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ABSTRACT: The demand for energy storage devices with high
energy density, power density, and higher efficiencies has
motivated researchers to explore novel materials and designs
beyond current limitations. Polymer-based dielectric capacitors are
flexible, lightweight, self-healable, and compatible with a variety of
nanofillers. Despite a plethora of studies on polymer nano-
composites with 2D nanofillers, the role of multilayered 2D
nanofillers in polymer nanocomposites in the context of energy
storage properties has yet to be determined. In this work,
mechanically exfoliated 2D mica nanofillers were incorporated with
poly(vinylidene fluoride) (PVDF) polymer to fabricate PVDF-mica-PVDF (PMP) multilayered heterostructure capacitors. A single
exfoliated layer of mica with an average thickness of the flakes of 20 nm interfaced within layers of PVDF to form PMP and using
two layers of mica to form PVDF/mica/PVDF/mica/PVDF (PMPMP) heterostructure capacitors. Average enhancements of 100%
and 170% were measured for the dielectric constants of PMP (e,, ~ 22.9) and PMPMP (¢,, ~ 30.8), respectively compared to that
of the pristine PVDF (¢,, ~ 11.4) films measured using the same setup. The highest discharged energy density of PMP and PMPMP
nanocomposite films reached 27.5 J/cm® (E = 670 MV/m) and 44 J/cm® (E = 570 MV/m), compared to 11.2 J/cm® (E = 396 MV/
m) for the pristine PVDF capacitor. This work develops a detailed understanding of the use of multilayered 2D nanofillers to
develop high-capacitance and high energy density polymeric dielectric capacitors and opens avenues for developing orientation-
controlled 2D nanofiller-based capacitors for use in industrial applications.
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B INTRODUCTION

Polymer nanocomposite-based dielectric materials with high
energy and high-power density with ultrafast charging—
discharging are of great importance for use in energy storage
devices and hybrid electric vehicles, electrical weapon systems,
medical devices, modern electronics, etc.' Dielectric capacitors
with higher capacitance, low equivalent series resistance
(ESR), and smaller sizes are essential components for
unmanned spacecraft and satellites due to reduced space
usage and light weight, which are key factors for space
electronics. Polymer-based capacitors are suitable for aerospace
decoupling and filtering applications that require low ESR,
improved capacitance retention at a high frequency, high
energy density, and specific energy to reduce size and weight
and long-term reliability. Polymer-based nanocomposite
materials have been reported recently with improved dielectric
constants, breakdown strengths, and storage energy densities
where the nanomaterials were used as fillers within the
polymer matrix to enhance the desired properties. For example
the poly(vinylidene fluoride) (PVDF) polymer with 2D mica
fillers shows enhanced dielectric constant, breakdown strength,
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and energy density.” Among the various polymer nanofiller
composite materials systems, 2D nanomaterial-based polymer
nanocomposites are at the forefront of this exploration
compared to the OD and 1D nanofillers due to their large
surface area to volume ratio of the fillers,">™> which enables
the larger polymer—2D surface interface areas to accumulate
and trap charges more efficiently and increase the polar-
ization." »*~'" Thus, a polymer—2D nanocomposite can
significantly enhance the dielectric constant compared to the
OD and 1D nanofiller composites with similar vol % of the
fillers."”” In addition to improving the polarization, the
integration of insulating 2D materials such as h-BN and mica
hinders the flow of electric current within the polymer matrix.
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Figure 1. (a) Optical image of exfoliated mica on a Si/SiO, substrate. (b) PVDF coated on the transferred mica filler onto the ITO substrate. (c)
Transmittance spectra of the polymer and polymer nanocomposite films obtained through FTIR spectroscopy. (d, e) Schematic diagram of the
PVDF-2D mica-PVDF (PMP) and PVDF-2D mica-PVDF-2D mica-PVDF (PMPMP) capacitor devices, respectively.

This results in an enhancement of breakdown strength (E,)
and the overall discharge energy density (Uy) of the polymer
nanocomposite.'”'*~'* Besides, the higher thermal conductiv-
ity, increased stability, and high mechanical strength, 2D
materials enable the system to have lower dielectric loss and
contribute to the improved mechanical characteristics of
nanocomposites.lé_18 However, the dielectric properties of
2D-nanocomposite capacitors also depend on the dielectric
properties of the polymer. PVDF exhibits a high dielectric
constant of £ ~ 10 at frequency between 100 and 1000 Hz'"
and a very low dielectric loss of 0.02—0.05 at 1 kHz.** Tt is
worth noting that the high dielectric constant of PVDF
depends on the suitable conformation adopted by the polymer
chain, such as the highly polar # polymorphs and intermediate
polar y polymorphs. However, under most common processing
conditions, the nonpolar a polymorph is preferred. Thus,
adjusting the polymorph of PVDF is critical to guarantee its
high dielectric constant.

Among the various 2D filler materials, h-BN, mica, and
MXene are promising in improving the dielectric properties of
the capacitors. The PVDF-h-BN nanocomposite shows an
enhanced dielectric constant.”' Two-dimensional crystal h-BN
is a dielectric material with a static dielectric constant of 4.*>
The band gap of h-BN is ~6 eV for single to few atomic
layers.”® Mica is one of the largely available layered materials
with band gap ranges from 2 to 6 eV from monolayer to bulk
and is promising for dielectric energy storage.”* On the other
hand, MXene is one of the 2D layered materials known for
high dielectric enhancement.'””* Similarly, the energy density
of a 15 mm thick film of P(VDF-TrFE-CFE)/h-BN nano-
composite decorated with barium titanate (BaTiO;) nano-
particles increased from 7 J/cm? at the electric field of 35 MV/
m to 16 J/cm® at the electric field of S50 MV/m due to the
enhanced dielectric constant as well as breakdown voltage.*®
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The P(VDE-TrFE-CFE)/h-BN sample also shows a high
power density (1080 MW/L) compared with the state-of-the-
art BOPP polymer (100 MW/L). The composite also shows
high stability, and no loss of energy (or change in energy) was
observed until 50,000 cycles at an applied field of 200 MV/m.
MXene is another commonly used 2D nanofiller. Tu et al.
found that the dielectric constant of the P(VDF-TrFE-CFE)-
TiyC, T, nanocomposite increased from 50 to 10° with 15 wt %
of MXene loading. However, dielectric loss was significantly
high (loss ~1 at 15 wt % filler) since Ti;C,T, is metallic.”®
Further efforts are needed to decrease the dielectric loss when
using this system for energy storage. Mica stands out as an
economical, easily exfoliable, thermally stable, and high
dielectric constant material, making it a promising nanofiller
to integrate into the polymer to develop composite materials
for energy-efficient dielectric capacitors. It shows an indirect
band gap of approximately 5 eV, which decreases with
reducing the thickness up to the monolayer limit.” Despite
its excellent characteristics, its utilization as a nanofiller has not
been well understood. Fu et al. reported that PVDF/mica
nanosheets with S vol % of mica exhibit limited discharged
energy densities up to 7.9 J/ cm® at 450 MV/m."*’ In another
report, Khalifa et al. reported an enhancement of dielectric
constant up to 30% for PVDF-mica nanocomposites; however,
they have not explored the energy storage performance of
these nanocomposites.”® Several studies demonstrated that
multilayered films of 2D-polymer nanocomposites exhibit
superior dielectric properties and energy storage performance
compared to pure polymer films or monolayer 2D-polymer
nanocomposites.”” > These different nanocomposites were
obtained through the direct blending of the 2D material with
the polymer, where the fillers are randomly distributed
throughout the polymer matrix.

https://doi.org/10.1021/acsaelm.4c01037
ACS Appl. Electron. Mater. 2024, 6, 6582—6590


https://pubs.acs.org/doi/10.1021/acsaelm.4c01037?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01037?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01037?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c01037?fig=fig1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.4c01037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

2T T T T T
[ o ——PMPMP |
‘I ——PMP
16! .
p Ay, '
1.2 ! | i -
} | 1
- ’ : il
08 | II | =
I :h _— th~1.28 ym |
- ~ 1./ umj 1 -
0.4, ‘ - :
- »Jj ' * .
0 __‘__‘.«,hq[..__ o
I 1 I 1 I 1 I 1
0 20 40 60 80

Horizontal distance (pm)

Figure 2. AFM topography images showing film thickness cross sections of (a) PMP and (b) PMPMP films. (c) Height profiles measuring the
thickness of respective nanocomposite films and corresponding to the dashed lines in (a) and (b).

However, recently in a study by our group, the 2D mica was
incorporated into PVDF in a stratified configuration using an
alternative method of mechanical exfoliation involving poly-
(methyl methacrylate) (PMMA), and the PVDF/PMMA-
mica/PVDF sandwiched capacitor showed an ultrahigh energy
density of 75 J/cm® and high breakdown field of 1270 V/m
only with a 1 vol % of exfoliated mica.'” Notably, our previous
work focused on the transfer of mica nanosheets using a
PMMA thin film, resulting in PVDF-PMMA, PMMA-2D mica,
and 2D mica-PVDF interfaces in the film.'> However, the
effect of the presence of stratified 2D nanofillers in a
homopolymer matrix needs further elucidation to decouple
the effect of multiple interfaces from the nanofillers. In this
work, we directly incorporate 2D mica nanosheets into a
homopolymer matrix (PVDF) through a simple mechanical
exfoliation technique and form single interfaces between mica
and the PVDF within the multilayer nanocomposite films. The
advantage of adding 2D nanofillers inside the polymer using
the mechanical exfoliation method is that a very low vol % of
the 2D fillers can cover the maximum area of the capacitor,
resulting in a huge improvement in the dielectric properties of
the nanocomposite. We observe that the presence of stratified
2D mica nanofillers in the PVDF matrix shows significantly
enhanced dielectric permittivity, with the enhancement of
~100% for a single exfoliated layer 2D mica nanosheet
capacitor (PVDF/2D mica/PVDF, or PMP) and ~170% for
bilayer 2D mica nanosheet capacitors (PVDF/2D-mica/
PVDF/2Dmica/PVDF, or PMPMP) at room temperature.
Furthermore, the 2D mica nanosheet-based PVDF nano-
composites show enhanced dielectric strength and capacitive
energy density in the order of bilayer > single layer > pristine
PVDEF. We believe that this work enhances the understanding
of the role of 2D nanofiller stratification in polymer
nanocomposites and will help in the future development of
high-energy-density polymeric nanocomposite capacitors.

B EXPERIMENTAL PROCEDURE

Fabrication of Devices. A 10 wt % PVDF solution was prepared
by dissolving PVDF powder (M, ~ 534,000) in DMF, with
continuous magnetic stirring for 4 h at 60 °C. Indium tin oxide
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(ITO) substrates were precleaned with acetone, IPA, and DI water
using an ultrasonicator. A bottom layer of PVDF polymer was then
spin-coated onto the cleaned ITO substrates, which were
subsequently placed on a hot plate at 80 °C for 10 min and stored
in desiccators. Meanwhile, 2D mica flakes of various sizes and
thicknesses (Figure 1a) were exfoliated onto clean Si/SiO, substrates
using the mechanical Scotch tape method. A PVDF layer was coated
onto the mica-exfoliated Si/SiO, substrate followed by a postanneal-
ing of 80 °C for 10 min (Figure 1b). The etching of the 2D mica
flakes along with the PVDF polymer from the Si/SiO, substrate was
accomplished using a 30 wt % KOH solution. Later the film was
transferred to DI water to remove the KOH residues. Finally, a 2D-
polymer nanocomposite film composed of a PVDF-mica-PVDF
monolayer heterostructure (PMP) was obtained by transferring the
PVDF-coated mica film on top of the PVDF-coated ITO substrate.
To fabricate the PVDF-mica-PVDF-mica-PVDF bilayer heterostruc-
ture (PMPMP), another mica-PVDF layer was transferred on top of
PMP. After successive transfers of the polymer/2D layers onto the
PVDF-coated ITO slides, we vacuum dried the devices for a few hours
or overnight to remove any excess trapped water and/or gaps between
the layers and formed a smooth sandwich layered structure. All 2D
nanocomposite films were annealed at 180 °C for 45 min before
conducting the characterizations and measurements. The detailed
steps of the fabrication process of the heterostructure multilayer
capacitor are provided in the Supporting Information, Figure S1.
Figure 1(d,e) shows the schematic diagram of device fabrication for
the PVDF-2D mica-PVDF (PMP) and PVDF-2D mica-PVDF-2D
mica-PVDF (PMPMP) capacitor devices.

Measurement Procedures. The distribution of the 2D flakes was
observed through an optical microscope with 20X and 50X objectives
coupled with the Signatone Probe Station before and after transfer
from the Si/SiO, substrates. We observed a 100% transfer of
exfoliated flakes from the SiO, substrate onto the PVDF-coated ITO
substrates. The thickness of the polymer and 2D-polymer nano-
composite was measured by a Veeco Dimension 3100 atomic force
microscope (AFM) in contact mode. The thickness of the mica flakes
was determined using tapping mode AFM after exfoliation on a Si/
SiO, wafer. The presence of a and f polymorphs of PVDF was
identified using FTIR measurements, which were carried out on a
Nicolet iN10 MX infrared microscope with a Ge ATR crystal. A gold-
coated glass slide was used to enhance the signal of the sample when
measuring the FTIR spectrum of PVDF films (the gold has a high IR
reflectance).

https://doi.org/10.1021/acsaelm.4c01037
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Figure 3. Temperature-dependent dielectric constant of PVDF (a), PMP (b), and PMPMP (c). Dielectric loss of PVDF (d), PMP (e), and
PMPMP (f) capacitor films at varying frequencies from 1 kHz to 1 MHz.
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Figure 4. (a) Histogram data of the dielectric constant for pristine PVDF, PMP, and PMPMP capacitors showing average values of dielectric
constant increases with the mica filler contents. (b) The % enhancement of the dielectric constant of PMP and PMPMP compared to the pristine

PVDE.

The temperature-dependent dielectric properties of 2D-nano-
composite films were measured by a HIOKI LCR tester (3522) at
frequencies from 1 kHz to 1 MHz. The polarization and breakdown
strength measurements were performed using a Radiant ferroelectric
precession instrument with a high-voltage power source (Poly K, 10

KV).

B RESULTS AND DISCUSSION

The FTIR spectra of PVDF and nanocomposite films were
measured at room temperature, as shown in Figure 1(c). The
thickness of the PMP and PMPMP nanocomposite films,
measured using AFM in tapping mode, was 1.2 and 1.7 pm,
respectively, as illustrated in Figure 2(a—c). The absorbance
intensities at 840, 1072 1170, and 1401 cm™' imply the
presence of a polar  phase. Similarly, absorbances at 762, 840,
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and 872 cm ™" corroborate the existence of a nonpolar a phase.
Numerous studies have documented the coexistence of
nonpolar and polar phases in PVDF with different
proportions.l2’26’28’36_38

Figure 3 shows the temperature-dependent dielectric
constant (&) and dielectric loss of PVDF, PMP, and
PMPMP nanocomposite films measured at a frequency range
between 100 kHz and 1 MHz. These data were extracted from
the frequency-dependent capacitance measurements presented
in Supporting Information, Figure S2. Figures 3(a—c) clearly
indicate that the incorporation of 2D mica into PVDF
significantly enhances the dielectric constant across the
temperature range studied, suggesting that 2D mica effectively
improves the dielectric properties of PVDF. Conversely,
Figures 3(d—f) show that the dielectric loss factor remains

https://doi.org/10.1021/acsaelm.4c01037
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Figure S. Probability of failure distribution and Weibull fits of the (a) PVDF, (b) PMP, and (c) PMPMP capacitors measured at room temperature.
The f value and E4 extracted from the fitting are displayed in the figure for each type of capacitor.

largely unchanged with the addition of 2D mica. This indicates
that while the dielectric constant is improved, the dielectric
loss does not increase significantly, maintaining the material’s
efficiency. We measured several capacitors, and the average
dielectric constants measured from the 3 pristine PVDF
capacitors and 4 capacitors for PMP and PMPMP capacitors
are shown in Figure 4.

The average dielectric constant is calculated by using the
following eq 1:

Eav = z Ei/4 (1)

where i = 1—4, was calculated as 11.4 &+ 0.4, 22.9 + 2.1, and
30.8 + 4.05 for PVDF, PMP, and PMPMP nanocomposites,
respectively, as shown in the histogram in Figure 4a. The error
calculation is shown in the Supporting Information Table SI.
The higher error values in PMP and PMPMP samples are due
to the nonuniform distribution of 2D mica flakes on the
substrate, which play a crucial role in the large deviation of the
dielectric constant from the average value. The mechanical
exfoliation provides a nonuniform distribution of fillers, which
can be improved with large-area chemical vapor deposition
(CVD) growth of 2D fillers. Furthermore, we have analyzed
the average enhancement of the dielectric constant (A¢) using
eq 2 at 2.5 kHz frequency as compared to pristine PVDEF.

gCamposite — &vp

Ae (%) = % 100

2)

We observed that the PMP nanocomposite film shows an
average dielectric constant enhancement of 100% at room
temperature and 93% at 140 °C, while it is 170% and 157% for
PMPMP nanocomposites at the same temperatures, as shown
in Figure 4b. The enhancement of the dielectric constant in the
nanocomposites can be attributed to the presence of insulating
mica flakes within the polymer and the interfacial polarization
effect. The enhancement in dielectric properties is expected to
manifest as an increase in the number of interfaces within a
multilayer nanocomposite film.""'*'>** A multilayer nano-
composite interface between the fillers and polymer, such as
the interface between ITO-PVDF, PVDF-mica, and PVDF
with top Ag-metal contact, plays a substantial role in holding
the charge carriers. Charges can accumulate at these interfaces,
creating additional polarization and contributing to an increase
in the dielectric constant. Khalifa et al. reported that 1 wt %
mica in PVDF increases its dielectric constant from 11.5 to
29.5 at a frequency of 10 kHz.”® The enhancement of the
dielectric constant due to the multilayer interfacial effect has

€pvDF
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also been observed in other polymer nanocomposites such as
P(VDE-HFP)/BaTiO,, PVDE-TiO,, BNNS-P(VDE-HEP)/
MoS,/BNNS-P(VDE-HEP), PVDF-0.55 BiyNa,TiO,, and
PVDE-0.45(Sr,Big,) TiOs.""*** In our multilayer capacitor,
where two layers of mica flakes are interfaced in stratified
geometry between the PVDF polymer films in a sequential
manner, the PMPMP capacitor (Figure le) has higher
polarization than the PMP (one layer mica interfaced)
capacitor. Figure 3(c) displays the higher dielectric constant
of the PMPMP capacitor compared to the single mica
interfaced capacitor. The dielectric constant is consistently
higher for PMPMP capacitors in the whole temperature range
measured. In our PMPMP capacitor device, we increased the
density of the fillers by introducing two layers of mica between
the polymer film, which resulted in the enhanced dielectric
constant. The difference between randomly dispersed fillers
and our stratified technique is the low volume percentage (~1
vol %) of filler content required to observe the enhanced
dielectric constant.”"?

The breakdown field (E,;) of these polymer films was
calculated using the Weibull probability distribution function
given in eq 3:

1)
P(E) = 1 - exp Fw ()
where P is the cumulative probability of failure, E is the electric
field at dielectric failure, Egp is the dielectric breakdown
strength (the dielectric strength at 63.2% probability of
failure), and /3 is a shape parameter that defines the uniformity
of the sample. The fittings for PVDF, PMP, and PMPMP are
shown in Figure 5 with equal scales to show the difference of
fitting and breakdown strength between these parameters. The
obtained breakdown fields of PVDE, PMP, and PMPMP
capacitors are 381, 600, and 656 MV/m, respectively. The
presence of an interface mitigates the formation of electrical
trees and deviates their propagation from the direction of an
applied electric field to the in-plane direction. Interfacial
polarizations in a multilayer nanocomposite film reduce the
local electric field, enabling reduction of dielectric breakdown
strength as reported by Baer et al.'” However, we observe a
significant enhancement of the dielectric breakdown fields,
57% for the PMP capacitor compared to the pristine PVDF
and 72% for the PMPMP. The breakdown field does not show
a linear increase with the number of mica layers interfaced
within the polymer matrix. The shape parameter f value also
increased from the pristine PVDF sample (11) to PMP (25)
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Figure 6. (a, b, and c¢) D—E loop measurements of PVDF, PMP, and PMPMP capacitors, respectively, as a function of applied electric field. The
three loops are measured, gradually increasing the maximum limit of the applied electric field until its breakdown. (d) Variation of discharged
energy density (left scale) and efficiency (right scale) as a function of electric field for the PVDF, PMP, and PMPMP capacitors. (e) Discharge
energy densities as a function of electric field measured for PMP and (f) PMPMP capacitors. The dotted lines in (e) and (f) show the average

values, indicating the higher energy density in PMPMP capacitors.

and PMPMP (16.6), suggesting the greater reliability of the
experimental data in the polymer-based nanofiller composite.

The electric polarization of the polymer nanocomposite
films was measured at room temperature. Figure 6(a—c) shows
the electric displacement (D) as a function of applied field
strength for PVDF, PMP, and PMPMP capacitor films. We
gradually increased the applied electric field to obtain different
D—E loops without breaking them, as shown in each graph.
The electric displacement for a pristine PVDF shows D, ~
6.7 uC/cm* (at E = 395 MV/m), and for the PMP capacitor
Dypux ~ 14.7 uC/cm? (at E = 568 MV/m), while the PMPMP
capacitor shows the highest D,,,, of ~18.3 uC/cm? (at E = 670
MV/m). The increase in electric displacement in the
multilayer PVDF-mica nanocomposites is attributed to
interfacial interactions between the polymer and mica. The
integration of mica into the PVDF matrix creates numerous
interfaces or boundaries within the nanocomposite. A previous
study predicted the dielectric enhancement due to the interface
polarization between mica and PVDF using density function
theory simulation.”” When an electric field is applied to the
nanocomposite, these interfaces serve as sites for charge
accumulation, resulting in the amplification of interfacial
polarization. The enhancement of interfacial polarization by
increasing the number of layers in multilayer dielectrics has
been documented in previous studies.' """

Figure 6(d) summarizes the variation of the maximum
discharged energy density (U;) and efficiency (1) of the
nanocomposite capacitors as a function of applied field
strength extracted from the D—E loop measurements.

The energy storage density is calculated by integrating the
loop using the following eq 4:
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Ud:fEdD

where E is the electric field and D is the electric displacement.
The energy efficiency 1 was calculated from the following
relation: # = discharged energy density/charged energy density
charging/ Udischarging Where discharged and charged energies
were calculated using the discharging and charging curves,
respectively. We calculated the charging and discharging
energies using the highest applied field of D—E loops from
the three D—E loops shown in Figure 6(a—c). The maximum
discharged energy densities are displayed in Figure 6(d).
Energy densities for the pristine PVDF capacitor, where Uy ~
11.2 J/cm® at E = 395 MV/m, for the PMP capacitor, Uy ~
27.4J/cm? at E = 568 MV/m, and for the PMPMP capacitor,
Uy ~ 44.5 J/cm® at E = 670 MV/m. The slope of these curves
increases from PVDF to PMPMP capacitors further clarified
the increase in average dielectric constant from pristine PVDF
to PMPMP capacitors as we measured directly using a
dielectric spectrometer. We fabricated several PMP and
PMPMP capacitors and measured their energy density by
applying the electric field near the breakdown field strength.
The distribution of the highest discharged energy density with
the electric field of different capacitor devices from the PMP
and PMPMP nanocomposite films is shown in Figure 6(e) and
(f). These values are lower than the value recently reported in
PMP capacitors using a single 2D mica interface layer.'” We
believe the lower values of energy density in PMP and
PMPMP capacitors compared to the previously reported
results of PVDF/mica/PVDF capacitors are due to the higher
thickness of the film, which reduces the breakdown strength
and limits the energy density. Our PMP capacitor is 1.2 pgm
compared to the 600 nm thick capacitor reported earlier. The

(4)
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energy density of the 600 nm PMP capacitor is higher (Uy =
75 J/cm?® at 1200 MV/m) than the current measured value of
2747/ cm? at 568 MV/m. These values are higher compared to
the pristine and polymer-based nanocomposites blends."**~*°
The charge—discharge efficiencies (77) of pristine PVDF, PMP,
and PMPMP capacitors were approximately 63%, 88%, and
90%, respectively, at E = 395 MV/m, as depicted in Figure
6(d). Both PMP and PMPMP demonstrated higher efficiencies
compared to pristine PVDF, with PMPMP showing a slightly
higher efficiency than PMP. The gradual enhancement of the
dielectric constant and polarization value in the nanocomposite
films with increasing the number of interfacial layers clearly
shows the higher discharge energy density and efficiency in
PMP and PMPMP nanocomposite films than the pure PVDF
film. The maximum discharge energy densities measured from
several capacitors for PMP and PMPMP capacitors are
displayed in Figure 6(e) and (f), providing evidence of how
the number of interface layers of mica in the polymer matrix
can improve the energy density of the polymer film.

The pristine PVDF shows the lowest discharged energy
density of 10 J/ cm?® at an electric field of 400 MV/m, while
those produced with the PMPMP nanocomposite show the
highest discharged energy density of 44 J/cm® at an electric
field of 570 MV/m. These discharge energy density values are
higher than those of PVDF/mica,' PVDF/2D MZXene,” h-
BN/PVDF/h-BN film,*” and TiO,/polymer nanocompo-
sites."® These results make the PMPMP nanocomposite a
potential 2D nanofiller-based capacitor-based energy storage
candidate.

B CONCLUSION

In summary, mechanically exfoliated 2D mica flakes are
incorporated in a stratified geometry into PVDF polymer to
fabricate single interface mica layer PVDF-2D mica-PVDF
(PMP) and two mica layer interfaced (bilayer) PVDF-2D
mica-PVDF-2D mica-PVDF (PMPMP) nanocomposite films.
The dielectric constants of the composite films exhibited a
significant enhancement, 100% and 170% for the PMP and
PMPMP thin films, respectively, over pristine PVDF. The
enhancement of the dielectric constant is not a linear
increment as a function of the number of 2D filler layers,
which could be due to several possible reasons. The increase of
thickness of the capacitor also decreases the effective dielectric
constant as the effective electric field decreases to produce
interface polarized charges. The filler concentration may vary
on the respective layers of the PMPMP capacitors, which have
the effect of a nonlinear increment of the dielectric constant
and is due to the nonuniform distribution of fillers by the
mechanical exfoliation technique. One would expect a higher
dielectric constant in a multilayer structure by keeping the
capacitor thickness constant and decreasing the individual layer
thickness to accommodate the higher vol % of the fillers. A
uniform, high-density 2D filler distribution in each layer would
increase the dielectric constants. Our experimental observation
clearly demonstrates that the engineering of the 2D nanofiller
in stratified geometry between polymer layers is one of the
major strategies in enhancing the dielectric constant as well as
breakdown strength, which provides the increase in energy
density. Having a number of 2D nanofillers in a stratified
geometry sandwiched between the thin polymer films forms
several microcapacitors and increases the polymer—2D inter-
face area to build the polarized charges. The stratified 2D mica
fillers also provide the barrier of charge percolation due to their
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insulating properties and reduce the electric treeing process,
which provides the higher breakdown field strength. A large-
area CVD-grown 2D filler that can cover the whole capacitor
area could enhance the breakdown strength much more than
the exfoliated flakes, as exfoliated fragmented flakes are not
continuous, and the gap between them allows charge carriers
to penetrate through with increasing applied field. Whether a
CVD-grown large-area 2D filler can enhance the dielectric
strength substantially could be a topic of interest. The edges of
2D fillers may play a substantial role in charge trapping and
helping to increase the dielectric constant substantially
compared to the large-area CVD fillers and needs to be
explored experimentally.

The dielectric polarization of the films exhibits enhanced
electric displacement (D) with an increase in the number of
mica layers or mica—polymer interfaces from PMP to PMPMP
capacitors. The stratified geometry makes the dielectric
polarization much higher in higher interface samples of mica
and PVDF. This is reflected in the calculation of discharged
energy density, which drastically increased in PMP and was
further enhanced in PMPMP films. The mica—PVDF
interfacial interaction suppresses the charge migration by
inhibiting the formation of electrical trees in the direction of
the applied field, which increases the electric breakdown field
strength in mica-incorporated capacitors compared with that of
pure PVDF films. Thus, our reported method of integrating a
2D nanofiller with the polymer matrix and fabrication of a
nanocomposite in multilayer films where 2D fillers are
integrated in a stratified geometry can be extended to other
2D material—polymer combinations to develop high-density
thin-film-based energy storage capacitor for myriads of
applications.
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