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Polymeric-based dielectric materials hold great potential as energy storage
media in electrostatic capacitors. However, the inferior thermal resistance of
polymers leads to severely degraded dielectric energy storage capabilities at
elevated temperatures, limiting their applications in harsh environments. Here
we present a flexible laminated polymer nanocomposite where the polymer
component is confined at the nanoscale, achieving improved thermal-
mechanical-electrical stability within the resulting nanocomposite. The nano-
laminate, consisting of nanoconfined polyetherimide (PEI) polymer sand-
wiched between solid Al,O; layers, exhibits a high energy density of 18.9 J/cm?
with a high energy efficiency of ~ 91% at elevated temperature of 200°C. Our
work demonstrates that nanoconfinement of PEI polymer results in reduced
diffusion coefficient and constrained thermal dynamics, leading to a remark-
able increase of 37°C in glass-transition temperature compared to bulk PEI
polymer. The combined effects of nanoconfinement and interfacial trapping
within the nanolaminates synergistically contribute to improved electrical
breakdown strength and enhanced energy storage performance across tem-
perature range up to 250°C. By utilizing the flexible ultrathin nanolaminate on
curved surfaces such as thin metal wires, we introduce an innovative concept
that enables the creation of a highly efficient and compact metal-wired capa-
citor, achieving substantial capacitance despite the minimal device volume.

Dielectric energy storage capacitors with ultrafast charging-
discharging rates are indispensable for the development of the elec-
tronics industry and electric power systems'”. However, their low
energy density compared to electrochemical energy storage devices
fails to meet the requirement of miniaturized and compact systems*,
On the other hand, the emerging harsh-condition-related industries,
including downhole oil and gas exploration, hybrid electric vehicles,

and electrified aircraft, have generated a pressing requirement for
dielectric capacitors capable of serving at a high temperature up to
200°C""'°, Thus, it is imperative to develop dielectric materials char-
acterized by both high energy storage capability and high-temperature
stability.

The electrical energy storage of dielectrics relies on the applica-
tion of an external electric field (E) on the dielectric layer to generate
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an electrical displacement (D, D=¢gp¢E, € and &, are the vacuum
dielectric permittivity and relative dielectric permittivity of the
dielectrics, respectively), and the energy density (U) of the linear
dielectrics can be calculated as U, = %soe,Eﬁ. Therefore, high break-
down strength (Ey, the highest electric field that materials can with-
stand) and high &, are expected to achieve a high U,, where a high £, is
of particular significance due to its quadratic dependence. Conven-
tional ceramic dielectrics can withstand a high serving temperature up
to a few hundred degrees Celsius, but suffer inflexibility and a med-
iocre E,. So far, there have been no reports on flexible ceramic
dielectrics for electrostatic energy storage applications. In contrast,
polymeric dielectrics have advantages in terms of inherent flexibility,
high E,, and easy processing'"2. Unfortunately, the current commer-
cially available polymer film represented by biaxially oriented poly-
propylene (BOPP) film can only withstand temperatures below 85 °C",
Despite the exploration of engineering polymers with high glass-
transition temperature (7y), such as polyetherimide (PEI) and poly-
imide (PI), to enable operation at higher temperatures, these materials
still experience a thermal-induced degradation in electrical insulation
and mechanical strength when subjected to elevated temperatures™.
As a consequence, this leads to a deteriorated Ey, excessive conduction
loss, and limited U,.

To improve the high-temperature energy storage performance of
dielectric polymers, efforts have been devoted to developing polymer
nanocomposites with nanoreinforcements”. On one hand, inorganic
nanofillers such as boron nitride and Al,O5, which possess high ther-
mal conductivity and large bandgap, are incorporated into the poly-
mer matrix or applied to the polymer surfaces to enhance thermal
dissipation and electrical insulation at elevated temperatures'®'®. On
the other hand, the parallel all-organic nanocomposites are fabricated
by incorporating high-electron-affinity molecular fillers, constructing
blends, and establishing crosslinking structures to suppress electrical
conduction while stabilizing charge transport'***2. Despite some pro-
gress through these strategies, current polymer-based dielectric
materials still exhibit a low U, of ~7J/cm?® (with an energy efficiency of
>90%) at a temperature of 200 °C"'°**?*, There remains an ongoing
urgency to augment the high-temperature energy density further,
aiming to broaden the scope of potential applications.

In prior polymer nanocomposites, the incorporation of nanoscale
organic/inorganic reinforcements has alleviated the conduction loss
and thermal runaway occurring at high temperatures. However, the
inherent inferiority in thermal stability of the host polymers remains
unaddressed, hindering the advancement of energy storage perfor-
mance at elevated temperatures. It is generally believed that the
molecular structures of polymers undergo changes as they approach
the solid surfaces. This will induce altered dynamics and a distinct
glass-transition temperature (7g) for ultrathin polymer films that are
adsorbed onto solid surfaces, in contrast to bulk polymers*2%, Poly-
mer thin films with free surfaces exhibit a decreased 74>, however,
when the surfaces of polymer thin film are wetted, the T can increase
due to the confinement effects®®. Here we propose that the con-
trollable thermal dynamics through nanoconfinement in ultrathin
polymer films hold great promise for improving the thermal stability
and high-temperature energy storage properties of polymer
dielectrics.

Here, we demonstrate the development of flexible laminated
polymer/ceramic nanocomposites wherein the polymer component is
confined at the nanoscale. This approach leads to an enhanced thermal
stability of the polymers, thereby improving energy storage properties
at elevated temperatures in the resulting nanolaminate. This strategic
methodology is applicable to general polymer/ceramic composites,
encompassing readily available, cost-effective, and industrially reliable
materials such as PEI and Al,O3. As exemplified in this work, a flexible
laminated nanocomposite was prepared by confining soft PEI ultrathin
polymer films between Al,O; layers. By employing molecular dynamic

simulations and modified probe-based in-situ measurements, we
demonstrate that the thermal dynamics of PEI undergo alterations in
the vicinity of the Al,O5 surface, which improves its thermal stability,
leading to simultaneous improvements in high-temperature mechan-
ical strength and electrical insulation. Notably, the T, of the 10-nm-
thick nanoconfined PEI ultrathin film is increased by -37 °C compared
to bulk PEI polymer. The enhanced thermal-mechanical-electrical sta-
bility of PEI ultrathin film endows greatly improved breakdown
strength to the PEI-Al,O3; nanolaminate at elevated temperatures. In
particular, the thermal-electrical stability and breakdown strength can
be further improved by fabricating PEI-Al,O; multilayered nanolami-
nate, utilizing multiple interfaces. Consequently, the resulting flexible
PEI-Al,O5 nanolaminate exhibits a high U,, with values of 24.0]J/cm?® at
150 °C and 18.9])/cm? at 200 °C, even 3.9 J/cm? at 250 °C. Of particular
importance is that a high energy efficiency of >90% is maintained over
the entire temperature range from 25 to 250 °C.

Results
Nanoconfined PEI polymers by Al,0; solid surfaces
For the preparation of PEI-Al,O; nanolaminates, a bottom Al,O;
nanolayer was first deposited using plasma-enhanced atomic layer
deposition (ALD), the PEI thin films with varying thickness were then
attached to the bottom Al,O; layer by a solution-based spinning-
coating process (Supplementary Figs. 1, 2), and followed by the
deposition of an upper Al,0; nanolayer. The Al,O; nanolayers,
renowned for their excellent insulating properties, serve a dual role in
the polymer-ceramic nanolaminate, i.e., providing a solid surface for
confining PEI polymer while also acting as an inorganic reinforcement.
The trilayered PEI-Al,O5; nanolaminate was annealed at 250 °C to cure
the PEI/ALLO; interfaces and fully wet the surfaces of the PEI thin films
with the ceramic layer Al,0s. To explore the impact of nanoconfine-
ment, we first performed a molecular dynamics simulation of the
molecular structures and thermal dynamics of PEI polymer wetted by
Al,O3. The binding energy between Al,O5 and PEl is determined to be
1.1 kcal/(mol-A%) (Supplementary Fig. 3), signifying the formation of a
stable ALO5/PEl interface®*?. The diffusion coefficient (D) of PEI
polymer chains located at different positions was calculated to illus-
trate their dynamic behavior®, as shown in Fig. 1a. The findings confirm
that the PEI polymer in close proximity to the Al,O5 surface exhibits a
lower D compared to those locations farther from the surface. Addi-
tionally, as expected, a higher chain packing density of PEI polymer is
observed near the surface, due to the interactions between the PEI
polymer and the Al,Os; surface (Supplementary Fig. 4)%. With
increasing temperatures, the D of PEI chains near the surface experi-
ences a modest elevation, in contrast, an increase is observed in the
central bulk PEI (Fig. 1b). For a more detailed visualization of molecular
level changes in the dynamics of PEI polymer, Supplementary Fig. 5
illustrates the dynamic trajectory of C and O atoms from three distinct
PEI chains located at different positions, i.e., near the top Al,O; surface
(Position 1), central region (Position 5), and close to the bottom Al,O5
surface (Position 10), as a function of temperature. Compared to the
central bulk PEI, the trajectory range of C and O atoms near the sur-
faces is constrained, indicating remarkable confinement of mobility
and dynamics for PEI polymer chains in close proximity to Al,O3 sur-
faces. This confirms the existence of nanoconfinement resulting from
the interactions between PEI polymer and Al,Oj3 surface, as well as the
possible stereo-hindrance from the solid surface that constrains group
motion. With increasing temperature, the central atoms undergo a
more pronounced expansion of their trajectory range compared to the
surface atoms. Notably, at 200 °C, the surface atoms exhibit a trajec-
tory range comparable to that of central atoms at 25 °C, highlighting
the superior thermal stability of nanoconfined PEI polymer in close
proximity to the Al,O3 surface.

The altered thermal dynamics of PEI near the Al,O; surface are
expected to play a dominant role in the properties of the confined PEI
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Fig. 1| Molecular thermal dynamics and properties of nanoconfined PEI poly-
mer wetted by Al,0s. a The model constructed for molecular dynamic simulations
featuring PEI polymer wetted by Al,Oj3 layers (left), and the corresponding diffusion
coefficient (D) of PEI polymer chains at different positions from the bottom to top
AlLO5 surfaces. b The diffusion coefficient of PEI polymer chains as a function of

temperature. ¢ Variation of T for confined PEI with different film thicknesses, the
thickness of the Al,O; layers is fixed at 28 nm. The error bars (+1 °C) represent the
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inherent error due to the fitting of the data required to obtain 7. d, e Variations of
d Young’s modulus and e resistivity for PEI-Al,03 nanolaminates with different PEI
thicknesses at various temperatures, the thickness of the Al,O5 layers is fixed at
28 nm. f Dependency of breakdown strength on PEI film thickness for PEI-Al,O;
nanolaminates at various temperatures, the thickness of the Al,O3 layers is fixed
at 28 nm.

ultrathin films, resulting in an enhancement in thermal stability. The T,
of the PEI thin films was measured by in-situ atomic force microscopy
(AFM). As shown in Supplementary Fig. 6, the polymer film typically
undergoes deformation when the temperature exceeds T, which can
be detected by the atomic force probe based on a position-sensitive
photodetector. The Ty of the PEI thin film confined between Al,O;
layers was measured and given in Fig. 1c and Supplementary Fig. 7. The
T, of PEI film with a thickness of 1.3 um is determined to be 208 °C,
similar to the T, of bulk PEI polymer previously reported®, confirming
the validity and accuracy of the probe-based measurement method.
With reducing the film thickness, the T, increases progressively and
reaches 245 °C for 10 nm PEI, which represents an increment of 37 °C
compared to the bulk value. It is noteworthy that the 10 nm PEI, when
confined by Al,O5 layers of various thicknesses, exhibits a comparable
T (Supplementary Fig. 8). This suggests that the nanoconfinement
effect on the thermal dynamics of PEI primarily arises from the
inherent surface properties of Al,03 and is minimally influenced by the
thickness of these layers.

The enhanced thermal stability of PEI polymer under nanocon-
finement is expected to endow PEI films with improved mechanical
and electrical insulation properties, particularly at elevated tempera-
tures. Young’s modulus of the nanoconfined PEI thin films at different
temperatures was further measured by AFM. The methodology for
measuring Young’'s modulus is illustrated in the schematic diagram
presented in Supplementary Fig. 9. Force curves from both the
“Approach” and “Retract” stages were recorded to reveal the interac-
tion between the AFM tip and the sample, measuring intra-/inter-
molecular forces and sample mechanics®.

Figure 1d and Supplementary Fig. 10 present the obtained Young’s
modulus of PEI films with different thicknesses. It shows that Young’s
modulus of PEI progressively increases with the reduction of the
thickness of PEI film. As an example, Young’s modulus initially
experiences a modest increase from 4.5 GPa in 1.3 um PEI to 4.8 GPa in
320 nm PEIl, and then undergoes a dramatic increase up to 6.0 GPa in
10nm PEL It can be observed that there is a gradual decrease in
Young’s modulus as the temperature increases, followed by a decline

Nature Communications | (2024)15:6655



Article

https://doi.org/10.1038/s41467-024-51052-y

once the Ty is reached (Supplementary Fig. 10). Despite this, the PEI
ultrathin film consistently exhibits a greater Young’s modulus com-
pared to the thicker ones. Additionally, the ultrathin PEI film shows a
stronger thermal-mechanical resistance to temperature elevation
compared to the thicker PEI film. This can be evidenced by the Young’s
modulus of 1.3 pm PEI shows a 44% drop, while a milder 12% drop is
observed for 10 nm PEI with increasing temperature from 25 to 200 °C.
Alongside the improved thermal-mechanical stability, reducing the PEI
film thickness also leads to enhanced electrical insulation. As shown in
Fig. 1e, the overall resistivity of the laminates continuously increases by
decreasing the thickness of PEI layer, the thickness-induced increment
in resistivity is evident across the temperature range of 20 to 250 °C.
This enhancement may be ascribed to a lower D in the ultrathin PEI
film, which constrains the movement of chain groups and hinders
charge carrier transport, particularly those ionic carriers associated
with chain segment motion.

It is generally believed that the breakdown behavior of polymers
greatly depends on their mechanical and electrical properties. The
electromechanical breakdown of polymers, for instance, is determined
by the mechanical endurance of the applied electrostatic force®**. In
contrast, the thermal breakdown of polymers is related to the current-
induced heat accumulation*®*, Given the simultaneously improved
mechanical and electrical insulation of PEI ultrathin films, considerably
enhanced breakdown strengths of the PEI-Al,O5 laminates are expec-
ted at elevated temperatures. The breakdown strength of PEI-Al,O3
laminates with different PEI film thicknesses was analyzed by a two-
parameter Weibull distribution function: P(E) = 1-exp(-(E/E,)?), where
P(E) is the cumulative probability of the electric failure, E is the
experimental breakdown strength, the scale parameter Ey, is the
characteristic breakdown strength corresponding to a 63.2% prob-
ability of failure. The shape parameter § is the Weibull modulus which
represents the dispersion of E data and the quality of the film
dielectrics. The fitting results of PEI-Al,O; laminates are given in
Supplementary Fig. 11. The characteristic breakdown strengths of the
PEI-AL,O3 laminates with different PEI film thicknesses over tempera-
ture range up to 200 °C are compared in Fig. 1f. At 25 °C, the E;, of PEI-
Al,O3 laminate is progressively increased from 580 kV/mm for 1.3 pm
PEI film to 810 kV/mm for 10 nm PEl. Despite the decrease in £, with
increasing temperature, the PEI-Al,O5 laminate with 10 nm PEI always
demonstrates the highest £y, which retains a high £, value of 610 kV/
mm at 200 °C, even superior to the room temperature value of 1.3 pm
PEI film. It is important to note that the reduction of Al,O5 thickness to
a specific value can impact the breakdown performance of the nano-
laminate with 10 nm PEIL For instance, the £, of the nanolaminates
remains consistently within an Al,O5 thickness range of 28 to 98 nm
but experiences a decline when the thickness is reduced to 14 nm
(Supplementary Fig. 12). These observed breakdown dependencies on
thickness could be attributed to tunneling effects*’. Therefore, main-
taining an adequate Al,O5 thickness in multilayered nanolaminates is
crucial for ensuring sufficient overall thickness and preventing tun-
neling current.

In addition to the enhanced breakdown strength, the overall
dielectric constant of the trilayered PEI/Al,O; nanolaminate con-
sistently increases as the thickness of the PEI film decreases, as illu-
strated in Supplementary Fig 13. This increase is firstly ascribed to a
smaller PEI thickness resulting in a higher proportion of Al,O5, which
has an inherently higher &, of 10 compared to PEI (-3.2). Furthermore,
we have determined the equivalent dielectric constant of the central
PEI film using the series mixture law, revealing an increase in dielectric
constant as the film thickness decreases, resulting in an enhanced
value of ~4.5 for a 10-nm-thick PEI film (Supplementary Fig. 14). This
increase in the dielectric constant of PEl is attributed to the interfacial
effect between Al,O5; and PEI, which facilitates the formation of polar
conformations in the PEI polymer**. Additionally, despite the confined
mobility of the PEI chain, the polar side groups, i.e., carbonyl groups,

still demonstrate favorable rotational mobility to maintain their
dielectric response capability. This is evidenced by a comprehensive
analysis of the trajectories of two distinct oxygen atoms within the
same PEI chain. As depicted in Supplementary Fig. 15, the trajectory
range of carbonyl oxygen atoms is greater than that of ether oxygen
atoms due to superimposed rotational movements. This distinction in
trajectories between these two oxygen atoms is observed across all PEI
chains from various positions shown in Fig. 1a.

Multilayered PEI-Al,O3; nanolaminates and the impact of
interface

The polymer/ceramic interfaces usually serve as traps, modulate the
charge trapping and transport behaviors, presenting opportunities to
enhance the electrical behaviors®. To further improve the thermal-
electrical stability of the laminate by creating multi-interfaces, we
extended our endeavors by fabricating Al,O5-PEI multilayered nano-
laminate with several nanoconfined 10 nm PEI film layers beyond the
3-layered nanolaminate. Specifically, we fabricated a 5-layered nano-
laminate containing two PEI nanofilms and a 7-layered nanolaminate
containing three PEI nanofilms, which were designed to generate more
interfaces between PEI and Al,O; layers. The cross-sectional SEM
images of these precisely controlled multilayered nanolaminates are
shown in Fig. 2a and Supplementary Fig. 16. As observed, the PEI
thickness is controlled at 10 nm, and the thickness of Al,Oj3 layers is
varied to achieve an overall thickness of ~66 nm for the different
multilayered nanolaminates. Supplementary Fig. 17 shows that the
resistivity of the nanolaminates is further enhanced by increasing the
number of layers, leading to the highest resistivity for 7-layered
nanolaminate. Of particular importance is that, in contrast to the
3-layered nanolaminate, the resistivity of 7-layered nanolaminate
exhibits a mild decrease with increasing temperature from 25 to
250 °C, highlighting an enhanced thermal-electrical stability.

The multilayered nanolaminates with more PEI/Al,O3 interfaces
also deliver suppressed leakage current density under high electric
field. As shown in Supplementary Fig. 18, the leakage current densities
of the nanolaminates typically remain at a low level of 10 A/cm? at an
electric field of 300 kV/mm, where the 7-layered nanolaminate exhibits
the lowest leakage current density with minimal variation over the
temperature range from 25 to 200 °C. The fitting of the leakage current
density versus electric field at 150 and 200 °C demonstrates that the
electrical conduction behaviors of the nanolaminate are pre-
dominately governed by a charge injection-controlled Schottky emis-
sion mechanism at low fields, while exhibiting a hopping conduction
mechanism at higher fields (Fig. 2b and Supplementary Figs. 19-22).
The increase in the number of layers leads to a reduction in the
intercept of the Schottky emission fitting results (Supplementary
Fig. 20), indicating an enhanced electrode/dielectric interfacial barrier
in 7-layered and 5-layered nanolaminates compared to the 3-layered
nanolaminate*®. Moreover, there is an observed decrease in the hop-
ping distance (A) from the hopping conduction fitting results (Sup-
plementary Fig. 22), for instance, the A decreases from 1.06 for the
3-layered nanolaminate to 0.9 for the 5-layered nanolaminate and
further to 0.77 for the 7-layered. This suggests a higher density of traps
in the 7-layered and 5-layered nanolaminates compared to the
3-layered counterpart*’*%,

The suppressed leakage current density in the 7-layered and
5-layered nanolaminate compared to 3-layered nanolaminate is
attributed to the presence of a higher number of PEI/Al,O3 interfaces.
The change of PEI configurations in the interfacial area near the Al,O5
surface can serve as defects and impurities, which enhances the den-
sity of charge traps**~°. An increased number of interfaces in multi-
layered nanolaminate leads to a higher trap density, resulting in a
reduced hopping distance between neighboring traps. Additionally,
trapped charges at the interfaces induce a built-in electric field that
counteracts the applied electric field, thereby increasing the potential
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and 200 °C, respectively.

barrier for charge injection®. This elevated injection barrier is evi-
denced by employing Kelvin probe force microscopy (KPFM) to
measure surface potential decay after applying a voltage of 20V
(Fig. 2¢). The normalized contact potential difference (CPD) of the
7-layered nanolaminate declined rapidly within 7 min, while a longer
time is needed for 5-layered and 3-layered counterparts, being 9 and
11 min, respectively. The higher charge dissipation rate in 7-layered
nanolaminate is primarily ascribed to the stronger built-in electric field
by the presence of more PEI-Al,O; interfaces, which provides a stron-
ger driving force for rapid surface charge dissipation'>*". The impact of
interfacial traps on the charge transport behaviors is further eluci-
dated and simulated by a unipolar electron injection transport
model’>*, Supplementary Fig. 23 illustrates the simulated local charge
distribution and corresponding line profiles, which reveal that the
presence of interfacial traps captures charges and results in higher
charge density at the PEI/Al,O3 interfaces in these multilayered lami-
nates. Furthermore, compared to 3-layered nanolaminates, the charge
transport is delayed in 5-layered and 7-layered nanolaminates, aligning
well with the observed experimental leakage currents.

It should be noted that the breakdown of dielectrics is often
characterized by the formation of penetrating electrical trees. The
presence of PEI-Al,O3 interfaces in the multilayered nanolaminates is
expected to exert an impact on the path-dependent breakdown
process. To investigate this, the propagation process of the break-
down paths under increasing applied electric field in multilayered
laminate is visualized by phase-field simulation. The volume fraction
of the breakdown phase was calculated to quantitatively determine
the occurrence of the breakdown, where a saturated breakdown
phase indicates the formation of a penetrating breakdown path*’.
Supplementary Fig. 24 illustrates the real-time evolution of break-
down paths, demonstrating that the breakdown path is driven by the
electric field and expands laterally with the formation of branches
near the PEI/ALL,O; interface. This impedes its propagation and
delays the occurrence of breakdown. Due to the presence of more
interfaces, the 7-layered nanolaminate exhibits a slower increase in
the volume fraction of the breakdown phase compared to the other
two counterparts (Fig. 2d), implying the strongest resistance to
breakdown.
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Fig. 3 | Energy storage performance and cyclic properties for multilayered
nanolaminates. a Discharged energy density and efficiency of nanolaminates with
varying layers at temperatures of 150, 200, and 250 °C. b Comparison of maximum
discharged energy density achieved at above 90% efficiency in this work and

previously reported values at different temperatures. ¢ Cyclic stability of energy
density and energy efficiency for 7-layered nanolaminate under 700 kV/mm at
various temperatures.

The PEI/Al,O3 interfaces endow the multilayered nanolaminates
with notably reduced high-temperature leakage current and the ability
to delay the breakdown path, demonstrating exceptional electrical
breakdown properties. As expected, the room temperature break-
down strength of 7-layered nanolaminate reaches up to ~1120 kV/mm,
which suggests a ~40% enhancement over that of 3-layered laminate
(~810 kV/mm) (Fig. 2e). The high E, of the 7-layered nanolaminate is
maintained with increasing temperature, with values on the orders of
1020 kV/mm and 870 kV/mm at 150 and 200 °C, respectively. Addi-
tionally, the Weibull modulus S of all these nanolaminates is between
20 and 30, indicating a narrow distribution of experimental results and
excellent reliability.

In addition to breakdown strength, the dielectric constant is
another crucial parameter for assessing the energy storage capability
of the films. As shown in Supplementary Figs. 25, 26, all the multi-
layered PEI/Al,O3 nanolaminates deliver a higher &, compared to the
pristine PEI (~3.2), due to the Al,O5 having an intrinsically higher &, of
10. Areduction in the dielectric constant with increasing the number of
layers within the multilayered laminates is due to the decreasing pro-
portion of Al,O5 with the number of layers. All of these nanolaminates
exhibit outstanding temperature stability of dielectric properties
across a broad temperature range of 25-200 °C, with the dielectric loss
maintained at an ultralow level of <0.01.

Energy storage properties of nanolaminates

The high E, and suppressed high-temperature leakage current at ele-
vated temperatures, together with the minimal variation of the
dielectric constant, will greatly benefit the energy storage perfor-
mance of the multilayered nanolaminate. The U, and efficiency (1) of
the nanolaminates were analyzed according to the electrical dis-
placement (D)-electric field (E) loops (Supplementary Figs. 27, 28). The
Uk. of the 3-layered nanolaminates was initially investigated with vary-
ing thicknesses of PEL. It consistently increases as the thickness of the
PEl film decreases, as demonstrated in Supplementary Fig. 29.
Importantly, when comparing two 3-layered nanolaminates with

identical proportions of PEl and Al,O5 but different PEI thicknesses, the
3-layered nanolaminate with a 10-nm-thick PEI exhibits higher U,
compared to its counterpart with a 40-nm-thick PEI at the same PEI/
Al,O5 proportion (Supplementary Fig. 30). This further confirms that
the enhanced energy density in layered nanolaminates is primarily
ascribed to nanoconfinement. Moreover, the 7-layered and 5-layered
nanolaminates demonstrate further improved energy storage perfor-
mances due to an increased number of interfaces, despite a reduced
proportion of Al,0; compared to the 3-layered nanolaminate (Sup-
plementary Fig. 31). As shown in Fig. 3a and Supplementary Fig. 32,
owing to its exceptional F, contribution, 7-layered nanolaminate
achieves the highest U, of all studied films, with a maximum value of
29.5)/cm® at a field of 1090 kV/mm at 25°C. In comparison, the
5-layered nanolaminate has a value of 27.1)/cm? at a field of 990 kv/
mm and the 3-layered nanolaminate exhibits a value of 22.4)J/cm® at a
field of 790 kV/mm. Remarkably, at elevated temperatures, the
7-layered nanolaminate still exhibits a high U,, with values of 24.0 J/cm?
at 150 °C, 18.9)/cm® at 200 °C, and 3.9 J/cm® at 250 °C. Of particular
importance is that a high energy efficiency of >90% is maintained over
the entire temperature range up to 250°C, due to the superior
thermal-electrical stability and suppressed leakage current. The mul-
tilayered nanolaminates consistently exhibit the highest U, among all
the extensively studied flexible dielectrics at temperatures of 150 and
200 °C (Fig. 3b)"101620234354-60_Eyen at temperatures as high as 250 °C
where most polymeric dielectrics fail to operate, the 7-layered lami-
nate still achieves a high U, of 3.9 J/cm? at an electric field of 400 kV/
mm, which is approximately twice that of the best-performing Pl-oxo-
iso (-2.1J/cm? at n ~90%)*. From a practical application viewpoint, the
multilayered nanolaminate undergoes a cyclic charging-discharging
test at a high electric field of 700 kV/mm under different temperatures
to assess its reliability. The cyclic energy storage properties are given
in Fig. 3c, where both the discharged energy density and efficiency are
found to remain the same values across different temperatures even
after 10° consecutive cycles, demonstrating excellent cyclic reliability
of the energy storage performance. The multilayered nanolaminates
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Fig. 4 | Evaluation of the nanolaminate flexibility and the metal-wire-based
capacitor device. a Optical photograph (left) of 7-layered nanolaminate on a
flexible substrate and the cross-sectional SEM images of the nanolaminate under
bending deformation (middel), the right is the partially enlarged image. The scale
bar is 1 cm in the left image, 400 pm in the middle image, and 200 nm in the right
image. b The front view of the device bent at different bending radius. The scale bar
is 5mm for all. ¢ Discharged energy density and efficiency as a function of varying
bending radius (13, 8.5, 5.5, 4 mm) after 1000 cycles of bending. d Schematic

Temperature (°C)

diagram of the metal-wire based nanolaminate capacitor and the optical photo-
graph, comparing with commercial metallized PP and PET capacitors. e, f The
capacitance of metal-wire-based nanolaminate capacitors compared with com-
mercial metalized PP and PET capacitors as a function of e frequency and

f temperature. g Electric circuit schematic and physical implementation of capa-
citors operating in circuits with AC and DC voltage sources. h Luminous intensity of
LEDs in circuits with AC voltage source and DC voltage source under varying
temperatures, the inset is the top view of the brightness of LEDs.

also demonstrate remarkable thermal cycling stability as evidenced by
the unchanged discharged energy density and efficiency values after
undergoing 100 thermal cycles between 25 to 200 °C (Supplementary
Fig. 33). Additionally, the outstanding energy storage performances of
the nanolaminates showcase excellent resistance to aging and
humidity, suggesting long-term stability and reliability in practical
applications (Supplementary Figs. 34, 35).

It is interesting to note that the studied multilayered PEI/Al,O3
nanolaminate also exhibits high flexibility. The cross-sectional SEM
images presented in Fig. 4a demonstrate the multilayered nanolami-
nate retains its structural integrity under a bending deformation,
exhibiting no signs of damage. In the bending test, the 7-layered
nanolaminate with polyimide (PI) substrate was bent with varying
bending radii of 4, 5.5, 8.5, and 13 mm (Fig. 4b) and then recovered up
to 1000 times, indicating its exceptional flexibility. Figure 4c and
Supplementary Fig. 36 showcase the bending radius dependence of
energy density and efficiency for 7-layered nanolaminate measured
after 1000 consecutive bending, the laminate at different bending radii
delivers consistent values of energy density and energy efficiency
across the temperature range of 25 to 250 °C. As shown in Supple-
mentary Figs. 37, 38, at the maximum degree of bending radius of
4 mm, the energy density and efficiency at various temperatures show
no signs of degradation after 1000 consecutive bendings. Of particular
significance is that the nanolaminate can be attached to a curved

surface beyond the traditional flat plane. The distinctive feature of this
property has inspired the development of a metal-wire-based nanola-
minate capacitor, which is characterized by its simplicity and ease of
fabrication, as well as its exceptional efficiency and seamless integra-
tion capabilities. Figure 4d illustrates the capacitor, which features a
metal wire serving as the inner electrode and substrate of the nano-
laminate. The 7-layered nanolaminate, as seen in Supplementary
Fig. 39, is attached to the metal wire surface to function as a dielectric
layer, followed by the deposition of an outer Pt electrode. The capa-
citor utilizing the ultrathin nanometer-scale laminate delivers a high
capacitance of ~70 nF across a frequency range of 1-100 kHz (Fig. 4€).
Despite having a small device size that is similar to the pristine metal
wire (diameter of 0.8 mm, ¢ 0.8 mm), it exhibits superior capacitance
compared to commercial metalized polypropylene film (PP, 5nF, ¢
8 mm) and commercial metalized polyethylene terephthalate film
(PET, 68 nF, ¢ 8.7 mm) capacitors. It is worth mentioning that the
metal-wire nanolaminate capacitor also demonstrates excellent tem-
perature stability, with its capacitance remaining the same across the
temperature range of 25-250 °C, while the commercial PP and PET
capacitors experience a decline in capacitance beyond 100 °C (Fig. 4f).
To showcase the practical application of the metal-wire nanolaminate
capacitors, we employ the capacitor as the energy storage component
to power and illuminate light-emitting diodes (LEDs) in the electronic
circuit (Fig. 4g). As shown in Fig. 4h, the charge-discharge process of
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the nanolaminate capacitor under the AC power generates current to
illuminate the LEDs. In contrast, the insulating capacitor prevents
current flow under DC power, resulting in non-illuminated LEDs.
Notably, even when the nanolaminate capacitor is heated up to 200 °C,
the luminous intensity of the LEDs in the AC circuit remains consistent,
whereas the LEDs in the DC circuit remain off, highlighting the
exceptional thermal stability of the metal-wire nanolaminate capacitor
device.

Discussion

Our study underscores the potential of multilayered polymer nanola-
minates incorporating nanoconfined polymer ultrathin films for high-
temperature dielectric energy storage applications. The highly flexible
AlLO5-PEI nanolaminate, incorporating 10-nm-thick nanoconfined PEI
ultrathin films, produces a high U, of 24.0J/cm?® at 150 °C, 18.9 J/cm? at
200 °C, and 3.9])/cm? at 250 °C, while maintaining a high energy effi-
ciency of >90% across the entire temperature range, with excellent
charging-discharging reliability up to 10° at various temperatures.
While large-scale production of nanolaminates using alternating spin-
coating and ALD procedures may be challenging at present, the
synergistic effect of nanoconfinement and interfaces in multilayered
nanolaminates offers a promising strategy, which can be used for the
development of high-performance polymer-ceramic composite sys-
tems with exceptional high-temperature stability while retaining
superior flexibility and performance.

Methods

Sample preparation

PI films coated with indium tin oxide (ITO) were employed as flexible
deposition substrates with high-temperature resistance. Al,03; nano-
layers were deposited by plasma-enhanced ALD (PEALD) with a GEM-
STAR benchtop ALD system with Trimethylaluminum [TMA, Al(CH3);]
as a precursor. The bottom Al,O; nanolayer on the ITO/PI substrate
was deposited under 300 m Torr at 130 °C. Each deposition cycle
consisted of TMA pulse/argon purging/oxygen plasma pulse/argon
purging, with respective durations of 22ms, 5s, 10s, and 5s. The
thickness of the Al,O; nanolayers was precisely controlled by manip-
ulating the number of deposition cycles, whereby a single cycle yields
an Al,O3 nanolayer with a precise thickness of 0.14 nm. For the pre-
paration of the PEI nanofilm, PEI pellets (purchased from SABIC
Innovative Plastics) were dissolved in N-methyl pyrrolidone (NMP,
purchased from Aladdin), and stirred at 50 °C for 24 h. The PEI nano-
film was then prepared by spin-coating, and the thickness of the
polymer film was controlled by solution concentration and the rota-
tional speed of the spin-coating. For PEIl with thicknesses of 10, 40. 165,
360, 720 nm, and 1.3 pm, the corresponding solution concentrations
and spin-coating speeds were as follows: 2 wt% and 8000 rpm, 4 wt%
and 8000 rpm, 10 wt% and 8000 rpm, 10 wt% and 3000 rpm, 15 wt%
and 3000 rpm, 20 wt% and 3000 rpm, respectively. Before the next
preparation of the top Al,O5 nanolayer, the PEI nanofilm was dried in a
vacuum oven at 70 °C for 24 h to remove residual solvent. The top
Al,O3 nanolayer was deposited with the same process as the bottom
Al,O3 nanolayer. The multilayered nanolaminates, as required, were
obtained by alternating ALD and spin-coating processes. The trilayered
PEI-Al,O3 nanolaminate was also fabricated on a silicon wafer substrate
using the same procedures, in order to measure 7y and Young's
modulus.

Structure and AFM-based characterization

The cross-sectional morphology of multilayer structured nanolami-
nates was characterized with scanning electron microscopy (JSM-
7610FPlus, JEOL, Japan). The characterization of thickness, 75, and
Young’s modulus of PEI film with different thicknesses was imple-
mented on a commercial atomic force microscope AFM (Cypher ES,
Asylum Research, USA). The thickness is determined by steps height

difference between the PEI layer and the substrate as shown in Sup-
plementary Fig. 2. A Si cantilever with Al reflective coating layer of
spring constant 2N m™ (Asylum Research ASYELEC-01-R2) was uti-
lized. The trilayered nanocomposite Al,O3 (28 nm)/PEI/Al,03 (1nm)
was prepared for the mechanical tests, with the top layer of Al,O3
precisely controlled to a thickness of 1nm. This ensures a robust
interface while allowing for deformation under the pressure exerted by
an AFM indenter. Kelvin probe force microscope (KPFM) was
employed to test the surface potential of the laminate in KPFM mode
after applying a 20 V voltage.

Measurements of electric properties

Before electrical measurements, Pt electrodes were sputtered on the
surface of nanolaminates, while the PI/ITO substrate was utilized as the
bottom electrode with ITO coating (Supplementary Fig. 40). The
thickness of Pt electrodes is 50 nm, and their diameter varies for
nanolaminates with different PEI polymer thicknesses: 200 um for
10 nm PEI, 300 pm for 40 nm PEI, 500 pum for 165 nm and 360 nm PEI,
1 mm for 720 nm PEI, 2 mm for 1.3 um PEI Displacement-electric (D-E)
field hysteresis loops at different temperatures were recorded at
100 Hz by a multiferroic ferroelectric test system (Premier II, Radiant
Technologies, Inc.). The DC leakage current densities (in A cm™) were
also calculated by VD-Area/Vt with this ferroelectric test system.
Electric breakdown strength tests were performed with a withstand
voltage test system (6517B high resistance meter) at a ramping rate and
2V/s with a limit current of 5 mA.

Molecular dynamics simulations

All the simulations were performed using Materials Studio with the
COMPASS 11 force field®, which has been used to accurately and
simultaneously describe the intra- and inter-molecular interactions for
many inorganics and polymers. About 50 PEI molecular chains with
each of four monomers were constructed from the Al,O3 nanolayer
with an initial density of 1.25 g/cm®. The dimensions of the simulation
box are a=49.457 A, b=47.590 A, and c¢=92.364 A. The periodic lat-
tice of the Al,O5 nanolayer was fixed at its lattice positions, interacting
with the PEI chains only via van der Waals and electrostatic interac-
tions. The amorphous cell® module was used to construct the PEI-
Al,O; composite unit cell. Forcite module® was used for geometry
optimization via the conjugate gradient method and annealing with
the isothermal (NVT) ensemble for preparing energetically minimized
unit cell structure. Then the system was followed by 500-ps produc-
tion runs in the NVT ensemble at various temperatures, ranging from
300 to 550 K with an interval of 25 K using the NoSe-Hoover thermostat
with a time step of 1fs. The non-bonded van der Waals interactions
were cut off at 12.5 A and periodic boundary conditions were applied in
all three dimensions. The molecular trajectory diagram was obtained
from the two atoms forming the C-H bond in PEI configuration, and
each system contains 100 samples with an interval of 5 ps.

The mean-square displacement (MSD) is defined by

1 N C C
MSD = N<IZ; |r(o) —r,.(0)|2> Q)

where r{(¢) is the location of the atom i at time t. The self-diffusion
coefficient can also be obtained from the long-time limit of the MSD
using the well-known Einstein relation®

1. d
D, lma<|rf(t)—rf(0)}z> )

=i
¢ 6 t—>oc0

Phase-field simulation
A modified stochastic model for dielectric breakdown was employed
to simulate the developing process of electrical trees in multilayer
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nanocomposite films, based on the framework proposed by ref. 63. In
this model, the breakdown probability of local points is defined to be
dependent on the local electric field, which can be described as

E
Ppreakdown(F) = % 3)

where E(r) is the local electric field, and Ey(r) is the intrinsic breakdown
of the material. Then, the local electric field distribution can be
obtained by solving the electrostatic Poisson’s equation,

V-(g0&.E) =py 4)
F=—WV )

where g, is the vacuum dielectric constant, &, is the relative dielectric
constant, py is the space charge density, and Vis the electric potential,
respectively.

The impact of interfacial traps on the charge transport behaviors
is elucidated by a unipolar electron injection transport model’>*, In
this model, the process of charge injection is described using the
Schottky injection mechanism, while the migration of electrons in
polymer nanocomposites is characterized by a set of equations
including the transport equation, continuity equation, and Poisson’s
equation.

Based on the Schottky injection mechanism, the electron injection
process at the interface between the dielectric and the electrode is
described by,

6
4mey g, ©)

_AT2 Pi e [eE(r)
J=AT exp<—kBT> exp(kB—T )
where J the current density, A the Richardson constant, T the tem-
perature, @; the injection potential barrier, kg the Boltzmann constant,
e the elementary charge, E the electric field, & the vacuum permit-
tivity, &, the relative permittivity, respectively. The electron migration
process in polymer nanocomposites is described by the transport
equation, continuity equation, and Poisson’s equation as follows,

V(eoe, (E(r, 1) =n(r, 1) @)
Jr, 0 =pa(r, On(r, OE(r, 1) ®)

on(r,t)  dJr,t)

+ 20 9
at or ° ©
where n is the charge density and s is the source term (s=0 in this
simulation). The apparent mobility u, is introduced to describe the
trapping or detrapping process of mobile electrons at the interface
regions between the PEI and Al,O3, which could be written by,

10)

The parameters used in this simulation are given in Supplemen-
tary Table 1.

The construction of a metal-wire-based nanolaminate
capacitor device

Based on a Cu wire with a diameter of 0.8 mm as an inner electrode,
7-layered PEI-Al,O3 nanolaminate was deposited on the surface by ALD
and spin-coating. The outer Pt electrode with a thickness of 50 nm was
coated by a JEC-3000FC ion sputter device (JEOL, Japan). The

capacitance of the capacitor device was measured with a precision
impedance analyzer (4294A, Agilent, USA) at different temperatures.

Data availability
The data that support the findings of this study are available within the
article and its Supplementary Information/Source Data file, and also
from the corresponding author upon request. Source data are pro-
vided with this paper.
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