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This study examined the effects of Sr(Tig gs5Zro.15)O= (STZ) additive and post-sintering treatments on the

electrical and biological

properties of

lead-free (1 - X)[0.7(Bi0_5Nao_s)Ti03—0.3(Sr0_7BiOV2)TiO3]—

XxSr(Tig.g5Zrg15)03 or ((1 — x)(BNT-SBT)-xSTZ) ceramics synthesized by solid-state reaction. All
compositions showed coexistence of rhombohedral and tetragonal phases, with increased STZ
promoting the rhombohedral phase. The x = 0.15 composition exhibited favorable results, featuring
a broad temperature coefficient of capacitance (TCC) stability range (+15% from 38-310 °C), a 43%
increase in energy storage density, 92.90% energy efficiency, strong breakdown strength (95 kV cm™3),

and excellent thermal stability, with only 1.48% energy density variation between 25 and 125 °C. Its initial

electrostrain of 0.06% was notably low. Post-sintering aging enhanced electrostrain to 0.33%
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representing a 450% increase and significantly improving electromechanical response. Cytotoxicity

testing confirmed excellent cell viability, and bioactivity in simulated body fluid, initially moderate, was
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1. Introduction

Due to increasing environmental concerns over the toxicity and
volatility of lead oxide found in many lead-based piezoelectric
ceramics, recent research has shifted toward the development
of lead-free alternatives. Materials such as BaTiO; (BT),
(Big.5Ko.5)TiO; (BKT), Ko 5Na, sNbO; (KNN), and Big 5Nag sTiO;
(BNT) have gained considerable attention for their promising
electrical properties." Among these, BNT-based ceramics stand
out for their excellent ferroelectric behavior,** typically exhib-
iting high maximum polarization (~43 pC cm™2), attributed to
the hybridization between Bi 6s and O 2p orbitals.>®” However,
BNT ceramics also suffer from a large coercive field (~73
kV em™")*>*” and high electrical conductivity, which hinder
effective polarization during the poling process and limit their
practical applications.*® To improve the properties of BNT,
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notably enhanced by B-tricalcium phosphate surface coating. These results highlight the biomedical
potential of the optimized x = 0.15 ceramic composition.

various modifications and complex solid solutions have been
explored. Furthermore, modified BNT-based systems such as
BNT-BKT (BNKT),"* BNT-Ba(Al;Sbo;)0;," BNT-BKT-
SrTiO3," BNT-BT-KNN,"” BNT-BKT-Ba(Fe,sNby5)03," and
BNT-BT—(Sr, ;Biy,)TiO; * and  BNKT-Ba(Nbyg o Tig.00)03—
BiFeO; ** have demonstrated excellent strain behavior, making
them strong candidates for electromechanical applications.™*

For energy storage applications, the induced relaxor state in
BNT-based materials has been shown to significantly improve
their performance.>'® Therefore, various composition design
strategies have been employed by incorporating materials such
as NaTaOs,"” BiTiy 5Zn 503,"® Bi(Zn,;3Nby,3)03," Sty ;Big , Ti03,°
NaNbO3,** and AgNbO3,>* and Sr(Tig g5Zr.15)03.>* Additionally,
BNT-(Sr, ;Bi ,)TiO3 (or BNT-SBT) based ceramics also exhibit
high remanent polarization.** Furthermore, recent studies
suggest the BNT-SBT based ceramics also offer a promising
energy storage density.****® Therefore, modifying BNT-SBT
ceramics with other materials may further enhance their overall
properties.

Recently, Sr(Zr,Ti;_,)O3; ceramics have attracted consider-
able research interest due to their notable dielectric proper-
ties.?® This ceramic system is developed by substituting Ti*"
with Zr*" at the B-site of the ABO; perovskite structure.””2° The
larger ionic radius of Zr*" induces lattice distortion, which
enhances the dielectric characteristics of the ceramic. More-
over, partial substitution of Zr** (up to 5 mol%) significantly

© 2026 The Author(s). Published by the Royal Society of Chemistry
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improves dielectric breakdown strength (up to 14.4 kV cm ™ %),
making these ceramics a promising candidate for high-voltage
capacitor applications.”” Specifically, the composition of STZ
has been employed as a modifier in BNT-based ceramics to
reduce remanent polarization (P;) and enhance breakdown
strength. These modifications contribute to improved energy
storage density, higher efficiency, and overall enhancement of
dielectric performance.”

Since BNT-SBT ceramics exhibit promising electrical proper-
ties, and the incorporation of STZ has been shown to enhance the
performance of BNT-based ceramics, it is worthwhile to investi-
gate the BNT-SBT system modified with STZ. In this study, BNT-
SBT-STZ ceramics were fabricated, and their properties were
investigated, including phase formation, microstructure, dielec-
tric behavior, energy density properties, and electrostrain
performance. However, it is important to note that while
promoting a relaxor state can effectively enhance certain elec-
trical properties, such as energy storage density, a higher degree
of relaxor behavior often leads to a reduction in electrostrain
performance. To overcome this trade-off, many post-sintering
treatments have been proposed to optimize the material prop-
erties.”” Therefore, in this study, the samples were subjected to
an aging treatment after sintering. Additionally, with the growing
interest in piezoelectric materials for medical applications,***
several lead-free piezoceramics have been developed to explore
their potential for use in the human body, offering both
biocompatibility and favorable electrical properties.**** There-
fore, the biological properties of the fabricated ceramics were
also evaluated in this study. To enhance their bioactivity, the
ceramics were coated with a bioactive material, and their bioac-
tive performance was subsequently evaluated.

2. Experimental procedure

The (1 — x)[0.7(Big.sNag 5)TiO3-0.3(Sr 7Big ) TiO3]-xSr(Tig g5-
Zry.15)03 or ((1 — x)[BNT-SBT]-xSTZ) ceramics with x = 0, 0.05,
0.10, 0.15, and 0.20 were synthesized via the conventional solid-
state route. The high-purity reagent-grade powders used in this
work were BiO; (99.9%, average particle size 10 um, Sigma-
Aldrich), NaCO; (99.5%, average particle size 9 pm, Sigma-
Aldrich), TiO, (99%, average particle size 2-3 pm, Sigma-
Aldrich), SrCO; (98%, average particle size 2 pum, Sigma-
Aldrich), and ZrO, (99%, average particle size 5 pm, Sigma-
Aldrich). The raw powders were dried at 120 °C for 24 h to
remove moisture. The powders were then weighed according to
the stoichiometric formula of (1 — x)[BNT-SBT]-xSTZ, ball-
milled in 99.9% ethanol for 24 h, dried, and subsequently
calcined at 850 °C for 3 h in air. After adding 4 wt% polyvinyl
alcohol (PVA) as a binder, the powders were uniaxially pressed
into 10 mm pellets and sintered at 1150 °C for 3 h (heating rate:
5°C min~") in closed alumina crucibles. Selected samples were
subjected to post-sintering aging at 120 °C in air for two weeks.
Additionally, selected samples were coated with beta-tricalcium
phosphate (B-TCP) using a dip-coating technique. For the dip-
coating process, a slurry consisting of B-TCP powder, PVA
binder, deionized water, and starch was prepared and thor-
oughly mixed until homogeneous. This slurry was applied to
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ceramic samples with x = 0.15. The samples were dipped and
withdrawn at a constant speed, then dried at 120 °C for 24 h and
calcined at 1000 °C for 1 h at a heating rate of 10 °C min~".

Bulk density was measured using Archimedes’ method. Phase
identification was performed using X-ray diffraction (XRD,
RIGAKU, SMARTLAB), and Raman spectroscopy (T6400 JY,
Horiba Jobin Yvon) was used to confirm structural features.
Microstructure was examined using a scanning electron micros-
copy (SEM, JEOL JSM-6335F). Silver electrodes were applied to
both sides of the samples and fired at 700 °C for 15 min.
Dielectric properties were measured from 25 °C to 500 °C using
an LCR meter (HP 4192A) at 1-1000 kHz. Polarization (P) and
electrostrain (S) loops as a function of applied field (E) were
recorded using a Radiant Precision High Voltage Interface at 25—
150 °C, with E = 50-95 kV cm ™' at 1 Hz. From the measurements,
energy storage density properties were calculated from the P-E
hysteresis loop.

In vitro cytotoxicity was assessed using the MTT assay on
human skin fibroblast cells obtained from Manose Health and
Beauty Research Center (Thailand). The cells were cultured in
DMEM with 10% FBS and 1% penicillin/streptomycin at 37 °C,
5% CO,, and 100% humidity. Cultures were refreshed weekly,
and the medium was replaced twice per week. Cells were treated
with autoclaved bioceramic powders at concentrations of 0.1-
1000 pg mL~" for 24 h. Sodium lauryl sulfate (SLS) was used as
a positive control. Absorbance was measured at 510 nm using
a microplate reader. The bioactivity of the samples was also
evaluated by immersing them in a simulated body fluid (SBF).
Prior to testing, the samples were thoroughly cleaned to remove
surface contaminants and then dried in an oven overnight to
eliminate residual moisture. Each sample was immersed in
10 mL of phosphate-buffered saline (PBS, Sigma, Germany) with
a pH of 7.4 and incubated in a temperature-controlled chamber
at 37 + 0.5 °C for 15 and 30 days to simulate biological condi-
tions. The formation of apatite layers on the sample surfaces
was subsequently examined using the scanning electron
microscope.

3. Results and discussion
3.1 Densification and phase formation

To optimize densification, ceramics with varying STZ content
were sintered at 1000-1175 °C, as shown in Fig. 1. All samples
showed increased density with increasing temperature, reach-
ing a maximum at 1150 °C and then decreasing at higher sin-
tering temperatures. The decrease in density above 1150 °C is
likely due to ion volatilization, particularly of Na" and Bi*".>>3¢
Although 1150 °C was the optimal sintering temperature for all
compositions, increasing STZ content reduced the maximum
achievable density (inset of Fig. 1). Therefore, the densest
ceramics, corresponding to the optimal sintering temperature
for each composition, were selected for further investigation.
X-ray diffraction (XRD) patterns of the ceramics (26 = 20-70°,
Fig. 2(a)) revealed a perovskite structure with coexisting rhom-
bohedral (R) and tetragonal (T) phases. This was evidenced by
peak splitting near 26 = 39-41° ((111)g/(111)g) and 45-48°
((200)1/(002)y), as shown in Fig. S1 of the SL*'* With
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Fig.1 Density of ceramics as a function of sintering temperature and
composition. (Inset: relationship between optimal density and STZ
content, x.)

increasing STZ content, the (111)z peak showed a slight change
in shape, and the A26(200) (A26(200) = (26(200) — 20(002))) value
decreased, indicating reduced tetragonality (Fig. S2(a) in the SI).
Furthermore, the relative tetragonality, expressed as the ¢/
a ratio and calculated from the d-spacings of the (200) and (002)
reflection planes, also decreased with increasing STZ content
(Fig. S2(b) in the SI). These observations suggest that higher STZ
concentrations diminish the tetragonal character of the mate-
rial. Additionally, the XRD peaks shifted toward lower angles,
indicating lattice expansion arising from the combined substi-
tution of larger Zr*" at the B-site and Sr** at the A-site. This
distortion was further enhanced by the increased incorporation
of Sr**, whose ionic radius is also larger than that of the host A-
site ions.”****¥ This increased the average ionic radii at both A-
and B-sites (7s-site and I'psite), s Shown in Fig. S3(a) in the SI. To
evaluate the degree of lattice distortion, the tolerance factor (¢)
was calculated and found to increase with x, ranging from 0.717
to 0.9782 (Fig. S3(b) in the SI). This range falls within that
typical of stable perovskite structures (¢ = 0.880-1.090).*°
However, an increase in the ¢ reflects reduced symmetry
distortion and a shift toward a more cubic structure, resulting
in decreased tetragonality.

To quantify the phase fractions of rhombohedral (R) and
tetragonal (T) phases in the samples, Rietveld refinement was
performed using the GSAS-II software suite. The refinement
results are illustrated in Fig. 2(b-f), providing visual confirma-
tion of the phase evolution. Detailed numerical data from the
refinement are compiled in Table S1 of the SI. All samples
exhibited a mixture of phase composed of rhombohedral (R3c)
and tetragonal (P4bm) phases. Notably, the proportion of the
rhombohedral R3¢ phase increased with increasing STZ
content. Conversely, the fraction of the tetragonal P4bm phase
showed a corresponding decline, indicating a compositional
shift driven by STZ incorporation. This trend aligns with the
observed reduction in the c/a ratio.
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Fig. 2 (a) X-ray diffraction (XRD) patterns of samples with varying STZ

content; (b—f) Rietveld refinement profiles for compositions x = 0.00
to 0.20; and (g) phase fractions of rhombohedral and tetragonal
phases as a function of STZ content.

The Raman spectra (from 100-1000 cm™") of the ceramics
were measured at room temperature (RT) and are presented in
Fig. 3. The spectral deconvolution, performed using Lorentzian
functions, identified seven modes (P1-P7), as described in
Table S2 of the SI. The acquired spectra were divided into four
distinct regions based on their Raman shift characteristics. The
band below 200 cm ™ is closely correlated with the A-site cation
vibrations of the perovskite structure, involving Na, Bi, and Sr
ions.***! The band between 200 and 400 cm " is related to the
vibration of the Ti-O bond. This band exhibited a shift toward
lower wavenumbers, which is likely attributed to distortions in
the crystal lattice.*>** The band in the 430-700 cm ' region
corresponds to the vibrational modes of the TiOq octahedral
units. This band became increasingly broadened as the x values
rose, which may be linked to a higher degree of cation disorder.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Raman spectra of the ceramics at RT.

The high-frequency region above 700 cm™" is associated with
overlapping A; (longitudinal optical) and E (longitudinal
optical) vibrational modes.*** Therefore, the Raman results
support the conclusions drawn from the XRD analysis.

3.2 Microstructure

The surface morphologies of the as-sintered ceramics were
examined using scanning electron microscopy (SEM), as shown
in Fig. 4. The corresponding fractured cross-sections are pre-
sented in Fig. S7. The average grain size and its distribution
were quantified using the mean linear intercept method, as
shown in the insets of Fig. 4. All compositions exhibited equi-
axed grains with slightly rounded edges. Increasing the STZ
content led to a systematic reduction in grain size, decreasing
from 1.69 pm to 0.93 um as x increased from 0.00 to 0.20. This
grain refinement is likely associated with the incorporation of
dopant ions into the BNT-SBT lattice, which introduces local
lattice distortions and internal stresses that hinder grain
boundary mobility during sintering.*® In addition, according to
the lattice strain energy expression (AGgyain), differences in
ionic radii between the substituent and host ions can generate
substantial strain energy, further suppressing grain growth.
This strain energy can be quantified using the following
expression:*”*®

AGiain = 4T YNA[(ro/2)(ra — ro)* + (113)(ra — 10)’], (1)

where Y, Ny, 1y, and rq represent Young's modulus, Avogadro's
number, the optimal radius of the host lattice site, and the ionic
radius of the dopant, respectively. In this study, the higher
concentration of Zr*" ions (which possess a larger ionic radius
than the B-site host ions) and the increased incorporation of
Sr** ions, both of which have larger ionic radii than the
respective B- and A-site host cations, can increase AGgyain- The
elevated strain energy impedes grain boundary mobility and
consequently suppresses grain growth. The grain-size

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM micrographs of (1 — x)[BNT-SBT]-xSTZ ceramics: (a) x =
0.00, (b) x=10.05, (c) x=0.10, (d) x = 0.15, (e) x = 0.20; (f) average grain
size and corresponding standard deviation as a function of x.

distribution was monomodal across all samples, and the
reduction in the standard deviation of the average grain size
indicates improved grain uniformity with increasing STZ
content (Fig. 4(f)).

Transmission electron microscopy (TEM) was performed on
the x = 0.00 and x = 0.15 samples. The corresponding bright-
field TEM images are presented in Fig. 5(a and b). Nano-
domains in the x = 0.00 samples exhibited an average width of
~1.0 nm (highlighted by red boxes), while the x = 0.15 samples
showed an average width of ~0.6 nm. The presence of nano-
domains in both compositions suggests that the incorporation
of SBT and STZ disrupts the long-range ferroelectric order in the
studied ceramics, thereby promoting nanodomain formation.
This disruption can induce an ergodic relaxor state, which is
typically characterized by a slim P-E hysteresis loop, as di-
scussed in Section 3.3.2.**' For the x = 0.00 samples, the
measured d-spacing was 0.2822 nm, corresponding to the (012)
plane reflection, with weak i(ooo) superlattice reflections
observed in the selected area electron diffraction (SAED) pattern
(Fig. 5(c), inset), indicating a rhombohedral phase.?** In
contrast, the x = 0.15 sample exhibited d-spacings of 0.2770 nm
and 0.2085 nm, corresponding to the (110) and (021) plane
reflections, respectively, with no clear superlattice reflections
observed in the SAED pattern (Fig. 5(d), inset). These observa-
tions are consistent with the XRD results.

3.3 Electrical properties

3.3.1 Dielectric properties and phase transition. Fig. 6
presents the dielectric constant (¢;) and dielectric loss (tan ) of

RSC Adv, 2026, 16, 4228-4240 | 4231
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diffraction (SAED) patterns shown in the insets.
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Fig. 6 Temperature dependence of the dielectric constant () and
dielectric loss (tan 6) of poled ceramics measured at various frequen-
cies for different STZ compositions: (a) x = 0.00, (b) x = 0.05, (c) x =
0.10, (d) x = 0.15 and (e) x = 0.20. (f) Dielectric constant at RT (e ;0om)
and Ty (er,max) as a function of STZ content (x).

the poled ceramics across various frequencies and tempera-
tures. All samples exhibited two distinct dielectric anomalies in
the ¢~T curves, consistent with the behavior typically observed
in BNT-based ceramics.”»* The first anomaly, marked by
a dielectric peak at Ty, (the temperature of maximum permit-
tivity), corresponds to the relaxation of tetragonal polar nano-
regions (PNRs) that emerge from rhombohedral PNRs.***%
With increasing STZ content, the temperature of the dielectric
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maximum (Ty,) decreased from 268 °C at x = 0.00 to 222 °C at x
= 0.20 (Fig. 7(a)). Moreover, the peak became broader and
flatter as the STZ content (x) increased. The second anomaly,
denoted as Ty, appeared below 100 °C and has been proposed to
be attributed to the thermal evolution of discrete PNRs.>>%

The T decreased from 106 °C to 66 °C as x increased from
0.00 to 0.20 (Fig. 7(a)). The decrease in transition temperatures
may be associated with the weakening of ionic bond strength
caused by the STZ additive, which lowers the energy required for
structural rearrangements and phase transitions.>”*®* Conse-
quently, the reduced bond strength decreases the energy barrier
for structural transformations, allowing phase transitions to
occur at lower temperatures.”” Additionally, this behavior
correlates with the increase in the tolerance factor (¢) at higher
STZ contents, further supporting the lattice distortion induced
by the additive.

In this study, the Burns temperature (75) was determined
from the 1/e; versus T plot, as shown in Fig. S4 of the SI. Ty
represents the temperature at which the dielectric constant
begins to deviate from the Curie-Weiss law. As the STZ content
increased, Ty exhibited a downward trend similar to that of Ty,
and T, decreasing from 394 °C at x = 0.00 to 326 °C at x = 0.20
(inset of Fig. 7(a)). This decrease in Ty with increasing STZ
concentration reflects a progressive reduction in the onset
temperature of polarization in the relaxor state.*> Additionally,
the incorporation of STZ increased the dielectric constant at
room temperature (g room), Which may be attributed to the
downward shift of the T, shoulder peak (Fig. 7(a)). However, the
additive led to a reduction in the maximum dielectric constant
(ér,max) at Ty (Fig. 6(f)), likely due to the broader of the &-T
curves observed with increasing STZ content.

It should be noted that as the STZ content increased, the
dielectric constant (¢;) near Ty, decreased, and a plateau-like
behavior became evident, suggesting improved thermal
stability of the dielectric properties. To quantify this behavior,
the temperature coefficient of capacitance (TCC) was calculated
using the equation:***®

TCC (%) = (Aéley) x 100 (%), 2)

where Ae = ¢ — &y, er is the dielectric constant at evaluated
temperature T, and ¢, is the dielectric constant at a base
temperature (150 °C). A TCC = 15% is generally considered
indicative of good temperature stability. Fig. 7(b) illustrates the
TCC as a function of temperature and STZ composition, while
the corresponding temperature windows with TCC = 15% are
summarized in Fig. 7(c). As the STZ content increased, the TCC
curves progressively flattened, indicating enhanced tempera-
ture stability, especially for the x = 0.10 and 0.15 samples. The
temperature ranges where TCC values = 15% for compositions
x = 0.00, 0.05, 0.10, 0.15, and 0.20 were 71-226 °C, 49-210 °C,
51-323 °C, 38-310 °C, and 30-263 °C, respectively. Notably, the
x = 0.10-0.15 compositions exhibited the highest temperature
window, reaching 272 °C (inset of Fig. 7(c)). This value is
considered high for lead free ceramics.*®*

It should be noted that, although the x = 0.20 composition
exhibited a higher rhombohedral phase fraction at room

© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature, it still showed a narrower TCC stability window.
This behavior can be understood from the relaxor nature of the
system. In BNT-based relaxors, the temperature stability of the
dielectric constant is governed not by the static phase fraction at
room temperature but by the thermal evolution of polar nano-
regions (PNRs). Compositions within the phase coexistence
region (x = 0.10-0.15) contain both rhombohedral and tetrag-
onal local distortions, which create a flatter free energy land-
scape and enhance the thermal stability of PNR correlations.
This structural competition suppresses abrupt temperature-
driven fluctuations, allowing PNRs to respond more gradually
to heating and thereby maintaining a stable permittivity over
a broader temperature range. In contrast, the x = 0.20 compo-
sition lies outside the coexistence region, where a dominant
rhombohedral distortion leads to softer lattice dynamics and
reduced PNR stability. As a result, thermal depolarization
occurs at lower temperatures, giving rise to a narrower TCC
stability window. This explanation has been incorporated into
the revised manuscript.

3.3.2 Ferroelectric and energy storage properties.
Fig. 8(a-e) shows the P-E hysteresis loops of the ceramics at RT
under 50 kv ecm™'. STZ doping significantly influences loop
shape. The x = 0.00 samples exhibited a slim and pinched
hysteresis loop, indicative of an ergodic relaxor state. As the STZ
content increased, the loops became progressively slimmer.
Additionally, both the maximum polarization (Py,) and
remanent polarization (P;) decreased with higher STZ levels
(Fig. 8(f)). The coercive field (E.) also decreased, consistent with
the narrowing of the P-E hysteresis loops. These changes
suggest that the addition of STZ enhances the ergodicity
(Fig. 8(f)).”* Furthermore, the observed trends can be further
supported by broader I-E loops with increasing STZ content, as
seen in Fig. 8(a-e),** which is often observed in BNT-based
ceramics with high ergodicity. To compare the relative
amount of the ergodic phase in the studied ceramic system, the
parameter (P,/Ppyax)A was used as an indicator, where A denotes
the area of the P-E hysteresis loop. A value of (Py/Ppax)A
approaching zero corresponds to a fully ergodic state. In this
study, (P,/Pmax)A decreased with increasing x, indicating that
the incorporation of STZ enhanced the ergodic character of the
material.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Furthermore, temperature-dependent P-E hysteresis loops,
as presented in Fig. S5 of the SI revealed that samples with x =
0.00-0.15 maintained slim, pinched shapes. In contrast, the
pinched feature became less pronounced in the x = 0.20
samples, which exhibited only slim, non-pinched loops.
Furthermore, as the temperature increased from 25 °C to 150 °
C, all loops became progressively slimmer, indicating enhanced
ergodic relaxor behavior due to thermal activation.**

In the current work, the energy storage density (W;..) and
energy storage efficiencies (n) of the studied ceramics were
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determined from the P-E hysteresis loops by using the following
equations:****

P
Wiee = j EdP 3)
P
w
n (%) = Wt 100, (4)

where E is the electric field and W), is the energy loss density.
Plots of W,.. and 7 (at E = 50 kV cm ') as functions of
composition (x) and temperature are presented in Fig. 9(a) and
(b), respectively. At RT, the W, value showed a decreasing trend
with increasing STZ content, while the » value exhibited an
increasing trend. As the temperature rose to 150 °C, all samples
displayed only minor changes in W, value, whereas the 7 value
continued to increase. Notably, the samples with x = 0.15
seemed to exhibit the best thermal stability of Wi, while x =
0.20 showed the greatest thermal stability of 7.

To assess the thermal stability of Wi, its temperature
dependence was evaluated using the following equation,*>*
and the results are presented in Fig. 9(c).

AWT - |W— W25oc‘ «

- 100,
W25°C WZS"C

(5)

where W,soc is the energy storage density at 25 °C, Wy is the
energy storage density at the measured temperature (ranging
from 25 °C to 125 °C), and AW, represents the difference
between Wrand W,sec. Additionally, the temperature stability of
n was evaluated using the following equation, and the results
are presented in Fig. 9(d).

An _ [ — Masec
Masec

x 100, (6)

MasoC

where 7,50c is the energy storage efficiency at 25 °C, nr is the
efficiency at the measured temperature (25-125 °C), and Any
represents the difference between 7, and 7,s5.c. Based on the
calculation, the x = 0.15 and x = 0.20 samples exhibited AW,/
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Waosoc of 1.48% and 3.17%, respectively. Additionally, they
showed energy efficiency stability values An/n,soc of 12.69% and
6.10%, respectively. These values demonstrate relatively strong
performance when compared to other BNT-based ceramics re-
ported in the literature, such as 0.90Bi,;Na, sTiO;BaTiOs-
0.10NaNbO; (Wyee = 0.71] em ™3, AW/ W,sec < 12% (25150 °C)),*
0.8BaTi03-0.15Bi(Y1/3Ti;2)03 (Wree = 1.02 J cm > and AWy Wasec
= 18% (25-125 °C)),* and 0.98Bi, ;Na, sTiO3-0.06BaTiO;-
0.028r, gNay 4Nb,0s-0.20NaNbO; (Wyee = 1.52 ] em %, AWy Wisec
< 8.70% (RT-160 °C)).*” This suggests that the incorporation of
STZ significantly enhances the thermal stability of the ceramic
system.

The effect of the applied electric field on W,.. and n values (at
125 °C) was also investigated in this study (Fig. 9(e) and (f)).
Notably, all samples exhibited the highest » value at 125 °C;
therefore, the analysis focused on this temperature. As the
electric field increased, W... showed a clear upward trend
(Fig. 9(e)), while n exhibited only slight variations (Fig. 9(f)). The
Wree and 7 values measured at 125 °C, along with the ceramics’
breakdown strength (E,) as a function of x, are shown in
Fig. 9(h). The W, value increased with increasing x, reaching
a maximum of 1.01 J em ™ for the x = 0.15 samples. Further-
more, 7 increased from 85.80% for the x = 0.00 samples to
91.25% for the x = 0.15 samples. It is important to highlight
that beyond x = 0.05, n remained relatively stable, varying only
slightly between 91.25% and 92.90%. These results indicate that
STZ enhances both W,.. and 7, with minimal variation in » for x
between 0.05 and 0.20 (at 125 °C). In addition, the trend of Wi,
value closely aligns with that of the Ey, value, as illustrated in
Fig. 9(g) and (h). This correlation is consistent with the well-
established understanding that a higher E;, typically leads to
a higher W, as elevated Ej, values are often associated with
finer grain sizes.>*® However, the lower W, observed in the x =
0.20 sample can be attributed to the dominant influence of
porosity. It is well known that increased porosity (i.e., lower
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density) in ceramics tends to reduce Ey, thereby resulting in
a lower Wee. 27t

In this work, the enhanced electrical properties of the
studied ceramics arise from STZ-induced modifications to the
coexistence and the resulting evolution of lattice and domain
structures. XRD Rietveld analysis shows that increasing STZ
progressively shifts the phase assemblage toward a more
rhombohedral character while reducing tetragonality, indi-
cating MPB tuning that facilitates easier polarization rotation.
Complementary Raman softening and band broadening further
reveal increased lattice distortion and cation disorder, consis-
tent with a softened lattice and the suppression of long-range
ferroelectric order. TEM observations confirm that macro-
scopic ferroelectric domains are fragmented into finer nano-
domains (from ~1.0 nm to ~0.6 nm), demonstrating the
development of polar nanoregions (PNRs) that govern the
relaxor behavior. This structural transformation results in
broadened dielectric anomalies, reduced P, and E., and
slimmer P-E loops, which collectively promote high energy-
storage efficiency and excellent thermal stability. Additionally,
STZ-induced grain refinement enhances dielectric breakdown
strength, further increasing the recoverable energy density
(Wrec)‘

Among all investigated compositions, x = 0.15 STZ demon-
strated the optimum in dielectric and energy-storage perfor-
mance, owing to its optimal synergy of phase structure,
microstructure, dielectric relaxation, and electrical strength.
XRD-Rietveld and Raman analyses revealed that this composi-
tion achieved the most balanced rhombohedral-tetragonal
coexistence together with higher degree of local structural
disorder (Fig. 2 and 3), fostering a pronounced relaxor state.
TEM observations confirmed the presence of nanodomains
(~0.6 nm), which enable highly reversible polarization switch-
ing and yield slim P-E loops with low remanent polarization (P,)
and minimal energy loss (Fig. 8). SEM analysis further showed
that x = 0.15 possessed the smaller and more uniform grains,
resulting in the highest Ey, (Fig. 9), which directly enhances the
recoverable energy density (W;e.). Consequently, this composi-
tion delivered the maximum Wi, (=1.01 ] cm ) with a high
efficiency of 92.9% (Fig. 9). In addition, it exhibited one of the
broadest temperature-stable dielectric windows (TCC = +15%),
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ensuring a reliable dielectric constant across a wide operating
range (Fig. 7). Taken together, these structural and electrical
merits establish x = 0.15 as the optimal STZ concentration.
3.3.3 Strain behavior. Since the x = 0.15 composition
exhibited the optimal W,.. and 7, its electrostrain behaviour was
further investigated. Fig. 10(a) displays the bipolar strain-elec-
tric field (S-E) curves for the x = 0.15 samples. The samples
exhibited a slim loop with a very low maximum strain (Syay) of
0.06%. This corresponds to the slim and pinched shape of the
P-E hysteresis loop (Fig. 10(b)). This behavior is indicative of
a dominant ergodic relaxor (ER) phase in the x = 0.15 samples.
To enhance the strain response, the x = 0.15 samples under-
went a post-sintering aging treatment at 120 °C for two weeks.
After aging, the strain performance improved significantly, with
the maximum strain increasing to 0.33%, representing a 450%
enhancement. To ensure statistically reliable strain measure-
ments, the P-E and S-E loops were recorded three times. Before
annealing, the average strain was 0.05%, whereas after
annealing, it increased to 0.31% (see Fig. S10 in the SI).
Furthermore, the normalized strain coefficient
dy; (dy; = Smax/Emax) increased from 100 pm V" in the unaged
samples to 550 pm V' in the aged samples, also reflecting
a 450% improvement. In addition, the degree of strain hyster-
ASEp
2% 100%,

max
where ASg__, represents the strain deviation during the appli-
cation and removal of the electric field, measured at half of the
maximum electric field.”»” The H value significantly improved
after aging, changing from 29.50% in the unaged samples to
18.09% in the aged samples, which represents an improvement
of 63.07%.

Many authors have proposed that the significant strain
enhancement observed after post-sintering treatments arises
from several mechanisms, most notably the generation and
redistribution of oxygen vacancies. These vacancies can form
defect-dipole complexes that interact with polar nanoregions,
facilitating field-induced ordering and thereby increasing the
strain response.””* To verify this, electron paramagnetic reso-
nance (EPR) spectroscopy was conducted, and the resulting data
are presented in Fig. 10(c). The aged samples exhibited a strong
resonance signal at approximately g = 2.06, which is consistent

esis (H) was calculated using the equation: H =
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Fig. 10 Strain behavior of 0.15 composition for unaged and aged samples under an electric field of 60 kV cm™: (a) bipolar S—E loops, (b) P—-E
hysteresis loops and, (c) EPR signal (inset: definition of the degree of strain hysteresis using H = (ASg,__ /2)/Smax at 1 Hz).
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with the typical EPR signal of oxygen vacancies, while the
unaged sample showed no detectable signal.” This EPR signal
in the aged samples may indicate the presence of oxygen
vacancies. However, the samples were aged at a relatively low
temperature (120 °C), which may not be high enough to ther-
mally generate additional oxygen vacancies beyond those
already present from sintering. Therefore, X-ray photoelectron
spectroscopy technique (XPS) was employed to confirm the EPR
result, and the obtained results are displayed in Fig. S11 in SI.
The obtained XPS data revealed that there was no significant
change in concentration of oxygen vacancies. Therefore, aging
may not affect to produce the oxygen vacancy concentration.
This evidence can be explained as the following. Normally,
oxygen vacancies are expected to form during the high-
temperature sintering of BNT-based ceramics because volatili-
zation of Bi and Na components, creating A-site vacancies,
which are compensated by the formation of oxygen vacancies to
maintain charge neutrality. Furthermore, heterovalent substi-
tution, such as Sr** replacing Bi**/Na’, creates charge imbal-
ance and leads to oxygen vacancy formation during sintering.
However, the oxygen vacancies produced during sintering are
usually very mobile and can hop rapidly between neighboring
oxygen lattice sites. Because they do not remain at one position
long enough, they cannot form a stable paramagnetic center
that EPR can detect. In many cases, the associated electrons are
also electronically delocalized, meaning they spread over
a wider region of the lattice instead of being trapped at a single
vacancy. Another possibility is that the vacancies become part of
charge-neutral defect complexes, for example, a combination of
an A-site vacancy and an oxygen vacancy, and such complexes
do not contain any unpaired electron.”® As a result, the oxygen
vacancies present after sintering do not generate an EPR signal.
Because none of these configurations produces a localized
magnetic moment, the vacancies remain EPR-silent in the
unaged state.”® During aging at 120 °C in air, the pre-existing
oxygen vacancies can move slightly and become linked with
nearby cations. When this happens, the vacancy can trap elec-
trons and form occupied in-gap states. These localized electrons
create paramagnetic centers that can be detected by EPR.””
Because oxygen re-incorporation is negligible at 120 °C, aging
stabilizes oxygen vacancies, causing EPR signals to appear only
after aging.

Although the aging treatment at 120 °C does not generate
additional oxygen vacancies, it enables the pre-existing vacan-
cies formed during sintering to migrate, associate with cation
defects, and align into stable defect-dipole configurations.” In
the studied ceramics with a dominant ergodic relaxor phase, the
oriented defect dipoles interact strongly with the dynamic polar
nanoregions (PNRs). Their alignment generates local internal
bias fields that partially steer the orientation of adjacent PNRs,
modify the local energy landscape, and promote specific
polarization directions. When an electric field is applied, this
interaction promotes the field-induced transformation of the
ergodic relaxor into a temporary ferroelectric-like state. Impor-
tantly, once the field is removed, the defect-dipole-induced
internal bias acts as a restoring force, driving the PNRs to
collapse back into the ergodic relaxor phase in a highly
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reversible manner.””® This may improve reversibility of the
electric field driven relaxor to ferroelectric transition leads to
a substantial increase in recoverable electrostrain. Therefore,
the large electrostrain enhancement from 0.06% to 0.33%
originates from vacancy reorganization and dipole alignment,
not from an increase in vacancy concentration.

3.4 Bioactivities

Recently, there has been growing attention toward the appli-
cation of piezoelectric materials, particularly lead-free piezo-
ceramics, in the medical field. As a result, understanding their
biological characteristics has become increasingly signifi-
cant.>**>® In this study, we investigated the bioactivity of the x
= 0.15 samples to evaluate their potential for biomedical use.

3.4.1 In vitro cell viability assay. Cell viability assays are
commonly used to determine whether cells remain alive or
undergo cell death following exposure to a drug or chemical,
which is essential for evaluating the safety of materials intended
for biomedical applications. In this study, the MTT assay,
a colorimetric method, was employed to assess cell viability.
Human skin fibroblast cells (Manose Health and Beauty
Research Center) were used for testing, with sodium lauryl
sulfate (SLS) serving as a positive control. The in vitro cell
viability results for the x = 0.15 samples are shown in Fig. 11(a).
The results revealed no significant morphological changes,
such as cell wall shrinkage or bulging, across all tested
concentrations ranging from 0.1 to 1000 ug ml~". In the current
work, the cell viability was quantified by comparing the absor-
bance of cells treated with the sample suspensions to that of
cells exposed only to the culture medium (control), using the
following formula:*

absorbanceeramics

Cell viability (%) = ——
control

% 100 7)

The results showed that the x = 0.15 samples maintained cell
viability above 95% across all tested concentrations (0.1-1000
pg ml™Y), as illustrated in Fig. 11(b). Compared to previous

(a) (b)
SLS cantrol 01T 140 -
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Fig. 11 (a) Optical images showing the survival of cells treated for the x
= 0.15 ceramics at various concentrations (100x) and (b) the corre-
sponding histogram illustrating the percentage of cell viability. The
experiment was performed using an Olympus CK40 optical micro-
scope (Tokyo, Japan) with 6 V, 30 W HAL (halogen) illumination
(Philips 5761).

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07450a

Open Access Article. Published on 19 January 2026. Downloaded on 3/14/2026 12:16:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

studies, these results show noticeably higher values (Table S3 in
the SI).***® This also indicates that the samples are non-toxic
and may support cell growth, which is essential for their
intended biomedical applications.

3.4.2 Invitro bone-like apatite formation. The formation of
bone-like apatite in simulated body fluid (SBF) is widely recog-
nized as a key indicator of bioactivity, reflecting a material's
potential to bond with surrounding biological tissues. In this
study, the x = 0.15 samples were immersed in SBF for 15 and 30
days, and the results are presented in Fig. 12. After 15 days of
immersion, no apatite formation was observed on the sample
surfaces (Fig. 12(b)). However, after 30 days, small precipitated
apatite particles, with an average size of approximately 0.08 um,
were detected, partially covering the surface (Fig. 12(c)). The
formation of apatite particles was confirmed using energy-
dispersive spectroscopy (EDS), as shown in Fig. S6 of the SI.
The formation of apatite may be related to the release of mobile
cations such as Na*, Bi**, and Sr>" from grain boundaries or
defect sites during immersion. This release can result in
a cation-depleted surface with a net negative charge. Such
a local charge environment attracts Ca** and PO,’” ions from
the simulated body fluid (SBF) and increases the local pH, both
of which are favorable for calcium phosphate precipitation.
These released ions help modify the surrounding chemical
environment, thereby promoting apatite nucleation from the
calcium and phosphate species present in SBF.** Furthermore,

50 pm

1 um

1 um

1 um

Fig. 12 SEM images of the x = 0.15 samples before and after
immersion in SBF: (a) uncoated sample before SBF immersion, (b)
uncoated sample after 15 days in SBF, (c) uncoated sample after 30
days in SBF, (d) B-TCP-coated sample before SBF immersion (inset:
cross-sectional SEM image showing a coating thickness of ~176 um),
(e) B-TCP-coated sample after 15 days, and (f) B-TCP-coated sample
after 30 days in SBF.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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immersion in SBF can lead to surface hydroxylation of the
ceramics, forming ~OH groups such as Ti-OH or Zr-OH that act
as nucleation sites for calcium phosphate.*

However, the delayed appearance of apatite in the x = 0.15
composition (compared with the coated samples) can be
attributed to its lower initial surface reactivity. The incorpora-
tion of the STZ component may reduce the surface energy of the
ceramics, thereby slowing the early stages of apatite nucle-
ation,” weakening interactions with ionic species in SBF and
slowing the formation of Ca-P nuclei. Furthermore, Zr**
substitution alters the local BOg octahedral environment and
may suppress dissolution-driven cation release, limiting the
early development of a negatively charged, Ca®"-attracting
surface. The generation of surface -OH groups also proceeds
more gradually at this composition, reducing Ca** adsorption
during the early stage of immersion. Collectively, these factors
delay the surface activation process, resulting in apatite
becoming detectable only after extended soaking (30 days).

To enhance apatite formation, samples with x = 0.15 were
coated with B-tricalcium phosphate (B-TCP) using a dip-coating
technique, as B-TCP is a well-known bioactive material. The
coated surface exhibited a rounded grain morphology with an
average grain size of 0.88 um and a coating thickness of
approximately 176 pm (Fig. 12(d)). After 15 days of SBF
immersion, apatite particles with an average size of ~0.08 um
were observed on the coated samples, although they did not
fully cover the surface (Fig. 12(e)). After 30 days of immersion,
the coated samples exhibited extensive apatite formation,
characterized by larger flake-like precipitates approximately
0.17 um in width and less than 0.03 pm in thickness (Fig. 12(f)).
These precipitates covered a greater portion of the surface and
formed larger clusters compared to those observed on the 15-
day samples. Compared to the uncoated samples, the B-TCP
coating significantly enhanced apatite formation, likely due to
the release of Ca*" and PO, ions, which are essential for
apatite development and contribute to the formation of
a continuous apatite layer.*

4. Conclusions

The (1 — x)[BNT-SBT]-xSTZ ceramics were synthesized via
a conventional solid-state reaction route. All compositions
demonstrated coexistence of rhombohedral and tetragonal
phases, with a progressive reduction in tetragonality as the STZ
content increased. Notably, the x = 0.15 composition exhibited
optimum dielectric and energy storage characteristics,
including the highest TCC, optimized W, 1, and enhanced Ey,.
This composition also showed excellent thermal stability of
Wree, despite a relatively low initial strain response. Following
aging treatment, the x = 0.15 samples exhibited a remarkable
450% increase in Spya, and d;, values, emphasizing the role of
aging in boosting electromechanical performance. This
enhancement likely originates from the reorganization of pre-
existing oxygen vacancies into aligned defect dipoles rather
than from an increase in vacancy concentration. The MTT assay
results demonstrated good cell viability for the x = 0.15
composition, indicating favorable biocompatibility.
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Furthermore, SBF immersion tests indicated moderate bioac-
tivity for the x = 0.15 samples. Consequently, bioactivity was
markedly enhanced following the application of B-TCP surface
coating, highlighting its beneficial role in promoting the bio-
logical response. These results collectively underscore the
promising potential of the x = 0.15 ceramics for future
biomedical applications.
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