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A B S T R A C T   

Due to worldwide environmental regulations, lead-free relaxors, namely Bi0.5Na0.5TiO3–6BaTiO3 (BNT-6BT) are 
being extensively studied as an alternative candidate for energy storage applications. Here, Sm was introduced at 
different A sites of the relaxor system; specifically, the Sm-doped BNT-6BT system was designed to replace Bi 
(BNT-Bi), Na (BNT-Na), and both the Bi and Na ions (BNT-BiNa) by Sm ions. It was found that the BNT-Bi sample 
possesses high piezoelectricity (d33 = 117.3 pC N− 1), whereas the BNT-Na and BNT-BiNa ceramics show 
exceptionally high values of the energy storage density and efficiency. To define the energy storage performance, 
a new concept based on determining the recoverable energy storage intensity is proposed in the present work. 
This allows bypassing the high applied electric fields in determining the value of the energy storage density. An 
ultrahigh recoverable energy storage density (4.41 J cm− 3), excellent energy storage efficiency (83.96%) and 
superhigh recoverable energy storage intensity (19.17 × 10-3 J kV− 1 cm− 2) were achieved in the BNT-BiNa 
ceramics simultaneously. Furthermore, the energy storage characteristics exhibit an excellent stability over a 
wide temperature range from 25 ◦C to 150 ◦C. Thus, the developed Sm-doped BNT-6BT ceramics show great 
potential for piezoelectric and high-power energy storage applications.   

1. Introduction 

The growing world population brings about a huge increase in en
ergy consumption. In 2019, more than three-quarters of the world’s 
energy resources were from fossil fuels, [1] the conversion of which to 
energy can emit large amounts of greenhouse gases. Therefore, there is 
not only the problem of fossil fuel depletion, but also environmental 
pollution and global warming. [2] The development of various clean and 
renewable energy sources is an obvious and feasible solution. [2–5] 
Nuclear, hydro, geothermal, solar and wind energy generation tech
nologies are becoming important resources to replace the fossil fuel 
energy systems. [5] However, these renewable energy sources are 
intermittent and difficult to use continuously. [3,5] Reliable and effi
cient electrical energy storage solutions are key to the efficient gener
ation of electrical energy from renewable sources. 

Due to their high-power energy storage density, low-cost production 
and excellent energy storage stability, dielectric capacitors (electrostatic 
capacitors) are widely used in high power energy storage applications. 
[6–8] An extensive number of studies have reported on high energy 

density in ferroelectric thin films. [9,10] The use of bulk ceramics in 
energy storage industry has, however, many advantages over the films 
mainly owing to their low cost and high effective volume for storing 
energy. In recent years, lead-free ceramics have attracted increasing 
attention due to the health concern related to toxicity of lead and 
environmental protection. [10–16] A solid solution of bismuth sodium 
titanate and barium titanate, (1-x)Bi0.5Na0.5TiO3-xBaTiO3 (abbreviated 
as BNT-xBT) was initially studied by Takenaka et al. in 1991. [17] It was 
shown that the perovskite system exhibits good piezoelectric and 
ferroelectric properties near the morphotropic phase boundary (MPB) 
separating the rhombohedral (R) and tetragonal (T) phases. The MPB 
composition of the BNT-BT system corresponds to x = 0.06–0.07, where 
the difference of free energies of the two phases is minimal. Even that 
the understanding of relaxor-like behaviour of BNT is still under debate, 
there is a consensus that it undergoes electric field-induced transitions 
from a relaxor to stable ferroelectric state characterized by a large po
larization (over 35 μC cm− 2). [17,18] The high value of the remanent 
polarization and relaxor features (e.g., slim ferroelectric hysteresis loop) 
make BNT a promising material for efficient storage of electrical energy. 
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A partial substitution of lead-based ferroelectrics with samarium 
(Sm) has been demonstrated to improve their piezoelectric properties. 
[19–21] On the other hand, the Sm substitution at certain concentra
tions was found to reduce the thermal stability of piezoelectric constants 
of lead-based materials. [19,22] These findings motivated us to study 
the effect of Sm, occupying different A-site positions in the BNT 
perovskite, on the piezoelectric and energy storage properties of the 
lead-free BNT-BT relaxor ceramics. 

In the present work, lead-free 0.94Bi0.5Na0.5TiO3-0.06BaTiO3 
(abbreviated as BNT-6BT) ceramics doped by 2.5 mol% of Sm was 
prepared by the conventional ceramic route and characterized for the 
piezoelectric and energy storage properties. The Sm substitution in
cludes the replacement of Bi, Na and both the Bi and Na ions in the BNT 
lattice. Accordingly, the first composition is 0.94Bi0.4734Sm0.0266Na0.5

TiO3 − 0.06BaTiO3 (abbreviated as BNT-Bi), the second composition is 
0.94Bi0.5Na0.4202Sm0.0266TiO3 − 0.06BaTiO3 (abbreviated as BNT-Na), 
and the third composition is 0.94Bi0.4867Sm0.0133Na0.4601Sm0.0133TiO3 
− 0.06BaTiO3 (abbreviated as BNT-BiNa). By a comprehensive structural 
and electrical property analysis, it is demonstrated that the localisation 
of the Sm ions at the different A sites largely affects the functional 
properties of the BNT-6BT ceramics. While the BNT-Bi sample shows a 
high piezoelectric d33 coefficient, other two compositions are nearly 
non-piezoelectric. On the other hand, the BNT-Na and BNT-BiNa ce
ramics exhibit excellent dielectric and energy storage properties. 
Particularly, the latter with the ultrahigh recoverable energy storage 
density (4.41 J cm− 3), excellent energy storage efficiency (83.96%) and 
superior recoverable energy storage intensity (19.17 × 10-3 J kV− 1 

cm− 2) is a promising candidate for high-power energy storage applica
tions. The improved energy storage properties (incl. thermal stability of 
the storage performance) of the ceramic where Sm ions replace 
randomly both Bi and Na ions at the A sites are related to the enhanced 
relaxor behaviour. 

2. Material and methods 

The ceramic samples of BNT-Bi (0.94Bi0.4734Sm0.0266Na0.5TiO3 
− 0.06BaTiO3), BNT-Na (0.94Bi0.5Na0.4202Sm0.0266TiO3 − 0.06BaTiO3) 
and BNT-BiNa (0.94Bi0.4867Sm0.0133Na0.4601Sm0.0133TiO3 − 0.06BaTiO3) 
were prepared by the conventional solid-state reaction method. The 
starting materials were Sm2O3 (purity ≥ 99.9%, Alfa Aesar), Bi2O3 
(≥99.9%, Aldrich), Na2CO3 (≥99.5%, Sigma-Aldrich), TiO2 (≥99.8%, 
Sigma-Aldrich), BaCO3 (≥99.8%, Alfa Aesar). The raw powders were 
dried at 200 ◦C for 20 h before being weighted. After weighting ac
cording to the stoichiometric formulae, they were thoroughly mixed and 
milled for 5 h in ethanol using a planetary mill (Pulverisette 5, Fritsch) 
and zirconia balls. The mixture was dried overnight in air. Then, the 
mixture was calcined at 800 ◦C for 2 h, followed by the second-level 
calcination at 900 ◦C for 4 h. To reduce the size of the particles, a 
milling of the calcined precursors was carried out for 4 h in ethanol using 
the planetary mill. During the last 10 min of milling, a binder (5 wt% 
polyvinyl alcohol solution) was added to the powder for a better 
compaction of the samples. After drying the mixture of the calcined 
powder and binder, it was cold pressed into pellets (a diameter of 13 mm 
and thickness of 1 mm) under 200 MPa. The pellets were annealed at 
800 ◦C for 2 h in order to remove the polyvinyl alcohol binder. Sintering 
of the ceramics was carried out for 4 h at a temperature between 1100 ◦C 
and 1120 ◦C, depending on the chemical composition. 

The relative density of all the sintered samples was found to be above 
96%, as determined by the Archimedes’ method. The crystal structure of 
the sintered samples at room temperature was identified on the crushed 
ceramic powders by X-ray diffraction (XRD, PANalytical X’Pert Pro X- 
ray diffractometer, PANalytical, Cambridge, UK) utilizing Cu-Kα radia
tion. Scanning electron microscopy (SEM, a FEI Inspect F microscope, 
Hillsboro, OR, USA) was used to observe microstructures of the sintered 
ceramics. An Energy Dispersive X-ray (EDX) spectrometer (Oxford In
struments, UK) attached to the SEM microscope was employed to 

perform an elemental mapping of the samples. Raman spectroscopy of 
the polished ceramic samples was performed with a LabRam micro- 
probe system (ISA/Jobin-Yvon/Horiba, France). An Ar ion laser with 
638 nm wavelength was used for excitation, and a 100x microscope 
objective lens was employed to focus and collect the scattered light. The 
Raman scattering data were collected with a Peltier-cooled charged 
coupled device camera from 100 to 950 cm− 1 with a step of 0.5 cm− 1 

and an integration time of 10 s, while keeping the laser power below 3 
mW to prevent a local overheating. X-ray Photoelectron Spectroscopy 
(XPS) spectra were acquired using a monochromated AlKα X-ray source 
(a model Focus 500, Specs GmbH, Germany) and hemispherical analyser 
(a model PHOIBOS 150, Specs GmbH, Germany). The XPS spectra (high- 
resolution scans) were obtained using a pass energy of 20 eV. The energy 
scale of the XPS unit was calibrated according to the ISO standard 15472 
(the C 1 s spectrum at 285.0 eV). The XPS data were fitted by using a 
CasaXPS software v2.3.16 (Casa Software Ltd, Teignmouth, UK). 

Ag electrodes were fabricated by using a silver paste (Gwent Elec
tronic Materials Ltd., C2011004D5, Pontypool, UK). They cover major 
surfaces of the disks with a diameter of 10 mm and thickness of about 1 
mm. The dielectric permittivity and loss tangent of the prepared samples 
at various frequencies from 100 Hz to 10 MHz were measured by a 
precision impedance analyser (a model 4294A, Agilent, Hyogo, Japan). 
All samples were poled at room temperature in a direct current (DC) 
field of 50 kV cm− 1 for 10 min with a high voltage power supply (a 
model 2807, Alpha Series II, Brandenburg, Germany). The piezoelectric 
coefficient (d33) of the poled samples was measured by a quasi-static d33 
meter (a model ZJ-3B, Chinese Academy of Sciences, China). The tem
perature dependence of the dielectric permittivity and loss tangent at 
various frequencies in the range of 100 Hz – 1 MHz was measured using 
an LCR meter (a model 4284A, Agilent, Hyogo, Japan) attached to a PC 
controlled furnace. A ferroelectric tester (NPL, Teddington, U.K.) was 
used to acquire the current-electrical field (I-E) and polarization- 
electrical field (P-E) hysteresis loops of the samples immersed in a sili
cone oil bath. The ferroelectric hysteresis loops were collected over a 
wide temperature range from 25 ◦C to 150 ◦C at a frequency of 10 Hz. 
For the ferroelectric property measurements, the BNT-Na and BNT-BiNa 
samples were polished to a thickness of 0.11–0.14 mm, and then coated 
by gold. The Au electrodes with a diameter of 2 mm were deposited on 
the major opposite surfaces of samples. The values of the energy storage 
density and energy storage efficiency were obtained from the P-E hys
teresis loop, as collected at various temperatures and maximum applied 
switching electric fields. 

3. Results and discussion 

Using the conventional ceramic route, dense and highly uniform 
(chemically and structurally) ceramics of BNT-Bi, BNT-Na and BNT- 
BiNa with tightly bounded grains were prepared (in Supporting Infor
mation, Fig. S1 shows SEM images of a fracture surface of the samples; 
Fig. S2, Fig. S3, and Fig. S4 show EDX mapping and semi-quantitative 
analysis of the selected chemical elements in the respective samples of 
BNT-Bi, BNT-Na, and BNT-BiNa). In BNT-Bi, where Sm partially replaces 
Bi, the EDX analysis shows a slightly lower content of Bi compared to Na. 
Similarly, in BNT-Na, where Sm partially replaces Na, a slightly lower 
content of Na compared to Bi was found by EDX spectroscopy. In BNT- 
BiNa, where Sm simultaneously replaces both Bi and Na, the EDX 
analysis indicates that the contents of Bi and Na are almost identical. 
These findings suggest that Sm enters the required positions in the 
designed ceramic systems. 

The Rietveld method fitted XRD patterns of the BNT-Bi, BNT-Na and 
BNT-BiNa ceramics are shown in Fig. 1. 

From the figure, it is clear that BNT-Bi has a perovskite structure 
without any traces of a secondary phase (within the detection limit of 
the diffractometer). This observation suggests that Sm enters the BNT- 
BT lattice, occupying the A sites of the perovskite. The Rietveld anal
ysis of the XRD data revealed that BNT-Bi is a bi-phasic material, 
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consisting of a rhombohedral (a space group, SG: R3c) phase and a 
tetragonal (SG: P4bm) phase. The rhombohedral R3c phase is polar and 
prevails (a phase fraction: 64.7%) in the material. The refined lattice 
constants of the R3c structure are: a = b = 5.5067 Å, and c = 13.5231 Å. 
The lattice parameters of the weakly polar P4bm phase were estimated 
to be: a = b = 5.5191 Å, and c = 3.9138 Å. 

Unlike the bi-phasic BNT-Bi sample, the crystal structure of BNT-Na 
contains, in addition to the R3c and P4bm phases, a secondary phase 
with a cubic symmetry (SG: Fd-3 m). This impurity is of a pyrochlore 
type Sm2Ti2O7 with the lattice constant of about 10.3331 Å. It con
tributes to the XRD pattern by 9.3%, but does not affect ferroelectric 
properties of the material because cubic pyrochlores are not polar ma
terials. The estimated contribution and the lattice parameters of the R3c 
phase and the weak polar P4bm phase are shown in Table 1. 

BNT-BiNa adopts at room temperature, similarly to BNT-Bi, the two- 
phase perovskite structure, where the amount of the polar R3c phase is 
about 59%. The lattice constants of the R3c and P4bm phases are given in 
Table 1. The c-constant is decreased in both phases, if compared to these 
in BNT-Bi, while as the refined lattice parameters a and b are increased 
in the R3c phase. The substitution of larger ions of Bi3+ (ionic radius ~ 
1.40 Å, coordination number CN = 12) and Na+ (ionic radius ~ 1.39 Å, 
CN = 12) ions with smaller Sm3+ ions (ionic radius ~ 1.24 Å, CN = 12) 

results in the observed change of the lattice parameters. [23]. 
According to the results of XRD refinements, the composition of all 

three ceramic samples belongs to the MPB region of the BNT-6BT sys
tem. The MPB composition of the samples was also evidenced by Raman 
spectroscopy. [18,24] The Raman spectra from 100 to 950 cm− 1 were 
successfully deconvoluted and assigned to two perovskite-structured 
phases - rhombohedral phase (a characteristic Raman active mode ~ 
253 cm− 1) and tetragonal phase (a characteristic Raman active mode ~ 
312.5 cm− 1) (Fig. S5 in Supporting Information).[24]. 

Fig. 2 shows the dielectric permittivity and loss tangent as a function 
of frequency (from 100 Hz to 10 MHz) for the unpoled and poled BNT-Bi, 
BNT-Na, and BNT-BiNa ceramics at room temperature. As can be seen, 
the relative dielectric permittivity decreases and loss tangent increases 
with increasing frequency. Such behavior can be attributed to the 
dielectric relaxation which is related to different polarization mecha
nisms having different relaxation times. At low frequency, polarizations 
with different relaxation time can be active and contribute to the 
dielectric permittivity. When the frequency is increased, the slow po
larization processes are not able to keep up with the applied electric 
alternating current (AC) field, leading to the decrease in the permittivity 
and increase of the dielectric loss [25–27]. 

From Fig. 2(a), one can see that after poling at a DC field of 50 kV 

Fig. 1. The fitted XRD patterns of (a) BNT-Bi, (b) BNT-Na, and (c) BNT-BiNa.  
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cm− 1, the dielectric permittivity (εr) of the BNT-Bi ceramic is decreased 
and the dielectric losses (tanδ) are increased in the entire range of fre
quencies used. The decrease of dielectric permittivity after poling in
dicates that some contribution to the permittivity is extrinsic, 
originating from switchable domain walls. Ferroelectric domains 
become larger during DC poling and at the same time the number of the 
domain walls is reduced, that means the decrease in the domain wall 
density. As a consequence, the dielectric permittivity of the sample is 
decreased on poling. The increase of the dielectric loss after poling is 
believed to be caused also by the larger domains. [28] In addition, a 
series of permittivity peaks reflecting the piezoelectric activity of the 
sample (the 1st and 2nd harmonic resonances) can be observed in the 
dielectric spectra (εr and tanδ vs. frequency). The poled BNT-Bi sample 
exhibits a high piezoelectric d33 coefficient (~117.3 pC N− 1), which is 
comparable to the value reported earlier for BNT-6BT ceramics (Fig. S6 
in Supporting Information). [17,29–32] It is worth mentioning that the 
poling at 50 ◦C resulted in reduction of d33 to 84.1 pC N− 1, pointing to 
the effect of the thermal depolarization. This phenomenon will be 
further discussed along with the analysis of the temperature dependence 
of the dielectric properties and ferroelectric polarization behaviour at 
high temperatures. The value of d33 of the poled BNT-Na and BNT-BiNa 
ceramics is small, close to 3 pC N− 1. These two samples, in addition, 
show no obvious change in the dielectric permittivity on poling, which 
suggests the reversible field-induced transitions. 

Fig. 3 shows the temperature dependence of the dielectric permit
tivity and loss tangent at five different frequencies (1 kHz, 10 kHz, 100 
kHz, 500 kHz and 1 MHz) for the unpoled BNT-Bi, BNT-Na, and BNT- 
BiNa ceramics (for the poled samples see Figure S7, in Supporting In
formation). It is generally accepted that the dielectric behaviour of BNT- 
6BT ceramics shows a strong frequency dispersion. [33] Moreover, 
when heated from room temperature, the BNT-6BT relaxor system ex
hibits two distinct anomalies in the dielectric permittivity/ loss against 
temperature curves. The first anomaly at lower temperatures, i.e., where 
a shoulder starts to develop, defines the depolarization temperature 
(Td). This temperature corresponds to the phase transition temperature 

Fig. 1. (continued). 

Table 1 
Crystal structure refinement parameters of BNT-Bi, BNT-Na and BNT-BiNa.  

Sample Unit cell 
parameters 
(Å) (Phase 1, 
R3c) 

Unit cell 
parameters 
(Å) (Phase 2, 
P4bm) 

Unit cell 
parameters 
(Å) (Phase 3, 
Fd-3 m) 

Weight 
fraction 
(%) 

R- 
factors 
and 
GOFs 

BNT-Bi a = b =
5.5067(3) 

a = b =
5.5191(6)  

R3c =
64.7 

Rp =
20.7 

c = 13.5231 
(7) 

c = 3.9138 
(9)  

P4bm =
35.3 

Rwp =
12.4 

α = β = 90◦, 
γ = 120◦

α = β = γ =
90◦

Rexp =
7.62 

Volume =
355.53(4) 
(Å3) 

Volume =
119.22(6) 
(Å3)  

χ2 =

2.07 

BNT- 
Na 

a = b =
5.5119(2) 

a = b =
5.5180(7) 

a = b = c =
10.3331(6) 

R3c =
62.1 

Rp =
31.0 

P4bm =
28.6 

Rwp =
18.2 

c = 13.5181 
(6) 

c = 3.9070 
(9) 

α = β = γ =
90◦

Fd-3 m 
= 9.3 

Rexp =
8.7 
χ2 =

3.64 
α = β = 90◦, 
γ = 120◦

α = β = γ =
90◦

Volume =
1101.35(7) 
(Å3) 

Volume =
355.20(2) 
(Å3) 

Volume =
118.96(2) 
(Å3)  

BNT- 
BiNa 

a = b =
5.5169(1) 

a = b =
5.5180(7)  

R3c =
59.0 

Rp =
27.4 

c = 13.4989 
(7) 

c = 3.9070 
(9)  

P4bm =
41.0 

Rwp =
14.2 

α = β = 90◦, 
γ = 120◦

α = β = γ =
90◦

Rexp =
7.65 

Volume =
355.65(6) 
(Å3) 

Volume =
118.96(2) 
(Å3)  

χ2 =

2.71 

Note: GOF (χ2) represents the goodness of fit. 
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Fig. 2. Frequency dependence of the dielectric permittivity and loss for the unpoled and poled samples at room temperature: (a) BNT-Bi, (b) BNT-Na, and (c) BNT- 
BiNa (the inset shows the dielectric loss as a function of frequency in log scale). 
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from ferroelectric (FE) phase to relaxor phase, and can be identified also 
as the temperature of the fastest decrease of the remanent polarization. 
[34,35] Here, Td is determined from the hump of the dielectric loss 
versus temperature curves of the unpoled samples (Fig. 3(a)-Fig. 3(c)). 
[33,36] The second anomaly occurs in the higher temperature region 
and corresponds to the temperature of the maximum permittivity (Tm). 
Because of the relaxor behaviour, Tm is not considered a Curie point of 
the ferroelectric-to-paraelectric transition. [34,37]. 

For BNT-Bi, the temperatures Td and Tm of the unpoled sample are 
about 126 ◦C and 236 ◦C, respectively, which are close to the values 
reported by other researchers for pure BNT-6BT. [31] Also, the values of 
the dielectric permittivity of BNT-Bi at room temperature and at Tm are 
in accordance with the earlier studies. [31,33,38] For the poled sample, 
Td and Tm are about 85 ◦C and 236 ◦C. The depolarization temperature of 
the poled BNT-Bi sample is lower than that of the unpoled ceramic, 
which implies a reduced temperature stability of piezoelectricity. It is 
proposed that the limited piezoelectric stability of the Sm-doped BNT- 
6BT ceramics, if compared to pure BNT-6BT, [31,33] is a result of the 
lowering of Td by the Sm doping. An introduction of Sm ions at Pb sites 
has also been found to deteriorate the thermal stability of piezoelectric 
constants of lead-based materials. [19,22]. 

For the second composition, the Td and Tm of the unpoled and poled 
BNT-Na ceramics are nearly same, about 64 ◦C and 286 ◦C, respectively. 
Similarly, the depolarization temperature and maximum permittivity 
temperature for the unpoled and poled BNT-BiNa samples are almost 
identical, Td ~ 65 ◦C and Tm ~ 289 ◦C. A small difference in the values of 
Td and Tm of BNT-Bi, BNT-Na and BNT-BiNa can be attributed to tem
perature measurement error. The dielectric permittivity of these two 
ceramics is lower than that of pure BNT-6BT. [31,33] In addition, from 
Figs. 2 and 3, one can infer that the dielectric permittivity of the BNT-Bi 
sample is the highest, and that the permittivity of BNT-BiNa is higher 
than of BNT-Na. Higher dielectric permittivity yields the lower break
down electric field strength of relaxor ferroelectrics. [8] The decreased 
breakdown field significantly affects the energy storage density of these 
materials. As shown in Fig. 4(b) and (c), the breakdown electric field 
strength of the BNT-Na ceramic (260 kV cm− 1) is higher than that of the 
BNT-BiNa ceramic (230 kV cm− 1). 

The temperatures Td and Tm of the BNT-Na and BNT-BiNa ceramics 
change only a little on poling. This can be explained by assuming that 
BNT-Na and BNT-BiNa relaxors contain a higher number of polar nano 
regions. These can be reversed by an external electric field upon field 
removal. Similar behaviour was observed in BNT-BT ceramics with high 
density of the nano-sized polar regions. [39] It should be mentioned that 
the BNT-Na and BNT-BiNa ceramics show low dielectric loss (Fig. 3(b) 
and (c)), which is beneficial for energy storage applications. 

In Fig. 3(b) and Fig. 3(c), the permittivity increases and dielectric 
loss decreases with increasing temperature in the temperature region 
between Td and Tm. This behaviour can be attributed to the trans
formation of thermally stable ferroelectric domains into thermally 
active polar nano regions (PNRs). Presumably, a high concentration of 
PNRs is responsible for the increased permittivity. For dielectric loss, 
there are two contributions - DC conductivity and friction between di
poles. [40] At high temperatures, the contribution of DC conductivity to 
dielectric loss increases. In Fig. 3(b) and Fig. 3(c), the decrease of loss 
with increasing temperature indicates that the dielectric loss in the 
temperature range Td - Tm is not dominated by the DC conductivity, but 
frictions between PNRs under applied AC field. These decrease at higher 
temperatures largely, resulting in the loss reduction. 

As shown in Fig. 3, the temperature dependencies of the dielectric 
permittivity of the Sm-doped samples show a strong frequency disper
sion. For BNT-Na and BNT-BiNa, the frequency dispersion is clearly seen 
in the low temperature region, around Td (Fig. 3(b) and (c)). Upon 
further heating, the dispersion gradually disappears. On the other hand, 
in the BNT-Bi sample, the frequency dependency of the dielectric 
permittivity exists from room temperature up to 600 ◦C. Such behaviour 
is thought to be caused by the thermal activation of mobile charge 
carriers, such as oxygen vacancies. [41] The crystal structure of BNT- 
based ceramics typically consists of a strong polar R3c phase and a 
weak polar P4bm phase. For the occurrence of the dielectric relaxation 
and distinct Td temperature in these ferroelectrics is mainly responsible 
the tetragonal P4bm phase. [38,42] However, the structure of the 
studied BNT-Bi sample is predominantly composed of the rhombohedral 
R3c phase, which makes difficult to clearly identify Td in the permittivity 
vs. temperature plot. The strong polar nature of BNT-Bi is also consistent 
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with the higher distortion (c/a = 2.456) of the R3c phase, if compared to 
that of BNT-6BT (c/a = 2.436). [43]. 

In order to investigate oxygen vacancies in the prepared samples, X- 
ray photoelectron spectroscopy (XPS) has been employed. [44,45] 
Fig. S8 - Fig. S10 (in Supporting Information) display the XPS spectra of 
O 1s, Ti 2p, Bi 4d, Bi 4f, Ba 3d, Na 1s and Sm 3d for the BNT-Bi, BNT-Na 
and BNT-BiNa ceramics. As the concentrations of Ba, Na and Sm ions are 
rather low, the noise level of the scans over the 3d peaks is high. The O 
1s spectra of the three ceramics are composed of three spectral peaks 
located at the binding energy of about 529.8 eV, 531.3 eV and 532.5 eV, 
which can be ascribed to the lattice oxygen (O 1s І), oxygen vacancies (O 
1s ІІ) and chemically absorbed oxygen species (O 1s ІІІ). [44,46,47] By 

analysis of the oxygen XPS spectra, it was found that an amount of ox
ygen vacancies in all the samples is about 33.77% − 37.58%, which is 
very close to each other. The temperature dependencies of the dielectric 
permittivity and loss of BNT-Na and BNT-BiNa are nearly stable, which 
suggests only a weak influence of the oxygen vacancies. Thus, one can 
propose that the donor doping in the BNT-Na and BNT-BiNa ceramics 
(Na+ substituted by Sm3+) is compensated by the A-site sodium va
cancies, which are negatively charged and difficult to move. On the 
other hand, the positively charged oxygen vacancies are highly mobile 
at moderate temperatures and under high electric fields. [48] In the 
BNT-Na and BNT-BiNa ceramics, oxygen vacancies are attracted by the 
negative sodium vacancies. Therefore, even though the presence of 

Fig. 3. Temperature dependence of the dielectric permittivity and loss at five different frequencies for the unpoled ceramic samples of (a) BNT-Bi, (b) BNT-Na, and 
(c) BNT-BiNa. 
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oxygen vacancies in BNT-Na and BNT-BiNa is clearly demonstrated by 
XPS, they are inactive and do not affect the temperature dependencies of 
the dielectric permittivity and loss. In the BNT-Bi sample, the oxygen 
vacancies are electrically active and have a large impact on the dielectric 
properties. 

The polarization–electric field (P-E) hysteresis loops and current- 
electric field (I-E) hysteresis loops of the BNT-Bi, BNT-Na, and BNT- 
BiNa samples under various applied electric fields at room tempera
ture are shown in Fig. 4. The values of the remanent polarization (Pr), as 
obtained from the P-E hysteresis loops, are summarized in Table S1 (in 
Supporting Information). The P-E and I-E loops of the BNT-Bi ceramic 
indicate a conventional ferroelectric behaviour characterized by the 
large Pr (25.88 μC cm− 2) and typical domain switching current peaks. 
The high remanent polarization, if compared to that of the BNT-Na and 
BNT-BiNa samples, make the BNT-Bi ceramics a suitable material for 
piezoelectric applications. [49,50] On the other hand, double P-E hys
teresis loops with the field-induced increased saturated polarization and 
low remanent polarization pre-determine the BNT-Na and BNT-BiNa 
ceramics for energy storage applications. 

In BNT-6BT ceramics, Bi3+ ions relative to the R3c cell are respon
sible for regular ferroelectric (FE) order and occurrence of ferroelec
tricity. [51] They also play a prominent role in local atomic disorder at A 

sites of the BNT-6BT relaxor system. [52] In our samples, when Bi3+ ions 
are partly replaced by isovalent ions of samarium, the piezoelectric 
constant d33 of the BNT-Bi ceramic does not change significantly, but the 
depolarization temperature is lowered, if compared to pure BNT-6BT 
ceramics. [38] Hence, the Sm doping is beneficial to the enhancement 
of energy storage performance of BNT-6BT. 

The polar phase with the tetragonal P4bm structure of the BNT-6BT 
system is predominantly formed by short-range ordered nanodomains of 
a size of about 100 nm, which give rise to the relaxor behaviour. [33,53] 
When the Sm3+ ion is in place of Na+, the ferroelectric order is sup
pressed and the remanent polarization (Pr) is decreased. Consequently, 
the P-E loop of the BNT-Na sample is slim, providing the improved en
ergy storage properties. In addition, samarium, as a member of the rare 
earth family, can reduce the leakage current and increase the breakdown 
field strength. [54]. 

Comparing the P-E loops in Fig. 4, it is clear that, at the same 
maximum switching field, the saturated polarization of the BNT-BiNa 
ceramic is bigger than that of the BNT-Na. However, it is lower than 
that of the BNT-Bi sample. Thus, one can propose that the partial sub
stitution of Bi3+ ions by Sm3+ ions improve the saturated polarization. 
As the ionic radius of Sm3+ is smaller than that of Bi3+, [23] the Sm 
doping introduces a structural distortion in the BNT lattice and, thus, 

Fig. 3. (continued). 

Fig. 4. P-E and I-E loops of (a) BNT-Bi, (b) BNT-Na, (c) BNT-BiNa ceramics, as obtained at room temperature.  
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affects the ferroelectric polarization. [55] The BNT-BiNa sample exhibits 
a much lower remanent polarization (6.37 μC cm− 2) than BNT-Bi (25.88 
μC cm− 2), but higher than that displayed by the BNT-Na ceramic (2.87 
μC cm− 2). Therefore, even the P-E loops of BNT-Na are slimmer than 
these of BNT-BiNa, the high saturated polarization favours the latter for 
using in energy storages because it may produce a higher storage 
density. 

The energy storage density (W), recoverable energy storage density 
(Wrec) and energy storage efficiency (ŋ) can be calculated from the 
measured P-E hysteresis loop using the following formulae: [56,57] 

W =

∫ Pmax

0
EdP (1)  

Wrec =

∫ Pmax

Pr

EdP (2)  

η =
Wrec

W
× 100% (3) 

where Pmax is the saturated polarization, Pr is the remanent polari
zation and E is the applied external electric field. From the above 
formulae, it can be concluded that the larger breakdown electric field 
strength, the lower remanent polarization, and the larger saturated 
polarization would effectively improve Wrec and ŋ. In this perspective, 
relaxor ferroelectrics have greater potential for energy storage applica
tions than normal ferroelectrics and antiferroelectrics. 

Fig. 5. P-E and I-E loops of the ceramics of (a-d) BNT-Bi, (e-h) BNT-Na, and (i-l) BNT-BiNa at 50, 75, 100 and 125 ◦C.  
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The values of Wrec and ŋ for the BNT-Na and BNT-BiNa ceramics were 
calculated using the Formulae 2 and 3, respectively. At room tempera
ture, the BNT-Na sample showed the maximum Wrec of about 3.18 J 
cm− 3 and ŋ of about 69.30% at the applied field of 260 kV cm− 1. At 240 
kV cm− 1, the energy storage efficiency of the ceramic is even higher (ŋ ~ 
71.72%), and the value of Wrec is also relatively high (~2.93 J cm− 3). 
For the BNT-BiNa composition, the maximum room-temperature values 
of Wrec of 3.73 J cm− 3 and ŋ of 62.92% were obtained at 230 kV cm− 1. 
The unipolar P-E loops are presented in Fig. S11 (in Supporting Infor
mation), showing slightly lower values of the energy storage density 
compared to these obtained from the bipolar P-E loops. The small dif
ference in the calculated Wrec values can be attributed to reversibility of 
the field-induced transitions during bipolar loading. [58,59]. 

Fig. 5 shows the thermal evolution of the P-E and I-E loops of the 
BNT-Bi, BNT-Na, and BNT-BiNa ceramics, as obtained in the tempera
ture range from 50 ◦C to 125 ◦C. From Fig. 5(a), one can see that the 
remanent polarization of BNT-Bi at 50 ◦C is smaller (~22.75 μC cm− 2) 
than that at room temperature (~25.88 μC cm− 2). Besides that, four 
current peaks are clearly distinguished in the first quadrant and the third 
quadrant (E1, E2, E3, and E4) of the I-E loop at 50 ◦C, which is consistent 
with depolarization process indicated by decrease of d33. The thermally- 
induced depolarization justifies the degradation of the piezoelectric d33 
coefficient of the BNT-Bi sample on heating, as mentioned above. With 
increasing temperature, the E1 peak gradually shifts towards higher 
electric fields, and at the same time the gap between the E1 and E2 peaks 
increases. This behaviour suggests a phase transition in the material on 
heating. Concurrently, the shape of the P-E loop changes, the loop be
comes slimmer. 

As can be in Fig. 5(e) – Fig. 5(h), the difference between the current 
peaks E1 and E4 on the I-E curves of the BNT-Na sample gradually de
creases with increasing temperature, resulting in the slim P-E loop and 
superior energy storage properties. At 125 ◦C, the difference between 
the E1 and E4 peaks is the smallest and the energy storage efficiency 
reaches its maximum (ŋ = 91.41%). At the same time, the remanent 
polarization decreases upon heating, especially when the temperature is 
higher than Td (~64 ◦C). Unlike the remanent polarization, the saturated 
polarization does not change significantly with temperature. Therefore, 
the P-E loops become slimmer as the temperature increases. Above 
125 ◦C, the P-E loop is wider than that recorded at lower temperatures, 
which is demonstrated in Fig. S12(b) (in Supporting Information). 

The P-E and I-E loops of the BNT-BiNa ceramic, as collected at 
temperatures from 50 ◦C to 125 ◦C, are shown in Fig. 5(i) – Fig. 5(l). At 
50 ◦C, the distance between the E1 current peak and the E4 peak is large, 
leading to a low energy storage efficiency (ŋ = 74.04%). As the 

temperature increases, the distance between the E1 and E4 peaks de
creases. The same trend is observed in the thermal evolution of the 
remanent polarization, which causes narrowing of the P-E loops and 
enhancement of the energy storage efficiency. However, when the 
temperature is higher than 100 ◦C, the remanent polarization increases 
with temperature and the area of P-E loops becomes bigger, which 
indicate higher losses. 

In Fig. 5(b) and Fig. 5(c), the current value between E1 and E2 in the 
first quadrant is higher than that at the highest applied field, which can 
be related to the decreased domain wall density under high field and 
field-induced irreversible transitions as well. [60] The reduced density 
of domain walls is clearly manifested in Fig. 3(a) at temperatures below 
Td. As one can see in Fig. 5(f), 5(g), 5(j) and 5(k), the current value 
between E1 and E2 is close to that at the highest field, implying that in 
the BNT-Na and BNT-BiNa ceramics the field-induced transitions above 
Td (Fig. 3(b) and Fig. 3(c)) are reversible. [42,61,62]. 

The calculated values of Wrec and ŋ for the BNT-Na and BNT-BiNa 
ceramics as a function of temperature are shown in Fig. 6. Apparently, 
the samples have a relatively high storage performance over a wide 
temperature range. In Fig. 6(a), one can see that Wrec slightly increases 
from 2.93 J cm− 3 to 3.51 J cm− 3 and ŋ increases from 71.72% to 91.41% 
as the temperature of the BNT-Na sample increases from room temper
ature up to 125 ◦C. With further heating to 150 ◦C, both Wrec and ŋ 
decrease to a certain extent (Wrec = 3.20 J cm− 3 and ŋ = 89.25% at 
150 ◦C). 

TEM studies on relaxor ferroelectrics derived from BNT have shown 
that these materials are composed of ferroelectric micro-domains and 
polar nanoregions (PNRs). [33,57,63] The PNRs have been demon
strated to be responsible for the electric field-induced phase transition 
above Td. This transition is reversible under an external switching field 
and is typically manifested by four electrical current peaks in the four 
quadrants of the I-E curve. [42,64] In Fig. 5, one can clearly observe the 
four current peaks for BNT-BiNa at 100 ◦C. Moreover, the fields corre
sponding to the current peaks E1 and E4 are very close to each other, 
which indicates a high performance of BNT-BiNa for storage of energy at 
temperatures as high as 100 ◦C. 

Fig. 6(b) shows the temperature dependence of Wrec and ŋ of the 
BNT-BiNa sample under an applied field of 230 kV cm− 1. Similar to the 
BNT-Na ceramic, the BNT-BiNa sample has the lowest values of Wrec and 
ŋ at room temperature. Due to the relatively wide P-E loop (Fig. 4(c)), 
the room temperature ŋ is lower than that of the BNT-Na, reaching the 
value ~ 62.92%. However, the high saturated polarization of BNT-BiNa 
yields a higher Wrec (≈ 3.73 J cm− 3) at room temperature, if compared to 
the value of the recoverable energy storage density of the BNT-Na 

Fig. 6. The recoverable energy storage density (Wrec) and energy storage efficiency (ŋ) as function of temperature for (a) BNT-Na (at 240 kV cm− 1), and (b) BNT-BiNa 
(at 230 kV cm− 1). 
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sample. As the temperature increases, Wrec and ŋ increase, with a steep 
rise at a temperature around 75 ◦C, followed by the peak values of Wrec 
= 4.41 J cm− 3 and ŋ = 83.96% at 100 ◦C. Further increasing of the 
temperature leads to a slow decreasing of Wrec and ŋ; the respective 
values dropped down to 3.86 J cm− 3 and 77.65% at 150 ◦C. It is worth 
mentioning that at 125 ◦C the values of Wrec and ŋ are yet as high as 4.19 
J cm− 3 and 82.92%, respectively. The energy storage properties of the 
BNT-Na and BNT-BiNa ceramics are summarized in Table S2 (in Sup
porting Information). 

From the obtained results, it can be postulated that the magnitude of 
Wrec depends on energy storage material’s parameters, such as the 
remanent polarization, the saturated polarization, and the breakdown 
electric field strength. Among them, the remanent and saturation po
larizations are intrinsic characteristics of the material. Upon electric 
field loading, the saturation polarization increases very little. Therefore, 
to obtain a larger Wrec a larger breakdown electric field strength of the 
ferroelectric materials is required. Bulk ceramics is often grounded and 
polished to a very small thickness in order to achieve a large electric 
field at a given working voltage. However, due to low capacity and small 
volume, the total energy that can be stored in the thin ceramics is much 
lower than that in their bulk counterparts. In addition, large external 
electric fields applied to naturally non-perfect polycrystalline ceramics 
are not safe in practical use. [65,66] Therefore, the search for novel 
materials that do not require extremely large electric fields to show high 

recoverable energy storage density and efficiency is important and 
challenging in modern material sciences. 

Here, we propose a new concept for an assessment of energy storage 
materials based on determining the energy density under a certain 
electric field; the so-called recoverable energy storage intensity (ρ). The 
recoverable energy storage intensity (ρ) can be calculated using the 
following formulae: 

ρ =
Wrec

ΔE
(4)  

ΔE = Eb − Es (5) 

where Eb is the breakdown electric field and Es is the starting electric 
field, which is normally defined as 0 kV cm− 1. From the Formula 5, if Es 
= 0 kV cm− 1, ΔE equals to the breakdown electric field. In our study, the 
calculated room-temperature value of ρ for the BNT-Na and BNT-BiNa 
ceramics is 12.23 × 10-3 J kV− 1 cm− 2 and 16.22 × 10-3 J kV− 1 cm− 2, 
respectively. The maximum recoverable energy storage intensity (ρmax 
= 14.63 × 10-3 J kV− 1 cm− 2) of the BNT-Na sample was obtained at 
125 ◦C. The BNT-BiNa sample showed the maximal ρ of about 19.17 ×
10-3 J kV− 1 cm− 2 at lower temperature, around 100 ◦C, which is the 
highest value of the recoverable energy storage intensity obtained for 
the relaxor-based ceramics so far. It should be emphasized that all over 
the investigated temperature range from 25 ◦C to 150 ◦C the ρ values of 
the two ceramics (BNT-Na and BNT-BiNa) are higher than 12 × 10-3 J 

Table 2 
The energy storage properties of ferroelectric ceramics.  

Compounda) △E (kV cm− 1) Wrec (J cm− 3) ŋ (%) ρ (J kV− 1 cm− 2) Temperature (℃) b) Ref. 

0.70BT-0.30BS 730 6.1 - c) 8.36 × 10-3 RT [67] 
BNBT-0.06KN 100 0.89 – 8.90 × 10-3 RT [68] 
0.97(0.65BF-0.35BT)-0.03Nb2O5 90 0.71 – 7.89 × 10-3 – [69] 
0.70(0.94BNT-0.06BT)-0.30ST 90 0.98 82 10.89 × 10-3 RT [70] 
0.88BT-0.12BMT 224 1.81 – 8.08 × 10-3 RT [71] 
0.85BT-0.15BZT (MLCC) 330 2.8 – 8.48 × 10-3 RT [72] 
0.91BT-0.09BY 93 0.71 82.6 7.63 × 10-3 RT [73] 
0.90BT-0.10BMN 143.5 1.13 ＞90 7.87 × 10-3 RT [74] 
0.80(0.92BNT-0.08BT)-0.20NBN 136 1.36 73.9 10.00 × 10-3 – [75] 
0.61BF-0.33BT-0.06BaMN 125 1.56 75 12.48 × 10-3 RT [76] 
BBNT-0.15SZ 155 1.32 ～56 8.52 × 10-3 – [77] 
0.90(0.92BNT-0.08BT)-0.10BMT 135 2 88 14.81 × 10-3 120℃ [78] 
0.80KNN-0.20SSN 295 2.02 81.4 6.85 × 10-3 RT [79] 
0.80KNN-0.20SSN-0.5 %ZnO 400 2.6 73.2 6.50 × 10-3 RT [80] 
0.85BT-0.15BZN 131 0.79 93.5 6.03 × 10-3 – [81] 
0.90(0.92BNT-0.08BT)-0.10NT 100 1.2 74.8 12.00 × 10-3 RT [82] 
0.85KNN-0.15ST 400 4.03 52 10.08 × 10-3 RT [83] 
0.80KNN-0.20ST 400 3.67 72.1 9.18 × 10-3 RT [83] 
0.90KNN-0.10BMeN 300 4.08 62.7 13.60 × 10-3 RT [84] 
0.90LLBNTZ-0.10NBN 178 2.04 54.76 11.46 × 10-3 RT [85] 
0.61BF-0.33BT-0.06LMT 130 1.66 82 12.77 × 10-3 RT [86] 
Sr0.30(Bi0.70Na0.67Li0.03)0.5TiO3 130 1.70 87.2 13.08 × 10-3 RT [57] 
0.85BT-0.15BZS 280 2.21 91.6 7.89 × 10-3 RT [87] 
0.60BKT-0.30BT-0.10NN 460 7.57 81.4 16.46 × 10-3 RT [88] 
0.94(0.95BNT-0.04BT)-0.06BZN 210 3.02 75 14.38 × 10-3 – [89] 
0.90NN-0.10BF 995 18.5 78.7 18.59 × 10-3 – [65] 
0.68NN-0.32BLT 485 8.73 80.1 18.00 × 10-3 RT [16] 
0.35BF-0.65ST 750 8.4 90 11.20 × 10-3 – [66] 
0.62BF-0.3BT-0.08NZZ (MLCC) 700 10.5 87 15.00 × 10-3 25℃ [15] 
0.45AgNbO3–0.55AgTaO3 470 6.3 90 13.40 × 10-3 – [13] 
Ag0.76La0.08NbO3 476 7.01 77 14.73 × 10-3 RT [90] 
KNN-H (high-entropy) 740 10.06 90.8 13.59 × 10-3 – [91] 
BNT-Na 260 3.18 69.30 12.23 £ 10-3 RT This work 
BNT-Na 240 3.51 91.41 14.63 £ 10-3 125℃ This work 
BNT-BiNa 230 3.73 62.92 16.22 £ 10-3 RT This work 
BNT-BiNa 230 4.41 83.96 19.17 £ 10-3 100℃ This work  

a) BT: BaTiO3; BS: BiScO3; BNBT: (Bi0.47Na0.47Ba0.06)TiO3; KN: KNbO3; BF: BiFeO3; BNT: (Bi0.5Na0.5)TiO3; ST: SrTiO3; BMT: Bi(Mg0.5Ti0.5)O3; BZT: Bi(Zn0.5Ti0.5)O3; 
BY: BiYbO3; BMN: Bi(Mg2/3Nb1/3)O3; NBN: Na0.73Bi0.09NbO3; BaMN: Ba(Mg1/3Nb2/3)O3; BBNT: Ba0.04Bi0.48Na0.48TiO3; SZ: SrZrO3; KNN: (K0.5Na0.5)NbO3; SSN: Sr 
(Sc0.5Nb0.5)O3; BZN: Bi(Zn2/3Nb1/3)O3; NT: NaTaO3; LLBNTZ: Bi0.48La0.02Na0.48Li0.02Ti0.98Zr0.02O3; BMeN: Bi(Me2/3Nb1/3)O3; LMT: La(Mg0.5Ti0.5)O3; BNLT: 
(Bi0.5Na0.485Li0.015)TiO3; BZS: Bi(Zn1/2Sn1/2)O3; BKT: (Bi0.5K0.5)TiO3; NN:NaNbO3; BLT: (Bi0.5Li0.5)TiO3; NZZ: Nd(Zn0.5Zr0.5)O3; KNN-H: [(K0.2Na0.8)0.8Li0.08

Ba0.02Bi0.1] (Nb0.68Sc0.02Hf0.08Zr0.1Ta0.08Sb0.04)O3. 
b) RT: Room Temperature. 
c) “-”: data not provided. 
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kV− 1 cm− 2. Table 2 summarizes and compares the energy storage 
properties of the BNT-Na and BNT-BiNa ceramics with other recently 
developed ceramic materials for high performance energy storage 
applications. 

Obviously, some materials listed in the table have larger Wrec than 
the Sm-doped BNT-6BT ceramics. However, higher Wrec values are due 
to higher applied electric fields. If one compares the values of the 
recoverable energy storage intensities, none of the listed materials show 
higher or comparable values to that achieved in this study (19.17 × 10-3 

J kV− 1 cm− 2). Also, it should be noted that BKT-based and NN-based 
ceramics show better energy storage properties than the prepared Sm- 
doped BNT-6BT ceramics. The higher values of the Wrec, η and ρ pa
rameters of the ceramics derived from BKT and NN can be attributed to 
the high field-induced polarization. [16,65,88]. 

4. Conclusion 

The Sm-doped BNT-6BT ceramics were prepared by conventional 
solid-state reaction. The composition of the ceramics was designed to 
replace Bi, Na and both Bi and Na ions by Sm ions in the BNT-6BT 
perovskite system. The effect of the Sm substitution on the crystal 
structure, dielectric, ferroelectric and piezoelectric properties as well as 
energy storage properties of the ceramics was investigated systemati
cally. It is shown that the BNT-Bi (Sm replaces Bi) sample shows good 
piezoelectric properties (d33 = ±117.3 pC N− 1) and adequate ferro
electric properties with the large remanent polarization (25.88 μC cm− 2) 
at room temperature. 

The BNT-Na (Sm replaces Na) and BNT-BiNa (Sm ions replace both 
the Bi and Na ions) ceramics exhibit superior energy storage properties 
due to their relaxor behaviour. The ultrahigh recoverable energy storage 
density (4.41 J cm− 3), excellent energy storage efficiency (83.96%) and 
superhigh recoverable energy storage intensity (19.17 × 10-3 J kV− 1 

cm− 2) were achieved simultaneously in the BNT-BiNa ceramic. In 
addition, a notable thermal stability of the energy storage performance 
was observed for the BNT-Na and BNT-BiNa ceramics. In the tempera
ture range 25 ◦C – 150 ◦C, the recoverable energy storage densities and 
recoverable energy storage intensities of these samples were about 3 J 
cm− 3 and 12 × 10-3 J kV− 1 cm− 2, respectively, and they did not change 
significantly with temperature. This research provides an approach, 
based on simple but reasonable chemical modifications of BNT-6BT 
relaxor ferroelectrics, for the development of new lead-free ceramics 
for piezoelectric and energy storage applications. 
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