
ARTICLE

Enhanced dielectric constant and energy density
in a BaTiO3/polymer-matrix composite sponge
Gang Jian 1✉, Yong Jiao1, Qingzhen Meng1, Zhaoyu Wei2, Jiaoxia Zhang1, Chao Yan 1, Kyoung-Sik Moon3 &

Ching-Ping Wong3✉

Polymer-matrix dielectric composites are promising for use in electrostatic energy storage

devices due to the ultra-fast charge–discharge speed and the long service life. Here we report

a strategy for designing BaTiO3 sponge polymer composites for energy storage. BaTiO3

sponges with tunable porosities are prepared from polymethyl methacrylate micro-sphere

arrays. Liquid epoxy completely fills the pores in a BaTiO3 sponge during vacuum de-foaming,

forming a solid composite. The resulting composites possess a maximum dielectric constant

of εr~332 and εr/εm~85, compared to εr~38 in a sample filled with BaTiO3 NPs, at 1 kHz. The

composites also possess, at 100 kV cm−1, a high discharge energy density of Ud~105 × 10−3 J

cm−3 and Ud/Um~51, and electric displacement of 3.2 μC cm−2, compared with those utilizing

traditional strategies at low electric fields. Finite element simulation reveals the enhanced

energy density is due to a high local electric displacement in composites.
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W ith the emergence of a series of thorny problems such
as global warming and gradual exhaustion of fossil
fuels, the exploitation of renewable resources has

become a global priority. Most new energies like the wind energy
and the solar energy, etc. are heavily dependent on energy storage
units because of their intermittent nature. Among all kinds of
energy storage technologies, the most environmentally friendly
and long-used electrostatic capacitor has actively pursued in
recent years, which is broadly applied in various fields, like
automotive industries, computer systems as well as electronic
weapons1–4. With continuous efforts on miniaturization and
lightweight of electronic products, the demand for dielectrics
possessing high-energy densities and low losses is increasing.

The energy density (U) is described as U= 1/2ε0εrEb2 for linear
dielectrics5, where ε0, εr, and Eb are the vacuum permittivity, the
relative dielectric constant, and the breakdown strength, respec-
tively. As for nonlinear dielectrics whose dielectric constant
changes with the electric field, the energy density is obtained from
U= ʃEdD6,7, where E is the electric field and D is the electric
displacement. Obviously, dielectric constant and breakdown
strength are both vital in achieving high-energy densitites.
Ceramics possess high dielectric constant, but their breakdown
strengths are limited, while the corresponding properties of
polymers are just the opposite8. According to previous studies,
polymer–matrix composites containing ceramic fillers have better
properties than single components, dielectric constants of poly-
mer/ceramic composites could be enhanced by raising the loading
level of ceramic fillers, and the breakdown strengths are main-
tained at high values9.

However, the dielectric constant is still limited for polymer/
ceramic composites compared with ceramics. As for traditional
polymer/ceramic nanoparticles (NPs) composites, dielectric
constant at 1 kHz of most reported studies is below 50. Surface
modications of ceramic NPs improve the compatability between
organic and inorganic phases but plays a minor part in raising
dielectric constants2,7. By using one-dimensional ceramic struc-
tures, i.e., nanowires (NWs) and nanofibers of BaTiO3 (BT)10, Pb
(Zr,Ti)O3 (PZT)11, ZnO12, NaNbO3, etc.13, considerably
improved (~15% to ~50% of enhancement) dielectric constant
and energy density compared with polymer/ceramic NPs com-
posites are achieved. Vertical alignments of ceramic NWs in
composites show further enhancements in dielectric
performances14,15. Besides to one-dimensional composites, a
study by Luo et al.16 of a polymer composite filled with a lig-
nocellulose template-based ceramic network shows a dielectric
constant of 200 (1 kHz) and a discharged energy density (Ud) of
12.8 × 10−3 J cm−3 at 100 kV cm−1.

It is found that the tailoring of filler architecture is an approach
to the enhanced dielectric constant of composites, however, issues
still exist. Fistly, it is challenging to obtain three-dimensional

ceramics with increased performances in composites because of
difficulties in simultaneously achieving the high microscopic
uniformity and the macroscopic free-standing17–20. For instance,
a relatively high loss of ~0.14 at 1 kHz is obtained in Luo et al.’s
work16 at a filler loading of 30 vol%, which may be due to the
method using lignocellulose templates is difficult to control the
microstructure details of the network. Secondly, traditional
effective medium theory (EMT) for composites also considers
filler morphology’s effect on dielectic constants with an fitting
factor, however, it cannot provide a specific filler achitecture as it
predicts to have high dielectric constants21. A relation between
the fitting factor and the specific morphology is required to be
built. At last, as for nanowire-based composites, studies show that
enhanced electric displacement is arising from the high adjacent
polarizations around NWs13, while the mechanism of enhanced
electric displacement in interconnected filler-based composites is
not clearly understood yet. Therefore, to design novel filler
achitectures and composites with further enhanced performances
and investigate inherent mechanisms in interconnected filler-
based composites will be of great significance.

In this work, well-designed BT sponge structures are initially
prepared from polymethyl methacrylate (PMMA) micro-sphere
arrays, which filler architecture exhibits precisely tunable porosity
and high uniformity. The epoxy/BT sponge composites are prepared
by mixed by vacuum de-foaming method and capillary force and
then cured. By comparing various dielectric models, the shape fitting
factor in the EMT model corresponding to BT sponges is determined
to be 0.01. Finite-element simulation as well as the surface potential
and charge density distribution analyses show that the high local
electric displacement is the main reason for enhanced energy den-
sities. Epoxy/BT sponge composites possess εr ~ 332 (1 kHz) and Ud

~ 105 × 10−3 J cm−3 (at 100 kV cm−1). Results show that the epoxy/
BT sponge composite with good dielectric and energy storage char-
acteristics have very promising electrostatic capacitors for energy
storage.

Results and discussion
Prepration and the BT sponge and epoxy/BT composites.
Three-dimensional BT sponge structures with various porosities
are critical to obtain epoxy/BT composites with tunable filler
loadings. The fabrication schematic of three-dimensional BT
sponge structures and corresponding composites is shown in
Fig. 1. To fabricate a BT sponge, PMMA microspheres are
employed to generate pores in solid BT bodies after the decom-
position of the spheres where volume fraction of the sphere may
determine the porosity of the sponge; a sintering process is then
conducted to form a free-standing BT structure rather than being
collapsed into discrete powders. And then the external vacuum
de-foaming is conducted to discharge air bubbles inside the
epoxy-immersed BT sponge, thus to improve wetting of the liquid
epoxy on the inner and outer surfaces of the porous sponge, prior
to the curing process (Supplementary Methods, Supplementary
Fig. 1). Also, the porosity of the BT sponge has to be in a suitable
range so that an acceptable mechanical property of composite can
be made from it. It is found that the high porosity over 80%
makes the sponge fragile and hard to hold by hands, while the low
porosity <50% renders mostly closed pores and inside ones would
remain empty without epoxy filling.

Figure 2a, b show the Fourier transform infrared (FTIR)
spectrum and the scanning electron microscopy (SEM) image of
PMMA microspheres utilized as templates for generating pores in
BT structures. The PMMA molecular structure is confirmed by
the FTIR spectrum22 (Fig. 2a) and uniform spherical shapes of
PMMA particles with a mean diameter of ~50 μm (the inset of
Fig. 2b) are observed from the SEM image (Fig. 2b). Figure 2c, d

Fig. 1 Schematic illustration of the preparation of the ceramic filler and
the composite. The preparation of sponge-like BT three-dimensional
structures by using PMMA-sphere arrays as templates. The preparation of
epoxy/BT sponge composites by the capillary force and the vacuum
defoaming.

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-020-00092-0

2 COMMUNICATIONS MATERIALS |            (2020) 1:91 | https://doi.org/10.1038/s43246-020-00092-0 | www.nature.com/commsmat

www.nature.com/commsmat


show the X-ray diffraction (XRD) pattern and the SEM image of
synthesized BT NPs by sol–gel method which is also a raw
material to prepare the BT sponge. The BT particles are also of
the uniform shape (Fig. 2d) with a mean size of ~40 nm (the inset
of Fig. 2d), and the diffraction pattern’s corresponding JCPDS
No. 31-0174 indicates a cubic phase of BT (a= 0.4031 nm23,24,
Fig. 2c).

Figure 2e–h show the SEM images of BT sponges with the
porosity of 50%, 60%, 70%, and 80% after calcined at 450 °C for
2 h and sintered at 1250 °C for 6 h (see Supplementary Note 1,
Supplementary Figs. 2 and 3). On the surface of samples, pores
can be evidently observed with consistent diameters, about 50 μm,
corresponding to the size of PMMA spheres. These pores are not
only evenly distributed on the surface, but also can be seen from
the cross-sectional SEM images of sponge structures in Fig. 2i, j.
In BT sponges, the pores are uniformly distributed and
interconnected within the materials, which provides a condition
for the irrigation of polymers to prepare composite materials.
Also, the BT frameworks give a macroscopic free-standing sponge
structure which is actually obtained through heat treatment25.
The magnified SEM images in Fig. 2k, l further indicate that the
pores are interconnected and the BT wall thickness is in the range
of micron meters. To further confirm the BT sponge structures,
samples have gone through water-drops permeation tests. It can
be found that all samples with the porosity ranging from 50% to
80% can permeate water-drops completely, which indicates pores
inside the material are interconnected and the fabrication of
composites from the BT sponge is reasonable. With increasing
the porosity, the permeation rate of water-drop is faster (0.5–2 s
per drop for porosity 80–50%), which is due to the higher amount
of pores inside the bodies.

Figure 3a–d show the cross-sectional SEM images of epoxy/BT
sponge composites. It can be found that the epoxy matrix and the
BT can be clearly distinct in the composites. The BT shows an
annularly interconnected network in the epoxy matrix, which is
due to the fillers’ sponge shape. And it can be deduced that BT
has a regular three-dimensional filling fashion in the epoxy
matrix. From the detailed SEM images in Fig. 3c, d, good contacts
between the BT structure and the epoxy matrix without evident
cracks and pores are observed, which indicates that liquid epoxy
has filled completely the interspace of BT sponges. The BT is also
confirmed by energy-dispersive X-ray (EDX) mappings, with
results shown in Fig. 3e, f. Distribution mappings of Ba (L-edge)
and Ti (k-edge) are almost identical, which shape and position are
in accordance with the BT morphology in Fig. 3d.

Figure 4a shows FTIR spectra of epoxy/BT sponge composites
at various filler loadings. It is well known that the characteristic
vibration peak of uncured epoxy occurs at 913.25 cm−1 26. It is
clearly observed that characteristic peaks of the neat epoxy and
composites disappear at 913.25 cm−1, which can be explained
that materials have been completely cured. Also, the epoxy resin
phase can be confirmed from the typical peaks at 1032 cm−1

(C–O) and 1507 cm−1 (C–C), etc.27. Vibration peaks of the neat
epoxy can be also observed in FTIR spectra of epoxy/BT sponge
composites, indicating the containing of the epoxy. The vibration
at 1626 cm−1 is due to the BT loading in composites28.
Supplementary Fig. 4 shows XRD patterns of epoxy/BT sponge
composites, from which the epoxy and BT can be confirmed,
respectivley, also see Supplementary Note 2.

According to the thermogravimetric analysis (TGA) diagram
of epoxy/BT sponge composites and a neat epoxy (Fig. 4b), the
decomposition temperature of epoxy is ~410 °C29. TG curves are

Fig. 2 Characterization of density tunable BT sponges. a, b FTIR spectrum and SEM image of PMMA microspheres. c, d XRD pattern and SEM image of
synthesized BT NPs from the sol–gel method. Insets of b and d are diameter distributions of PMMA spheres and BT NPs, respectively. e–h Surface SEM
images of BT sponges with different porosity: e 50%, f 60%, g 70%, and h 80%. i, j Cross-sectional SEM images of BT sponges. k, l Detail cross-sectional
SEM morphology images of BT sponges.
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divided into two stages. At the first stage (100–300 °C), the water
adsorbed on the surface is removed, so the weight decline is
relatively gentle. The second stage (300–450 °C) is the decom-
position stage of epoxy resin, which is completely decomposed at
about 450 °C30. The weight analysis indicates the reduced weight
is corresponding to the weight decrease of the epoxy resin. The
weight change is ~92 wt% for the neat epoxy, left with a residual
~8 wt%. TG curves “1–4” correspond to epoxy/BT sponge
composites at various filler loadings, the weight loss at 450 °C
are ~7, ~13, ~22 and ~33 wt%, respectively. Based on the
theoretical density of 6.02 g cm−3 of BT31 and the measured
density of 1.06 g cm−3 of the epoxy, the volume fraction of BT
can be calculated to be ~50, ~40, ~30 and ~20 vol%, respectively,
The TG tests show that the filler loadings of the composite are
properly prepared as close as designed which further confirms the
complete permeation of the liquid epoxy into the interspace in BT
sponges.

Figure 4c shows the stress versus strain behavior of epoxy/BT
sponge composites and the neat epoxy, from which mechanical
properties can be obtained. By filling the BT sponge, epoxy
composites possess increased modulus. At the 1% strain, the
modulus of epoxy/BT sponge composites with fBT (vol) of 0%,
20%, 30%, 40%, and 50% is 2800, 4900, 5800, 7300, and 9600
MPa, respectively. The tensile strength also increases from 90
MPa (the epoxy) to 175MPa (the epoxy/50% BT sponge
composite) while the strain has a contrary fashion, decreasing

from 5.1% (the epoxy) to 2.3% (the epoxy/50% BT sponge
composite). The filling of rigid BT with high modulus into epoxy
with lower modulus is the main contribution to the mechanical-
properties adjustment32,33. At the same time, the BT sponge
architecture in the epoxy is almost unchanging except for the
thickness at various filler loadings, which results a continuous
changing of mechanical properties of composites.

Dielectric characteristics of composites. Figure 5a, b show
frequency-dependent dielectric properties of BT/epoxy compo-
sites at room temperature. The dielectric constants of epoxy/BT
composites are much increased compared with that of the neat
epoxy at the whole frequency range investigated; with increasing
fBT (vol) in composites (20–50%), increased dielectric constants
are achieved. The dielectric constants in epoxy/BT sponge com-
posites at fBT (vol) of 0%, 20%, 30%, 40%, and 50% at 10 Hz are
3.9, 98, 163, 285, and 436, respectively. Epoxy/BT composites
exhibit a slightly decreasing fashion in the frequency dependence
of dielectric constants, which is due to a typical nature of
Maxwell–Wagner–Sillars (MWS) polarization34. MWS polariza-
tion is generated in organic/inorganic interfaces in composites
due to the difference in dielectric constants, which cannot catch
up with the alternating high frequencies, resulting decreased
dielectric constants with the frequency. The similar fashion is also
obtained in the dielectric loss (tanδ) in Fig. 5b. Figure 5b also

Fig. 3 Microstructural morphology and composition of epoxy/BT sponge composites. a–d Cross-sectional SEM images of epoxy/BT sponge composites.
The white and gray colors correspond to BT and epoxy resin, respectively. e, f EDX mappings of Ba (L-edge) and Ti (K-edge) distributions corresponding to d.
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shows that the epoxy/BT sponge composites exhibit a low tanδ
(<0.03), at a same level with that of the neat epoxy, indicating the
material could be well served as dielectrics for capacitors6,26. The
low-dielectric loss is due to the good compatability between BT
sponges and the epoxy matrix. The dielectric constant imaginary
part (ε“) is the product of tanδ and the dielectric constant real
part, which describes energy dissipations in dielectrics via the
conduction, slow polarization currents or other dissipative
phenomena-like interfacial polarizations35. The inset of Fig. 5b
shows frequency-dependent ε“ of the epoxy/BT sponge compo-
sites and the neat epoxy. A first decreasing and then stable
fashion can be observed, similar to results for epoxy/BT com-
posites in the literature35, which indicates that conduction and
interfacial polarization loss occur at low frequencies, while
frequency-dependent changings are small for the loss and
relaxation contributions at high frequencies such as 1 kHz.

In order to reveal filler shape effects on composites’ dielectric
properties, epoxy/BT NPs, and epoxy/BT NWs composites (SEM
images are shown in Supplementary Fig. 5) are investigated to
compare with the epoxy/BT sponge composites. In Fig. 5c, the
dielectric constants at 1 kHz in epoxy/BT sponge composites are
much higher compared with that of epoxy/BT NPs and epoxy/BT
NWs composites at all filler loadings investigated. At fBT of 50%,
the dielectric constant at 1 kHz is 332 for epoxy/BT sponge
composites, while the values are 50.3 and 38 for epoxy/BT NWs
and epoxy/BT NPs composites, respectively. Various theoretical
models on prediction of effect dielectric constants at a constant
frequency of composites have been proposed to compare with
experiment results and to understand dielectric behavior
mechanisms in composites. Theoretical predictions include the
parallel mixing model36,37, the series mixing model36,37, the

logarithmic mixing model38 and the EMT model21. The different
models are expressed as

Parallel mixing model : εr ¼ 1� fð Þεm þ f εf ; ð1Þ

Series mixing model :
1
εr
¼ 1� f

εm
þ f
εf
; ð2Þ

Logarithmic mixing model : log εr ¼ 1� fð Þ log εm þ f log εf ;

ð3Þ

EMT : εr ¼ εm 1þ f εf � εmð Þ
εm þ n 1� fð Þ εf � εmð Þ

� �
: ð4Þ

where n is the fitting factor for the filler morphology, f is the
volumetric filler loading, εr, εf, and εm are dielectric constant for
the composite, the filler and the matrix, respectively.

Notably, although these models are mostly treated as
prediction models for direct current (DC) dielectric constants,
it is applicable to predications of the equivalent dielectric constant
in epoxy/BT composites at 1 kHz in this study, due to that the
filler loading is the main parameter influencing dielectric
properties of epoxy/BT sponge composites in this frequency
region. The stable tanδ and ε“ characteristics (Fig. 2b) at
frequencies of 1 kHz and above indicate that there is no much
frequency-dependent changing in interactions between constitu-
ents, relaxations, and interfacial poarizations in epoxy/BT sponge
composites.

From the experimental and theoretical comparisons in Fig. 5c,
dielectric constants of epoxy/BT sponge composites exceed the
logarithmic model, while dielectric constants of epoxy/BT NWs
and epoxy/BT NPs composites both fall in between the

Fig. 4 Compositional, thermal, and mechanical properties of epoxy/BT sponge composites. a FTIR of epoxy/BT sponge composites with various BT
loadings. b TGA patterns in air of epoxy/BT sponge composites with various BT loadings. c Stress versus strain behavious of epoxy/BT sponge composites
with various BT loadings.
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logarithmic model and the series model. It also indicates that
dielectric constants of epoxy/BT sponge composites have fallen in
the missing area in the εr ~ f plot16,39, which is not achieved by
the filling of BT NWs and BT NPs. n in the EMT model is a factor
reflecting influences of filler shapes. Based on the dielectric
constant of BT (εr ~ 3000) and the epoxy resin (εr ~ 3.9), the
dielectric constants of epoxy/BT NPs and epoxy/BT NWs
composites fit the EMT model with n= 0.11 and n= 0.08,
respectively, which are typical fitting values for spherical and
wire-shaped fillers21,39. For epoxy/BT sponge composites, the
dielectric constant is consistent with the EMT model with a much
decreased fitting factor of n= 0.01. Decreased n in the EMT
model means increased spatial continuity of the filler, therefore,
the enhanced dielectric constant in epoxy/BT sponge composites
can be explained by the constructed high spatial continuity of the
filler in composites.

The dielectric constant enhancement (εr/εm) is also a
parameter reflecting the filler’s improvement degree of dielectric
constants from the polymer. Figure 5d presents the comparison
of εr/εm among epoxy composites filled with various types of BT.
It can be found that εr/εm for the epoxy/BT sponge (εr/εm ~
16.4–85) is much higher than the epoxy/BT NWs (εr/εm ~
3–12.9) and the epoxy/BT NPs (εr/εm ~ 2.1–9.7) at fBT ~ 20–50%.
To our best knowledge, εr/εm ~ 85 is also the highest than values
of commercial materials (e.g., C-ply19, 3M Company)40,41 and
ever reported polymer/ceramic dielectric composites42–45.
Besides to the high permittivity in the BT itself (εr ~ 3000)46,
the unique architecture of the BT filler is a primary contribution.
The dielectric loss for epoxy/BT sponge composite is slightly
higher than that of epoxy/BT NPs and epoxy/BT NWs
composites, but still at a low level (0.013–0.02), as shown in
Fig. 5e, f summaries the dielectric constant of various polymer

Fig. 5 Dielectric characteristics of epoxy/BT sponge composites and counter parts filled with other BT fillers. Frequency dependencies of a dielectric
constant and b dielectric loss (tanδ) of epoxy/BT sponge composites with various BT loadings at room temperature. The inset of b is frequency-dependent
imaginary part (ε“) of dielectric constant of epoxy/BT sponge composites with various BT loadings at room temperature. c Dielectric constants at 1 kHz of
epoxy/BT composites with various shapes and various theoretical prediction models. d Enhancement of dielectric constant (εr/εm) and e tanδ at 1 kHz in
composites of epoxy/BT sponge, epoxy/BT NWs, and epoxy/BT NPs. f Comparison of dielectric constant in polymer-composites in our work and in
literatures. Error bars are SEM.
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composites at 1 kHz reported in literatures. The dielectric
constant in the epoxy/BT sponge composite of this study is
higher than most polymer/ceramic composites made from
traditional approaches, including the usage of NPs, NWs,
polarized particles, and BT networks.

Energy storage performances of composites. Figure 6 shows the
Weibull distribution plot of the breakdown strength of epoxy/BT
sponge composites at various filler loadings. The statistical failure
probability (P) is obtained in the form of P= exp[(E/E0)β]47 from
test samples of at least 10 in each experiment, where E0 is a scale
parameter corresponding to Eb at P= 0.632 (i.e., the value of 1−1/
e ≈ 0.632) and β is a shape parameter47. It is shown that Eb values
for epoxy/BT sponge with fBT of 0%, 20%, 30%, 40%, and 50% are
510, 485, 463, 446, and 432 kV cm−1, respectively. The breakdown
strength of composites decreases with the BT loading which is
owing to the increase of inorganic–organic interfacial defects48,49.
The breakdown strengths for epoxy/50% BT NWs and epoxy/50%
BT NPs are 472 and 460 kV cm−1, respectively, indicating similar
level of breakdown strength is achived in epoxy/BT sponge
composites compared with that of expoy composites filled with
zero-dimensional or one-dimensional BT particles.

In order to obtain the energy storage performances, D–E
hysteresis loops of the epoxy/BT sponge composites with different
filler loadings at various electric fields are studied (10Hz). Figure 7a
shows D–E loops of epoxy/50% BT sponge composites at different
electric fields. It can be found that all hysteresis loops exhibit a
narrow shape, indicating a low loss of energy, i.e., the area within
the loops. With increasing the electric field, the loop is getting flatter
which may be due to the electrical resistivity nature at higher
electric fields14. The electric displacement for epoxy/50% BT sponge
composite at 20, 40, 60, 80, and 100 kV cm−1 are 0.5, 1.1, 1.72, 2.3,
and 3.2 μC cm−2, respectively. Figure 7b shows D–E loops of epoxy/
BT sponge composites at various BT loadings at 100 kV cm−1.
When the filler loading increases from 0% to 50%, enlarged loops
are observed indicating enhanced electric displacements. For
comparison, D–E loops of epoxy/50% BT NWs and epoxy/50%
BT NPs composites at 100 kV cm−1 are also provided, as presented
in the inset of Fig. 7b. It can be found that the largest electric
displacement is obtained in epoxy/BT sponge composites compared
with other two types of BT composite fillers. At 100 kV cm−1, the
electric displacements for epoxy/BT sponge composites filled with
fBT of 0%, 20%, 30%, 40%, and 50% are 0.04, 0.5, 1.1, 2.1, and
3.2 μC cm−2, respectively (also see Supplementary Fig. 6); the
electric displacements for epoxy/50% BT NWs and epoxy/50% BT
NPs composites are 0.395 and 0.322 μC cm−2, respectively. It is
shown that the trend electric displacement is also in accordance

with the result of dielectric constant, i.e., a higher electric
displacement results from a higher dielectric constant. From
Fig. 7c, for epoxy/BT sponge composites with various filler
loadings, electric displacements increase with increasing the
electric field, attributing to the fact that more charges are
generated under a higher electric field.

The charge energy density (Ut) and Ud are calculated from the
integration of U= ʃEdD6,7 adopting the right and the left curves of
the D–E loop, respectively, with results shown in Fig. 7d. Ud

increases continuously with electric field indicating that more
energy is stored using a higher electric field; Ud also increases with
filler loadings of the BT sponge, which is owing to the enhanced
dielectric constants and electric displacements. At 100 kV cm−1,
Ud of epoxy/BT sponge composites with fBT of 0%, 20%, 30%,
40%, and 50% is 2 × 10−3, 20 × 10−3, 47 × 10−3, 72 × 10−3, and
105 × 10−3 J cm−3, respectively. The Ud for epoxy/50% BT NWs
and epoxy/50% BT NPs composites are 16 × 10−3 and 13 × 10−3 J
cm−3, respectively. It can be also found that εr and Ud can be
tailored in this three-dimensional composite which is owing to the
tunable porosity of the BT sponge. Figure 7e shows
charge–discharge efficiency (η=Ud/Ut × 100%) of epoxy/BT
sponge composites. Due to the high insulation and the low-
dielectric loss of epoxy/BT sponge composites, high efficiency with
low-energy loss is obtained during the energy storage. For epoxy/
50% BT sponge composite, the efficiency is 63% at 100 kV cm−1,
in the same level of that of epoxy/50% BT NWs (η ~ 62%) and
epoxy/50% BT NPs (η ~ 66%) composites.

The enhancement of energy density (Ud/Um) is a reflection of
filler’s contribution on energy storage properties of composites. In
Fig. 7f, compared with epoxy/50% BT NWs (Ud/Um ~ 8) and
epoxy/50% BT NPs (Ud/Um ~ 6.5), the highest Ud/Um ~ 51 is
obtained in the epoxy/50% BT sponge composite. The energy
density of the epoxy/50% BT sponge composite is also higher than
reported values of 12.8 × 10−3–45.8 × 10−3 J cm−3 for polymer/
ceramic composites at 100 kV cm−1 16,45,50–52. The inset of Fig. 7f
shows practical discharge characteristics of the epoxy/50% BT
sponge composite capacitor. The capacitor (~2 μF, 1 kHz) is
charged to 100 kV cm−1 (1 kV is utilized for thickness ~100 μm)
at first and then discharged through a 2 kΩ resistor. The
voltage–time curve of the capacitor (Vc) takes a typical pulse-
like shape53, indicating potential applications in pulse power
sources. The time constant of the circuit (RLC= 4 ms) is in
consistent with the milliseconds discharge time. The practical total
discharged energy density is calculated to be 112 × 10−3 J cm−3

that is in consistent with D–E results of 105 × 10−3 J cm−3.
Notably, at 400 kV cm−1, the epoxy/50% BT sponge composite
possesses D ~ 13.2 μC cm−2, Ud ~ 1812 × 10−3 J cm−3 and η ~
58% (see Supplementary Fig. 7). Table 1 summarizes dielectric and
energy storage performances in this work and in literatures.
Significant enhanced dielectric constants and energy densities are
achieved in epoxy/BT sponge composites compared with those of
composite counterparts made by traditional strategies.

Local electric displacement enhancements. In order to under-
stand mechanisms of enhanced electric displacement and energy
density in epoxy/BT sponge composites, the finite-element ana-
lysis (FEA) is conducted. Based on the dielectric constant (BT,
3000; the epoxy, 3.9) and the electrical conductivity (BT, 10−9 S
cm−1; the epoxy, 10−14 S cm−1) of the materials, simulated
electric displacements in composites of epoxy/BT sponge, epoxy/
BT NWs, and epoxy/BT NPs are shown in Fig. 8a–c, respectively.
Due to the heterogeneous nature of composites, voltages and
electric displacements are not uniformly distributed inside com-
posites (also see Supplementary Fig. 8). Notably, distinct differ-
ences in electric displacement are observed among composites

Fig. 6 Breakdown strength characteristics of epoxy/BT sponge
composites. A Weibull distribution of the breakdown strength of epoxy/BT
sponge composites with various BT loadings.
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Fig. 7 Energy storage performances of epoxy/BT sponge composites and conuterparts filled with other BT fillers. a D–E loops at 10 Hz of epoxy/50%
BT sponge composites at various electric fields. b D–E loops at 10 Hz of the neat epoxy and epoxy/BT sponge composites with various BT loadings. The
inset of b is D–E loops at 10 Hz for epoxy/50% BT NWs and epoxy/50% BT NPs composites. c Electric displacement, d discharged energy density, and
e charge–discharge efficiency of the epoxy and epoxy/BT sponge composites at various electric fields. f Comparison of enhancement of discharged energy
density (Ud/Um) at 100 kV cm−1 of epoxy composites filled with the 50% of BT sponge, BT NWs, and BT NPs. The inset of f is the voltage (Vc) on
the epoxy/50% BT sponge composite capacitor and discharged energy density (Ud) of the epoxy/50% BT sponge composite capacitor upon charged
to 100 kV cm−1 in the practical discharge curve test (the capacitance is ~2 μF; the load in series is 2 kΩ). Error bars are SEM.

Table 1 Comparison of dielectric at 1 kHz and energy storage properties at 100 kV cm−1 in our work and references.

Material fBT (vol%) εr εr/εm tanδ Eb (kV cm−1) Ud (10−3 J cm−3) Ud/Um Ref.

Polyvinylidene fluoride/PZT NWs 40 45 4.5 22 15

Epoxy/BT NPs 50 40 10.5 43

Epoxy/BT network 30 200 55.4 0.14 265 12.8 25.6 16

3M C-ply19 40 21 0.03 1300 40,41

Polyvinylidene fluoride/BT NPs 60 115 11.5 0.02 45.8 45

Epoxy/BT NWs 50 50.3 12.9 0.016 472 16 8 Our work
Epoxy/BT NPs 50 38 9.7 0.015 460 13 6.5
Epoxy/BT sponge 20 64 16.4 0.013 485 20 10

30 136 35 0.014 463 47 23.5
40 228 58.5 0.016 446 72 36
50 332 85 0.017 432 105 51

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-020-00092-0

8 COMMUNICATIONS MATERIALS |            (2020) 1:91 | https://doi.org/10.1038/s43246-020-00092-0 | www.nature.com/commsmat

www.nature.com/commsmat


with different BT architectures, which can be confirmed from the
simulated minimum electric displacement (Dmin) and the
maximum electric displacement (Dmax). For a fixed electric field
(i.e., 100 kV cm−1), the simulated Dmin are ~4.64 × 10−5, ~2.13 ×
10−5, and ~0.3 × 10−5 μC cm−2; and the simulated Dmax are
~272.97, ~2.82, and ~1.22 μC cm−2 for epoxy/BT sponge, epoxy/
BT NWs, and epoxy/BT NPs composites, respectively. Macro-
scopic D is the sum of the electric moment (Di) in a unit volume
(V), D= ∑Di/V54, thus, it can be deduced that D in the epoxy/BT
sponge composite is greatly higher than that in epoxy/BT NWs
and BT/NPs composites, which is also consistent with experi-
mental results (Fig. 8d). It is also found that the high-electric
displacement locally falls in parts of the BT sponge, while the low-
electric displacement falls in the epoxy. Therefore, the enhanced
electric displacement in epoxy/BT composites can be explained by
the ultra-high local polarizations. Di consists of the intrinsic
electric moment (p0) and contribution from effective electric field
(Ee) and the polarizability (α), i.e., Di= p0+ αEe. Ee consists of
the hollow sphere electric field (G) and the reaction electric field
(R). The expression of Di as a function of the external electric field
(E) is expressed as55,56

Di ¼ p0 þ
3εα

2εþ 1
E þ 2N ε� 1ð Þ

3ε0 2εþ 1ð ÞDi ð5Þ

where ε is the dielectric constant for the particle, N is the number
of particles per unit volume. In Eq. (5), Di increases with the
polarizability, the external electric field and N. Investigating a BT
sponge structure, N is much higher than that of BT NWs and BT

NPs-based composites due to the interconnected structure, which
contributes to obtaining an increased local polarization. Figure 8e
shows the simulated electric field distribution in epoxy/BT sponge
composites. High electric field zones are isolated inside the
material, preventing the growth of electrical trees and possessing
high breakdown strengths and resultant high-energy densities57.

Figure 8f, g show experimentally measured scanning Kelvin
probe microscope (SKPM) surface potential disbributions of the
epoxy/BT sponge composite. Evident surface potentials are
observed betwen the region of the BT sponge and region of the
epoxy, from which the structure of the epoxy/BT sponge also can
be identified. In fact, the surface potential in the the region of the
BT sponge is ~70 to ~100 mV higher than that in regions of the
epoxy. This indicates that upon the scanning of the probe with an
applied electric field between the bottom sample electrode and the
probe8, surface potential differences are achieved which is
believed to be closely related to the unique epoxy/BT sponge
architecture. Furthermore, the charge density σ (unit: C m−2) can
be obtained from the SKPM surface potentials employing a
following equation58,59:

σ ¼ ε0
ε*
h*

Vsp ð6Þ

where ε* is the dielectric constant of the sample in the detected
area, h* is the thickness of the sample, Vsp is the SKPM surface
potential. According to Eq. (6), surface charge densities increase
with the dielectric constant of the material and the surface
potentials. Because of the much larger dielectric constant of BT

Fig. 8 Analysis of local electric displacement in composites. The simulated distribution by FEA of electric displacement in composites of a epoxy/BT
sponge, b epoxy/BT NWs, and c epoxy/BT NPs. d Comparison of the simulated maximum (Simulation-Dmax) and minimum electric displacement
(Simulation-Dmin) and the experimental electric displacement (Exp.−D) at 100 kV cm−1 for epoxy/BT sponge, epoxy/BT NWs, and epoxy/BT NPs
composites. e The simulated distribution by FEA of electric field in the epoxy/BT sponge composite. f, g Experimentally measured SKPM surface potential
(Vsp) distributions of the epoxy/BT sponge composite (scale bars: 20 μm).
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(3000) than that of the epoxy (3.9) and the surface potential
distribution on the two materials in composites, the induced
charge density (unit: C m−2), i.e., the electric displacement (unit:
μC cm−2) under a fixed electric field is much higher in BT sponge
structures than that in the epoxy, which also can apply to spatial
BT sponge structure in the three-dimensional composite. The
SKPM result is consistent with simulation about the high local
electric displacement in the epoxy/BT sponge composites.

Conclusion. We present a strategy of design of polymer com-
posites filled with porosity tunable three-dimensional BT sponge
having high dielectric constants and energy densities for energy
storage. An annular interconnected BT architecture is formed
which filled epoxy composites exhibit a greatly enhanced dielec-
tric constant of εr ~ 332 at 1 kHz compared with the value of the
neat epoxy and epoxy composites filled with BT NPs and BT
NWs, a high εr/εm and low tanδ. Dielectric constants of BT
sponges, BT NWs, and BT NPs-based epoxy composites fit the
EMT model with determined values21, revealing filler archi-
tectures’ great influence on dielectric constants of composites.

The epoxy/BT sponge composites not only exhibit excellent
dielectric performances, but also exhibit superior energy storage
properties. The annular interconnected BT architecture has tilted the
electric field distribution from the FEA investigations, which leads to
high breakdown strength in the composite compared with those
filled with vertically aligned BT fillers. High electric displacement
(3.2 μC cm−2 at 100 kV cm−1, 13.2 μC cm−2 at 400 kV cm−1) and
resultant high-energy density (105 × 10−3 J cm−3 at 100 kV cm−1,
1812 × 10−3 J cm−3 at 400 kV cm−1) and high efficiencies are
achived in the epoxy/BT sponge composites, which are significantly
enhanced compared with polymer/ceramic composites made from
traditional strategies16,45,50–52. Simulation as well as SKPM results
show that enhancements of electric displacements and energy
densities are mainly owing to the high local electric displacement.
This study demonstrates a strategy of obtaining large dielectric
constants and energy densities in polymer/ceramic composites for
energy storage device applications.

Methods
Preparation of BT sponges. BT NPs with a mean diameter of ~40 nm were
synthesized by sol–gel method: 0.1 mol of barium acetate (99%, Aladdin, China)
was dissolved into 66.7 mL of deionized water while 0.1 mol of titanate butoxide
(98%, Aladdin, China) was dissolved into ethanol/acetic acid mixture (3:1 in
volume), respectively. The Ba solution was added into Ti solution under stirring for
10 min, after continuous stirring of the solution for 12 h, the sol–gel transition
occurs. Dried the BT gel and calcined it at 700 °C for 2 h in air, BT NPs were
obtained.

BT sponges with tunable porosity were fabricated by introducing PMMA
microspheres (~50 μm in diameter, Mitsubishi, Japan) as the pore-generating
agent. The pre-synthesized BT NPs were mixed completely with PMMA
microspheres to form powder mixtures. The volume fraction of PMMA, fPMMA=
VPMMA/(VPMMA+VBT) is in the range of 50–80 vol%, where VPMMA and VBT are
volumes of PMMA and BT particles, respectively. Polyvinyl alcohol (PVA, Aladdin,
China) solution (5 wt%) acting as a binder was added to the mixed powders, then
powders were compressed into cylindrical pellets at 12 MPa for 15 s. The pellets
were first calcined at 450 °C for 2 h in air to decompose the PMMA and to generate
in situ pores, and then sintered at 1250 °C for 6 h in air to have free-standing BT
sponge structures.

Preparation of epoxy/BT sponge composites. The A–B two-component liquid
epoxy (315AB) with relatively low viscosities (A component, ~210 mPa s at 25 °C;
B component, ~30 mPa s at 25 °C) was purchased from YaSong Adhesive Co.,
China. The A and B components of the liquid epoxy (3:1 in weight) were mixed
and stirred for 15 min, followed by immersing the BT sponges into the solution for
2 h, and then vacuum de-foamed at ~–0.1 MPa for 30 min to completely discharge
air bubbles. Subsequently, the mixture was cured at room temperature for 36 h to
obtain composites and cut into specific sizes and surface-polished. For comparison,
the neat epoxy and epoxy composites filled with BT NPs (~40 nm, pre-synthesized
by sol–gel) and BT NWs (~10 μm length, ~0.2 μm diameter, the preparation
method is shown in Supplementary Methods) with filler loadings of 20–50 vol%
(~300 μm thick) were also prepared. The epoxy and composite samples were

100–300 μm in thickness. Silver pastes were printed on surfaces of samples for
measurements of electrical properties.

XRD and FTIR spectra. To confirm the phase, XRD patterns of BT NPs, BT
sponge, and epoxy/BT sponge composites were obtained using a PANalytical B.V.
diffractometer with Cu Kα radiation at the wavelength of 1.540598 Å. A scanning
rate of 0.05° s−1 and a 2θ angle range of 20–80° were adopted for XRD analyses.
The FTIR analysis was conducted to confirm the composition in epoxy/BT sponge
composites, which was carried out on an Agilent Cary 630 spectrometer in a
wavenumber range of 500–2500 cm−1.

SEM characterizations. The morphology observation of epoxy/BT sponge com-
posites was carried out using a Hitachi SU8010 and adopting 5 kV of the accel-
eration voltage. EDX analyses were conducted using a Noran spectrometer on the
platform of the Hitachi SU8010.

Surface potential measurements. The surface potential distribution of epoxy/BT
sponge composites was measured by a SKPM (Princeton Applied Research,
AMETEK, Inc.). The composite samples were polished to have a thickness of ~80
μm before the test which was placed on the Al substrate. The distance between the
tip and the samples was 10 μm. The surface charge density distribution was cal-
culated from results of the surface potential distribution.

Mechanical property measurement. It was conducted by using a CMT 5254
universal electromechanical tester. Samples were prepared based on ISO 34 and 37
for the test of mechanical properties.

TGA measurement. The TGA of epoxy/BT sponge composites was conducted
using Netzsch STA 449F3 in air within a temperature from room temperature to
800 °C.

Electrical property measurements. Characterization of electrical properties was
conducted for at least five capacitors on multiple samples of each filler-loading
variant. Dielectric properties (εr, ε“, and tanδ) of dielectric mateirals were measured
using a E4980A impedance analyzer (Agilent Technologies) in a frequency range of
10 Hz–1MHz. Breakdown tests were conducted by a Cs2674ax DC breakdown
tester (Changsheng Inc.) adopting a holding time of 10 s. D–E hysteresis loops were
recorded utilizing a TF analyzer 2000 tester (aixACCT Technologies) with a voltage
range of 0–5000 V. The practical discharge characteristic of epoxy/BT sponge
composties were measured using following procedures. The composite capacitor
with a fixed capacitance of ~2 μF at 1 kHz was first charged to 100 kV cm−1 by a
DC voltage supplier. Then, the composite capacitor was discharged through a load
resistor in series (RL) of 2 kΩ. The voltage (Vc) changing of the composite capacitor
was recorded by a Tektronix TBS1072B oscilloscope with an internal resistance of
100MΩ. The practial discharge power and energy were obtained from V2

c =RL andR
V2
c =RLdt, respectively, where t is the discharge time. Finally, the practial dis-

charged energy density was obtained from the discharged energy per unit volume
of the composite capacitor.

Statistical analysis. For dielectric and energy storage analysis, at least five samples
were measured for each experiment. Error bars are obtained from standard error of
the mean (SEM) approach with a p value of ≤0.05. For all graphical analyses, mean
values and SEM values were included. For breakdown strength test, at least
10 samples were measured for each experiment; a Weibull distribution was
employed to analyze the data.

Data availability
The data supporting the plots and findings in this paper is available from the
corresponding author upon reasonable request.

Code availability
ANSYS code for the simulation of the electrical properties in epoxy/BT sponge
composites in Fig. 8a–e is available from the corresponding author upon reasonable
request.
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