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Polymer-based dielectrics have been attracted much attention to flexible energy storage devices due to
their rapid charge—discharge rate, flexibility, lightness and compactness. Nevertheless, the energy
storage performance of these dielectric polymers was limited by the weak dielectric breakdown
properties. Crosslinked structure has been proven efficient to enhance breakdown strength (Ep) and
charge—discharge efficiency (n) of polymer film capacitors. However, crosslinked networks usually lead
to low electric displacement of dielectric capacitors, which greatly restrict their energy storage density
(Ug). In this work, we present a tri-layered composite via layer-by-layer casting technology, where
crosslinked polyvinylidene fluoride (c-PVDF) was used as the inter-layer to offer high breakdown
strength, and the outer ternary fluoropolymer layers with high dielectric constant could provide high
electric displacement. The optimal tri-layered composites exhibit an ultrahigh discharge energy density
of 18.3 J cm™> and a discharge efficiency of 60.6% at 550 kV mm™. This energy density is much higher
than that of the PVDF terpolymer and commercially biaxially oriented polypropylene (BOPP, 1-2 J cm™3).
The simulation results prove that the enhanced energy density originates from the effectively depressed
charge transport in crosslinked structure at high applied electric field. Moreover, this work provides
a feasible method for developing flexible all-organic high-energy-density composites for polymer

rsc.li/rsc-advances capacitors.

Introduction

With the rapid development of mobile devices, storage of electric
energy has received much attention in fields such as stationary
power grids, intelligent robots and hybrid electric vehicles. These
application occasions require energy storage systems and
components with characteristics of fast electrical energy charge—
discharge speed, reliability and light weight."® Flexible capacitors
are widely used in electronic and electrical fields due to their
flexibility, low density and easy integration. The biaxially oriented
polypropylene (BOPP) is extensively used in commercial flexible
energy storage devices. Nevertheless, the energy storage proper-
ties (U.) of BOPP are limited to 1-2 J em™> at 660 kV mm ™" as
a result of its low dielectric constant (~2 at 1 kHz), which is
greatly disadvantageous to develop energy storage components in
electronic equipment.”® The dielectric capacitor energy storage is

“State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing
University of Aeronautics and Astronautics, Nanjing 210016, P. R. China. E-mail:
yingyang@nuaa.edu.cn

College of Materials Science and Technology, Nanjing University of Aeronautics and
Astronautics, Nanjing 210016, P. R. China

T Electronic  supplementary
10.1039/d1ra01423d

information  (ESI) available. See DOL

© 2021 The Author(s). Published by the Royal Society of Chemistry

estimated accounting for about a quarter of amount in all the
renewable energy fields. Therefore, it has practical significance to
explore effective technologies to enhance the energy storage
property of the dielectric polymers by matching its permittivity
and dielectric breakdown strength.**

Comparing with BOPP, PVDF-based polymer exhibits higher
permittivity (~12 at 1 kHz) hence much larger discharge energy
density (>5 J cm ) under equal electric field intensity. However,
PVDF-based polymer possesses multi-phase structures such as
amorphous state, o, B and y-phases. For the ferroelectric B-phase
PVDF, its large size ferroelectric domains and domain switches
under electric field could induce high remnant charge displace-
ment (D,) and then lower the energy storage efficiency. Control-
ling the crystallization behavior of the polymer is effective to
alleviate the disadvantage. Lower crystallization reduces the grain
size and disturbs the original continuity of the grain boundary.
These are beneficial to accelerate the dipole reversal and to
improve the energy storage efficiency.'* On the other hand,
introducing large volume functional groups such as chlorotri-
fluoroethylene (CTFE), hexafluoropropylene (HFP) or (trifluoro-
ethylene) TrFE into PVDF molecular chain, could convert large
ferroelectric domains into nano-structure domains and weaken
the interaction, which also results in smaller D, and higher
energy storage efficiency.”™* From the proceeding view of
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domain size and interactions between grains, polymer-based
ferroelectric relaxor films are then more appropriate for flexible
energy storage due to the nano-size domains and the high
polarity in aggregation structure.'® Poly(vinylidenedifluoride-co-
trifluoroethylene-co-chlorotrifluoroethylene) (P(VDF-TrFE-CTFE),
terpolymer) is a typical ferroelectric relaxor with attractively
high dielectric permittivity. However, some limitations such as
low breakdown strength and high cost still greatly restrict its
application in energy storage.

In general, the calculation of energy storage is as the
following:

Dinax
U. = J EdD (1)

D:

Therefore, higher Dy,,, E and lower D, are prerequisite for
achieving higher energy density."” Incorporation of inorganic
functional nanomaterials such as BaTiOj;, SiC, PbTiOj3, carbon
nanotubes and graphene into PVDF-based polymer could
largely improve the dielectric permittivity hence enhance the
charge displacement D in composites. To achieve high dielectric
properties, however, the loading of inorganic components
usually needs to reach up to 20-50 vol%.**>* The introduction of
large amount inorganic nanomaterials inevitably causes
agglomerations and defects, which could seriously damage the
breakdown strength of the dielectric.”>*

For simplifying, the stored energy of a linear dielectric is
listed as the following equation:

U. = %grEOEbz (2)

Obviously, enhancement in the breakdown strength Ej, is
also crucial to energy storage performance of the dielectric
medium. E;, is closely related with the specific dielectric
medium as well as the microstructures, since the electrical field
distribution in the storage medium is sensitive to microstruc-
tural factors such as pores and interfaces. Hence microstruc-
tural design provides an effective route for preparing a series of
flexible electronic devices with excellent energy storage perfor-
mance."*'***?* Here we report an all-organic tri-layered archi-
tecture polymer composites with much enhanced discharge
energy density via a layer-by-layer self-assembly processing. In
the composites, the crosslinked PVDF (c-PVDF) inner layer
effectively enhances the dielectric breakdown strength, while
the outer ferroelectric relaxor terpolymer layers largely elevate
the electric displacement. By simultaneously coupling the
dielectric breakdown strength and electric displacement, the
composites give rise to a significantly enhanced discharge
energy density of 18.3 J cm ™ at 550 kV mm ", which is far more
than that of both PVDF terpolymer and commercial BOPP.

Experimental
Materials

Starting materials include following agents: copolymer P(VDF-
CTFE) (Solvay Solexis, AR grade), triethylamine (TEA, Aladdin,
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AR grade), N-methylpyrrolidinone (NMP, Aladdin, AR grade),
benzoyl peroxide (BPO, Alfa Aesar, 99.5%), azobisisobutyroni-
trile (AIBN, Sigma-Aldrich, AR grade), tri(n-butyl)tinhydride
(nBuzSnH, Alfa Aesar, 99.99%), N,N-dimethylformamide (DMF,
Aladdin, AR grade) and tetrahydrofuran (THF, Aladdin, AR
grade).

Fabrication of all-organic composite films

The molecular structures of P(VDF-CTFE), P(VDF-CTFE-DB),
P(VDF-TrFE-CTFE), as well as the synthesis reactions and
sequences are shown in Fig. 1. Films are simplified as PVDF-
based polymers and the corresponding abbreviations are lis-
ted in the brackets in the figure. The all-organic tri-layered
architecture composites were fabricated via a layer-by-layer
self-assembly technology. Firstly, terpolymer/DMF solution
was coated on a silicon chip to form the bottom layer of the tri-
layered architecture. To prepare the middle layer, unsaturated
PVDF and 5 wt% BPO were dissolved in DMF solvent and then
coated on the proceeding terpolymer layer, the c-PVDF inner
layer was synthesized after a crosslink reaction induced by BPO
initiator (detailed in ESIt). Next, terpolymer/DMF solution was
alternately coated again to form the top layer. The unsaturated
PVDF and the ferroelectric relaxor of terpolymer were prepared
by a nucleophilic substitution reaction and a hydrogenation
process, of which the synthesis details could be refereed to

previous reports.>**

Measurement and characterizations

The phase structures of composite films were analyzed by X-ray
diffractometer (Bruker D8 Advanced, Bruker, Cu K, radiation, A
= 0.15418 nm). The cross-sectional morphologies were
observed by scanning electron microscopy (SEM, Quanta
250FEG, FEI, Ltd). The dielectric constant and loss were
measured as a function of frequency using an Agilent 4294A
precision impedance analyzer (Agilent 4294A, Agilent Tech-
nology). The displacement-electric field (D-E) hysteresis loops
of the composite films were evaluated at 10 Hz via a ferroelectric
test system (Multiferroic 100, Radiant Technologies).

Hydrogenation Reactio

H ‘,/H Cl F
P(VDF-CTFE) (PVDF) P(VDF-TrFE-CTFE) (PVDF Terpolymer)

Terpolymer
(High dielectric layer)
c-PVDF
’ (High breakdown strength layer)

Terpolymer
(High dielectric layer)

BPO Initiator
Crosslinking Reaction

P(VDF-CTFE-DB) (Unsaturated PVDF)  Crosslinked P(VDF-CTFE-DB) (c-PVDF)

Fig. 1 Molecules of P(VDF-CTFE), P(VDF-CTFE-DB), P(VDF-TrFE-
CTFE) and procedures for fabricating the tri-layered composite films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Fig. 2a presents the 'H NMR spectra results of the synthesized
unsaturated PVDF and PVDF terpolymer based on the starting
P(VDF-CTFE). Comparing with that of P(VDF-CTFE), the
unsaturated PVDF shows an extra chemical shifts at 6.6—
6.2 ppm (m, 'H, -CH=CFH-), which refers to the double-bond
structure in the molecular chain of unsaturated PVDF. The
chemical structure of PVDF terpolymer was characterized via 'H
NMR spectra as follows: 2.6-2.1 ppm (m, 2H, —-CF,-CH,CH,~
CF,-, head-to-head bonding arrangements of VDF units), 3.6-
3.2 ppm (m, 1H, -CF,-CFCl-, CTFE), 3.7-2.6 ppm (m, 2H,
-CH,-CF,-CH,-CF,-), 5.9-5.3 ppm (m, 1H, -CF,-CFH-,
TrFE).** XRD results of the tri-layered architecture composites
are listed in Fig. S2.T The measurements for c-PVDF and PVDF
terpolymer are aslo displayed for comparisons. In the XRD
patterns, the sharp diffraction peaks at 26 of 18.8° and 19.7° are
indexed as y-phased c-PVDF and B-phased PVDF terpolymer,
respectively. For the tri-layered composites, the positions of the
diffraction peaks keep no shift, while the intensity ratio between
18.8° and 19.7° peaks increases obviously with adding the
inner-layer c-PVDF volume, indicating that the phase structures
of the composites are simply combined from that of the corre-
sponding single polymer layers. The data of the FTIR spectra in
Fig. S31 are consistent with that of the XRD patters. The
1730 cm™" peak, which is from the charactering absorption of
-CH=CH-, increase gradually with the increase of volume
fractions of c-PVDF inner-layer.

The volume fraction of c-PVDF in the tri-layered structure
composites is controlled by adjusting the thicknesses of c-PVDF
middle layer. The cross-sectional morphology of tri-layered
structure composite has been characterized in Fig. 2b displays
the morphology image of the composite with 30 vol% of c-PVDF.
As marked in the image, the outer layers are PVDF terpolymers
and the middle is c-PVDF layer. The composite films show high
quality with well-bonded layers, as well as dense structure of
invisible defects such as pores and flaws. The total thicknesses
of tri-layered composite films were ~6 pm, where the top and
bottom layers are set symmetric.
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The dielectric properties of tri-layered architecture compos-
ites are shown in Fig. 3a. All the samples present a decreased
dielectric constant while increasing the frequency, implying
similar intrinsic dielectric response in the dielectric polymers.
The dielectric response mechanisms of these fluoropolymers
are ascribed to dipoles' arrangement of the amorphous phase
and weak oscillation of the crystal phase.*® At low frequency
range (100 Hz < f =< 0.1 MHz), the change in ¢, is slow when the
dipoles’ reversals can keep up with the switches of the electric
fields. The dipoles will lag behind the electric field switch and
require longer relaxing period to arrange at higher frequencies
ranging from 0.1 MHz to 10 MHz, which contributes to lower
permittivity, higher dielectric loss, and larger dielectric
decreasing slop.**** In the samples, PVDF terpolymer show
highest relative dielectric constant (¢,) with a value of 12.1 at 1
kHz, while c-PVDF show smallest ¢, value of 7.7 at 1 kHz. The
decreased ¢, is attributed to the restricted dipole mobility by
crosslinked network structure in c-PVDF. Hence, the compos-
ites present a gradually decreased ¢, with incorporation of more
¢-PVDF volume. On the other hand, the composite with 30 vol%
of ¢-PVDF still displays a relatively large &, of 10.2 at 1 kHz,
merely 15.7% reduction over PVDF terpolymer. Furthermore,
the composites exhibit lower dielectric loss than PVDF
terpolymer. The greatly depressed dielectric loss is attributed to
suppressed carrier transport owing to the existence of cross-
linked barrier layer.

The energy storage density and charge-discharge efficiency
can be deduced from the hysteresis loop areas of the all-organic
PVDF-based films. According to formulae (1) and (2), U, is
mainly determined by the maximal displacement (Dy,,ax) and the
breakdown strength (Ep,). Improvement in Ey, will nearly lead to
a square enhancement in U,, since higher Ej, could results in
larger Dpy.x. The data in Fig. 3b verify that the tri-layered
structure composite films exhibit substantially enhanced
breakdown strength and discharge energy density by intro-
ducing the inner barrier layer of c-PVDF. Some jumps in energy
storage efficiency are found in the curves, which may originate
from the setting variation of the ferroelectric test system. Fig. 3c
shows the D-E loops of tri-layered structure composites and the

c-PVDF inner-layer

Terpolymer outer-layer

2 um

Fig. 2 (a) 'H NMR spectra of PVDF, unsaturated and terpolymer PVDF-based polymers. (b) Cross-section SEM image of tri-layered composite

film with 30 vol% of c-PVDF.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Properties of the tri-layered structure composites and the single PVDF-based polymers. (a) Permittivity and dielectric loss, (b) discharged

energy storage density and efficiency, (c) displacement—electric field (D—

E) loops under the characteristic breakdown strength (the inset shows

the discharged energy density and breakdown strength), (d) maximum displacements and D, — D, values, (e) Weibull distribution (the inset
shows the shape parameter 8 as a function of the volume fraction of c-PVDF), (f) leakage current density vs. applied electric field.

single PVDF-based polymers. The exerted electric field intensi-
ties for the D-E loop measurements were set to near the char-
acteristic breakdown strengths of these composite films. From
the D-E loops, PVDF terpolymer film presents a charge
displacement of 8.7 pC ecm > at 320 kV mm ™" intensity, corre-
sponding to an U, 7.5 ] cm™>. On the other hand, the composite
with 30 vol% contents of c-PVDF delivers the maximum charge
displacement over 10 pC em ™2 at 550 kv mm ™" electric field
with U, up to 18.3 J em 3, which is 2.44 times as that of PVDF
terpolymer film. The discharged energy densities and the
maximum breakdown strengths of these composite films are
summarized in the inset of Fig. 3c. In addition, the introduction
of inner c-PVDF barrier layer is also beneficial to the charge-
discharge efficiency (n), which is defined as the ratio of the
discharged energy to the total energy storage density (shown in
Fig. S11). While a n of 49.5% is observed in PVDF terpolymer
film under 300 kv mm ™" electric field, the composite film with
30 vol% of c-PVDF displays a much enhanced 7 up to 77.4% at
the same electric field intensity, under electric field intensity of
550 kv mm ™, the composite film still presents a 7 of 60.6%. As
narrated in the preceding paragraph, large Dy, offers high
charging energy density during a complete cycle of charge-
discharge process. On the other hand, lower D; in the D-E loop
benefits higher discharge efficiency. The displacement differ-
ence AD, which is defined as the difference between the
maximum displacement Dy, and the remanent D,, i.e., AD =
Dmax — Dy, can be directly used to indicate the energy storage
density as well as the efficiency. Fig. 3d presents the Dy,,x and
AD values of the tri-layered structure composites and the single
PVDF-based polymers under their endurable maximum electric
fields. As the figure shown, with increasing c¢-PVDF volume in

15180 | RSC Adv, 2021, 11, 15177-15183

the tri-layered structure composites, AD increases continuously
and reaches to ~7.87 pC cm™> at the composition of 30 vol% c-
PVDF, which is even higher than that of PVDF terpolymer
(~6.18 pC em™?), indicating enhanced energy storage density
and efficiency with 30 vol% c-PVDF addition. The samples show
higher discharge efficiency at lower electric field intensity,
which is related with less domain switches thus smaller D, at
lower electric field for these PVDF-based ferroelectric polymers
during charging-discharging process. For example, the
composite film with 30 vol% c-PVDF show improved energy
efficiency from 60.6% at 550 kv mm " to 77.4% at 300 kV mm "
electric field, which corresponds to a reduction in ferroelectric
D, of 2.32 pC cm 2 to 0.7 pC ecm™ 2.

Since breakdown strength is critical to the energy storage
density and the reliability of the capacitor, Fig. 3e compares the
characteristic breakdown parameters of the composites, PVDF
terpolymer and c-PVDF analyzed by Weibull distribution func-

tion (3):*°
PE)=1- exp[ — (Eﬁb)ﬁ]

where P(E) is the statistically cumulative probability of electric
breakdown, E is the experimentally tested breakdown strength,
and @ is the shape parameter to relate with the reliability in
dielectric applications. In Fig. 3e, the dots are the measured
data of dielectric breakdown strength and the lines are fitting
results. Clearly, the tri-layered structure composites have much
higher electric breakdown strength than that of PVDF
terpolymer. For the 30 vol% c-PVDF composite, the breakdown
strength is up to 550.9 kv mm ™", which is 69.2% higher than
the terpolymer film of 325.6 kv mm . In addition, it also

(3)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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exhibits a very narrow breakdown distribution with @ value up
to 25.2, indicating excellent dielectric reliability. The leakage
current densities of all the samples are given in Fig. 3f. From the
figure the leakage current of the composite with 30 vol% c-PVDF
inner layer is on the order of 1.61 x 1077 A cm > at a high
electric field of 100 kv mm ™", which is one order magnitude
lower than that of the PVDF terpolymer (1.32 x 10~ ® A cm™?).
These results verify that the crosslinked-structure c-PVDF
middle layer is with preferred electrical insulation property
and effectively functions as a barrier layer to enhance the
breakdown strength as well as to reduce the leakage current.

To demonstrate the breakdown strength enhancement and
electric field redistribution due to the introduction of the inner
layer, the electric potential distributions with thickness varia-
tions in each layer are calculated by phase-field simulation.
During the simulation, the tri-layered structure composites can
be approximately considered as three capacitors with different
dielectrics connected in series. The electric field distribution
can be calculated as the following equations:**?®

%

Eour = ———————— (4)
Eouter
douter + dinner
inner
V
Einner = Einner (5)
dinner + douter -
Eouter

where Eguier, Einner are the electric field intensities on the
terpolymer layer and c-PVDF layer; doyter, @inner are the thick-
nesses of the terpolymer layer and c-PVDF layer; eout, €in are the
permittivities of the terpolymer layer (eoueer = 12.1, 1 kHz) and c-
PVDF layer (ginner = 7.7, 1 kHz); Vis the applied external voltage
on the whole composite capacitor. The simulated electric
potential distributions with thickness variations in each layer
are presented in Fig. 4, where the applied external voltage on
composite capacitors are set as 6000 V. It can be seen that the
inner c-PVDF layer with lower dielectric would withstand higher
proportion of the applied electric voltage. Compared with the
single layer capacitor, the most significant feature of tri-layered
structure composites is the substantial redistribution of the
local electric field. The detailed electric field values of each layer
in the composites are summarized in Table 1. The data

x10°

o

Terpolymer Tri-layered composite

Electric Potential (V)

Electric Potential (V)

Fig. 4 Cross-sectional profiles of simulated local distributions of the
electric field in a single PVDF terpolymer film and a tri-layered struc-
ture composite film with 30 vol% c-PVDF.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The calculations of local electric field distribution on each
layer in the tri-layered structure composites with varied c-PVDF
volume fractions®

Sample Eouter (kV mm™1) Einner (kV mm ™) Ep (kv mm ™)
0 vol% — — 325.6
10 vol% 362.0 556.2 381.6
20 vol% 400.8 613.9 443.3
30 vol% 475.1 728.7 550.9
40 vol% 430.1 658.2 521.3
100 vol% — — 431.9

¢ For the electric field calculations, the &j,ner and egyeer are set to 7.7 and
12.1, and applied voltage is set to 6000 V, respectively.

illustrate that higher electric field strength is concentrated in
the middle layer, given the lower permittivity of the middle layer
(er ~ 7.7). As a result of redistribution in electric field, the
breakdown strength of the tri-layered structure composites is
thus enhanced since the inner high-breakdown-strength c-
PVDF layer undertakes much the electric field intensity. For
example, the composite film with 30 vol% c-PVDF is with
a maximum breakdown electric field of 550.9 kV mm™, the
local electric field in the outer PVDF terpolymer layers (Eouer) iS
lowered to only 475.1 kV mm ™ while that in the middle c-PVDF
layer (Einner) raises to 728.7 kv mm . Considering the high
resistivity of c-PVDF brought by crosslinked structure, this
electric potential distribution benefits to enhance the electrical
insulation performance and reliability of the tri-layered struc-
ture composites.

The energy storage density and breakdown strength of the
tri-layered structure composites in this work and some recently
reported polymer-based composites are compared in
Fig. 5.0142°7293643 Ag it can be seen, many strategies have been
employed to improve the energy storage properties of the
dielectrics and achieved certain positive effects. The involved
dielectric materials include organic-inorganic hybrids, organic
mixtures, sandwich structures with combining different organic
layers. Among these dielectrics, organic-inorganic hybrid
structured composites are made of ceramic fillers and polymer
matrix. Because of the large mismatch in dielectric constant
between ceramic and polymer phases, the organic-inorganic
hybrids usually show enhanced charge displacement but rela-
tively poor breakdown strength. As to the organic mixtures such
as PMMA/P(VDF-TrFE-CFE), the breakdown strength and the
energy storage efficiency are enhanced. Its charge displacement
is relatively poor because PMMA addition is linear dielectric
with low dielectric constant. In this work, by introducing the
crosslinked structure in the tri-layered all-organic composites,
the breakdown strength Ej, and the charge displacement Dy,
are enhanced simultaneously so that a maximum U, of 18.3 J
em? at 550 kv mm ™' are achieved in the tri-layered structure
composite film with 30 vol% c-PVDF. The energy storage
performances of the research can be attractive to the applica-
tions of the flexible energy storage dielectrics.

RSC Adv, 2021, 11, 15177-15183 | 15181
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Conclusions

In summary, all-organic tri-layered structure composites for
energy storage are fabricated using a layer-by-layer casting
technology. In the composites, the middle c-PVDF layer effec-
tively undertakes the main local electric field because of its low
dielectric permittivity. Introduction of crosslinked structure to
c-PVDF layer substantially enhances the breakdown strength of
the tri-layered structure composites. Coupling with the large
electric displacement of PVDF terpolymer layers, an ultrahigh
discharge energy density of 18.3 ] cm > and an energy storage
efficiency of 60.6% are achieved at 550 kV mm ™" in the tri-
layered structure composite, which is much improved than
that of the single PVDF terpolymer and the commercial BOPP.
The researches provide a promising strategy to fabricate high-
storage-density devices via designing the all-organic films for
advanced microelectronic applications.
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