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Abstract
Although adopting giant-permittivity ceramic fillers results in a high dielectric constant in polymer-based composite materi-
als, high dielectric loss and low breakdown strength are easily triggered. In this study, the dielectric and breakdown charac-
teristics were optimized by designing and preparing polymer/giant-permittivity ceramic/insulating ceramic ternary composite 
films. Copper calcium titanate (CCTO) and boron nitride (BN) were used as the giant-permittivity and highly insulating 
fillers, respectively. The ternary composite films exhibited improved overall electrical properties compared with the binary 
polymer/CCTO composite films. The synergistic effect between CCTO and BN fillers was found to be crucial. At 100 Hz, 
the optimal ternary composite film containing 40 wt.% CCTO filler and 3 wt.% BN filler exhibited a high dielectric constant 
of approximately 68 and low dielectric loss of approximately 0.19, and high electrical breakdown strength of approximately 
175 MV m−1 under a direct-current electric field. This study may boost the large-scale fabrication of high-performance 
composite dielectric film materials for electrical energy storage.
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Introduction

The issue of energy shortage owing to the imminent exhaus-
tion of fossil fuels severely hinders the rapid development 
of the social economy. Therefore, renewable energy forms 
such as electrostatic energy have been widely investigated 
and have gained importance.1 Dielectric capacitors can store 
and discharge massive amounts of electrostatic energy using 
high-performance dielectric materials.2 Based on experi-
ments and theories, the high energy density of a dielectric 
depends on both its high dielectric constant (polarization) 
and breakdown strength (insulation).3 To obtain both high 
energy density and efficiency, the dielectric should exhibit 
properties such as a high dielectric constant, low dielectric 
loss, low conductivity, and high breakdown strength.

Both pure polymer dielectrics (ultrahigh breakdown 
strength) and pure ferroelectric ceramic dielectrics (ultrahigh 

dielectric constant) have been extensively studied for use in 
modern capacitors. Nevertheless, pure polymer dielectrics 
and pure ferroelectric ceramic dielectrics are limited by low 
dielectric constants and low breakdown strengths, respec-
tively. In most cases, the tradeoff between a high dielectric 
constant and high breakdown strength (low electrical con-
ductivity) is rational. A high dielectric constant usually leads 
to a longer carrier relaxation time, eventually resulting in 
higher carrier mobility and higher electrical conductivity.4 
This situation has been addressed by utilizing the composit-
ing strategy (physical blend in most cases) to prepare prom-
ising composite dielectrics characterized by an optimized 
high dielectric constant and breakdown strength.5 Although 
polymer/conductor composites with high dielectric constants 
(owing to the electric percolation of conductive particles) 
have been studied,6 a large leakage current may be induced 
by percolation. This results in a rather high dielectric loss 
and extremely low breakdown strength in the composites.7 
However, polymer/ferroelectric ceramic composites with 
a high dielectric response (owing to the ultrahigh dielec-
tric constant of ferroelectric ceramics) have been studied 
as well.8 Similarly, a high leakage current can be induced 
by interfacial charges arising from interface polarization, 

 *	 Zhiguo He 
	 hzg2022121@163.com

1	 College of Art and Design, Jiangxi Institute of Fashion 
Technology, No. 103, Lihuzhong Avenue, Xiangtang 
Economic Development Zone, Nanchang 330201, 
People’s Republic of China

http://orcid.org/0000-0001-9581-1671
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-022-09708-2&domain=pdf


4522	 Z. He 

1 3

leading to sharply reduced breakdown strengths in compos-
ites compared with those of polymer matrices.

Several strategies have been adopted to fabricate optimal 
composites that reduce the leakage current in the two afore-
mentioned composite systems.9 They include the organic 
modification of the particle surface, insulating-shell con-
struction of the particle surface, multilayered structure of the 
entire composite, and direct introduction of highly insulating 
ceramic fillers. First, organic modification of the particle 
surface improves the interface adhesion between the two 
components, but it usually involves the time-consuming 
pretreatment of the particle surface for carrying functional 
groups as follow-up reaction sites.10 Second, the insulating-
shell construction of the particle surface, which depresses 
the charge injection from the filler particle into the polymer 
but allows controllable growth for a thickness-homogenized 
insulating shell (ceramic shell in most cases), is rather dif-
ficult.11 Then, the multilayered structure of the whole com-
posite can depress electrical-tree growth throughout the 
thickness of the entire composite, but precise control of the 
thicknesses of all sublayers is difficult in large-scale fabrica-
tion.12 Finally, the direct introduction of a highly insulating 
ceramic filler as the third component is the most favorable 
strategy for the large-scale fabrication of composites owing 
to its simplicity and convenience).13 In this technique, simi-
lar to conductive/ferroelectric fillers, highly insulating fillers 
can be evenly scattered in the polymer matrix, leading to 
reduced low leakage current in ternary composites.14

Giant-permittivity ceramic fillers, such as copper calcium 
titanate (CCTO), can possess a higher dielectric constant 
than ferroelectric ceramics. Nowadays, CCTO is widely 
used as a filler for polymer-based composites owing to its 
ultrahigh dielectric constant.15 In addition, CCTO exhib-
its a rather low inherent dielectric loss. However, the high 
leakage current from the polymer/CCTO interphase causes 
high dielectric loss and low breakdown strength in polymer/
CCTO composites because the large difference between the 
dielectric constants of the polymer and CCTO triggers severe 
interface polarization.16 In this study, ternary polymer-based 
composite films containing both CCTO and boron nitride 
(BN) fillers were designed and fabricated by directly intro-
ducing a highly insulating ceramic filler and solution cast-
ing. The measurements indicated that the ternary polymer/
CCTO/BN composites exhibited overall superior electrical 
properties (slightly reduced dielectric constant, significantly 
reduced dielectric loss, decreased conductivity, and remark-
ably improved breakdown strength) compared with binary 
polymer/CCTO composites. The contributions of CCTO and 
BN with two-dimensional topological aesthetics to the high 
dielectric constant of ternary composites and high break-
down strength, respectively, are discussed in detail. Good 
synergy between the two fillers was confirmed. At 100 Hz, 
the optimal ternary composite film containing 40 wt.% 

CCTO and 3 wt.% BN showed a high dielectric constant of 
approximately 68 and low dielectric loss of approximately 
0.19. It also exhibited high breakdown strength of approxi-
mately 175 MV m−1 under a direct-current (DC) field. This 
study may boost the large-scale fabrication of high-perfor-
mance composite dielectrics with two-dimensional topologi-
cally aesthetic fillers for capacitor applications.

Experimental

Materials

The CCTO powder (CaCu3Ti4O12, 99.0%, analytically 
pure) was obtained from Zhengzhou Wanchuang Chemical 
Products Co., Ltd. (Zhengzhou, China). Analytically pure 
BN powder (99.8%) was obtained from Nutpool Materials 
(Suzhou, China). Poly(vinylidene fluoride-hexafluoropro-
pylene) (P(VDF-HFP)) powder (99.5%, analytically pure, 
approximately 100 kDa, bearing 10 mol.% hexafluoropro-
pylene units) for the polymer matrix was purchased from 
Dongguan Zhanyang Polymer Materials Co., Ltd. (Dong-
guan, China). N,N-Dimethylformamide (DMF) solvent 
(99.5%, analytically pure) was obtained from Zibo Nature 
International Trading Co., Ltd. (Zibo, China). All materials 
were used as received.

Preparation of Composite Thin‑Film Materials

The polymer/CCTO and ternary polymer/CCTO/BN com-
posite thin films were prepared using a simple solution-cast-
ing method.17 Both the composite systems were prepared 
using similar procedures. The ternary composites were pre-
pared as follows. The filling contents of the CCTO powder 
were designed to be 0 wt.% (pure polymer film without any 
filler), 5 wt.%, 10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%. 
The filling content of the BN powder was set to 3 wt.% in 
the ternary composites. First, the polymer, CCTO, and BN 
materials (whose weights were fixed at 200 mg) with their 
designed weights were added to 3 mL of DMF. Then, they 
underwent vigorous magnetic stirring (25°C for 6 h) and 
ultrasonic treatment (25°C, 40 min, 2 kW) to form a uniform 
particle suspension. The suspension was then evenly cast 
onto the surface of a clean glass slide at 70°C and heated 
further heating at 70°C for 3 h to obtain a damp-dry com-
posite film. Finally, the sample and glass substrate were 
placed in an oven at 90°C for 6 h to dry the sample com-
pletely. After cooling the composite film naturally to 25°C, 
tweezers were used to peel the film completely from the 
glass substrate. Gold electrodes were uniformly sputtered 
onto the two surfaces of the homogeneous composite film 
to test the electrical characteristics. Binary composite films 
were fabricated using the similar aforementioned steps. The 



4523Simultaneously High Dielectric Constant and Breakdown Strength in CaCu3Ti4O12‑Filled…

1 3

binary composites contained CCTO powder with the same 
content (without BN loading). It is to be noted that all com-
posite films (binary and ternary) should possess the same 
average thickness of 60 μm. Figure 1 shows a schematic of 
the method for preparing the ternary composite thin-film 
materials.

Characterization

X-ray diffraction (XRD) was performed using a Rigaku D/
Max 2400 diffractometer (Japan) with an x-ray wavelength 
of 1.542 Å (Cu Kα radiation, 40 kV, and 100 mA), diffrac-
tion angles varying from 10° to 80°, scan velocity of 5°/min, 
and scan interval of 0.02°. Field-emission scanning electron 
microscopy (FE-SEM) measurements were performed on a 
ZEISS EVO 18 (Germany) instrument under a voltage of 
5 kV. The dielectric and conductive performances of the thin 
films were determined under alternating current (AC) elec-
tric fields (25°C and 100 Hz) using an E4980A LCR meter 
(USA) at a voltage of 1 V. The breakdown strength data of 
the thin films under DC electric fields at 25°C were obtained 
using an auto voltage withstanding tester RK2674B (China). 
Gold electrodes for the electrical characteristics tests were 
prepared using a JEOL JFC-1600 auto fine coater (Japan).

Results and Discussion

Characterization of the CCTO and BN Powder 
Samples

XRD was performed to confirm the chemical composition 
and crystal structure of the CCTO and BN powders. The 
XRD patterns of the two samples are shown in Fig. 2. The 
diffraction angles (2θ values) at 34.3°, 38.5°, 42.3°, 45.9°, 
49.3°, 61.6°, and 72.3° can be attributed to the (2 2 0), (3 
1 0), (2 2 2), (3 2 1), (4 0 0), (4 2 2), and (4 4 0) crystal-
lographic planes, respectively, in CaCu3Ti4O12 with cubic 
crystal form and perovskite structure.18 In addition, the 
diffraction peaks at 26.7°, 41.6°, 43.8°, and 54.9° can be 
assigned to the (0 0 2), (1 0 0), (1 0 1), and (0 0 4) planes, 

respectively, in BN with the hexagonal crystal form and lay-
ered structure.19

SEM measurements of the two powder samples were 
performed to obtain information on their size and morphol-
ogy. Figure 3a shows a low-magnification SEM image of the 
CCTO powder. A comparatively uniform distribution of the 
particle sizes is observed in CCTO powder. A locally ampli-
fied SEM image of the CCTO sample is shown in Fig. 3b. 
The average particle size of the CCTO sample is 2 μm, and 
most of the CCTO particles are almost spherical. Figure 3c 
shows a low-magnification SEM image of the BN powder 
sample, whose granulometric distribution is relatively uni-
form. Figure 3d shows a locally magnified SEM image of the 
BN sample. The average grain size of the BN powder sample 
is found to be 120 nm, and it possesses a lamellar morphol-
ogy (two-dimensional feature).20 Therefore, the compositing 
of CCTO and polymer belonged to the 0-3 type compositing, 
whereas the compositing of BN and polymer belonged to the 
2-3 type compositing.

Dielectric, Conductive, and Breakdown 
Characteristics of All Composites

The dielectric, conductive, and breakdown characteristics of 
promising dielectric materials for energy storage capacitors 
are crucial.21 Herein, a detailed investigation of the electrical 
properties of all the binary and ternary composite films was 
conducted. Figure 4a shows the variation in the dielectric 
constant of the two composite systems (at 100 Hz) with the 
increase in the CCTO loading content. The pure polymer 
thin film exhibited a minimum dielectric constant of approx-
imately 13 owing to the low-polarity covalent dipoles in the 
pure polymer.22 The dielectric constants of the two systems 
increased in a stable manner with the CCTO filling content, 

Fig. 1   Schematic of the method for preparing ternary composites.

Fig. 2   XRD patterns of the CCTO and BN powder samples.
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which can be ascribed to the giant dielectric constant of the 
CCTO powder23 and electric dipoles formed at the polymer/
CCTO interphase from the robust polymer/CCTO interface 
polarization.24 The internal barrier layer capacitor (IBLC) 
model25 was used to clarify the origin of the giant dielec-
tric constant of CCTO particles. In this model, the synergy 
between the semi-conductivity of crystalline grains and the 
insulation feature of the crystal boundary is believed to con-
tribute to the large dielectric constant obtained in CCTO 
particles. Thus, the addition of CCTO powder naturally 
improved the dielectric constant of polymer-based com-
posites. A robust polymer/CCTO interface polarization was 
induced by the large gap between the dielectric constants of 
the polymer and CCTO components. This generated a stable 
electrical double-layer structure in the polymer/CCTO inter-
face zone which contributed to the increase in the dielec-
tric constant of the polymer-based composites. However, at 
the same loading content of CCTO, the ternary composites 
exhibited a slightly reduced dielectric constant compared 
with the binary composites. This can be attributed to the 

introduction of a low-content BN powder with the lowest 
dielectric constant (approximately 3)26 among the polymer, 
CCTO, and BN components. When the CCTO content was 
40 wt.%, the dielectric constant of the ternary composite 
reached approximately 68 at 100 Hz (approximately 69 for 
the binary counterpart). Overall, incorporating low-content 
BN powder did not severely reduce the high dielectric 
response in polymer/CCTO composites.

Figure 4b shows the corresponding dielectric loss results 
(at 100 Hz) for all the composites. The pure polymer thin 
film exhibited a dielectric loss of approximately 0.19 at 
100 Hz. For the polymer/CCTO binary composite system, 
an increase in the CCTO filling content causes a gradual 
increase in the dielectric loss in the composites owing to the 
electrical leakage conduction of the polymer/CCTO high-
polarity interphase.27 The gradual increase in the dielectric 
loss of the composites occurs because of the relatively low 
inherent dielectric loss of the CCTO particles from the insu-
lation feature of the crystal boundary of the aforementioned 
CCTO particles.28 However, for the ternary polymer/CCTO/

Fig. 3   SEM images of the (a, b) CCTO powder and (c, d) BN powder.
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BN composite system, an abnormally remarkable reduction 
in dielectric loss was observed from 0 wt.% (pure polymer) 
to 5 wt.% ( ternary composite). This possibly originates from 
the strongly depressed electrical leakage conduction owing 
to the very high Young’s modulus and insulation character-
istics of the BN powder.29 In this case, the BN component 
showed a stronger effect on leakage conduction than the 
CCTO component. Except for the pure polymer film, the 
increase in CCTO content enhanced the dielectric loss in ter-
nary composites owing to the inevitable leakage conduction 
behavior of the polymer/CCTO interphase. In comparison, 
at the same CCTO load content, the dielectric loss of the 
ternary composites was notably lower than that of the binary 
composites. The large contribution of the BN component 
was verified by the effective restriction of the well-scattered 
highly insulating BN particles to the long-range transmission 
of the leakage current from the polymer/CCTO interphase.30 
Thus, the high dielectric loss in the composites primarily 

originated from the improved electrical leakage conduction 
from the polymer/CCTO interface region. At 40 wt.%, a 
high dielectric loss of approximately 0.30 was achieved in 
the binary composite film, while a low loss of ~ 0.19 in the 
ternary composite film (at 100 Hz).

The AC conductivity results of the two composite sys-
tems (at 100 Hz), which depend on the CCTO filling con-
tent, are presented in Fig. 4c. The pure polymer thin film 
exhibited the lowest conductivity owing to its highly insu-
lating nature.31 When the CCTO content was increased, the 
conductivity of the binary composites rapidly improved 
because of the high-level leakage conduction from the poly-
mer/CCTO high-polarity interphase.32 However, the slow 
increase in the conductivity of ternary composites with 
increasing CCTO loading was attributed to the highly insu-
lating BN component-induced low-level leakage conduction 
of the polymer/CCTO interphase.33 In the two composite 
systems, increasing the CCTO content increased the AC 

Fig. 4   CCTO loading dependence of the (a) dielectric constant, (b) dielectric loss, (c) AC conductivity, and (d) breakdown strength in two com-
posite systems.
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conductivity in the composites. This was primarily attributed 
to the decrease in the average distance between the CCTO 
particles, which triggered more channels for charge transpor-
tation from the interfacial leakage conduction. Based on the 
same CCTO loading content, the ternary composite achieved 
a remarkably reduced conductivity in comparison with the 
binary composite, which was attributed to the depressing 
effect of BN powder on the long-range transfer of free elec-
tric charges. When the CCTO content was 40 wt.%, high 
conductivity of approximately 1.9×10−6 S m−1 at 100 Hz 
was obtained for the binary composite. However, in this 
case, low conductivity of approximately 8.9×10−7 S m−1 at 
100 Hz could be achieved in the ternary composite thin film. 
Therefore, the addition of hexagonal BN powder effectively 
reduced the conductivity of polymer/CCTO composite mate-
rials under low applied electric fields.

The tested breakdown strength results of both systems 
under DC electric fields as a function of the CCTO loading 
content are displayed in Fig. 4d. As expected, maximum 
breakdown strength of approximately 281 MV m−1 was 
determined for the pure polymer film with an insignificant 
leakage current. When the CCTO content was increased, a 
rapid reduction (to approximately 67 MV m−1) in the break-
down strength was observed in the binary composite system. 
This indicated a severely deteriorated electrical insulation 
properties in the binary composite films containing the 
CCTO powder, which was attributed to the unblocked long-
range transmission of leakage-conduction charges through 
the thickness of the entire composite film under high elec-
tric fields.34 The relatively slow reduction of the breakdown 
strength (to approximately 175 MV m−1) in the ternary 
composite system was justified when the CCTO content 
improved. This suggests that the relatively high electrical 
insulation feature was maintained in the ternary compos-
ites comprising both CCTO and BN fillers (owing to the 
large contribution of the BN component). Thus, significantly 
enhanced breakdown performances could be achieved in 

polymer/CCTO composite films modified by a small amount 
of BN filler. The error bars in Fig. 4 arise owing to the vary-
ing range of the data determined in the eight parallel samples 
(the column refers to the average value of the data for each 
sample). The cross-sectional SEM images of the two repre-
sentative composites (binary and ternary composites) are 
provided in the Supporting Information (see supplementary 
Figure S1).

Mechanisms for the Improved Electrical 
Characteristics in Ternary Composites

The real and imaginary parts of the dielectric constant in the 
two composite systems at 100 Hz (as a function of CCTO 
filling content) are shown in Fig. 5a. The imaginary part 
of the dielectric constant (ε″) was estimated using ε″=σAC/
(2πfε0),35 in which σAC, f, and ε0 refer to the tested AC con-
ductivity of the sample shown in Fig. 4c, frequency of the 
applied electric field (100 Hz), and dielectric constant of 
vacuum (8.85×10−12 F m−1), respectively. The real part of 
the dielectric constant (ε′) can be obtained using the equa-
tion ε′= ε′/tan δ,36 where tan δ refers to the measured dielec-
tric loss of the sample shown in Fig. 4b.

The increase in CCTO content gradually increased the 
ε′ of the binary composite system owing to the synergy of 
the high dielectric responses of CCTO itself and polymer/
CCTO interphase. As the CCTO filling content increased, a 
fluctuation-like change in ε′ of the ternary composite system 
was observed owing to the reversed effects of the CCTO and 
BN components on the dielectric response in the compos-
ites. At a high-content CCTO loading, the ε′ of the ternary 
system was lower than that of the binary system. When the 
CCTO powder content was moderate (20 wt.%), the two sys-
tems possessed very similar values of ε′. The ε″ results for 
these two systems are discussed below. For both systems, the 
increase in CCTO loading could gradually improve the ε″ 
of the composite samples, owing to the inevitable electrical 

Fig. 5   (a) Numerical values of ε′ and ε″ in binary and ternary systems at 100 Hz and (b) schematic of the mechanisms for the enhanced overall 
electrical properties of the ternary system.
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leakage conduction from the high-polarity polymer/CCTO 
interphase stemming from the robust interface polarization 
effect.37 The ε″ of the ternary system was found to be lower 
than that of the binary system, especially at high-content 
CCTO loading, because of the well-depressed leakage cur-
rent owing to the added BN component with high electrical 
insulation.38 Based on these results, the ε′ values of all com-
posite thin films were found to be considerably higher than 
their corresponding ε″ values, suggesting their promising 
applications in energy-storage dielectric capacitors.

Figure 5b shows a schematic illustrating the qualitative 
mechanisms for the improved overall electrical properties in 
the ternary composites compared with the binary compos-
ites. First, the high dielectric constant in the ternary system 
originates from sufficient high-polarity dipoles in the poly-
mer/CCTO interphase (interface polarization) and CCTO 
crystalline grains (ultrahigh/giant dielectric constant).39 
Thus, the remarkably lowered electrical leakage conduction 
causes significantly reduced dielectric loss, decreased AC 
conductivity, and improved electrical breakdown strength 
in the ternary system. The details are as follows: The ultra-
high insulating nature of BN powder causes the enhanced 
insulation properties in ternary composites. Near the edge of 
the CCTO particles, a weak-field region is formed because 
of the severely uneven field distribution on the insulating 
polymer and semiconducting CCTO components.40 This 
weak-field region reduces the migration velocity of leak-
age-conduction electric charges near the edge of the CCTO 
particles. The ultrahigh electrical resistivity of BN particles 
prevents the migration of the leakage-conduction electric 
charges (forbidden state) to the interior of the BN particles, 
leading to the “detouring” mechanism of the electric charges 
that could probably encounter the BN particles.41 Obviously, 
this “detouring” mechanism (extended migration path) also 
lowers the migration velocity of leakage-conduction electric 
charges. In summary, the BN powder introduced as the third 
component is very important for the well-balanced overall 
electrical properties of the ternary composites. The use of 
a single filler (CCTO powder) produces non-ideal overall 
electrical properties in binary composites.

Conclusion

In this study, low-cost solution-casting technology was 
used to fabricate ternary polymer-based composite dielec-
tric thin films with two types of fillers. The ternary poly-
mer/CCTO/BN composite films possessed more suitable 
dielectric and breakdown properties than binary polymer/
CCTO composite films. The CCTO particles lead to a high 
dielectric constant (under a low field) in the ternary com-
posites based on the polymer/CCTO interface polarization 
effect and the giant dielectric constant. BN particles with 

ultrahigh electrical insulation and two-dimensional topology 
aesthetics resulted in significantly reduced dielectric loss 
and conductivity (under a low field) in ternary composites 
through the BN-induced rather low electrical leakage con-
duction. Under a high field, the BN particles also contributed 
to the improved electrical breakdown strength of the ternary 
composites. Thus, the synergy between the CCTO and BN 
components facilitated the promising overall electrical per-
formance of the ternary composite films. Consequently, the 
optimal ternary composite film (with well-maintained film-
forming ability and negligible macroscopic air defects) with 
40 wt.% of CCTO powder and 3 wt.% of BN powder showed 
a high dielectric constant of approximately 68 at 100 Hz, low 
dielectric loss of approximately 0.19 at 100 Hz, and high 
breakdown strength of approximately 175 MV m−1 under a 
DC field. This study may boost the large-scale fabrication of 
high-performance composite dielectric materials for energy 
storage capacitor applications.
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