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Cutting-edge high/pulsed power capacitors with satisfactory power density are fundamental units in
modern power storage systems. However, a persistent challenge is how to overcome the trade-off be-
tween recoverable energy storage density (W) and efficiency (7) for meeting the miniaturization and
integration of advanced applications. Here, multiple local distortions including inhomogeneous functional
nanoclusters, (anti)ferro-distortions and highly dynamic polar nanoregions are modulated through a high-
entropy strategy to design a stable ergodic-relaxor-state-dominated structure. Of great importance, this
strategy delay polarization saturation, reduces hysteresis and improves breakdown strength, so that an
ultrahigh Wiec ~11.94]/cm? with a n ~ 82.4% is realized in Pb-free ergodic-relaxors. Moreover, a signifi-
cant Vickers hardness of 10.04 GPa as well as superior temperature, cycling and frequency stabilities are
also obtained. This work demonstrates that designing multiple local distortions via a high-entropy strat-
egy is a promising way to realize superior comprehensive energy storage properties in high/pulsed power

capacitors.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The proposal of “carbon neutrality” challenges the development
of renewable energy and dependable storage solutions [1]. Dielec-
tric capacitors are vital for contemporary energy systems, provid-
ing a higher power density and a faster-discharging rate compared
to other energy storage systems across various applications, from
portable electronics to electric vehicles and grid storage [2-10].
However, the application of dielectric capacitors is seriously re-
stricted by their limited energy storage density and poor reliabil-
ity in harsh environments, particularly in metallurgical monitoring,
avionics and mining [11,12]. Accordingly, there is a center of con-
cern toward the exploitation of dielectric capacitors with high en-
ergy storage density and high reliability.

In terms of energy storage properties (ESPs), the integration
of large and delayed saturation polarization (Pp,), small remanent
polarization (P;), low hysteresis (H), as well as a high breakdown
strength (Eg) is essential to achieving high recoverable storage den-
sity (Wrec) and conversion efficiency () [13-15]. Advances in ma-
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terials science, particularly in Pb-free ceramics, have significantly
enhanced ESPs. For example, the polarization features are modu-
lated by means of phase structure [16], domain size [17], relaxation
enhancement [18], etc. to reduce the P; and H, which can signif-
icantly enhance 7. The other hand, preparation process optimiza-
tion like viscous polymer processing (VPP) [19], hot-pressing [20]
and repeated rolling [21], high energy ball milling [22] as well as
chemical modifications, such as defect engineering [23] and inter-
facial polarization [24], can effectively enhance Eg. Besides, special
structures such as “core-shell structure” [25,26], “local polymor-
phic distortion” [27] and “element segregation” [28] are also used
to improve ESPs. These strategies offer superior energy storage
capabilities, which is essential for next-generation dielectric capac-
itors. Recently, significant breakthroughs in the Wi of relaxor fer-
roelectrics (RFEs) and antiferroelectrics (AFEs) have distinguished
them from other types of Pb-free ceramics. Extremely high Wyec of
7.9 [29] and 12.2]/cm3 [19] in AgNbO; (AN), NaNbO; (NN)-based
AFE systems have been achieved. Unfortunately, unsatisfactory n
(<80%) causes the energy loss (W) to escape in the form of
heat, which leads to thermal breakdown of the capacitor after
multiple runs [30]. For RFEs, the progressive transition from noner-
godic to ergodic relaxor (ER) state on heating leads to a monoton-
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Scheme 1. (a-c) Schematic of designing multiple local distortion via a high-entropy strategy in ergodic relaxors for high energy storage.

ically lower H, improving n [31]. However, most RFEs still exhibit
confined Wyec (<8]/cm?3) as the interactions between polar nanore-
gions (PNRs) are weakened, resulting in a low Py, [26]. Therefore,
achieving both high Wyec (>10 J/cm3) and high 1 (>80%) in bulk
ceramics remains a challenge to be addressed urgently.

NN with multi-phase exhibits high adjustability in the order-
ing of both polarization and oxygen octahedral tilt, making it
an outstanding matrix for local structure design [32,33]. Over 10
types of structures have been reported regarding NN-based sys-
tems, but only a limited number of NN-based systems with ER
state (NN-CZ, NN-BMN-BNST, NN-BF-BT, etc.) have been reported
[28,34,35] Here, (NaO.g_xBio_l +X/zLiX/z)(Nbo_g_xFeo_]Tix)O3 (NBLNFT-
x) ERs with multiple local distortions are devised through a sim-
ple high-entropy strategy, as shown in Scheme 1. The configu-
ration entropy (Sconfig) Of NBLNFT-x is listed in Table S1. Bi3+
with the “lone pair effect” and the large center-off displacement
value results from Lit with a small ionic would effectively en-
hance polarization saturation [35]. Fe3* and Ti*t have similar
ionic radii and theoretical polar displacement values compared
to Nb>+, which can be considered as the ferroelectrically active
ion, are usually accompanied by large Py [36]. Besides, the in-
troduction of these ions (Li*, Bi3+, Fe3*, Ti4*) into NN matrix si-
multaneously enhances the local random electric field and stress
field (Scheme 1a). This phenomenon facilitates the formation of
highly dynamic PNRs, which would significantly lower the domain-
switching energy barrier and promote polarization rotation [37].
With increasing Sconfg, the mismatch in atomic size, mass, va-
lence, and electronegativity is amplified, which not only enables
a broader temperature range for the ER state but also induces dis-
ordered polarization configuration (Scheme 1b), thus significantly
enhance the response to external electric field, greatly enhance n
(Scheme 1c) [38,39]. Moreover, complex (anti)ferro-distortions in-
cluding local ordered and disordered domain structures result from
long-range ordered and disordered oxygen octahedral tilts, respec-
tively, which would provide large and delayed saturation polar-
ization [40,41]. As a result, encouraging high-field ESPs (Wiec ~
11.94]/cm3, n ~ 82.4% at 66kV/mm) and temperature stability at
40kV/mm (Wiec ~5.04+0.3]/cm3, n ~ 80.69% + 4%, from 25°C to
150°C) are realized in NBLNFT-0.3 ceramic. Furthermore, an ultra-

high Vickers hardness Hy ~ 10.03 Gpa is also obtained owing to
the combination of the dense microstructure and fine grain size
[42]. The superior comprehensive performance enable NN-based
an attractive research topic in Pb-free dielectric ceramic field.

The systems of NBLNFT-x were achieved through a solid-state
sintering method. Details of equations, preparation process, struc-
tural characterization, phase field simulation and measurement
equipment are presented in Supporting Information.

Mechanical properties like hardness are critical parameters that
affect the cyclic life of the material. Figs. 1a and b present symmet-
rical rhombic Vickers diamond indentations and diagonal straight
cracks indicating plastic deformation of the ceramic. A significant
enhancement in Hy ~ 10.04 Gpa is gained in NBLNFT-0.3 ceramic
compared to NBLNFT-O ceramic (6.63 Gpa) with the increase in
Sconfig- In comparison to glass and other perovskite systems, the
NBLNFT-0.3 ceramic shows higher hardness, as plotted in Fig. 1c
[42-49]. Powder XRD patterns of NBLNFT-x (Fig. 1d) ceramics
exhibit a perovskite structure without impurity phases. The (200)
peak displacing to higher angles is caused by lattice contraction
resulting from the solid solution of components with smaller
ionic radii (Fig. 1e). In addition, the split (200) peaks in NBLNFT-0
ceramic progressively merge as x increases, which is similar to
the formation of pseudo-cubic phases in typical relaxors [50].
Rietveld refinements for XRD the pattern of NBLNFT-x ceramics
using Fullprof software are shown in Fig. 1f and Fig. S1 and Table
S2 (Supporting information). It is interesting that a transformation
from AFE P phase to FE Q phase is found in 0 <x<0.2 ceramics,
and the NBLNFT-0.3 ceramic can be well identified by FE Q phase,
indicating the intrinsic properties of NBLNFT-x have changed from
AFE to RFE with the increased entropy. The dielectric spectra, plot-
ted in Fig. 1g and Fig. S2 (Supporting information), also demon-
strate the disappearance of antiferroelectricity and the formation
of relaxor ferroelectricity in NBLNFT-x ceramics [51]. Furthermore,
the relaxation degree (y) of NBLNFT-0.3 ceramic calculated by the
Curie-Weiss law is 1.89, suggesting a strong relaxor behavior. The
Raman spectra of x > 0.2 ceramics (Fig. 1h and Fig. S3 in Supporting
information) similarly demonstrates localized relaxor ferroelectric
behavior [52]. Measurement of the unipolar P-E loops at 15 kV/mm
is utilized for the initial assessment of ESPs in NBLNFT-x ceramics
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Fig. 1. Vickers indentation of (a) NBLNFT-0, (b) NBLNFT-0.3 ceramics, (c) Vickers hardness of recently reported glass and ceramic materials. (d) XRD patterns of NBLNFT-x
ceramics. (e) Enlarged view of the 26 range from 46° to 47° (f) XRD Rietveld refinement of NBLNFT-0.3 ceramic. (g) Dielectric spectra of NBLNFT-0.3 ceramic. (h) Raman

spectra of NBLNFT-x ceramics. (i) P-E loops of NBLNFT-x ceramics under 15 kV/mm.

(Fig. 1i). The ceramic of NBLNFT-0 presents a classic AFE feature
with a high Py but a large P;. With increasing Sconfigs Pm, H and P;
exhibit an ongoing trend of decreasing, especially in NBLNFT-0.3
ceramic, where an exceedingly slim P-E loop is obtained. This phe-
nomenon is associated with the transition of NBLNFT-x from AFE
to RFE, which is in accordance with the results of both the dielec-
tric spectrum and XRD. On account of the ESPs in the low-E region,
the NBLNFT-0.3 high-entropy ceramic with an ER state is consid-
ered to be the optimal component to realize both high Wi and
n, thus further investigations on its microstructure are carried out.

For the identification of the local polar structure, TEM analy-
sis of the NBLNFT-0.3 ceramic along the [100]. and [011]. direc-
tions are presented in Figs. 2a-j. An anomalous microdomain with
sub-micrometer-grade widths and micron-grade lengths, associat-
ing with long-range ordered oxygen octahedral tilt in the NN ma-
trix [53], which would result in high Pmax (Fig. 2a). Fig. 2b presents
the HR-TEM lattice fringe, demonstrating good crystallinity. As a
symbol of RFEs, PNRs with lower domain-switching energy bar-
riers and weaker coupling, which can significantly reduce H and
delay polarization saturation, should not be ignored [3,4,54,55]. A
complex domain pattern composed of randomly dispersed PNRs
with sizes of 2-5nm (Fig. 2d) can be observed on the HR-TEM
image, and the corresponding inverse Fourier transform pattern
(Fig. 2e) along the [100]. direction both indicate the disordered po-
larization configuration. It is usually thought that ferroelastic do-
main is generally assumed to be formed through the (anti)ferro-
distortion of both polarization and oxygen octahedral tilt. There-
fore, the anomalous microdomain in Fig. 2a can be defined as the
micro-ferroelastic domain, in which the PNRs are distributed disor-
derly. Simultaneously, the 1/2-type superlattice diffraction dots like
(ooe)[2 are observed (Fig. 2c), which originate from the tilting of
the a'b*c oxygen octahedral in the FE Q phase [34]. Notably, 1/2-
type superlattice diffraction dots disappear at partial equivalent
positions. It is because that the micro-ferro-elastic domains arising

from the long-range ordered oxygen octahedral tilt leads to par-
tial occupation of the superlattice diffraction dots. The local polar
structure observed along [100]. direction in NBLNFT-0.3 is similar
to the typical NN-CZ RFEs with long-range ordered oxygen octahe-
dral tilt and disordered polarization [34]. Apart from the anoma-
lous microdomains, numerous black speckled nanoclusters can be
observed on the TEM image along the [011]; direction (Fig. 2h). In
an attempt to explore the origin of the black speckles, a yellow se-
lected region is magnified. A particular type of inhomogeneous lat-
tice stripe (20-50nm) is discovered (Fig. 2i), which results in the
appearance of different contrasts (black speckles), also indicating
the disordered polarization configuration. The 1/2-type superlattice
diffraction dots like (eeo)/2 and (000)/2 that can be viewed at all
equivalent positions, demonstrating the absence of local ordered
oxygen octahedral tilt. Therefore, the NBLNFT-0.3 ceramic can be
considered as an RFE, in which nanoregions with inhomogeneous
polarization vectors are randomly embedded in ordered micro-
ferroelastic domains and disordered nanoclusters. The simultane-
ous existence of long-range ordered and disordered oxygen octa-
hedral tilt provides the NBLNFT-0.3 ceramic with a large polariza-
tion response and delayed polarization saturation, while disordered
polarization configuration weakens the domain-switching barriers,
leading to flatter switching pathways and smaller hysteresis losses,
thus extremely boosting the energy density. Moreover, PFM is em-
ployed to recognize the response of PNRs to E (Figs. 2k and I). It is
clearly shown that the PFM images of the NBLNFT-0 ceramic under
+30 V exhibit large domain switching. There is still a large domain
signal after 20 min of relaxation with the removal of E, which is
consistent with a large H in the P-E loop [56]. On the contrary,
the domain signal of NBLNFT-0.3 ceramic after 20min of relax-
ation is rapidly switched over to the initial state, suggesting the
existence of high dynamic PNRs. These observations provide con-
crete evidence for establishing multiple local distortions including
inhomogeneous functional nanoclusters, (anti)ferro-distortion and
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Fig. 3. (a-d) SEM images of NBLNFT-x ceramics. Electrical tree evolution for (e) NBLNFT-0, (f) NBLNFT-0.3 ceramics. (g) Weibull distributions of NBLNFT-0.3 ceramic. (h) The

E, values of NBLNFT-x ceramics.

highly dynamic polar nanoregions through a high-entropy strategy,
which is significant for improving the energy storage capacity of
NBLNFT-0.3 ceramic.

In accordance with the theory of energy storage, outstanding
Eg is also crucial for gaining a high Wyec. It is widely recognized
that the smaller average grain size (AGS) represents the larger Eg,
denoted as Egex (AGS)® (o ~ 0.2-0.5) [57,58]. Figs. 3a-d present
the SEM images and the AGS of NBLNFT-x ceramics. Inhomoge-
neous morphology with many pores and large AGS (4.35 pm) can
be viewed in NBLNFT-0, which is responsible for the low Eg. With
increasing x, the pores disappear and the morphology gradually
becomes denser. More importantly, AGS declines sharply, even 1.64

um of that is realized in NBLNFT-0.3 ceramic. The uniform distri-
bution of the elements in NBLNFT-0.3 ceramic is shown in the EDS
mapping (Fig. S4 in Supporting information). Simulation using the
finite element method, combined with surface morphology and the
dielectric constant, is employed to deeply understand the impact
of microstructure on the breakdown process. Figs. 3e and f and
Fig. S5 (Supporting information) present the electrical tree prop-
agation as well as the distribution of potential and local E-field.
The NBLNFT-0 suffers from a sizable local E-field and a remark-
able electric potential difference under the external E, so that the
electrical tree grows rapidly with time and eventually punctures
the whole model. In contrast, the decreased AGS and the increased
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grain boundaries in NBLNFT-0.3 ceramic lead to a smoother grain-
to-boundary transition with a homogeneous distribution of local E-
field and potential difference, inhibiting the rapid growth of elec-
trical tree. The Weibull distribution used to assess the statistical Eg
value is depicted in Fig. 3g, and both the well-fitted distribution
and a high shape parameter (8 =17.4) demonstrate high reliability
[59]. Besides, the Nyquist patterns of NBLNFT-x, measured between
500°C and 650 °C, are plotted in Fig. S6. The dramatic increased re-
sistance with increasing Scongg Suggests an enhancement in electri-
cal insulation. The activation energy (E,) calculated via the Arrhe-
nius formula is shown in Fig. 3h. Inhibition of carriers across grain
boundaries by the highest E, (1.32eV) in NBLNFT-0.3 ceramic also
improves the insulating property effectively [3,60]. Overall, these
improvements ensure an ultrahigh Eg can be realized in NBLNFT-
0.3 high-entropy ceramic.

Based on the devise of multiple local distortions through a
high-entropy strategy, an encouraging energy storage capability is
achieved in NBLNFT-0.3 high-entropy ceramics with thicknesses of
0.05-0.08 mm (Fig. 4). As displayed in Fig. 4a, the attainment of
slender P-E loops with small P; even at high E demonstrates a sta-
ble polarization behavior. Remarkably, a high Ppnax ~ 47.04 nC/cm?
together with a low P; ~ 2.8 pnC/cm? at 66kV/mm is gained. This
means an exciting Wrec ~ 11.9]/cm3 accompanied by a high n ~
82.4% has been realized (Fig. 4b). The outstanding ESPs obtained
in NBLNFT-0.3 high-entropy ceramic are still a huge breakthrough
compared to other ceramics reported so far (Fig. 4c and Table S3 in
Supporting information). Importantly, there is no indication of po-
larization saturation even at Eg, meaning NBLNFT-0.3 has the po-
tential to be the energy storage material used in MLCC with thin-
ner thicknesses for achieving higher performance [61]. High reli-
ability is an essential index for assessing the outdoor operation
of capacitors. Figs. 4d-f present the temperature/cycling/frequency-
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dependent P-E loops and the corresponding ESPs of NBLNFT-0.3 ce-
ramic under 40kV/mm. The P-E loops are always very thin, with
near-zero changes in Ppax as the temperature rises from 25°C to
150°C. Consequently, the high Wrec (5.0£0.3]/cm3) and 1 (80.69 %
+ 5%) over the temperature range can be sustained. Such excel-
lent temperature insensitivity is strongly associated with virtually
unchanged phase structure [62], which can be proved by in-situ
Raman spectrum (Fig. S7 in Supporting information). Moreover, the
P-E loops also remain thin over a long cyclic behavior (1-10°) and
a wide frequency (1-500Hz). As a result, durable cycling perfor-
mance (Wiec ~ 519+0.31]/cm3, n ~ 81.8% + 2.26%) and stable
frequency conversion performance (Wrec ~ 4.96+0.32]/cm3, n ~
82.51% + 1.53%) can be achieved. Such superior reliability ensures
that NBLNFT-0.3 high-entropy ceramics have a promising prospect
in practical application environments. The charge/discharge perfor-
mance is also significant for a comprehensive assessment of the
potential for capacitor applications [63,64]. Viewed from the reg-
ular overdamped discharge oscillating waveforms under E from
10kV/mm to 35kV/mm (Fig. 4g), the peak current (Imax) progres-
sively rises from 3.38 A to 11.85 A. Accompanying the growth of
Imax is a simultaneous increase in Wy, which reaches a maxi-
mum valve (3.24]/cm3 at 35kV/mm). It is worth noting that an
ultrafast discharge rate (tpg9 ~ 44ns) can be acquired at each
selected E (Fig. 4h). Apart from the overdamped discharge, the
underdamped discharge process, plotted in Fig. S8 (Supporting in-
formation), also shows an excellent performance. The Iax, the cur-
rent density (Cp) as well as the power density (Pp) reach as high
as ~24.6 A, ~783.6 A/cm? and ~137.1 MW/cm?, respectively, under
35kV/mm. A comparison of comprehensive electrical properties
between NBLNFT-0.3 and other representative systems (NN, BNT,
AN, BF, BT, ST) of Pb-free bulk energy storage ceramics is given in
Fig. 4i. Obviously, NBLNFT-0.3 ceramic possesses significant advan-
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and n with these reported Pb-free bulk ceramics. (d) Temperature-dependent, (e) cycling-dependent, (f) frequency-dependent. (g) Overdamped pulsed discharge current
curves and Wyis-too plots (inset) under different electric fields. (h) Wyis, Imax and tpg as a function of electric field. (i) Comparisons of comprehensive properties between
NBLNFT-0.3 ceramic and some representative energy storage ceramics with excellent comprehensive performance of different systems.
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tages in terms of ESPs, reliability and discharge performance, par-
ticularly in high temperature/cycling/frequency conditions. In view
of these, the more significant advantage in comprehensive ESPs
than other systems exhibited by NBLNFT-0.3 high-entropy ceramic
makes for a promising future in dielectric capacitors [29,60,65-68].

In summary, outstanding ESPs along with excellent reliability
and high Hy is realized in NBLNFT-0.3 ceramic. Multiple local dis-
tortions including inhomogeneous functional nanoclusters, com-
plex local (anti)ferro-distortions and highly dynamic polar nanore-
gions are modulated through the regulation the configurational
entropy. These local distortions effectively prevent early polar-
ization saturation, minimize hysteresis loss, decrease P and im-
prove mechanical properties. Encouraging high-field ESPs (Wpec ~
11.94]/cm3, n ~ 82.4% at 66kV/mm) and temperature stability at
40kV/mm (Wrec ~ 5.0+£0.3]/cm3, n ~ 80.69% + 5%, from 25°C to
150°C) are realized. All results demonstrate that designing multiple
local distortion through a high-entropy strategy offers new ways to
realize superior comprehensive properties.
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