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ABSTRACT: The interfacial region plays a critical role in determining the electrical properties and energy storage density of
dielectric polymer nanocomposites. However, we still know a little about the effects of electrical properties of the interfacial
regions on the electrical properties and energy storage of dielectric polymer nanocomposites. In this work, three types of core−
shell structured polymer@BaTiO3 nanoparticles with polymer shells having different electrical properties were used as fillers to
prepare ferroelectric polymer nanocomposites. All the polymer@BaTiO3 nanoparticles were prepared by surface-initiated
reversible-addition−fragmentation chain transfer (RAFT) polymerization, and the polymer shells were controlled to have the
same thickness. The morphology, crystal structure, frequency-dependent dielectric properties, breakdown strength, leakage
currents, energy storage capability, and energy storage efficiency of the polymer nanocomposites were investigated. On the other
hand, the pure polymers having the same molecular structure as the shells of polymer@BaTiO3 nanoparticles were also prepared
by RAFT polymerization, and their electrical properties were provided. Our results show that, to achieve nanocomposites with
high discharged energy density, the core−shell nanoparticle filler should simultaneously have high dielectric constant and low
electrical conductivity. On the other hand, the breakdown strength of the polymer@BaTiO3-based nanocomposites is highly
affected by the electrical properties of the polymer shells. It is believed that the electrical conductivity of the polymer shells
should be as low as possible to achieve nanocomposites with high breakdown strength.

KEYWORDS: dielectric constants, breakdown strength, core−shell nanoparticles, energy storage, nanocomposite,
reversible-addition−fragmentation chain transfer (RAFT) polymerization, poly(vinylidene fluoride)

■ INTRODUCTION

Dielectric materials with high dielectric constant, high break-
down strength, and low dielectric loss have important
applications in electric energy storage devices such as
capacitors.1,2 Dielectric polymers not only have high break-
down strength and low dielectric loss but also have excellent
flexibility and ease of processing and thus are excellent

candidates for dielectrics of energy storage devices.3,4 However,
their low dielectric constant leads to low capability of energy
storage.5 Therefore, the increase of dielectric constant and
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meanwhile preserving other excellent electrical (e.g., high
breakdown strength and low dielectric loss), mechanical (e.g.,
flexibility), and processing properties of the polymers are highly
desirable for improving the capability of energy storage. So far,
many strategies have been reported to increase the dielectric
constant of the polymers.6 Among them, the organic−inorganic
hybrid strategy, namely, introducing high dielectric constant
nanoparticles into a polymer matrix, has been widely adopted
because this method usually does not cause significant increase
of dielectric loss and large decrease of breakdown strength.7−17

Despite the promising potential of the organic−inorganic
hybrid strategy, the unique physicochemical properties (e.g.,
large surface energy) of nanoparticles inevitably cause
aggregation and inhomogeneity in the polymer matrix,10

particularly in the case of high nanoparticle loading. It has
been well recognized that the aggregation and inhomogeneity
of nanoparticles are the main reasons resulting in deteriorated
electrical properties in polymer nanocomposites. Surface
modification and functionalization are effective to improve
the nanoparticle−polymer compatibility, resulting in homoge-
neous dispersion of nanoparticles and thus significantly
enhanced electrical properties. A variety of work has been
devoted to improve the nanoparticle−polymer compatibility by
engineering the nanoparticle surfaces.18−24 Typical modifiers
used to engineer the nanoparticle surfaces include silane
coupling agents,25 phosphonates,20,21 and catechols (e.g.,
dopamine).26 Taking barium titanate (BaTiO3, hereafter
referred to as BT) as a typical example, the effects of the
nanoparticle modification and functionalization on the electrical
properties and energy storage of polymer nanocomposites have
been well documented. For instance, the work of Perry et al.
reported that the poly(vinylidene fluoride-co-hexafluoro
propylene) [P(VDF-HFP)] nanocomposites filled with phos-
phonic acid modified BT exhibit a remarkable combination of
high dielectric constant and high breakdown strength and thus
a high energy storage capability.20

More recently, the preparation of core−shell structured high
dielectric constant nanoparticles by surface-initiated in situ
polymerization has received a lot of interest.1,7,10,27−38 The
main merit of this method is that the nanoparticles are well
encapsulated by desirable polymers, which can significantly
improve the nanoparticle dispersion in a polymer matrix and
result in improved electrical properties of the polymer
nanocomposites. Our groups have been devoted to this method
for years and prepared several kinds of high dielectric constant
polymer/BT nanocomposites for dielectric and energy storage
application via “grafting from” or “grafting to” methods.33−38 In
addition, the effects of the shell/matrix interactions on the
electrical properties and energy storage of the nanocomposites
were also demonstrated in a recent publication.36 It has been
found that, when the polymer shells have similar electrical
properties, a strong shells/matrix interaction is helpful to
suppress the dielectric loss and enhance the energy storage
capability.36 These results provide important information for
the further development of the dielectric polymer nano-
composites for dielectric and energy storage applications.
For further optimizing the energy storage of core−shell

nanoparticles based polymer nanocomposites, it is of
importance to know the role of the electrical properties of
the polymer shells in determining the electrical properties and
energy storage of the nanocomposites. This can help us to
design and realize the desirable interface in the nano-
composites. In this work, by using reversible-addition−

fragmentation chain transfer (RAFT) polymerization, three
kinds of core@shell nanoparticles with polymer shells having
different electrical properties were synthesized. The effects of
the electrical properties of the polymer shells on the electrical
properties and energy storage of the core@shell nanoparticles
based PVDF nanocomposites were investigated. Our results
show that the energy storage capability, energy storage
efficiency, and breakdown strength of the core−shell nano-
particles based nanocomposites can be tailored by adjusting the
electrical properties of the polymer shells of the core−shell
nanoparticles.

■ EXPERIMENTAL SECTION
Materials. BT nanoparticles with an average diameter of about 100

nm were provided by the Shandong Sinocera Functional Material
Company, China. The polyvinylidene fluoride (PVDF, 6010) was
provided by Solvay Shanghai Co., China. Methyl methacrylate
(MMA), hydroxyethyl methacrylate (HEMA), and glycidyl meth-
acrylate (GMA) were supplied by Aladdin. An aqueous solution of
H2O2 (30 wt %), N,N-dimethylformamide (DMF), dichloromethane
(DCM), toluene, and other organic reagents or solvents was supplied
by Shanghai Reagents Co. Ltd. N-Hydroxysuccinimide (NHS), N,N′-
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP),
and γ-aminopropyl triethoxysilane (γ-APS) were purchased from
Acros. The MMA, HEMA, and GMA monomers were passed through
a basic alumina column before use. All other chemicals were used as
received except for special notes. The RAFT agent S-1-dodecyl-S′-
(α,α′-dimethyl-α″-acetic acid) thrithiocarbonate (DDMAT) was
synthesized according to the literature.39

Functionalization of the BT Nanoparticles. The activation of a
RAFT agent (DDMAT-NHS) was according to the literature.40 The
surface modification of the original BT nanoparticles was as follows:

The f irst step was hydroxylation and amino functionalization of BT
nanoparticles. Briefly, 10 g of BaTiO3 and 100 mL of H2O2 (30 wt %)
were mixed in a three-necked round-bottom flask. After sonication for
30 min, the mixture was heated to 80 °C for 2 h and refluxed at 105 °C
for 4 h with stirring. The nanoparticles were washed with deionized
water and collected by centrifuging for 5 min at 8000 rpm. Then they
were dried under vacuum at 80 °C for 24 h and named as BT-OH. To
obtain the amino-functionalized BT (BT-HN2), 10 g of BT-OH and
80 mL of toluene were put in a round-bottom flask and sonicated for
30 min to disperse. Then 5 g of γ-APS was added, and the mixture was
stirred at 80 °C for 24 h. The nanoparticles were obtained by
centrifugation at 8000 rpm for 5 min and washed with toluene twice.

The second step was the preparation of DDMAT anchored BT. An
amount of 10 g of BT-NH2 was dispersed in DMF and sonicated for
30 min, and then the mixture was added dropwise to the DCM
solution of NHS-EDMAT at 0 °C with vigorous stirring. The mixed
solution was reacted at 0 °C for 6 h and 25 °C for 12 h. After reaction,
the BT-DDMAT was obtained by centrifugation and washed with
toluene twice. Then the BT-DDMAT was dried at 60 °C for 24 h.

The third step was the preparation of polymer@BT nano-
composites via RAFT surface-initiated polymerization from BT-
DDMAT. Three different monomers were successfully grafted to the
surface of BT to obtain core−shell structure (PMMA@BT, PHEMA@
BT, and PGMA@BT). The typical procedures were as follows: BT-
DDMAT (1.00 g, 0.0164 mmol), RAFT agent DDMAT (2.98 mg,
0.0082 mmol), DMF (6 mL), and MMA (3.0 g) were mixed into a 50
mL round-bottom flask followed by sonication and addition of AIBN
(1.21 mg, 0.007 mmol). The flask was sealed with a rubber plug and
followed by deoxygenation by purging nitrogen gas for 30 min. The
flask was immersed into an oil bath at 70 °C with magnetic stirring,
and after reaction for 12 h, the flask was cooled to room temperature
and opened to the air. The solution was diluted with CHCl3, then
centrifuged to decant the supernatant, and washed by acetone three
times. The products were dried under vacuum at 60 °C for 24 h. The
synthesis of the BT@PHEMA and BT@PGMA was similar except for
the reaction time and that the BT@PHEMA was washed by DMF.
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Preparation of Polymer@BT/PVDF Nanocomposite Films.
The preparation of polymer@BT/PVDF composite films was
conducted as follows: polymer@BT was dispersed in DMF and
sonicated for 30 min; meanwhile, PVDF was dissolved in DMF and
stirred for 30 min. Then the solution of polymer@BT was dropped
into the PVDF solution slowly and sonicated for another 30 min. The
mixture was stirred overnight. After that, the solution was dripped to a
silicon plate and heated to 100 °C to remove the solvent. The
preliminary film was dried under vacuum at 80 °C and then was
molded by hot-pressing at 180 °C for 5 min. The thickness of the films
was 30−50 μm.
Characterization. The 1H NMR spectra of all samples were tested

by a Varian Mercury Plus 400-MHz spectrometer in CDCl3, except for
PHEMA samples in CD3OD, and TMS was used as the standard.
Fourier transform infrared (FT-IR) spectroscopy over the range of
4000−450 cm−1 was conducted with a PerkinElmer Paragon 1000
instrument. Thermogravimetric analysis (TGA) of modified BaTiO3

nanoparticles by a NETZSCH TG209 F3 instrument was performed
at a heating rate of 20 °C min−1 (50−800 °C) in nitrogen flow (20 mL
min−1). Differential scanning calorimetry (DSC) characterization of
nanocomposites was conducted under nitrogen atmosphere at a
heating/cooling rate of 10 °C min−1 between 20 and 200 °C by using
a NETZSCH 200 F3 instrument. The X-ray diffraction pattern (XRD)
spectra were measured from 20 to 80 °C at the rate of 5°C/min in a
Rigaku D/max-2200/PC diffractometer. The samples were annealing
at 120 °C for 24 h before being tested. Scanning electron microscopy
(SEM) images of the cross section were recorded by a field emission
scanning electron microscope (Nova NanoSEM 450, FEI, America).
Samples were fractured in liquid nitrogen. Transmission electron
microscopy (TEM) images of core−shell structured nanoparticles
were operated by a JEOL JEM-2100 instrument at an accelerating
voltage of 160 kV. Samples were prepared by dropping the sample
solutions onto carbon-coated cooper grids and air-dried before
measurement. A Novocontrol Alpha-N high resolution dielectric
analyzer (GmbH Concept 40) was used to characterize the dielectric
properties of all the nanocomposites with frequency range 10−1−106
Hz. A layer of gold was evaporated on both surfaces to serve as
electrodes. Electric displacement−electric field (D−E) loops were
carried out at 100 Hz and room temperature by a Precision Premier II
ferroelectric polarization tester (Radiant, Inc.). Samples were sputtered
by gold with diameter of 3 mm on both sides as electrodes. Only the
samples having thickness of about 40 μm were selected for breakdown
measurements. The DC breakdown strength was taken by using a
dielectric strength tester with 10 mm ball to ball electrode (DH,
Shanghai Lanpotronics Co., China).

■ RESULTS AND DISCUSSION
Preparation and Characterization of Polymer@BT

Nanoparticles. Scheme 1 illustrates the preparation process
of the core−shell structured polymer@BT nanoparticles by
surface-initiated RAFT polymerization. The RAFT agent
DDMAT was activated by NHS before being anchored to the
surfaces of the BT nanoparticles. This process was used to
avoid the aminolysis of the thioester group by the reaction with
amino groups.37,40 The 1H NMR spectra were used to prove
the successful activation of DDMAT. As shown in Figure S1 in
the Supporting Information, a new proton signal peak at 2.81
ppm appears in the 1H NMR spectrum of DDMAT-NHS.
Surface modification of the BT nanoparticles was first
investigated by FT-IR measurement (see Figure 1). Compared

with the BT-OH, a new absorption band of −Si−O− at 1080
cm−1 was observed in the BT-NH2, indicating the successful
introduction of the silane coupling agent. In the case of BT-
DDMAT, the strong peaks at 2920 and 2853 cm−1 appear,
which should be attributed to the asymmetric and symmetric
stretching vibrations of −CH2−. The attachment of DDMAT
onto the surfaces of the BT nanoparticles is further confirmed

Scheme 1. Scheme Illustrating the Preparation Process of the Polymer@BT Nanoparticles by Surface-Initiated RAFT
Polymerization

Figure 1. FT-IR spectra of the functionalized BT nanoparticles.
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by the 1H NMR spectra. As shown in Figure S2 in the
Supporting Information, the proton signals of −CH3 and
−CH2− in BT-DDMAT correspond to the 1H NMR spectrum
of DDMAT.
The BT nanoparticles functionalized via surface-initiated

RAFT polymerization were characterized by FTIR and 1H
NMR spectra. One can see from Figure 1 that, compared with
the FT-IR spectrum of BT-DDMAT, new absorption peaks at
1730 and 1140 cm−1 appear in the spectra of the functionalized
nanoparticles via RAFT polymerization, which should be
attributed to the stretching vibrations of the CO and C−O
groups of polymer chains grafted onto the nanoparticle
surfaces. In the case of 1H NMR spectra (see Figures S3 and
S4 in the Supporting Information), MMA-, HEMA-, and GMA-
functionalized BT nanoparticles by RAFT have similar proton
signal peaks with PMMA, PHEMA, and PGMA, respectively,
indicating that PMMA, PHEMA, and PGMA have been
successfully grafted onto the surfaces of the BT nanoparticles.
The TGA curves provide further evidence for the successful
grafting of polymers onto the BT nanoparticle surfaces. One
can see from Figure 2 that the weight loss of the nanoparticles

shows the order of BT-OH < BT-NH2 < BT-DDMAT <
polymer@BT. In addition, all the polymer@BT nanoparticles
show a similar weight loss (around 4%), indicating that the
polymer shells have a similar thickness, which will be further
confirmed in the following TEM analysis.
TEM was used to observe the morphology of the

functionalized BT nanoparticles via RAFT polymerization.
Figure 3 shows the TEM images of PMMA-, PHEMA-, and
PGMA-grafted BT nanoparticles. One can see that, in each

case, the BT nanoparticles are homogeneously encapsulated by
a layer of polymer. The thickness of each polymer layer is
nearly the same and is about 2−3 nm, which is consistent with
the calculated values according to the grafted polymer weight
derived from the TGA curves and the specific surface area of
the BT nanoparticles.

Microstructure of the Polymer@BT-Based Nanocom-
posites. Figure 4 shows the SEM images of the fractured cross
sections of the polymer@BT-based PVDF nanocomposites.
One can see from Figure 4 that the three nanocomposites have
similar microstructure. Namely, each nanocomposite is mainly
composed of particulates, and the polymer matrix cannot be
recognized easily. In other words, it seems that the volume
fractions of the particulates are much higher than 20%. Such an
observation can only be understood by such an explanation that
the PVDF matrix has excellent compatibility with the polymer
shells, resulting in PVDF encapsulated polymer@BT (here, the
polymers refer to PMMA, PHEMA, PGMA) core−shell
morphology in the nanocomposites. The excellent miscibility
of PVDF and PMMA has been well-known, which should be
attributed to the strong dipole−dipole interactions between the
carbonyl groups in PMMA chains and fluorine atoms in PVDF
chains.41 The hydroxyl groups of PHEMA and the epoxy
groups in PGMA further enhance dipole−dipole interactions of
PVDF/PHEMA and PVDF/PGMA systems, respectively,
resulting in good compatibility of PVDF/PHEMA and
PVDF/PGMA. In addition, the hydrogen bonding (F···H−
O) between strong electronegative element F in the PVDF
chains and the hydroxyl groups of PHEMA should also enhance
the compatibility of PVDF/PHEMA.42

PVDF is a ferroelectric polymer, which has a complex
structure and exhibits five crystalline phases, in which α, β, and
γ are the most possible phases.42 The β-phase is technically
important because it has the largest dipolar moment, not only
resulting in high dielectric constant but also leading to high
electroactivity.43 Therefore, it is of importance to know the
effects of polymer@BT nanoparticles on the structure of the
PVDF matrix. XRD and FT-IR techniques were used to obtain
the structure information on PVDF in nanocomposites. It has
been summarized in previous work42 that the peaks of 1276 and
840 cm−1 indicate the β-phase of PVDF, whereas the
absorption bands at 762, 794, 855, and 970 cm−1 indicate the
α-phase of PVDF. Figure 5 shows the FT-IR ATR spectra of
the polymer@BT/PVDF nanocomposites. Each nanocompo-
site exhibits the characteristic absorption bands of α- and β-
phases, indicating the PVDF matrix is composed of these two
phases in the nanocomposites. These results are further
identified by the XRD curves of the nanocomposites. As
shown in Figure 6, each nanocomposite shows the character-

Figure 2. TGA curves of the functionalized BT nanoparticles.

Figure 3. TEM images of PMMA (a), PHEMA (b), and PGMA (c) functionalized BT nanoparticles via RAFT polymerization.
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istic diffractograms of the β-phase at 2θ = 20.26° corresponding
to the (110) plane and α-phase at 2θ = 17.66° and 18.30°
corresponding to the diffractions in planes (100), (020), and
(110), respectively.42,43

Dielectric Properties of the Polymer Shells from the
Polymer@BT Nanoparticles. One of the core aims of this
work is to explore the role of polymer shells in determining the
dielectric properties and energy storage of the polymer@
BaTiO3-based nanocomposites. In order to achieve deep
insights into this issue, it is necessary to know the dielectric

properties of the polymer shells from the polymer@BaTiO3
nanoparticles. Figure 7 shows the frequency-dependent
dielectric properties of the free shell polymers prepared via in
situ RAFT polymerization. It can be seen from Figure 7 that (i)
PMMA and PGMA show similar dielectric response (i.e., β
relaxation34) although PMMA has a longer relaxation time; (ii)
PHEMA shows an apparent interfacial polarization (e.g.,
electrode polarization),44,45 resulting in significantly enhanced
low frequency dielectric constant and dielectric loss; (iii)
compared with PMMA and PGMA, PHEMA has the highest
dielectric constant and the highest dielectric loss over the whole
measurement frequency range; and (iv) PGMA shows a higher

Figure 4. SEM images of the polymer@BT-based PVDF nanocomposites: (a) PMMA@BT/PVDF, (b) PHEMA@BT/PVDF, and (c) PGMA@
BT/PVDF. All samples contain 20 vol % polymer@BT nanoparticles.

Figure 5. FT-IR spectra of polymer@BT-based PVDF nano-
composites.

Figure 6. XRD curves of polymer@BT-based PVDF nanocomposites.
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dielectric constant in comparison with PMMA but has the
minimum dielectric loss among the three polymers, exhibiting
desirable dielectric properties for power energy storage
applications.1,6 The difference among the dielectric properties
of the three polymers should be attributed to the different
dipole moment of pendant groups.46 The pendant hydroxyethyl
groups have the large dipole moment, which results in the
highest dielectric constant of the PHEMA. The high dielectric
loss and high dielectric constant of PHEMA, particularly at low

frequencies, should be mainly attributed to its moisture
absorption caused by its strong hydrophilicity.

Dielectric Properties of the Polymer@BT-Based PVDF
Nanocomposites. Figure 8 shows the frequency-dependent
dielectric constant and dielectric loss tangent of the polymer@
BT/PVDF nanocomposites at room temperature. One can see
from Figure 8 that, compared with the PVDF matrix, all the
nanocomposites show enhanced dielectric constants. However,
the dielectric constant enhancement is marginal at low

Figure 7. Frequency dependence of dielectric properties for polymer shells of the polymer@BT nanoparticles.

Figure 8. Frequency dependence of dielectric constant and dielectric loss tangent of the polymer@BT-based PVDF nanocomposites. (a) 10 vol %
BT and (b) 20 vol % BT.
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polymer@BT loading (i.e., 10 vol %). When the loading of
polymer@BT is high (e.g., 20 vol %), the dielectric constant
enhancement becomes significant. For instance, when the
polymer@BT loading is 20 vol %, the dielectric constant of the
nanocomposites at 1000 Hz increases to 20.2 for PHEMA@
BT/PVDF from 10.9 of the pure PVDF. The dielectric constant
enhancement or the dielectric constants of the nanocomposites
follow the order of PHEMA@BT/PVDF > PGMA@BT/
PVDF > PMMA@BT/PVDF, which are consistent with the
case of the polymer shells shown in Figure 7. This result
indicates that, at the same BT content, the dielectric constants
of the nanocomposites are determined by the dielectric
constants of the interfacial region. That is, the high-dielectric-
constant interfacial region tends to result in high dielectric
constants of the nanocomposites. Unlike the free polymers in
which different frequency dependence of dielectric constant
was observed (Figure 7), all the nanocomposites have a similar
frequency dependence of dielectric constant with the pure
PVDF. This may be understood by two factors. One is the
strong polymer@BT/PVDF interaction, which significantly
suppresses the macromolecular movement in the interfacial
region. The second is restricted dipole movement of grafted
polymer chains
The differences in dielectric loss tangent between the

nanocomposites and the pure PVDF are dependent on the
polymer@BT loading, whereas the differences between differ-
ent nanocomposites are marginal and independent of the
loading of polymer@BT. As shown in Figure 8, when the
loading of polymer@BT is low, the nanocomposites have the
comparable dielectric loss tangent with the pure PVDF. At high
loading, the introduction of the polymer@BT causes higher

dielectric loss at low frequencies. In both cases, the high-
frequency dielectric loss tangent of the nanocomposites is
always lower than that of the pure PVDF. In fact, many
previous works have reported that, in polar thermoplastic
polymer composites with inorganic fillers,35,47,48 the composites
tend to exhibit lower dielectric loss tangent at high frequencies.
One possible reason for this is that the inorganic fillers limit the
macromolecular movement, which plays a role like “freezing”,
thus resulting in low dielectric loss. Regarding the frequency
dependence of loss tangents in Figure 8, it appears that the
larger loading levels of the core−shell nanoparticles result in
higher dielectric loss. This suggests that the friction
(dissipation) for the reorientation of the matrix polymer chains
increases with the loading of the core−shell polymer@BT
nanoparticles.
It should be noted that the free PHEMA shows an apparent

interfacial polarization (i.e., electrode polarization) peak in
frequency dependence of dielectric loss tangent, but this peak
disappears in the PHEMA@BT-based nanocomposites. Here,
the appearance of electrode polarization in free PHEMA is
because of the medium electrical conductivity of the PHEMA,
which makes charges accumulate in the thin layers beneath the
sample surface.49 When PHEMA@BT nanoparticles were
dispersed into the PVDF matrix, the PHEMA shell isolated
by PVDF and the PHEMA shell cannot be interconnected with
each other, resulting in the absence of the electrode polarization
in the PHEMA@BT nanocomposites.
Breakdown strength, Eb, is an important electrical parameter

for evaluating the potential power energy storage of the
dielectric materials.1,6 High breakdown strength is required for
achieving the maximum energy density. This is because the

Figure 9. Weibull plots of breakdown strength (a, b, c) and characteristic breakdown strength (d) of the polymer@BT-based PVDF
nanocomposites.
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maximum energy storage density Umax of a dielectric is
determined by Umax = 1/2εε0Eb

2, where ε and ε0 are the
dielectric constant of the dielectric and vacuum, respectively. In
this work, the breakdown strength of the nanocomposites was
evaluated by a two-parameter Weibull statistic distribution
method, in which the cumulative probability of failure (i.e.,
electrical breakdown) P for a sample was expressed as25,48

= − −
β⎡

⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥P

E
E

1 exp
0 (1)

where β is a parameter related to the scatter of the data, and E
and E0 are the experiment breakdown strength and the
characteristic breakdown strength at the cumulative failure
probability of 63.2%, respectively. E0 has been used to represent
the breakdown strength of dielectric materials. In our
experiments, nine specimens were used to perform the
breakdown measurements of one sample.
Figure 9 shows the Weibull plots of breakdown strength for

the polymer@BT/PVDF nanocomposites. One can see from
Figure 9 that, compared with PVDF, all the nanocomposites
show decreased breakdown strength after the introduction of
polymer@BT nanoparticles. In addition, the breakdown

strength of each nanocomposite decreases with the increase
of nanoparticle loading. The decrease of breakdown strength of
the nanocomposites is mainly caused by the large electrical
mismatch between the matrix and fillers.1 Figure 9d summarizes
the characteristic breakdown strength of every nanocomposite.
Interestingly, the polymer shells of polymer@BT indeed play
an important role in determining the breakdown strength of the
nanocomposites. As shown in Figure 9d, the PHEMA@BT-
based nanocomposites always have the lowest breakdown
strength. The PMMA@BT-based nanocomposites have higher
breakdown strength in comparison with the PGMA@BT/
PVDF nanocomposites except the sample with 20% core−shell
nanoparticles. Such results are generally consistent with the
order of the shell dielectric constant of the polymer@BT
nanoparticles. Namely, the nanocomposites with polymer@BT
having a high dielectric constant shell have low breakdown
strength. On the other hand, the high electric field induced
ionization of the −OH groups from PHEMA may produce
water molecules, which have high dielectric constant (i.e., 80),
thus being an important factor causing significant reduction in
breakdown strength of the PHEMA@BT/PVDF nanocompo-
sites.

Figure 10. Electric displacement−electric field (D−E) loops and leakage currents of the polymer@BT-based PVDF nanocomposites.

Figure 11. Stored (a) and discharged (b) energy densities of PVDF and polymer@BT-based PVDF nanocomposites.
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Energy Storage of the Polymer@BT-Based PVDF
Nanocomposites. The electric displacement−electric field
(D−E) loops of every nanocomposite were measured, and the
selected results of nanocomposites with 20 vol % polymer@BT
are shown in Figure 10. One can see from Figure 10 that,
among the nanocomposites, the PHEMA@BT-based nano-
composites have the highest electric displacement, the highest
remnant polarization, and the highest leakage currents. In
addition, their D−E loops are wider than those of the others.
The PMMA@BT-based nanocomposites have the lowest
electric displacement and remnant polarization. The D−E
loops of the PMMA@BT-based nanocomposites are also
narrower than those of the others.
The energy densities of the nanocomposites are provided in

Figure 11, which were calculated according to the D−E loops
shown in Figure 10 by the equation of U = ∫ EdD, where E is
the electric field and D is the electric displacement.
One can see from Figure 11 that the PHEMA@BT-based

nanocomposites have the highest stored energy densities,
whereas the PMMA@BT-based nanocomposites have the
lowest. For example, at an electric field of 140 kV/mm, the
stored energy densities of the PHEMA@BT/PVDF, PGMA@
BT/PVDF, and PMMA@BT/PVDF are 4.23, 3.90, and 3.28 J/
cm3, respectively. This is because, under a given electric field,
the storage energy is mainly determined by the electric
displacement or dielectric constant. The discharged energy
density, a more important parameter to characterize the
effective energy storage capability of dielectric materials,29,30

exhibits a different order among the nanocomposites. The
PGMA@BT-based nanocomposites have the highest dis-
charged energy densities, and the PHEMA@BT-based nano-
composites have the lowest. For instance, at an electric field of
140 kV/mm, the discharged energy densities of the PHEMA@
BT/PVDF, PMMA@BT/PVDF, and PGMA@BT/PVDF are
2.18, 2.24, and 2.40 J/cm3, respectively. This result indicates
that the discharged energy densities are not only determined by
the electric displacement/dielectric constant but also associated
with the remnant polarization.
The energy storage efficiency, EffU, which is defined as the

capability to release the stored energy, is calculated by

=
U

U
EffU

discharged

stored (2)

where Udischarged and Ustored represent the discharged and stored
energy densities, respectively. The energy storage efficiencies of
the nanocomposites are shown in Figure 12. One can see that
the efficiencies show the order of PMMA@BT/PVDF >
PGMA@BT/PVDF > PHEMA@BT/PVDF. Figure 12 also
provides the leakage currents of the nanocomposites, which
show the order of PGMA@BT/PVDF < PMMA@BT/PVDF >
PHEMA@BT/PVDF. At high electric fields, the dielectric loss
of dielectric materials is mainly determined by the leakage
currents.9 The higher leakage currents in PHEMA@BT-based
PVDF nanocomposites (Figure 12b) widen the D−E loops,26,50

resulting in higher remnant polarization and low energy storage
efficiency. The widening or narrowing of D−E loops may be
partially associated with the intrinsic dipolar moment variation
of the PVDF matrix. In the case of pure PVDF, electric field
induced dipolar orientation is the main origin of remnant
polarization.51 Therefore, the interactions between the PVDF
matrix and the core−shell nanoparticles may affect the remnant
polarization of PVDF in the PHEMA@BT-based nano-
composites. However, the final influence on remnant polar-
ization of the PHEMA@BT-based nanocomposites should be
marginal since the nanocomposites exhibit much higher
remnant polarization in comparison with the pure PVDF, as
shown in Figure 10.

■ CONCLUSIONS
We have prepared ferroelectric polymer nanocomposites using
core−shell structured polymer@BaTiO3 nanoparticles as fillers.
Three kinds of polymer@BaTiO3 nanoparticles (i.e., PMMA@
BT, PGMA@BT, and PHEMA@BT) with the shells having
different electrical properties were prepared by surface-initiated
RAFT polymerization. We have investigated the effects of the
polymer shells on the morphology, crystal structure, frequency-
dependent dielectric properties, breakdown strength, leakage
currents, energy storage capability, and energy storage
efficiency of the nanocomposites. In order to get deep insights
into the role of the polymer shell in determining the electrical
properties and energy storage of the nanocomposites, the
polymers (i.e., PMMA, PGMA, and PHEMA) having the same
molecular structure with the shells were also prepared by RAFT
polymerization, and their dielectric properties were also
investigated.
The core−shell nanoparticles with high dielectric constant

shells can result in high electric displacement and thus high
energy densities in the nanocomposites, but the high leakage

Figure 12. Energy storage efficiencies (a) and leakage currents (b) of the nanocomposites with 20 vol % BT nanoparticles. The leakage currents
were measured under an electric field of 100 kV/mm.
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currents cause high dielectric loss and low discharged energy
densities in the nanocomposites. In addition, the high dielectric
constant polymer shells have high electrical conductivity,
causing significant decrease of breakdown strength and thus
poor maximum-energy-storage capabilities. The nanocompo-
sites filled with core−shell nanoparticles having low dielectric
constant shell show low electric displacement and thus low
energy densities, but the low leakage currents cause low
dielectric loss and thus high discharged energy density.
Therefore, the optimum case is that the polymer shells have
the combination of high dielectric constant and low leakage
currents, which make the nanocomposites not only have high
discharged energy densities but also have high energy efficiency.
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