
STRUCTURAL, DIELECTRIC, AND ENERGY STORAGE 

PROPERTIES OF Ba2+ DOPED LEAD-FREE NaNbO3-

BASED CERAMICS 

Pathit Premwichit1 and Sasipohn Prasertpalichat1, 2,* 

Received: February 27, 2024; Revised: June 27, 2024; Accepted: November 20, 2024 

Abstract 

NaNbO3-based antiferroelectric ceramics have recently attracted significant attention due to their 

potential in energy storage applications. This study explores the effect of barium (Ba2⁺) doping on the 

dielectric and energy storage properties of 0.88NaNbO3-0.12Sr0.7Bi0.2TiO3 (0.88Na1-2xBaxNbO3-

0.12Sr0.7Bi0.2TiO3, where x = 0.0-0.025) ceramics synthesized via the solid-state reaction method. The 

XRD results indicated that all samples possessed an orthorhombic structure. The transition 

temperature from the antiferroelectric P phase to R phase (TP-R) significantly increased from 141℃ 

at x = 0.0 to approximately 160°C for x ≥ 0.01. Additionally, the dielectric loss (tanδ) within the 

temperature range of 32°C to 130°C for the 100xBa ceramic exhibited a notable reduction, decreasing 

from 0.012 (x = 0.0) to 0.002 (x = 0.025). As the Ba2⁺ doping content increased, the remnant 

polarization significantly decreased, leading to a narrower P-E hysteresis loop with enhanced energy 

storage density and efficiency. Consequently, the x = 0.015 composition achieved a maximum 

recoverable energy storage density of 0.28 J/cm³ and an energy storage efficiency of 76% under an 

applied electric field of 125 kV/cm. These findings guide the development of NaNbO3-based 

antiferroelectric materials with enhanced energy storage. 
 
Keywords: Lead-free ceramics; NaNbO3-based compound; Dielectric properties; Energy storage 

performance 

Introduction 

Nowadays, the rapid advancement of science and 

technology has brought many benefits to daily lives. 

Concurrently, this advancement leads to the 

depletion of the world's non-renewable energy 

sources (i.e., oil, gas, and coal), making the 

development and deployment of renewable  
energy of great importance (Yao et al., 2017;  

 
 
 
 

Yang et al., 2019a). In particular, the development 

of efficient energy storage devices can play a crucial 

role in mitigating this issue. Current energy storage 

devices are divided into four main types: batteries, 

dielectric capacitors, supercapacitors, and fuel cells 

(Bruce et al., 2012; Li et al., 2014; Wang et al., 

2016). Among these four types, dielectric 
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capacitors have been identified as a feasible option 

for energy storage systems, owing to their high 

energy density, rapid charge/discharge capabilities, 

and outstanding temperature stability, all of which 

enhance energy storage performance. (Hao, 2013; 

Liu et al., 2018; Zhang et al., 2020). For the current 

available dielectric materials, antiferroelectric 

(AFE) materials have been found to exhibit 

excellent energy storage performance due to their 

lower remnant polarization (Pr) and high maximum 

polarization (Pmax), which arise from the phase 

transition between the antiferroelectric and 

ferroelectric phases (AFE−FE) (Hao et al., 2009; 

Patel et al., 2014). Consequently, AFE materials 

typically exhibit greater energy density than other 

dielectric materials. In the past, PbZrO3 ceramics 

have been widely studied for ceramic capacitors due 

to their excellent dielectric energy storage 

characteristics (Yang et al., 2019b). However, lead 

oxide toxicity poses environmental and health risks 

(Ellabban et al., 2014). Therefore, researchers are 

increasing their efforts to accelerate the 

development and research of lead-free materials. 

Lead-free AFE materials based on AgNbO3 

(AN) and NaNbO3 (NN) ceramics have recently 

been identified as promising alternatives for energy 

storage, with the potential to substitute lead-based 

materials in the future (Megaw et al., 1974; 

Chauhan et al., 2015; Tian et al., 2016). AgNbO3-

based ceramics have been observed to exhibit  
a typical dual hysteresis loop with large polarization 

under strong electric fields. Generally, AgNbO3 

ceramics have been extensively recognized for their 

relatively high recoverable energy storage density 

(Wrec), ranging from about 1.6-6.5 J/cm3 and an 

efficiency () of approximately 30-75% (Tian  
et al., 2016; Zhao et al., 2016; Gao et al., 2019; Han 

et al., 2019a; Han et al., 2019b; Luo et al., 2019; Lu 

et al., 2021). However, the high cost of Ag2O and 

the need for sintering in the oxygen (O2) atmosphere 

are major hindrances for the mass production 

process (Tian et al., 2016; Zhao et al., 2017; 2018a; 

Han et al., 2019a; Han et al., 2019b). For this 

reason, researchers have focused their attention on 

another group of similar antiferroelectric materials. 

NaNbO3-based ceramics are another class of 

antiferroelectric perovskite compounds that have 

received great attention due to their easy 

preparation, low cost, and non-toxicity (Lanfredi  

et al., 2002). Normally, pure NaNbO3 ceramics 

mainly exhibit the AFE P phase (Pbma) with  
a coexistence of the ferroelectric Q phase (P21ma) 

at room temperature. Upon applying an external 

electric field, the AFE P phase readily converts into 

the ferroelectric Q phase due to a similar free energy 

profile (Shimizu et al., 2014; Guo et al., 2015), 

resulting in a characteristic ferroelectric P-E loop 

with significant remnant polarization, which greatly 

limits its use as an energy storage dielectric (Mishra 

et al., 2007). Recently, progress has been made in 

stabilizing the AFE phase by doping in NaNbO3-

based ceramics. For instance, Qi et al. (Qi et al., 

2019a) doped both BaZrO3 and CaZrO3 into an 

NaNbO3-based ceramic system. They observed 

stabilized AFE phase at ambient temperature, 

featuring a double hysteresis P-E loop, which 

resulted in a relatively high Wrec of approximately 

1.59 J/cm3 but a low  = ~30% in 0.9NaNbO3-

0.06BaZrO3-0.04CaZrO3 ceramics. However, 

despite having the double hysteresis loop with large 

Pm and small Pr, NaNbO3-based ceramics still show 

relatively low Wrec and low  values due to large 

hysteresis during the reversible AFE-FE phase 

transition (Kittel et al., 1951; Chauhan et al., 2015). 

These limitations have hindered the progress of 

NaNbO3-based energy storage properties. One 

potential solution is to introduce a local random 

field that can induce relaxation behavior, thereby 

disrupting the ferroelectric order and ultimately 

leading to higher energy storage performance (Zuo 

et al., 2016). For instance, Qi et al. (Qi et al., 2019a) 

discovered that introducing Bi0.5Na0.5TiO3 into 

NaNbO3 ceramics led to relaxor AFE 

characteristics, leading to a high Wrec (12.2 J/cm3) 

and  (69 %). The above research found that 

NaNbO3 ceramics modified with ABO3 still have  

a relatively low efficiency (< 80%) (Zhou et al., 

2018; Zuo et al., 2018; Qi et al., 2019a; Fan et al., 

2020; Shi et al., 2020; Tian et al., 2020; Xie et al., 

2020; Ye et al., 2021). Recent studies show that 

incorporating A or B-site elements into the 

NaNbO3-ABO3 system contributes to improving 

energy storage efficiency. For example, Wang et al. 

(Wang et al., 2021) doped Sm3+ at the A-site into 

the NaNbO3-0.12Sr0.7Bi0.2TiO3 system. They chose 

to add 0.12Sr0.7Bi0.2TiO3, which enhances the 

antiferroelectricity in NaNbO3 ceramics. Moreover, 

the addition of Sm3+ led to a significant phase 

transition from the antiferroelectric P phase to the 

antiferroelectric R phase, reducing Pr and increasing 

Pm, leading to a large Wrec (3.58 J/cm3) and a high η 

(82%) at 200 kV/cm for NN-SBT-2Sm. However, 

there are few reports on the energy storage 

properties of doped elements in NaNbO3-ABO3 

ceramics (Wang et al., 2021; Cheng et al., 2022c; 

Premwichit et al., 2023). Therefore, further 

development of NaNbO3-ABO3 ceramics is crucial 

to achieving high energy storage performance. 

Recently, barium carbonate (BaCO3) has been 

utilized to enhance the energy storage performance 

of dielectric materials. For example, Han et al. (Han 

et al., 2019c) studied the influence of BaCO3 doping 

on AgNbO3-based ceramic systems. It was found 
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that Wrec was as high as 2.3 J/cm3 with the energy-

storage efficiency of 46% for the Ag0.96Ba0.02NbO3, 

which was attributed to the improved AFE stability, 

decreased Pr, and increased Pm. Meanwhile,  

the optimal composition demonstrated outstanding 

temperature stability between 20°C and 120°C. 

Similarly, a small amount of Ba2+ doping into the 

BiFeO3 ceramic system resulted in a reduction of Pr 

(Das et al., 2012). Therefore, it is reasonable to 

hypothesize that Ba2+ doping might be promising 

for enhancing the energy storage performance of 

perovskite compounds. For this reason, this 

research is interested in studying the effect of Ba2+ 

doping in 0.88Na1-2xBaxNbO3-0.12Sr0.7Bi0.2TiO3 

(x=0.0-0.025) ceramics on structural and 

morphological characteristics, dielectric properties, 

and energy storage performance. The findings 

obtained from this study will serve as guidelines for 

further application of energy storage materials. 

Experimental procedure 

The 0.88Na1-2xBaxNbO3-0.12Sr0.7Bi0.2TiO3 

(denoted as 100xBa, where x is 0.0, 0.005, 0.01, 

0.015, 0.02 and 0.025) were synthesized using the 

conventional solid-state reaction method. Powders 

of Na2CO3 (99.95−100.05%, Alfa Aesar), Nb2O5 

(99.9%, Alfa Aesar), BaCO3 (99.8%, Alfa Aesar), 

SrCO3 (≥ 99.9%, Sigma-Aldrich), Bi2O3 (99.9% 

Sigma-Aldrich), and TiO2 (≥ 99.9% Sigma-

Aldrich) were used as starting materials. These 

powders were weighed according to their 

stoichiometric ratios and ball-milled in anhydrous 

ethanol with zirconia balls for 24 h. The powder 

mixture was then calcined at 910°C for 5 h.  

The resulting calcined powders were milled again 

for 24 h, dried, and mixed with a binder  

containing 3 wt% polyvinyl butyral (PVB) resin.  

Subsequently, the mixture was then compacted into 

green pellets (~1 cm in diameter) and sintered at 

1,180-1,225°C for 2 h in air, following a PVB 

burnout step at 400°C for 3 h. To minimize the loss 

of volatile Bi and Na, all samples were enclosed in 

powders of their respective compositions. 

The phase composition was analyzed using  

X-ray diffraction (XRD) with a Bruker D8 Advance 

diffractometer. The sample's surface morphology 

was analyzed with a Field Emission Scanning 

Electron Microscope (FE-SEM, Thermo Scientific 

Apreo S). The analysis was conducted on a mirror-

like surface that were thermally etched at 

approximately 100°C below the sintering 

temperature, with a gold coating coating applied on 

the ceramics' surface. For electrical 

characterization, the sintered ceramics were 

polished to a thickness of 0.03-0.06 cm, then silver 

electrodes were applied to both surfaces and fired at 

700°C for 30 minutes. The temperature-dependent 

dielectric properties were measured using an LCR 

meter (HP, 4284A) at frequencies of 1, 10, and  
100 kHz. The P-E hysteresis loops were recorded 

using a ferroelectric test system (Premier II,  

Radiant Technologies Inc, USA) at a measurement 

frequency of 1 Hz. 

Results and Discussion 

Figure 1(a) presents the XRD patterns of powdered 

100xBa (x = 0-0.025) sintered ceramics within the 

2θ range of 20°-70°. The detection of a pure 

perovskite phase in the samples with x = 0-0.025 

suggests the formation of a complete solid solution 

within the resolution limit of the XRD instrument. 

However, for the composition with x = 0.03,  

the second phase was observed, as shown in  

Figure 1(a). This suggests that the solubility limit of 

Ba in NN-SBT ceramics is approximately 3 mol%. 

Figure 1(b) and Figure 1(c) shows the enlarged view 

of the XRD patterns in the 2 range of 31-34 and 

45-48, respectively. At a 2θ angle around 32.5°, 

the splitting of the (200)/(114) peaks was observed, 

while around 42°, an asymmetric single (200) peak 

was evident, confirming that all 100xBa ceramics 

have an orthorhombic structure. The result obtained 

is consistent with the data reported in previous 

studies of (Na1-3/2xBi3/2x)(Nb1-xMgx)O3 (Jiang et al., 

2021) and (1-x)NaNbO3-x(Bi0.8Sr0.2)(Fe0.9Nb0.1)O3 

(Jiang et al., 2022) ceramics. Additionally, as the 

Ba content increased, the position of the diffraction 

peak shifted towards the lower 2θ angle, indicating 

lattice volume expansion, as shown in Figure 1(b). 

This expansion could be attributed to the larger 

ionic radius of Ba2+ (rBa = 1.61Å) compared to that 

of Na+ (rNa = 1.39Å) on the A-site (Shannon, 1976). 
Figure 2(a)-(f) shows the FESEM images of 

the mirror-like surfaces of 100xBa (x = 0-0.025) 

ceramics after thermal etching. The inset in each 

figure illustrates the grain-size distribution. All 

compositions exhibited a dense microstructure with 

low porosity. The average grain size was analyzed 

by the linear intercept method. The mean grain size 

decreased significantly from 3.57 µm (for x = 0.0) 

to 1.41 µm (for x = 0.010). With a further increase 

of x to 0.015, 0.02, and 0.025, it slightly increased 

to 1.48 µm, 1.55 µm, and 1.62 µm, respectively, 

which are still smaller than that of the undoped 

composition. The results are in line with previous 

studies by Han et al. (Han et al., 2019c) which 

found that doping Ba2+ into AgNbO3 ceramics could 

inhibit grain growth. The fluctuation in grain size 

with Ba2+ doping content could be explained as 

follows: initially, the doping of Ba2+ may suppress 
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grain growth, resulting in a smaller grain size 

(Dechakupt et al., 2011; Balakt et al., 2016). 

However, as the amount of Ba2+ continues to 

increase, a liquid phase forms, adversely affecting 

the microstructure and leading to larger grain sizes. 

The findings align with prior studies (Huang et al., 

2019; Chen et al., 2020a; Chen et al., 2020b).  

In addition, the densities of all compositions were 

determined by Archimedes' method. With an 

increase in Ba2+ content, the density slightly 

increased from 4.40 g/cm3 (for x = 0.0) to 4.41g/cm3 

(for x = 0.005) before gradually decreasing to 4.39, 

4.37, 4.37, and 4.35 g/cm3 for x = 0.01, 0.015, 0.02, 

and 0.025, respectively. The theoretical density of 

4.55 g/cm3 for pure NaNbO3 was used for the 

calculation of the relative density (Lanfredi et al., 

2002). In this study, it was found that the minimum 

density of 4.35 g/cm3 corresponds to a relative 

density above 94%. The elevated relative density 

signifies that all the synthesized ceramics possess 

outstanding properties (Wang et al., 2021).  

 
 

Figure 1. (a) X-Ray diffraction spectra of 100xBa (x = 0−0.03) crushed sintered ceramics at 2  range of 20–

70 and (b) 31−34 and (c) 45−48 

 

 
 

Figure 2. (a)−(f) FESEM images of the mirror-like surfaces of 100xBa (x = 0−0.025) ceramics after thermal 

etching, and the insets represent grain-size distribution 
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Figures 3(a)-(f) illustrate the temperature-

dependent dielectric constant and loss curves for 

100xBa (x = 0-0.025) ceramics, measured from 

30°C to 450°C. For x = 0.0, the dielectric constant 

peak was observed at 141°C, which corresponds to 

the phase transition from the antiferroelectric  

P phase to the antiferroelectric R phase 

(abbreviated TP-R). As x content increases, the TP-R 

peak slightly increased from 141°C (for x = 0.0) to 

145°C (for x = 0.005). When x further increased 

from 0.01 to 0.025, the peak of TP-R increased 

significantly to around 160°C, as shown in 

Fig.3(c)-(f) and Table 1. The observed increase in 

TP-R may arise from the higher valence Ba2+ cation 

compared to the substituted Na+ ion. The 

replacement of Ba2+ for Na+ causes the formation 

of cation vacancies on the A-site, resulting in  

a distortion of the structure and subsequently 

leading to a higher TP-R (Noguchi et al., 2001; Cai 

et al., 2011). The shift of TP-R to a higher 

temperature also led to a significant reduction of 

the room temperature dielectric constant (r) from 

1,456 (for x = 0.0) to 665 (for x = 0.025), as shown 

in Table 1. With an increasing amount of x,  

the maximum dielectric constant (εm) initially 

decreased from 1,470 at x = 0.0 to 1,220 at x = 

0.01, before sharply rising to around 1,600 for x ≥ 

0.015 (see Table 1). Furthermore, the dielectric 

loss (tanδ) at 1 kHz for 100xBa ceramics decreased 

significantly with increasing x content from 0.012 

(for x = 0.0) to 0.002 (for x = 0.025). This low tanδ 

value persisted within the temperature range of 

32°C to 130°C. The decrease in dielectric loss 

generally results in reducing heat build-up in the 

ceramics during the application of an electric field, 

which may contribute to the improved dielectric 

breakdown strength (Eb) (Yang et al., 2019a; Jiang 

et al., 2022). 

 

 

  

  

 
 

 

Figure 3. (a)-(f) The temperature dependence of the dielectric constant and dielectric loss for 100xBa (x = 0-

0.025) ceramics, measured over a temperature range of 30°C-450°C 
 

 
 



  

030261-6 Enhanced Energy Storage Properties of Ba2+ Doped NaNbO3-Based Ceramics 

The unipolar P-E loops of 100xBa (x = 0-

0.025) ceramics under the maximum electric field 

of each composition at a frequency of 1 Hz are 

shown in Figure 3(a) and Table 2. For x = 0.0, 0.005, 

and 0.01 compositions, the unipolar P-E loops data 

showed an open loop (see Figure 4(a)) with  

a relatively large remnant polarization (Pr) ~1.5 

μC/cm2, as shown in Table 2. As x increased to 

0.015, 0.02, and 0.025, thin P-E loop with 

decreasing of Pr to near zero was observed. At the 

same time, as x increased, the maximum 

polarization (Pmax) also reduced from 7.05 μC/cm2 

at x = 0.0 to 4.99 μC/cm2 at x = 0.025, as shown in 

Table 2. The observed slim P-E loop with  

a decrease in Pr and Pmax could be attributed to the 

substitution of Ba2+ onto Na+. This substitution 

generates random electric fields that could break  

the ferroelectric long-range orders, resulting in 

formation of polar nanoregions (PNRs). 

Consequently, thin P–E loops are obtained, 

indicating a relaxation behavior (Qi et al., 2019b; 

Qu et al., 2019). The results are consistent with 

previous research on other NaNbO3-based ceramics 

(Jiang et al., 2022; Qu et al., 2019; Qi et al., 2021). 

The energy storage performance were 

determined from the P−E hysteresis loops of each 

sample to calculate the  energy-storage density (W), 

recoverable energy-storage density (Wrec), and 

energy-storage efficiency (), as shown in 

equations (1)-(3) below (Zhao et al., 2018b; Li  

et al., 2020; Cheng et al., 2022c). 

 

𝑊 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

0
 (1) 

 

𝑊𝑟𝑒𝑐 = ∫ 𝐸𝑑𝑃
𝑃𝑚𝑎𝑥

𝑃𝑟
 (2) 

 

𝜂 =
𝑊𝑟𝑒𝑐

𝑊
 (3) 

 
Where Pmax, Pr, and E are maximum 

polarization, remnant polarization, and electric 

field, respectively. The Wrec values of each 

composition under different electric fields are 

shown in Figure 4(a)-(b) and Table 2. The Wrec 

value was observed to decrease slightly from  

0.22 J/cm3 to 0.20 J/cm3 as x increased from 0.00 to 

0.005. With increasing x, the Wrec values increased 

to 0.24 J/cm3 at x = 0.01, and peaked at 0.28 J/cm3 

at x = 0.015, before decreasing to 0.23 J/cm3 and 

0.22 J/cm3 at x=0.02 and 0.025, respectively.  

In contrast, with increasing x content, a significant 

increase in  value was observed from 47% (for x = 

0.0) to 78% (for x = 0.025) under the maximum 

electric field of each composition as shown in  

Table 2. Among all compositions, the x = 0.015 

sample exhibited the best energy storage 

performance, achieving a maximum Wrec = 0.28 

J/cm3 and an efficiency (𝜂) = 76% at 125 kV/cm,  

as presented in Table 2. Notably, Ba doping 

significantly enhances Wrec and 𝜂, aligning with 

previous findings on Ba-modified AgNbO3 

ceramics (Han et al.,2019c). 

Table 1. The dielectric-property parameters (TP-R, r, m, tanr, tanm) of 100xBa (x = 0–0.025) ceramics at  

1 kHz. 
 

Compositions TP-R (ºC) r tanr m tanm 

x=0.0 141 1,456 0.012 1,470 0.005 

x=0.005 145 1,091 0.009 1,227 0.004 
x=0.01 166 653 0.007 1,220 0.005 

x=0.015 162 751 0.003 1,795 0.005 

x=0.02 161 677 0.003 1,633 0.005 
x=0.025 160 665 0.002 1,604 0.007 

 

 

 
 

 
 

 
 

Figure 4. (a) Unipolar P-E loops, (b) Wrec and  of 

100xBa (x = 0-0.025) ceramics under 

different electric fields 
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Conclusions 

In this study, lead-free 0.88Na1-2xBaxNbO3-

0.12Sr0.7Bi0.2TiO3 (where x is 0.0, 0.005, 0.01, 

0.015, 0.02 and 0.025) ceramics were synthesized 

via the solid-state reaction method. The XRD 

results confirmed a single-phase perovskite 

structure with an orthorhombic symmetry for 0  x 

 0.025. As the Ba2+ content increased, the average 

grain size initially decreased but showed a slight 

rise at (x = 0.015), while the relative density 

remained above 94% for all samples. Additionally, 

the TP-R peak significantly shifted upward from 

141°C at x = 0.0 to approximately 160°C for x  

0.01. Meanwhile, the dielectric loss (tanδ) exhibited 

a significant reduction, decreasing from 0.012 at x 

= 0.0 to 0.002 at x = 0.025 between 32°C and 130°C. 

Furthermore, an increase in Ba2+ content led to 

reductions in both Pr and Pmax, producing thinner P-

E hysteresis loops with enhanced energy storage 

density and efficiency. Among all doping levels, the 

x = 0.015 composition exhibited the highest energy 

storage performance, achieving a maximum 

recoverable energy storage density of 0.28 J/cm3 

and an energy storage efficiency of 76% under an 

electric field of 125 kV/cm. These findings offer 

valuable insights for designing NaNbO3-based 

antiferroelectric materials for energy storage 

applications. 
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