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The demand for a new generation of high-temperature dielectric
materials toward capacitive energy storage has been driven by the
rise of high-power applications such as electric vehicles, aircraft,
and pulsed power systems where the power electronics are exposed
to elevated temperatures. Polymer dielectrics are characterized by
being lightweight, and their scalability, mechanical flexibility, high
dielectric strength, and great reliability, but they are limited to
relatively low operating temperatures. The existing polymer nano-
composite-based dielectrics with a limited energy density at high
temperatures also present a major barrier to achieving significant
reductions in size and weight of energy devices. Here we report the
sandwich structures as an efficient route to high-temperature
dielectric polymer nanocomposites that simultaneously possess
high dielectric constant and low dielectric loss. In contrast to the
conventional single-layer configuration, the rationally designed
sandwich-structured polymer nanocomposites are capable of in-
tegrating the complementary properties of spatially organized
multicomponents in a synergistic fashion to raise dielectric constant,
and subsequently greatly improve discharged energy densities while
retaining low loss and high charge–discharge efficiency at elevated
temperatures. At 150 °C and 200 MV m−1, an operating condition
toward electric vehicle applications, the sandwich-structured poly-
mer nanocomposites outperform the state-of-the-art polymer-based
dielectrics in terms of energy density, power density, charge–discharge
efficiency, and cyclability. The excellent dielectric and capacitive
properties of the polymer nanocomposites may pave away for wide-
spread applications in modern electronics and power modules where
harsh operating conditions are present.
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Film capacitors store electrical energy in dielectric materials in
the form of an electrostatic field between two electrodes.

They possess the highest power density (on the order of mega-
watts) and the best rate capability (on the order of microseconds)
among the electrical energy storage devices and are critical for
power electronics, power conditioning, and pulsed power appli-
cations (1–3). For instance, DC bus capacitors are essential
components in the power inverters of electric vehicles for the
conversion of direct current to alternating current, which is re-
quired to drive the vehicle’s motor. Compared with ceramics,
polymeric materials offer inherent advantages for capacitors,
including their light weight, facile processability, scalability, high
breakdown strength, and graceful failure mechanism (1–5).
However, dielectric polymers often suffer from low operating
temperatures, which fall short of the emerging demands for
energy storage and conversion in harsh environments commonly
present in automobile, aerospace power systems, and advanced
microelectronics (6, 7). For example, to accommodate biaxially
oriented polypropylene (BOPP), the state-of-the-art commercially
available polymer film capacitors in electric vehicles, additional
radiator cooling has to be applied to decrease the environmental
temperature from ∼140 to ∼70 °C (4).

More recently, the solution-processed polymer nanocomposites
based on cross-linked divinyltetramethyldisiloxane-bis(benzocyclo-
butene) (c-BCB) and boron nitride nanosheets (BNNSs) have been
successfully developed as high-temperature dielectric materials (8),
which outperform all of the existing polymer dielectrics in terms of
the operating temperatures and the charge–discharge efficiency
[η, η is given by the ratio of the discharged energy density (Ue)
versus the stored energy density]. Notably, η of c-BCB/BNNS at
150 °C reaches up to 97% at 200 MV m−1, the typical field strength
applied on DC bus capacitors in electric vehicles (9), which
matches the η value of BOPP operating at 70 °C. Nevertheless,
there remains considerable room for improvement. For example,
the c-BCB/BNNS polymer nanocomposites exhibit relatively low
dielectric constants (K), e.g., 3.1 at 1 kHz for the nanocomposites
with 10 vol % BNNSs, owing to small K values of both c-BCB and
BNNS components. Because the energy density of dielectric ma-
terials is proportional to K, increasing K appears to be a logical
route for achieving high energy densities, which would enable
miniaturization of electronics as well as improvements of system
performance and reliability. In electric vehicles, as capacitors oc-
cupy ∼35% of the inverter volume, a 100% increase in the energy
density directly translates to more than 17% reduction in the in-
verter size. Polymer nanocomposites, consisting of high-K ceramic
fillers dispersed in polymer matrix, have been extensively studied
toward these ends (10–16). However, a well-known paradox is that
inherently high loss is associated with high-K materials (17).
Thereby, the seeming increase in the energy density arisen from

Significance

Polymers are the materials of choice for high-energy capacitive
storage devices due to their inherent advantages such as being
lightweight, their ease of processing, and their high dielectric
strength. Yet, their performance deteriorates significantly with
increasing operating temperature, which falls short of emerging
energy applications under harsh conditions. Here we demonstrate
the sandwich-structured polymer nanocomposites with greatly
improved energy densities, high power densities, and remarkable
charge–discharge efficiencies that far exceed those of the existing
polymer-based dielectrics at 150 °C, a temperature oriented to-
ward electric vehicle applications. The development of polymer-
based dielectric materials capable of high-temperature operation
represents a key element in meeting the technological challenges
and fulfilling the requirements of advanced electronics and elec-
trical power systems.

Author contributions: Q.L. and Q.W. designed research; Q.L., F.L., T.Y., M.R.G., and G.Z.
performed research; Q.L., F.L., T.Y., M.R.G., G.Z., L.Q.C., and Q.W. analyzed data; and Q.L.
and Q.W. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1Q.L. and F.L. contributed equally to this work.
2To whom correspondence should be addressed. Email: wang@matse.psu.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1603792113/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1603792113 PNAS | September 6, 2016 | vol. 113 | no. 36 | 9995–10000

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1603792113&domain=pdf
mailto:wang@matse.psu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603792113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1603792113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1603792113


high-K component might not lead to actual improvement of Ue
owing to exponentially increased dielectric loss and associated
degraded η with electric field and temperature. It should be
pointed out that η is a critical metric as heat generated from dielectric
loss can significantly reduce both lifetime and performance of energy
devices. The current nanocomposite approaches to tailoring K are
exclusively designed for film capacitors operating at ambient tem-
perature and have very limited success in the aforementioned high-
temperature applications.
In this contribution, we present an effective approach to the

high-temperature high-energy-density dielectric polymer nano-
composites concurrently possessing superior K, low loss, and
high η. Different from the single-layer film configuration that is
typically used in room temperature dielectric polymers, the
rationally designed sandwich structures (18, 19) including spa-
tially organized multicomponents exhibit much improved Ue
and maintain a great η under the operating conditions of DC
bus capacitors in electric vehicles. The K value of the sandwich-
structured polymer nanocomposites has been enhanced to be
2.5 and 1.8 times those of BOPP and c-BCB/BNNS, respec-
tively, leading to an Ue of ∼4.0 J cm−3 and a power density of
over 590 MW L−1 at 150 °C, which far exceeds those of previous
polymer-based dielectric materials under the same conditions.
Moreover, remarkable cyclability and dielectric stability has been
demonstrated in the layered polymer nanocomposites at elevated
temperatures.

Results
Single-Layer Polymer Nanocomposites. To increase the effective K
value of the dielectric polymer, barium titanate nanoparticles
(BT NPs, ∼100 nm mean particle size; Fig. 1A) was first in-
troduced into the polymer matrix c-BCB to yield a binary polymer
nanocomposite c-BCB/BT, a strategy that is commonly applied in
high-K polymer nanocomposites designed for room temperature
applications (10, 11). To achieve a prominent increase in K with a
minimized increase in dielectric loss, we filled c-BCB with 15 vol %
BT NPs, a feeding ratio that is right below the threshold of the
formation of the connected pathway of filler particles (fc = 16–18
vol % for two-phase random media with spherical inclusions),
beyond which electrical conductions and dielectric loss would in-
crease abruptly. The dielectric spectroscopy measured at room
temperature reveals a K of ∼6.8 at 1 kHz accompanied by a dis-
sipation factor (DF) of ∼0.97% for the c-BCB/BT nanocomposite,
compared with a K of ∼2.7 and a DF of ∼0.25% for the pristine
c-BCB (Fig. 1B). It is important to note that the low-field room
temperature dielectric loss is drastically different from the loss
shown at high electric fields and elevated temperatures because of
the nonlinear conduction related to charge injection and leakage
current (20–23). Indeed, at 150 °C and 200 MV m−1, the dielectric
loss rises rapidly from 18% of the pristine c-BCB to more than
47% of c-BCB/BT as determined from the electric displacement–
electric field (D–E) loops (Fig. 1C). Concurrently, a fourfold in-
crease in the leakage current density has been found from the
pristine c-BCB, i.e., 4.36 × 10−8 A cm−2, to the c-BCB/BT
nanocomposite, i.e., 1.59 × 10−7 A cm−2, according to the elec-
trical conductivity measurements, which apparently accounts for
the considerable increase in the dielectric loss observed at high
fields and elevated temperatures.
As BNNSs are known to be effective in reducing conduction

loss (24), the ternary polymer nanocomposites (c-BCB/BNNS/
BT) composed of 10 vol % BNNS and 15 vol % BT has been
prepared (Fig. 1D), a strategy that works fairly well at room
temperature toward high K and low loss dielectric materials (15).
With the introduction of BNNS, the DF value of the ternary
nanocomposite, i.e., 0.36%, is more than 60% lower in com-
parison with that of c-BCB/BT, and c-BCB/BNNS/BT still
maintains a K of ∼5.7, which is more than a twofold increase with
respect to the pure c-BCB (Fig. 1B). Nonetheless, at 150 °C and

200 MV m−1, the conduction loss of c-BCB/BNNS/BT still rea-
ches as high as 27% (Fig. 1C). It is obvious that the improve-
ments in K are greatly offset by the marked increase in dielectric
loss at high temperatures in the approaches based on the single-
layer film configuration.

Sandwich-Structured Polymer Nanocomposites. We then prepared
the trilayered polymer nanocomposites by sequentially casting a
layer of c-BCB/BNNS, a layer of c-BCB/BT, and another layer of
c-BCB/BNNS with the ratio of thickness in 1:2:1 (Fig. 2A). The
volume fraction of BNNSs in the outer layers is fixed at 10 vol %
according to the materials optimization (8), and the content of
BT NPs in the middle layer has been systematically varied. This
series of sandwich-structured nanocomposites are hereafter
termed as SSN-x, where x stands for the volume fraction of BT
NPs in the central layer. With successively increased volume
fractions of BT NPs in the central layer, the K values of SSN-x
increase monotonically from ∼3.5 of SSN-10 to over 6.3 of SSN-
35 (Fig. 2B). In the meantime, DF varies slightly in the range
from 0.25 to 0.28% until the volume fraction of BT NPs exceeds
25% (Fig. 2C). Even at 150 °C and 200 MV m−1, the dielectric
loss of SSN-x with no more than 25 vol % BT is found to be
consistently less than 7% (Fig. 2D), which is significantly lower
than the single-layer binary (c-BCB/BT) and ternary (c-BCB/
BNNS/BT) polymer nanocomposites. Besides, the dielectric
properties of SSN-x are considerably stable with respect to
temperature from 20 to 160 °C. It is also observed that the K and
DF values of SSN-x are essentially independent of frequency at
both room temperature and 150 °C, making them highly desirable
for power conditioning applications.

High-Temperature Capacitive Energy Storage. The sandwich-struc-
tured nanocomposite SSN-25 with an optimal composition at
25 vol % of BT NPs in the central layer discharges an Ue of
1.1 J cm−3 at a η of 93% at 150 °C and 200 MV m−1 (Fig. 3A). As
summarized in Fig. 3B, the elevated-temperature energy storage
capability of SSN-25 is superior to all of the single-layer polymer
nanocomposites as well as high-temperature dielectric polymers.
For instance, Ue are 0.81 J cm−3 with a η of 53% for the binary

A B

DC

Fig. 1. Single-layer polymer nanocomposites. (A) Cross-sectional SEM im-
ages of the binary c-BCB/BT polymer nanocomposite. (B) Frequency-dependent
dielectric spectra and (C) D–E loops of c-BCB, c-BCB/BT, and c-BCB/BNNS/BT.
(D) Cross-sectional SEM images of the ternary c-BCB/BNNS/BT polymer
nanocomposite.
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c-BCB/BT single-layer nanocomposite and 0.99 J cm−3 with a η
of 73% for the ternary c-BCB/BNNS/BT single-layer nano-
composite, respectively (Fig. 1C). Remarkably, Ue of SSN-25
measured at 150 °C, which is almost 2.8 times that of BOPP (i.e.,
0.4 J cm−3) measured at 70 °C, is achieved at a η comparable to
BOPP, i.e., >90%. The ferroelectric polymers represented by

poly(vinylidenefluoride-ter-trifluoroethylene-ter-chlorofluoroethylene)
(PVDF-TrFE-CFE) possess the highest K values among the di-
electric polymers. However, the PVDF-TrFE-CFE/BNNS (10 vol %
of BNNSs) nanocomposite with a K value of 37 at 1 kHz only
releases an Ue of 1.01 J cm−3 with a terribly poor η of 21% at
70 °C and 200 MV m−1. Impressively, SSN-25 also well-outper-
forms the best high-temperature dielectric polymers, e.g., the
polyimide (PI) and the polyetherimide (PEI). Ue attained at
150 °C and 200 MV m−1 are 0.43 J cm−3 for PI with a η of 76%
and 0.5 J cm−3 for PEI with a η of 90%, respectively. Ue of the
sandwich-structured nanocomposites are also greater than that
of the single-layered c-BCB/BNNS composites at even higher
temperatures, i.e., 0.8 J cm−3 for SSN-25 at 200 °C and 0.6 J cm−3

for the sandwich-structured nanocomposite with a thick ratio of
1:1:1 at 250 °C versus 0.5 J cm−3 at 200 °C and 0.4 J cm−3 at
250 °C for c-BCB/BNNS measured at 200 MV m−1 (8).
The breakdown strength (Eb) of SSN-x with varied volume

fractions of BT NPs was analyzed using the two-parameter
Weibull statistics. With increasing BT content in the inner layer,
the characteristic Eb measured at 150 °C decreases continuously
from 410 MV m−1 of SSN-10–285 MV m−1 of SSN-35 (Fig. 3C).
This trend coincides with the conduction loss of the nano-
composites, suggesting that the increase in electrical conduc-
tion accelerates dielectric breakdown. Ue of SSN-25 reaches to
3.5 J cm−3 at 366 MV m−1 and can even exceed 4 J cm−3 at an
applied field of 400 MV m−1 (Fig. 3D), which largely surpasses
those of the previous polymer-based dielectric materials attained
at 150 °C.

Fast Discharge and Power Density at High Temperatures. To exper-
imentally verify the discharging capability of the sandwich-
structured nanocomposite at high temperatures, we carried out
the fast discharge tests and monitored the energy dismissed to a
load resistor in series with the sample. Ue is plotted as a function
of time, where the discharge time is defined as the time for the

A B

C D

Fig. 2. Sandwich-structured nanocomposites. (A) Cross-sectional SEM im-
ages of SSN-25. (B) Frequency-dependent K and (C) DF of the sandwich-
structured nanocomposites with varied BT content in the middle layer
measured at room temperature. (D) Maximum electric displacement (Dmax) and
conduction loss of the sandwich-structured nanocomposites at 200 MV m−1

and 150 °C as a function of BT content in the middle layer.

A B

C D

Fig. 3. Capacitive energy storage performance. (A) Ue and η of SSN-x at 200 MV m−1 and 150 °C as a function of BT content in the middle layer.
(B) Comparison of Ue and η under 200 MVm−1 and elevated temperatures. (C) Weibull breakdown strength (Eb) and Ue at Eb of SSN-x at 150 °C as a function of BT
content in the middle layer. (D) Ue and η of SSN-25 at 150 °C as a function of electric field.
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discharged energy in a load resistor to reach 95% of the final
value. At 200 MV m−1 and 150 °C, SSN-25 is able to liberate an
Ue of more than 0.98 J cm−3 at a rate of 1.58 μs (Fig. 4A). This
energy density is 270% that of BOPP discharged at 70 °C, and
310% that of BOPP released at 105 °C (i.e., the maximum op-
erating temperature of BOPP; Fig. 4B). Particularly, Ue as well as
the discharge time of SSN-25 is found to remain constant in the
temperature range of 25–150 °C. On the other hand, BOPP ex-
hibits systematic decreases in both Ue and discharge time with
increasing temperature, indicative of the instability of its ca-
pacitance with temperature (Fig. 4C). Based on the measured Ue
and discharge time, the power density (P) can be calculated. As
the discharge time is related to the capacitance and hence the
thickness of the sample, we normalized the P of BOPP by as-
suming an identical thickness to that of the sandwich-structured
nanocomposite used in the fast discharge tests (i.e., 10 μm).
BOPP possesses a much inferior P value to the sandwich-struc-
tured polymer nanocomposite, especially at elevated tempera-
tures. P of SSN-25 remains stable at 585 MW L−1 from room
temperature up to 150 °C, whereas it decreases with temperature
and is 352 MW L−1 for BOPP at 105 °C (Fig. 4D). These results
indicate that the sandwich-structured nanocomposite not only
can offer larger Ue and higher stability at high temperatures, but
also provide greater P compared with BOPP.

Cyclability at Elevated Temperatures. Ideally, dielectric capacitors
have unlimited lifetime because their working principle involves

solely the repeated electrical polarization and depolarization. How-
ever, continuous operation of polymer dielectrics under elevated
temperatures and high electric fields may still cause degradation of
performance, because under these conditions polymer dielectrics
become much more vulnerable to the cyclic compression from the
electrostatic force generated between the electrodes during charge–
discharge cycles. With these considerations in mind we conducted
the cyclic fast discharge experiments under an applied field of
200 MV m−1 and at 150 °C. Outstandingly, over a straight 30,000
cycles of charge–discharge (i.e., a 24-h continuous operation),
the sandwich-structured polymer nanocomposite shows no sign of
degradation, and the variation of Ue is less than 3% in comparison
with Ue measured in the first cycle (Fig. 4E). In comparison, a
sizable variation of Ue of over 16% has been detected in the initial
5,000 cycles for PEI (Fig. 4F). The superior cyclic performance of
the sandwich-structured nanocomposite over PEI can be ascribed
to the higher mechanical strength of the polymer nanocomposites
at 150 °C, e.g., the Young’s modulus is 1.27 GPa for SSN-25 and
0.31 GPa for PEI.

Discussion
The electronic conduction has been identified as the main loss
mechanism of dielectrics operating at elevated temperatures (21–
23), which is responsible for a sharp increase in the dielectric loss as
well as substantial reductions in Ue and associated η with increasing
applied fields and temperatures. Phase-field simulations have been
performed to better understand the leakage current observed in the
nanocomposites. Fig. 5 presents the simulated spatial distribution of
the leakage current density in the polymer nanocomposites at
50 MV m−1 and 150 °C. In the sandwich-structured nanocomposite
with stacked c-BCB/BNNS and c-BCB/BT layers (Fig. 5 A–C), the
c-BCB/BNNS layers with highly insulating BNNSs block the current
path, and therefore reduce the electrical conduction. By contrast, in
the ternary nanocomposite with uniformly mixed BNNS and BT
fillers (Fig. 5D), the relatively high-conductive BT NPs form
conductive paths, yielding much higher leakage current density
relative to those in the multilayered structures; this corroborates
the high electrical conduction and large dielectric loss experi-
mentally observed in the single-layer ternary c-BCB/BNNS/BT
nanocomposites. The computational simulations also suggest
that tri- and tetralayered polymer nanocomposites consisting of
the layered c-BCB/BNNS and c-BCB/BT have very similar leakage
current densities. Therefore, compared with the sandwich structures,
more sophisticated multilayered structures might not present

A B
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Fig. 4. Fast discharge tests. (A) Discharged energy density as a function of time
of SSN-25 and (B) BOPP measured in the fast discharge tests under 200 MV m−1

at different temperatures. (C) Discharged energy density and (D) power density
of SSN-25 and BOPP obtained from the fast discharge tests under 200 MV m−1

at various temperatures. (E ) Cyclic performance of SSN-25 and (F ) PEI at
200 MV m−1 and 150 °C.

Fig. 5. Phase-field simulation. (Top) Composite microstructure and (Bot-
tom) spatial distribution of leakage current density j on applying an electric
field of 50 MV m−1 at 150 °C of (A) SSN-x, (B) reverse-SSN trilayered polymer
nanocomposites, (C) the tetra-layered polymer nanocomposites, and (D)
c-BCB/BNNS/BT single-layer polymer nanocomposite.
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additional advantages for dielectrics operating at elevated tem-
perature and high fields as long as the c-BCB/BT phase is spa-
tially severed along the film direction by the c-BCB/BNNS phase
and the overall volume fraction of each individual nanoinclusion is
fixed. This work has thus focused on the optimization of trilayered
structures.
In addition, according to the simulation results shown in Fig. 5 A

and B, the leakage current of the trilayered structures appears to be
irrelevant to the layer sequence when the c-BCB/BT layer is spa-
tially separated by c-BCB/BNNS. To experimentally examine this
prediction, we constructed the sandwich-structured nanocomposite
film in a different sequence from SSN-25, i.e., the two c-BCB/
BNNS layers were placed together between the two separate
c-BCB/BT layers, while maintaining the same ratio of thickness and
filler contents to those of SSN-25. The nanocomposite film thus
obtained is denoted as reverse-SSN. Contrary to the simulation
results, reverse-SSN possesses lower Ue and η than SSN-25 due to
its higher conduction loss (Fig. 6A). It is therefore postulated that
the electrode/dielectric interface, which is not considered in the
simulation of the leakage current density, shall account for the
disparity in the experimental and theoretical results. To understand
the sandwich-structured nanocomposites with different layer ar-
rangements, it is informative to investigate the conduction mech-
anisms of its components, i.e., c-BCB/BNNS and c-BCB/BT, under
elevated temperatures. Several conduction mechanisms exist in
polymeric materials, including the hopping conduction, the
Schottky charge injection (thermionic emission) and the Poole–
Frenkel (P–F) emission (20, 25). Hopping conduction is commonly
observed in amorphous polymers such as c-BCB, as we previously
demonstrated (8). The other two mechanisms are related to the
thermal excitation of charge carriers and hence are considered as
the major contributions to the high-temperature conduction loss.
The Schottky emission is a conduction mechanism usually occur-
ring at elevated temperatures when the electrons in electrode
metal obtain energy provided by thermal activation to overcome
the energy barrier at the electrode/dielectric interface and are in-
jected to the dielectric material. The barrier height can be simply
estimated from the intercept of the Schottky plot (Fig. 6B). It is
evident from the curve fits that c-BCB/BT has a much lower barrier
height than c-BCB/BNNS, indicating that the charges are more

easily injected from electrode into c-BCB/BT than c-BCB/BNNS at
elevated temperatures. The P–F emission denotes the thermal
excitation of electrons that emit from traps into the conduction
band of dielectric. From the trap depth extracted from the in-
tercept of the P–F plot, it is found that the presence of BNNSs
facilitates the formation of deeper traps, and therefore impedes the
thermal activation of electrons (Fig. 6C). Collectively, SSN-25
features higher energy barrier and larger trap depth than reverse-
SSN as revealed by the curve fits in the Schottky and P–F plots. In
other words, with c-BCB/BNNS as the outer layers in the multi-
layered nanocomposites, it is more efficient to block the charge
injection from electrodes and restrain the formation of the ther-
mally activated charge carriers at elevated temperatures compared
with c-BCB/BT.
To further elucidate the conduction behavior, the thermally

stimulated depolarization current (TSDC) measurements have
been carried out on the c-BCB/BT and c-BCB/BNNS nano-
composites. As shown in Fig. 6D, the peaks located at lower
temperature regions are likely associated with the Maxwell–
Wagner effect at the filler/matrix interface (26), and the peaks at
higher temperatures are attributed to the trapped charges (27).
The upward shift of high-temperature peak from c-BCB/BT to
c-BCB/BNNS suggests the formation of deeper traps and higher
barriers against thermally activated charge carriers in c-BCB/
BNNS. Because the TSDC is mainly contributed by the detrap-
ping of the charge carriers within ∼5 μm film depth from the
surface (28), as expected, the TSDC curve of SSN-25 nano-
composite bears a pronounced peak at a very similar location to
that of c-BCB/BNNS, and the curve of reverse-SSN resembles
that of c-BCB/BT. Consistent with the electrical conduction
data, the results from TSDC measurements also indicate that it is
beneficial for c-BCB/BNNS to be located in the surface layers to
suppress conduction loss at high temperatures. These results
rationalize our design of the BNNS-BT-BNNS configuration in
the sandwich-structured polymer nanocomposites tailored for
high-temperature applications.
The ratio of layer thickness in the sandwich-structured nano-

composites has also been revealed to affect the energy storage
performance. It is demonstrated that SSN-25 is the optimized
composition possessing the best electrical energy storage and
discharge properties at 150 °C. Although the increase of the
relative thickness of c-BCB/BNNS results in a drop in Ue owing
to the reduction in K, the decrease of the relative thickness of
c-BCB/BNNS causes a reduction in η because of increased di-
electric loss. For example, under 200 MV m−1 and 150 °C, the
sandwich-structured nanocomposite with the ratio of thickness of
the three layers in 1:1:1 exhibits an Ue that is almost 20% lower
than that of SSN-25; whereas, the conduction loss of the sandwich-
structured nanocomposite with the ratio of thickness of the three
layers in 1:2:0.5 rises to over 15%.

Conclusions
In summary, the sandwich-structured polymer nanocomposites
containing high-K ceramic fillers have been successfully developed
toward high-energy-density high-power-density capacitive energy
storage at elevated temperatures. For the conventional single-layer
film configuration, despite enhancements in K values and higher
stored energy density afforded by the introduced high-K fillers,
Ue and η are significantly compromised by the nonlinear increase
in dielectric loss with temperatures and applied fields. Instead,
the sandwich-structured polymer nanocomposites with tailored
multilayer structures and chemical compositions are capable of
balancing the contradict parameters including energy density and
dielectric loss at elevated temperatures, yielding extraordinary
dielectric and capacitive performance at 150 °C, a temperature
oriented to many important applications such as electric vehicles.
The engineered spatial arrangement of BNNSs in the outer
composite layer efficiently impedes the charge injection from

A B
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Fig. 6. Impact of layer arrangement. (A) Comparison of discharged energy
density and charge–discharge efficiency at 200 MV m−1 and 150 °C of SSN-25
and reverse-SSN. (B) Schottky plot, (C) P–F plot, and (D) TSDC spectra of the
dielectrics.
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electrodes and introduces deep traps for charge carriers at ele-
vated temperatures; whereas, BT NPs in the central layer offer
improved dielectric constant and hence energy density. Conse-
quently, an Ue of 1.1 J cm−3 with a η of 93% have been realized
in the sandwich-structured polymer nanocomposites at 150 °C
and 200 MV m−1, exceeding those reported for polymer dielec-
trics. More notably, in addition to excellent charge–discharge cy-
clic performance at elevated temperatures, the discharge power
and the microsecond discharge speed of the sandwich-structured
nanocomposites remain steady with respect to the operating tem-
peratures from 25 to 150 °C. The spatial organization of polymer
nanocomposites into layered structures provides a paradigm for
developing high-performance high-temperature dielectric mate-
rials and for gaining improved insights into the mechanisms that
control dielectric and capacitive properties in polymeric mate-
rials at high temperatures.

Methods
Fabrication of the Sandwich-Structured Polymer Nanocomposites. The sand-
wich-structured nanocomposite films were prepared using a layer-by-layer
casting method. Take the preparation of SSN-25 as an example. First, a BCB
solution containing 25 mg BCB monomers along with the appropriate
amount of BNNSs was drop cast on a glass plate. After baking at 120 °C for
3 h, a second layer was cast directly on top of the first layer using a BCB so-
lution containing 50 mg BCB monomers along with the appropriate amount
of BT NPs. Again, after baking at 120 °C for 3 h, a third layer was cast on top
of the second layer using a BCB solution containing 25 mg BCB monomers
along with the appropriate amount of BNNSs. Afterward, the film was dried
at 120 °C for 30 min, which was followed by curing at 250 °C for 2 h under
N2. Layer arrangement and thickness ratio of the sandwich-structured
nanocomposite films can be tuned by simply controlling the concentration
and composition of the cast solutions. The thickness of films was within the
range of 8–20 μm.

Characterization. SEM measurements were performed with a Hitachi S-4800
field emission electron microscope. Gold electrodes with a 6 mm diameter
and 60 nm thickness were sputtered on both sides of the polymer films for the
electrical measurements. Dielectric constant and loss weremeasured using an
Agilent LCR meter (E4980A). Dielectric spectra were acquired over a broad
temperature range using a Hewlett Packard 4284A LCR meter in conjunction
with a Delta Design oven model 2300. Conduction currents were obtained
under an electric field provided by aHewlett Packard 4140B pAmeter/voltage
source and TREK model 2210 amplifier. High-field D–E loops were collected
using a modified Sawyer–Tower circuit, where the samples were subjected
to a triangular unipolar wave with a frequency of 10 Hz. Dielectric break-
down strength measurements were performed on a TREK P0621P in-
strument using the electrostatic pull-down method under a DC voltage ramp
of 500 V s−1. Young’s moduli were derived from strain-stress curves mea-
sured with a TA RSA-G2 Solids Analyzer, using a constant linear stretching
rate of 0.02% s−1. TSDC was measured using Hewlett Packard 4140B pA
meter with Kepco BOP 1000M as a high voltage source and performed in a
Delta Design 2300 oven, using the following recipe. The samples were first
heated to 200 °C at the rate of 5 °C min−1, and were annealed for 10 min at
200 °C before an electric field of 50 MV m−1 was applied. After another
10-min annealing, the samples were rapidly cooled down to −50 °C with the
applied electric field. Afterward, the samples were placed at −50 °C for
10 min and then the electric field was removed. Finally the samples were
short circuited and heated to 250 °C at the rate of 3 °C min−1 with the
current being measured across the samples. The fast discharge tests were
performed using a PK-CPR1502 test system (PolyK Technologies). Trek 10/10B
high voltage amplifier was used to charge the capacitor sample soaked in
silicone dielectric fluid and the typical charging time was ∼1 s. Then the
charged capacitor was discharged to a high voltage noninductive resistor
through a high-speed metal-oxide-semiconductor field-effect transistor
switch. The resistance of the load resistor was selected as 6.5 kΩ to match the
capacitance of the sample and achieve certain discharge RC time constant.
The charge–discharge cycle was controlled by a LabVIEW program.
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