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High-entropy engineered BaTiO3-based
ceramic capacitors with greatly enhanced
high-temperature energy storage
performance

Xi Kong1, Letao Yang 1,2 , Fanqi Meng 1, Tao Zhang3, Hejin Zhang3,
Yuan-Hua Lin 1, Houbing Huang 2, Shujun Zhang 4, Jinming Guo 3 &
Ce-Wen Nan 1

Ceramic capacitors with ultrahigh power density are crucial in modern elec-
trical applications, especially under high-temperature conditions. However,
the relatively low energy density limits their application scope and hinders
deviceminiaturization and integration. In this work, we present a high-entropy
BaTiO3-based relaxor ceramic with outstanding energy storage properties,
achieving a substantial recoverable energy density of 10.9 J/cm3 and a superior
energy efficiency of 93% at applied electric field of 720 kV/cm. Of particular
importance is that the studied high-entropy composition exhibits excellent
energy storage performance across a wide temperature range of −50 to
260 °C, with variation below 9%, additionally, it demonstrates great cycling
reliability at 450 kV/cm and 200 °C up to 106 cycles. Electrical and in-situ
structural characterizations revealed that the high-entropy engineered local
structures are highly stable under varying temperature and electric fields,
leading to superior energy storage performance. This study provides a good
paradigm of the efficacy of the high-entropy engineering for developing high-
performance dielectric capacitors.

Ceramic capacitors are widely used in electronic and electrical devices
and circuits due to their irreplaceable functions such as coupling/
decoupling, dc-blocking, power functioning, and energy storage1,2.
Although barium titanate (BaTiO3)-based ceramic capacitors have
been extensively used in the above fields, they are facing challenges
from some booming high-temperature applications such as electric
vehicles, deep-well gas exploration, and aerospace power electronics,
which require capacitors to operate reliably in an environment
exceeding 150 °C3–5. One of the key factors preventing BaTiO3-based

capacitors from working at high temperatures is the low Cuire tem-
perature (~130 °C for unmodified BaTiO3)

6, where the dielectric prop-
erties and capacitance change dramatically6. While most additives in
BaTiO3-based dielectrics lower the Curie temperature, further wor-
sening the high-temperature energy storage performance6.

One possible solution for this issue is adopting relaxor ceramics,
which possess temperature-insensitive dielectric constant over a wide
temperature range due to their diffuse phase transition7–10. Of parti-
cular significance is that relaxors typically exhibit slim polarization-
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electricfield loops (P-E loops) associatedwith the highly dynamicpolar
nanoregions (PNRs), leading to both high recoverable energy density
(Wrec) and high energy efficiency (η)7–9,11. The relaxor characteristics in
BaTiO3 canbe induced by replacing Ba2+, Ti4+, or bothwith homovalent
or heterovalent cations. For homovalent substitution, such as (Ba1-xSrx)
TiO3

12, Ba(Ti1-xZrx)O3
13, and Ba(Ti1-xSnx)O3

14, the crossover from normal
ferroelectrics to relaxors occurrs at a relatively high substitution level
(> 30%). For heterovalent substitutiton, on the other hand, forming
solid solution between BaTiO3 and other perovskite oxide end mem-
bers is common. For example, BaTiO3-BiMO3 relaxors, where M
represents one trivalent cation (e.g., Sc3+) or more cations with a net
trivalent equivalent (e.g., (Mg1/2Ti1/2)

3+), have been actively studied15.
One distinct feature of this class of relaxor is that the activation
energies for PNR coupling are much higher than those of classical
relaxors15,16, which is attractive for energy storage applications as it
prevents long-range dipole ordering under high electric fields, leading
to field-insensitive dielectric constants and delayed polarization
saturation7,15,17. Compared with homovalent substitution, more cations
simultaneously replace the matrix cations in BaTiO3, inducing relaxor
characteristics at relatively low BiMO3 concentration

15. In some cases,
such as BaTiO3-BiScO3

16, BaTiO3-Bi(Mg1/2Ti1/2)O3
18, and BaTiO3-Bi(Zn1/

2Ti1/2)O3-BiScO3
19, higher BiMO3 content (≥ 40mol%) results in

temperature-stable dielectric plateaus and low dielectric loss at high
temperatures, making these ceramics highly desirable for high-
temperature energy storage capacitors.

WhenM3+ consists of two ormore cation species such as (Mg1/2Ti1/
2)

3+, the BaTiO3-BiMO3 ceramics with high BiMO3 content (≥ 40%) can
be classified as high-entropy ceramics20,21. The configuration entropy
(Sconfig) is defined as21:

Sconfig = � R
XN

i = 1

xilnxi

 !
+
XM

j = 1

xj lnxj

 !

ð1Þ

whereN(M) and xi(xj) represent element species and themole fraction
of elements present in cation(anion) sites, respectively. R is the uni-
versal gas content. Materials with Sconfig greater than 1.5R are defined
as high-entropy materials21. High-entropy design has been proven
effective for improving energy storage performance of capacitors22–29.
For example, by increasing Sconfig of Bi4Ti3O12 Aurivillius thin films, a
pyrochlore Bi2Ti2O7-type phase was stabilized, which is thermodyna-
mically unstable22. Furthermore, the lattice distorted nano-crystalline
grains and a disordered amorphous-like phase introduced by the high-
entropy design, contributed to enhanced breakdown strength and
energy storage performance (Wrec = 182 J/cm3). By adopting the high-
entropy design and multilayer structure, both resistivity and polariza-
tion were enhanced, leading to a high Wrec of 16.6 J/cm3 in BaTiO3-
BiFeO3-CaTiO3 ternary system23. Numerous ions with various radii and
valence states were introduced in (K0.2Na0.8)NbO3 matrix to enhance
Sconfig and form multiphase nanoclusters. The local stress and electric
fields were enhanced due to the high-entropy strategy, resulting in
improved Wrec of 10.06 J/cm3 and η of 90.8% in this lead-free bulk
ceramic25. In brief, high-entropy strategy can be used as a guide to
develop dielectric materials with ultrahigh comprehensive energy
storage properties.

In this work, (1-x)(Ba0.8Ca0.2)TiO3-xBi(Mg0.5Zr0.5)O3 (denoted as
(100-100x)BCT20-100xBMZ) relaxor system with high Bi(Mg0.5Zr0.5)
O3 content was designed to achieve temperature-stable dielectric
constants and increase the Sconfig of the solid solution, both conducive
to improve the energy storage performance, particularly at high tem-
peratures and electric fields. Consequently, both high Wrec of 10.9 J/
cm3 and high η of 93% were achieved in the ceramics with x =0.3 at
720 kV/cm and room temperature.Moreover, the ceramics exhibited a
stable Wrec of 5.0 ± 0.5 J/cm3 with η above 90% across a wide tem-
perature range of −50–260 °C. The ceramics also demonstrated
excellent reliability with minimal degradation in energy storage

properties after cycling 106 times at 200 °C. This confirms that high-
entropy engineering is an effective strategy for improving the high-
temperature energy storage performance of BaTiO3-BiMO3 ceramics.

Results and discussion
Structural and electrical properties of (100-100x)BCT20-
100xBMZ ceramics with varying configuration entropy
The XRD patterns of (100-100x)BCT20-100xBMZ are shown in Fig. S1.
All the ceramics exhibited pure perovskite structures (ABO3) with
symmetry changing with BMZ content. BCT20 ceramics exhibited a
tetragonal phase, evidenced by the split {200} peaks, consistent with
the previous study on Ca-doped BaTiO3 ceramics30. Ceramics with
BMZ content higher than 10% exhibit a pseudocubic phase with single
{200} and {111} peaks. It was reported that the overall structure was
transformed from tetragonal to pseudocubic when sufficient amount
of BiMO3was introduced in BaTiO3-BiMO3 binary systems15. The lattice
volume increases with BMZ content, as shown in Fig. 1a, attributed to
ionic radius differences between (Ba0.8Ca0.2)

2+ (1.56Å) and Bi3+ (1.38 Å),
and between Ti4+ (0.605 Å) and (Mg0.5Zr0.5)

3+ (0.72 Å)31, with BO6

octahedra dominating the perovskite unit cell volume32. Temperature-
dependent dielectric constant (εr) curves at 1 kHz for the ceramics are
compared in Fig. 1b and the temperature-dependent dielectric prop-
erties under various frequencies are given in Fig. S2. The BCT20
ceramics exhibited relatively sharp and temperature-sensitive dielec-
tric peaks at around 130 °C, corresponding to its Curie point, which is
consistent with the previous study30. When BMZ is introduced, fre-
quency dispersion of dielectric properties indicates relaxor
characteristics11. The relaxor characteristics can be evaluated by the
diffuseness degree of phase transition, by fitting the dielectric data
using modified Curie-Weiss law: 1/εr-1/εm= (T − Tm)γ/C, where εm is the
maximum dielectric constant and Tm is the corresponding
temperature33. As shown in Fig. S3, the γ value of BCT20 ceramics is 1.2,
indicating the ferroelectric-like phase transition. All other ceramics
show γ value greater than 1.5, demonstrating diffuse phase transition
which is a typical relaxor feature. Tm shifted to higher temperatures
with increasing BMZ content, as evidenced in Fig. 1b, which is also
observable in other BT-based relaxors16,19,34. The relaxor characteristics
are reflected in the P-E loops. As shown in Fig. 1c, BCT20 ceramics
exhibited hysteretic P-E loops due to ferroelectric characteristics,
while the ceramics with BMZ endmember show slim P-E loops due to
disrupted long-range ordering and disordered local fields.

Energy storage properties (Wrec and η) are obtainedby integrating
the P-E loop, as illustrated in Fig. S4. To comprehensively evaluate the
energy storage performance, a parameter WF = Wrec/(1 − η) was
defined35 and the WF values for these ceramics at 200 kV/cm are
compared in Fig. 1d, where the 70BCT20-30BMZ composition pos-
sesses the highest WF value, indicating it has both a high Wrec and a
high η. The comprehensive energy storage performance was attrib-
uted to the dense microstructure, low dielectric loss, and strong
relaxor characteristics, as evidenced in Figs. S2, S3, S5, S6. Based on
these characterizations, 70BCT20-30BMZ was chosen for detailed
studies to assess its potentials in energy storage applications.

The comprehensive energy storage performance of 70BCT20-
30BMZ ceramics is primarily attributed to the high-entropy engi-
neering. As depicted in Fig. S7, the configuration entropy Sconfig, cal-
culated using Eq. (1), gradually increases with BMZ concentration,
with compositions x ≥0.2 falling into the high-entropy region21. It
was reported that the significant lattice distortion associated with
high-entropy effects enhances the likelihood of collisions between
electrons and atoms, resulting in lower conductivity and higher
energy storage performance24. As shown in Fig. S8, the tolerance fac-
tor decreases monotonically with BMZ content increasing. The room-
temperature and high-temperature energy storage properties
of 70BCT20-30BMZ ceramics will be discussed in the following
sections.
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Room-temperature energy storage properties of high-entropy
engineered 70BCT20-30BMZ ceramics
The P-E loops of 70BCT20-30BMZ ceramics at room temperature
under various electric fields are displayed in Fig. 2a. This P-E loops
remain slim shape even under a high electric field of 720kV/cm,
leading to both high Wrec of 10.9 J/cm3 and high η of 93%. The repro-
ducibility of the energy storage properties is satisfying, exhibiting
similar values with minimal variation across different samples, as
shown in Fig. S9. The energy storage performanceof 70BCT20-30BMZ
is superior to most of the reported lead-free relaxor ceramics whose
energy efficiencies are greater than90%18,25,36–53, as illustrated in Fig. 2b.
The outstanding energy storage performance is related to its strong
relaxor characteristics and high breakdown strength (BDS), as shown
in Figs. S7a, b. The highBDSof 70BCT20-30BMZceramics is associated
with its large bandgap, as shown in Figs. S7c, d, which means that the
electrons are hard to jump across the bandgap and contribute to the
conduction, leading to a low leakage current, especially at high electric
field. The lower BDS observed in the sample with x = 0.4 can be
attributed to weak inter-grain adhesion, evidenced by the inter-
granular fracture feature in Fig. S11. The lower BDS of the ceramic with
x =0.2 may be linked to needle-like secondary phases, as shown in
Fig. S5c. The secondary phases are also influenced by the high-entropy
design, as evidenced by a significant reduction in their concentration
as the BMZ content increases to 30%, indicating that the entropy plays
a crucial role in the dissolution for the secondary phases within the

solid solutions and enhances the perovskite phase stability. As shown
in Fig. S12, the ceramic also exhibited outstanding charge-discharge
characteristics, where 90%of the stored energy canbe released to the 1
kΩ load resistor within 250 ns, leading to a high power density of
24.4MW/cm3. The slight difference between the energy density cal-
culated from P-E loops (7.4 J/cm3 at 550kV/cm) and charge-discharge
curves (6.8 J/cm3 at 550 kV/cm) arises from the different time scales of
the two measurements54.

Cyclic P-E measurements were performed at 450kV/cm and
repeated up to 106 cycles. The calculated Wrec and η as functions of
cycle number are shown in Fig. 2c. After 106 cycles, the energy storage
performance exhibited negligible change, with ΔWrec < 0.2% and Δη <
0.1%, demonstrating its ultrahigh cycling reliability. To investigate the
cycling reliability, local structures of the ceramics were examined by
scanning transmission electron microscopy (STEM) before and after
cyclic measurements. The high-angle annular dark-field (HAADF)
images of the sample before and after 106 electric field cycles are
displayed in Fig. 2d, e, respectively. The displacements ofB-site cations
in the corresponding unit cells were marked by arrows, illustrated in
Fig. S13. Most regions in both HAADF images are dark blue, indicating
the displacement magnitudes of B-site cations are small before and
after the cycling measurement. Nevertheless, nano polar regions
(PNRs) can still be observed in the two samples, which are closely
related to the relaxor characteristics11,55. The PNRs did not coalesce to
form micro polar regions even after being exposed to a high electric

a

c d

b

Fig. 1 | Comparison of the structural and electrical properties of (100-100x)
BCT20-100xBMZ ceramics. a The variations of lattice parameters and volume as a
function of BMZ content. b The change of dielectric constant (εr) at 1 kHz as a
function of temperature for the studied ceramics. c The P-E loops at 200 kV/cm of

the ceramics. d The calculated WF parameter for the ceramics with different BMZ
contents. The number near the symbol represents the WF value of the corre-
sponding composition.
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field of 450 kV/cm for 106 times, demonstrating their high dynamic
under repeated electric fields. The distributions of polarization angles
and displacements are shown in Fig. 2f, g, respectively, showing slight
changes in both distributions before and after 106 cycles. The nanos-
cale microstructures also exhibited high stability after 106 cycles, as
shown in Fig. S14. Therefore, the PNRs with high electric-field stability
prevented from forming large domains which is associated with the
remnant polarization and hysteresis in P-E loops, leading to high
energy efficiency and ultra-stable energy storage performance during
cycling measurements.

High-temperature energy storage performance of high-entropy
70BCT20-30BMZ ceramics
Motivatedby the highly dynamic PNRsandultra-stable cycling stability
of energy storage performance, we investigated the high-temperature

energy storage performance of 70BCT20-30BMZ. The energy storage
Wrec and η measured at 450kV/cm as a function of temperature is
presented in Fig. 3a. The ceramic exhibited stable energy storage
performance (ΔWrec < 9% and Δη < 5%) over a wide temperature range
of −50 °C to 260 °C. Notably, η remains above 90% even at 250 °C,
indicating both dielectric loss and conductivity are minimal at the
measurement conditions. The temperature range T90 where η exceeds
90%, is comparedwith other ceramics18,37,44,45,50,56–58 in Fig. 3b. Although
70BCT20-30BMZ ceramic exhibits lower room-temperature Wrec

compared to the ceramics prepared by repeated rolling process
(RRP)56,57, the temperature range T90 is wider than them, demonstrat-
ing its comprehensive high-temperature energy storage performance.
For practical high-temperature applications, the reliability at high
temperature environment is important. The energy storage properties
and the P-E loops measured at 200 °C and repeated electric field of

a

d

f g

e

b c

Uncycled Cycled

Fig. 2 | Room-temperature energy storage performance of 70BCT20-30BMZ
ceramics and their local structures. a P-E loops under various electric fields.
b Comparison of the energy storage performance between 70BCT20-30BMZ
ceramic and other lead-free relaxor ceramics whose η > 90%. The number near the
symbol represents the corresponding reference number. c The cycling reliability
measured at 450 kV/cmup to 106 cycles. The inset shows the P-E loops after various

cycles. d–e Atomic-resolution HAADF-STEM images recorded along the crystal-
lographic [001] direction for the ceramics before and after 106 cycles under 450 kV/
cm, respectively. The arrow direction and color denote the projections of the dis-
placement direction and magnitude, respectively, of B-site cation in the corre-
sponding unit cell. f–g Distribution of polarization vector angle and displacement
amplitude before and after cycling, respectively.
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450kV/cm are shown in Fig. 3c and the inset, respectively. The P-E
loops remain unchanged after 106 cycles, leading to stableWrec and η
with variations less than 0.9% and 1.3%, respectively, revealing a
superior reliability at elevated temperature up to 200 °C.

The excellent high-temperature energy storage performance is
attributed to the high resistivity (ρ) and high activation energy for
conductivity (Ea) of the 70BCT20-30BMZ ceramics. Variations in DC
resistivities (ρDC) with temperature for (100-100x)BCT20-100xBMZ
ceramics are shown in Fig. 3d. Compared to the compositions with
BMZ endmember, BCT20 ceramics exhibited lower DC resistivity due
to the incompact microstructure, as shown in Fig. S5a. When BMZ
endmember was introduced, the DC resistivity of ceramics was
improved significantly, reaching 1012 Ω·m at room temperature. Con-
sequently, the resistivity and BDS of the high-entropy compositions
(0.2 ≤ x ≤0.4) are higher than those of medium-entropy (x =0.1) and
low-entropy (x =0) compositions. Of particular importance is that the
ceramics still exhibit high ρDC at high temperatures, especially the
composition with x =0.3 shows the largest value among the ceramics,
which is curcial for high-temperature applications. The high-
temperature insulation properties can also be characterized by impe-
dance measurement. As shown in Fig. 3e, the BCT20 ceramics dis-
played two distinct semicircles in the impedance complex plot at
400 °C: a smaller semicircle in the high-frequency region, attributed to
grain responses, and a larger semicircle in the low-frequency region,
corresponding to grain boundary responses. In contrast, all other
ceramics exhibited a single semicircle under the same measurement
conditions, indicating a response solely from the grain boundaries.
With the BMZ concentration increasing, the bulk resistivity (ρIS) of the
ceramics at 400 °C determined by the intersect point of impedance
curve and Z′ axis, increases first then decreases. The highest bulk
resistivity was achieved in 70BCT20-30BMZ, consistent with the
results obtained in DC resistivity measurements. The bulk resistivities
of 70BCT20-30BMZ ceramic were extracted from the impedance
curves measured at various temperatures, and the Arrhenius plot is

given in Fig. 3f. The calculated activation energy for conductivity is
1.47 eV, almost half of the optical bandgap of the ceramic, indicating
that the conductionmechanism is intrinsic conduction. The enhanced
electrical homogeneity is also responsible for improving the BDS by
reducing the interface polarization59,60. As shown in Fig. S15, the fre-
quency difference between Z″-f peak and M″-f peak is reduced when
BMZ content increases from 0 to 30%, indicating the distribution of
electric field is more uniform and hence the higher BDS in 70BCT20-
30BMZ ceramics. Another important figure-of-merit (FOM) for high-
temperature capacitors is RC constant, which is a measure of both the
insulation and capacitance at a given temperature61. Moreover, RC
constant is geometry independence because it is in fact the product of
dielectric constant and resistivity of thematerial, making it possible to
characterize and compare various families of dielectrics. The com-
parison of RC constant between 70BCT20-30BMZ ceramics and other
dielectric ceramics as shown in Table S1 and Table S2. Regardless of at
200 °C and 300 °C, the RC constant of 70BCT20-30BMZ ceramic is
superior to that of other dielectric ceramics, demonstrating its great
potential for high-temperature capacitor applications.

In-situ structural characterizations for high-entropy 70BCT20-
30BMZ ceramics
To investigate the structures of 70BCT20-30BMZ ceramics under high
temperatures and electric fields, in-situ characterization techniques
including TEM, XRD, and Raman spectroscopy were performed, with
results are presented in Fig. 4. It hasbeen reported that PNRs in relaxor
materials can be transformed into large ferroelectric domains under
high electric fields62,63, thereby impacting the electrical properties. Of
particular interest is that the 70BCT20-30BMZ ceramics, even under
an ultrahigh electric field of ~1000 kV/cm, do not witness the sig-
nificant introduction of large ferroelectric domains, as observed in
Fig. 4a, b. Furthermore, applying a constant electric field of ~400 kV/
cm, heating the sample up to 250 °C did not visibly alter the micro-
structure, as shown in Fig. 4c, d. Hence, the PNRs in 70BCT20-30BMZ

a

d e f

f

b c

Fig. 3 | High-temperature energy storage performance of 70BCT20-30BMZ
ceramics. aWrec and η as functions of measurement temperature. The inset shows
the P-E loops at different temperatures. b The temperature range in which η > 90%
for 70BCT20-30BMZ ceramics and other relaxor ceramics. The number near each
bar represents the room-temperatureWrec. c The cycling reliability was measured

at 450 kV/cm and 200 °C up to 106 cycles. The inset shows the P-E loops after
various cycles. d Variations of DC resistivity (ρDC) with temperature for (100-100x)
BCT20-100xBMZ ceramics. The error bars represent the standard deviation.
e Impedance complex plots of (100-100x)BCT20-100xBMZ ceramics at 400 °C.
f Arrhenius plot of the bulk resistivity (ρIS) of 70BCT20-30BMZ ceramics.
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ceramics exhibit high dynamic under both high temperatures and
electric fields without coalescing into large domains, being consistent
with observations from P-E loops measured at various temperatures
and repeated electric fields.

Additionally, the XRD patterns of 70BCT20-30BMZ measured
under different temperatures are shown in Fig. S16. The ceramics
exhibited a pseudocubic phase without phase transition over the
temperature range of 25 to 300 °C, as evidenced by the absence of

a

c

e f

d

b
0 V
RT

80 V (~400 kV/cm)
RT

80 V (~400 kV/cm)
250 °C

200 V (~1000 kV/cm)
RT

Fig. 4 | In-situ characterizations for 70BCT20-30BMZceramics. a–bTEM images
recorded at room temperature and under 0 V and 200V, respectively. The black
parts on top left and bottom right are Pt electrodes. c–d TEM images recorded

under 80V and at room temperature and 250 °C, respectively. eThe enlarged {110},
{111}, and {200} diffraction peaks under various temperature. The intensities were
normalized. f Raman spectra measured under various temperature.
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peak splitting or distortion for {110}, {111}, and {200} peaks in Fig. 4e.
The slight shifts of peaks towards lower angles suggests lattice
expansion within this temperature range. The calculated expansion
coefficient approximately 9 ~ 10 × 10−5 /°C, aligns with the thermal
expansion coefficient of cubic BaTiO3

6, indicating that the lattice
expansion in 70BCT20-30BMZ ceramics is primarily due to thermal
expansion rather than phase transitions. Similarly, no new peaks or
peaks splitting are observed in Raman spectra shown in Fig. 4f, sig-
nifying that no phase transition in the same temperature range.
Overall, as revealed by these in-situ characterizations, the structure of
70BCT20-30BMZdemonstrates robust thermal and electrical stability,
which is attributed to the large lattice distortion and random local
fields induced by the high-entropy engineering. This stability under-
pins the excellent performance of these ceramics in energy storage
applications at both room temperature and high temperatures.

In summary, (100-100x)BCT20-100xBMZ (x =0 ~ 0.4) ceramics
were synthesized and characterized, with configuration entropy
increasing with x. Thoroughly considering Wrec and η, high-entropy
composition 70BCT20-30BMZ was selected for in-depth studies. This
composition exhibits both a highWrec of 10.9 J/cm3 and a high ηof 93%,
along with excellent cycling reliability at room temperature. Of parti-
cular importance is that 70BCT20-30BMZ ceramics also showed
excellent high-temperature stability with ΔWrec < 9% and Δη < 5% over
a broad temperature range of −50 °C to 260 °C, meanwhile exhibiting
superior cycling reliability with minimal property degradation after
cycling at 450 kV/cm and 200 °C. Electrical and in-situ characteriza-
tions revealed the PNRs in the ceramics are highly dynamic under
varying temperatures andelectricfields, attributed to thehigh-entropy
engineering. This dynamic PNRs underscores the excellent high-
temperature energy storage performance and high cycling reliability.
This research highlights the significant potential of 70BCT20-30BMZ
ceramics for high-temperature capacitors, and demonstrates that
high-entropy design is an effective strategy in developing high-
performance dielectric materials.

Methods
Ceramic preparation
High purity (> 99.9%) oxides and carbonate BaCO3, CaCO3, Bi2O3, TiO2,
ZrO2, and MgO (all from Aladdin) were weighed according to the
chemical formula (1-x)(Ba0.8Ca0.2)TiO3-xBi(Mg0.5Zr0.5)O3 (x =0, 0.1,
0.2, 0.3, and 0.4, abbreviated as (100-100x)BCT20-100xBMZ) and ball
milled in anhydrous ethanolwith yttrium-stabilized zirconia (YSZ) balls
for 12 h. The slurries were dried and calcined at 850 °C for 2 h with a
heating rate of 5 °C/min. Afterwards, the calcined powders were ball
milled again for 24 h to reduce the particle size. The powders were
mixed with 0.2wt% Rhoplex binder and ball milled for 2 h. The pow-
ders with binder were sieved and uniaxially pressed into 10-mm-
diameter pellets under 30MPa, followed by cold isostatically pressed
under 200MPa for 2min. The binder was burned out by heating the
pellets at 600 °C for 2 h with a heating rate of 2 °C/min. The pellets
were sintered at 1000–1300 °C (the higher the BMZ content, the lower
the sintering temperature) for 2 h to achieve dense ceramics. The
sintered ceramics were thinned and polished to achieve parallel sur-
faces. Fire-on silver pastes or sputtered gold films were used as elec-
trodes for measurements.

Phase and microstructure characterizations
The phase purity and lattice parameters were determined by powder
X-ray diffraction (D8 Advance, Bruker) on ground sintered ceramic
pellets. The microstructures of the ceramics were observed by a field-
emission scanning electron microscope (FE-SEM) (Merlin Compact,
Zeiss). Before SEM observations, the ceramics were polished and
thermally etched at 150 °C below the corresponding sintering tem-
perature for 15min. The average grain size and standard deviation
were calculated from 200 measured grain size data. Transmission

Electron Microscopy (TEM) specimens were prepared by a dual-beam
Focused Ion Beam (FIB, Helios 5 UC, ThermoFisher Scientific). The
target cutting areas in ceramics were first deposited with tungsten
protection layers with a thickness of 2 μm, and then the surrounding
regions were removed by accelerated Ga ions. The specimens were
bonded on commercial Cu grids and then thinned down by Ga ions
with accelerating voltage and beam current of 30 kV and 2.5 nA, and
finally 2 kV and 40 pA were used for the precise removal of surface
amorphous layers. The thicknesses of investigation areas were about
30–40nm. A double spherical aberration (Cs) corrected scanning
transmission electronmicroscopy (STEM, Spectra 300, Thermo Fisher
Scientific) operated at 300 kV was employed to characterize the
atomic-scale structures, chemical compositions. The convergence
angle in STEM mode and high-angle annular dark-field (HAADF)
acceptance angles were 25 mrad and 39–200 mrad, respectively.
Electron diffraction patterns, bright-field (BF) and dark-field (DF)
images were acquired in 200 kV TEM (Talos F200X, Thermo Fisher
Scientific) using centered dark field technique. Target areas were tilted
to [001] zone axes to obtain diffraction patterns, and then (100) and
(110) diffraction spots were caught using objective aperture for DF
imaging.

Spectrum measurements
Theoptical absorptionproperties of polished ceramicsweremeasured
in the wavelength range of 200–800 nm using a UV-VIS-NIR spectro-
meter (Lambda 1050 + , PerkinElmer). The optical bandgaps (Eg) were
calculated based on Tauc formula (αhν)2 =B(hν-Eg), where α is the
optical absorption coefficient, h is Planck constant, ν is the light fre-
quency, and B is a fitting constant. The Raman spectra were recorded
by a Raman spectrometer (HR800, HORIBA) using a 532-nm laser
excitation without polarization. The resolution of Raman spectro-
meter is 1 cm-1.

Dielectric, impedance, and resistivity measurements
The dielectric constant (εr) and loss (tanδ) weremeasured as functions
of temperature and frequency by an impedance analyzer (E4990A,
Keysight) combined with a temperature control stage (HFSE91-PB2,
Linkam). The impedance spectroscopy measurements were per-
formed an impedance gain-phase analyzer (1260, Solartron) equipped
with a dielectric interface (1296, Solartron). The resistivity was mea-
sured by an electrometer (6517B, Keithley). The average resistivity and
deviation were calculated from 350 measured resistivity data.

Ferroelectric, breakdown, and charge-discharge measurements
The ferroelectric measurements (P-E loop measurements) were per-
formed by a ferroelectric tester (TF 1000, AixACCT). The breakdown
measurements were performed by a dielectric breakdown measure-
ment system (PK-CPE1701, PolyK). The breakdown voltages were
recorded by applying a dc voltage with a ramping rage of 500V/s until
the sample broke down. Weibull distribution (P(Ei) = 1 - exp(-Ei/Eb)β)
was used to characterize the BDS of the ceramics. P(Ei) is the cumu-
lative breakdown probability of a certain electric field, Ei is the BDS of
each sample. Eb and β are the Weibull characteristic BDS and Weibull
modulus, respectively. The charge-discharge measurements were
performed by a capacitor charge-discharge measurement system (PK-
CRP1701, PolyK) using a 1 kΩ load resistor. Thin sampleswith thickness
around 50 μm were used for the above measurements.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the data used to generate figures in this paper are provided in the
Source Data file. Source data are provided with this paper.
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