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performance and enabling ultrafast discharge in tungsten
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Dielectric ceramics, as core materials for energy storage 2
capacitors, have been widely utilized across various fields owing to their
high-power density and ultrafast charge—discharge characteristics. In this
study, a synergistic strategy combining high-entropy and bandgap
engineering was employed to successfully prepare lead-free high-entropy
dielectric ceramics with a tungsten bronze structure having the chemical
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of grain refinement, increased activation energy for electrical conductivity,

and an enlarged bandgap significantly enhance the material's breakdown strength. Through the collective effects of these
mechanisms, the energy storage performance of the ceramics is significantly enhanced, with a recoverable energy density of
7.93 J.cm~ and an energy efficiency of 94.25% achieved at x = 0.5. Furthermore, the material demonstrates a current density of
approximately 971.34 A-cm, a power density of 155.41 MW-cm?, an ultrafast discharge time of 1.56 ps, and a discharge energy
density of 5.20 J-cm=. This study presents an effective approach for developing high-performance dielectric ceramic materials,

highlighting their promising potential for application in advanced pulsed power systems.
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1 Introduction

As environmental pollution becomes increasingly severe and
energy shortages intensify, energy storage technology has
emerged as a major research focus for a broad community of
scholars. Dielectric ceramics, distinguished by their ultrafast
discharge rates, high power density, and exceptional high-
temperature stability, occupy a prominent position in the field of
energy storage material research [1-6]. Nevertheless, their
practical application remains constrained by critical challenges,
including low recoverable energy density and inadequate energy
efficiency [7-11].

The chemical formula of the tetragonal tungsten bronze (TTB)
structure is (Al),(A2),(C)4(B1),(B2)sO5. Compared to the
perovskite structure, although TTB exhibits lower polarization
strength and a lower breakdown field due to abnormal grain

growth, it possesses a more open crystal framework composed of
interconnected oxygen octahedra. Owing to the presence of
multiple cation sites, such as Al, A2, C, Bl, and B2, TTB-
structured ceramics demonstrate significant tunability in their
properties. This structural complexity enables researchers to finely
adjust polarization behavior at the atomic scale through strategies
suchas “high-entropydesign”and “site doping”. Inrecentstudies
on TTB materials, their energy storage performance has become
comparable to that of mainstream perovskite materials [12-16].
Sr.Ba,_Nb,O4 (SBN) is a prototypical unfilled TTB material
featuring approximately 1/6 vacancies at the A-sites. In this
structure, the larger Ba™ ions preferentially occupy the pentagonal
A2 sites, while the smaller Sr** ions are distributed across both the
Al and A2 sites. The relaxor behavior observed in TTB systems,
including SBN, is primarily attributed to lattice distortions caused
by this random cation distribution. Specifically, for
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SBN—particularly for the SrygBay;;Nb,Os composition—the
relaxor character stems from the size mismatch between Sr* and
Ba* at the A2 sites. This ionic size disparity displaces neighboring
oxygen atoms, generating a net polarization. particularly for the
Sry.6;Bag33Nb,04 composition—the relaxor character stems from
the size mismatch between Sr* and Ba™ at the A2 sites. On a
microscopic mechanism level, random fluctuations in the internal
electric field lead to broad octahedral tilting along the c-axis,
which alleviates the lattice strain caused by the size mismatch of
A-site jons and significantly affects the ferroelectric properties of
the material. Based on this understanding, modulating relaxor
behavior through A-site doping has become an important
approach. For example, introducing rare-earth ions with higher
electronegativity (such as Gd*) can preferentially tune the relaxor
dynamics in the SBN matrix, effectively enhancing ferroelectric
polarization. Further doping with Sm*, which has a smaller ionic
radius (1.24 A, significantly smaller than Ba* at 1.61 A and Sr* at
144 A), introduces stronger lattice distortion and exacerbates
chemical disorder and charge imbalance at the A-sites, thereby
influencing its ferroelectric and relaxor properties at a deeper
level [17,18].

The high-entropy design strategy involves the simultaneous
introduction of multiple heterovalent ions into tungsten bronze
ceramics, which triggers strong structural disorder and atomic
mismatch, thereby forming “disordered polarization functional
units” characterized by local composition fluctuations and cation
displacements. This structural change disrupts the long-range
ferroelectric order, transforming it into finely sized and
dynamically active polar nanoregions (PNRs). These nanoregions
not only significantly reduce the energy barrier for domain
switching but also weaken interdomain coupling, thereby delaying
polarization saturation, suppressing the formation of large
domains, and facilitating rapid polarization recovery after the
electric field is removed. Simultaneously, lattice distortion and
grain refinement induced by the high-entropy effect further
enhance the material’s insulating properties and densification,
markedly improving the breakdown electric field. Benefiting from
these synergistic mechanisms, the energy storage performance of
the ceramic sample is notably enhanced [19,20]. For example,
Duan et al. [21] reported high-entropy ceramics with the
composition  Sry;35Bag3Nag,;Cag,Big Nb, sTag,0g  achieving a
recoverable energy density (W,,) of 10.6 J-cm™ and an efficiency (#)
of 962% at an electric field of 760 kV-em™. The random
distribution of cations on the A- and B-sites facilitates complex
local interactions, fragmenting the long-range ferroelectric order
into diverse PNRs characterized by compositional fluctuations
and cation displacements. These PNRs lower the energy barrier
for domain switching, weaken interdomain coupling, and
consequently delay polarization saturation, reduce energy loss,
and enhance the breakdown electric field (E,). In another study,
employing a combined strategy of high-entropy design and
bandgap engineering, Gao et al. [22] successfully fabricated
Ba,,,Sr,;Cay3Nb, ; Ta, ;04 high-entropy ceramics, which achieved a
Wiee of 8.9 J-em™ and an # of 93%, along with excellent thermal
stability over a 105 °C range and outstanding cycling stability. The
molar configurational entropy (ASc,g,) is given by Eq. (1) [23]:

Asconﬁg = —R ( <Z Xa In Xa> + (Z Xb In Xh)
a=l1 A-site b=1 B-site

+3 (ixflnx6> ) (1)

where R stands for the universal gas constant, g, b, and ¢ represent
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the different chemical species on the A-site, B-site, and
O-site, respectively, and x,, x;, and x, are the molar fractions of
ions residing at the A, B, and O sites. The entropy classification is
defined as follows: A material is considered low-entropy if AS,4,
< 0.69R, medium-entropy if 0.69R < AS,, < 1.61R, and high-
entropy if AS.,5,> 1.61R.

The essence of bandgap engineering lies in precisely
modulating a material’s band structure through doping strategies,
thereby optimizing its electrical and dielectric properties.
Specifically, widening the bandgap—i.e., increasing the energy
barrier that electrons must overcome to transition from the
valence band to the conduction band—significantly reduces the
intrinsic carrier concentration and electrical conductivity. This
reduction enhances the dielectric breakdown strength and
consequently raises the intrinsic breakdown electric field. The
application of bandgap engineering serves to enhance not only the
energy storage density and efficiency of the material but also its
stability under extreme temperatures. This approach provides a
critical material foundation for the development of high-
performance, highly reliable electronic and energy-related
devices [22].

In this study, the energy storage performance of TTB-
structured Ba, 34Sr, 1,Smy :Gd, s Ti,Zr;Nb,_ Ta,O;, (Ta,, x = 0, 0.5,
1, and 1.5) ceramics was enhanced by integrating a high-entropy
strategy with bandgap engineering (Fig. 1). The incorporation of
Ta,Os, which possesses a high bandgap, effectively increased the
overall bandgap width of the material, thereby improving its
breakdown electric field strength. Simultaneously, the
configurational entropy rose from 2.04R to 2.35R, inducing a
distinct “cocktail effect” that further optimized the energy storage
characteristics of the Ba,SrNb,O¢-based ceramics. As a result,
this material system achieved outstanding overall energy storage
performance, delivering a recoverable energy density of 7.93 J-cm™
and a high energy efficiency of up to 94.25%.

2 Experimental

The  Ba,;4Sr,1,5my5GdysT1,ZrNbg_,Ta,0O5, ceramics  were
prepared using the following composition: BaCO; (99.95%),
SrCO; (99.95%), Sm,0, (99.99%), Gd,O, (99.99%), ZrO,
(99.99%), TiO, (99.99%), Ta,0s (99.99%), and Nb,Os (99.99%).
The starting reagents were precisely weighed according to the
stoichiometric ratio. The powder mixture was then ball-milled for
12 h in anhydrous ethanol with ZrO, milling media using a high-
energy ball mill. The resulting slurry was subsequently dried at
120 °C and finally calcined at 1000 °C for 2 h. The calcined
product underwent a second round of ball milling for another 12 h
and was dried again. The resulting dried powder was compacted
into pellets with a diameter of 8 mm by cold isostatic pressing,
followed by sintering in the temperature range of 1350-1400 °C
for 6 h to obtain the final ceramic samples. The phase
composition of the ceramics was examined by an X-ray
diffractometer (Cu Kol radiation; PANalytical Empyrean,
Empyrean, the Netherlands) over a 260 range of 10°-120°, followed
by Rietveld refinement using Fullprof software. Raman
spectroscopy was performed on a confocal laser Raman
microscope (DXR, Thermo Fisher Scientific, USA) with a 532 nm
laser source. The surface morphology of the ceramics was
observed using a scanning electron microscope (Hitachi S-4800,
Hitachi, Japan), and the grain size was determined via Nano
Measurer software. To evaluate the electrical properties, the
ceramic samples were polished, coated with silver paste electrodes
on both sides, and fired at 650 °C for 30 min. The sample
dimensions for the electrical characterizations in this work were as
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Fig.1 Schematic of synergistic tuning in energy storage via bandgap and high-entropy effects.

follows: For dielectric measurements, the samples were
approximately 1.0 mm in thickness with electrodes 3 mm in
diameter; for ferroelectric tests, the samples had a thickness of
0.06£0.02 mm and electrode diameters of 2 mm. The complex
impedance of the ceramic samples was characterized from 20 to
10° Hz at 600-680 °C using a precision LCR (inductance L,
capacitance C, resistance R) meter (E4980AL, Agilent, USA), and
the data were analyzed with Z-View software. Ultraviolet-Visible
(UV-Vis) diffuse reflectance spectra were collected on a
spectrophotometer (Model 3600, Shimadezu, Japan). The
dielectric constant (;) and loss tangent (tand) were measured over
a temperature range of —150 to 200 °C and a frequency range of
1 kHz to 1 MHz via a precision LCR meter (TZDM-200-300,
Harbin Julang Technology, China). Unipolar P-E ferroelectric
loops were measured at 10 Hz using a ferroelectric tester
(TF2000E analyzer, air ACCT Systems GmbH, Germany), both at
room temperature and from 30 to 180 °C. The charge-discharge
performance was tested under overdamped conditions (load
resistance: 10 k() using a charge-discharge test system (PK-
CPR1701, PolyK Technologies, USA), while underdamped testing
(load resistance: 3 ) was conducted with a dielectric
charge-discharge test system (CFD-005, GoGo Instrument
Technology, China). Selected-area electron diffraction (SAED)
patterns and high-resolution transmission electron microscopy
(HRTEM) images were acquired using a transmission electron
microscope (TEM; 2100F, Japan Electron Optics Laboratory,
Japan). The dynamic response of the ceramic samples to an
applied electric field was observed by a piezoresponse force
microscope (PFM; MFP-3D, Oxford Instruments Technology,
USA).

3 Results and discussion

Figure 2(a) presents the X-ray diffraction (XRD) patterns of the
Ta, ceramics, confirming phase-pure TTB structures (space group
P4bm). These results indicate the successful incorporation of Sm*,
Gd*, Zr*, Ti*, and Ta™ cations into the TTB host lattice, forming
homogeneous solid solutions across the composition series. As
depicted in Fig. 2(b), the Bragg reflection at approximately 32° in
20 progressively moved toward larger angles with increasing x,
suggesting lattice contraction. For a deeper understanding of
structural changes, Rietveld analysis was conducted, with
outcomes illustrated in Figs. S1(a)-S1(d) in the Electronic

https://doi.org/10.26599/JAC.2026.9221260

Supplementary Material (ESM) and Table 1. R, is the profile
factor, and Ry, is the weighted profile factor. Their values serve as
key criteria for judging the correctness of the model in ceramic
structure analysis. R, and R, are both under 10%, confirming the
credibility of the proposed models. This phenomenon suggests
amplified deformation of [BOg] octahedra, which favors the
enhancement of relaxor characteristics. While Ta™ and Nb*
possess identical ionic sizes (0.64 A for sixfold coordination), Ta*
possesses higher electronegativity, leading to a shorter Ta-O bond
length compared to Nb-O. This enhanced covalency
consequently reduces the unit cell dimensions [24].

Raman spectroscopy was conducted to probe the structural and
phase changes in the ceramic samples with varying compositions.
The acquired spectra were deconvoluted using Gaussian
functions. The corresponding outcomes are displayed in Fig. 2(c).
In line with established reports [25], the Raman spectral range
from 20 to 1000 cm™ is typically deconvoluted into three distinct
zones. The low-frequency zone (< 200 cm™) is dominated by
lattice vibrations stemming from the displacement of A-site
cations relative to BOg units. The intermediate zone (200-
400 cm™) is primarily governed by O-B-O bending modes (vs),
while the zone of > 400 cm™ is assigned to B-O stretching modes
(v, and v,). The observed Raman spectra for all compositions
show broad and diffuse bands, which signify increased
compositional randomness and a depressed unit cell polarization
resulting from the stochastic distribution of cations among the
A-site and B-site positions. Figures 2(d) and 2(e) depict the
evolution of the Raman shift positions and FWHM for the v, and
v; modes as a function of tantalum concentration. A continuous
decrease in Raman shift is observed for both modes with greater
Ta incorporation, implying a reduction in unit cell polarization
[26]. Moreover, elevated Ta content results in a progressive
expansion of the spectral linewidth (full width at half maximum
(FWHM)), which is consistent with considerable lattice
deformation and strengthened coupling among neighboring BOg4
polyhedra. The enhanced interpolyhedral coupling, concomitant
with the increased structural distortion, demonstrates that the
introduction of Ta* cations raises the configurational entropy and
amplifies the structural disorder. This effect, in turn, disrupts the
long-range ferroelectric domain ordering and aggravates the
distortion of the B-site octahedra, thereby promoting the
emergence of relaxor ferroelectric behavior [14].
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Fig.2 (a) X-ray diffraction patterns of Ta, ceramics, (b) enlarged view of 20 = 32°-33°, and (c) Raman spectroscopy of Ta, ceramics. (d) Variations in the wavenumbers

of the v, and v; Raman vibrational modes. (¢) FWHM in v, and v; modes.

Table1 Crystallographic data of Ba, 33Sr;;,SmsGdy5Ti;ZrNbg_, Ta, O3, ceramics

x=0 x=0.5 x=1 x=1.5
a(A) 12.4857(0) 12.4835(1) 12.4831(4) 12.4707(1)
b(A) 12.4857(0) 12.4835(1) 12.4831(4) 12.4707(1)
c(A) 3.9291(8) 3.9222(4) 3.9221(2) 3.9222(8)
V(&%) 612.530(4) 611.234(1) 611.179(1) 609.987(5)

It is well established in the literature that the dielectric
breakdown strength correlates with the grain size, as expressed by
Eq. (2) [27,28]:

1

EBDS X \/E (2)
where Eppg is the dielectric breakdown strength, and G, is the
grain size. The microstructure of the ceramic samples was
examined by scanning electron microscopy (SEM), as displayed in
Figs. 3(a)-3(d). Figure 3(e) presents the corresponding grain size
distributions that were statistically analyzed. All ceramic samples
demonstrate homogeneous and compact microstructural features
that are completely free from pore formation. With the gradual
incorporation of Ta and the increase in configurational entropy,
the average grain size in the ceramics decreased from 1.57 to
148 pm and then increased to 1.50 um. The addition of Ta
successfully restrains crystalline growth, yielding reduced average
grain sizes [29]. Furthermore, the enhanced configurational
entropy intensifies lattice distortion, which in turn hinders atomic
migration and thereby promotes further grain refinement and an
increased density of grain boundaries. Such microstructural
refinement effectively homogenizes the distribution of applied
electric fields within the ceramic materials. Collectively, these

effects contribute to the superior dielectric breakdown
performance observed [30].
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Complex-impedance spectroscopy was employed to investigate
the high E, of Ta, ceramics. In impedance spectroscopy, the
polycrystalline ceramics are described by the brick-layer model,
where the bulk material is represented as a network of conductive
grains bounded by less conductive grain boundary regions [22].
The impedance data were fitted using an equivalent circuit model
consisting of two series-connected parallel resistor—capacitor
(R-C) elements, representing the grain and grain boundary
responses, respectively. The equivalent circuit diagrams are shown
in the insets in Figs. 4(a)-4(d), where R, and G, denote the grain
resistance and capacitance, respectively, while Ry, and Cy, denote
the grain boundary resistance and capacitance, respectively. The
fitting procedure was performed with ZView software, and the
measured data along with the optimized fitting results are
presented in Figs. 4(a)-4(d). The measurements were conducted
over a temperature range of 600-680 °C and a frequency range of
20 Hz to 1 MHz. The closely matched experimental and fitted
impedance spectra confirm the validity of the equivalent circuit
model. Figure 4(e) shows the impedance spectra of Ta, ceramics
at 600 °C, where a continuous enlargement of the arc radius is
evident with increasing Ta content, pointing to a progressive
increase in electrical resistance. This trend implies a synergistic
effect of Ta doping and configurational entropy in strengthening
the dielectric insulation, which subsequently leads to superior
intrinsic breakdown strength and energy storage performance [31].

J Adv Ceram 2026, 15(4): 9221260
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Fig.3 (a-d) SEM images of Ta, (x=0,0.5, 1, and 1.5) and (e) corresponding average grain size distributions.
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Fig.4 (a—d) Complex Z* plots of Ta, (x =0, 0.5, 1, and 1.5). (¢) Complex Z* plots for Ta, at 600 °C. (f) Functional dependence of the natural logarithm of conductivity
on the inverse temperature. (g) Absorption spectra from UV-Vis studies and (h) Tauc plots utilized for determining the bandgap energies.

The direct current activation energy (E,.) linked to the direct The parameters in the Arrhenius law are defined as follows: o
current conduction in the dielectric ceramics can be determined denotes the bulk conductivity, g, is the preexponential factor, T is
from the Arrhenius relation (Eq. (3)) [32]: the absolute temperature (K), and kg is the Boltzmann constant

(8.617x10™ eV-K™). Figure 4(f) illustrates the dependence of Ino
0 = 00exp(—Ea/ (ks T)) €) on the reciprocal temperature, 1000/T. The direct current (DC)
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conduction activation energy, Ey, is equivalent to the slope
derived from linear regression analysis. A nonmonotonic trend in
Ej. values is observed under isothermal conditions with increasing
Ta content, initially rising to peak values of 1.37, 1.39, 1.52, and
144 eV before decreasing. The reduction in oxygen vacancy
concentration and the increase in grain boundary resistance lead
to a rise in E,, which synergistically strengthens the intrinsic
dielectric breakdown strength of the ceramic material. The
judicious introduction of Ta reduces oxygen vacancies according to
Eq. (4) [33]:

Ta,0; + Vi — 2Ta+ + 505 (4)

The underlying mechanism can be summarized as follows: The
suppressed oxygen vacancy concentration results in an increased
E, for the Tay; ceramics. On the one hand, optimal Ta doping
inhibits grain coarsening and increases grain boundary density,
which enhances boundary resistivity and restricts oxygen vacancy
hopping. On the other hand, it suppresses redox kinetics, thereby
reducing the oxygen vacancy concentration. Nevertheless, a trade-
off exists: The refractory nature of Ta means that excessive doping
raises the sintering temperature, a common cause of oxygen
vacancy formation in TTB-phase oxides that ultimately degrades
the E, [1,34].

The failure mechanism in dielectric materials is well
documented to be primarily governed by electron-impact-induced
breakdown, in which the bandgap serves as a key descriptor [35].
The optical bandgap can be determined using Eq. (5) [12]:

(ahv)V? = A(hv — E,) (5)

where a corresponds to the absorption coefficient, v symbolizes
the frequency of incident light, & stands for Planck’s constant, A is
a material-related constant, and E, indicates the bandgap energy
of the semiconductor. The enlargement of E, elevates the
minimum energy required to excite electrons, consequently
diminishing the likelihood of electron-driven breakdown [36]. In
general, a broader bandgap makes it more difficult for electrons to
jump from the valence band to the conduction band, thus
rendering the material intrinsically more resistant to electrical
conduction and endowing it with a higher dielectric breakdown
strength. In insulating materials, the fundamental breakdown
process is chiefly electronic in nature, and the bandgap width is a
pivotal governing parameter in this mechanism [31,37]. As such,
widening the bandgap is instrumental in boosting the energy
storage characteristics of ceramic capacitors. The UV-Vis
absorption spectra for the Ta, ceramic series are provided in
Fig. 4(g), and the direct bandgap values determined via Tauc plot
analysis are summarized in Fig. 4(h). The progressive bandgap
enlargement in Ta, ceramics—from 3.09 (Tay) to 320 eV
(Ta,5)—results from the higher intrinsic bandgap of Ta,O;
(~4.3 eV) compared to Nb,O; (~3.4 eV) [38]. Dielectric failure is
governed not only by electronic breakdown but also by avalanche
processes. As avalanche breakdown arises from electron impact
ionization, its breakdown strength strongly depends on the
bandgap, as expressed by Eq. (6) [39]:
Al

E= ©
where Al represents the ionization energy (equivalent to bandgap
width), g corresponds to the elementary charge, and A designates
the mean free path. Consequently, a larger bandgap hinders the
generation of electron collisions and thus suppresses ionization,
leading to a significant improvement in the dielectric breakdown

strength.
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Relaxor properties are essential for superior energy storage in
ceramics. The relaxation dynamics of Ta, ceramics were evaluated
via frequency- (1 kHz-1 MHz) and temperature-dependent (—150
to 200 °C) measurements of permittivity and loss (Figs. 5(a)-
5(d)). Elevated Ta content and configurational entropy
consistently lower the permittivity while promoting relaxor
behavior. The relaxor nature exhibits two key signatures: notable
frequency dispersion, where the temperature of the permittivity
maximum shifts upward with frequency, and significant dielectric
broadening, implying a wide spectrum of relaxation times. For a
more profound understanding of the underlying relaxation
mechanisms, the dielectric dispersion data collected at 1 kHz were
analyzed using a revised Curie-Weiss relationship, formulated as
Eq. (7) [40]:

1 1
In (8 8m> =yn(T - Tn) (7)
where ¢ is the relative permittivity, ¢, is the peak permittivity, T;,
is the corresponding temperature, and y is the diffuseness
exponent (y = 1-2), where larger values indicate stronger relaxor
behavior [41]. The permittivity—temperature spectra measured at
1 kHz (Fig. 5(e)) shothat the Ta,; composition attains the highest
y value of 1.55, confirming its pronounced relaxor properties.
Accordingly, we applied the Vogel-Fulcher (V-F) relation to
probe the dynamics of this relaxation process. The equation is
given as Eq. (8) [12,42]:

f:foexp(—Ea/kB(Tm — Tf)) (8)

where E,, f;, and T signify the relaxation activation energy, Debye
frequency, and freezing temperature, respectively. The fitting
results are presented in Figs. 5(f)-5(1) and Table 2. At
temperatures lower than T, dipole motion is arrested, forcing the
system into a metastable condition. Consequently, surpassing T¢
provides sufficient thermal energy to initiate dipole flipping. The
calculatedactivationenergiesforthesematerialsfallbetween0.092and
0.155 eV. A smaller E, value indicates a lower potential barrier for
polarization switching, which directly promotes a faster dipole
response to alternating electric fields. From a micromechanism
viewpoint, this barrier lowering arises from greater structural
disorder at the local scale. This microscopic characteristic
significantly enhances the capability for polarization reversal
during ferroelectric cycling by reducing domain wall pinning, thus
optimizing the material’s recoverable energy density and release
efficiency [12].

The development of cutting-edge applications utilizing
dielectric substances demands exceptional overall energy storage
properties as a fundamental requirement. For dielectric capacitors,
the capability for energy storage is principally defined by the W,
and energy storage efficiency (7). These parameters are
determined through Egs. (9)-(11) [43]:

Proax
Wtotal = 0 EdP (9)
Prax
Wi = j EdP (10)
P,
w,
— e 100% 11
’1 Wtolal ? ( )

where W,y denotes the overall recoverable energy density, P,
corresponds to the peak polarization, P, indicates the remaining
polarization, and E symbolizes the strength of the applied electric
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Table2 Data obtained from fitting the permittivity at 1 kHz

x=0 x=0.5 x=1 x=1.5
E, (eV) 0.155 0.097 0.092 0.129
T¢ (K) 177.73 177.99 172.56 143.84

field. Consequently, attaining outstanding energy storage
characteristics is critically dependent on a set of pivotal elements:
an elevated P, a minimized P, and a substantial F, [44]. To
probe the energy storage properties of Ta, (x = 0, 0.5, 1, and 1.5)
ceramic specimens, Figs. 6(a) and 6(b) display the energy storage
performance of the ceramic samples. The synergistic effect of Ta-
induced grain refinement, bandgap widening, and increased
resistivity collectively enhances the E, of the ceramics. Finally, the
breakdown strength of the Tay; ceramics was measured to be
830 kV-cm™, a recoverable energy density of 7.93 J.cm™, and 7
maintained a high level of 94.25%. To investigate the temperature-
dependent energy storage properties of the Tays ceramics,
polarization—electric (P-E) hysteresis loops were measured under
an electric field of 500 kV-cm™ over a temperature range of 30 to
180 °C. The results are presented in Fig. 6(c), and the related
energy storage parameters at various temperatures are shown in
Fig. 6(d). The results indicate that the Tay; ceramics exhibit
excellent thermal stability, with an efficiency of 93% at room
temperature, which then decreases to 87.5% at 180 °C. A
comparison of the energy storage properties between the present
work and other TTB ceramics is presented in Fig. 6(e)
[1,12,14,21,31,45-66]. This comparative analysis makes it
apparent that the incorporation of a high-entropy approach
within this TTB system to enhance energy storage performance is
a viable methodology.

https://doi.org/10.26599/JAC.2026.9221260

Relative to other energy storage capacitors, ceramic-based
devices demonstrate exceptionally rapid discharge durations (t,,)
together with substantial power density (Pp). To assess the charge-
discharge characteristics of these components, experiments were
carried out on ceramic specimens, with emphasis placed on the
released energy density (Wy;), current density (Cp), and associated
power density. The parameters Wy, Cp, and Pp, are obtainable
through Egs. (12)-(14) [12,14]:

R, | #(t)dt
Wdis - IV (12)
Imax
Cp = S (13)
EImax
Py =—¢ (14)

where R; indicates the load resistance, V signifies the specimen
volume, I, is the maximum discharge current during the
charge/discharge process, E is the applied electric field strength,
and S refers to the functional electrode region covered by silver
paste. Findings from overdamped evaluations are displayed in
Figs. 7(a)-7(d). With increasing Ta concentration and
configurational entropy, the Wy of ceramic materials subjected to
a 440 kV-cm™ electric field shows an initial enhancement from
4.10 to 5.20 J-cm™, subsequently declining to 4.56 and 4.37 J-cm™.
In parallel, the insets in Figs. 7(a)-7(d) depict that the discharge
duration (f,o) initially extends from 1.16 to 1.56 ps and then
contracts to 1.21 and 1.34 ys. The considerable Wy, and ultrafast
tyo observed in Tays ceramics indicate their suitability for use in
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rapid charge-discharge pulsed power capacitors. Underdamped
pulsed discharge profiles for Ta, ceramics across electric fields of
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240-320 kV-cm™ are provided in Figs. 7(e)-7(h). The maximum
discharge current displays a growing tendency with a
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strengthening electric field. For the Tay; ceramics, a peak current
of 763 A was reached, from which a current density of
97134 A-cm™ and a power density of 15541 MW-cm™ were
calculated. Additionally, investigations were performed on the
thermal stability of the charge/discharge characteristics for
ceramic specimens. The Wy, values recorded at 300 kV-cm™
under different temperature conditions are provided in
Figs. S5(a)-S7(d) in the ESM. Throughout the temperature range
of 30 to 180 °C, the variation rate of Wy for Tays remained at
approximately 10%, indicating remarkable thermal stability. These
findings demonstrate that Ta, ceramics are promising candidates
for pulse power systems.

The microstructure of samples Ta, and Ta,; was investigated
using TEM, and the relevant results are shown in Figs. 8(a)-8(f).
Figures 8(a) and 8(d) present the SAED patterns obtained along
the [110] zone axis for ceramics Ta, and Tays, respectively, which
exhibit characteristic fundamental diffraction spots typical of a
TTB-type substructure. In addition to the Bragg reflections
corresponding to the TTB structure, superlattice spots related to
structural modulation (indicated by orange arrows) appear in the
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SAED patterns, suggesting the presence of incommensurate
modulation in ceramics Ta, and Tay; at room temperature.
Studies have shown that the existence of commensurate
modulation structures is closely associated with long-range order
and demonstrates ferroelectric characteristics, whereas the
presence of incommensurate modulation implies pronounced
relaxor behavior. The incommensurate modulation wave vector
can be expressed as (1/4 + &)(a — b) + 1/2¢, where a, b, and ¢
represent reciprocal lattice vectors, and & is a parameter describing
the deviation from commensurate periodicity. § is determined by
the formula & = (x — y)/(x + y), where x and y denote the distances
between adjacent incommensurate diffraction spots, and their
values are obtained from measurements of weak diffraction peak
positions. The inset in Fig. 8(a) illustrates the method for
measuring the incommensurability parameter (J). Based on
calculations from weak diffraction peaks, it was found that 6,y =
0.21 (300 K) and &r9s5 = 0.27 (300 K). The increase in the
incommensurability parameter originates from A-site disorder,
which further leads to the broadening of satellite diffraction spots.
Doping with Nb* inevitably induces oxygen octahedral distortion,

Fig.8 TEM characterization of Ta, and Ta,; ceramics. (a—c) Ta, ceramics show (a) SAED pattern ([110] zone axis), (b) HRTEM image, and (c) domain structure.
(d-f) Tays ceramics show (d) SAED pattern ([110] zone axis), (¢) HRTEM image, and (f) domain structure. (g) PFM amplitude image of the Ta, 5 ceramics over a 4 um x
4 um area. Corresponding phase images after domain poling under different conditions: (h) 30 V and 0 min; (i) 30 V and 5 min.
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resulting in local lattice strain. This suggests that B-site ion doping
tends to promote incommensurate modulation. The HRTEM
images in Figs. 8(b) and 8(e) reveal the lattice fringe spacings
corresponding to the (110) planes in the Ta, and Ta,; ceramics.
As the unit cell contracts from Ta, to Tays, the interplanar spacing
decreases from 3.885 to 3.832 A. These values closely align with
the interplanar spacings of the corresponding planes in the
standard TTB-type SBN structure (PDF#96-210-0722, P4bm). As
shown in Figs. 8(c) and 8(f), the Ta, sample exhibits obvious long-
range continuous polarization, manifested as ferroelectric
domains with widths reaching several tens of nanometers. In
contrast, the Ta, ; sample exhibits a notable difference, lacking well-
defined ferroelectric domain structures. This absence may be
attributed to the smaller size of the nanodomains in this sample,
which renders them difficult to resolve using conventional TEM,
as reported in the literature [13,67]. This observation is further
illustrated in Fig. 8(f).

PFM serves as a powerful technique for probing electric-field-
induced domain configurations and their corresponding
behaviors. The domain pattern on the surface of Ta,s ceramics is
displayed in Fig. 8(g) [68]. Only weak PFM signals were detected,
primarily due to the diminishment of domain dimensions to the
nanoscale, which falls below the instrument’s resolution capability.
To further explore the transient domain evolution and relaxation
processes in Ta-0.5, localized poling tests were conducted via PFM
lithography mode (area: 4 um x 4 pm, voltage: +30 V), with
outcomes illustrated in Fig. 8(h). When subjected to £30 V, both
the density of switched domains and the strength of the domain
reaction remained comparatively low. This phenomenon arises
from the substantial energy barrier (high relaxation activation
energy, E,) linked to the weakly correlated dipole interactions
within Tay;, combined with their pronounced reversibility.
Figure 8(i) depicts the out-of-plane PEM phase profile for Tas.
Strengthened random-field effects generate an intrinsic recovery
force in the material, enabling switched PNRs to rapidly return to
their original condition after approximately 5 min. As a result,
Tay; ceramics achieve minimal P, which is advantageous for
macroscopic energy storage applications [69].

4 Conclusions

In this study, ceramics with the composition Ba,sgSr, ,Smy;
Gd,sTi,Zr)Nbg  Ta, Oy (x = 0, 0.5, 1, and 1.5) were synthesized
using the solid-state reaction method. By integrating high-entropy
design principles with bandgap engineering, the synergistic
combination of high-entropy design and bandgap engineering led
to a substantial enhancement in the performance of the SBN.
First, the disruption of long-range ferroelectric order effectively
suppressed grain growth and increased the resistivity of the
ceramics. This was realized through precise compositional and
structural tailoring, which substantially widened the bandgap. The
enhanced bandgap, in turn, led to a remarkable enhancement of
the breakdown field strength. Notably, the Ba, 3,Sr,,Sm,5Gd 5T
ZrNb,5Tay;0;, ceramics exhibited outstanding energy storage
performance. It achieved a recoverable energy density of
7.93 J.em™ at 830 kV-cm™ with an efficiency of 94.25%. Under
overdamped conditions at 440 kV-cm™, this ceramic delivered a
discharge energy density of 5.20 J-cm™ with an ultrafast discharge
time (fyo) of 1.56 ps. Under underdamped conditions at
320 kV-cm™, a high current density (Cp = 971.34 A-cm™) and
power density (Pp = 155.41 MW-cm™) were achieved. Moreover,
the ceramics exhibited excellent thermal stability, with the
discharge energy varying by less than 10% (AWy;, < 10%) across a
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temperature range of 30—180 °C. These results demonstrate the
application potential of this ceramic in pulse power devices.
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