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Inorganic ferroelectric filler/polymer nanocomposites combining large maximum electric

displacement (Dmax) of ferroelectric materials with good flexibility and high electric break-

down strength (Eb) of the polymers are regarded as the most promising materials for

preparing flexible dielectric capacitors with superior energy storage properties. Besides

dielectric capacitors are always faced with high temperature environment in many applica-

tion  cases, and thus the applicability of high temperature is also highly desired. To develop

nanocomposite-based dielectric capacitors with superior energy storage properties in a wide

temperature range, in this study, we synthesize Pb0.97La0.02(Zr0.5Sn0.38Ti0.12)O3 (PLZST) anti-

ferroelectric nanoparticles (NPs) with larger Dmax and smaller remnant electric displacement

(Dr) in comparison with ferroelectric nanoparticles and disperse them into polyimide (PI)

polymer matrix with good temperature stability. The results indicate that by adjusting rea-

sonably the PLZST filler content, in a wide temperature range of 20–120 ◦C, 7 wt.% PLZST/PI

nanocomposite exhibits slim electric displacement-electric field hysteresis loops and low Dr,

and thus the discharge energy density and energy efficiency are always higher than 4 J/cm3

and 90%, respectively. These indicate this nanocomposite is a good candidate material for
developing flexible dielectric capacitors applicable in high temperature environment.
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1.  Introduction
In energy storage devices, dielectric capacitors have obvi-
ous advantages such as high power density (megawatt level),
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fast charge and discharge speeds, high operating voltage and
good safety in comparison with fuel cells, batteries, and
electrochemical capacitors [1–3]. Therefore, they have wide
application prospects in microelectronics, hybrid vehicles,
power grids, and electromagnetic cannons, which require high

pulse power density [4–7]. However, dielectric capacitors cur-
rently in use have low energy density and thus a large volume
or mass of the device is needed in order to provide large
enough total energy for practical applications, which is not
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onducive to lightweight and miniaturization of electronic and
lectrical power systems [8,9]. Based on this issue, it is urgent
o develop dielectric materials with high energy density to
mprove energy storage properties of dielectric capacitors. For
ielectric materials, the total energy storage density (W), the
ischarge energy density (Wd) and the energy efficiency (�) can
e given by the following equations, respectively [10,11].

 =
∫ Dmax

0

EdD (upon charging) (1)

d =
∫ Dmax

Dr

EdD (upon discharging) (2)

 = Wd

W
× 100% (3)

here D, Dmax, Dr and E are respectively the electric
isplacement, maximum electric displacement, remnant
isplacement and the applied electric field. From above equa-
ions, it can be found that in order to obtain dielectric

aterials with good energy storage ability, large Dmax, small

r and high electric breakdown strength (Eb) are necessary.
hus, recently, polymer-based nanocomposites by combining
olymers with high Eb and ceramic materials with large Dmax

ave become a research hotspot in the field of dielectric energy
torage.

For polymer materials, ferroelectric polymers, such as
olyvinylidene fluoride (PVDF), polyvinylidene fluoride-
exafluoropropylene (PVDF-HFP), and poly(vinylidene
uoride-trifluoroethylene-chlorotrifluoroethylene) (PVDF-
rFE-CTFE), are commonly used, due to their large Dmax and
ood machinability [12–14]. However, these polymer materials
ave usually low glass-transition temperature (Tg) [15,16].
hen the working environment temperature comes near to

heir Tg values, the Dmax will decrease sharply, which leads
o low energy density. Therefore, ferroelectric polymer-based
ielectric capacitors are not capable of being applied in
ome extreme environment such as hybrid electric vehicles,
n which the working temperature is up to 150 ◦C [17]. In
omparison with ferroelectric polymers, Polyimide (PI) has
igher Tg (>360 ◦C) and thus possesses superior thermal
tability [4]. What is more,  its mechanical and electrical
nsulation performances are excellent. Based on these, PI is

 promising candidate for preparing nanocomposite based
igh-temperature dielectric capacitors.

For nanofillers in polymer-based nanocomposites, fer-
oelectric materials with large Dmax, such as BaTiO3 and
axSr1−xTiO3 are usually adopted on the purpose of improv-

ng energy density [18,19]. However, their large Dr restricts
he further improvement of the Wd and causes low � [20,21].
ompared with ferroelectrics, antiferroelectrics (AFEs) pos-
ess much smaller Dr (near zero) and larger Dmax–Dr values,
nd thus if they are used as the fillers of the nanocomposites,
igh Wd and � may be obtain simultaneously [2,5,9,22].

Based on above discussions, in this work, we develop and

repare Pb0.97La0.02(Zr0.5Sn0.38Ti0.12)O3 (PLZST) AFE nanopar-
icles (NPs)/PI nanocomposites via a simple tape-casting

ethod and investigate their energy storage properties. Ben-
fited from excellent thermal stability of PI, and low Dr,
;9(5):11344–11350 11345

high Dmax of Pb0.97La0.02(Zr0.5Sn0.38Ti0.12)O3 AFE NPs, large Wd

(>4 J/cm3) and � (>90%) are achieved simultaneously in the
nanocomposites over a wide temperature range of 20–120 ◦C.

2.  Experimental  procedures

The PLZST AFE NPs were synthesized by a sol–gel method,
as reported in our previous work [9]. The PLZST/PI nanocom-
posite films were prepared via a tape-casting process. Firstly,
4, 4′-oxydianiline (ODA, 98%, Aladdin) was dissolved in N,
N′-dimethyl-acetamide (DMAc, 99%, Sinopharm) and stirred
for 1.5 h at the room temperature (RT) to form clear solu-
tion. Then, pyromellitic dianhydride (PMDA, 99%, Aladdin)
was added to the above solution and stirred for 24 h to form
poly(amic acid) (PAA) solution. After that, different contents
of PLZST NPs (0, 1, 3, 5, 7, 10, 15, 20 wt.%) were added into
the PAA solution and stirred vigorously for 24 h. The mixtures
were quickly cast on clean glass substrates and then dried at
60 ◦C for 12 h in vacuum to completely remove the solvents.
Subsequently, the nanocomposites were heated for thermal
imidization at 100 ◦C for 30 min, 140 ◦C for 30 min, 180 ◦C for
1 h, 220 ◦C for 30 min  and 250 ◦C for 2 h, respectively. Finally,
the nanocomposite films with the thickness of ∼20 �m were
stripped from the glass substrate. Fig. 1 shows the schematic
diagram for the formation process of the flexible PLZST NPs/PI
nanocomposites. Aluminum electrodes with a diameter of
2.6 mm were deposited onto both sides of the nanocompos-
ites through high-vacuum-resistance evaporation equipment
(VZZ-300, VANNO, China) for electrical properties measure-
ments.

The surface morphology and the element distribution were
tested using a field-emission scanning electron microscopy
(FE-SEM, SIGMA 500, Zeiss, Germany) equipped with an energy
dispersive spectrometer (EDS, XFlash 6130, Bruker, Germany).
The room-temperature dielectric properties were measured
by a precision LCR meter (TH2827A, Tonghui Electronic Co.,
Ltd., China) at 100 kHz. The electric displacement versus elec-
tric field (D–E) hysteresis loops at different temperatures were
acquired by a ferroelectric testing system (Precision LC II, Radi-
ant Technologies Inc., USA) combined with a high-voltage
amplifier (Trek 609B, Trek, USA) at 100 Hz.

3.  Results  and  discussion

The surface morphology of PLZST AFE NPs/PI nanocompos-
ites loaded with various PLZST NPs contents are shown in
Fig. 2. As seen, the pure PI film is very dense and when the
PLZST NPs content is lower (Fig. 2(b, c, e, f)), the NPs can
be evenly distributed in the PI polymer matrix and this is
also confirmed by the EDS element mapping images of the
nanocomposites with 3 wt.% PLZST NPs (Fig. 2(d)), which is
conducive to obtaining large Eb and thus high Wd. However,
when the NPs content exceeds 7 wt.%, as given in Fig. 2(g)–(i),
the surface of the film is not flat and some large particles are

observed. This is mainly because at high filler content, the
PLZST NPs begin to agglomerate in the polymer matrix due
to their large surface energy, causing the formation of large
particles. Besides, a large quantity of NPs fillers will cause the
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Fig. 1 – Schematic illustration of the formation process of PLZST/PI nanocomposites.

Fig. 2 – Surface FESEM images of PLZST/PI nanocomposites containing (a) 0 wt.%, (b) 1 wt.%, (c) 3 wt.%, (e) 5 wt.%,  (f) 7 wt.%,
(g) 10 wt.%, (h) 15 wt.% and (i) 20 wt.% NPs. (d) FESEM-EDS elemental mapping of the nanocomposites containing 3 wt.% NPs
recorded at the square area marked by the red dashed lines.
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Fig. 3 – (a) Dielectric constant and dielectric loss, (b) room-temperature D–E loops, (c) Dmax, Dr and Eb, and (d) Wd and� of
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4 J/cm , and meanwhile the energy efficiency still maintains
above 90%, which indicates 7 wt.% PLZST/PI nanocomposite
LZST/PI nanocomposites with different NPs contents.

ntroduction of more  air and thus lead to the appearance of
efects including voids and cracks during the vacuum drying
rocess.

Fig. 3(a) and (b) displays the dielectric constant and loss,
nd D–E loops of PLZST/PI nanocomposites loaded with differ-
nt PLZST NPs contents at the room temperature, respectively.
ased on the D–E loops, we  obtain the evolution of the Dmax,

r, Eb, Wd, and � of all nanocomposites, as given in Fig. 3(c)
nd (d). With increasing PLZST NPs contents, the dielectric
onstant of the nanocomposites obviously improves, which
s mainly attributed to larger dielectric constant of the PLZST
Ps compared with that of the PI polymer, and the Maxwell-
agner–Sillars (MWS) interfacial polarization effect [9,23].
oreover, the dielectric loss of all PLZST/PI nanocomposites

s lower than 0.01, resulting from the very small dielectric
oss of PLZST NPs and the PI polymer. The improved dielec-
ric constant and the limited dielectric loss are beneficial for
btaining large Wd as well as high � in the nanocompos-

tes. Besides, as displayed in Fig. 3(b), all nanocomposites
isplay very slim D–E loops, and fairly low Dr values due to the
mall remnant electric displacement and electric hysteresis
f AFE nanofillers themselves. With increasing the filler con-
ents from 0 to 20 wt.%, the Dmax value gradually rises from
.43 to 4.62 �C/cm2 due to larger Dmax of PLZST in compari-

on with that of the pure PI and all Dr values are smaller than
.05 �C/cm2. When the filler content is lower than 10 wt.%, the

b value slightly decreases from 3832 kV/cm for pure PI film
to 3700 kV/cm for 7 wt.% PLZST/PI film. However, with con-
tinuously increasing the fillers content, the Eb value sharply
decreases to 2870 kV/cm. This is because at high filler con-
tent, the NPs begin to agglomerate in the polymer matrix due
to their large surface energy, as seen in Fig. 2(g)–(i), which
will give rise to an inhomogeneous local electric field in the
nanocomposites, especially at interfaces between the fillers
and polymer [24]. Due to high Eb of 3700 kV/cm and large Dmax-
Dr value of 3.86 �C/cm2, the 7 wt.% PLZST/PI nanocomposite
exhibits the most superior room-temperature energy storage
properties with simultaneously large Wd of 7.13 J/cm3 and high
� of 92.9%.

Fig. 4(a)–(c) displays D–E loops, Eb, Dmax, Dr values, and
energy storage properties of the nanocomposite with 7 wt.%
PLZST NPs contents in the temperature range of 20–120 ◦C,
respectively. It can be obviously found that from 20 to 120 ◦C,
the Eb decreases from 3700 to 2829 kV/cm due to the thermal
breakdown, and the Dmax declines from 3.93 to 2.93 �C/cm2,
but the D-E loops are still very slim and the Dr values are
always small, which is attributed to superior thermal stability
of PLZST materials and PI polymer [5,25]. As a result, in a wide
temperature range of 20–120 ◦C, the Wd is always more  than

3

is a promising material for applicable in high-temperature
dielectric energy storage.
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Fig. 4 – (a) D–E loops, (c) Dmax, Dr and Eb, and (c) Wd and� of 7 wt.% PLZST/PI nanocomposites in the temperature range of
20–120 ◦C.

Table 1 – Comparison of energy storage properties of polymer-based nanocomposites at the high temperature.

Polymer matrix Nanofillers Eb (kV/cm) Wd (J/cm3) � (%) T (◦C) Ref.

PC None 3000 0.8 70 150 [4]
PEI None 4000 1.57 73.8 150
PI BaTiO3 nanofibers 5000 4.24 ∼50 100 [25]

4000 2.98 ∼60 150
3500 1.74 ∼30 200

BOPP None 4200 2.1 ∼80 70 [26]
P(TFE-HFP) None 5000 6.0 ∼80 110

4100 2.5 80 130
PMMA BNNS 4800 3.5 97 70 [27]
PI BaTiO3 nanoparticles 2750 1.3 40 100 [28]

2500 0.5 20 150

PI PLZST nanoparticles 3000 

2829 

Table 1 presents the comparison of the energy storage
properties of recently reported polymer-based nanocompos-
ites at the high temperature [4,25–28]. It is obviously seen that
in comparison with other nanocomposites, 7 wt.% PLZST/PI
nanocomposite obtained in this study exhibit simultaneously
a larger Wd and higher � at the high temperature, indicating
a good energy-storage temperature stability. This work pro-

vides a convenient, effective, and scalable way to developing
and fabricating dielectric capacitors applicable in various tem-
perature environments.
4.58 96 100 This work
4.08 93 120

4.  Conclusion

In conclusion, we successfully fabricate PLZST AFE NPs/PI
nanocomposites with different NPs contents by tape-casting
method and investigate their microstructure and energy stor-
age properties. When the PLZST NPs content is lower than
10 wt.%, the NPs can be evenly distributed in PI polymer

matrix, however, with the further increase, they begin to
aggregate due to the high surface energy, resulting in the
sharp reduction of the breakdown strength. With increas-
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ng NPs contents from 0 to 20 wt.%, the dielectric constant
f the nanocomposites improves from 4.4 to 18.7 and the

max rises from 2.43 to 4.62 �C/cm2, which are due to larger
ielectric constant and Dmax of PLZST AFE NPs as com-
ared with the pure PI, and meanwhile the dielectric loss
lways maintains at a fairly low level (<0.01). By reasonably
djusting the PLZST content, 7 wt.% PLZST/PI nanocomposite
xhibits a large (Dmax–Dr) of 3.93 �C/cm2, a fairly small Dr of
.07 �C/cm2, and a high Eb of 3700 kV/cm and thus large dis-
harge energy density of 7.13 J/cm3 and high energy efficiency
f 92.9%. Furthermore, it is found that with increasing mea-
uring temperature from 20 to 120 ◦C, the Dmax–Dr value of the
anocomposite decreases slightly from 3.86 to 2.873 �C/cm2,
he Dr value is always lower than 0.1 �C/cm2, and thus the
ischarge energy density and energy efficiency are larger than

 J/cm3 and 90%, respectively. This work provides a new way
or developing dielectric capacitors useful in high temperature
nvironment.
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