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Abstract
Polymer-based dielectric capacitors play a notable part in the practical application of energy storage
devices. Graphene oxide (GO) nanosheets can improve the dielectric properties of polymer-based
composites. However, the breakdown strength will greatly reduce with the increase of GO content.
Hence, the construction of sandwich structure can enhance the breakdown strength without reducing
the dielectric constant. Herein, single-layered and sandwich-structured poly(vinylidene fluoride-co-
chlorotrifluoroethylene) (P(VDF-CTFE)) nanocomposites with low content of GO nanosheets (<1.0
wt%) are prepared via employing a straightforward casting method. Compared with the single-layered
composites and pure P(VDF-CTFE), the sandwich-structured composites exhibit comprehensively
better performance compared. The sandwich-structured composite with 0.4 wt% GO nanosheets show
an excellent dielectric constant of 13.6 (at 1 kHz) and an outstanding discharged energy density of
8.25Jcm ™ at 3400 kV cm™". These results demonstrate that the growth of the dielectric properties is
owing to 2D GO nanosheets and the enhancement of breakdown strength due to the sandwich
structure. The results from finite element simulation provide theoretical support for the design of high
energy density composites.

Supplementary material for this article is available online
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1. Introduction

Despite dielectric capacitors with the high power density and
the ability to charge and discharged rapidly, the traditional
dielectric capacitor with a low energy storage density. Con-
ventional dielectric capacitors are bulky and are used to
increase the energy storage density for a variety of practical
applications, such as defense, industrial lasers, medical
equipment and advanced pulsed power systems. Thus, the
trend that developing advanced dielectric capacitors with both
high energy storage density and lightweight is more and more
obvious. In order to tackle the above problems, a host of
research efforts have been made to study and prepare poly-
mer-based nanocomposites, which reconcile the advantages
of nanofillers and polymers, acquiring favorable energy sto-
rage performance [1-4]. The charged and discharged process
is closely bounded with the polarization and depolarization of
dielectric capacitors [5]. Meanwhile, energy loss is inevitable
in the process of charging and discharging, and the relevant
energy density can be computed by following formulas:

D inax

U= EdD, ey

0
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@:f EdD, 2)
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where U is the energy density, U, is the discharged energy
density, P, is abbreviated from remnant polarization. D pre-
sents the electric displacement and E is the applied electrical
field, respectively. Accordingly, D is related to the applied
electric field and can be written as

D = gyg¢, E, 3)
D = &E + P, €]

where ¢ and ¢, represent the vacuum permittivity and the
relative permittivity of materials. P represents the polariza-
tion, based on equation (4), which is positively correlated
with D. Combining the above formulas, it is revealed that the
breakdown strength (E,) and the maximum electric dis-
placement (D) are pivotal value to enhance the discharged
energy density (U,) of dielectric capacitors [6, 7].

Compared with ceramic-based dielectrics, polymer-based
dielectric materials are lightweight and easy to process and
exhibit incomparable mechanical and functional properties
such as high flexibility and electrical breakdown strength
[8=11]. In fact, due to the low dielectric constant values
(about 2—10) and energy storage density (around 1-3 J cm™?),
most polymers are unsuitable for dielectric material applica-
tions unless being constructed into a composite structure, as
combining the fillers with the polymer can endow the com-
posite with both advantages, i.e. high dielectric permittivity
from fillers and flexibility from the polymers. Therefore, some
researchers have introduced ceramic nanoparticles, for

instance, SrTiO3, BaTiOj; into polymers [2, 12—-18]. With the
continuous addition of ceramic nanoparticles, the energy
storage performance of polymer matrix composites will be
distinctly enhanced. Nevertheless, the energy storage density
of the composites decreases with the excessive addition of
ceramic nanoparticles, which is in virtue of: (1) on account of
the poor compatibility of the filler and the surface energy
difference between the ceramic nanoparticles and the polymer
matrix, there will be interface mismatch phenomenon. (2)
Since the poor dispersion of fillers, the addition of excessive
ceramic nanoparticles will make the nanoparticles overlap,
easily forming conductive paths and weakening the break-
down field strength of composites [19-23]. In contrast with
the zero-dimensional fillers (generally over 40 vol%), fewer
one-dimensional (1D) and two-dimensional (2D) nanomater-
ials (generally less 10 vol%) (e.g carbon nanotubes and gra-
phene oxide (GO) nanosheets) with large aspect ratios could
improve the energy storage performance [13, 24-29]. More-
over, the lower specific surface of the 2D GO nanosheets are
lower than OD and 1D fillers, which can weaken surface
energy and improve the compatibility with polymer matrix,
and then improve the energy storage density [30-32]. The 2D
GO nanosheets are dispersed in the polymer matrix, which
has great effects on blocking the charge migration, making
the breakdown path edge more zigzags, thus improving the
internal E;, of the composites, and further improving the U, of
the composite material. Therefore, as a good choice of
nanofillers, 2D nanosheets are expected to obtain excellent
energy performance under the condition of low loading of
nanofillers.

Apart from adding fillers with high dielectric constant to
the polymer matrix, changing composite structures is also an
effective strategy for promoting energy storage performance.
Composite with sandwich structure has attracted much
attention owing to the ability to improve the dielectric con-
stant and high breakdown strength [8, 16, 33-49]. For
instance, the ‘hard layer’ (high E,) of sandwich-structured
composite embeds into two ‘soft layers’ with high dielectric
constants [14]. Such a design considerably increases the
energy density, on account of the high polarization induced
by the interface between ‘soft layers’ and ‘hard layer’ and the
high breakdown strength generated by electric field regulation
between dielectric layers.

Since GO nanosheets have an extremely high dielectric
constant (~10000 under 100 Hz), it is an optimal candidate
to be a filler for preparing a composite and a commonly used
additive in many different fields. Additionally, GO is a gra-
phene derivative, which has a lot of oxygen-containing
functional groups on its surface, which is helpful for GO to be
compatible with the poly(vinylidene fluoride-co-chlorotri-
fluoroethylene) (P(VDF-CTFE)) matrix when mixing, con-
stituting a uniform distribution of GO nanosheets in the
P(VDF-CTFE) matrix. Therefore, in this report, GO
nanosheets are synthesized by the Hummer method and later



Nanotechnology 32 (2021) 425702

L Cheng et al

~ S

P(VDF-CTFE)

800 RPM
_— &
30 mins
=
a
[4
g
@ | Poured for
Casting
Dried at 85°C

—_—s
for 5h

Solution Casting
P(VDF-CTFE) layer

Poured for
Casting

Dried at 85°C
—

for 5h

Sandwich Structure
GO/P(VDF-CTFE) composites

Figure 1. Schematic picture of processing both single-layered and sandwich-structured GO/P(VDF-CTFE) composites.

incorporated into P(VDF-CTFE) polymer to prepare both
single-layered and sandwich-structured GO/P(VDF-CTFE)
nanocomposites [23, 33]. The results show that the intro-
duction of 2D GO nanosheets and the construction of sand-
wich structure are helpful to promote the dielectric and energy
storage performance, providing a new idea of manufacturing
energy storage device in the viewpoint of optimizing the
composition and structure of the materials.

2. Experimental

2.1. Synthesis of GO nanosheets

GO nanosheets were synthesized via a modified Hummer’s
method, as shown in figure S1 (available online at stacks.iop.
org/NANO/32 /425702 /mmedia) [50]. 1.0 g graphite (Macklin,
>99.9%) and 0.5 g NaNOj3 (Aladdin, >99.0%) were added in
23 ml of H,SO, (Macklin, >98.0%) and stirred slowly in an ice
bath for 5 min, followed by adding 3.0 g KMnO, (Aladdin,
>99.0%) into the as-prepared mixture. After stirring for 2 h in an
ice bath, the temperature was gradually ascended to 35 °C then
the mixture was continued stirring at 800 rpm for 40 min. Con-
sequently, 45 ml deionized water was added to the suspension
and the temperature increased to 98 °C and stirred for 30 min.
Ultimately, 150 ml deionized water together with 10 ml H,O,
(Aladdin, >30.0%) was added to complete the reaction. The
resulting suspension was centrifuged at 7200 rpm then washed
several times via deionized water, afterwards dried in the oven at
100 °C for 12 h. Subsequently, 0.2 g obtained graphite oxide was
dispensed into four 50 ml centrifuge tubes and sonicated for 1 h.
After that, the centrifuge tubes were centrifuged at 9000 rpm for
10 min, and the GO nanosheets were stoved at 60 °C for 12 h in
the oven for further use.

2.2. Fabrication of the single-layered and sandwich-structured
GO/P(VDF-CTFE) composites

Figure 1 shows the schematic picture of preparing single-layered
and sandwich-structured GO/P(VDF-CTFE) composites. Poly
(vinylidene fluoride-co-chlorotrifluoroethylene) (P(VDF-CTFE),
Solef 31508, Solvay) was firstly dissolved in N,N-dimethyl-
formamide (DMF, Aladdin, >99.9%) then stirred at 800 rpm for
30 min, to obtain the P(VDF-CTFE)-DMF solution. Then, GO-
DMF suspension was homogenized by using an ultrasonic cell
crusher (JY92-IIN, SCIENTZ). The GO-DMF suspension was
slowly poured into the P(VDF-CTFE)-DMF solution in the
mass (1:12) and stirred for S5h to obtain a series of the well-
dispersed xGO-P(VDF-CTFE) (x = 0.2, 0.4, 0.6 and 0.8 wt%).
The mixed suspension was scarped manually via a glass rod on
10 x 10 cm” quartz glass plates. The green composites were
stoved at 85 °C for 5h in a vacuum drying chamber, followed
by heating them in the oven at 205 °C for 10 min. The as-heated
films were then quickly quenched in the ice water.

There are several different types of that the sandwich-
structured GO/P(VDF-CTFE) composites, which contain var-
ious amounts of GO nanosheets in P(VDF-CTFE), were
abbreviated as 0-x-0 GO/P(VDF-CTFE) composite), where
x=0.2,04, 0.6 and 0.8 wt%. Similar to the above-mentioned
preparing process of the single-layered composite, the sand-
wich-structured samples were processed in a layer-by-layer
fashion by casting. The first pure (P(VDF-CTFE) layer was
scrapped on a glass substrate. The second layer composed of
GO/P(VDF-CTFE) was directly covered on the previous (P
(VDF-CTFE) film, while the last layer of pure (P(VDF-CTFE)
was repeatedly cast on top of the second layer. Before casting
each layer, the previous layer was heated at 85 °C for 5h, to
assure a non-collapsed sandwich-structured. Consequently, the
sandwich-structured samples can be easily stripped from the
glass substrate, and all of the composite samples were
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Figure 2. (a) SEM image of single-layered 0.4 wt% GO/P(VDF-CTFE) film. Graphene oxide particles are labeled by red circles. (b) Cross-
section SEM image of 0-4-0 GO/P(VDF-CTFE) composites. (c) TEM image of GO nanosheets. (d) Optical images of the 0-4-0 GO/P(VDF-
CTFE) composite film. (¢) Schematic structure of the sandwich-structured GO/P(VDF-CTFE) composites.

transferred into an oven and kept at the temperature of 205 °C
for 10 min, then quickly quenching.

2.3. Characterization

The cross-sectional diagrammatic form of the composite struc-
ture was pictured by scanning electron microscopy (SEM,
Quanta 250FEG, FEI Ltd). GO nanosheets were observed by a
transmission electron microscopy (TEM, 2100, JEOL, Ltd).
Before analyzing electric behaviors, two layers of gold (a
thickness of ~57 nm for each layer) were sputtered on two sides
of the composites via an ion sputter coater (ISC, SBC-12,
KYKY Tech. Co., Beijing, China) by a metal mask with uni-
formly dispersed eyelets (an area of ~4.9 mm?). The polariza-
tion—electrical field (P—E) hysteresis loops of the composites
were measured at 100 Hz by a Precision Multiferroic Materials
Analyzer (Radiant Inc. US). The E, of composites can be
achieved from the P-E hysteresis loops under applied electric
fields when breakdown occurred. The dielectric constant and the
dielectric loss of the sandwich-structured composites were
measured using a precision LCR meter at room temperature
(TH2827C, Tonghui Electronic Co. Ltd, Jiangsu, China) by
scanning each sample within a range of frequency from 100 Hz
to 1 MHz. The finite element simulation of electric field dis-
tribution was performed for the single-layered composites and
sandwich-structured composites with a dimension of 9.3 x 3.1
pm? using ANSYS Maxwell 16.0 software.

3. Results and discussion

The SEM image describes that the GO nanosheets are uni-
formly dispersed in P(VDF-CTFE) (figure 2(a)). White dots

marked with red circles are GO nanosheets, and the large
black area is P(VDF-CTFE). Obviously, the GO nanosheets
are closely bound to the P(VDF-CTFE) matrix. It is detected
that no defects such as holes and cracks on the surface of the
single-layered GO/P(VDF-CTFE) composites, indicating
excellent compatibility (figure 2(a)), because the oxygen-
containing groups of GO nanosheets and the P(VDF-CTFE)
matrix can form a close binding force between the interface.
From its cross-section image in figure 2(b), the 0-4-0 GO/P
(VDF-CTFE) composite is in the form of a sandwich struc-
ture, consistent with experimental design and the picture
drawn in figure 2(e). It can be observed that the interface
between the layers is dense and uniform, and there is no
obvious void and crack. The clear boundary between the inner
layers indicates that layers are not fused with each other.
When measuring the total thickness of sandwich-structured
composite, which is approximately 25 pm. While the TEM
image (figure 2(c)) verifies the size of GO nanosheets is in the
nanoscale. It also confirms that GO nanosheets has multiple
layers. The macrostructure of GO nanosheets is shown in
figure S3. The photograph in figure 2(d) shows good flex-
ibility with the transparency of the 0-4-0 composite, where
similar properties can be found in the other sandwich-struc-
tured composites.

The dielectric properties for sandwich-structured GO/P
(VDF-CTFE) composites with numerous contents of GO
nanosheets were studied by a broadband dielectric
spectroscopy at room temperature in figure 3. With a rise in
filler content, the dielectric constants of the sandwich-struc-
tured GO/P(VDF-CTFE) composites all increase uniformly
compared to the pure P(VDF-CTFE) in the low range fre-
quency (under 10° Hz). The increase in the value of dielectric
constant with increasing GO nanosheets content in the
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Figure 3. (a) Dielectric constant and (b) dielectric loss of pure P(VDF-CTFE) the several sandwich-structured composites under different
frequencies. (c) Dielectric constant and (d) dielectric loss of pure P(VDF-CTFE) the various sandwich-structured composites at 1 kHz.

composites can be explained by two factors: (i) introduction of
high dielectric constant GO nanosheets and (ii) accumulation of
a large amount of charges at the interfaces between the fillers
and the matrix. When GO nanosheets concentration increases,
the quantity of interfacial charges increases, and as a result, an
enhancement of the interfacial polarization density and dielectric
constant is observed. The dielectric constants of all sandwich-
structured GO /P(VDE-CTFE) composites decrease slightly with
increasing frequency in figure 3(a). However, the dielectric
constants sharply decrease above a frequency of 10° Hz, parti-
cularly for the composites with 0.8 wt% GO nanosheets. This
can be interpreted when the frequency of the exterior electric
field surpasses the frequency of dielectric relaxation, the mobi-
lity of polar groups is not enough to affect the dielectric constant,
which is a common phenomenon of dielectric relaxation [20].
It’s worth noting that the dielectric constant of sandwich-struc-
tured composites is over 10, which is higher than that of the pure
P(VDF-CTFE) film (~9.5). While the frequency is below 10°
Hz, the dielectric losses of the composites exhibit low values
under less than 0.08 (figure 3(b)). Additionally, it can be
observed that GO nanosheet composites have higher dielectric
loss than pure P(VDF-CTFE) films due to the interfacial
polarization, which results from the large contrast between the
dielectric constant and conductivity of the filler and the matrix. It
is notable that the 0-8-0 GO/P(VDF-CTFE) composites exhibit
greater dielectric loss. For the composites, the main reason for

the dielectric loss is the orientation polarization of polarization
units and space charges. The additional GO nanosheets create
more interfacial area which, in turn, can generate more space
charges and additional polarization units. Also, the electric field
formation with GO nanosheets embedded in a continuous
P(VDF-CTFE) matrix depends on the polarization of inorganic
particles and the distance between them. As the filler amounts
increase, the distance between the fillers will get closer and
closer, leading to the rapid formation of electric field to cause
thermal dielectric loss. All the composites show a sharp increase
from 10* to 10° Hz (figure 3(b)). It is typical glass transition
relaxation of P(VDF-CTFE). The dielectric constant and the
dielectric loss of pure P(VDF-CTFE) and all sandwich-struc-
tured GO/P(VDF-CTFE) composites are displayed at 10° Hz in
figures 3(c) and (d). Comparing 0-4-0 sandwich-structured GO/
P(VDF-CTFE) composite with other composites, the dielectric
constant is relatively high and the dielectric loss is lower, which
are important reasons to choose it for the optimal composite.
The dielectric constant is one important parameter in
improving energy storage density. Aims to study the energy
storage performance of the composites, the E, value of di-
electric materials is calculated from a two-parameter Weibull
distribution, which is denoted by the consequent equations:

Xi = In(E), &)
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Figure 4. (a) Weibull distribution and (b) Weibull breakdown strength of the pure P(VDF-CTFE) the different sandwich-structured
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structured composites.

o)

The n samples are sorted from smallest to largest in the
order of breakdown strength values (this work the n = 10)
and the breakdown strength of sample i is given as E;. X; and
Y; are the vertical and horizontal coordinates of the point i of
the Weibull distribution, and the relationship between X and
Y should be linear. The shape parameter (), equivalent to the
slope of the line, indicates how reliable the data is, as higher 3
means better reliability. Weibull’s distribution is achieved via
presenting equations (5) and (6) and linearly fitted
(figure 4(a)). All sandwich-structured GO/P(VDF-CTFE)
composites own high 3 values, however, the 0-4-0 GO/
PVDF-CTFE composite has the highest § value, indicating
the stability of the data in this specific composition, which is
advantageous for practical applications (figure 4(b)). There-
fore, the average Ej, of all sandwich-structured composites are
determined by the points where the bottom axis across ¥; = 0
touched the linear lines. The pure P(VDF-CTFE) film and
0-2-0, 0-4-0, 0-6-0, 0-8-0 composites showed the average E,
of 3185, 3279, 3400, 2884 and 2072 kV cm_l, respectively
(figure 4(b)). With the increasing GO nanosheets content, E;
will increase first and then decrease, reaching maximum value
when the filling amount is 0.4 wt%. It is noting that with 0.4
wt% of GO nanosheets, the E}, reaches 3400 kV cm™ ', which
is an improvement of ~106% than the pure P(VDF-CTFE)
film, attributed to lots of electrons moving towards GO
nanosheets, some scattered by phonons or imperfections, and
others blocked to form some tortuous breakdown path for

(6)

increasing E, (figure 4(c)). However, when the content of
GO is larger than 0.4 wt%, the Ej, of sandwich-structured
composites begins decreasing. The Ej, decreases with more
GO nanosheets contributes to three aspects: (1) the increasing
content of GO nanosheets shorten the distance between GO
nanosheets, and some may contact directly. It is easy to form
the conductive path under applied electric field, which can
reduce the E, of composites; (2) because GO nanosheets are
conductive, excessive GO nanosheets will increase the
probability of electric field breakdown in the polymer-based
composites; (3) the aggregation of fillers for cracks, pores,
and voids, which is also could decrease the Ej, of composites
[23]. The E, single-layered composites are less than
3000kV cm ™!, as observed in figure S4. Obviously, the Ej, of
sandwich-structured composites are higher than single-
layered composites, which attributed to two factors: (1) when
act the insulating P(VDF-CTFE) layers the external layers of
the sandwich-structured composites, the breakdown path will
be suppressed. (2) The sandwich-structured composites exist
the interfacial hindrance effects. The interfacial hindrance
effect of sandwich-structured between the outer and inner
layers due to the difference in dielectric constants, as
observed in figure 4(d). When the applied electric field is
increasing, positive charges will gather underneath the outer
layer, so that negative charges will appear at the upper part of
the inner layer. Then, an internal electric field will be formed
between the interfaces, and the internal electric field and the
applied electric field in opposite directions, which will hinder
the charge migration and thus inhibit the formation of electric
breakdown. The interfacial hindrance effect exists in the
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Figure 5. Finite element simulation of (a) single-layered composites
and (b) sandwich-structured composites.

sandwich-structured composites, which will enhance the E,
and thus enhance its energy storage performance [47, 51].

In order to further visually comprehend the electric field
distribution of the single-layered and sandwich-structured
composites, which were directly mirrored via finite element
simulation as manifested in figure 5. The color scale bars
imply the strength of the local electric field strength, the
higher the electrical field strength is, the darker the color is,
and vice versa. No matter it is a single-layered composite or a
sandwich-structured composite, low and distortion electric
field strengths are clearly visible in the surrounding area of
GO nanosheets, which stems from the difference in permit-
tivity between the P(VDF-CTFE) matrix and the GO
nanosheets. There are local electric field distortion regions
between adjacent filling areas in single-layered composites,
which may come from electric field paths thus causing many
potential breakdown regions and reducing the E;, (figure 5(a)).
But for the sandwich-structured composite, it is clearly seen
that the electrical field distribution of films is more uniform
due to the lighter color depicted in figure 5(b). The low di-
electric constant P(VDF-CTFE) layer is introduced into the
outer position of the sandwich-structured composite, which
can inhibit breakdown paths of the material, because of
redistribution of the electric field. Since a higher electric field
is induced in the outer layer of the sandwich-structured
composite, the electric field intensity in the inner layer gets
reduced. Therefore, the sandwich-structured composites show
an overwhelming higher value of E, than the single-layered
composites.

The polarization—electrical field (P—E) hysteresis loops of
single-layered and sandwich-structured GO/P(VDF-CTFE)
composites with many filling amounts were measured under
different fields (figures S5 and 6(a)). Figure S6 represents P—
E loops of all sandwich-structured GO/P(VDF-CTFE) under
various electric fields. The discharged energy density
increases with an increasing GO content at the same applied
electric field (figure 6(b)), indicating that the addition of the
high dielectric constant of GO nanosheet can promote the
polarization, thereby improving the energy density. The

discharged efficiency () of the dielectric materials is com-
puted by the following equation:

_discharged energy density )
charged energy density

The 71 value of sandwich-structured composites declines
with the climb of electric field, due to the increase of con-
ductive loss caused by the high electric field (figure 6(c)). It is
noteworthy that the sandwich-structured composites with
low-level 0.4 wt% possess the highest U, of 8.25Jcm >,
which is 42% higher than the highest U, of 5.8 Jem ™ of the
pure P(VDF-CTFE) film. The U, of sandwich-structured
composites with the amount of GO higher than 0.4 wt% show
much lower energy density owing to the possible increased
defects beyond the optimal filler contents. (figure 6(d)). The
discharged efficiencies of all sandwich-structured samples
were displayed showing a decreasing trend of efficiency with
an increasing GO content. For the single-layered composites,
the discharged energy density and discharged efficiency are
depicted in figure S7. In addition, the discharged energy
densities of single-layered are much lower than those on
sandwich-structured composites, because of the higher E, of
sandwich-structured composites. In comparison with the
single-layered composite, the 0-4-0 GO/P(VDF-CTFE)
composites show the largest enhancement in energy storage
performance. Therefore, the 0-4-0 GO/P(VDF-CTFE) is the
optimal composition among all the sandwich-structured
composites.

The schematic diagram of increasing the energy density
of GO/P(VDF-CTFE) composites is depicted in figure 7(a).
In order to further prove figures 7(a) and (b) is illustrated by
the discharged energy density of the two structures under
different electric fields. As shown in figure 7(b), The com-
parison in energy storage performance between sandwich-
structured composite and single layer composite with 0.4 wt%
GO loading clearly demonstrates an enhancement of 248.2%
in discharged energy density (8.25Jcm > compared to
2.37Tem ™ for GO /P(VDF-CTFE) single layer film) mainly
dependent on the higher breakdown strength, showing the
superiority of sandwich structure in achieving high energy
storage density. In the sandwich-structured composites, the
outer layer is pure P(VDF-CTFE) without the presence of GO
nanosheets, which gives rise to weaker charge injection.
Moreover, in the sandwich-structured composites, the di-
electric mismatch at the macroscopic interfaces between
adjacent layers enables creating energy barrier for the charge
migration inside the composite films. This explains that the
sandwich structure can increase the breakdown field to
improve the discharged energy density. Together with the
addition of 0.4 wt% GO, the sandwich-structured composites
can achieve remarkable discharged energy density and higher
efficiency due to their optimal composition and structure.
Comparison of weight content, dielectric constant (at 10° Hz)
and discharged energy density in this work and other nano-
composites reported in the previous work presented in
figure 8 [14, 52-56] and the detailed data are concluded in
table 1. For example, BST-P(VDF-CTFE) and PPFPA@BST-
P(VDF-CTFE) both with the filling content of 8§ wt% exhibit
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the discharged energy density of 1.9 and 2.0Jcm > along
with dielectric constant of 10.5 and 10.2, respectively [54].
Their breakdown strengths are all less than 2600kV cm ™',
which is much lower compared to our work, further demon-
strating the advantage of the sandwich structure than a single
layer one. Meanwhile, the breakdown strength of sandwich-
structured CNT(10 wt%)/Pl is only 970 kV cm ! which leads
the discharged energy density of that only 1.31 Jem ™ [25].
In contrast, the breakdown strength of our work is 3.5 times
higher than that of CNT/PI nanocomposites, because the
breakdown strength of P(VDF-CTFE) is higher than that of PI
[25]. As a result, the discharged energy density of our work is
higher than that of CNT/PI nanocomposites.

4. Conclusions

The addition of 2D GO nanosheets to P(VDF-CTFE) matrix
and the construction of sandwich structure can enhance the
energy storage performance of the dielectric materials. As a
result, the 0-4-0 sandwich-structured composite exhibits
superior dielectric constant (13.6 at 1kHz) and excellent
discharged energy density (8.25Jcm™> at 3400kVcm ).
The introduction of GO nanosheets improve dielectric con-
stant and prevent electrons to form tortuous breakdown paths
for increasing breakdown strength. The P(VDF-CTFE), as the
outer layer in the sandwich structure, can prevent the con-
ductive channel of the inner layer from extending to the outer
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the previous work.

Table 1. Comparison of dielectric constant and discharged energy density of dielectric nanocomposites.

Dielectric nanocomposites Filling content (wt%)

Dielectric constant (1 kHz) — Discharged energy density(Jcm™>)  References
Ag@PDA/PVDF 10 104 2.33 [52]
Ag@ZnO/PVDF 5 9.4 2.9 [52]
BST-P(VDF-HFP) 8 10.5 1.9 [54]
PPFPA@BST-P(VDF-HFP) 8 10.2 2.0 [54]
PVDF/BNNS 6 10.2 8.0 [55]
PVDF/OH-BNNS 6 11.1 13.1 [55]
GO/P(VDF-CTFE) 0.4 13.6 8.25 This work
BTO/PVDF 8 9.5 9.72 [14]

PVP modified ST/PVDF 6.7 10 6.8 [53]
ST-PDA/PVDF 6.7 10.9 7.9 [56]
GO/P(VDF-HFP) 2 9.8 10 [24]
CNT/PI 10 313 1.31 [25]

layers under a high electrical field, thus improving the
breakdown strength of the composite material. Finite element
simulation proves the superiority of the introduction of 2D
GO nanosheets and the stable properties of sandwich-struc-
tured composites. In summary, the construction of sandwich-
structured composite film and the introduction of high di-
electric constant fillers are effective strategies to further

improve the energy storage performance in dielectric
materials.
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