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ABSTRACT: Materials exhibiting high energy/power density are currently needed to meet the
growing demand of portable electronics, electric vehicles and large-scale energy storage devices.
The highest energy densities are achieved for fuel cells, batteries, and supercapacitors, but
conventional dielectric capacitors are receiving increased attention for pulsed power applications
due to their high power density and their fast charge—discharge speed. The key to high energy
density in dielectric capacitors is a large maximum but small remanent (zero in the case of linear
dielectrics) polarization and a high electric breakdown strength. Polymer dielectric capacitors
offer high power/energy density for applications at room temperature, but above 100 °C they are
unreliable and suffer from dielectric breakdown. For high-temperature applications, therefore,
dielectric ceramics are the only feasible alternative. Lead-based ceramics such as La-doped lead
zirconate titanate exhibit good energy storage properties, but their toxicity raises concern over their use in consumer applications,
where capacitors are exclusively lead free. Lead-free compositions with superior power density are thus required. In this paper, we
introduce the fundamental principles of energy storage in dielectrics. We discuss key factors to improve energy storage properties
such as the control of local structure, phase assemblage, dielectric layer thickness, microstructure, conductivity, and electrical
homogeneity through the choice of base systems, dopants, and alloying additions, followed by a comprehensive review of the state-
of-the-art. Finally, we comment on the future requirements for new materials in high power/energy density capacitor applications.
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Figure 1. (a) Applications for energy storage capacitors. *EMP: electromagnetic pulse. (b) Number of annual publications on lead-based ceramics,
lead-free ceramics, ceramic multilayers, and ceramic films for energy storage capacitors from 2010 to 2020. (Collected from Web of Science, search
“energy storage/density lead-based ceramic, lead-free ceramic, multilayer ceramic, ceramic capacitor, ceramic films but NOT polymer”). Reproduced

with permission from PixaBay, Creative Commons License.
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1. INTRODUCTION

To limit global warming to <1.50 °C, as set out in the Paris
agreement, carbon dioxide emissions need to decrease ~45% by
2030 and reach net-zero by 2050."” Technologies based on
renewable resources such as sun, wind, and tides will play a
pivotal role to meet these targets. Although the increasing
deployment of renewable energies is encouraging, there still are
many barriers to the replacement of power generation from
traditionally high CO,-emitting sectors based on coal and gas,
which is still a critical and large portion of the energy generation,
due to the intermittent nature of renewables. Hence, to
simultaneously move away from fossil fuels and to circumvent
the unpredictability inherent in clean energy resources, it is
necessary to integrate energy-harvesting technologies with
energy storage devices.

Energy storage, therefore, is emerging as a key enabler for
sustainable renewable technologies, particularly for the elec-
trification of transportation but also in more specialized
applications such as heart defibrillators and active armor.’
Technologies already exist to store energy, such as batteries,
electrochemical supercapacitors, and electrostatic capaci-
tors.” '® The latter are electrical energy-storage devices
belonging to the category of passive components, which are
ubiquitous in electronics. Indeed, every year more than 3 trillion
multilayer ceramic capacitors (MLCCs) are manufactured from
BaTiO; (BT), the prototypical ferroelectric (FE) ceramic.'”~**

In comparison with Li-ion batteries or fuel cells, the
nonpolarized electrostatic or dielectric capacitors possess high
power density (~10*—10° W/kg) resulting from their faster
charging/discharging characteristics (~us), which are advanta-
geous for power electronics in electrical vehicles (EVs) and pulse
power applications (Figure 1a)."*7*" Hence, electrostatic
capacitors are emerging as promising candidates for energy
storage devices, where high power density in combination with
high energy density are important technological requirements,
as illustrated by the exponential rise in publications devoted to
energy storage involving electrostatic ceramic capacitors, Figure
1b. Apart from high energy density and fast charging—
discharging rate, other properties such as temperature/

frequency stability, fatigue resistance, lifetime reliability,
equivalent series resistance, and manufacturing cost are equally
important for dielectric capacitors used in practical applications.
New electroceramics are, therefore, required to facilitate near-
engine power electronics, exhibit ultrafast charging, and have
more durable EV performance at high temperature and voltage.
Thus, future electroceramics must (i) deliver high energy
density (W, > 10 J] cm™) and conversion efficiencies (1 >
90%); (ii) endure wider temperature ranges (—50—250 °C) and
frequency ranges (1—1000 Hz); (iii) exhibit greater reliability
(>10° cycles) and fatigue resistance (<5% change over capacitor
lifetime); and (iv) be compatible with cost-effective internal
electrodes and be easily integrated with other components.

Historically, many different dielectric materials, ranging from
paper and plastic to ceramics, have been employed in the
fabrication of electrostatic capacitors. Nowadays, capacitors are
fabricated from either polymers or ceramics because they offer
the best combination of properties in terms of capacitance,
dielectric loss, breakdown strength (BDS), and for the latter,
thermal stability.

The prospects of employing ceramic capacitors for energy
storage can be traced back to the 1960s work by Jaffe*® from the
Clevite Corp., USA. One decade later, Burn and Smyth®” from
Sprague Electric Company evaluated the energy storage
performance in SrTiO5 (ST) and BT with applied electric fields
up to 400 kV cm™". Until that point, quantitative data of energy
storage on these materials were limited to fields generally smaller
than 150 kV cm™" due to the relatively low dielectric BDS of the
fabricated ceramics. They emphasized that the maximum energy
density for a ceramic should be obtained for thinner dielectric
layers due to the lower probability for the occurrence of defects
(such as pores, voids, or microcracks), which are well-known
sources of dielectric breakdown. Later in 1990, Love,° also from
Sprague Electric Company, revisited energy storage in ceramic
capacitors and highlighted empirical design principles to achieve
enhanced energy storage in capacitors, as shown in Table 1.
Commercial COG-type capacitors are manufactured from low
relative permittivity (&,) linear dielectrics but may achieve an
energy storage of 1 J cm™>, by virtue of their intrinsically high
BDS. The significance of the BDS, to achieve high energy
storage becomes apparent in the case of X7R-type capacitors,
fabricated from high &, BT. An important correlation between
dielectric BDS and the thickness (t) can be extracted from Table
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Table 1. General Characteristics of Commercial Type
Ceramic Materials Relevant for Energy Storage (Adapted
from Love®’) Using Electronic Industries Alliance (EIA)
Classifications”

dielectric relative energy at
BDS permittivity, t 1kv
dielectric type (V um™) e, (um)  (Jem™3)
COG (temperature 65 75 18.5 0.88
coeflicient 0 with
tolerance +30 X 107%/K)
Z5U (+10/+85 °C, 132 7500 95 0.02
AC/Cy = +22/-56%)
X7T (—=55/+125 °C, AC/ 16 2800 70 0.71
Co = +22/-33%)
X7R (=55/+125 °C, AC/ 30 2000 38 1.40
Co ==+ 15%)
X7R 40 2000 30 1.34
X7R 90 1800 20 4.82

“Class I ceramic capacitors are accurate, temperature-compensating
capacitors, COG will have 0 drift with a tolerance of +30 X 107%/K.
Class II ceramic capacitors have a dielectric with a high permittivity. C
and C, are represented capacitance value and capacitance value at 25
°C.

1. Indeed, by halving the t of the dielectric layers, the energy
storage appears to increase >3 fold. This effect has been recently
captured by Yang and co-workers,”" who compiled BDS data
from literature for several dielectric materials of different t and
observed decay inversely proportional to (t)*, where a was
determined as 0.5. Finally, when comparing the energy storage
of Z5U and X7R, it becomes apparent that high &, alone is not a
sufficient parameter to achieve high energy storage. Interest-
ingly, Love®® stressed that the capacitor industry was rather
conservative in terms of perfecting the BDS of ceramics to reach
values near those of single-crystals, which would significantly
enhance the energy storage in ceramic capacitors.

Love’’ proposed that maximum energy storage density can be
achieved in intermediate rather than high &, materials since they
exhibit larger BDS. Fletcher and co-workers™ convincingly
postulated that greater energy storage densities can indeed be
achieved in FE materials, whose Curie temperature (T.) is
adjusted to ensure that the material is operated in the
paraelectric regime, where it shows a relatively small zero-field
€, an approach already mentioned by Jaffe in 1961.”"

In 2009, Ogihara and co-workers” proposed the use of so-
called weakly coupled relaxors, such as 0.7BaTiO;—0.3BiScO;
(0.7BT—0.3BS), to fabricate energy storage devices. This new
conceptual approach aimed at exploiting the extraordinary
temperature stability of &, exhibit by this family of materials.
When compared with commercial X7R capacitors, 0.7BT—
0.3BS capacitors displayed superior performance, reaching a
recoverable energy density (W,,.) of 6.1 ] cm™> at 730 kV cm ™.
Again, the large dielectric BDS played a decisive role in this
performance. More recently, in 2019 Wang, Reaney and co-
workers”* unveiled a novel approach to enhance energy storage
characteristics via the fabrication of chemically heterogeneous
but electrically homogeneous ceramics, with W, reaching 10.5J
cm™, as detailed later in this review.

Here, we present the principles of energy storage performance
in ceramic capacitors, including an introduction to electrostatic
capacitors, key parameters for evaluating energy storage
properties, microstructural considerations, and critical electrical
factors. Second, we will review the current state-of-the-art for
lead and lead-free electroceramics for energy storage capacitors

with bulk ceramics, ceramic multilayers (MLs), ceramic films
and glass ceramics evaluated separately. Third, we will describe
strategies for optimizing energy storage in electroceramics.
Finally, we will demonstrate, with appropriate examples, a guide
to the future development for electroceramics in energy storage
capacitors.

2. PRINCIPLES OF ENERGY STORAGE IN
ELECTROCERAMICS

2.1. Electrostatic Capacitors

The simplest dielectric capacitor consists of two parallel metallic
plates separated by an insulator, which becomes polarized under
the application of an electric field. This is the defining behavior
of a dielectric material. The actual capacitance, C (i.e., ability to
store charge), of an ideal capacitor is given by the ratio of the
charge, Q, stored on each metallic plate and the applied voltage,
V, as shown by eq 1.

_Q
C=+® 0

Nevertheless, from a practical viewpoint, a more useful equation
to compute the C of a real device, as illustrated in Figure 2,

Figure 2. Schematic representation of an electrostatic capacitor, where
D, P, and ¢, are electric displacement, polarization, and electric
permittivity of free space (electric constant), respectively.

encompassing a dielectric material between two parallel plates of
area, A, separated by a distance, d, subject to a V, can be obtained
through the application of Gauss’s law

v

eA ()
where ¢ is the permittivity of the dielectric, and a measure of its
polarizability. Combination of eqs 1 and 2 provides the
relationship:

A
c=aa® 3)
From eq 3, it becomes immediately apparent that the ability of
dielectric capacitor to charge and, therefore store energy, is
ultimately associated with € of the dielectric.

2.2. Key Parameters for Evaluating Energy Storage
Properties

During the application of a V, the electrostatic energy stored, W,
in the dielectric can be estimated by

Q
W= fo vV dg (J) “

where Q,,,, is the maximum charge achieved at the end of the
charging cycle and dgq is the incremental charge increase during
the charging cycle. The volumetric energy density, W, (i.e., the
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energy stored per volume unit, A d), is a common key
performance indicator, expressed by

"‘“"qu
W= b g
Ad (5)

where E is the electric field and D,,,, is the electric displacement
in the material under the maximum applied field, E, ... The
electrical displacement (D) corresponds to the charge density
(Q/A) on the metallic plates and is expressed by D = &E + P
(Figure 2), where P is the polarization (surface charge density).

For high & materials, D is approximately equal to P, and it
follows that D = €E = g.¢,E, where g is the permittivity of free
space (= 8.854 X 107"?)F m™") and ¢, is the relative permittivity,
which is the &/¢ ratio. This approximation allows stored energy
density (W) to be defined in terms of P, as follows

Frax Eonax
we=["Ew= [ dE
st 0 0 EOSrE ( 6)

where P, is the maximum polarization reached at the E
From a practical viewpoint, eq 6 is prevalent in the calculation of
W, because several experimental methods exist to determine P
under an applied E. In 1961, Jaffe®® pointed out that the
recoverable energy (W,..) corresponds to the area above the
discharging curve, whose upper limit is given by the P,
Essentially, the mathematical integration of the area above a
polarization-electric (P—E) loop provides an estimate of W, as
schematically illustrated in Figure 3 for four distinct types of
polarization response.

Figure 3. Four distinctive P—E hysteresis loops and their energy storage
behavior: (a) linear, (b) FE, (c) relaxor-ferroelectric (with the
schematic of energy storage calculation), and (d) antiferroelectric
materials. ¥ W, is loss energy density.

For linear dielectrics such as Al,O;, where ¢, is independent of
the applied E. The calculation of W, from the P—E response
illustrated in Figure. 3a, is given by

rec

1 2
W, 5 &&E )
which clearly shows that W, is dependent on ¢, and E. Parts b—
d of Figure 3 show cases where polarization responses deviate
from linearity, and consequently, the computation of W,,. needs
to be carried out using eq 6. The response illustrated in Figure 3b
is typical of a classical FE material, such as BT, where the
hysteresis is linked to polarization switching of macroscopic FE
domains, as explamed in detail in the review by Damjanovic.*
Already in 1961, Jaffe™ stressed that in FEs, charging energy is
mainly absorbed by domain switching and is retained as
remanent polarization (P,). The typically high remanence of
classical FEs can be effectively minimized via chemical doping,
giving rise to the response shown in Figure 3¢, which is
characteristic of relaxor- ferroelectrlcs (RFEs), such as doped-BT
and Pb(Mg1/3Nb2/3)O3

It is now generally accepted that relaxor behavior originates
from the response of polar nanoregions (PNRs) to an
alternating E. RFEs remain unsaturated at high applied E, and
therefore, any increment of the E will have a contribution to
energy storage. Remanence-free materials are therefore,
preferable for achieving high W,... Linear dielectric materials
meet this requirement but due to their low &, energy storage is
limited. Antiferroelectrics (AFEs) display low-remanence under
low E but at large E the P—E loop opens due to the stabilization
of an FE with respect to AFE phase and they display a saturated
polarization, as illustrated in Figure 3d. In principle, therefore, as
suggested by Jaffe,”® AFEs should afford advantages for high
energy storage, providing that dielectric breakdown issues are
eliminated (i.e., the BDS should be high enough to induce the
AFE-FE phase transition).

From the above, it becomes evident that nonlinear dielectric
materials such as FEs, RFEs, and AFEs exhibit energy dissipation
(Whess); therefore, the W, is actually the most important
parameter, as schematically illustrated in Figure 3c (red area).
Hence, W,,. becomes

Buax

VV;QC= Edp
R (8)

Energy conversion efficiency of a capacitor can then be
calculated as

W,

rec

Weee + Wioss )

rec

n=

where W, is the energy loss during discharging, which
correlates to the area enclosed by the P—E loop (Figure 3c
green area).

Electric-field induced polarization can be determined via the
measurement of charge, current, and voltage responses, typically
achieved using either the Sawyer—tower, the virtual ground, the

Table 2. Comparison of Different Hysteresis Measurement Methods for FEs®’

method measured quantity reference component

Sawyer—tower charge Q capacitor
virtual ground current I no

shunt current [ resistor
current step voltage V no

integration necessary

bandwidth requirement influence of parasitics

no moderate high

yes high low

yes high high

no moderate moderate
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Figure 4. (a) Comparison of the E, among dielectric perovskites and a schematic of electronic breakdown. (b) Variation of average grain size and E, as
a function of NN concentration. (c) P—E loops and dP/dE under different E, (d) W, and # values, and (e) pulsed overdamped discharging energy
density (Wp,) of the BF—BT—0.10NN ceramic. (a) Reproduced with permission from ref 42. Copyright 2019 John Wiley and Sons. (b-e) Reproduced

with permission from ref 43. 2020 John Wiley and Sons.

shunt or the current step methods. Each presents advantages and
disadvantages as listed in Table 2. For details of each method,
the reader is referred to Prume and co-workers.”” Prume,
Schmitz, and Tiedke proposed that overall the virtual ground
method offers the highest precision for the measurement of FEs.

2.3. Key Factors for Optimizing Energy Density

The microstructural features of electroceramics, such as density,
grain size, secondary phases and core—shell structures, play an
important role in energy storage properties. Simultaneously, the
intrinsic electrical response, e.g, band gap, alongside the
electrical microstructure, i.e., the distribution of conductive
and resistive elements, are equally critical factors for the
optimization of energy density. The following section reviews
these factors, and gives examples of where and how they may be
optimized.

2.3.1. Intrinsic Band Gap. The band gap (E,) is the
forbidden energy between the top of the valence band and
bottom of the conduction band. E, is commonly used to define
insulator (E, > 4.0 eV), semiconductor (0.0 eV < E, < 4.0 eV),
and metal (Eg = 0.0 V). For semiconductor, the intrinsic BDS
can be defined as

BDS = 1.36 X 10" X (E,/4.0)’ (V/cm) (10)

where BDS is direct proportional to Eg.g’8 Thus, semiconductors
with wider E, have higher intrinsic BDS. The electronic structure
and band gaps of semiconductor can be studied theoretically
using, e.g, linear discriminant analysis, or experimentally, e.g.,
absorbance spectroscopy and diffuse reflectance spectroscopy.
A general rule of thumb is that the activation energy (E,) for
conduction is approximately half E,. Both may be increased by
doping or through the formation of solid solutions, often
delivering higher BDS and W,

For example, the highest E, ~ 3.58 eV among all different
kinds of lead-free electroceramics was found in NaNbO; (NN),
as shown in Figure 4a.*” Thus, NN was introduced into
Na BiosTiO; (NBT) and BiFeO,—BaTiO; (BE—BT) to
enhance E;. The E, for BF—BT—xNN ceramics increased
from 2.5 eV up to 2.95 eV for x < 0.15, as shown in Figure 4b
accompanied by significant enhanced W, ~ 8.12 J cm™> under

electric field ~400 kV cm™', along with greater thermal stability
(£10%, —50 to +250 °C) and ultrafast discharge rate (f, < 100
ns), Figure 4.

2.3.2. Electrical Microstructure. The distribution of
regions with different conductivity and &, are important aspects
of the so-called “electrical microstructure” of electroceramics.**
In many instances, such as the core—shell microstructure or
grain boundary response of BT based ceramics, the distributions
are markedly heterogeneous and lead to localization of the
electrical field strength in lower &, regions or pathways for
breakdown through interconnected conducting regions. In
2019, electrical homogeneity was for the first-time proposed
by Wang, Reaney and co-workers in the BE—BT system as a key
factor to optimize BDS and as a consequence W, Electrical
heterogeneity was effectively eliminated by alloying with a third
end-member so that it became more difficult to form a
conductive pathway at high field, resulting in higher BDS and
Wiee™

A homogeneous electrical microstructure may be obtained in
many different ways such as heat-treatment in the appropriate
atmosphere (N,, Air, O,) provided the type and magnitude of
electrical conductivity is affected by oxygen stoichiometry.
Practically, however, in production, a suitable dopant strategy is
utilized once the conduction type is known (p vs n type). For
example, the conductivity of BF-ST-based compositions is
suppressed by doping with 3 mol % Nb on the B-site to
compensate for Bi volatilization and the formation of oxygen
vacancies (Vp), through variation of the Fe valence (Fe* to
F e4+)'45

For materials with more than one bulk-like region, e.g., phase
mixtures, core—shell microstructures, or surface layers, alternat-
ing current (AC) impedance spectroscopy (IS) is able to show
multiple responses and the resistance (R) and C can be
extracted.** ™ Both the volume fraction and difference in
magnitude of R and C for multiple electrical responses are
equally important in influencing energy storage performance.
Given the importance of the electrical microstructure, a brief
outline of the role of IS is described and its advantages with
respect to direct current methods are emphasized.

https://doi.org/10.1021/acs.chemrev.0c01264
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Figure S. Scanning electron microscopy (SEM) images of the 0.9KNN-0.1BMN-x mol % CuO ceramics with (a) x = 0.25; (b) x=0.5; (c) x = 1.0; (d)
x= 1.5, as liquid phase is circled in red. (e) Unipolar P—E hysteresis loops and (f) Calculated W and W, under different E of 0.9KNN-0.1BMN-1 mol
% CuO ceramics.’® Reproduced with permission from ref 66. Copyright 2017 John Wiley and Sons.

Direct current (DC) electrical measurements are the most
commonly employed technique to evaluate the electrical
characteristics of materials. However, they merely give the
overall response instead of the properties of specific regions
(e.g., grains and grain boundaries) unless microprobe
techniques are employed.”> Such techniques are useful but
the sample volume is small, which casts doubt on their ability to
represent global behavior and they are difficult to implement
experimentally.

An alternative and much more convenient technique is IS. In
IS measurements, an AC signal with small voltage over a wide
range of frequency, typically 107> to 107 Hz, is applied on the
sample.***° The small voltage prevents any permanent change
to the sample as well as yielding a (near) linear relationship
between input and output. The wide range of frequencies allows
separation of the response of different electro-active regions
according to their relaxation times. For energy storage
capacitors, impedance is capable of: (i) establishing the
contributions to the electrical microstructure (grains, grain
boundaries, core—shell structure and electrode—sample inter-
face) and determine their individual conductivity and &, which
give an insight into the distribution of electrical components
within the sample; (ii) verifying the origin of the dominant
electrical behavior (i.e., grains, grain boundary or interfacial
layer response);””*® and (iii) determining the conduction
mechanism and charge carrier type which helps further interpret
the electrical response of the material.*’

Impedance can be defined as a complex number which usually
contains both resistive and reactive (capacitive and/or
inductive) components:

Z* = Z'(resistive) — jZ" (reactive) (11)

Different electro-active regions of a material are characterized by
aRand a C, usually in parallel. Then the electric relaxation time
or time constant, 7, of each region can be expressed as its Rand C

7=RC (12)
at the frequency of maximum loss, @,y,,, it holds the relation:
@0 RC =, 7=1 (13)

Due to their different R and C values, electro-active regions can
be separated in the frequency domain. Once the value of Rand C
are extracted, they can then be assigned to appropriate regions of
the sample.

Normally the impedance measurement needs to be taken over
a temperature and/or oxygen partial pressure (pOz) range to
gain a better understanding of the conduction mechanism and
the charge carrier. The associated activation energy, E,, can be
estimated using Arrhenius equation

o = 0, exp(E,/kT) (14)

where ¢ is the conductivity, o, is pre-exponential factor, k is the
Boltzmann constant, and T is temperature. E, may be related to
predominant charge carrier and conduction mechanism. The
type of charge carrier may also be determined to some extent by

https://doi.org/10.1021/acs.chemrev.0c01264
Chem. Rev. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig5&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01264?rel=cite-as&ref=PDF&jav=VoR

Chemical Reviews

pubs.acs.org/CR

Figure 6. Relationship between energy storage properties of ceramics and G: (a) G vs E,,,,, and (b) G vs W,.. *AN: AgNbO,.

Figure 7. SEM images of x mol % Nd-doped BF—BT with different Nd concentrations: (a) BF—BT, (b) 2.5 mol % Nd—BF—BT, (c) S mol % Nd—BF—
BT, (d) 7.5 mol % Nd—BF—BT, (e) 10 mol % Nd—BF—BT, (f) 15 mol % Nd—BF—BT, (g) 20 mol % Nd—BF—BT, (h) 30 mol % Nd—BF—BT, and (i)
40 mol % Nd—BF—BT; the G distributions of Nd-doped BF—BT are shown in the insets of the SEM images.”® (j) G, density and (k) energy storage
performance at 170 kV cm™, as a function of x(Nd) mol % in BF—BT ceramics. Reproduced with permission from ref 90. Copyright 2017 Royal

Society of Chemistry.

the pO, dependence of conductivity, i.e., p-type: conductivity
increases with increasing pO,; n-type: conductivity decreases
with increasing pO,; ionic charge carrier: conductivity is
independent with pO,.

2.3.3. Density and Porosity. The density of the ceramic
materials plays an essential role on electrical performance,

especially BDS. Ceramics with higher density tend to support
higher E closer to the intrinsic/theoretical BDS. In contrast, low
density ceramics exhibit conductive pathway composed of
pores/voids which result in short circuit under modest field
strengths. The relationship between the voltage across the pore
and the external E based on a “slab” model is shown below

https://doi.org/10.1021/acs.chemrev.0c01264
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Table 3. Summary of Energy Storage Properties for Lead-Based Ceramics®

compositions
(Pbo.sgBao.osLao.oz) (Zr 0.7sn0.27Tio,o3) 0,
(Pb 1.067LaO.02) (Zro.%Tio.os) O;
0.90(Pbg,97Lag.02) (Zrg.65810.30 Ti.05) O3—0.10Bi(Zn, 3Nby 3) O
Pby,g7Lag02(Zro 550035 Ti.07) O3
Pb0.91Lao.ozBao.06(Zro.sssno.sTio.os) O;
(Pbo.93Bao.o4Lao.oz) (Zro.sssno.zTio.os) 0;—0.005Mn,0;
Pb0.97Lao.02(Zro.sssno.ssTio.lz) O;@0.05S8i0,
(Pbygg7Bag Lagg,) (Zro,éssno,aTivos)03_0'75Y
(Pbo,ssLao,os) (Zr0,91Tio,o9) Os
1.7 mol % Pr** doped 0.24Pb (In, ,Nb, ;,)O;—0.42Pb(Mg, ;;Nb, ;) 0;-0.34PbTiO,
0.92Pb(Tmy sNb, s)O;—0.08Pb(Mg, /sNb,/5)O;
(PbomBaoAlLao,oz) (Zfo,éssno,MTio,os) O;
Pbo.97L30.oz(Zro.sosno.mTiom) 0;
0.55 (Pbo.97Lao.oz) (Zro.%sno.osTio.oz) 0;-0.45 (Pbo.gaBaomLao.oz) (Zro.éssno.aTio.os)Os
Pbo.97Lao.02(Zro.sssnossTio.oQ) O,
(Pbg gosLago7) (Zr0.9Ti0.1 ) (O
0.9PbHfO;—0.1Pb(Mg, sWy5)O5
Pby,g4Lag04(Lug sNbg5) O3
(Pbo.955Lao.03) (Zro.sosno.4zTio.os)03
Pbo.97Lao.02(Zl‘o.sosno.35Tio.os) 0,
(Pbo.97Lao.02) (Zro.ssn0.44Ti0.os) O;
(P boA97Lao.oz) (Zro.ssno,44Tio.os) O;
Pby,gs5La0.03(Zro.sS00.43 Ti.07) O3
(Pbo.97Lao.02) (Zro.ssno.145Tio.oss)03
(Pby,g5sBag.1Lag.02Yo.00s) (Zro.6sSm03 Tig.05) O3- (P! b0.97L30.02) (Zfo.ano.osTio.os)Os
LaO.OZPb0.97 [ (YbO.SNbD.S ) 0.92Ti0.08] 03
(Pbo.97Lao.ozzro.sssno.1zTio.0303)_0-5 wt % ALO;
(Pbi,gs5S10.015La0.02) (Zro.75Sm0.195 Tig 055) O3
Pb0_97La0.02(Zr0_55n0_45Ti0_05) (O
(Pbyg,g5sBag.1Lag02Yo.00s) (Zro.6sSm0.3 Tig.05) O3~ (Pb0.97Lao.02) (Zr,981,05Tig 05) O3
Pb[(Lug sNbos)—(Mgy s W) 105
Pbg 91 Lag o6(Zr0.552500365 Tig.08) O3@1 wt %PbO—B,0;—Si0,—AlL,0;—ZnO—MnO,
PbHfO,
Pby 9L oo (Hfo.45810.55)0.99503
(Pby.91Lag,o6) (Z1g 06 Tig04) O3—1.0 mol % MnCO,
(PbogsLape) (Z1o.5500.45) 099503

E(kVem™) AP (uCcm™2) W, (Jm™) n (%) ref
13§ 22.6 2.1 76.5 150
90 39.5 2.12 92.98 141
118 29 2.19 95.6 162
118 29.0 2.35 86.1 158
150 29.5 2.4 82 159
308 318 2.64 73 161
238 34.6 2.68 83.5 87
130 46.5 2.75 71.5 149
170 31.5 3.04 92 112
NV 20 3.1 90 109
310 17.03 3.12 136
180 58.2 32 151
150 43 32 86.5 124
180 25 3.2 74.4 160
17§ 39.4 33 80 166
175 42.3 3.38 86.5 115
155 43.5 3.7 72.5 134
681 3.85 137
180 41 3.99 79.2 127
200 34.48 4.1 121
250 29.3 42 82 117
250 29.3 4.2 82 118
200 36 42 78 126
225 34 4.38 73 124
200 46.8 4.65 60 152
240 34 5.18 65 135
315 35.5 S.3 88.3 72
350 33.5 5.56 70 156
400 36.2 5.6 63 116
306 48.5 6.4 62.4 173
340 46 6.4 71 132
380 43 7.4 91.6 77
270 44.5 7.6 80.8 133
380 36 7.63 94 138
300 43.5 7.65 87 145
400 41.5 10.4 87 131
400 44 11.18 82.2 130

\%

(Pby.94Lag02S10.04) (Zrg.9S00.1)0.99503
“t of the bulk ceramics is commonly >0.1 mm.
ext
Vc - e (td
[1 + 54—
€

=)

(1)

where V_ and V, are the voltage applied cross the cavity pore
and external applied voltage, €. and &, are the permittivity of the
cavity and the dielectric, respectively,sg’60 and td and tc are the
thicknesses of the dielectric and cavity, respectively. Thus, the
local E increases markedly for materials with larger pores and
pore volumes, resulting in lower BDS.

High density electroceramic materials are commonly
obtained by optimization of the sintering conditions, including
sintering temperature/time and heating/cooling rate. For
ceramics that are difficult to densify usin§ a conventional
approach, sintering aids are often added.”’~** Higher density
ceramics may be obtained by the addition of ZnO,% Cu0,°® and
MgO,62 which enhances BDS and W,,.. For K;Na, NbO;—
Bi(Mg,,3Nb, ;) O; (KNN—BMN), small amounts of CuO help
densify ceramics through the formation of a transient liquid
phase, as reported by Qu and co-workers (Figure 5).°* The
sintering temperature was also reduced from 1150 to 930 °C,

allowing compatibly with Cu or Ag/Pd internal electrode in MLs
and giving rise to Wi, ~ 4.02 ] cm™> at 400 kV cm™ for
0.9KNN-0.1BMN with 1% mol Cu0.*

Different sintering technologies, such as spark plasma
sintering (SPS), two-step sintering,67 and the formation of
coatings using chemical methods,**~*! have also been shown to
improve density and give rise to higher BDS and W,

2.3.4. Grain Size. The effect of grain size (G) on energy
storage properties has been discussed for several electroceramics
because of the relationship between BDS and G, expressed in eq
16

BDS « (G)™ (16)
where a is the exponent values being in the range of 0.2—
0.4.°"%7%" Waser explained that leakage current in fine-G
ceramics is lower than coarse-G ceramics due to the high grain
boundary density which act as barriers for charge carriers.*’
Thus, dielectric materials with high density and fine-G are
required to optimize energy storage. G may be tailored by
chemical doping and the formation of solid solution. It may also
be modified by the application of an ultrathin coating on the

https://doi.org/10.1021/acs.chemrev.0c01264
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primary particles prior to sintering via chemical coating
methods, e.g., SiO, on BT ceramics.””””**"*° The optimization
on E_,, and W, via grain size-engineering for several materials is
illustrated in Figure 6.

For example, an average G ~ 10 ym was reported for BFE—BT
ceramics, which was reduced to <2 ym after A-site Nd doping, as
shown in Figure 7. Meanwhile, improved W,,. ~ 1.8 ] cm™>and 5
~ 88% were obtained for 15 mol % Nd—BF—BT and 40 mol %
Nd—BF—BT, respectively.” Similar optimization behavior has
also been found in KNN—BMN and KNN-ST ceramics,
resulting in BDS ~ 400 kV cm™' and W, > 3.5 ] cm™3172

2.3.5. Core—Shell Structure. Core—shell subgrain micro-
structures are observed in many lead-free ceramics, due to either
kinetic limitations of the diffusion process (typical for BT based
ceramics) or immiscibility on cooling from high temperature for
perovskite end members with dissimilar ion size and bonding
(BF based ceramics).””*** The effect of core—shell micro-
structures on energy storage performance is still unclear. In BT-
based ceramics, the cores are often more conducting than the
doped shells and core to core conductive pathways lead to
breakdown.”*~® For BF based ceramics, the defect chemistry of
the cores and shells remains to be elucidated, but initial work
suggests that further dopants are needed to create electrical
homogeneity and thus eliminate the conducting pathways.”***
The theoretical modeling has reported a positive influence of
core—shell microstructure but none have been unambiguously
validated experimentally.””

3. STATE-OF-THE-ART IN ELECTROCERAMICS FOR
ENERGY STORAGE

3.1. Bulk Ceramics

3.1.1. Lead-Based Ceramics. Lead-based ceramics are
used commercially as energy storage materials for high-power
pulsed capacitors due to their excellent W,,. and 7.°°7'°" The
energy storage properties of RFE and AFE lead-based ceramics
are summarized in Table 3.

3.1.1.1. Lead-Based Relaxor-Ferroelectrics. Many lead-
based RFEs, including Pb(Mg, ;sNb,/;)O;—PbTiO; (PMN—
PT), Pb(Zn,3Nb,,3)O;—PbTiO; (PZN—PT), and (St,Pb,Bi)-
TiO; (SPBT)-based materials, have been reported as potential
candidates for energy storage capacitors.'””~""" Zhang and co-
workers investigated the relaxation behavior and energy storage
properties of (1—x)PMN—xPT ceramic, obtaining W, ~ 0.47 ]
cm™> at room temperature.'”” Li and co-worker probed the
effect of domain structure on W, and thermal stability of
0.2PMN-0.8Pb(Sn,Ti,_,)O; (PMN—PS,T,_,) ceramics, as
illustrated in Figure 8. 0.2PMN—0.8PST ceramics exhibited W,
~ 0.85 J cm™ with excellent thermal stability which was
attributed to the coexistence of ferroelectric domains and
PNRs.'"!

3.1.1.2. Lead-Based Antiferroelectrics. PbZrO, (PZ) is the
first known AFE and exhibits a double P—E hysteresis loop
below Tc. However, the high critical switching field required for
an AFE—FE phase transition at room temperature limits
applications for energy storage. Chemical substitution to reduce
switching field is an effective strategy to overcome the problem
and three well-known PbZrO; based compositions are reviewed:
(i) (Pb,La)(Zr,Ti)O, (PLZT);""*~"" (ii) (Pb,La)(Zr,Sn,Ti)-
0, (PLZST);""*~"*? and (iii) (Pb,La)(Zr,Sn)0; (PLZS)." "'
Additionally, some new AFEs have also been identified based on
PbHfO;, Pb(LuysNbgs)O;, Pb(YbysNbys)O;, and Pb-
(Tmo.sNbo.s)O3-132_138

Figure 8. W, of 0.2PMN—0.8PS,T,_, ceramics with different Sn (x)
contents at 70 kV cm™". The insets show the mechanism of enhanced
energy storage due to coexistent-phase structure and the W, for
PMN-PS,T,_, ceramics under different electric fields. Reproduced
with permission from ref 111. Copyright 2018 Elsevier.

3.1.1.2.1. (Pb,La)(Zr,Ti)O;z (PLZT). According to the phase
diagram (Figure. 9), PLZT exists as homogeneous compositions
over a wide range of mol % La in the PbZrO;—PbTiO; solid
solution,"**'*°

Figure 9. Phase diagram of PLZT at room temperature.'* Reproduced
with permission from ref 139. Copyright 2014 Elsevier.

‘When Pb ions are replaced by <30 mol % La on the A-site in
accordance with a lead vacancy (V;,) ionic compensation
model, an orthorhombic AFE phase similar to PbZrO; occurs
for Zr rich compositions. However, only PLZT with <10 mol %
La is typically utilized for energy storage applications'*'~"*
since higher concentrations have lower polarization and
therefore lower W,,.. Li and co-workers prepared (Pby g,Lag,)-
(Zrg.95Tig,05) O3 ceramics via a solid-state reaction route, yielding
W, ~ 0.83 ] cm™ and # ~ 70% under an electric field of 55 kV
cm™".""* Jo and co-workers found that AFE and RFE behavior
can both be obtained by substitution of La and excess PbO in
PLZT, resulting in the enhancement of W, by promoting a slim
and slanted hysteresis loop. Both high W, ~ 3.04 ] cm™ and 5
~ 92% were obtained along with no performance degradation
after 10° cycles."'” Tuning the Zr/Ti ratio has also shown to be
an effective way to improve W, of PLZT ceramics. Qiao and co-
workers reported slimmer P—E loops giving a W,,. ~ 3.38 J cm™
in (PbygesLage;)(Zr,Ti,_,)O; ceramics by changing the Zr/Ti
ratio (Figure 10), which was attributed to the reduction of
tolerance factor and “enhancement of antiferroelectricity”.'"
Mn doping is also suggested to imgrove W,.. of PLZT by
“enhancing antiferroelectricity”."**~"*

3.1.1.2.2. (Pb,La)(Zr,5n,Ti)O3 (PLZST). To further optimize
the energy storage properties of PLZT ceramics, Sn may be
substituted on the B-site of PLZT, which broadens the AFE
compositional 1‘ange,72’77’87’116’122’148_166 in accordance with

phase diagram from 1989 (Figure 11)."7 (Pbgg,Lag,)-
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Figure 10. Effect of Zr/Ti ratio on P—E loops and energy storage properties of PLZT.""> Reproduced with permission from ref 115. Copyright 2019

Elsevier.

Figure 11. Phase diagram of (Pbg,Lagg,)(Zr,Sn,Ti)Os, where T, R,
and O represent the tetragonal, rhombohedral, and orthorhombic
structure, respectively, and HT and LT represent high and low
temperature, respectively. Reproduced with permission from ref 167.
Copyright 2005 John Wiley and Sons.

(Zr,Sn,Ti)O; with 2 mol % La has been most commonly studied
in which the Zr/Ti/Sn ratio is varied to give a complex phase
diagram that contains FE tetragonal (Fr), high-temperature

nontilted FE rhombohedral (Fg(r)), low temperature FE
rhombohedral (Fg( 1)) AFE tetragonal (Ar), and AFE
orthorhombic (Ag) phases.

We note that the A} phase in both PLZT and PLZST has been
shown to be incommensurate by a number of researchers and
might be better described as a Ay phase in which there is
disorder of antipolar coupling.'**~""" PLZST is AFE for
concentrations with <15 mol % Ti. For compositions with Ag
structure, the critical phase switching fields are above BDS but
ceramics with the A phase undergo electric field-induced AFE-
FE switching at room temperature, for which the switching field
increases with increasing Sn concentration (Figure 12).''*
Adjusting the Zr/Sn/Ti ratio leads to optimization of W, in
PLZST ceramics''*""*'**'57 with an increase in Sn concen-
tration leading to a reduction in switching field (forward
threshold electric field, Eg, and backward threshold electric field,
Eg) and weakening ferroelectricity.'”" W, ~ 5.6 J cm™ and
high thermal stability have been obtained in PLZST ceramics
with a Zr/Sn/Ti ratio of 0.5:0.45:0.05"'® while Wang and co-
workers reported, in their study of the (Pbgg,Lagg,)-
(ZrysSng 5., Ti,)O; solid solution, superior W,,. of 4.2 J cm™

Figure 12. AFE-type P—E hysteresis loops of Pbg o;Lag 4, (Zr, sSng 5, Ti,) O3 with x = (a) 0.10, (b) 0.08, (c) 0.06, and (d) 0.04.

permission from ref 118. Copyright 2016 Elsevier.

1% Reproduced with
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Figure 13. (a) Bipolar P—E hysteresis loops and (b) energy storage properties of (PbygsLag ;) (Zrg55Sng45)0.99503 ceramics under different applied
fields."”*" (c) Unipolar P—E hysteresis loops of the (PbggsLag0,Sro0s)(Zro9Sng1)099s0; ceramic under different applied fields. (d) W, of
(Pbygs.Lag02S1,) (Zrg9Sng, 1 ).9950; with Sr concentration (x = 0—0.06) as a function of the E."* (a, b) Reproduced with permission from ref 131.
Copyright 2019 John Wiley and Sons; (c, d) Reproduced with permission from ref 130. Copyright 2019 Royal Society of Chemistry.

Table 4. Energy Storage Properties of BT-Based Materials”

compd E (kV cm™)
0.9BT—0.1BMN 143.5
Ba g5Cag 152191 Tig 903 200
0.9BT—0.1(Bi4Nay ;) (InysZry,)O; 180
0.88(BagsSr,) TiO3—0.12 Bi(Zn, ;Nb, ;5) O, 225
0.9BT—0.1BMN-0.3 wt % MnCO; 205
0.92(0.65BT—0.35NBT)—0.08(Nag 3Bi 0oNbO;) 172
0.92(0.92BT—0.08K, sBiy s TiO3)—0.08NN 220
0.88BT—0.12Bi(Li, {Nb,)O; 270
0.9BT—0.1Bi(LiysTag5)O5 280
0.85BT—0.15Bi(ZnsSny5)O; 280
0.9BT—0.1Bi(Zn, sZry5) O, 264
0.85BT—0.15Bi(Mgy sZry5) O 280
0.9Bag 4551 35 TiO3—0.1BMN 400
0.65(Bag g5Lig 04) Tig0sO3—0.35(Sry;Big,) TiO4 410
0.6BT—0.4Bi(Mgy s Tiy5)O3 340
BT—0.06Bi,,3(Mg, 5Nb, ;) O, 520

“t of the bulk ceramics is commonly >0.1 mm.

AP (uC em™) W ( cm™) n (%) ref
~16 1.13 95 192
~15 1.153 182
~20 1.33 88 202

17 1.62 99.8 210
16.28 1.7 88.5 191
~25 1.7 82 194
~23 1.96 67.4 207
~19 2.03 88 197
~11.9 2.2 88 203
~23 241 91.6 205
~25 2.46 199
~23 2.9 86.8 204
23 3.34 85.71 211
35 3.54 77 212
~40 4.49 93 208
25 4.55 91 209

with 7 of 82% for (Pbyg,Layg,)(ZrgsSng4sTiges)O; ceramics
with good temperature stability.''® Recently, a ferrielectric
(FIE) configuration was reported in PLZST which consists of
terroelectric ordering segments with either magnitude or angular
modulation of dipoles.'”> The net polarization of field-induced
FE order can be tailored by adjusting the Sn/Ti ratio.

The performance of PLZST ceramics is also influenced by the
Pb/La ratio."'”"**"® The AFE phase becomes more stable with
a commensurate increase in the AFE—FE switching field as La
concentration increases. The energy storage properties of
(Pb,_, s,La,)(ZrysSng43Tigo,)O; ceramics were optimized
(W, of 42 J cm™) by Dan and co-workers for compositions
with x = 0.03 due to a large switching electric field and high
BDS.”"?° Furthermore, doping with Ba and Sr (A-site) improves

fatigue behavior and temperature stability, suppresses the stress
sensitivity, and enhances energy storage.'*%!>0 7153155101173
3.1.1.2.3. (Pb,La)(Zr,5n)O; (PLZS). Wang and co-workers
reported a unique E-induced multiphase transition in PLZS for
which a conventional AFE—FE phase transition at low E,
followed by a second FE-FE phase transition at a higher E, leads
to an increase in polarization."*" W, 0f 10.4 ] cm ™ and #7 of 87%
were achieved at 400 kV cm™ for (PbgggLagq;)-
(Zr.55Sn0.45)0995s03 ceramics, along with superior discharge
current density of 1640 A cm ™ and ultrafast discharge speed (75
ns discharge period) (Figure 13a,b)."*" Subsequently, a record-
high W, .~ 11.2 ] cm™ and a high 7 ~ 82% were realized in
(Pbggs_.LagaSr,)(ZryeSng1)o995sO5 ceramics, as illustrated in
(Figure 13c,d). The substitution of Pb by Sr gave rise to an
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increase in BDS and AFE/FE switching fields, leading to further
enhancement of energy storage performance.'*’

3.1.2. Lead-Free Ceramics. In the last decades, extensive
research has focused on lead-free electroceramics due to
concerns over the toxicity of lead/lead oxide-based com-
pounds.'”*™'7® As a result, there has been a steady but
continuous improvement in their energy storage perform-
ance,”'%%'777159 ywith a view to replacing existing lead-based
materials. Several lead-free ceramic systems are considered as
potential candidates to replace PLZT for energy storage
applications, including those based on BT, ST, KNN, BF,
NBT, AgNbO, (AN), and NN.

3.1.2.1. BaTiOs;-Based Ceramics. BT-based dielectric
ceramics have been studied for decades and dominate the
commercial market of ceramic capacitors.*”"'®" Several studies
have reported improvements in energy storage performance of
BT-based ceramics through (i) substituting oxides to improve
BDS, such as ALO; La,O; MgO, SiO,;”*"'** 71 (jj)
employing different sintering techniques, such as SPS, citrate
precursor, and cold sintering (CS) to increase ceramic density or
control grain growth;68’76’l > (i) adding sintering aids such as
ZnNb,O4 and NiNb,Og to increase density;'**'*” (iv)
introducing further end-members in the solid solution, Bi-
(Mg, ,Ti; )05, 1% BiYbO,,'*® BMN,''~1% NBT—
Nay 73Big0oNbO3, ™ Nd(Zny,Tiy2)05"" Bi(Zn,3Nby3)-
Oarl% Bi(Lil/21\]]3’1/2)03;197'198 Bi(znl/zzrl/2)037199 Bi-
(an/zTil/z)OyZOO YNbO4,201 Bi0.9Nao.11110.821'0.203;202 Bi-
(Lil/zTal/z)Oyzos Bi(M, 1/2zr1/2)03;204 Bi(an/ZSn1/2)03,2°5
Ko3Big s TiO;—KNbO;,”*° and K, sBiysTiO;—NN*"" to pro-
mote RFE behavior. The energy storage properties of BT-based
materials are summarized in Table 4.

The most effective approach, however, is the introduction of a
Bi-based perovskite end member in which the B-site contains
multiple cations. Doping with a Bi ion that has a lone pair
electronic 6s” configuration into the Ba-site increases P,,,,. P, is
minimized by forming a so-called “weakly coupled relaxor” state
in which long-range polar coupling is disrupted by the multiple
B-site ions which have different valence and ionic radius to Ti.
Using this principle, Hu and co-workers** reported high W, of
4.49 J ecm™ with a 57 of 93% for 0.6BT—0.4 Bi(MgysTiy5)O5
(BT—BMT) ceramics that were temperature stable to 170 °C
(variation W, < 5% and 77 < 4%).

Of greater commercial potential, Yang and co-workers
reported similar properties with BT—0.06 Bi, 3(Mg; 5Nb,,3)O;
(BT—0.06B,,;MN) but in compositions compatible with Ag/Pd
electrodes due to the presence of only 4 mol % Bi on the A-
site.””” Similar energy storage properties, W,..~4.6] cm™and 7y
~ 92% (Figures 14a,b) to BT—BMT were obtained for BT—
0.06B,/,;MN ceramics which also benefited from the highest
BDS, ~520 kV cm™', among all reported BT-based composi-
tions.””” BT—0.06B,,;MN is not electrically homogeneous but
BDS and W, were still optimized by reducing, though not
completely eliminating, the difference between the bulk and
grain lgg)gundary responses with respect to undoped BT, Figures
14¢,d.

3.1.2.2. 5rTiOs-Based Ceramics. ST, which is an incipient
terroelectric, is considered as a promising candidate for energy
storage applications due to its relatively high permittivity (e, ~
300) and low dielectric loss (<1%) at room temperature.
Extensive efforts have been made to improve the energy storage
performance of ST-based ceramics, includin§ (i) doping with
Ba, 237216 Dy, 217 Mg,218 Ce,** and Bi*'*7*** on the A-site or

) )
223 224,225 N e
Mn“* and Sn*“"*** on the B-site; (ii) using sintering aids, such

Figure 14. (a) Unipolar P—E loops under E, ,, and (b) calculated W,
and 7 at different electric field for BT—0.06B,,;MN ceramics. (c) Z*
plots of (c) BT at 400 °C and (d) BT—0.06B,,;MN at 550 °C.>””
Reproduced from ref 209. Copyright 2020 American Chemical Society.

as ZnO,” Mg0,”**7*** §i0,,°***’ SrO—B,0,—Si0,,”*’ ZnO—
Li,0,”" Bi,0,—B,0;-S8i0,>** B,0,—Si0,—Bi,0;—CaO—
BaO,”** ALO,*** BaO-Ti0,—Si0, > BaCu(B,0;),”” and
NiNb,04;"*° (iii) employing different sintering techniques such
as microwave sintering’>”> and SPS;”’ and (iv) introducing
complex end-members, such as NBT,”*”**®* NBT-Ba-
(AlyNby5)05,°*7 NBT-BT,""******! ‘and Bi(Mg,sHfys)-
03" The energy storage properties of ST-based materials
are summarized in Table 5.

From a review of the literature, doping commonly increases
both €, and P, but decreases the BDS, sintering aids increase
BDS but lower the P_,. The highest energy densities have
therefore been achieved through either dopants and/or alloying
with “relaxor end-members” which also act as sintering aids.
Adopting these protocols, a W, of 3.1 ] cm™ with 77 ~ 93% was
obtained for 0.9(Sr,,Bij,) TiO;—0.1 Bi(Mg, sHfy5)O; ceramic
at 360 kV cm™}, Figures 15a,b,*** which was also fatigue-
resistant up to 10° cycles and temperature stable from 25 to 200
°C, Figures 15¢—£%

3.1.2.3. Ky sNa, sNbOs-Based Ceramics. In 2016, the energy
storage properties of KNN—(Bi,Na)HfOj solid solutions were
first investigated, and W, ~ 0.54 ] cm™> was achieved at 129 kV
em™'** ZnO and CuO were introduced as sintering aids
improved W,,. in KNN-based ceramics’®**° by decreasing
porosity and restricting grain growth. BDS of 400 kV cm ™ was
obtained in 0.8KNN-0.2Sr(Scy sNbg ) O ceramic with 0.5 mol
% ZnO™*" and CuO reduced the sintering temperature and
enhanced the density of 0.9OKNN—0.1BMN ceramics.’® A third
perovskite end-member, e.g., ST, BF, and BMN, has also been
shown to optimize energy storage properties.91’92’25] W, of
4.03J cm ™2 at 400 kV cm™ was obtained in 0.8SKNN—0.15ST
bulk ceramics’® with similar energy storage performance
realized in 0.90KNN—0.10BMN ceramic with a large P, (41
uC cm™) obtained at 300 kV cm™’, Figure 16.”" The energy
storage properties of KNN-based materials are summarized in
Table 6.

3.1.2.4. BiFeOs-Based Ceramics. BF-based ceramics are best
known as multiferroics but have also been explored for high-
temperature ferroelectric and piezoelectric applications due to
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Table S. Energy Storage Properties of ST-Based Materials”

compounds E (kV cm™) AP (uC cm™2) W,oo(J cm™) n (%) ref
95 wt % Bay,4Sry¢Ti0;—5 wt %MgO 300 11.88 1.5 88.5 227
Bay 4510, TiO3—8 mol % SiO, 400 9.11 1.6 90.9 229
0.6ST—0.4NBT 210 ~20 1.7 69.93 237
0.45ST—0.2NBT—0.35BT 170 ~25 1.78 77.06 243
(Sro.90Mgo01) TiO; 362 ~12 1.86 89.3 218
0.5ST—0.5(0.94 Bi 54Nag 4sTiO;—0.06BT) 180 ~30 1.88 79 239
0.5ST—0.5(0.9SNBT—0.05BaAl, ;Nb, ;O;) 190 ~28 1.89 77 240
Bag 451, ¢ TiO3—9 wt %(Bi,0;—B,0;—Si0,) 279 ~17 1.98 90.57 232
0.95(SrysNag 55Big,sTiO5)—5 wt %MgO—0.0SKNbO, 178.5 ~27 2 76.34 244
Bag 4S1,6( TigoosMng o4) O3—2 Wt % MgO 300 ~16 2.014 88.6 228
Ba3Sr,sCag; TiO5—2 wt %MgO 194.33 ~23 2223 245
St.985Ce0.01 TiO3—3 Wt % SiO, 290 ~10 223 64
StTig085(Zn;/3Nby/3)0.01503—4.5 wt %ZnNb,Og 422 9.34 2.35 77 246
0.9ST—0.1(Big 4sLag 6;Nag 45Lig 02 Tig.08Z70,0203) 323 ~20 2.59 8S 247
0.8ST—0.2(NBT— Bag g4L.ag 0421005 Tig.0503) 320 ~22 2.83 85 248
0.995(0.6ST—0.4NBT)—0.005ZrO, 285 ~25 2.84 71.54 74
0.9(Sry;Big,) TiO5—0.1 Bi(Mg, sHfy5) O, 360 ~22 31 93 242
Bay3Sry;TiO5—1.6 wt % ZnO 400 3.9 65
98.5 wt %Bay 41 TiO;—1.254 wt %Al,0;—0.246 wt %SiO, 493 5.09 234

“The t of the bulk ceramics is commonly >0.1 mm.

Figure 15. (a) Unipolar P—E loops and (b) W, W,,,, and # of 0.9(Sr,Biy,) TiO;—0.1Bi(Mg, sHf, s) O3 ceramic as functions of E. (c) Unipolar P—E
loops and (d) Wy and 7 of 0.9(Sr,;Big,) TiO;—0.1Bi(Mg, sHfy s) O3 ceramic as functions of cycle numbers up to 10°. (e) Unipolar P—E loops, with
the inset shows the P, and P, as functions of temperature, and (f) W, and 7 of 0.9(Sr, ;Bi,,) TiO;—0.1Bi(Mg, sHf, ;) O; ceramics as a function of
temperature. Reproduced with permission from ref 242. Copyright 2019 John Wiley and Sons.
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Figure 16. (a) Unipolar P—E hysteresis loops and (b) calculated W and W, and (c) W, and # for 0.900KNN—0.10BMN ceramics under different E.
Reproduced with permission from ref 91. Copyright 2017 Royal Society of Chemistry.

Table 6. Energy Storage Properties of KNN-Based Materials®

compounds E (kv em™) AP (uC cm™) Wiee (J em™) n (%) ref
(Ky.45N40.52)055Bi0.0sNDO5 189 ~12.7 1.04 252
0.93KNN-0.07BMN 150 ~22.5 13 58.8 253
0.9KNN-0.1BF 206 23.7 2 61 251
0.8KNN—0.28r(Sco sNby 5) 05—0.5%Zn0O 400 ~116 2.6 732 250
Kg 14Big12Na, sNbO;—1 mol % CuO 300 29 2.89 80 254
0.85KNN-0.15 Bi(Zny<Zrys)Os 325 30 35 86.8 255
0.9KNN—-0.1BMN—-1.0 mol % CuO 400 ~21 4.02 57.3 66
0.85KNN-0.15ST 400 ~26 4.03 ~52 92
0.9KNN-0.1BMN 300 ~34 4.08 ~62.7 91
“t of the bulk ceramics is commonly >0.1 mm.
Table 7. Energy Storage Properties of BF-Based Materials”
compounds E (kV cm™) AP (uC cm™2) W, J cm™) n (%) ref
3 mol % Nb,0—0.65BF—0.35BT 90 19 0.71 265
0.61BF—0.33BT—0.06Ba(Mg, ;Nb, )0, 125 323 1.56 75 269
0.61BF—0.33BT—0.06La(Mgy s Tiys) O3 130 333 1.66 82 267
0.6BF—0.34BT—0.06Sr(Al, sNby ;) O, 150 35 175 81 270
15%Nd—0.70BF—0.30BT 170 30.7 1.82 41.3 90
0.65BF-0.30BT—0.05Ba(Z1, sZn, s)Os 190 32 2.04 54 34
0.65BF—0.30BT—0.05Bi(Zn, ;Nb, ;) O, 180 32.8 2.06 53 266
0.56BF—0.30BT—0.14AN 195 26 2.11 84 268
0.60BF—0.30BT—0.10Nd(Mg, ;Nb, ;) O, 220 24 2.4 77 34
0.7(0.67BF—0.34BT) —0.3(Sr,,Big,) TiO, 180 37 2.4 90.4 271
0.62BF—0.3BT—0.08Nd(Zry {Zny ) O5 240 26 2.45 72 34
0.6BF—0.34BT—0.06Ba(Zng s Tag) O, 160 41 2.56 71 272
0.67BigSmg ;FeO3—0.33BT 200 48 2.8 55.8 273
0.25Big g;Smg,1,Feq 958¢0.0505—0.75[0.85BT-0.15Bi( Mgy Z1(. 5) O5 206 36 32 92 274
0.61BF—0.33BST—0.06La(Mg, ;Nb, ;) O, 230 36.5 338 59 275
0.57BF—0.30BT—0.13 Bi(Lis Nby)Os 280 30 3.64 74 276
0.57BF—0.33BT—0.10NN 360 S1 8.12 90 42
0.SBF—0.4ST—0.1BMN-0.03Nb 460 45 8.2 74.1 45

“The t of the bulk ceramics is commonly >0.1 mm.

their high T. and large spontaneous polarization.”*>*’

Compared with other lead-free ceramics, BF-based were not
initially considered as good candidates for energy storage
260 4 tvpe

electrical conductivity due to the volatilization of Bi and the

applications due to their high leakage current.

variation of Fe valence states has been reported frequently in BF
system, which limits the BDS and restricts energy density.”*' ~>%*
However, the introduction of dopants and alloying with end-
members suppresses the leakage current, reduces the electrical
conductivity, increases intrinsic E; and induces transitions from
a FE to RFE state. The energy storage properties of BF-based

materials are summarized in Table 7.

BF—BT-based materials are purported as potential energy
storage compositions due to their excellent BDS and high
Poae” "% Undoped BF—BT ceramics exhibit optimized
ferroelectric and piezoelectric properties in a mixed-phase
region of 0.25< x < 0.35.°* The majority of studies have
focused on this region and modified compositions either by (i) A
and/or B-site chemical doping, including Nd, Nb, Zn,sZr,,
Zn,;3Nby 5, and LigsNbys or (ii) alloying with a third end-
member, such as Nd(ZngsZr5)O; Nd(Mg,,;Nb,/;)O;, La-
(Mg, s Tiy5) O3, Ba(Mg; sNb, 3)O;, AN, and NN.*##902657269

The importance of electrical homogeneity was first postulated
in 2019 by Wang, Reaney, and co-workers as a key factor to
optimize BDS as well as W,,..>* Two electrical components with
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Figure 17. Combined Z'” and M"’ spectroscopic plots at 275 °C for (a) BF—BT and (b) BF—BT—0.08NZZ. Unipolar P—E loops of BF—BT—
0.08NZZ (c) bulk ceramics and (e) ceramic MLs, with cross-section SEM image as shown in inset figure. Calculated energy storage properties of BF—
BT—0.08NZZ (d) bulk ceramic and (e) ceramic MLs. Reproduced from ref 34. Copyright 2019 Royal Society of Chemistry.

Figure 18. (a) Z* plots and (b) Combined Z'' and M’ spectroscopic plots of 0.54BF—0.4ST—0.06BMN—xNb (x = 0); (c) Z* plots and (d)
Combined Z'' and M'’ spectroscopic plots of x = 0.01—0.05; (e) Arrhenius plots, (f) Seebeck coefficients, and (g) unipolar P—E loops under E,,,, of x =
0.01-0.05S. (h) W, and 7 of (0.6—y)BF—0.4ST—0.03Nb—yBMN. Reproduced from ref 45. Copyright 2020 Royal Society of Chemistry.

similar capacitance value, C~ 8 X 107" Fcm ™' and 1.4 X 10 F
cm™!, were found in 0.7BF—0.3BT ceramics, as illustrated
Figure 17a,b. However, the associated resistances, R; ~ 3.8 kQ
cmand R, ~ 1.3 MQ cm, were vastly different. The presence of a
large volume fraction of conductive cores (R;) easily led to

electrical breakdown at lower electrical field. In contrast, only

one single electrical component with C ~ 1.87 X 107 F cm™!
and resistivity of ~2.3 MQ cm was observed for 8%
Nd(ZrysZngs)O; (NZZ)-doped BF—BT ceramics (Figures
17¢,d). The conductive electrical component was effectively
eliminated by forming a solid solution with NZZ, inhibiting the
formation of conductive pathways at higher electric field (>500
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Table 8. Energy Storage Properties of NBT-Based Materials”

compounds E (kV cm™) AP (uC cm™2) Wiee (J cm™) n (%) ref
0.95(0.76NBT—0.24ST)-0.05SAN 120 435 2.03 61.8 324
Big41Nag 355105, TiO; 135 ~35.8 2.04 82.4 290
0.75Nay 5Srg sBig s Ti03—0.25MgO 200 ~35 2.06 84 317
0.8(0.77SNBT—0.225BaSn0;)—0.2BaZrO, 245 20 2.08 88.8 315
0.8SNBT—0.15BaHfO; 175 29 2.1 66.1 310
0.77SNBT—0.225BaSnO;—5 wt %MgO 218 ~28 2.13 67.8 326
Sn—0.458T—0.2NBT—0.35BT 240 ~21 225 79.51 328
0.9NBT—0.1Li, TiO; 200 ~25 23 74.2 291
(0.SNBT—0.5ST) —1%Sn0O, 180 37.37 2.35 ~80 238
(NayBigs)05Bag,TigsSno 505 195 ~34 2.35 71.04 338
{Bigs[(NagsKo2)osLio.1]os}096ST0.04( Tingrs Ta0025) O3 143 ~43 2.42 ~64 339
0.5SNBT—0.45(Biy,Sry,TiO5) 200 2S5 2.5 95 222
0.94(BNT—Bij,Sr,,TiO;)—0.06KNN 180 37 2.65 84.6 298
0.95(0.6ST—0.4NBT)—0.05Zr 285 ~25 2.84 71.54 74
0.85(0.9SNBT—0.05SrZrO;)—0.1SNN 210 ~30 2.93 72 325
0.96(0.65NBT—0.35Sr, ¢sBiy,, TiO3)—0.04NN 220 50.46 3.08 81.4 323
0.6(Big 5, Nag 47) TiO3—0.4Ba(Zry 5 Tiy,) O 280 ~25 3.1 91 299
0.9(0.76NBT—0.24NN)—0.1SBT 200 43 3.12 75 340
0.93NBT—0.07LaAlO; 210 43 3.18 60 320
(Nayg,5Big25STo5) (TigsSng,) O 310 26.5 3.4 90 321
0.85(Nag sBig5)0Sr0 3 TiO3—0.1SBMN 250 38 3.45 88.01 316
0.95(0.6 Biy Na, TiO;—0.4Sr, ,Biy, TiO;)—0.0SAN 246 41 3.62 89 322
0.65(0.84NBT—0.16K, sBiy s TiO5)—0.35(Bi,Sr,, TiO3) 350 ~33.99 4.06 87.3 288
0.5SNBT—0.45SBT 315 19.1 4.14 92.2 29§
0.90(Nag sBig 5 )o.-S1o s Ti03—0.10 Bi(Niy sSny5)O; 270 47 4.18 83.64 341
0.75Bij 5gNag 4, Ti0;—0.258T 535 41 5.63 94 342
0.78NBT—0.22NN 390 45 7.02 85 297
0.62NBT—0.30SBT—0.08BMN 470 48 7.5 92 337

“t of the bulk ceramics is commonly >0.1 mm.

Figure 19. (a) Unipolar P—E loop and the current—E curve for NBT—0.45SBT bulk ceramics. (b) W, and 57 for NBT—0.4SSBT ceramic MLs; inset
SEM image of the ceramic MLs (c) Bipolar P—E loops and (c) calculated W, and # of 0.78NBT—0.22NN ceramic.”*>*”’ (a, b) Reproduced with
permission from ref 222. Copyright 2018 John Wiley and Sons; (¢, d) Reproduced with permission from ref 297. Copyright 2019 Royal Society of
Chemistry.

kV cm™). As a result, optimized W, ~ 2.45 and 10.5 J cm ™ Recently, superior energy density through tailored dopant
were realized at E,,, ~ 240 and 700 kV cm ™" for 0.08NZZ-BF— strategies was achieved in BFE—ST—xNb—yBMN ceramics, by
BT bulk ceramics and MLs, respectively. promoting electrical homogeneity, enhancing E, and suppress-
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Figure 20. (a) Tolerance factor and average ionic polarizability per unit cell of NBT—SBT—xBMN as a function of BMN concentration. (b)
Combined Z'" and M"’ spectroscopic plots for NBT—SBT—0.08BMN ceramics at 660 °C. (c) P—E loops at the E, ., and (d) W, and 7 for NBT—
SBT—xBMN ceramics. Reproduced with permission from ref 337. Copyright 2021 Elsevier.

ing the p-type conduction, all of which resulted in significantly
enhanced BDS. The ceramic without Nb (BF—ST—0.06BMN, x
=0) exhibits a broadened arc in Z* at room temperature (Figure
18a) with at least two electrical components observed in
combined Z'* and M’ spectroscopic plots (Figure 18b). By
donor doping Nb on the B-site, only one ideal semicircle in the
Z* plots with a single Debye peak at the same frequency in both
Z'" and M'’ spectroscopic plots was observed for all doped
samples (Figures 18c,d), suggesting electrical homogeneity. Nb
doping suppresses the formation of Fe*" associated with the loss
of Bi,O; or/and V{ during ceramic processing, thus reducing
electrical conductivity with respect to x = 0 by several orders of
magnitude, coupled with enhanced E, (Figure 18e). A reduction
in Seebeck coefficient from ~ 600 uV K™' to zero indicates a
commensurate decrease in charge carrier concentration as Nb
concentration increases. At x = 0.03, the BDS increases to 360
kV cm™' (Figures 18g) which is insufficient on its own to
optimize W, but when combined with an increase in BMN (y)
concentration to reduce polar coupling, results in W, ~ 8.2 ]
em™ at E, ~ 460 kV cm™ for BE—ST—0.03Nb—0.1BMN
ceramics, Figure 18h.*

3.1.2.5. Na,sBi,sTiO;—Based Ceramics. NBT-based ce-
ramics are promising candidates of lead-free dielectrics due to
their high P_ ., and T.. However, their large hysteresis and low
BDS are not ideal for high energy density capacitor
applications.””’~*** Attempts to improve their properties
generally fall into the following approaches: (i) doping on the
Assite (Ba, Sr, K, Li, La, Dy, Nd)222'239'243’285_29 and B-site
(commonly Nb)**” and codoping (K,Sr/Nb; K,La/Zr; LiK,Sr/
Ta,Nb; K,Mg/Nb; Ba/Nb; Ba/Sn; Ba/Sn,Zr; Ba/Ta; Ba/Zr;
Ba,Ca/Zr; BaK,Ca/Nb,Zr; Ba/MgNb; Ba/Mg; Ba,La/AlNb;
Ba,Sr/Yb,Nb; Ba/Hf; La/Al; La,Ba/Nb; Sr/Sn; Sr/Zr; Sr/Mg;
Sr/MgNb);""#*?*73*! (ij) forming solid solution with other
end-members, such as AN, NN, and SBT;*””***7**° (iii) using
additives such as MnO, Fe,0;, MgO, SnO,, ZnO, CaO, and
ZrQ,0>7H?3%326733% and (iv) employing different processing
methods such as hot-pressing™ and synthesis using sol—gel

. 69,71,74,335,336 ;
derived powders.”” The energy storage properties of

NBT-based materials are summarized in Table 8.

Notably, Li and co-workers reported that 0.5SNBT—0.45-
(Sry;Big,) TiO5(SBT) achieved W, of 2.5 and 9.5 ] cm™ with 7
> 90% for bulk ceramic and MLs at 200 and 720 kV cm™" (Figure
19a,b), respectively.”** Superior W, ~ 7.02 J cm™ and 7 ~
85%, were also reported for 0.78NBT—0.22NN ceramics at E, ,,
~ 360 kV cm™}, Figures 19¢,d, with <10% variation from 25—
250 °C and from 0.1 to 100 Hz.**”

Recently, Ji and co-workers™” proposed that the key factors
for designing an ideal RFE with high energy density were as
follows: (i) utilization of a highly polar base system (e.g., NBT);
(ii) disruption of long-range polar coupling through forming
solid solutions with, e.g, SBT and BMN without sacrificing
average ionic polarizability, Figure 20a, and (iii) simultaneously
inducing or retaining electrical homogeneity with a highly
resistive single component in IS (~250 kQ cm at 660 °C),
Figure 20b. These factors combined to give E,,,,, ~ 470 kV cm ™,
W ~ 7.5 ] em™, and  ~ 92% for 0.62NBT—0.30SBT—
0.08BMN, Figure 20c,d.

3.1.2.6. AgNbO;—Based Ceramics. AFEs have long been
considered as the prime candidate for energy storage capacitors
due to their large P, ., and small P,. There are only a handful of
lead-free AFE systems, with AN showing particular promise
because it possesses a large saturation polarization of 52 uC
cm 2 under an E,, ~ 220 KV cm™'.>*® Recent research on AN
ceramics has focused on stabilizing the AFE phase so that
switching field is moved to higher fields while simultaneously
optimizing Pmax.344’3'45

There have been a number of recent studies on AN focusing
on (i) substitution of aliovalent B-site oxides such as MnO, and
WO3;346’347 (i) doping Ba, Sr, Ca, Bi, La, Sm, and Gd on the A-
site*¥7% often with isovalent Ta doping on the B-site;*>’ >’
and (iii) forming solid solutions with end-members, such as
BiMnO, and Bi(Zn,;Nb, ;) 03.°°>*°' Most dopants reduce the
G of AN which maximizes BDS but delay the onset of the AFE-
FE transition to higher field while simultaneously narrowing
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Figure 21. (a) Bipolar P—E loops of AN and Ag(Nb 4 T2 5) O; ceramics. (b) Energy storage performance of Ag(Nb,_,Ta,)O; ceramics prior to their
breakdown. (c) Schematic of the underlying principles for enhancing energy storage property in AN-based materials. (a, b) Reproduced with
permission from ref 357. Copyright 2017 John Wiley and Sons; (c) Reproduced with permission from ref 359. Copyright 2019 Royal Society of

Chemistry.

Table 9. Energy Storage Properties of AN-Based Materials”

compounds E (kV ecm™)
AN 150
AN 17§
Agy96Bago,NbO; ~180
0.6 mol % BiMnO;—AN 178
0.1 wt % Mn—AN 150
Ago.91Big,03NbO; 200
Ag 90St00sNbO;3 190
Ago94Liag;NbO; 230
0.3 wt % Mn-doped Agg;Lag o, NbO; 142
0.1 wt % W-AN 200
AN—-0.03NBT 220
Ago90Cag.0sNbg9sTag 0503 210
Agp9,CayNDO; 220
Ag(NbysTay,)0; 270
AgNby5Tag,150; 233
2 mol % La-doped AN 273
Agy 53Gd0sNDbO; 290
Ago04Sm 0, NbO; 310
0.99AN—-0.01 Bi(Zn2/3Nb1/3)O3 220
(Smo,ozAgo.94) (NbyTap;)0;5 280
Smy 034809/ NbO; 290
AgNDb 45Tag5503 460
Ago97Ndg,01Nbg 59T 2003 370
Agj 6L 0sNDO; 476

“t of the bulk ceramics is typically >0.1 mm.

AP (uC cm™) Wiee (J cm™) n (%) ref
~34 2.0 46 345
~33 2.1 40-50 343
~34 2.3 46 356
~36 2.4 54 360
~37.2 2.5 57 346
~30 2.6 86 353
~38 2.9 56 354
~28 3.12 63 352
37.8 3.2 62 351
~42.5 3.3 S0 347
33 34 62 364
37 3.36 58 363
~37.6 3.55 63 349
~30 3.7 ~65 358
~3S.1 4.2 69 357
~30 4.4 70 350
~32.5 4.5 ~63 358
31 4.5 63 362
46.8 4.6 57.5 115
~36 4.87 63.5 359
~36 5.2 69.2 348
~29 6.3 90 365
38 6.5 71 366
33 7.01 77 367

hysteresis in the induced FE phase. W, of 4.4, 4.5, and 5.2 ]
cm ™ with 77 of 70, 63, and 69.2% has been obtained for La, Gd,
and Sm A-site doped AN ceramics,” 33133935939 regpectively,
and B-site Ta-doped AN was reported to exhibit W, of 4.2 J

cm™? with 57 of 69% (Figure 21a,b).> Assite doping with ions

smaller in radius than Ag is suggested to decrease tolerance
factor and enhance AFE stability, while donor doping is
compensated by A-site vacancies which reduce antipolar and
polar coupling of the AFE and field induced FE phases,

respectively. Some authors postulate that substituting B-site ions
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Table 10. Energy Storage Properties of NN-Based Materials”

compounds E (kV cm™) AP (uC cm™2) Wiee (J cm™) n (%) ref
NN-0.09Bi(Zn, s Tig5)O; 200 29 2.1 76 375
0.9NN-0.10BMN 300 ~23 2.8 82 371
0.8NN-0.2ST 323 34.5 3.02 80.7 372
0.78NN—0.22Ba(Mg, ;Nb, ;3) O, 540 18.7 3.51 87 376
Nay,Biy;NbO; 250 ~30 4.03 85.4 377
NN-MnO, 360 33 43 90 378
Nag 54Big 0sNb 622100503 430 30 4.9 88 67
0.9NN-0.1 Bi(NiySny5) O, 550 25 5 68 379
0.78NN—0.22 Bi(Mg,3Ta,,5)O; 620 17 5.01 86.8 373
0.92NN—0.08 Bi(Mgy s Tiy5)O5 480 38 5.57 71 374
(Nagg,Lagge) (Nby g, Tig 15) O3 550 42 6.5 65.9 380
0.75[0.9NN—0.1 Bi(Mg,sTa,5)0;]—0.25(Big sNags),Sre;TiOs 800 22 8 90.4 381
0.76NN—0.24NBT 680 ~55 122 69 42

“t of the bulk ceramics is commonly >0.1 mm.

Figure 22. (a) Bipolar P—E loops with corresponding current density-field (J—E) curves and (b) W, and 7 values of under different E for the
0.76NN—0.24BNT ceramic at 10 Hz (c) a comparison of W, 7, and E,,, among the recently reported bulk ceramics; (d) temperature-dependent P—
E hysteresis, (e) temperature- and frequency-dependent €, and (f) W, and 77 as a function of temperature for the 0.76NN-0.24NBT ceramic at 450 kV
cm™". Reproduced with permission from ref 42. Copyright 2019 John Wiley and Sons.

with a lower polarizability than Nb also stabilizes the AFE phase
and moves the switching field higher.********%%3 The under-
lying principles are schematically represented in Figure 21c. The
energy storage properties of AN-based materials are summarized
in Table 9.

3.1.2.7. NaNbO;s-Based Ceramics. Recently, AFE NN has
received attention as a potential candidate for energy storage
applications. An AFE double hysteresis loop is difficult to
observe in NN because (i) the energy difference between the
AFE phase and field-induced FE phase is very small and (ii) E-
induced FE phase is metastable. Thus, AFE behavior in NN
based materials is commonly stabilized by chemical substitution
with end members such as BS and CaHfQ,.****%*737°

E > 250 kV cm™ and W, > 2.5 ] cm™ have been reported
for NN in solid solution with BMN, ST, Bi(Mg, 5Ta,,3) O3, and
Bi(Mg,sTiys)O; by stabilizing the AFE phase or inducing
relaxor behavior,>”'>"* as summarized in Table 10. Zuo and co-
workers"” have also proposed the concept of an “AFE relaxor” to
explain the energy storage properties of 0.78NN—0.22NBT
ceramics. They argue that the local AFE phase transforms
reversibly into an FE monoclinic phase at~ 400 kV cm™!, giving
alarge AP (P, > 50 uC cm™? and Py, < S uC cm™2). W, of
~12.2] cm™ was reported with 77 ~ 69%, at 680 kV cm™}, Figure
22.** However, the term “AFE relaxor” has little physical
significance since an antipolar phase cannot form short-range
polar features characteristic of a relaxor. 0.78NN—0.22NBT
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Figure 23. Schematic of the processing step of glass-ceramics.

Table 11. Energy Storage Properties of Glass Ceramics®”

compounds

14.45r0—17.6BaO—32Nb,0,—36B,0,
25.6Ba0—6.4Na,0—32Nb,0,—36Si0,
14.35r0—17.5Ba0O—31.9Nb,04—35.8B,0;—0.5Zn0O + 0.5La,0;
20BaO—20SrO—20Nb,0;-5AL,0;—1.5B,0;—33.55i0, + 0.2La,0;
20SrO—20BaO—10Nb,0,—10Ti0,—325i0,—8A1,0;
14.35r0—17.5BaO— 31.9%Nb,0;—35.8%B,0;—0.5Zn0 + 0.5Sm,0,
14.4SrO—17.6BaO—32Nb,05—36B,0; + 1%Yb,04
15K,CO3-155rCO3—30Nb,0,—325i0,—4A1,0,—4B,0,
20BaO—20SrO—20Nb,0;—5A1,0;—1.5B,0;—33.55i0, + 0.05MnO,
42[0.2Na,0—0.85r0]—28Nb,0;—308i0,
9.6K,0—22.4Ba0—32Nb,0,—36Si0,
25.6Ba0—6.4K,0—32Nb,0,—36Si0, + 1Gd,0;
20BaO—12K,0—32Nb,0,—36Si0,
15.168r0—6.736BaO—10.104K,0—32Nb,0,—28B,0;—8P,0;
6.4K,0—25.65r0—32Nb,0;—36Si0, + 3CaF,
31.28r0—7.8Na,0—26Nb,0,—35S5i0,

15 Bi,0;—15Nb,0,—405i0,—30AL,0,
65(485rO—12Na,0—40Nb,0;)—35Si0,
24Ba0—6Na,0—30Nb,05—10A1,0,—30Si0,
15.4Na,0—15.4PbO—23.1Nb,0,—46.2Si0,
25.6(0.45r0—0.6Ba0)—6.4K,0—32Nb,0,—36Si0,
21.25BaO—1PbO—12.75Na,0—34Nb,0,—32Si0,
25.6Ba0—3.2Na,0—3.2K,0—32Nb,0,—36Si0,
21.6Ba0—2.4PbO—6Na,0—30Nb,05—10AL,0,—30Si0,
635i0,—12Ba0—16B,0;—9AL,0,

“t of the bulk ceramics is commonly >0.1 mm.

&, (1 kHz, 300 K) E (kV cm™) Wee J cm™) ref
117 1050 5.71 386

~90 1248 ~6.2 409

131 1127 7.1 400

9.4 1326 7.2 406

52.9 1817 7.73 410

143.8 1132 8.15 402

98.3 1398 8.5 403

102 (10 kHz) 1411 8.99 407
95.8 1471 9.2 411

53 (100 kHz) 2074 10.09 412
75 1937 12.06 393

83 1818 12.14 405

83 1859 12.7 413

85.2 1844 12.83 395

114 1623 13.5 414

91 1941 152 390

100 1861 15.3 391

124 1669 15.3 392

~70 2322 16.6 388

175 1486 17 385

118 1828 17.45 394

154 1638 18.29 389

22 4433 19 396

137 1848 20.7 384

6 12,000 38.5 397

may, therefore, be better described as either a relaxor or a short-
range AFE phase that undergoes a field induced transition. This
intriguing behavior is interesting, but it is the large E,,, (680
kVem™) that is most likely responsible for the exceptional W,
rather than the intrinsic crystal chemistry. The underpinning
reasons for the large E_, most likely relate to the defect
chemistry, band gap and electrical homogeneity, consistent with
the key factors proposed by Ji and co-workers.”*”

3.1.3. Glass Ceramics. Glass-ceramics are composed of one
or more crystallized phases (ceramics) dispersed uniformly in
amorphous phase (glass). They often exhibit the combined
properties of ceramics and glass depending on the induced
crystalline phases and their microstructures. Glass-ceramics are
prepared by melting the requisite raw materials, cooling to room
temperature to form a glass, followed by two step annealing to
induce crystal nucleation (approximately at the glass transition
temperature, Tg) and growth > T, Figure 23.79°%% The
microstructure of a glass ceramic is typically dominated by a
largely 2D and 3D defect-free (e.g,, no grain boundaries) glass
phase and a uniformly distributed (provided the system
undergoes homogeneous rather than heterogeneous nucleation)
ceramic phase. W, and 7 are both large due to the high BDS
associated with the absence of 2D and 3D defects accompanied

by a near zero value of P,. The energy storage properties of glass-
based glass ceramics are summarized in Table 11.

As discussed above, the crystallization of glass ceramics is
controlled by the annealing procedure, where the annealing
temperature and time are critical for nucleation and growth of
the ceramic phase, the microstructure and the properties.
Generally, the volume fraction of crystalline phase increases with
increasing annealing temperature and time, accompanied by an
increase of €, and decrease of BDS. The optimized W, is a
balance between &, and BDS. Chen and co-workers®* reported
that tungsten bronze structured, Bag,,Sry;sNb,Os,¢ phase
formed from the Na,0—BaO—SrO—Nb,0;—Si0,—B,0; glass
matrix at 800 °C and a secondary phase NaSr;,Bay¢NbsO;
emerged when crystallization temperature exceeded 850 °C.
Remarkably high BDS ~ 1400 kV cm™ with €, of ~50 were
obtained, leading to a W,,. = 4 J cm™>. Besides, Wang and co-
workers reported ultrahigh W,.. of 20.7 J cm™ in BaO—PbO—
Na,O—Nb,0;—Si0,—Al,0; (BPNN-AS) glass ceramics at the
optimized crystallization temperature of 900 °C, as shown in
Figure 24.*** With increasing crystallization temperature from
850 to 1000 °C, the BDS decreased from 1890 to 1440 kV cm™
and the crystallinity increased from 64.5 to 97.3% (Figure 24b).
Similar results were also reported in other glass ceramic systems,
including Na,O—PbO—Nb,0;—Si0,,**> SrO—BaO—Nb,0—
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Figure 24. (a) X-ray diffraction (XRD) patterns of BPNN-AS glass ceramics annealed from 850 to 1000 °C; (b) &, and M;NaNb;O, + NN phase
proportion with increasing annealing temperature; (c) BDS Weibull distribution plots; (d) W, of 900 °C annealed BPNN-AS glass ceramics,
compared with other kinds of ferroelectric glass ceramics. Reproduced with permission from ref 384. Copyright 2018 Royal Society of Chemistry.

Figure 25. (a) Dielectric properties, (b) XRD patterns, and (c) BDS of SNN-Si glass ceramics as a function of SiO, concentration (f3). Reproduced

with permission from ref 392. Copyright 2017 Elsevier.

B,0,,°* K,0-SrO—Nb,0,—S8i0,—Al,0,—B,0,,**" BaO—
Na,0—Nb,0,—Si0,—AL,0,,*** BaO—PbO—Na,O—Nb,0,—
$i0,,** SrO—Na,0—Nb,0,—Si0,,*° and Bi,0;—Nb,0s—
Si0,—AL 0, "

Each constituent oxide in the glass matrix has an important
effect on the crystal phase, microstructure, BDS, and energy
storage properties. For example, SiO, is an important and active
studied constituent oxide in glass matrix. With increasing SiO,
content, & of SrO—Na,O—Nb,0;—SiO, (SNN-Si) glass
ceramics first increased and then decreased as shown in Figure
25a, which was attributed to the change of volume fraction
SrgNbyO4, (Figure 25b). The optimal &, of 120 and BDS ~

1700 kV cm™ were obtained with 35 mol % SiO, (Figures
25a,c), resulting in the highest theoretical W, of 15.2 J cm™3.*"
Wang and co-workers reported that, as K,O concentration
increased in K,0—BaO—Nb,0,—SiO, glass ceramics, grain
boundary R and activation energy decreased, indicating the
decrease of interfacial polarization, leading to the enhancement
of BDS to ~1900 kV cm™' and W, ~ 12 J cm™3.%"? They also
reported that substitution of Sr for Ba in SrO—BaO—-K,0—
Nb,0;—Si0, led to the formation of solid phase Sr, sBa; sNb,Og4
and improvement of dielectric properties.””* The highest BDS of
~1800kV cm™' and W, of 17.5 ] cm™ were achieved with Sr =
0.4 due to a uniform and dense microstructure and lower
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interfacial polarization. Li and co-workers reported substitution
of K with Ba in SrO—BaO—K,0—Nb,0;—B,0;—P,0; glass
ceramics transformed BajSry;Nb,O4 to a solid solution of
KyyBag x)ySrS_ Nb10030 and then KSr,Nb;O; phase, leading to
a decrease in £.°”> A maximum theoretlcal W, of 12.8 ] cm™
was obtained under BDS ~ 1800 kV cm ™, along with dielectric
loss <0.3%. Liu and co-workers studied the effect of R,O (R = Li,
Na, K) on the phase structure, dielectric properties and BDS in
BaO—R,0— Nb ,05—Si0, glass ceramics, where the highest W,

~ 19 J cm™ was achieved with &, ~ 22 and superior BDS of
~4400 kV cm ™ in composition of BaAO—Na,0—K,0—Nb,0;—
$i0,.*”°

Compared with alkali based compositions, alkali-free glass
compositions were found to deliver lower dielectric loss and
fewer defect microstructure. For example, Smith and co-workers
reported both ultrahigh E,.,, ~ 12000 kV cm™" and W, ~ 35 ]

m™ in BaO—B,0;—Al,0,-Si0, glass.””” The effect of Al/Si
ratio on the modification of the microstructure and properties of
SrO—BaO—Nb,0;—S8i0,—Al,0; glass ceramics was also
studied by Xiu and co-workers.””®

Additionally, rare-earth oxides, such as La,0j,
Sm,03,*% Yb,03,"*** and Gd,0,"" are also commonly
substituted into glass formulations for energy storage
applications. Rare-earth oxides are mainly reported to act as
nucleating agents®*”**> or crystal growth inhibitors.*****®
Zhang and co-workers revealed that La,O; leads to a
homogeneous microstructure in the BaO—-SrO-TiO,—
Al,O;-Si0, glass-ceramics which improved BDS ~ 1600 kV
em™ and W, ~ 3 2J em™ (2.5 times of the glass-ceramics
without La,0,).*”” Zheng and co-workers reported that 0.5 mol
% La, O3 in SrO—BaO—Nb,0;—B,0;—ZnO0 glass-ceramics also
optimized &, (~130) and W,c ~ 7.1] cm™ through achieving a
BDS ~ 1100 kV cm™" due to a reduction in crystallite size and
precipitation of high &, phase, SrysBay Nb,O4. " A similar
effect was reported for Sm,0; by Chen and co-workers in the
SrtO—BaO—Nb,05—B,0;—Zn0O glass ceramics with W, of 8.2
J em™ at 1100 kV cm_l.40 Moreover, Yb,0O; is reported to
eliminate the impurity phases and form a uniform micro-
structure in BaO—SrO— TiOZ—AIZO3—B203—Si02 glass-ce-
ramics, leading to W, of 3.5 cm™, ~ 1.8 times higher than
undoped compositions.***

Apart from the conventional annealing, novel methods such as
microwave treatment have been reported to improve the energy
storage properties of glass ceramics. Zhang and co-workers
found that microwave treatment restrained the formation of the
dendritic microstructure in Ba,Sr; ,TiO;—(Ba—B—Al-Si—0)
(BST—BBAS) glass-ceramics (Figure 26), leading to the
improvement of BDS from 1200 kV cm™ to 1500 kV cm_l,
corresponding to W, of 2.8 J cm™ (950 °C anneal).*
and co-workers further reported that the prec1p1tat10n of
impurity phases in the K,0—SrO—Nb,0;—SiO,—Al,O0;—
B,0; glass-ceramics was limited by controlling the crystal-
lization time using microwave sintering, with optimum ¢, BDS
of 1400 kV cm™ and maximum theoretical W,,. (~9 J cm™)
obtained after 10 min.*"”

3.1.4. Summary of State-of-the-Art in Ceramics. The
debate over whether lead-free electroceramics can replace their
lead-based counterparts has been ongoing for over two decades.
Lead based compositions generally outperform their lead-free
counterparts on most metrics. Moreover, lead-free compositions
are disparate with a large number of different formulations
potentially required to cover the properties achieved with
essentially doped PZT. Provided, however, that the perform-

399—-401

Figure 26. SEM images of BST-BBAS samples annealed at 950 °C by
(a) conventional method and (b) microwave treatment.*”® SEM
images of BNNS samples annealed at 1000 °C by (c) conventional
method and (d) microwave treatment. (e, f) Temperature dependence
of dielectric properties of BNNS samples. The BDS plot is inset in
().*° (a,b) Reproduced with permission from ref 408. Copyright 2014
Elsevier; (c—f) Reproduced with permission from ref 409. Copyright
2017 Elsevier.

ance, reliability and cost of lead-free are competitive with PZT, it
is highly likely that lead-free electroceramics will begin to replace
their lead-based equivalents and attain large scale production in
the com1n§ years as a consequence of environmental
legislation.* ' 9¥*>

Of all the applications, lead-free high energy density
capacitors are the most likely to see large-scale production
since (i) the performance of lead-free compositions is
approaching that of lead-based; (ii) reduction in intrinsic
electrical properties may be compensated by increasing the BDS
often through decreasing layer thickness (see section 3.1.2); and
(iii) the capacitor industry is dominated by lead-free BT-based
MLCCs, and thus, there is an expectation that the related
products will not contain lead.’**>?%*°%*7%*1% Thjs latter
statement does not hold for piezoelectric ceramics market
which is dominated by PZT and its derivatives.'”**'"~*?

The energy storage performances, E,.,, AP, W, and 7, for
lead-based and lead-free ceramics are summarized and plotted in
Figure 27 (note: glass ceramics are not included). A comparison
of W, vs E,, for different lead-based/lead-free bulk ceramics is
displayed in Figure 27a. Lead-based bulk ceramics have the
advantage of both high E, ., (up to ~400 kV cm™") and W, (up
to ~12 J cm™?) with respect to lead-free candidates. NN-based
ceramics currently offer the highest W, under high E (>350 kV
cm™!) for lead-free compositions, followed by AN-, NBT-, BF-,
and KNN-based materials. BT and ST-based ceramics display
the lowest W, in spite of their high E, ., of ~450 kV cm™, but
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Figure 27. Comparison of (a) E,,, vs W,.; (b) APvs W,.; and (c) W,
vs 1 for lead-based/lead-free bulk ceramics. *t of the bulk ceramics is
commonly >0.1 mm.

they are perhaps the most appealing dielectrics commercially
since they are the current basis of MLCC production.

AP vs W, is compared in Figure 27b. Lead-, NBT-, and BF-
based materials exhibit extraordinarily high AP (up to ~60 uC
cm™2), followed by AFE NN- and AN-based (up to ~40 uC
cm™?) and KNN-based materials (up to ~35 4#C cm™?) with the
lowest (up to ~25 uC cm™2) for BT- and ST-based materials.
Bicontaining electroceramics such as NBT and BF, have been
heavily studied recently as potential lead-free electroceramic
materials due to their large polarization,*0%>0281:282284420=423
A high AP (60 uC cm™) is obtained in NBT and BF based by
reducing the P, through chemical substitution with other
perovskite end members to form a relaxor with an ultraslim P—E
loop. To some extent therefore, the advantage of a high intrinsic
polarization end member such as BF is weakened. Intermediate
AP ~ 40 uC cm™* values are observed for AFEs such as AN- and
NN-based materials but P, is often limited as compositions
exhibit polarization saturation as a function of applied field.

Figure 27c¢ compares W, vs 1 for a wide range of
compositions. ST-based materials display the best 7 (~90%)
due to their linear-like dielectric behavior. For BT-, NBT-, and
lead-based materials, # varies with the material composition
since it is a function of many factors. Dielectric loss associated
with defects such as V; play a role but primarily at high field and
high frequency, energy is dissipated during the transition to a
field induced long-range ordered state which is manifested by
the opening of the P—E loop. If the transition is smeared over for
the operational range through alloying or doping to create a so-
called “weakly coupled relaxor state”, n > 90% can be
achieved 43209337

High leakage current and electrical conductivity are
considered as major challenges in BF and KNN-based materials
but are addressed by appropriate doping, e.g. donor doping to
mitigate p-type conductivity in BF-based ceramics.” In
addition, AFE based materials generally suffer from opening of
the polarization loop above switching field to form a field
induced FE phase which is detrimental to #. Compositional
modifications to AN and NN ceramics aim not only to push the
AFE-FE transition to higher field and stabilize the AFE phase but
also to disrupt the long-range ordering in the field induced FE
phase, thereby creating a slimmer portion of the P—E loo
(higher 77) than that being observed in unmodified materials.*®°

Apart from the parameters discussed above (E,,, AP, W,
and 77), temperature and frequency stability are also important
for practical applications. In the future, high energy density
ceramic capacitors will be placed closer to the core engine
electronics to optimize the equivalent circuit resistance.
Therefore, the temperature requirement for energy storage
ceramics is anticipated to increase. According to the white paper
“Multilayer Ceramic Capacitors for Electric Vehicles” published
by Knowles capacitors in 2017,*** the explosive development of
EVs has prompted the appearance of new 200 °C-stable COG
type I dielectric ceramic capacitor on the market. However,
these materials still do not fulfill the required high power/
voltage, energy density, and temperature requirements (~250
°C) to facilitate use near-engine. Better frequency stability from
100 Hz to 100 kHz is required to reduce power fluctuations
when capacitors are used for DC/DC conversion for battery
charging and DC/AC conversion for propulsion.*”*~**
Enhanced frequency stability also enables the capacitor to be
compatible with diodes and thyristors for power switching and
control.**°

The temperature and frequency stabilities of many high
energy density ceramics are evaluated, as shown in Figure 28.
Only two compositions to date deliver W,,. > 3.5 J cm™ up to
250 °C, 0.57BF—0.33BT—0.1INN** and 0.78NBT—0.22NN.**’
Most other compositions either do not sustain or do not have
properties reported >200 °C. Typical issues associated with
operating at higher temperature include, widening of the P—E
loop or early breakdown due to high leakage current and electric
field and/or temperature-induced phase transitions. High
leakage currents above 200 °C typically arise from oxygen
vacancy diffusion.*’

Most compositions have been shown to deliver W, at a few
hundred Hz but higher frequencies (>kHz) are rarely reported.
Wang and co-workers, for example, discussed frequency stability
from 107% to 10* Hz for 0.57BF-0.3BT—0.13BLN with W,,. ~ 8 ]
cm™ and 7 ~ 81% at 400 kV cm™. All electroceramics for
capacitors appear to deliver a charging—discharging speed at or
faster than 1 ps. Short times of 759 ~ 0.1S ps (90% of energy
discharge in 0.15 us) were reported by Li and co-workers in BT
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. 42,43,130,131,208,242,297,337,348,352,357,359
Figure 28. (a) Temperature-** , 7,337,348,352,357,359 4nd

(b) frequency-dependent W, for some regorted electroceramic
materials for high energy density capacitors,”’ 7527337416

based ceramics at 150 kV cm™"®” while Qi et al. described even

faster charging—dischargin§ speeds (754 ~ 97 ns) in BF-based
ceramics at 200 kV em™.* Increasing attention has also been
focused on fatigue-resistant behavior as a performance metric in
practical applications with 10* cycles (W, variation <10%)
reported in BF-based ceramic multilayers from 20 to 100 °C,
coupled with a low value of electrostrain (<0.03%).””°

3.2. Ceramic Multilayers and Films

3.2.1. Ceramic Multilayers. Ceramic MLs are fabricated by
a series of processing steps which include slurry preparation,
tape-casting, screen printing, lamination, cosintering, and

o LS 18,176,422,431,43 :

termination, as shown in Figure 29. This
fabrication technology is a powder-based approach that
accommodates scale-up from laboratory research to commercial
manufacturing. The market of ceramic MLs ~ $5.3 billion in

Figure 29. Ceramic MLs fabrication process (MLs cofire technology).
Reproduced with permission from ref 18. Copyright 2010 IEEE.

2017 but will reach ~ $7.8 billion by 2024 for electronic
applications, including but not limited to mobile phones, laptops
and motor vehicles."”” Advanced high energy density ceramic
MLs, based on AFEs and RFEs materials, are being developed to
facilitate power electronics within hybrid electric vehicles which
require higher W, and operating temperature. Simultaneously,
research into low cost internal electrodes is required so that the
highest performant ceramics can be developed. The energy
storage properties for different ceramic MLs are summarized in
Table 12.

Several lead-based AFE ceramic MLs have been reported
using different internal electrodes. A giant power density ~2000
kW cm™ and W,.~ 3 J cm™ was obtained in Pb-
(Zr0.05Tig05)09sNbo 0203 MLs using Pt as internal conductive
electrode.””* Optimized performance of W, ~ 3.8 J cm™ was
also reported by Hao and co-workers for
(PboAssBao.osLao.ozDYom)(ZroAsssno.z7TiO.05)O3 MLs using 5%
Ag/95%Pd internal electrode. However, this was accompanied
by a large electric field-induced strain ~0.71% at 300 kV
em™,*° a major drawback for practical applications due to
inferior mechanical stability in operation. To date, Hao and co-
workers have reported the record-high W,,. ~ 12.6 ] cm™ and 17
~ 80% wunder E_,, 560 kV cm~! for
Pb% %§La0_02(Zr0.7SnO,3)O_99503 ceramic ML, as shown in Figure
30.%°

Although lead-free AFE ceramics show great promise, there
are no reports of ceramic MLs in the literature. Instead, lead-free
RFEs have dominated recent ceramic ML research due to their
excellent W, and fatigue-resistant behavior accompanied by
negligible electric field induced strain. 0.87BT—0.13 Bi-
(Zn,/3(NbggsTag 15)1/3)O3 ceramic MLs have been fabricated
with a dielectric layer t of 11 ym using 60Ag/40Pd internal
electrodes that exhibit excellent W,,. ~ 8.13 ] cm™ and 57 ~ 95%
at 750 kV em™".**” The energy storage properties of 0.87BT—
0.13 Bi(Zn,;3(NbggsTagys)1/3)O; were further enhanced by
Zhao and co-authors by decreasing the dielectric layer to ~5 pim,
achieving W,,. ~ 10.12J cm ™ at 1012 kV cm™", Figure 31a,b, as
well as demonstrating good temperature stability from 75 to 175
°C.*** NBT—0.45SBT ceramic MLs have also been regorted to
exhibit W, ~ 9.5 J cm™ with 77 ~ 95% at 720 kV cm™~!,*** which
were further improved by forming a solid solution with a third
perovskite end-member, 10%BMN to give W, ~ 18 ] cm™ with
1> 90% at 1000 kV cm ™, by Ji and co-workers, Figures 31¢,d.*7
The highest among all lead/lead-free ceramic MLs, W, ~ 21.5]
cm™ at ~1030 kV ecm™!, however, was achieved for textured
NBT—0.3SBT ceramic MLs.**” Texturing was achieved through
the use of <111>-oriented ST platelets which reduced field-
induced strain at high field thus enhancing the BDS greatly.
Combination of texturing with alloying with a third end member
(BMN) in NBT—SBT may well represent an exciting path to
achieve yet higher energy densities.

Wang, Reaney, and co-workers have employed a range of
different chemical dopants and alloying additions to investigate
BF-(B,S)T-based ceramic multilayers.3’4’45’90’276’416 In 2018,
Nd-doped BF-0.3BT was reported to exhibit W,,. ~ 6.74 ] cm™
(more than 3 times higher than the bulk value) and 7 ~ 77% at
540 kV cm™ with a layer t of 33 um.”” On the other hand,
alloying BF—0.3BT with 8 mol % Nd(ZrysZn,s)O; resulted in
W, ~10.5] cm™ with 17 of 87% at 700 kV cm ™ with a dielectric
layer t of ~17 um, Figure 17.°* Further studies focused on
promoting electrical homogeneity, which was considered to
prevent conductive pathways developing in these composition,
thereby avoiding the breakdown at high field and facilitating the
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Table 12. Summary of the Energy Storage Performance of Ceramic MLs

materials t (um) electrode E (kV ecm™) AP (uC cm™2) W, J cm™ n (%) ref
[0.94(0.7SNBT—0.25NN)—0.06BT] —0.1CaZrO; 30 70Ag/30Pd 120 0.35 77 440
BT + BT@SiO, *layer structure 10/20 301.4 18 1.8 71.5 441
ST + Li,CO,)/(0.94NBT—0.06BT) *layer structure 50/12 237 30 241 68 442
(Pbo.ssBag osLao0:Dyoos) (Zro.6sM027Tinos) Os 11 95Pd/SAg 300 28 27 67.4 435
0.6NBT—-0.4ST 27 75Ag/25Pd 270 2.83 85 443
Pb(Zr,95Ti0.05)0.95Nb0.02 03 32 3 434
Nb and Mn co-doped 0.9BT—0.INBT 30 60Ag/40Pd 480 18 3.33 80 444
Ca(Zry5,Tig20)Os 10 Pt 1500 6 4 445
BT—0.12 Bi(LigsTaos)Os 30 Pt 466 25 405 95.5 203
BT—0.12 Bi(Li sNb, ) O, 29 Pt 450 25 45 9Ls 198
0.7BT—0.3BiScO; 25 Pt 730 24 6.1 33
15% Nd doped BE—BT 33 Pt 540 39 6.74 77 90
BT—0.13Bi[Zn,5(NbggsTag 1) 1/5]O; 11 60Ag/40Pd 790 27 7.8 88 446
BT—0.13Bi[Zn, 5(Nbo 55 Tag 15)1/5]05 11 60Ag/40Pd 750 27 8.13 95 437
NBT—0.45(Sr,-Big,) TiO5 30 Pt 720 30 9.5 9”2 222
BF—0.3Bag 41, TiO;—0.06La(Mg, sNb, ;) O, 8 Pt 720 43 10 77 416
BT—0.13Bi[Zny 5(Nbo.gsTag15)1/5]Os 5 60Ag/40Pd 1047 30 10.12 89.4 438
BT—0.13Bi[Zn, 5(Nbo,¢sTag15)1/5]Os 60Ag/40Pd 1000 30 10.5 937 447
BF—0.3BT—0.08Nd(ZtyZny5)Os 17 Pt 700 34 10.5 87 34
Pboss L0 02(Z6-S163)0.995s05 20 Pt 560 50 126 80 436
BF—0.3BT—0.13 Bi(Lig sNbq ;) O; 8 Pt 953 45 13.8 81 276
BT—0.13Bi[Zn,,3(NbggsTag5) /3] O3 4.8 Pt 1500 36 14.1 69.7 448
0.S0BF—0.40ST—0.10BMN 8 Pt 1000 50 15.8 80 4S5
NBT—0.30(St, ,Big,) TiO;—0.08BMN 8 Pt 1000 50 18 93 337
BT—0.13Bi[Zn, 5(Nbo g5 Tag 15)1/5] Os@SiO, 47 60Ag/40Pd 1755 35 1824 94.5 89
(111)-textured NBT—0.30SBT 20 Pt 1030 >65 21.5 80 439

Figure 30. (a) P—E loops under electric field up to E,,, (b) calculated W,,. and 7 values for Pbg gsLag 0, (Zr(7,Sn43)0.99503 ceramic ML. Reproduced

with permission from ref 436. Copyright 2020 Royal Society of Chemistry.

improvement of W, by reducing the dielectric layer thickness.
Finally, W,,. ~ 13.8  cm ™' at 953 kV cm™ was achieved for BF—
0.3BT—0.13 Bi(LiyNb,s)O; (BF—BT—0.13BLN) ceramic
MLs at a dielectric layer ¢ of 8 ym, as shown in Figure 32.”7°
3.2.2. Ceramic Films. Higher BDS and W, compared to
MLs fabricated through powder-based technology have been
reported for ceramic films deposited on LaNiO;/Si(;qq) or Pt/
Ti/Si0,/Si substrates by physical vapor or chemical deposition
techniques, such as radio frequency magnetron sputtering,**’
spin coating,'*"*****! pulsed laser deposition,"** and chemical
solution deposition.*” The BDS of ceramic films is significantly
improved due to the reduction of t (<1 ym) often attributed to
fewer defects (grain boundaries) and/or pore/void concen-
tration. Not only have higher figures of merit been reported for
ceramic films, but several researchers have proposed novel
underlying mechanisms (beyond reduction in defect density)
behind the enhancement, such as the formation of polymorphic
nanodomains.**> However, nonpowder based techniques are

difficult to scale up into MLCCs, which may constrain these
extraordinary results to lab-based fundamental research rather
than promising practical output for commercial exploitation.
The energy storage properties for ceramic films are summarized
in Table 13.

Lead-based ceramic films have been studied heavily in the past
decade using different preparation methods, particular for
PLZT. (PbgosLag 04)(Zrg95Tig0,) O3 ceramic film with ¢ of 2 yum
was reported to exhibit 47.4 J cm™ under electric field of 3700
kV cm™ on a Pt(111)/ TiO,/Si03/Si(100) substrate.”>* Further
increasing La concentration resulted in superior W, ~ 40.2 J
em™ and § ~ 62%, achieved at E, ~ 1998 kV cm™! for
Pbygo1Lag go(Zrg ¢sTip35)0977503 on a LaNiO;/F-Mica sub-
strates.”*” In addition, for Pbyg,Lag,ZroesS0023Tig 1,03 an
improved W, ~ 46.3 ] cm ™ was achieved at ~4000 kV cm™,
accompanied by excellent temperature stability (up to 380 K)
and cyclic reliability (up to 10°), Figure 33.%**
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Figure 31. (a) Bipolar P—E loops and (b) calculated W, and 7 of
0.87BT—0.13Bi[Zn,,5(NbggsTag15)1/3] O3 MLs under different electric
fields.”® (c) Unipolar P—E loop, with inset SEM micrograph of ceramic
MLs, and (d) calculated W, and 1 of NBT—0.45SBT—0.08BMN
ceramic MLs under different E. (a, b) Reproduced with permission
from ref 438. Copyright 2019 John Wiley and Sons; (¢, d) Reproduced
with permission from ref 337. Copyright 2021 Elsevier.

In the past few years, there has been increased focus on lead-
free ceramic films due to concerns over toxicity of PbO. NBT
and BF based relaxor compositions have dominated research
and have competitive or even superior energy storage perform-
ance to lead-based films. Mn doped NBT ceramic films on a
LaNiO;/Si ) substrates with t = 1.2 ym were reported to
exhibit excellent W,.,. ~ 30.2 J cm™ under E,, ~ 2310 kV

m~1.*° Similar properties, W,,. ~ 33.3 J cm™ under E,,, ~

2300 kV cm™', were also obtained for Fe doped NBT—
K, sBigsTiO; ceramic film.**° Recently, even higher W, ~ 50.1
Jem™3, 5y ~ 63.9% accompanied by fast charge—discharge speed
(~210 ns) were achieved simultaneously at ~2200 kV cm™ in
relaxor 0.6NBT—0.4 Bi(NiyZr,)O; films.**” In addition, an
ultrahigh W, ~ 112 J cm™> with 57 ~ 80% was reported by Pan
and co-workers in BF—BT—ST ceramic films recently (Figure
34). Polymorphic nanodomains with competitive rhombohedral
and tetragonal phases with competitive free energy were
considered critical for the extraordinary electrical properties.
BF was chosen as a main component due to its large
spontaneous polarization. BT was introduced to form a solid
solution to encourage coexistence of rhombohedral and
tetragonal phases and finally ST was incorporated to further
disrupt the long-range polar coupling and induce polymorphic
nanodomains. By tuning the ratio of BF, BT and ST, a highly
disordered composition is produced with rhombohedral and
tetragonal nanodomain. The experimental observations were
validated by phase-field simulations in the optimized composi-
tion, 0.20BF—0.25BT—0.55ST.** Apart from these perovskite
lead-free relaxor candidates, HfO,-based ceramic films have also
been explored and demonstrate promising energy storage
properties, stabilities/reliabilities, scalability, and integration.
W,ec ~ 46 ] cm™> with excellent temperature stability (up to 175
°C) and cyclic fatigue resistant (up to 10° time) was reported by
Park in a 9.2 nm thick Hf, ;Zr,,0, film**® and W, ~ 63 ] cm™
with 7 ~ 85% were realized in 50 nm thick Al doped HfO,
ceramic films with excellent temperature and frequency
stability. "’

3.2.3. Summary of State-of-the-Art in Ceramic MLs
and Films. The energy storage performances, W, 7, and AP,
between bulk ceramics, ceramic MLs, and ceramic films are
shown in Figure 35. The highest W, (~130 J cm™?) and E,,,
(~5800 kV cm™) are obtained in ceramic films, followed by
ceramic MLs (~21 J cm™ and E,,; ~ 1000 kV cm™) and bulk

Figure 32. (a) Backscattering electron (BSE) cross section micrographs of BF—BT—0.13BLN ceramic MLs; (b) energy dispersive X-ray (EDX)
mapping of all elemental distribution (c) transmission electron microscopy (TEM) micrograph obtained from an interface between a BF—BT—
0.13BLN grain and a Pt grain (electrode); inset shows a high resolution TEM (HRTEM) image (filtered) obtained from the grain at a higher
magnification. (d) Unipolar P—E loops and (e) calculated energy storage properties for BE—BT—0.13BLN ceramic MLs. Reproduced from ref 276.

Copyright 2020 Royal Society of Chemistry.
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Table 13. Energy Storage Properties for Different Ceramic Films

materials t (um) E (kV cm™) AP (uC cm™2) Wiee (J em™) n (%) ref
PbosLag0x(Zr007Tig0s) Os 17 1158 ~90 20.1 64 460
1 mol %Fe—doped 0.72NBT—0.18KBT—0.10ST 0.9 1200 58 20.34 35.17 461
Pby.97Y0.02[ (Zr.6510.4)0.925 Tio.075] O3 0.5 1300 70 21 91.9 462
Pbo osLag 0s(Zt0.2Tio.s) O 04 1600 35 2 77 463
Pby ssLag, ZrO, 045 1500 45 23.1 73 464
0.942(Nag 3sKo 45oNbO3)—0.058LiNbO, 5 1400 ~52 234 70 465
(St 5sBig 1) TigosMnig 005 025 1982 35 244 466
Py orLagox(Z1005Tioes) Os 2 984 ~120 252 2 467
Bi(Mgy < Tig ) O, 0.11 900 70 26 55 468
(PbyosLagos) (Zro:Tio4s) Os 025 2200 40 27.5 622 469
6 mol % BF-doped (KqsNag 5) (Mng g0sNbg g95) 05 1 2000 ~40 28 90 470
PbZrO5/PbZry 5, Tig 4505 035 2615 60 282 50 471
(PboosLagos) (ZrossTioss) Os 032 3000 40 29.7 50.8 47
1 mol % Mn-doped NBT 1.2 2310 ~40 30.2 48 455
(Kos» Nags)(Mng ogsy Nbggss) -6 mol % BE 1 1900 45 31 90.3 470
0.9Pb(Mg, ,;Nb, ;) 0,—0.1PbTiO, 0375 2640 35 313 40 473
0.9(0.94NBT—0.06BT)—0.INN 0.3 3170 20 32 920 474
0.4 Bi(Mgy 5Zro.s) Os—0.6PbTiO, 0.5 2000 43 323 s14 475
2 mol % Fe-doped (NagssKo15)osBiosTiOs 115 2300 ~35 333 51 456
0.95NBT—-0.05ST 1.5 1950 ~S55 36.1 41 476
Ba,Bi,Ti;O 5 0.41 2150 38 37.1 91.5 477
Pbo sLag 1225055 Tig 1505 1 2100 ~52 38 71 478
5.8 mol % SiO, doped HfO, 0.01 ~5800 40 72 479
PbooiLagos (ZroesTioss)osrrsOs 1 1998 ~65 402 62 449
0.89NBT—-0.06BT—0.0SBF 0.28 1750 150 429 65.7 480
BaBi,Ti,O,5 0.45 2000 40 43.3 87.1 481
Biy»sLag 5 TisO)s 0.5 2040 50 447 78.4 482
Hf, Zr, 0, 0.0092 4500 30 46 s3 458
Pbo grLag 0sZt0 6650025 Tig 1,05 0.65 4000 55 46.3 84 453
0.5 Bi(Ni, ,Ti, ) O5-0.5PT 0455 2250 62 467 483
PboosLagos(Zr0ss Tinos) Os 2 3699 ~48 47.4 25 454
0.4ST-0.6 Bis »sLag-sTi,O 1, 03 2470 38 477 87.4 484
0.9 Big,Srg, TiO3-0.1BF 0.46 4800 25 48.5 47.57 485
Si doped Hfy Zr, ;O, 0.01 ~3500 ~30 50 80 486
0.6NBT—0.4 Bi(Nig sZro5)O, 1 2200 ~63 50.1 64 457
0.5 Bi(Ni, ,,Ti, ;,) O5-0.5PT-excess 20% PbO 0.45 2250 75 502 487
(PbosrLagos) (ZroSg: Tioos) Os 18 3750 ~75 56 45 488
0.6BT—0.4 Bis 1:Lag+sTiz0 1 03 3200 45 611 842 489
6 mol % Si-doped HfO, 0.01 4500 61.2 65 490
8 atom % Al doped HfO, 0.0S 4900 14 63 90 459
Nag 45sBi0.s(TioseWo 01 Nig03) O 0.6 2500 30 63.1 55 491
BE/Bi; »sLag-sTi;O1 0.14 2753 50 65.5 742 492
Big 5»sNag s (TiosWoo:Nigos) Os 0.4 2500 78 65.8 529 493
0.25BF—0.75ST 0.5 4460 70 70 494
0.97(0.93NBT—0.07BT)—0.03BF 0.35 2285 ~120 81.9 64.4 495
(BagssSto0s) (ZroTins) Os 0.1 6200 102 87 496
0.25BF—0.3BT—0.45ST 0.45 4900 90 112 80 452
0.68PMN—-0.32PT 0.15 5800 ~100 130 75 497

(~12Jem™ and E,,, ~ 650 kV cm ™) and scale
Wi in

rec

ceramics (W,
primarily with t of the dielectric layer (Figure 35d).
ceramic films is also improved by higher AP (up to ~120 uC
cm™?) with respect to ceramic MLs (up to ~70 uC cm™2) and
bulk ceramics (up to ~60 uC cm™2), as shown in Figure 35b. 5
for bulk ceramics, ceramic MLs and ceramic films varies
significantly with composition and relates to factors such as,
energy dissipation through a field induced transition to a long-
range polar state, domain switching, polarization rotation, and
leakage current relating to the presence of Vi, and associated
defect dipoles.

AA

From a commercial perspective, energy storage performance
of lead-free ceramic MLs has improved significantly in the past
few years with BF and NBT based ceramic MLs now rivalling
lead-based ceramic MLs, delivering W,,. > 15 J cm™ at ~1000
kV cm™!. However, the selection of inner electrodes for these
materials is limited to Pt, currently too costly for mass
production. Commercial focus therefore, currently remains
mainly on modified BT compositions which are compatible with
Ni, Ag and Ag/Pd electrodes depending on composition and
pO, during fabrication. A huge stride forward in the industry
would be the development of a low cost equivalent to Ag/Pd
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Figure 33. (a) Unipolar P—E loops, inset image is cross-section SEM image of ceramic film deposited on the substrate, and (b) W, and # of
Pbyg,Lag 0,21 6650023 Tig ;O3 ceramic film under various E. (c) Temperature and (d) cyclic unipolar P—E loops, W, and 7 of
Pby.g7La,0,Z10,66S0023Tig.11O; ceramic film under E~ 2200 kV cm™. Reproduced with permission from ref 453. Copyright 2018 Elsevier.

Figure 34. (a) Comparative display of Landau energy profiles and P—E loops of an FE with micrometer-size domains, an RFE with nanodomains, and
an RFE with polymorphic nanodomains. Phase-field-simulated three-dimensional domain structures of (b) 0.45BF-0.55ST with rhombohedral
nanodomains and (c) 0.20BF-0.25BT—0.55ST with coexisting rhombohedral and tetragonal nanodomains. (d) Simulation of the two-dimensional
multiple nanodomain structure of 0.20BF-0.25BT—0.55ST in the cubic matrix. Contour plots of the simulated (e) W, and (f)  of BE-BT—ST solid
solutions. Reproduced with permission from ref 452. Copyright 2019 The American Association for the Advancement of Science.

electrodes which could permit the fabrication of a wider range of 4. STRATEGIES FOR IMPROVING ENERGY STORAGE
PROPERTIES
The review of the state-of-the-art of ceramics, MLs, and films

MLs at higher pO, which would inhibit the formation of V5 and presented in section 3 clearly points to a set of criteria that are

required to optimize energy storage performance. Though some
of these have been alluded to in section 3 as part of the review of
maintain high BDS. the state-of-the-art, it is worth collating these principals for RFE

AB https://doi.org/10.1021/acs.chemrev.0c01264
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Figure 35. (a) E,,, vs W, (b) AP vs W, (c) W, vs 1, and (d) t vs W,.. and E,,,,, between bulk ceramics, ceramic MLs and ceramic films.

Figure 36. (a) XRD patterns with representative peaks and (b) Bipolar P—E loops for xB,,sMN—BT ceramics with x = 0.00—0.10. (c) BSE surface
micrographs of Ag—Pd cofired 0.06B,,;MN—BT ceramics. (d) EDX mapping distribution of Ag, Pd, Ba, and Ti elements. Reproduced from ref 209.
Copyright 2020 American Chemical Society.

and AFE materials to act as guide for future materials that contains highly polarizable ionic species. It is typically
development. carried out through strategic doping or alloying to form a
4.1. Optimization through an Induced Relaxor State pseudoternary solid solution. Levin and co-workers proposed
The most commonly utilized strategy to optimize energy storage that long-range ferroelectric correlations can be effectively
properties is through inducing a relaxor state within a system “blocked” by using designed dopants with enhanced local

AC https://doi.org/10.1021/acs.chemrev.0c01264
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Figure 37. (a) TEM images of the domain structure in BE—BT, S mol % Nd—BT—BT and 10 mol % Nd—BF—BT. (b) The changes of W,,_ as a
function of electric field for x mol % Nd—BF—BT ceramics. (d) W, W,,,, and 7 for 15 mol % Nd—BF—BT MLs, with ceramic MLs microstructure as
inset figure. Reproduced with permission from ref 90. Copyright 2018 Royal Society of Chemistry.

Figure 38. (a) E,,,, vs W,, (b) AP vs W, and (c) W, vs 5 for FEs and RFEs bulk ceramics to demonstrate the relaxor optimization.

polarizability.*”® If this concept is married to dopant strategies to
induce or maintain a homogeneous electrical microstructure,
AP and BDS can be optimized leading to a large W..

These two simple precepts can be applied to most systems;
e.g, a frequency dispersion of &, was observed after doping
xBiy/3(Mg,; ;sNb,/3)O; (B,/;MN) into BT ceramics, along with
reduction on maximum dielectric constant (&) and associated
temperature (T,,).”"” After fitting the &, and T,, using modified
Curie—Weiss law (as follows)

11 _(T-1)

£ € C

r m

(17)

y was found to be within the range of 1.61 for BT —0.06B, ,;MN
ceramics with a Burns temperature ~154 °C. In addition, XRD
revealed a transformation from tetragonal to an average
pseudocubic structure as increasing x concentration, coupled
with a reduction in P, confirming a relaxor state at room
temperature, Figure 36a,b.

AD

An optimum W,,. ~ 4.55] cm™ at 520 kV cm™ was recorded
for BT—0.06B,,;MN (Figure 36)°"" with similar properties
reported for Bi(MgolsTiols)O:;’zox Bi(Lig sTay5)0;,°"" Bi-
(ZnysZrys)05,"" and K, ,3Big0oNbO;*” doped BT ceramics.
However, the advantage of BT —B,,sMN is in the comparatively
low concentration of dopant required to induce a relaxor state.
The polar coupling is disrupted through a combination of A-site
(Bi and V}) and B-site (Nband Mg) dopants which provide a
range of difference in ionic size, charge and electronegativity.
However, only 4 mol % Bi is present on the A-site which
minimizes reaction with Ag/Pd (Figure 36¢). MLs with Ag—Pd
internal electrodes may then be fired in ambient pO,,
minimizing Vi and reducing leakage current at high fields.

Similar compositional modifications to induce a relaxor state
have been adopted in BF-based solid solution. For example, in
FE BF—BT compositions, macroscopic herringbone-type
domains are observed in (Figure 37a) but doping with S mol
% Nd, induced a nanodomain state, accompanied by a decrease
in P, and a frequency-dependent permittivity curve, confirming
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Figure 39. (a) Schematic illustrating how W, is optimized through doping in AN. Gray, yellow, green, dark green, and red spheres represent Ag, Nd,
Nb, Ta, and O atoms, respectively. The W,,. and 7 of (b) AN and (c) Nd,¢; Tag,o codoped AN under the respective electric fields.>®°

Figure 40. TEM [210], (c = cubic) zone axis diffraction patterns and corresponding dark field images obtained using (001) reflections from (a) and
(b) AN and (c) and (d) Agye;Ndyo;sNbO; (e) [210]. zone axis diffraction pattern of Agye;Ndg o, TagNbgs0Os. (f) Bright field TEM image of
366

domains in a grain of Agy¢,Ndg;Tag,0Nbgg0O3.

the transformation from FE to RFE. Simultaneously, average G
was reduced from ~10 ym (BF—BT) to ~2 ym (Nd doped BF—
BT). As a result, enhanced W, ~ 1.8 ] cm™ was obtained for 15
mol % Nd doped BF—BT, which was further improved to 6.74 ]
cm™ by multilayering (Figure 37b,c)” with similar optimiza-
tion reported in BF doped with Bi(Zn,,;Nb,;;)O; and
Bi(ZrysZny5) 03> "> The same design strategy of inducing
an RFE state is also used in thin film BF-BT-ST
compositions.452

In summary, the inferior energy storage performance of all
FEs can be improved by forcing a RFE state through strategic
doping or alloying, Figure 3. 3H009092199,204272 p s often
unsaturated in RFE and increases with E which means AP is not
only a function of the slimness of the P—E loop but also of the

AE

applied E. RFEs are therefore, among the most promising
candidates for capacitors in power electronics (E,,, > 300 kV
cm™).

4.2. Optimization of Antiferroelectrics

Many recent publications have focused on optimization of
energy storage in lead-free AN-based materials,**"%? although
similar strategies date back to early studies of lead-based PLZT
and PLZST AFE ceramics.''*'**"**7'** The most comprehen-
sive study of AN AFE ceramics was performed by Lu and co-
workers in which they used A and B-site substitutions to
develop, Agyo7Ndg o Nbgg0Tag,00; which yielded W,,. ~ 6.5 ]
cm ™2 at 370 kV cm™ with 7~ 71%, Figure 39.3% In their study,
Lu and co-workers defined several key points required to
optimize AN-based ceramics:
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Figure 41. Schematic contour diagrams of the free energy difference (AG) for (a) AN- and (b) Nd/Ta-codoped AN without electric field. Schematic
contour diagrams of GLD phenomenological theory of AFE-to-FIE phase transition for (c) AN- and (d) Nd/Ta-codoped AN under application of

electric field.>*°

Figure 42. (a) E,,, vs W,
optimization.

and (b) AP vs W, and (c) W,,. vs i for AFEs and stabilized AFEs bulk ceramics to demonstrate the AFE stabilized

i) Optimization of P, through local strain/field coupling
around the smaller (with respect to Ag) Nd ion the A-site
and its compensating V,, Figure 39a.

ii) Stabilization of the AFE structure through a combination

of Nd and Ta doping which leads the induced AFE/FE

transition to higher fields. Figure 39(a).

iii) Inducing a slim hysteresis curve in the field induced

region of the P—E loop. This was also achieved, through

Nd doping that disrupted polar and antipolar coupling

which manifested itself as a decrease in domain width

from ~1 to 0.5 pm and streaking of +1/4(001).
superstructure reflections in electron diffraction patterns

for x = 0.03, Figure 40.

All the above maximize the area of the P—E loop to the left of
the curve in the positive quadrant and thus optimize W, Figure
39b,c.

Stabilization of the AFE structure was also confirmed by First-
principles calculation and Ginzburg—Landau—Devonshire
(GLD) phenomenology, as illustrated in Figure 41.

Figure 42 summarizes the properties for many AFE systems.
Most conventional AFEs exhibit low W, (~1.5—2 J cm ™) and

rec

AF

1 (~40%), which can be optimized to W,,. > 3] cm™ and 5 >
50% (enhanced-AFEs) by strategies described in the work of Lu
and others,**%3307392357,359,363,566 Ginilar values of AP (30—40
uC cm™?) are found for AFEs and enhanced-AFEs which reflects
an intrinsic limitation of AFE materials, i.e. when antiparallel
polar coupling is fully switched to polar under electric field, P,
reaches saturation and is difficult to enhance unlike for RFEs
(section 4.1). 7 is also difficult to further improve (>80%) due to
the hysteresis above the AFE/FE switching field. However, at
intermediate electric fields (~300 kV cm™), much higher AP
and W, are obtained for AFEs compared with RFEs, indicating
that AFEs are more suitable for low/intermediate-voltage energy
storage applications.

4.3. Other Strategies

4.3.1. Chemical Coating. Chemical coating is commonly
reported as a strategy to optimize energy storage properties in
BT ceramics. In general, chemical coatings are synthesized and
applied using wet-chemical and sol—gel methods.®””*7%~*!
Smaller grain sizes are typically obtained (on the order of a few
nm), leading to the enhanced density and BDS. BT ceramics, for
example, with a 4 nm thick SiO, coating, have a good value of

https://doi.org/10.1021/acs.chemrev.0c01264
Chem. Rev. XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig41&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig42&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c01264?fig=fig42&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.0c01264?rel=cite-as&ref=PDF&jav=VoR

Chemical Reviews

pubs.acs.org/CR

Figure 43. (a—c) TEM micrographs of BTnanoparticles coated with SiO,: (a) BT@10 wt %SiO,; (b) BT@15 wt %SiO,; (c) BT@20 wt %SiO,. The
shell region is defined by red arrows and dash lines. Bipolar P—E loops of BT with (d) 10 wt % (e) 15 wt % (f) 20 wt % SiO, composite ceramics at the
highest applied electric field, measured at 10 Hz and room temperature. Reproduced with permission from ref 88. Copyright 2019 Elsevier.

Table 14. Energy Storage Performance of Chemically Coated Materials

materials coating/thickness
BT AL,O;/2 nm
BT La, 05 Si0,/20 nm
BT BiScO;3/ 4 nm
BT SiO, and Al,O5/6 nm
BT Si0,/10 nm
BT SiO,/4 nm
Pby g7Lag 02(Z1033800.55 Ti12) O3 S$i0,/2 nm
BT Si0,/21 nm

Pby91Lag 6 ( Zr0.5528n0.368Ti0.08) O;

PbO-B,0;—Si0,—Al,0;—ZnO-MnO,/4 nm

Eppe (KV cm ™) W, (J em™) n (%) G (nm) ref
108 0.51 80 ~160 80
136 0.54 85 ~250 184
120 0.68 81 ~100 500
190 0.725 80 ~80 73
200 1.2 53.8 ~200 501
290 143 53 ~120 86
238 2.68 95 ~180 87
370 4.799 95 ~220 88
402 7.4 ~250 77

W, (~1.43 J cm™),”>* in which SiO, coating inhibits grain
growth, thereby modifying the microstructure and reducing DC
current leakage. The effect of SiO, layer thickness on BT
particles has been systematically investigated (Figure 43a-c).
The highest W, .(~4.8 ] cm™?) and 17 (~99.1%) were obtained
for 20 wt % SiO, coated BT, as shown in Figure 43d—£*% Other
coating materials such as Al,O; and La,0;""'** are also
reported to optimize energy storage properties, as listed in Table
14.

4.3.2. Layered Structure. Layer-structures composed of
multiple materials have been reported to optimize energy
storage properties and are typically tape cast, followed by
lamination. Both BDS and ¢, are optimized with the final
properties related to the type of electroceramic material and the
thickness of each layer. The BDS of BT-based ceramics was
enhanced to >300 kV cm ™" by laminating layers between BT —x
wt % SiO, layers (t ~ 20 ym) and BT layer (t ~ 25 pum). ! e,
decreased but this was compensated by an increased BDS with
increasing SiO, concentration in the BT —x wt % SiO, layers. ST
+ Li,CO; (t 50 um) and 0.93NBT-
0.07Bag g4Lag,04Z100, Tig0sO0; (t ~ 33 pm) layered structure
were also fabricated via tape-casting with improved W, ~ 2.72 ]
cm™ at 294 kV cm™.°” Enhanced W, ~ 2.41 ] cm™> at 237 kV
cm™ was also obtained for layer-structure ceramics with ST +
Li,O5 (t ~ SO ym) and NBT—0.06BT (t ~ SO pm), Figure
44ab.*** The interface between the ST + Li,O; and the NBT—

~

AG

0.06BT layer was further investigated using the finite element
analysis. BDS was improved by reducing the breakdown paths
between the ST + Li,O; and the NBT—0.06BT layer, Figure
44c—e*** with electrical field redistribution and interface
blocking playing essential roles.’”> BDS was also influenced by
the difference in &, and thickness ratio between the adjacent
layers.

5. SUMMARY AND PERSPECTIVES

5.1. Lead-Based Energy Storage Ceramics

Lead-based ceramics have great potential as energy storage
materials in modern microelectronics where high voltage and
temperature are required, such as in pulsed power and power
electronic applications. Lead-based AFE-type ceramics exhibit
extremely high energy density but optimizing BDS, 5 and
minimizing electrostrain is problematic. Low BDS (<300 kV
cm™!) is often attributed to the volatilisation of lead/lead oxide
which leads the formation of lead vacancy (V;;) and V; that
results in current leakage. Such issues may be partially solved by
a combination of improved processing and dopants but
achieving the values of BDS observed in lead-free materials
has proved elusive. The low # in lead-based AFE-type ceramics
(<80%) is mainly a result of opening of the hysteresis loop at
high field due to the stabilization of a field induced FE phase.
This results in a change in crystal class from tetragonal (AFE)
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Figure 44. (a) Bipolar P—E loops of the ST+Li,0;, NBT—0.06BT and ST + Li,O;/NBT—0.06BT ceramic MLs. (b) Comparison of W, and electric
field between the ST + Li,O;/NBT—0.06BT ceramic MLs and some recently reported lead-free ceramics. (c) Distribution of the electric field at 200
kV cm ™!, model of electrical tree propagation simulated using the finite element method for the ST + Li,O;/NBT—0.06BT MLs ceramic under (d) 200
kV cm™ and (e) 250 kV cm™". Reproduced with permission from ref 442. Copyright 2018 Royal Society of Chemistry.

to thombohedral (FEy) giving large strains (>0.3%) which may
prevent long-term cycling through mechanical fatigue.

The lack of popularity in researching lead-based compared
with lead-free materials in the academic community has meant
that exploration of novel systems is rather limited, but there are,
for example, interesting mixed Pb- and Bi-based systems with
high ¢, and a spontaneous polarization that would mirror some
of the design principles adopted in lead-free ceramics,
particularly in solid solutions which combine AFEs and relaxor
end members. In addition, further work is required to
understand crystal structure and phase transition behavior.
Many systems have incommensurate modulations and their
influence on AFE/FE switching needs to be explored further
using in situ XRD and Raman (temperature/electric field), as
well as utilizing advanced aberration corrected TEM to study the
local structure.

5.2. Lead-Free Energy Storage Ceramics

Lead-free candidates, including BT, ST, BF, KNN, NBT, AN
and NN-based systems, are extensively studied and summarized
in this review. Research into lead-free materials far outweighs
that in lead-based, due to how the potential environmental
legislation surrounding manufacturing and the end use of lead-
based products has influenced funding bodies and awards. As a
result, the optimization of energy storage properties has
progressed rapidly in the last 5 years. Successful strategies to
improve properties include, disrupting long-range polar
coupling particularly if the average ionic polarizability is
increased or unaffected, construction relaxor feature (PNRs)
in FEs and AFEs, enhancing E; and as a consequence E,
reducing the total electrical conductivity and promoting
electrical homogeneity through the use of strategic dopants to
modify defect chemistry. If these strategies are married with a
reduction in the dielectric layer thickness, high values of W, ~
20 J cm™ and 7 ~ 90% can be achieved. Recent work on

AH

texturing of ceramic MLs has also proved successful in
enhancing W, but the complexity of this approach may inhibit
commercial uptake. However, the two overriding issues with the
majority of lead-free compositions, particularly those whose W,
are >10 J cm™ are (i) the need to find an effective low cost
internal electrode system that permits their commercial
exploitation (currently almost all ML data is quoted with Pt
internal electrodes) and (ii) pushing their operating window to
>200 °C and >100 Hz. Interestingly, electrostrain, a major
drawback in lead-based materials, is broadly speaking not an
issue in most of the lead-free RFEs and AFEs since the measured
values of strain are often significantly lower (<0.2%) even at high
fields. As with lead containing ceramics, there are only a few
comprehensive investigations of the energy storage mechanisms
which require high field in situ studies to be performed. A greater
understanding of the role of defect chemistry, doping and
alloying is also required, particular on how this influences, E,,
resistivity and electrical homogeneity, and thus the W, and 7,
thermal stability and cyclic reliability. In addition, in commercial
MLCGC:s, the ripple current, equivalent series R, failure mode,
voltage rating, the reliability in high humidity need to be
evaluated and explored.

5.3. Glass Ceramics

Glass-ceramics have the advantages of facile manufacture, high
W,e ultrahigh 1 (low energy dissipation), ultrafast charge—
discharge speed, excellent temperature/frequency stability.
However, there are still challenges/problems. Generally,
increasing the volume fraction of the crystal phase will increase
the £/P but decrease BDS. It is critical to balance the £, and BDS
to obtain the highest W,,.. The mechanism of crystallization and
control of crystal phase/microstructure is still ambiguous, which
should be further investigated using, advanced TEM and in situ
XRD/TEM as a function of applied field and temperature.
Furthermore, although the theoretical W, (>15J cm™, due to
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ultrahigh BDS, >1100 kV cm™) of glass-ceramics are much
higher than other bulk ceramics and even MLs (15—20 ] cm™?),
the measured/calculated W, by P—E loops and discharging
processes is low (<2 J cm™) due to the lower applied electric
fields. As a result, we recommend using the same test method
(P—E loops and discharging process) to evaluate the practical
energy storage performance for glass-ceramics, consistent with
other dielectrics.
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