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Fig. 1 Electric field distribution in materials with different
filler volume fractions
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Fig. 2 Evolution of breakdown phase under electric field with

different filler volume fractions at the same time
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Fig. 5 Electric field distribution in materials with different
filler dispersion levels
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In Fig. 8b and Fig. 8d, the x-axis labels a, b, ¢, and d correspond to the following categories: high dispersed, moderately dispersed, moderately concentrated,

and highly concentrated.
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3

B =R GME AARL, I SO RHA R
SYECRN SR, R AR BEALL SR FE 4 K SR S 78
=R S E ARG REME RE L ARSE T B0 45 3,
7ELL PEI £ N4ME, LA PVDF NHE)ZE, PLBT A
YRR I =R S5 R A, BEEK
BRMARU M SR s, feRetERE et m fE B, 1
YRR AT RIS &), i REPERERT, X A=

RAEME SR BRI MERZ % .

SE R

[1] DANG Z M, YUAN J K, ZHA J W, et al. Fundamentals, processes and
applications of high-permittivity polymer—matrix composites[J]. Prog
Mater Sci, 2012, 57(4): 660-723.

[2] ZHU L, WANG Q. Novel ferroelectric polymers for high energy
density and low loss dielectrics[J]. Macromolecules, 2012, 45(7):
2937-2954.

[3] ZHU L. Exploring strategies for high dielectric constant and low loss
polymer dielectrics[J]. J Phys Chem Lett, 2014, 5(21): 3677-3687.



¥ 545511

Faad 5 PURBIRIE =Win S 2 S R sEERE - 241 -

[4] PRATEEK, THAKUR V K, GUPTA R K. Recent progress on
ferroelectric polymer-based nanocomposites for high energy density
capacitors: Synthesis, dielectric properties, and future aspects[J]. Chem
Rev, 2016, 116(7): 4260-4317.

[5] CHEN Q, SHEN Y, ZHANG S, et al. Polymer-based dielectrics with
high energy storage density [J]. Annu Rev Mater Res, 2015, 45: 433—458.

[6] SHENY, LIN'Y H, ZHANG Q M. Polymer nanocomposites with high
energy storage densities[J]. MRS Bull, 2015, 40(9): 753-759.

[71 MCPHERSON J W, KIM J, SHANWARE A, et al. Trends in the
ultimate breakdown strength of high dielectric-constant materials[J].
IEEE Trans Electron Devices, 2003, 50(8): 1771-1778.

[8] ALI MARWAT M, XIE B, ZHU Y W, et al. Largely enhanced
discharge energy density in linear polymer nanocomposites by designing
a sandwich structure[J]. Compos Part A Appl Sci Manuf, 2019, 121:
115-122.

[9] XIE B, ZHANG Q, ZHANG L, et al. Ultrahigh discharged energy
density in polymer nanocomposites by designing linear/ferroelectric
bilayer heterostructure[J]. Nano Energy, 2018, 54: 437-446.

[10] LUO H, ZHOU X F, ELLINGFORD C, et al. Interface design for high
energy density polymer nanocomposites[J]. Chem Soc Rev, 2019,
48(16): 4424-4465.

[11] LUO H, ROSCOW J, ZHOU X F, et al. Ultra-high discharged energy
density capacitor using high aspect ratio Nay sBio sTiO3 nanofibers[J]. J
Mater Chem A, 2017, 5(15): 7091-7102.

[12] GUO R, ROSCOW J I, BOWEN C R, et al. Significantly enhanced
permittivity and energy density in dielectric composites with aligned
BaTiO; lamellar structures[J]. J Mater Chem A, 2020, 8(6): 3135-3144.

[13] LIU K, ALI MARWAT M, MA W G, et al. Enhanced energy storage
performance of nanocomposites filled with paraelectric ceramic
nanoparticles by weakening the electric field distortion[J]. Ceram Int,
2020, 46(13): 21149-21155.

[14] LU X, ZOU X W, SHEN J L, et al. High energy density with ultrahigh
discharging efficiency obtained in ceramic-polymer nanocomposites
using a non-ferroelectric polar polymer as matrix[J]. Nano Energy,
2020, 70: 104551.

[15] CHEN J, WANG Y F, XU X W, et al. Ultrahigh discharge efficiency
and energy density achieved at low electric fields in
sandwich-structured polymer films containing dielectric elastomers[J].
J Mater Chem A, 2019, 7(8): 3729-3736.

[16] PAN Z B, LIU B H, ZHAI J W, et al. NaNbO; two-dimensional
platelets induced highly energy storage density in trilayered architecture
composites[J]. Nano Energy, 2017, 40: 587-595.

[177WANG Y F, LI Y, WANG L X, et al. Gradient-layered polymer
nanocomposites with significantly improved insulation performance for
dielectric energy storage[J]. Energy Storage Mater, 2020, 24: 626—634.

[I8] HUANG X Y, SUN B, ZHU Y K, et al. High-k polymer
nanocomposites with 1D filler for dielectric and energy storage
applications[J]. Prog Mater Sci, 2019, 100: 187-225.

[19] WANG Y F, CHEN J, L1 Y, et al. Multilayered hierarchical polymer
composites for high energydensity capacitors[J]. J Mater Chem A, 2019,
7(7): 2965-2980.

[20] WANG Y, YAO M G, MA R, et al. Design strategy of barium
titanate/polyvinylidene fluoride-based nanocomposite films for high
energy storage[J]. ] Mater Chem A, 2020, 8(3): 884-917.

[21] JIANG J Y, SHEN Z H, QIAN J F, et al. Synergy of micro-/

mesoscopic interfaces in multilayered polymer nanocomposites induces

ultrahigh energy density for capacitive energy storage[J]. Nano Energy,
2019, 62: 220-229.

[22] SUNL, SHI Z C, WANG H L, et al. Ultrahigh discharge efficiency and
improved energy density in rationally designed bilayer polyetherimide—
aTiO3/P(VDF-HFP) composites[J]. J Mater Chem A, 2020, 8(11):
5750-5757.

[23] HU P H, WANG J J, SHEN Y, et al. Highly enhanced energy density
induced by hetero-interface in sandwich-structured polymer
nanocomposites[J]. J Mater Chem A, 2013, 1(39): 12321-12326.

[24] ZHANG Y, CHI Q G, LIU L Z, et al. Enhanced electric polarization
and breakdown strength in the all-organic sandwich-structured
poly(vinylidene fluoride)-based dielectric film for high energy density
capacitor[J]. APL Mater, 2017, 5(7): 076109.

[25] LI Q, LIU F H, YANG T N, et al. Sandwich-structured polymer
nanocomposites with high energy density and great charge-discharge
efficiency at elevated temperatures[J]. Proc Natl Acad Sci USA, 2016,
113(36): 9995-10000.

[26] PAN Z B, DING Q L, YAO L M, et al. Simultaneously enhanced
discharge energy density and efficiency in nanocomposite film
capacitors utilizing two-dimensional NaNbO;@AlL,O; platelets[J].
Nanoscale, 2019, 11(21): 10546-10554.

[27] HU P H, SHEN Y, GUAN Y H, et al. Topological-structure modulated
polymer nanocomposites exhibiting highly enhanced dielectric strength
and energy density[J]. Adv Funct Mater, 2014, 24(21): 3172-3178.

[28] WANG Y F, CUI J, WANG L X, et al. Compositional tailoring effect
on electric field distribution for significantly enhanced breakdown
strength and restrained conductive loss in sandwich-structured
ceramic/polymer nanocomposites[J]. J Mater Chem A, 2017, 5(9):
4710-4718.

[29] WANG Y F, WANG L X, YUAN Q B, et al. Ultrahigh energy density
and greatly enhanced discharged efficiency of sandwich-structured
polymer nanocomposites with optimized spatial organization[J]. Nano
Energy, 2018, 44: 364-370.

[30] SHEN Y, SHEN D S, ZHANG X, et al. High energy density of
polymer nanocomposites at a low electric field induced by modulation
of their topological-structure[J]. J Mater Chem A, 2016, 4(21):
8359-8365.

[31] LIU F H, LI Q, CUI J, et al. High-energy-density dielectric polymer
nanocomposites with trilayered architecture[J]. Adv Funct Mater, 2017,
27(20): 1606292.

[32] WANG Y F, CUI J, YUAN Q B, et al. Significantly enhanced
breakdown strength and energy density in sandwich-structured barium
titanate/poly(vinylidene fluoride) nanocomposites[J]. Adv Mater, 2015,
27(42): 6658-6663.

[33] WANG Y F, WANG L X, YUAN Q B, et al. Ultrahigh electric
displacement and energy density in gradient layer-structured
BaTiOs/PVDF nanocomposites with an interfacial barrier effect[J]. J
Mater Chem A, 2017, 5(22): 10849-10855.

[34] WHEELER A, BOETTINGER W, MCFADDEN G. Phase-field model
for isothermal phase transitions in binary alloys[J]. Phys Rev A, 1992,
45(10): 7424-7439.

[35] CHEN L Q. Phase-field models for microstructure evolution[J]. Annu
Rev Mater Res, 2002, 32: 113-140.

[36] SHEN Z H, WANG J J, LIN Y H, et al. High-throughput phase-field
design of high-energy-density polymer nanocomposites[J]. Adv Mater,
2018, 30(2): 1704380.



. 242 - CHERR Zh 4D J Chin Ceram Soc, 2026, 54(1): 235-242 2026 4E

Energy Storage Properties of BaTiOs Nanoparticle-Filled Sandwich-Structured
Composite Films

WANG Jiaqi, LIU Tengyue, ZHOU Yuliang, JIA Ben, ZHENG Peng
(Lab for Nanoelectronics and Nanoelectronic Devices, Department of Electronics Science and Technology, Hangzhou Dianzi
University, Hangzhou 310018, China)

Extended Abstract

Introduction The escalating demand for advanced energy storage systems in modern electronics, electric vehicles, and renewable
power grids has propelled the development of high-performance dielectric capacitors. Among various types of capacitors, those based
on polymer dielectrics are highly prized for their ultrahigh power density, low loss, and ability to operate at high voltages. However, a
fundamental limitation of pure polymers is their relatively low dielectric constant, which constrains their energy storage density. A
promising strategy to overcome this is to create composite materials that combine the high breakdown strength of polymers with the
high dielectric constant of ceramic fillers. Sandwich-structured composites, in particular, have emerged as an ideal architecture. By
strategically layering materials with complementary properties, it is possible to synergistically enhance both the dielectric constant
and the breakdown strength, the two key parameters determining energy storage performance. Nevertheless, the design space for such
multi-layered composites is vast and complex. Relying solely on experimental trial-and-error to optimize parameters like filler
concentration and distribution is inefficient and costly. This study, therefore, aims to systematically design and theoretically
investigate a novel sandwich-structured composite film. Using a phase-field model, we seek to elucidate the impact of critical
microstructural parameters on the overall energy storage properties, providing a foundational guide for the experimental fabrication of
next-generation high-energy-density capacitors.

Methods A comprehensive phase-field model was developed to simulate the polarization response and dielectric breakdown
behavior of the proposed sandwich-structured composite films. The modeled structure consisted of a three-layer film: two outer layers
of polyetherimide (PEI), a polymer known for its high breakdown strength and thermal stability, and a central layer of polyvinylidene
fluoride (PVDF), a polymer with a relatively high intrinsic dielectric constant. Barium titanate (BaTiOs, BT) nanoparticles, a classic
ferroelectric ceramic with a very high dielectric constant, were incorporated as fillers exclusively within the central PVDF layer. This
design intentionally confines the high-dielectric-constant ceramic phase to the middle layer, shielding it with the
high-breakdown-strength PEI outer layers. The phase-field simulations accounted for key physical phenomena, including electric field
distribution and the evolution of electrical treeing during breakdown. The primary variables investigated were the volume fraction of
BT nanoparticles and their spatial dispersion uniformity within the PVDF matrix. The energy storage density of the materials was
subsequently obtained through calculation of the simulation data.

Results and discussion Simulation results revealed a non-monotonic relationship between the energy storage density and the
volume fraction of BT nanoparticles. Initially, the energy storage performance enhanced with the addition of BT fillers. This
improvement is attributed to the significant increase in the overall dielectric constant of the composite material due to the high
dielectric constant of BT nanoparticles, enabling the storage of more charge under a given applied electric field. However, further
increase in filler content led to deterioration in energy storage performance. This decline is primarily due to the formation of excessive
interfacial areas between the polymer and ceramic phases and the increased likelihood of nanoparticle agglomeration. These interfaces
create local field concentrations, which act as hotspots for premature electrical breakdown, thereby limiting the maximum applicable
electric field. The trade-off between enhanced permittivity and reduced breakdown strength defines this optimal loading.

Furthermore, the study unequivocally demonstrated that the dispersion uniformity of the BT nanoparticles is a critical factor,
often as important as the filler content itself. A heterogeneous, agglomerated distribution of nanoparticles resulted in severe local field
distortion around the large clusters. These high-field regions became preferential paths for the initiation and propagation of
breakdown channels, drastically reducing the overall dielectric strength of the composite. In contrast, a highly homogeneous
dispersion of nanoparticles minimized local field concentrations, leading to a more uniform electric field distribution throughout the
material. This uniformity allowed the composite to withstand much higher global electric fields before breakdown occurred, thereby
maximizing the energy storage density. The results underscore that achieving a fine and uniform dispersion of nanofillers is
paramount in material processing to realize the full potential of the composite design.

Conclusion This work utilizes an advanced phase-field modeling framework to successfully design and analyze the energy storage
performance of a PEI/PVDF-BT/PEI sandwich-structured composite film. The key conclusion is that both the volume fraction and the
spatial distribution of ceramic nanofillers are decisive in determining the energy storage characteristics. An optimal BT nanoparticle
volume fraction exists that balances the benefit of increased permittivity against the detriment of reduced breakdown strength. More
significantly, a homogeneous dispersion of nanoparticles is crucial for mitigating local electric field concentrations and achieving a
high breakdown strength. The findings provide profound insights and valuable quantitative guidance for the material-by-design of
multilayer polymeric composites for high-energy-density capacitor applications.
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