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% Check for updates Electrostatic capacitors are critical components in the power system of electric

vehicles (EVs). The current commercially available solutions are largely based
on ferroelectric oxides of which the permittivity decrease with increasing
electric field. Here, we propose a high entropy modulation design in a quan-
tum paraelectric-ferroelectric/antiferroelectric matrix, which enables a stable
and field-independent energy charge/discharge response across a wide vol-
tage range. By effectively synergizing the high efficiency (n) of quantum
paraelectrics and the high polarization of the ferroelectric/anti-ferroelectric
matrix with the entropy regulator, a high recoverable energy density (W) of
13.3) cm™ with an n of 92.4% is achieved in the bulk state of the perovskite
material, promising for device scale-up. Versatile polar regions as well as a
defect-less microstructure is achieved by the optimized compositional design
and material processing. On a mesoscopic level, the electrical microstructure
of the material is engineered to provide a large breakdown strength (E;) of
750 kV/cm, which is confirmed by the resolved electrochemical information
and finite-element simulation. The proposed strategy provides a new path for
designing high performance next generation energy storage/power convert-
ing dielectrics. This demonstration of quantum paraelectrics for energy sto-
rage application is expected to stimulate extensive efforts in the area.

Recently, increasing attention has been paid to electrostatic energy
storage due to its extraordinary functional performance resulting from
its swift response time (- ns) towards electric field. Dielectric devices
with such performance are widely applied in electrical and electronic
devices, for instance, the traction inverter and DC-DC/DC-AC converters
onboard electric vehicles (EVs). With the revolution of automobile
industry from fossil fuel dependent towards fully electrification, the

optimization of electrical properties of the functional material applied in
these critical components would have an increasingly large impact on
the general public. A schematic illustration of the dielectric energy
storage process and the associated performance is shown in Supple-
mentary Fig. 1. High entropy perovskite is a focus for researches on next
generation energy application’. Attempts to optimize their electrical
performance has been made by optimizing the dielectric relaxation
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time, relaxation type, crystallization, polar topologies, etc’®. An
antiferroelectric-ferroelectric perovskite superlattice was constructed to
achieve large energy storage density in an integrated on-chip
microcapacitor’. Entropy modulation is proven successful in stabiliz-
ing the crystal structure and achieving superior energy storage perfor-
mance in bismuth layered dielectrics®*’. Configurational order is proven
to be critical in tuning both room temperature and high temperature
(>200 °C) conductivity of electronic materials. There are also reports
that the transport behavior of carriers is of importance to the device
performance™ ™. We showcase here that these important aspects for
achieving high energy storage performance could be optimized coor-
dinatively by optimizing the electrical microstructure of the dielectric,
i.e., the electrical modulus of the insulating components within the
material, to achieve superior functional performance in dielectric
materials.

Relaxor ferroelectrics has been the focus of developing high
energy storage dielectrics due to the highly mobile polar nano region
(PNR) which is field-sensitive and give the material its high energy
storage efficiency (n)"*. The dynamics and manipulation of PNR has
been a focus of many recent studies”. A wide range of characterization
techniques has been applied to fully understand their properties and
the underlying mechanisms'®”. PNRs have been observed in a range of
oxides with superior energy storage performance, including per-
ovskites and tetragonal tungsten bronzes'®", Computational approa-
ches are exploited to locate superior performances based on PNR
dynamics®. It is widely accepted that the introduction of PNRs rather
than ferroelectric domains in inorganic dielectric materials is a pre-
requisite in achieving high energy storage density (W...) and n
simultaneously”. However, the PNR dynamics in high entropy modu-
lated materials still lacks understanding®. This work provides insight
with atomic scale high resolution microscopy to address this issue.

Electrical microstructure investigation based on impedance
spectroscopy (IS) is widely used to study various energy storage and
dielectric material systems®?*. In oxide materials, there are in-depth
investigation on BaTiOs (BT), Nag sBio sTiO3 (NBT), Li;LasZr,0y, etc™ 7.
However, the electrical microstructure is hardly resolvable in most
newly developed dielectrics, with a single overlapping Debye peak for
the imaginary part of electrical modulus (M”) and impedance (Z”),
except in the most commercially valuable and widely investigated
BT®%. In this work, the electrical microstructure of NaNbO; (NN)
based perovskite is resolved for the first time, showing similarity to
that of BaTiO3; based material, verifying the potential of the reported
composition as the next generation energy storage dielectric. With
appropriate electrode configuration, the electrical microstructure of
other dielectrics, semiconductors and battery materials could also be
resolved by analyzing the IS data in a similar manner*°*, The technique
is also useful in optimizing performance of wearable electronics such
as flexible pressure sensors and radio-frequency components®*,

Currently, NN based composition is under intense development
around the world as an alternative to the widely applied BT and (Pb, La)
(Zr, Ti)O5 (PLZT) based compositions for energy storage ceramic
capacitors® . The similarity in crystal structure and field induced
phase transition characteristics of NN based antiferroelectrics with
that of PLZT has attracted wide interest from both scientific commu-
nity and industry®*°. SrTiOz (ST) based multilayer ceramic capacitor
(MLCC) is a preferred option in high-end market due to its high per-
formance and excellent reliability*. ST has been used to enhance
reliability and thermal stability in some relatively conductive material
systems such as BiFeOz and NBT based perovskites****, Combining the
high breakdown strength (£,) of ST and the high polarization of NN, we
used NN-ST as our base material for optimization. Ta* is used to tune
the field induced phase transition and enhance the £, of the
niobate***, Ca*" is a common dopant in Class | MLCC in tuning the
Curie temperature and dielectric performance of the material*.
Although the quantum paraelectric ST was discovered decades ago,

tuning of its induced ferroelectricity for applications in electrical/
electronic systems is still fervently researched*°. Moreover, Hf*,
Zr*, and Sn** are used in the same stoichiometry as a high entropy
modulator to induce high lattice distortion and disorder for enhanced
response speed towards external applied electric field. With these
considerations, finally, we designed and fabricated (0.75-x)NaNbOj;-
0.10NaTa03-0.155rTiOs-xCa(Hf,3Zr,/3Sn,/3)03  (NN-XCHZS; x=0.00,
0.02, 0.05, 0.10) ceramics, of which x=0.10 shows excellent energy
storage performance, demonstrating the effectiveness of our design
strategy. With this high entropy modulation, the composition is suc-
cessfully tuned from medium entropy (ME) to high entropy (HE).
Configuration entropy is evaluated based on molar fraction of differ-
ent species (supporting information). This high-performance high
entropy composition is unique and of importance from chemical
perspective as well, since it is very difficult to achieve single-phase in
oxide materials when configuration entropy is high (=1.5R)*.

Our design strategy and its effects are summarized in Fig. 1.
Notably, this is the first work to regulate the dielectric energy storage
performance of quantum paraelectrics with high entropy strategy. We
start the optimization by using a quantum paraelectric-ferroelectric/
antiferroelectric matrix (Fig. 1a). Through entropy engineering, the
atomic-level microstructure of the material is significantly changed
with higher fluctuation on the B-site of the perovskite (Fig. 1b). The
transport behavior is systematically optimized both from the view-
points of real space and electronic band structure (Fig. 1c, d). The
height and density of transport barriers are increased with elevated
activation energy (E,) (Fig. 1c). The band gap is increased based on
both experimental results and density function theory (DFT) calcula-
tions (Fig. 1d). Thus, E, of the material is significantly improved as
proved by experiments and simulations (Fig. 1b, g). A self-assembled
superstructure associated with oxygen octahedral tilting (Fig. 1e)
facilitates the field-independent dielectric response. Based on Gibbs
free energy equations from Landau’s theory, the tilting angle is an
order parameter which contribute to the total energy through the
coupling terms™: B, (67 + 65 + 6%2 +By <9‘f +65+6%) where B, and
are the octahedral torsion coefficients. A high degree of octahedral
tilting induces high torsion stress, and correspondingly high energy of
the crystal structural mode. In other words, the octahedral tilting
stabilizes the crystal structure by squeezing the dimension of the lat-
tice, lowering the symmetry and creating stronger Nb-O bonds, which
absorb the electric energy upon the application of electric field. With
such distortion, it takes up more energy for the lattice mode to
transform from random/weakly polarized into a highly polarized one,
the field induced polarization with such tilting is also reduced. Finally,
the electrical microstructure experiences one order of magnitude
enhancement in shell modulus with the entropy engineering (Fig. 1f).
As a result, the significantly optimized performance enables higher
rated voltage for electronics and electrical systems, for example, DC-
AC converter and traction inverters for on-board electrical vehicles
(EVs) to enable faster charging and high energy utilization efficiency
(Fig. 1g)*. With the above illustration, a strategy for quantum para-
electric structural stabilization and high entropy modulation to
achieve high energy storage performance and ideal field response is
successfully developed and validated in a model dielectric. Detailed
analyses of the experimental results validating this design strategy are
given below.

Results and discussion

Energy storage performance

Under the guidance of our proposed high entropy modulation
method, we successfully fabricated bulk material with both high W
and excellent n. The high voltage behavior of NN-xCHZS is shown in
Fig. 2. As the high entropy modulator is doped into the crystal lattice,
the field-dependent behavior of polarization is significantly changed.
Namely, the response becomes more linear with the doping (Fig. 2a).
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Fig. 1| Schematic diagram of high entropy modulation in the quantum para-
electric-ferroelectric/antiferroelectric matrix. a Landau energy profile of the
matrix components. Comparative display of the (b) intensity mapping of B-site of
the perovskite at atomic scale; ¢ height and density of transport barriers along
electric field direction L, with E, being the activation energy of charge carriers; and
(d) band structure based on experiment and density function theory (DFT)

f

calculation, highlighting the conduction band minimum (CBM), valence band
maximum (VBM) and band gap energy (E;). e Self-assembled twofold crystal
superstructure of NN-xCHZS. f Electrical microstructure enhancement of one order
of magnitude. g Elevated operating voltage and energy density of capacitors for
traction invertor in electric vehicles (EVs) with the high entropy modulation
approach.

a . . . b c
16F =eee —
40t E 40 F B ]
- o x=0.10 ;,E“ —=— Efficiency
£ £ 12} i {60
5 30l 5 a0l R : Recoverable Energy Density =
Q Q W, =13.34 J cm - = o5
=4 FRECE T (k¥ ) 2 130 3
S 20l S 2l 750 s 8r x=0.10 &
IS _ g 700 o o 8
= x=0.00 R > 0 &
IS - & 600 3 - ]
g x=0.02 g 500 & 4|
o 10 ——x=0.05 o 10F 200 I {-30
x=0.10 300
0 L ) A 0 . ) . . OF ) A A 1-60
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Electric Field (kV cm™) Electric Field (kV cm™) Electric Field (kV cm™)
dos : €gs . . . f : : : :
9t
x=0.05 BT _ Fau
o x=0.10 | This work = f E,=603
. I . 92t 1 g ¥ p=28.71
Ué Capacitance Stabled Range > 700 kV cm S NBT'/' 2 j
= ] < r: 3 »
2 Taal " S J £,=153
o] r ) 1 o
S 3 ‘ State-of-the-art v = / o B=4455
g 1 & \ . Z 10k 3
S = \ ) ) £, =365 x=0.00
— 84r B, Y 1 o p=1837 =0.
-0.1F 1 B 5 o E :[95/ﬂ : x=0.02
.......... [i7] 4 e x=0.05
T8 BF $=9.70 . x=0410
_02 i 1 1 1 80 1 1 ' 1 1 L 1 1
0 200 400 600 800 8 10 12 14 16 200 400 600 800 1000

Electric Field (kV cm™)

Fig. 2 | Energy storage performance of NN-xCHZS ceramics. a P-£ loops slightly
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storage performance (W, N and Ug) of NN-xCHZS with current state-of-the-art
bulk energy storage dielectrics™'®**7, f Weibull distribution analyses for evalu-
ating the £, of NN-xCHZS ceramics.

The material can withstand higher electric field with increasing x, while
the maximum polarization value of each composition remains on the
same level. We adopt the parameter Ug (=W,ec /1-17), as an overall
performance indicator for energy storage dielectric®. With our strategy
applied, tremendous enhancements in n, W, and Ug are seen in the
NN based dielectric, with an increase of twofold, ninefold, and 55-fold,
respectively (Supplementary Fig. 2). These performance indicators of
our composition show significant advancements compared with the
state-of-the-art of bulk inorganic dielectrics (Fig. 2e). The optimal
performance is achieved when x = 0.10, of which the n remains steady
above 92 % and shows little decay up to 750 kV/cm (Fig. 2b, c). The

capacitance across a wide voltage range is successfully stabilized with
the high entropy modulation (Fig. 2d). Based on Weibull analyses for
the £, of NN-xCHZS (Fig. 2f), the statistical value of £, of the ceramics
shows a remarkable improvement from 195 to 753kV/cm with
increasing high entropy modulation, and the reliability of the ceramics
is also elevated as reflected by the increased Weibull modulus g from
9.70 to 44.55. We note here that only with a high Ep, a high W, is
achievable, as the case shown in x=0.10. It could be seen from the P-£
loops that under the same field of ~100 kV cm™, the W, values are
similar with or without the high entropy modulator (Fig. 2a). However,
x=0.00 breaks down before it could reach higher electric field, thus
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Fig. 3 | Crystal structure, band structure and domain structure of NN-xCHZS
ceramics. a XRD patterns of NN-xCHZS ceramics. Inset is a schematic of the long
range ordered antiferrodistortive structure which gives rise to the distinctive
superlattice peaks. b Tauc plots of NN-xCHZS derived from the UV-Vis spectrums,
with the x-intercept being the indirect band gap (E) values. Inset shows the sche-
matic of the activation of electron from valence band (VB) to conduction band (CB).
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SAED images of x = 0.10 viewed along the (e) <110> ¢ and (f) <100>  zone axes. The
superlattice diffraction spots confirm the P2;ma superstructure observed in the
XRD diffraction pattern.

couldn’t show higher W,... The reliability of NN-xCHZS is further
confirmed by time and field-dependent leakage current measure-
ments. As shown in Supplementary Fig. 3, the leakage current at
100 kV/cm deceases to ~107° A/cm? with increasing x, and is stable
with time.

Crystal structure, entropy modulation, and polarization
configuration

To illustrate the microscopic origin of the ultrahigh energy storage
performance of NN-xCHZS, their polar feature and crystal structure are
investigated with transmission electron microscopy (TEM) and X-ray
diffraction (XRD). The average crystal structure shows orthorhombic
symmetry, while a long-range oxygen octahedral tilting order gives rise
to several distinctive superstructure peaks (Fig. 3a). In the below dis-
cussion of TEM results, we adopt a pseudocubic indexing for simplicity
and without bringing about further confusion, as done by many
others™**, There are no macroscopic domains present in the material,
only certain strip-like features with size of tens of nanometers detected
under bright field TEM (Fig. 3d). A few dislocations are detected in the
grains of x=0.10, which may be caused by entropy associated com-
positional disorder (Supplementary Fig. 4a). The superstructure is
confirmed by selected area electron diffraction (SAED) with 1/2(010), 1/
2(001) superlattice diffraction spots and 1/2(1-10), 1/2(001) super-
lattice diffraction spots shown along the zone axes of <100>¢ and
<110> ¢, respectively (Fig. 3f, e and Supplementary Fig. 4b, c). With
precise compositional design based on a holistic consideration of
crystal chemistry, structure tolerance, configuration entropy and
electronic band structure, we are able to preserve such superstructure
despite the high volume of doping (Sconfig =1.87 R). Based on the TEM
diffraction pattern, unit cell doubling along at least two crystal direc-
tions are present in the material. With this information, the space

group and type of tilting is further identified with Rietveld refinement
to be P2imaand a'b*c” in Glazer notation, respectively (Supplementary
Fig. 5). The information of the P2;ma space group used in the Rietveld
refinement and the refined cell parameters are shown in Supplemen-
tary Tables 1 and 2, respectively®. The average tilting degree of the
oxygen octahedral w (w =180°-£B-0-B)/2) in x=0.10 is 8.86°, which is
on the same level as pure NN*. The high magnitude of oxygen octa-
hedral tilting serves as a regulator under high electric field. Qi et al.
suggested that the tilting angle changes with electric field, absorbing
electrical potential energy, stabilizing the crystal structure, thus
delaying the polarization saturation up to a higher electric field*®. Such
characteristics effectively enhance the energy storage density by
allowing a continuously rising polarization across a wider applied
voltage range*. The indirect band gap (Eg) values determined by
UV-Vis spectroscopy suggest that the Eg of NN-xCHZS can be effec-
tively tuned from 3.18 to 3.31eV with the high entropy modulation
(Fig. 3b). A higher Eg corresponds to fewer amount of charge carriers
stimulated by external factors (electric field, temperature, etc.) and
causes lower leakage current during the operation of a dielectric
device.

In the temperature dependent permittivity spectrum (Supple-
mentary Fig. 6), the absence of ferroelectric-paraelectric phase tran-
sition throughout the entire temperature range, especially at the
temperatures approaching OK where quantum fluctuation pre-
dominates, confirms the quantum paraelectric nature of NN-
XCHZS”*%, No deviation from the relationship of 1/e=A+BT? (A and B
are constants, and T is temperature) is detected in NN-xCHZS down to
12 K, suggesting that the quantum critical temperature of this material
is below this temperature (Supplementary Fig. 6 inset)*’. As tempera-
ture is decreased, the ferroelectric phase is first suppressed by the
strong antiferrodistortion which is visible at room temperature as XRD
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and TEM analyses suggested, and is then suppressed by quantum
fluctuation until near 0 K.

Since no phase transition is present in NN-xCHZS from ~OK to
room temperature, there would only be a limited degree of structure
distortion across this temperature range, whereas the symmetry of the
material would remain unchanged®. The band structure from DFT
calculation suggests that the material has an indirect band gap
between the valence band maximum (VBM) located at the " (O, O, 0)
point of the Brillouin zone and the conduction band minimum (CBM)
near the Z (0, 0, 0.5) point, consistent with experimental results from
UV-Vis spectroscopy (Supplementary Figs. 7 and 3b). The conduction
band and valence band are dominated by the Nb 4d and O 2p states,
respectively (Supplementary Fig. 7). The Nb 4d - O 2p orbital hybridi-
zation is regarded as a driving force for polar distortion in NN with
ionic shift between Nb and O. Incorporating different metal atoms with
varied electronegativity and valence electrons destabilizes this hybri-
dization, resulting in changes of the distorted local structure of NbOg
octahedral and shift in the TM-O ionic bonds, which increases the Nb
4d - O 2p orbital repulsion, thus heightening the orbital energy near
CBM. Upon the dual co-doping of only Sr and Ti, the crystal structure
(Supplementary Fig. 8a) has both ferroelectric and antiferroelectric
distortions for the neighboring unit cells along c direction. Upon the
triple co-doping of Sr, Ti, and Ta, the antiferroelectric pattern along
a/b direction dominates (Supplementary Fig. 8b). Finally, the anti-
ferroelectric ordering becomes more prominent upon high-entropy
co-doping of Sr, Ti, Ta, Ca, and Hf/Zr/Sn (Supplementary Fig. 8c-e),
which shows the most notable E; increment (Fig. 3¢). Importantly, the
calculated increments agree well with the experimental values
(Fig. 3b). Our results provide another example of good functionality
induced by the competition between ferroelectric and antiferro-
electric ferroic orderings other than the recently reported one in NN
based system®. Recent experimental evidence on crystallographic
information suggests that the A site ions in alkali niobates would
hybridize with oxygen even without the presence of Pb** and Bi**,
whichis in line with our DFT calculation results, suggesting the unique
structure of NN may enable better functionality than currently
exploited, stemmed from its spontaneous polarization and electrical-
mechanical coupling®®. With that, the crystal structural origin for the
long-range unit cell doubling of octahedral tilting as observed in XRD
and TEM data, as well as the band gap increment is revealed. This
proves the success of our modulation strategy, since band gap is the
intrinsic dominating factor for Ep, and as a result, energy storage
performances. Based on DFT calculation, we successfully identified the
origin of the enhanced dielectric response, which is the lattice dis-
tortion upon the addition of the high entropy modulator and the
associated band structure evolutions (Supplementary Figs. 7 and 8).
The increase in band gap result in a higher breakdown strength. These
mechanisms are confirmed by band gap measurement using UV-Vis
spectroscopy and atomic scale microscopy (Figs. 3 and 4).

With the scale of domains down to nanometers suggested by
regular TEM, the nature of polar structure in this unique type of
quantum paraelectric needs to be investigated at a finer scale. Thus,
the atomic level microstructure and corresponding polarization con-
figuration are probed with high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and resolved with
customized image recognition computer software package (Fig. 4).
Clear image with atomic level resolution is achieved, where the sites
with large contrast are identified as dopant sites, i.e., heavier atoms
showing brighter contrast, while lighter atoms showing darker con-
trast (Fig. 4a—-c). An even distribution of dopants is present in the
sample both on an atomic scale and a mesoscale scale as suggested by
HAADF intensity mapping and energy dispersive X-Ray analysis (EDX)
mapping analyses (Fig. 4b, c and Supplementary Fig. 9), respectively.
The structural distortion associated with the high entropy modulation
is found to be distributed evenly across the crystal lattice of x=0.10

(Fig. 4d, e). A-A and B-B bond lengths are found to be fluctuating in a
range between 99.3-100.8% and 99.5-100.5% of their average bond
lengths, respectively. The mapping of polar vector of each unit cell
(Fig. 4f-h) shows that the multi-directional T phases are embedded
within an R phase matrix, which is the characteristics of PNRs, with an
overall state of multi-phase coexistence (‘slush’ polar state)°. The T;
and T, oriented PNRs in x=0.10 are in the size of 1-5nm with small
average polarizations (<10 pm) and a high polarization anisotropy
(Fig. 4g, h). With further analyses, the distribution of T; and T, phases
in a disordered matrix is clearly distinguished (Fig. 4h). The system is
predominantly filled with low-angle PNR boundaries of no more than
30°, with relatively smooth transitions between these regions, con-
sistent with the characteristics of PNRs. Our high-entropy strategy,
which involves the incorporation of multiple elements with varying
electronegativities and ionic sizes, enhances the formation and dis-
tribution of PNRs. This diverse elemental composition leads to a more
complex energy landscape, which provides a stable dielectric response
across a wide temperature range. We further discuss the electrical
characteristics of the material in the following section.

Electrical microstructure and dielectric breakdown
characteristics

The dielectric energy storage performance is highly associated with
the electrical microstructure of the ceramic?-**, Here, we demonstrate
how our strategy of high entropy modulation impacts the electrical
microstructure of the ceramics, and how it is associated with the
transport behavior as well as the energy storage performances. First,
the electrical core-shell structure of the ceramic and dielectric-
electrode interface (DEI) is resolved based on methods described in
our previous work®, The fitted impedance responses are identical with
the experimental values on the complex impedance plane, proving the
successful fitting of the data (Supplementary Fig. 10a, c). The imagin-
ary parts of modulus provide information on the capacitance of the
different regions in the ceramic, which has a strong impact on the high
field energy storage performance, thus is a focus of our discus-
sions below.

The most significant trend extracted from the impedance
response of NN-xCHZS ceramics is the enhancement of shell/grain
boundary modulus with increasing x, which suggests that the thickness
of insulating region in the ceramic is increased by an order of magni-
tude (Fig. 5a-d and Supplementary Fig. 11). This conclusion is not only
based on the increase in shell modulus, but also on the fact that the
permittivity of the regions of interest is on the same order of magni-
tude (Supplementary Fig. 12a and Supplementary Fig. 13). It should be
noted that the scale bar of Fig. 5b is in a log scale (in comparison with
the linear scale in Fig. 5d) for a better illustration to capture the fre-
quency and temperature dependency of the shell electrical modulus of
x=0.00. Such electrical microstructural information reveals the rea-
son behind the significant increase in E, of the ceramic, which is the
prerequisite for achieving the high energy storage performance.
Moreover, the M” peak in frequency spectrum of ceramic core (Fig. 5e)
evolves from an asymmetric peak towards an ideal symmetrical Debye
peak in x=0.10, indicating the electrical microstructure becomes
more homogenous, facilitating the homogeneous distribution of
electric field within the ceramic and a high n during charge and
discharge®. The DEI modulus also increases with increasing x, sug-
gesting the interface region between the ceramic and the electrode has
a lower capacitance, and there is more electrical energy in the bulk
crystal rather than in the DEI as x increase (Supplementary Fig. 12b).
This proves that there are less mobile charge carriers at the DEI, which
facilitate a more stable dielectric response and lower leakage current
during operation. This is confirmed by the low dielectric loss shown
across wide temperature range from —100 to 400 °C (Supplementary
Fig. 13). As a result of the enhancements mentioned above, the impe-
dance of the electrical components increases, leading to a 7.62-fold
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Fig. 4 | Atomic level microstructure and polarization configuration of x = 0.10.
a HAADF-STEM atomic image along the <100> ¢ direction. Inset is a schematic for
the relative position of A/B sites in perovskite structure. b Intensity mapping of
A-sites. Regions with significant contrast fluctuations are marked with yellow cir-
cles, indicating possible element substitution (Ca/Sr > Na) at these sites. ¢ Intensity
mapping of B-sites. Regions with significant contrast fluctuations are marked with
yellow circles, indicating possible element substitution (Ti/Ta/Hf/Zr/Sn > Nb) at
these sites. d Lattice spacing mapping for A-site species, characterizing local lattice
distortions associated with A-A bonds caused by doping. e Lattice spacing mapping
for B-site species, characterizing local lattice distortions associated with B-B bonds
caused by doping. f Atom displacement mapping with monochromatic arrows on

HAADF-STEM image background. g Extracted atomic displacement mapping with
T; and T, polar nano regions (PNRs) indicated by blue and orange areas, respec-
tively. Inset is a schematic of the polarization directions in the crystal structural
coordinate system of x = 0.10. h Statistical atomic displacement distribution map
for all polar vectors shown in (g). i Spatial distribution of relative angles of PNR
directions. The values in the scale bars of (b and c) are the ratio of intensity of a
specific site with respect to the statistical average intensity. The values in the scale
bars of (d and e) are the ratio of the bond length of a specific bond with respect to
the statistical average bond length. The spatial scale of (b-g) and (i) is the same as
marked in (a).

rise in the total impedance value (Supplementary Fig. 10b). Besides,
the activation energy (E,) of charge carriers in the material shows a
significant increase from 0.76 to 1.26 eV, suggesting that the conduc-
tion mechanism switch from extrinsic to intrinsic as x increase (Fig. 5f).
Also, the transport barriers for charge carriers are significantly raised
based on the increased E,. These analyses prove the electrical

microstructural enhancement of NN-xCHZS and showcase the impor-
tance of electrical microstructure in developing high performance
energy storage materials.

With the assistance of numerical simulation method, we push the
E, to a higher limit to achieve better energy storage performance®
Through optimization of the microstructure of ceramic, we avoid
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Fig. 5 | The electrical microstructure, associated transport behavior and
dielectric breakdown behavior of NN-xCHZS ceramic. Frequency and tempera-
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NN-xCHZS. The simulated temporal evolution of breakdown behavior for (g)
x=0.00 and (h) x=0.10 shown in electric potential (EP) mappings. The min and
max values are 0 and 2.1kV, respectively. The simulation is conducted with dis-
cretized time steps of fixed lengths. Step number for the displayed frame are
labelled with inset text.

breakdown of the dielectric during operation and increase its working
voltage®®. The microstructure of NN-xCHZS is denser with increasing x,
and shows no pores for x=0.10 ceramic based on both scanning
electron microscopy (SEM) and optical microscopy (Supplementary
Figs. 14 and 15). For accurate description of the material, we construct
the area of simulation based on actual SEM images of the samples
(Supplementary Fig. 16). The dielectric permittivity of the grain and
grain boundary are considered when solving the electrostatic equili-
brium equation and path probability equation (supporting
information)®”“%, These equations are solved in a step-wise manner
until the far edge of electrical tree propagate through the area of
simulation. As a result, the electrical tree pattern and temporal evo-
lution of the electrical breakdown of NN-xCHZS ceramic are visualized
and compared. Due to the insulating nature of our material, branch-

type breakdown channels are present rather than ivy-type channels®.
The simulation provides a visualization for the high £, of x=0.10 than
that of x=0.00 based on their dielectric characteristics, proving the
success of our high entropy modulation strategy. The breakdown path
in x=0.10 only propagated 84% through the simulated area when
x=0.00 has already experienced total electrical breakdown at
t=3000 (Fig. 5g, h and Supplementary Fig. 17). The electric field is
concentrated in the region where the breakdown paths have not
reached, due to the large difference in resistivities of the electrical tree
and the ceramic body. The high Ej is contributed by the more homo-
geneous distribution of electric potential across the electrical micro-
structure of NN-xCHZS (Fig. 5e). The highly resistive grain boundaries
serve as barriers hindering the propagation of breakdown channels
across the ceramic. With higher grain boundary density, the
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Fig. 6 | The stability, fatigue and discharge performance of x = 0.10. a Anti-
fatigue performance up to 10° cycles. b Frequency stability from 1Hz to 150 Hz.
¢ Temperature stability from 25 °C to 140 °C. d Discharge current towards a 200 Q
load. e Discharge energy density (Wy;s) integrated from discharge current.

f Temperature stability of Wg;s from 25 °C to 140 °C. Inset is a schematic of the
charge-discharge circuit setup with a metal-insulator-metal (MIM) electrostatic
capacitor made from x = 0.10 as discharge component.

breakdown time is effectively delayed. We have demonstrated here by
both experiments and numerical simulation the importance of elec-
trical microstructure in achieving high energy storage performance of
dielectric ceramics, and demonstrated a successful manipulation of
electrical microstructure in NN based material, providing a new
dimension of optimization for developing novel energy storage
dielectric materials.

Stability, fatigue and discharge performance

Stability during the charge-discharge cycle and anti-fatigue property
after long period of operation are crucial for energy storage dielectrics
in practical application. For x=0.10, the sample maintained steady
functionality even after 1 million cycles (Fig. 6a and Supplementary
Fig. 18a). A high n over 90% suggests almost no degradation of the
material property after the long cycles. An outstanding frequency
stability is shown between 1 Hz and 150 Hz (Fig. 6b and Supplementary
Fig. 18b), with an increase in n which is an indication of multiple
polarization mechanisms in the material’®. With the increase in fre-
quency, some of the slow polarization mechanisms such as the space
charge polarization cannot follow the fast switching of applied electric
field and hence results in a higher n (lower loss due to reduced reor-
ientation of space charge polarization). Since these relaxor composi-
tions are operating above their Curie temperatures, the permittivity
drops with increasing temperature, which may be the primary reason
for the decrease in polarization, and as a result, W,e. in x=0.10 drops
with increasing temperature (Fig. 6¢ and Supplementary Fig. 18c).
However, n shows little degradation up to 140 °C. These results indi-
cate that NN-xCHZS ceramics are suitable for long term operation in
electrical and electronic devices.

An NN-xCHZS based metal-insulator-metal (MIM) capacitor is
then placed in a charge-discharge circuit to examine its potential of
operation in circuit (Fig. 6f inset). An electromagnetic induction probe
was used to collect the current signal during the discharge without
direct contact with the discharge circuit, thus avoiding direct inter-
ference and ensure an accurate measurement. The capacitor is able to
subject to high electric field of 400 kv cm™, and shows a fast discharge

rate to a 200 Q resistor with 90% of electrical energy released within
36 ns (Fig. 6d, e). The capacitor shows overdamped discharge at all
measured field strengths. Based on the discharge measurement, the
W4is shows little variation of 3.4% across a wide temperature range
from 25 °C to 140 °C (Fig. 6f). These results demonstrate the practical
performance of NN-xCHZS in an RC discharge circuit, verifying the
reliability of the material as energy storage dielectric.

In conclusion, we have proposed a high entropy modulation
technique, which stabilizes the high field dielectric response of the
quantum paraelectric matrix, and has achieved excellent energy sto-
rage performance in the bulk dielectric perovskite. The atomic level
polarization configuration is optimized with domains smaller than
5nm to provide high response speed towards electric field. The high
degree of long-range oxygen octahedron tilting provides energy
reservoir for the large capacitive energy storage. The electrical
microstructure is enhanced by an order of magnitude for reduced
transport behavior, which, in conjunction with the band structure
optimization, provides a large E, at high electric field. Finally, the
stability and discharge reliability are confirmed by applying NN-xCHZS
based capacitor in a RC discharge circuit. This work provides a novel
pathway to synergistic optimization of the polar configuration, elec-
trical microstructure and band structure to develop next generation
high performance energy storage dielectrics, for applications in EVs
and other electrical systems. Our work is expected to stimulate more
efforts in this area and push the discovery of new energy storage
dielectrics.

Methods

Sample preparation
(0.75-x)NaNb03-0.10NaTaO3-O.ISSrTiO3-xCa(fo/3er/3SnX/3)O3
(NN-xCHZS; x=0.00, 0.02, 0.05, 0.10) ceramics were synthesized
via solid state reaction method with high purity raw materials of
Na,COj; (International Laboratory USA, 99.95%), Nb,Os (Sinopharm,
99.5%), CaCOj3 (International Laboratory USA, 99.5%), SrCO5 (Alad-
din, 99.95%), TiO, (Aladdin, 99.5%), SnO, (Aladdin, 99.5%), Ta,0s
(International Laboratory USA, 99.99%), HfO, (Aladdin, 99.95%),
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and ZrO, (Sinopharm, 99.5%). These raw materials were weight
stoichiometrically and mixed with planetary ball milling for 24 h,
then calcined for 3 h at 900 °C. The calcined powders were hand
milled for 30 min before planetary milling for another 24 h. Then,
0.5wt% polyvinyl alcohol solution was added to the powder to
facilitate pellet forming. The powders were pressed into 1-mm-thick
pellet and sintered at 1250-1350 °C to obtain dense samples. Pellets
are buried in sacrificial powder during sintering to avoid volatili-
zation during sintering.

Structural characterizations

XRD data was collected with X-ray diffractometer (D8, Bruker, Ger-
many) with Cu-Kal (1.5406 A) radiation. Morphologies of the samples
were examined with a scanning electron microscope (Nova Nano-
SEM450, FEI, USA) and an optical microscope (DFC450, Leica, Ger-
many). The band structure is evaluated with a UV-vis spectrometer
(Lambda 1050, PerkinElmer, USA). The specimens for atomic-
resolution scanning transmission electron microscopy (AC-STEM)
were prepared by mechanical thinning, ultrasonic cutting, and Ar-ion
thinning until electrons can penetrate the samples with a thickness
below 100 nm. High-resolution grain/domain imaging and SAED
patterns were acquired using a JEM-ARM300F2 microscope in TEM
mode. Atomic-scale high-angle annular dark-field (HAADF) images
were obtained in STEM mode. Quantitative analysis, including con-
trast evaluation, lattice spacing mapping, atomic displacement
(polarization), and domain angle determination, was performed
using customed program written in C++ and Qt software. X-ray
photoelectron spectroscopy analysis was conducted with an X-ray
Photoelectron Spectrometer (ESCALAB 250Xi, Thermo Scien-
tific, USA).

Electrical characterizations

Before high voltage measurement, Au electrodes with 1 mm in dia-
meter were sputtered on the samples of ~0.1 mm in thickness. Ferro-
electric hysteresis loops and leakage current were measured with a
ferroelectric tester (Precision Multiferroic I, Radiant Technologies,
USA). Breakdown information is analyzed with Weibull distribution
function, of which details are in the Supporting Information. Dielectric
data and impedance spectra were collected with a precision impe-
dance analyzer (4294 A, Agilent, USA). Discharge measurement was
conducted on a commercial charge/discharge platform (CFD-003, TG
Technology, China).

Density function theory (DFT) calculation

The first-principles calculations based on density functional theory
(DFT) were carried out on Vienna Ab-initio Simulation Package
(VASP.5.4.4.18)"". The generalized gradient approximation was
applied with Perdew—Burke-Ernzerhof functional for the exchange-
correlation effects, and the ionic potentials were treated by pro-
jector augmented wave approximation’”*, Pristine NaNbO3 (NNO)
and NNO-based oxides (Naj...,SryCa Nby.,.,Ti,TayM,03, M=Hf, Zr,
Sn; x=0, 0.15; y=0, 0.1, z=0, 0.1) were modeled by using
2 x 2 x 3 supercell with all atoms relaxed. The 3 x 3 x 2 Monkhorst-
Pack k-points meshes were used for the integration of the Brillouin
zone”. During all calculations, a cutoff energy of 400 eV was used
for the plane-wave expansion. All structures were fully relaxed with
the residual forces on atoms below 0.02 eV/A.

Finite element simulation

The evolution of electric tree during breakdown of the samples is
simulated with 2D model in COMSOL 5.5 software. For accurate
description of the physical parameters governing the breakdown
process and electric field distribution, MATLAB is used to construct
the physical model and field configuration. Details of the physical
model and equations are described in the Supporting Information.

Data availability
Data sets generated during the current study are available from the
corresponding author on reasonable request.
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