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Abstract 
The electrical characteristics and energy storage performance of BNKT-BT lead-free piezoceramics 

were examined. All ceramics were produced via the mixed oxide technique. The findings indicated that 
the density of this ceramic system varied between 5.61 and 5.83 g∙cm‒3. Conditions with 2.0 mol% 
(BT=0.02) and 6.0 mol% (BT=0.06) exhibited the largest dielectric constant (εr) at both ambient 
temperature and elevated temperature, with values of 1307 and 4272, respectively. The ceramic sample 
with BT = 0.06 exhibited the highest values of %strain ∼0.13 and a d*33 ∼179.65 pm∙V‒1. Furthermore, 
BT-doped ceramics yielded optimal energy storage densities compared to undoped BNKT ceramics. 
The sample containing 4.0 mol% (BT=0.04) reached the maximum energy storage density (W ∼0.31 J∙cm‒3) 
with an energy storage efficiency (η ∼ 37.89%). 

1. Introduction

Lead-based piezoceramics materials are useful for many applications 
such as actuators, sensors, and energy harvesting devices [1] because 
they have special properties that convert mechanical stress into electrical 
energy. Moreover, their excellent piezoelectric and dielectric properties. 
However, the volatility of Pb oxide during the high-temperature process 
affects environmentally friendly.  As a result, many researchers are 
considering replacing lead-based materials with lead-free ceramics. 
Lead- free materials have recently been discovered, particularly for 
energy storage and harvesting applications.  Bismuth sodium titanate 
(BNT) ceramics are among the most promising and competitive 
ecologically sustainable ferroelectric materials for energy storage. 
They have a high Curie temperature (TC ∼320℃), elevated dielectric 
constant (εr), and stability at elevated temperatures [2-5]. Nevertheless, 
the energy storage density (Wrec)observed in pure BNT ceramic 
is very low [6].  Other perovskite materials are commonly added to 
BNT-based devices to enhance their mechanical and electrical 
capabilities. BaTiO3 (BT) is a common practice to improve piezo-
electric performance, dielectric, and energy storage properties [7-9]. 
The BNKT-based ferroelectric is one of the most researched lead-free 
piezoelectric ceramics due to its large spontaneous polarization [9,10]. 
Moreover, it shows that dielectric properties with a broad temperature 
range, low dielectric loss (tanδ), and high permittivity (εr) may provide 
exceptional energy storage properties for applications [11,12]. It is 

widely recognized that pure BNKT ceramic is inadequate for energy 
storage because of its elevated high polarization (Pr). Recently, 
researchers have focused on refining the composition, microstructure, 
and doping techniques of BNKT ceramics to improve their energy 
storage performance, making them ideal for high-performance energy 
storage applications. The incorporation of additional oxides and 
compounds is reported to enhance the dielectric characteristics, piezo-
electric properties, and energy storage capabilities of BNKT ceramics 
such as BNKT-ZnO [13], BNKT-BT [14], and BNKT-xBMN [15,16], 
BNKT-BiAlO3 [17]. 

Thus, this work investigates the electrical characteristics and energy 
storage performance of lead-free piezoceramics Bi0.5Na0.4K0.1TiO3-
BaTiO3 (BNKT-BT). This research attempts to solve the issues related 
to energy density, dielectric constant, and overall efficiency of lead-free 
materials by altering the composition and improving fabrication 
conditions. 

2. Experimental

In this study, (1-x)Bi0.5Na0.4K0.1TiO3-xBaTiO3 (BNKT-xBT)
ceramics (x = 0 mol% to 8 mol%) were produced via the solid-state 
reaction process. The Bi2O3 (≥99.9%), NaCO3 (99.95% to 100.5%), 
K2CO3 (99.95% to 100.5%), and TiO2 (99% to 105.5%) starting 
granules were weighed and combined with alcohol. The composite 
powder was subjected to ball milling for 24 h and then calcined at 
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900℃ for 2 h. The powder was subsequently combined with binder, 
and formed into pellets. Then, they were sintered at 1100℃ for 2 h. 

X-ray diffraction (XRD) was employed to analyze the phase
formation of the bulk ceramic systems. To investigate the electrical 
characterizations, ceramics were coated with silver material to create 
an electrode. The automatic dielectric measurement apparatus (Agilent 
Technologies) was used to measure the dielectric characterization. 
An electric field of up to 7 kV∙mm‒1 was applied to the electrode-coated 
samples to measure their ferroelectric properties (Radiant Technology 
Inc.). The ferroelectric parameters, including remnant polarization (Pr), 
coercive fields (Ec), and P–E loop, were plotted with the BT content. 
Using the Radiant ferroelectric system in conjunction with an optical 
displacement sensor, the strain-electrical field was examined to 
ascertain the butterfly strain curve.  

3. Results and discussion

Figure 1 displays the X-ray diffraction (XRD) patterns of BNKT-
BT ceramic. The detected diffraction peaks correspond to the (100), 
(110), (111), (002), (200), (210), and (211) crystal planes (this is 
a JC-file standard). This indicates that the BNKT-BT ceramics formed 
a perovskite phase for all compositions, ranging from x (BT) = 0.00 
to x (BT) = 0.08. The XRD patterns demonstrate a consistent shift 
in peak positions as BT content is added, especially in the (110) planes. 
This change indicates a distortion in the lattice resulting from 
incorporating Ba and Ti ions into the BNKT matrix, which changes 
the crystal structure of the BNKT ceramics [18,19]. The ionic radius 
of Ba2+ (1.61 Å) exceeds that of Bi3+ (1.03 Å), whereas Ti4+ (0.605 Å) 
is less than Nb5+ (0.64 Å) and K+ (1.38 Å) within the BNKT structure. 
The increase in BT content leads to an expansion of the lattice as Ba2+ 
is incorporated, resulting in larger lattice parameters and a shift of the 
peaks towards a lower angle. The lattice expansion induces structural 
distortions that can influence the piezoelectric ferroelectric, and dielectric 
properties of BNKT ceramics. In the non-BT sample compositions, the 
peaks exhibited a rhombohedral (R) phase, evidenced by the splitting 
peaks around 2θ ∼40° to 42° for the (111) plane and a singular peak at 
2θ ∼46° to 48° for the (200) plane. Conversely, the XRD peaks of BT-
added samples (x ≥2 mol%) revealed a tetragonal phase, characterized 
by the splitting peak of (200) reflections and a singular peak at (111) 
plane. This signifies that the crystal structure of BNKT transitions to 
a tetragonal phase upon the addition of BT [20-22]. 

The Archimedes principle approach was used to determine the 
density of all ceramics. The density value decreased with increasing 
BT content which was in the range of 5.61 g∙cm‒3 to 5.82 g∙cm‒3, as 
indicated in Table 1.  Figure 2 indicates the dielectric constant (εr) and 

dielectric loss (tanδ) as a function of frequency in the range of 1 kHz 
to 100 kHz. It was found that the dielectric constant significantly 
changed with frequency and BT content.The tanδ value is stable with 
a frequency range of 1 kHz to 100 kHz observed for the BT-added 
samples. In contrast, the non-BT sample shows an increase in the 
dielectric loss at high frequencies.  Furthermore, the dielectric constant 
decreases with frequency may indicate that ceramic systems exhibit 
relaxor behavior [23]. The dielectric constant was between 917 and 
1307 at ambient temperature. The dielectric constant increased when 
the BT content was increased to 2 mol%. Subsequently, the values 
decreased as the BT content increased continuously from 4 mol% to 
8 mol%. The results of this investigation are consistent with those of 
Vuong et al. [14].  

Figure 1. X-ray diffraction (XRD) patterns of BNKT-BT ceramics. 

Figure 2. Dielectric constant (εr) and dielectric loss (tanδ) as a function of 
frequency measured at room temperature. 

Table 1. Density values and dielectric properties of BNKT-xBT ceramics. 

Samples Density Troom Tmax Tm TF-R 
[g∙cm‒3] εr tanδ εr tanδ [℃] [℃] 

0.00 5.82 1296 0.045 4071 0.041 301 118 
0.02 5.76 1307 0.051 4196 0.044 294 152 
0.04 5.75 1209 0.053 4168 0.038 290 158 
0.06 5.68 1012 0.048 4272 0.044 289 200 
0.08 5.61 946 0.051 4206 0.044 283 215 

Troom is the sample measured at room temperature, and Tmax is the sample measured at a high temperature. 
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Figure 3. Dielectric constant (εr) and dielectric loss (tanδ) as a function of temperatures for NBKT-BT ceramics. 

Figure 3 illustrates the dielectric characteristics measured at elevated 
temperatures, with the values enumerated in Table 1. The results 
indicate that BNKT-BT ceramic demonstrated diffusion phase transition 
behavior characterized by two dielectric peaks. Simultaneously, the 
tanδ of BNKT at low temperatures and high frequencies is consistently 
low across all samples. Figure 3 illustrates that the dielectric peaks 
exhibit an initial shoulder peak at low temperatures (approximately 
100℃ to 200℃), corresponding to the transition from the ferroelectric 
to the ergodic relaxor phase state (TF-R), and a second peak at a maximum 
temperature (approximately 300℃), indicative of the transition from 
the ferroelectric to the paraelectric phase state (Tm) [20,24,25]. 

The dielectric constant shows a typical relaxor-like behavior for 
all compositions, as evident from the broadening of the dielectric peaks 
and the frequency dependence of Tmax. The findings indicate that the 
ceramics had a relaxor ferroelectric state [26]. In addition, it can be 
seen that Tm shifts to lower temperatures with increasing BT content 
from 301℃ for the non-BT sample (x=0) to 283℃ for the BT-added 
samples (refer to Table 1), consistent with improved thermal stability.  
A slight increase in dielectric loss is observed near the maximum 
temperature, particularly at lower frequencies, which can be attributed 
to increased dipolar relaxation and domain wall motion at elevated 
temperatures. From Table 1, the dielectric constant (εr) at maximum 
temperature (Tm) increased when BT was added. The dielectric constant 

reaches its maximum at the Curie temperature (Tmax) of 4272 obtained 
at 0.06BT sample. This result indicates that BT doping enhances 
the dielectric response of BNKT ceramic. This behavior could be 
due to increased dipole interactions and domain wall mobility with 
BT doping. The dielectric loss (tanδ) remains relatively stable across 
all frequencies and compositions. The ferroelectric hysteresis loops 
(P-E loops) of BNKT-BT ceramics are shown in Figure 4. The result 
was found that the P- E loos behavior shows a normal ferroelectric 
hysteresis loop and the area enclosed by the loops slim with increasing 
BT content, indicating reduced energy loss.  The remnant polarization 
(Pr) values and maximum polarization (Pmax) decrease with increasing 
BT content (seen in Table 2). The inclusion of BT substantially 
disrupts the long-range ferroelectric order of the BNKT-based system,  
resulting in an increased degree of ergodicity [27]. The coercive field 
(Ec) values decrease from 34.5 for the non-BT sample to 21.5 for the 
sample of 0.4BT. After that, it increases as the amount of BT increases. 
The P-E hysteresis loops also provide insights into the energy storage 
characterization of BNKT-BT ceramics. From the ferroelectric properties 
result, it can be noted that adding BT improves energy storage properties 
which is observed with the result of Pmax-Pr. Table 2 presents the energy 
storage efficiency (η) and energy storage density (W) of BNKT-BT 
ceramics. The W and η values were derived from the hysteresis loop 
utilizing the subsequent Equation (1-2) [28,29].
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𝑊𝑊 = ∫ 𝐸𝐸𝐸𝐸𝐸𝐸𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑟𝑟

 (1) 

 
𝜂𝜂 = 𝑊𝑊

𝑊𝑊+𝑊𝑊𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
    (2) 

 
where W denotes the energy storage density, Pmax and Pr denote 

maximum and remnant polarization, respectively, E refers to the applied 
electric field and Wloss refers to the energy loss density. The area of 
the P-E hysteresis loops was integrated to get the energy loss density 
(Wloss) and energy storage density (W) of ceramics. The highest energy 
storage density recorded at the compositions of 0.02BT and 0.04BT 
indicates that these concentrations are suitable for enhancing energy 
storage efficiency in these ceramics. Additionally, the breakdown field 
(Ec) decreases with BT doping, enhancing energy storage capabilities. 

The electric-induced bipolar strain (S-E loop) of BNKT-BT ceramics 
investigated under an electric field of 70 kV∙cm‒1 is illustrated in 
Figure 5(a). The findings show that the S-E loops of BNKT ceramic 
systems exhibit no substantial variation concerning BT content. The 
S-E loops of all ceramics exhibit a “butterfly shape”, a typical feature 
of FE ferroelectric materials (normal ferroelectric), characterized by 
approximately negative strain (Sneg). The rising BT concentration of 
x = 2 mol% signifies distinct S-E loops with a minor Sneg compared 
to other compositions. The decrease in Sneg for BNKT samples with 
additional BT may result from the transformation of ferroelectric 
domains into dynamically active nano-domains in the ergodic relaxor 
state [30]. The maximal strain (Smax) and the normalized strain coefficient 
d*33 (derived using the equation Smax/Emax) are illustrated in Figure 5(b) 
and listed in Table 2. The results indicate that the Smax and d*33 values 
diminished with BT content at x = 2 mol% and x = 4 mol%, followed 
by a further rise in BT content at x = 6 mol%, and subsequently 

dropped at the sample with 8.0 mol% BT. The Smax and d*33 attain peak 
values of 0.13% and 179.65 pm∙V‒1, respectively, for the sample with 
x = 6 mol% BT. It is commonly acknowledged that both intrinsic factors 
(e.g., lattice structure) and external factors (e.g., mechanisms of domain 
wall motion) contribute to electric field-induced strain. The increase 
in strain for x = 0.06 might be due to a higher level of ergodicity, 
leading to the maximum strain and a lower negative strain value 
relative to the undoped BNKT sample. Additionally, the sample with 
this doping showed high Smax and low Sneg, likely due to the way ergodic 
and non-ergodic relaxor phases interact. Furthermore, the decrease 
in the Pr value along with a change in the shape of the hysteresis loop 
results in a large electric field-induced strain. [29,31]. 

The piezoelectric charge coefficient (d33) and the piezoelectric 
voltage coefficient (g33) are detailed in Table 2. The results indicate 
that the piezoelectric coefficients (d33) tended to decrease with increasing 
BT content. The decrease in d33 values for BT-added samples might be 
due to the decrease in Pr value. Nonetheless, an additional rise in BT 
content over this threshold results in a deterioration in piezoelectric 
performance due to the destabilization of the ferroelectric phase and 
the emergence of relaxor-like behavior. 

The g33 values were ascertained via Equation (3) [32]: 
 

 𝑔𝑔33  =  𝑑𝑑33
𝜀𝜀𝑟𝑟𝜀𝜀0

 (3) 
 
When εo is the relative concession or dielectric constant of the 

vacuum. εr is the dielectric constant of the material at room temperature. 
According to the calculations, the g33 value of BNKT-BT ceramics 
was 9.40 Vm∙N‒1 to 13.24 (x10‒3) Vm∙N‒1. The maximum value of g33 
was found in ceramic specimens added with BT in the content of 
8.0 mol%. 

 

 

Figure 4. P-E hysteresis loops of BNKT-BT ceramics. 
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Figure 5. (a) S-E hysteresis loops and (b) plots of Smax and d*33 values of BNKT-BT ceramics. 
 
Table 2. Summary of ferroelectric, piezoelectric, and energy storage properties for BNKT-BT ceramics. 
 
Samples Pr Pmax Pmax-Pr Smax d33 d*33 g33 Wrec η 
 [µC∙cm‒2] [µC∙cm‒2] [µC∙cm‒2] [%] [pC∙N‒1] [pm∙V‒1] [10‒3 Vm∙N‒1] [J∙cm‒3] [%] 
0.00 21.4 32.3 6.60 0.08 123.7 110.17 10.78 0.22 16.83 
0.02 16.0 29.3 13.3 0.07 108.8 104.50 9.40 0.31 32.26 
0.04 15.0 27.0 12.0 0.07 105.3 102.40 9.84 0.31 37.89 
0.06 15.5 27.6 12.1 0.13 101.7 179.65 11.35 0.29 31.46 
0.08 14.5 25.3 10.8 0.08 110.9 104.17 13.24 0.25 27.33 

4.  Conclusions 
 
A solid-state reaction process completely synthesized BNKT-BT 

ceramics. The XRD investigation verifies that the BNKT-BT ceramics 
retain a perovskite structure throughout all compositions. The dielectric 
constant of BNKT ceramics improves with BT doping. The optimal 
composition for achieving a high dielectric constant at room and 
maximum temperature appears to be at 2.0 mol% BT and 8.0 mol% 
BT, respectively. The maximum values of Smax and d*33 of 0.13% and 
179.65 pm∙V‒1, respectively were achieved for the sample with x = 
6.0 mol% BT. A high energy storage density Wrec ∼0.31 J∙cm‒3 was 
attained in the sample with x = 2.0 mol% and 4.0 mol% BT. These 
results suggest that tailored BT doping can effectively improve the 
performance of BNKT lead-free piezoceramics, making them suitable 
for advanced energy storage and piezoelectric applications. 
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