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RESEARCH ARTICLE

Crosslinked PAES-based sandwich-structured polymer nanocomposites
with covalently strengthened interface towards high-temperature
capacitive energy storage

Qiannan Caia, Danying Zhaoa, Hai Xua, Wenhan Xub, Hongyan Yaoa and Yunhe Zhanga

aCollege of Chemistry, Jilin University, Changchun, P. R. China; bDeutsches Elektronen-Synchrotron DESY, Hamburg, Germany

ABSTRACT
As a key material for capacitors, high-performance polymer dielectric films still exhibit the
problem of low energy storage density, which cannot meet the requirements of high-power
and high-temperature conditions. Here, a sandwich-structured composite film with inner
layer doped TiO2-BCB (titanium dioxide – benzocyclobutene) and outer layer doped BN-BCB
(boron nitride – benzocyclobutene) nanoparticles was prepared, which exhibits reduced
dielectric loss, leakage current and enhanced dielectric constant (e) and breakdown strength
(Eb). Diels-Alder reaction and radical polymerization reactions are utilized to form the entire
cross-linked sandwich structure. Moreover, the thermal-induced crosslinked structure repla-
ces the traditional multilayer structure established by Van der Waals forces, thus improving
the dielectric and mechanical qualities of the film. Specifically, the sandwich structure com-
posites achieved a large discharge energy density (4.0 J/cm3) and high charge-discharge effi-
ciency (84%) at 150 �C and 450MV/m, and the dielectric dissipation factor is less than 0.005.
These results demonstrated that designing a cross-linked network in multilayer nanocompo-
site structure is a feasible method to improve the high-temperature energy storage perform-
ance of these films.
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1. Introduction

With the development of pulsed power systems,
power converters, new energy vehicles, and other
fields that require high power density, dielectric film
capacitors have been widely used owing to their
rapid charge and discharge rate, excellent power
density and long service life [1–3]. However, the
core material such as capacitors, high-performance
polymer dielectric films still pose the problem of
low energy storage density. Generally, the dielectric
dissipation factor is about 0.1–0.3 inneat polymer
films. Modern power electronics require polymer

film capacitors with low dielectric dissipation factor
(lower than 0.003) which can operate at high tem-
peratures (�140 �C) for periods of time, in recent
year a significant amount of work has been done to
address this problem [4, 5].

Recently, nanocomposites became the focus of
development due to their advantages of dielectric
breakdown resistance and high dielectric constant
(e) of polymer and ceramic particles [6–9]. Among
them, titanium dioxide (TiO2) and boron nitride
nanosheets (BN) are important inorganic fillers due
to their excellent properties [10, 11]. The particle
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diameter of anatase TiO2 filler is less than 11 nm.
The particle diameter of rutile TiO2 filler is larger
than 35 nm. In particular, the rutile crystalline pos-
sesses few internal defects, which is stable at high
temperatures (1000 �C) [12]. Rutile TiO2, as a semi-
conductor material, possessing a wide forbidden
band-gap (3.5 eV) and a high e (110) [13, 14]. The
strong interactions between TiO2 and some poly-
mers are often used as a modifier or object of modi-
fication [7, 15, 16]. Although the e of hexagonal BN
is 4, they possess a wider forbidden band gap
(5.97 eV) and higher thermal conductivity
(300W/mK) [17, 18]. The Advanced Power
Electronics and Electric Motor Program at the
Department of Energy proposed that film capacitors
for electric vehicles should have high temperature
tolerance (140 �C), long lifetime (>20,000 h), low
loss (tand< 0.005), small volume (<0.6 L at 1 mF),
and low cost (<$30/mF) [19]. However, the energy
storage efficiency of the composites after doping
with inorganic nanoparticles is still unable to meet
requirements, which is due to the electric field dis-
tortion at the interface between the inorganic nano-
fillers and the polymer matrix. Electric field
distortion is more likely to cause an increase in
leakage current at high temperatures and thus a
decrease in breakdown strength, becomes a non-
negligible problem [20, 21]. To solve this problem,
multilayer structured films have attracted the atten-
tion of researchers. On the one hand, the interfacial
polarization between the layers facilitates the
enhancement of the e, which expands the local field
state and facilitates the carrier trapping. On the
other hand, multilayer structured films are rich in
structural diversity [22]. Specifically, the e of differ-
ent layers are adjusted to optimize the electric field
distribution, suppress the leakage current, and
improve the breakdown strength (Eb) [23]. These
advantages produce one of the most effective meth-
ods to enhance the energy storage performance of
dielectric materials in high-temperature environ-
ments nowadays. Usually, multilayer polymer films
are prepared by combining several layers of films by
high pressing, hot compaction or solution casting
layer by layer [24, 25]. Most preparation methods
rely on non-covalent bonds, such as electrostatic
attraction, hydrogen bonding, or other Van der
Waals forces, which may result in large differences
between the two phases and uneven texture due to
insufficient bonding, introducing defects and thus
limiting the effect of reducing leakage currents.

In this paper, a sandwich structured composite film
was prepared by thermal cross-linking method based
on layer upon layer doctor-blade coating starting from
the optimization of the preparation process. The poly-
mer matrix of all three layers is modified

polyethersulfone, the outer layer is doped with BN-
BCB, the middle layer is doped with TiO2-BCB. This
manner increases the density of the material, improves
the local state and enhances the ability to limit the
leakage current. Moreover, it increases the mechanical
properties of the material and enhance the Eb and
practicality of the film. BN is doped into the outer
layers because it possesses a wider forbidden band gap
and could block the injection of electrode charges.
TiO2 is doped into the inner layer because of high e.
The doping of modified nanofillers optimized the
interfacial compatibility and dispersion of polymer
matrix and filler particles, which improved the energy
storage capacity of the composites in different aspects.
The cross-linking system is derived from the self-
crosslinking polycondensation reaction of polymer
matrix and the cross-linking networks between the
polymer and nanoparticles are formed by the Diels-
Alder reaction.

2. Results and discussion

2.1. Material preparation and microstructure

Figure 1a shows a schematic diagram of the prepar-
ation of the three-layer film. This layer-by-layer
doctor-blading method could shape the film in a
short time, thereby avoiding problems such as set-
tling of the composite material. The obtained multi-
layer nanocomposite film is dense, uniform, smooth
and flexible (Figure 1b). As shown in Figure 1c, the
cross-linked structure is composed of two reaction
gradients, both within the monolayer and between
the layers. the crosslinked structure is generated by
two reactions, which occur within the monolayer
and the interface of the interlayer. After the film is
cured by layer-by-layer spin coating, at the tempera-
ture range of 120 �C to 200 �C, the BCB modified
on the surface of the nanoparticle and the double
bond on the polymer segment will crosslink through
Diels-Alder reaction. When the temperature is
exceeds 200 �C, the interlayer junctions of the poly-
mers will be intertwined and penetrated, resulting in
a compact and uniform structure. Then, when the
temperature is higher than 240 �C, the polymer
matrix relies on the double bond to undergo a self-
crosslinking reaction, imprisoning the molecular
segments, and the bonding between the interfaces
changes from Van der Waals force to covalent
bond, forming a cross-linked structure as shown in
Figure 1d. The existence of these cross-linking
methods optimizes the interface structure and
reduces losses.

The field emission scanning electron microscope
(FESEM) experiments were performed on the three-
layer composite film, and the entire cross-section of
the three-layer composite film can be clearly seen in
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Figure 1e. The overall structure is uniform, and the
adjacent layers are closely combined. Different from
the classic sandwich structure material, the three-
layer structure composite material obtained by
chemical cross-linking method in this work is rela-
tively compact and uniform, which does not show
the obvious delamination phenomenon of the trad-
itional sandwich structure, and the boundary
between the layers is not obvious [26]. However, a
clear and uniform layered distribution can be clearly
observed from the surface distribution map of the
energy-dispersive X-ray spectroscopy (EDS) ele-
ments corresponding to the filler particles (Figure
1f). The Ti element is concentrated in the middle
part of the multilayer film, and the B element is dis-
persed on both sides. The formation of this struc-
ture and morphology is achieved through interlayer
cross-linking. In the classical layer-by-layer spin-
coating process, the layer-to-layer bonding relies on
the polymer solution dissolving the surface of the
underlying film. However, under heat-solid condi-
tions, the penetration time of this solvent is not
long enough to smooth out the interface defects.
The multilayer films prepared by conventional
methods possess distinct interfaces and the polymer
chain segments between the interfaces are formed
by non-covalent bonds. Figures 1g and 2h show the
homogeneity of the monolayer films after crosslink-
ing. The filler content of nanoparticles is set at

10 vol% to provide optimal dielectric properties [27].
The modified nanoparticles are uniformly dispersed
in the polymer matrix without causing agglomer-
ation, so the dense structure at the interlayer inter-
face can also be predicted. In general, the current
approach aims to solve the interface problem of
sandwich-structured films by transforming the Van
der Waals forces of traditional interfaces into chem-
ical crosslinking bonds, which enhances the
uniformity at the interface, thereby enhancing its
high-temperature energy storage performance. In
general, this paper achieves the enhancement of the
high-temperature energy storage performance of
sandwich structured films by converting the non-
covalent bonds at the conventional interfaces into
chemical cross-linked bonds.

2.2. Dielectric properties

Figure 2a shows the comparison of the sandwich-
structured nanocomposite film and single-layer
nanocomposite films in the temperature dependence
of the dielectric constant at 1 kHz. The dielectric
constant of the single layer 10 vol% TiO2-
BCB@DPAES which is used as the intermediate
layer is 7.2, the dielectric constant of 10 vol% BN-
BCB@DPAES is 3.9, and the dielectric constant of
the prepared 10 vol% BN-BCB/TiO2-BCB/BN-
BCB@DPAES is 6.1 at 100 �C. From 40 �C to

Figure 1. Preparation and morphology of 10 vol% BN-BCB/TiO2-BCB/BN-BCB@DPAES. (a) Schematic diagram of the preparation
process of the sandwich structured nanocomposite film. (b) Photographs of the bend sandwich structured nanocomposite
film. (c) Schematic diagram of simple structural model of the sandwich structured nanocomposite film. (d) Schematic diagram
of molecular structure and hot crosslinking methods. (e) Cross-sectional SEM image of the film. (f) EDS element distribution of
the sandwich structured nanocomposite film. (Red stands for B element, green stands for Ti element.) (g) SEM image of
10 vol% BN-BCB@DPAES. (Inset is the TEM imagine of BN-BCB.) (h) SEM image of 10 vol% TiO2-BCB@DPAES (Inset is the TEM
imagine of TiO2-BCB.).
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200 �C, the dielectric constant of the sandwich-
structured nanocomposite film is stable with a fluc-
tuation of no more than 2%. Figure 2b shows the
dielectric dissipation factor of single-layer nanocom-
posite films and sandwich structured nanocomposite
film at a frequency of 1 kHz. The dielectric dissipa-
tion factor is the ratio of imaginary permittivity to
real permittivity, which represents the loss of heat
generated caused by the coupling of dielectric film
and microwave. The dielectric dissipation factor of
10 vol% BN-BCB/TiO2-BCB/BN-BCB@DPAES film
is below 0.007 from 40 �C to 200 �C. According to
Figure 2c, the estimation of the intrinsic dielectric
constant, the dielectric constant of the sandwich
structure film should be closer to the 10 vol% BN-
BCB@DPAES monolayer with a large volume con-
tent. However, it is closer to 10 vol% TiO2-
BCB@DPAES which can be explained by the inter-
face polarization, which has a negative effect on the
dielectric constant. Moreover, as mentioned before,
the interaction between the TiO2 and the polymer
matrix is comparatively strong. Due to its wide
band gap, high mechanical strength (800MV/m)
[28], high thermal conductivity and low density
(2.29 g/cm�3, compared with other ceramic par-
ticles), BN can be used as an effective barrier to pre-
vent leakage current and space charge conduction,

resulting in improved breakdown strength and
reduced conduction loss of dielectric composites.
Thanks to the existence of the cross-linked struc-
ture, the movement of molecular segments is
restricted in a certain area. In Figure 2d, the cross-
linked interface structure reduces defects and
reduces the dielectric dissipation factor by a certain
extent. The stability of 10 vol% BN-BCB/TiO2-
BCB/BN-BCB@DPAES is reliable at different fre-
quencies and temperatures. The permittivity and
dielectric dissipation factor of 10 vol% BN-
BCB/TiO2-BCB/BN-BCB@DPAES is reliable at dif-
ferent frequencies and temperatures.

2.3. Energy storage performance

The Eb of the nanocomposite films at 150 �C are
shown in Figure 3a which were analyzed by two-
parameter Weibull distribution [29]. Specifically, the
Eb of 10 vol% TiO2-BCB@DPAES and 10 vol% BN-
BCB@DPAES are 428MV/m and 544MV/m,
respectively. And, while the Eb of the 10 vol% BN-
BCB/TiO2-BCB/BN-BCB@DPAES is 555MV/m.
Generally speaking, the breakdown strength of pure
polymer films is between 300MV/m and 700MV/m.
It can be found that the Eb of the cross-linked films
possess appreciable strength comparing to recently

Figure 2. (a) Dielectric constant of single-layer nanocomposite films and sandwich structured nanocomposite film as a func-
tion of temperature at 1 kHz. (b) Dielectric dissipation factor of single-layer nanocomposite films and sandwich structured
nanocomposite film as a function of temperature at 1 kHz. (c) Dielectric constant of single-layer nanocomposite films and
sandwich structured nanocomposite film as a function of frequency at 150 �C. (d) Dielectric dissipation factor of single-layer
nanocomposite films and sandwich structured nanocomposite film as a function of frequency at 150 �C.
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reported multilayer-structured nanocomposites. The
interlayer interface of sandwich structured film
enriches the local state and increases the trapping
energy level, therefore limiting the leakage current
and improving the Eb [30]. Figure 3b shows the
leakage current dependence of the electric field of
nanocomposites at 150 �C. In general, the leakage
currents are mainly due to the motion of charge
carriers which are injected from the electrodes and
accumulate inside the material prior to its break-
down. Figure 3b shows that the leakage current
density of the sandwich structured nanocomposite
film is lower than that of the single layer nanocom-
posite films at 150 �C. It indicates that the cross-
linking network between the two modified core-shell
nanoparticles and the polymer matrix, and the
cross-linking structure of the interlayer interface can
reduce the charge transport in the sandwich struc-
ture nanocomposites. Furthermore, the charge trans-
port originates from the filler between matrix and
the layer-to-layer. Thus, the conduction loss and
leakage current are reduced, and Eb is increased.
Moreover, the distance between polymer chains
decreases in the crosslinked structure due to a more
regular arrangement, thus compacting the film.
Crosslinked structure increases the mechanical

strength (Tensile stress-strain curves in Supporting
Information Figure S3) of polymer films and
reduces the possibility of electromechanical
breakdown.

Figure 4a shows the discharge energy density of
sandwich structure nanocomposite and correspond-
ing monolayer films at 150 �C. For linear dielectrics
[31], the energy storage density can be calculated
by:

Ue ¼ 1
2
E0ErE2

b (1)

eo is the vacuum dielectric constant, er is the rela-
tive dielectric constant of the dielectric materials. It
can be inferred from the formula that Ue is propor-
tional to its e, so the introduction of TiO2 with high
e in sandwich structured nanocomposite film can
significantly increase the Ue. The discharge energy
density of sandwich structured nanocomposite film
is higher than that of any other two single layer
nanocomposite films, reaching 4 J/cm3 at
450MV/m, which is attributed to its high e and low
dissipation factor. Generally, the charge-discharge
efficiency of multilayer nanocomposites is affected
by the interface properties. The interface between
the filler nanoparticles and the matrix has a

Figure 3. (a) Weibull distribution diagrams of single-layer nanocomposite films and sandwich structured nanocomposite film
at 150 �C. (b) Leakage current density of single-layer nanocomposite films and sandwich structured nanocomposite film at
150 �C.

Figure 4. (a) Discharge energy density of single-layer nanocomposite films and sandwich structured nanocomposite film at
150 �C. (b) Charge and discharge efficiency of single-layer nanocomposite films and sandwich structured nanocomposite film
at 150 �C.
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significant impact on the charge transfer, leakage
current and the breakdown strength. Figure 4b
shows the charge and discharge efficiency is
improved by constructing an interconnection net-
work in the sandwich structured nanocomposite
film. At 150 �C, the charge-discharge efficiency of
10 vol% BN-BCB/TiO2-BCB/BN-BCB@DPAES
reaches more than 84% at 450MV/m. The above
results demonstrated that the sandwich structure
with cross-linked network effectively improve the
energy storage performance at high temperature.

3. Conclusion

The interlayer structure of sandwich structured
nanocomposite film is optimized by crosslinking.
The multilayer structured polymer-based dielectric
nanocomposite film is whole crosslinking derived
from Diels-Alder reaction and radical polymeriza-
tion. Interlayer interactions in the resulting films
change from non-covalent bonds to more stable
chemical covalent bonds, which endows the nano-
composite film denser and reduces internal defects
between layers, making the film more complete and
uniform. The dielectric properties of the sandwich
structured nanocomposite and two single-layer
nanocomposite are systematically compared. Among
them, the sandwich structured nanocomposite film
exhibits excellent dielectric stability and a low dissi-
pation factor at 150 �C, indicating that the cross-
linked network established by doping TiO2 in the
inner layer can effectively limit the movement of
polymer chain segments at 150 �C. Specifically, the
discharge energy density of 10 vol% BN-BCB/TiO2-
BCB/BN-BCB@DPAES reaches 4.0 J/cm3

(450MV/m) at 150 �C with a charge-discharge effi-
ciency of 84%. The sandwich structured nanocom-
posite film combines the both advantages of two
types of single-layer films. It provides an effective
approach for optimizing sandwich structured com-
posite films and possesses broad application pros-
pects in the field of dielectric energy storage at high
temperature.

4. Experimental section

4.1. Materials

The boron nitride (100 nm), titanium dioxide
(100 nm) and palladium acetate (II) used in the
experiment were purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. An aqueous solu-
tion of H2O2 (30wt%) and 3-(trimethoxysilyl) pro-
pyl methacrylate (MPS) was used as the coupling
agent. Tris(o-tolyl) phosphine (98%) was purchased
from Johnson, 4-Bromobenzocyclobutene (4-Br-
BCB, 97%) was purchased from Chem-target

Technologies Co., Ltd., N,N-dimethylformamide
(DMF, 99.9%) first passed standard procedures dry
and distilled fresh before use. N,N-
Dimethylacetamide (DMAc, 99.9%), K2CO3 and
toluene are all used without further purification.
The synthesis of DPAES was performed according
to previously reported procedures [28].

4.2. Synthesis and characterization of
benzocyclobutene surface functionalized TiO2

and BN

The same method was used to obtain functionalized
TiO2 and BN nanoparticles: First, after adding 15 g
of nanoparticles to 300mL of 30wt% hydrogen per-
oxide aqueous solution, ultrasonic treatment for
30min, and then reflux in an oil bath at 100 �C for
4 h. Finally, centrifugation is performed to obtain
nanoparticles (9000 r min�1, 5min), which are vac-
uum dried at 80 �C for 12 h to obtain hydroxylated
nanoparticles. Secondly, 5 g of hydroxylated nano-
particles were added to a three-necked flask contain-
ing 80mL, KH570 was added after ultrasonic
dispersion, the mixture was heated to 80 �C for 24 h
under N2 atmosphere, and the nanoparticles were
recovered by centrifugation at 9000 rpm for 5min.
The obtained nanoparticles were vacuum dried at
80 �C for 12 h. Finally, under the conditions of
argon, 3.125 g of particles were added to the DMF
solution containing 80mL. After ultrasonic disper-
sion, 0.3 g 4-Br-BCB, 0.007 g Pd(OAc)2, 0.009 g P(o-
tol)3 and 0.076 g K2CO3, the mixture was heated to
80 �C and stirred for 24 h under argon conditions.
After the reaction was completed, the nanoparticles
were recovered by centrifugation and extracted with
acetone for 12 h, and then vacuum dried at 80 �C
for 12 h, named TiO2-BCB and BN-BCB [26].

4.3. Preparation of multilayer nanocomposites

The modified BN-BCB (0.167 g, 2.25 g cm�3) and
TiO2-BCB (0.448 g, 6.01 g cm�3) nanoparticles were
added to the DMAc (5mL) solvent for ultrasonic
dispersion. At the same time, the polyaryl ether sul-
fone containing pendant propylene groups (0.9 g,
1.34 g cm�3) was dissolved in the DMAc and stirred
for two hours. The particle solution was poured into
the polymer solution and stirred again for 2 h.
Using a film-scraping process and a glass plate as
the substrate, the first layer and of polymer compos-
ite material filled with BN-BCB nanosheets was
deposited, and after a simple heat treatment, the
second layer of material filled with TiO2-BCB nano-
particles was deposited. The third layer of film
material is prepared in the same way as the first
step. The multilayer composite film was heat-treated
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at 240 �C for 2 h, then it was immersed in deionized
water. The film thickness was about 15lm, which is
recorded as 10 vol% BN-BCB/TiO2-BCB/BN-
BCB@DPAES. Similarly, two single-layer composite
films of the same thickness were prepared and
recorded as 10 vol% BN-BCB@DPAES and 10 vol%
TiO2-BCB@DPAES films. The film thickness was
controlled by the solution concentration and the
doctor-blade deposition process.
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