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Experimental section

Material preparation: The (1-x) CaTiO3-x NaNbO3 (CT-xNN, x = 0.2, 0.3, 0.4, 

0.5) lead-free ceramics were manufactured by the traditional solid reaction method. 

High-purity oxides and carbonate (≥ 99%) of Na2CO3, Nb2O5, TiO2, and CaCO3 

powders were selected as the raw materials. The NN powders were calcined at 800 ℃ 

for 4 h and the CT powders were calcined at 1000 ℃ for 3 h in air. Subsequently, based 

on the stoichiometric ratio, the resulting powders were weighted and milled for 12 h. 

Afterward, these powders were mixed with 8 wt% organic binders (PVA) and then 

pressed into discs. The obtained ceramics disks were sintered at 1150-1350 ℃ for 4-6 

h in a sacrificial powder of the same composition and sealed crucibles. To perform ESP 

measurements, the ceramics were ground and polished to approximately 60-80 μm in 

thickness and then sputtered with gold electrodes. For dielectric and charging-

discharging measurements, the silver paste was coated on two parallel ceramic surfaces, 

and finally fired at 600 ℃ for 30 min as electrodes.

Characterization：X-ray diffraction with Cu Kα radiation (XRD; MiniFlex600, 

Rigaku, Japan) and Raman spectroscopy (Horiba/Jobin Yvon, Villeneuve d’Ascq, 

France) with 532 nm excitation were adopted to analyze the phase structures. The grain 

morphology and mapping were measured by field-emission scanning electron 

microscopy (FE-SEM, S-4200, Hitachi, Tokyo, Japan). The piezoelectric force 

microscopy (PFM, Bruker Dimension Icon) with conductive Platinum-Iridium silicon 

cantilevers (SCM-PIT, Bruker) was employed to observe the domain structure and 

analyze the dynamics. Field-emission transmission electron microscope (TEM, FEI 

Talos F200X, USA) operated at 200 kV was adopted to observe the domain 

morphology and high-resolution atomic image of the ceramic. For TEM measurements, 

the ceramics were subjected to ion milling (Gatan 695, USA).  

Dielectric properties with respect to temperature and frequency were tested by an 

LCR meter (Agilent 4990 A, Palo Alto, CA) at a heating rate of 3 ℃/min. The band 

gap (Eg) of the particle samples was determined by a UV-vis spectrophotometer (TU-

1901, Puxi Instruments Technology, China) with an integrating sphere. The 
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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 energy release behavior of ceramic capacitors was 

evaluated via a commercial charge-discharge platform (CFD-003, Gogo Instruments 

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

load circuit. The Vickers hardness of the ceramics were obtained under a load of 4.9033 

N for 15 s using a Vickers diamond indenter (FALCON 507, INNOVATEST, the 

Netherlands).   

The FORC distribution：In this work, Emax is set to be 100 kV/cm, = = 

E= 4 kV/cm. An    approximate method to calculate p(,) is 

𝑝(,) =
1
2
∂𝑃2(,)
∂∂

#(1)

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

the real electric field1, 2.
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Figure S1. Schematic diagram of P-E loop for the definition of energy storage 

performance. 

The energy storage performance (Wrec, total energy density W, and η) of dielectric 

capacitors can be calculated by the following formula:

 
𝑊𝑟𝑒𝑐=

𝑃𝑚𝑎𝑥

∫
𝑃𝑟

𝐸𝑑𝑃#(2)

𝑊=

𝑃𝑚𝑎𝑥

∫
0

𝐸𝑑𝑃#(3)

=
𝑊𝑟𝑒𝑐

𝑊
× 100%#(4)

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

electric field, respectively 3. Clearly, in order to realize high Wrec and η, large ΔP (Pmax 

− Pr) and high Eb are required at the same time.
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Figure S2. (a-d) SEM images and grain size distributions for CT-xNN ceramics. (e) 

Energy spectrum and atomic proportion for x=0.4 ceramic. 
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Figure S3. Leakage current density for CT-xNN ceramics.
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Figure S4. Frequency-dependent dielectric loss for CT-xNN ceramics measured at 

room temperature.
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Figure S5. (a) UV-vis absorption spectrum and (b) the dependence of (hv)2 on hv for 

CT-0.4NN ceramic.

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

(𝛼ℎ)2 = 𝐴(ℎ ‒ 𝐸𝑔)#(5)

where hv, A and  represent photon energy, a constant and absorption coefficient, 

respectively 4. The wide Eg will hinder the jump of electrons from the top of the valence 

band to the bottom of the conduction band, which accounts for a high intrinsic Eb 
5, 6.
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Figure S6. 2D model of x=0.5 (a and b) and 0.4 (c and d) ceramics for finite element 

simulation calculation. 
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Figure S7. The simulated real-time evolutions of polarization distributions coupled 

with electrical tree propagation for (a) x=0.5 and (b) x=0.4 ceramics at 600 kV/cm.
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Figure S8. The strong dielectric constant difference between grain and grain boundary 

for the indicated ceramics.
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Figure S9. The changes of Pr , ΔP , Pm and Eb for CT-xNN ceramics.
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Figure S10. (a)-(d) The P-E curves of four samples for CT-0.4NN ceramic and (e) the 

uniformity of Wrec and η for CT-0.4NN ceramic.
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Figure S11. I-E curves with respect to the electric field for the CT-0.4NN ceramic.

The I-E curves remain flat in shape with no discernible current peak over the whole 

electric field scope, further indicating the transformation from linear phase to 

significantly dominated quasi-linear relaxor ferroelectric phase 7, in line with the 

observation of unipolar P-E loops (Fig.3 (a)). This is ascribed to the reinforced 

reversibility of weakly coupled polar phase induced by the NN addition 6, 8.
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Figure S12. Comparison of the Wrec and η of CT-0.4NN ceramic with LD-based, AN-

based, BNT-based, BT-based, NN-based, KNN-based, BKT-based, SBT-based and 

BF-based dielectric ceramics. 
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Figure S13. The Vickers diamond indenter's pattern for CT-0.5NN ceramic.

The Vickers hardness Hv can be determined by:

𝐻𝑣= 1.8544
𝐹

𝑑2
#(6)

where d is the average value of two diagonal lines (d1 and d2), F is the applied force of 

4.9033 N 9. Table S3 provides a summary of the Hv values for CT-0.5NN ceramic.
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Figure S14. A comparison of Hv and Wrec between the CT-0.4NN ceramic and other 

systems.

In general, fine grain size, compact microstructure, and grain boundary 

strengthening contribute to the high hardness 10. In this study, as given in Fig. S2, fine 

grains (~ 1.83 µm) with compact microstructure accounts for high strength, bringing 

about a mass of grain boundaries and thus hampering the movement of dislocations 11.
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Figure S15. Unipolar P-E loops as functions of (a) temperature, (b) frequency and (c) 

cycling for CT-0.4NN ceramic at fixed electric field of 500 kV/cm.

With increasing the temperature, the Wrec and η decrease to a certain degree (Fig. 

4(b)). As demonstrated in Fig. 6 (a), the dielectric constant decreases and the dielectric 

loss increases with the increase of temperature, which lead to the decreased Pm and 

increased hysteresis. As a consequence, the Wrec and η decrease with increasing the 

temperature. 

Indeed, frequency (Wrec ~ 4.02 ± 0.06 J/cm3, 95.8 ± 2.06 %)-insensitive ESP can 

also be gained. On the one hand, as shown in Fig. 6 (b), stable dielectric constant and a 

slight decline in dielectric loss can be observed with increasing measuring frequency, 

which can generate stable Pm and slightly decreased hysteresis with varying frequency, 

in accordance with the P-E loops evolutions with frequency (Fig. S15 (b)). 

Consequently, the slightly increased Wrec and η with the increment of frequency is 

available, as presented in Fig. 4 (d). On the other hand, the weak correlation between 

PNRs and high dynamic of them can also ensure ultrafast response of each PNR to 

applied field, leading to a slim P-E loop with a negligible Pr, thus generating 

satisfactory frequency endurance 8, 12.
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Figure S16. A comparison of Wrec and η between the designed ceramic and other 

recently reported lead-free ceramics with frequency.
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Figure S17. (a) Overdamped discharge waveforms with electric field for CT-0.4NN 

ceramic. (b) Calculated WD, and (c) t0.9 values under different electric fields for CT-

0.4NN ceramic (R = 200 Ω). 

The current density (CD) and power density (PD) can be calculated from the 

following formulas 13:

𝐶𝐷=
𝐼𝑚𝑎𝑥

𝑆
#(7)

𝑃𝐷=
𝐸𝐼𝑚𝑎𝑥

2𝑆
#(8)

where Imax, S, and E are the maximum current, electrode area, and imposed electric 

field, respectively. The discharged energy density (Wd) can be evaluated from the 

following relationship 13:

𝑊𝐷=
𝑅∫𝐼2(𝑡)𝑑𝑡

𝑉
#(9)

where R and V denote the load resistor and sample volume, respectively. The Wd of 

0.83 J/cm3 and ultrashort t0.9  30 ns can be obtained at 360 kV/cm for CT-0.4NN 

ceramic.

The Wrec measured by the P-E experiment is higher than Wd measured in the RC 

circuit at the same electric field, as shown in Fig. 3(e) and Fig. S17 (b). Different 

mechanisms of the quasistatic P-E loop (10-1 s) and dynamic discharge measurement 

with different frequencies (10-5 s) are the main contribution for the observed difference 

between Wd and Wrec
14. In addition, the loss of discharged energy is also linked with the 

equivalent series resistor, domain walls movement and measurement frequency15.
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Figure S18. (a) XRD patterns and (b) enlarged 2θ between 21° and 25° of CT-xNN 

ceramics.
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Figure S19. Only 4 out of the 50 total FORC loops for CT-0.4NN ceramic.
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Figure S20. (a)-(c) Out-of-plane PFM amplitude, morphology and phase images for 

CT-0.4NN ceramic at room temperature. 
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Figure S21. Out-of-plane PFM morphology images for CT-0.4NN ceramic under 

different relaxor time and 40 V at room temperature.

A negative DC voltage with different amplitude was initially imposed to pole a 3 

×3μm2 area (larger solid wire frame) and then the same positive voltage was applied to 

the small internal 1 × 1 μm2 area (smaller solid wire frame) to explore the reversibility 

of polarization switching, as shown in Fig. 5 (e) and Fig. S21.
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Figure S22. Temperature dependence of dielectric constant from 10 kHz to 500 kHz 

for (a) x=0.2, (b) x=0.3, and (c) x=0.5 ceramics.
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Figure S23. Evolutions of Raman spectra with temperatures for CT-0.4NN ceramic.  
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Table S1 The comparison of ESP between CT-0.4NN ceramic and previous reports on 

lead-free energy storage ceramics.

Figure Ceramics Ref.

Fig.3(g) BT-based 16-22

Fig.3(g) LDs 23-28

Fig.3(g) SBT-based 29-32

Fig.3(g) BF-based 12, 33, 34

Fig.3(g) NN-based 35-37

Fig.3(g) BNT-based 38-42

Fig.3(g) KNN-based 43, 44

Fig.3(g) AN-based 6

Fig.S11 LDs 23-25, 27, 28, 45

Fig.S11 AN-based 46-52

Fig.S11 BNT-based 38, 40-42, 53-56

Fig.S11 BT-based 16, 17, 19-22, 57-59

Fig.S11 NN-based 35, 37, 60-69

Fig.S11 KNN-based 2, 43, 44, 70-77

Fig.S11 BKT-based 11, 78, 79

Fig.S11 SBT-based 29-32

Fig.S11 BF-based 12, 33, 34, 80-84
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Table S2 The Vickers hardness values for CT-0.4NN ceramic.

Number Load/(N) d1/(μm) d2/(μm) dave/(μm) Hv/(GPa)

1 4.9 33.46 33.18 33.32 8.18

2 4.9 33.73 32.77 33.25 8.22

3 4.9 33.28 32.77 33.03 8.33

4 4.9 33.28 33.45 33.37 8.16

Average 8.22
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Table S3 The Vickers hardness values for CT-0.5NN ceramic.

Number Load/(N) d1/(μm) d2/(μm) dave/(μm) Hv/(GPa)

1 4.9 36.43 37.43 36.93 6.66

2 4.9 36.53 36.31 36.42 6.85

3 4.9 36.68 36.94 36.81 6.71

Average 6.74
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Table S4 The comparison of the comprehensive performance between CT-0.4NN 

ceramic and previous reports on lead-free energy storage ceramics.

Figure Ref.

Fig.4(a) 11, 29, 31, 85, 86

Fig.4(e) 6, 11, 31, 41, 44, 87, 88

Fig.4(h) 6, 11, 44, 88

Fig.S13 11, 29, 85, 86

Fig.S15 2, 11, 29, 89-91
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