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Relaxor ferroic dielectrics have garnered increasing attention in the past decade as promising materi-
als for energy storage. Among them, relaxor antiferroelectrics (AFEs) and relaxor ferroelectrics (FEs) have
shown great promise in term of high energy storage density and efficiency, respectively. In this study,
a unique phase transition from relaxor AFE to relaxor FE was achieved for the first time by introducing
strong-ferroelectricity BaTiO3; into NaNbOs-BiFeO3; system, leading to an evolution from AFE R hierarchi-
cal nanodomains to FE polar nanoregions. A novel medium state, consisting of relaxor AFE and relaxor
FE, was identified in the crossover of 0.88NaNbO3;-0.07BiFe03;-0.05BaTiO; ceramic, exhibiting a distinc-
tive core-shell grain structure due to the composition segregation. By harnessing the advantages of high
energy storage density from relaxor AFE and large efficiency from relaxor FE, the ceramic showcased ex-
cellent overall energy storage properties. It achieved a substantial recoverable energy storage density Wi
~ 13.1]/cm? and an ultrahigh efficiency n ~ 88.9%. These remarkable values shattered the trade-off rela-
tionship typically observed in most dielectric capacitors between Wi and 5. The findings of this study
provide valuable insights for the design of ceramic capacitors with enhanced performance, specifically

targeting the development of next generation pulse power devices.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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Energy storage and high efficiency utilization of energy have
emerged as prominent research topics in recent years [1-4]. Fer-
roic dielectric capacitors have gained significant attention due to
their indispensable roles in pulse power devices, offering advan-
tages such as ultrahigh power density, ultrafast discharging speed,
and excellent stability in complex environment [5-10]. With a fo-
cus on environmental preservation, extensive research has been
conducted in the past decade to design and study energy storage
capacitors based on lead free ferroic dielectrics [11-15]. Despite the
effectiveness of introducing dielectric relaxation to enhance energy
storage efficiency, a fundamental trade-off between energy stor-
age density and efficiency persists in most ferroic dielectrics [5-
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22] due to the polarization structure characteristic of ferroelectrics
(FEs) and antiferroelectrics (AFEs) [6,16-22].

Relaxor FEs undergo a gradual transition from nonergodic re-
laxor to ergodic relaxor eventually to superparaelectric state when
heated, which results in a monotonic decrease in polarization
hysteresis and leads to improved energy efficiency [7]. However,
most relaxor FEs still face the challenges of limited energy stor-
age density due to the weaken interactions between polar nanore-
gions (PNRs), the early polarization saturation process near the
nonergodic-ergodic boundary, and the relatively low maximum
polarization in superparaelectric zone [1,7,15]. To achieve excel-
lent comprehensive energy storage properties in relaxor FEs, high-
efficiency ergodic relaxor and superparaelectric state with highly
dynamic PNRs are typically chosen as the matrix. On this ba-
sis, several strategies are employed at the same time to enhance
the polarization response, such as high entropy strategy, local di-
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verse polarization configurations, A-site lone electron pair effect
[1-4,7,9,20-23].

In comparison, AFEs can be triggered to be a normal FE state by
external electric fields, which allows for the generation of high en-
ergy storage density [24-30]. However, of reversible FE-AFE phase
transition during discharging is accompanied by hysteresis, result-
ing in energy losses and relatively low efficiency [6,13,14,17,26].
Moreover, AFE capacitors face challenges such as the substantial
volume expansion, strong polarization currents, and excessive heat
production during AFE-FE phase transition, which increases the
risk of breakdown and limits their application potential. The incor-
poration of relaxor behavior into AFEs offers a solution by break-
ing the long-range polarization ordering into nanosized AFE do-
mains and diffusing both AFE-FE and FE-AFE phase transitions dur-
ing charging and discharging processes, respectively. This leads to
significant improvements in both energy storage density and en-
ergy efficiency [5,6,17-19,31-33]. Recent research suggests that re-
laxor AFEs exhibit notable advantages in terms of comprehensive
energy storage properties, particularly in achieving ultrahigh en-
ergy storage density. However, it should be noted that the relaxor
AFE-FE phase transition process still incurs non- negligible energy
loss.

To address the trade-off between large energy storage density
and high efficiency, a novel method is proposed as illustrated in
Fig. S1 (Supporting information). This method combines the ad-
vantages of relaxor AFEs and relaxor FEs. By introducing a high-
ferroelectricity material, BaTiO; (BT), into a relaxor AFE matrix
of NaNbOs-BiFeO; (NN-BF), a unique relaxor AFE to relaxor FE
crossover is achieved [18]. Remarkably, this NN-BF-BT ternary sys-
tem exhibits a novel core-shell structure, where a high-efficiency
relaxor FE core is surrounded by a high-density relaxor AFE shell.
This configuration demonstrates both a high recoverable energy
storage density of Wrec ~ 13.1]/cm? and an efficiency of 1 ~ 88.9%.

The (0.93-x)NN-0.07BF-xBT (NN-BF-xBT) ceramics were fabri-
cated by a solid-state method using Na,COs; (>99.5%), BaCOs3
(=99.5%), Bi;03 (=99.5%), TiO, (>99.5%), Fe,03 (>99.5%) and
Nb, 05 (>99.5%) (Sinopharm Chemical Reagent Co., Ltd., China) as
the starting materials. The mixed powder was synthesized through
calcination at 850 °C for 5h, and then the as-synthesized powders
were high-energy ball milled at 700rpm together with 0.5wt.%
PVB binder for 12h. The sample discs were sintered by conven-
tional sintering at 1200-1300 °C for 2 h. The ceramic samples were
well polished, painted with silver paste and then fired at 550 °C for
30 min.

Temperature and frequency dependent dielectric permittivity
was measured by using an LCR meter (E4980A, Agilent, Santa
Clara, CA). A ferroelectric test system (Precision multiferroelectric;
Radiant Technologies Inc, Albuquerque, New Mexico) was used to
measure the P-E hysteresis loops. The grain morphology was mea-
sured using a scanning electron microscope (SEM, S4800, HITACHI,
Japan). Specimen for SEM measurement was well polished and
then etched at 1100 °C for 30 min. X-ray diffraction (XRD) mea-
surements were performed with Mo Ko (A=0.71073 A) radiation
at an acceleration condition of 50kV and 50 mA (STADI P; STOE,
Germany). Rietveld refinement was taken by using GSAS II soft-
ware. The domain morphology observation and SAED were carried
out on a field-emission transmission electron microscope (FE-TEM,
JEM-2100F, JEOL, Japan) operated at 200kV. The high-angle annu-
lar dark-field (HAADF) scanning transmission electron microscopy
(STEM) imaging and electron energy loss spectroscopy (EELS) map-
ping were performed on a 200kV aberration-corrected JEM-ARM-
200CF microscope equipped with a cold emission gun, double
aberration correctors, and the GIF Quantum ER Energy Filter with
Dual EELS and K3 camera. Specimens for TEM measurement were
prepared by a conventional approach combining mechanical thin-
ning and Ar* ion-milling in a Gatan PIPS IL
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The temperature-dependent dielectric properties of NN-BF-xBT
ceramics, as shown in Fig. 1a, exhibit clear relaxor behavior across
all the studied samples. Interestingly, a prominent peak is ob-
served in both x=0 and x=0.1 ceramics, while the x=0.05 sam-
ple displays two distinct dielectric anomalies. This phenomenon
is commonly observed in BT-based core-shell ceramics, where the
composition segregation results in a difference in the Curie tem-
perature between the core and shell [34-39]. With a continu-
ous phase transition behavior upon heating, core-shell structure
ceramics generally exhibit enhanced temperature stability of di-
electric properties. To verify the presence of composition segrega-
tion or structural inhomogeneity, complex AC impedance measure-
ments were conducted at high temperatures, and the results are
presented in Fig. 1b and Fig. S2 (Supporting information). The clear
asymmetry in Z”/Z"max-f peaks suggests the existence of multiple
contributions to the impedance within the measured frequency
range. This observation is further supported by fitting the results
using a series R||CPE equivalent circuit model shown in Fig. 1b.
Although a nearly single semicircle arc is observed, it is, in fact,
an asymmetry semi-ellipse, indicating that an equivalent circuit
model with at least three R||CPE units should be employed to ac-
curately fit the impedance curve. Considering the significant fre-
quency difference in the impedance response between oxygen ions
and the compact microstructure with minimal pores, as displayed
in Fig. S3 (Supporting information), these three contributions to
the overall conduction likely originate from the grains and grain
boundaries.

The composition segregation would lead to heterogeneity in the
phase structure. To investigate this, Rietveld refinement of XRD
patterns was performed, and the optimal refinement results are
shown in Figs. 1c-e. NN is a well-known perovskite oxide with a
complex phase transition behavior under different conditions, with
at least 10 different phases reported [40,41]. Therefore, distinguish-
ing the phase structure in NN-based ceramics based solely on per-
ovskite main XRD peaks is challenging. In addition to the struc-
ture symmetry caused by polarization displacement, another sig-
nificant feature of these phases in NN-based materials is the com-
plex oxygen octahedral tilt. Long-range ordered periodicity of anti-
phase (-) and in-phase (+) tilts along three axes, represented as
(000)/2 and (ooe)/2 type superlattice diffractions, respectively [42],
would lead to different supercell structures in NN-based ceram-
ics. Examples include the a—a—a~ in the FE N phase, a“b*c~ in
the FE Q phase, a~b*ta~/a~b~a~ in the AFE P phase, a“b*c" in
the paraelectric S phase, and so on [41,42]. Therefore, the main
characteristic used to identify these complex phases is the pres-
ence of superlattice diffractions, as shown in the insets of Figs.
1c-e for several typical examples. According to the previous stud-
ies [18], the addition of BF into NN would shift the P-R phase
transition temperature to a lower value. When the BF content ex-
ceeds 6 mol%, an R-dominated phase with the Pnma space group
can be detected at room temperature (RT), accompanied by evi-
dent dielectric relaxation behavior. Based on the Rietveld refine-
ment results, the 0.93NN-0.07BF ceramic can be well identified as
the AFE R phase with the Pnma space group, exhibiting a six-fold
perovskite cell structure along the c axis. Apart from the polariza-
tion configuration, another important feature of the AFER 2 x 2 x 6
supercell is the complex oxygen octahedral tilt system of a~b*c*
(c* =A0CAOC, where A represents anticlockwise tilt, C represents
clockwise tilt, and O represents zero tilt) [17,43]. Upon substituting
10 mol% of high-ferroelectricity BT for NN, the superlattice diffrac-
tion peaks arising from the six-fold AFE periodicity disappear, in-
dicating a transformation into FE phase. Therefore, the XRD results
of the x=0.1 composition can be well fitted using an FE phase
with the P2{ma space group (Fig. 1e). In conjunction with the ob-
served dielectric relaxation behavior, the x=0.1 composition can
be identified as an ergodic relaxor FE state at RT. In the crossover
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Fig. 1. (a) Temperature and frequency dependent dielectric permittivity and loss of NN-BF-xBT ceramics. (b) The complex AC impedance and fitting semicircles at 500 °C
for the x=0.05 ceramic. Rietveld refinement of room-temperature XRD patterns of NN-BF-xBT ceramics: (c¢) x=0, (d) x=0.05 and (e) x=0.1. The insets are locally enlarged

superlattice diffractions in the range of 16°—20°.

Fig. 2. Domain structure of relaxor AFE and relaxor FE samples. (a) Bright-field TEM
image, (b, c) HR-TEM image and (d) SAED patterns of x=0 ceramic along [100]¢ di-
rection. Bright-field TEM image and SAED patterns along (e) [110]¢ and (f, g) [100]c
directions respectively. (h) SAED pattern along [111]¢ direction of x=0.1 ceramic.

region between relaxor AFE and relaxor FE with increasing BT con-
tent, a phase boundary coexisting with Pnma and P2;ma phases is
achieved in the x=0.05 composition (Fig. 1d). This phase boundary
between relaxor AFE and relaxor FE is reported for the first time.
While the characteristics of superlattice diffractions in the NN-
based ceramics allows for the identification of the average struc-
ture, which is quite different from the pseudo-cubic feature found
in classical relaxor FEs, the nanosizing of domains can obscure
much of the local structure information in XRD patterns. To elu-
cidate the micro and local structure, TEM analysis was conducted
on the studied samples (Fig. 2). In both normal FEs and AFEs, the
presence of long-range ordered polarization and oxygen octahedral
tilt would lead to the formation of macro/micro domains, which

are then broken down into nanoscale domains or PNRs due to the
influence of local random field resulting from compositional dis-
order along with the appearance of relaxor behavior. In the x=0
ceramic, although only a few microdomains can be observed, an
irregular distribution of parallel nano stripes can be seen along
the [100]¢ direction. This differs from the ellipsoidal or short stick
shaped PNRs typically observed in traditional relaxor FEs, which
are usually smaller than 20nm in size. Notably, the hierarchical
structure of AFE domains can still be detected in high resolution
TEM (HRTEM) images (Figs. 2b and c) [13,17], where nanodomains
with dimensions of tens of nanometers in size are composed by
commensurate modulation stripes with a width -2.4nm (equiva-
lent to six lattice parameters of basic perovskite cubic cell). The
presence of 1/6 type superlattice diffraction dots in Fig. 2d fur-
ther confirms the existence of supercells composed by six-fold per-
ovskite unit cells along the c axis, which is a characteristic feature
of the AFE R phase in NN-based ceramics [43,44]. Combining these
findings with the results of dielectric relaxation and Rietveld re-
finement, it can be concluded that the 0.93NN-0.07BF composition
represents a relaxor AFE state with nanosized R phase domains.
Upon substituting BT, the hierarchical structure nanodomains
is no longer observed in the x=0.1 composition. Instead, irregu-
lar contrast related to the presence of PNRs can be detected in
Figs. 2e and f. Additionally, the disappearance of 1/n (n>2) type
diffraction dots (Figs. 2e-h), indicates the elimination of modulated
polarization and/or oxygen octahedral tilt structure [44]. Simulta-
neously, (0oe)/2, (000)/2 and (oee)/2 types of superlattice diffrac-
tion dots can be detected, corresponding to the a~b*c~ oxygen
octahedral tilt feature of the FE P2yma phase. It should be noted
that the 1/2 type diffraction dots are present at all equivalent po-
sitions, suggesting that the long-range ordering of oxygen octa-
hedral tilt is disrupted, similar to the randomly distributed local
polarization. This differs markedly from the domain structure ob-
served in NN-CaZrO5 relaxor FEs with significant oxygen octahe-
dral tilt, where ordered oxygen octahedral tilt forms micro ferroe-
lastic domains, resulting in the scenario of partially occupied su-
perlattice diffraction dots [16]. This discrepancy can be attributed
to the larger tolerance factor exhibited by the studied NN-BF-BT
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Fig. 3. Core-shell structure of NN-BF-0.05BT ceramic. (a-c) Bright-field TEM images measured at different grains of x=0.05 ceramic along [100]c direction. SAED patterns
measured at the (c1) shell and (c2) core regions of (c). (d) HAADF STEM: (d1, d2) Energy dispersive spectrometer (EDS) mapping images and (d3) atomic intensity mapping

of atom columns around a typical core.

ceramic compared to NN-CaZrO3 relaxor FEs, resulting in a smaller
antiferrodistortion. In summary, the x=0.1 sample can be charac-
terized as a relaxor FE with short-range order of both polarization
and oxygen octahedral tilt.

The composition of x=0.05 exhibits a coexistence of AFE and
FE states, as indicated by the dielectric properties and XRD re-
sults, suggesting a transition from relaxor AFE to relaxor FE with
increasing BT content. To visualize the local structure distribution,
comprehensive TEM investigations, including imaging and selected
area electron diffraction (SAED), were conducted and presented in
Fig. 3. A distinct core-shell structure is observed in most grains of
the x=0.05 ceramic, where stripe domains are clearly visible in
the core regions, while the shell regions manifest weaker contrast.
SAED patterns of the shell and core regions are shown in Figs. 3c1
and c2, respectively. The core regions display 1/6 type superlat-
tice diffraction dots, corresponding to nano stripes with a width
of ~10-20nm. EELS quantification of a representative core-shell
structure reveals the distributions of Ba and Ti elements, as shown
in Fig. 3d. The core regions are found to be deficient in both Ba
and Ti elements, that is BT phase, corresponding to a relaxor AFE
phase inherited from NN-BF binary system. On the other hand, the
enrichment of BT in the shell region leads to the formation of a re-
laxor FE phase, characterized by the absence of PNR structures and
presence of only half superlattice diffraction dots. The formation
of core-shell structure can be attributed to compositional hetero-
geneity during sintering process, likely arising from the significant
difference in the respective optimum sintering temperatures of the
constituents: NN, BF, and BT [45]. This leads to the formation of
BF-rich (BT-deficient) regions (core regions), which are more re-
active during initial stages of sintering, while the BT-rich regions
(shell regions) are incorporated at later stages. Composition seg-
regation is also expected to occur in compositions with higher BT
content, such as the x=0.1 ceramic. However, in the x=0.1 com-
position, both the core and shell regions exhibit a relaxor FE state
due to sufficient BT content, making it challenging to distinguish
composition segregation features from domain structure detection.
The core-shell structure observed in this studied composition is
significantly different from the core-shell structures found in BT-
based ceramic, despite both being related to composition segre-
gation. In typical BT-based samples and some other relaxor FEs,

distinct structures of a normal FE core and a relaxor FE shell (or
vice versa) can be observed [46,47], where the local symmetry of
both core and shell is actually identical, representing an FE state
in nature. The main difference lies only in the scale of polarization
ordering, specifically the size of domains [36-39,46,47]. In con-
trast, in the studied 0.88NN-0.07BF-0.05BT ceramic, significant dif-
ferences are observed in terms of local symmetry, polarization con-
figuration, oxygen octahedral tilt type, and domain size between
core and shell regions. Therefore, this material can be regarded as
a relaxor-AFE/relaxor-FE composite material.

To evaluate the energy storage properties, the P-E loops of NN-
BF-XxBT ceramics are shown in Fig. 4a. In the x=0 ceramic, al-
though the additional relaxor AFE-FE phase transition contributes
to a large polarization, a relatively large polarization hysteresis is
also observed, leading to dissipation of a substantial amount of
energy during discharging. Conversely, the relaxor FE sample with
x=0.1 exhibits a slim P-E loop with an ultrahigh energy efficiency
of 1>92%. Nevertheless, the early saturation of polarization lim-
its further improvement in energy storage density under higher
applied electric fields. The sample with a crossover composition
of x=0.05 demonstrates excellent overall energy storage proper-
ties, striking a balance between high recoverable energy storage
density (Wrec ~ 13.1J/cm3) and ultrahigh efficiency (n ~ 88.9%).
These characteristics not only achieve a favorable equilibrium be-
tween high Wi and ultrahigh » but also surpass the energy stor-
age properties of most recently reported ceramic capacitors, as ev-
ident in Fig. 4b and Table S1 (Supporting information) [5-16,18-
23,27,31-33,48-52].

In the pursuit of excellent energy storage properties, re-
searchers have designed various composite materials by combin-
ing the advantages of different components. For instance, com-
bining polymers (or other linear dielectrics) with high breakdown
strength and ferroic dielectrics with high dielectric permittivity has
shown promise in achieving significant advancements in energy
storage properties [34,35,53-55]. However, the fragile interfaces
between different components often give rise to a series of prob-
lems that impede further improvements in energy storage proper-
ties. In this study, a core-shell structure is formed, where a strong
interface is created within the same lattice, providing a primary
foundation for achieving high breakdown strength and low leak-
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Fig. 4. Energy storage properties. (a) P-E loops of NN-BF-xBT ceramics. (b) A com-
parison of energy storage properties between studied samples and recently reported
lead-free ceramics.

age current. Remarkably, relaxor AFEs and relaxor FEs have been
reported to exhibit advantages in terms of ultrahigh energy storage
density and high efficiency, respectively. By combining the benefits
of relaxor AFEs and relaxor FEs, it becomes possible to overcome
the trade-off between energy storage density and efficiency.

In summary, this study systematically investigated the phase
transition from relaxor AFE to relaxor FE in BT substituted NN-
BF ceramics. The combination of Rietveld refinement of XRD, HR-
TEM and SAED revealed the formation of a distinct core-shell
structure in the crossover composition of 0.88NaNbO3-0.07BiFeO3-
0.05BaTiO3 ceramic. The core region consisted of relaxor AFE do-
mains, while the shell region comprised relaxor FE domains, result-
ing in the most remarkable energy storage properties. Benefiting
from the complementary advantages of relaxor AFEs and relaxor
FEs, high Wiec and 5 are simultaneously achieved in this core-shell
sample. The study provides a promising approach for overcoming
the trade-off between Wiec and 7 in ceramic capacitors.
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