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Abstract 
In this study, lead-free (Bi0.465Na0.465Ba0.07)(1–x)LaxTiO3 (x=0.0‒0.04) ceramics were synthesized using 

a conventional solid-state reaction method. All samples showed a single-phase perovskite structure with 
pseudocubic symmetry. The dense microstructure revealed a decrease in average grain size as x increased. 
La3+ addition stabilized polar nanoregions (PNRs), shifting the ferroelectric to relaxor phase transition 
temperature (TF₋R=104℃ for x=0.0) to below room temperatures as La3+ content increased. This resulted 
in a transition from a rectangular to a relaxor-like thin P–E loop (x≥0.01), indicating a shift from ferro-
electric (FE) to relaxor ferroelectric (RFE), which led to enhanced recoverable energy storage density 
(Wrec=0.55 J∙cm‒3 for x=0.01 and 0.02) and efficiency (η=75%) at x=0.03 under a 60 kV∙cm‒1 field. 
Additionally, the composition at x=0.01 achieved a maximum strain (Smax) of 0.21% with a high 
normalized strain (d33

∗ ) of 350 pm∙V‒1 under 60 kV∙cm‒1 at ambient temperature. These changes in the 
physical and electrical properties of the A-site doped BNT-based system are attributed to alterations 
in domain structure and defect chemistry 

1. Introduction

Dielectric capacitors are important in electronic technologies,
including medical ultrasonics, energy storage, pulse capacitors, 
advanced piezoelectric nanogenerator (PENGs), etc. [1-3]. The most 
widely used dielectric capacitors are lead-based materials, initially 
favored for their superior ferro/piezoelectric and energy storage 
properties, such as Pb(Zr1-xTix)O3 [4] and Pb1-xLax(Zr0.52Ti0.48)O3 [5]. 
However, lead-based systems are toxic and release harmful emissions 
during sintering [6], driving interest in lead-free ceramics. In 1961, 
Smolenskii et al. [7] discovered the lead-free piezoelectric material 
Bi0.5Na0.5TiO3 (BNT), which was identified as a potential replacement 
for PZT due to its similar electronic configuration (6s2) of Bi to Pb and 
its high Curie temperature (Tc=320℃), large remanent polarization 
(Pr=38 µC∙cm‒2) and high coercive field (Ec~73 kV∙cm‒1) at room 
temperature [8]. However, pure BNT ceramics face limitations like 
low insulation, poling challenges, high dielectric losses, and strong 
ferroelectricity, which hinder their piezoelectric and energy storage 
performance [9-10]. 

To expand BNT ceramics' applications, BNT is modified with 
BaTiO3 (BT), forming a solid solution with morphotropic phase 
boundary (MPB) at BT content around ~6 mol% to 8 mol%, which 
separates the rhombohedral (BNT) and tetragonal (BT) phases [11]. 
This MPB improves various properties, including an increase in Pr to 
~36 µC∙cm‒2, d33 to ≥130 pC∙N‒1, dielectric constant (~6000), strain 
(~0.15%), along with a reduction in Ec to ~28 kV∙cm‒1 and Qm [12]. 
However, energy storage performance remains low due to a square 
P–E hysteresis loop, making slender P–E loops at room temperature 

challenging [13]. In 2011, Gao et al. [14] studied the energy storage 
performance of ceramics and found that doping K0.5Na0.5NbO3 into 
(1–x)(Bi0.5Na0.5TiO3)–xBaTiO3 (denoted as (1–x)BNT–xBT, where 
x is 0.06) transformed the FE phase to a dispersed AFE phase at 20℃ 
to 90℃, achieving W~0.59 J∙cm‒3 under 5.6 kV∙mm‒1. Additionally, 
BNT–BT–KNN ternary compounds exhibit large strains (~0.4%), 
suggesting that composition and chemical modifier selection are key 
to optimizing properties [15]. Recent studies indicate that adding small 
amounts of dopants at the A/B sites in (1–x)BNT–xBT enhances both 
electrical and energy storage properties.  

Lanthanum (La3⁺) is a rare earth element widely used as a chemical 
modifier to enhance both the electrical and energy storage properties 
of ferroelectric ceramics. For example, Li et al. [16] found that La3+ 
doping in 0.94BNT–0.06BT ceramics decreased ferroelectric properties, 
enhancing energy storage performance (1.66 J∙cm‒3 at 105 kV∙cm‒1 
for x = 0.05)  and strain properties (0.53% with d33

∗  of 707 pm∙V‒1 
at 75 kV∙cm‒1 for x = 0.03). Similarly, Liu et al. [17] showed that La 
addition converted 0.95BNT–0.05BT from normal ferroelectric to a 
relaxor states, with non-ergodic relaxors (x=0.02) showing the highest 
piezoelectricity (151 pC∙N‒1) and ergodic relaxors (x=0.04) displaying 
maximum strain (0.35% at 70 kV∙cm‒1). With higher La content (x= 
0.06‒0.10), thin P–E loops were observed along with reducing loss 
tangent over the 100℃ to 350℃ range, which are crucial for enhancing 
energy storage density, and efficiency.  

Although the composition range of x=0.06‒0.07  has been identified 
as the MPB of (1–x)BNT–xBT, previous research has demonstrated 
that 0.93BNT‒0.07BT possesses advantageous properties, including 
ferroelectrics (i.e., thinner P–E loops, lower coercive field (Ec), higher  
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polarization), and enhanced dielectric permittivity—the properties 
conducive to improved energy storage performance and electric-
field-induced strain [18,19].  Moreover, there are few reports on the 
addition of La3+ in 0.93BNT‒0.07BT ceramic systems compared to 
those on the 6% BT MPB composition (i.e., 0.94BNT‒0.06BT).  
Therefore, this study investigates the effects of La3+ doping at the 
A-site of 0.93BNT–0.07BT, which is expected to induce relaxor 
behavior, refine grain morphology, and enhance dielectric, piezoelectric 
[16,17], and energy storage properties. A systematic investigation 
of the crystal structure, microstructure, dielectric, ferroelectric, energy 
storage, and piezoelectric properties of (Bi0.465Na0.465Ba0.07)(1–x)LaxTiO3 
(x=0.0-0.04) ceramics has been conducted to gain a deeper understanding 
on their characteristics. The insight obtained from this study may 
contribute to the future development of lead-free ceramics with 
enhanced energy storage  performance and electric-field-induced strain, 
which are potentially relevant for several applications as mentioned 
previously. 

 
2.  Experimental procedure 

 
 Lead-free (Bi0.465Na0.465Ba0.07)(1–x)LaxTiO3 (denoted as BNBT–xLa, 

where x is 0.0, 0.01, 0.02, 0.03, and 0.04)  ceramics were prepared via 
the conventional solid-state reaction method, using Bi2O3(99.9% 
Sigma-Aldrich), Na2CO3 (99.95% to 100.05%, Alfa Aesar), La2O3 
(99.98%, Fluka, Analytical), BaCO3 (99.8%, Alfa Aesar), and TiO2 
(≥99.9% Sigma-Aldrich) as starting raw materials. The raw materials 
were weighed according to their stoichiometric formula and ball-
milled for 24 h in 99.9% ethanol with 10 mm diameter zirconia balls. 
The dried slurry was then pulverized and calcined at 800℃ for 2 h, 
after which the milling process was repeated. Polyvinyl butyral (PVB) 
resin (3% by weight) was mixed with the dry powder as a binder, and 
the powder was pressed into disc-shaped pellets with a thickness of 
1 mm to 2 mm and a diameter of approximately 15 mm. The pellets 
were placed in a crucible and covered with powder to reduce the 
volatilization of Na and Bi. Finally, they were heated at 400℃ for 
3 h to remove the PVB binder, followed by sintering at 1175℃ (for 
x=0.0) and 1200℃ (for x=0.01‒0.04) for 2 h in an air atmosphere. 

The phase purity of the sintered ceramics was investigated using 
X-ray diffraction (XRD, Bruker D8 Advance) over a 2θ range of 20° 

to 80°. The density of the ceramics was measured using the Archimedes 
method. The mirror-polished surfaces of the samples were thermally 
etched at approximately 100℃ below the sintering temperature for 
30 min, and then analyzed using a Field emission scanning electron 
microscope (FESEM, Thermo Scientific Apreo S). Before electrical 
property analysis, the ceramics were polished to a thickness of ~0.6 mm 
to 0.9 mm and coated with silver electrodes (Infinity Advanced Materials) 
on both sides, followed by firing at 700℃ for 30 min. Before analysis, 
all samples were poled in silicone oil using a DC electric field of 
55 kV∙cm‒1 for 20 min. The temperature dependence of the dielectric 
properties was measured with an LCR meter (HP 4284A) at frequencies 
of 1 kHz, 10 kHz, and 100 kHz over a wide temperature range of 
~32℃ to 450°C. Finally, the P–E hysteresis loop analysis was obtained 
using a ferroelectric testing system (Premier II, Radiant Technologies 
Inc., USA) at room temperature, with a measurement frequency of 
1 Hz. Data from approximately 3 samples were averaged to ensure 
accuracy and reproducibility. 

 
3.  Results and discussion 
 

Figure 1 shows the XRD patterns measured within the 2θ range of 
20° to 80° for powders obtained by crushing the sintered  BNBT–xLa 
(x=0.0‒0.04) ceramics. All samples displayed pure perovskite structures 
with no impurity phases, suggesting that the La3+ ions could completely 
diffuse into the A-site of 0.93BNT–0.07BT, which confirms a homogeneous 
solid solution [21] within the resolution of the XRD instrument used. 
Figure 1(b‒c) presents enlarged images of the XRD peaks of (111) and 
(200) planes in the 2θ range of ~39.9° and ~46.5°, respectively. These 
patterns demonstrate that La3+ ion doping does not significantly affect 
the phase structure, which consistently exhibited a single,  relatively 
symmetrical peaks, suggesting a pseudocubic structure in all samples 
[16]. In addition, the (111) and (200) diffraction peaks were observed 
to shift towards higher diffraction angles as x increased, indicating 
a lattice contraction due to the relatively small ionic radius of La3+ 
(rLa3+=1.36 Å) substituting the larger ions at the A-site (rBi=1.38 Å, 
rNa=1.39 Å, rBa=1.61 Å) [22]. This result is consistent with previous 
studies on the 0.94BNT–0.06BT systems modified with La3+ [16], or 
the 0.88BNT–0.12BT systems modified with (Li0.5Nd0.5) [23], which 
exhibit similar behavior.

 

Figure 1. (a) X-ray diffraction patterns of BNBT–xLa (x=0.0–0.04) sintered and crushed, measured in the 2θ  range of 20° to 80°, (b) ~39.9°, and (c) 46° to 47°.  
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The surface morphology of BNBT–xLa (x=0.0‒0.04) ceramics, 
which was polished and thermally corroded at 1,125℃ for 30 min, 
is shown in Figure 2(a‒e). With increasing x, the compositions showed 
an increase in density from 5.38 g∙cm‒3 (for x=0.0) to 5.46 g∙cm‒3, 
5.50 g∙cm‒3, 5.54 g∙cm‒3 (for x=0.01, 0.02 and 0.03, respectively), then 
slightly decreased to 5.52 g∙cm‒3 for x=0.04, as confirmed by the 
Archimedes method. A dense microstructure, consisting of a mixture of 
large and small grains with distinct grain boundaries, was observed for 
all compositions. Reduced porosity was evident after La addition, which 
is consistent with the increase in density as x increased. The statistical 
analysis of the average grain size in FESEM of  La3+-doped 0.93BNT–
0.07BT ceramic grains, determined using the linear intercept method, 
showed a significant decrease from 1.07 μm (for x=0.0) to 0.91 μm 
for x=0.02, before slightly increasing to 0.96 μm and 0.98 μm for 
x=0.03 and 0.04, respectively, as shown in Figure 2(a‒e). The changes 
in average grain size, which initially showed a decrease with increasing 
x, could be ascribed to the defect chemistry alterations induced by 
La doping. During the high-temperature sintering process, volatile 
Bi2O3 and Na2O are likely to evaporate, which leads to the formation 
of oxygen vacancies (𝑉𝑉0••), as described by the defect reaction in 
Equation (1‒2) [24]:  
 
 2BiBi

X + 3O0
X → 2VBi

⦀ +3V0
••+ Bi2O3 (1) 

 
 2NaNa

X + O0
X → 2V𝑁𝑁𝑁𝑁

⁄ + V0
••+ Na2𝑂𝑂 (2) 

 
These vacancies promote mass transfer, facilitating grain growth 

during sintering [25]. When doping La2O3 donor dopant into the 
A-site, it is expected to compensate the oxygen vacancies, as shown 
in Equation (3). 
 
 La2O3+V0

•• 
AO
��  2LaA

• +3O0
X (3) 

 
Therefore, the movement of grain boundaries is impeded, inhibiting 

grain growth and leading to a decrease in grain size [26]. As the La3+ 
content increases, the grain size gradually grows. This may be attributed 
to the smaller ionic radius of La3+ (1.36 Å) compared to the A-site ions 

(rBi=1.38 Å, rNa=1.39 Å, rBa=1.61 Å). The smaller ionic radius of La3+ 
facilitates ion movement during the sintering process, leading to an 
increased atomic diffusion rate and promoting grain growth. Similar 
results have been reported in La3+-modified Bi0.5Na0.5TiO3-based 
ceramics [27,28].  

The dielectric constant (εr) and dielectric loss (tanδ), measured at 
temperatures ranging from 29℃ to 450℃ and frequencies of 1 kHz, 
10 kHz, and 100 kHz for poled BNBT–xLa (x=0.0‒0.04) ceramics, 
are shown in Figure 3(a‒e). The BNBT–xLa ceramics exhibited two 
distinct abnormal peaks in εr at TF-R and Tm. The first peak corresponds to 
the ferroelectric-to-relaxor (TF-R) phase transition, and the second peak 
corresponds to the maximum dielectric constant at high temperature 
(Tm), approximately 300℃ at 1 kHz, resulting from two combined 
mechanisms—the R3c–P4bm phase transition and the evolution of the 
P4bm phase with temperature [29]. From Figure 3(a‒e), it is observed 
that TF-R for x=0.0 is at 104℃, and then the TF-R shifted to lower 
temperatures with increasing x content. Similarly, Tm decreased from 
321℃ (for x=0.0) to 281℃ (for x=0.04), as shown in Table 1. La3+ 
doping at the A-site promotes the formation of polar nano-regions 
(PNRs), breaking the ferroelectric long-range order into a short-range 
relaxor phase with randomly distributed PNRs. This shifts TF-R to near 
or below ambient temperature, transitioning from a non-ergodic to 
an ergodic relaxor state. Additionally, Tm decreased and gradually 
flattened and broadened with La3+ doping, indicating a diffuse phase 
transition in the ceramic [21,30]. As the stability of the ferroelectric phase 
decreased, the maximum dielectric constant (εm) rapidly decreased 
from 4,788 (for x=0.0) to 2,963 (for x=0.04)  with increasing x, while εr 
increased significantly from 889 (for x=0.0) to 1,689, 1,592, 1,297, and 
1,535 for x=0.01, 0.02, 0.03, and 0.04, respectively. In addition, as the 
amount of La3+ doping increased, the dielectric loss (tanδ) values at 
temperatures ranging from 100℃ to 363℃ showed a decreasing 
trend, as shown in Table 1. It is well known that the tanδ value in 
the high-temperature range is due to the free charges (space charges) 
present in the sample. Thus, the decrease in tanδ with increasing La3+ 
content is likely attributed to reduced oxygen vacancies and various 
free charges [31].

 

 
Figure 2. (a)‒(e) FESEM images of the mirror-like surfaces of BNBT–xLa (x=0.0–0.04) ceramics after thermal etching, with the insets illustrating the distribution 
of grain sizes. 
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Figure 3. (a)‒(e) Temperature dependences of the dielectric constant (εr) and dielectric loss (tanδ) of poled BNBT–xLa (x=0.0–0.04) ceramics measured at the 
frequency of 1 kHz, 10 kHz and 100 kHz. 

 
Table 1. The dielectric property parameters of BNBT–xLa (x=0.0‒0.04) ceramics at a measurement frequency of 1 kHz.  
 
Compositions TF-R 

[℃] 
Tm 
[℃] 

εr tanδRT εm tanδm 

x=0.0 104 321 889 0.039 4,788 0.127 
x=0.01 <25 311 1,689 0.043 4,149 0.066 
x=0.02 <25 301 1,592 0.040 3,474 0.034 
x=0.03 <25 312 1,297 0.029 2,677 0.067 
x=0.04 <25 281 1,535 0.038 2,963 0.014 

 
The bipolar P−E curves of BNBT‒xLa (x=0‒0.04) ceramics at 

ambient temperature were measured at a frequency of 1 Hz under 
an electric field of 60 kV∙cm‒1, as shown in Figure 4(a‒e). For x=0.0, 
the hysteresis loop exhibits a rectangular shape with relatively high 
values of coercive field and remanent polarization (Ec=28.77 kV∙cm‒1 

and Pr = 28.07 µC∙cm‒2), which is characteristic of conventional 
ferroelectrics and indicates a non-ergodic relaxor (NER) state. In this 
state, polar nanoregions (PNRs) are dynamically frozen and switch 
permanently to a stable ferroelectric phase, leading to high remnant 
polarization and low energy storage efficiency [32]. With increasing 
La3+ content, the P−E hysteresis loop became thinner and narrower, 
with Pr decreasing nearly to zero, from 28.07 µC∙cm‒2 (at x=0.0) to 
0.50 µC∙cm‒2 (at x=0.04). Similarly, Ec and Pmax decreased significantly 
with increasing x content, as shown in Figure 4 and Table 2. These 
behaviors indicate that La3+ doping at the A-site enhances the relaxor 
behavior of 0.93BNT–0.07BT ceramics, aligning with the dielectric 

results from the previous section, which showed that the ferroelectric-
to-relaxor phase transition temperature (TF−R) decreased with increasing 
La3+ content. This indicates a transition to the ergodic relaxor (ER) 
phase, where dynamic PNRs can switch between the relaxor state and 
a long-range ferroelectric order under an applied electric field, and 
revert once the field is removed [32]. This yields a slimmer P–E loop 
with lower Pr and high Pmax under the field. This reversible field-
induced phase transition enhances both energy storage density and 
recoverable strain [33]. The reductions in Pr and Ec and the slight decrease 
in Pmax are key factors that significantly enhance the energy storage 
properties of BNBT–xLa (x=0.0‒0.04) ceramics. 

The energy storage properties, including the recoverable energy 
storage density (Wrec) and energy storage efficiency (η), are shown 
in Table 2. Theoretically, ceramic capacitors’ energy storage density 
and efficiency can be calculated using Equations (4‒6) below [34]. 
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max

0

P

W EdP= ∫
 (4) 

 
max

r

P

rec
P

W EdP= ∫
 (5) 

 
η = Wrec

Wrec + Wloss
 × 100% (6) 

 
Here, W, Wloss, and E represent the total energy storage density, 

energy storage density loss, and electric field, respectively. For the energy 
storage properties at x=0.0, the energy storage density and efficiency 
were relatively low due to the high Pr value of the ceramic, which resulted 
in a relatively high Wloss value of 1.79 J∙cm‒3. Consequently, the x=0.0 
is not yet suitable for energy storage applications. With increasing La3+ 
doping, the Wrec and η values gradually increased from 0.13 J∙cm‒3 

and 7% (for x=0.0) to 0.55 J∙cm‒3 (for x=0.01 and 0.02) and 53%, 
60%, and 75% for x=0.01, 0.02, and 0.03, respectively. The study 
found that the highest Wrec values were achieved at x=0.01 and 0.02, 
while η reached a maximum of 75% for x=0.03, as shown in Table 2. 
At x=0.04, Wrec and η decreased slightly to 0.50 J∙cm‒3 and 72%. 

The increase in Wrec and η was attributed to the low Pr and Wloss values, 
significantly enhancing these properties. Additionally, La3+ doping at 
the A-site significantly improved Wrec and η, consistent with previous 
studies on La-modified Bi0.5Na0.5TiO3-based ceramics [16,35,36]. 

The bipolar strain hysteresis loops of BNBT–xLa (x=0.0‒0.04) 
ceramics, measured at 60 kV∙cm‒1 under ambient temperature, are 
shown in Figure 5(a‒e). For x=0.0, the S–E curve showed a saturated 
butterfly shape with a positive maximum strain (Smax) of 0.18% and 
a negative strain (Sneg) of 0.076%, as shown in Figure 5(a). As the La3+ 
content increased, the S–E curve gradually shifted from a butterfly 
shape to a sprout shape, with Sneg decreasing to zero at x≥0.01, 
indicating a relaxation behavior [37]. The maximum strain Smax of 
0.21% occurs at x=0.01 before decreasing with further increases in x, 
as shown in Figure 5(b‒e) and Table 2. The normalized piezoelectric 
coefficient (d33∗) is calculated as d33∗ = Smax/Emax. The results align with 
Smax, reaching a maximum of 350 pm∙V‒1 at x=0.01 before gradually 
decreasing with further increasing x, as shown in Table 2. The decreases 
in Smax and d33∗ indicate a transition from the ferroelectric to the relaxor 
phase in the ceramic at ambient temperature [38,39]. 

 

 

 

Figure 4. The bipolar P–E loops of the BNBT–xLa ceramics at ambient temperature for (a) x=0.0, (b) x=0.01, (c) x=0.02, (d) x=0.03, and (e) x=0.04. 
 

 

Figure 5. The bipolar S–E curve of the BNBT–xLa ceramics at ambient temperature for  (a) x=0.0, (b) x=0.01, (c) x=0.02, (d) x=0.03, and (e) x=0.04. 
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Table 2. Ferroelectric, energy storage, and strain property of BNBT–xLa (x=0.0‒0.04) ceramics at a measurement frequency of 1 Hz. 
 
Compositions Ec  

[kV∙cm‒1] 
Pr  
[µC∙cm‒2] 

Pmax   
[µC∙cm‒2] 

W 
[J∙cm‒3] 

Wrec 
[J∙cm‒3] 

Wloss 
[J∙cm‒3] 

η   
[%] 

Smax 

[%] 
 Sneg 

[%] 
(d33

∗ )  
[pm∙V‒1] 

x=0.0 28.77±1.75 28.07±1.42 35.16±0.58 1.92±0.10 0.13±0.02 1.79±0.08 7±1 0.18±0.01 0.076±0.01 300±17 
x=0.01 3.83±0.65 2.91±0.56 29.16±0.21 1.04±0.05 0.55±0.01 0.49±0.06 53±3 0.21±0.01 0 350±17 
x=0.02 1.88±0.46 2.13±0.6 25.89±0.06 0.91±0.04 0.55±0.01 0.36±0.02 60±2 0.13±0.01 0 216±16 
x=0.03 1.12±0.25 0.87±0.6 21.02±0.43 0.71±0.02 0.53±0.01 0.18±0.01 75±2 0.07±0.01 0 116±16 
x=0.04 1.03±0.78 0.50±0.25 20.64±0.17 0.70±0.01 0.50±0.01 0.20±0.01 72±2 0.09±0.01 0 150±17 

4.  Conclusion 
 
The effects of La3+ doping at the A-site on the crystal structure, 

microstructure, and electrical properties of (Bi0.465Na0.465Ba0.07)(1–x) 

LaxTiO3 (x=0.0‒0.04) ceramics were studied. Ceramics were synthesized 
via solid-state reaction, with calcination at 800℃ and sintering at 
1,175℃ to 1,200℃ for 2 h. XRD confirmed a pure pseudo-cubic 
perovskite phase. Increasing La3+ content raised density (5.38 g∙cm‒3 
to 5.54 g∙cm‒3) and decreased average grain size from 1.07 μm (x=0.0) 
to 0.91 μm at (x=0.02), with slight increases at higher doping levels. 
TF-R dropped below room temperature for x ≥ 0.01, indicating enhanced 
relaxation behavior, while Tₘ decreased from 321℃ to 281℃. With 
increased relaxation, the P–E loop thinned, with Pr dropping to zero at 
x=0.04. This resulted in Wrec up to 0.55 J∙cm‒3 for x=0.01‒0.02 and η 
of 75% at x=0.03. At x=0.01, the S–E loop shifted to a sprout shape, 
indicating an ergodic relaxor state, with Smax of 0.21% at 60 kV∙cm‒1 
and d33∗ of 350 pm∙V‒1. These findings showcase BNBT–xLa ceramics 
as a promising candidate for lead-free piezoelectric energy storage. 
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