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Next-generation advanced high/pulsed power capacitors rely heavily on
dielectric ceramics with high energy storage performance. Although high

entropy relaxor ferroelectric exhibited enormous potential in functional

materials, the chemical short-range order, which is a common phenomenon in
high entropy alloys to modulate performances, have been paid less attention
here. We design a chemical short-range order strategy to modulate polarization
response under external electric field and achieve substantial enhancements of
energy storage properties, i.e. an ultrahigh energy density of ~16.4 J/cm® with
markedly improved efficiency ~90% at an electric field of 85kV/mm in Nb
doped (Bip,Nag Ko 1Lag,Srg,) TiO5 system. Atomic-scale scanning transmis-
sion electron microscopy observations show that Nb exhibits a chemical short-
range order structure, with Nb enriched regions displaying ultrasmall polar
nanoregions and more flexible polarization configurations, which is conducive
to achieving high maximum polarization and low residual polarization. More-
over, refined grain size of ~0.25um, suppressed oxygen vacancies and enhanced
bandwidth contribute to a high breakdown field strength. These collective
factors result in exceptionally high energy storage density and efficiency. This
short-range order strategy is expected to enhance the functional performances

in other high entropy relaxor ferroelectrics.

Dielectric capacitors are widely used in advanced electronics and high-
power electrical systems such as microwave communications, hybrid
electric vehicles, and distributed power systems'. The mechanism of
dielectric capacitors lies in their exceptional high-power density and
rapid charge/discharge capabilities. These capacitors store energy by
virtue of the displacement of bound charged elements, distinct from
the energy storage mechanisms relying on chemical reactions
observed in batteries and solid oxide fuel cells*’. However, the rela-
tively low recoverable energy storage density (W, typically <4 J/cm?)
significantly constrains the application scope of ceramic capacitors
and impedes their progress toward device miniaturization and

intelligence. In conjunction with environmental concerns®, there has
been a notable focus on the advancement of lead-free dielectric
capacitors with high energy density and storage efficiency (“dual
high”)’°.

The energy density W, is a function of the dielectric polarization
(P) when subjected to an external electric field. This relation is quan-
titatively described by the equation W, = [’ ﬁ:" EdP,where P, and P, are
the maximum polarization after charging and the remnant polarization
after discharging, respectively, and E is the electric field*. Conse-
quently, a high W,.. requires a large P, a small P,, and a high break-
down electric field (Ey). To achieve these electrical characteristics
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simultaneously, dielectric materials should be engineered to exhibit
the following features: a dense microstructure, fine grains, heightened
polarizability in response to an electric field, and rapid reversion to the
nonpolar state”. The most prevalent method for enhancing the
polarization characteristics of dielectrics is through chemical compo-
sition design, with extensive exploration of numerous Pb-free com-
pounds. The energy storage capacity of these compounds has seen
rapid enhancement to above 7])/cm? >,

Benefiting from the nanoscale heterogeneous polar nanoregions
(PNRs) structure, relaxor ferroelectrics (RFEs) are considered to be an
excellent option for “dual high” dielectric capacitors®*"", High-
entropy materials, characterized by multiple elements occupying
equivalent lattice sites, have recently been shown to significantly
enhance the energy storage performance in bulk RFE (W, ~10J/cm?
and n-90%) and RFE thin films (W,~182)/cm® and n-78%).
The configuration entropy (Sconfig) defined as Sgq;y = —RIYN x;
Inx; + Zj"’i X;In x;], where R, N(M), and x,(x;) are the ideal gas constant,
atomic species and contents at the equivalent cation (anion) sites,
respectively, was proposed to evaluate the compositional
inhomogeneity?®>. However, in most high-entropy relaxor ferro-
electrics, the effects of multi-elements at the equivalent lattice sites
have been regarded as changes in the average structure” . The che-
mical order and polarization heterogeneity play a significant role in the
microstructure and functional properties of relaxor ferroelectric
materials**. However, the relationship between them, as well as their
impact on performance in high-entropy ferroelectric materials, has not
yet been fully understood. As illustrated in Fig. S1, we have extracted
data from the literature regarding configurational entropy and energy
storage performance. It is evident that the relationship between per-
formance and entropy is not a simple linear correlation, indicating the
presence of other mechanisms that affect performance.

In high-entropy alloys, chemical short-range order (SRO) is com-
mon and has a significant impact on the microstructure and macro-
scopic properties®°. However, in high-entropy relaxor ferroelectrics,
there is currently a lack of attention to chemical SRO. Inspired by this,
we proposed a chemical SRO strategy, and proved its contribution to
modulate the polarization response under external electric field,
leading to the breakthrough of the bottleneck of energy storage per-
formances. The phase-field simulations (Fig. S2) were performed to
theoretically analyze the effectiveness of this strategy. Specifically, we
first consider a high-entropy matrix with elements uniformly dis-
tributed. In this scenario, as shown in Fig. S3, the polarization in the
high-entropy matrix has the same polarization switching energy bar-
rier. Under the electric field, the polarization has a uniform and poor
polarization switching. As illustrated in Fig. 1a, for high-entropy fer-
roelectrics with chemical SRO, we assume that the chemical SRO
region has a lower energy barrier. As shown in Fig. 1b—-d, under the
electric field, these regions respond more intensively and facilitate a
faster response of polarization in the surrounding matrix. Moreover,
chemical SRO enhances the local heterogeneity, which is expected to
further enrich the polarization configurations. Therefore, this chemi-
cal SRO region is expected to elevate the maximum polarization (P,,)
and decrease the remnant polarization (P,), thereby facilitating
superior energy storage performances.

In this study, guided by density functional theory (DFT) calcula-
tions, we theoretically proved that niobium (Nb) can implement the
above strategy in the BipsNagsTiO3 (BNT) system. Based on this, we
experimentally designed an Nb-doped high-entropy BNT-based sys-
tem and achieved ultra-high energy storage density of ~16.4 J/cm® and
efficiency of 90%, surpassing the reported high-entropy energy sto-
rage ceramics. These results indicate that a thorough investigation of
the microstructure of high-entropy ferroelectric ceramics can effec-
tively enhance their performance in applications. As shown in Fig. 1e, f,
through equimolar elements at the A-site, we introduced a high-
entropy strategy into the BNT matrix. Multi-elements occupy the A-

site, causing heterogeneity in local strain and electric fields. The
nanodomains of BNT are broken into PNRs, and the ferroelectric
long-range ordered R3c (R) phase is transformed into a coex-
istence of Cubic (C)- R-Tetragonal (T) phases with significantly
improved Ep, resulting in improved energy storage performances.
Subsequently, as depicted in Fig. 1g, the incorporation of Nb at
the B-site gives rise to chemical SRO regions. As analyzed above,
this can further promote polarization response and significantly
enhance energy storage performance.

Results

Density functional theory (DFT) calculations

In this work, the Nb was selected to achieve the SRO in high-entropy
BNT. The DFT calculations were performed to verify the role of Nb. As
shown in Fig. S4a, b, we constructed a 2 x 2 x 2 supercell of P4bm. As
shown in Fig. 2a, we considered three configurations, i.e., the body-
diagonal distribution, face-diagonal distribution, and nearest-neighbor
distribution. The body-diagonal distribution can be regarded as a
disordered distribution of Nb, while the nearest-neighbor distribution
represents a locally ordered distribution of Nb. As shown in Fig. 2a, it is
evident that as the order degree increases, the energy of the config-
uration decreases, indicating that Nb tends to exhibit a locally ordered
distribution within BNT. We employed the energetically favorable
nearest-neighbor configuration for further analysis. As shown in
Fig. 2b, the local ferroelectric distortion of the B-site ions can be
characterized by the differences in the six B-O bond lengths. In the
paraelectric phase (PE phase), the bond length difference is zero; as
the degree of ferroelectric distortion increases, the bond length dif-
ference increases. As shown in Fig. 2c, the difference in the six Ti-O
bond lengths is 0.055 A, while the difference of Nb-O bond lengths is
significantly reduced to 0.003 A, indicating that Nb can lead to a
notable decrease in ferroelectric distortion. In ferroelectric materials, a
smaller ferroelectric distortion corresponds to a flatter energy barrier,
which can be expressed by the energy difference between the ferro-
electric phase (FE phase) and paraelectric phase. We further compute
the energy of pristine Pm3m BNT and Nb-doped Pm3m BNT (Fig. S4c,
d). As shown in Fig. 2d, in the Nb-doped configuration, the energy
difference between the weak polar phase (P4bm) and paraelectric
phase (Pm3m) (1.758 eV) is lower than that in the undoped configura-
tion (2.062eV). Therefore, Nb can induce local short-range order
within BNT, and the reduced ferroelectric distortion can lead to a
flatter energy barrier.

Energy storage performances

To experimentally implement our strategy, we designed the compo-
sition of pristine BiO.SNao_STiO:’,, (Bi0.2NaOlKo_ZLao-ero_z)Ti03 and
(Bio_zNa().zKO.zLa()'zSrolz)TiO.gsNboloso& abbreviated as pristine
BNT, BNKLST and BNKLSTNS5 ceramics. The Sconfig Of BNT, BNKLST,
and BNKLSTNS is 1.04, 1.50, and 1.60, respectively, indicating that the
BNKLST and BNKLSTNS is in the high-entropy range (Sconsg 21.5). We
tested their polarization-electric field (P-E) loops. As shown in Fig. S5a,
pristine BNT exhibits a poor energy density of ~1.37J/cm?3 and an effi-
ciency of -24%. After introducing the high-entropy strategy, as shown
in Fig. S5b, BNKLST ceramic exhibits an enhanced energy storage
density of ~7.4)/cm? and efficiency of -84%. Notably, as shown in
Fig. S6 and Fig. 3a, BNKLSTN5 ceramic demonstrates slimed P-E loops
under various electric fields, revealing an energy storage density of
~16.4J/cm3 and an efficiency of ~90% under a breakdown electric field
strength of 85kV/mm. Figure 3b compares the performance of
BNKLSTNS with other high-entropy ferroelectric ceramics™®*>***%,
indicating that the BNKLSTNS ceramic has exceptional energy storage
performances. As shown in Fig. S7, although ferroelectric materials
tend to experience fatigue under bipolar testing, resulting in lower
electric field strengths®**”, BNKLSTNS still exhibits a high breakdown
field strength of ~60 kV/mm. As shown in Fig. S8, a comparison of the
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Fig. 1| Strategic diagram. a Schematic diagram of phase-field simulations; Polar-
ization field at the b Oth, ¢ 10th, and d 20th-time steps, where the colorbar repre-
sents the magnitude of the polarization deviation from the [001] direction, with
larger deviation angles indicating a stronger response of the polarization to external

fields; Schematic diagram of crystal structures, domain structures, and P-E loops of
e pristine BNT, f A-site high-entropy BNT and g A-site high-entropy BNT with B-site
chemical SRO.

results between bipolar and unipolar tests reveals that they are nearly
identical, indicating the robustness of performance across different
testing conditions.

Additionally, BNKLSTNS shows outstanding stability in terms of
temperature, frequency, and cycling performance. As shown in
Fig. S9a, b, under an electric field of 50 kV/mm, the sample exhibits
excellent temperature stability in the range of 25 to 155°C (W,
~8.64 +0.42])/cm? and 17 -90.3 + 3.1%). As shown in Fig. S9¢, d, under an
electric field of 50 kV/mm, the BNKLSTN5 ceramic demonstrates out-
standing frequency stability from 1 to 80 Hz (W, -8.42+0.43)/cm?
and n ~-92+2.5%). Additionally, as shown in Fig. S9e, f, under a
45 kV/mm electric field, the BNKLSTNS5 ceramic exhibits excellent sta-
bility in energy storage density and efficiency as the number of cycles
increases from 1 to 10° (W, 6.5+ 0.02])/cm? and n ~92.7 + 0.3%).

The charge-discharge performances and thermal stability are also
critical performance indicators for dielectric capacitors. We tested the
charge-discharge performances of the BNKLSTN5 ceramic under dif-
ferent electric fields and temperatures. As shown in Fig. S10a-c,
BNKLSTNS exhibits high maximum current (/,ax), current density (Cp),
and power density (Pp) at 21 kV/mm, with values of 15.4 A, 1962 A/cm?,
and 206 MW/cm?, respectively. As illustrated in Fig. S10d-f, at
22 kV/mm, the BNKLSTNS ceramic achieves a high discharge energy

density (Wp) of 2.58)/cm? within an ultrafast time frame of approxi-
mately 20 ns (to9 ~ 20 ns, the time required for the discharge density
to reach 90% of the total energy density). Moreover, as shown in
Fig. S11, under an electric field of 16 kV/mm, the BNKLSTNS5 ceramic
demonstrated excellent temperature stability in its charge-discharge
performance, with Wp=1.55+0.08)/cm?, tyo=14+2ns, Cp=1500+
90 A/cm?, Pp =120 + 7 MW/cm?® from 25 to 155 °C.

Structural mechanism analysis

Figure 4a-c illustrate the temperature-dependent dielectric constants
and loss of pristine BNT, BNKLST, and BNKLSTNS5 ceramics. Consistent
with previous reports®®, the temperature for dielectric maximum (7,,)
of pristine BNT is observed to be ~600 K @ 100 kHz, which is above
room temperature and shows no frequency dispersion of AT
(Tms00khz — Tmioknz) < 1K. After the introduction of the high-entropy
strategy at the A-site, the T, is reduced to below room temperature,
approximately 269 K @ 100 kHz. Similar to pristine BNT, BNKLST does
not exhibit significant frequency dispersion of AT, -~ 3 K. Significantly,
for BNKLSTNS, the Ty, is further reduced to low temperature, -222 K @
100kHz, and a pronounced frequency dispersion phenomenon is
observed (AT, is ~21K), exhibiting that Nb promotes the promote
relaxor ferroelectric behavior. The decreased T, and its frequency
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high-entropy ferroelectric ceramics.

dispersion indicate that both the phase structure and domain struc-
ture of BNKLSTNS5 have undergone substantial modifications. The
Burns temperature (73) is defined as the temperature at which the
ceramic fully converts to a paraelectric phase. The T can be calculated
from the temperature dependence of the reciprocal of the permittivity
curve, which follows the Curie-Weiss law as the temperature is above
Ts (Fig. S12). The superparaelectric state has been defined as the
condition of relaxor ferroelectrics above the T, temperature and
below the T temperature*. Combining the Ty, ~222K and T; -530K,
the BNKLSTNS5 exhibited the superparaelectric state at room tem-
perature (i.e., T, <T<Tg).

Figure 4d-f show the XRD patterns of pristine BNT, BNKLST, and
BNKLSTNS ceramics. As shown in Fig. 4d, the {111} diffraction peak of
BNT exhibits a double-peak structure at 20 ~38-42°, with a superlattice
diffraction peak at 20 -38.3° corresponding to 1/2(311), which is a
characteristic peak of the R3¢ structure®. As illustrated in Fig. 4e, f, for
the BNKLST and BNKLSTNS ceramics, the superlattice diffraction peak
near 38° weakened, and the split structure of the R3c peak transformed

into a single-peak structure. This indicates that the R3c phase transi-
tions to a multiphase coexistence structure. Further XRD refinement
results (Fig. S13) reveal that BNKLST ceramics exhibit a coexistence of
Pm3m (abbreviated as C phase) of ~-39.45%, P4bm (abbreviated as T
phase) of ~37.11%, and R phase of -23.42%, indicating that the A-site
high entropy can promote the transformation from R3c to weak polar
phase of P4Abm and nonpolar phase of Pm3m. For BNKLSTNS ceramic,
the Nb doping leads to a further enhancement of P4bm content (-41%)
and Pm3m content (-50%), which is consistent with the temperature-
related dielectric constants.

From the perspective of internal contributions, the coexistence of
multiple phases can lead to a flat polarization energy barrier, enabling
rapid polarization response. Therefore, the stability of functional
performance is closely related to the stability of the phase
structure®*°*, As shown in Fig. 4h, we have added temperature-
dependent in situ XRD for BNKLSTN5 ceramics, which demonstrates
that the phase structure remains stable within the tested temperature
range. Specifically, as shown in Fig. 4i, j, the (111) and (200) peaks show
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Fig. 4 | Structural characterization. Temperature-related dielectric constants and
loss of a pristine BNT, b BNKLST, and ¢ BNKLSTNS5 ceramics; XRD patterns of

d pristine BNT, e BNKLST, and f BNKLSTNS ceramics; g Phase fraction by XRD
refinements; h Temperature-related in situ XRD patterns of BNKLSTNS ceramic;

Temperature (°C)

Temperature (°C)

i Temperature dependence of the (111) peak and corresponding contour map;

j Temperature dependence of the (200) peak and corresponding contour map;

k Temperature-related in situ Raman spectra of BNKLSTNS5 ceramic; The variations
in wavenumber and FWHM of the peak at 1272 cm™ and m 543 cm™.

no changes, including splitting or merging, indicating that the phase
structure is stable. This is consistent with the results shown in Fig. S12c,
where the ceramics remain in a superparaelectric state over a wide
temperature range. Additionally, in situ Raman spectroscopy provides
parallel results, confirming the structural temperature stability of the
BNKLSTNS5 ceramic. As depicted in Fig. 4k, the deconvolution results
reveal that the number of Raman peaks remains unchanged with
increasing temperature, suggesting the local symmetry is maintained
over a wide temperature range. Moreover, the wavenumbers of the
peak at ~272 and ~543 cm™ decrease, while the full width at half max-
imum (FWHM) shows a noticeable increase (Fig. 41, m), demonstrating
an increase in structural disorder, which helps suppress the increase of
P, during a rise in temperature*>*>,

The statistical breakdown strengths () were calculated through
Weibull distribution fitting based on a total of 10 samples for each

ceramic (Fig. S14). Pristine BNT ceramic exhibited a poorly calculated
Ep of 35 kV/mm. After introducing a high-entropy strategy, the BNKLST
ceramic exhibited a higher calculated £y, of 58 kV/mm. After introdu-
cing the chemical SRO strategy, the BNKLSTNS5 ceramic exhibited the
highest calculated £, of 85.5 kV/mm. These results are very close to the
experimental £, values. Moreover, a high B of ~14.55 for BNKLSTN5
indicated that this high value is not coincidental but can be repro-
duced reliably. Figure S15 show the scanning electron microscopy
(SEM) images of the BNKLST and BNKLSTN5 ceramics. The pristine
BNT ceramic exhibits an average grain size of -7.5 pm**. Following the
implementation of the high-entropy strategy, the grain size of BNKLST
is reduced to around 0.87 um. It is well-known that Nb acts as a grain
growth inhibitor during sintering®, and BNKLSTNS demonstrates an
even finer grain size of ~0.25 pm. It is widely recognized that a reduc-
tion in average grain size (G,) is correlated with an increase in
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breakdown strength (£,), which typically adheres to an exponential
decay relationship with respect to grain size (i.e., £, < G,~1)***". This
phenomenon can be attributed to the presence of a depletion layer at
the grain boundaries, which facilitates a higher barrier for the mobility
of ions and electrons*®. Moreover, electron paramagnetic resonance
(EPR) tests exhibit that Nb doping suppressed the O vacancy (Fig. S16).
The intrinsic breakdown mechanism in dielectrics typically involves
electron breakdown, with the bandgap being a decisive factor. As
shown in Fig. S17, we conducted UV-Vis testing on the BNKLSTN and
BNKLSTNS5 samples and analyzed the bandgap using the Tauc plotting
method?. The results indicate that the incorporation of Nb leads
to an increase in the bandgap from 3.1 to 3.2 eV, which can be

attributed to the wider bandgap of Nb,Os (3.4 eV)*’ compared to
TiO, (-3.09 eV)*°. Furthermore, as shown in Fig. S18, BNKLSTNS5
exhibits a dense cross-sectional grain structure and a high relative
density above 99%. Consequently, the combination of fine and
compact grain structure, increased internal bandwidth, and sup-
pressed oxygen vacancies collectively contribute to the enhanced
breakdown field strength.

To characterize the response behavior of PNRs under the external
field, as shown in Fig. 5a, b, we performed in situ piezoresponse force
microscopy (PFM) measurements on the BNKLST and BNKLSTNS
ceramics. In the PFM results, both ceramics lack long-range ordered
ferroelectric domains. Upon applying +10V to the ceramics, both
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ceramics exhibited total polarization switching. However, for BNKLST
ceramic, after removing the electric field for 5 and 10 min, a con-
siderable portion of the polarization remained difficult to return to its
original state. In contrast, for BNKLSTNS ceramic, after removing the
electric field, there are no significant difference from the initial state.
This indicates that the PNRs in BNKLSTNS ceramic have a stronger
response to the external electric field, which is beneficial for the high
P, and low P,, and thus, for excellent energy storage density and
efficiency. Due to resolution limitations, it is challenging to discern the
size differences of the PNRs in PFM. To further analyze the changes in
the microstructure of the ceramics, we conducted TEM observations
on BNT, BNKLST, and BNKLSTNS.

Figure 5c-e display bright-field TEM observations of the BNT,
BNKLST, and BNKLSTNS ceramics. As shown in Fig. 5c, pristine BNT
ceramics exhibited large-scale nanodomain structures. In contrast, as
shown in Fig. 5d, e, no significant long-range ordered structures were
observed in BNKLST and BNKLSTN5 ceramics, indicating that the
introduction of the high-entropy strategy leads to polarization
refinement from nanodomain to polar nanoregions (PNRs). Figures 5f1,
hl, gl present the Selected area electron diffraction (SAED) images
along the [110] zone axes. For the [110] crystallographic zone axis, the
R3c phases exhibit superlattice diffraction spots of 1/2{ooo} which is
related to the anti-phase aaa’ type BOj tilting®. Using the pixel of the
brightest transmission spot as a reference, we extracted the pixel
intensity of adjacent superlattice diffraction spots, and the results
were shown in Figs. 52, h2, g2. For pristine BNT, the pixel brightness
ratio of the superlattice diffraction spot to the central transmission
spot is 0.7. For BNKLST and BNKLSTNS, the above ratio is 0.278 and
0.148, respectively, suggesting a significant reduction in the R3c con-
tent. For the [001] crystallographic zone axis”, the superlattice dif-
fraction spots of 1/2{ooe} is related to the in-phase a®a’c’ type
BOg tilting of P4bm symmetry. To further compare the structural
changes of the P4bm phase in BNKLST and BNKLSTNS5, the SAED
images of the two ceramics along the [001] zone axes were con-
ducted, as shown in Fig. 5i, j. For BNKLST, the pixel brightness
ratio of the superlattice diffraction spot to the central transmis-
sion spot is 0.797, while for BNKLSTNS5, it is 0.982, indicating that
the incorporation of Nb leads to an enhancement in the weak
polar P4bm phase. These results are consistent with the XRD
refinement results, indicating that Nb leads to a reduction of the
polar R3c phase and an increase in the content of the weak polar
phase and nonpolar phase.

To further observe the PNRs of BNT and BNKLSTNS5 ceramics and
analyze the relationship between chemical order and polarization
heterogeneity, we conducted atomic-scale high-angle annular dark-
field (HAADF) observations. As shown in Fig. 6al, in the HADDF
observations, a converged electron beam scans across atomic columns
and projects onto a plane. As shown in Fig. 6a2, for perovskite ABO5
ferroelectrics, the polarization vector can be obtained by the dis-
placement of B-site ion relative to the central of the A-site sublattice®*.
Moreover, as shown in Fig. 6a3, the pixel intensity is proportional to
the square of atomic number (Z%). Variations in atomic contrast can be
employed to analyze the chemical composition order**. We compared
the compositional differences of BNKLST and BNKLSTNS along the
[001] zone axis. As shown in Fig. 6b-c, for both BNKLST and BNKLSTN5
ceramics, the intensity at the A-site shows a similar compositional
inhomogeneity, indicating that Nb doping has no significant effect on
the distribution of A-site. In contrast, as shown in Fig. 6d, e, for the B-
site, the B-site intensity of BNKLST exhibits a uniform distribution
while BNKLSTNS5 exhibits significant contrast variations, revealing
B-site nanoscale inhomogeneity. Since the atomic number of Ti is 22
and Nb is 41, regions enriched with Nb will exhibit brighter intensity.
Therefore, region I can be attributed to the Nb-rich region, while
region Il can be attributed to the Ti-rich region. As shown in Fig. S19,
atomic-scale energy dispersive spectroscopy (EDS) analysis also

confirms that Nb exhibits a notable inhomogeneous distribution while Ti
has a uniform distribution. These results indicate that Nb exhibits che-
mical SRO phenomena within the high-entropy matrix. As shown in
Fig. 6f, g, Nb doping leads to further reduction of PNRs to the scale of a
few unit cells (i.e., polar nanoclusters*”), with numerous nonpolar
regions. Figure S20 show the polarization intensity mapping and dis-
tribution of the two ceramics, also showing a decrease in polarization
intensity in the BNKLSTNS ceramic, along with the presence of nonpolar
regions. By combining Fig. 6e and g, it is possible to analyze the het-
erogeneity of the compositions and the heterogeneity of polarization. As
shown in Fig.6h, i, the regions with lower polarization lengths corre-
spond precisely to the areas enriched with Nb. This finding is consistent
with DFT calculations, revealing that Nb doping can lead to a significant
reduction in the ferroelectric distortion. Moreover, in the Nb-rich
regions, the size of the PNRs is smaller than 1 nm (Fig. 6h2). Conversely,
in areas with lower Nb content, the sample exhibits a longer polarization
and larger PNRs -2nm. These results indicate that the short-range
ordered Nb promotes a further reduction in the size of PNRs. This leads
to a more effective response to the external fields and promotes the
relaxor ferroelectric behavior, which benefits the overall energy storage
performance. It is worth noting that the PNRs/polar nanoclusters of
BNKLSTNS ceramic exhibit greater polarization heterogeneity, indicating
the presence of a multiphase coexistence. To further characterize the
flexibility of polarization configuration, we conducted observations on
BNKLSTNS along the [110] zone axis, as shown in Fig. 6j. It is evident that
within the ultrafine PNRs, there exists a localized coexistence of R,
Orthodromic (abbreviated as O), T and C phases. This multiphase
coexistence leads to a flatter energy landscape, which is conducive to
achieve exceptionally high overall energy storage performances®™.

To gain deeper insights into the microstructure, we employed
in situ TEM under an applied voltage to analyze the polarization
response to the external field. As shown in Fig. 6k1, prior to the appli-
cation of the electric field, no significant long-range order is observed,
and the sample exhibits fine PNR/polar nanocluster (as evidenced by
atomic-scale STEM). Upon applying the electric field, as shown in Fig.
6k2, k3, the sample gradually develops long-range order, which rapidly
disappears upon removal of the field (Fig. 6k4), indicating that these
PNR/polar nanoclusters exhibit excellent response to the external elec-
tric field. Furthermore, as shown in Fig. 611-13, the SAED results during
applying voltages revealed that the diffraction spots of the P4bm phase
become brighter, indicating a transition from Pm3m to P4bm phase
during the formation of long-range order. Upon removal of the electric
field, as shown in Fig. 614, the P4bm phase quickly reverts to the Pm3m
phase, which facilitates a reduced P.. This is consistent with our
hypothesis that SRO exhibits lower barriers, enabling polarization to
respond rapidly to the application of an electric field, thereby forming a
long-range order under the electric field and quickly reverting to its
initial state after removing the electric field. As observed in Fig. S21, the
& and tan§ of BNKLSTNS5 ceramic fluctuate weakly with frequency,
favoring the realization of frequency-insensitive energy storage perfor-
mance, also indicating highly active PNRs/Polar nanoclusters. The high
activity of the PNRs/polar nanoclusters induced by SRO contributes to
superior energy storage performances with excellent stability.

Discussion

In summary, this work proposes a chemical short-range order strategy
to modulate energy storage performance in high-entropy relaxor fer-
roelectrics. The polarization switching barriers at chemical short-range
regions are lower, enabling rapid response to external electric fields
and enhancing the overall energy storage performances. We validated
the effectiveness of this strategy in Nb-doped high-entropy BNKLST
ceramics and achieved comprehensive energy storage performances
of W,e~16.4)/cm® and 1 ~90%. Atomic-scale HADDF observations show
that Nb exhibits a short-range ordered structure, with Nb enriched
regions displaying smaller polar nanoregions (PNRs) than 1nm and
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brightness of atomic columns can be analyzed to assess compositional changes,
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1 Corresponding [001]-oriented SAED patterns measured under different
voltages.

flexible polarization configurations of R-O-T-C multiphase coex-
istence, which is conducive to achieving high P, and low P,. Moreover,
refined and compacted grain, suppressed oxygen vacancies and
enhanced bandwidth contribute to a high breakdown field strength.

These collective factors result in exceptionally high energy storage
density and efficiency. The short-range order strategy is expected to
enhance the functional performances in other high-entropy relaxor
ferroelectrics.
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Methods

Ceramics preparation

The pristine BigsNagsTiO; and the lead-free Big,NagKo2Llag2Sro2
Ti-xNby (BNKLSTNX, x = 0.0 and 0.05) ceramics were prepared by raw
powders of K,CO5; (99.0%), Na,CO3 (99.8%), SrCO5; (99.0%), Bi,O3
(99.0%), Ti0,(98.0%), La,03(99.99%), and Nb205(99.9%) through a
conventional solid-state reaction. The raw powders were weighed
stoichiometrically and then mixed thoroughly using ball-milling with
zirconia balls and absolute ethyl alcohol in a polyethylene container
for 12 h. After being calcined at 1100 °C for 2 h, the mixture was ball-
milled again for 8 h. The dried mixture was pressed into pellets with a
diameter of 10 mm under 200 MPa for 30 s. At last, BNKLSTNx cera-
mics were sintered at 1220 °C in air for 2 h.

The samples are polished into ~0.05-0.07 mm in thickness, then
coated with gold electrode for P-E hysteresis loop measurements.
Diamond polishing liquid with particle sizes of 3, 2, and 0.5 microns
was used for polishing to ensure low surface roughness. Underdamped
and over-damped charge/discharge performance is tested by a capa-
citor charge-discharge system (CFD-003, Gogo Instruments, China). As
shown in Figs. S10a, Sl1a, during the testing process, the left switch is
first turned to the left to initiate charging, with a charging time of
500 ns. Subsequently, after charging, the bidirectional switch is turned
to the right, allowing the ceramic capacitor to discharge into a load
resistor (R) of 300 Q, while the discharge signal is measured over a
duration of 500 ns.

The crystal structures of samples were analyzed using X-ray dif-
fraction (XRD, SMARTLAB, Japan) with Cu Ka-0.1541 nm. The in situ
RAMMA spectra were obtained by Raman spectrometer (Horiba Lab-
RAM HR Evolution). Surface morphologies of the samples were
examined by a field emission scanning electron microscope (Gemini
SEM 500, Carle Zeiss, Germany). The dielectric properties of the
samples were measured using an LCR meter (E4980A, Agilent). The P-E
hysteresis loops under different electric fields were measured by Pre-
cision Premier Il from Radiant Technologies, connected to a high
voltage amplifier. The focused ion beam (FIB) milling technology was
used in this work to prepare the TEM sample. A spherical aberration-
corrected transmission electron microscope (Thermo Fisher Spectra
300, USA) was used to acquire the bright field observations and high-
angle annular dark-field scanning-transmission electron microscopic
(HAADF-STEM) images. The equipped EDS apparatus was used to
acquire the elements distribution. Based on the HAADF-STEM images,
the polarization vector and atom column intensity were calculated and
extracted by the MATLAB scripts®. For the in situ TEM observa-
tion, Pt-electrodes were deposited on both sides of the TEM
sample and an electrochemically etched tungsten tip was used as
a movable electrode**. Piezoresponse force microscopy (PFM)
measurements were conducted using Park Systems XE7 AFM. UV-
Vis absorption spectra were obtained by a UV-Vis Spectrometer
(Shimadzu UV-3600i Plus). The Electron Paramagnetic Resonance
(EPR) results were obtained by an EPR Spectrometer (Bruker
EMXplus-6/1, Germany).

Phase-field simulations

Phase-field simulations were performed to show the impact of lowered
local polarization switching energy on the ferroelectric domain struc-
ture evolution and, therefore, on the polarization response. In the phase-
field model, the time-dependent Ginzburg-Landau equation was used to
describe the evolution of the polarization P(x, t) for the ferroelectric
system without and with a lowered local energy barrier, as follows™:

oP _ 6F
iy dl 1
ot L oP @

where x and ¢ are the space position and time, respectively, L is the
kinetic coefficient, and F means the total free energy of the system. The

above equation describes that the polarization will evolve over time in
the direction of minimizing the free energy of the system. The total
free energy can be expressed as follows:

F= /Vﬁmlk * fotas +fetec +férad dav 2

where V denotes the system volume, f,,,« the Landau bulk free energy
density, f 4 the elastic energy density, f .. the electrostatic energy
density and f .4 the gradient energy density. The bulk free energy is
expressed as follows:

Fout =3 (P +P3+P3) +ay (P4 P4 +PY) + oy (PEP3+ P3P + PEPY ) + cipsPEP3PE

+am(P5+P"+P")+am(Pf( )+P2(P“+P4)+P2(P4+P“>)

(©)

where a;, ay;, ap,, @y, @y, and a;,; are Landau energy coefficients,
these values are come from our previous work**. Details for the rest of
the contribution to the total free energy can be found in ref. 56.

We adopted a finite element method to numerically solve the
above partial differential equations. The triangular elements were used
for the space discretization. Specifically, it is performed through the
mathematical interface in the COMSOL software due to its powerful
solving capabilities in multiphysics problems. The schematic diagram
of the phase-field simulation model (Fig. 1a) was created using Visio
software.

DFT calculations

DFT calculations were performed by using the Vienna ab initio simula-
tion package (VASP)”. For the exchange-correlation function, the gen-
eralized gradient approximation (GGA) of Perdew-Burke-Emzerhof for
solid was used*®. Electron-ion interactions were described by the pro-
jector augmented-wave (PAW) potential with a kinetic energy cut-off of
500 eV. The Na 2p3s, Bi 5d6s6p, Nb 4s4p4d5s, Ti 3d4s, and O 2s2p states
were treated as valence electrons. The Brillouin zone integrations were
sampled by using 4 x 4 x 4 Monkhorst-Pack grids for all the calculations.
Specifically, 2x2x2 P4bm and Pm3m phase were used as starting
configurations. All supercells have a uniform distribution of A-site
cations (Bi and Na) along the a, b, and c directions in the calculations, as
shown in Fig. S3. The energy convergence criterion was set to be 107 eV
and the structure was fully relaxed until the force was <0.02 eV/A. After
the calculations were completed, the crystal structure was visualized
using Vesta software.

Data availability

The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information files.
Source data are provided at https://doi.org/10.6084/m9.figshare.
28129568. Any other relevant data are also available from the corre-
sponding author upon request.
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