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Keywords: Dielectric capacitors offer high-power density and ultrafast discharging times as compared to
Relaxor ferroelectrics electrochemical capacitors and batteries, making them potential candidates for pulsed power
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Recoverable energy density

technologies (PPT). However, low energy density in different dielectric materials such as linear
dielectrics (LDs), ferroelectrics (FEs), and anti-ferroelectric (AFEs) owing to their low polariza-
tion, large hysteresis loss and low breakdown strength, respectively, limits their real time ap-
plications. Thus, achieving a material with high dielectric constant, large dielectric breakdown
strength and slim hysteresis is imperative to obtain superior energy performance. In this context,
relaxor ferroelectrics (RFEs) emerged as the most promising solution for energy storage capaci-
tors. This review starts with a brief introduction of different energy storage devices and current
advances of dielectric capacitors in PPT. The latest developments on lead-free RFEs including
bismuth alkali titanate based, barium titanate based, alkaline niobite based perovskites both in
ceramics and thin films are comprehensively discussed. Further, we highlight the different stra-
tegies used to enhance their energy storage performance to meet the requirements of the energy
storage world. We also provide future guidelines in this field and therefore, this article opens a
window for the current advancement in the energy storage properties of RFEs in a systematic
way.

1. Introduction

Many researchers pay special attention on the sustainable energy, electrification of vehicles, and military systems in order to reduce
the energy deficiency and global air pollutions. This led to the necessity of developing various energy generation and storage tech-
nologies [1-3]. However, the usage of electricity from the renewable energy paved the evolution of different energy storage devices.
This includes dielectric capacitors, electrochemical capacitors, and batteries. Based on the energy storage mechanism and the
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movement of charges, there is a significant difference in the energy storage density, power density and the charge-discharge time in
these devices. The Ragone plot shown in Fig. 1 displays the energy storage density versus power density of these energy storage devices
[4]. Due to the slow movement of charges, batteries have a high energy density but a poor power density. Hence, they are implemented
for long-term applications [4]. On the other hand, the capacitors are considered as short-term devices with a low energy density and a
high-power density. Capacitors have fast charging/discharging capability than the batteries [5,6]. The batteries and the electro-
chemical capacitors work on the principle of liquid electrolyte and chemical reactions, respectively. Despite, the batteries are mainly
used for the long-term and stable energy supplies [4,7,8], they cannot be considered for high voltage applications (maximum voltage
up to 5 V) due to the decomposition of electrolyte at higher voltages [8]. Even though, the electrochemical capacitors possess moderate
energy density together with an improved power density, they are hampered by a slow charge-discharge process (range of seconds)
and a low operating voltage (<3 V) [9,10]. On the other hand, the dielectric capacitor is a simple passive component consisting of an
insulating material placed between two parallel conducting plates. The electric field induces an electrostatic displacement and it can be
stored as electrical energy in the dielectric capacitor. Thus, capacitors are receiving greater attention owing to their low cost and high
operating voltages, which make them suitable candidates for large-scale applications starting from basic consumer electronic devices
to advanced pulsed power technology (PPT). Moreover, the PPT demands higher operating voltages, typically in the order of 100 kV, in
space shuttle power systems, advanced aeroplanes, electromagnetic armor, etc [11]. Unlike the batteries and electrochemical ca-
pacitors, the dielectric capacitors can be operated for longer duration under higher voltages (MV range). In fact, the dielectric ca-
pacitors exhibit superior thermal stability (up to 250 °C), which is essential for electric vehicles, drilling head machineries in oil well,
and aircraft engines for delivering power at high temperatures [12-14]. Most importantly, the inherent ability of the dielectric ca-
pacitors to intake energy quickly and deliver it within a short period of time (micro to nano second range) make them promising
contender for energy storage applications in PPTs [15].

Currently, the dielectric capacitors have been expanded their role in many power conditioning and pulsed-discharge electronic
applications, as shown in Fig. 2. For instance, the dielectric capacitors are critical components in hybrid electric vehicles (HEVs). In
HEVs, a power electronic circuit is used to convert the DC input from the battery to an AC output for operating the electric motor as
shown in the Fig. 3 [16,17]. Here, the DC bus capacitor (Cg) is responsible for storing energy, discharging and voltage smoothing. The
snubber capacitor (C¢) reduces the power dissipation in a solid-state inverter and the filter capacitor (Cg and Cg) removes undesirable
frequencies and harmonics from the output AC signal [17]. The present dielectric capacitors used in commercial applications are based
on bulky biaxially oriented polypropylene (BOPP) [18-20]. It has a low energy storage density (ESD) < 7 J/cm® and a large volume
[20]. Moreover, the power circuit of HEV requires an additional cooling system due to the low operating temperature of BOPP. For
example, the working temperature of the power system in Toyota PriusR HEV is ~140 °C [19]. However, the maximum operating
temperature of the BOPP used in Toyota PriusR HEV is ~ 90 °C. Such a mismatch in the temperature demands a secondary cooling
system in addition to the engine radiator. This secondary cooling system working at ~ 65 °C compensate the working temperature and
provide a stable operation of the inverter. As a consequence, the power system design becomes more complicated with an extra weight
and volume. This is unfavorable in terms of performance-wise as well as financial-wise for the production of the HEVs [19,20].
Therefore, it has become a necessity to look for alternative materials that comprise high energy storage density, good temperature
stability and less volume occupancy [17].

The dielectric capacitors are being also used in combat hybrid power systems (CHPS) for advanced armored vehicles. The CHPS
comprise two energy sources: (i) a prime power source such as heat engine for driving an AC generator and (ii) an energy storage
system consisting of advanced batteries, capacitors, and flywheels or a combination of all of them [21-23]. Fig. 4 displays the power
flow diagram of the CHPS developed by the Defense Advanced Research Projects Agency (DARPA) in the year of 1997 for the advanced
combat vehicles [23].

Generally, the capacitors play a key role in the pulse forming network (PFN) of the CHPS for generating an exceptionally high-
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Fig. 1. Comparison of power density as a function of energy storage density in various energy storage devices [4].
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Fig. 3. Schematics of a power electronic system used in a hybrid electric vehicle. [17].

power density for their smooth operations. For instance, the US Army aimed at developing BOPP capacitors for combat vehicles for
better service, higher power, and lower mass of the equipment that ground troops carry [20]. Further, the BOPP capacitors used in the
PFN have an energy density of 1.2 J/cm® [21]. Currently, the US Army was able to improve the energy storage density of BOPP to 3 J/
cm®. Instead, the PPT demand materials that can provide a good thermal stability in the range from 125 to 180 °C [22]. However, the
commercially available BOPP capacitor possesses an energy storage density of 6.2 J/cm® and a maximum working temperature of 90
0C [22]. Beyond that temperature, the lifetime of the BOPP capacitors degrades rapidly due to decrease in the ripple current handing
capability [20].

The dielectric materials used in capacitors can be classified into linear dielectrics (LDs), ferroelectric (FEs), anti-ferroelectric
(AFEs), and relaxor ferroelectric (RFEs) materials. These materials are categorized based on their electric field dependent polariza-
tion behavior and dielectric permittivity. Fig. 5 (a)-(d) illustrate the schematics of the polarization—electric field (P-E) loop and the
ferroelectric domain structure with dipole orientation for the different dielectric materials.

In linear dielectrics, the dielectric permittivity is almost constant and, as a consequence, the polarization obeys a linear relation
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Fig. 4. Power flow diagrams of the combat hybrid power systems in advanced combat vehicles. [21,23].
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Fig. 5. Schematic representation of typical polarization behavior (top panel) and the ferroelectric domain structure with dipole orientation (bottom
panel) in (a) LDs, (b) AFEs, (c) FEs, and RFEs.

with respect to the applied electric field, which is attributed to the lack of permanent dipole moment. Even though the linear dielectric
materials own higher breakdown strength and low energy loss, their low value of polarization makes them inappropriate for the energy
storage capacitors [24-28]. The use of anti-ferroelectric materials in energy storage capacitors is tremendously explored. However, the
AFEs suffer from large hysteresis loss and smaller energy storage density caused by the anti-ferroelectric-ferroelectric phase transi-
tions. Moreover, the anti-ferroelectric materials are mostly lead-based, which cause serious harm to both environment and human
beings. Hence, the anti-ferroelectric materials are limited in practical applications [25-28]. Ferroelectric materials exhibit superior
polarization values even without an external electric field. This is attributed to the presence of a net dipole moment. Therefore, the
dielectric permittivity is expected to have a nonlinear relation with the applied electric field. Still, the FEs suffer a low dielectric
breakdown strength followed by a smaller energy storage density owing to their large remnant polarization, hysteresis loss, and high
dielectric loss [28-31]. On the other hand, the relaxor ferroelectric (RFEs) materials are receiving greater attention in the energy
storage field of research owing to their suitable dielectric properties and ferroelectric properties. RFEs exhibit a large dielectric
permittivity and saturation polarization, and are characterized by low remnant polarization and slim P-E loops [32]. These features are
essential for accomplishing excellent energy storage performance. Therefore, it is necessary to explore and systematize the energy
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storage properties of RFEs since they are becoming a hot topic among the researchers in the current scenario.

Most of the review articles discuss the different dielectric materials, such as LDs, AFEs, FEs, and RFEs, as energy storage capacitors
and their applications in pulsed power technology, without detailing the different strategies implemented to enhance the energy
storage performance of each of them [4,33-38]. In this context, we aim to present a comprehensive and detailed summary on the
investigations developed in RFE based energy storage systems, since, as discussed above, they have unique advantages. We focused on
the different Pb-free RFE bulk ceramics, as well as thin films. This review started with a brief introduction about the different energy
storage devices and the current advances of dielectric capacitors in the pulsed power applications. Then, the different methods used for
assessing the energy storage performance of the capacitors and the key factors determining their performance are summarized. The
origin of RFEs and the different RFE systems, both in the bulk and thin film form, are then discussed. This review covers the newly
introduced most promising Pb-free RFE systems and presents a discussion on the different RFE based dielectric ceramic systems.
Further, recent strategies adopted for tailoring and enhancing the energy storage properties of the RFEs systems are highlighted.

2. Energy storage performance assessment

The energy storage density of a dielectric capacitor can be evaluated by two different methods such as dynamic and static methods
as described below.

2.1. Dynamic method

The performance of energy storage in a dielectric capacitor is determined using the parameters such as the dielectric permittivity
(&r), polarization (P), and applied electric field (E).
The energy storage density of a LD with insignificant energy loss is given by [39]:

1
W= EsoerEz (1)

where ¢, is the permittivity of free space. On the other hand, the nonlinear dielectric materials like FEs, AFEs, and RFEs possess
certain energy losses during a hysteresis loop. Therefore, the recoverable energy density for such materials is evaluated from the
polarization-electric field (P-E) loops obtained using Sawyer Tower circuit (Fig. 6 (a)) as follows [40-43]:

P
W:/ EdP(Charging)
0

Pin
W,.:/ EdP(Discharging)
P,

where the terms W, W,, P,, and P, represents the charge energy density, recoverable energy density, remnant polarization, and
maximum polarization, respectively. However, during the depolarization process some portion of the energy in these materials is
dissipated in the form of hysteresis loss. Therefore, the energy storage efficiency (i) of LDs, FEs, AFEs, and RFEs is a function of both
discharge energy density and the energy loss (W)):
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Fig. 6. (a) Schematic circuit of the Sawyer-Tower circuit for measuring the P-E characteristics; (b) diagram showing the evaluation of energy
storage properties.
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The schematic representation of the energy storage calculation from the P-E loop is illustrated in Fig. 6 (b).
2.2. Static method

The schematic diagram of the static method is shown in Fig. 7. It consists of an external bias, load resistance (Ry), high voltage
charge-discharge pulse switch, and the sample capacitor to determine the energy storage density. The charge-discharge switch plays
switching role to complete the circuit. At first, the sample capacitor is charged by the external bias. Then, a part of energy is discharged
through the load resistance Ry, followed by the transient current developed in the circuit. This current wave form is recorded using an
oscilloscope and W, as a function of time can be evaluated using the formula [4,44]:

W, = / 2R, dt ()]

where R, and t represents the load resistance and discharge time, respectively. The ratio between the amount of stored energy to the
volume of the capacitor gives the recoverable energy (W,). Usually, the W, value obtained using the static method is lower than the
value estimated using the dynamic method from the P-E loops [36,45] because the frequencies used in both methods are different. In
general, the static method uses an ultrahigh frequency (MHz) whereas the P-E loop is measured at lower frequency (few hundred Hz)
[36].

3. Key factors determining the energy storage performance

From the equations (1)-(4) and the Fig. 6(b), it is evident that the dielectric permittivity, the AP = (Py, - P,) value, and the dielectric
breakdown strength (Ep) plays the crucial part in determining the dielectric capacitor’s energy storage performance. This section
discusses the impact of each parameter in the energy storage performance.

3.1. Polarization change (AP = Py, - P;) factor

The energy storage performance of a dielectric capacitor is intrinsically linked to the P-E loop shape, since the area under the graph
give the recoverable energy density (Fig. 6). Therefore, the energy storage density is strongly reliant on the AP value, which is equal to
the P, and P, difference, as the W; is directly proportional to the AP value [43,46]. However, the energy loss in a dielectric material is
directly related to the overall performance of the dielectric capacitor [47,48]. The energy dissipated in the form of hysteresis loss leads
to the heat generation in the capacitor and consequently, deteriorates the thermal stability and the life-time of the capacitor. Besides,
the polarization hysteresis loss is mainly attributed to two factors namely the dielectric loss (tans) and the corresponding temperature

Fig. 7. Circuit for measuring the energy storage density [4].



A.R. Jayakrishnan et al. Progress in Materials Science 132 (2023) 101046

rise (AT). This can be expressed as [47,48]:

1
W, = 56'(,€,E2tan6 6)
_ fV(’
AT = m w, ()]

here, f, V, A, and h denotes the driving frequency, effective area corresponding to the applied electric field, sample surface area,
and heat transfer coefficient, respectively [48]. Therefore, it is essential for a dielectric material to have low tané value, low P,, and
high P,, for achieving superior energy storage efficiency. Furthermore, the real-world applications require the capacitors having high
energy storage efficiency with less wastage of heat, better reliability, and longer life-time.

3.2. Dielectric breakdown strength (Ep)

The dielectric breakdown strength (Ep) is another factor that impacts on the energy storage performance, since W, is proportional to
E as per the equations (1-3) [49]. The maximum electric field above which the electrical resistance of a dielectric material drastically
reduced is termed as the dielectric breakdown strength. There are several intrinsic and extrinsic factors which strongly affect the
dielectric breakdown strength. The intrinsic factors include the grain size, crystal structure, defect chemistry, microstructural uni-
formity, porosity, etc. whereas the various extrinsic factors are electrode configuration, working parameters and environmental
conditions [50-54]. Therefore, the fabrication of a high-quality energy storage capacitor is influenced by the dense microstructures for
achieving a superior capacitance under a very high electric field. However, the weak points in a dielectric that are responsible for the
dielectric breakdown are pores, cracks and even compositional inhomogeneity [53-55]. For instance, the porosity appears to be a
dominant factor that affects the Eg of a dielectric material. These pores can create overheat and thermal stress in the ceramics and a
consequent electric breakdown of the ceramics occurred at higher electric fields [53,54].

More importantly, the Eg of a dielectric material can be closely related to the mechanical strength of the material. The failure
happens at the frail points of the material being tested, in both situations [17]. For this reason, it is possible to explain both electrical
and mechanical failure using a statistical distribution of flaws. Several researchers established that there exist some similarities in the
statistical distribution of both electrical and mechanical failure [17] and the Weibull distribution was commonly used to estimate the
Ep for a dielectric capacitor [56,57]. This distribution makes use of a Weibull plot with an average number of samples (minimum
8-10), which are used for breakdown calculations [57]. The following equations can be used to describe the Weibull distribution:

X; = In(E;) ®

Y, :ln(fln<1 7i>> 9
n

Here, X; and Y; are the parameters of the Weibull distribution function, E; is the breakdown voltage of the ith sample, n is the total
number of samples, and i is the rank of samples. The x-intercept from the linear relationship between X; and Y; gives the magnitude of
Ep. Further, there are two empirical parameters («, ) known as the Weibull function that determine the probability of dielectric failure
and are calculated using the relations [58]:

FE) = 1 - explt = ) (10)

where F(E) represents the cumulative probability of failure for field up to E, a is the scale parameter and f is the Weibull modulus
(the slope from Weibull plots) [57,58]. The parameter a determines the magnitude of the Eg and the shape parameter § determines the
range of Ep [58].

3.3. Discharge time (79.90)

The discharge time is an important parameter to access the performance of capacitors in PPTs. The PPTs require capacitors that can
store energy for relatively long period of time and release it as a high-power pulse over a short period of time in the form of high voltage
and current. An RC circuit as shown in Fig. 7 is used to measure the 79 99 and W;. The W, is determined through a load resistor (R)
connected directly with the dielectric capacitor as shown in Fig. 7. Firstly, the charge-discharge pulse switch is turned “1” to make the
ceramic capacitor get charged. Afterwards, the switch is turned “2” and the ceramic capacitor will discharge. Then, a coil connected to
an oscilloscope is used to obtain the voltage that can be converted into discharge current waves. Lastly, the electric current (i) as a
function of time (t) is obtained. Thus, the W, can be calculated as [59,60]:

R J2(r)de

W,(1) -

(11)

where i(t), R;, and v are the current, load resistance, and the volume of the ceramic sample, respectively. The equation (11) can be
rewritten in terms of V(t) and i(t) as:
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W) = 1 /0 V@i (12)

During the discharging, the voltage V(t) on a capacitor is being discharged through the load resistor R;, which follows an expo-
nential decay (universal time constant formula) and is found to be:

V(1) = Voe* 13)

where V) is the maximum applied voltage and 7 = R, C is the relaxation time.
On substitution of equation (13) in equation (12), followed by the integration and solving gives:

‘l,'V2 —u
Wo(t) =5 gl = ¢7]

The experimental discharge time 7y9 determines the discharging speed of a capacitor and is defined as the time required to
discharge 90 % of stored energy in a capacitor. The value of 744 is 0.15 ps at an infinite long time (as t - o) [59,60]. The discharging
time of a capacitor is influenced by the dielectric permittivity of the materials, thickness (V = E/d) of the capacitor, the load resistance
and applied voltage [33]. Also, the application of energy storage capacitors in pulsed power technology requires a very short discharge
time with an excellent W;.

4. Relaxor ferroelectric systems (RFEs)

In recent years, most of the researchers on the energy storage capacitors are particularly concentrated in developing devices for
PPT. The PPT demands capacitors that can provide immense energy in a short period of time. This requires a material that possesses
excellent energy storage density, superior energy storage efficiency, high breakdown strength and an ultrafast discharging speed. From
this point of view, the RFE materials are receiving greater attention in the energy storage capacitor fabrications owing to their excellent
dielectric and ferroelectric properties. Besides, the RFEs are characterized by lower remnant polarization, slim P-E loops and faster
discharging capability. Hence, these RFEs can be considered as an ideal candidate for the energy storage capacitor applications.

4.1. Brief history and mechanism of relaxor ferroelectricity

The RFE are considered as separate class of materials due to their abnormal behavior in dielectric, piezoelectric and ferroelectric
properties compared to FE materials. The first relaxor behavior was observed in the FE ABO3 perovskite systems developed by G. S.
Smolenskii et al., namely Pb(Mg;,3Nby,3)O3 (PMN) and Pb(Sc;,2Ta;,2)03 (PST) systems [61]. The relaxor behavior was successfully
introduced in most fascinating FE material such as PbZrg 52Tig 4g by doping with different elements in both A and B-sites. The modified
PZT materials are considered as a special group of FE materials, the so-called RFE after name was made familiar by L. E. Cross in 1987
[62]. He suggested that a material can be considered as RFE if it satisfies three important features such as (i) broad temperature-
dependent dielectric permittivity i. e a diffused phase transition from ferroelectric to paraelectric state (ii) frequency dependence
of dielectric maximum temperature (Tp,) i. e the occurrence of dielectric relaxation and (iii) absence of macroscopic symmetry
breaking in the vicinity of Tp,.

RFEs are widely investigated for various applications, but its mechanism is scarcely understood so far. Several models based on the
concept of polar nano regions (PNR) were proposed to explain the origin of relaxor behavior. First, Smolenskii proposed a ‘compo-
sitional heterogeneity model’, in which compositional fluctuations exists up to a nanometer scale and are responsible for diffused
phase transitions. N. Setter et al., experimentally verified the compositional heterogeneity model by studying B-site cation disorder on
diffused phase transitions in PST systems [63]. Further, L.E. Cross extended the Smolenskii’s theory to a ‘super paraelectric’ model,
where the relaxor behavior is attributed to thermally activated ensemble of super paraelectric clusters [62] and the PNRs are highly
dynamic in vicinity of T,,. On the other hand, Viehland et al., proposed the ‘dipolar glass model’ in which coupling between super
paraelectric clusters in relaxors leads to freezing behavior like in polar glass systems and freezes polarization fluctuations [64]. Later,
H. Qian and L.A. Bursill et al., proposed a ‘random field Potts model’ by taken into the account of nanoscale distribution of charged
chemical defects and nano-domain textures on formation and dynamics of nano scale polar clusters [65]. A. E. Glazounova and A. K.
Tagantsev in 1999, proposed a ‘breathing model’ to explain the relaxor behavior in terms of PNR’s interface boundary and nonpolar
matrix [66]. The more details, merits and limitations of different models to predict the relaxor behavior can be found in different
reviews on RFE [67-75].

The understanding of PNRs microstructure and their dynamics is crucial to enhance the relaxor behavior. The long-range dipo-
le—dipole interaction based FE theories failed to explain nucleation of PNRs and origin of short-range polarization typically from zero
to few nanometers [74-76]. The temperature dependent dielectric permittivity plays a crucial role in exploring the dynamics of PNR.
At a certain temperature below Curie temperature (T.), known as Burns’ temperature (Tp), the temperature-dependent dielectric
maximum deviates from the Curie-Weiss law. At this temperature, the nucleation of PNRs situated throughout the grains get stimulated
and thereby, uplift the broad dispersive behavior of the Tp,. Further, decline of temperature below Tp initiates more PNR interaction
leading to a freezing process resulting in a non-ergodic FE state. This temperature at which the ergodic behavior vanishes or the
freezing of PNRs takes place is known as freezing temperature (T). i. e above Ty the behavior is ergodic, while below Tf, a non-ergodic
relaxor behavior [75,76]. Polinger et al., further elucidated the existence of the non-ergodic ferroelectric state in ABO3 perovskites
using pseudo-Jahn-Teller (PJT) theory [77]. In non-ergodic state, the relaxation times of PNRs diverge and moreover, a permanent
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long-range order can be induced in non-ergodic relaxors by application of electric field. Thus, they are similar to conventional fer-
roelectrics polarization and strain as a function of electric field. Further, the electric field induced long-range order is distrusted when
they are heated to a temperature above Ty and thus it is transformed to the state of ergodic accompanied by anomaly in complex
dielectric permittivity. Besides, the presence of a depolarization temperature (Ty) is also well-reflected in the thermal evolution of
polarization hysteresis loops. The Trand T, are considered as same so far in canonical relaxors such as Pby yLay)(Zr1.yTy)1.x/403 (PLZT)
and (Mg1,3Nb2,3)03 (PMN) [78-80]. However, recent experimental studies suggest that Trand T, are not the same [75]. Therefore, the
study of switching dynamics of PNRs under the electric field and temperature are important for the complete understanding of the
materials properties.

In addition to theoretical studies on RFEs, great attention has been paid by experimental/application-oriented community due to
large dielectric permittivity and high piezoelectric coefficients. Recently, relaxor materials are extensively considered for energy
storage capacitors since they possess a sufficiently large P-E loop with relatively low hysteresis loss as compared to FEs [32-34]. This is
due to the fact that the PNRs can be oriented with the applied electric field resulting in a large polarization. But once the field is
removed, the PNRs swiftly reacquire their random orientation resulting in a low Pr. Subsequently; a slimmer P-E loop with large
saturation polarization is expected [34]. A more detailed understanding of the properties of RFEs that differentiate them from the FEs is
shown in Fig. 8. Due to the aforementioned differences between RFEs and FEs and its potential advantages for different applications
especially for PPT, the RFEs systems are being tremendously studied in the last 30 years. Fig. 9 reveals that from 90's, the research on
RFEs increases exponentially until the beginning of the 21st century and then, the number of publications per year remained almost
constant up to 2010. After that, again these materials have been the subject of renewed interest. For comparison, the number of
publications per year related to RFEs based energy storage capacitors is also included. It is evident that the exponential increase in the
number of publications per year in the last decade in RFEs is due to the potential application of these materials as energy storage
systems.

4.2. Different Pb-free relaxor ferroelectric ceramics for energy storage capacitor fabrication

Even though the first relaxor ferroelectric material reported 40 years ago, RFEs received a revival in the beginning of 2000 as
energy storage capacitor in sustainable energy storage technology [81]. The first RFE based energy storage capacitor was a Pb based
ceramic powder (Pb(Mgj,3Nbs,3)03-PbTiO3)-copolymer (poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) composites film
developed by Bai et al., in 2000 at Pennsylvania State University [82], while the first Pb-free RFE as energy storage capacitor was the
copolymer P(VDF-TrFE) reported in 2003 [82]. Currently, different Pb-free dielectric materials starting from the ferroelectric materials
to anti-ferroelectric materials and their combinations have been engineered to achieve superior energy storage performance. However,
the underlying mechanism relating the dynamics of PNRs to the dielectric relaxation remained hidden. Very recently, Randall et al.,
observed the disappearance of the frequency dispersion in poled Pb-free (Bij 2Naj 2)TiO3 (BNT) ceramics below T;, and thereby,
resulting a shoulder like temperature (Ts) [83]. A similar shoulder like feature could be seen in PMN at the ageing temperature,
however this will fade after re-annealing. Further, a critical temperature called T; revealed a peculiar behavior in poled BNT,
exhibiting a ferroelectric to relaxor phase transition, as well as a change in crystal structure from R3c or P4mm to P4bm as in PMN
ceramics. It doesn’t mean that T in BNT is equivalent to T, in PMN, because the permittivity in PMN experience a decline and come to
an end at Tp. However, the permittivity in BNT rises from Ts to T, and then, freezes at the frequency independent Tp,. At this stage,
PMN and BNT have a similar behavior. However, a “breathing model” is used to explain the anomaly in the permittivity arises from T
to Ty, in BNT ceramics. According to this model, the temperature region (T to Tp,) corresponding to the permittivity rise is dominated
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Fig. 8. Schematic representation of the difference between FEs and RFEs: (a) P-E loop behavior; (b) permittivity as a function of temperature; (c)
spontaneous polarization as a function of temperature.
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by the size of the PNRs. Within this temperature range, the PNRs expand in size and the number density rises. Consequently, an
increased permittivity. This model points out the fact that the PNR dynamics in BNT can be controlled via different methods of cooling
(rapid, bias, and compressed cooling) by creating a perturbation and thereby, engineering the size of the PNR. Therefore, the study of
switching dynamics of PNRs are important for the complete understanding of the materials properties.

This section covers almost all the Pb-free RFE based ceramic systems investigated for energy storage capacitor applications. In order
to facilitate reading, we group these materials in the large families of most used materials.

4.2.1. Bismuth sodium titanate (BNT) based RFE ceramic systems

Lead-free (Bi,Na)TiO3 (BNT)-based ceramics developed by Smolenskii et al., continued to receive attention owing to their excellent
long-range ferroelectric ordering and several structural phase transitions within room temperature up to 800 K [84,85]. Usually, the
BNT exhibits a rhombohedral ferroelectric structure at room temperature and a weak tetragonal structure (either RFE or AFE phase) in
the range 594-813 K [85]. In 2014, Wang et al., first investigated energy storage properties of bismuth sodium titanate (BNT) based
systems [86]. However, the RFE based BNT systems attained their full swing as energy storage ceramics after the work reported by Luo
etal, [87]. They reported a simple binary solid solution of (1 - x)[Big sNag 5)TiO3 (BNT)-xKNbO3 (KN) (x = 0 — 0.12) prepared by the
conventional sold state reaction method and achieved a W, of 1.17 J/cm?, at 104 kV/cm, in BNT-0.1KN. Furthermore, the BNT-0.1KN
demonstrated good temperature stability and fatigue-free performance throughout the temperature range 20-100 °C. The better
energy storage characteristics in BNT-0.1KN ceramics arise from their enhanced relaxor behavior. Likewise, different additives like
MgO, CaZrOs and SrZrOs were used to improve the energy storage performance of BNT systems through enhancing the relaxor
behavior [88-90]. In addition to KN, NaBiNbO3 (NBN), BaTiOs, SrTiO3 (STO), AgNbOs, NaTaOs (NT), BaZrTiOs (BZT), etc were also
considered as additives in BNT for enhancing the energy storing [91-110]. Following this trend, in early 2016, Tang et al., optimized
the ternary composition 0.6BipsNagsTiO3-0.2NaNbO3—0.2Ba(Zrg 2Tigg)Os (BNT-NN-BZT) for investigating the energy storage
properties [102]. The studies revealed that the introduction of BZT into the BNT-NN system changed the crystal structure from
tetragonal to pseudocubic phase, at room temperature (RT) [102]. Further, Zr substitution at the B-site of BNT induces the disorder and
thus, enhances the dielectric maximum and also causes an ergodic relaxor phase transition [102]. Besides, the BNT-NN modified with
BZT improved the dielectric constant, temperature stability, and achieved a high energy storage property. In fact, the W, showed an
increase from 0.71 J/cm® (BNT-NN) to 1.69 J, /cm® (BNT-NN-BZT) [102]. Bai et al., reported a BNT-BCZT based relaxor ceramic which
delivered a W, of 0.95 J/cm® and 7 of 69 %, at 110 kV/cm. Through the incorporation of BCZT into the BNT matrix, a phase transition
from non-ergodic to ergodic relaxor state and the formation of dynamic polar nanoregions (PNRs) is observed. The PNRs thus
generated offer high strain and thereby an enhanced energy storage performance [111]. Huang et al., fabricated BNT-BZT based RFE
which simultaneously achieved a very good W, = 3.1 J/cm® with an 5 = 91 % at 280 kV/cm. The excellent energy storage performance
in BNT-BZT is ascribed to the dense microstructure with minimal pores, pseudocubic symmetry and the strong relaxor characteristic
[112]. In the next work, Hu et al., described the BNT-NBN systems, which showed a W, of 2.41 J /cm®, atan applied electric field of 280
kV/cm, with an 5 of 81.6 %. The introduction of NBN in BNT significantly improved the breakdown strength, as well as, the energy
storage density through the reduction of grain size and by the reduction of oxygen vacancies [113]. In the latter work, the NT addition
in BNT resulted in a slim P-E loop with an excellent energy storage density 4.21 J/cm?, under 380 kV/cm [114]. Such a high energy
storage performance in BNT-NT system arose from the ergotic relaxor behavior due to the co-existence of R3c nanodomains and P4bm
polar nanoregions. This induced a large P,, and sufficiently low P,, which is a consequence of the domain size reduction and the
domains dynamics enhancement with the introduction of NT. However, the large-sized ferroelectric domains will absorb a consid-
erable amount of energy for domain aligning, switching, and even stored as remanence. In contrast, the small sized domains or
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microdomains respond very fast to tiny external electric field and activate the PNRs. As a consequence, a nearly hysteresis-free po-
larization response was observed in PNRs based systems [114]. To further improve the W, of BNT ceramics by inducing relaxor
behavior, new types of dopants and binary/ternary solutions strategies were introduced [115-131]. Zannen et al., studied the energy
storage properties of Naj /2(Bio.08Gdo.02)1,2TiO3 and reported an W, of 0.85 J/cmg, at 60 kV/cm, with an 7 90 %. The incorporation of
the nonvolatile Gd*>* compensate the ferroelectric hysteresis loss and improved the relaxor behavior by reducing the number of oxygen
vacancies, which are eventually created due to the highly volatile Bi and/or Na elements [115]. Besides, different dopants like Ba, Sr,
or Sn, were introduced to improve the energy storage performance through enhancing the relaxor behavior [116-118]. On the other
hand, (1-x)Nag 5Bip 5TiO3-xBaSnO3 (BNT-BSN) binary solution exhibited a W, 1.91 J, /cm® at 190 kV/cm. With increasing BSN content,
a slimmer P-E loops and a gradual decrease in the energy loss is observed. The increased breakdown strength of BNT-BSN ceramics is
attributed to the suppression of the leakage current density whereas the slim behavior of the P-E loops arises from the large amount of
weakly polar phase by addition of excessive content of BSN [119]. Further, different combinations of binary solutions like (1-x)
[(Nag 5Bio.5)0.95Bao0.05]0.98L.a0.02Ti03-xKo sNag sNbO3, (1-x)Nag 5sBig.sTiO3-xLaAl03, (1-x)[(Nag.5Bio.5)0.4510.6Ti03]1-xKo.73Bio.0oNDO3,
and 0.85(Nag sBig 5)0.7Sr0 3Ti03-0.15Bi(Mg2,3Nby,3)O3 were investigated[120-123]. Furthermore, recently reported BNT based
ternary RFE systems include (1-x)[0.76Na;/9Bij 2TiO3-0.24SrTiO3]-xAgNbO3 and (1-x)[0.94Nag 5Big 5TiO3-0.06BaTiOs]-xNag 73.
Big g9oNbO3 [124,125]. It is reported that the incorporation of acceptor induced defect dipoles, such as introducing Mn?Zt, Mg2+ in BNT-
based systems, can result in higher Py, and lower P,. As a result, the substitution of Mn?* or Mg2+ in B-site adjusts the relaxation
characteristic and enhances energy storage performance of BNT matrix [126,127]. For instance, the MgO doping in BNT based ce-
ramics improved the W, to 2.06 J/cm® at 200 kV/cm. The addition of MgO forms a disordered microdomains or nanodomains
characterized by the small and irregular regions (PNRs), which enhances the relaxor behavior. The PNRs make the domain reor-
ientation much easier and a subsequent decrease in P, led to enhanced energy storage performance [127].

4.2.2. Barium titanate (BTO) based RFE ceramic systems

BaTiOs (BTO) is a promising Pb-free FE material and marked its signature as a capacitor material in the electronic industry due to
its excellent dielectric and ferroelectric features. The BTO ceramics can be engineered to fabricate energy storage capacitors by using
several additives such as Al,O3, SiOg, and MgO that can improve the electric breakdown strength of BaTiOs-based FE ceramics
[132-134]. Still, the energy storage performance was not that much satisfactory due to the large hysteresis loss owing to the depo-
larization process. From this point of view, the logic of enlarging the difference between P, and P, to enhance the energy storage
density came up. This can be achieved through the formation of a BaTiO3-based RFEs with a broadened T, and a peak s shifting that can
serve as a good energy storage material. This put forwarded the idea of choosing ideal candidates as dopants in BTO to not only
enhance the relaxor behavior but also to show a stable dielectric property and a high energy storage density up to higher temperature
range (300 °C). This paved the development of BTO-BiMeOs [(Me represents single trivalent metallic ion or averagely trivalent
metallic ions)] binary systems [34,35]. The purpose of forming solid solutions of BiMeOs with BTO ceramics is to utilize the Bi ion as a
sintering aid and a donor dopant on A-site of the perovskite ABOj3 lattice. Ecofriendly bismuth (Bi) which is situated behind the lead
(Pb) in the periodical table has attracted tremendous attention. Due to their comparable lone pair electronic 6 s2 structure, Bi* jon is a
viable alternative to Pb?" jon. Further, the Bi;O3 has been traditionally serving as a sintering aid to improve the microstructure or as a
dopant to tune the electrical properties of ceramics. Furthermore, the doping of BTO with the BiMeO3 showed the shifting of the
dielectric maxima toward lower temperature and exhibited better thermal stability compared to pure BTO. In this way, different RFE
binary systems have been investigated. In 2015, three works were reported namely, (1 — x)BTO-xBiYbO3 (BTO-BY), (1 — x)BTO-xBi
(Mgs,/3Nb;,3)03 (BTO-BMN), and (1-x)BTO-xBi(Mg1 2Tij 2)O3 (BTO-BMT) by conventional solid state route iby Li et al., Hu et al., and
Wei et al., separately [135-137]. These works show an enhanced dielectric permittivity ascribing to the T, peak’s shifting and a relaxor-
like behavior. Most importantly, a temperature stable energy storage performance is achieved due to broad dielectric maximum
[135-137]. The energy storage densities obtained in these works are 0.71 J/cm® (BTO-BY), 1.13 J/cm® (BTO-BMT), and 1.81 J/cm®
(BTO-BMN) at 93 kV/cm, 143.5 kV/cm, and 224 kV/cm, respectively. This created more interest among the researchers and exploring
more BTO-BiMeOj3 for energy storage properties. Different solid solutions with BTO includes Bi(Lip 5Nbg 5)O3, Bi(Zng 5Zrg 5)O3, Bi
(Mgo.5Z10.5)03, Bi(Zny /2Sn1,2)03, Bi(Znz/3Nb13)O3, BiNDbOy4, Bi(Lig 5Tag 5)O3, Bi(Ni1/2Sn1,2)03, Bi(Mga/3Ta;,/3)03, Bi(Mg1,25n1,2)03,
Bi(Li; /3Zr2/3)03, Bi(Nig.5Zr¢ 5)O3, Bi(Mg1/2Ti12)O3, etc. were investigated [59,138-149]. Recently, Hu et al., reported a high W, equal
to 4.49 J/cm® with a superior 5 of 93 % in the 0.6BaTiO3-0.4Bi(Mgj 2Ti; /2)O3 (0.6BTO-0.4BMT) ceramics [149]. The enhanced energy
storage density is attributed to the polarization mismatch created by the Bi(Mg;2Ti;,2)Os3 in the A-site and B-site of BaTiOs. Usually,
the ferroelectricity in BTO occurs as a consequence of A-site and B-site cations displacements, namely A-O and B-O coupling,
respectively. The introduction of BMT in BTO reduces the remnant polarization through interrupting the macroscopic polarization by
suppressing the A-O coupling and B-O coupling. This develops a nano-scale polarization mismatch and consequently, enhanced the
energy storage density [149]. In addition, several other dopants like YNbO4, K 73Big.0oNbO3, CaSnO3, KNbO3, etc. were introduced in
the BTO systems to improve the relaxor characteristics [150-156]. For instance, fine-grained (1-x) BaTiO3-xKNbOj3 ceramics fabricated
by Huang et al., achieved a recoverable energy density of 2.03 J/cm® with a relatively high efficiency of 94.5 %, at 300 kV/cm [153].
According to them, the grain size under a given electric field affects the distribution of the local electric field. A large electric field
concentrates on the grain boundary region, which is much higher than that on the grains and is considered as one of the main reasons
for the dielectric breakdown. However, the introduction of KNbO3 in BTO drives the grain size to submicron scale. As a consequence,
the heterogeneity of the local electric field on the grain boundary region is weakened. This contributes to the higher dielectric strength
[153]. Moreover, the slim P-E loops are ascribed to the smaller grain size which constitutes the relaxor behavior through the formation
of PNRs. At present, the search for new-type RFE based ferroelectrics with better energy storage performances by inducing relaxor
phase transition has been a hot spot and BTO based RFEs elevated the energy storage ceramics to a higher level.
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4.2.3. Potassium sodium niobate (KNN) based RFE ceramic systems

Though potassium sodium niobate (KNN) belongs to the family of ferroelectric materials, it attracted special attention for the
application in the transparent electronic devices such as touch panels and smart phones [157,158] due to high transparency. However,
the large hysteresis loss (due to large P,) and the low dielectric breakdown strength make these materials unsuitable for practical
applications. It is possible to overcome these barriers through compositionally controlled grain size and porosity reduction
[5,55,159-166]. In 2016, Qu et al, fabricated a transparent KNN based (1 — x)KNN-xSr(Scg sNbg 5)O3 (KNN-SSN) RFE system by the
conventional solid-state reaction route [158]. The introduction of SNN not only improved the transparency (~ 60 % at 0.7 pm
thickness), but also enhanced energy storage performance through grain size reduction (4-8 pm to 0.4 pm) and increased density. The
relaxor behavior in KNN-SSN system is attributed to the B-site (Nb®) substitution of KNN by the Sc3t whose ionic radii is compar-
atively smaller than Nb>*, The difference in the ionic radii and valence states of host and doping elements creates an imbalance in the
charge as well as induces local elastic field. This in turn develops a local electric field. This led to structural distortion and forms PNR by
disrupting the long-range dipole alignment, which is responsible for the formation of the pseudocubic phase. It is observed that the
inclusion of SNN reduces grain size and thus, the optical transparency in KNN-SSN system aroused due to low scattering at the grain
boundaries. All these properties contributed to the energy storage performance of KNN-SSN and showed a W, of 2.08 J/cm?, at 294 kv/
cm [158]. Further, to improve the energy storage density of KNN-SSN RFEs through enhancing the breakdown strength, Qu et al., also
introduced ZnO into KNN-SNN. As a consequence, an increase in the dielectric breakdown strength up to 400 kV/cm followed by an
increased in the energy storage density up to 2.6 J/cm® was achieved [5]. In KNN perovskite structure, the doping of Zn?" is governed
by Pauling’s rules and ionic size. The Zn*could replace Nb®*or Sc* (B-site) in octahedral sites and play a major role in the ‘hard-
ening” effect in KNN-SSN ceramics. Consequently, an enhanced breakdown strength was successfully obtained. In addition, different
dopants like Big 60(Mg1,3Nbs/3)03, Sr(Zn; 3Nbs/3)03, (Ko 7Big.3)NbOs, Ba(Zn;,3Nbs,3)O3 where hosted to induce relaxor behavior in
the KNN and successfully gained the energy storage density values as 1.30, 3.00, 3.39, and 4.87 J/cm®, respectively [162-165].
Therefore, KNN based RFE systems can be considered as ideal candidates for both optical and energy storage materials. Moreover, their
translucency-based energy storage characteristics make them useful for multifunctional material applications, especially in military
field.

4.2.4. Strontium titanate (STO) based RFE ceramic systems

Strontium titanate (SrTiOs, STO) are linear dielectrics with exceptionally good physical properties such as moderate dielectric
constant (~ 290), relatively high BDS (~ 200 kV/cm) and low dielectric loss (<0.01). Therefore, the STO-based ceramics are receiving
greater interest and have been extensively studied [24,26,167-179]. However, as mentioned before for the LDs, the STO ceramics
suffer low W, owing to the low P4 value which arises from the inherent linear behavior and are too small to meet the practical
application. Therefore, several candidates where successfully utilized as dopants to enhance both ferroelectric as well as the relaxor
behavior in the STO systems. In 2017, Yang et al., showed an enhanced energy storage performance in STO based ceramics through the
introduction of different dopants such as [BaTiOs3-BigsNagsTiOs], [BigsNagsTiOs—BaAlgsNbgs03], [Bigs5(Nag.g2Ko.18)0.5-
Tig.96Z10.025M0.0203], [Big.sNag sTiO3-Bag.94l.ag.04Z10.02Tio.9803], [Bio.4gLao.02Nag.4gLio.02Tio.98Zr0.0203] and reported a W, of 1.40,
1.89, 1.45, 2.83, and 2.59 J/cm?, respectively. The enhanced energy storage performance is ascribed to the improved relaxor behavior
and decreased grain size to submicron range. Moreover, the addition of these dopants improved the saturation polarization [168-172].
In the same year, Cui et al., reported an enhanced energy storage performance in the [(Nag sBip 5)TiO3] doped STO system by the
conventional solid state reaction method. They achieved a discharge energy density = 1.18 J/cm® at 210 kV/cm. The broad relaxor
behavior due to the increased lattice disorder and the thermal evolution of PNRs are the key factors that are responsible for the
enhanced energy storage performance in (1-x)SrTiOs-x(Nag sBig 5)TiO3 ceramics [173]. After words, Jan et al., realized a high W, =
1.93 J/cm® with an exceptionally good dielectric breakdown strength of 420 kV/cm in (1-x)STO-x(0.93BigsNagsTiOs-
0.07Bag.94Smg 04Z10.02Tip.9803) (STO-BNT-BSZT)[174]. The increased breakdown strength is ascribed to the high insulation behavior
due to the introduction of BNT-BSZT. This insulation behavior rises from the low conductivity. This is due to the fact that the degree of
stability in the valence state of Zr** is much higher than that of the Ti**. So Zr** acts as a blockage for the suppression of Ti** and Ti>*.
Consequently, the hopping distance effectively increases and this reduces the leakage current with minimum energy loss [19]. Further,
the substitution of Zr** in Ti** site would increase the band energy and the grain boundary density. Both these effects might have
limited the conduction and causes an enhancement in breakdown strength [174]. Moreover, STO is modified as Srp g(Nag sBig.5)0.2-
TiOs, and Srg 7Big 2Cag 1 TiO3 to improve the energy storage performance [175,176]. The substitution of Bi®* in Sr?* site improves the
relaxor behavior and a diffused dielectric maximum in a wide range of temperatures. Further, the SBT shows a high dielectric constant
which is derived from the dipole polarization associated with dipole fluctuation of PNRs. Moreover, a high energy storage efficiency
was obtained in SBT owing to the low remnant polarization and coercive field.

4.2.5. Bismuth ferrite (BFO) based RFE ceramic systems

BiFeOs (BFO) are promising Pb-free ferroelectric material due to its outstanding inherent polarization (P > 100 pC/cm?) and the
Bi®" has a lone 6 s electron configuration alike to Pb%" ions [1 80,181]. This increases the scope of BFO based ceramics in enhancing
energy-storage properties. Unfortunately, the undoped BFO is not suitable for the energy-storage application owing to its relatively
large P- and a high electrical leakage current. To tackle such issues for achieving high W, and 7, most of the studies concentrated on
BFO based ternary solid solutions [182-191]. For instance, the Ba(Zn; /3Taz,3)03 (BZT)-modified BFO-BTO ceramic showed a pinched-
hysteresis loops, which is greatly beneficial to enhance energy-storage performance. The BFO-BT-BZT exhibited a recoverable energy
density (2.56 J /em®) under low electric field (160 kV/cm) [182]. The Zn?* (1.297 AB) ions develop a stronger ionic bond than Fe?t
(2.14 A®) owing to its lower polarizability when compared with Fe. This in turn contributes to the appearance of short-range-ordered
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polar clusters or PNRs. Furthermore, the substitution of Ta®" in Fe®'retains the PNRs as the polarizability of Tat (2.82 1&3) is higher
than Fe3* (2.14 Z\B). Moreover, the incorporation of these non-isovalent ions into the host lattice derive a local random field due to the
local charge imbalance and mismatch strain. Further, the charge imbalance created due to Ta®>" substitution develops a weakly
coupled polar structure and thereby, enhances the relaxor nature. Consequently, an improved energy storage performance was ob-
tained. On the other hand, a W, ~ 1.56 J/cm?, at 125 kV/cm, was reported by Zuo et al., for Ba(Mg;,3Nby,3)O3 doped BFO-BTO
ceramics [183]. Followed by a similar work with La(Mg;/2Ti;,2)O3 modified BFO-BTO ceramics displayed a W, of 1.66 J/cms, at
130 kV/cm [184]. More recently, BFO-BTO ceramics modified with different dopants have been severely studied and this modifica-
tions include BFO-BTO with Sr(A10,5Nb0_5)O3, Nd(Zn0.5Zr0.5)03, (Sr0_7Bi0_2)TiO3, and AngO:;[l 85-188]. However, there are a few
reports on BFO-BTO binary systems modified using several dopants [189,190]. For instance, Dabas et al., reported an Mn based (1-x)
BiFe(.95Mng 0503-xBaTiO3 RFE system exhibiting a W, 1.97 J/cm® with an efficiency of 81.7 %. The higher valence state dopant such as
Mn*" in the B- site suppresses the structural defects such as oxygen vacancies and thereby, increasing the polarization, followed by an
enhanced energy storage density [190].

4.2.6. Other RFE ceramic systems

This section deals with the recently investigated Pb-free RFE ceramic systems that do not fall into the previous categories
[104,155,166,192-200]. Here, we will discuss some of the selected RFE systems and it includes NaNbO3 (NNO), Bag ¢Sro 1 TiO3 (BST),
and (1-x)Ba(Zrg oTig g)O3-x(Bag.7Cap.3)TiO3 (BZCT). Generally, NNO is anti-ferroelectric in nature. However, the pure NNO ceramic
exhibited a saturated P-E loop with large P, and hysteresis loss. To reduce the large P, caused by ferroelectric macrodomains and to
further improve the energy storage behavior, the strategy of doping with BMeO3 was implemented. Recently, several investigations
were carried out in NNO-BMeOs systems [192,193]. Fan et al., reported a W, 2.20 J/em® at 250 kV/cm in 0.91NaNbO3-0.09Bi
(Zny 5Tip.5)03 (NNO-BZT) [192]. The improved Py is attributed to the hybridization between Bi* 6p orbital and 0% 2p orbital.
Further, the introduction of B-site ions with larger ionic radii (Zn2++Ti4+, Teffective (0.673 A) substitute the rnps+ (0.64 A) and induces a
larger polarization of the polar clusters. Moreover, the heterovalent Zn?* and Ti** in B-site reduces the P, through lowering the
average electronegativity and promotes the random local field which inhibits the long-range ferroelectric order. This enhances the
ionic bonding and the relaxor behavior, which improves the energy storage properties. Liu et al., introduced (1-x) Bag ¢Srg 1 TiO3-xBi
(Zng 5Zro.5)O3 (BST-BZZ) RFEs by the conventional solid-state reaction method. This work displayed a W, 1.11 J/em®, at 170 kV/cm
[193]. The increase of the BZZ content not only shifts the T, toward lower temperature, but also induces strong relaxor behaviors with
diffused phase transition characteristics along with an increased energy storage performance. Further, a highly dense microstructure
with a pseudocubic perovskite phases in BST-BZZ also promoted the energy density.

On the other hand, the Pb-free (1-x)Ba(Zry 2Tip.g)O3-x(Bag 7Cag 3)TiO3 [BZCT] based RFEs solid solutions are very new in the
energy storage density studies [7]. These morphotropic phase boundary owned ceramic systems have superior piezoelectric properties
comparable with the one found in lead based ceramic systems [199]. Further, these ceramics show good relaxor behavior in the range
x = 0.4-0.6 [7]. For instance, it is possible to increase W, and Ep of BZCT through the formation of RFE-paraelectric BZCT-STO solid
solution and reported a W, 0.987 J/cm?, at 108 kV/cm [200]. The incorporation of STO disrupts the long-range ferroelectric order of
BZCT and causes a weakly coupled structure to improve the relaxor behavior. Further, the bond length calculation suggested a shorter
bond length for dg, o (2.35 ;\) as compared to dg,_o (2.40 A). Thus, the Sr—O bond is more stable than the Ba—O bond. As a result, the
dielectric loss is found to be decreased when compared to BZCT and an enhanced breakdown strength through STO doping [200].

Table 1
Energy storage properties reported in various RFEs based ceramic systems via different strategies.
Material Strategies W, Ep n Year Ref no
(J/em®) (kv/cm) (%)
Sro.7Big.2Cag.1TiOs Doping 2.1 290 97.6 2020 [176]
0.9(Srg 7Bip.2)Ti03-0.1Bi(Mg sHfo 5)O3 Doping 3.1 360 93 2020 [178]
0.55Big sNag 5Ti03-0.45S8r( 7Lag > TiO3 Doping 4.14 3.15 92.2 2020 [108]
0.6BaTi03-0.4Bi(Mg; /2T 2)05 Doping 4.49 340 93 2020 [155]
0.75Bi(0.5x)Na(0 5.0 TiO3-0.2551TiO3 Doping 5.63 535 94 2020 [110]
0.80Bi( sNag 5Ti03-0.20SrNbg sAlp 503 Doping 6.64 520 96.5 2020 [202]
BTO-KN Doping 2.03 300 94.3 2020 [203]
0.95SBKT-0.05SNNO Doping 2.45 220 93.1 2021 [204]
0.98BZCT-0.02BZ Microstructure tailoring 2.61 150 91 2020 [207]
Nag 7Big.1NbO3 Microstructure tailoring 3.41 280 90.8 2019 [193]
(Big,32Sr0.42Nag 20)TiO3/MgO 0-3 type composite 2.09 200 84 2019 [213]
BZCT/ZnO 0-3 type composite 2.61 282 74 2020 [214]
0.78NaNb03-0.22Bi(Mg,,3Ta; 3)03 Local random field 5.01 627 86.1 2019 [215]
BiFeO3-BaTiO3-NaNbO3 Nano domain engineering 8.12 700 90 2020 [217]
BTAS-BTBZNT Layer by layer engineering 5.04 790 68 2019 [218]
BF-BT-NZZ MLCCs 10.5 700 87 2019 [220]
BT-BZNT MLCCs 8.13 750 95 2019 [224]
BTBZNT MLCCs 10.5 1000 93.7 2020 [225]
BNT-SBT-0.08BMN MLCCs 18 1013 93 2021 [226]
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5. Different strategies adopted for high quality relaxor ferroelectric fabrication

In this section, we discuss the most promising strategies adopted to improve the energy storage performance of RFEs ceramics
systems, such as doping, microstructure tailoring, semiconductor/relaxor 0-3 type composites, local random field strategy, nano
domain engineering, layer-by-layer engineering, and multi-layer ceramic capacitors (MLCCs). Further, in each strategy, we briefly
discuss the energy storage performance of the recently published works and in Table 1 we summarized the most efficient energy
storage materials obtained from each strategy adoption.

5.1. Doping

Doping is considered as one of the best options to modify the relaxor properties of a material by doping with a single element,
multiple elements and even by the formation of binary or ternary solid solution [73,201,202]. Recently, Zhao et al., fabricated the
relaxor Srg 7Big 2CayTiO3 (SBT-xC, x = 0 ~ 0.15) via the conventional solid-state reaction method and reported a high W, 2.1 J/cm®
with a very high  97.6 %, at 290 kV/cm [176]. The introduction of Ca in SBT matrix formed a pseudo-cubic structure with an
increment in the relaxor behavior as well as an increase in the dielectric constant. Further, the addition of Ca inhibits the grain growth
and significantly reduced the grain size of SBT from 2.47 ym to 1.43 pm. Moreover, the incorporation of Ca in the SBT ceramics
significantly reduced the leakage current density and thereby a decreased electrical conductivity. This arises from the small grain size
due to Ca doping, which contribute to the removal of oxygen vacancies and consequently, enhances the breakdown strength.
Therefore, the enhanced W, in SBT is attributed to the improved pseudocubic nature, smaller grain size, improved dielectric constant
and superior breakdown strength as shown in the Fig. 10. As a result, the SBT-0.1C showed an enhancement in the EB to 480.2 kV/cm.
Moreover, SBT-0.1C exhibited an excellent temperature stability with the variation of W,<9 % in the temperature ranging from —20 °C
to 120 °C with a high 5 of ~ 98 % at 180 kV/cm. Besides, outstanding frequency stability over the range of 10-250 Hz is achieved. In
addition, SBT-0.1C exhibits a very good discharging performance with a short 79,99 0.124 ps and a power density of 50.1 MW/cm? at
300 kV/cm. In addition, different dopants such as Sn, Cu, Mg, etc. were recently used as dopants for improving the energy storage
performance of SBT [127,166,177].

Very recently, Yan et al, developed a high performance Pb-free (1-x)Big sNag 5TiO3-xSrNbg 5Alp 503 ((1-x)BNT-xSNA) solid solution
for energy storage [202]. Here, the introduction of SNA in BNT not only displayed a strong relaxor behavior but also exhibited a dense
microstructure, and a decreased grain size. With the increasing SNA content, a frequency dispersion behavior (broad dielectric peak)
with an increased dielectric constant at room temperature is observed; which is a typical characteristic of the RFEs. Further, the
incorporation of SNA suppressed the grain size from 1.94 pm to 0.54 pm, which is beneficial for achieving high EB [55]. Besides, the
BNT-SNA ceramics exhibited a slimmer P-E loop with a high P, and low P, value. This is ascribed to the induced PNR by the Sr** ion
and (AlgsNbgs)*" complex-ion into BNT matrix. Moreover, the bright field transmission electron microscopy (BF-TEM) analysis
revealed a speckled domain morphology corresponding to PNRs in 0.80BNT-0.20SNA ceramic (Fig. 11(a)-(b)). As a result, 0.80BNT-
0.20SNA attained an ultra-high W, of 6.64 J/em?® accompanying with an excellent 5 of 96.5 % and an EB of 520 kV/cm (Fig. 12(c)).
Moreover, the Weibull distribution function exhibited a linear fit for all the samples with the Weibull modulus f higher than 5 for each
composition and showed less dispersion in the data (Fig. 11(d)) [33,57]. Further, the higher f value suggested an increase in EB from
372kV/cm to 577 kV/cm with x varied from 0.10 to 0.30 (inset in Fig. 11(d)). Thus, the enhanced energy storage performance in BNT-
SNA ceramics is attributed to the induced PNRs and decreased grain size to submicron scale (Fig. 11(e)). Huang et al, reported a W, of
2.03 J/em® at 300 kV/cm with a superior 7 of 94.3 % in 0.96BaTiO3 — 0.04KNbO3 [BTO-KN] solid solution [203]. The high energy
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Fig. 10. Schematic representation of the effect of Ca doping in Sr ;Bio »TiO3 based on the procedure adopted in ref. [176].
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Fig. 11. (a)-(b) BF-TEM images of 0.80BNT-0.20SNA; (c) variation of W and n with applied electric fields; (d) Weibull distribution and the inset
show the electric breakdown strength with increase in SNA content (e) diagrammatic representation of achieving high energy storage performance
via composition design strategy. Reprinted with permission from Yan et al., Superior energy storage properties and excellent stability achieved in
environment-friendly ferroelectrics via composition design strategy, nano energy (2020). Copyright (2020) by the Elsevier ltd. [https://doi.org/10.
1016/j.nanoen.2020.105012] [202].

storage performance in BTO-KN is the manifestation of PNR dynamics. Such a high energy storage performance is an exhibition of the
dielectric relaxation w. r. t. to the doping and is attributed to the behavior of PNR dynamics arising from the aliovalent cation sub-
stitutions (K™ and Nb®*) at A-site and B-site of BTO. This in turn create a crossover region between Tp and T;,,, where the PNR dynamics
will be very high. Consequently, an enhanced dielectric permittivity and a large P, with slim P-E loop. Furthermore, the relaxation
time in the BTO-KN was tested and compared with pure BTO. The poling behaviours of BTO and BTO-KN were conducted at different
poling voltages. After poling, BTO remained un affected even after 120 min, while the BTO-KN showed a decrease suggesting the
presence of PNRs. This pointed out the fact that the preponderance of nanodomains in the domain structure corresponds to a faster
relaxation time. At this crossover region, a superior thermal stability is observed and subsequently, a stable energy storage perfor-
mance in BTO-KN solid solutions. Another work by Zhao et al., in 2021 reported enhanced energy storage performance in aliovalent
cation (K™) doped (1-x) St 35Big.35K0.25TiO3 — XNNO (SBKT-NNO) ceramics [204]. The doping decreased the domain size and elevated
the PNR dynamics with a broad dielectric maximum. Further, a slight increase in the current density and power density near the
dielectric maxima are observed due to the highly dynamical PNRs. The 0.95SBKT — 0.05NNO solid solutions exhibited a W, ~ 2.45 J/
cm?® with an 5 ~ 93.1 % at 220 kV/cm.

5.2. Microstructure tailoring

In addition to the doping, another important factor that controls the material characteristics is the sintering temperature [42,205].
Through sintering effect, it is possible to introduce the relaxor behaviour in a ceramic by controlling the grain size as well as the density
of the ceramics [206,207]. However, the effect of grain size on relaxor behaviour and the energy storage performance was scarcely
investigated [5]. Most of the studies on RFEs are particularly concentrated on energy storage properties especially through doping. In
2020, our research group proposed a new strategy by tuning the microstructure of 0.98BZCT-0.02BiZn;/,Ti; 203 [BZCT-BZ] via
sintering time to enhance the energy storage properties [207]. This is ascribed to the formation of the pseudocubic phase in the crystal
structure and a significantly reduced grain size in the sub-micrometre range ((Fig. 12(a) - (b)) [208]. The variation in grain size with
sintering time is explained based on Ostwald Ripening mechanism [209]. The grain size is found to be minimum in the samples
sintered at 11hrs. The decrease in grain size of the sample sintered at 11 hrs disrupted the long-range ferroelectric by disturbing the
translational symmetry through increasing grain boundaries and behaves like relaxor ferroelectrics [210]. Further, the crystal
structure changes from tetragonal to a complete pseudocubic phase at 11 hrs, which is a typhical phase of the RFEs. Besides, it is
reported that the domain size is proportional to square of the grain size. Therefore, the decrease in grain size promotes the formation of
single domain rather than multi-domains. This diminutive the contribution of domains walls and domain switching due to pinning/
clamping by grain boundaries and thereby a low P,. As a consequence, a slimmer P-E loop with a nearly hysteresis loss free behavior is
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Fig. 12. (a)-(b) High resolution SEM images of BZCT-BZ ceramics sintered at 3hrs and 11hrs, respectively; (c) P-E loops of sample sintered at 11hrs
as a function of electric field and (d) comparison of this work with other BZCT ceramics. Reprinted with permission from A. R. Jayakrishnan et al.,
Microstructure tailoring for enhancing the energy storage performance of 0.98[0.6Ba(Zry »Tip 8)03-0.4(Bag 7Cag 3)TiO3]-0.02BiZn; /»Ti; 203 ceramic
capacitors, Journal of Science: Advanced Materials and Devices, Copyright (2020) by the Elsevier Itd. [https://doi.org/10.1016/j.jsamd.2019.12.
001] [207].

expected due to the smallest grain size. This work recovered a W, = 2.61 J/cm> with an 7 91 %, at 150 kV/cm, in BZCT-BZ RFE sintered
at 11 hrs (Fig. 12(c)). Moreover, a comparitive study showed that the W, of BZCT-BZ ceramics sintered at 11 hrs is 3-13 times higher
than the reported values of other BZCT based ceramic capacitors and is shown in Fig. 12(d). Thus, this work not only provide a
promising candidate for the energy storage capacitor fabrications, but also open the door for the BZCT based RFEs for real world energy
storage capacitor applications.

5.3. Semiconductor/relaxor 0-3 composite formation

Dielectric breakdown strength (EB) is considered as one of the key parameter that contribute to the energy storage performance of a
ceramic capacitor. However, most of the ceramics suffer from low EB due to unavoiadable pores formed during the high temperature
sintering process. Therefore, it is mandatory to inhibit the breakdown by reducing the number of pores. This can be achieved through
the formation of 0-3 semiconductor/relaxor composite formation [211]. The idea of designing a 0-3 type semiconductor/relaxor
composite for energy storage capacitor fabrication started in the late 2018 by Tao et al., They studied the energy storage performance
of 0.82[0.94BNT-0.06BTO]-0.18KNN:xZnO (BNT-BT-KNN:xZnO, with x varying from 0 to 0.40) semiconductor/relaxor composites
and reported an increase in W, from 0.74 J/cm? to 1.03 J/cm® with an increase in the breakdown electric field from 90 kV/cm and 140
kV/cm [211]. This is attributted to the enhanced bulk resistivity and the ZnO induced local electric field by the formation of isolated
ZnO particles at the grain boundaries of the BNT-BT-KNN matrix which suppresses the evoltion of PNRs [211-213]. Here, the polar
semiconductor ZnO provides the charges to form a local electric field to tune the ferroelectric properties and enhances the breakdown
strength by decreasing the leakage current. Followed by his work, in 2019Li et al., studied the energy storage performance
(Big.32Sr0.42Nag.20) TiO3 [BNST] by forming a 0-3 type composite with MgO [213]. All the BNST/MgO exhibited a pseudocubic nature
and the negligible peak shifting suggests the low diffusion of Mg element into the BNST lattice. Besides, the formation of 0-3 type
structure with MgO at the grain boundaries of BNST was confirmed using the elemental mapping [Fig. 13]. The presence of two
dielectric anomalies in the BNST/MgO is attributed to the mutual transition between tetragonal-rhombohedral PNRs. Further, the
pores and cracks were absent in the BNST/MgO composites. This arises from the lower sintering temperature, which minimize the
chances of Mg diffusion. Therefore, a combined effect such as the presence of pseudocubic structure, formation of PNRs, and a pore free
microstructure contributed to the enhanced energy storage performance of BNST/MgO composite. Thus, the BNST/MgO 0-3 type
composite exhibited a very good energy storage execution with W, = 2.09 J/cm?, = 84 %, and EB = 200 kV/cm [213]. Very recently,
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Fig. 13. Elemental mapping in BNST/MgO 0-3 type composite. Reprinted with permission from Li et al. Structure-design strategy of 0-3 type
(Big.32Sr0.42Nag 20)TiO3/MgO composite to boost energy storage density, efficiency and charge-discharge performance, J. Eur. Ceram. Copyright
(2019) by the Elsevier Itd. [https://doi.org/10.1016/j.jeurceramsoc.2019.03.047] [213].

our research group reported a high energy storage density in BZCT/ZnO 0-3 type composite [214]. The presence of small ZnO particles
at the grain boundaries of the BZCT grains suggested the formation of BZCT/ZnO 0-3 composites. The BZCT/ZnO composite showed a
discharge energy density = 2.61 J/cm® and an efficiency = 74.2 %, at 282 kV/cm. The BZCT/ZnO composite achieved an enhancement
of 166 % in the EB and 220 % in W, when compared to the BZCT ceramics.
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Fig. 14. Mechanism for superior energy storage properties using local random field theory [215].
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5.4. Local random field strategy

Shi et al, developed a new linear-like Pb-free 0.78NaNbO3-0.22Bi(Mgy/3Ta;,3)03 [NNO-BMT] RFE with ultrahigh recoverable
energy density and efficiency via a local random field strategy [215]. Generally, a local random field is created to enhance the energy
storage performance of a capacitor. The idea of this work was to improve the energy storage performance of NNO by the introduction
of BMT through controlling the grain size and dielectric properties and the mechanism is shown in Fig. 14. The substitution of larger
ionic radii (Mga/sTaj 3)>" (0.68 A) in the B-site of NNO [Nb®* (0.64 A)] led to hybridization between the Bi>* 6p orbital and the 0% 2p
orbital, and consequently strengthens the polarization. Moreover, the low electronegativity at the B-site created by Mg®" and Ta>*
promote the ionic bonding by generating a local electric field. This destroys the long-range ferroelectric order and a consequent
decrease in the remnant polarization (P,) [216]. Furthermore, a large dielectric breakdown strength, which is ascribed to the compact
microstructure, small average grain size, increased grain boundary resistance, reduced leakage loss, interface polarization inhibition,
and the presence of high dielectric insulator such as Ta;Os. Owing to the high insulation developed due to BMT, the grain boundary
interferes the conduction mechanism. The small grain size promotes the accumulation of electrons at the grain boundaries, as the grain
boundary density increases. Consequently, the moving charges under an external electric field get obstructed at the grain boundaries.
This barrier effect offered by the grain boundary enhances EB, Furthermore, the wider band gap (Eg) of BMT prohibits the possibility of
intrinsic breakdown. In summary, with this approach an ultrahigh W, (~ 5.01 J/cm3), 7 (~ 86.1 %) and an EB (~ 627 kV/cm) are
obtained in the NNO-BMT ceramics. Moreover, the present NNO-BMT ceramic possess an ultrafast discharge rate (79 99 ~ 23 ns) and
excellent fatigue stability even after 10* fatigue cycles.

5.5. Nano domain engineering

Nano domain engineering has recently attracted the attention of researchers in the development of quality energy storage ca-
pacitors [217]. In this regard, Qi et al., developed a new type of RFE ceramic capacitor through nano domain engineering that exhibited
a record-high energy storage performance. The fabrication technique involves the formation of BiFeO3-BaTiO3-NaNbO3 [BFO-BTO-
NNO] RFEs by integrating a high-spontaneous-polarization gene (BFO), a heterogeneous nano domain structure (BTO), and wide
band gaps (NNO). The idea of manufacturing (0.67-x)BF0O-0.33BTO-xNNO came up due to the drawback faced by the BFO-based solid
solutions. Even though BiFeO3 display giant P; =~ 100 uC/cm3 as compared to other Bi-based perovskites such as (Big sNag 5)TiO3 (BNT)
and Bi(Mgo sTio.5)03 (<50 pC/cmB), they exhibited a low dielectric breakdown strength. This is attributed to a relatively low band gap,
large dielectric loss and high conductivity owing to the presence of volatile elements such as Bi and Fe during the sintering. On the
other hand, the introduction of multivalent elements and liquid phases as sintering aids significantly improved the energy storage
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Fig. 15. Out-of-plane PFM amplitude (subscript 1) and phase (subscript 2) images of (0.67 — x)BFO-0.33BTO-xNNO ceramics; (e) HR-TEM image of
randomly distributed PNRs in the BF matrix;, (f) room-temperature P-E loops; (g) W, and 5 values measured under 7 kV mm~! for (0.67 — x)BFO-
0.33BTO-xNNO ceramics; (h) energy storage performance and its comparison with other bulk ceramics; (i) W, and 5 values corresponding to the
temperature ranging from —50 to 250 °C. Reprinted with permission from Qi et al., Superior energy-storage capacitors with simultaneously giant
energy density and efficiency using nanodomain engineered BiFeO3-BaTiO3-NaNbOj lead-free bulk ferroelectrics, Adv. Energy Mater. 1,903,338
(2019). Copyright (2019) by the Wiley-VCH. [https://doi.org/10.1002/aenm.201903338] [217].
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density of BFO-based dielectric capacitors by enhancing their EB. From this point of view, Qi et al., designed (0.67-x)BF-0.33BT-xNN
(0.1 < x <0.15) solid solutions by presuming that BTO having a stable phase structure and a high resistivity, and NNO with a larger
band gap (Eg) could favor the energy storage performance of BF. Simultaneously, 0.1 wt% MnO» and 2 wt% BaCu(B2Os) (BCB) were
added into BF-BT-NN ceramics for inhibiting the Fe>" - Fe?* reaction and to optimize the sintering behavior.

Interestingly, an appreciable room temperature dielectric permittivity and a good thermal stability were obtained with the increase
of NNO content. This is ascribed to the low temperature coefficient of permittivity and a nearly flat permittivity versus temperature
curve. Furthermore, a dielectric relaxation behavior owing to a change in domain morphology as the x content is varied between 0.1
< x < 0.15. This is further confirmed from the piezo force microscopy (PFM) image, since the amplitude of the PFM image give the
strength of the piezoelectric response (Fig. 15(a)-(d)). The observed change from a long-range ordered FE domain with strong and clear
contrast (x = 0) to an unclear contrast (x > 0.1) suggested a gradual decrease in the piezo response due to the interaction with local
random field. This is attributed to the formation of PNRs and resulted an enhanced dielectric relaxation behavior. The P-E hysteresis
loops exhibited a slimmer P-E loop with an increase in NNO content, which suggested a typical characteristic of an ergodic RFE ceramic
(Fig. 15(e)). However, a nearly zero remnant polarization (P,) (x > 0.1) is attributed to the low-hysteresis dielectric response as well as
a quick reorientation capability due to the presence of PNRs. Furthermore, the BFO-BTO-NNO RFEs owns a fast-discharging speed
under 200 kV/cm with a short discharge time of 7 g 9 =~ 97 ns. This fast-discharging speed is corroborated to the linear and a nearly
hysteresis-free polarization response, which mainly arises from the ionic displacement. Moreover, the large Eg is ascribed to the
decrease in grain size, increased band gap (Ej), and enhanced resistivity with increase in NNO content. In fact, the introduction of Ba
(BTO) and Na (NNO) in BFO offers relatively smaller contribution to the polarization due to lack of orbital hybridization when
compared with BFO. Consequently, the BTO - and NNO -rich regions in BFO disrupt the long-range ferroelectric order due to the
formation of indistinguishable nano scale regions (PNRs). Further, a structural heterogeneity is created owing to the compositional
inhomogeneity by BTO and NNO in the BFO matrix. Subsequently, the formation of a heterogeneous nanodomain structure, which are
highly polarization sensitive to the applied electric field. Besides, the HR-TEM image of x = 0.1 showed a weak contrasted domain
pattern suggesting the formation of randomly distributed stripe- like PNRs in the matrix [(Fig. 15(e))] [37]. Thus, the structure
heterogeneity together with PNRs constituted the enhanced energy storage performance in BFO-BTO-NNO ceramics. In this way, Qi et
al., developed the BFO-BTO-NNO RFEs exhibiting a room temperature giant W, ~ 8.12 J/cm®, 7 ~ 90 % and an outstanding energy
discharge speed at x = 0.1 compared to other Pb-free ceramics (Fig. 15(f)-(h)). Furthermore, a desirable W, (= 4.40 + 0.44 J/ em®) and
n (>85 %) is achieved in the temperature ranging from — 50 to 250 oc (Fig. 15(i)). These results demonstrate that the BFO-BTO-NNO
RFE solid-solution ceramics can be considered as potential lead-free dielectrics for next-generation pulsed power capacitors.

5.6. Layer by layer engineering

Layer-by-layer engineering is a new strategy implemented to develop energy storage capacitors via coupling a FE with RFEs for
achieving very good energy storage density through enhancing the dielectric breakdown strength of the capacitors (Fig. 16(a)) [218].
In this work developed by Cai et al., a layer by layer structure comprising BaTiO3 doped with Al,03 (3 wt%) and SiO5 (1 wt%) (BTAS) as
FE and 0.87BT0-0.13Bi(Zny,3(Nbg.gsTag.15)1,3)03 (BTBZNT) as RFE were designed. This work reported a very good W, 5.04 J/cm®

Ity High energy efficiency

b » e iz (a) (c)
+ N Low breakdown strength ” ) PR D
70 £ . / 3 2 [ } BTB2NT] BTBZNT - -
1. Composition modification ~ Ll ‘ A ‘ Jod. :
{ RFE cominaion—257 g BIAS” =
FE = 9 A=
] Core-shell c .
== J s -
Wiereremmstill I B0 1 0 01 B Y B BTBINT .
Chemical coating B | ch bresicioun strength a0 &
—_— 8 High breakdown stren a 48
7 izati 10 20 30 40 50 60 70 80f %0 =
2. strucure modiction (A e e 200 BTAS.-:
. @ ow energy efficiency ()
intensity (a.u.
Roll-to-Roll tape-casting ( b ) by ) BTBZNT
- T. lo —A
o A - e
N i
1)0
BTBZNT 0
_/ 2 BTBZNT
. Sy
Isostatic lamination 2 9 4
3 BTAS
2
e e 21 1 (d)
=/
S$1 S2 S3 S4 S5 2

Fig. 16. Schematic representation of (a) layer by layer structured ceramics and (b) roll-to-roll tape-casting method; (c)-(d) XRD of sample S2; (e)-(g)
shows the SEM image of sample 2 confirming the alternative parallel arrangement of four BTBZNT layers and four BTAS layers Reprinted with
permission from Cai et al., Giant dielectric breakdown strength together with ultrahigh energy density in ferroelectric bulk ceramics via layer-by-
layer engineering, J. Mater. Chem. A 7, 17283-17291 (2019). Copyright (2019) by the Royal Society of Chemistry. [https://doi.org/10.1039/
CI9TA05182A] [218].
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and a 7 68 %, with an exceptionally good Eg 790 kV/cm. An advanced roll-to-roll tape-casting method as depicted in Fig. 17(b) is used
to prepare the BTAS layer with thickness of 13 mm and BTBZNT layer with thickness of 17 mm. Then, these layers were arranged to
form a layered structure via isostatic lamination to form different ceramic layers denoted in Fig. 16(b). A two-step sintering approach is
followed to increase the density as well as the fusing between the BTAS and BTBZNT layers. The microstructure characterization of S2
shows a typical layer-by-layer structure BTBZNT layer and BTAS layer can be clearly identified (Fig. 16(c)-(g)). The capacitor designed
in this way showed an excellent Ep, as the layer-by-layer structure promotes the redistribution of local electric field. A high Ep is
achieved due to the low permittivity of BTAS layer, which enhances the breakdown strength via slowing down the fast propagation of
the breakdown path. Furthermore, the interfaces between the two layers act as a branching for the breakdown paths by dissipating
more energy. Consequently, an enhancement in the Eg with an improved energy storage density is obtained.

5.7. Multilayer ceramic capacitors

In recent years, the RFEs based multi-layered ceramic capacitors (MLCC) are receiving greater attention in the field of energy
storage capacitor applications due to their impeccable energy storage density and fast discharging speed [32,219-221]. The fabri-
cation of MLCCs consists of four stages, which includes the ball milling, slurry formation, tape casting, and lamination [222,223]. The
schematic representation of the MLCC capacitor fabrication process is shown in Fig. 17. At first, the calcined powder is mixed with
ethyl methyl ketone solvent and then, ball-milled in the presence of a binder (poly(propylene carbonate)) and a plasticizer (butyl
benzyl phthalate). Using a tape caster with a single doctor blade, the slurry was poured onto a silicon coated polyethylene tere-
phthalate (PET) carrier film (substrate). The cast slurry was then dried for 1 h at room temperature to get the ceramic tapes. After
drying, platinum (Pt) was printed on each ceramic tape as electrode. Finally, the ceramics tapes are coated with Pt internal electrodes
and sintered at desired temperatures (in order to burn out organic ingredients) for the subsequent formation of the MLCCs. Using this
method, Wang et al., developed a 0.75(Big gsNd, 15)FeO3-0.25BaTiO3 MLCC consisting of 9 active layers with a total thickness of the
multilayers 0.78 mm (each sintered layer possess a thickness 32 mm) and is shown as inset in Fig. 18(a) [220]. The energy storage
calculation of the multilayers from the P-E loops showed a high W, 6.74 J/cm?® with an efficiency 77 % at 647 kV/cm and were stable
up to 125 0c (Fig. 18(b)-(d)). Moreover, these MLCCs showed a discharging time<4 ps (tg.9).

Further, the combination of different strategies like controlled chemical homogeneity and two-step sintering in a MLCCs were also
implemented in achieving high energy storage performance. In 2019, Wang et al., designed (0.7-x)BFO-0.3BTO-xNd(Zng 5Zr( 5)O3
(BFO-BTO-NZZ) based MLCCs through multilayers by controlled electrical homogeneity [221]. The authors fabricated multilayer
ceramic capacitor as shown in Fig. 19(a)-(c). The electrical homogeneity plays a critical role in optimizing the breakdown strength.
This is due to the fact that the electrically homogenous insulators dodge the possibility of breakdown at high field through an increased
resistivity, reduced grain size and low porosity. As a result, the BFO-BTO-NZZ multilayers exhibited a higher W, = 10.5 J/em?, 5 = 87
% and a superior Eg = 700 kV/cm (Fig. 19(d)-(e)). In fact, the BF-BT-NZZ MLCCs exhibited an exceptional temperature withstanding
capability (variation of 15 %) in the range 25 to 150 °C (Fig. 19(f)-(g)), making them appropriate for real-time applications.

On the other hand, Cai et al., fabricated a high performance Pb-free 0.87BT0-0.13Bi(Znz,3(Nbg gs5Tag.15)1,3)03 (BTO-BZNT) RFE
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Fig. 17. Schematic representation of the fabrication of MLCCs.
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Fig. 18. Unipolar P-E loops of multilayers at (a) room temperature (RT) with varying electric fields and (b) different temperatures at a constant
electric field of 300 kV/ cm; energy storage performance at (c) RT with different electric field and (d) various temperatures at 300 kV/ cm,; the inset
in (a) shows the SEM image of the multilayers. Reprinted with permission from Wang et al., Bismuth ferrite-based lead-free ceramics and multilayers
with high recoverable energy density, J. Mater. Chem. A 6, 4133-4144 (2018). Copyright (2018) by the Royal Society of Chemistry. [https://doi.
org/10.1039/C7TA09857J] [220].
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Fig. 19. (a) Cross sectional backscattered electron image, (b) EDX spectra showing overlapping of all elements, and (c) Elemental mapping in x =
0.08 multilayers; (d) unipolar P-E loops and (e) energy storage properties as a function of electric field at room temperature; (f) unipolar P-E loops
and (g) energy storage performance at temperature ranging from 25 to 150 °C. Reprinted with permission from Wang et al., Ultrahigh energy storage
density lead-free multilayers by controlled electrical homogeneity, Energy Environ. Sci. 12, 582-588 (2019). Copyright (2019) by the Royal Society
of Chemistry. [https://doi.org/10.1039/C8EE03287D] [221].
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based MLCC [224]. Since Pt is very costly, Cai et al., introduced a combination of both silver and palladium (60Ag/40Pb) as the in-
ternal electrodes to reduce the cost and for assuring the co-sintering of the dielectric ceramic and the metal electrodes. Thus, Cai et al.,
designed the BT-BZNT MLCCs consisting of 10 ceramic layers. Each ceramic layer is 11 pm thick with electrodes having an effective
area 2.7 mm x 3.2 mm. The MLCCs followed three heating rates namely, 4 °C/min (MLCC-4), 20 °C/min (MLCC-20), 40 °C/min
(MLCC-40), and their corresponding SEM images are shown in Fig. 20(a)-(c). At the time of first-step sintering, the density of the
dielectric layer (BT-BZNT) is improved by a significant reduction in the grain size. However, the dielectric layers of MLCC-40 sintered
via the two-step heating rate i. e. 40 °C/min, showed no clear pores as shown in Fig. 20(d)-(f) due to the formation of low-melting
liquid alloy layer at electrode interface under tension. Such an interfacial liquid alloy layer formed by the fast-heating rates offers
better metal electrode continuity and consequently, an improvement in energy storage performance is obtained through enhanced EB.
This work reported a W, = 8.13 J/cm® with a dielectric breakdown strength of 750 kV/cm and an ultrahigh efficiency of 95 % (Fig. 20
(8)-(h).

Recently in 2020, Wang et al., studied the energy storage performance of 0.87BaTiO3-0.13Bi(Znz,3(Nbg gsTap.15)1,3)03 (BTBZNT)
MLCCs via two-step sintering by varying the thickness of the dielectric layers (D) from 26 to 5 pm [225]. This work reported a superior
discharging energy storage proeprties with W, = 10.5 J/cm?®, y = 93.7 % and an excellent Eg = 1047 kV/cm in BTBZNT MLCCs with D
~ 9 um (Fig. 21(a)-(b)). Further, the MLCCs exhibited an excellent thermal stability with a discharge energy density variation < 4+ 5 %
over a wide range of temperature from — 50 to 175 °C under an electric field of 400 kV/cm (Fig. 21(c)). Very recently, Ji et al., in 2021
reported a hlgh W, (~18 J/cm3) and n (93) in 0.62Na0‘5Bi0,5Ti03 —0.351‘0.7Bi0.2Ti03 —0.0SBngz/ng1/303 (BNT-SBT-0.08BMN)
MLCCs, at an electric field of 1013 kV/cm [226]. Thus, MLCCs displays exceptional energy storage performance with a very good
thermal stability suitable for high power-high temperature applications.

6. Energy storage performance in RFE based films

As we already discussed in the previous section, the Pb-free RFE based ceramic systems are receiving greater interest as energy
storage capacitors owing to their excellent dielectric breakdown strength. However, the real world demands the miniaturization of
electronic devices such as military artillery, hybrid electric automobiles, smart and wearable electronics, etc [227-229]. Therefore, the
film-based capacitors are more attractive for the miniaturization of electronic devices than bulk ceramics [213-215]. Most impor-
tantly, the Ep of the film capacitors are exceptionally higher when compared to the bulk ceramics and thereby provide superior energy
storage density [33]. Even though the breakdown strength of the RFE based ceramics capacitors is very much high compared to the
normal dielectric capacitors like LD, FE, and AFE, yet the RFEs based ceramics face a limitation in providing a breakdown strength in
the range of MV for high power applications [35]. On the other hand, the film (either thick or thin) based capacitors can be considered
as ideal candidates for miniaturized device applications owing to their dense and pore free microstructure. Further, the thickness of the
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Fig. 20. (a)-(c) Surface SEM images of the MLCCs sintered at a rate of 4, 20, and 40 0C/ min respectively; (d)-(f) cross-sectional SEM images of 4, 20,
and 40 °C/ min respectively; (g) P-E loops of MLCCs at an electric field of 500 kV/cm at 1 Hz; (h) energy storage performance at various heating
rates. Reprinted with permission from Cai et al., High-temperature lead-free multilayer ceramic capacitors with ultrahigh energy density and ef-
ficiency fabricated via two-step sintering, J. Mater. Chem. A 7, 14575-14582 (2019). Copyright (2019) by the Royal Society of Chemistry. [https://
doi.org/10.1039/C9TA04317A] [224].
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Fig. 21. (a)-(b) Hysteresis loops and discharge energy of the BTBZNT MLCCs with different D values; (c) temperature dependence of W, and 7 of
BTBZNT MLCC with D ~ 9 pm. Reprinted with permission from Wang et al., Effects of dielectric thickness on energy storage properties of
0.87BaTi03-0.13Bi(Zny,3(Nbg gsTag.15)1,3)03 multilayer ceramic capacitors, J. Eur. Ceram. 40, 1902-1908 (2020), Copyright (2020) by the Elsevier
1td. [https://doi.org/10.1016/j.jeurceramsoc.2020.01.032] [225].

dielectric material is a key factor that determines the breakdown strength. This is due to the fact that the energy stored in a film
capacitor is controlled by its thickness to volume ratio. As the thickness is reduced to a critical value, the dielectric films display an
exceptionally high energy storage performance owing to their dielectric strength which becomes independent of dimension and acts as
an inherent property. As a consequence, a superior energy storage performance ascribed to a very high breakdown strength. Moreover,
such a superior Eg not only offers a wider range of safe operating voltages but also lower the probability of irreversible device failure in
the dielectric capacitors [33,34].

Different deposition techniques such as sol-gel, spin coating, chemical solution deposition (CSD), pulsed laser deposition (PLD),
ion-beam sputtering deposition, rf-sputtering, laser molecular epitaxy (LME), etc. have been employed to fabricate RFE based
dielectric ceramic films on different substrates for the designing of energy storage capacitors [230-252]. Table 2 summarizes the best
performing RFE based thin film capacitors. For instance, in 2019 Pan et al., reported a new type of RFE based (0.55-x)BFO-xBTO-
0.45STO (denoted by BFBSTO, x = 0.0 to 0.4) films [230]. However, in normal RFEs, the polarization is weakened either by
rhombohedral (R) or tetragonal (T) nanodomains. Here, Pan et al., introduced the polymorphic nanodomain (R and T nanodomains
with cubic matrix) in RFEs to achieve high polarization and low loss (Fig. 22(a)). In this regard, the BFO and BTO were chosen to
introduce R and T ferroelectric phases, while STO was incorporated to hinder the long-range FE order and to induce nanodomains. The
high-angle annular dark field (HAADF) Z-contrast STEM studies revealed that all nanodomains for x = 0 was in R-phase (Fig. 22(b)-
(d)), whereas BFBSTO films with x = 3 showed both R-phase and T-phase nanodomains (Fig. 22(e)-(h)). Usually, the fatigue in FE is
ascribed to the domain wall pinning by the defects during repeated polarization switching caused by the macroscopic domains.
However, these macroscopic domain walls are eliminated and form highly dynamic polymorphic nanodomains in RFE BFBSTO films.
This will suppress the defect pinning and result in the good fatigue endurance in the RFE BFBSTO films (> 108 cycles). Further, the
statistical Weibull distribution analysis suggested an increase in the § from 12 (x = 0.0) to 25 (x = 0.3) (Fig. 22(i)). Consequently, an
improvement in the EB value from 3.2 MV/cm (x = 0.0) to 4.9 MV/cm (x = 0.3). Thus, the work reported a very high W, of 112 J /cm3,
a high 5 of 80 % and an excellent EB of 4.9 MV/cm (Fig. 22(j)). This is attributed to the enhanced relaxor behavior by eliminating the
macroscopic domain walls and the formation of polymorphic nanodomains. Further, the enhanced breakdown strength arises from the
BTO content, which improves the insulator behavior by restricting the carrier emission, increasing the band gap, and providing high
chemical stability. This obstructs the formation of defects such as oxygen vacancies and suppresses the leakage current and thus, a very
high energy storage performance is obtained.

In the same year, a high energy storage performance was reported in the RFE BZCT by coupling it with a low permittivity HfOo:
Al,03 (HAO) layer. As a result, an impressive energy storage performance with a W, = 99.8 J/cm?, 7 = 71 %, and EB = 750 kV/cm, was
achieved [231]. This is attributed to the strong charge coupling caused by the HAO dielectric layer, which not only enhanced the
polarization value but also led to a slim P-E loop. Recently, in 2020 Lv et al., developed flexible RFE-based thin film dielectric ca-
pacitors with a multilayered structure consisting (Nag gKo.2)o.5Bio.5TiO3 and Bag 5Srg 5(Tig.97Mng 03)O03 (NKBT/BSMT) [232]. Lv et al.,
synthesized the NKBT/BSMT multilayered films on a mica substrate through different stacking arrangements with a fixed total
thickness (Fig. 23(a)-(d)). The NKBT/BSMT exhibited a very high W, 91 J /cm® with a high EB 3.035 MV/cm (Fig. 23(e)-(f)). Moreover,
the NKBT/BSMT showed a very good charging—discharging speed of 47.6 ps. Such features make them attractive for the development
of flexible micro energy storage systems. This is ascribed to the relaxor-like characteristics with broadened dielectric peaks and strong
frequency dispersion feature owing to the formation of nanodomains. Further, these nanodomains promotes a fast-reversible polar-
ization switching and thereby a high energy storage density. Besides, a strong restoring capability by the nano-sized domains is very
common in RFE films [232].

Further, Chen et al, reported a record high energy storage density in the RFE heterostructure composed by P-type Nag sBi3 25
Laj 25Ti4015 (P-NBLT) and N-type BaBig 4Prg¢Ti4O15 (N-BBPT) layers fabricated through sol-gel method [244]. In this PNP-type
heterostructure films, the W, is enhanced through increasing the depletion layer width owing to the motion and recombination of
majority charge carries in the applied electric field. As a consequence, the depletion regions experience a high resistance state. This
increases the insulation characteristics and the EB. The PNP heterostructure exhibited a superior W, of 159.7 J/cm® and an efficiency of

23


https://doi.org/10.1016/j.jeurceramsoc.2020.01.032

A.R. Jayakrishnan et al. Progress in Materials Science 132 (2023) 101046

Table 2

Energy storage properties reported for various RFE films.
Material Fabrication Substrate Film thickness W, Ep n Ref no

method (nm) (J/em®) (MV/cm) (%)
0.25BFO-0.30BTO-0.45STO PLD ST single-crystal 200-800 112 4.900 80 [230]
Mn:NBT-BT-BFO CSD Pt/F-Mica 350 81.9 2.285 64.4 [234]
Mn:NBT-BT-0.45ST CSD Pt/F-Mica - 76.1 2.813 80 [235]
Ba(Zrg 35Tio.65)03 Sputtering LSMO/STO/F-Mica 30 65.1 6.150 72.9 [236]
(BiFeO3)¢.25(BaTiO3)o.75 PLD ST single-crystal 350 80 3.100 78 [239]
BST-BMN PLD NbSTO 400 86 5.000 73 [241]
0.3BFO-0.7SBT Pt/F-Mica 61.5 3.000 75.4 [240]
NKBT/NKBT-ST DC sputtering Pt/F-Mica 20 73.7 3.077 68.1 [243]
P-NBLT/N-BBPT Sol-gel - 500 159.7 3.450 70 [244]
NKBT/BSMT DC sputtering Pt/F-Mica 280 91 3.035 68 [232]
BST/BT-BMZ RF sputtering Nb/STO single crystal 230 87.26 7.900 61.05 [249]
(Bag.gs, Sro.05)(Zrg.2,Tig.g)O3 RF sputtering Pt/Ti/SiO,/Si 300 102 6.2 87 [253]
Sm-0.3BCZT-0.7BFO PLD Nb/STO single crystal 650 152 3.5 >90 [254]
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Fig. 22. (a) Diagrammatic representation of Landau energy profiles and P-E loops of different nanodomains. The polarization states along the
rhombohedral (R) [111] and [111] directions are represented using Pg, while Py along the intermediate tetragonal (T) [001] direction. The energy
density is represented by the shaded region in the P-E loops; (b)-(h) HAADF STEM images for x = 0 and x = 0.3, respectively. The yellow dashed
lines delineate the nanodomains, with the projected B-site cation displacements denoted by red ((111) R) and cyan ((001) T) arrows. (D and E)
represents the magnified images of selected areas from (b) and (G to I) corresponds to the magnified images from (c) to show the cation dis-
placements. The olive and pink spheres represent A-site and B-site cations, respectively. The dark yellow arrows show the B-site cation displacement
vectors in each unit cell; (i) Weibull distribution and dielectric breakdown strength of BFBSTO films; (j) energy storage performance in various
BFBSTO films. Reprinted from Pan et al., Ultrahigh-energy density lead-free dielectric films via polymorphic nanodomain design, Science. 365,
578-582 (2019), Copyright (2019) by the Science [https://doi.org/10.1126/science.aaw8109] [230]. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

70 %. Recently in 2020, Silva et al., reported that Pb-free ZrO, binary oxide films are potential candidates for the fabrication of energy
storage capacitors by coupling them with a low permittivity HfO5:Al;03 (HAO) layer of different thickness [250]. The insertion of HAO
layer improved the interfacial polarization and consequently, amended the ferroelectric as well as discharging energy density of the
ZrO, films. The XRD shows a decrease in intensity of the ZrO, peaks with increasing the HAO layer thickness (Fig. 24(a)), while the
HRTEM studies confirm the orthorhombic phase of ZrO, (Fig. 24(b) — (). Further, the ferroelectric nature in ZrO; is attributed to the
presence of orthorhombic phase. Moreover, the depolarization induced by the HAO layer in ZrO; resulted in a slim and slant P-E loops
(Fig. 24(g)). Hence, the HAO (2 nm)/ZrO; film capacitor exhibited a higher W, of 54.3 J/cm® when compared to 9.2 nm thick
Hfy 3Zr( 70, film capacitor and 2.0 % La-doped HfO,-ZrO, (10 nm thickness) based film capacitors [229,230]. In addition, the HAO (2
nm)/ZrO, capacitor displayed a good fatigue free behavior > 10° cycles with just ~ 10 % degradation of energy storage performance
(Fig. 25(h)).

Recently, designing superparaelectric (SPE) strates in RFEs emerges as a promising but scarcely explored approach. Usually,
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Fig. 23. (a) Diagrams of NKBT, BSMT, and NKBT/BSMT multilayer films of repeated periods, N = 2, 3, 6, and 8 with the same total thickness. (b)
representation of heterostructure film under flat and bending states; (c) XRD pattern of N = 6 film on Pt/mica substrate and (d) depicts the cross-
sectional SEM image; (e) room temperature P-E hysteresis loops; (f) W, and 5 values of NKBT/BSMT films. Reprinted with permission from Lv et al.,
Flexible lead-free perovskite oxide multilayer film capacitor based on (NaggKo.2)o.5Bio.sTiO3/Bag sSro.5(Tip 97Mng 03)O3 for high-performance
dielectric energy storage. Adv. Energy Mater. 2020, 1904229, Copyright (2019) by the Wiley-VCH. [https://doi.org/10.1002/aenm.
201904229] [232].

superparaelectricity arises when the ferroic long-range order in nanoclusters is incomplete. The nanodomains in the SPEs are further
scaled down and consequently domain inter-coupling is become weaker to a level that the energy required for domain switching is
comparable with or below the thermal disturbance energy kT (k is the Boltzmann constant). Hence, the polarization of nanodomains
can flip among energy equivalent directions with high dynamics, which makes it possible to realize P, ~ 0 and a non-hyster-
ical P-E curve [253,254]. Through the SPE approach, (Bag.gs, Srg.05)(Zrg.2,Tip g)O3 thin films integrated on Si exhibit an W, of 102 J/
em?, an efficiency of 87 %, are fatigue-free after 2 x 10° cycles and can endure a harsh temperature environment [253]. More recently,
Pan et al. achieved an ultrahigh W, of 152 J/cm?® with an efficiency > 90 % at an electric field of 3.5 MV/cm in SPE Sm-doped 0.3BCZT-
0.7BFO, with Sm content of 0.45 [254].

7. Summary and future scopes

The energy storage components become an essential part of human world in day-to-day life to operate basic electronic gadgets to
warfare technologies. Consequently, the development of new sustainable energy storage technologies for a healthier future is always
essential. In this context, the dielectric capacitors mark their signature as a vital component in the energy storage devices starting from
the basic mobile phone technology to the most modern advanced pulsed power technology. This article highlighted the recent ad-
vances in the development of RFE based systems for the application in energy storage devices. The review starts with a contextual-
ization of RFEs materials in the dielectrics class of materials and highlights their main advantages. Then, the history of RFEs and the
current progress in RFEs as energy storage capacitors are discussed in detail. We cover most of the Pb-free RFE based ceramic systems
as well as thin films and, discussed some of the recently adopted strategies for enhancing the energy storage properties of RFEs. This
includes doping, microstructure tailoring, semiconductor/relaxor 0-3 type composites, local random field strategy, layer-by-layer
engineering, nano domain engineering, composition design, and multi-layer ceramic capacitors (MLCCs). Interestingly, it is
possible to conclude that each individual strategy allows to obtain an energy storage density higher than the one obtained in the best
commercial dielectric capacitor, the bulky biaxially oriented polypropylene (BOPP), which has a low energy storage density < 7
Jem™3, More specifically, by using the MLCC strategy an energy 