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Recent advances in lead-free dielectric materials for energy

storage

Abstract

With rapid development of the electronic and electrical industry, the demand for
dielectric capacitors with ultrahigh power density Con the order of GW/kg) and energy
conversion efficiency (>90%) is continuously growing. Thus, it is imperative to
present a timely review on the development of energy storage properties of dielectric
capacitors. Unfortunately, existing reviews are mainly on lead-based dielectric
capacitors. To reduce the environmental impact, lead-free dielectric capacitors must
be the future development trend and many good research results have already been
emerged. To better promote the development of this area, in this paper, we present a
comprehensive review on the latest research progress of several mainstream lead-free
dielectric materials, including ceramics (ferroelectrics/relaxor
ferroelectrics/antiferroelectrics), glass-ceramics, thin/thick films and polymer-based
composites, for energy storage applications, and point out their advantages and
drawbacks. It is found that, in principle, lead-free dielectric materials with large
saturation polarization, large breakdown electric field, small remnant polarization, and
slim P-E loops are more appropriate for developing capacitors with high power
density and high efficiency. Furthermore, some prospects based on current research
work are proposed to propel lead-free dielectric capacitors to better meet newly

emerging applications.
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1. Introduction

In recent years, with the evolution of economy and society, fossil energy crisis,
climate change and air pollution have inspired massive efforts to explore clean and
renewable energy resources, such as solar, water, wind and thermal energies. This
leads to a high demand for energy storage systems, such as batteries, fuel cells,
electrochemical supercapacitors, and dielectric parallel-plate capacitorst!?l. Among
them, batteries and fuel cells possess high energy density (200-1000 W-h/kg, and
10-300 W-h/kg, respectively), but their power densities are quite low (typically below
500 W/kg) because of the slow movement of charge carriers, which limits their
applications in many high-power systems!l. Electrochemical supercapacitors can
offer high power density (10! to 10° W/kg) and moderate energy density (0.04 to 30
W-h/kg), while their charge/discharge processes are still long (seconds or even tens of
seconds). In contrast, dielectric capacitors have faster charge/discharge rate (~ns), and
much higher power density (up to 10® W/kg), which can well meet the requirement of
super-high-power electronics and systems, such as hybrid electric vehicles, medical
defibrillators, spacecraft, satellites, and electrical weapon systems. Table 1
summarizes the comparison between the electrochemical supercapacitor and the
dielectric capacitor®. However, potential applications of dielectric capacitors are
severely limited by their low energy density which is at least an order of magnitude
lower than that of batteries, fuel cells and electrochemical capacitors, as shown in Fig.

1. It was reported that dielectric capacitors contribute more than 25% of the volume



and weight to power electronics and pulsed power systems!*l. Thus, it is urgent to
develop novel dielectric materials that can significantly increase the energy density of
the dielectric capacitors. In order to achieve this objective, much attention have been
paid to lead lanthanum zirconate titanate (PLZT), lead lanthanum zirconate stannate
titanate (PLZST), and lead magnesium niobate-lead titanate (PMN-PT), etc., since
they show higher energy densities than other dielectric materials™>”!. Nevertheless, the
use of lead-based materials can seriously pollute the environment and endanger
human health®!!!. Therefore, it’s necessary to search alternative lead-free dielectric
materials with excellent energy storage properties. Although many relevant works
have been reported, up to now, there is no comprehensive review on the current status
of research in lead-free dielectric materials for energy storage applications.

In view of this, in this paper, we focus on the recent progress of various kinds of
lead-free dielectric materials (including ceramics, thin/thick films and polymer-based
composites) for energy storage applications. Their energy storage principles and
properties will be compared and analyzed in order to provide guidance to the
searching of new lead-free materials and the design of novel dielectric capacitors with
high energy density, high power density and high energy storage efficiency. Future
prospects are also proposed for the further investigation and optimization of dielectric
capacitors.

Table 1. Comparison between electrochemical capacitors and nonlinear dielectric

capacitors.



Electrochemical supercapacitor Nonlinear dielectric capacitor

Use of liquid electrolytes Use of solid dielectric material
Large capacitance (~10000 ) Small capacitance (<0.01 F)
Low maximum voltage (<3 V) High maximum voltage (>300 V)
Slow charge/discharge (~s) Fast charge/discharge (~ps to ms)
Medium power output (10! to 106 W/kg) High power output (~10% W /kg)
Medium eyeling life (~100000) Loung cycling life (almost unlimited)
High leakage current (~mA) Low leakage (~0.1 mA)
Not easy to fabricate Easy to fabricate
Medium energy density (0.04 to 30 W-h/kg) Low to medium energy density (see
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Fig. 1. Diagram of power density and energy density for various energy storage

devices.

2. Principles and Measurement of Energy Storage in Dielectric
Capacitors
A typical dielectric capacitor consists of two electrode plates filled with
dielectric materials, as shown in Fig. 2. The capacitance, which measures the
energy-storage capability of capacitors, can be calculated by the Eq. (1):

A
ngogrg (D)

where C is the capacitance, & is the vacuum permittivity, & is the relative permittivity



(dielectric constant), 4 is the overlapped area of two plates and d is the distance
between the plates. When an external electric field is applied during the charging
process, the dipoles inside the dielectric material will be re-oriented along the
direction of the electric field and induced charges will be produced on two plates. The
charging process is over when the potential difference generated by the accumulated

charges (£ Q) is equal to the external voltage and the electrostatic field energy is be

stored in the capacitor. The
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Fig. 2. The diagram of dielectric polarization during the charging process.

capacitance, C, can be also defined in a differential form of the change of charge with

respect to voltage:
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During the charging process, the total stored energy W can be given as:
Q
W= jo Vdg . 3)

and thus the energy storage density (J), which is defined as the energy stored per unit

volume of dielectric, can be expressed as,
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where E is the external electric field applied on dielectric materials and equal to V/d,
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O is the surface charge density, D is the electrical displacement (D=0 , according to

Maxwell equations). For dielectric capacitors, energy storage density, J, is a very
important parameter. Large J favors the miniaturization, lightweight and integration
of electronic devices. For linear dielectric (LD) materials (e.g., mica, glass, and
diamond-like carbon films), their dielectric constant remains constant when the
applied electric field E changes, as presented in Fig. 3(a), and thus, the J can be

simply calculated as:
_ Dmax _ Emax _ 1 2
J=|""EdD=|"" Edz,s,E = et E (5)

From this equation, it can be found that the energy storage density is directly
proportional to the relative permittivity and the square of the applied electric field.
However, the Eq. (5) is not suitable for nonlinear dielectric materials because of the
variation of dielectric constant with electric field, as displayed in Fig. 3(b). When
dielectric constants of the dielectric materials are large, the electrical displacement is

very close to the polarization. Thus, the Eq. (4) can be expressed as:

Psat

J =" Ear (6)

where P and Psa are spontaneous and saturation polarizations, respectively. Eq. (6)
demonstrates that the energy storage density of a dielectric material is equal to the
area enclosed by the vertical axis and the hysteresis loop during charging process
(sum of the blue and red areas), as shown in Fig. 4. Fig. 4(a), (b), (c), and (d) exhibit
polarization-electric field (P-E) hysteresis loops for linear dielectrics (e.g., AlO3),
ferroelectrics (FE, e.g., PbZrTii«O3), relaxor ferroelectrics (RFE, e.g.,
xPb(Mg13Nb23)O3-(1-x)PbTiO3) and antiferroelectrics (AFE, e.g., PbZrOs)
respectively. As illustrated in Fig. 4, during discharging process, not all stored energy
can be released due to the energy loss (Jioss, red area) induced by the electric
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hysteresis. The recoverable energy storage density (Jrec, blue area), which is equal to
the area enclosed by the vertical axis and the hysteresis loops during discharging

process, and the energy storage efficiency (7) can be expressed as:

J oo = —I: EdP (upon discharging) (7)
J
— rec A 8
7 Jrec + ‘]loss ( )

As seen from Fig. 4, and the Eq. (7), high electric field breakdown strength(BDS),
large saturated polarization, small remnant polarization and slim P-E loop are very
helpful for obtaining high Ji.c and #. Although linear dielectric usually have higher
breakdown electric field and lower energy loss, their small saturated polarizations
(proportional to dielectric constants) make them not applicable for high
energy-storage application. Thus, in this work, we mainly focus on the research
progress on nonlinear lead-free ferroelectric, relaxor ferroelectric, and
antiferroelectric materials (including ceramics, thin/thick film, and polymer) for

energy storage applications.

(a) (®)

E E

Fig. 3. Dielectric constant as a function of applied electric field for (a) linear

dielectric, and (b) nonlinear dielectric (e.g., ferroelectrics).
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Fig. 4. Diagram of P-E hysteresis loops for (a) linear dielectrics, (b)ferroelectrics,
(¢) relaxor ferroelectrics, (d) antiferroelectrics and some characteristic
parameters for energy storage.

The Jies can be calculated not only by quasi-static P-E hysteresis loop, but also
by dynamic pulsed discharge current, as shown in Fig. 5. In the charging process, the
switch 1 is connected to the switch 3 and electric energy can be stored in dielectric
materials. When this process is finished, the switch 1 is quickly changed to the switch
2 and meanwhile, the discharging process begins. On the basis of circuit theory, the

Jres can be also expressed as!!?:

R j i (t)dt
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where R, i(t), ¢, and V are the resistance of the resistor in the circuit, the discharge
current, the discharge time, and the volume of the dielectric capacitor, respectively. In
FE or AFE state, the dynamic result is generally smaller than the quasi-static result, as
illustrated in Fig. 6 and until now, there has been still no reasonable explanation on

the remarkable differencel'?!,
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Fig. 5. The circuit used to measure the discharging current.
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Fig. 6. Current amplitude and released energy density calculated by quasi-static

hysteresis loop and pulsed discharge.

3. Energy-Storage Properties in Lead-Free Dielectric Materials

3.1. Energy-storage in lead-free ferroelectrics ceramics
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FE materials possess spontaneous polarization in a certain temperature range
even if there is no external electric field. Above the Curie temperature, the
spontaneous polarization disappears and the ferroelectric phase transforms to
non-ferroelectric phase (paraelectric phase), where the material exhibits a linear
dielectric behavior. In this section, we only discuss energy storage properties of FE
materials in the FE state.

As a kind of typical room-temperature ferroelectric material, barium titanate
(BaTiO3) possesses high saturation polarization which is beneficial to high energy
storage density. However, its large remnant polarization results in small energy
conversion efficiency of BaTiO; capacitor and the energy loss will produce heat and
affect the service life of device. Doping is a feasible way to tailor the energy storage
performance of ferroelectric materials. The substitution for Ba** or Ti*" with
equivalent or hetero valent ions can result in significant improvement in the
energy-storage properties!!3]. Doping of Ca?* (or Sr**) and Zr*" to replace Ba’*' and
Ti*", respectively, usually results in lower remnant polarization and energy loss, and
higher energy density and efficiency. For example, a relatively large recoverable
energy density of 1.41 J/cm?, about 40% higher than that of pure BaTiO;, and a
moderate energy efficiency of 61% were obtained in Bag70Cao30TiO3 (BCT) bulk
ceramic. Compared with pure BaTiOs;, BCT bulk ceramics exhibit lower remnant
polarization, energy loss and more slim P-E hysteresis loop!'*. When Zr*" ions are
doped into the BaTiO; lattice, they usually replace Ti*" ions because of similar ionic
radius. Since Zr*' has a fixed valence state in comparison with multi-valence state of
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Ti (Ti*" and Ti*"), the doping of Zr* can reduce the electron hopping conduction
between Ti*" and Ti**, suppressing the energy loss!!>'8l. Zhang et al. found that, by
selecting appropriate sintering temperature, excellent dielectric and energy storage
properties (dielectric constant of 2998, dielectric loss of 0.007 and energy storage
density of 0.5 J/cm?) can achieved in Zt*" doped BaTiOs (BaZro 1Tio903) ceramics!'?).
Moreover, [(BaZro2Tiog)O3]ix-[(Bao.7Cao3)TiO3]x (x=0.10, 0.15, 0.20) (BZT-BCT)
ceramics prepared by sol-gel synthesis technique show improveed energy storage
capacity. All compositions studied display slim P-E loops (Fig. 7) and energy storage

densities of 0.60, 0.25, and 0.05 J/cm® for samples with x=0.10, 0.15, and 0.20,

respectively??,
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Fig. 7. Room-temperature P-E curves of sol-gel derived [(BaZro.2Tio.s)

Os3]1x-[(Bao.7Ca0.3) TiOs3]x (x = 0.10, 0.15, and 0.20) ceramics measured at S0Hz.

As shown in the Fig. 4, in addition to the low remnant polarization and large

saturation polarization, high BDS is also the key to high energy-storage performance
11



of ferroelectric ceramics. To realize high BDS value, FE ceramics with high quality
(few porosity, fine and uniform grain size) are demanded. Surface modification of
ceramic particles is demonstrated to be a promising method to obtain ceramics with
high energy storage density. The BDS of BaTiO; (BT) ceramics was obviously
improved by coating the Al20O3 or B203-Si0: thin layer on the surface of BT ceramic
particles. Fig. 8 illustrates that, compared with unmodified BT ceramic, the BDS
values and energy storage densities of AlOs-doped BT (BT@A) and
B203-S10;-doped BT (BT@G) ceramics were greatly improved. Their energy storage
densities were as high as 2.5 and 3.2 J/cm?, respectively. The enhanced BDS values
for BT@A and BT@G ceramics were attributed to the prominent reduction in the
pore defects, and the electron blocking by AlOs3 and B203-SiO; layers,

211 'Wu et al. prepared Bag3Sro7TiOs (BST) ceramics by conventional

respectively
sintering (CS) and spark plasma sintering (SPS) methods. As can be seen in Fig. 9,
SPS samples exhibited much smaller grain sizes, less porosities and fewer defects,
which resulted in reduced dielectric loss (0.0025), enhanced BDS and improved
energy storage density®?. Moreover, the effect of sintering atmosphere (N2, air and O2)
on the energy storage performance of BST ceramics was studied by Jin et a/l**!. who
found that the grain size of the BST ceramics sintered in Oz atmosphere could be
reduced to 0.44 um because the lack of oxygen vacancies inhibited the grain growth.
As a result, a large BDS of 16.72 kV/mm, a high energy storage density of 1.081
J/em? and a moderate energy storage efficiency of 73.78% were obtained.

Similar to BaTiOs, strontium titanate (SrTiO3) possesses ABOs-type perovskite

12



structure. Cubic-structured SrTiO3 possesses no spontaneous polarization and exhibits
paraelectric phase!?l. Theoretically, paraelectric SrTiOs; ceramics show a linear
dielectric behavior. However, it was reported that SrTiOs in bulk form experimentally

251, The energy

exhibited nonlinear dielectric behavior with P-E hysteresis loops!
storage capacity of SrTiOsz bulk ceramic is closely related to the shape of the P-E
hysteresis loop and the BDS value. Yao er al. fabricated Mg-doped SrTiO;
(Sr1xMgxTiO3) ceramics by solid-state reaction method®®!, whose BDS value was
improved and the P-E loops became more slim with the addition of Mg (Fig. 10) due

to reduced grain size and increased width of grain boundary. The ceramics exhibited

interesting energy storage density of 1.86 J/cm® and high energy efficiency of 89.3%.
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Fig. 9. SEM micrographs on polished and thermal-etched surfaces of BST
ceramics prepared by (a) conventional sintering and (c) spark plasma sintering.
Fracture surface of BST ceramics prepared by (b) conventional sintering and (d)

spark plasma sintering.
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energy storage efficiency and (c) polarization for SrixMgxTiO3 ceramics. (d, e)
Hysteresis loops of SrTiOs and Sro.99Mgo.01TiO3 ceramics, respectively.
Bio.sNaosTiO3(BNT) is another kind of widely studied ferroelectric materials,
which possesses saturation polarization of ~43 uC/cm? attractive for energy
storage!?’l. However, high remnant polarization (~39 pC /cm?), and large leakage
current limit its application in energy storage!?’). To eliminate this unfavorable factor,
numerous BNT-based solid solutions have been developed. Chandrasekhar et al.
studied 0.93BNT-0.07BT (BNT-BT) and 0.93BNT-0.06BT-0.01K.5sNao.sNbO3 (KNN)
ceramics and found that introducing KNN into BNT-BT system could significantly
decrease the remnant polarization and the coercive field, leading to higher energy
storage density of ~0.598J/cm® for the BNT-BT-KNN ceramics (~0.485J/cm® for the

BNT-BT ceramics) (281,

3.2. Energy-storage in lead-free relaxor ferroelectric ceramics

Relaxor ferroelectrics (e.g., PbMgi3Nb2303, PbZnisNb2303, PbSci12Nbi20s,
(1-x)SrTiO3-x(Nao.sBio.5)TiO3, and (1-x)BaTiO3-xBi(Zno.5Ti0.5)03)) are thought to be
dipolar glasses displaying a lack of long-range ordered structure such as ferroelectric

s?°. Hence, compared with ferroelectric materials, they exhibit near-zero

domain
remnant polarization and more slim P-E loops (Fig. 4(c)), leading to high energy
efficiency. Particularly, the polarization of relaxor ferroelectrics can exhibit a good
temperature stability because of their diffuse phase transition behavior around the

dielectric maximal®®!,
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Among lead-free relaxor ferroelectric ceramics, BaTiO3(BT)-based materials
have recently received increasing attention for energy storage applications because of
their good ferroelectric and dielectric properties. Introduction of other elements into
A- or B-site of BT will result in the appearance of ferroelectric relaxor behaviort*!-3?!,
Wei et al. doped BiYOs into BT and obtained an energy storage density of 0.316
Jem® with an energy efficiency of 82.7% in 0.8BaTiO3-0.2BiYOs relaxor
ferroelectric ceramic. With increasing BiYOs; content, the classic ferroelectric
behavior in pure BaTiO; gradually transforms into highly diffusive and dispersive
relaxor characteristics. Thus, the P-E loops became more and more slim, resulting in

higher and higher energy efficiency, as shown in Fig. 11P%. By introducing

Bi(Mg23Nb13)O3 (BMN)
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Fig. 11. Room temperature P-E hysteresis loops for (1-x)BaTiOs -xBiYOs
ceramics (x=0.001, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5) measured at 10 Hz
into BT, a relaxor-like feature was obtained in BT-BMN ceramics, with increased

energy density. The maximum BDS and energy density could reach 287.7 kV/cm and

35]

1.13  J/em?®, respectively! Similarly, the solid solution of 5-20 mol%

Bi(ZnosNbi13)O3; (BZN) and BaTiOs; showed obvious relaxor character. With
16



increasing BZN content, the permittivity peaks became rather broadened and flattened
with more slim P-E loops (Fig. 12). The optimal discharge energy density of 0.79
J/em? and a high efficiency of 93.5% were achieved at 131 kV/cm for the sample with
15 mol% of BZN[*®). Dong et al. found that the introduction of Bi(Zno sTio5)O3 could

not only increase the relaxor degree of BaTiO; materials but
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Fig. 12. P-E hysteresis loops of various BT-BZN ceramics. The inset shows the
composition dependent Pr, Es, Ps-Pr and Ec.

also improve the temperature stability. When the content of Bi(Zno sTio5)O3 was 14
mol%, at 25°C, 50°C, 100°C, 150°C and 180°C, the discharge energy density were
nearly the same and could reach 0.81, 0.80, 0.78, 0.72, and 0.67 J/cm?, respectively'*”!.
Superior energy storage performance can be obtained by introducing transition metal
element into the BT based relaxor solid solution. For example,
0.9BaTiO3-0.1Bi(Mg>3Nb13)03-0.3wt.%MnCO3 ceramics showed a recoverable
energy density of about 1.70 J/cm? with an efficiency of about 90% under an electric

field of 210 kV/cm, due to increased BDS value (Fig. 13)P*%]. Recently,
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(¢) Pmax-Pr values measured at the same applied electric field of 150 kV/cm. (d)
Energy storage density and efficiency of 0.9BaTiO3-0.1Bi(Mg23Nb13)03-x wt.%

MnCOs3 (0.2<x<0.5) ceramics measured at their BDS.

energy storage properties of some other systems (e.g., BiFeOs, SrTiO3, Big.sNaosTiO3,
and Ko sNaosNbOs3) have also been studied. BiFeOs; (BF) is recognized as a good
ferroelectric material due to its large intrinsic polarization (Psa >100uC/cm?).
However, pure BF is not suitable for the energy storage application owing to its high
leakage current. In order to solve this problem, doping of various kinds of materials
into BF has been tried. For example, BF doped with BT possessed a high Pmax, but
their energy storage density was low because of the large energy loss and high P:

value®. (0.67-x)BiFe0;-0.33BaTiOs-xLa(Mg12Ti12)O3 ternary lead-free ceramics
18



exhibited an obvious dielectric relaxation behavior*”. A good energy storage density
of 1.66 J/em® at 13kV/mm and a relatively high energy efficiency of 82% were
achieved in the ceramics with x=0.06, as shown in Fig. 14. Besides, the energy
storage properties of the ceramics not only depend weakly on frequency (0.2 -100 Hz),
but also exhibited a good stability against temperature (25-180°C), as presented in Fig.
15. These properties were attributed to a rapid response of the electric field induced
reversible ergodic relaxor to long-range ferroelectric phase transition and a typical
diffuse phase transformation process near the dielectric maxima. An excellent energy
storage density of 1.56 J/cm® and a moderate energy efficiency of about 75% were
also obtained in 0.61BiFe03-0.33BaTiO3-0.06Ba(Mg1,3Nb23)O3; lead-free relaxor
ferroelectric ceramic, with good temperature stability in the temperature range of 25

to 190°CH1.
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Fig. 14. (a) P-E loops measured under different electric fields at 1 Hz for a few
representative compositions, and (b) AP= Pmax-Pr, (¢) energy storage density W
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and (d) energy storage efficiency n of (0.67-x)BF-0.33BT-xLMT ceramics

varying with the magnitude of the applied electric field.
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Fig. 15. (a) P-E loops of the x=0.06 ceramic sample measured at room
temperature in the frequency range of 0.2-100 Hz, and (b) the calculated W and
5 values as a function of frequency; (c) P-E loops of the x=0.06 ceramic sample
measured at room temperature at 1 Hz in the temperature range of 25-180 C,
and (d) the calculated W and 5 values as a function of temperature.

It has been confirmed that cubic SrTiO3 (ST) can form solid solution with lots of
ferroelectrics (such as BaTiOs, BigsNaosTiOs, KosNagsNbO3) and show relaxor
characters!*>*4. For instance, (1-x)SrTiOs-x(NaosBios)TiOs ceramics showed broad
relaxor behavior due to increased degree of lattice disorder and thus exhibited a high
energy conversion efficiency. Particularly, the discharge energy density was improved
obviously because of the enhancement of P [*°!, as presented in Table 2. For ternary
system, when x=0.3, (1-x)SrTiO3-x(0.65BaTiO3 -0.35Bio.5Nao sTiO3) relaxor ceramics
possess not only an energy storage efficiency of more than 90%, but also a high

energy storage density of 1.40 J/cm? because of the large Psa [0,
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Table 2. Ev, Pm, Ja, Jc and 5 of (1-x)ST-xNBT ceramics at room temperature.

Compaosition x=01 »=02 ¥x=03 x=04 x=05 ¥=08

Ep (kV/mm) 25956 2385 2100 2098 17.97 13.80
P (uCjem?)  13.78 1864 2385 2537 3421 3078
Ja (fem®) 1.24 1.58 1.65 1.70 1.35 1.18
I (Jjem?®) 1,87 2.25 2.43 254 3.51 2.33
5 (%) 65.31 7022 6790 6993 3846 5054

For Ko.5NaosNbOs system, it has been found that the addition of the secondary
compound can tune the grain size of KNN-based ceramics to submicrometer and
improve the relaxor character. For instance, the grain size was decreased from 4-8 um
for pure KNN ceramics to 0.5 pm for 0.8KNN-0.2Sr(Sco.sNbo.5)O3 and the P-E loop

was more slim*’],

Due to the dense microstructure, submicron grain size and
decreased Pr, 0.8KNN- 0.2Sr(Sco.sNbo.5)O3 ceramics displayed large energy storage
density (2.48 J/cm?® under an electric field of 295 kV/cm). Yang et al. successfully
fabricated 0.85KNN-0.15SrTiO3 relaxor ferroelectric ceramics with submicrometer
grains (about 0.3 pum) using pressureless solid state sintering and obtained a BDS of
400 kV/cm with a large energy storage density of 4.03 J/cm® (Fig. 16)*¥]. The grain
size of the KNN ceramics can also be significantly decreased by forming solid
solution with Bi(Mg23Nb13)O3, resulting in the increase of Psi and BDS, and the
decrease of Py, as shown in Figs. 17 and 18], Finally, Large Ps (41 uC/cm?) and high

BDS (300 kV/cm) were obtained in 0.90KNN-0.10BMN ceramics, leading to a large

energy storage density of 4.08 J/cm?.
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Fig. 16. Schematic diagram showing the increase of BDS and W;ec by decreasing

the grain size to the submicron scale.
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Fig. 18. P-E loops of (1-x)KNN-xBMN ceramics at selected applied electric fields.

Energy storage properties of Big.sNaosTiO3 based lead-free relaxor ferroelectric
ceramics have also been paid much attention. Li et al. synthesized CaZrOs;

(CZ)-doped 0.94BNT-0.06BaTiO3 (BNBT6) ferroelectric ceramics using conventional
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solid state reaction®®! and obtained the maximum energy storage density of 0.7 J/cm?
under 70 kV/cm in 0.97BNBT6-0.03CZ, with stable energy storage property in the
temperature range of 30-130°C. The introduction of CZ decreased the porosity of
BNBTG6 ceramics, and enhanced the relaxor character. Similarly, adding KNN into
(1-y)BNT-yBKT ceramic disrupted the long range ferroelectric order, resulting in
more slim P-E loops and enhanced energy storage properties. A maximum energy
storage density of 1.20 J/cm® at 100 kV/cm was achieved in 0.16KNN-doped
BipsNaosTiO3;  ceramics, which  exhibited fatigue-free = behavior  and
temperature-independent characteristic due to the stable relaxor pseudocubic
(antiferroelectric-like) phase over a wide temperature rangel>!!. Particularly, a higher
energy storage density of 1.4 J/em? was achieved in
0.85(0.94BNT-0.06BT)-0.15Na¢.73Bi0.0o0NbO3 ceramic, which was mainly attributed to
the large saturation polarization P (30 pC/cm?) and reduced remnant polarization Py

(5 pC/em?)B32,

3.3. Energy-storage in lead-free antiferroelectric ceramics

Unlike ferroelectrics which possess spontaneous polarization, the net
polarization of antiferroelectrics is zero because of anti-parallel dipoles. Under a high
enough applied electric field (AFE-FE phase switching field, Er), the anti-parallel
dipoles in AFE phase are aligned to form FE phase and macroscopic polarization can

[53

be induced, as shown in Fig. 19(a)**]. When the external electric field decreases to

the FE-AFE phase switching electric field (Ea), the FE phase will come back to AFE
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phase again, as presented in Fig. 19(b). Therefore, antiferroelectrics show unique
double P-E loops, as displayed in Fig. 20, which is expected to obtain high Jiec and #.
It can be also seen from the figure that, in antiferroelectrics, the total energy density
(JiosstJrec), Jrec and 7 are closely related to Er, Eaand AE (Er-Ea), respectively. The
values of Er and Ea can be obtained from the /-E curve, as shown in Fig. 21. When
the applied electric field is positive, the positive current peak corresponds to FEF,
whereas the negative current peak correlates to Ea**. Compared with ferroelectrics
and relaxor ferroelectrics, except for higher Jwc and #, antiferroelectrics display faster

discharging rate (ns) because of the sudden loss of FE phase at the switching electric

field EAlP>561,
(b)
c/ g:-ﬂs o C/l / :}?‘.’) Q\
IN — A
1 P FE-AFE |/} ﬁ
AFE phase FE phase AFE phase

Fig. 19. (a) The reorientation of the electric dipoles in AFE under an external
switching electric field Er and (b) the reorientation of the electric dipoles after

removing the external electric field.

Polarization

Electric field

Fig. 20. Typical double P-E hysteresis loop of antiferroelectric materials.
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Fig. 21. Determination of the critical fields Er and Ea in antiferroelectric

materials from the current-electric field curve.

In the past few years, PbZrOs-based antiferroelectrics have attracted much

7000 In view of the toxicity of lead, the

attention due to their high Jc and high #!
current research interest is gradually shifting to lead-free AFE materials, such as
(Bio.sNao.5)TiO3 and AgNbO3 systems.

Ding et al. found that 0.89Bio.sNaosTi03-0.06BaTiO3- 0.05Ko.5NaosNbO;3
ceramics fabricated by two-step sintering showed more antiferroelectric-like
behaviors than those prepared by single-step sintering (Fig. 22).1!l. The energy
storage density of ceramics by two-step sintering is 0.9 J/cm?®, three times larger than
that by single-step sintering. Later, the two-step sintering method was used to
fabricate ST-doped BNT binary AFE ceramics, which showed low P: (3.21 pC/cm?),
large Psat (31.05 pC/cm?), and high energy storage density (0.95 J/cm®). With

increasing ST content, the ceramics transformed from rhombohedral FE phase into the

tetragonal AFE phase, as shown in Fig. 23!6?], Similarly, low P; of 1.9uC/cm?, and
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Fig. 22. The P-E loops of 0.89Bio.sNaosTiO03-0.06BaTiO3-0.05Ko.5NaosNbO3

ceramics by single-step (S1) and two-step (S2) sintering method
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Fig. 23. The P-E hysteresis loops of BNT-xST ceramics
large Jrec of 0.97]/cm® was achieved in 25 mol% ST-doped 0.80BNT-0.20BKT ternary
lead-free AFE ceramics using the two-step sintering method'®*!. The introduction of
ST with appropriate amount significantly decreased the P, resulting in the increase of

the Jree, as shown in Fig. 24.Enhanced energy storage density of 1.15 J/cm® and

efficiency of 73.2%
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Fig. 24. P-E hysteresis loops for BNT-BKT-100xST ceramics with x = 0.15, 0.20,
0.25, 0.30 at room temperature.

were also obtained under 105kV/cm in
(1-x)(0.75Bi0.5Nag 5Ti03-0.25Bi0.5K0.5Ti03)-xBiAlO3 ternary lead-free AFE ceramics
prepared by the two-step sintering method at x=0.06!%!. Recently, Ba, La, Zr co-doped
BNT-based lead-free AFE ceramics prepare by conventional sintering technique
showed high Py and high recoverable energy storage density of 37.5 uC/cm? and
1.58 J/cm?®, respectively, due to its AFE-like double P-E loops with near-zero P; (Fig.

25)641,
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Fig. 25. P-E hysteresis loops of [(Bii2Nai12)0.94Bac.os]Lag-xZrTiO3 ceramics with

x=0.02.

27



In past few years, although great progress has been made in the energy storage
properties of BNT-based lead-free AFE ceramics, their energy density was still not
satisfactory due to the unstable AFE phase. Recently, AgNbO;3; based lead-free
ceramics have become a good AFE candidate, showing both high P; and Jwec. Wei et al.
successfully fabricated dense AgNbO3 ceramics (relative density ~ 97%) using solid
state sintering under flowing oxygen, which showed a recoverable energy density as
high as high 2.1J/cm®%!. However, in their work, because of the weak AFE phase
stability of pure AgNbO3 under a low switching electric field at room temperature, the
double P-E loop character of AgNbO3 was not well developed, leading to a low Jrec.
In order to obtain higher Jic, a more stable AFE phase with a larger Ea is preferred.
Phase stability of a perovskite structure (ABO3) can be evaluated in terms of tolerance
factor ¢, which is defined ast’!

_ (R +Ry) (10)

2R 1 Ry

where Ra, Rgand Ro are the ionic radii of A-site cation, B-site cation and oxygen
anion, respectively. Generally, FE phase is stabilized when ¢ > 1, while AFE phase is
stabilized when ¢ < 1. Stable AgNbO3 ceramics can be achieved by replacing the
A-site cation Ag” with smaller Mn*" ion to decrease the tolerance factor . As a result,
Jree, and n were improved from 1.6 J/em? to 2.3 J/em® and from 37% to 57%,
respectively, with the doping of 0.1 wt% MnO, (Fig. 26)1. Besides, a good
temperature stability of J... was obtained in a wide temperature range of 20-180°C.

Tian et al.
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Fig. 26. (a) Hysteresis loops, (b) Er, Ea, and Er-Ea, and (c) Wreec and 5 of
Mn-doped AgNbQO3 ceramic samples at 150 kV/cm. Inset of (a) shows Pr and
Prax.

doped Bi** ion, which has a smaller ionic radius (1.17A) than Ag" (1.28A), into
AgNOs AFE ceramics to reduce the tolerance factor #67-%8] and achieve a more stable
AFE phase, as presented in Fig. 27. As a result, a high recoverable energy density of

2.6 J/cm® and a high energy efficiency of 86% were achieved in Ago 91Bio.0sNbO:3.
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Fig. 27. D-E hysteresis loops of Agi-3:BixNbQO3 ceramics measured at 10 Hz.

Interestingly, Li et al. that the stability of AgNbO; ceramics can be improved (Fig.
28(a)) even by replacing Nb>" with Ta®", both having the same ionic radius of 0.64A[®%
691 The smaller polarizability of Ta’" (2.82A%) than that of Nb°* (3.10A%) is thought to
make the B-site cations less sensitive to the applied electric field, thus leading to high
Er and EAY. Besides, as seen from the Fig. 28(a), with the increase of Ta content, the
P-E loop became more and more slim, indicating the enhancement of . As shown in
Fig. 28(b), the maximum recoverable energy storage density of 4.2 J/cm® was
obtained in Ag(NbossTao.15)O3 ceramic, which is so far the largest value reported in

lead-free ceramics.
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Fig. 28. (a) Hysteresis loops of AgNbO3 and Ag(Nbo.ssTao.15)O3 ceramics. (b)
Energy storage performance of Ag(Nb;.Ta,)O3 ceramics prior to their

breakdown.

3.4. Energy storage in lead-free glass ceramics

As shown in Eq. (7), high BDS is very important for obtaining large Jec.
However, because of the existence of many defects, the BDS of the ceramic is usually

not too high, which limits the application range of ceramic based capacitors. For
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example, pure Bao 4Sro6TiO3 (BST) was not applicable for energy-storage application
due to its small energy density of about 0.1 J/cm? resulting from the low BDS/!. The
value of the BDS is known to be influenced by factors such as grain sizel>’],
porosity®®], secondary phasel>®)) interfacial polarization/®®), and charge transport!’].
Embedding glass into ceramic matrix can improve the density, reduce the grain size of
the ceramics, and decreased the electric field across the grain boundaries, favorable
for improving the BDS value. Zhang et al. found that by introducing 20 vol%
Ba0-Si02-B,0; glass into the Bag 4Sro TiO3 ceramic, the BDS could reach as high as
23.9 kV/mm, which was 1.9 times larger than that of pure Bao.4Sro6TiO3 ceramic
(12.1 kV/mm), due to decreased porosity and reduced grain size and pore size, thus
resulting in enhanced energy density. The introduction of Bi203-B203-ZnO glass
could also significantly reduce the grain size and improve the density of the
Bay.4Sr0.6Ti03 ceramic, as displayed in Fig. 29, leading to increased BDS. The highest

energy storage density of 0.62 J/cm® was obtained in ceramics with 5 wt% glass

additive!”. Zhang et al. investigated the influence of

Fig. 29. SEM micrographs of BST ceramics with different glass additives (a) x=0;

(b) x=1; (c) x=3; (d) x=5; (e) x=7; (f) x=9.
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BaO-SrO-TiO;-AL203-Si02-BaF> glass on the grain size and the BDS of BaTiO;
ceramics in detail and derived a quantitative relation between grain size and BDS, as
shown in Fig. 30172, Particularly, they found besides the grain size, in the glass-added
BaTiO; ceramics, the BDS was also related to the charge transport across the grain
boundary space-charge depletion layer, and was inversely proportional to the average
field strength (Egp) in the grain boundary space-charge layer. The Egs could be

written as:

Eqy = E<%> (11)

GB

where dp and dgs denoted the grain size, and the width of the grain boundary space
charge layer. With increasing glass content, the grain size is reduced and,
consequently, the average applied field in the grain boundary space-charge layer is
decreased, and so does the BDS value. Hence, the discharged density is enhanced.
These results were also confirmed in B203-Al,03-SiO> doped Bag.g5sCao.15Zr0.1Tio.003

ceramics!’¥. Chen ef al. studied the
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Fig. 30. Dielectric breakdown strength versus (grain size) ' for the glass-added

BaTiO3 ceramics.
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effect of SrO-B»03-Si0, (SBS) glass on the BDS of BST ceramics and found that the
BDS increases with increasing glass addition and shows an approximate (&, )'?
dependence, as shown in Fig. 31. A discharge energy density of 0.44 J/cm® and an
energy efficiency of 67.4%, which were 4 and 3 times more than those of pure BST
ceramics, respectively, were obtained in BST ceramic with 2.0 wt% SBS glass
addition. A reverse boundary layer capacitor (RBLC) model was recently proposed by

Wei et al. in the study of glass-doped ceramics, where the glass phase acted
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Fig. 31. Breakdown strength as a function of dielectric constant for Bao.4Sro.¢TiO3
ceramics with different glass additions (The dielectric constant for samples was
measured at 1 kHz).

as grain boundaries having an electrical conductivity one or two orders of magnitude
higher than that of the ceramic grains. Larger electric field was then dropped on the

75-76

grains, leading to high BDS>7%!. In this mode, the electric field values at grain and

grain boundary can be calculated by a simple serial model of resistor layers:

(d,+d,)

e "% o o avg (12)
Opd, +0,d,
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_ (dg +dgb)
&b 4 avg
Opd, +0,d,

(13)

where Ey, Eg and Eayg are the electric field strength corresponding to grain, grain

boundary and average value, respective. 5, and s, are the electric conductivities

corresponding to grain and grain boundary, respectively. 4, and d, are the

thickness values corresponding to grain and grain boundary, respectively. When a
high electric field is applied on the ceramic, breakdown may easily occur at the

vicinity of pores, electrode edge, and other structural defects.

3.5. Energy storage in lead-free films

As discussed above, the energy storage capacity of lead-free bulk materials is
very limited due to their low BDS induced by the many internal defects. Although
some advanced sintering techniques, such as spark plasma sintering, liquid phase
sintering (glass doping) and discharge plasma sintering, are able to refine the
microstructure and reduce the grain size of bulk ceramics, resulting in the
improvement of the BDS to some extent, energy storage density of bulk materials is
still too low for the practical applications. Compared with bulk materials, thin and
thick films have fewer defects and thus possess higher BDS, in favor ofhigh energy
density.

Fei et al. studied energy storage properties of Mn-doped 0.7(NaosBio5)TiO3
-0.3SrTiO3 (0.7NBT-0.3ST) relaxor thin films grown on Pt/Ti/SiO2/Si substrates via a
sol-gel method””! and found that the BDS value and the Pmax-P: values of the

0.7NBT-0.3ST thin film were both improved obviously due to Mn doping with
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appropriate content. Doped Mn acts as trap site with a deep trap level, leading to
improved BDS. Defect dipoles provide intrinsic restoring forces, resulting in the
deduction of P, in Mn-doped films. The compressive stress introduced by Mn**
doping made the Gibbs free energy flat and reduced the ferroelectric domain reversal
barrier, thereby increasing the Pmax. High BDS of 1894 kV/cm and the huge Pmax-P:
value of 56 pC/cm? result in a giant recoverable energy storage density of 27 J/cm?® in
I mol. % Mn-doped 0.7NBT-0.3ST thin film. Won et al. prepared BiFeOs-doped
(Ko.sNao.5)(Mno.00sNbo.995)O3 (KNMN) thin films by chemical solution deposition and
found that 6 mol% BF-doped KNMN thin films exhibited more slim P-E hysteresis
loops, higher Pmax and smaller P, as shown in Fig. 32. The film can withstand an
electric field up to 2 MV/cm and exhibit a recoverable energy density of 28 J/cm?®,
with an energy efficiency of 90.3%. In addition, the film capacitors showed a fast
discharge time (Fig. 33) and a good temperature stability (Fig. 34)!"!l. Jia et al.
prepared high-quality epitaxial BaZr,Tio8O3 thin films on Nb-doped SrTiOs (001)

substrates by using radio-frequency magnetron sputtering ,
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Fig. 32. P-E hysteresis loops of (a) pure KNMN thin films and (b) 6 mol %

BF-doped KNMN thin films. The measurement frequency is 1 kHz.
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Fig. 33. Effective recoverable energy storage density as a function of discharging
time of 6 mol. % BF-doped KNMN thin film capacitors connected to 1 kQ load
resistor (Rvr) at the applied electric field of 2 MV/cm. The experimental discharge

time too means the time to reach 90% of the saturated Jesr value.!?!
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which showed a large room-temperature energy storage density of 30.4 J/cm® and a
high energy efficiency of 81.7% under an electric field of 3 MV/cm (Fig. 35)7.

Moreover, the BZT film capacitors also exhibited good thermal stability and fatigue
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endurance (up to 10° cycles) in a wide temperature range from room temperature to

125 °C. Recently, an ultrahigh
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Fig. 35. Energy density and efficiency for BZT thin film depending on electric
field

energy density of ~51 J/cm?® and an efficiency of 64% were obtained in 0.5 mol%
Mn-doped 0.4BiFe03-0.6SrTiO3 relaxor ferroelectric thin film deposited by PLD, at
the breakdown strength of 3.6 MV/cm!®". Simultaneously, the film also exhibited
excellent fatigue endurance of 2x107 cycles and good thermal stability in a wide
temperature range of -40-140°C. These excellent properties were ascribed to the good
epitaxial quality, low leakage current and strong relaxor behavior of the film. So far,
the largest energy storage density (154 J/cm?) reported was found in pulsed laser
deposited (Bii2Nai2)0.9118La0.020Bao.oss2(Ti0.97Z10.03)O3 epitaxial lead-free relaxor thin
films at the electric field of 3500 kV/cm, as displayed in Fig. 36[®!). High epitaxial
quality, great relaxor dispersion, and the coexistence of FE/AFE phase near the MPB

were responsible for the super high energy storage properties of the thin film.
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Fig. 36. P-E loops of (100)-and (111)-oriented BNLBTZ thin films at 3500 kV
cm!(close to the breakdown electric field of the thin film) and 10 kHz. The inset
(a) is the leakage current at 3500 kV cm™!, and the inset (b) is the optical image

of a broken electrode.

Although lead free thin films possess larger energy storage density, their overall
stored energy is restricted by their small thickness. Comparatively, thick films (>1pum)
could provide sufficient total energy to meet the demands of high energy capacitorst®?].
Zhang et al. prepared 0-10 wt% BaO-B203-SiO; glass doped (NaosBio.5)TiOs3
lead-free thick films on alumina substrates via a screen printing method.
Unfortunately, the maximum recoverable energy storage density and efficiency were
only 2.0 J/cm® and 44.1 %, respectively, which are even smaller than some of the
ceramics. Recently, by using polyvinylpyrrolidone (PVP)-modified sol-gel technique,
Hao et al. successfully fabricated dense and void-free lead-free ferroelectric
Nay sBiosTiO; thick films on LaNiOs/Si (100) substrates!®3]. A recoverable energy
storage density of 12.4 J/cm?® and an efficiency of 43% were achieved at 1200 kV/cm.
However, compared with thin film, the leakage current density of the NBT thick film

was too large and the resulted BDS was too smaller. For NBT film, the leakage
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current density strongly depends on oxygen vacancies ¥, . In order to improve the
BDS, the same group prepared Mn-doped NaosBiosTiOs ferroelectric thick films,
where the Ti*" ions were substituted by acceptor Mn?* ions and the defects of
(Mn;; )" were formed meanwhile, which could restrict the movement of ¥, and
thus decreased the leakage current. When the Mn content was 1 mol%, the thick film
exhibited the highest BDS value and the largest value of Pmax-Pr because of the
smallest leakage current density (Fig. 37). As a result, superior energy storage density
of 30.2 J/cm?® and energy efficiency of 47.7% at 2310 kV/cm were achieved!®*.
Besides pure BNT, energy storage properties of BNT-based solid solution thick
films have also been studied. An et al. fabricated (1-x%)NBT- x%SrTiOs (x=0, 0.05,
0.10, and 0.15) thick films on LaNiO3/Si(100) substrates using a PVP modified
chemical solution route. They found that with the introduction of ST, the BDS and
Prax-Pr increased. Among all the thick films, the sample with x=0.05 showed the
highest recoverable energy density of 36.1 J/cm®. Besides, the energy storage was
stable in the temperature range from room temperature to 80°C and a low leakage

current density of 1.93x107 was achieved!®3,

75

— 0%
—_— 1%

3%
— 5%

Pmax-Pr (pCl/em
I‘t

001 2 3 4 5
X

275 :
-2400 -1600 -800 0 800 1600 2400

E (kV/cm)

39



Fig. 37. P-E loops of NBTMnx thick films measured at their BDSs and at room

temperature. The inset shows the corresponding Pmax-Pr values.

3.6. Energy-storage in lead-free polymer-based nanocomposites

Ferroelectric polymers, such as PVDF, P(VDF-TrFE), and P(VDF-HFP), which
possesses high BDS, low dielectric loss, and good machinability, are superior
candidates for dielectric capacitors. However, due to small Psa, energy storage
densities of these polymers are low and even smaller than some of the ceramics!®®!.
For instance, the current best commercial biaxial oriented polypropylenes (BOPP)
possess rather low energy density (3 J/cm? at the electric field of 5000 kV/cm), which
seriously limits their applications!®!. In order to solve these problems,
ceramic-polymer based nanocomposites are proposed as they combine high P, of the
ceramic fillers with large BDS value of the polymer matrix.

Due to poor interfacial compatibility between inorganic filler and organic matrix,
the energy storage capacity of the nanocomposites filled with untreated fillers is
limited. To mitigate the poor interfacial compatibility, and the agglomeration and
inhomogeneity of the fillers in polymer matrix, surface modification of the ceramic
fillers is indispensable. For instance, surface modified BaTiOs particles displayed
better dispersion within the polymer matrix, resulting in enhanced BDS value and
reduced dielectric loss®”). Gao et al. proposed a novel way to improve the interface of
BT/PVDF nanocomposites'®®!, that is, the surface of BT was hydroxylated by H,02,

followed by modifying with a titanate coupling agent DN-101. Compared with
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PVDF/DN-101-BaTiO3(D-BT)  nanocomposites, =~ PVDF/H>0,-DN-101-BaTiOs
(D-h-BT) nanocomposites showed larger saturated polarization and BDS. The charge
energy density increased from 6.5 to 9.01 J/cm?, and the discharge energy density

improved from 3.01 to 4.31 J/cm®, as shown in Fig. 38. Besides, core-shell structure
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Fig. 38. (a) Polarization and (b) energy density of PVDF film, D-BT/PVDF, and
D-h-BT/PVDF nanocomposite films.

has been demonstrated to be beneficial to the improvement in the dispersion of
nanoparticles in polymer matrix. Su et al. successfully prepared BaTiOz@sheet-like
TiO> core-shell nanoparticles (NPs) and made them well-dispersed into PVDF®), The
PVDF films with 2.5 vol% BT@TiO> NPs exhibited higher electric displacement (6.0
nC/cm?) than that of PVDF films with 2.5 vol % BT NPs (5.1 pC/cm?) under the same
electric field of 350 kV/mm, which was resulted from the interfacial polarization

induced by the large surface area of TiO2 nanosheets assembled on BT NPs in the
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nanocomposites (Fig. 39). At the same time, as the buffer layer between the BT NPs
and polymer matrix, TiO2 smoothed the inhomogeneous electric field in the
nanocomposites, resulting in the enhancement of BDS (490 kV/mm with 2.5 vol %
BT@TiO2 NPs) compared with that of the pristine PVDF. Finally, a high energy
density of 17.6 J/cm® was obtained in the nanocomposites with 2.5 vol % BT@TiO:

NPs due to enhanced electric displacement and BDS value. Jiang et al. developed a
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Fig. 39. (a) Unipolar electric displacement-electric field loops of composites films
of BT and BT@TiO:2 NPs with different volume fraction of 2.5%. (b) Variation of
maximum electric displacement and characteristic breakdown strength with
different volume fraction of nanofillers for PVDF nanocomposites embedded

with BT and BT@TiO:2 NPs.

core@double-shell structure to prepare barium titanate (BT)-based polymer

901 As displayed in Fig. 40, the core

nanocomposites with high energy storage density
is BT nanoparticles possessing high dielectric constant while the first shell is
hyperbranched aromatic polyamide (HBP) and the second shell is poly(methyl
methacrylate) (PMMA) grafted from the terminal groups of HBP via atom transfer

radical polymerization. The electric displacement and energy density increased
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significantly with increasing loading of BT nanoparticles, as seen in Fig. 41.

HBP  PMMA

Fig. 40. The double-shell structure of BT@HBP@PMMA nanocomposites.
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Fig. 41. (a) Electric displacement-electric field (D-E) loops of the PMMA and
BT@HBP@PMMA nanocomposites. (b) Energy density of the PMMA and
BT@HBP@PMMA nanocomposites under different electric field. The BT
contents in BT@HBP@PMMA-1, BT@HBP@PMMA-2, BT@HBP@PMMA-3,
and BT@ HBP@PMMA-4 represents are 25.5, 41.4, 51.7, and 56.7 vol %,

respectively.

Compared with spherical nanoparticles, nanofibers, nanowires, nanotubes, and
nanorods etc. with large aspect-ratio can increase the polarization of nanocomposites

at much lower concentrations because their large dipole moments, and their smaller
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specific surface can help to reduce the surface energy and thus prevent the nanofillers
from agglomerating in the polymer matrix. For example, a small content of
dopamine-modified = BaosSro4TiOs  nanofibers (BST  NFs)-filled PVDF
nanocomposites displayed more than doubled energy density as compared with pure
PVDF matrix due to the combined effect of surface modification by dopamine and

large aspect ratio of the BST nanofibers (Fig. 42)°!). Zhai et al. prepared a small
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Fig. 42. (a) Variations of the breakdown strength and energy density of the
BST/PVDF composite films with the volume fraction of dopamine-modified BST
nanofibers, and (b) room temperature P-E loops of PVDF-based composites

filled with different volume fractions of dopamine-modified BST nanofibers.

loading of 3-aminopropyltriethoxysilane (APS)-modified Bag.sSro4TiO3 nanofiber-
filled PVDF nanocomposites. The maximum energy density of ~6.8 J/cm?® at 3800
kV/cm, which was about 143% higher than that of the PVDF (~ 2.8 J/cm® at 4000
kV/cm), was obtained in the nanocomposite with 2.5 vol% APS-modified BST NFs.
The superior energy storage properties were ascribed to the combined effects of
surface modification by the APS, and large aspect ratio of BST NFsl?. Similarly, the
PVDF-based composites containing 2.5 vol% PVP modified SrTiO3 NFs exhibited an

energy storage density of 6.8 J/cm® at 3800 kV/cm!®3. Moreover, the efficiency of the
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composites is higher than 85% at electric fields below 1000 kV/cm and is still higher

than 60% at an electric field of 3800 kV/cm, as shown in Fig. 43. The BDS value of

PVP modified ST NF/PVDF was found to be higher than that of untreated ST

NF/PVDF (Fig. 44) and slightly lower than that of pure PVDF which demonstrated

that PVP-modified ST NFs dispersed well in the PVDF matrix (Fig. 45).
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Fig. 45. The surface SEM images of nanocomposites filled with (a) 2.5 vol%, (b) 5
vol%, and (c) 7.5 vol% of modified ST NFs. (d) Cross-section SEM of

nanocomposites filled with 5 vol% of modified ST NFs.

A high discharge energy density of 14.86 J/cm® at 450 MV/m was achieved in
PVDF-based nanocomposites with BST nanowire fillers!®*!. The high BDS value and
enhanced Ps, induced by the incorporation of BST nanowires contributed to the large
energy density. An energy density of 7.03 J/cm® was obtained in PVDF based
nanocomposites with a small amount of dopamine coated BaTiO3 nanotube fillers at a
relatively low field of 330 MV/m by Zhai et al®!. Recently, they also fabricated a
novel inorganic/polymer nanocomposite, using 1-dimensional TiO2 nanorod arrays as
fillers and PVDF as matrix and studied the effect of the height ratio of TiO; on the
energy storage properties of nanocomposites®®. This new structure exhibited a large

enhancement in the electric polarization, leading to a significant improvement on the
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energy density and efficiency. The maximum discharge energy density of 10.62 J/cm?
and an efficiency of about 70% at the applied electric field of 340 MV/m were
achieved in the nanocomposites with TiO2 nanorod array fillers of 18% height ratio.
Nowadays, it has already been confirmed that the interfacial polarization is the
main polarization mechanism in polymer nanocomposites®’?®). However, as the
ceramic nanofiller content increases, considerable agglomerations and many defects
such as voids are introduced into the nanocomposites, leading to a sharp decrease in
the breakdown strength. Therefore, in nanocomposites, it is hard to obtain high Pgat
and large BDS simultaneously. To solve this problem, Nan et al. used core-shell
structured BaTiO3;@TiO> nanofibers as fillers in PVDF matrix and found that the
electric displacement was increased significantly due to the additional polarization
induced in the interfacial zone by the charge shifting between the BTO core and the
TO:> shell. High BDS was maintained because the charge shifting was limited to the
interfacial zone and a charge percolation path cannot be formed in the matrix, as
shown in Fig. 46[°°!. As a result, both high polarization and large BDS were obtained.
A large discharge energy density of about 20 J/cm® was achieved at the electric field
of 646 kV/mm, which was higher than the BDS of pure PVDF (599 kV/mm), in the
nanocomposite filled with only 3 vol% of BaTiO3;@TiO2-NFs. Even at this ultrahigh
electric field, the nanocomposite still exhibited an energy storage efficiency of =~
75%. Similar experiment results were also confirmed by Hu et a/l'%!. Furthermore, by
using P(VDF-HFP) as polymer matrix, Nan et al. obtained a giant discharge energy
density of about 31.2 J/cm? at 797.7 kV/mm and a high efficiency of =78% in 3 vol%
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of BTO@TO-nfs filled nanocomposites (Fig. 47), which were resulted from the
substantially enhanced interfacial polarization at the hierarchical interfaces inside the
BTO@TO-nfs and the improved BDS valuel!®!l. Apart from the TiO, shell, A,O;

shell has also been studied.

10

—=—PVDFBTOGTO _nfs cl
PVDF/TO _nfs -
A - PVDF/BTO nps '

qL

[=-]

(kV/mm) Electric Displacement(puC/cm?)
(=]

500

.
[l
o

Breakdown Strength

.
(=3
o

0o 1 2 3 4 5 6 1
Volume Fraction(%)
Fig. 46. Variation of (a) maximum electric displacement and (b) breakdown

strength with volume fraction of nanofillers (BTO@TO-nfs, TO-nfs and

BTO-nps) in PVDF nanocomposites.

1.0
@ ¥ (b)
30t
= | © Tvel% / 0.8}
E 25l Svol.% B
o | P
= a—3vol.% -
Z 20 +—1vol.% / / 208
v k @
S 15| * PIVDF-HFP) 77w~ 2, +—7vol.%
o i - o 04 5 vol.%
g’ +—3 vol %
£ 0.2 - 1vol.%
= P(VDF-HFP)

L 1 1 1 'l L I 1 I 0.0 ke A A s L
100 200 300 400 500 600 700 800 900 100 200 300 400 500 800 700 800 900
Electric Field(kV/mm) Electric Field(kV/mm)

Fig. 47. a) discharge energy density and b) charge-discharge efficiency with
electric field for the P(VDF-HFP)/BTO@TO-nfs nanocomposites with different

volume fractions of BTO@TO-nfs.

48



In PVDF-based nanocomposites filled with core-shell structured BaTiO3@ALO;
nanofibers (BT@AIO3 nfs), the moderate interfacial area between the insulating
AL O3 shell and BT nfs was found to increase the BDS value and hence the discharge
energy density. Besides, the energy loss was reduced because the insulating Al,O3
shell blocks the movement of charge carriers. Finally, a high discharge energy density
of 12.18 J/cm?® at 400 MV/m was obtained in the nanocomposite films added with 5
vol% BT@ALO; nfs!!%?],

Recently, sandwich-structured nanocomposites embedded with a high-BDS layer
have been shown to achieve concurrent enhancement in electric displacement and
BDSH®-105] For example, a sandwich-structured nanocomposite composed of a pure
P(VDF-HFP) central layer and two BaTiOs;-P(VDF-HFP) neighboring layers was
developed by Luo et al., as shown in Fig. 48[!%] Compared with the single layer
composite, the BDS value and the effective electric displacement (Pmax-Pr) of the
composites with sandwich structure were both improved, as shown in Fig. 49. Hence,
the discharge energy density was increased from 2.32 to 5.22 J/cm?®. Similarly, Wang
etal.

(a) P(VDF-HFP) Hydantom@BT  (b)
®oq

oo

—

Composite  pyre P(VDF-HFP)

Fig. 48. Diagram for (a) preparing P(VDF-HFP) solution and P(VDF-HFP)
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suspension with dispersed hydantoin@BT nanoparticles, (b) preparing the
sandwich-structured composite, (c) the process of hot-pressing, (d) sputtering

electrode for electrical properties testing. V represents a testing equipment.
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Fig. 49. (a) Effective electric displacement and (b) breakdown strength of the

composites as a function of the volume fraction of the central layers.

fabricated sandwich-structured ceramic/polymer nanocomposites with one PVDF
middle layer and two barium titanate (BT)/PVDF nanocomposite outer layers!'*"l, It
was found that the content of the BT fillers could change the electric field distribution
and thus influence the BDS, energy density and efficiency. At an optimized BT
volume fraction of 3 vol%, a discharge energy density of 16.2 J/cm® and an efficiency
of 70% at the electric field of 410 MV/m were obtained, which were higher than those

of pure PVDF. NaNbO3 nanoplatelets were used in a sandwiched composite with two
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outer layers of two-dimensional NaNbO; platelets dispersed in PVDF matrix to
provide high electric displacement and one middle layer of pristine PVDF to offer
high BDS!'®!, By tailoring the content of the NaNbOjs platelets, the BDS value and
energy density of the tri-layered composites were improved significantly. The highest
discharge energy density of 13.5 J/cm?® at 400 MV/m was obtained in the trilayer film
with 5 vol% NaNbOs.

In above work, the function of middle layer (high-BDS layer) is to block leakage
current and improve the BDS value so that the outer layers can be polarized at a
higher electric field, enhancing the electric displacement. However, the acquisition of
high energy density requires large electric field, which reduce the reliability and limits
the application of dielectric capacitors. In order obtain high energy density at a low
electric field, Shen et al. designed an opposite structure, where a high-¢; layer was
introduced in the central, sandwiched between two high-BDS outer layers, as shown
in Fig. 501'%!. By confining the BTO@TO-nfs with high-&: layer as the central layer,
the electric-field inside the composite will be redistributed with the outer polymer
layers (with lower &) polarized at a much higher electric field and the middle layer
experienced a lower field, leading to less chance of dielectric breakdown. Hence, the
overall BDS of the multilayer nanocomposites will be enhanced. Fig. 51 showed the
P-E loops of nanocomposites with different structures. Under the same electric field,
TSM-02 nanocomposites exhibited the largest Pmax with an ultrahigh discharge energy
density of 12.5 J/cm® at a low electric field of 350 kV/mm. At the same time, the
TSM-02 nanocomposites delivered high efficiencies of about 80% at 100 kV/mm and
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about 60% at 345 kV/mm. Very recently, the same group also investigated the
breakdown behavior of polymer nanocomposites under electrostatic stimuli by a
comprehensive phase-field model. Based on the high-throughput calculation, they
designed a sandwich microstructure for PVDF-BaTiO; nanocomposite, where the
upper and lower layers were filled with parallel nanosheets and the middle layer was
filled with vertical nanofibers. The energy density of the PVDF-BaTiO3
nanocomposite with the data-driven designed optimal microstructure could be as high
as 2.44 times that of the pure PVDF polymer''”. Sandwich-structured

nanocomposites which were composed of boron

wsst ?
P03
b c
-%:::—_:_ PVDF-TrFE-CFE
TSM-01 TSM-02

Fig.50. Schematics of the structure of (a) P-0-3 nanocomposites with
BTO@TO-nfs randomly dispersed in the PVDF matrix, (b) TSM-01
nanocomposites with BTO@TO-nfs confined within the central layer and (c)
TSM-02 nanocomposites with PVDF in the central layer replaced by
PVDF-TrFE-CFE. The morphology of the BTO@TO-nfs could be better
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distinguished with the SEM and TEM images shown in the inset. The element

mapping image reveals the homogeneous dispersion of BaTiO3 nanoparticles

inside BTO@TO-nfs.
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Fig. 51. Electric polarization-electric field (P-E) loops of pure PVDF (in black),
P-0-3 (in red), TSM-01 (in blue) and TSM-02 (in pale blue) nanocomposites.

nitride nanosheets dispersed in PVDF matrix as outer layers and PVDF with barium
strontium titanate (BST) nanowire (NW) fillers as the central layer were also

" The highly insulating outer layers could provide high BDS, while the

synthesized!
central layer could offer high & and electric displacement. The energy storage
properties of the newly designed trilayer polymer nanocomposite depend on the
content of BST NWs. The nanocomposite with 8 vol% BST NWs exhibited the
highest breakdown strength, and the electrical displacement was increased greatly
with increasing BST content from 6 to 8 vol% and then it nearly kept constant. The
resulted highest discharge energy density of 20.5 J/cm® was obtained in the
nanocomposite with 8 vol% BST NWs. Besides, the discharge time of the trilayer

nanocomposite was only 2.22 us, faster than that of BOPP (2.9 ps), and the energy

density was almost unchanged after 50000 charge/discharge cycles (Fig. 52).
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an electric field of 200MV/m. (b) Cyclic stability of the trilayer nanocomposites

with 8 vol% BST NWs under 200MV/m.

4. Summary and Future Prospects

In summary, huge progress have been achieved in environmental friendly
lead-free dielectric materials (mainly including relaxor ferroelectric/ antiferroelectric
ceramics, glass doped ceramics, thin/thick film, and polymer based composites) for
energy storage applications. The energy storage properties of some of the lead-free
materials are comparable with those of lead-based dielectric materials. However, there
are still many problems need to be solved if lead-free dielectric capacitors want to
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find a place in emerging applications (such as hybrid electric vehicles, high frequency
inverters, insulated gate bipolar transistor (IGBT) snubbers and electrical weapon
systems), which require that the capacitors have not only large overall energy, and
high recoverable energy and power densities, but also high energy efficiency. To
obtain high recoverable energy density and high efficiency, one needs large difference
between the saturated polarization and the remnant polarization, high BDS, and slim
P-E loop, which cannot be simultaneously realized in any of the existing lead-free
materials. Table 3 summaries the parameters of some important lead-free dielectric
materials for energy storage applications. As seen from Table. 3, ferroelectric
ceramics possess low

Tabe 3. The parameters of important dielectric materials for energy storage.

Recoverable
Breakdown . . . .
. Dielectric | Dielectric | energy Energy
Materials State Strength - ; Ref.
constant loss density efficiency
(kV/cm)
(J/em?)
Bag 7Cag3TiO3 Bulk ceramic 150 - - 1.41 61.00% [14]
Bag3Srp7TiO3 Bulk ceramic 140 - 0.022 0.57 69.30% [22]
. Bulk ceramic(SPS
Bag3Srp7TiO3 o 230 - 0.0025 1.13 86.80% [22]
sintering)
) Bulk ceramic
Bag 4Srp.6Ti03 . . 167.2 - <0.02 1.081 73.78% [23]
(Sintered in O»)
. . Relaxor bulk
0.9BaTi03-0.1Bi(Mgz3Nbi3)O3 . 287.7 4068 0.028 1.13 95.70% [35]
ceramic
0.9Ky5Nag sNbO3-0.1Bi(Mg2sN | Rel bulk
KosNao sNbOs-0.1Bi(Mgzs claxor 1300 ; - 4.08 62.70% | [49]
b13)03 ceramic
0.94(0.75Big.sNag sTiOs3- .
. . ) AFE bulk ceramic - - - 1.15 73.20% [8]
0.25Bi0.5K0.5T103)-0.06BiA103
[(Bii2Nai/2)0.04Bao.os]LacosZroo2 | AFE bulk ceramic - - - 1.58 - [64]
TiO3
Ago.91Bi0.03NbO3 AFE bulk ceramic - - - 2.6 86.00% [67]
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Ag(Nbo.gsTao.15)O;3 AFE bulk ceramic 233 - - 4.2 69.00% [69]
BaO—B203—Si02—N3.2CO3—K2C03
glass  doped  BagsSrosTiO3 | Glass-ceramic 280.5 - - 0.72 - [75]
ceramics
BiixNa Lag.02Bay Ti
(BivaNaiooonsLaooBavossa(Tlo. | o ool hin film | - - - 154 97.00% | [81]
977:10.03)O3
0.95(Nay.sBio.5)Ti03-0.05SrTiO3 | Thick film 1965 964 36.1 40.80% [85]
10 vol% H»0,-DN-101-BaTiO3 .
Nano-composites 2600 - - 431 47.83% [88]

/PVDF
7.5% Bao2Sr9sTiO3 NWs/PVDF | Nano- composites - ~17.5 - 14.86 - [94]
2.1 vol % BT-DA NTs/PVDF Nano-composites 3404 >10 - 7.03 - [95]
TiO> nanorod arrays/ PVDF Nano-composites 3400 32 <0.02 10.62 ~70% [96]
3vol%BTO@TO-NFs-P(VDF-H .
FP) Nano-composites 7977 - - 31.2 ~78% [101]
3vol%BaTiOsNPs-PVDF/PVDF/ .

. Sandwich structure | 4100 - - 16.2 70% [107]
3vol%BaTiO3 NPs-PVDF
Boron nitride nanosheets-PVDF
/BST NWs-PVDF/Boron nitride | Sandwich structure 5800 14.2 <0.05 20.5 - [111]
nanosheets-PVDF

recoverable energy density and low energy efficiency because of their large P; and
small BDS. Relaxor ferroelectric and antiferroelectric ceramics though exhibit large
energy efficiency, their recoverable energy densities are not high enough for practical
applications. Thin films have high energy efficiency and large recoverable energy
density, but their overall energy is low because of the small volume of the thin films.
Thick films and polymer-based composites show high recoverable densities, while
their energy efficiencies are too low. Thus, in order to obtain lead-free materials with
superior energy storage properties, one can either enhance the BDSs of relaxor

ferroelectric and antiferroelectric ceramics or increase the energy efficiencies of thick
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films and polymer-based composites.

The BDS of the bulk ceramic is closely related to its microstructure (such as
grain size and bulk density), which can be refined by ceramic powder processing
techniques, such as sol-gel and co-precipitation for powder preparation and SPS,
microwave sintering, and two-step sintering for powder sintering. For antiferroelectric
ceramics with “square” hysteresis loops, it’s hard for them to withstand over several
hundred of charge-discharge cycles because they are often cracked due to the frequent
phase transition during repeated charge-discharge processes. Further efforts should be
made to realize more slanted hysteresis loops which are thought to be helpful for
increased number of charge-discharge cycles, important for practical applications!!!?],
Owing to their high Psa, 7, and small Py, antiferroelectrics are anticipated to replace
ferroelectrics in the development of high efficiency thick film or composite based
capacitors. The principle diagram of high energy density and high efficiency obtained
in antiferroelectric-polymer composite capacitors is shown in Fig. 53. Nowadays,
polymer based nanocomposites indeed exhibit high room-temperature discharge
energy density and high efficiency and they have already been used in high pulse
power systems. However, not only in some harsh conditions, such as hybrid electric
vehicles, but also in gentle conditions, such as embedded capacitors, power
dissipation can increase the operating temperature to 100°C or higher. A cooling
system is thus required for many polymers capacitors, which adds extra energy
consumption. More efforts should be made in the future to develop polymer-based

capacitor with good thermal stability even at higher temperatures.
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As discussed above, until now, the discharge speed, and fatigue character of
lead-free dielectric materials for energy storage have rarely been reported, which are
critical for obtaining energy storage devices with high power density and long
cycle-lives. In the future, more attention should be paid to those factors.

Overall, It is expected that this review will provide some guidance in the
development of lead-free capacitors with large recoverable energy density, high power

density, high efficiency, and long cycle life.

Ferroelectric
Antiferroelectric

Polymer

High BDS

Antiferroelectric
based composition

Fig. 53. The principle diagram of high energy density and efficiency obtained in

antiferroelectric-polymer composites capacitors
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