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Interfacial 2D Montmorillonite Nanocoatings Enable
Sandwiched Polymer Nanocomposites to Exhibit Ultrahigh
Capacitive Energy Storage Performance at Elevated

Temperatures
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Polymer dielectrics are essential for advanced electrical and electronic power
systems due to their ultrafast charge—discharge rate. However, a
long-standing challenge is to maintain their dielectric performance at high
temperatures. Here, a layered barium titanate/polyamideimide
nanocomposite reinforced with rationally designed interfaces is reported for
high-temperature high-energy-density dielectrics. Nanocoatings composed of
2D montmorillonite nanosheets with anisotropic conductivities are interposed
at two kinds of macroscopic interfaces: 1) the interfaces between adjacent
layers in the nanocomposites (inside) and 2) the interfaces between the
surface of the nanocomposite and the electrode (outside). By revealing the
charge transport behavior with Kelvin probe force microscope, surface
potential decay, and finite element simulation, it is demonstrated that the
outside nanocoatings are observed to diminish charge injection from the
electrode, while the inside nanocoatings can suppress the kinetic energy of
hot carriers by redirecting their transport. In this interface-reinforced
nanocomposite, an ultrahigh energy density of 2.48 | cm=3, as well as a
remarkable charge—discharge efficiency >80%, is achieved at 200 °C, six
times higher than that of the nanocomposite without interfacial nanocoatings.
This research unveils a novel approach for the structural design of polymer
nanocomposites based on engineered interfaces to achieve high-efficient and
high-temperature capacitive energy storage.

1. Introduction

Electrostatic capacitors are critical compo-
nents for power electronics, power con-
ditioning, and pulsed power systems, be-
cause of their high power density and
superior capability of ultrafast charging—
discharging.['*! Compared with ceramic
counterparts, polymer dielectrics possess
inherent advantages of high voltage en-
durance, scalability, low cost, and high
breakdown strength.[*'2) However, they
suffer from low operating temperatures and
thus fall short of the demands for electri-
cal energy storage and conversion in harsh
environments.[1>14] For example, biaxially
oriented polypropylene (BOPP), the state-
of-the-art commercially available polymer
dielectric used in the power inverter, can
only reliably operate at temperatures be-
low 105 °C, while the engine compartment
temperature in electric vehicles can exceed
120 °C.I*1 To leverage the benefits of BOPP
based capacitors, cooling via cumbersome
thermal management systems is therefore
required—impacting the overall cost, main-
tenance, and reliability benefits.
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To address this issue, a variety of polymers with favorable
thermal stability and high glass transition temperatures have
been examined for high-temperature capacitive energy storage,
such as polyimide (Kapton), fluorine polyester (FPE), polyether-
imide (PEI), polycarbonate (PC), and poly(ether ether ketone)
(PEEK).!187] Unfortunately, stable dielectric characteristics can
only be preserved in those polymers at moderately high elec-
tric fields and up to their glass transition temperatures, while
the high-field/temperature electrical conduction cannot be effec-
tively restricted. For example, the electrical conductivity of Kap-
ton exponentially increases with temperature and electric field,
which rises from 6.8 x 1072 Sm~!at50MVm—"103.5x 10711 S
m~! at 250 MV m™! (at 150 °C).[*®] This not only leads to poor
discharged energy densities and charge—discharge efficiencies
but also generates Joule heating and ultimately thermal runaway,
threatening the safe operation of the system.[19:20]

The presence of surface states (due to chemical or physical
defects) in polymers dramatically reduces the barrier height of
the dielectric-metal contact, and thus the intense charge injec-
tion at elevated temperatures and electric fields acts as the ma-
jor conduction loss mechanism.[?1-2] The emergence of ceramic
nanocoatings in the last decade is recognized as a monumen-
tal achievement in the study of high-performance polymer di-
electrics, showing great promise for impeding charge injection.
Chemical vapor deposition (CVD), as a relatively scalable method
for the synthesis of 2D materials, has been carried out to manu-
facture insulating coatings such as boron nitride and silica (SiO,)
on high-temperature dielectrics.?>?%] However, compared with
roll-to-roll scalable solution methods, the demanding processing
conditions for CVD significantly limit the choices of coating ma-
terials and manufacturing throughput, not to mention the high
cost. Moreover, it remains a major challenge for CVD to inter-
pose 2D nanocoatings in the polymer bulk as charge transport
barriers, e.g., introducing nanocoatings at the inside interfaces
in layered polymer composites.

Here, we demonstrate a generic low-cost and scalable ap-
proach that can modify inside and outside interfaces in lay-
ered nanocomposites with 2D nanocoatings. The nanocoatings
composed of montmorillonite (MMT) nanosheets are interposed
in layer-structured barium titanate/polyamideimide (BT/PAI)
nanocomposites via the combined layer-by-layer solution casting
and spray coating processing. The benefits of the 2D nanocoat-
ings are that they are electrically insulating out-of-plane to hinder
charge injection from electrodes, while having relatively higher
in-plane ionic surface conductivity to redirect hot carriers for
in-plane dissipation instead of through-film conduction.[?’-3]
This synergistic interfacial effect contributes to significantly sup-
pressed conduction losses, allowing us to achieve an ultrahigh
energy density of 2.48 ] cm™ and a charge-discharge efficiency
>80% at 200 °C, which is six times higher than the nanocompos-
ite without any interfacial reinforcements (0.39 ] cm~3).

2. Results and Discussion

We designed and manufactured a library of BT/PAI layered
nanocomposites (LN) with 2D MMT located 1) only at inside in-
terfaces (insideM-LN), 2) only at the outside surfaces (outsideM-
LN), and 3) both inside and outside (bothM-LN). Their structures
are illustrated in Figure 1a and evidenced by line-scan energy dis-
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persive X-ray analysis which clearly reveals MMT (identifiable by
the Si prevalence) and BT (according to the presence of Ba) lo-
cated as designed either at the interfaces or also in the film bulk,
respectively (Figure 1b). These sandwiched nanocomposites con-
sist of two outer PAI layers and a middle layer with 15 wt% BT
nanoparticles, which can ensure both high breakdown strength
and high permittivity. The high quality and flexibility of the com-
posite films are demonstrated by scanning electron microscopy
(SEM, Figure 1c) and optical images (Figure S1, Supporting In-
formation).

To disclose the influence of the internally and externally inter-
facial reinforcement on the high-field dielectric properties, elec-
tric displacement-electric field (D-E) loops measurement was
performed on the layered nanocomposites with and without 2D
MMT coatings, as reflected in Figure 2a. It is found that either
inside or outside coatings can endow the layered nanocomposite
apparently enhanced insulating capability, thus leading to slim-
mer D-E loops. For instance, lower values of remnant polariza-
tion can be found in insideM-LN (0.23 uC cm~2) and outsideM-
LN (0.17 uC cm™2), compared with that in the nanocompos-
ite without MMT nanocoatings (denoted as noneM-LN, 0.35 uC
cm™2), at an electric field of 300 MV m~! and a high temperature
of 200 °C (Figure 2b).

The most important thing to note is that bothM-LN may in-
herit the favorable insulating capabilities of both inside and out-
side coatings, showing a much-suppressed remnant polarization
(P, = 0.14 uC cm™2). Furthermore, owing to its two more inter-
faces containing higher contents of MMT with high dielectric per-
mittivity, it is capable of possessing higher dielectric permittivity
than either insideM-LN or outsideM-LN (Figure S3, Supporting
Information), which also contributes to an enhanced polariza-
tion. For example, bothM-LN delivers a maximum polarization
(P,.x) of 1.54 uC cm=2 at 300 MV m™!, while that for insideM-LN
and outsideM-LN are only 1.44 and 1.47 uC cm~2, respectively
(Figure 2Db). The concurrently improved P, and suppressed
P, lead to the highest difference value of P, — P, in bothM-
LN (1.41 pC cm™2), which suggests its favorable energy storage
performance. High-temperature (200 °C), high-field (up to 450
MV m™!) capacitive energy storage properties were then studied
by extracting charge-discharge efficiency and discharged energy
density from D-E loops (Figures S4 and S6, Supporting Informa-
tion). As expected, the discharged energy density for bothM-LN
at the charge-discharge efficiency >80% is 2.48 ] cm=3, which is
536%, 202%, and 53% higher than that for noneM-LN, inside-LN,
and outsideM-LN, respectively (Figure 2c).

To investigate the temperature dependent dielectric properties
of bothM-LN, the dielectric spectroscopy was carried out from
room temperature up to 200 °C. Remarkably stable dielectric per-
mittivity is seen in Figure 3a, which shows a minor variation
of less than 5% with a low dielectric loss of <2% (Figure 3b).
Differential scanning calorimetry curves further prove the favor-
able high-temperature resistance of bothM-LN, where no appar-
ent endo- or exo- thermal peaks can be observed (Figure S2, Sup-
porting Information). We then studied the energy storage proper-
ties of these interfaces reinforced layered nanocomposites, over
a temperature range from 150 to 250 °C (Figures S7 and S8, Sup-
porting Information). As summarized in Figure 3c-h and Ta-
ble S1 in the Supporting Information, bothM-LN outperforms
all high-temperature polymer dielectrics (including Kapton, FPE,
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Figure 1. a) Schematicillustrations and b) energy dispersive X-ray analysis line-scans of the three engineered layered nanocomposites, revealing 2D MMT
interfaces incorporated only at distinct regions of the overall film structures. c) Cross-sectional SEM images of the optimized “bothM-LN" specimen,
which comprises MMT at every interface, as both inside and outside nanocoatings.
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Figure 2. a) Unipolar D—E loops at 300 MV m~" and 200 °C. b) Comparison of electric displacement at 300 MV m~" and 200 °C. c) Comparison of the
discharged energy density at above 80% charge—discharge efficiency.
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Figure 3. Temperature dependence of a) dielectric permittivity and b) dissipation factor for the optimal sample “bothM-LN.” Discharged energy density
(left column) and charge—discharge efficiency (right) of bothM-LN and other conventional high-temperature polymers at three distinct temperatures:
c,d) 150 °C, e,f) 200 °C, and g,h) 250 °C.
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PEI, PC, and PEEK)[?>3! and recently reported high-temperature
polymer composites. For example, at 150°C, the busbar temper-
ature in electric vehicle power train system, bothM-LN can dis-
charge ultrahigh energy density of 3.6 ] cm™ under 400 MV
m~!, which is more than twice that of PEI (1.6 ] cm™), accompa-
nied by a high efficiency of 73.7%, also more than twice that of
PEI (33.8%). At 200 °C, only a minor decrease in energy density
and efficiency can be observed in bothM-LN. The advantages of
bothM-LN become more obvious when the temperature is raised
to 250 °C. Most of the polymers cannot sustain under this harsh
environment, and, moreovet, the survivors (Kapton and FPE) can
only operate at electric fields lower than 200 MV m~!. However,
bothM-LN can still deliver a high energy density of 2.1 ] cm™ at
350 MV m™'. Note that BOPP, as the benchmark material in the
power converter/inverters in electric vehicles, can only discharge
an energy density of 2 ] cm~ at a very low temperature of 85°C,
with the protection of an additional cumbersome cooling system.

The excellent dielectric performance of the interfaces rein-
forced nanocomposites is imparted by the substantial suppres-
sion of electrical conduction that would otherwise lead to high
energy loss, degrade charge-discharge efficiency, and limit the
practical energy density. To reveal the effect of the 2D MMT inter-
faces on the carrier transport process, we utilized the charged par-
ticle tracing module in COMSOL to simulate the time-evolution
position and velocity of charged particles in noneM-LN, insideM-
LN, outside-LN, and bothM-LN. Figure 4a and Figure S12 in the
Supporting Information assume 3 keV electrons with respect to
a grounded bottom surface, drifting under this high field until
scattered by the engineered interfaces. It can be seen that the
charged particles tend to diverge along the in-plane direction (xy
plane) in insideM-LN, especially after they penetrate through the
inside MMT nanocoatings, thus leading to an enlarged diffusion
diameter. Figure S13a5,b5 presents the position of the charged
particles in noneM-LN and insidedM-LN, respectively, when they
arrive at the top high-voltage electrode. The charged particles in
insideM-LN locate in a much larger circle area with a diameter
of 0.54 ym than that in noneM-LN (0.51 um), owing to the hot
carrier regulation effect of the inside MMT nanocoatings. On the
other hand, the charged particles in outsideM-LN fall behind that
in noneM-LN at every time stamp, indicating the blocking effect
of the outside MMT nanocoatings on charge injection.

As bothM-LN inherits the advantages of inside and outside
nanocoatings from insideM-LN and outsideM-LN, simultane-
ously, the transport of charged particles is not only suppressed
but also diverged. We adopted the ratio of outlet diameter to in-
let diameter of the charged particles (D, et/ Diyier) to quantita-
tively describe the degree of particle divergence, and the aver-
age position of the charged particles (along z-direction) at a spe-
cific time point (t = 0.8) was utilized to reflect their transport
speed. As summarized in Figure 4b,c, the layered films with in-
side nanocoatings (insideM-LN and bothM-LN) have higher val-
ues of D, et/ Dinier» While the particles in the films reinforced
by outside nanocoatings (outside-LN and bothM-LN) fall behind
that in the other two counterparts. These results indicate that the
outside nanocoatings are effective in blocking charge injection,
while the inside ones redirect penetrating charges to dissipate
in-plane instead, as illustrated in Figure 4d. As the kinetic en-
ergy of the charged particles is low at the beginning stage (t <
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0.1), the blocking effect of the outside nanocoatings is dominant,
which directly alleviates the acceleration process of the charged
particles. However, the charged particles would gain remarkable
energy from the electric field force after they reach the middle
of the nanocomposite (t = 0.5). As a result, the inside nanocoat-
ings cannot effectively block the high-speed charged particles but
disperse their kinetic energy along the in-plane direction, owing
to the anisotropic conductivity of 2D MMT. We adopt a ratio of
the standard deviation to the average value to describe the dis-
crete degree of the position and velocity of those charged parti-
cles (¢, and ¢,, respectively), as summarized in Figure 513 in
the Supporting Information. As seen, the values of ¢, and ¢, in
bothM-LN are much higher than those in noneM-LN. The intro-
duction of 2D MMT results in the localized redistribution of the
electric field (Figure S14, Supporting Information), which makes
the charges motion paths more tortuous, thus leading to the sup-
pressed conduction and energy loss (experimentally evidenced by
the prebreakdown conduction measurement, Figure S9, Support-
ing Information).3233

It has been demonstrated that charge accumulation and dis-
sipation behavior can be inferred from potential measurements
as a function of time and related to known field-dependent
mechanisms.[3*l We experimentally visualize such charge trans-
port by corona charging the nanocomposite surface with a posi-
tive high voltage of 6 kV and then measuring the surface poten-
tial decay, as summarized in Figure 5a. Compared with insideM-
LN, outsideM-LN possesses an even lower initial surface poten-
tial, which confirms that the outside coating can more effec-
tively prevent the charge injection. However, as time goes by,
the surface potential decays faster in insideM-LN. For example,
the surface potential decreases from 0.78 to 0.56 kV after 120
s in insideM-LN (28% reduction), which changes from 0.62 to
0.53 kV in outsideM-LN (only 15% reduction). It is believed that
the rapid charge dissipation in insideM-LN is attributed to the
internal MMT nanocoatings. BothM-LN inherits the advantages
of insideM-LN and outsideM-LN, where a low initial potential
(0.62kV) and a high charge dissipation rate (decreases to 0.48 kV,
corresponding to a 23% reduction) can be achieved simultane-
ously.

The charge dissipation effect of MMT was further demon-
strated at the nanoscale by probing the charge dynamics us-
ing Kelvin probe force microscopy (KPFM), following a proce-
dure previously established for conventional as well as polymer
nanocomposite dielectrics.*>3¢ The topography and initial sur-
face potential (Figures 5b—e) for the polymer with an outside
MMT coating were first mapped for reference. The surface is next
charged by applying a DC bias during point-contact in the cen-
ter of the field of view. Finally, the surface potential in this vicin-
ity is repeatedly mapped every 25 s. The first such postcharging
image demonstrates a uniform negative peak (Figure 5d). Cross-
sections from this and several later scans in the same location
clearly reveal the charge dissipating. The magnitude of the poten-
tial for this MMT-coated polymer rapidly decays to almost the ini-
tial state within 100 s, similar to the response to corona charging
and discharging in Figure 5a. For comparison, equivalent exper-
iments on pure BOPP revealed time constants for charges to dis-
sipate to 1/e (36.8% of the deposited charge) as long as 1000 s or
more.3* Moreover, there is little correlation between the mapped
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Figure 5. a) Surface potential decay of the layered nanocomposites with 2D interfaces after corona charging with a high voltage of 6 kV. b) Surface
topography and surface potential from KPFM of the polymer with outside MMT coating c) before (initial value) and d) after charge deposition. ) Mean

profiles of surface potential decay where indicated.

surface potential and the local microstructure, with smooth po-
tential profiles, resulting from the effective charge distribution
achieved by the engineered coating.

3. Conclusions

In summary, this work investigates the mechanisms for im-
proved performance of nanocomposite polymeric dielectrics by
engineering distinct interfacial architectures for 2D MMT at the
inside and outside interfaces of BT/PAI nanocomposites. The re-
sults demonstrate that outside and inside nanocoatings are ef-
fective for blocking charge injection and redirecting hot carrier
transport, respectively. Synergistically, this achieves a highly im-
proved energy density of 2.48 ] cm™ and charge-discharge ef-
ficiency greater than 80% at 200°C when both inside and out-
side interfaces are engineered, outperforming the state-of-the-art
high-temperature dielectric polymers and composites. Further
modifications of the 2D nanocoatings, for instance by improv-
ing the insulating capacity along the through-thickness direction
and the conductivity along with in-plane directions, can also be
explored in the future for potentially even greater enhancements
in the “barrier effects” reported already herein. By understanding
and leveraging such interfacial effects for layered dielectrics, this
work provides a pathway to explore advanced dielectrics with high
energy density and charge—discharge efficiencies in extremely
harsh environments.
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