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Abstract 

Homogeneous 0.722(Bi0.5Na0.5TiO3)-0.228(SrTiO3)-0.05(AgNbO3) (BNT-ST-AN) 

ceramics with various amounts of potassium fluoride (KF) added were prepared by the solid-

state combustion technique. The ceramics presented a single perovskite phase with coexisting 

rhombohedral (R), cubic (C) and orthorhombic (O) phases. The amount of the R phase 

decreased while the percentage of the C+O phase increased when KF addition increased from 

0.0 to 3.0 mol%. The smallest grain size, the highest density and maximum dielectric constant 

(m) were achieved with a KF addition of 1.5 mol%. Following this design composition of the 

ceramics, the highest recoverable energy-storage density (Wrec 1.60 J/cm3) and η above 85.8% 

at a low electric field (100 kV/cm) were obtained from BNT-ST-AN with KF addition at 1.5 

mol% because this composition contained a morphotropic phase boundary (MPB) region and 

had the smallest grain size, which gave the lowest remnant polarization (Pr) and a large 

maximum polarization (Pm). Additionally, BNT-ST-AN with KF addition at 0.15 mol% 

exhibits stability over a wide range of temperatures (25–150°C) at a low electric field (100 

kV/cm), which shows great potential in pulse-power system applications. 
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Introduction 

 Since the discovery of electricity, many devices to store electrical energy have been 

invented. Over the last century, the electronic industry has continued to improve energy storage 

devices and produce new innovative devices in response to changing energy requirements and 

advances in technology. Energy storage systems provide a technological way to manage 

electrical power supply, producing a more resilient energy infrastructure and bringing cost 

savings to utilities and consumers 1. 

Currently, many different energy storage devices are being developed and continuously 

optimized for electrical energy storage solutions. Dielectric capacitors are one of the more 

suitable devices for electric vehicles, pulsed power systems, and renewable energy-storage 

devices because of their ultrahigh power density, excellent endurance and almost unlimited 

lifetime 2, 3. However, dielectric capacitors are limited in applications as energy storage devices 

due to their large volume and weight to provide sufficient output energy, which is a barrier for 

use in lightweight and miniaturized pulse power devices 4, 5. Consequently, the development 

of dielectric materials with a high energy storage density (W) is a highly popular research topic. 

The lead-free perovskite ferroelectric ceramics of bismuth sodium titanate 

(Bi0.5Na0.5TiO3 or BNT) have been predicted as a potential energy storage material owing to 

their large spontaneous polarization (PS) of >40 µC/cm2 6, 7, which derives from the 

hybridization of Bi 6p and O 2p orbitals 7. However, the BNT ceramic exhibited large remnant 

polarization (Pr) and a high coercive field (Ec ∼ 73 kV/cm) at room temperature 6-8, which led 

to energy-storage property deterioration (a small recoverable energy storage density; Wrec and 

a low energy storage efficiency; η) 4, 7-9. Moreover, the Pr values can be greatly decreased by 

compositional design with a small grain size and diffuse phase transition, which leads to an 



increase in the effective polarization values and an increase in the Wrec values of BNT ceramics 

6-12. For example, C. Zhu et al. 12 reported that an ultrahigh Wrec of 5.55 J/cm3 and η above 85% 

were obtained from a 0.8(0.95Bi0.5Na0.5TiO3-0.05SrZrO3)-0.2NaNbO3 (BNTSZNN) ceramic, 

which was prepared by two-step sintering and using a fast heating rate of 60°C/min. Next, W.P. 

Cao et al.13 observed that (1−x)(Na0.5Bi0.5)TiO3−xSrTiO3 (NBT-ST) at an x content of 0.3 

exhibited excellent temperature stability in its energy-storage properties from room 

temperature up to 120°C. The highest Wrec value of 0.65 J/cm3 was obtained at 65 kV/cm13. 

Then, W. Ma et al. 14 investigated novel lead-free relaxor ferroelectric (1-

x)(0.76Bi0.5Na0.5TiO3–0.24SrTiO3)–xAgNbO3 ceramics with x = 0-9 mol% at the 

morphotropic phase boundary (MPB) zone, prepared by the solid-state reaction technique 

(calcined at 800°C for 8 h and sintered at 1150°C for 3 h). They reported that a large Wrec of 

1.42 J/cm3 was obtained from 0.722(Bi0.5Na0.5TiO3)-0.228(SrTiO3)-0.05(AgNbO3) (BNT–ST–

AN) at a low electric field of 100 kV/cm, which is superior to other lead-free energy storage 

materials under similar electric fields 14. However, producing BNT-based relaxor ferroelectric 

ceramics with a solid-state reaction and two-step sintering, which uses high firing temperatures 

and long dwells, causes the evaporation of Bi+ (~825°C) and Na+ (~1132°C) during the firing 

process 15, 16. The inevitable volatilization of Bi+ and Na+ during the firing process causes cation 

vacancies, as well as oxygen vacancies, as explained by the Kröger-Vink defect equation (Eq. 

1 and 2) 15, 16. 

2𝑁𝑎𝑁𝑎𝑥 + 𝑂𝑂𝑥 → 2𝑉𝑁𝑎′ + 𝑉𝑂∙∙ + 𝑁𝑎2𝑂 (𝑔)                                    (1) 

2𝐵𝑖𝐵𝑖𝑥 + 3𝑂𝑂𝑥 → 2𝑉𝐵𝑖′′′ + 3𝑉𝑂∙∙ + 𝐵𝑖2𝑂3 (𝑔)                                (2) 

The volatilization of Na+ and Bi3+ disrupts the stoichiometric ratio of the BNT–ST–AN 

composition and generates oxygen vacancies that induce a large leakage current under high 

electric fields, a lower breakdown potential and a reduced energy storage density 12-14. To 

reduce oxygen vacancies in lead-free ferroelectric ceramics, Y. Liao et al. 17 reported that the 



doping of fluorine (F) into K0.5Na0.5Nb0.996Cu0.01O3-Fx (KNCNF-x) ceramics at x = 0.28 can 

promote a reduction in grain size and Pr value due to the formation of 𝐹𝑂 point defects 

substituted in oxygen vacancies (O2-) of perovskite structures, which mainly improved the 

energy storage properties of the ceramics. 

From the literature reviews, it is observed that the phase structural design, sintering 

procedure and compound doping are all important steps to optimize the densification, small 

grain size and energy storage performance of BNT-based relaxor ferroelectrics 6, 7, 9, 11-16, 18-20. 

It has become popular to add some compounds with a low melting point in BNT-based 

ceramics to also improve their density and electrical performance, as they help the formation 

of the liquid phase 16
. A typical sintering aid, potassium fluoride (KF), has been widely used 

in various ceramic materials 16 owing to its low melting point of 858°C, which leads to 

decreased sintering temperatures. Additionally, KF can supply excess K+ and F-ions into BNT-

based ceramics. K+ can compensate for the loss of Na+ at A-sites in BNT-based ceramics during 

the firing process due to the similar ionic radii between K+ (2.33 Å) and Na+ (1.90 nm) 15, 16. 

Therefore, in this work, the addition of KF to BNT–ST–AN ceramics prepared by the 

solid-state combustion technique, which is simple, has a low cost and produces high-

performance lead-free piezo-ceramics with low firing temperatures 21, 22, was investigated. 

Moreover, from a survey of the literature, the effect of KF addition on the phase formation, 

dielectric property, ferroelectric property and energy storage density of BNT-ST-AN ceramics 

prepared by the solid-state combustion method has rarely been studied. In this paper, we studied 

the effect of KF addition on the phase formation, microstructure, dielectric property, 

ferroelectric property and energy storage density. The introduction of F- ions is expected to 

reduce oxygen vacancies in BNT-based ceramics, as mentioned above. 

 

 



Experiment procedure 

Ceramics (0.722(Bi0.5Na0.5TiO3)-0.228(SrTiO3)-0.05(AgNbO3) (BNT-ST-AN)) with 

various KF additions were prepared by the solid-state combustion technique using glycine 

(C2H5NO2) as fuel. The raw materials used were high purity reagent grade powders of 

Bi(NO3)3.5H2O (99%), Na(NO3) (99%), TiO2 (99%), SrCO3 (99.0%), Ag2O, (99%) Nb2O5 

(99.0%) and C2H5NO2 (95.0%). Before weighing, the oxides and carbonate of raw materials 

were baked at 120°C for at least 24 h. All raw materials were weighed according to the 

stoichiometric composition for BNT-ST-AN and ball milled in ethanol for 24 h. Then, the 

slurries were dried, the dried powders were mixed with glycine at a ratio of 1:2, and the mixed 

powders were calcined at 750°C for 4 h in air. After that, the pure calcined powders were mixed 

with KF (99.0%) powders at 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mol%, and all mixed calcined 

powders had polyvinyl alcohol added as a binder (PVA: 3 wt.% aqueous solution) and were 

ball milled again for 24 h. After remilling, all mixed calcined powders were dried and sieved 

with a 60-mesh grid and then pressed into green bodies (1.5 mm in thickness and 15 mm in 

diameter) under a pressure of 100 MPa. The green bodies were sintered at 1125°C for 2 h in 

air with a heating rate of 5°C/min and allowed to cool naturally. 

The crystalline structure of the BNT-ST-AN ceramics with various KF additions was 

determined by X-ray diffraction (XRD; Philips PW 3040/60 X’Pert PRO) using 

monochromatic Cu-K radiation ( = 1.5418 Å) in the scanning range of 10° to 60° of 2. For 

the microstructural analysis, the BNT-ST-AN ceramics with various KF additions were 

characterized using a scanning electron microscope (SEM, Leo, 1455VP). Before analysis by 

SEM, the BNT-ST-AN ceramics with various KF additions were polished and thermally etched 

in air at a temperature of 100°C below the sintering temperature for 10 min. The average grain 

size of the ceramics was calculated by the linear interception method on SEM images. The 

densities were measured according to Archimedes’ method. Theoretical densities were 



calculated based on the obtained lattice parameters and relative densities of the ceramics. To 

analyze the electrical properties of the ceramics, silver paste was screen printed on both surfaces 

of all ceramics as electrodes and dried at 400°C for 15 min for good electrical contacts. The 

temperature and frequency dependence of the dielectric permittivity and loss tangent were 

measured with an LCR meter (HP, 4284 A) in the temperature range of 25-400°C at frequencies 

of 1-100 kHz with a heating rate of 2°C/min. The P-E hysteresis loops of all ceramics were 

measured by a computer-controlled modified Sawyer-Tower circuit (Radiant, PLC2-1014346). 

Results and discussion 

 

Fig. 1 XRD patterns of (a) 2 between 10-70° and (b) 2 between 39.5-41° of BNT-ST-AN 

ceramics with KF addition of (I) 0, (II) 0.5, (III) 1.0, (IV) 1.5, (V) 2.0 (VI) 2.5 and (VII) 3.0 

mol%. 

 

The X-ray diffraction patterns at 2 between 10 - 70° of the BNT-ST-AN ceramics with 

added KFs of 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mol%, recorded at room temperature, are shown 

in Fig. 1(a). All the patterns showed a single phase for the perovskite structure, which 

corresponded to standard JCPDS files no. 360340 (rhombohedral phase), 021454 (cubic phase) 



and 220471 (orthorhombic phase). No impurity phases were observed for any of the ceramics, 

which indicated that the KF completely dissolved into the lattice of the BNT-ST-AN ceramics, 

and a well-formed crystallized solid solution was produced. From the expanded XRD patterns 

at 2θ of 39.5° and 41° (Fig. 1(b)), the peak positions moved toward a lower angle when the 

additional KF increased from 0 to 3.0 mol%, indicating an enlarged unit cell volume. The 

enlarged unit cell volume for all ceramics was caused by the substitution of smaller ions by 

larger ions, such as the replacement of Bi3+ ions (130 pm) or Na+ ions (139 pm) by K+ ions 

(164 pm) at the A-sites 23. On the other hand, the radius of F− is similar to that of O2− 16, 17. To 

confirm the dissolution of KF into the lattice of BNT-ST-AN ceramics, the EDX technique 

was used to analyze the polished and thermally etched surfaces of the BNT-ST-AN ceramics 

with various KF additions. The results of the EDX mapping of all ceramics are shown in Fig. 

2 (a)-(f). K+ and F− presented a homogeneous distribution on the surface of the ceramics, and 

no accumulation of KF was observed. 



  

Fig. 2. Typical SEM images and corresponding K and F element maps for the BNT-ST-AN 

ceramics with KF additions of; (a) 0.5, (b) 1.0, (c) 1.5, (d) 2.0 (e) 2.5 and (f) 3.0 mol%. 

 

To examine how the phase of BNT-ST-AN ceramics evolves with various KF levels, 

the Fullprof program was used to analyze the XRD data using Rietveld refinements. During 

the Rietveld refinement, the sample displacement error, unit cell parameters, and background 

parameters were varied. The modeling of the crystal structure was based on the rhombohedral 



(space group; R3c), cubic (space group; P4bm) and orthorhombic phases (space group; Amm2) 

of the perovskite structure that correspond to the crystallography open database ICSD codes 

2103295, 1512124 and 1100916, respectively. During the refinement of the X-ray diffraction 

data of the ceramics, K and F were assumed to occupy the A-sites and O-sites of the perovskite 

structure, respectively. The occupancies of these atoms were fixed according to the nominal 

stoichiometry for each composition. Furthermore, the refinement used a Chebyshev polynomial 

function to fit the background and the pseudo-Voigt function to fit peaks 22 and 24. 

 

Fig. 3. Rietveld refined XRD patterns of the BNT-ST-AN ceramics at KF additions of (a) 0, 

(b) 1.5, and (c) 3.0 mol%. 

 

The Rietveld refinement of the X-ray diffraction of the BNT-ST-AN ceramics with KF 

additions of 0, 1.5 and 3.0 mol% are shown in Fig. 3 (a)-(c). For the figures, the red circle 

symbols are experimental data points, and the solid black lines are the simulated patterns. The 

solid blue line at the bottom represents the difference between the simulated and observed 



patterns, and the vertical bars are the 2 positions of all possible Bragg reflections for the 

selected space group (s). The goodness of fitting indicator and dependability factors were 

calculated from the Rietveld refinement and are listed in Table 1. The goodness of fit 

parameters from the fitting procedure are as follows: Rp  24%, Rwp  22.7% and   2.73, 

which confirmed that the fitting to the phase structural models was in good agreement between 

the observed and calculated patterns. The phases determined from the fitting of the Rietveld 

refinement showed mixed rhombohedral (R), cubic (C), and orthorhombic (O) phases in all 

ceramics. The percentage of each phase of the BNT-ST-AN ceramics with various KF 

additions is listed in Table 1. When the KF increased from 0 to 3 mol%, the percentage of the 

R phase decreased from 68 to 14, while the percentage of C+O phases increased from 32 to 77, 

as listed in Table 1. At a KF addition of 1.5 mol%, the phase formation showed an equal ratio 

of R and C+O phases (50:50), which implies that the MPB zone existed in this composition. 

The lattice parameters of the R, C and O phases of the BNT-ST-AN ceramics with various KF 

additions are also detailed in Table 1. 
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Table 1 Fitting parameters and percentage of each phase for the BNT-ST-AN ceramics with 
various KF additions 

KF addition 
(mol%) 

Refine parameters Phase structures Lattice parameters 
(Å) 

The percentage of phase 

0 ꭓ2=1.31 
Rp=22.1% 
Rwp=19.3% 
Rexp=16.87% 

R3c:H 
 

a = 5.5482 

c = 13.5289 

68 
 

Pm-3 m a = b = c= 3.9062 24 
Pbcm a = 5.5081 

b =5.4990 
c = 15.7563 

8 

0.5 ꭓ2=1.58 
Rp=19.4% 

Rwp=17.9% 
Rexp=14.26% 

R3c:H 
 

a=5.5248 
c=13.5328 

53 
 

Pm-3 m a=b=c=3.9118 39 
Pbcm a=5.5938 

b=5.5200 
c=15.6703 

8 

1.0 ꭓ2=2.73 

Rp=22.9% 
Rwp=23.8% 
Rexp=14.41% 

R3c:H 
 

a=5.5210 
c=13.5294 

52 
 

Pm-3 m a=b=c=3.9087 41 

Pbcm a=5.6209 
b=5.4774 
c=15.7619 

7 

1.5 ꭓ2=1.40 

Rp=17.9% 
Rwp=16.4% 
Rexp=13.87% 

R3c:H 
 

a=5.5235 
c=13.5321 

50 
 

Pm-3 m a=b=c=3.9108 43 

Pbcm a=5.5952 

b=5.5222 
c=15.74123 

7 

2.0 ꭓ2=2.42 
Rp=24.1% 
Rwp=22.7% 
Rexp=14.62% 

R3c:H 
 

a=5.5229 
c=13.5329 

39 

Pm-3 m a=b=c=3.9063 49 

Pbcm a=5.5616 

b=5.5370 
c=15.6795 

12 

2.5 ꭓ2=1.35 

Rp=17.8% 
Rwp=16.3% 
Rexp=14.04% 

R3c:H 
 

a=5.5246 
c=13.5375 

28 
 

Pm-3 m a=b=c=3.9181 56 

Pbcm a=5.5827 

b=5.5319 
c=15.7505 

16 

3.0 ꭓ2=1.62 

Rp=19.9% 
Rwp=18.4% 
Rexp=14.49% 

R3c:H 
 

a=5.5272 
c=13.5403 

14 
 

Pm-3 m a=b=c=3.9119 65 

Pbcm a=5.5604 

b=5.5360 
c=15.736 

21 

 

 

 

 



 

Fig. 4 SEM images of the polished and thermally etched surfaces of the BNT-ST-AN ceramics 

with KF additions of (a) 0, (b) 0.5, (c) 1.0, (d) 1.5, (e) 2.0, (f) 2.5 and (g) 3.0 mol%. 

 

The surface morphologies of the polished and thermally etched BNT-ST-AN ceramics 

with various KF additions are shown in Fig. 4 (a)-(g). The SEM images showed polygon-

shaped grains for all of the ceramics. For a small amount of KF addition between 0 and 1.5 

mol%, the ceramics exhibited a dense grain morphology, and the average grain size greatly 

reduced from 2.07 to 1.15 m with increasing KF addition from 0 to 1.5 mol%. The decrease 

in grain size of the ceramics at KF addition from 0 to 1.5 mol% can be explained by the 

reduction in oxygen vacancies. Normally, Na+ cations volatilize during the high-temperature 

sintering process, as demonstrated in Eq. (1). The addition of KF into BNT-ST-AN ceramics 

can suppress the loss from such volatilization. The KF addition generated K+ and F- ions, which 



diffused into the BNT–ST-AN crystal lattice. The substitution of K+ could compensate for the 

loss of Na+ and not create vacancies because it is an isovalent substitution, as seen in Eq. 3. 

The substitution of the F− anion for O2- (point defect 𝐹𝑂) can reduce the formation of oxygen 

vacancies (Eq. (4)) and led to inhibition of the train growth during sintering 16, 17. 2𝐾𝐹 𝑁𝑎2𝑂→   2𝐾𝑁𝑎𝑥 + 𝐹𝑂 + 𝐹𝑖′′  or  2𝐾𝐹 𝑁𝑎2𝑂→   2𝐾𝑁𝑎𝑥 + 𝐹𝑂 + 2𝑒′                     (3) 𝐹𝐹𝑥 + 𝑉𝑂∙∙ + 2𝑒′ → 𝐹𝑂 + 𝑒′                                                     (4) 

When the KF addition increased from 1.5 to 3.0 mol%, the grain size slightly increased from 

1.15 to 1.85 m (Table 2), and a porous structure was formed. The grains tended to grow with 

increasing KF addition from 1.5 to 3.0 mol%, which can be attributed to excessive amount of 

KF addition, promoting more liquid phase which stimulated mass transfer and favored grain 

growth. The average grain size were listed in table 2. The smallest grain size was obtained from 

the BNT-ST-AN ceramics with a KF addition of 0.15 mol%, which has a positive effect on the 

reduction of the Pr value 11. 

The measured densities of the BNT-ST-AN ceramics with various KF additions are 

listed in Table 2. The measured density increased from 5.42 to 5.65 g/cm3 when KF increased 

from 0.0 to 1.5 mol% (Table 2). As KF increased between 1.5 and 3.0 mol%, the measured 

density slightly decreased (Table 2), which was affected by the pores at the grain boundaries. 

The measured density of all the ceramics corresponded with the SEM results. 



 

Fig. 5. Temperature-dependent and frequency-dependent permittivity of the BNT-ST-AN 

ceramics with KF additions of (a) 0, (b) 0.5, (c) 1.0, (d) 1.5, (e) 2.0 (f) 2.5 and (g) 3.0 mol%. 



 

Fig. 6. Tm and ∆Trelaxor of BNT-ST-AN ceramics with various KF additions. 

The temperature- (25-400°C) and frequency- (1-1000 kHz) dependent dielectric 

constant () and loss factor (tan) of all unpoled BNT-ST-AN ceramics with various KF 

additions are presented in Fig. 5 (a)-(g). Generally, BNT-based lead-free relaxor ferroelectrics 

exhibit two dielectric anomalies 25. The first dielectric anomaly is associated with a 

transformation from ferroelectric to relaxor-ferroelectric, which indicates the thermal evolution 

of the low-temperature polar nanoregions R3c and P4bm (LT-PNRs) 25. The second dielectric 

anomaly is associated with the temperature of maximal permittivity (Tm), with contributions 

from the R3c-P4bm transition and the thermal evolution of high-temperature P4bm polar 

nanoregions (HT-PNRs) 25-27. In this work, the dielectric anomalies of all ceramics showed 

overlap of the two anomalies, and the broad peaks may be caused by diffuse dielectric 

anomalies, which was similar to other BNT-ST-based relaxor ferroelectrics 13, 14. As KF 

addition increased, the dielectric anomalies became more diffuse, and the dielectric anomalies 

at Tm continuously shifted to lower temperatures (Fig. 5 (a)-(g)), which was characteristic of 

relaxor ferroelectric behavior. Moreover, a parameter to explain the relaxor behavior (in the 

frequency range from 1 kHz to 1000 kHz) can be assigned using the following equation (5) 28: 

∆𝑇𝑟𝑒𝑙𝑎𝑥𝑜𝑟 = 𝑇𝑚(1000 𝑘𝐻𝑧) − 𝑇𝑚(1 𝑘𝐻𝑧)                                              (5) 



The calculated ∆𝑇𝑟𝑒𝑙𝑎𝑥𝑜𝑟 values are shown in Fig. 6. It was found that ∆𝑇𝑟𝑒𝑙𝑎𝑥𝑜𝑟 increased when KF increased, which indicated that the degree of relaxor behavior 

continuously increased. Commonly, the relaxor behavior of BNT-based ceramics develops 

from multiple cation ions (Na+, Bi3+) at equal crystallographic sites that possess similar radii 

but different charges 23. When KF increased, the K+ diffused into the Na/Bi sublattice, which 

led to an increase in cation disorder. Therefore, the stronger relaxor behavior in this work 

resulted from the increased cation disorder because of isolated clusters of polar nanoregions 

(PNRs) with only weak coupling between the neighboring clusters, leading to a slightly long-

range ferroelectric order 29, 30. The Tm at 1 kHz decreased from 137°C to 24°C when adding 

KF, as presented in Fig. 6. An operation temperature below Tm can avoid early polarization 

saturation, which is good for ceramic energy storage properties 13, 14. 

To consider the dielectric constant at room temperature (εr) and at Tm (m), it was 

observed that the r values tended to rise when KF increased, as seen in Table 2. The m values 

increased from 3261 to 3473 with increasing KF addition from 0.0 to 1.5 mol% and then 

dropped (Table 2). The tanδ values at room temperature (tanδr) and at Tm (tanδm) of all ceramics 

were in the range of 0.038-0.046 and 0.011-0.017, respectively, as listed in Table 2. The 

dielectric property results corresponded to the morphology and density results. 

Table 2. Average grain size, density, and dielectric properties of BNT-ST-AN ceramics with 
various KF additions 

KF addition 
(mol%) 

Average 
grain size (µm) 

Density 
(g/cm3) 

r tanδr m tanδm 

0 2.070.41 5.42 1769 0.038 3261 0.017 

0. 5 1.710.38 5.49 1886 0.040 3275 0.011 
1.0 1.340.46 5.57 1870 0.041 3316 0.012 

1.5 1.150.34 5.67 1908 0.040 3473 0.014 
2.0 1.480.44 5.56 1998 0.044 2632 0.010 

2.5 1.720.46 5.44 2017 0.046 3039 0.015 
3.0 1.850.52 5.35 1943 0.046 3147 0.012 

 



Room-temperature P-E loops of BNT-ST-AN ceramics with various KF levels, 

measured in an electric field of 100 kV, are displayed in Fig. 7(a). The P-E loops of all ceramics 

showed slim loops, which indicated excellent relaxor ferroelectric behavior 13, 14. Fig. 7 (b) 

shows the unipolar P-E loops of all ceramics measured in an electric field of 100 kV. It was 

observed that the unipolar P-E loops became thin and inclined with increasing KF addition, 

indicating hardening of the ferroelectric strength, and a higher nonergodic relaxor phase was 

produced 13, 14. For the remnant polarization (Pr), the Pr values decreased from 4.37 to 1.57 

C/cm2 when the KF addition increased from 0 to 1.5 mol% and then slightly increased, as 

shown in Fig. 7 (c). The lowest Pr value of 1.57 C/cm2 was obtained from the sample with 

KF at 1.5 mol% (Fig. 7 (c)). The maximum polarization (Pm) continuously decreased when 0 

to 3.0 mol% KF was added, as shown in Fig. 7 (c). When 1.5 mol% KF was added, the ceramic 

showed the lowest remnant polarization (Pr) and a large maximum polarization (Pm) due to the 

phase formation in this composition being in the MPB zone and it has the smallest grain size. 

From the results above, the reduction of Pr and Pm can be attributed to the long-range 

ferroelectric decomposition as more PNRs are formed and stronger relaxor ferroelectric 

behavior due to the addition of KF 13, 14. These changes in Pr and Pm in the hysteresis affected 

the energy storage density and efficiency. For capacitors, electrical energy is stored in dielectric 

materials when the capacitors are charged by an electric field. The energy density is calculated 

by integrating the effective area between the polarization axis and the discharging curve of the 

polarization-electric field (P-E) loops 31. The energy storage density and the energy storage 

efficiency () are calculated from the following equations: 

𝑊𝑟𝑒𝑐 = ∫ 𝐸𝑑𝑝𝑃𝑚𝑃𝑟                                                   (6) 

𝑊𝑡 = ∫ 𝐸𝑑𝑝𝑃𝑚0                                                   (7) 

 = 𝑤𝑟𝑒𝑐𝑤𝑡                                                           (8) 



In equations (6), (7) and (8), Pr, Pm, E, Wrec and Wt are the remnant polarization, the 

maximum polarization, the electric field, recoverable energy storage density and the total 

energy storage density, respectively. The calculated results for Wrec, Wt and  are shown in 

Fig. 7 (d). It was observed that the Wrec and  values continuously increased from 1.46 to 1.60 

J/cm3 and 71.2 to 85.83% when KF was added up to 1.5 mol% and then dropped in value (Fig. 

7 (d)). The deterioration in Wrec and  can be indicative of energy loss when increasing KF 

over 1.5 mol%. The Wt values tend to decrease when increasing KF from 0 to 1.5 mol%, which 

affects the Wrec and  values. 

 

Fig. 7 Room temperature (a) P–E hysteresis loops, (b) unipolar P-E loops, (c) Pr, Pm, values 

and (d) energy-storage properties of BNT-ST-AN ceramics with various KF additions 

measured at 100 kV/cm. 



 

Fig. 8 Room temperature of (a) unipolar P-E loops, (b) Pr, Pm, values and (c) energy-storage 

properties of BNT-ST-AN ceramics at KF additions of 1.5 mol% measured at 30-100 kV/cm. 

 

Fig. 8 (a) shows the unipolar P-E loops under applied electric fields between 30 and 

100 kV of  BNT-ST-AN ceramics with KF at 1.5 mol%. The unipolar P-E loops of all ceramics 

showed elongated loops with increasing electric field. The Pr and Pm values continuously 

increased from 0.68 to 1.58 C/cm2 and 11.09 to 36.85 C/cm2, respectively, when the electric 

field increased from 30 to 100 kV/cm, as shown in Fig. 8 (b). The Wrec and Wt values under 

different applied electric fields are summarized in Fig. 8 (c). Both Wrec and Wt values enhanced 

from 0.15 to 1.60 J/cm3 and 0.18 to 1.85 J/cm3, respectively, when increasing the applied 

electric field between 30 and 100 kV/cm, which can be due to the increase in Pm. The  values 

are nearly the same for all electric field strengths, as seen in Fig. 8 (c), which indicates the 

stability of the stored energy for the applied electric field 32. The addition of 1.5 mol% KF to 



BNT-ST-AN ceramics can hopefully be applied in energy-storage systems due to the ceramics 

having a large polarization, which ensures a high energy storage density at low electric field 

strength. 

 

Fig. 9 (a) Unipolar P-E loops, (b) Pr, Pm, values and (c) energy-storage properties of BNT-ST-

AN ceramics at a KF addition of 1.5 mol% measured at 100 kV/cm at various temperatures. 

 

 Thermal stability is an essential evaluation for energy storage materials in terms of the 

application prospects of harsh temperature conditions [14, 33]. To determine the thermal 

stability of the energy storage properties, unipolar P-E loops of the BNT-ST-AN ceramics with 

KF at 1.5 mol%, measured at an applied electric potential of 100 kV, through the temperature 

range of 25°C -150°C are plotted in Fig. 9 (a). It was found that the unipolar P-E loops at all 

temperatures showed great temperature stability when the temperature increased, which 



indicated a broad diffuse phase transformation of the nonergodic relaxor phase and ergodic 

relaxor state coexisting in a wide temperature range, as seen in the dielectric anomalies (Fig. 

5). The Pr values were almost temperature independent, and the Pm values slightly decreased 

when the temperature increased from 25 to 150°C, as seen in Fig. 9 (b). For the results of the 

energy storage property at various temperatures, the Wrec and Wt values slightly decreased 

while the  values increased, as shown in Fig. 9(c). This result robustly confirmed the excellent 

stability of the thermal properties of relaxor ferroelectric ceramics 14. To compare energy 

storage properties with BNT lead-free materials 14, 23, 32, 34-37, it was observed that BNT-ST-AN 

ceramics with a KF of 1.5 mol% in this work exhibited an ultrahigh energy storage density 

under a low applied electric field while maintaining a high efficiency, which makes them a 

very promising dielectric material for energy storage applications. 

Conclusions 

The high energy storage performance of (0.722(Bi0.5Na0.5TiO3)-0.228(SrTiO3)-

0.05(AgNbO3) (BNT-ST-AN) ceramics was successfully prepared by the solid-state 

combustion technique using low firing temperatures and forming the appropriate quantity with 

an increased liquid phase and oxygen vacancies by adding KF. All ceramics showed coexisting 

multi rhombohedral (R)+cubic (C)+orthorhombic (O) phases. A morphotropic phase boundary 

(MPB) was formed with a 50(R):50(C+O) phase percentage, which introduced the lowest 

remnant polarization (Pr) and large maximum polarization (Pm) obtained from BNT-ST-AN 

ceramics with 1.5 mol% KF. The 1.5 mol% KF ceramic with the MPB composition also 

exhibited the smallest grain size, the highest density (5.67 g/cm3), the highest maximum 

dielectric constant (εm = 3473) and the highest recoverable energy storage density (Wrec =1.60 

J/cm3) under a low electric field of 100 kV/cm. Moreover, the ceramics with an energy storage 

density at the MPB composition exhibited excellent temperature (25–150°C) stability. 

Therefore, BNT-ST-AN ceramics with added 1.5 mol% KF are very promising for lead-free 



dielectric materials for applications such as high energy-storage systems with a wide 

temperature range. 
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