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Abstract

In pursuit of lead-free dielectric materials possessing superior energy density and outstanding reliability
under intermediate electric field conditions, this study fabricated (1-x)(0.76Bij sNag 5TiO5-

0.24Sr ,Lag o TiO5)-xCaZrO4 (BNSLT-xCZ; x = 0.00, 0.05, 0.10, 0.15) relaxor ferroelectrics via the classic
solid-state ceramic processing. This study systematically explores how CaZrO5 (CZ) incorporation
modulates the phase development, microstructural features, dielectric response, and energy storage
capabilities. XRD patterns verify the formation of a single-phase perovskite structure, indicating that CZ
has been successfully integrated into the BNSLT host lattice without any visible impurities. The evolution
of a tripartite phase system—comprising cubic, rhombohedral, and tetragonal symmetries—is facilitated
by optimal substitution (x = 0.10-0.15). With the suppression of macro-domain ferroelectric order, the
formation of polar nanoregions (PNRs) is effectively facilitated, which subsequently enhances the
dielectric relaxation response. Noticeably, the x = 0.10 composition achieves a high recoverable energy
storage density (W) of 2.91 J/cm? at a modest electric field of 230 kV/cm, with an efficiency (n) of

64.3% and a maximum polarization (P,,,,) of 37.8 uC/cm?. Furthermore, the ceramic demonstrates
excellent thermal stability (with W, variation <+ 10% from 30 to 150°C) and robust frequency stability
(from 5 to 100 Hz) under a fixed field of 180 kV/cm, surpassing many reported lead-free systems
operating at similar field levels. These results demonstrate that CZ doping enables the synergistic
optimization of phase composition and microstructure, providing a promising strategy for emerging
micro-scale energy storage devices.

1 Introduction

Driven by the swift progression of electronic devices toward micro-scale integration, high integration, and
low power consumption, securing high-capacity energy storage under reduced driving electric fields has
emerged as a pivotal challenge for dielectric energy storage materials [1]. Generally, the W, W .., and n
of ceramics can be calculated using the following equations [2]:

P,
Wtotal - / EdP
0

Py,
Wiee = / EdP
P,

WTEC

n = m X100/0(3)
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Driven by the demand for eco-friendly electronics, lead-free relaxor ferroelectric ceramics have attracted
significant attention as alternatives to lead-based counterparts, principally arising from their outstanding
power density and efficient charge-discharge characteristics [3—5]. Biy.sNa,.s TiO; (BNT)-based solid
solutions are considered promising host materials for moderate-field dielectric energy storage ceramics
[6], owing to their large intrinsic polarization and appropriate Curie temperature [7, 8]. However, pure BNT
exhibits certain limitations, such as insufficient breakdown strength (E,), limited low-field polarization
response, and consequently low energy storage efficiency (n) [9, 10], which hinder its ability to meet the
rigorous application demands of high-power electronic systems [11]. Previous studies have
demonstrated that incorporating Sr,.,La,.,TiO; (SLT) into BNT to form a binary solid solution effectively
perturbs the long-range ferroelectric correlation and triggers the emergence of PNRs [12]. This
transformation considerably reduces the remanent polarization and optimizes the P-E hysteresis curve,
providing a solid basis for enhancing energy storage performance under intermediate electric fields [13,
14]. Nevertheless, the energy storage density of binary BNT-SLT series at moderate fields still requires
further improvement. Synergistic optimization via ternary system design is recognized as an effective
strategy to concurrently enhance breakdown strength and refine relaxor behavior [15]. As a
representative linear dielectric, CaZrO, (CZ) possesses high electrical resistivity, a low thermal expansion
coefficient, and superior structural stability. The incorporation of Ca2* and Zr** ions into the perovskite A
and B sites, separately, induces significant lattice distortion, refines the grain size, and suppresses
oxygen vacancy concentration. These synergistic effects collectively elevate the dielectric breakdown
strength and modulate the relaxor characteristics of the system [16]. Supporting this approach, research
on related systems has shown promising results: Zhang et al. reported that for
0.55Nay.5Bio.5Ti04-0.45(Srq.,La,.,)(Ti.sSNg.,) 05 ceramics, W .. of approximately 2.52 J/cm? and an n of
about 89.3% were achieved, both of which represent outstanding performance levels [17]. P, 4y Of
roughly 50pC/cm? was attained in 0.76BNT-0.24ST ceramics under a 100 kV/cm field, as reported by Ma
et al. Given this substantial polarization response, 0.76Bi,.sNa,.5Ti0,-0.24Sr,.,La,., TiO, serves as the
host matrix for the current investigation [18]. Zhao et al. developed zirconium-doped BNT-ST ceramics
that achieved Wi, of 4.6 J/cm? and an n of 82% at an electric field of 250 kV/cm. Furthermore, the
dielectric properties remained highly stable throughout a wide range of frequencies (1-100 Hz) and
temperatures (20-120°C) [19]. Compared to the binary BNSLT, the introduction of Ca?* and Zr** ions is
anticipated to bring synergistic benefits. Consequently, Ca?* and Zr#* ions were introduced into the
0.76BNT-0.24SLT matrix in this study. On this basis, a ternary ceramic system, (1-x)
(0.76Bi,.5sNa,.5Ti0,-0.248Sr,.,La,., Ti0,;)-xCaZrO,, was designed and synthesized to systematically
investigate the influence of CZ doping on the phase structure, microstructure, dielectric properties, and
energy storage performance.

2 Experimental method

Lead-free BNSLT-xCZ (x = 0.00-0.15) ceramics with varying CZ contents were produced through a
classical solid-state sintering process. The raw materials used included Na,CO, (99.8%), CaCO, (99.0%),
Bi,0; (99.7%), SrCO; (99.0%), La,05 (99.9%), Ti0, (99.0%), and Zr0, (99.0%). Initially, to eliminate
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adsorbed moisture, the starting powders underwent a dehydration process at 80°C for 24 h. After
weighing in accordance with the calculated molar proportions, the mixture was pulverized via ball milling
for 24 h, using anhydrous ethanol as the milling agent.Following the drying process at 80°C, the resultant
mixtures were granulated using an 80-mesh sieve and subsequently compacted into green pellets, which
were calcined at 830°C over a 4 h period. The calcined samples underwent secondary ball milling, drying,
and screening. The resultant powders were fabricated into green disks, processed via cold isostatic
pressing (CIP),with the final sintering conducted for 10 h within a temperature range of 1080-1120°C. To
identify the crystalline phases of the samples, X-ray diffraction (XRD) patterns were collected using a
Bruker D8 Advance diffractometer. To reveal the grain growth and pore distribution, scanning electron
microscopy (SEM, JSM 6490LV, Japan) was employed for morphological observation. The dielectric
behavior was investigated via a Tonghui TH2826A LCR meter. Polarization-electric field (P-E) curves were
recorded via an aixACCT TF-2000 ferroelectric test system. A CHI660E electrochemical analyzer was
employed to evaluate the electrical impedance behavior of the specimens.

3 Results and discussion

Figure 1(a) the phase evolution and structural characteristics of the (1-x)BNSLT-xCZ solid solutions at
ambient temperature are illustrated through the XRD patterns. As illustrated, the diffraction peaks for all
compositions correspond well to the typical perovskite ABO, structure [20, 21]. No discernible secondary
phase peaks are observed, suggesting that CZ has completely incorporated into the BNSLT lattice to
form a stable and homogeneous perovskite solid solution within the range of x =0.00-0.15 [22, 23].
Figure 1(b) provides a detailed view of the (111) diffraction peaks. The undoped x = 0.00 sample exhibits
distinct peak splitting. This splitting is a characteristic signature of a non-cubic structure, indicating that
the pristine BNSLT matrix is dominated by a rhombohedral phase with long-range ferroelectric order.With
increasing CZ doping concentration, the splitting of the (111) peak gradually diminishes and eventually
merges into a single, symmetric, and broadened peak, demonstrating typical pseudocubic phase
characteristics [24, 25]. This evolution demonstrates that the incorporation of CZ effectively destabilizes
the long-range ferroelectric order, inducing a structural evolution from the rhombohedral phase toward a
pseudocubic structure. This process facilitates the evolution of PNRs, therefore establishing a favorable
structural foundation for excellent energy storage properties. Furthermore, as the CZ concentration
increases, all diffraction peaks shift slightly toward low-angle region. This shift is mainly ascribed to the
B-site substitution of Ti** (0.605 A) by larger Zr** (0.72 A) ions. This ionic replacement induces lattice
expansion and an increase in unit cell parameters [26], verifying that a robust BNSLT-xCZ solid solution
has been established.

Figure 2(a)-(d) presents a representative set of SEM micrographs and grain size statistical data for the
BNSLT-xCZ series. All BNSLT-xCZ ceramics exhibit a dense and homogeneous microstructure,
characterized by well-defined grain boundaries and the absence of discernible defects such as pores or
cracks. This suggests that the optimized sintering process facilitates the fabrication of highly densified
ceramic bodies [27], providing a critical prerequisite for achieving superior electrical performance.The
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average grain sizes for the samples with x =0.00, 0.05,0.10, and 0.15 are 2.11 ym, 1.65 ym, 1.21 ym, and
1.74 um, respectively. A clear decreasing trend in grain size is observed as x increases up to 0.10. This
grain refinement is mainly ascribed to several factors. First, the entry of Ca%* and Zr*+ ions into the
perovskite lattice introduces lattice strain energy due to ionic size mismatch, which can impede grain
boundary mobility and suppress grain growth during sintering [28, 29]. Second, the incorporation of CZ
suppresses the oxygen vacancy level and reduces conduction loss, which hinders the mass transfer
process and effectively prevents abnormal grain growth [30]. A further increase in CZ content to x=0.15
instead promotes the growth of average grains. This reversal may be attributed to the excessive CZ
doping, which could exacerbate lattice mismatch and enhance local ionic diffusion, thereby triggering
secondary grain growth [31].

As illustrated in the EDS elemental mapping in Fig. 2(e), all matrix and dopant elements (Bi, Na, Ti, Sr, and
La) and the dopants (Ca and Zr) are uniformly distributed across the mapped region of the x=0.10
sample, with no discernible evidence of local segregation or enrichment. These results confirm that a
homogeneous elemental dispersion at the micrometer scale has been successfully achieved [32, 33].

Within the frequency spectrum of 1 kHz to 1 MHz, the dielectric properties (¢, and tand) of the BNSLT-
xCZ system are depicted in Fig. 3. As illustrated, the distinct features of relaxor ferroelectricity are
universally observed across the entire set of compositions. [34, 35]. Specifically, the ¢, initially increases
with rising temperature until reaching a maximum T, followed by a gradual decrease. Notably, the

dielectric peak shifts toward higher temperatures with increasing test frequency, accompanied by a
progressive reduction in peak intensity. This frequency-dependent dispersion originates from the
thermally activated relaxation behavior of PNRs [36, 37]. With increasing CZ content, the temperature of
the dielectric maximum T, progressively shifts toward lower values. Concurrently, the peak dielectric
constant decreases significantly-for instance, A significant reduction in g, is observed, falling from 3000
at x =0.00 to 1050 at x = 0.10.Furthermore, the dielectric peak becomes increasingly broadened and
diffuse. These observations collectively indicate a significant enhancement of relaxor characteristics,
which aligns perfectly with the XRD analysis. The evolution confirms that CZ doping effectively disrupts
the long-range ferroelectric order, stabilizes a pseudocubic structure,and triggers the proliferation of
high-density PNRs. As observed from the dielectric loss curves, all samples maintain a low tand over a
broad temperature span from ambient temperature to 250°C. Notably, in the x =0.10 composition, the
tan 6 values remain consistently below 0.05 throughout this entire temperature interval, demonstrating
excellent insulation performance. As the temperature exceeds 300°C, the gradual increase in CZ doping
effectively suppresses the upsurge of dielectric loss in the elevated temperature range. Such
suppression stems from the reduced oxygen vacancy concentration induced by CZ doping, thereby
diminishing the associated conduction losses and leakage current at elevated temperatures [38].
Furthermore, the samples with x = 0.10 exhibit minimal fluctuations (x10%) in dielectric properties
throughout a wide temperature and frequency window. This indicates that optimal CZ doping not only
enhances the relaxor nature but also substantially enhances the thermal and frequency independence of
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the dielectric properties, thereby offering a significant strategic advantage for the deployment of energy
storage systems in sophisticated and extreme environments.

Figure 4(a) presents the complex impedance representations for BNSLT-xCZ samples with various
compositions obtained at 480°C. A single Debye-like semicircular arc is observed for all compositions,
reflecting the predominance of a unique electrical contribution at this temperature, which is widely
attributed to the grain (bulk) effect [39, 40]. An initial increase followed by a downward trend is observed
in the arc radius as the CZ doping concentration scales up. Specifically, the x = 0.10 composition
possesses the largest radius, revealing the highest grain resistance and the most optimized bulk
dielectric properties among all studied samples. Figure 4(b) shows the impedance response of the x =
0.10 composition within the 460-540°C temperature window. A monotonic reduction in the arc radius is
observed as the temperature rises, demonstrating a typical negative temperature coefficient (NTC)
thermistor characteristics. Such behavior originates from the thermal activation of oxygen vacancy
species and lattice defects with increasing temperature, thereby promoting charge carrier mobility and
leading to an enhanced electrical conductivity [41, 42]. Figure 4(c) illustrates the evolution of the
Z"/Z"max spectra with frequency for x = 0.10 ceramics, recorded between 420 and 540°C. With
increasing temperature, the relaxation peaks shift systematically to higher frequencies, confirming the
occurrence of typical thermally stimulated dielectric relaxation process [43]. This evolution is intimately
linked to the long-distance migration of defects, particularly oxygen vacancy defects, within the ceramic
lattice [44, 45].

Activation energy (E,) is a fundamental parameter in materials science that characterizes the energy
barrier for ionic diffusion, chemical reactions, or charge transport processes. Figure 4(d) presents
Arrhenius relationship for log ¢ as a founction of 1000/T, from which the E, for electrical conduction is
derived using the equation [46]:

o=o.exp(—E,/KT)
4

where symbols o and K signify the conductivity and Boltzmann's constant, respectively.The obtained E,

values fall within the interval of 1.422-1.558 eV. As illustrated in Fig. 4(d), the activation energy initially
grows with the CZ content, peaking at 1.637 eV for the composition with x = 0.10, followed by a
subsequent decrease. It is revealed that a proper CZ content facilitates a more vigorous defect migration
and diffusion process, particularly oxygen vacancies. The increased energy barrier at x=0.10
significantly hinders charge transport, thereby enhancing the insulation resistance and dielectric
reliability of the ceramics [47].

Figure 5 the morphological transition of P-E hysteresis loops, along with the associated energy storage
parameters (W, and n), are depicted in Figures (a) and (b) for the BNSLT-xCZ ceramic series under an
applied frequency of 10 Hz. As the concentration of CZ substitution gradually rises, a progressive
slenderizing of the P-E hysteresis curves is observed, along with a notable enhancement in the W,
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values. The x = 0.10 composition yields the peak W, value of 2.91 J/cm3, which is accompanied by a
storage n of 64.31%. Further increasing x to 0.15 leads to a slight decrease in W, (~ 2.76 J/cm?), while
n continues to rise, reaching 70.53%. Concurrently, both the P,,, and the P, exhibit a marked decrease
with increasing x. Specifically, P, declines from 51.83 pC/cm2 (x = 0.00) to 33.25 uC/cm? (x = 0.15),
simultaneously P, drops sharply from 20.14 pC/cm? to 3.94 pC/cm?2. The observed manifestation
potentially stems from the incorporation of foreign atoms via CZ substitution, which destabilizes the
long-range ferroelectric alignment within the BNSLT host and promotes the formation and refinement of
PNRs [48, 49]. Compared to conventional macro-domains, these PNRs are characterized by their
nanoscale size and high dynamics. They can align rapidly under an applied electric field to yield a
moderate Pp,,,, yet switch back almost completely upon field removal, resulting in a drastically reduced

P, and a slim P-E loop [50]. Concurrently, The gradual decline in P,,,, is attributed to the dilution of the
ferroective host (BNT) by the linear dielectric CZ, which inherently possesses a lower polarization
capability. This dilution effect tends to suppress the overall spontaneous polarization intensity of the
solid solution [51]. Nevertheless, the significant reduction in P, outweighs the decrease in P,,,, for
compositions up to x = 0.10, leading to an enlarged AP (= P, - P;) and, consequently, an enhanced W,..
For x = 0.15, although P, is further minimized (benefiting n), the more substantial drop in P,,, causes AP
and W, to decrease.

For a more detailed exploration of the energy storage capabilities (ESP) observed by the BNSLT-0.10CZ
composition, Fig. 5(c) illustrates the P-E hysteresis behavior across a range of electric field intensities.
Additionally, Fig. 5(d) illustrates the corresponding evolution of W, and n versus the applied electric
field.As show, the P-E curves remain relatively slender, indicating a weak hysteresis effect. As the applied
field intensifies, the W, value rises progressively between 0.19 J/cm?® and 2.48 J/cm3. Concurrently, the
n level shows a moderate reduction from 72.60% to 65.46%. The monotonic increase in W, is primarily
driven by the enhanced P,,,,, under higher fields, while the P, remains exceptionally low due to the
dominant relaxor behavior. This results in a continuously expanding polarization difference AP, which is
the key determinant for W .. The slight decrease in n is commonly observed at elevated fields and can
be attributed to a gradual increase in energy loss (W), likely associated with minor irreversible domain
wall motion or defect-related conduction at high biases. Importantly, the n value remains above 65%
throughout the tested field range, underscoring the material's excellent relaxor nature and low-loss
characteristics, which are crucial for reliable operation under high fields [52].

For practical engineering applications, energy storage ceramics must possess superior thermal stability
and frequency reliability to ensure consistent high performance under complex and demanding
operating conditions. Figure 6(a)-(b) illustrates the temperature-related P-E curves and the evolution of
W, and n levels for the BNSLT-0.10CZ composition, performed within a thermal window of 30—150°C
under an applied field of 180 kV/cm and a 10 Hz frequency. The P—E curves retain their narrow profile,
relaxor-like profile across the complete thermal span, confirming the stability of the relaxor state [53].
Across the thermal interval of 30—150°C,the W, value exhibits a subtle increase, moving from 1.53
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J/cm3to 1.66 J/cmé, while the n value increases from 71.2% to 79.79%. The calculated variation rates
for W, and n are less than 5.56% and 6.28%, respectively, indicating outstanding thermal
stability.Furthermore, spanning a frequency interval from 5 to 100 Hz, as depicted in (Fig. 6(c)-(d)), the
values of W, and n decrease to 1.47 J/cm? and 68.85%, starting from 1.61 J/cm?® and 74.35%,
respectively., with variation rates below 4.41% and 3.20%, respectively, demonstrating excellent
frequency insensitivity. This robust stability is primarily attributed to the inherent relaxor characteristics
of the material, alongside the rapid dynamic response and high thermal stability of the PNRs [54, 55].

4 Conclusion

The (1-x)BNSLT-xCZ compositions investigated in this work were processed using the classical solid-
state ceramic route. This study systematically evaluated how CaZrO, (CZ) addition modulates the
structural evolution and microstructure, as well as the resulting dielectric response, impedance
properties, and energy storage capabilities. Driven by the development of a single-phase perovskite
lattice in the BNSLT matrix, CZ doping inhibits long-range ferroelectric ordering. The resulting multiphase
coexistence and PNRs density significantly optimize the dielectric relaxation properties. Appropriate CZ
incorporation contributes to grain refinement and densification, with a concurrent rise in the carrier
activation energy E,, which collectively improves the dielectric performance. Superior energy storage
performance is attained specifically when x =0.10, where a W, of 2.91 J/cm?® and an n of 64.3% are
achieved at an electric field of 230 kV/cm. Moreover, the ceramic demonstrates excellent temperature
stability, with the fluctuations of W, and n staying within 5.56% and 6.28%, respectively, throughout the
thermal span of 30—150°C. The x = 0.10 sample maintains remarkable consistency over a broad
frequency window (5-100 Hz), as evidenced by the small variation amplitudes (below 4.41% for W, and
3.20% for n). To conclude, the BNSLT-0.10CZ ceramic delivers a compelling combination of high energy
density and exceptional environmental reliability, even at moderate electric field levels. This lead-free
dielectric candidate exhibits great promise for microelectronic integration and offers critical
experimental and theoretical frameworks for advancing high-performance energy storage ceramics.
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Figure 1

(a) XRD diffractograms of BNSLT-xCZ ceramics; (b) Magnified XRD patterns of the (111) peaks.
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Figure 2

SEM characterization and quantitative grain size analysis of BNSLT-xCZ ceramics: (a)-(d) EDS mappings
of different compositions (x = 0.00-0.15), and (e) for the 0.90BNSLT-0.10CZ ceramic.
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Figure 3

(a)-(d) show the dielectric temperature spectra (g, and tand) of BNSLT-xCZ ceramics tested at

frequencies ranging from 1 kHz to 100 kHz, corresponding to doping levels of 0.00, 0.05, 0.10, and 0.15,
respectively.
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Figure 4

(a) behavior of BNSLT-xCZ samples with different CZ doping levels at 480 °C; (b) Impedance behavior of
the x = 0.10 sample composition within the temperature interval of 460-540 °C; (c) Z" spectroscopic
plots of the x= 0.10 composition across the temperature range 420-540 °C. (d) Relationship between
logo and 1000/T for different CZ doping levels.
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Figure 5

(a)-(d) show, respectively: (a) P-E hysteresis characteristics for BNSLT-xCZ with varying CZ contents are
shown. (b) W, and n for each group; (c) P-E hysteresis at various electric fields; (d) trends in P, P;,

and P,,,P;-
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(a) and (b) illustrates the temperature-dependent P-E loops along with the corresponding W, .. and n

values for the BNSLT-0.10CZ specimen over 30—150 °C; (c) and (d) illustrates the frequency-dependent
P-E loops and the corresponding variation of W, against n for the specimen over 5-100 Hz.
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