constant at 200 ◦C (Figure S3).
The results indicate stable dielectric constant and loss at 200 ◦C, ensuring the reliable
operation of the nanocomposite material in high-temperature environments.

Figure 5a presents the Weibull distribution of the ABA/PI composite film. The Weibull
distribution, as shown in the equation, is utilized to analyze the breakdown field strength
(Eb) and shape parameter (β) of the composite film:

P(E) = 1 − e−( E
Eb

)
β

where P(E) represents the cumulative failure probability, E is the applied electric field
strength, Eb is the breakdown strength at a cumulative breakdown probability of 63.2%,
and β represents the shape parameter [25–27]. As illustrated in Figure 5a, the breakdown
performance of ABA/PI at 25 ◦C first rises and then declines. At the optimal ratio, namely
using the ABA/PI-6 composite film, the breakdown strength peaks at 482 MV m−1, which is
roughly 1.1 times higher than that of pure PI (449 MV m−1). Additionally, β remains at 16.8,
indicating high data reliability. On the one hand, BTO has been modified with dopamine
to improve its dispersibility and compatibility in the PI matrix, effectively preventing the
electrical breakdown of the composite film caused by filler aggregation. On the other hand,
the two-dimensional flake-like structure of 2DAO can effectively act as an electron barrier
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to suppress electron tree growth. Its wide bandgap allows the composite film to generate
more electron traps for capturing electrons; after being compounded with PI, its outer
layer can serve as an insulating protective layer for the composite film. This phenomenon
indicates that an excessive addition of BTO cannot enhance the breakdown of the composite
film, and there is a threshold.
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Figure 5c shows the D-E curves of the composite film and pure PI film. Owing to the
composite film’s higher dielectric constant, its maximum polarization exceeds that of PI.
Specifically, the ABA/PI-6 composite film exhibits the highest breakdown electric field
at 25 ◦C, achieving a maximum polarization of 2.66 µC cm−2, which is 1.57 times higher
than the pure PI film’s 1.69 µC cm−2. Figure 5b illustrates the energy storage density and
efficiency derived from the D-E curves for the composite and pure PI films. Figure 5b
illustrates the energy storage density and efficiency derived from the D-E curves for the
composite and pure PI films. As the content of 0DBTO@PDA increases, the energy storage
density of the composite film first rises and then falls, remaining higher than that of the
pure PI film. At the optimal formulation, the ABA/PI-6 composite film shows the highest
energy storage density of 5.43 J cm−3 (Figure 5d), which is 1.74 times the 3.12 J cm−3 of
the pure PI film. However, its energy storage efficiency (79.12%) is lower than that of
the pure PI film (89.58%). This may be due to the dielectric mismatch between BaTiO3

and the PI matrix, raising the composite film’s leakage current density and lowering the
storage efficiency. However, ABA/PI-2 and ABA/PI-4 composite films can maintain an
energy storage efficiency comparable to PI, with energy storage performance improved to
3.83 J cm−3 at 88.21% and 4.17 J cm−3 at 87.70%, respectively. This improvement in high
efficiency may be due to the addition of highly insulating 2DAO, which can reduce the
leakage current density and the voltage-sharing protective effect of the 2DAO/PI layer and
allow the lower 0DBTO@PDA content to be less affected by the dielectric mismatch.

To verify that the nanocomposite material maintains high performance at high temper-
atures, further D-E hysteresis loop tests were performed on the ABA/PI composite films in
the temperature range of 50 to 200 ◦C. (Figure S4); the results are shown in Figure 6. As
the temperature rises, both the ABA/PI composite and pure PI film show a gradual de-
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crease in their maximum energy storage density and efficiency, which is consistent with the
gradual reduction in the breakdown field strength. However, the ABA/PI composite film
consistently outperforms pure PI in energy storage density. Notably, when the temperature
exceeds 100 ◦C, the energy storage performance of the ABA/PI-4 composite surpasses
that of the ABA/PI-6 composite. For instance, at 100 ◦C, the maximum energy storage
density of the ABA/PI-4 composite film is 3.48 J cm−3 with an efficiency of 80.06%, while
the ABA/PI-6 composite film drops to 3.18 J cm−3 with an efficiency of 67.50%; at 200 ◦C,
the ABA/PI-4 composite film’s maximum energy storage density is 2.36 J cm−3 with an
efficiency of 60.27%, while the ABA/PI-6 composite film further decreases to 0.82 J cm−3

with an efficiency of 30.88%. This may be due to the increase in the internal electrical
conductivity of the composite film as the temperature rises, leading to a decrease in the
threshold of 0DBTO in the PI matrix. It is noteworthy that although the energy storage effi-
ciency of the ABA/PI-4 composite film is lower than that of pure PI films at 50 ◦C, 100 ◦C,
and 150 ◦C, its efficiency curve at 200 ◦C is above the PI efficiency curve at high electric
fields. This is because the inherent low thermal conductivity of PI cannot dissipate the heat
generated by high electric fields into the environment, leading to local heat accumulation,
increased local electrical conductivity, increased leakage current density, and a decrease in
the energy storage performance to 1.16 J cm−3 with a 68.55% efficiency at 320 Mv m−1. In
contrast, the ABA/PI-4 composite film, with the addition of the charge barrier of 2DAO
and its thermal conductivity, is much higher than that of the pure PI film, which effectively
alleviates the problem of local thermal runaway, preventing the composite film from failing
due to electrothermal issues. Furthermore, as the temperature rises, the stability of the
energy storage performance of the composite film becomes crucial. As shown in Figure S5,
ABA/PI-4 has the best Eb and β at 200 ◦C.
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As shown in Figure 7a, the D-E curves of ABA-4 become wider in shape, and the
residual polarization gradually increases. As shown in Figure 7b, the energy storage
performance of the ABA/PI-4 composite film decreases from 3.32 J cm−3 with 88.03%
at 25 ◦C to 2.36 J cm−3 with 66.27% at 200 ◦C, maintaining a retention rate of over 70%,
which is a relatively good level. Both ABA/PI-6 and ABA/PI-4 composite films have
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a higher energy storage performance than PI films at ambient and high temperatures,
respectively. Therefore, based on the concept of multidimensional synergy, by combining
the high polarization of 0DBTO@PDA particles with the wide bandgap and high thermal
conductivity of 2DAO, the dielectric and energy storage performance of polymer-based
composite dielectric films can be comprehensively improved from 25 to 200 ◦C.
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Figure 7. At 385 MV m−1, the ABA/PI-4 composite film exhibits (a) D-E curves and (b) energy
storage performance across a temperature range of 25–200 ◦C.

As shown in Figure 8, the energy storage performance of the ABA/PI-4 composite
film remains near 1.5 J cm−3, with an energy storage efficiency of approximately 77%. This
indicates that even after 10,000 cycles at 200 ◦C, the composite film demonstrates excellent
cyclic stability and reliability.
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Figure 8. Energy storage performance of ABA/PI-4 at 10,000 cycles of charging and discharging at
200 ◦C and 300 MV m−1.

As shown in Figure 9, based on the established dielectric breakdown model, the
evolution of the breakdown current path over time in the ABA/PI composite film has been
simulated through finite element simulation [28,29]. In this simulation, we defined material
properties such as conductivity and relative permittivity. Breakdown was observed from 0
to 10 s, with calculations performed every 0.1 s. The white paths in the figure represent
the current paths, with the upper and lower rectangular particles representing 2DAO and
the central circular particle representing a BTO particle. It can be clearly seen that the
flake-like alumina located in the upper and lower layers can hinder the growth of the
current and extend the current path, indicating that the introduction of an appropriate
amount of 2DAO improves dielectric breakdown, providing a basis for achieving high
capacitive energy storage. Furthermore, the difference in the dielectric constant between
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the 2DAO/PI and 0DBTO@PDA/PI layers leads to the redistribution of the electric field. If
the three-layer composite film is considered as three independent layers, it can be regarded
as a series of three capacitors. The 2DAO/PI layer serves as an insulating layer with a
high dielectric to withstand voltage, while the 0DBTO@PDA/PI layer plays the role of a
polarization layer with a high dielectric constant, thereby enhancing the energy storage
and breakdown performance of the composite material at 200 ◦C. This also offers a certain
theoretical foundation for this thesis.
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Figure 10 compares this work with other achievements in the industry under high-
temperature conditions [2,21,25,30–34]. The ABA/PI composite film we prepared achieved
a higher energy storage density at a lower electric field strength, which also provides a new
perspective for the industry.
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4. Conclusions
Herein, we utilized the sol–gel method combined with tape casting to incorporate

0DBTO@PDA and 2DAO into a PI matrix, creating ABA/PI tri-layer composite films
with a distinctive structure. The central layer was rich in 0DBTO@PDA, serving as the
polarization layer, while the outer layers were combined with 2DAO, functioning as
thermally conductive and insulating layers. We comprehensively characterized and tested
the composite films’ morphology, dielectric properties, breakdown strength, and energy
storage performance to thoroughly investigate the optimization mechanism of their energy
storage performance. Our findings reveal that by employing multidimensional synergistic
concepts and a multilayer structural design, the synergistic enhancement of the dielectric
constant, breakdown strength, and high-temperature tolerance can be achieved. The



Coatings 2025, 15, 555 12 of 14

inclusion of 0DBTO@PDA boosts the polarization capability, while the addition of 2DAO
ensures the composite film’s stable operation under high-temperature and high-voltage
conditions. At 103 Hz, the dielectric constant of the ABA/PI composite films was enhanced
compared to pure PI (3.38), with values of 4.37 for ABA/PI-2, 4.71 for ABA/PI-4, 5.30 for
ABA/PI-6, and 5.91 for ABA/PI-8. At 25 ◦C, the ABA/PI-6 composite film demonstrated
the highest energy storage density of 5.43 J cm−3, which is 1.74 times higher than that of
the pure PI film. At 200 ◦C, the ABA/PI-4 composite film achieved the maximum energy
storage density of 2.36 J cm−3, representing a 203% increase compared to pure PI. This work
introduces innovative ideas for the development of high-temperature dielectric materials.
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Figure S2: SEM images of 2DAO. (d–f) TEM images of 0DBTO@PDA powder at different magnifi-
cations. Figure S3: Temperature dependence of (a) ABA/PI-2, (b) ABA/PI-4, (c) ABA/PI-6, and (d)
ABA/PI-8 from 25 to 200 ◦C. Figure S4: Summarizing the D-E of composites and PI at 50 ◦C, 100 ◦C,
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150 ◦C, and 200 ◦C.
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