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Topological-Structure Modulated Polymer Nanocomposites
Exhibiting Highly Enhanced Dielectric Strength and

Energy Density

Penghao Hu, Yang Shen,* Yuhan Guan, Xuehui Zhang, Yuanhua Lin, Qiming Zhang,*

and Ce-Wen Nan

Dielectric materials with high electric energy densities and low dielectric
losses are of critical importance in a number of applications in modern
electronic and electrical power systems. An organic—inorganic 0-3 nano-
composite, in which nanoparticles (0-dimensional) are embedded in a
3-dimensionally connected polymer matrix, has the potential to combine
the high breakdown strength and low dielectric loss of the polymer with
the high dielectric constant of the ceramic fillers, representing a prom-
ising approach to realize high energy densities. However, one significant
drawback of the composites explored up to now is that the increased
dielectric constant of the composites is at the expense of the breakdown
strength, limiting the energy density and dielectric reliability. In this study,
by expanding the traditional 0-3 nanocomposite approach to a multilayered
structure which combines the complementary properties of the constituent
layers, one can realize both greater dielectric displacement and a higher
breakdown field than that of the polymer matrix. In a typical 3-layer struc-
ture, for example, a central nanocomposite layer of higher breakdown
strength is introduced to substantially improve the overall breakdown
strength of the multilayer-structured composite film, and the outer com-
posite layers filled with large amount of high dielectric constant nanofillers
can then be polarized up to higher electric fields, hence enhancing the
electric displacement. As a result, the topological-structure modulated
nanocomposites, with an optimally tailored nanomorphology and composite
structure, yield a discharged energy density of 10 J/cm? with a dielectric
breakdown strength of 450 kv mm~', much higher than those reported from
all earlier studies of nanocomposites.

1. Introduction

Dielectric materials with high dielectric
constant (g), high breakdown strength
(Ep), low dielectric loss, and hence high
electric energy density (U,), are of critical
importance in a number of the modern
electronics and electrical power systems,
such as hybrid electric vehicles (HEV),
medical defibrillators, and power regu-
lations in smart grid."? Currently, the
dielectric materials of choice for energy
storage are neat polymers, such as biaxi-
ally oriented polypropylene (BOPP), due
largely to their high breakdown strength.
Nevertheless, these state-of-art dielectric
polymers suffer from the low dielectric
constant (& < 3), limiting the energy den-
sity and hence their applications.>-"!

In general, the U, of a dielectrics is
Ue :JEdD, which indicates that the elec-
tric displacement (D) and the breakdown
strength have to be enhanced simultane-
ously in order to realize high energy den-
sity. Polymer nanocomposites represent
a promising approach, which has the
potential of combining the high Ey of the
polymer matrix with the high & of the
ceramic fillers to realize high energy den-
sity and have been investigated extensively
in the past.*'* However, one significant
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Figure 1. Schematic drawing of the approach of layer-by-layer casting for the fabrication of the sandwich multilayer films. (a) Nanofillers were dispersed
in the PVDF suspension, (b) one layer with BTO-np was cast, (c) the central layer with BTO-nf was cast, (d) the other layer with BTO-np was cast.

drawback of the composites explored up to now is that the
increased dielectric constant of the composites is at the expense
of the significant reduction of the breakdown strength. It is
worth noting that the most promising polymer nanocomposites
studied so far are these considered as 0-3 type composites (zero-
dimensional fillers (nanoparticles) in a three-dimensionally con-
nected polymer matrix), which have limited variables that can be
tailored to enhance both the electrical displacement and dielec-
tric strength. In this contribution, we show that by expanding the
traditional 0-3 nanocomposite approach to a multilayered struc-
ture, as illustrated in Figure 1, we can achieve both enhanced
electrical displacement as well as a higher breakdown field than
that of the polymer matrix. Such a topological-structure nano-
composite (for example, a three layer composite as shown in
Figure 1) combines synergistically the complementary proper-
ties of the constituent layers. That is, a central layer of higher
breakdown strength is introduced in the breakdown path which
can substantially improve the overall breakdown strength of the
multilayer-structured composite film, and the outer composite
layers filled with large amount of high &, nanometric fillers can
then be polarized up to higher electric field, hence enhancing
the electric displacement. As will be shown in the paper, the
topological-structure modulated nanocomposites with optimally
tailored nanomorphology and composite structure yield a dis-
charged energy density near 10 J/cm? with a dielectric break-
down strength at 450 kV/mm, much higher than these reported
from all earlier studies of 0~3 nanocomposites.[!1%]

The fundamental reason for the reduction of the breakdown
strength in the traditional 0-3 composites is the large differ-
ences between the “dielectric hard (low ¢)” polymer and the
“dielectric soft (high g)” ceramic fillers that result in severe
local electric field concentration in the polymer matrices,
causing significant reduction of the overall breakdown strength
of polymer composites, as shown by Li et al., based on effective
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medium analysis, and by Kim et al., within the framework
of self-consistent effective medium theory which has been
experimentally verified in the BaTiOs-filled polymer nanocom-
posites.l®l Besides limiting the energy density of the composite
dielectrics, the lowering of breakdown strength also reduces the
capacitor device reliability. Hence, it is of great interest while
also a challenge to create approaches to significantly enhance
the breakdown strength of composites containing high &, fillers
for higher dielectric constant.

During past decade, a large number of ideas have sought
to mitigate the local field concentration in the composites and
hence improve the breakdown strength. One effective approach
is to employ “high dielectric permittivity” polymer matrix that
approaches the dielectric permittivity of the fillers. For instance,
Wang et. al., achieved much enhanced energy density, through
the interfacial effects in nanocomposites, by using P(VDE-
TrFE-CTFE) (¢, ~ 42) as polymer matrix and TiO, nanorods
(& ~ 47) as fillers.'”] Another method is to introduce inter-
facial buffer layers between the polymer matrix and ceramic
fillers and modify the interfacial modulus, as proposed by
Tanaka et al.'® This approach was then systematically investi-
gated by Fredin et al.,*! in Polypropylene-based nanocompos-
ites filled with several kinds of metal and oxide nanoparticles,
where Al,0; surface layers of different thickness were coated
on the nanoparticles by in-situ catalytic encapsulation. The
Al,O; surface layers of moderate dielectric permittivity sup-
pressed leakage current and reduced dielectric loss, yielding an
enhanced energy density and improved breakdown strength, as
compared with the nanocomposites with bare nanofillers. Here
we expand the composite concept further by integrating syner-
gistically different composite layers with complementary prop-
erties into topological-structure modulated composites which
lead to the enhancement in both the electric displacement and
dielectric strength of the composites.
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In this study, BaTiO; nanoparticles (BTO-np) were used as
the nanometric fillers in the outer composite layers to induce
high electric constant, while BaTiO; nanofibers (BTO-nf) were
introduced in the central composite layer for improving the
breakdown strength. Polyvinylidene difluoride (PVDF) was
employed as the polymer matrix which has a dielectric con-
stant & ~ 7. Recent phase-field modeling/?l and experimental
results?'=4 all indicate that the orientation of large-aspect-
ratio fillers perpendicular to the direction of external electric
field is favorable for mitigating local field concentration and
leads to higher breakdown strength. Indeed, it was observed
that the nanocomposites with 2% volume fraction of BTO-nf
with nanofibers long axis aligned preferably in parallel to the
film surface direction exhibited an E;, 34% higher than that of
the polymer matrix, which is distinctively different from that
of the nanocomposites with random nanofillers distribution.
Moreover, by tailoring the nanocomposite topological struc-
ture shown in Figure 1 to the optimal, both the energy density
and the dielectric strength can be significantly enhanced con-
comitantly, i.e., an E, of more than 175% of and a discharged
energy density U, = 9.72 J/cm? which is more than 260% of
that of the polymer matrix can be achieved. The results demon-
strate the promise of the topological structure nanocomposite
approach, in which the hetero-layer structure along the external
electric field direction effectively increases the dielectric break-
down strength while the layers with high loading of high dielec-
tric constant fillers enhance the energy density.

2. Results and Discussion

The sandwich-structured composite films were fabricated by a
layer-by-layer tape casting method at room temperature, as illus-
trated schematically in Figures 1(a—c), which could control each
layer thickness to 1 pm. In order to properly design the topo-
logical-structured nanocomposite films, the PVDF-based com-
posite films with 0~30 vol% of BTO-np and with 0~5 vol% of
BTO-nf were prepared separately and their dielectric properties
were investigated. Both BTO-np and BTO-nf could be dispersed
homogeneously in the PVDF matrices without large agglomer-
ation, as revealed by the SEM images (Figure S1 in Supporting
Information). As shown in Table 1, the dielectric permittivity
increases with the nanofillers in both of the nanocomposites
with BTO-np and BTO-nf (see also Figure S2 in the Supporting
Information). However, in composites with BTO-np, the E,
continuously decreases from 258 kV/mm for the PVDF matrix
to 174 kV/mm for the composites with 30 vol% of BTO-np and
is always lower than that of the matrix, which is consistent with
earlier works.'>1l In contrast, the nanocomposite with 2 vol%
of BTO-nf with preferred orientations of fibers in perpendicular
to the applied field direction (see Figure S1(c) in the Supporting
Information) exhibits a breakdown field of 347 kV/mm, higher
than that of the polymer matrix. Further introduction of the
BTO-nfleads to decrease in E),. The discharged energy densities
of the composite films derived from the D—F loops are also pre-
sented in Table 1. For the BTO-np/PVDF composites, despite
the largely increased dielectric constants, the discharged energy
densities are compromised by the decrease in F, and increased
conduction loss which reaches a maximum of 4.23 J/cm? for
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Table 1. Dielectric constants, breakdown strength, and discharged
energy density of the PVDF-based single layer film with different BTO-nf
and BTO-np loadings.

Composite gat1kHz E, Udis
V/mm]  [Jjcm’]
PVDF 6.90 258 3.70
5 vol% BTO-np 9.20 240 3.61
10 vol% BTO-np 10.34 228 4.23
15 vol% BTO-np 12.73 218 3.56
20 vol% BTO-np 15.20 210 4.14
25 vol% BTO-np 17.70 205 3.46
30 vol% BTO-np 22.02 174 2.60
1 vol% BTO-nf 7.72 272 3.91
2 vol% BTO-nf 8.23 347 5.86
3 vol% BTO-nf 9.03 300 5.68
4 vol% BTO-nf 9.83 240 3.88
5 vol% BTO-nf 11.26 227 3.49

the composite with 10 vol% of BTO-np. In contrast, the max-
imal discharged energy density for composites with BTO-nf is
higher, 5.86 J/cm?, due to higher E, for the nanocomposite with
2 vol% of BTO-nf.

Based on these results, the composites with 2 vol% and
3 vol% of BTO-nf, which possess the highest E|,, were selected
as the central layer to fabricate the topological structure modu-
lated (TSM) nanocomposite films. BTO-np were introduced in
the outer layers to induce high electric displacement. Figure 2
presents the dielectric properties of TSM nanocomposite films
as a function of frequency. The data show that the dielectric
constant increases with the nanofillers loadings in both the
outer layers and central layer, as expected. Dielectric relaxa-
tion is observed in all composites at frequency > 1 MHz, which
is attributed to the frequency dispersion of the PVDF matrix.
Moreover, except the dielectric relaxation (> 1 MHz), due to the
PVDF matrix, the TSM nanocomposite films maintain a low
dielectric loss at frequencies below 100 kHz.

The evolutions of the maximum of electric displacement and
breakdown strength with the volume fractions of BTO-np and
BTO-nf are presented in Figure 3. The most striking feature in
Figure 3 is the simultaneously enhanced electric displacement
and breakdown strength, as highlighted in the shaded area in
the TSM nanocomposite films. Particularly, with 10 vol% of
BTO-np in the BTO-np nanocomposite outer layers, the max-
imum electric displacement is increased from ~5.2 nC/cm? for
0 vol% to 6.0 pC/cm? for 2 vol% of BTO-nf, an enhancement of
~16%. Concomitantly, the breakdown strength is also enhanced
by 67%, i.e., from ~228 kV/mm for 0 vol% to ~382 kV/mm for
2 vol% of BTO-nf. With the simultaneously enhanced E, and D,
the maximal Uy of the multilayer composite with 10 vol% of
BTO-np is significantly enhanced to 8.46 J/cm? which is larger
than the maximal Ugg of 5.86 J/cm?® for the BTO-nf/PVDF
single layer films (see Table 1 and Figure S4 in the Supporting
Information). A strong dependence of the maximal Uy, of the
TSM nanocomposite films on the BTO-np concentration could
also be observed in Figure S3 of Supporting Information, where
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Figure 2. Frequency-dependent (a) dielectric constants (b) dielectric loss
of the multilayer films. The labels show the nanofillers loadings in each
composite, the number before the solidus reveals the BTO-nf loading
(vol%) in the central layer and the number after the solidus reveals the
BTO-np loading (vol%) in the outer layers.

the discharged energy density of the TSM nanocomposite films
reaches a maximum at 10 vol% of BTO-np.

The experimental data further reveal the distinctive advan-
tage of the TSM nanocomposite films in enhancing the dielec-
tric breakdown compared with individual composite layers.
With the same loading of BTO-nf, the breakdown strength of
the TSM nanocomposite films can be even much higher than
that of the single layer BTO-nf/PVDF composites, although in
the multilayer composites the outer BTO-np/PVDF layers are
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Figure 3. Variation of (a) maximal electric displacement and (b) break-
down strength of the multilayer composites with the volume fractions
of BTO-np in the outer layers and BTO-nf in the central layers (2 vol%:
square in black; 3 vol%: solid circle in red). Also superimposed are the
data for the composites filled solely with BTO-np (denoted as 0 vol%:
up-triangle in blue).

of much lower breakdown strength. For instance, the E, of the
BTO-nf/PVDF film with 2 vol% of BTO-nf is 347 kV/mm, while
the E, of the TSM nanocomposite films with 10 vol% of BTO-np
is 382 kV/mm (see Table 1 and Table 2 for C01-2). Further tai-
loring the thickness of the BTO-nf/PVDF central layers leads
to even higher breakdown strength. With the fixed 2 vol% of
BTO-nf in the central layer and 10 vol% of BTO-np in the outer
layers, the TSM nanocomposite films were fabricated with the
thickness of the central layer varying from 1 and 8 pm. As
shown in Figure 4(a—d), the thickness of each layer were meas-
ured in the cross-sectional SEM images and listed in Table 2.
Highest E, of 453 kV/mm is achieved in C01-3 which has
the central layer thickness ~3.5 pm. The TSM nanocomposite
films with thinner or thicker central layer show lower break-
down strength than that of C01-3 while for the single layer of
BTO-nf/PVDF composites no such a breakdown strength varia-
tion was observed. The results indicate that the enhanced break-
down strength is a unique feature of the TSM nanocomposite
films. For a fixed thickness of the TSM nanocomposite films
(~15 pm), variation of the central layer thickness could change
the position of the interface between the neighboring layers. At
the optimum interface position, the lengthening of the break-
down path may increase the propagation time of breakdown
channel, leading to enhanced breakdown strength.

The significantly enhanced breakdown strength is also
reflected by the fact that the optimized TSM nanocomposite
films, the BTO-nf/PVDF layer can withstand much higher
electric field before breakdown. Given the higher dielectric
constants of the BTO-np/PVDF layers (g, = 10.3), higher elec-
tric field is concentrated in the BTO-nf/PVDF layer (g = 8.2).
Assuming the breakdown field is uniformly distributed in
the TSM nanocomposite films, the breakdown fields in the
BTO-np layers (E,) and the BTO-nf layer (Ep) can be deduced
from the model of capacitors in series, i.e., Ep/Ef > &€, For
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Table 2. The thickness of the layers and the performances of the sandwich films with 2 vol% BTO-nf loading in the central layer and 10 vol% BTO-np

loading in the outer layers.

No. Thickness of central layer (d) Thickness of outer layers (d,) Ep Ugis Ef E,
[um] fum] [kv/mm] [/em?) [kv/mm] [kv/mm]
C01-1 1-2 7~8 3M 6.32 382 304
C01-2 7~-8 5~6 382 8.46 435 347
C01-3 3-4 5~6 453 9.72 511 407
. . . - - 14 14 . . .
Note: *local electric field determined by capacitive voltage divider as: £, = = JEr= , V: voltage applied; &, = 10.3, &= 8.2: dielectric constants of

the BTO-np and BTO-nf layers respectively. 2d,

instance, for C01-3 which has the highest breakdown strength
of ~453 kV/mm, the breakdown field in the BTO-nf/PVDF layer
thus obtained is ~511 kV/mm as compared with that of the
BTO-nf/PVDF single layer composites (~347 kV/mm). As for
the BTO-np/PVDF layer, E, thus determined is ~407 kV/mm,
which is enhanced by >80% over that of the BTO-np/PVDF
single layer composites (~228 kV/mm, see in Table 1). Even for
C01-1 with the lowest breakdown strength of ~311 kV/mm, the
breakdown field in the BTO-np/PVDF layer is ~304 kV/mm,
which is much higher than that of the BTO-np/PVDF single
layer composites.

The significantly enhanced breakdown strength in these
TSM composite films may be caused by several mechanisms.
The redistribution of electric field among the different layers
leads to local electric field much higher than its intrinsic
breakdown strength in the BTO-np/PVDF layers, resulting
in incomplete breakdown of the BTO-np/PVDF layer. Same
incomplete breakdown has also been observed by Agoris
etal, in the three-layer polyethylene dielectrics,??! where the
Lichtenberg figure indicated that the incomplete breakdown

(a) sandwich film

f €
+Ld,  2dy+Ld,
Ef ep

channels were all contained in the central layer of higher
dielectric constants. The electric energy accumulated in the
BTO-np/PVDF layer can thus be liberated in the incomplete
breakdown channels, which is favorable for the alleviation of
the dielectric stress and avoids the complete breakdown of the
multilayer composites.

With the same loading of BTO-np in the outer layers, the
TSM nanocomposites films with central layers of different
thickness exhibit mildly increased maximal electric displace-
ment, ie., from ~6.7 pC/cm? for C01-1 to ~7.0 pC/cm? for
CO01-3, while the breakdown strength increases significantly
from ~311 kV/mm to ~453 kV/mm (see the D-E loops shown
in Figure S4 in the Supporting Information). The remnant
electric displacement (D,) in the unipolar D-E loops, which is
a sign of conduction loss, remains unchanged even under the
much increased electric field in C01-3 (see also Figure S4).
The discharged energy densities obtained from the D-E loops
as a function of applied electric field amplitude are presented
in Figure 5. In C01-3, a maximal Uy of 9.7 J/cm? is obtained
at ~453 kV/mm. For comparison, Ugs of BOPP, which is the

Figure 4. (a) A model of the sandwich-structured film with BTO-nf in the central layer and BTO-np in the outer layers. Cross-section SEM morphologies

of the sandwich film (b) C01-1, (c) C01-2 and (d) C01-3.
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Figure 5. Electric field-dependent discharged energy densities of the mul-
tilayer films. For comparison, the energy densities of the BOPP is also
included (data extrapolated from Ref. [25]).

bench mark dielectrics for energy storage applications, is
~2.3 J/cm? at the same electric field.

3. Conclusions

A class of topological structure modulated nanocomposite films
was introduced that exhibit significantly enhanced dielectric
strength and electric displacement compared with constitute
composites and neat polymer films. The TSM nanocomposites
films consist of a central BTO-nf/PVDF composite layer with
the BTO-nf arranged in preferred orientations and two outer
layers of BTO-np/PVDF nanocomposites. The preferred ori-
entations of BTO-nfs (<4 vol%) in the PVDF matrix enhance
the dielectric strength while the high volume loading BTO-np
enhance dielectric constant compared with the PVDF matrix.
As a result, the TSM nanocomposites films with the optimally
tailored nano-morphology and topological structure exhibit dis-
charged energy density of 9.72 J/cm? with a dielectric strength
of 453 kV/mm. The results demonstrate the advantages of the
TSM nanocomposite films that exhibit dielectric performance
significantly exceeding the sum of the two constituents. Hence,
these topological-structure modulated polymer nanocomposites
provide a new and general approach for developing nanocom-
posite films with high energy density.

4. Experimental Section

Preparation of the Nanofillers: An electrospinning technique is
employed to prepare BaTiO; nanofibers with high aspect ratios,
using analytic grade reagents, barium acetate (99.0%, China National
Chemicals Corporation Ltd.) and tetrabutyl titanate (98.0%, China
National Chemicals Corporation Ltd.). The raw materials with target
mol ratio were dissolved in acetic acid solvent, in which 1:2 mol ratio
acetylacetone was dropped and stirred to get a homogeneous precursor
solution. Poly(vinyl pyrrolidone) (PVP, M =1 300 000) was added to
control the solviscosity of the solution. The sol was then transferred into
a syringe and electrospun with an applied electric field of 1.5 kV/cm. The
electrospun fibers consisted of PVP and inorganic ions were treated at

Adv. Funct. Mater. 2014, 24, 3172-3178
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700 °C for 3 h to get dense BTO ceramic nanofibers with diameters of
200-250 nm and lengths of 10-20 ym. Dopamine is used as the surface
modification to improve the compatibility between the nanofiber fillers
and the matrix.?”28] The BTO nanofibers were ultrasonic dispersed in
0.01 mol/L of dopamine hydrochloride (99%, Alfa Aesar) aqueous
solution and stirred for 12 h at 60 °C. The BaTiO; nanoparticles (99.9%)
with an average particle size of 100 nm were purchased from Alfa Aesar,
and were also modified by dopamine in aqueous solution.

Fabrication of the Nanocomposites: For the fabrication of the
BTO-np/PVDF and the BTO-nf/PVDF single layer composite films,
the dopamine-modified BTO-np or BTO-nf and PVDF powders were
proportionally  dispersed in N,N-dimethylformamide (DMF) by
ultrasonication for 2 h, followed by stirring for 12 h, to form a stable
suspension. The suspension was then cast into films by a laboratory
casting equipment (LY-150-1, Beijing Orient Sun-Tec Company, Ltd.).
The as-cast films were dried at 45 °C for 10 h for solvent volatilizing
and the thickness of the final composite films was about 15 ym. The
morphologies of the composites were observed by scanning electron
microscopy (SEM, JSM-7001F, JEOL Ltd.). The multilayer films were
cast layer by layer. For example, a part of the BTO-np/PVDF suspension
was cast onto the tape and dried as an outer layer; then rewound the
tape and casted the inner layer of the BTO-nf/PVDF; next, the rest of
the BTO-np/PVDF suspension was cast onto the rewound tape as the
other outer layer (See the schematic drawing in Figure 1); the multilayer
film was finally dried at 45 °C for 10 h. The multilayer films thus obtained
are ~15 pm in thickness. The cross-section morphology of the sandwich
nanocomposite fabricated via layer by layer casting was observed by
SEM.

Dielectric and Electrical Characterization: For electric measurement,
copper electrodes of 60 nm in thickness were sputtered on both sides
of the film samples using a mask with 3 mm diameter eyelets. The
dielectric permittivity and the loss of the composite films were measured
by a HP 4294A precision impedance analyzer (Agilent Technologies,
Inc.) at room temperature. The D-E loops and the electric breakdown
strengths of the composites were measured at 100 Hz by a Premier II
ferroelectric test system (Radiant Technologies, Inc.) with a limited
current of T mA.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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