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ABSTRACT: Lead-free electroceramics have attracted significant research interest as alternatives to lead-containing systems due to
concerns related to lead’s toxicity to human health and the environment. Solid solutions based on bismuth sodium titanate (BNT)
and barium titanate (BT), particularly those with compositions near the morphotropic phase boundary (MPB), such as 0.94
BigsNa, s Ti05-0.06BaTiO; (BNT-6BT), exhibit promising piezoelectric and ferroelectric properties. In this study, samarium (Sm)
was introduced to partially replace both Bi and Na ions within the structure of BNT-6BT, at concentrations of 0.5 and 5 mol %, in
samples labeled as BNTS0.5 and BNTSS, respectively. The addition of Sm modifies the A-site disorder on a nanometer scale,
resulting in a decrease of the temperature T corresponding to a frequency-dependent shoulder in the dielectric permittivity and a
significant increase of the temperature T,, corresponding to the maximum permittivity. Additionally, it was found that BNTSO0.5
ceramic exhibits a relatively high piezoelectric coefficient (dy; = 164.7 pC N''), while BNTSS shows high recoverable energy density
and energy storage efficiency (W,.. = 3.88 ] cm™ and 77 = 71.06%) at room temperature. With an exceptional recoverable energy
storage intensity of 12.93 J V™! cm™ at room temperature, BNTSS outperforms other similar materials, representing an excellent
candidate for energy storage applications associated with the contribution of polar nanoregions. The two ceramics show significant
potential for applications in piezoelectric energy conversion and energy storage devices.

KEYWORDS: ferroelectric, relaxor, polar nanoregions, piezoelectric, energy storage, ceramics

1. INTRODUCTION show improved properties for piezoelectric and ferroelectric

In the last decades, lead-free ferroelectrics have attracted a}II) phcatllons I\I;Ilore;)ver, lthe“ rTlaxor -like properties rrllake

significant interest from the research community as alternatives : em o suitable for electrical energy storage applica-
ions.

to the widely used electroceramics containing lead, such as lead
zirconate titanate (PZT).'™* In 1991, Takenaka et al. carried
out the first investigation on lead-free solid solutions

combining bismuth sodium titanate (BNT) and barium e i
titanate (BT), (1 — x)Big sNag ; TiO;-xBaTiO, (conventionally (1), can be estimated from the measured polarization—electric

abbreviated as BNT-¥BT).> Electroceramics developed from field (P _E)lé hysteresis loops by means of the following
ferroelectric solid-solution systems having compositions close expressions:
to a morphotropic phase boundary (MPB) usually exhibit

The energy storage properties of a ferroelectric material,
namely, the total energy storage density (W), recoverable
storage energy density (W), and energy storage efficiency

optimum piezoelectric and ferroelectric propertles 7 In the Received: June 23, 2025 st (10
BNT-xBT system, the MPB composition is located around x = Revised:  August 22, 2025

0.06—0.07 and is characterized by the coexistence of Accepted: September 1, 2025

rhombohedral (R) and tetragonal (T) phases.” Thus, materials Published: September 10, 2025

derived from the 0.94Bi,;Na,TiO;-0.06BaTiO; (BNT-6BT)

solid-solution with opportune modifications are expected to
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where P, is the polarization at the maximum applied electric
field (hereafter named maximum polarization), P, is the
remanent polarization, and E is the applied electric field. From
these equations, one can deduce that an enhancement of the
energy storage properties of a ferroelectric material can be
achieved by an increase in the electrical breakdown strength
and maximum polarization and a reduction of remanent
polarization. Therefore, relaxor ferroelectrics could offer
significant advantages for energy storage applications com-
pared with conventional ferroelectrics.

BNT undergoes an electric field-induced transition from a
relaxor state to a stable ferroelectric state, characterized by a
large saturated polarization exceeding 35 uC cm™2>'' An
introduction of Sr** ions on the A-sites of BNT has been
reported to disrupt the long-range order of ferroelectric
domains, leading to the formation of polar nanoregions and
lower remanent polarization (P,)."”~"? Similarly, the insertion
of Zr* ions on the B-site was demonstrated to induce the
transformation of microscopic domains into polar nanoregions
and reduce P,.>”*" These chemical modifications ultimately led
to improved energy storage properties.17_21

Previous studies on lead-based ferroelectric materials have
shown that the A-site modifications with samarium (Sm) can
enhance the piezoelectric performance.””** On the other hand,
Sm-doping at specific concentrations was found to promote
the formation of polar nanoregions, resulting in increased
energy storage density.””** In the present study, the effect of
Sm-doping on the piezoelectric and energy storage properties
of lead-free BNT-6BT ceramics is investigated.

2. EXPERIMENTAL SECTION

Polycrystalline samples of the Sm-doped BNT-6BT system were
prepared by a conventional solid-state reaction method. Samarium
was introduced at two specific concentrations (0.5 mol % and S mol
%) on the A-site of the perovskite ceramics with nominal
compositions 0.94Bij 4973Nag 4919Smg 954 Ti03-0.06BaTiO;
(BNTS0.5) and 0.94Big 4734Nag 4202Smg 053, Ti0;3-0.06BaTiO,
(BNTSS). For each composition, half of Sm was designed to partially
substitute Bi, and the other half of Sm to partially replace Na. The
specific amounts of Bi and Na replaced were determined based on the
charge balance condition. For instance, in BNTS0.S, the amount of
Sm** is 0.0054 moles. Since half of Sm*" replaces Bi**, the amount of
the latter after doping is given by 0.5 — 0.0027 = 0.4973 moles.
Instead, the amount of Na* is given by 0.5 — 0.0027 X 3/1 = 0.4919
moles. At the same time, to keep charge balance, Na vacancies
([V'xa)) on the A-site were created, whose amount is given by: [V'y,]
=0.0027 X 2 = 0.0054. Hence, the defect-chemistry-derived chemical
formula of BNTS0.5 can be written as follows: 0.94 Bij 4973
[Smp;J0.0027N20.4919[SM**N2J0.0027[ V' Nal0.0054 T103-0.06BaTiO;
(BNTS0.5). Based on the same criteria, the other composition can be
specified as: 0.94
Bi 4734 Smpi]0.0266N0.4202[ S NaJ0.0266L VN 0.0532 Ti03-0.06BaTiO4
(BNTSS).

For solid-state processing of the ceramics, the starting materials
were Bi,O; (purity > 99.9%, Sigma-Aldrich), Sm,0; (>99.9%, Alfa
Aesar), Na,CO; (>99.5%, Sigma-Aldrich), BaCO; (>99.8%, Alfa
Aesar), and TiO, (>99.8%, Sigma-Aldrich). All powders were dried at

200 °C for 12 h, weighed according to the stoichiometric formulas,
and ball milled at a speed of 200 rpm for 5 h in ethanol using a
planetary mill (Pulverisette S, Fritsch) with zirconia balls as milling
media. After overnight drying in air, the mixture was first calcined at
800 °C for 2 h and subsequently at 900 °C for 4 h. The calcined
mixture underwent an additional § h ball milling (200 rpm) in ethanol
using a planetary mill and zirconia balls to reduce the particle size.
During the last 10 min of this ball milling, a binder (S wt % polyvinyl
alcohol solution) was added to improve powder compaction. After
drying, the calcined powder-binder mixture was cold-pressed into
pellets 13 mm in diameter and 1 mm in thickness under a pressure of
200 MPa. The pressed pellets were annealed at 800 °C for 2 h to
remove the binder. They were then covered with the original powder
to compensate for element volatilization and sintered at 1150 °C for 4
h. The Archimedes’ method was employed to determine the density
of the sintered ceramics. The density was found to be >97% of the
theoretical density. Table S1 (in the Supporting Information) lists the
values of the Archimedes' density along with the relative density
values, which were calculated using the XRD refinement data.

The crystallographic structure of the sintered samples at room
temperature was studied by X-ray diffraction (XRD) using Cu-Ka
radiation (Panalytical CubiX3 X-ray diffractometer, Malvern
Panalytical, Netherlands). Raman spectroscopy was conducted on
polished samples using a Renishaw Raman microscope (Gloucester-
shire, UK) with 633 nm wavelength laser and a 20X microscope
objective lens to focus and acquire the scattered light. Raman
scattering data were collected in the range of 100—950 cm™'. The
microstructure of the sintered ceramics was examined on fracture
surfaces by scanning electron microscopy (SEM) with an FEI
Inspect F microscope (Hillsboro, Oregon, USA). In addition, a
semiquantitative elemental analysis was carried out using an energy-
dispersive X-ray (EDX) spectrometer (Oxford Instruments, UK)
attached to the SEM unit.

To investigate the dielectric, ferroelectric, and piezoelectric
properties, silver paste (Sun Chemical S.A. Ltd., C2050926P2, Bath,
UK) was applied to both sides of polished ceramic samples and then
fired at 700 °C for 10 min to obtain uniform electrodes. The dielectric
properties were tested at room temperature in the frequency range
from 100 Hz to 10 MHz using an impedance analyzer (4294A,
Agilent, Hyogo, Japan). All samples were poled at room temperature
by applying a 5 KV mm™" DC field for 10 min using a high-voltage
power supply (a model 2807, Alpha Series II, Brandenburg,
Germany). The piezoelectric coefficient (ds;) was directly measured
with a quasi-static dy; meter (ZJ-3B, Chinese Academy of Sciences,
China).

The temperature dependencies of the relative dielectric permittivity
and loss were collected from room temperature to 650 °C in the
frequency range 1 kHz—1 MHz using an LCR meter (a model 4284A,
Agilent, Hyogo, Japan) connected to a PC-controlled furnace. To
explore the ferroelectric properties of the ceramics, a ferroelectric
tester (NPL, Teddington, UK) was used to acquire the current—
electric field (I—E) and polarization—electric field (P—E) hysteresis
loops.”™*” The measurements were carried out in silicone oil at
selected temperatures in the range 25-—200 °C using triangular
waveforms of different amplitudes at different frequency.

3. RESULTS AND DISCUSSION

Figure 1 shows the fitted XRD patterns of BNTS0.5 and
BNTSS ceramics at room temperature. From Figure la, one
can see that the BNTSO0.S ceramic adopts a perovskite
structure with no secondary phases, suggesting the successful
incorporation of the Sm ions in the A-sites of the perovskite
structure. The Rietveld analysis of the diffractograms revealed
that BNTSO0.5 consists of a polar thombohedral phase (space
group, SG: R3c) and a weakly polar tetragonal phase (SG:
P4bm). The dominating phase in the mixed-phase structure is
the rhombohedral R3¢ phase, which contributes to the XRD
profile by 81%. The lattice constants of the R3¢ phase were

https://doi.org/10.1021/acsami.5c12016
ACS Appl. Mater. Interfaces 2025, 17, 53780—53790
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Figure 1. Fitted XRD patterns of (a) BNTS0.S and (b) BNTSS

ceramics, as collected at room temperature. The insets show the SEM
images of the respective ceramics.

estimated as follows: a = b = 5.522 A and ¢ = 13.517 A. The
refined lattice parameters of the weakly polar P4bm phase are
obtained as follows : a = b = 5.527 A and ¢ = 3.905 A. Both
BNTSO0.5 and BNTSS ceramics have a dense and uniform grain
structure, as shown in the insets of Figure la and b. The EDX
mapping of the chemical elements (Figures S1 and S2 in the
Supporting Information) suggests a uniform distribution of all
elements in both ceramics.

The structural analysis of the BNTSS ceramic (Figure 1b)
revealed that, in addition to the rhombohedral R3¢ and
tetragonal P4bm phases, the sample contains a pyrochlore
Sm,Ti,O,like impurity (ICDD PDF card no. 73-1699)
characterized by a cubic symmetry (SG #227: Fd3m) with a
lattice constant of about 10.33 A. The presence of the
secondary phase indicates that S mol % Sm doping is above the
solubility limit. The pyrochloric impurity accounts for
approximately 11% of the XRD pattern. It should be noted
that the centrosymmetric secondary phase will have only a
negligible impact on the ferroelectric properties of the main
phase. Basically, it can indirectly decrease the measured
polarization, dielectric permittivity, and piezoelectric coef-

ficient, but its low permittivity is, on the other hand, useful to
increase the dielectric breakdown strength, enabling high
energy storage density.'” Detailed information about the
structural refinements is given in Table 1.

To further investigate the characteristics of the MPB
structure, Raman spectroscopy has been employed.'' As
shown in Figure 2, the Raman spectra of BNTSO0.5 and
BNTSS ceramics are similar to those of other BNT-based
ceramics.”® After a deconvolution of the spectra, the bands
specifically associated with the rhombohedral and tetragonal
structures were identified. The Raman active mode at ~135.0
cm™ can be assigned to A-site vibrations, whereas phonon
modes above 200.0 cm™' are associated with bending,
stretching, and torsion of the TiO, octahedra.'"*”*° The
modes around 253.0 cm™" (E(TO) mode) and 526.0 cm™ (B,
mode) belong to the rhombohedral phase, while those at
around 312.5 cm™ (B,/E (TO + LO) mode) and 600.0 cm™!
(A,(LO) mode) are characteristic of the tetragonal phase.”' ~**
The broad Raman feature near 800.0 cm™' probably
corresponds to the vibrations involving oxygen displacement
in the TiO4 octahedra.** The two distinct peaks at $36.5 cm™
and 615.0 cm™ in the Raman spectrum of BNTS0.5 tend to
merge into a broad peak in the spectrum of BNTSS, suggesting
an increased content of polar nanoregions compared to
BNTS0.5.%%*

The polarization—electric field (P—E) hysteresis loops and
corresponding current—electric field (I—E) curves of the
BNTSO0.5 sample, as recorded under various electric field
amplitudes at selected temperatures in the 25—200 °C range,
are shown in Figure 3. At 25 °C and regime conditions (after
the first electric field cycle), BNTS0.S exhibits the character-
istics of a classical ferroelectric material, with remnant
polarization P, = 28.01 uC cm™> and coercive field E, = 3.90
kV mm™". After DC poling at room temperature, the ceramic
showed a relatively high piezoelectric coeflicient dy; = 164.7
pC N'. When BNTSO0.5 is heated to 50 °C, a clear reduction
in the coercive field is observed (E, = 3.20 kV mm™) due to
the additional contribution of the thermal energy to domain
switching.”” At 75 °C, in contrast to the two peaks observed at
room temperature, there are four peaks located at + E¢ and +
Ey in the I-E loop (Figure 3c, whereby the subscripts f and b
stand for forward and backward, respectively). The current
peaks at +E; are associated with the so-called “forward
transition” from the weakly polar tetragonal phase to the polar
R3¢ phase, taking place during electrical loading. The current
peaks at +E, are related to the “backward transition”, occurring
during electrical unloading or field reversal.”” It can be seen

Table 1. Refined Structure Parameters, Phase Fractions, and R-Factors for BNTS0.5 and BNTSS

sample unit cell parameters (A) unit cell parameters (A)
(Phase 1, R3c) (Phase 2, P4bm)
BNTS0.5 a=b=5521(2) a=b=5527(1)
¢ = 13.517(2) ¢ = 3.905(1)
a=f=90°y=120° a=pf=y=90°
volume = 356.9(3) (A%) volume = 119.3(4) (A3)
BNTSS a=b=25509(3) a=b=25510(3)
c=13.49(3) ¢ = 3.899(5)
a=f=90°y=120° a=pf=y=90°

volume = 354.6(5) (A%) volume = 118.4(2) (A%)

Note: GOF (y?) is the goodness of fit, R, is the profile residual factor, R, is the weighted profile residual factor, and R,

factor.

unit cell parameters (A)

53782

weight fraction (%) R-factors and GOFs

(Phase 3, Fd3m)

R3¢ = 81.00 RP =9.230
P4bm = 19.00 R,, = 5430
R, = 3.070
7 =3.140
a=b=c=1033(4) R3¢ = 44.93 R, = 1040
a=pf=y=90° Pabm = 44.07 R,, = 5.870
volume = 1102 (A%) Fd3m = 11.00 R, = 3.140
7= 3510

+p 18 the expected residual

https://doi.org/10.1021/acsami.5c12016
ACS Appl. Mater. Interfaces 2025, 17, 53780—53790
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Figure 2. Raman spectra of (a) BNTS0.5 and (b) BNTSS ceramics at room temperature (T—tetragonal phase, R—rhombohedral phase). The

insets show Gaussian fit results after background removal.
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Figure 3. P—E (a—d and i—1) and I-E (e—h and m—p) loops of the BNTS0.5 ceramic, as recorded at eight different temperatures (25, 50, 75, 100,
125, 150, 175, and 200 °C) under different electric field amplitudes and 10 Hz frequency.

that the peaks at +E,, are located close to E = 0, indicating that
the backward transition at 75 °C begins during unloading and
is completed during field reversal. As the temperature increases
to 100 °C, the interval between the threshold fields —E, (+Ey)
and +E; (—E;) extends, leading to the reduced hysteresis of the
polarization.”” Additionally, one can see that due to the
reduced stability of the polar rhombohedral structure, the
peaks at +E, appear during field unloading at elevated
temperatures.

At 125 °C, the I—E loops show eight current peaks, four at
+E, and +E; and the other four at the fields corresponding to
P, P, P’, and P’), as shown in Figure 3m. Detailed

53783

information on the evolution of the P—I—E hysteresis loops
in the temperature range 100—130 °C can be obtained from
Figure S3 (in the Supporting Information), where ferroelectric
data acquired from samples of the same composition are
presented. According to earlier studies on similar BNT-based
relaxor ferroelectrics,””** the peaks P;, P,, P}, and P’, can be
attributed to mostly reversible “short-range polar state
transitions”. At low electric fields, the field-induced transitions
during electrical loading are manifested by the current peaks P,
and P’; and at higher electric fields by the current peaks
located at +E; Upon unloading, the material returns to its

https://doi.org/10.1021/acsami.5c12016
ACS Appl. Mater. Interfaces 2025, 17, 53780—53790
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original state in two successive steps, first at & E;, and then at a
lower field corresponding to the current peaks P, and P’,.
When the temperature reaches 150 °C, the current peaks at
+E, and +E; disappear, and only the peaks P}, P,, P}, and P’,
are observed (Figure 3n). From Figure 3n—p, it can be noticed
that with increasing temperature, the difference between the
electric fields corresponding to P, and P, peaks (AE) gradually
decreases. The lower value of AE is reflected in the slim P—E
hysteresis loops (Figure 3j—1), suggesting high energy storage
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efficiency (#7)."” The P—E loops measured at 175 and 200 °C
are notably slim, indicating relaxor-like behavior, which is
typically associated with the presence of polar nanoregions at
these elevated temperatures.”'”

Figure 4 shows the temperature dependencies of the relative
dielectric permittivity (¢,) and loss (tand) of the unpoled and
poled ceramics, as collected from room temperature to 650 °C
at five different frequencies (1 kHz, 10 kHz, 100 kHz, S00 kHz,
and 1 MHz).
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Figure 6. Frequency dependence of the dielectric permittivity (¢,) and loss (tand) for the unpoled and poled samples at room temperature: (a)

BNTS0.5 and (b) BNTSS.

It is widely known that the dielectric behavior of BNT-6BT
ceramics is characterized by strong frequency dispersion and
various anomalies in the temperature dependence of
permittivity and loss.'”*" For the unpoled samples (Figure
4a,b), two main anomalies can be identified in the &,/tand vs
temperature curves. The first anomaly is manifested by the
appearance of a distinct shoulder at the temperature T, which
has been determined from the hump in the tand—T plot.””~*'
A pronounced dielectric relaxation phenomenon is evident
near T, and notably, the temperature at which tand reaches its
maximum is positively correlated with the frequency increase.
The second anomaly in the &—T plot is located at the
temperature T, which corresponds to the maximum
permittivity temperature.

In the unpoled BNTS0.5 sample, T is around 122.0 °C and
T, is about 265.0 °C, while the unpoled BNTSS ceramic has
T, close to 44.0 °C and T, around 304.0 °C. For pure BNT-
6BT ceramics, the T, and T, temperatures are about 124.0 and
242.0 °C, respectively.”> Apparently, the A-site substitution of
Bi and Na ions by the Sm ions results in a lower T, and higher
T, temperature. The features identified in the dielectric
properties are also consistent with the observed hysteresis
loops of the BNTS0.5 and BNTSS ceramics. In BNTS0.5, the
temperature T, ~ 122.0 °C can be correlated with the
temperature where the I—E loop exhibits eight distinctive
current peaks (~125.0 °C). However, the BNTSS sample does
not show a higher number of peaks in the I-E curve (Figure 5)
near its T, ~ 44.0 °C, suggesting that the sequence of the
current peaks in the I—E loop strongly depends on the
composition and temperature. At room temperature, BNTS0.5
finds itself into a nonergodic state and experiences an
irreversible field-induced transition in the very first loading
cycle; hence, at regime conditions (in the subsequent electric
field cycles), the current peaks in the I—E loops resemble the
typical patterns of ferroelectric materials, mainly reflecting
domain switching. On the contrary, BNTSS at room
temperature shows an ergodic state and undergoes reversible
field-induced transition; hence, the I—E loops usually show
four visible current associated with forward and backward field-
induced phase transitions. As shown in Figure 4, the dielectric
behavior of the poled BNTSS ceramic is rather similar to that
of the unpoled ceramics, indicating the ergodic state of
BNTSS. In contrast, BNTS0.5 shows some changes in the
dielectric response after poling, which suggests the nonergodic
state of the ceramic. More specifically, it exhibits a notable
decrease in the frequency dispersion of &, and tand, if
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compared to that of the unpoled state. In addition, a
frequency-independent sharp anomaly in the permittivity and
loss is observed at the temperature T¢, ~ 65.0 °C, which
corresponds to the transition from a ferroelectric to a relaxor
state on heating.11 The anomalous thermal behavior of €, and
tand at the measuring frequency of 500 kHz in the poled
BNTSO0.S sample at and below T, (Figure 4c) can be
attributed to the electromechanical resonance effect typically
observed in poled ferroelectrics.*”*

Figure S shows the P—E hysteresis loops and the
corresponding I—E curves of BNTSS ceramics at various
electric field amplitudes at three different temperatures (25, S0,
and 75 °C) around the temperature T,. The energy storage
characteristics, namely, recoverable energy density (W,..) and
energy storage efficiency (n) of the BNTSS ceramic, were
calculated from the recorded ferroelectric (P—E) data using
eqs 2 and 3, respectively. At room temperature, BNTSS
exhibits a maximum W,,, of approximately 3.88 J cm ™ and an
efficiency # of about 71.06% at an applied field of 30 kV mm™,
as a result of the low remanent polarization (P, = 3.31 uC
cm™?) and high maximum polarization (P, = 34.27 uC
cm™?). The reduced P, value can be explained by the Sm-
induced nanoscale disordering at the A-sites of the BNT
structure. Sm>" on the A site introduces heterovalent/
heterosize disorder and a V', vacancy to compensate charge
imbalance. The defect Sm**/V’y, dipole pair produces a local
random electric field and shortens the correlation length of
polar nanoregions, resulting in lower P,. While BNTS0.5 was
found to show a high piezoelectric coefficient due to high P,
the BNTSS ceramic with low P, at room temperature is more
suitable for energy storage. By increasing the temperature to 50
°C, a slight decrease in W, to 3.87 J ecm™ occurs, while 7
significantly increases to 72.15%, resulting from an increased P,
(~3.63 uC cm™) and a reduction in maximum polarization
(~33.85 uC cm™). As the temperature is increased to 75 °C,
both W, and # decrease. The P—E hysteresis loops and the
corresponding I—E curves of BNTSS at 100 and 125 °C, and
the temperature dependence of W, and 5 for BNTSS are
shown in Figures S4 and SS in the Supporting Information.

Figure 6 shows the frequency dependence of the relative
dielectric permittivity (¢,) and loss (tanS) of the unpoled and
poled BNTSO0.5 and BNTSS ceramics at room temperature in
the frequency range 100 Hz—10 MHz. Generally, the dielectric
permittivity decreases with increasing frequency. This behavior
is typical of ferroelectrics and can be attributed to the
decreasing extrinsic contribution of domain walls to the

https://doi.org/10.1021/acsami.5c12016
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Table 2. Energy Storage Properties of Ferroelectric Ceramics at Room Temperature

compounds” E (kV cm™) Wee J cm™) n (%) p JV!an?) ref
0.70BaTiO;-0.30BS 730 6.1 -t 8.36 47
BNBT-0.06KN 100 0.89 - 8.90 48
0.97(0.65BF-0.35BT)-0.03Nb,0, 90 0.71 - 7.89 49
0.70(0.94BNT-0.06BT)-0.30ST 90 0.98 82 10.89 S0
0.88BaTiO;-0.12BMT 224 1.81 - 8.08 S1
0.85BaTi05-0.1SBZT (MLCC) 330 2.8 - 8.48 52
0.91BaTiO;-0.09BY 93 0.71 82.6 7.63 53
0.90BaTiO;-0.10BMN 143.5 1.13 90 7.87 54
BBNT-0.15SZ 155 1.32 ~56 8.52 N
0.80(Ko sNag s)NbO;-0.20SSN 295 2.02 814 6.85 56
0.80KNN-0.20SSN-0.5%ZnO 400 2.6 73.2 6.50 57
0.85BaTiO;-0.1SBZN 131 0.79 93.5 6.03 58
0.90(0.92BNT-0.08BT)-0.10NT 100 1.2 74.8 12.00 59
0.85(K¢ sNay s)NbO;-0.15ST 400 4.03 52 10.08 60
0.80(Kq sNag s)NbO,-0.20ST 400 3.67 72.1 9.18 60
0.90LLBNTZ-0.10NBN 178 2.04 54.76 11.46 61
0.85BaTiO;-0.15SBZS 280 221 91.6 7.89 62
BNT-Na 260 3.18 69.30 12.23 16
BNTSS 300 3.88 71.06 12.93 This work

“BT: BaTiO;; BS: BiScO;; BNBT: (Bi0‘47NaO'47BaO‘06)TiO3; KN: KNbO;; BF: BiFeOj;

BNT: (Bio‘sNao‘s)TiOy ST: SrTiO;; BMT:

Bi(MgysTips)O3; BZT: Bi(ZngysTiys)Os; BY: BiYbO;; BMN: Bi(Mg,/3Nb,,;)O5; BBNT: Bag,Bij4sNagsTiO;; SZ: SrZrO;; KNN:
(KosNags)NDOy; SSN: Sr(ScosNbgs)Oy BZN: Bi(Zn,sNb, ;)05 NT: NaTaOs LLBNTZ: BigsslageNao.ssLioorTiossZro0Oy NBN:
Nay 73Big0oNbO3; BZS: Bi(Zn, ,Sn;,,)O5; BNT-Na: 0.94 BigNag 420,Smg0,6TiO3 —0.06BaTiO;. *“~”: data not provided.

permittivity as the excitation frequency of the applied field
approaches the domain wall relaxation frequency (usually
located in the GHz range).””*** A comparison of the
dielectric spectra of the unpoled and poled BNTS0.S ceramics
reveals that there is a significant decrease in the permittivity
after poling, which is accompanied by a series of piezoelectric
resonance peaks, both reflecting the nonergodic state of
BNTSO0.5. The permittivity decrease is thought to be caused by
domain coalescence during DC poling, which leads to a
reduction in domain wall density.”> On the other hand, the
dielectric properties of the BNTSS ceramic remain relatively
unchanged after poling. This can be explained by the instability
of the field-induced ferroelectric state in the originally ergodic
BNTSS ceramic and the recovery of the microstructural effects
driven by the DC poling (e.g., domain structure changes) upon
removal of the poling field. It is worth mentioning that after
poling, the BNTSO0.5 ceramic shows a relatively high
piezoelectric dy; coefficient (~164.7 pC N), if compared to
the poled BNTSS (~1.5 pC N'). Table S2 provides a
summary of the dielectric, ferroelectric, and piezoelectric
properties of BNTS0.5 and BNTSS ceramics measured at
room temperature.

By comparing the dielectric permittivities of BNTS0.5 and
BNTSS above T, (Figure 4), one can see that BNTSS has
lower permittivity than BNTS0.5. The lower the permittivity,
the higher the dielectric breakdown strength of a dielectric.'”
The advantage of the higher breakdown strength of BNTSS in
high-power energy storage applications will be discussed with
respect to an enhancement of the energy density in the
following paragraphs.

The recoverable energy density is influenced by various
parameters, including the remanent polarization, maximum
polarization, and electrical breakdown strength. To maximize
the breakdown strength at a given voltage, bulk ceramics are
usually processed to small thicknesses by grinding. However,
thin ceramics have a lower capacity for energy storage due to
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the reduced volume of material in which the energy can be
stored. Moreover, in technical practice, applying large external
electric fields often leads to high risk of electrical break-
down. 1646

In order to evaluate the energy storage performance of
dielectrics, we have introduced the recoverable energy storage
intensity (p), which represents the recoverable energy stora%e
density under a certain electric field and can be expressed as:'°

w,

rec

E 4)

where E is the applied electric field (always lower than the
breakdown electric field). In our study, the p value of BNTSS
ceramics at room temperature was calculated to be 12.93 ] V™!
cm™% The p value of the BNTSS at various temperatures is
detailed in Table S3 (in the Supporting Information). Table 2
compares the energy storage properties of BNTSS ceramics
with those of other recently developed energy storage
ceramics. Although some of the materials show higher W,
than that of the BNTSS ceramig, it is important to note that
these higher values are due to higher applied electric fields. If
one evaluates the energy storage performance according to the
recoverable energy storage intensity, BNSTS shows the highest
value of all of the reviewed ceramics (in Table 2) and can be
regarded as an ideal candidate for energy storage at and close
to room temperature.

The value of dielectric breakdown strength (E,,) was
obtained by the Weibull analysis using:***

p:

X, = In(E,) (8)
Y, = In[-In(1 — P)] (6)
T4 )

where X; and Y, are the variables of the Weibull distribution
function, E; is the specific breakdown field of the ith samples
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temperature.

arranged in an ascending order, P; is the probability for
dielectric breakdown, and # is the total number of samples (n =
10).

As can be seen in Figure 7a, there is a linear relationship
between X; and Y, with a slope f (the so-called Weibull
modulus) of about 17. It is generally accepted that a Weibull
analysis with 4 > 10 indicates high reliability.”>°® The higher
the value of f, the smaller the scattering range of the tested Ey
values. In our work, a characteristic strength E, value of about
30.6 kV/mm was obtained from the linear fit for Y; = 0.

For practical applications of dielectric capacitors, both
frequency and cycling stability are important characteristics.
As shown in Figures 7b and S6 (Supporting Information), the
BNTSS ceramic exhibits an excellent frequency stability over a
wide frequency range (1—100 Hz). Moreover, it demonstrates
a remarkable cycling stability, with stable performance from 10
cycles to 10° cycles, as shown in Figures 7c and S7 (Supporting
Information). Considering that capacitors are typically
operated at 33—40% of their breakdown strength to ensure a
reliable performance under practical conditions,”* an electric
field of 15 kV mm™', which is approximately 50% of the
breakdown field (E,, ~ 30.6 kV/mm) of the BNTSS ceramic,
was applied during cycling and temperature stability tests. The
energy storage performance of BNTSS ceramics at various
frequencies and after numerous switching cycles is given in
Tables S4 and SS (Supporting Information), respectively.

4. CONCLUSIONS

The Sm-doped BNT-6BT ceramics, namely, BNTSO0.5 and
BNTSS, were prepared by the conventional solid-state reaction
method. The incorporation of the Sm ions into the A-site of
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the BNT perovskite modifies the atomic arrangement on a
nanometer scale, resulting in changes of the phase transition
temperatures, decreasing the temperature T; and increasing T},
upon doping. The BNTSO0.5 sample was found to show a
relatively high piezoelectric dy; coefficient (~164.7 pC N') at
room temperature, making the ceramic a good material for
piezoelectric applications. Moreover, the presence of eight
peaks in the current—electric field loops was attributed to a
multistage field-induced transition process. The highly doped
BNTSS showed excellent energy storage properties at room
temperature, with a recoverable energy storage intensity p =
12.93 J V™' cm™?, recoverable energy storage density W, =
3.880 J cm ™, and storage efficiency 77 = 71.06%. These values
classify the BNTSS ceramic as a superior candidate for room-
temperature energy storage applications. When the two
ceramics are compared, BNTSS exhibits a high dielectric
breakdown strength related to its low permittivity. BNTS0.5
shows high energy storage performance only at high temper-
atures due to large remnant polarization at room temperature.
In contrast, BNTSS performs well at room temperature due to
a stable ergodic state, higher P4bm phase content, reduced
remnant polarization, and enhanced dielectric breakdown
strength from the low permittivity.

The possibility of modifying the temperatures T and T}, the
dielectric and piezoelectric properties, as well as the electric
field-induced phase transitions through appropriate composi-
tional variations and nanoscale engineering enhances the
versatility of BNT-based ceramics. In this context, the Sm
doping approach offers an additional layer of tunability to
specific properties, supporting the development of novel lead-
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free relaxor ferroelectrics for emerging piezoelectric energy
conversion and energy storage applications.

B ASSOCIATED CONTENT

Data Availability Statement
The data supporting this article have been included as part of
the Supporting Information.

© Supporting Information

Supporting Information to this article can be found in the
online version. The Supporting Information is available free of
charge at https://pubs.acs.org/doi/10.1021/acsami.5c12016.

Sintered densities for both ceramic compositions;
SEM—EDX elemental mapping of the BNTSO0.5 and
BNTSS ceramics; P—I—E hysteresis loops of both
materials (at various temperatures and electric fields);
characteristic dielectric, ferroelectric, and piezoelectric
parameters of the Sm-doped ceramics; energy storage
density, efficiency, and intensity of the BNTSS ceramic;
and P—E hysteresis loops of the BNTSS ceramic at
different frequencies and after several switching cycles
(PDF)

B AUTHOR INFORMATION

Corresponding Authors

Vladimir Koval — Institute of Materials Research, Slovak
Academy of Sciences, 04001 Kosice, Slovakia; © orcid.org/
0000-0003-2425-8738; Email: vkoval@saske.sk

Haixue Yan — School of Engineering and Materials Science,
Queen Mary University of London, London E1 4NS, UK,;

orcid.org/0000-0002-4563-1100; Email: h.x.yan@

qmul.ac.uk

Authors
Xuyao Tang — School of Engineering and Materials Science,
Queen Mary University of London, London E1 4NS, UK,;
orcid.org/0000-0002-4761-0602
Wanting Hu — School of Engineering and Materials Science,
Queen Mary University of London, London E1 4NS, UK,;
orcid.org/0009-0009-6267-0273
Jiangtao Zeng — Shanghai Key Laboratory of Engineering
Materials Application and Evaluation, Shanghai Research
Institute of Materials, Shanghai 200437, P. R. China
Giuseppe Viola — School of Engineering and Materials Science,
Queen Mary University of London, London E1 4NS, UK,;
orcid.org/0000-0001-9320-2872

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.5c12016

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Royal Society grant (NAF
\R1\201126), the Grant Agency of the Slovak Academy of
Sciences (Grant No 2/0034/23), Slovak Research and
Development Agency (APVV grant No. SK-CN-23-0014),
and China Scholarship Council (No. 202006040021 and No.
202106370015).

B REFERENCES

(1) Zhao, L; Liu, Q; Gao, J; Zhang, S.; Li, J. F. Lead-free
antiferroelectric silver niobate tantalate with high energy storage
performance. Adv. Mater. 2017, 29 (31), 1701824,

(2) Li, J; Li, F; Xu, Z,; Zhang, S. Multilayer lead-free ceramic
capacitors with ultrahigh energy density and efficiency. Adv. Mater.
2018, 30 (32), No. e1802155.

(3) Pan, H; Li, F,; Liu, Y.; Zhang, Q.; Wang, M,; Lan, S.; Zheng, Y.;
Ma, J.; Gu, L;; Shen, Y,; Yu, P,; Zhang, S.; Chen, L.-Q; Lin, Y.-H,;
Nan, C.-W. Ultrahigh-energy density lead-free dielectric films via
polymorphic nanodomain design. Science 2019, 365 (6453), 578—
582.

(4) Li, J.; Shen, Z.; Chen, X;; Yang, S.; Zhou, W.; Wang, M.; Wang,
L.; Kou, Q; Liu, Y;; Li, Q; Xu, Z.; Chang, Y.; Zhang, S.; Li, F. Grain-
orientation-engineered multilayer ceramic capacitors for energy
storage applications. Nat. Mater. 2020, 19 (9), 999—1005.

(5) Takenaka, T.; Kei-ichi Maruyama, K. i. M.; Koichiro Sakata, K. S.
(Bi,/,Na, ,) TiO3-BaTiO; system for lead-free piezoelectric ceramics.
Jpn. J. Appl. Phys. 1991, 30 (9S), 2236.

(6) Damjanovic, D. Ferroelectric, dielectric and piezoelectric
properties of ferroelectric thin films and ceramics. Rep. Prog. Phys.
1998, 61 (9), 1267.

(7) Wagar, M.; Wu, H;; Chen, J.; Yao, K.;; Wang, J. Evolution from
lead-based to lead-free piezoelectrics: Engineering of lattices, domains,
boundaries, and defects leading to giant response. Adv. Mater. 2022,
34, No. e2106845.

(8) Ma, C; Guo, H; Beckman, S. P,; Tan, X. Creation and
destruction of morphotropic phase boundaries through electrical
poling: a case study of lead-free (Bi(1/2)Na(1/2))TiO3-BaTiO3
piezoelectrics. Phys. Rev. Lett. 2012, 109 (10), 107602.

(9) Hao, J; Li, W,; Zhai, J; Chen, H. Progress in high-strain
perovskite piezoelectric ceramics. Mater. Sci. Eng.: R: Rep. 2019, 135,
1-57.

(10) Trolier-McKinstry, S.; Zhang, S.; Bell, A. J; Tan, X. High-
performance piezoelectric crystals, ceramics, and films. Annu. Rev.
Mater. Res. 2018, 48 (1), 191-217.

(11) Viola, G; Tian, Y;; Yu, C; Tan, Y.; Koval, V.; Wei, X.; Choy,
K.-L.; Yan, H. Electric field-induced transformations in bismuth
sodium titanate-based materials. Prog. Mater Sci. 2021, 122, 100837.

(12) Yang, L.; Kong, X;; Li, F.; Hao, H.; Cheng, Z.; Liu, H,; Li, J.-F.;
Zhang, S. Perovskite lead-free dielectrics for energy storage
applications. Prog. Mater Sci. 2019, 102, 72—108.

(13) Li, Y;; Lu, G;; Zhao, R.; Zhao, J.; Hao, J.; Li, W.; Bai, W.; Pan,
Z.; Li, P,; Zhai, J. Combinatorial Optimization of Grain Size and
Domain Morphology Boosts the Energy Storage Performance in
(BigsNags)TiO;-Based Dielectric Ceramics. ACS Appl. Mater.
Interfaces 2024, 16 (41), 55452—55462.

(14) Wang, S; Yan, F.; Qian, J.; Ge, G; Fu, Z.; Pan, Z.; Zhang, F,;
Lin, J.; Zeng, K; Chen, C.; Shen, B,; Liu, Z,; Zhai, J. Temperature
stability lock of high-performance lead-free relaxor ferroelectric
ceramics. Energy Storage Mater. 2024, 66, 10315S.

(15) Wang, S;; Qian, J.; Ge, G.; Zhang, F.; Yan, F,; Lin, J.; Tang, L.;
Yang, M,; Pan, Z.; Wei, X; Shen, B.; Liu, Z; Zhai, J. Embedding
Plate-Like Pyrochlore in Perovskite Phase to Enhance Energy Storage
Performance of BNT-Based Ceramic Capacitors. Adv. Energy Mater.
2025, 15, 2403926.

(16) Tang, X.; Hu, Z,; Koval, V.; Yang, B.; Smith, G. C.; Yan, H.
Energy storage properties of samarium-doped bismuth sodium
titanate-based lead-free ceramics. Chem. Eng. J. 2023, 473, 145363.

(17) Wu, J.; Mahajan, A.; Riekehr, L.; Zhang, H.; Yang, B.; Meng,
N.; Zhang, Z.; Yan, H. Perovskite Srx(Bi;_Nagg;_,Ligg3)0sTiO3
ceramics with polar nano regions for high power energy storage.
Nano Energy 2018, 50, 723—732.

(18) Qiao, X;; Wu, D.; Zhang, F.; Chen, B.; Ren, X;; Liang, P.; Dy,
H,; Chao, X; Yang, Z. BiysNaysTiOs-based relaxor ferroelectric
ceramic with large energy density and high efficiency under a
moderate electric field. J. Mater. Chem. C 2019, 7 (34), 10514—10520.

(19) Qiao, X; Wu, D; Zhang, F.; Niu, M,; Chen, B,; Zhao, X;
Liang, P.; Wei, L.; Chao, X.; Yang, Z. Enhanced energy density and

https://doi.org/10.1021/acsami.5c12016
ACS Appl. Mater. Interfaces 2025, 17, 53780—53790


https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12016/suppl_file/am5c12016_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c12016?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c12016/suppl_file/am5c12016_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladimir+Koval"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2425-8738
https://orcid.org/0000-0003-2425-8738
mailto:vkoval@saske.sk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haixue+Yan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4563-1100
https://orcid.org/0000-0002-4563-1100
mailto:h.x.yan@qmul.ac.uk
mailto:h.x.yan@qmul.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuyao+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4761-0602
https://orcid.org/0000-0002-4761-0602
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanting+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-6267-0273
https://orcid.org/0009-0009-6267-0273
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiangtao+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Viola"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9320-2872
https://orcid.org/0000-0001-9320-2872
https://pubs.acs.org/doi/10.1021/acsami.5c12016?ref=pdf
https://doi.org/10.1002/adma.201701824
https://doi.org/10.1002/adma.201701824
https://doi.org/10.1002/adma.201701824
https://doi.org/10.1002/adma.201802155
https://doi.org/10.1002/adma.201802155
https://doi.org/10.1126/science.aaw8109
https://doi.org/10.1126/science.aaw8109
https://doi.org/10.1038/s41563-020-0704-x
https://doi.org/10.1038/s41563-020-0704-x
https://doi.org/10.1038/s41563-020-0704-x
https://doi.org/10.1143/jjap.30.2236
https://doi.org/10.1088/0034-4885/61/9/002
https://doi.org/10.1088/0034-4885/61/9/002
https://doi.org/10.1002/adma.202106845
https://doi.org/10.1002/adma.202106845
https://doi.org/10.1002/adma.202106845
https://doi.org/10.1103/PhysRevLett.109.107602
https://doi.org/10.1103/PhysRevLett.109.107602
https://doi.org/10.1103/PhysRevLett.109.107602
https://doi.org/10.1103/PhysRevLett.109.107602
https://doi.org/10.1016/j.mser.2018.08.001
https://doi.org/10.1016/j.mser.2018.08.001
https://doi.org/10.1146/annurev-matsci-070616-124023
https://doi.org/10.1146/annurev-matsci-070616-124023
https://doi.org/10.1016/j.pmatsci.2021.100837
https://doi.org/10.1016/j.pmatsci.2021.100837
https://doi.org/10.1016/j.pmatsci.2018.12.005
https://doi.org/10.1016/j.pmatsci.2018.12.005
https://doi.org/10.1021/acsami.4c12219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c12219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.4c12219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ensm.2023.103155
https://doi.org/10.1016/j.ensm.2023.103155
https://doi.org/10.1016/j.ensm.2023.103155
https://doi.org/10.1002/aenm.202403926
https://doi.org/10.1002/aenm.202403926
https://doi.org/10.1002/aenm.202403926
https://doi.org/10.1016/j.cej.2023.145363
https://doi.org/10.1016/j.cej.2023.145363
https://doi.org/10.1016/j.nanoen.2018.06.016
https://doi.org/10.1016/j.nanoen.2018.06.016
https://doi.org/10.1039/C9TC03597D
https://doi.org/10.1039/C9TC03597D
https://doi.org/10.1039/C9TC03597D
https://doi.org/10.1016/j.jeurceramsoc.2019.07.003
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c12016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

thermal stability in relaxor ferroelectric BiysNaysTiO5-Sry;Big,TiO;
ceramics. J. Eur. Ceram. Soc. 2019, 39 (15), 4778—4784.

(20) Ren, P.; Liu, Z,; Wang, X.; Duan, Z.; Wan, Y.; Yan, F,; Zhao, G.
Dielectric and energy storage properties of SrTiO; and SrZrO;
modified BiysNaysTiO3-SryBi0.1[]y, TiO; based ceramics. J. Alloys
Compd. 2018, 742, 683—689.

(21) Zhang, L.; Pu, Y.,; Chen, M. Influence of BaZrO, additive on
the energy-storage properties of 0.775NagBiysTi0;-0.225BaSnO;
relaxor ferroelectrics. J. Alloys Compd. 2019, 775, 342—347.

(22) Li, F; Lin, D;; Chen, Z.; Cheng, Z.; Wang, J.; Li, C; Xu, Z;
Huang, Q; Liao, X,; Chen, L. Q.; Shrout, T. R.; Zhang, S. Ultrahigh
piezoelectricity in ferroelectric ceramics by design. Nat. Mater. 2018,
17 (4), 349—354.

(23) Li, F,; Cabral, M. J.; Xu, B.; Cheng, Z.; Dickey, E. C.; LeBeau, J.
M.,; Wang, J.; Luo, J; Taylor, S.; Hackenberger, W.; et al. Giant
piezoelectricity of Sm-doped Pb(Mg,,3Nb,,;)O;-PbTiO; single
crystals. Science 2019, 364 (6437), 264—268.

(24) Guo, Q;; Li, F; Xia, F,; Gao, X;; Wang, P.; Hao, H.; Sun, H,;
Liu, H.; Zhang, S. High-performance Sm-doped Pb(Mg,/;Nb,/;)O;-
PbZrO;-PbTiO;s-based piezoceramics. ACS Appl. Mater. Interfaces
2019, 11 (46), 43359—43367.

(25) Yan, H,; Inam, F; Viola, G; Ning, H,; Zhang, H; Jiang, Q;
Zeng, T. A. O.; Gao, Z,; Reece, M. J. The contribution of electrical
conductivity, dielectric permittivity and domain switching in ferro-
electric hysteresis loops. J. Adv. Dielectr. 2011, 01 (01), 107—118.

(26) Viola, G.; Ning, H.; Wei, X,; Deluca, M.; Adomkevicius, A.;
Khalig, J.; John Reece, M.; Yan, H. Dielectric relaxation, lattice
dynamics and polarization mechanisms in BijsNa,TiO;3-based lead-
free ceramics. J. Appl. Phys. 2013, 114 (1), 014107.

(27) Viola, G.; Mkinnon, R.; Koval, V.; Adomkevicius, A.; Dunn, S.;
Yan, H. Lithium-induced phase transitions in lead-free BiysNayTiO;
based ceramics. J. Phys. Chem. C 2014, 118 (16), 8564—8570.

(28) Li, T.; Loy, X; Ke, X.; Cheng, S.; Mi, S.; Wang, X.; Shi, J.; Liu,
X.; Dong, G; Fan, H; Wang, Y.; Tan, X. Giant strain with low
hysteresis in A-site-deficient (BiysNays)TiOs-based lead-free piezo-
ceramics. Acta Mater. 2017, 128, 337—344.

(29) Lj, F; Chen, G; Liu, X; Zhai, J.; Shen, B.; Zeng, H,; Li, S.; Li,
P.; Yang, K; Yan, H. Phase—composition and temperature depend-
ence of electrocaloric effect in lead—free BijNayTiO;—BaTiO;—
(Sro;Bigs[1o.1)TiO; ceramics. J. Eur. Ceram. Soc. 2017, 37 (15),
4732—4740.

(30) Mohanty, H. S.; Dam, T.; Borkar, H.; Pradhan, D. K; Mishra,
K. K; Kumar, A,; Sahoo, B.; Kulriya, P. K; Cazorla, C.; Scott, J. F.;
Pradhan, D. K. Structural transformations and physical properties of
(1 - x) NagBiysTiO; - x BaTiOj solid solutions near a morphotropic
phase boundary. J. Phys.: Condens. Matter 2019, 31 (7), 075401.

(31) Zhang, M.-S.; Scott, J. F.; Zvirgzds, J. A. Raman spectroscopy of
Nay ;Biy s TiO;. Ferroelectr. Lett. Sect. 1986, 6 (5), 147—152.

(32) Aksel, E.; Forrester, J. S.; Kowalski, B.; Deluca, M.; Damjanovic,
D.; Jones, J. L. Structure and properties of Fe-modified Na, sBiy s TiO;
at ambient and elevated temperature. Phys. Rev. B 2012, 85 (2),
024121.

(33) Mahajan, A.; Zhang, H.; Wy, J.; Venkata Ramana, E.; Yu, C;
Tarakina, N. V,; Reece, M. J.; Yan, H. Effect of processing on the
structures and properties of bismuth sodium titanate compounds. J.
Mater. Res. 2021, 36 (5), 1195—1205.

(34) Kreisel, J.; Glazer, A. M.; Bouvier, P.; Lucazeau, G. High-
pressure Raman study of a relaxor ferroelectric: The Nay¢BiyTiO;
perovskite. Phys. Rev. B 2001, 63 (17), 174106.

(35) Zhang, S.-T.; Kounga, A. B,; Aulbach, E.; Deng, Y.
Temperature-dependent electrical properties of 0.94 BiysNa,TiO;-
0.06BaTiO; ceramics. J. Am. Ceram. Soc. 2008, 91 (12), 3950—3954.

(36) Chu, B.; Hao, J.; Li, P.; Li, Y.; Li, W.; Zheng, L.; Zeng, H. High-
energy storage properties over a broad temperature range in La-
modified BNT-based lead-free ceramics. ACS Appl. Mater. Interfaces
2022, 14 (17), 19683—19696.

(37) Viola, G.; Tan, Y.; McKinnon, R. A.; Wei, X; Yan, H.; Reece,
M. J. Short range polar state transitions and deviation from Rayleigh-

type behaviour in BijysNaysTiOs-based perovskites. Appl. Phys. Lett.
2014, 105 (10), 102906.

(38) Jo, W.; Daniels, J.; Damjanovic, D.; Kleemann, W.; Rédel, J.
Two-stage processes of electrically induced-ferroelectric to relaxor
transition in 0.94(Bi,/;,Na, ,)TiO5-0.06BaTiO;. Appl. Phys. Lett.
2013, 102 (19), 192903.

(39) Ma, C.; Tan, X; Dul’kin, E,; Roth, M. Domain structure-
dielectric property relationship in lead-free (1—x)(Bi;/,Na,/,)TiO5-
xBaTiO; ceramics. J. Appl. Phys. 2010, 108 (10), 104105.

(40) Hiruma, Y.; Nagata, H; Takenaka, T. Phase diagrams and
electrical properties of (Bi,/,Na, ;,) TiO5-based solid solutions. J. Appl.
Phys. 2008, 104 (12), 124106.

(41) Anton, E.-M.; Jo, W.; Damjanovic, D.; Rédel, J. Determination
of depolarization temperature of (Bi,;,Na,;,)TiO;-based lead-free
piezoceramics. J. Appl. Phys. 2011, 110 (9), 094108.

(42) Tang, X,; Hu, Z.; Koval, V.; Baxter, H.; Eriksson, M.; Whiteley,
R.; Banerjee, K; Viola, G.; Yang, B.; Yan, H. Relationships between
structure and properties in commercial lead zirconate titanate (PZT)
piezoceramics. J. Materiomics 2025, 11 (5), 101052.

(43) Gallardo-Durén, J. Y.; Hu, W.; Koval, V.; Herrera-Pérez, G. M.;
Smith, G.; Viola, G.; Yan, H,; Tang, X. Lead-free piezoelectric
ceramics with ultralow mechanical quality factor. Mater. Res. Bull.
2025, 191, 113560.

(44) Petzelt, J.; Nuzhnyy, D.; Bovtun, V.; Pasciak, M.; Kamba, S.;
Dittmer, R.; Svirskas, S.~.; Banys, J.; Rodel, J. Peculiar Bi-ion dynamics
in Na,,Bi; ,TiO; from terahertz and microwave dielectric spectros-
copy. Phase Transitions 2014, 87 (10—11), 953—965.

(45) O’'Malley, C. J; Tang, X; Koval, V,; Chen, K; Wu, Z,;
Banerjee, K; Hu, W,; Yan, H. Unveiling the mechanism of
substitution-induced high piezoelectric performance in PLZT
ceramics. J. Adv. Ceram. 2025, 14 (7), 9221097.

(46) Jiang, J.; Meng, X; Li, L.; Guo, S.; Huang, M.; Zhang, J.; Wang,
J.; Hao, X;; Zhu, H.; Zhang, S.-T. Ultrahigh energy storage density in
lead-free relaxor antiferroelectric ceramics via domain engineering.
Energy Storage Mater. 2021, 43, 383—390.

(47) Ogihara, H,; Randall, C. A.; Trolier-McKinstry, S. High-energy
density capacitors utilizing 0.7 BaTiO;3-0.3 BiScO; ceramics. J. Am.
Ceram. Soc. 2009, 92 (8), 1719—1724.

(48) Wang, B,; Luo, L,; Jiang, X;; Li, W.; Chen, H. Energy-storage
properties of (1—x)Big4,Nay4;BagoTiO;—xKNbO; lead-free ce-
ramics. J. Alloys Compd. 2014, 58S, 14—18.

(49) Wang, T, Jin, L; Tian, Y; Shu, L; Hu, Q; Wei, X.
Microstructure and ferroelectric properties of Nb,Os-modified
BiFeO;-BaTiO; lead-free ceramics for energy storage. Mater. Lett.
2014, 137, 79—81.

(50) Cao, W.; Li, W.; Zhang, T.; Sheng, J.; Hou, Y.; Feng, Y.; Yu, Y,;
Fei, W. High-energy storage density and efficiency of (1—x)[0.94
NBT-0.06 BT]-xST lead-free ceramics. Energy Technol. 2018, 3 (12),
1198—1204.

(51) Huy, Q.; Jin, L,; Wang, T.; Li, C; Xing, Z.; Wei, X. Dielectric
and temperature stable energy storage properties of 0.88BaTiO;—0.12
Bi(Mg,/,Ti,/,)O3 bulk ceramics. J. Alloys Compd. 2015, 640, 416—
420.

(52) Kumar, N.; Ionin, A,; Ansell, T.; Kwon, S.; Hackenberger, W.;
Cann, D. Multilayer ceramic capacitors based on relaxor BaTiO;-
Bi(Zn,/,Ti;;;)O; for temperature stable and high energy density
capacitor applications. Appl. Phys. Lett. 2015, 106 (25), 252901.

(53) Shen, Z.; Wang, X; Luo, B.; Li, L. BaTiO;—BiYbO; perovskite
materials for energy storage applications. J. Mater. Chem. A 2015, 3
(35), 18146—18153.

(54) Wang, T.; Jin, L,; Li, C,; Hu, Q; Wei, X,; Lupascu, D. Relaxor
ferroelectric BaTiO;—Bi(Mg,/;Nb;,3)O; ceramics for energy storage
application. J. Am. Ceram. Soc. 2015, 98 (2), S59—566.

(55) Zhou, X.; Yuan, C.; Li, Q; Feng, Q;; Zhou, C.; Liu, X,; Yang,
Y.; Chen, G. Energy storage properties and electrical behavior of lead-
free (1—x)Bag4Big4sNag4sTiO;—xSrZrO; ceramics. J. Mater. Sci.:
Mater. Electron. 2016, 27 (4), 3948—3956.

https://doi.org/10.1021/acsami.5c12016
ACS Appl. Mater. Interfaces 2025, 17, 53780—53790


https://doi.org/10.1016/j.jeurceramsoc.2019.07.003
https://doi.org/10.1016/j.jeurceramsoc.2019.07.003
https://doi.org/10.1016/j.jallcom.2018.01.254
https://doi.org/10.1016/j.jallcom.2018.01.254
https://doi.org/10.1016/j.jallcom.2018.10.025
https://doi.org/10.1016/j.jallcom.2018.10.025
https://doi.org/10.1016/j.jallcom.2018.10.025
https://doi.org/10.1038/s41563-018-0034-4
https://doi.org/10.1038/s41563-018-0034-4
https://doi.org/10.1126/science.aaw2781
https://doi.org/10.1126/science.aaw2781
https://doi.org/10.1126/science.aaw2781
https://doi.org/10.1021/acsami.9b15424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b15424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1142/S2010135X11000148
https://doi.org/10.1142/S2010135X11000148
https://doi.org/10.1142/S2010135X11000148
https://doi.org/10.1063/1.4812383
https://doi.org/10.1063/1.4812383
https://doi.org/10.1063/1.4812383
https://doi.org/10.1021/jp500609h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp500609h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.actamat.2017.02.037
https://doi.org/10.1016/j.actamat.2017.02.037
https://doi.org/10.1016/j.actamat.2017.02.037
https://doi.org/10.1016/j.jeurceramsoc.2017.06.033
https://doi.org/10.1016/j.jeurceramsoc.2017.06.033
https://doi.org/10.1016/j.jeurceramsoc.2017.06.033
https://doi.org/10.1088/1361-648X/aaf405
https://doi.org/10.1088/1361-648X/aaf405
https://doi.org/10.1088/1361-648X/aaf405
https://doi.org/10.1080/07315178608200490
https://doi.org/10.1080/07315178608200490
https://doi.org/10.1103/PhysRevB.85.024121
https://doi.org/10.1103/PhysRevB.85.024121
https://doi.org/10.1557/s43578-020-00040-1
https://doi.org/10.1557/s43578-020-00040-1
https://doi.org/10.1103/PhysRevB.63.174106
https://doi.org/10.1103/PhysRevB.63.174106
https://doi.org/10.1103/PhysRevB.63.174106
https://doi.org/10.1111/j.1551-2916.2008.02778.x
https://doi.org/10.1111/j.1551-2916.2008.02778.x
https://doi.org/10.1021/acsami.2c01863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c01863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c01863?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4895559
https://doi.org/10.1063/1.4895559
https://doi.org/10.1063/1.4805360
https://doi.org/10.1063/1.4805360
https://doi.org/10.1063/1.3514093
https://doi.org/10.1063/1.3514093
https://doi.org/10.1063/1.3514093
https://doi.org/10.1063/1.3043588
https://doi.org/10.1063/1.3043588
https://doi.org/10.1063/1.3660253
https://doi.org/10.1063/1.3660253
https://doi.org/10.1063/1.3660253
https://doi.org/10.1016/j.jmat.2025.101052
https://doi.org/10.1016/j.jmat.2025.101052
https://doi.org/10.1016/j.jmat.2025.101052
https://doi.org/10.1016/j.materresbull.2025.113560
https://doi.org/10.1016/j.materresbull.2025.113560
https://doi.org/10.1080/01411594.2014.953517
https://doi.org/10.1080/01411594.2014.953517
https://doi.org/10.1080/01411594.2014.953517
https://doi.org/10.26599/JAC.2025.9221097
https://doi.org/10.26599/JAC.2025.9221097
https://doi.org/10.26599/JAC.2025.9221097
https://doi.org/10.1016/j.ensm.2021.09.018
https://doi.org/10.1016/j.ensm.2021.09.018
https://doi.org/10.1111/j.1551-2916.2009.03104.x
https://doi.org/10.1111/j.1551-2916.2009.03104.x
https://doi.org/10.1016/j.jallcom.2013.09.052
https://doi.org/10.1016/j.jallcom.2013.09.052
https://doi.org/10.1016/j.jallcom.2013.09.052
https://doi.org/10.1016/j.matlet.2014.08.133
https://doi.org/10.1016/j.matlet.2014.08.133
https://doi.org/10.1002/ente.201500173
https://doi.org/10.1002/ente.201500173
https://doi.org/10.1016/j.jallcom.2015.02.225
https://doi.org/10.1016/j.jallcom.2015.02.225
https://doi.org/10.1016/j.jallcom.2015.02.225
https://doi.org/10.1063/1.4922947
https://doi.org/10.1063/1.4922947
https://doi.org/10.1063/1.4922947
https://doi.org/10.1039/C5TA03614C
https://doi.org/10.1039/C5TA03614C
https://doi.org/10.1111/jace.13325
https://doi.org/10.1111/jace.13325
https://doi.org/10.1111/jace.13325
https://doi.org/10.1007/s10854-015-4247-x
https://doi.org/10.1007/s10854-015-4247-x
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c12016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

(56) Qu, B.; Du, H.; Yang, Z. Lead-free relaxor ferroelectric ceramics
with high optical transparency and energy storage ability. J. Mater.
Chem. C 2016, 4 (9), 1795—1803.

(57) Qu, B; Du, H;; Yang, Z.; Liu, Q.; Liu, T. Enhanced dielectric
breakdown strength and energy storage density in lead-free relaxor
ferroelectric ceramics prepared using transition liquid phase sintering.
RSC Adv. 2016, 6 (41), 34381—34389.

(58) Wu, L.; Wang, X; Li, L. Lead-free BaTiO;—Bi(Zn,,3Nb, ;3)O;
weakly coupled relaxor ferroelectric materials for energy storage. RSC
Adv. 2016, 6 (17), 14273—14282.

(59) Xu, Q,; Liu, H; Zhang, L.; Xie, J.; Hao, H.; Cao, M.; Yao, Z.;
Lanagan, M. T. Structure and electrical properties of lead-free
Biy sNaysTiO5-based ceramics for energy-storage applications. RSC
Adv. 2016, 6 (64), 59280—59291.

(60) Yang, Z.; Du, H; Qu, S.; Hou, Y.; Ma, H.; Wang, J.; Wang, J;
Wei, X,; Xu, Z. Significantly enhanced recoverable energy storage
density in potassium—sodium niobate-based lead free ceramics. J.
Mater. Chem. A 2016, 4 (36), 13778—13785.

(61) Yang, H,; Yan, F; Lin, Y.; Wang, T.; Wang, F. High energy
storage density over a broad temperature range in sodium bismuth
titanate-based lead-free ceramics. Sci. Rep. 2017, 7 (1), 8726.

(62) Zhou, M; Liang, R;; Zhou, Z.; Dong, X. Novel BaTiO;-based
lead-free ceramic capacitors featuring high energy storage density,
high power density, and excellent stability. J. Mater. Chem. C 2018, 6
(31), 8528—8537.

(63) Zhao, L.; Gao, J; Liu, Q;; Zhang, S.; Li, J. F. Silver Niobate
Lead-Free Antiferroelectric Ceramics: Enhancing Energy Storage
Density by B-Site Doping. ACS Appl. Mater. Interfaces 2018, 10 (1),
819—-826.

(64) Yang, B.; Liu, Y.; Jiang, R. J; Lan, S.; Liu, S. Z.; Zhou, Z.; Doy,
L.; Zhang, M.; Huang, H.; Chen, L. Q;; Zhy, Y. L,; Zhang, S.; Ma, X.
L; Nan, C. W,; Lin, Y. H. Enhanced energy storage in antiferro-
electrics via antipolar frustration. Nature 2025, 637 (8048), 1104—
1110.

(65) Zhang, L.; Hao, H.; Liu, H.; Song, Z.; Yao, Z.; Xie, J.; Liu, H;
Zhu, X,; Xu, Q; Huang, X; Cao, M. Effect of HfO 2 addition as
intergranular grains on the energy storage behavior of Ca 0.6 Sr 0.4
TiO 3 ceramics. J. Eur. Ceram. Soc. 2016, 36 (13), 3157—3163.

(66) Zhou, M.; Liang, R;; Zhou, Z.; Dong, X. Superior energy
storage properties and excellent stability of novel NaNbO 3-based
lead-free ceramics with A-site vacancy obtained via a Bi 2 O 3
substitution strategy. J. Mater. Chem. A 2018, 6 (37), 17896—17904.

53790

https://doi.org/10.1021/acsami.5c12016
ACS Appl. Mater. Interfaces 2025, 17, 53780—53790


https://doi.org/10.1039/C5TC04005A
https://doi.org/10.1039/C5TC04005A
https://doi.org/10.1039/C6RA01919F
https://doi.org/10.1039/C6RA01919F
https://doi.org/10.1039/C6RA01919F
https://doi.org/10.1039/C5RA21261H
https://doi.org/10.1039/C5RA21261H
https://doi.org/10.1039/C6RA11744A
https://doi.org/10.1039/C6RA11744A
https://doi.org/10.1039/C6TA04107H
https://doi.org/10.1039/C6TA04107H
https://doi.org/10.1038/s41598-017-06966-7
https://doi.org/10.1038/s41598-017-06966-7
https://doi.org/10.1038/s41598-017-06966-7
https://doi.org/10.1039/C8TC03003K
https://doi.org/10.1039/C8TC03003K
https://doi.org/10.1039/C8TC03003K
https://doi.org/10.1021/acsami.7b17382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b17382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b17382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-024-08505-7
https://doi.org/10.1038/s41586-024-08505-7
https://doi.org/10.1016/j.jeurceramsoc.2016.05.002
https://doi.org/10.1016/j.jeurceramsoc.2016.05.002
https://doi.org/10.1016/j.jeurceramsoc.2016.05.002
https://doi.org/10.1039/C8TA07303A
https://doi.org/10.1039/C8TA07303A
https://doi.org/10.1039/C8TA07303A
https://doi.org/10.1039/C8TA07303A
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c12016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

