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Experimental section

Ceramic preparation: 

(1-x)[0.955(Bi0.5Na0.5TiO3)-0.045Ba(Al0.5Ta0.5)O3]-xNaTaO3 (abbreviated as 

BNT-BAT-xNT, x=0.05, 0.1, 0.15, 0.2) ceramics were prepared by conventional solid 

phase method with high purity Bi2O3, Na2CO3, TiO2, BaCO3, Al2O3, Ta2O5 (≥ 99%) as 

raw materials. The above powders were weighed according to stoichiometric ratio and 

ball milled for 24 h. The obtained BNT-BAT powders were calcined at 850 ℃ for 6 h, 

and the NT powders were calcined at 800 ℃ for 4 h. Then the BNT-BAT and NT 

powders were mixed and ball milled for 48 h. The resulting powders were mixed with 

8 wt% organic binders (PVA) for granulation, and then pressed into pellets with a 

diameter of 10 mm and a thickness of 1 mm. Ultimately, the pressed disks were sintered 

at 1125-1175 ℃ for 2 h.

Structure characterizations: 

The X-ray diffractometer (XRD; MiniFlex600, Rigaku, Japan) and Raman spectra 

(Horiba/Jobin Yvon, Villeneuve d'Ascq, France) were employed to analyze the phase 

structure. The sample microstructure was observed by the field emission scanning 

electron microscope (FE-SEM, S-4200, Hitachi, Tokyo, Japan). The domain 

morphology and high-resolution atomic imaging of ceramics were observed via field 

emission transmission electron microscopy (TEM; FEI Talos F200X, USA) at an 

accelerated voltage of 200 kV. To collect domain morphology and dynamic response, 

Piezoresponse force microscopy (PFM) measurements of ceramics were performed 

using an atomic force microscopy (AsylumResearch MFP-3D).

Electrical properties: 

To perform energy storage measurements, the sintered ceramics were grinded and 

polished to approximate 50-80 μm in thickness and then sputtered with gold electrodes. 

The polarization hysteresis (P-E) loops with respect to temperature, frequency, cycles 

and the FORC loops were measured via an FE test system (RT1-Premier II, Radiant 

Technologies InC, USA). The temperature and frequency dependence of dielectric 

constant and loss were examined using a high-precision LCR meter (HP 4990 A; 
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Agilent, Palo Alto, CA). The charging-discharging performance of ceramic capacitors 

was estimated via a commercial charge-discharge platform (CFD-003, Gogo 

Instruments Technology, China) with a certain discharge resistance, inductance, and 

capacitance load circuit. The absorption spectrum was collected using an ultraviolet 

spectrophotometer (TU-1901, Beijing Purkinje General Instrument, China).

The FORC distribution: 

In this work, Emax is set to be 80 kV/cm, Δα = Δβ = ΔE = 4 kV/cm. An approximate 

method to calculate p(α, β) is

𝑝(𝛼,𝛽) =
1
2

∂𝑝2(𝛼,𝛽)
∂𝛼∂𝛽

#(1)

where p(α, β) is the polarization of the FORC loop, α is the reversal electric field, and 

β is the real electric field 1.

Finite Element Simulation: 

To better understand the dielectric breakdown process, finite element analysis was 

used to simulate the distributions of electric potential, electric field, and polarization 

with the evolution of the electrical tree. According to the experimental SEM images, 

two-dimensional simulation model was established. The probability of the electrical 

tree channels was calculated using the following equation 2, 3:

𝑝(𝑖',𝑗'→𝑖,𝑗) =
(∅

𝑖',𝑗' ‒ ∅𝑖,𝑗 ‒ ∅)𝑚

∑(∅
𝑖',𝑗' ‒ ∅𝑖,𝑗 ‒ ∅)𝑚

+ (∅
𝑖',𝑗' ‒ ∅

𝑖'',𝑗'' ‒ ∅)𝑚 ‒ 𝑙𝑜𝑠𝑠#(2)

where  and represent the electrical potential of the discharged point, 
∅𝑖,𝑗,  ∅𝑖',𝑗' ∅

𝑖'',𝑗'' 

probable point, and linked point, respectively.  is the threshold electrical potential of ∅

the ceramic for grain and grain boundary. m is the fractal dimension. loss denotes the 

evolution loss of the tip electrical tree channels. 
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Fig. S1 Graphical representation of polarization-electric field (P-E) hysteresis loop for 

energy-storage calculation.

The total energy density (Wtotal), recoverable energy density (Wrec), and energy 

efficiency (η) of dielectric capacitors can be calculated by the three formulas, which are 

expressed as follows 4, 5:

𝑊𝑡𝑜𝑡𝑎𝑙 =

𝑃𝑚𝑎𝑥

∫
0

𝐸𝑑𝑝#(3)

𝑊𝑟𝑒𝑐 =

𝑃𝑚𝑎𝑥

∫
𝑃𝑟

𝐸𝑑𝑝#(4)

𝜂 =
𝑊𝑟𝑒𝑐

𝑊𝑡𝑜𝑡𝑎𝑙
× 100%#(5)

where Pmax, Pr, and E denote the maximum polarization, remnant polarization, and 

electric field strength, respectively. As shown in Fig. S1, in order to achieve excellent 

ESP, the Pmax and breakdown strength (Eb) must be improved, and Pr must be reduced 

while delaying the saturation polarization 6, 7.
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Fig. S2 (a) Unipolar P-E loops, (b) changes of Pmax, Pr, ΔP and ΔP/Pmax, and (c) Wtotal, 

Wrec and η of the BNT-BAT-xNT ceramics under 180 kV/cm and 10 Hz.

In order to determine the phase transition, the unipolar P-E curves of BNT-BAT-

xNT ceramics are recorded under 180 kV/cm and 10 Hz. Obviously, with the increase 

of NT content, the P-E curve gradually becomes slender, and Pmax and Pr decrease at 

the same time, indicating the disrupted long-range ferroelectric order and decreased 

energy loss. For x=0.05, the phase structure is NR-ER phase at room temperature, 

leading to high Pmax, large Pr, obvious hysteresis, and significantly early polarization 

saturation. In the case of x=0.15, the room temperature phase structure is dominated 

ER, which can disrupt long-range ferroelectric order and induce PNRs, thus generating 

a slim P-E loop with an ultralow Pr, a relatively high Pmax, and significantly delayed 

polarization saturation. In consequence, the Pmax decreases markedly for x ≥ 0.15. 

Furthermore, ΔP/Pmax under 180 kV/cm for x=0.15 behaves a highest value compared 

with other compositions, which is the key contribution of polarization. Excitingly, the 

smallest Pr (< 1 μC/cm2) and the largest ΔP/ Pmax (%) (> 95%) while maintaining a 

large ΔP (> 20 μC/cm2) are realized simultaneously in x=0.15 ceramic, resulting in the 

optimized Wrec and η. 
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Fig. S3 P-E loops measured at 10 Hz for BNT-BAT-xNT ceramics: (a) x = 0.05, (b) x 

= 0.1, and (c) x = 0.2.
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Fig. S4 The Wrec and η for BNT-BAT-xNT ceramics: (a) x = 0.05, (b) x = 0.1, and (c) 

x = 0.2.



8

Fig. S5 (a)-(e) P-E loops of five x=0.15 ceramics, and (f) the corresponding variation 

of Wrec and ƞ of five samples.
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Fig. S6 (a) Temperature-, (b) frequency-, and (c) cycle number- dependent unipolar 

P-E loops measured under 250 kV/cm for x=0.15 ceramic.

Clearly, the Wrec and η keep stable in the whole frequency range. On the one hand, 

this is mainly linked with the reduced loss resulted from the weakening of polarization 

relaxation phenomenon at low frequency (see Fig. 4(g)) 8. As demonstrated in Fig. 5, 

the weakly coupled PNRs would generate a fast response of each PNR during electric 

field loading, leading to near-zero Pr and high η with frequency 9. On the other hand, 

as shown in Fig. 4(h), dielectric constant decreases with increasing frequency, which 

can reduce the Pmax values and thus produce a slight reduction in Wrec (see Fig. 3(b)). 

As a result, the η keeps stable and the Wrec decreases slightly with increasing the 

frequency.
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Fig. S7 (a) The cycle number dependence of unipolar P-E loops, and (b) Wrec and η 

measured under 250 kV/cm and 100 ℃ up to 105 cycles for x=0.15 ceramic. 
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Fig. S8 A comparison of temperature stability of Wrec and η in various representative 

lead-free energy storage ceramics. The references are listed in Table S2. 
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Fig. S9 (a) Underdamped discharge waveforms and (b) overdamped discharge 

waveforms for x=0.15 ceramic. 

Fig. S9 shows underdamped and overdamped discharge waveforms for x=0.15 

ceramic. As shown in Fig. 2(d) and Fig. 3(e), it has a certain degree of difference 

between Wd and Wrec, namely, the Wd measured in the RC circuit is smaller than Wrec 

measured by the P-E loop under the same electric field. On the one hand, the observed 

difference is mainly caused by the different mechanisms of the two measurements 

(quasistatic P-E loop, 10-1 s; dynamic discharge measurement, 10-5 s ) 10. On the other 

hand, the equivalent series resistor, domain walls movement and measurement 

frequency also generate the loss of discharged energy 11. In consequence, the difference 

between Wd and Wrec is available in dielectric materials.
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Fig. S10 A comparison of WD, t0.9, and PD among the x=0.15 ceramic and other 

representative lead-free systems. The references are listed in Table S3.
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Fig. S11 Temperature-dependent (a) underdamped discharge curves, (b) the changes in 

CD and PD at different temperatures, (c) overdamped discharge curves, and (d) WD-t 

curves for x=0.15 ceramic.

The current density (CD) and power density (PD) of the sample can be expressed 

by the following equations 12, 13:

𝐶𝐷 =
𝐼𝑚𝑎𝑥

𝑆
#(6)

𝑃𝐷 =
𝐸𝐼𝑚𝑎𝑥

2𝑆
#(7)

where Imax, S and E are the first current peak amplitude, electrode area, and electric field 

strength, respectively. The discharge energy density (WD) can be calculated by the 

following equation 9, 14:

𝑊𝐷 =
𝑅∫𝐼2(𝑡)𝑑𝑡

𝑉
#(8)

where R and V are the total load resistor (200 Ω) and the sample effective volume, 

respectively. With the increase of temperature (20-200℃), relatively stable 

underdamped and overdamped waveforms can still be observed. At the same time, the 

sample maintains a high PD (≥ 50.8 MW/cm3) and a very short t0.9 (≤ 91 ns) at 140 

kV/cm, and the change is very small at high temperatures, showing excellent thermal 

stability of charge/discharge performance.
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Fig. S12 Cycles-dependent (a) underdamped discharge curves, (b) the changes in CD 

and PD, (c) overdamped discharge curves, and (d) WD-t curves for x=0.15 ceramic.

After 5000 cycles, the underdamped and overdamped curves of the sample are 

almost unchanged. A high PD and a short t0.9 can still be maintained. These experimental 

results show that x=0.15 ceramic has high fatigue reliability.
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Fig. S13 Evolution of Raman spectra and fitting results for x=0.15 ceramic measured 

at various temperatures. 

Depending on the modes of vibration, the Raman spectra can be separated into 

four sections (< 200, 200-400, 400-650, and > 650 cm-1) 15.
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Fig. S14 XRD patterns and enlarged (111) and (200) peaks for BNT-BAT-xNT 

ceramics.
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Fig. S15 Raman spectra of BNT-BAT-xNT ceramics.
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Fig. S16 Temperature dependence of dielectric constant and loss of BNT-BAT-xNT 

ceramics at various frequencies: (a) x=0.1 and (b) x=0.2.
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Fig. S17 Phase diagram for BNT-BAT-xNT ceramics.
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Fig. S18 The thermal stability of dielectric constant (Δε/ε150
◦
C) for BNT-BAT-xNT 

ceramics at 1 kHz.
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Fig. S19 Diffusion coefficient for BNT-BAT-xNT ceramics: (a) x=0.05, (b) x=0.1, and 

(c) x=0.2.

The correctional Curie-Weiss relationship is used to more precisely characterize 

the dielectric relaxation characteristics of the ceramic, and it shows as follows 16:

 
1
𝜀𝑟

‒
1

𝜀𝑚
=

(𝑇 ‒ 𝑇𝑚)𝛾

𝐶
#(9)

where εm represents the maximum εr, C is the constant, and γ (1 ≤ γ ≤ 2) denotes 

diffuseness coefficient.
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Fig. S20 FORC loops for (a) x=0.05, and (b) x=0.15 ceramic. Only 5 out of the 40 total 

loops are presented.
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Fig. S21 Out-of-plane PFM amplitude images for indicated ceramics.

Fig. S21 shows the out-of-plane PFM amplitude in the scanning areas of 5 × 5 μm2 

at different voltages (10V, 20V, 40V) and different relaxation durations (0min, 10min, 

20min). A negative DC voltage with different amplitude (-10 V, -20 V, -40V) was 

applied to the tip of the sample with an area of 3 × 3 μm2, and then the same positive 

DC voltage was imposed on the inner 1 × 1 μm2 area to explore the polarization 

switching behavior.
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Fig. S22 (a-d) The surface morphology and corresponding grain size distribution of as-

sintered BNT-BAT-xNT ceramics; (e) Energy spectrum and atomic proportion of all 

elements for x=0.15 ceramic.

According to a relationship established by Tunkasiri: Eb∝1/G-1/2, the small grain 

size can increase Eb in ceramics 17. The minimum grain size for x=0.15 ceramic is 0.98 

μm, which offers a fundamental assurance for the improvement of Eb. All elements are 

distributed equally, which demonstrates a high degree of chemical uniformity.
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Fig. S23 (a) UV-vis absorbance spectra and (b) (αhν)2 vs hν plot for x=0.05 and x=0.15 

ceramics.

The band gap (Eg) can be obtained by the Tauc equation:

(𝛼ℎ𝜈)2 = 𝐴(ℎ ‒ 𝐸𝑔)#(10)

where hν, A, and α represent photon energy, a constant, and absorption coefficient, 

respectively 18. Having a wide Eg will prevent electrons jumping from the top of the 

valence band to the bottom of the conduction band 11, 13.
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Fig. S24 The leakage current density for x=0.05 and x=0.15 ceramics.

Fig. S24 shows the leakage current density for x=0.05 and x=0.15 ceramics. In 

general, the increased leakage current is a result of the increasing number and kinetic 

energy of charged carriers 19, 20. The low leakage current means the decreasing number 

and kinetic energy of charged carriers, which generates high Eb for dielectric materials. 

In this study, compared to x=0.05 ceramic, the x=0.15 ceramic exhibits reduced leakage 

current density resulted from fewer charge carriers, thus yielding great amplification of 

Eb 21, 22.
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Fig. S25 The complex impedance at various temperatures [(a) and (b)] and activation 

energy [(c) and (d)] for x=0.05 and x=0.15 ceramics.

The activation energy (Ea) is calculated by Arrhenius formation 23:

𝜎 = 𝜎0exp (𝐸𝑎

𝑘𝑇)#(11)

where represents the pre-exponent constant,  (=1/ρ (ρ is resistivity)) indicates the 𝜎0 𝜎

bulk conductivity, is the Boltzmann constant, and  is the Kelvin temperature. The Ea 𝑘 𝑇

can be determined from the slope of ln(1/R)-1000/T. Compared with x=0.05 sample, 

the larger radius of the semicircle arc for impedance spectra can be observed in x=0.15 

ceramic (Fig. S25(a), (b)), demonstrating good electrical insulation characteristics. As 

shown in Fig. S25(c), (d), a higher Ea value (~ 1.86 eV) for the ceramic with x=0.15 

also confirms its strong electrical insulating properties arising from a lower oxygen 

vacancy concentration.  
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Fig. S26 Simulation models for (a) x=0.05 and (b) x=0.15 ceramics. 

To ensure the most realistic simulated results, the intrinsic (dielectric constant) 

and external (grain and grain boundary distribution) factors of the ceramics are mainly 

considered for the two-dimensional model. 
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Fig. S27 Distribution of dielectric constant for (a) x=0.05 and (b) x=0.15 ceramics.

The dielectric constant of the grain and grain boundary can be determined by the 

structural model proposed by Randall et al. 3, which are expressed as follows:
1

𝜀'
=

1

𝜀'
𝑔

+
1

𝑘𝜀'
𝑔𝑏

#(12)

where ,  and represent the dielectric constant of the ceramics, grain and grain 𝜀' 𝜀'
𝑔 𝜀'

𝑔𝑏 

boundary, respectively. In this study, the region of 12 μm × 12 μm was chosen to 

establish the corresponding simulation model based on the SEM micrographs of the 

sample. In detail, a thickness is 12 μm for samples, and a volage of 420 V (~ 350 kV/cm) 

was applied to conduct the simulation.
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Fig. S28 The polarization distribution with electric tree evolution for (a) x=0.05 and (b) 

x=0.15 ceramics.
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Table S1 A comparison of x=0.15 ceramic with recently reported lead-free ceramics 

on Eb, Wrec, η, Wrec /Eb.

Compositions
Eb

(kV/cm)

Wrec

(J/cm3)

η

(%)

Wrec/Eb

(μC/cm2)
Ref.

0.9(Sr0.7Bi0.2)TiO3-

0.1Bi(Mg0.5Hf0.5)O3

360 3.1 93 0.00861 24

SrTi0.985(Zn1/3Nb2/3)0.015O3-4.5 

wt%ZnNb2O6

422 2.35 77 0.00557 25

Sr0.92Dy0.08TiO3 510 4 89.5 0.00784 26

0.8ST-0.2(NBT- 

Ba0.94La0.04Zr0.02Ti0.98O3)
320 2.83 85 0.00884 27

Sr0.7Bi0.2TiO3 543 5.21 91.55 0.00959 28

0.88SBT-0.12BNN 580 5.98 98.6 0.01031 13

0.98(SBT-BNT)-0.02BMT 560 8 91 0.01429 29

0.2SNBCT 440 6 92 0.01364 30

0.43BiFeO3-0.45SrTiO3-

0.12BaTiO3

504 7.3 86.3 0.01448 31

0.6BT-0.4Bi(Mg0.5Ti0.5)O3 340 4.49 93 0.01321 32

0.65(Ba0.98Li0.04)Ti0.98O3-

0.35(Sr0.7Bi0.2)TiO3

410 3.54 75.6 0.00863 33

0.87BaTiO3-

0.13Bi(Zn2/3(Nb0.85Ta0.15)1/3)O3

790 5.04 68 0.00638 34

BT-BMZ@SiO2 345 3.41 85.1 0.00988 35

BT-BZT-0.3BNT 230 4.18 84.01 0.01817 36

0.85KNN-0.15Bi(Zn0.5Zr0.5)O3 326 3.5 86.8 0.01074 37

0.85K0.5Na0.5NbO3-

0.15Bi(Zn2/3Ta1/3)O3

600 6.7 92 0.01117 38

0.80KNN-0.20ST 400 3.67 72.1 0.00917 39

0.90KNN-0.10BMN 300 4.08 62.7 0.0136 40
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0.9KNN-0.1BMN-1.0 mol 

%CuO
400 4.02 57.3 0.01005 41

Ag0.94La0.02NbO3 273 4.4 73 0.01612 42

Ag0.88Gd0.04NbO3 290 4.5 64 0.01552 43

Ag0.92Ca0.04NbO3 220 3.55 56.3 0.01614 44

Ag0.91Sm0.03NbO3 290 5.2 68.5 0.01793 45

Ag0.97Nd0.01Ta0.2Nb0.8O3 370 6.5 71 0.01757 46

0.45AgNbO3-0.55AgTaO3 470 6.3 90 0.0134 11

AgNbO3 270 3.34 54.5 0.01237 47

BiFeO3-BaTiO3-

Na0.73Bi0.09NbO3

410 5.57 83.8 0.01359 48

0.61BF-0.33BST-

0.06La(Mg2/3Nb1/3)O3

230 3.38 59 0.0147 49

0.7(0.67BF-0.34BT)-

0.3(Sr0.7Bi0.2)TiO3

180 2.4 90.4 0.01333 50

0.57BF-0.30BT-0.13 

Bi(Li0.5Nb0.5)O3

280 3.64 74 0.013 51

0.67Bi0.9Sm0.1FeO3-0.33BT 200 2.8 55.8 0.014 52

Na0.7Bi0.1Nb0.9Ta0.1O3 530 7.33 83.68 0.01383 53

0.91NN-0.09Bi(Zn0.5Ti0.5)O3 250 2.2 62.7 0.0088 54

(Na0.84Bi0.08)(Nb0.92Zr0.08)O3+Cu

O
430 4.9 88 0.0114 55

0.92NN-

0.08Bi(Mg0.5Ti0.5)O3+MnO2

480 5.57 71 0.0116 56

(Na0.91La0.09)(Nb0.82Ti0.18)O3 550 6.5 66 0.01182 57

0.84NaNbO3-

0.06BiFeO3-0.1SrTiO3

380 5.29 82.1 0.01392 58

0.9NaNbO3-0.1Bi(Zn0.5Sn0.5)O3 350 3.14 83.3 0.00897 59

0.6(0.8Bi0.5Na0.4K0.1TiO3- 260 4.44 81.8 0.01708 60
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0.2SrTiO3)-0.4NaNbO3

0.75Bi0.58Na0.42TiO3-0.25ST 535 5.63 94 0.01052 61

0.62NBT-0.30SBT-0.08BMN 470 7.5 92 0.01596 62

0.9(0.75BNT-0.25ST)-

0.1Ag(Nb0.85Ta0.15)O3

290 3.6 80 0.01241 63

0.78BNT-0.22NN 390 7.02 85 0.018 64

0.8BNT-0.2NaTaO3 380 4.21 77.8 0.01108 65

0.80Bi0.5Na0.5TiO3-

0.20SrNb0.5Al0.5O3

565 7 95 0.01239 66

0.85Bi0.5Na0.5TiO3-

0.15AgNb0.5Ta0.5O3

518 6.6 72 0.01274 15

0.88(0.65Bi0.5Na0.5TiO3-

0.35SrTiO3)-

0.12Bi(Mg0.5Hf0.5)O3

390 5.59 85.3 0.01433 16

BNT-BT-0.12La 440 6.69 87 0.0152 67

0.9BNT-0.1LiTaO3 200 3.1 74.2 0.0155 68

BNT-BAT-0.15BMN 420 6.3 79.6 0.015 69

BNT-BAT-0.7SBNLT 200 2.03 72 0.01015 70

(Ca0.5Sr0.5)0.8875La0.075TiO3 370 2.07 93 0.00559 71

Ca0.5Sr0.5Ti0.85Zr0.15O3 440 3.37 96 0.00766 72

0.6BKT-0.3BT-0.1NN 460 7.57 81.4 0.01646 8

0.76BKT-0.24BF 150 2.88 76.9 0.0192 73

BKTBFO-0.16NSN 425 6.52 70 0.01534 74

BKT-0.15BMN 230 3.14 83.7 0.01365 75

BNT-BAT-0.15NT 420 6.82 90 0.01624
This 

work
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Table S2 A comparison of temperature stability between this work and other recently 

reported lead-free ceramics.

Num. Compositions
Temperatur

e (℃)
Wrec

(J/cm3)
Ref.

1 Ba0.82Bi0.12TiO3 30-120 3.21-3.35 76

2 KNN-H 25-140 3.18-3.58 9

3 CT-0.2(BNT-BAT) 20-160 3.9-4.3 77

4 BNT-BT-0.12La 25-180 1.49-1.73 67

5 BT-BMZ@SiO2 30-150 2.68-2.74 35

6 0.78NN-0.22BMT 20-200 2.11-2.29 78

7 0.76KBT-0.24BF 20-160 1.222-1.357 73

8 NKSN-SZ-0.14BNZ 0-200 3.3-3.46 79

9 BF-BT-0.3SST 25-110 0.62-0.652 80

10 0.6BKT-0.3BT-0.1NN 20-200 4.06-4.58 8

11 BNT-BAT-0.15NT 20-160 3.35-3.73 This 
work
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Table S3 A comparison of WD, PD, and t0.9 among this work and other recently reported 

lead-free ceramics.

Compositions
WD

(J/cm3)
PD

(MW/cm3)
t0.9

(ns)
Ref.

NN-BMT 1.17 63.7 85 56

BNT-BAT-CT 0.72 96.2 37.6 21

BNT-SLT 2.31 182 123 81

NN-BMN 0.47 47.6 45 82

SBKT+Er2O3 1.51 39.6 325 83

NN-CT 0.88 114.8 45 84

BNT-LT 0.51 22 100 68

SBT-KBT 1.81 49.5 360 85

BNST-STZ 1.17 41.2 125.6 86

BNT-BAT-0.15NT 1.69 122 97 This
Work
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Table S4 Multidimensional comparisons of comprehensive properties including Wrec, 

η, Wrec/Eb, thermal, and frequency stability between this work and representative lead-

free energy storage ceramics with superior comprehensive performance.

Compositions
Wrec

(J/cm3)
η

(%)
Wrec/Eb

(μC/cm2)
Temperatur

e (℃)

Frequenc
y

(Hz)
Ref.

KNN-BZT 6.7 92 0.01117 25-150 1-100 38

BKT-BT-NN 7.57 81.4 0.01646 20-200 5-100 8

AN-AT 6.3 90 0.0134 20-150 11

NN-BF-ST 5.29 82.1 0.01392 20-120 1-200 58

BF-BST-BZN 7.4 81 0.01088 30-130 1-200 87

BNT-BAT-
0.15NT 6.82 90 0.01624 20-160 1-500 This

work
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