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Abstract
Researchers often improve the energy storage performance of NaNbO3 ceramics through doping with Bi-based
composites. Recent studies have shown that rare-earth elements, such as La and Sm, can suppress remanent
polarization. In this study, a (1-x)NaNbO3-xSm(Mg0.5Zr0.5)O3 ceramic system was designed. Doping with
Sm(Mg0.5Zr0.5)O3 (SMZ) increases the resistance, activation energy, and bandgap of NaNbO3 ceramics, improves
the breakdown field strength, and optimizes the energy storage efficiency of NaNbO3 ceramics. In this study,
0.92NaNbO3-0.08 SMZ achieved an energy storage density of 4.3/cm3 and an energy storage efficiency of 85.6%
at 560 kV/cm. When x = 0.15, the sample exhibited an ultrahigh breakdown field strength and energy storage
efficiency (720 kV/cm and 91%, respectively). In addition, the 0.08 SMZ sample had an ultrafast release rate of
t0.9 (57 ns), high current density (777.1 A/cm2), and high power density (69.93 MW/cm3). It has practical
application prospects in high-performance energy storage capacitors.
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INTRODUCTION
NaNbO3-based energy storage dielectric ceramics have excellent electrical properties, such as
antiferroelectric (AFE) properties, high polarization strength, and relative breakdown resistance. They are
lightweight and have a wide working temperature range, which is beneficial for practical applications and
has attracted the attention of many researchers[1,2]. By using NaNbO3 as the base and adding a variety of
structural compounds to form solid solutions with different properties, energy storage dielectric ceramics
with excellent performance can be obtained[3,4]. However, as an AFE material, NaNbO3 decreases the energy
storage efficiency owing to the large polarization hysteresis caused by the inevitable field-induced
AFE-relaxor ferroelectric (FE) phase transition while obtaining a high energy density[5,6].

Researchers often adjust the relaxation behavior of ceramics, reduce the average grain size, stabilize the AFE
type, and delay the AFE-FE transition by incorporating doping Bi-based composite perovskites to improve
the energy storage performance of NaNbO3-based ceramics. For instance, NaNbO3 doped with
Bi(Ni0.5Zr0.5)O3 exhibits a breakdown field strength of 500 kV/cm, an energy storage density of 4.90 kV/cm3,
and an efficiency of 73%[7]. An energy storage density of 3.70 J/cm3 and an energy storage efficiency of 77%
were obtained through doping with Bi(Mg2/3Nb1/3)O3 ceramics with a breakdown field strength of
460 kV/cm[1]. Good results have been achieved, but the challenge of achieving low energy storage
efficiencies persists. Notably, there is still a lack of research on rare-earth-based composite perovskites.

Ye studied 0.96Na0.88La0.12NbO3-0.04CaSnO3
[8], and a 2.1 /cm3 recoverable energy storage density (Wrec) and

62% energy storage efficiency (η) were obtained. Although the energy storage performance was general,
doping with La inhibited Pr. The ceramics doped with La(Mg0.5Zr0.5)O3 in a Sr0.7Bi0.2TiO3 matrix studied by
Chen achieved an energy storage density of 1.22 J/cm3 and an ultrahigh energy storage efficiency of 98.2%[9].
The energy storage density was low, but η was high. Yang[10] obtained a 6.5 J/cm3 Wrec and 96% η by adding
Sm3+ and Ti4+ to NaNbO3. This shows that the energy storage efficiency of the matrix can be changed by
doping with rare-earth elements.

In studies of NaNbO3, BaTiO3, and Sr0.7Bi0.2TiO3 ceramics, doping with Bi (Mg0.5Zr0.5)O3 helped maintain
good performance stability[9,11,12]. Based on the above research, Sm(Mg0.5Zr0.5)O3 (SMZ) was introduced into a
NaNbO3 matrix, and (1−x)NaNbO3−xSm(Mg0.5Zr0.5)O3 (x = 0.05, 0.08, 0.12, and 0.15) (NN-SMZ) ceramics
were designed. The electrical properties, such as energy storage performance, temperature stability,
frequency stability, and resistance, were analyzed and studied. It is concluded that the energy storage
performance of the matrix can be improved by doping Sm3+ ions at the A site of the perovskite structure,
and the performance stability of the ceramics can be improved.

EXPERIMENTAL PROCEDURE
NN-SMZ was prepared using a conventional solid-state reaction. Na2CO3 (99.8%), Nb2O5 (99%), Sm2O3 
(99.99%), ZrO2 (99%), and MgO (98.5%) were stoichiometrically weighed and ball-milled with Zr balls in 
ethanol for 5 h. After drying, the mixed powders were calcined at 900 °C for 5 h and ball-milled again for 
5 h. Polyvinyl alcohol (5%) was added as a binder to press the dried powder into a disk with a diameter of 
8 mm and thickness of 1 mm. The disks were calcined at 550 °C for 4 h for glue extrusion. Finally, the 
samples were embedded in a precursor powder of the same composition and sintered at 1,340 °C for 2 h. 
The test instrument information during the experiment is added to the support material. The thicknesses 
and silver electrode areas of the samples used for P-E testing are listed in Supplementary Table 1.
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RESULTS AND DISCUSSION
The X-Ray diffraction analysis (XRD) patterns of the NN-SMZ ceramics are shown in Figure 1A. Enlarging 
the characteristic peak clearly shows that with the addition of SMZ, the (200) characteristic peak shifts to a 
lower angle, indicating that the sample lattice has expanded[13,14]. After doping with SMZ, Sm3+(1.24 Å) 
partially replaces Na+ (1.39 Å) at the A site, and Mg2+ (0.72 Å) and Zr4+ (0.72 Å) replace the smaller Nb5+

(0.64 Å) at the B site[15]. The results show that the lattice expansion of the sample was mainly affected by the 
introduction of Mg2+ and Zr4+ at the B site[7]. To explore the reason for this phenomenon, the NN-SMZ 
component  samples  were  ref ined.  The ref ined resul ts  are  shown in Figure 1B-E and 
Supplementary Figure 1. The NaNbO3 ceramic exhibited an orthorhombic phase at room temperature; with 
the increase in SMZ doping, the sample gradually changed from the orthorhombic phase (Pnma) to the 
pseudocubic phase (Pm3m). When x = 0.05 and 0.08, the sample exhibited a two-phase coexistence 
phenomenon. Supplementary Figure 2 shows the refinement results for the NN-SMZ at 35°-45°. The 
refinement result for the sample was good. As the sample gradually changed to the pseudocubic phase, the 
intensity of the superlattice diffraction peak gradually decreased.

The Raman spectra of each component sample are shown in Figure 2A. The gradually widened peak width 
and gradually decreased peak intensity indicate that the complexity of the sample and the disorder of ions 
increased owing to the nonequivalent substitution of ions with different radii at the A and B sites[16,17]. To 
study further the effect of adding SMZ to the system, Peakfit software was used to analyze the Raman 
spectra of each component sample. The center position, peak intensity, and peak half-width of the vibration 
modes v1 and v5 fitted by each Raman component are shown in Figure 2B and C. With an increase in the 
SMZ content, the peak intensities of vibration modes v1 and v5 gradually decreased, and the half-width and 
height gradually increased, which proved that the complexity of the sample and the disorder of the ions 
increased. The vibration mode v5 moved to a high-wavenumber position, and a blue shift occurred. The red 
shift of the vibration mode v1 may be caused by the phase transition of the sample, which corresponds to the 
XRD refinement results in this study[18].

Scanning electron microscopy (SEM) images of the NN-SMZ components under the natural surface and the 
average grain size fitted by the Gaussian function are shown in Figure 3A. The surfaces of the NN-SMZ 
ceramic component samples were dense and had no obvious defects, and the average grain size generally 
increased. The grain sizes of 0.08 SMZ and 0.12 SMZ significantly increased. According to the XRD 
refinement results, the appearance of the pseudo-cubic phase is one reason for this phenomenon. According 
to the formula Eb∝G−1/2, the grain size (G) is negatively correlated with the breakdown field strength (Eb). 
The grain size of each component is smaller than that of pure NaNbO3 (generally tens of micrometers)[19,20], 
which helps the samples obtain a higher Eb

[21]. The energy dispersive spectrometry (EDS) mapping of the 
0.08 SMZ ceramic is shown in Figure 3B. Each element was uniformly distributed without enrichment, 
indicating that the SMZ was uniformly dissolved in the NN lattice[22]. An atomic force microscopy analysis 
was performed on the samples after hot corrosion. The test results are shown in Supplementary Figure 3. 
The surface of each component sample was dense, without obvious pores or defects. The sintering densities 
of the NN-SMZ samples are shown in Supplementary Table 2. The incorporation of the SMZ reduced the 
sintering temperature, improved the density of the ceramics, and helped the samples obtain a higher 
breakdown field strength.

A Transmission Electron Microscope test can effectively observe the domain morphology and phase 
structure of FE materials. The domain morphology of pure NaNbO3 ceramics is shown in Figure 4A and 
clearly shows the existence of a 180° domain. The domain morphology of the 0.08 SMZ sample is shown in 
Figure 4B, and the larger domain cannot be clearly observed, which is related to the gradual transition of the 
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Figure 1. XRD patterns of NaNbO3-xSm(Mg0.5Zr0.5)O3 ceramics (0.05 ≤ x ≤ 0.15) (A), (B) XRD refinement of 0.05 SMZ component,
(C) XRD refinement of 0.08 SMZ component, (D) XRD refinement of 0.12 SMZ component, and (E) XRD refinement of 0.15 SMZ
component.

Figure 2. Raman Test Diagram of NaNbO3-xSm(Mg0.5Zr0.5)O3 ceramics (0.05 ≤ x ≤ 0.15) (A) and the Raman vibration modes v1 (B) and
v5 (C) of NN-SMZ components are plotted.

phase structure of the sample to the weak polar pseudocubic phase[23]. In NaNbO3 ceramics, due to the 
presence of large-sized domains, when the polarization direction changes, the direction of the domain will 
be irreversible, which greatly deteriorates the energy storage performance of the ceramics. The domain sizes 
of the 0.08 SMZ ceramic sample were smaller, which was beneficial to the sample to obtain a faster 
polarization response in the charge and discharge test, reduced the polarization loss, and achieved the 
purpose of improving the energy storage performance of the sample[24]. Figure 4C and D depicts selected 
area electron diffraction (SAED) images of 0.08 SMZ samples taken in the [100]c and [111]c directions. The 
presence of (eoo)/2 and (oee)/2 in the [100]c direction and the presence of (ooe)/2 superlattice diffraction 
spots in the [111]c direction (o and e are odd and even, respectively) proved the existence of octahedral 
distortion, indicating that this was a commensurate modulation phase structure with two-fold unit cell. The 
SEAD images also proved the perovskite structure of the 0.08 SMZ sample again[25].

To investigate the change in the dielectric constant of NN-SMZ ceramics with temperature, the dielectric 
constant of NN-SMZ was tested at -160 °C to 180 °C. The temperature spectra of the components are 
shown in Figure 5A-D, where the dielectric peaks of the components near 0 °C formed because of the 



Page 5 of Xu et al. Microstructures 2023;3:2023034 https://dx.doi.org/10.20517/microstructures.2023.19 13

Figure 3. SEM images (A) and EDS mapping images of the NN-SMZ ceramic (B).

Figure 4. (A) Domain morphology of NN ceramics, (B) domain morphology of 0.08 SMZ ceramics. Lattice fringes and SAED patterns of 
0.92 NN-0.08 SMZ ceramics along (C) [100]c and (D) [111]c.
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Figure 5. Temperature dependences of dielectric constant and loss of NN-SMZ ceramics: (A) x = 0.05, (B) x = 0.08, (C) x = 0.12, 
(D) x = 0.15. Fitting analysis of ln(1/εr-1/εm) versus ln(T-Tm) for NN-SMZ ceramics at 500 kHz: (E) x = 0.05, (F) x = 0.08.

interference of ice during the temperature change. They are not phase transition peaks[26]. The figure shows 
that the 0.05 SMZ sample had an obvious dielectric peak; the Curie temperature was near -120 °C, and the 
dielectric peak of the 0.08 SMZ sample appeared at -175.6 °C. The dielectric peaks of the 0.12 SMZ and 
0.15 SMZ samples were not obtained in the test. This may have resulted from the addition of SMZ, which 
caused the dielectric peak of the sample to shift to a lower temperature. The Curie temperature of the 
0.12 SMZ and 0.15 SMZ samples was lower than the test temperature. As the amount of SMZ doping 
increased, the dielectric peak of the material gradually disappeared. The T-εr curve of the material gradually 
becomes a flattened, somewhat straight line, showing the dielectric temperature spectrum characteristics of 
the linear dielectric material[27].

The dispersion coefficients of 0.05 SMZ and 0.08 SMZ samples fitted according to the dielectric peak are 
shown in Figure 5E and F. The increase in the SMZ content reduces the dispersion coefficient of the sample. 
This means that the relaxation and the polar microregion of the sample are reduced, which is consistent 
with the Raman and XRD results. The frequency stability of the dielectric constant of the NN-SMZ ceramics 
is shown in Supplementary Figure 4. The samples of each component can maintain the stability of the 
dielectric constant over a wide frequency range of 103-106[28].

The P-E curve obtained by the FE test of the sample provides direct evidence for evaluating the energy 
storage performance of the sample, and the relevant energy storage performance calculation formula is 
provided in the supporting materials[6]. The test results for the NN-SMZ component samples at a field 
strength of 400 kV/cm are shown in Figure 6A-C. With an increase in x, the maximum polarization 
intensity Pmax of the sample decreased, the residual polarization intensity Pr decreased, and the obtained 
energy storage efficiency increased from 71.1% to 93.1%. This is because, with the incorporation of SMZ, the 
phase of the NN-SMZ sample gradually transformed into a weakly polar pseudocubic phase, which reduced 
the Pmax and Pr of the sample, leading to the gradual reduction of domains in the sample[23]. The results are 
consistent with the results of the Raman test and dielectric-constant-frequency test, proving that the doping 
of rare-earth-based composite perovskites can significantly increase the energy storage efficiency of the 
sample. Figure 6D-F shows the maximum breakdown field strength FE test diagrams of the component 
samples of NN-SMZ. As the figure shows, the breakdown field strength of the sample increased with the 
increase in the ratio. When x = 0.08, the sample exhibited the best energy storage performance. The 
breakdown field strength of the sample was 560 kV/cm, the energy storage density was 4.3 J/cm3, and the 
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Figure 6. For NN-SMZ ceramics: at the electric field of 400 kV/cm: Unipolar P-E hysteresis loops (A), the corresponding energy 
storage properties (B) and polarization (C) at various content of SMZ. Unipolar P-E hysteresis loops (D), the corresponding energy 
storage properties (E), and polarization (F) at all content of SMZ. 0.08 SMZ unipolar P-E hysteresis loops (G), the corresponding 
energy storage properties (H) and polarization (I) at 0.08 SMZ.

energy storage efficiency was 85.6%. When x = 0.15, the breakdown field strength of the sample reached 
720 kV/cm, indicating that the addition of SMZ significantly improved the Eb of the sample. Figure 6G-I 
shows the FE test results for the 0.08 SMZ samples under different field strengths. With an increase in the 
field strength, the Pmax of the sample increased, and the number of domains that could not be flipped 
increased, resulting in an increase in Pr. In summary, the addition of the SMZ increased the energy storage 
efficiency and breakdown field strength of the samples[29].

The frequency stability of the P-E curve of the 0.08 SMZ ceramics is shown in Figure 7A-C. At an electric 
field of 350 kV/cm and different frequencies, the 0.08 SMZ ceramics exhibited a stable energy storage 
density of 1.9 ± 0.02 J/cm3 and a stable energy storage efficiency. This shows that 0.08 SMZ ceramics have 
excellent frequency stability and practical application prospects[30,31]. The temperature stability of the 
0.08 SMZ ceramics is shown in Figure 7D-F. At a frequency of 10 Hz and an electric field of 350 kV/cm, the 
energy storage performance of the sample decreased with increasing temperature. The Pmax and Pr of the 
samples increased with an increase in temperature, which may have been caused by the deterioration of the 
leakage current and boosted mobility of the domain walls at high temperatures[23].

To study the intrinsic mechanism of high Eb in NN-SMZ ceramics, we discussed the non-intrinsic factors 
and intrinsic factors with the sample[31]. We used the phase field method to simulate the electrical 
breakdown behavior of pure NaNbO3 ceramics and 0.08 SMZ ceramic samples. The initial geometric model 
of the simulation was extracted from the SEM test results, and the simulation results of the final breakdown 
path are shown in Figure 8; the calculation formula used to simulate electrical breakdown has been provided 
in the support material[32]. Figure 8A1-A3 is the simulation result of pure NaNbO3 ceramics. There was 
almost no obvious electrical tree branch phenomenon observed. With the increase of time, pure NaNbO3 
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Figure 7. Unipolar P-E hysteresis loops (A and D), the corresponding energy storage properties (B and E), and Pmax, ΔP, and Pr (C and F) 
for 0.08 SMZ ceramics at different frequencies and temperatures under different electric fields.

Figure 8. Breakdown paths for (1-x)NN-xSMZ samples under various times. x = 0: Figure 8A1-A 3, x = 0.08: Figure 8B1-B3.

ceramics experienced a rapid electrical breakdown. The breakdown simulation of the 0.08 SMZ sample is 
shown in Figure 8B1-B3, and the electrical tree branch phenomenon of the sample can be clearly observed. 
The reason for this difference is that the average grain sizes of 0.08 SMZ ceramics were much smaller than 
those of pure NaNbO3 ceramics. The smaller grain sizes were beneficial to generate more energy dissipation 
regions to suppress the breakdown behavior, which was manifested as the phenomenon of electrical tree 
branches. Usually, the more branches indicated that the material was more difficult to be broken down, 
which can also be proved by the marking time.
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To understand further the intrinsic reason for the high Eb of the doped SMZ sample, impedance tests were 
conducted on the NN-SMZ sample. Because the impedance test pattern curve was semicircular and there 
was almost no difference between the grain boundary and the grain response, a set of RQC structures was 
used to fit the resistance of the NN-SMZ sample[33,34]. The test and fitting results are shown in Figure 9A-D. 
In Supplementary Figure 5, the curve of the imaginary part changing with frequency has only a single peak, 
which also proves this point. Supplementary Figure 6 shows the relationship between the AC conductivity 
of the NN-SMZ sample and the frequency change. The incorporation of SMZ reduced the conductivity of 
the sample, which was beneficial for obtaining a higher breakdown field strength.

Figure 9E shows that under the test condition of 560 °C, the resistance of the sample increased gradually 
with the incorporation of SMZ. When x = 0.15, the resistance of the sample reached a maximum value of 
70,515 Ω. According to the activation energy calculation formula, the activation energy of each component 
is shown in Figure 9G. The activation energy of the sample increases with increasing SMZ doping. In 
general, the higher the activation energy of the sample, the larger its energy barrier, the more energy it needs 
to break down, and the higher its breakdown field strength[34,35]. To study the bandgap of the NN-SMZ 
ceramics further, ultraviolet test results of the samples are shown in Figure 9F. The Tauc equation was used 
to estimate the Eg value[36]. The Eg values of the NN-SMZ samples were 3.31, 3.37, 3.42, and 3.45 eV, which 
also indicated that the bandgap of the samples gradually increased[37]. This may have been caused by the 
incorporation of Sm2O3 and ZrO2, which had large bandgaps. In summary, due to its significantly smaller 
grain size, the NN-SMZ sample obtained a higher breakdown field strength than the pure NN sample. 
Although the average grain sizes of each component increased with the increase of SMZ doping amount, the 
resistance and conductivity of each component increased. In terms of intrinsic factors, the band gap of the 
sample was increased, which helped the sample to obtain a high Eb.

The charge-discharge test of the sample was helpful for exploring its actual energy storage capacity. The 
data for the NN-SMZ samples under different electric fields at room temperature are shown in 
Figure 10A and B. In the environment of 2-18 kV, the Imax of the sample gradually increased to 54.9 A, the 
current density of the sample increased from 172.7 A/cm2 to 777.1 A/cm2, and the power density of the 
sample increased to 69.93 MW/cm3[35,38]. The charge-discharge test of samples was performed in the range of 
30 °C-100 °C under a field strength of 16 kV/mm. The results are shown in Supplementary Figure 7. The Imax 
value of the sample was 48.93 ± 3 A, the current power was 692 ± 40 A/cm2, and the change rate of the test 
results was within 5%, indicating that NN-SMZ can maintain stable performance under working 
environments with different temperatures[38,39].

To judge the feasibility of the practical application of the NN-SMZ ceramics, a 210-Ω resistor was connected 
to perform an overdamped charge-discharge test on the sample. As shown in Figure 10C and D and 
Supplementary Figure 8A, when the applied electric field of the 0.08 SMZ sample gradually increased to 
18 kV/cm at 30 °C, the current increased to 11.5 A, the discharge energy density Wd increased to 0.33 J/cm3, 
and an ultrafast stable discharge time (t 0.9) of 57 ±  5 ns was obtained. As shown in 
Supplementary Figure 8B-D, when the temperature of the 0.08 SMZ sample increased from 30 °C to 100 °C 
under the condition of 16 kV/cm, the current remained at a stable value of 10.185 A ± 1%, and the value of 
t0.9 was stable at 55 ± 3 ns. This shows that 0.08 SMZ can maintain stable performance under working 
conditions with different temperatures and meet the needs of actual pulse capacitors[40-42].

CONCLUSION
In this study, NN-SMZ was prepared by solid-phase sintering. The crystal phase of NN-SMZ gradually 
changed from the orthorhombic phase (Pnma) to the pseudocubic phase (Pm3m) with increasing SMZ 
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Figure 9. Impedance diagram of NN-SMZ ceramics. (A) x = 0.05, (B) x = 0.08, (C) x = 0.12, and (D) x = 0.15. (E) Impedance diagram of 
NN-SMZ components at 560 °C, (F) Band gap energy for NN-SMZ ceramics, (G) The fitted activation energy of NN-SMZ.

Figure 10. (A) Underdamped discharge waveform of 0.08 SMZ ceramics at room temperature. (B) The changes of Imax, CD, and PD at 
room temperature. (C) Over-damped discharge current curves of 0.08 SMZ ceramics at different temperatures. (D) The changes of 
Imax, CD, and PD under different conditions.

doping. Meanwhile, an increase in the SMZ significantly reduced the residual polarization intensity of the 
system and improved the breakdown field strength, resistance, and activation energy of the system. In 
addition, 0.92NaNbO3-0.08 SMZ achieved a 4.3 J/cm3 energy storage density and 85.6% energy storage 
efficiency at 560 kV/cm. Finally, the 0.08 SMZ ceramics showed excellent dielectric stability in charge and 
discharge tests, indicating their potential for practical applications. In summary, rare-earth-based composite 
perovskites can be used to optimize the energy storage performance of NaNbO3 ceramics.
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