
Materials and Design 197 (2021) 109270

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Enhanced energy storage properties of thermostable
sandwich-structured BaTiO3/polyimide nanocomposites
with better controlled interfaces
Jiasheng Ru a,b, Daomin Min a, Michael Lanagan b,⁎, Shengtao Li a,⁎, George Chen a

a State Key Laboratory of Electrical Insulation and Power Equipment, School of Electrical Engineering, Xi'an Jiaotong University, Xi'an, Shaanxi 710049, PR China
b Materials Research Institute, The Pennsylvania State University, University Park, PA 16802, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
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adopted to better control the interfaces
of sandwich-structured polyimide
nanocomposites.

• A maximum energy density of 5.1 J/cm3
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the effect mechanism of sandwich
structure and novel fabrication on
breakdown property.
⁎ Corresponding authors.
E-mail addresses: mxl46@psu.edu (M. Lanagan), sli@m

https://doi.org/10.1016/j.matdes.2020.109270
0264-1275/© 2020 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 September 2020
Received in revised form 25 October 2020
Accepted 25 October 2020
Available online 28 October 2020

Keywords:
Sandwich structure
Polyimide nanocomposites
Energy storage
Energy density
Interface
Breakdown mechanism
The energy density of polymers for high temperature applications is still relatively low. Among them, polyimide
(PI) is one of the most attractive matrixes because of its high thermal stability. Instead of the mono thermal
imidization method to fabricate multilayer PI nanocomposites in the literature, a novel method was proposed
herein to better control the multilayer morphology, which could help to further enhance the energy storage
properties. Themethod's effect on themorphology especially on the interfaces between adjacent layerswas stud-
ied, and then themechanism of breakdown strength changewas discussed by a proposedmodel based onbipolar
charge transport. The sandwich-structured PI nanocomposites, composed of the middle polarization layer with
high BaTiO3 (BT) content and the two outer insulation layers with low BT content, were fabricated. Enhanced
breakdown field and discharged energy density of 550 kV/mm and 5.1 J/cm3 with the efficiency of about 70%
were achieved, while keeping a high thermal stability (500 kV/mm and 3.9 J/cm3 at 100 °C). This work presents
a promising polymer nanocomposite for energy storage capacitors especially in extreme temperature environ-
ments, and a new concept to fabricate multilayer dielectric composites.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Advanced electrical energy storage devices are quite imperative for
the development of modern electronics and power systems. Comparing
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to other energy storage devices, polymer film capacitors possess the ad-
vantages of large power density, high operating voltage, excellent me-
chanical flexibility and unique self-healing ability. They are promising
in many applications [1,2] such as hybrid electric vehicles, pulsed
power sources, and power regulations in smart grid. However, despite
the rather high breakdown field Eb of polymer films, their ultimate
discharged energy density Ue is limited by the low relative permittivity
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εr (usually<3) [2,3]. Tomeet the urgent demands for compact, low-cost
and high-performance capacitors [1], polymer films with high energy
density must be developed.

Polymer composites containing ceramic [4,5] or conductive [6–8]
nanofillers, and three-phase polymer nanocomposites [9–11] have re-
ceived extensive attentions, and are expected to increase εr through
the additional nanofillers while maintaining the high Eb of polymerma-
trixes. However, the increased εr is always obtained at the expense of
dramatically decreased Eb, thus failing to enhance Ue significantly. In
view of the problem, some effectivemethods to enhance energy storage
performance have been proposed, such as the morphology control and
surface functionalization of nanofillers. It was found that the size of
nanoparticles [12] and the aspect ratio of one-dimensional (1D)
nanofillers [13,14] have a significant impact on the dielectric property
of the nanocomposites. Some designed filler structures (shaped fillers
[15], superstructures [16,17], networks [18,19], etc.) were also con-
structed to further enhance the properties. Surface modified nanofillers
by coupling agent [20–22]was employed to improve their compatibility
with polymer matrixes, while core-shell nanofillers (core-single-shell
[23,24], core-double-shell [25,26], core-satellite [27,28], etc.) were in-
troduced into polymer matrixes to mitigate the local field distortion in-
duced by the permittivity contrast between fillers and matrixes.

There are many researchers interested in the spatial orientation
and arrangement of nanofillers, which could improve the εr and Eb
of the composites simultaneously. Aligned 1D nanofillers may lengthen
the carrier'smigration path in thebulk,which is beneficial for improving
Eb. The alignmentof 1Dnanofillers has been achievedby electrospinning
Fig. 1. Schematics of sandwich-structured BT/PI nan
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method [29–31], hot stretch-pressing method [32,33], nanowire array
method [34,35] and so on, however, it is still difficult to develop a uni-
versal and precise alignment technology. The controlled arrangement
of nanofillers could be performed by multilayer [36,37], interlayer
[38], gradient structure [39], sandwich structure [40–44] and so on,
among which sandwich structure has been much more studied. The
structure is usually comprised of the polarization layer with larger εr
and the insulation layer with higher Eb. Ultrahigh Ue ~ 20 J/cm3 has
been achieved in lab-scale capacitors based on several sandwich-
structured fluoropolymer nanocomposites.

Owing to its superior mechanical performance, excellent electrical
properties, as well as high thermal and chemical stability, polyimide
(PI) is one of the most promising polymer films for energy storage ca-
pacitors, especially at high temperatures [45–48]. In previous studies,
various nanofillers and technologies were introduced into sandwich-
structured PI composites, such as amino-modified multi-wall carbon
nanotubes (NH2-MWNTs) [40], BaTiO3 (BT) nanoparticles [42], 0.5Ba
(Zr0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 (BZT-BCT) nanofibers and hexagonal
boron nitride (h-BN) nanosheets [45], KTa0.5Nb0.5O3 (KTN) nanoparti-
cles [47], SiO2@Ba0.85Ca0.15Zr0.1Ti0.9O3 (SiO2@BCZT) nanofibers and hy-
droxylated h-BN nanosheets [49], BZT-BCT@Fe3O4 nanofibers [50].
However, their Ue (1.5–3.3 J/cm3) are still not high enough.

Instead of the mono thermal imidization (mono-TIM) method to
fabricate multilayer PI nanocomposites in the above literature, a novel
multi-TIM method, which TIM process was performed layer by layer
but not only once,was proposed in the presentwork. The process differ-
ence has a large impact on themultilayer morphology especially on the
ocomposites via the two fabrication methods.
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interfaces between adjacent layers, and thus change the energy storage
properties. Moreover, for the fabrication of sandwich-structured BT/PI
nanocomposites, the arrangement of the BT nanoparticles was opti-
mally designed as follows. (i) According to our previous research [51],
0.05 wt% BT/PI possesses the highest Eb, which was employed as the
insulation layer; PI nanocomposites with BT content less than 5 wt%
(1.2 vol%) couldn't improve the εr but dramatically depress the Eb,
so only higher BT contents (2–8 vol%) were introduced into the polar-
ization layer. (ii) The polarization layer was selected as the middle
layer while the insulation layers were selected as two outer layers.
Obviously enhanced Eb and Ue (550 kV/mm and 5.1 J/cm3) are pre-
sented in this work, with the efficiency of about 70%. Among reported
sandwich-structured PI nanocomposites, the value should be one of
the highest energy densities. This work also provides a new concept
to fabricate multilayer dielectric composites.

2. Experimental

2.1. Materials

Bis(4-aminophenyl) ether (ODA) and N,N-Dimethylacetamide
(DMAc) were purchased from Alfa Aesar (USA). Pyromellitic
dianhydride (PMDA) was purchased from Sinopharm Chemical Re-
agent Co., Ltd. (China). BT nanoparticles from Beijing DK Nano Technol-
ogy Co., Ltd. (China) were used, with the diameter of about 30–60 nm
and the true density of 5.85 g/cm3.

2.2. Sample fabrication

The single-layered BT/PI nanocomposite films were fabricated
through in-situ polymerization, solution casting and TIM process. First,
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Fig. 2. (a) FTIR spectra, (b) XRD patterns and (c) TGA curves of single-layered 2 vol% BT/PI, 1
(e) 1 T/I-6-I and (f) 3 T/I-6-I films.

3

ODAwasstirred inDMAcfora fewminutesuntil after thecompletedisso-
lution of ODA. Second, a target quantity of BT nanoparticles was added
into the solution and dispersed by vigorous ultrasonication for 60min.
Third, PMDAwas added into the suspension in three portions, and BT/
polyamic acid (PAA) mixture was obtained after intense stirring for
12 h. Then, the prepared BT/PAAmixturewas cast intowet films on flat
glass plates. Finally, the solvent removal (60 °C for 3 h) and the TIM
(100 °C, 200 °C, 300 °C for 1 h respectively)were carried out in sequence
with a vacuumoven. Thedensity of single-layeredPI is about 1.42 g/cm3.

To fabricate the sandwich-structured BT/PI nanocomposite films, the
bottom layer was cast on flat glass plates, while the middle and upper
layers were respectively cast on their preceding layers. During the pro-
cess, mono- or multi-TIM method was employed, as shown in Fig. 1. In
this work, the samples via the two methods are respectively abbrevi-
ated as “1 T/I-x-I” and “3 T/I-x-I” (x vol% BT in the polarization layer).
For the former method, which was employed in previous studies
[40,42,45,47,49,50], only solvent removal was performed after every
casting, and TIM was not performed until the casting completion of all
the three layers. For the latter method, both solvent removal and TIM
were performed after every casting. The thickness of each layer in the
sandwich-structured films is about 4 μm, which was controlled by the
height of the scraper.
2.3. Characterization

The Fourier transform infrared (FTIR) spectra, the crystal structures,
and the thermogravimetric analysis (TGA) of the samples were respec-
tively carried out on a spectrometer (Nicolet iS50, Thermo Fisher Scien-
tific), an X-ray diffraction (XRD) meter (D8 Advance, Bruker), and a
thermogravimetric analyzer (TGA/DSC3+, Mettler Toledo). The cross-
sectional morphology of the nanocomposites was observed by a
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scanning electron microscope (SEM, GeminiSEM 500, Zeiss). Samples
subjected to the electrical measurements, were coated with concentric
gold electrodes by sputtering, with a high voltage electrode of 3mmdi-
ameter andagroundingelectrodeof5mmdiameter. Thedielectricprop-
erties were measured on an impedance analyzer (4294A, Agilent) at
room temperature, while using another one (concept 40, Novocontrol)
at elevated temperatures. The dc breakdownmeasurements were per-
formed in a bath containing dielectric fluid (Galden HT-200, Solvay
Fig. 3. (a) Relative permittivity, (b) dielectric loss, (c) Weibull breakdown distribution, (d) sc
layered 2 vol% BT/PI, 1 T/I-6-I and 3 T/I-6-I films.

4

Solexis), with a voltage ramp of 0.5 kV/s. The unipolar D-E loops were
measured at 100 Hz on an in-house developed apparatus.

3. Results and discussion

To study the effect of the sandwich structure and the two fabrica-
tion methods on electrical properties and their mechanisms, a group
of samples with essentially the same total BT content, composed of
ale and shape parameters, (e) discharged energy density, (f) energy efficiency of single-
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single-layered 2 vol% BT/PI, 1 T/I-6-I and 3 T/I-6-I films, were studied
and compared.

Fig. 2 exhibits the FTIR spectra, XRD patterns, TGA curves and mor-
phology structures of the samples (See Figs. S1-S3 for those of the
other samples). In Fig. 2(a), PI-featured absorption peaks (asymmetric
C_O stretching at 1780 cm−1, symmetric C_O stretching at
1720 cm−1, C\\N stretching at 1380 cm−1, and C_O deformation at
725 cm−1) could be clearly observed in all curves, while PAA-featured
peaks (such as –COOH and –NH2 at 2900–3200 cm−1) are not found.
The results indicate the accomplishment of imidization. In Fig. 2(b),
the broad peak of PI (2θ centered at 18°) and the characteristic peaks
of cubic BT could be easily found, which demonstrate the well physical
mixture in the nanocomposites. The samples have ultrahigh thermal
stability and just start to loseweightwhen the temperature is increased
to about 550 °C, as shown in Fig. 2(c).

In Fig. 2(e) and 2(f), More controllable nanoparticles arrangement,
higher interface integrity and better bulk compactness could be ob-
served in the 3 T/I-6-I film. To explain that, several reasonable causes
were discussed here. (i) In themono-TIMmethod, part of the preceding
dried layer may dissolve into the following undried layer especially if
the BT content is comparatively high in the dried layer; Themutual dis-
solution of the middle polarization layer and upper insulation layer
Fig. 5. (a) Weibull breakdown distribution, (b) scale and shape parameters of pu
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could be clearly observed in Fig. 2(e); The phenomenon compromises
the integrity of the interfaces between adjacent layers and the designed
arrangement of nanoparticles. (ii) Although BT/PAA layers have been
totally dried into rigid films, there are still some residual solvents
(~20%) [52], moreover, water molecules are produced during the
cyclodehydration of PAA; During the preparation of the 1 T/I-6-I film,
the residual solvents and water molecules in bottom and central layers
are much more difficult to evaporate because of the hindering of upper
layer; The phenomenon compromises the compactness of films. These
phenomena and their negative effects could be avoided in the multi-
TIMmethod, therefore it should be a more considerable strategy to fab-
ricate multilayer PI composites.

Their electrical properties were also studied. For accuracy, the dc
breakdown results were analyzed by a two-parameter cumulative
Weibull distribution function

Pf Es,βð Þ ¼ 1− exp −
Em
Es

� �β
" #

ð1Þ

where Em is the experimental breakdown strength in kVmm−1; the
scale parameter Es is the characteristic breakdown strength in kVmm−1,
and represents the breakdown strength at a cumulative failure
re PI and sandwich-structured BT/PI nanocomposites via multi-TIM method.



Fig. 7. Comparison in Eb and Ue between this work and the other reported sandwich-
structured PI nanocomposites, which include 0–5–0 wt% NH2-MWNTs [40], 0–3–0 vol%
BT nanoparticles [42], 5–1–5 vol% (h-BN nanosheets in two outer layers and BZT-BCT
nanofibers in the middle layer) [45], 2–0–2 vol% KTN nanoparticles [47], 1–1–1 vol%
(SiO2@BCZT nanofibers in two outer layers and h-BN nanosheets in the middle layer)
[49], 0–5–0 vol% BZT-BCT@Fe3O4 nanofibers [50].

Fig. 6. (a) Discharged energy density and (b) efficiency of pure PI and sandwich-structured BT/PI nanocomposites via multi-TIM method.
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probability of 63.2%; the shape parameter β is the breakdown stability,
and describes the dispersion of experimental results. To calculate the
discharged energy density U and the energy efficiency η, D-E loops un-
der various electric fields were analyzed by Eq. (2) below:

U ¼
Z Dm

Dr

EdD,η ¼
RDm
Dr

EdDRDm
0 EdD

ð2Þ

where E is the electric field in Vm−1, D = ε0εrE is the induced electric
displacement in Cm−2 (ε0 is the vacuum permittivity in Fm−1), Dr is
the remanent displacement in Cm−2, Dm is the ultimate displacement
under an applied electric field in Cm−2.

In comparison with the single-layered film, the two sandwich-
structured films possess larger εr, higher Es, and thus enhanced Ue as
well as η, as shown in Fig. 3. The εr enhancement should be attributed
to the interface polarization between adjacent layers and the concen-
trated distribution of nanoparticles in the polarization layer. Mean-
while, the Es enhancement should be associated with the field
redistribution among the three layers, and the blockade effect on elec-
trical tree growth induced by the interfaces between adjacent layers.
However, due to the dielectric loss come from the interface polarization,
larger loss could be found at low frequency for the two sandwich-
structure films.

Between the two sandwich-structured films in Fig. 3, better prop-
erties were obtained in the 3 T/I-6-I but not 1 T/I-6-I film. As discussed
above, the 3 T/I-6-I film exhibits more controllable nanoparticles ar-
rangement, higher interface integrity and better bulk compactness.
The more integrated interfaces which could provide larger interface
polarization and the more compact bulk which could avoid some
voids, are distinctly beneficial for the εr enhancement. Analogously,
the breakdown difference of the two sandwich-structured films is
also induced by their morphology characters, which will be discussed
later in this work.

Fig. 4 presents the dielectric properties of sandwich-structured BT/
PI nanocomposites via multi-TIM method. Similar frequency-
dependent behaviors are presented for all the samples, and their ex-
cellent dielectric stability indicates the potential for wide frequency
band applications. Compared with the single-layered nanocomposites
[51], the εr increase of sandwich-structured samples is more signifi-
cant with the increment of BT content, as shown in Fig. 4(a). For in-
stance, the εr of I-8-I is about 5.1, which is close to that of the
single-layered sample with 20 wt% BT (~5.8 vol% BT). This is attrib-
uted to the interface polarization and the concentrated distribution
6

of nanofillers. In sandwich structure, the interfaces between adjacent
layers could store additional charges. Besides, concentrated distribu-
tion of nanofillers could provide a benefit to εr because of its nonlinear
increase with the increment of BT content [12].

In Fig. 4(b), all the samples possess quite low dielectric loss, which
are smaller than 0.02 over the frequency range of 102–106 Hz. Unlike
the single-layered nanocomposites, the dielectric loss of sandwich-
structured samples at low frequency is not only governed by the con-
ductivity, but also influenced by the interface polarization. This should
be the reason for the comparatively low loss of pure PI. Besides, a loss
peak could be found at the frequency of about 5 × 105 Hz, which is an
intrinsic peak of PI with the calculated activation energy of about
0.37 eV (See Fig. S4 and its discussion). The peak origin should be the
coupled water molecules and the limited motions of carbonyl groups.

Fig. 5 shows the Weibull breakdown distribution of sandwich-
structured BT/PI nanocomposite films via multi-TIM method. With the
increment of BT content, the characteristic breakdown strength Es



Fig. 9. Comparison in Eb and Ue at 100 °C between this work and the other reported high-
temperature polymers, which include 5–1–5 vol% (h-BN nanosheets in two outer layers
and BZT-BCT nanofibers in the middle layer) in sandwich-structured PI composite [45],
3 vol% BT nanoparticles in PI composite [46], 1 vol% BT nanofibers in PI composite [48],
0.05 wt% BT nanoparticles in PI composite [51], poly(phthalazinone ether ketone) [53],
0.32 vol% Al2O3 nanoparticles in polyetherimide composite [54].

Fig. 8. (a) Discharged energy density and (b) efficiency of 3 T/I-2-I film at elevated temperatures.
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decreases after an initial increase, and a maximum value of 453 kV/mm
is reached at I-2-I. In comparison with the single-layered nanocompos-
ites [51], the Es decrease of the sandwich-structured samples is more
moderate at high BT content. For instance, the Es of I-6-I is about
400 kV/mm, which is close to that of the single-layered sample with
5 wt% BT (~1.2 vol% BT). As discussed above, field redistribution and in-
terface blockade in sandwich structure are the two important causes.
The field redistribution caused by εr difference between the layers
could reduce the field strength in polarization layer, thus preventing
the failure under high applied voltages. Besides, some researches
[43,44] have demonstrated that the interfaces between adjacent layers
could block the growth of electrical trees. The weakened charge injec-
tion in the sandwich structure should be also a cause of Es enhancement,
which will be discussed later in this work.

Benefiting from the improved εr of the sandwich-structured nano-
composites, their discharged energy densities under comparatively
low applied field are enhanced, as shown in Fig. 6(a). In addition to
the εr, their Ue are also governed by the Eb, and the maximum Eb and
Ue are obtained at I-2-I which are 550 kV/mm and 5.1 J/cm3 respec-
tively. It is worth noting that, for all the samples, the increase rate of
the discharged energy density is much slower near the Eb, which
could be attributed to the much larger Dr. Unlike the Dr induced by do-
mains in ferroelectrics, the Dr herein only appears under high applied
field and should be caused by the leakage current. In addition, although
the breakdown field Eb and the dc breakdown strength Es follow a sim-
ilar trend with the increment of BT content, the values of Eb are higher
than corresponding those of Es due to the much faster voltage rise and
much shorter voltage time in D-E loop measurements. The energy effi-
ciency η, which could describe the fatness of D-E loops and is mainly af-
fected by the polarization loss and conductivity loss, decreases
obviouslywith the increasingfield in Fig. 6(b). Quite high η are obtained
for all the samples, and they are still above 60% near the Eb. For instance,
the η of I-2-I under 550 kV/mm is about 67%.

Fig. 7 shows the comparison in Eb and Ue between this work and the
other reported sandwich-structured PI nanocomposites. A significant
improvement for Eb and Ue has been achieved herein, which should be
attributed to the high Eb of thematrix, the optimally designed sandwich
structure, and the novel fabrication method.

Fig. 8 presents the discharged energy density and energy efficiency
of the 3 T/I-2-I film at elevated temperatures. With the increasing tem-
perature, the larger polarization loss and conductivity loss cause the
larger Pr, the lower Eb and the fatter D-E loops, and further causing the
decrease of Ue and η. Even so, the values of Ue and η are still relatively
7

high (3.9 J/cm3 and 54% at 100 °C) compared with the other literature,
as shown in Fig. 9. The thermostable energy storage properties of the
sample should come from the high thermal stability of its Eb, εr and di-
electric loss (See Fig. S5), which are respectively 500 kV/mm, 4.1 and
0.0047 at 100 °C. While temperature is even higher, the εr and high fre-
quency loss still could be maintained, but the much larger leakage cur-
rent and rather lower Eb would further depress the Ue and η. More
discussion about the energy storage properties of PI nanocomposites
at elevated temperatures could be found in Ref. [45, 46, 48].

To further study the mechanism of Eb enhancement induced by
sandwich structure and multi-TIM method, interfaces between nano-
particles and polymermatrix in polymer compositesmust be elucidated
first. The interface could be described as a multi-region structure, made
up of bonded region and transitional region, whichwas proposed in the
preliminary work [55] and developed herein. The strong connection be-
tween nanoparticles and polymermatrix such as covalent, ionic and hy-
drogen bonds, exists in bonded region, where deep traps are



Fig. 10. The schematic of multi-region structure and energy band of the interface between nanoparticles and polymermatrix at (a) low and (b) high content of nanoparticles, whereφs(e)

and φd(e) are the depths of shallow and deep electron trap in eV; φs(h) and φd(h) are the depths of shallow and deep hole trap in eV.
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introduced. In transitional region, polymer chains arrange orderly and
are bound by bonded region and nanoparticles; shallow traps are
mainly distributed in the region, which could assist the carrier's trans-
port. While the content of nanoparticles is relatively low, the interfaces
are almost independent, and thus free electrons and holes are easily
Fig. 11. (a) Initial injection current density of bipolar charge in single-layered 2 vol% BT/PI, 1 T/
electric field in (b) single-layered 2 vol% BT/PI, (c) 1 T/I-6-I and (d) 3 T/I-6-I films.

8

captured by the deep traps in bonded region, as shown in Fig. 10(a).
At a higher content of nanoparticles, plenty of interfaces are overlapped,
and lead to the much larger transitional region and the much smaller
trap depth which are beneficial to carrier's detrapping from deep
traps, as shown in Fig. 10(b).
I-6-I and 3 T/I-6-I films. Proposedmechanism of bipolar charge transport under an applied
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For the polymer nanocomposites under a relatively high field, elec-
trons and holes are injected into the samples by Schottky thermionic
emission

Jei ¼ AT2 exp −
φei

kBT

� �
exp

ffiffiffiffiffiffiffiffiffiffiffi
e3Eei
4πε0εr

q
kBT

2
4

3
5 ð3Þ

Jhi ¼ AT2 exp −
φhi

kBT

� �
exp

ffiffiffiffiffiffiffiffiffiffiffi
e3Ehi
4πε0εr

q
kBT

2
4

3
5 ð4Þ

where Jei and Jhi are the current densities caused by electrons injected
from cathode and holes injected from anode, respectively, in Am−2; A
is the Richardson constant in Am−2 K−2; T is the temperature in K; φei

and φhi are the injection barriers for electrons and holes respectively
in eV, which values could be assumed to be the same as the depth of
deep traps [56]; kB is the Boltzmann constant in JK−1; e is the electron
charge in C; Eei and Ehi are respectively the electric fields at cathode
and anode, in Vm−1.

The parameters of single-layered 2 vol% BT/PI, 1 T/I-6-I and 3 T/I-6-I
films could be extracted from the curves in Ref. [51], and then their ini-
tial injection current densities were calculated and are shown in Fig. 11
(a). The initial injection current densities caused by electrons and holes
are respectively in the range of 3.74 × 10−2–5.65 × 10−1 A/m2 and
3.74 × 10−2–3.78 × 10−2 A/m2 for the 1 T/I-6-I film, which values de-
pend on themutual solubility of themiddle and upper layers. According
to the discussion of the multi-region structure and the calculation re-
sults of injection current, a mechanism model based on bipolar charge
transport was proposed, as shown in Fig. 11(b)–11(d).

In the sandwich structure, the outer insulation layers with much
deeper traps, which induced by the independent interfaces between
nanoparticles and polymer matrix, could effectively hinder the charge
injection from electrodes, as shown in Fig. 11(a); moreover, part of
free electrons and holes are captured by the deep traps of the insulation
layers and the interface barriers between adjacent layers. These effects
of the sandwich structure are helpful to maintain a higher Eb than that
of the single-layered structure. Between the two sandwich-structured
films, the 3 T/I-6-I film possesses more controllable nanoparticles ar-
rangement and integrated interfaces, while part of themiddle polariza-
tion layer dissolves into the upper insulation layer for the 1 T/I-6-I film.
As shown in Fig. 11(c) and 11(d), the disintegrated interfaces would
weaken their blockade effect on charge transport in the bulk, and the
extra nanoparticles in the upper insulation layer, which evidently
change the trap properties, wouldweaken its hindering effect on charge
injection and capture ability of deep traps. As a result,more carrier could
pass through the bulk and arrive the opposite electrode for the 1 T/I-6-I
film; In other words, breakdown is more possible to occur. Moreover,
the worse compactness of the 1 T/I-6-I film also has a negative effect
on Eb.

4. Conclusion

Instead of the mono-TIM method to fabricate multilayer PI nano-
composites in the literature, a novel multi-TIM method was proposed
herein to further enhance the energy storage properties. The enhance-
ment could be attributed to the more controllable nanoparticles ar-
rangement, higher interface integrity, and better bulk compactness,
which effect on the breakdown strength was discussed by a proposed
mechanism model based on bipolar charge transport. The sandwich-
structured BT/PI nanocomposites, composed of the middle polarization
layer with high BT content (2–8 vol%) and the two outer insulation
layers with low BT content (0.05 wt%), were fabricated and then stud-
ied. Enhanced Eb and Ue are obtained at I-2-I (550 kV/mm and
5.1 J/cm3 respectively, with the efficiency of about 70%), which should
be one of the highest energy densities among reported sandwich-
9

structured PI nanocomposites.More notably, there is a high thermal sta-
bility. At 100 °C, the Eb and Ue of I-2-I are 500 kV/mm and 3.9 J/cm3 re-
spectively, with the efficiency of 54%. This work has shown a promising
polymer nanocomposite for energy storage capacitors especially at ele-
vated temperatures, and it also provides a new concept to fabricatemul-
tilayer dielectric composites.
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