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A B S T R A C T

Next-generation electrical and power electronic systems necessitate polymer dielectrics with high energy den
sities and high-temperature applicability. However, such ever-increasing performance demands result in expo
nential increases of leakage electrical conduction, which is fundamentally associated with thermally and 
electrically assisted charge injection and transport mechanisms. Here, we report a substantial improvement in 
high-temperature energy storage properties for polymer dielectrics with a bilayer nanocoating. Two-dimensional 
boron nitride and montmorillonite nanosheets were coated on the polymer surface, showing a synergetic effect 
on trapping and dissipating the hot carriers injected from electrodes. We obtain an ultrahigh discharged energy 
density of 5.5 J/cm3 with an efficiency exceeding 90 % at 150 ◦C. This bilayer nanocoating strategy provides a 
generalizable approach for designing high-performance polymer dielectrics via interfacial engineering.

1. Introduction

Electrostatic capacitors are critical components in electrical and 
power electronic systems owing to their fast charge–discharge capability 
for high-power electrical energy storage [1–3]. Polymer dielectrics are 
preferred materials for electrostatic capacitors because of their high 
breakdown strength, flexibility, reliability, low cost, and lightweight 
[4–9]. However, the implementation of polymer dielectrics in high- 
voltage capacitors at high operation temperatures is still a bottleneck 
[10]. For example, biaxially oriented polypropylene (BOPP), as the 
state-of-the-art commercially available polymer dielectric, can only 
operate at a temperature lower than 105 ◦C [11,12]. To meet the 
requirement of harsh operating conditions and increased energy levels 
for future electrical energy storage needs, high-temperature polymer 
dielectrics with high energy densities are therefore of both fundamental 

and applied interest [13–15]. Although many engineered polymers with 
high glass transition temperatures have been developed, they all suffer 
undesirably increased conduction losses at elevated electric fields and 
temperatures [16–19]. This leads to not only low dischargeable energy 
density but also severe thermal runaway which raises great challenges 
for long-term reliability of capacitors operating under extreme 
conditions.

After years of effort, it has been realized that the sharply increased 
charge injection at high temperatures is one of the main causes of high 
conduction loss. The surge in kinetic energy of charge carriers endows 
them with the ability to cross the electrode-dielectric interface barrier 
[20,21]. One common approach for addressing this problem is to add an 
inorganic coating layer with a large bandgap on the polymer surface to 
further enhance the interface barrier height [22,23]. However, the 
resulting blocked charges at the interface will accumulate, leading to an 
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increase in the local electric field strength and thus the generation of 
surface defects. Correspondingly, it is still difficult for polymer di
electrics to obtain high charge–discharge efficiency (> 90 %) and high 
energy storage density (> 4 J/cm3) under high temperatures (150 ◦C) 
and high electric fields (500 MV/m).

Here, we present a bilayer nanocoating structure, which introduces a 
charge dissipation coating layer between a large-bandgap coating layer 
and the underlying polymer dielectric. The modulation mechanism of 
the bilayer nanocoating on the charge injection is shown in Fig. 1: firstly, 
injected charge is trapped in the outer coating, and then the inner 
coating dissipates the captured charge along the interface. In our 
approach, the charge dissipation layer comprises montmorillonite 
(MMT) nanosheets. MMT has a larger through-thickness bandgap and a 
relatively high in-plane electrical conductivity [24]. This electrical 
anisotropy not only achieves the desired charge dissipation along the 
interface to avoid penetrating into the polymer dielectric, but also solves 
the problem of surface charge accumulation, thereby effectively allevi
ating the local electric field strength.

2. Methods

2.1. Materials

To make the polymer film, soluble polycarbonate (PC) pellets 
(PolyK) were first dissolved in chloroform and cast onto a glass sub
strate. The cast films were dried at 100 ◦C and then peeled off from the 
substrate in water. The free-standing films were obtained by finally 
drying at 130 ◦C to remove all residual solvent and water. To perform 
nanocoating on a polymer substrate, MMT and boron nitride (BN) 
coating precursors were prepared in advance. MMT and BN nanosheets 
were exfoliated in ethanol via tip sonication (100 w, 1 h), respectively. 
Polyvinyl butyral (PVB) powders were then dissolved into the above 
suspension by magnetic stirring. After the PVB was completely dis
solved, the solutions were tip-sonicated for 1 h again to ensure the 

uniform dispersion of the nanosheets. The bilayer nanocoatings were 
manufactured by a two-step dip coating method. Taking BN-MMT-PC as 
an example, the PC film was first dipped into the MMT coating precur
sor. After standing for 30 s, the film was slowly lifted and dried at 30 ◦C 
for 5 min. This process was followed by a second-round dip coating with 
the BN coating precursor. Finally, the coated PC film was completely 
dried at 100 ◦C overnight. The manufacturing of single-material-coated 
PC follows the same process while using only one material (either BN or 
MMT) coating precursor two times. This can make sure all the coated 
films have the same coating thickness.

2.2. Morphology and structure Characterization

The morphology of the coated films was characterized by scanning 
electron microscopy (SEM, FEI Teneo Verios). To elucidate the layer-by- 
layer distribution of the BN and MMT nanocoatings on the thin film 
substrates, the grazing incident X-ray diffraction (GIXRD) technique was 
implemented by using a Rigaku SmartLab X-ray diffractometer. The 
instrument is equipped with a 9 kW copper rotating anode to generate 
high-intensity X-ray flux and a HyPix-3000 1D/2D detector for fast 
signal collection. During measurements, the incident angle of the X-ray 
source is set fixed while the detector arm rotates to collect the data. The 
higher the incident angle is, the deeper the X-ray goes through the 
sample surface. Therefore, the GIXRD diffraction pattern provides 
depth-dependent crystallography and thus the distribution of the 
nanoparticle layers. The X-ray incident angle was chosen from 0.1◦ to 
5.0◦.

2.3. Thermal Analysis

A TA Instruments Q-100 was used for differential scanning calo
rimetry (DSC) measurements, with a temperature ramping rate of 10 
℃/min.

Fig. 1. Schematic illustration of bilayer coating. The injected charges will be trapped by BN first and then dissipated in the MMT coating layer.
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2.4. Electrical Characterization

A resistor–capacitor circuit with a linear voltage ramp of 300 V/s was 
used to measure dielectric breakdown strength. When the breakdown 
happens, an interlock input can be used to turn the power supply off. A 
peak-holding voltmeter was used to measure the breakdown voltage. A 
pair of needle-to-plate electrodes were used for the surface potential 
decay test, with the sample placed on the plate electrode 6 mm away 
from the needle electrode. A DC voltage of 6 kV was applied to the 
needle for 1 min to perform the corona charge, then the sample was 
transferred under a probe for 2 min to monitor the surface potential 
decay. For other electrical measurements, gold/palladium electrodes 
were sputtered on all the samples (6002–8 Ted Pella, Inc.). An imped
ance analyzer (Solartron 1260) and a resistance meter were used to 
obtain dielectric spectra over a wide temperature range. A modified 
Sawyer-Tower circuit was used to measure the high-field electric 
displacement-electric field (D-E) loops at 100 Hz. A lab-designed 
capacitive cancellation measurement system was used to measure pre
breakdown conduction at elevated temperatures [31]. A dynamic gain- 
controlled negative feedback loop successfully cancels the capacitive 
current, and the signal output reflects the time-integrated conduction 
current.

2.5. Kelvin Probe Force Microscopy (KPFM) Measurements

A dual-pass procedure is employed with a commercial AFM (Asylum 
Research, Cypher ES), where surface topography is obtained by regular 
AC mode imaging, followed by non-contact scanning with a fixed tip- 
sample separation (nominally 50 nm). This essentially establishes a 
nano-capacitor between the surface and the AFM probe (ASYLEC-01-R2, 
Oxford Instruments), which is biased with an AC voltage driving the 
cantilever at resonance for optimal sensitivity to electrical forces acting 
between the tip and sample. A feedback loop then continuously updates 
a superimposed DC voltage to null these tip-sample interactions, a 
condition that is only met when the tip bias equilibrates the effective 
potential at the surface below and thereby can be used for mapping. 
Here, following an initial charging step employing negative 6 V over a 
small central 100 nm × 50 nm region, tens of larger area KPFM scans are 
acquired continuously to record the charge distribution and its evolution 
with time. Analyzing the exponential decay pixel by pixel allows the 
charge dissipation behavior to be assessed and mapped [32]. It is 
noteworthy that the initial charge distribution (first image in each 
example) is seldom uniform, and that the differences between all 
following images and the first image are therefore always utilized for 
any further analysis.

2.6. Non-Adiabatic Quantum Molecular Dynamics (NAQMD) 
Simulations

NAQMD simulation is performed in the framework time-dependent 
density functional theory (TDDFT) with excited state forces computed 
on atoms and phonon-assisted exciting transitions between electronic 
states modeled within the surface hopping approach [33–36]. Energies 
and forces were computed using a plane wave basis within the projected 
augmented wave-vector (PAW) method [37]. Projector functions were 
generated for the 1 s hydrogen, 2 s and 2p carbon, 2 s and 2p boron, 2 s 
and 2p nitrogen, 3 s, 3p, 3d sodium, 2 s, and 2p oxygen, 3 s, 3p and 3d Al 
states, and 3 s, 3p and 3d Si states. A plane-wave cutoff of 35ry and 
300ry were used for the wave functions and density respectively. The 
gamma point was used to sample the Birullion zone. The Per
dew–Burke–Ernzerhof (PBE) styled generalized gradient approximation 
(GGA) for the exchange–correlation functional was used, and Van der 
Walls interactions were included with the DFT-D method [38,39]. All 
calculations were performed in the QXMD software.

NAQMD for the BN-PC structure was performed on an interface 
created in the (110) plane. The interface consisted of 1 × 2 × 2 2-chain 

unit cells of PC sandwiched, (with the chain direction along [001] axis), 
between two separate 240-atom bilayers of BN. An additional 17Å of 
vacuum was provided to the surface, and the electric field was modeled 
with a sawtooth potential. The PC crystal structure was created by the 
reference from the Khazana database. Of these candidate structures, the 
lowest PBE-DFT energy PC crystal structure that was non-polar was then 
used for NAQMD simulation. NAQMD simulation was performed with a 
time-step of 0.216 fs, within the NVT ensemble [40].

NAQMD for the MMT crystal was performed on orthorhombic 
supercells containing three MMT nanosheets with an open surface, and 
periodic boundary conditions(PBC). The PBC supercell dimensions were 
5.25Å × 9.14Å × 31.46 Å and 5.25Å × 9.14Å × 50.0 Å for the surface 
system to remove image interactions along the thickness direction. 
NAQMD simulation was performed with a time-step of 1.216 fs, within 
the NVT ensemble.

To quantify the energy loss rate k, we calculated the average elec
tronic excitation energy as a function of time, 

Eexc(t) =
∑

ifi(t)∊i(t)θ(∊i(t)) −
∑

i(1 − fi(t))∊i(t)θ(− ∊i(t))
∑

ifi(t)∊i(t)θ(∊i(t)) +
∑

i(1 − fi(t))∊i(t)θ(− ∊i(t))

where fi(t) is the occupation of the ith band at time t, ∊i(t) is the KS 
energy, and θ is the heavy-side function. The rate k was determined by a 
semi-log fit of the excitation energy as a function of time over the 
exponential decay period of the energy.

3. Results and Discussion

We investigate the efficacy of such a BN/MMT bilayer nanocoating, 
deposited on a solution-cast polycarbonate (PC) film via dip-coating, 
considering both possible layer sequences (BN-MMT-PC and MMT-BN- 
PC). Polymers with single material coatings and uncoated film were 
also prepared for controls (BN-PC, MMT-PC, and PC). The morphology 
and structures of each specimen were analyzed by SEM and GIXRD 
(Supplementary Fig. S1-2). The large-scale charge dynamics were 
examined by a macroscopic surface potential decay measurement on 
coated polymer films with an area of 5 × 5 cm2 (Fig. 2a). After corona 
charging by a high voltage of 6 kV for 1 min, compared with uncoated 
PC, BN-PC shows a high initial surface potential and a long retention 
time. Conversely, the charge dissipation for a pure MMT coating is rapid, 
and the much reduced initial surface potential indicates most injected 
charges are dissipated even before the first measurements can be made 
(after a necessary delay while switching from charging to detection 
modes). As proposed, the bilayer-coated film simultaneously inherits the 
benefits of BN and MMT coatings. That is, charges trapped by the BN 
layer endow BN-MMT-PC with a comparable initial surface potential as 
that of uncoated PC, but it rapidly decays due to effective charge dissi
pation by the interposing MMT coating. Finally, when we reverse the 
order of the BN and MMT coatings, a lower initial surface potential is 
observed as anticipated for MMT-BN-PC. The outside MMT dissipates 
charges more effectively, though the underlying BN can still trap 
penetrated charges and result in a higher surface potential, compared 
with only MMT-PC.

Such charge dynamics are confirmed at the microscale for the vari
ously coated polymers using KPFM, as shown in Fig. 2b. The sample 
surface is charged by applying a negative DC bias of − 6 V during point 
contact in the center of the field of view. As demonstrated in the po
tential profiles of Fig. S4, for BN-MMT-PC, the external BN coating 
effectively traps charge, evidenced by a pronounced central surface 
potential peak and slow potential decay. As can be seen, it takes 
approximately 500 s for the surface potential to diminish by only ~ 100 
mV. On the contrary, surface potential maps following identical biasing 
for MMT-BN-PC (profiles in Fig. S5) demonstrate a nearly immediate 
decay of the initially charged surface, enabled by in-plane charge 
spreading via the external MMT coating. As a control, Fig. S6 presents 
charging and decay for just BN-PC, with anticipated slow charge decay.
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We further investigate the charge dynamics in the polymer dielectric 
with nanocoatings of BN and MMT using a NAQMD simulation. We 
considered a PC-BN layer structure as depicted in Fig. 2c-d. A sawtooth 
potential was applied along the vacuum direction to simulate the pres
ence of an electric field. The local potential profile under the influence of 
the applied field demonstrates a deep-potential well formed in the BN 
layers, indicating the ability of BN to trap hot carriers. During the 
NAQMD simulation, a slow carrier relaxation process was observed with 
a computed relaxation rate of k = 1.3 × 1012 (s− 1) (Supplementary 
Fig. S8). To evaluate the MMT nanocoating, we performed NAQMD 
simulations on the surface and bulk supercell containing three MMT 
nanosheets (see methods for details), which is imaged in Fig. 2e. The 
simulation was performed under an electric field on the surface supercell 
with hot electron-hole pair generated from deep within the valence 
band. A rapid dissipation (~80 fs) of the carrier energy was observed, 

with an order of magnitude increase of the computed rate in comparison 
to BN (k = 1.6 × 1013). To further evaluate hot carrier dynamics in 
MMT, we performed NAQMD simulations on a bulk supercell where we 
found anisotropies in the hole and electron mobility (Supplementary 
Fig. S11), with a much higher electron than hole mobility after the initial 
carrier relaxation. Carriers were found to be delocalized in the xy plane 
while more localized to an individual nano-sheet (z axis), indicating 
higher in-plane mobility of carriers versus along the Vander-walls 
bonded direction of the 2D nano-sheet. To understand the directional 
dependance of carrier dissipation, we computed the conductivity 
through the Green-Kubo Formula as a function of electronic temperature 
which is illustrated in Fig. 2f. As carrier energy is dissipated through 
electron–phonon scattering, their effective electronic temperature will 
decline, which can be modeled using an electronic temperature that is 
out of equilibrium with the lattice temperature. Fig. 2f illustrates a much 

Fig. 2. Hot Carrier Dynamics. a. surface potential decay. BN nanocoating traps charges with high surface potential, while MMT can dissipate charges, thus showing 
suppressed surface potential. b. KPFM surface charge dissipation. Central charge spots were “poled” with − 6 V on the surface of BN-MMT-PC and MMT-BN-PC. c. 
Calculated local potential profile for BN-PC interface. Deep well potential was found to trap hot carriers in NAQMD simulation. d. Molecular model of Bn-PC 
interface. e. Rapid energy dissipation of hot carrier energy in MMT surface under electric field. f. Dynamic Decay of Conductivity as a function of effective elec
tron temperature indicates more rapid decay of the carrier conduction in a plane versus along the Vander-Waals/thickness direction. g. Molecular model of MMT.
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more rapid decay as a function of the decreasing electronic temperature 
in the conductivity in the xy plane versus along the Vander-Waals/ 
thickness direction (z axis), indicating more efficient dissipation of the 
carrier energy transversely. Overall, the simulation results indicate that 
BN will be an effective coat for trapping hot carriers, whereas MMT will 
effectively dissipate carrier energies, with primary dissipation being in a 
plane versus along the Vander-Waals direction.

We proceed to examine the high-field conduction by measuring 
leakage current density (Fig. 3a). Either BN or MMT coating can reduce 
the current density, indicating the conduction can be effectively sup
pressed by (1) blocking the charge injection or (2) dissipating the 
injected charges. The synergetic effect of BN and MMT coatings is well 
shown in the BN-MMT-PC, which possesses the lowest leakage current 
among all coated films. It should be noticed that the conduction in MMT- 
BN-PC is relatively high, meaning the sequence of the coating materials 
is significant. We assume BN coating with charge-trapping capability 
should be placed near the electrode and thus efficiently reduce the 
number of charges that could penetrate through the outside coating. 
Then, those charges that can still be injected can be dissipated in the 
MMT coating that is positioned between the BN coating and polymers. 
However, in the case of MMT-BN-PC, injected charges hold a greater 
chance to penetrate through the outside MMT layer. They are acceler
ated by the applied electric field, which makes them hard to be captured 
in the inside BN coating, eventually causing a higher leakage current.

We then studied the dielectric properties with the measurement of 
temperature-dependent dielectric spectrum (Supplementary Fig. S12). 
The nanocoatings show little influence on the dielectric constant, which 
is ~ 3 at 1 kHz and 150 ℃ in all coated and uncoated PC (Fig. 3b). 

Attributed by the suppressed conduction, BN-MMT-PC shows the lowest 
dielectric loss, suggesting enhanced energy storage properties at high 
temperature. The high-temperature insulating properties were then 
testified by breakdown measurement at 150 ℃. More than ten films of 
each sample were tested to failed to obtain the Weibull statistical values 
of breakdown strength (Fig. 3c and Fig. S13). The breakdown strength of 
PC is enhanced via performing surface coating, especially with bilayer 
nanocoating. For example, BN-MMT-PC has the highest breakdown 
strength of 620 MV/m, which is 20 % higher than the uncoated PC. It 
should be noticed that this BN-MMT coating also improves the film 
uniformity and quality, as reflected by a much improved shape factor 
(from 7 to 20).

To obtain high-temperature capacitive energy storage performance, 
we measured bipolar electric displacement-electric field (D-E) hysteresis 
loops at 150 ◦C. Attributed to the enhanced breakdown strength, a high 
discharged energy density of 7 J/cm3 is achieved in BN-MMT-PC, which 
is 50% higher than that in uncoated PC. As the bilayer coating 
dramatically suppresses high-field conduction, an improved char
ge–discharge efficiency is also achieved in BN-MMT-PC. For example, 
the efficiency drops below 90% in uncoated PC at 200 MV/m, while BN- 
MMT-PC can maintain a high efficiency (>90%) even at an electric field 
higher than 500 MV/m. Consequently, the energy density at an effi
ciency higher than 90 % increases from 1 J/cm3 in uncoated PC to 5 J/ 
cm3 in BN-MMT bilayer-coated PC. We compared the energy storage 
performance of BN-MMT-PC with the state-of-the-art high-temperature 
polymer-based dielectrics, as summarized in Fig. 4d [7,25–30]. No 
previously reported dielectrics can deliver an energy density exceeding 
3.5 J/cm3 with an efficiency higher than 90% at 150 ◦C. This upper limit 

Fig. 3. Electrical insulation and dielectric properties of bilayer-coated PC. a. leakage current density. Due to the synergetic effect of BN and MMT coating, 
bilayer-coated PC shows the lowest current density. b. permittivity and dielectric loss. As a result of the suppressed conduction, BN-MMT bilayer-coated PC shows the 
lowest dielectric loss. c. breakdown strength. The bilayer coating endows the PC with enhanced breakdown strength and improves the homogeneity of the PC, as 
evidenced by the higher shape parameter.
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is raised by around 50% in our work (5.5 J/cm3). The superiority of our 
novel bilayer-coated film is even further enhanced for charge–discharge 
efficiencies of 80%.

4. Conclusion

In summary, we have elevated high-temperature capacitive perfor
mance in the bilayer-coated polymer at elevated temperatures. This 
distinctive feature originates from the synergistic effect of charge trap
ping (BN) and charge dissipation (MMT) that effectively suppress charge 
injection and thus leakage conduction loss. Crucially, the solution-based 
cast and dip coating fabrication is scalable for large-area roll-to-roll 
processing. Our findings establish bilayer coating with a sequence of 2D 
materials arrangement as a promising (external BN plus internal MMT) 
design platform to engineering dielectric surfaces for next-generation 
capacitive energy storage.
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enhance efficiency due to its charge blocking and dissipating effect. The energy density can be improved from 1 J/cm3 to 5.5 J/cm3 with the bilayer coating at 150◦C. 
Compared with other polymer dielectrics, our bilayer coated PC shows the highest energy density at the same efficiency.
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