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Abstract
Microstructure and dielectric properties of the lead-free ferroelectric ceramics  (Bi0.5Na0.5)0.94Ba0.06Ti1−xAlxO3−δ (abbreviated 
as BNBTA/x, x = 0, 0.04, 0.06, 0.08) obtained via a solid-state reaction method were studied. The ceramics with x≤0.06 
exhibit pure structure without detectable secondary phase by X-ray diffraction measurement. There appears a second phase 
in the ceramic BNBTA/0.08. With an increase in the  Al3+ amount, dielectric constant of the ceramics decreases, and the 
change in dielectric constant with increasing temperature between the two dielectric characteristic temperatures  (TRE and 
 Tm) is gradual. The poled ceramic BNBTA/0 shows a steep increase in permittivity at the temperature denoted as  Td around 
100 °C. But, the poled ceramics with x > 0 do not exhibit the  Td anomaly on the permittivity spectra. The diffuse dielectric 
behavior around  Tm was studied via the Curie–Weiss law and modified Curie–Weiss law. Compared to the ceramic BNBTA/0, 
the  Al3+ -doped ceramics show slim ferroelectric hysteresis loops. The temperature-dependent ferroelectric properties and 
energy-storage behavior were studied.

1 Introduction

Bi0.5Na0.5TiO3 (BNT) is considered to be a good lead-
free ferroelectric material with excellent ferroelectric 
properties at room temperature. However, pure BNT has 
poor dielectric performance and is difficult to be polar-
ized [1]. In order to improve dielectric performance, a 
serial of BNT-based solids have been extensively investi-
gated, such as BNT-BaTiO3 [2–4], BNT-Bi0.5K0.5TiO3 [5], 
 (Na0.5Bi0.5)0.4Sr0.6Ti1−xSnxO3 [6], 0.93BNT-0.07BaTiO3-
BiAlO3 [7], 0.94BNT-0.06BaTi1 − xZrxO3 [8], etc. Zhu 
et  al. reported that  NaNbO3-doped 0.95Bi0.5Na0.5TiO3-
0.05SrZrO3 exhibited the coexistence of rhombohedral 
and tetragonal phases and the variation in the dielectric 
permittivity can be less than ± 15% over the temperature 
range from − 55 to 545 °C [9]. McLaughlin et al. found that 
 (Bi0.4−x/3Na0.4−x/3Sr0.2−x/3Erx)TiO3 with x = 0.015 showed 

enhanced thermal stability of the maximum achievable 
electric field induced strain over the 25–175 °C temperature 
range [10]. Among the BNT -based ceramics, the composi-
tion  (Bi0.5Na0.5)0.94Ba0.06TiO3 (denoted as BNBT) exhibits 
excellent dielectric and ferroelectric properties [11, 12]. 
Various elements have been doped into BNBT. Liu et al. 
reported the enhanced electrical and photoluminescence 
properties of the  Er3+ -doped BNBT ceramics [13]. Jing 
et al. found that the radii of doping cations at the A-site 
play key role in affecting structure, dielectric, and piezo-
electric properties of the BNBT -based ceramics [14]. Li 
et al. observed that the doping of  BaSnO3 in BNBT -based 
ceramics enhanced the breakdown strength of the ceram-
ics and improved energy-storage properties [15]. Fan and 
Tan explored the correlation between the polarization 
degradation and the phase transition reversibility in (1-x)
Bi0.5Na0.5TiO3-xSrTiO3 ceramics via in-situ transmission 
electron microscopy fatigue tests [16]. Zhang et al. reported 
the enhanced energy-storage performance in Sn-doped 
 Sr0.6(Na0.5Bi0.5)0.4TiO3 lead-free relaxor ferroelectric ceram-
ics [17]. Previously, we reported that the doping of  Ca2+ can 
improve ferroelectric behavior and increase depolarization 
temperature of BNBT -based ceramics [18], while the dop-
ing of  Sr2+ can improve stability of piezoelectric constant 
 (d33) at elevate temperatures [19]. The ions of transition 
elements, such as  Fe3+ [20, 21],  Co3+ [22],  Ni2+ [23], etc., 
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have also been doped into BNBT to tune their dielectric and 
ferroelectric behavior, in which oxygen vacancies are very 
important in influencing their dielectric and ferroelectric 
properties. All these results demonstrate that doping cations 
can effectively influence dielectric and piezoelectric proper-
ties of BNT -based ceramics.

Doping of  Al3+ can result in large polarization in the 
resulting materials [24].  Al3+ ions have been doped into 
various materials, such as  PbTiO3 [25],  PbZrO3 [26], 
and  BaTiO3 [27], and so on. Yu et al. reported that the 
(1-x)(Na0.5Bi0.5)TiO3-xBiAlO3 ceramics show signifi-
cantly reduced dielectric loss [28]. Ullah et al. explored 
temperature-insensitive large strain in  BiAlO3-modified 
 Bi0.5(Na0.75K0.25)0.5TiO3 ceramics [29]. Fu et al. pointed 
out that the doping of  BiAlO3 into  Bi0.5(Na0.82K0.18)0.5TiO3 
can improve electrical properties of the ceramics [30]. Qiu 
et al. reported the key role of polarization in affecting lattice 
distortion and strain for the 0.97(Bi0.5Na0.5)0.94Ba0.06TiO3-
0.03BiAlO3 ceramics [31]. Wang et al. studied the effects 
of  BiAlO3 doping content on microstructure and dielectric 
properties of the (1-x)(0.93Bi0.5Na0.5TiO3-0.07BaTiO3)-
xBiAlO3 ceramics and found that the ceramics with x = 0.01 
have increased Curie temperature, piezoelectric, and ferro-
electric properties [7]. The studies show that  BiAlO3 can 
significantly change electrical behavior of BNBT -based 
ceramics. The radius (r) of  Al3+ is 0.0535 nm in the case 
of coordination number CN = 6, which is comparative with 
that of  Ti4+ (r = 0.0605 nm with CN = 6) [32].  Al3+ can enter 
into the  Ti4+ site. In addition, the doping of  Al3+ will cause 
oxygen vacancies in the ceramics because of the lower elec-
tric charge of  Al3+ than that of  Ti4+. Here, we report the 
preparation of  (Bi0.5Na0.5)0.94Ba0.06Ti1−xAlxO3−δ lead-free 
ferroelectric ceramics and characterization of their dielectric 
properties.

2  Experimental procedure

Lead-free ceramics  (Bi0.5Na0.5)0.94Ba0.06Ti1−xAlxO3 
(BNBTA/x, x = 0, 0.04, 0.06, 0.08) were prepared via a solid-
state reaction method.  BaCO3 (≥ 99.0%),  TiO2 (≥ 98.0%), 
 Na2CO3 (≥ 99.8%),  Bi2O3 (≥ 98.9%), and  Al2O3 (≥ 99.99%) 
powders were used as starting materials. The raw powders 
were placed in an oven at 120 °C for 24 h for drying and then 
weighed according to the chemical ratio. The powders were 
ball-milled in a planetary mill for 24 h and then calcined at 
900 °C for 3 h. After calcination, the powders were ball-
milled again for 8 h. The binder of 5% PVA was added into 
the powders. Disk-shaped green pellets with diameter 10 
mm and thickness 1.2 mm were pressed. Then, the binder 
was burned out at 500 °C for 2 h. The green pellets were 
sintered at 1170 °C for 3 h at the heating rate of 3 °C/min. 
During sintering, the pellets were buried using the powders 

with the same composition to reduce the volatilization of 
elements Bi and Na.

Phase structure of the samples was analyzed via a X-ray 
diffractometer of Rigaku D/MAX2550. Morphology of the 
ceramics was observed using a scanning electronic micro-
scope (SEM, Nova Nano 450). For SEM measurement, the 
ceramics were mechanically polished and then thermally 
etched at 900 °C for 1 h. The samples were poled in silicone 
oil at 5 kV/mm for 0.5 h. The temperature-dependent dielec-
tric spectra of the poled ceramics were measured via a LCR 
meter (Agilent E4980A, Santa Rosa, CA). Ferroelectric per-
formance was characterized using a RADIANT ferroelectric 
testing system (Precision Premier II, Radiant Technologies 
Inc. Albuquerque, NM).

3  Results and discussion

Figure 1 shows the XRD curves of the samples. The samples 
with x = 0, 0.04, and 0.06 display pure perovskite structure 
with pseudo-cubic phase. However, the sample with x = 0.08 
shows a second phase, suggesting that the doping amount 
of  Al3+ with x = 0.08 exceeds the solid solution limit. The 
similar phenomenon was also found in the  BiAlO3-modified 
 Bi0.5Na0.5TiO3-Bi0.5K0.5TiO3 ceramics, in which the second-
ary phase was identified as  Na0.5Bi4.5Ti4O15 indexed accord-
ing to JCPDS No. 74-1316 [33]. An enlarged view of the 
XRD peak around 32° is shown in Fig. 1(b). For the ceram-
ics with x ≤ 0.06, the peak position shifts towards a high-
angle direction with increasing x, indicating shrinkage of the 
unit cell caused by the  Al3+ doping. As mentioned above, 
the radii of  Al3+ and  Ti4+ with coordination number (CN) 
of 6 are 0.535 Å and 0.605 Å, respectively [32]. The substi-
tution of  Al3+ for the  Ti4+results in contraction of the unit 

Fig. 1  X-ray diffraction patterns of the BNTBA/x ceramics (a). The 
peaks were indexed according to JCPDS No. 89-3109. The enlarged 
region at 2θ ranges from 31.5° to 33.5° (b)
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cell because of smaller size of  Al3+. In addition, the dop-
ing of  Al3+ will introduce oxygen vacancies in the ceramics 
(as demonstrated in Eq. (1) via the Kröger–Vink formula), 
which should also contribute to distortion of the unit cell.

For the ceramic with x = 0.08, the diffraction peak shifts 
to a low-angle direction, which may be related to the sec-
ondary phase.

Figure 2 displays top-view SEM images of the thermally 
etched surfaces of the samples of different doping levels. 
All the ceramics exhibit dense microstructures. The grain 
size distribution was calculated via more than 200 grains in 
each sample and is shown in the insets of Fig. 2. The average 
grain sizes for the samples with x = 0, 0.04, 0.06, and 0.08 
are 1.2±0.9 µm, 0.8±0.5 µm, 0.8± 0.5 µm, and 0.6±0.3 µm, 
respectively. Grain sizes decrease slightly with the doping 
of  Al3+. For the ceramic with x = 0.08, needle-like second-
ary phase was observed, which is consistent with the XRD 
result.

The temperature-dependent dielectric spectra of the poled 
ceramics are illustrated in Fig. 3. For the ceramic without 

(1)Al2O3 → V ∙∙
O
+ 2Al�

Ti
+ 2O×

O
+ 1∕2O2(g)

 Al3+ doping, three dielectric anomalies are observed on the 
curves of dielectric constant (εr) with increasing temper-
ature at the given temperatures, which are denoted as  Td, 
 TRE, and  Tm.  Td corresponds to the temperature at which a 
peak appears on the dielectric loss ~ temperature curves. At 
temperatures lower than  Td, dielectric constant at different 
frequencies merges together.  Td is usually used to determine 
depolarization temperature, below which the ferroelectric 
state is stable [34]. As temperature is increased up to  Td, 
the long-range ordered ferroelectric state is broken [34–36]. 
The  Td value for the sample with x = 0 is about 100 °C. But, 
the dielectric anomaly around  Td disappears for the  Al3+ 
-doped ceramics, implying that depolarization temperature 
decreases below room temperature, as reported by others 
[7, 31]. All the samples show the characterization tempera-
tures  TRE and  Tm.  TRE corresponds to the temperature at 
which the difference of dielectric constant at different fre-
quencies (Δεr = εr,1kHz-εr,100kHz) becomes minimum (Fig. 3), 
where εr,1kHz and εr,100kHz are dielectric constant at 1 kHz and 
100 kHz, respectively. Below  TRE, dielectric constant has a 
strong dependence on frequency, corresponding to ergodic 
relaxor behavior [37]. As temperature increases up to  TRE, 
dielectric permittivity at different frequencies tend to merge 

Fig. 2  SEM micrographs of the surfaces of the BNTBA/x ceramics with x = 0 (a), x = 0.04 (b), x = 0.06 (c) and x = 0.08 (d)
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together.  Tm corresponds to the temperature at which dielec-
tric constant increases to a maximum (εm). The  Tm is also 
reported as Curie point for BNT-based ceramics [38]. It is 
suggested that the dielectric anomalies around  TRE and  Tm 
are associated with evolution of polar nanoregions (PNRs) 
as temperature changes [39]. The ceramics with x = 0, 0.04, 
0.06, and 0.08 have  TRE values 174 °C, 169 °C, 170 °C, 
and 225 °C, respectively. The corresponding  Tm values are 
283 °C, 286 °C, 287 °C, and 244 °C, respectively. As can 
be seen from the dielectric spectra, the  Al3+ doping causes 
a decrease in dielectric permittivity. In order to detect the 
difference of dielectric constant at  TRE and  Tm, the values 
of Δεr′=εm-εRE were determined. The εm values at  Tm for 
the samples with x = 0, 0.04, 0.06, and 0.08 are 4138, 3853, 
3541, 2844, respectively. The corresponding permittivity 
values at  TRE (εRE) are 3352, 3080, 2923, 2802, respec-
tively. The values of Δεr′ for the samples with x = 0, 0.04, 
0.06, and 0.08 are 807, 470, 487, and 11, respectively. The 
 Al3+ -doping causes decrease in Δεr′ during the tempera-
ture window ΔT = Tm-TRE of 98 °C, 114 °C, 119 °C, and 43 
°C for the samples with x = 0, 0.04, 0.06, and 0.08, respec-
tively. By doping  Al3+, the ceramics exhibit better frequency 
stability and temperature stability of dielectric constant at 

temperatures between  TRE and  Tm. Broad  Tm peaks on the 
εr ~ T curves indicate diffuse phase transition behavior. The 
diffuse phase transition behavior was studied according to 
the Curie–Weiss law: (Eq.2)

where  T0 is defined as the Curie–Weiss temperature, and 
C is a constant. The fitting results of 1/εr as a function of 
temperature T at 10 kHz for all the samples are shown in 
Fig. 4. At the temperatures denoted as  TB (i.e., Burns tem-
perature), the change of 1/εr as a function of T deviates from 
the Curie–Weiss law with decreasing temperature. The  TB 
values for the samples with x = 0, 0.04, 0.06, and 0.08 are 
413 °C, 439 °C, 445 °C, 385 °C, respectively. As x≤0.06, the 
 TB values increase with the increase in the  Al3+ content. The 
doping of  Al3+ introduces oxygen vacancies. As the doping 
content increases, oxygen vacancy concentration increases 
and improves the stability of polar nanodomains [31]. So, 
the  TB values increase. But, the sample with x = 0.08 exhibits 
decreased  TB value. The related mechanism is still unclear, 
which may be related to the appearance of the second phase. 
The relationship between dielectric constant and temperature 

(2)1
/

�r = (T − T0)
/

C

Fig. 3  Dielectric constant and dielectric loss vs. temperature for the poled BNTBA/x ceramics with x=0 (a), x=0.04 (b), x=0.06 (c), and x=0.08 
(d). The values of ∆εr= εr,1kHz−εr,100kHz are also shown
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was further studied by means of the modified Curie–Weiss 
law, which is as follows: (Eq.3)

where C′ is a Curie-like constant and γ is defined as dif-
fusion coefficient. The γ value of a normal ferroelectric is 
1, while a relaxor ferroelectric has γ = 2 [40]. The fitting 
results via the modified Curie–Weiss equation are exhibited 
in Fig. 5. The γ values of the samples with x = 0, 0.04, 0, 06, 
and 0.08 are 1.79, 1.92, 1.94, and 1.91, respectively, sug-
gesting obvious dielectric diffuseness behavior. The doped 
ceramics exhibit increased γ values compared to the sample 
with x = 0. The diffuse phase transition character in BNT-
based ceramics is always suggested to be closely associated 
with the coexistence of  Bi3+,  Na+, and  Ba2+ at the A-sites, 
as well as  Ti4+ and the dopants at the B-site [7]. So, the 
increase of γ value is related to the increase of  Al3+ doping 
amount and oxygen vacancy content.

Figure 6 shows the curves of polarization (P) as a func-
tion of measurement electric field (E). The sample with x = 0 
exhibits typical ferroelectric P-E loops. With the increase in 
E, the P-E loops tend to be saturated. The current density (J) 
as a function of electric field at E = 70 kV/cm is also given. 
Two typical peaks exist on the J-E curve, corresponding to 
domain switching with changing electric field [41]. All the 
 Al3+ -doped ceramics exhibit constricted P-E loops. Even 
under the maximum electric field of 70 kV/cm, the samples 

(3)1∕�r − 1
/

�m = (T − Tc)
�
/

C�
,

still show slim P-E loops. With the increase in the amount of 
 Al3+ from x = 0.04 to x = 0.08, the P-E loops become slim-
mer. The ceramic with x = 0.04 exhibits four current peaks 
on the J-E curve, which are denoted as ± EF and ± ER in the 
different quadrants (Fig. 6b). It has been suggested that the 
emergence of the peaks around ± EF and ± ER are related 
to the coexistence of ergodic and non-ergodic phases [42]. 
As the  Al3+ content further increases to x = 0.06 and 0.08, 
the peaks on the J-E curves become increasingly blurred / 
disappeared, which are typical character for relaxor ferro-
electrics [43, 44]. The values of coercive field  (Ec), remnant 
polarization  (Pr), and maximum polarization  (Pm) are shown 
in Fig. 7 (a-c). With an increase in electric field, the  Ec, 
 Pm, and  Pr values increase. The values of  Ec,  Pr, and  Pm of 
the samples under E = 70 kV/cm are compared in Fig. 7(d). 
The sample with x = 0 has the largest  Ec,  Pr, and  Pm values 
due to its typical ferroelectric behavior. As the  Al3+ amount 
increases, both the values of polarization and  Ec decrease 
because of their slimmer P-E loops. The doping of  Al3+ dis-
rupts long-range-ordered ferroelectric phase and results in 
a sharp decline in the polarization and  Ec values. The  Al3+ 
-doped ceramics exhibit ergodic relaxor behavior, which is 
characterized by the constriction of P-E loops with small 
polarization and coercive field. The results are in accord-
ance to the dielectric permittivity spectra (Fig. 3b-d). The 
constricted P-E loops help to improve energy-storage prop-
erties of materials. Discharge energy density  (W1) can be 
calculated by integrating the area between the polarization 

Fig. 4  The relationship between 
1/εr and temperature at 10 kHz 
for the BNTBA/x ceramics with 
x = 0 (a), x = 0.04 (b), x = 0.06 
(c), and x = 0.08 (d). The solid 
lines are fitting results via the 
Curie–Weiss law
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axis and the discharge curve of the P-E hysteresis loops via 
Eq. (4):

The energy-storage efficiency (η) values can be calculated 
via Eq. (5):

in which  Wloss is obtained by integrating the area between 
the charge and discharge curves. The  W1 and η values for 
the present samples under the maximum measurement elec-
tric field 70 kV/cm at room temperature are presented in 
Table 1. The ceramic with x = 0.06 exhibits the largest  W1 
of 0.82 J/cm3 and relatively high η = 67.7% at room tempera-
ture under E = 70 kV/cm. The typical samples with x = 0 and 
x = 0.06 were chosen to study temperature-dependent fer-
roelectric and energy-storage properties. The temperature-
dependent hysteresis loops of the ceramics with x = 0 and 
x = 0.06 measured at E = 50 kV/cm are shown in Fig. 8(a,b). 
For the ceramic with x = 0, the P-E loops become slimmer 
with the increase in the measurement temperatures. Around 
100 °C, the polarization decreases obviously (Fig. 8c). It 
corresponds to the characteristic temperature  Td via the 
dielectric spectra (Fig. 3). The dramatically changes in 
the P-E loops of the x = 0 sample with increasing tempera-
ture should be attributed to the thermal-induced weakened 

(4)W1 = ∮
Pm

Pr
Edp.

(5)� = W1∕
(

W1 +Wloss

)

× 100%,

ferroelectricity and the appearance of an ergodic relaxor 
phase. For the sample with x = 0.06, the P-E loops change 
little with the increase in the measurement temperature. 
As has been demonstrated in the dielectric spectra of the 
sample with x = 0.06 (Fig. 3c), the ergodic relaxor behav-
ior always exists as temperature increases up to  TRE. Dur-
ing the measurement temperature range, the sample with 
x = 0.06 shows slight change in the P-E loops. Compared 
to remarkable change in polarization of the sample with 
x = 0, the sample with x = 0.06 exhibits gentle variation of 
polarization with increasing temperature, demonstrating 
good temperature stability (Fig. 8d). The calculated  W1 and 
η values of the both samples at the different measurement 
temperatures are shown in Fig. 8(e,f). For the ceramic with 
x = 0 under the measurement electric field E = 50 kV/cm, as 
the measurement temperature increases from room tempera-
ture to 180 °C, the  W1 and η values change from 0.15 J/cm3 
and 10.6% to 0.41 J/cm3 and 65.2%, respectively. For the 
ceramic with x = 0.06, the corresponding values of  W1 and η 
at room temperature are 0.78 J/cm3 and 71.3%, respectively; 
and those at 180 °C are 0.76 J/cm3 and 84.5%, respectively 
(Table 1). The energy-storage properties of the BNT-based 
ceramics reported by others are also compared in Table 11. 
Li et al. reported that the ceramic 0.97BNBT-0.03CaZrO3 
showed the  W1 value of approximate 0.63 J/cm3 under 
E = 60 kV/cm at 130 °C [45]. Yin et al. prepared the ceram-
ics {{Bi0.5[(Na0.8K0.2)0.9Li0.1]0.5}}0.96-Sr0.04(Ti0.975Ta0.025)
O3 via the hot-pressed sintering method and reported their 

Fig. 5  The fitting results 
according to the modified 
Curie–Weiss law at 1 kHz for 
the BNTBA/x ceramics with 
x = 0 (a), x = 0.04 (b), x = 0.06 
(c), and x = 0.08 (d)
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Fig. 6  The P-E loops measured at electric fields between 50 and 70 kV/cm, and J-E loops measured at 70 kV/cm for the BNTBA/x ceramics 
with x = 0 (a), x = 0.04 (b), x = 0.06 (c), and x = 0.08 (d). The measurement frequency is 20 Hz

Fig. 7  The values of  Pm (a),  Pr 
(b), and  Ec (c) for the BNTBA/x 
ceramics measured under the 
different electric fields. The val-
ues of  Pm,  Pr, and  Ec measured 
at 70 kV/cm as a function of x
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excellent discharge energy density  W1 > 2 J/cm3 between 
room temperature and 175 °C under E = 130 kV/cm [46]. 
Zhang et  al. found that the ceramic  (Na0.5Bi0.5)0.4Sr0.6)
Ti0.99Sn0.01O3 had good energy-storage properties at room 
temperature, while its  W1 value decreased drastically to 
approximated 0.26 J/cm3 under E = 50 kV/cm at 175 °C [6]. 
Verma et al. observed opposite variation for the ceramic 
0.94Na0.5Bi0.5TiO3-0.06KSbO3, which showed poor proper-
ties with  W1 = 0.57 J/cm3 and η = 53.2% at room tempera-
ture and exhibited increased energy-storage behavior with 

 W1 = 0.73 J/cm3 and η = 72.3% at 140 °C under E = 90 kV/
cm [47]. The similar phenomenon was also reported for the 
ceramic 0.85(0.95BNT-0.05SrZrO3)-0.15NaNbO3, which 
showed high  W1 of 3.14 J/cm3 at 120 °C under high meas-
urement electric field of 230 kV/cm [9]. In the present work, 
the ceramics BNBTA/0.06 exhibit medium energy-storage 
properties at room temperature. Furthermore, compared to 
the sample with x = 0, the change of  W1 and η of the sample 
BNBTA/0.06 is gentle with changing temperature. The sam-
ple with x = 0.06 exhibits better temperature stability over 

Fig. 8  The P-E loops measured 
under the electric field 50 kV/
cm at the different temperatures 
for the samples with x = 0 (a) 
and x = 0.06 (b). The values of 
 Pm,  Pr, and  Ec at the different 
temperatures for the samples 
with x = 0 (c) and x = 0.06 (d). 
The values of  W1 and η at the 
different temperatures for the 
samples with x = 0 (e) and 
x = 0.06 (f)
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the test temperature range between room temperature and 
180 °C. The results show that the doping of  Al3+ facilitates 
improving temperature stability of ferroelectric properties 
and energy-storage performance.

4  Conclusions

The BNBTA/x ceramics with dense microstructure were suc-
cessfully prepared via the solid-state reaction method. The 
ceramics with x ≤ 0.06 exhibit pure phase structure, while 
a second phase was found in the ceramic BNBTA/0.08. For 
the poled ceramics without  Al3+ doping, three dielectric 
anomalies exist on the temperature-dependent dielectric 
spectra at the temperatures  Td,  TRE, and  Tm. The  Al3+ -doped 
ceramics only show two dielectric anomalies around  TRE 
and  Tm, and the anomaly at  Td disappears. With the increase 
in the  Al3+ amount, the temperature stability of dielectric 
constant between  TRE and  Tm increases. The  Al3+ -doping 
causes a decrease in ferroelectric properties. The P-E loops 
become slender with the increase in x, implying more pro-
nounced relaxation behavior. The ceramic BNBTA/0.06 
shows energy-storage density and energy-storage efficiency 
are 0.82 J/cm3 and 67.7% under measurement electric field 
70 kV/cm. As the temperature increases from 30 to 180 
°C, the values of  Pm,  Pr and  Ec for BNBTA/0.06 exhibits 

gentle variation, and  W1 and η values change from 0.78 J/
cm3 and 71.3% to 0.76 J/cm3 and 84.5% (under the measure-
ment electric field E = 50 kV/cm), respectively. The results 
demonstrate that the doping of  Al3+ facilitates improving 
temperature stability of both dielectric constant and energy-
storage behavior.
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