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ARTICLE INFO ABSTRACT

Keywords: Nag sBig sTiO3 (NBT)-based ceramics exhibit significant potential as energy storage dielectric materials due to
Energy storage performance their high maximum polarization (Pp,x). However, their limited energy storage density significantly restricts
NBT

their practical applications. To address this, this study optimizes the dielectric energy storage characteristics of
lead-free relaxor ferroelectric ceramics based on 0.91Nag sBipsTiO3-0.09 Ko 7Lag1NbO3 (NBT-KLN) by incor-
porating Srg 7Big 2TiO3 (SBT) relaxor additives. The introduction of SBT helps maintain large polarization and
induces local disorderly fields, promoting the formation of polar nanoregions. Subsequently, a viscous polymer
processing (VPP) technique was employed to reduce defects and enhance density, markedly improving the
breakdown strength (BDS). The findings indicate that the BDS of the optimized 0.30SBT (VPP) ceramics
increased to 440 kV/cm, while achieving a high energy storage efficiency (1) of 78 % and an elevated energy
storage density (Wyec) of 6.29 J/cm?®. Additionally, the 0.30SBT (VPP) ceramics demonstrate excellent temper-
ature stability across a broad temperature range from 30 to 120 °C, making them ideal for long-term operation in
variable environments. This study demonstrates superior results compared to previous research, thereby opening
up new avenues for developing novel lead-free relaxor ferroelectric ceramics with superior energy storage
characteristics.

Relaxor ferroelectric ceramics
Polar nanoregions

1. Introduction

Ceramic dielectric capacitors have recently garnered significant
research interest due to their high power density and superior reliability.
However, the issue of low Wy, limits their application in advanced
electronic system integration and miniaturization requirements [1,2].
To tackle this challenge, it is essential to design ceramic capacitors with
high Wi, high 7, and excellent temperature stability. It is well known
that the ideal Wy, and n depend on BDS and the polarization difference
(AP) between maximum polarization (Ppay) and remnant polarization
(Py) [3-5]. Therefore, high AP and large BDS are key factors in
enhancing energy storage performance. In these aspects, relaxor ferro-
electrics (RFE) show significant advantages over ferroelectrics (FE),
antiferroelectrics (AFE), and linear dielectric (LD) due to their higher AP
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values and moderate BDS [1,6]. Although each of these materials has its
own advantages and disadvantages in energy storage applications, RFEs
demonstrate superior overall performance [7,8]. In recent years,
Nag 5Big sTiO3 (NBT)-based RFE ceramics have shown good ferroelectric
and dielectric properties at ambient temperature due to the similar 6 s>
electron configuration of Bi®* and Pb*t [9,10].

However, pure NBT ceramics have a high P, which is detrimental to
energy storage performance [11-13]. Studies have shown that doping
NBT with KNbO3 (KN) can disrupt the ferroelectric domain and induce
polar nanoregions (PNRs) [14]. Additionally, KN is considered a ferro-
electric material with significant spontaneous polarization similar to
NBT [15]. Many researchers have utilized KN to dope and modify NBT
ceramics, resulting in substantial improvements in their dielectric and
piezoelectric properties [16]. For example, Wang et al. [14] introduced
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KN into NBT ceramics, resulting in NBT-KN ceramics with good energy
storage characteristics and high Py,«. However, due to the volatility of
K50, it can lead to difficulties in controlling the stoichiometry and
insufficient density of the ceramics during the sintering process. To
address this issue, researchers often introduce lanthanide rare earth
oxides into ceramics to regulate their structure and properties [17,18].
These rare earth oxides, by introducing specific chemical compositions
and lattice defects, can optimize the density, breakdown strength, en-
ergy storage density, and other properties of NBT ceramics [19-21]. Liu
et al. [22] chose to modify NBT-ST ceramics by doping them with La>*
to increase the density of the ceramics, achieving a high Wi, of
1.67 J/cm>. Therefore, compensatively introducing the rare earth
element La3* into KN ceramics can form a solid solution Kq 7Lag 1NbO3
to improve its sinterability. The synthesized NBT-KLN ceramics, serving
as the research matrix for this experiment, further enhance their energy
storage performance [23]. As an excellent linear relaxor ferroelectric
ceramic, Srq7Big2TiO3 (SBT) can help improve AP and temperature
stability in ceramics [24,25]. Therefore, many studies optimized energy
storage performance by introducing SBT [26-29]. For example, Wang
et al. [27] reported that NBT-xSBT relaxor ferroelectric ceramics exhibit
a high Pp,.x value at low electric fields. Additionally, their non-hysteretic
P-E loops result in a high energy storage efficiency of up to 90 %. Chen
et al. [30] selected SBTZ as a modifier to induce a phase transition in
NBT ceramics, thereby enhancing their relaxor behavior. Among these,
the 0.30SBTZ ceramic achieved a notable Wy of 3.05 J/cm®. Lv et al.
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[31] modified NBT-BT ceramics with SBT and Dy, effectively reducing
remnant polarization and coercive field, resulting in a high Wi of
4.87 J/cm® at room temperature.

Therefore, in this study, SBT was introduced into NBT-KLN ceramics
to promote the formation of PNRs, ultimately enhancing their energy
storage properties, as illustrated in Fig. 1(al-a2). As the domain size
decreases, PNRs can rapidly respond to electric fields [29]. This rapid
response leads to a significant reduction in P; and the coercive field (E.)
while also increasing BDS, as illustrated in Fig. 1(b1-b2). Furthermore,
BDS is affected by several parameters, including the thickness of the
ceramic, grain size, and porosity [20]. For instance, Wang et al. [32]
utilized the viscous polymer processing (VPP) technique to fabricate
NBT-SBT-BMS ceramics, achieving a BDS of 440 kV/cm. This ceramic
not only has a Wy of 7.5 J/cm® but also exhibits an n as high as 85 %.
Therefore, by optimizing NBT-KLN-SBT ceramics using the VPP tech-
nique, significant enhancement in BDS is achieved, thereby endowing
them with superior energy storage properties, as illustrated in Fig. 1
(b2-b3). The VPP technique involves repeatedly rolling and processing
ceramic materials to create a more uniform and dense microstructure.
This process not only effectively reduces the thickness of the ceramics
but also significantly decreases internal defects, thereby greatly
improving their electrical properties, as illustrated in Fig. 1(a3-a4) [31,
33].

In summary, the optimization of ceramics is progressively carried out
following the path outlined in Fig. 1. Firstly, doping with SBT is
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Fig. 1. A schematic illustration depicting the progressive enhancement of the energy storage properties of NBT-based ceramics via ion doping and process

optimization.
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introduced into NBT-KLN base ceramics to trigger the transformation of
long-range ordered ferroelectric domains into PNRs, thereby reducing P,
and E.. Subsequently, the resulting ceramics with optimal Wi, are
further improved in BDS through the VPP technique, enhancing their
energy storage performance. This study systematically investigated the
electrical properties, microstructure, and domain structure of (1-x)
(0.91Na0_5Bi0,5TiO3—0.09 Ko_7La0,1Nb03)—xSro_7BiOV2Ti03 (NBT—KLN-
xSBT) ceramics with x ranging from 0.10 to 0.40. The results demon-
strate that this strategy is successful and holds promising prospects for
application in ceramic dielectric capacitors.

2. Experimental

The lead-free ceramics (1-x)(0.91Nag 5Big 5TiO3-
0.09 Kq 7Lag 1NbO3)-xSr 7Big 2TiO3 (NBT-KLN-xSBT) were fabricated
using traditional electro ceramic processing combined with die-pressing
method. High-purity metal oxides or carbonates provided by Aladdin
were used as raw materials, including NasCO3 (99.8 %), K2CO3 (99 %),
BizO3 (99 %), LaO3 (99.9 %), SrCOs (99.95 %), TiO2 (99 %), and
NbyOs (99.9 %). Weigh the required amounts according to the stoi-
chiometric ratio. Mix anhydrous ethanol, zirconia balls, and powder
evenly. After drying, the homogenized mixture was sintered at 900 °C
for 3 hours and then subjected to another ball milling process. Subse-
quently, mix the blend with polyvinyl alcohol and press it into shape
using a pressure of 10 MPa. Ultimately, sintering was conducted for
2 hours within the temperature ranging from 1190 to 1210 °C. To
continue improving the energy storage characteristics, the 0.30SBT
composition was optimized using the VPP technique.

The NBT-KLN-xSBT samples were ground into fine powder and
analyzed for their crystal structure using an X-ray diffractometer (Shi-
madzu, 6100). Use a Raman spectrometer (Horiba, LabRAM HR Evo-
lution) to conduct Raman spectroscopy measurements. Use a scanning
electron microscope (JEOL, JSM 6610) to observe the microstructure
and employ an energy-dispersive X-ray spectrometer (EDS) to determine
elemental distribution. During electrical measurements, the specimens
were grounded down to 0.1 mm in thickness, and the upper and lower
surfaces are coated with silver to serve as electrodes. Use an LCR meter
(E4980AL, Keysight) to measure the dielectric and dielectric loss con-
stant. Impedance spectroscopy data was measured using a high-
temperature dielectric test system (Sanqi, 1210HTDE-LTC). P-E loops
were performed using a ferroelectric analyzer (aixACCT, TF analyzer
2000E). The capacitors’ charge-discharge characteristics were assessed
with a dielectric charge-discharge testing system (TG Technology, CFD-
003). The domain structure of the NBT-KLN-xSBT ceramics was imaged
using a Piezoelectric force microscope (Asylum Research, MFP-3D), and
domain evolution under electric fields was measured. TEM samples were
prepared using a focused ion beam, and domain morphology was

(@)
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observed using a transmission electron microscope (TEM, JEOL-2200FS)
with an acceleration voltage set to 200 kV.

3. Result and discussion

Fig. 2(a) shows the XRD spectra of NBT-KLN-xSBT ceramics at room
temperature. It is evident that the 0.10SBT and 0.20SBT compositions
exhibit a pure perovskite structure without any noticeable secondary
phases. This indicates that SBT has fully integrated into the NBT-KLN
matrix lattice, forming a single solid solution. However, with the in-
crease in SBT doping content, trace secondary phase peaks were detec-
ted in the 0.30SBT and 0.40SBT compositions [34]. According to the
standard PDF card, these secondary phases are identified as the BiyTi,O;
phase (PDF: 00-032-0118). Magnifying the (200) diffraction peak near
46.5°, no signs of peak splitting were observed, suggesting that all
samples possess a pseudocubic structure. Additionally, as the SBT
doping level increases, the (200) diffraction peak gradually shifts to-
wards lower angles [35,36]. The calculated tolerance factor (t) values
(Table 1) indicate that this shift is due to the substitution of the larger
ionic radius Sr3* (1.44 A) and Bi®* (1.45 A) for the smaller ionic radius
La®t (1.36 A) and Na*t (1.39 A) at the A site, leading to cell volume
expansion and increased lattice parameters [37-40]. The Rietveld
refinement of all compositions of the NBT-KLN-xSBT ceramics was
performed using a mixed-phase model of R3c and P4bm, yielding
detailed structural parameters as shown in Fig. 3(a)-(d). The Ry, values
for all the ceramic compositions were less than 10 %, indicating that the
refinement results are reliable. The tetragonal phase (P4bm) is usually
considered a key factor in the relaxor behavior of NBT ceramics. The
results show that with the increase in SBT content, the proportion of the
R3c phase gradually decreases, while the proportion of the P4bm phase
increases. This could be due to the strong ferroelectricity of the R3c
phase ceramics under an electric field. As the SBT concentration in-
creases, some long-range ferroelectric order is disrupted, indicating that
SBT is an effective relaxor [41,42]. Notably, the appearance of the
Fd-3 m phase in the 0.30SBT and 0.40SBT ceramics might be due to the
volatilization of Bi*t during the sintering process, leading to uneven
chemical reactions and the formation of a BiyTizO; secondary phase,
which corresponds to the scanning electron microscopy results.

To further investigation the structural evolution of NBT-KLN-xSBT

Table 1
The t of NBT-KLN-xSBT.

Ton Site |Ar/r|% Tolerance factor (t)
St A 4.73 1.01
B 136.07 0.71
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Fig. 2. (a) XRD pattern of NBT-KLN-xSBT ceramics. (b) Raman spectra for all ceramics.
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ceramics, Raman spectroscopy analysis was performed at ambient
temperature, as illustrated in Fig. 2(b). Based on group theory analysis,
NBT-based ceramics have 13 Raman active modes (4A; + 9E) for the
rhombohedral (R3c) phase, 16 Raman active modes (4A; + B; + 3By +
8E) for the tetragonal (P4bm) phase and no active modes for cubic
(Pm3m) phase [43-45]. Although previous Raman studies on NBT-based
materials have shown that the number of experimental Raman modes is
less than those of the theoretical Raman modes, these vibrational modes
can be divided into the following four parts [46]: the vibrations of A-site
ions (Na®/K*/La3t/sr?*/Bi3*-0) occur below 200 cm™! [34], mainly
involving A-O bonds. Vibrations in the 200-400 cm ™! range are related
to B-O bonds (Ti**/Nb®*-0). The 400-700 cm ™" range corresponds to
the vibrations of the BOg octahedron, while the high-frequency region
above 700-1000 cm ™! is characterized by overlapping bands of A; and E
modes [47,48]. As the SBT doping level increases, the peaks associated
with A-O and B-O bonds become broader, indicating an increase in ionic
disorder and a weakening of long-range ferroelectric order [34]. Addi-
tionally, the valley-like features between the A-O and B-O bond vibra-
tion modes are related to lattice defects and internal stress [30,49,50].
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Through further analysis of the Raman spectra, Fig. 4(a-d) presents the
results after deconvolution based on Gaussian-Lorentzian modes. These
include: (1) modes centered around 100 cm ! related to vibrations of
the perovskite A-site, (2) modes at 250 cm ™! and 340 cm ™! associated
with B-O vibrations, (3) modes at 503 em ! and 597 em~! associated
with BOg octahedral vibrations, (4) the region above 700 cm’l, con-
sisting of the last two modes associated with the overlapping bands of A;
and E [11,29,46,51-53]. To observe the changes in the BOg octahedral
vibrations and B-O band more clearly, Fig. 4(e) and (f) illustrate the
precise peak positions for bands A, B, C, and D, along with the separa-
tions (AWg.p) between bands A and B, and (AWp.c) between bands C
and D, which vary with the SBT content. The observation reveals that
bands A and B shift towards higher wavenumbers, with AWp 4 gradually
increasing, indicating an enhancement in relaxor characteristics.
Furthermore, the expansion of AWp. ¢ suggests a decrease in crystal
anisotropy. In conclusion, incorporating SBT not only increases the
disorder at A and B sites but also significantly boosts the relaxor prop-
erties of the ceramics.

Fig. 5(a)-(d) show the surface microstructure of NBT-KLN-xSBT
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Fig. 5. (a)-(d) Surface SEM images of NBT-KLN-xSBT ceramics. (e) Elemental distribution of 0.40SBT ceramics.
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ceramics. All compositions exhibit a uniform and dense microstructure,
with distinct grain boundaries and low porosity. The average grain size
(Gavg) was calculated using Nano-Measurement software, and with the
specific results shown in the inset. With the increase in SBT doping level,
the G,y¢ decreases monotonically from 2.53 ym to 1.84 pm. This likely
occurs because of the entry of the larger ion radius of Sr?* into the lattice
A-site, leading to lattice rotation and deformation. The increase in lattice
strain energy restrains grain growth by suppressing grain boundary
activity [54,55]. Notably, rod-like secondary phases were observed in
both 0.30SBT and 0.40SBT ceramics [13]. Additionally, the EDS results
in Fig. 5(e) indicate that the rod-like secondary phases are enriched with
Bi, Ti, and O, corresponding to the secondary phase Bi;Ti;O7, which is
consistent with the XRD results [54].

Fig. 6(a)-(d) depict the dielectric temperature spectra of NBT-KLN-
xSBT ceramic samples. The dielectric spectra of all compositions exhibit
two dielectric anomaly peaks, denoted as Ts and Ty, [30]. Studies have
shown that the random occupancy of different ions at the A-site or B-site
may lead to the formation of numerous PNRs with varying potential
barriers. Among them, T arises from the thermal evolution of P4bm and
R3c polar nanoregions, corresponding to the ferroelectric-to-relaxor
transition, while T, arises from the thermal evolution of P4bm PNRs
and their transition to R3c polar nanoregions [31,56]. Especially near T,
a frequency dispersion phenomenon representing relaxor properties
appears. This is due to the introduction of SBT, which increases the
disorder of ions, breaks the ferroelectric domains, and enhances the
relaxor behavior characteristic of short-range PNRs [57]. Additionally,
with the increase in SBT doping level, the Ty, representing the peak
dielectric constant (¢;) also shifts to lower temperatures. At the same
time, the ¢, of the samples exhibits a decreasing trend, albeit with a small
variation, which may be attributed to the relatively high dielectric
constant of SBT [58]. At a frequency of 1 kHz, the dielectric constant
varies by less than 15 % over the temperature range of 0 °C to 400 °C,
indicating excellent high-temperature stability.

To investigate whether the insulation performance of NBT-KLN-xSBT
ceramics is affected by electrode diffusion or by grains and grain
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boundaries, impedance spectroscopy tests were conducted over fre-
quencies ranging from 20 Hz to 1 MHz and a temperature range of
500-580 °C. From Fig. 7(a)-(d), it can be noted that at each temperature
point, the impedance spectra of all compositions exhibit a semicircular
arc, indicating a similar conduction mode for all samples. As the tem-
perature increases, the intersection of the semicircle representing the
total resistance of the material with the real axis gradually decreases.
This indicates that the resistance is influenced by temperature. Addi-
tionally, with the increase in SBT doping level, the diameter of the
semicircular arc also increases. This implies that the electrical resistance
increases with the increasing SBT doping level, optimizing the insulation
performance. From the impedance imaginary part (-Z’*) vs. frequency
relationship shown in the top-right inset, it can be observed that the
impedance spectra of all compositions consist of low-frequency peaks
and high-frequency tails. These peaks appear in the mid-low-frequency
region, indicating a significant influence of grain boundaries on the
dielectric performance of the ceramics. The asymmetric broadening of
the peaks suggests diffusion of relaxor times. As the temperature in-
creases, the peaks gradually decrease in height and move to higher
frequencies, indicating a decrease in relaxor time [20,59]. The shift in
these peaks also indicates the presence of temperature-related dielectric
relaxor and active conduction in response to grain boundaries. In the
high-frequency region, the imaginary part of impedance curves overlap,
demonstrating the release of space charge [60]. The impedance spectra
at 500 °C were fitted using a parallel R-C equivalent circuit in Z-View to
obtain reliable resistance values for the grains and grain boundaries. The
results show that the fitting curve passes through all the data points, and
the fitting results are satisfactory. The Rgp, values for all samples are
greater than the Ry values, indicating that the grain boundaries have
good insulating properties. The resistances of the grains and grain
boundaries follow the well-known thermally activated Arrhenius law, ¢
= 60exp(-E,/kgT). Here, kg and o( represent the Boltzmann constant and
the pre-exponential factor, respectively, and E, is the activation energy.
The calculated activation energy values for NBT-KLN-xSBT ceramics are
shown in Fig. 7(e). The activation energy E, monotonically increases
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Fig. 6. The dielectric performance of NBT-KLN-xSBT ceramics.
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Fig. 7. (a)-(d) Complex impedance plots of NBT-KLN-xSBT ceramics. (e) Arrhenius plots of the impedance.

with increasing SBT content, indicating an enhanced ability to impede
long-range electron movement, as higher electron transition barriers
require more energy. This also implies a lower defect concentration in
the ceramics, resulting in reduced leakage current [61,62].

The P-E curves of NBT-KLN-xSBT ceramics measured at 10 Hz are
depicted in Fig. 8(a)-(d). Clearly, with the increase in SBT concentration,
the P-E curves become progressively narrower, and P, decreases sharply.
This indicates that the long-range ordered ferroelectric domains are
being disrupted and gradually transformed into PNRs, resulting in more
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pronounced relaxor behavior in the ceramics. Specifically, at 200 kV/
cm, the changes in P; are as follows: 7.84, 4.67, 3.77, and 3.70 pC/cmZ,
while P, slightly decreases from 39.93 uC/cm2 to 36.91 pC/cmz. The
calculated AP (AP = P« - P;) exhibits a pattern of initially increasing
and then decreasing, reaching its peak value of 34.35 pC/cm? in the
0.30SBT ceramic. Thus, the 0.30SBT ceramic has been chosen as the
representative sample for in-depth analysis. Fig. 8(e) depicts the P-E
loops of the 0.30SBT ceramic at varying electric field strengths. The P-E
loops clearly exhibit saturated polarization characteristics, which can be
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attributed to the incorporation of the SBT relaxor and the existence of
nanodomains. As depicted in Fig. 8(g), the y rises with the SBT doping
content. This is because the long-range ordered ferroelectric macro-
domains in the ceramic samples are disrupted, leading to enhanced
relaxor behavior, which contributes positively to enhancing energy
storage properties. Specifically, the 0.30SBT ceramic achieved a high
Ppax of 41.55 uC/cm2 at 260 kV/cm, resulting in an 5 of 71 % and an
Wiec of 3.49 J/cm?®. It is well known that the BDS of dielectrics is a key
characteristic for evaluating material performance. All data in Fig. 8(f)
follow a Weibull distribution, and the calculated BDS values for the
ceramic samples are 238, 251, 266, and 229 kV/cm, respectively. The
proximity of these values to those acquired through P-E loop tests un-
derscores the reliability of BDS measurements within the context of P-E
loop tests.

To further investigate the domain structure of NBT-KLN-0.30SBT
ceramics and preliminarily determine their crystal structure, represen-
tative grains were characterized by TEM. Fig. 9(a) shows the bright-field
image of the ceramic sample. The wedge and lamellar shaped domains
are observed simultaneously, corresponding respectively to the rhom-
bohedral and tetragonal phase regions [63,64]. Additionally, the
HRTEM image in Fig. 9(d) reveals excellent crystal quality. Measure-
ments from the fast Fourier transform (FFT) and inverse fast Fourier
transform (IFFT) indicate that the lattice spacing of the [111] axis (d =
0.27 nm) is consistent with a pseudocubic structure [65,66]. The su-
perstructure reflections observed in the selected area electron diffrac-
tion (SAED) patterns can be used to easily determine the symmetry of
the structure. Fig. 9(b-c) show the SAED patterns of the wedge-shaped
domains, while Fig. 9(e-f) display those of the lamellar domains. The
presence or absence of superstructure reflections caused by octahedral
tilting is a useful indicator for identifying different space groups and
crystal structures. In the R3c phase, 3-axis anti-phase tilting represented
by aa'a” Glazer notation results in 1/2{000} type superstructure re-
flections. The P4bm phase with single-axis in-phase tilting denoted as
a%’c* leads to 1/2{ooe} type superstructure reflections, where o and e
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correspond to odd and even Miller indices [45,67]. The observation of
1/2{000} superstructure reflections along the [110] axis, but not along
the [111] axis, indicates the presence of the R3c phase, based on the
presence of 1/2{ooo} and the absence of 1/2{ooe} superstructure re-
flections. Similarly, the presence of 1/2{0o0e} superstructure reflections
along the [001] and [111] axes indicates the existence of the P4bm
symmetry phase. This discussion confirms the coexistence of R3c and
P4bm mixed phases in the NBT-KLN-0.30SBT ceramics, consistent with
the XRD refinement results.

Numerous studies have shown that Piezoelectric force microscope
(PFM) is a very effective method for observing changes in domain
structures. To gain deeper insights into the fundamental mechanisms
driving the superior energy storage properties of 0.30SBT ceramics, PFM
was used to observe the domain structure changes in 0.10SBT and
0.30SBT ceramics, including height, amplitude, and phase modes. As
shown in Fig. 10, the surface morphology of the ceramics is smooth, with
a height variation within 5 nm. The black and yellow areas represent
polarization directions opposite to and the same as the applied electric
field, respectively. In the 0.10SBT ceramic, large block-shaped domains
and a few nearby nano-domains can be observed. With the increase in
SBT, the size of the block-shaped domains in the 0.30SBT ceramic de-
creases and transforms into a large number of dispersed PNRs. This
change in domain size is believed to be due to the disruption of the long-
range ferroelectric order of the A-site or B-site structure with the addi-
tion of SBT, enhancing the relaxor properties of the ceramic. Generally,
smaller domains or PNRs exhibit high dynamics, resulting in higher
relaxor behavior and lower energy barriers, allowing them to respond
quickly under an electric field. This characteristic leads to a high Wie.
while effectively reducing the P,, thus giving the 0.30SBT ceramic
excellent energy storage performance. This phenomenon is consistent
with the P-E curve results shown in Fig. 8(e).

Traditional die-pressing methods often fail to achieve high densifi-
cation in energy storage ceramics. As a result, 0.30SBT ceramics exhibit
a high Py, but low 7. To address this issue, we used the VPP technology

" 1/2-(050) g *

Fig. 9. TEM image of NBT-KLN-0.30SBT ceramics. (a) Bright-field images of grains. (d) HRTEM images. SAED patterns along (b) [110], (e) [001] and (c, f) [111]

zone axes.
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to fabricate 0.30SBT ceramic thin sheets. This method aims to eliminate
the limitations of traditional die-pressing techniques in achieving high
BDS. Fig. 11 illustrates the room-temperature P-E curves and energy
storage characteristics of the optimized 0.30SBT ceramics fabricated
using the VPP technique. It is evident from Fig. 11(a) that the BDS
increased from 260 kV/cm to 440 kV/cm, indicating that the VPP
technique is an effective approach to improve the BDS of ceramics. As
depicted in Fig. 11(b), the Wi, of the 0.30SBT (VPP) ceramics reached
6.29 J/cm®, which is 1.8 times greater than that of the 0.30SBT ceramics
prepared using traditional die-pressing methods. Additionally, its
increased to 78 %, indicating a substantial enhancement in the
comprehensive energy storage performance. The comparison of Weibull
distributions in Fig. 11(c) between the 0.30SBT ceramics and the
0.30SBT (VPP) ceramics further confirms that the VPP technique
significantly improves the BDS of dielectric ceramics. This improvement
is mainly due to the VPP technique reducing the thickness of the ce-
ramics and decreasing defects such as porosity, thereby achieving higher
BDS and Ppax. Fig. 11(d) illustrates the changes in three key parameters,
namely BDS, Wi, and Ppax-P;, of the 0.30SBT ceramics before and after
VPP. The VPP technique increased the BDS of the 0.30SBT ceramics by
69 % from 260 kV/cm to 440 kV/cm, elevated Ppax-P; by 25 % from
36.48 pC/cm? to 45.46 nC/cm?, and ultimately achieved a substantial
increase in Wye. from 3.49 J/em® to 6.29 J/cm3, representing an 80 %
improvement. This enhancement is primarily attributed to the overall
improvement in BDS and Ppax-P;. Fig. 11(e) and Table 2 present a
comparison of the efficiency and effective density of 0.30SBT (VPP)
ceramics with other lead-free energy storage ceramics, indicating its
outstanding comprehensive energy storage performance [11,20,23-25,
31,32,39,40,68-104].

Investigating the performance stability of 0.30SBT (VPP) ceramics
under different frequencies and temperature conditions is crucial. This
can clarify the optimal operating temperature range and applicable
frequency range of the sample, providing important references for the
application and research of subsequent electronic devices [105]. Fig. 12
(a-b) shows the variation of the single-pole P-E curves of 0.30SBT (VPP)
ceramics within the frequency range of 1-80 Hz, and calculates and
statistically analyzes the changes in Ppay, Pr, Wiee, and 7. It can be
observed that, at 250 kV/cm, as the frequency increases, the Ppax of
0.30SBT (VPP) ceramics slightly decreases from 41.57 uC/crn2 to 40.10
pC/ cm?, with a variation rate of less than 0.02 %. Meanwhile, P, shows a
trend of gradual increase. Simultaneously, the P-E curves progressively
widen, n remains above 61 %, Wy is above 2.91 J/cm®, indicating its
good frequency stability. Fig. 12(c) shows the P-E loops of 0.30SBT

Table 2
Comparison of W, and 5 of energy storage ceramics.
Composition Wrec(J/ n(%) E Reference
cm®) kv/
cm)

0.5(Bi0.9Dy0.1)Fe03—0.5BaTiO3 3.6 75 175 [98]
90BNBT—10AN 3.92 53 180 [99]
0.55(Bi0.7Nd0.3)Fe03—0.45BT 2.11 89 170 [100]
0.7(Bi0.85Gd0.15)Fe03—-0.3BT 6.5 48.5 260 [101]
BF-BT—0.14AN 2.11 84 195 [102]
BF-BT—0.15NN 8.2 70 300 [103]
(Bip.7Bag 3)o.gNao 2(Feo.7Tig.3)0.8Tap 203  10.3 68 550 [104]
0.94SBT—0.06(KB)(MNDb) 2.6 88 280 [25]
0.94SBT—-0.06BMC 1.67 90 240 [24]
0.7BT—0.3(SBT-BMT) 1.12 94 170 [39]
NKBBT—0.3CST 2.39 75 220 [40]
0.90(NBT-ST)—0.10BNN 4.1 83 250 [92]
NBT-SBT—0.04ACN 4.6 82 260 [93]
BSZT—0.5NBT 4.45 95 360 [94]
BNT-SBT—4NN 3.08 81 220 [95]
NBT-SBT—6.5SGNVPP 5.2 85 350 [96]
NBT-KLN—0.10BMTVPP 6.7 82 440 [23]
BF-BT—0.12NT MLCCs 9.1 80 780 [971
NBT-KLN—-0.30SBTVPP 6.29 78 440 This work
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(VPP) ceramics at 250 kV/cm, at temperatures from 30 to 120 °C. It can
be clearly seen that the overall shape of the P-E loops is relatively nar-
row. Analyzing Fig. 12(d) alongside reveals that as the temperature
rises, the change in Pp,x remains minimal, whereas P, shows a slight
increase, ranging from 39.93 to 37.81 pC/cm? and from 3.85 to 4.61
pC/cmz, with variation rates of 5.30 % and 19.74 %, respectively. Wiec
and 7 remain above 2.92 J/cm® and 71 %, respectively, with fluctua-
tions of less than 8.80 % and 4.10 %. This indicates that 0.30SBT (VPP)
ceramics exhibit good temperature stability, which is beneficial for
stable operation under different temperature conditions.

Fig. 13(a) displays the over-damped pulse discharge current wave-
form of 0.30SBT (VPP) ceramics at ambient temperature. The tested
voltage rises from 50 kV/cm to 250 kV/cm in steps of 50 kV/cm. One
can note that the current rapidly reaches its maximum value within a
brief timeframe. The corresponding discharge energy density (Wyis)
versus time relationship curves are shown in Fig. 13(b), where Wy;s in-
creases to 4.00 J/cm® at 250 kV/cm. Furthermore, Wg;s achieves its
peak rapidly, taking only 137 ns (as indicated by ty 9, which confirms
discharge speed by representing the time needed for a dielectric energy
storage ceramic capacitor to reach 90 % of total discharge energy),
showcasing its significant capability for quick pulse power applications.
Fig. 13(c) shows the under-damped discharge curve of 0.30SBT (VPP)
ceramics. Combined with Fig. 13(d), it is evident that the power density
(Pp), current density (Cp), and peak current (I;max) all increase with the
increase in electric field, reaching their respective maximum values at
250 kV/cm: 31.20 A, 138.05 MW/cm®, and 1104.42 A/cm?® The high
Cp of the ceramic can be associated with its abbreviated discharge time
and elevated induced polarization [106]. These results reveal that
0.30SBT (VPP) ceramics have broad prospects in pulse power
technology.

Similarly, to analyze the temperature suitability of 0.30SBT (VPP)
ceramics, the pulse performance test results under varying temperature
conditions (30-120 °C, 250 kV/cm) are depicted in Fig. 14. The varia-
tion range of Wy;s is from 3.03 to 3.34 J/cm®, with a variation rate of
10 %, reaching its maximum value at 90 °C. Cp varies from 1090.27 to
1203.54 A/cm?, while Pp ranges from 136.28 to 150.44 MW/cm?®. These
results demonstrate that 0.30SBT (VPP) ceramics exhibit excellent and
temperature-stable pulse performance.

4. Conclusions

In summary, this paper conducted a multi-angle analysis of NBT-
KLN-xSBT ceramics focusing on domain structure modulation, including
microscopic structure, energy storage performance, and domain struc-
ture. Additionally, to further enhance the comprehensive energy storage
characteristics, 0.30SBT (VPP) ceramics were prepared through the VPP
technique. The research results indicate that incorporating SBT can
disrupt the long-range ordered state of ferroelectric domains, resulting
in a reduction in domain size while the forming numerous PNRs, thereby
enhancing the ceramic’s relaxor characteristics. Additionally, the P-E
curves progressively narrow with the increase in SBT concentration,
resulting in a sharp decrease in P, and a significant improvement in
energy storage characteristics. Among these, 0.30SBT ceramics achieved
a BDS of 260 kV/cm, with Pya remaining at 41.55 pC/cm?, yielding an ;
of 71 % and an Wy of 3.49 J/cm>. The energy storage characteristics of
the optimized 0.30SBT (VPP) ceramics after the VPP technique has been
significantly enhanced. Its BDS has risen from 260 to 440 kV/cm, while
Wiee has reached 6.29 J/cm?®, and the n improved to 78 %. Moreover,
both its energy storage performance and pulse performance demonstrate
good temperature stability (30-120 °C). Additionally, at ambient tem-
perature with an electric field of 250 kV/cm, its tp g is 137 ns, and Pp and
Cp reach 138.05 MW/cm® and 1104.42 A/cm?, respectively. Under
varying temperature conditions, P, remains stable at 136.28 MW/cm®>
or higher. These characteristics substantiate the substantial application
potential of 0.30SBT (VPP) ceramics in pulse power capacitors. By using
TEM, the energy storage performance enhancement mechanism of
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0.30SBT ceramics has been elucidated. In summary, this study provides
a reliable example for designing lead-free relaxor ferroelectric ceramics
to achieve desired energy storage behavior.
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