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ABSTRACT: Dielectric capacitors are critical components in
electronics and energy storage devices. The polymer-based
dielectric capacitors have the advantages of device flexibility,
fast charge—discharge rates, low loss, and graceful failure.
Elevating the use of polymeric dielectric capacitors for
advanced energy applications such as electric vehicles (EVs),
however, requires significant enhancement of their energy
densities. Here, we report a polymer thin film heterostructure-
based capacitor of poly(vinylidene fluoride)/poly(methyl
methacrylate) with stratified 2D nanofillers (Mica or h-BN
nanosheets) (PVDF/PMMA-2D fillers/PVDF), that shows
enhanced permittivity, high dielectric strength, and an ultrahigh

=1 vol. % oriented nanosheets
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Dielectric Strength (Egp) — 1296 MV/m
Max. Energy Density (Up) — 75 Jlcm?

PVDF/PMMA/PVDF
Dielectric Strength (Egp) — 535 MV/m
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energy density of ~75 J/cm® with efficiency over 79%. Density functional theory calculations verify the observed permittivity
enhancement. This approach of using oriented 2D nanofillers-based polymer heterostructure composites is expected to be
versatile for designing high energy density thin film polymeric dielectric capacitors for myriads of applications.

KEYWORDS: polymer nanocomposite, dielectric capacitors, 2D nanofillers, dielectric constant, high energy density,

high breakdown strength, high power density

INTRODUCTION

High energy density and high-power density energy storage
dielectric capacitors will play an important role in enabling
reliable power supply as decarbonization drives the world to
shift toward intermittent renewable energy sources." However,
the energy density of existing dielectric capacitors remains
limited compared to their electrochemical counterparts. The
energy stored per unit volume in a dielectric material can be
expressed in terms of electric displacement (D), electric field
(E), residual electric displacement (D,), and maximum
displacement (D) as

Dmax
U:/ E dD
D

The electric displacement is D o & where ¢ is the
permittivity. The maximum energy stored in the dielectric
material is dictated by the maximum electric field that the
material can withstand and is termed the dielectric strength
(Egp) of the material. Thus, to increase the maximum energy
density of the materials, both & and Ezp need to be
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increased.” Polymer-based dielectric capacitors have a lower
loss, tunable dielectric strength with nanofillers, flexibility, and
easy fabricability for free-standing capacitors as compared to
ceramic dielectrics.”® However, due to the low permittivity and
Egp of the polymeric dielectrics, their energy densities are
typically low, e.g.,, Biaxially Oriented Polypropylene (BOPP)
polymer has U & 2—3 J/cm? but still has a wide range of
applications. Embedding nanofillers in a polymer matrix can
enhance their permittivity, but the dielectric strength is limited
due to a random distribution of the fillers, resulting in low to
moderate energy densities. Furthermore, the nanoparticle
aggregation and air voids in these nanocomposites decrease
dielectric strength, thereby negatively impacting the energy
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Figure 1. Schematic of geometrical stacking of oriented 2D nanomaterial-based polymer heterostructure. (A) Exfoliated mica flakes on the
Si/Si0, substrate from a bulk crystal using mechanical exfoliation technique using scotch tape. Exfoliated flakes show large nonuniformity
across the substrate. High-density flakes can be seen in a small area of the substrate. Four images taken from different sections of the wafer
show the varying density of the flakes. (B) Schematic representation of PVDF/2D Mica-PMMA/PVDF heterostructure. The thickness of the
heterostructure from the bottom to the top PVDF layer ranges from 500 to 750 nm. The middle 2D Mica layer is supported by a thin PMMA
layer of thickness ~150 nm.
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Figure 2. Fabrication of oriented 2D nanomaterial-based polymer heterostructures. (A) Mechanically exfoliated 2D Mica flakes (red squares)
are transferred onto a clean SiO,/Si substrate. On purpose, a section of the SiO,/Si wafer was kept clean without transferring any 2D flakes.
(B) The whole wafer was covered with PMMA polymer using the spin coating technique and baked at 100 °C for 2 min. (C) The whole
wafer (PMMA/2D-Mica/Si0,/Si) was dipped inside the KOH solution. This etches the SiO, layer and releases the PMMA holding the 2D
Mica layers to the solvent. (D) PMMA holding 2d-layered Mica crystals was later fished using a clean glass slide and transferred into H,O to
remove any excess KOH solvent from the PMMA/2D-Mica layers. (E) The 2D-Mica/PMMA layer was then transferred onto the spin-coated
PVDF film (bottom PVDF) on the ITO glass slides and the resulting device contained layers of ITO/PVDF/Mica-PMMA as shown in the
schematic (F). (G) Finally, the top polymer layer (PVDF) was coated to complete the PVDF/2D Mica-PMMA/PVDF heterostructure
device. (H) Schematic of the final device used for dielectric measurements. The reference as well as mica-interfaced areas of the sample are
labeled on the edge of the schematic.

stored in the dielectrics.””” Recently, 2D nanofiller-based dipoles;'* however, it is difficult to fully orient these 2D
polymer nanocomposites™'”'" have shown potential for use as nanofillers in polymer matrices in a particular direction using
relatively higher energy density energy storage devices such as dispersion methods.

Ca,Nb;0,, based nanosheets in poly(vinylidene fluoride) In this report, we designed layered polymer nanocomposites

(PVDF) matrix have shown energy densities of 36 J/cm® with based on oriented 2D nanofillers in PVDF as the host polymer
efficiencies of 60%.'” However, the energy densities and and mechanically exfoliated flakes (Figure 1) of layered 2D

efficiencies of these nanocomposites remain low for practical materials (2D-Mica or hexagonal Boron Nitride (h-BN)
application.'” Theoretical and simulated studies have predicted crystals) as the nanofillers in heterostructure geometry (Figure
that the alignment control of 2D nanofillers can enhance the 1A). The heterostructure referred to here is poly(vinylidene
energy density of polymeric capacitors when nanosheets are fluoride)/poly(methyl methacrylate)-oriented 2D Mica (or h-

perpendicularly oriented to the applied electric field, can delay BN) nanosheets/poly(vinylidene fluoride) (PVDF/PMMA-2D
the dielectric breakdown by reducing the electrical treeing Mica or h-BN/PVDF) stacking layers, wherein layered bulk
effect and enhance the polarization field by adding interfacial crystals are mechanically exfoliated to thinner layers on to
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Figure 3. Enhanced permittivity and low loss in oriented 2D nanomaterial-based polymer heterostructures. (A, B) Temperature (T) and
frequency (in Hz) dependent dielectric constant (¢) of PVDF/PMMA/PVDF and PVDF/2D Mica-PMMA/PVDF (Mica interfaced)
heterostructure capacitors, respectively. The thickness of the capacitor was measured as 500 nm (SI Figure S3). (C) Enhancement in £ (A€)
of Mica interfaced capacitor compared to the reference as a function of frequency. (D) and (E) show the dielectric loss for reference and
Mica interfaced capacitors, respectively. (F) Schematic showing origins of higher dielectric constant due to higher nanofiller—polymer

interfacial polarization.

Si0,/Si substrate (Figure 1A) and transferred onto the thin
layer of a PVDF film (bottom PVDF) using PMMA and
subsequently sandwiched with another thin layer of top PVDF
film (Figure 1B).

In this heterostructure capacitor design, the 2D surfaces of
all of the inorganic nanofillers are parallel to the capacitor
electrodes, so that the externally applied electric field is
perpendicular to the plane of 2D nanofiller sheets. We observe
a significantly high enhancement of dielectric constant (¢) (Ae
~ 60—100%, depending on filler fraction (Figure S1 in SI)) as
well as breakdown strength (AEgp &~ 142%) and an ultrahigh
capacitive energy density of 75 J/cm® with an efficiency over
79%, using ~1 vol % 2D Mica as fillers, which is highest among
any reported polymer or polymer nanocomposite dielec-
trics®' >~ (higher by a factor of 2) for 0.6 ym thick polymer
dielectric film (SI Figure S3). As shown in simulations, this is
due to the highly parallel nature of Mica nanosheets with high
surface coverage (= 70%). Notably, the volume fraction of the
nanofillers in the film is very low compared to blend
nanocomposites, as the nanofillers are only present in a single
layer between two layers of PVDF. Furthermore, we
demonstrate that the effect of nanofiller orientation control
to develop ultrahigh energy density polymeric dielectrics is
versatile by showing that #-BN based PVDF/PMMA-h-BN/
PVDF heterostructures also show a high energy density of ~#50
J/em® with an efficiency of ~52%, which is higher than other
reported dielectric capacitors expect the Mica based hetero-
structure capacitors studied here.

20264

RESULTS AND DISCUSSION

Fabrication of Heterostructure Capacitor. The sche-
matic design of the heterostructure device consists of layers of
PVDF and Mica (supported by the PMMA layer), as shown in
Figure 2(A—H). The Mica nanosheets were exfoliated using
scotch tape through a mechanical exfoliation technique and
then transferred onto 285 nm SiO, deposited on Si substrate in
such a way that half of the SiO, wafer remained empty, and
half of the wafer was covered with transferred Mica flakes
(schematic of Figure 2A). The empty half of the substrate was
used as a reference capacitor and Mica covered half area used
as the 2D filler interfaced capacitor. A Raman spectroscopy
study was used on a thick layer of Mica crystal to verify the
Mica crystal (Figure S2). After the transfer process, we visually
looked at the 2D Mica flakes under an optical microscope to
verify the quality of distribution of the exfoliated crystals on
the Si/SiO, substrate. The thickness of the 2D Mica flakes
varies from a single layer to several atomic layers but the
average thickness of most of the flakes obtained from AFM
measurements shows 20 nm thickness (see Figure S3(a—g)).
The optical image shown in Figure 1 indicates the size and
distribution of the flakes are random and nonuniform, and the
density of flakes varies across the exfoliated area of the
substrate. A thin layer of PMMA was coated on the top of the
exfoliated Mica sheets by spin coating a PMMA solution at
1600 rpm followed by annealing at 110 °C for 2 min, providing
good adhesion of the flakes to PMMA.

https://doi.org/10.1021/acsnano.3c06249
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Figure 4. Computational evidence of permittivity enhancement in polymer-mica nanocomposites using density functional calculations. (A—
D) Real part of dielectric constant (&) for Mica, PVDF, PMMA, and PVDF-Mica heterostructure respectively showing higher static & for
PVDF/Mica heterostructure, compared to their constituent polymers and Mica. (E) Plane-average of the electrostatic potential (AVy (V))
along the normal direction of the Mica-PVDF interface. (F) The electrostatic difference potential (EDP) along the normal direction of the
PVDF-Mica interface with contour plot (right) shows the spatial distribution of charge density across the interface. (G) Electron localization
function at the interface with the projection of atoms (right) showing intermolecular interactions. xx, yy, and zz are the dielectric tensor

components along the x-, y-, and z-directions.

Finally, this PMMA layer with 2D-Mica nanosheets was
etched from the Si/SiO, substrate using SiO, etchant, and
KOH solvent and transferred onto the PVDF coated layer on
ITO substrate to obtain an ITO/PVDF/2D Mica-PMMA
heterostructure [Figure 2(E—G)]. After subsequent drying in
vacuum, a top thin layer of PVDF was coated to obtain the
final PVDEF/2D Mica-PMMA/PVDF heterostructure on the
ITO as shown in Figure 2(G). Half of the substrate yields a
reference capacitor, PVDF/PMMA/PVDF, and the other half
yields a PVDF/2D Mica-PMMA/PVDF heterostructure
capacitor, as shown in Figure 2(H). In our fabricated capacitor
devices, we measured the thickness of the PVDF/PMMA-2D
Mica/PVDEF heterostructure and found that the average
thickness is ~S00 + S0 nm (for the S6 sample in Figure
S3). The nonuniformity arises from the manual transfer
process of 2D Mica/PMMA layers. We kept the thickness of
the polymer layers as low as possible to observe the maximum
effect of 2D fillers on dielectric properties from the
heterostructure assembly of the device as well as to limit the

20265

leakage or dielectric loss. In this vertically stacked geometry,
the 2D surfaces of Mica flakes are parallel to the electrodes or
perpendicular to the externally applied electric field E as
indicated in Figure 1(B). We observed that the 2D Mica
nanofillers are intact in the final heterostructures using
scanning electron microscopy (SEM). The SEM images on
final heterostructures are shown in Figure S5(k) in the SIL
Permittivity Enhancement in Polymer-2D Layered
Mica Heterostructures. Figures 3(A) and (B) display the
dielectric constant of reference (PVDF/PMMA/PVDF) and
stratified Mica interfaced capacitors (PVDF/PMMA-2D Mica/
PVDF) respectively as a function of temperature and frequency
(SI Figure S4). The reference capacitor shows a dielectric
constant (¢) = 11—13.5 at room temperature, similar as
compared to pristine PVDF. The 2D mica nanofiller-based
heterostructures capacitor shows & 19-22 at room
temperature as a function of frequency. The permittivity of
2D Mica-based heterostructures is 60—75% higher than that of
the reference heterostructure samples as shown in Figure 3(C).

https://doi.org/10.1021/acsnano.3c06249
ACS Nano 2023, 17, 20262-20272
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Figure S. Ultrahigh dielectric strength and capacitive energy storage properties of polymer heterostructures with oriented 2D Mica
nanosheets. (A) Schematic demonstrating enhanced resistance to electrical tree propagation by oriented 2D mica nanosheets in polymeric
heterostructures. (B) Weibull dielectric strength of PVDF/PMMA/PVDF heterostructures and PVDF/PMMA-2D Mica/PVDF
heterostructures. (C) Displacement vs electric field measurements and (D) discharge energy density and efficiency as a function of the
applied electric field showing an ultrahigh energy density of 75 J/cm® with efficiency over 79% at 1247 MV/m electric field for the Mica

containing heterostructures.

The enhancement, Ae of oriented 2D Mica-based hetero-
structures is much higher than the expected volumetric
contribution of permittivity by the Mica nanofillers given
that the filler volume fraction is very small (= 1 vol %, see SI)
and Mica permittivity ranges from 6 to 9.>' We believe that the
highly enhanced permittivity of 2D Mica-based samples stems
from the additional interfacial dipoles along the 2D plane due
to the perpendicular (to the electric field) orientation of
nanofillers. The large surface area of the 2D fillers provides
ultralarge interfacial area per unit volume with the polymers
where each small 2D flake acts as a microcapacitor as shown in
Figure 3(F). The enhancement values of permittivity, Ae
varies (SI Figure S7 and S10) with the density of the filler
content and we also observed low enhancement in some area
of the capacitor presumably from low 2D filler contain
capacitor (SI Figure S7 and S10). Interestingly, the loss
tangent of the 2D nanofiller-based capacitor is comparable to
the control reference capacitor at low frequency as shown in
Figures 1D and 1E, which demonstrates the capability of the
heterostructured architectures for developing high permittivity

low loss polymeric dielectrics, especially since PVDF has a
relatively higher loss tangent and fillers tend to amplify this
effect further. As such, this strategy would be useful for other
low-loss dielectrics including commercially available BOPP.
Typically, such enhancements in permittivity of polymers are
obtained by high loadings of randomly dispersed inorganic
nanofillers (>10 vol %), which results in significantly high
losses as well.® A histogram plot of dielectric from $ capacitors
is presented in SI Figure S1 and S7 shows as high as 150%
enhancement (at higher filler fraction) from the hetero-
structure of PVDF/PMMA-2D/PVDF capacitors. To ensure
that the permittivity calculations from asymmetric capacitors
are accurate, we tested the control PVDF samples with
symmetric and asymmetric top and bottom electrodes and
found that the permittivities from asymmetric capacitors (by
using a smaller electrode area as the capacitor area) and
symmetric capacitors are the same. The detailed calculations
from control symmetric and asymmetric capacitors along with
the capacitor images are shown in SI Figure SIS.
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Verification of Permittivity Enhancement Using
Density Functional Theory. Given that we observe
nonintuitive permittivity enhancement in oriented 2D Mica
nanofiller samples at very low fractions, we perform density
functional theory (DFT) calculations to unravel the physics of
this phenomenon. The frequency-dependent complex dielec-
tric function within the framework of Kubo—Greenwood
formalism, in conjunction with the Kohn—Sham DFT and the
Kramers—Kronig transformation was analyzed to understand
the interface effect.”>*’ The dielectric properties of the isolated
nanomaterials and their interfaces with the polymer matrix are
estimated in response to the alteration of the electric field (E)
polarization. The predicted real parts of the dielectric tensor
components as a function of the incident charge carrier energy
for the Mica, PVDF, PMMA, and PVDF-Mica are portrayed in
Figures 4(A—D). The molecules of the polymers are favorably
aligned parallel to the 2D plane at the interface, which
increases the electrical polarization along the plane due to
polarization along the polymer chain. A closer inspection of the
dielectric tensor components of the pristine Mica and Mica-
PVDF interface reveals that the limiting value of the e,
enhances from 2.33 to 5.45, i.e., the dielectric constant of
the mica is augmented by >100% due to the attachment of the
PVDF matrix. Furthermore, as evident from the threshold
values of &,, components of pristine PVDF and mica-PVDF
composite, the dielectric constant of PVDF also rises from 2.35
to 5.45 in mica-PVDE. Alternatively, the obtained results
certainly manifest the essence of the in-plane orientation of the
PVDF chain axis to maximize the dielectric response of the
heterostructure. The maximum static dielectric constant of the
Mica-PVDF is 75% higher than the predicted limiting value of
the dielectric constant of pristine muscovite mica crystal and
130% higher than the pristine PVDF polymer, which is
consistent with the experimental net dielectric measurements
in heterostructure capacitor.

To explore the subtle interplay of Mica-Polymer interactions
toward the improvement of dielectric response, we sub-
sequently analyzed the electrostatic difference potential (EDP,
AVg) across the interface, which is characterized by the
divergence between the electrostatic potentials derived from
the self-consistent valence electron density and the super-
position of atomic valence electronic densities. The plane-
averaged EDP (AVg) along the z-direction (normal to the
heterostructure) as obtained by solving Poisson’s equation for
electrostatics is depicted in Figure 4E. The calculated AVg
values manifest that some electrons transfer from the mica
surface to the PVDF matrix at the interface, which gives rise to
the interfacial dipole, contributing to an improved dielectric
response in the mica-PVDF heterostructure. The robust
intermolecular interaction between the Mica layer and the
PVDF matrix is evident by the charge density difference
contour plot, as shown in Figure 4F. Figure 4G describes the
2D electron localization function (ELF) profile map across the
interaction region of the Mica-PVDF composite. The
formation of chemical bonding around the interaction sites is
substantiated by the higher values of the ELF index (>0.7), and
consequently, the optical functions of the Mica-PVDF
heterostructure including dielectric constant, refractive index
(SI section Figure S12—S13), etc. are significantly modulated
by the high-polarity interface.

Dielectric Strength and Capacitive Energy Density
Measurements for Heterostructures. The 2D inorganic
nanofillers have been shown to enhance the dielectric strength

of polymeric nanocomposites, depending on the concentration
of fillers. Typically, high fractions (210 wt %) of randomly
distributed 2D nanofillers are used to increase the dielectric
strength (& 60—70% enhancements) of polymeric nano-
composites.'’ Here, although the fraction of mica (or h-BN)
nanofillers is very low (= 1 vol %), we expect the nanofillers to
increase the dielectric strength significantly as the orientation
of the 2D surface of the nanofillers are completely
perpendicular to the applied electric field and can resist
electrical treeing as shown in Figure SA. Indeed, Vogelsang and
co-workers have demonstrated that the barriers oriented
perpendicular to applied electric fields stop and perturb the
propagation of electrical trees in bulk epoxy-Mica compo-
sites.”* Furthermore, the above theoretical studies have
confirmed that the in-plane alignment of the polymer chain
axis leads to in-plane dipoles which helps enhance the
dielectric strength or reduce the electrical treeing process."*
Figure SB shows two-parameter Weibull probability plots and
fits of reference vs stratified 2D Mica containing hetero-
structure capacitors measured at room temperature. The
oriented Mica-based heterostructures capacitor shows an
ultrahigh dielectric strength of ~1296 MV/m, which is
~142% higher than the reference heterostructure capacitor
using the thickness of the capacitor as 600 nm. This
enhancement in dielectric strength is significant given that
the nanofiller fraction is only =1 vol %. Simulation results
predicted the 40% enhancement of the breakdown voltage in
h-BN filler PVDF-CTFE and PVDF-TrFE-CFE composites at
8—10 vol % of filler concentration.'"’ Along with increased
dielectric strength, the f values increase from 7 for PVDEF-
PMMA-PVDEF to 13 for the PVDF-2D Mica/PMMA-PVDF
heterostructure capacitor, showing that the reliability of
dielectrics also increases. Figures SC and 5D show the
electrical displacement vs electric field and discharge energy
density (J/cm®) and efficiency for the stratified Mica-based
heterostructures and the reference capacitors, respectively. The
stratified 2D Mica based polymer heterostructures show an
ultrahigh discharge energy density of ~75 J/cm® with an
efficiency of over 79% at a maximum electric field of 1247
MV/m, while the pure polymer heterostructures show a
discharge energy density of 4.54 J/cm® with an efficiency of
78.9% at an electric field of 483 MV/m. The energy density of
the 2D Mica nanofiller-based capacitor is 1 order of magnitude
higher than the pure polymer samples and stems from the
increase in both permittivity and dielectric strength. The
electrical treeing effect is significantly reduced in 2D-Mica
interfaced capacitors due to the physical block of the electrical
breakdown pathway by the 2D nanofillers in conjunction with
the perpendicular alignment induced interfacial dipoles with
respect to the field direction at the interface between polymer
and fillers that oppose the applied E-field. This strategy results
in the energy density of the PVDF/PMMA-2D Mica/PVDF
samples is the highest to date for any thin film polymer
composites as shown in SI Figures S16(A) and S16(B). Here
we like to highlight that the literature capacitors shown in the
comparison plots are based on free-standing films, while our
2D stratified nanofiller-based measurements are substrate
supported. We have used substrate supported films with
relatively lower thickness (~500 nm) to maximize the effects
of the nanosheets, given that nanosheets have ~20 nm
thickness. We expect that the same effects will hold true for
thicker free-standing films with a similar nanofiller density.
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Figure 6. Ultrahigh energy density in oriented h-BN based polymer heterostructures. (A) Permittivity enhancement (A¢) in PVDF/PMMA-
h-BN/PVDF heterostructures as compared to PVDF/PMMA/PVDF control heterostructures. (B) Ultrahigh dielectric strength of oriented
PVDF/PMMA-h-BN/PVDF heterostructures. (C) Electric displacement vs electric field and (D) discharge energy density and efficiency of
pristine and h-BN based heterostructures showing an ultrahigh energy density of 50.7 J/cm?® with an efficiency of 52% for h-BN based
heterostructures using the thickness of the capacitor 750 nm measured using AFM (SI Figure S8).

Versatility of Capacitive Energy Density Enhance-
ment Using Oriented 2D Nanofillers. To test the versatility
of ultrahigh energy storage properties of stratified 2D
nanofiller-based polymeric dielectrics, we further studied
another two-dimensional dielectric material hexagonal Boron
Nitride (h-BN) nanofillers in place of 2D Mica nanofillers.
Figure 6A shows the enhancement of the dielectric constant of
PVDF/PMMA-h-BN/PVDF heterostructures as compared to
PVDF/PMMA/PVDEF heterostructures (SI Figure $8-S10).
The h-BN based heterostructures show an increase of 40—45%
in the permittivity at room temperature. The enhancement of
the dielectric constant in PVDF/PMMA-h-BN/PVDF capaci-
tor is lower than that observed for PVDF/PMMA-2D Mica/
PVDEF heterostructures, which might be attributed to the
higher dielectric constant of Mica fillers compared to the 4-BN.

Dielectric permittivity &€ « N/ \/E_g, N is the density of the

atom in the material, and E is the energy gap.25 Mica have a
higher density (~3 g/cm?®) compared to the #-BN (~2 g/cm?).
Mica nanosheets have a lower band gap (~3—4 eV for 1-5
layers)*® compared to h-BN (~6 eV)”’ making the dielectric
constant of the Mica interfaced capacitor presumably higher
than the h-BN interfaced capacitor. Figure 6B shows the

20268

Weibull probability plots of the PVDF/PMMA/PVDF and
PVDEF/PMMA-h-BN/PVDEFE heterostructures. The dielectric
strength of PVDF/PMMA-h-BN/PMMA heterostructures is
~136% higher than that of the control heterostructures and is
higher than that observed for their Mica counterparts.
Analogous to Mica nanosheets, the high dielectric strength of
h-BN based heterostructures is coupled to the high breakdown
resistance of h-BN nanosheets, which is dependent on the 2D
flake thickness.”® Figures 6C and 6D show the electric
displacement versus electric field and discharge energy density
and efficiency plots of PVDF/PMMA-h-BN/PVDF and
PVDE/PMMA/PVDEF heterostructures. The h-BN based
heterostructures can store an ultrahigh energy density of x50
J/cm?® with an efficiency of over 52% despite very low filler
fraction (= 1 vol %), which is the highest among any literature
reported polymeric dielectrics, except the 2D Mica nanosheets
based heterostructures shown here. The lower value of energy
density in h-BN based heterostructures is due to their slightly
lower permittivities (polarizability and higher bandgap) as
compared to the Mica heterostructures.”” This demonstrates
that the approach of using stratified 2D nanofillers within the
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polymer matrix is versatile for designing ultrahigh energy
density polymeric dielectric capacitors.

CONCLUSIONS

In conclusion, we envision that controlling the orientation of
2D nanofillers in polymeric nanocomposite-based dielectric
films, such that the 2D nanofillers are perpendicular to the
electrodes or applied electric field, will be a rapidly growing
field of de novo research, given how significantly it increases
the permittivity and electrical breakdown of the resulting
nanocomposite films in our study. We used DFT calculations
to verify our enhanced permittivity findings. Furthermore, the
dielectric strength of polymer nanocomposite films increases
by more than 130% as compared to the pristine polymeric
films due to the “barrier effect” of the 2D nanomaterials. As a
result, we develop polymer nanocomposites with energy
density as high as 75 J/cm® with an efficiency of over 79%
using PVDF/PMMA-2D Mica/PVDEF heterostructures. We
demonstrate that the use of orientation-controlled 2D
nanofillers to boost the energy density of dielectric capacitors
is versatile by testing PVDF/PMMA-h-BN/PVDEF hetero-
structures, as well. The intrinsic nanofiller permittivity and
band gap are important considerations in this regard. We
expect that the parallel orientation of 2D nanofillers with
respect to the electrodes of the capacitor can be used for
enhanced mechanical strength and efficient in-plane heat
dissipation generated by pulsed power by using desired
nanofillers like h-BN, which is especially important as these
migrate into the power capacitor regime. Furthermore, this
approach can be scaled up by using suitable large-scale
fabrication of 2D materials using CVD and the printing
technique of heterostructure capacitor fabrication. The
capacitors could be fabricated on flexible substrates like 2D
materials and devices (graphene and 2D semiconductors) for
potential application for flexible electronics. Finally, as an
outlook, our study also inspires a paradigm shift in how to
think about this promising field of aligned 2D nanofiller/
polymer multilayer devices.

MATERIALS AND METHODS

Heterostructure Device Fabrication. Poly(vinylidene fluoride)
(PVDF) (MW: 534,000 by GPC), Dimethylformamide (DMF), and
Potassium hydroxide (KOH) were purchased from Sigma-Aldrich.
PMMA was purchased from Microchem (currently named Kayaku
Advanced Materials, Inc.). Bulk 2D Mica sheets are purchased from
SPI supplies. PVDF was dissolved in DMF, typically at 10 wt %
followed by stirring at 70 °C temperature for 3 h. This PVDF solution
was used to make the thin film of PVDF by using spin coating. The
thin film of PVDF was prepared on an ITO (Indium Tin Oxide)
coated glass substrate. Each layer of PVDF thin film is prepared by
spin coating of 10 wt % of PVDF solution in DMF solvent at 1700
rpm for 60 s followed by annealing at 100 °C for S min. To make the
PVDF film smoother and uniform, two layers (two times coating) of
PVDF were coated on the ITO substrate.

Dielectric Permittivity, Breakdown Strength, and Polar-
ization Measurements. Temperature-dependent dielectric meas-
urements were carried out using an LCR meter, Model: IM-3536
LCR Meter at ambient condition with a temperature-controlled hot
plate as a function of frequency range from 100 Hz to 8 MHz from
room temperature (RT) to 180 °C at ambient condition. All the
samples were annealed initially at 180 °C for 45 min before measuring
frequency and temperature-dependent dielectric properties. Data were
collected at each 10 °C difference in the temperature range. The
measured dielectric constant as a function of frequency for a sample
(sample #S6) is given in Supporting Information Figure S4. Dielectric

EgXEXA
d
the capacitance, € is the permittivity in free space, € is the dielectric
constant of the sample, A is the area of the capacitor, and d is the
separation distance between two plates or thickness of dielectric
materials (heterostructure capacitor). Our capacitor area for dielectric
measurements is typically (~350 X 350 um?®) area, fabricated using
conducting Ag paint or thermally deposited Au electrodes on the top
PVDF layer (top electrode) (Supporting Information Figure SS). The
sample thickness measured from contact mode AFM for the samples
presented in Figure 2 (for Mica) was S00 + S0 nm. The average
thickness was used to extract the dielectric constants. The thickness of
h-BN interfaced heterostructure capacitors was measured between

650 = 100 nm.

Breakdown voltage measurements were conducted using the PolyK
testing system PK CPE-1801 equipped with a high-voltage TREK
amplifier Model # 609D-6 using a wire loop-based contact for the top
electrode to minimize mechanical damage to the films. A ramp rate of
20 V/s was selected for the testing, and the breakdown values were
recorded using the PolyK software. The data were analyzed using a
two-parameter Weibull fit as

constant (&) was extracted using the relation C = , where C is

P(E) =1~ exp(_(E/EBD)ﬁ)

where E is the breakdown field, Egp is the dielectric breakdown
strength, i.e., breakdown strength at 63.2% probability of failure, /3 is
the shape parameter and P(E) is the probability of failure.

The electric displacement vs electric field (D—E loop) measure-
ments were performed using the PolyK PK CPE-1801 system. The
top electrodes for the D—E loop measurement were fabricated using
gallium—indium liquid metal and had diameters of around ~200—300
pum. The liquid metal electrodes were connected to the instruments
using needlepoint contacts. Raman measurements on bulk Mica were
done using a 785 nm laser source (MacroRAM benchtop Raman
spectrometer) in the range of 100 to 1000 cm™" at ambient condition.
Fourier Transform Infrared Spectroscopy (FTIR) measurement was
conducted using two PerkinElmer Spectrum FT-IR spectrometers in
the range 4000—450 cm™'. Atomic force microscope (AFM) images
of the surface morphology and height measurements were conducted
using Veeco Dimension 3100 AFM instrument in contact mode.

Density Functional Theory Calculations. The dielectric
constant of polymers, mica, and heterostructures was calculated
using the DFT method. The optimized structure of the different
geometry of polymer and mica and their heterostructure are presented
in Figure S12. We also extracted the refractive index of the Mica and
polymer shown in the Supporting Information section (Figure S13).
The refractive indexes for Mica, PVDF, and PMMA were evaluated
and found to be in $ood agreement with the previously experimentally
reported values.*”?

COMPUTATIONAL DETAILS

To estimate the optical properties of mica-polymer hetero-
structures, the energetics of bulk nanomaterials and their
interface geometries are determined within the framework of
density functional theory (DFT). The lowest energy structures
of the pristine materials on the potential energy surface (PES)
are identified by fully relaxing the unit cell structures
employing the generalized gradient approximation (GGA)-
based Perdew—Burke—Ernzerhof (PBE)* exchange-correla-
tion functional and the double-{ polarized (DZP) basis sets in
conjunction with the norm-conserving pseudopotentials for all
the constituent atoms, and a mesh cutoff energy of 185 hartree.
The atomic positions of the unit cells are relaxed until the
residual forces on each atom are less than 0.05 eV/A. The fully
relaxed structures of mica and PVDF/PMMA are then
exploited to produce the mica-polymer interface geometry, as
shown in Figure S12. To identify the epitaxial interface where
both the strain and the area of the coincidence interface cell
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are minimized, we have implemented the lattice matching
method™ that probes the interface compatibility by incorpo-
rating convenient effects on the lattice constant in the direction
perpendicular to the interface plane, i.e., the Poisson effect.
The predicted low-strain epitaxial interface, with a mean strain
of 0.2%, is further subjected to relaxation by a DFT based
method. The k-points in the Monkhorst—Pack grid are set to
(4 X4 X 4)and (4 X 4 X 1) for the relaxation of single-phase
supercells and interface cells, respectively. Furthermore, a
vacuum spacing of 20 A perpendicular to the lattice plane was
used during the structural relaxation to overcome the spurious
interactions between repeated images. All DFT computations
were performed using the QuantumWise ATK software
package.”*

Next, to explore the impact of polymer matrix deposition on
the optical properties of the mica-polymer heterostructures,
the optical functions of the pristine and heterostructure
materials are derived from the DFT computations within the
framework of the Kubo—Greenwood formalism. The Kubo—
Greenwood formula can be used to compute the susceptibility
tensor as follows™>*°

224
)(ij(w)=_ eh Z f(E )h f(E)”i )

eoVa) I
where 7, is the i-th component of the dipole matrix element
between state n and m, f(E,,/,) is the Fermi function calculated
at the band energy, I is the energy broadening, and V is the
volume. The frequency-dependent complex dielectric function
e(w) = &(w) + ie,(w) is associated with the susceptibility as
e(w) = 1 + y(w), which represents the linear response of the
dielectric properties of the material.

The refractive index n is interrelated to the complex
dielectric constant through

n+ ik = Je

where k is the extinction coefficient. The values of n and k
could be obtained from the real (¢,) and imaginary (g,) parts
of the dielectric constant by using the following relations

Jel + & + g

2

2 2
,/el +é& — g

2

n =

The optical absorption coeflicient is related to the extinction
coefficient through the following relation:*’

o, = ZTk
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