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Finite element simulation method

Firstly, Grain model was elaborately built referring to the real grain size and impurity amount by 

Voronoi tessellation using 3D modeling software. To ensure the corresponding relation between the 

model and sample, the mass fraction of 4.5 wt% is converted into volume fraction, and then make sure 

the area ratio between grain boundary region and the grain region is approximately equal to the volume 

fraction.

 Secondly, the electrical parameters of SrTi0.985Nb0.01Zn0.005O3 (STZN) ceramics and ZnNb2O6 

(ZN) additives were confirmed by a precision impedance analyzer (E4980A; Agilent Tech) and a pA 

electrometer (6517A, Keithley, USA), respectively. The permittivity of STZN and ZN are 1700 and 

25, separately. The conductivity of STZN and ZN are 1.1×10-9 S/cm and 2.5×10-12 S/cm, respectively. 

Thirdly, separately assign these parameters to grain and grain boundary regions in COMSOL 

Multiphysics software, and then begin the finite element simulation under the critical electric field 

intensity.

Figures

Fig. S1. XRD refinement results of x=3.0 (a) and x=4.5 (b) ceramics

Fig. S1(a) and (b) are the XRD refinement results of x=3.0 and x=4.5 ceramics, both the two 



ceramics can be well refined by Pm-3m space group, indicating that no obvious phase transition can 

be expected.

Fig. S2. Bulk density of the ceramics with different content of ZnNb2O6 additives

Fig. S2 is the bulk density of the ceramics measured by Archimedes method. It can be seen that 

with the increase content of ZnNb2O6 additives, the bulk density gradually increases and finally tend 

to be stable at a higher addition amount. 



Fig. S3. Temperature (a-b) and frequency (c-d) dependent dielectric properties of the STZN-x wt%ZN 

ceramics

Fig. S3 (a-b) are the temperature dependent dielectric properties measured at 1kHz. Compared 

with the pure STZN ceramics, ZN doped STZN ceramics become extreme stability in permittivity and 

dielectric loss relaxation peaks are also significantly suppressed. Fig. S3 (c-d) present the frequency 

dependent dielectric properties measured at 500 °C. Permittivity of ZN doped STZN ceramics exhibit 

excellent stability in a wide frequency range (20-2 MHz) and the dielectric loss decline gradually with 

increase of the frequency.  

Fig. S4. (a) Complex impedance spectroscopy measured at 500 °C. Inserts are the equivalent circuits 

and local magnification. (b) Frequency dependence of conductivity measured at 500 °C.

To further understand the electrical properties of ceramics, complex impedance spectroscopies of 

the ceramics are measured at 500 °C, as shown in Fig. S4 (a). The inserts present the local enlarged 

view and equivalent circuits. Pure STZN ceramics exhibit two semicircles while four STZN-ZN 

ceramics display only one semicircle in the whole measured frequency range, indicating that the 

difference between grain and grain boundary tends to be vague due to introduction of ZN. Insulativity 

of samples can be roughly evaluated by comparing the semicircle radius of them. Then, semicircle 

radius of ceramics x=4.5 is larger than those of others indicates the higher insulation resistances. Fig. 

S4 (b) shows the frequency dependence of conductivity measured at 500 °C. With increase of 



frequency, conductivities of all the ceramics increase gradually. Compared with other samples, the 

x=4.5 ceramics exhibits a lower conductivity, further confirming the excellent insulation properties.

Tables

Table S1 The polarization and energy storage properties under critical electric field

Emax

(kV/cm)

Pmax

(μC/cm2)

Pr

(μC/cm2)

ΔP

(μC/cm2)

Wc

(J/cm3)

Wd

(J/cm3)

η

(%)

x=1.5 285 6.75 0.54 6.21 1.03 0.83 80.6

x=3.0 295 7.05 0.84 6.21 1.13 0.84 74.3

x=4.5 422 10.44 1.10 9.34 2.35 1.81 77.0

x=6.0 389 9.27 0.95 9.32 1.93 1.50 77.7

Table S2 Energy storage property comparisons between this work and related ceramic dielectrics   

Material systems Eb (kV/cm) Wc (J/cm3) η (%)

0.9CaTiO3-0.1BiScO3 [1] 270 1.71 90.4

0.91BaTiO3-0.09BiYbO3 [2] 93 0.67 82.6

Ba0.4Sr0.6TiO3 with Bi2O3-B2O3-SiO2 [3] 279 2.19 90.57

BaTiO3-Bi0.5Na0.5TiO3-Na0.73Bi0.09NbO3 [4] 172 2.07 82

BaTiO3@SrTiO3 [5] 47 0.24 90

BiFeO3-BaTiO3-Ba(Mg1/3Nb2/3)O3 [6] 125 2.08 75

BiFeO3- BaTiO3-La(Mg1/2Ti1/2)O3 [7] 130 1.66 82

BaTiO3/BaTiO3@SiO2 [8] 301 1.80 74

Ba0.4Sr0.6TiO3 with SiO2 [9] 134 1.09 79

Sr0.985Ce0.01TiO3@SiO2 [10] 290 2.24 50

0.85BaTiO3-0.15Bi(Mg1/2Zr1/2)O3 [11] 185 1.25 95

Ba0.3Sr0.7TiO3@ SiO2 [12] 380 1.85 82

SrSn0.05Ti0.95O3 [13] 255 1.10 87

SrTiO3@SiO2 [14] 310 1.58 76



BaTiO3-Bi0.5Na0.5TiO3-SrY0.5Nb0.5O3 [15] 152 1.83 74.3

0.88BaTiO3-0.12Bi(Li0.5Nb0.5)O3 [16] 270 2.31 88

Ba0.4Sr0.6TiO3-MgO [17] 300 1.69 88.5

Sr0.7Ba0.3Nb2O6-MgO [18] 157 1.04 89.4

SrTiO3-Bi0.54Na0.46TiO3-BaTiO3 [19] 177 2.38 79

0.90(Na0.5Bi0.5)TiO3-0.10KNbO3 [20] 104 1.42 82.3

This work 422 2.35 77
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