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Dielectric materials, which store energy electrostatically, are
ubiquitous in advanced electronics and electric power systems' .
Compared to their ceramic counterparts, polymer dielectrics have
higher breakdown strengths and greater reliability'>’, are scalable,
lightweight and can be shaped into intricate configurations, and
are therefore an ideal choice for many power electronics, power
conditioning, and pulsed power applications"*'°. However, poly-
mer dielectrics are limited to relatively low working temperatures,
and thus fail to meet the rising demand for electricity under the
extreme conditions present in applications such as hybrid and
electric vehicles, aerospace power electronics, and underground
oil and gas exploration''"". Here we describe crosslinked polymer
nanocomposites that contain boron nitride nanosheets, the dielec-
tric properties of which are stable over a broad temperature
and frequency range. The nanocomposites have outstanding
high-voltage capacitive energy storage capabilities at record tem-
peratures (a Weibull breakdown strength of 403 megavolts per
metre and a discharged energy density of 1.8 joules per cubic cen-
timetre at 250 degrees Celsius). Their electrical conduction is
several orders of magnitude lower than that of existing polymers
and their high operating temperatures are attributed to greatly
improved thermal conductivity, owing to the presence of the boron
nitride nanosheets, which improve heat dissipation compared to
pristine polymers (which are inherently susceptible to thermal
runaway). Moreover, the polymer nanocomposites are lightweight,
photopatternable and mechanically flexible, and have been demon-
strated to preserve excellent dielectric and capacitive performance
after intensive bending cycles. These findings enable broader appli-
cations of organic materials in high-temperature electronics and
energy storage devices.

The best commercially available dielectric polymer represented by
biaxially oriented polypropylene (BOPP) can operate only at tem-
peratures below 105 °C (ref. 14). Therefore, thermal management is
always required to enable the use of dielectric polymers in high-
temperature applications. For example, to accommodate BOPP film
capacitors in the power inverters of hybrid and electric vehicles,
which are used to control and convert direct current from batteries
into the alternating current required to power the motor, cooling
systems have to be employed to decrease the environmental temper-
ature from about 140 °C to about 70 °C. This brings extra weight,
volume and energy consumption to the integrated power system and
reduces its reliability and efficiency. The upsurge in lightweight and
flexible electronic devices has also created a tremendous demand for
high-temperature dielectric polymers, as the heat generated by elec-
tronic devices and circuitry increases exponentially with miniatur-
ization and functionality.

A variety of high-performance engineering polymers have been
considered as possible high-temperature dielectric materials to address
these urgent needs'°. Until now, the key criteria established for

evaluating high-temperature dielectric polymers has been the glass
transition temperature (Ty) and thermal stability. At temperatures
approaching T, polymers lose their dimensional and electromech-
anical stability and display large variations in dielectric constant (K)
and dissipation factor (DF) with temperature. Making use only of
materials that have high T, works reasonably well at high temperatures
but only under relatively low electric fields and this approach has
had very limited success when the material is subject to both high
temperatures and high voltages.

Here (see Fig. 1a) we thermally crosslinked divinyltetramethyldisi-
loxane-bis(benzocyclobutene) (BCB) in the presence of boron nitride
nanosheets (BNNSs, Fig. 1b and ¢) to afford the crosslinked nanocom-
posite c-BCB/BNNS (Fig. 1f and g, Supplementary Information sec-
tion 1). BNNSs, which form a wide-bandgap (~6eV) insulator with
ultrahigh thermal conductivities in the range ~300-2,000 Wm ™' K™*
(refs 20 and 21), were prepared through liquid-phase exfoliation of
hexagonal boron nitride (h-BN) powders™.

Compared to the crosslinked pristine BCB referred to as c-BCB, the
most striking feature of c-BCB/BNNS is substantially suppressed high-
field electrical conduction at high temperatures (Supplementary
Information sections 2 and 3). For example, the electrical conductivity
decreases from 4 X 107"*Sm™" in ¢-BCB to 92X 10""“*Sm™" in
¢c-BCB/BNNS and the conduction loss decreases from 18% in ¢-BCB
to 3% in c-BCB/BNNS under an applied field of 200 MV m ™" at 150 °C.
Coupled with the higher Young’s modulus arising from the introduced
BNNSs, which impedes the occurrence of the electromechanical break-
down®, the largely reduced electrical conduction in ¢-BCB/BNNS
results in a greatly improved Weibull breakdown strength (E;,) at high
temperatures. For example, Ey, improves from 262 MV m™ ! for c-BCB
to 403 MV m ™' for c-BCB/BNNS with 10 vol% BNNSs at 250 °C. We
note that polymer nanocomposites were previously designed towards
improved capacitive energy storage, including BNNS-containing nano-
composites*, and were mainly intended for room temperature applica-
tions?. For example, at B, = 200 MV m ™', the dielectric loss of the best
ferroelectric polymer nanocomposite with BNNSs is 15% at room tem-
perature®, but this quickly rises to 76% when the temperature is
increased to 70 °C (Supplementary Fig. 25).

The dielectric properties of c-BCB/BNNS have been evaluated along
with state-of-the-art high-temperature capacitor-grade polymer films
including polycarbonate (PC, T, =~ 150 °C), poly(ether ether ketone)
(PEEK, Ty~ 150°C), polyetherimide (PEI, T~ 217°C), fluorene
polyester (FPE, T;~330°C) and polyimide (Kapton PI (from
Dupont), Ty = 360 °C) (Supplementary Table 1). We first examine K
and DF as a function of temperature and frequency (Fig. 2,
Supplementary Information section 4). At 10* Hz, which is the
frequency of interest for common power conditioning, a minor vari-
ation in K with temperature, that is, <1.7%, is seen in c-BCB/BNNS
from room temperature to 300 °C, while FPE, the next-best dielectric
investigated in this study, shows a K variation of over 8% at 300 °C
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relative to room temperature (Supplementary Fig. 15). As presented in
Fig. 2¢, the temperature coefficient of K for c-BCB/BNNS is around
65 parts per million (p.p.m.) per °C, compared to 308 p.p.m. °C™" and
498 p.p.m. °C™ ! for FPE and Kapton, respectively, within the temper-
ature range 25-300 °C. Even under a direct-current bias voltage of
50 MV m ', the K variation of c-BCB/BNNS is still as low as 1.6% at
250 °C, compared to 8.5% for FPE (Supplementary Fig. 15).
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Figure 1 | Material preparation and
structures. a, Schematic of the
preparation of c-BCB/BNNS films.
b, ¢, Transmission electron
microscopy (TEM) images of BNNSs
exfoliated from h-BN powders. Inset
to ¢ is an electron-diffraction pattern
of BNNSs, showing its hexagonal
775" symmetry. d, Chemical structure of
the BCB monomer. e, The repeating
unit of c-BCB. f, Photographs of a
10-um-thick ¢-BCB/BNNS film
wrapped around a glass tube with
diameter 4 mm. g, A bent 10-um-
thick c-BCB/BNNS film. h, The
photopatterned c-BCB/BNNS on a Si
wafer. i, j, Optical microscopic images
of the patterned films; the dark
regions correspond to c-BCB/BNNS.
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Concurrently, the DF value of ¢-BCB/BNNS at 10* Hz only
increases from 0.09% to 0.13% with increasing temperature up to
300 °C (Supplementary Fig. 15). Although Kapton shows a stability
of DF with temperature under direct-current bias similar to that of
c-BCB/BNNS, appreciable increases in DF have been observed in all
the other polymer dielectrics. For example, the DF of FPE jumps from
0.22% at room temperature to 1.35% at 280 °C. It is also evident that, of

a 50 b Figure 2 | Dielectric stability.
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the dielectrics assessed, c-BCB/BNNS offers the most stable K and DF
in the frequency range 10°-10° Hz at high temperatures (Fig. 2d,
Supplementary Figs 16 and 17).

We next studied high-field capacitive energy storage properties at
high temperatures (Supplementary Information section 5). As sum-
marized in Fig. 3, c-BCB/BNNS clearly outperforms all the high-T,
polymer dielectrics at temperatures ranging from 150 °C to 250 °C in
terms of the discharged energy density (U,) and the charge-discharge
efficiency (). For example, c-BCB/BNNS can discharge a U, exceeding
2.2 cm™ > under 400 MV m ™" with a i of larger than 90% at 150 °C. At
200 °C, ¢-BCB/BNNS delivers a U, of 2 ] cm™> under 400 MVm ™",
which is twice that of PEI, accompanied by a # value more than 1.5
times higher than that of PEI. As the temperature is further raised to
250 °C, where none of the high-T, polymer dielectrics can operate at
more than 150 MV m ™', c-BCB/BNNS is functional up to 400 MV m "
with a U, of ~1.8]cm73. Remarkably, at 200 MV m~ %, which is the
operating condition of BOPP film capacitors in electric vehicles®, the
value of # for c-BCB/BNNS at 150 °C—that is, ~97%—is the same as
that of BOPP at 70 °C (Supplementary Fig. 24). This indicates that, by
replacing BOPP with ¢-BCB/BNNS, the complex cooling system for
power inverters in electric vehicles could be eliminated. Furthermore,
under these conditions, the U, of c-BCB/BNNS is over 40% higher than
that of BOPP owing to its higher K; that is, 3.1, versus 2.2 for BOPP.

The superior performance of c-BCB/BNNS over the high-T, poly-
mer dielectrics stems from its substantially reduced high-field leakage
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current at elevated temperatures. For example, at 200 °C and a field of
200MVm™", a current density of 42X 10 *Acm™? is found in
c-BCB/BNNS, which is nearly one order of magnitude lower than that
of PEI and two orders of magnitude smaller than those of FPE and
Kapton (Supplementary Fig. 28). It is important to note that the elec-
trical conduction not only accounts for dielectric loss, which degrades
U. and 7, but also generates Joule heating within dielectrics®.
Depending on the heat dissipation (which is determined primarily
by the thermal conductivity of the dielectrics), the geometry of the
capacitors, and the cooling systems, the steady-state internal temper-
ature of capacitors could exceed the T, or even the decomposition
temperature of dielectric polymers and cause capacitor failure.

We simulate the steady-state internal temperature distribution of the
dielectric films by using finite element computations® (Methods,
Supplementary Information section 6). As summarized in Supple-
mentary Tables 4-6, it can be seen that the steady-state internal tem-
peratures of c-BCB/BNNS film are consistently much lower than those
of the high-T,, polymers operating under the same conditions, owing to
a pronounced reduction in conduction loss and a marked enhancement
in thermal conductivity, that is, from ~0.2 W m™ ' K" for the polymers
to L8Wm ' K ' for c-BCB/BNNS. As exemplified in Fig. 4, under a
forced convection with air (convective heat transfer coefficient & = 35)
and an ambient temperature of 200 °C, the PEI-, FPE- and Kapton-
based film capacitors are overheated, with temperatures at the film
centres of 219 °C, 361 °C, and 435 °C, respectively, at 2000 MV m ™",
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Figure 4 | Steady-state temperature distribution. Simulated steady-state
temperature distribution in spiral-wound film capacitors of 40 X 40 X 10 mm®
enclosure size, based on c-BCB/BNNS with 10 vol% of BNNSs, PEI, FPE and PI
(Kapton), respectively, given continuous operation under an electric field of
200 MV m ™, with an ambient temperature of 200 °C and a convective heat
transfer coefficient of 35. As the model is symmetric in three Cartesian
coordinates, only 1/8 of the volume is shown, to expose the centre part of
the capacitor.

In contrast, the highest temperature inside c-BCB/BNNS is only
204 °C. With the field increasing to 300 MV m ! and 400MVm
the temperatures at the film centre of ¢-BCB/BNNS are 213 °C and
255°C, respectively, still below its Tg (>350°C), when h=200.
Notably, even at 250 °C and with active liquid cooling, c-BCB/BNNS
is operable at 300 MV m ™" with a maximum internal temperature of
308 °C. Under high-voltage cycling conditions, it is in fact thermal
runaway” that dictates the maximum operation field of dielectric
polymers and thus acts as the limiting factor of high-field capacitive
energy storage at elevated temperatures. Despite high T, and excellent
thermal stability from engineering polymers, their well documented
poor thermal conductivities® seriously limit the actual working tem-
peratures of capacitors under high fields.

Finally, we demonstrate that c-BCB/BNNS can be readily prepared
by photo-polymerization of solution-cast films, which, upon further
curing, are found to possess essentially the same dielectric properties as
the thermally crosslinked films (see Methods and Supplementary
Fig. 27). The ultraviolet-induced crosslinking through an optical mask
enables direct photopatterning of c-BCB/BNNS films (Figs 1h—j); this
is highly desirable in device fabrications. Furthermore, no degradation
in dielectric stability, U, and n of ¢-BCB/BNNS measured at room
temperature and 250 °C was observed after rigorous winding and
bending tests (Supplementary Information section 7 and Supple-
mentary Video). This suggests that this nanocomposite may be used
in practical flexible electronics and high-throughput roll-to-roll pro-
cessing into wound cells. Also, it is noteworthy that c-BCB/BNNS has
the lowest mass density (~1.10gcm ™) of the polymer dielectrics
studied (Supplementary Table 1). This desirable combination of pro-
cessibility, flexibility, light weight, and dielectric and capacitive per-
formance in such nanocomposites may transform the way compact
power modules and power circuits targeted for harsh environment
applications are built.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Materials. Dipropylene glycol dimethyl ether (DMM), BCB monomers and
b-staged BCBs (partially polymerized) with the number average molecular weight
of ~25,000 were provided by Dow Chemical. Boron nitride powders were pur-
chased from Sigma-Aldrich. The high-T, polymer dielectric films were provided
by PolyK Technologies. The polyimide (Kapton) films were vacuum dried over-
night at 70 °C before use. All the other materials were used as received.
Preparation. BNNSs were prepared from boron nitride powders using a solution
phase exfoliation method*”. To make the nanocomposites, BNNSs were first dis-
persed in DMM at a concentration of 5 mg ml~". 100 mg of BCB monomers were
dissolved in 2 ml of DMM and stirred for 2 h. Afterwards the DMM solution of
BNNSs was mixed with BCB solution in proportion, and the mixture was first
stirred for 10 min and then sonicated for 5 min using a tip-type sonicator (175 W).
To crosslink the material, the mixture was drop-cast on a glass slide and subject to
baking at 120 °C for 30 min, which was followed by curing at 250 °C for 2 h under
N,. The film was peeled off after soaking in water for 5 min. The film thickness can
be varied by tuning the concentration of the cast solution. The thickness of films
used for electrical characterizations is within the range of 6-12 pm. For ultraviolet-
induced crosslinking of the material, DMM solution of b-staged BCB mixed with
BNNSs was used to cast a film on Si wafer by spin-coating. Then the spin-coated
film was subject to a 20-min ultraviolet exposure in an ultraviolet crosslinker (XL-
1500, Spectroline) equipped with ultraviolet tubes (BLE-1T155, Spectroline). The
thickness of the film can be varied by changing the solution concentration and
parameters of spin-coating. Typically, a 30 wt% solution spin-coated at 700 r.p.m.
yields a 4-pm-thick film, which, after curing at 250 °C for 15min under N,,
achieves the same level of performance as that of the thermally crosslinked films.
For a typical procedure of photopatterning, the material was spin-coated on Si
wafer from a 20 wt% solution of b-staged BCB mixed with BNNSs at 3,000 r.p.m.,
and then covered with an optical mask before ultraviolet irradiation. Afterwards,
the material was developed using DMM and dried.

Characterization. Fourier-transform infrared (FTIR) spectra were obtained in the
attenuated total reflectance (ATR) mode using a ZnSe crystal as a contact to the
samples with a Varian Digilab FTS-8010 spectrometer. Differential scanning
calorimetry was conducted by using a TA Instrument Q100 differential scanning
calorimeter at a heating/cooling rate of 10 °C min ™ '. X-ray diffraction analysis was
studied using a PANalytical X’pert Pro MPD theta-theta diffractometer.
Thermogravimetric analysis was performed with a TGA 2050 Analyzer at a heat-
ing rate of 10 °Cmin~'. TEM images were obtained on a JEOL JEM-2001F trans-
mission electron microscope. Scanning electron microscopy measurements were
performed with a FEI Nova NanoSEM 630 field emission electron microscope.
Gold electrodes of diameter 6 mm and thickness 60 nm were sputtered on both
sides of the polymer films for the electrical measurements. 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. Dielectric spectra
under direct current bias were collected with the same equipment along with a
Hewlett Packard 4140B pA meter/voltage source, a KEPCO BOP 1000M amplifier
and a protective circuit. Conduction currents were obtained under an electric field
provided by a Hewlett Packard 4140B pA meter/voltage source and TREK model
2210 amplifier. High-field electric displacement-electric field loops were collected
using a modified Sawyer-Tower circuit, where the samples were subject to a
triangular unipolar wave with a frequency of 10 Hz. Dielectric breakdown strength
measurements were performed on a TREK P0621P instrument using the electro-
static pull-down method under a direct-current voltage ramp of 500 Vs ™.
Young’s moduli were derived from strain-stress curves measured with a TA

RSA-G2 Solids Analyzer, using a constant linear stretching rate of 0.02%s™".

See Supplementary Information section 6 for the method of thermal conductivity
measurement.

Two-parameter Weibull statistic. Dielectric breakdown strength is analysed
within the framework of a two-parameter Weibull statistic described as:

P(E)=1— exp(—(E/2)")

where P(E) is the cumulative probability of electric failure, E is the measured
breakdown field, the scale parameter o is the field strength for which there is a
63% probability for the sample to breakdown (Weibull breakdown strength), the
shape parameter f§ evaluates the scatter of data and a higher value of f§ represents
greater dielectric reliability.

Temperature coefficient of dielectric constant. The temperature coefficient of
dielectric constant, t,,, for a given temperature range (from T; to Ty), is defined as:

T, = (Ke — Ki) /[Kret (Ts — T)]

where K,¢is the dielectric constant at room temperature, T; and Trare the low-end
and high-end temperatures, respectively, and K; and Krare the dielectric constants
at T; and Tj, respectively.

Simulation of steady-state temperature distribution. The full-field temperature
evolution in the metallized thin film capacitor during joule heating is mathemat-
ically governed by

0T (x)
ot
where p,,, and C are the density and heat capacity respectively. K is the thermal
conductivity and E stands for the applied electrical field. In particular, as shown by

the experimental measurements, the electrical conductivity ¢ depends on the
temperature T, having the characteristic form of:

o=00 exp<— k%) )

where the coefficients ¢, and A for each material at one specific applied electric
field are calculated by fitting the measured data and kg is the Boltzmann constant.
Setting 0T(x)/0t = 0 yields the steady-state temperature solution of equation (1):

KV*T(x)+0(x,T)E* =0 (3)

pnC =KV>T(x)+0o(x,T)E (1)

The governing equation is then solved by finite element simulations using the
commercial software Comsol 5.0 (http://www.comsol.com/release/5.0). When the
capacitor is operating the thin slices of the structures are packed into an enclosure,
with the cooling liquid surrounding the enclosure. Therefore, the capacitor is
treated as an integrated body with a uniform applied electric field for each cal-
culation. The geometries arising from the experimental setup are used in the finite
element model. As a result of the laminar structure of the capacitor, in which the
polymer has a relatively low thermal conductivity compared to the metallization,
the anisotropy in thermal the conductivity is considered in the model (as shown in
Supplementary Information section 6). During the finite element simulation, the
heat flux at all the enclosure surfaces of the capacitor is produced by both con-
vective and radiative heat transfer arising from the surrounding cooling, with the
form:

n(—KVT) = (T — Tox) + ospe(T* — T4, (4)

where Ty, is the surrounding temperature, / is convective heat transfer coefficient,
gsp is the Stefan-Boltzmann constant, and ¢ is the emissivity of the surfaces.
Owing to symmetry only 1/8 of the volume is modelled. Based on the mesh-
sensitive study, the number of mesh elements in the system is set as
120 X 120 X 30 with a grid spacing of 0.33 mm.

©2015 Macmillan Publishers Limited. All rights reserved
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