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Methods

Finite element simulation

The electric field, electric potential distribution, and electric tree evolution of SLTT-0
and SLTT-0.30 ceramics were simulated by the finite element simulation method with
2D models using COMSOL software. The simulation model and parameters were based
on the yellow boxed area of the SEM image shown in Supplementary Fig. 11. A scalar
field s(x,t) is used to represent the breakdown state (where s = 1 for the initial state
and s = 0 for the complete breakdown state; 0 <s < 1). As the dielectric constant (&) is
a continuous function of s, the breakdown state can be described by the difference of ¢,

which can be expressed by the following equation'-?:



€ini
e(s) = &+ 9 (D

where ¢ini represents the initial &, f(s) = 4s3 — 3s*, and ¥ is 0.0001. Furthermore,
the & of grains is electric field-dependent in ceramics, following Johnson’s
approximation®, whereas the & of grain boundaries is linear. Consequently, the & for
grains (gg) and grain boundaries (egv) at a given electric field is described by the

following equation:

_g(0)
&ini(E) = L+ kED)L (2)
emi(E) = ggp (3)

where k 15 0.0013, and &, (0) is the zero-field dielectric constant and is taken to be 6048

and 1316 for SLTT-0 and SLTT-0.30 ceramics, respectively. In this simulation, the ratio

of &4 t0 &g s set to be 10:14° The theoretical model can be established by the following
equation:
V[ ! %] =0 (4)
f&)+y
ds f'(s) — = 1_2
%——mv¢xv¢+f(s)+§Vs (5)

Under the correct boundary and initial conditions, Equation (4) and (5) can be
applied to the solution of dimensionless unknown fields ¢(x,t) and s(x,t). The

simulation results are shown in Supplementary Fig. 7.



Supplementary Table 1 Configuration entropy (Sconfig) of the SLTT-x ceramics.

X 0 0.20 0.25 0.30 0.35

Sconfig 0.88R 1.47R 1.55R 1.61R 1.66R

Sconfie can be calculated using the following equation®’:

N M
Seonfig = ~R(Q. xilnx) + (). xlnx) (6)
i=1 j=1
where R, N (M) and x; (x;) are the ideal gas constant, atomic species and contents at the
equivalent cation (anion) sites, respectively. Note that the x in the SLTT-x system
represents the mass ratio. Therefore, x needs to be converted to a molar ratio before it
can be used to calculate Sconfig. It 1s defined as medium entropy when 1.0R < Sconfig <

1.5R and high entropy when Sconfig > 1.5R.
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Supplementary Fig. 1 Temperature-dependence of the dielectric constant (&) and loss
(tano) at different frequencies forax =0, b x=0.20, ¢ x =0.25,d x =0.30, and e x =
0.35. f Sconfig and T as a function of x. With an increase in Sconfig, the relaxor features
are visibly enhanced, manifested by the broadened dielectric peak and the pronounced
frequency dispersion®’. Importantly, T decreases significantly and is inversely related
to Sconfig- AS Sconfig Increases from 0.88R (x = 0) to 1.61R (x = 0.30), Tm decreases
correspondingly from 279.9 °C to 20.3 °C. Further increasing Sconfig to 1.66R (x = 0.35),
Tm drops to —1.3 °C. This phenomenon confirms the achievement of the room

temperature SPE state in SLTT-0.30 and SLTT-0.35 ceramics.
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Supplementary Fig. 2 a Unipolar P-E loop of SLTT-0 ceramic at 100 kV cm™! and 10
Hz. b Unipolar P-E loops of SLTT-x ceramics (x = 0.20, 0.25, 0.30, and 0.35) at 200
kV cm ! and 10 Hz. ¢ Comparison of Wi, #, and Wr of SLTT-x ceramics (x = 0.20,
0.25, 0.30, and 0.35) at 200 kV cm™!. The total energy density (Wiot), Wree, and 7 can be

calculated using the following equations'®!!:

Py
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Although SLTT-0 ceramic possesses a high Pn, it also has a low Ey and a large P;,
thus resulting in poor performance (Wiec = 0.78 J cm™ and 5 = 32.6%). As x increases,
the Pm, polarization switching hysteresis, and Pr under 200 kV ¢m™' demonstrate a
decreasing trend. Particularly, SLTT-0.30 and SLTT-0.35 ceramics display extremely
thin P-E loops, indicating that the increase in Sconfig promotes the transition from RFEs
to SPEs. Moreover, the RFE ceramic of SLTT-0.20 obtains a high Wiec of 2.58 J cm™
but only a moderate # of 78.22%, resulting in a low Wr of 11.83. The SLTT-0.30 SPE
reaches a Wiec 0f 2.33 J cm ™ while # increases to 95.11%, and thus the Wr reaches 44.17,
which is 273% better than that of SLTT-0.20. The W of SLTT-0.35 SPE decreases to
1.65 J cm™ due to the large decrease of Pm to 17.51 uC cm2, so that the Wr still

decreases to 38.16 even though 7 reaches 95.68%.
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Supplementary Fig. 3 Raman spectra of the SLTT-x ceramics. Raman spectra (100—
1000 cm™!) are used to investigate the local structural variations. Four distinct regions
can be observed, which are consistent with the results of previous studies™'?. As the
SLTT content increases, the peak at ~320 cm ™! shifts to lower wavenumbers, indicating
increased cation disorder and reduced unit cell polarity'®. The peak intensity at ~537

cm! decreases while the peak intensity at ~617 cm™! increases, which is related to the

distortion of the BOs octahedron'®.
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Supplementary Fig. 4 Out-of-plane PFM phase images after poling treatment and
corresponding piezoresponse phase profiles generated from the line scanfor a x = 0 and
d x = 0.30. Out-of-plane PFM phase images after relaxation durations for b, ¢ x =0 and
e, f x = 0.30. Ferroelectric domain structure and corresponding phase phase signal are
found in the out-of-plane PFM and phase profile of SLTT-0. These ferroelectric
domains remain in an induced state even after unloading the voltage for a period of
time, which is not conducive to obtaining high energy storage efficiency®'>. In contrast,
no domain switching is detected in the SLTT-0.30 high-entropy SPE. This may be due
to the fact that the high-dynamic and small-sized PNRs quickly recovered from the
induced state to the initial state after unloading the voltage. The PFM images are
recorded after the voltage is unloaded, so the domain switching could not be detected

in time'®.



Polarization Magnitude

Supplementary Fig. 5 Polarization vector mappings of a A site and b B site atoms
along [100]c. ¢ Polarization magnitude mapping and d polarization angle mapping

along [100]c.
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Supplementary Fig. 6 SEM images and corresponding grain size distributions for a
SLTT-0, b SLTT-0.20, ¢ SLTT-0.25, d SLTT-0.30, and e SLTT-0.35. f Grain and grain
boundary morphology in TEM images for SLTT-0.30 ceramic. g UV-vis absorption
spectra of SLTT-x ceramics. h The (ahv)? as a function of hv for SLTT-x ceramics. i
Temperature-dependent tand at 1 kHz. Scanning electron microscope (SEM) images of
SLTT-x ceramics reveal a progressively homogeneous microstructure. The Ga decreases
and then increases with increasing x, and the smallest Ga 0of 0.54 um is realized in SLTT-
0.30 ceramics. TEM image of SLTT-0.30 ceramic show clear and dense grain
boundaries, which can inhibit carrier migration. UV-vis absorption spectra are further

tested, where E; can be calculated using the Tauc equation'”:

ahv? = A(hv — E,) (10)
where «, hv, and A are the absorption coefficient, incident photon energy, and
proportionality constant, respectively. SLTT-0.30 ceramics possess the highest E; of

3.60 eV, indicating that it is difficult for electrons to transition from the valence band

to the conduction band, thereby increasing the resistivity. Furthermore, the SLTT-0.30



ceramic maintains an extremely low tand over a wide temperature range, and these

factors contribute significantly to the high Ey'®.



SLTT-0.30

q

Increasing the time duration

Supplementary Fig. 7 a Simulation of electric potential distributions, b Simulation of
electric field distributions, and ¢ Electrical tree evolution for SLTT-0 and SLTT-0.30
ceramics. The SLTT-0 sample exhibits a large local electric field (red area) and a
significant electric potential difference under the applied electric field. Meanwhile, the
electric tree grows over time, eventually penetrating the entire model. In contrast, the
local electric field and potential difference distribution of the SLTT-0.30 sample tends
to be uniform, and the transition between grains and grain boundaries is smoother. In
addition, the SLTT-0.30 sample shows significantly impeded electric tree propagation,
which can be attributed to the more uniform distribution of grains, higher grain
boundary density, and reduced dielectric constant. Together, these factors dissipate
energy during the electric tree propagation process, resulting in insensitivity to the

electric field!*2°,



Supplementary Fig. 8 Temperature dependence of the reciprocal of &; at 1 kHz to

SLTT-0.30

Tp~332.1°C
@1 kHz

Experimental date
—— Fitting line

100

determine 7B for SLTT-0.30 ceramic.

=

45

@ 400 kV cm™

w
=]

Polarization (pC cm?)
-
wm

o

25 50 75 100 125 150 175

Temperature (°C)

Supplementary Fig. 9 a Temperature-dependent P-E loops of SLTT-0.30 at 400 kV

cm !, b Frequency-dependent P-E loops of SLTT-0.30 at 450 kV ¢cm™!. ¢ Frequency-
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Supplementary Fig. 10 The charge/discharge performance of the SLTT-0.30
ceramic. a Overdamped discharge current curves at different electric fields. b Wqis as a
function of time under different electric fields. ¢ Underdamped discharge current curves
at different electric fields. The inset shows Imax, Cp, and Pp as a function of electric
field. d Temperature-dependent overdamped discharge current curves. e Wyis as a
function of time under different temperatures. The inset shows Wgis and #o.9 as a function
of temperature. f Temperature-dependent underdamped discharge current curves. The
inset shows Imax, Cp, and Pp as a function of temperature. The discharge energy density

Wiis, current density Cp and power density Pp can be calculated using the following

equations®':
W = RIOL an
Cp = I";“" (12)
Py = e (13)

where R, V, and S are the load resistor (200 ), volume, and electrode area, respectively.



Supplementary Fig. 11 SEM images for finite element simulation, and the yellow

boxed areas indicate selected regions. a SLTT-0, b SLTT-0.30.
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