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Table S1 Initial database.

K Na Li Ba Ca Big s Bips  Bips Nb Sb Zr ds3
(%) (%) (%) (%) (%)  Kos Nags Lis (%) (%) (%) (pC/
(%) (%) (%) N)

35.64 5346 990 000 0.00 1.00 0.00 0.00 94.05 4.95 1.00 170
3492 5238 9.70 0.00 200 1.00 0.00 0.00 9215 485 3.00 204
3456 5184 9.60 000 3.00 1.00 0.00 0.00 9120 4.80 4.00 230
3438 5157 955 000 350 1.00 0.00 0.00 90.73 478 450 209
3420 5130 950 000 4.00 1.00 0.00 0.00 9025 475 5.00 189
33.84 50.76 940 000 500 1.00 0.00 0.00 8930 4.70 6.00 174
3492 5238 970 200 0.00 1.00 0.00 000 92.15 485 3.00 225
3456 5184 960 3.00 0.00 1.00 0.00 0.00 9120 4.80 4.00 201
3438 5157 955 350 0.00 1.00 0.00 0.00 90.73 4.78 4.50 168
3420 5130 950 400 0.00 1.00 0.00 0.00 90.25 475 5.00 135
4554 4950 396 0.00 0.00 1.00 0.00 000 93.06 594 1.00 283
4462 4850 388 0.00 200 1.00 0.00 000 91.18 582 3.00 372
44.16 48.00 384 0.00 3.00 1.00 0.00 000 9024 576 4.00 395
43.70 4750 380 0.00 400 1.00 0.00 0.00 8930 570 5.00 313
4324 4700 376 0.00 500 1.00 0.00 000 8836 564 6.00 130
45.60 4940 0.00 000 1.00 0.00 400 0.00 9500 000 500 310
4560 4940 0.00 0.00 1.00 0.00 4.00 000 9405 095 5.00 330
4560 4940 0.00 0.00 1.00 0.00 400 000 93.10 190 5.00 380
4560 4940 0.00 0.00 1.00 0.00 4.00 000 92.15 285 500 470
4560 4940 0.00 0.00 1.00 0.00 4.00 000 9120 3.80 5.00 180
52.00 48.00 0.00 000 0.00 000 0.00 0.00 9500 5.00 0.00 802
5148 4752 0.00 000 1.00 0.00 0.00 0.00 94.05 4.95 1.00 180
50.96 47.04 0.00 000 2.00 000 0.00 0.00 93.10 490 2.00 237
5044 46.56 0.00 000 3.00 0.00 0.00 0.00 92.15 485 3.00 162
49.40 4560 000 0.00 500 000 0.00 000 9025 475 5.00 62
47.50 4750 500 000 0.00 000 000 0.00 9500 500 0.00 205
4726 4726 498 0.00 050 0.00 0.00 000 9453 498 0.50 270
47.03 47.03 495 0.00 1.00 0.00 0.00 0.00 94.05 495 1.00 190
46.55 46.55 490 0.00 2.00 000 0.00 000 93.10 490 2.00 185
46.08 46.08 485 0.00 3.00 000 0.00 000 92.15 485 3.00 120
4560 4560 480 0.00 400 000 0.00 000 9120 4.80 4.00 110
4513 4513 475 0.00 500 0.00 0.00 000 9025 475 5.00 100
4423 4792 485 0.00 150 000 150 000 96.03 097 3.00 874
4423 4792 485 0.00 150 000 1.50 000 9409 291 3.00 163
4423 4792 485 0.00 150 000 150 000 92.15 485 3.00 217
4423 4792 485 0.00 150 000 150 000 91.18 582 3.00 267



4423 4792 485 0.00 150 000 1.50 000 9021 6.79 3.00 225
4423 4792 485 0.00 150 000 150 000 8924 776 3.00 220
4423 4792 485 0.00 150 000 150 000 8730 9.70 3.00 180
48.00 52.00 0.00 0.00 0.00 0.00 0.00 0.00 96.00 400 000 155°
4752 5148 000 0.00 0.00 000 1.00 000 9504 396 1.00 200
47.04 5096 000 0.00 000 000 2.00 000 9408 392 200 260
46.56 5044 0.00 0.00 000 000 3.00 000 93.12 388 3.00 380
4632 50.18 0.00 0.00 0.00 000 350 000 9264 386 350 410
46.08 4992 0.00 0.00 0.00 000 4.00 000 9216 384 4.00 440
4584 4966 0.00 0.00 0.00 000 450 000 9168 382 450 280
45.60 4940 0.00 0.00 000 000 500 000 9120 380 5.00 90
48.00 48.00 000 0.00 0.00 0.00 4.00 000 92.16 3.84 4.00 435°
48.00 48.00 0.00 0.00 0.00 000 3,60 040 92.16 3.84 4.00 425
48.00 48.00 0.00 0.00 0.00 000 320 080 92.16 384 4.00 410
48.00 48.00 0.00 0.00 0.00 000 240 160 92.16 384 4.00 360
48.00 48.00 0.00 0.00 000 000 1.60 240 92.16 384 4.00 330
48.00 48.00 0.00 0.00 0.00 000 0.80 320 92.16 384 4.00 325
48.00 48.00 0.00 0.00 0.00 000 0.00 400 9216 384 4.00 300
4752 5148 0.00 0.00 0.00 0.00 1.00 0.00 9504 396 1.00 1827
47.04 5096 000 0.00 000 000 2.00 000 9408 392 200 220
46.56 5044 0.00 0.00 0.00 000 3.00 000 93.12 388 3.00 312
46.08 4992 0.00 0.00 0.00 000 4.00 000 9216 384 400 512
45.60 4940 000 0.00 000 000 500 000 9120 380 500 295
4560 4560 480 400 0.00 0.00 0.00 000 96.00 0.00 4.00 1748
45.60 4560 480 4.00 000 0.00 0.00 000 9216 384 4.00 223
45.60 4560 480 4.00 000 000 0.00 000 9120 480 4.00 320
4560 4560 480 4.00 000 000 0.00 000 9024 576 4.00 370
4560 4560 480 4.00 000 000 0.00 000 8928 6.72 4.00 425
45.60 4560 480 4.00 000 000 0.00 000 8832 7.68 4.00 320
4560 4560 480 400 000 000 0.00 000 8736 864 4.00 159

The first 15 data are derived from experiment records and the rest are derived from
published literature.
Table S2 Defined material features based on the properties of perovskite A-site and

B-site elements (atoms or ions).

No. Feature Description

1 t Tolerance factor calculated by Shannon's ionic radii

2 u Octahedral factor calculated by Shannon's ionic radii

3 EN-4 Electronegativity (absolute scale) difference between A, B-site

cations and anions’
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EN-P

EN-MB

EI

EA

CR

RDCE

RDVE

PE

EFF-S

EFF-C

AN

A0

crw

EVW

AR
GR
RCOV

z/rk

Vec/Z

Tro

Electronegativity (Pauling scale) difference between A, B-site
cations and anions'”

Electronegativity (Matyonov-Batsanov) difference between A, B-
site cations and anions!!

First energy ionization difference between A, B-site cations and
anions!?

Electron affinity difference between A, B-site cations and anions!?

Pseudopotential core radii difference between A, B-site cations and
anions'3

Atomic volume fraction of the A, B-site elements!4

Valence electron distance (Schubert) fraction of the A, B-site
elements'>

Core electron distance (Schubert) fraction of the A, B-site
elements!>

Period fraction of the A, B-site elements

Relative atomic mass fraction of the A, B-site elements!2

Nuclear effective charge (Slater) fraction of the A, B-site
elements!>

Nuclear effective charge (Clementi) fraction of the A, B-site
elements!>

Atomic number fraction of the A, B-site elements

Shannon's (1976) ionic radii fraction of the A, B-site elements!®
Ideal bond distances fraction of the A, B-site elements!”

Tonic displacement fraction of the A, B-site elements!®
Crystallographic van der Waals radii fraction of the A, B-site
elements!®

Equilibrium van der Waals radii fraction of the A, B-site elements!®

Polarizability fraction of the A, B-site elements!?

Atomic radius fraction of the A, B-site elements??

Group fraction of the A, B-site elements

Covalent radii fraction of the A, B-site elements!?

“Nominal charge/ Shannon’s ionic radii” fraction of the A, B-site
elements

“Valence electron number / nominal charge” fraction of the A, B-
site elements

Dependence of the rhombohedral to orthorhombic ferroelectric
transition temperature on the doping element?!

Dependence of the tetragonal to orthorhombic ferroelectric
transition temperature on the doping element?!



30 Dependence of the cubic to tetragonal ferroelectric transition
Tc : 21
temperature on the doping element

31 K/Na Ratio of the A-site K to Na cation

Table S3 Effects of dopants on phase transition temperatures.>

Substitutes K* Na* Li* Ba?® Ca*™ Bi*™ Nb>™ Sb* Zr*

Tr o 0 0 0 0 0 +3 0 +2 +3
To r 0 0 -3 -2 -1 -3 0 -2 -3
Tc 0 0 +2 -2 -1 -2 0 -3 -2

Formulation of material features

The tolerance factor ¢ and octahedral factor u are key factors to the stability of

perovskite. They are defined as
t=(R,+R,)/N2(R, +R,) (1)

p=R, /R, @)

, where R, and Rjp are the mole averaged ionic radius of the A-site and B-site ions, and
R, is the ionic radius of the oxygen.

As mentioned in the literature,? electronegativity, first energy ionization, electron
affinity, and pseudopotential core radii are factors mainly used to compare the

difference between cations and anions. So, the feature No.3-8 are defined as

X o = (X, = Xo|+]X, - X,|)/2 (3)

Xy = feX 54 [ X0 L X5 4 [, X5 4 [ X4 [, K™ G-h



XB :beXNb"'beXSb“'erer (3-2)

Xo :foXO 3-3)

, where f'is the mole fraction, and X corresponds to the properties of each element.
Features No.9-27 were defined by the ratios of those properties for A-site and B-

site, which are calculated using the following equation:
Xyp=X,1X, “4)

, in which X, and X3 are previously defined in Eq. (3.1) and Eq. (3.2), respectively.
Chemical modification can effectively improve the piezoelectric performance of
KNN materials by shifting the rhombohedral-orthorhombic (R—O), orthorhombic—
tetragonal (O-T), and rhombohedral—tetragonal (R—T) phase transition temperatures
near room temperature. Previous studies have reported the contributions of the
individual elements to phase transition temperature. For example, Ba%*, Ca?*, Bi’",
Sb>*, and Zr*" decreased O-T phase transition temperature. In addition, Sb>* and Zr**
could also increase the R-O phase transition temperature.?'?? In this work, the effect of
a doped element is assigned positive if it increases the transition temperature and
negative if it reduces the transition temperature. The absolute value for each element
depends on how much it affects the transition temperature. Value 0 is assigned to K,
Na, Nb, and to the elements that have almost no effect on the transition temperature.
The detailed information is given in Table S3. The features No.28-30 were calculated

by

X, =X,+X; (5)

A+B

The feature of the potassium-sodium ratio is defined as

K/Na=fi/fy (6)



Table S4 Groups of features with strong correlations. The first feature in each group is

retained while the rest are removed.

Group number

Features with strong correlation (» > 0.95)
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Figure S1 Heatmaps describing the Pearson correlation of features with strong

correlations (» > 0.95). (a)-(b) represent the features in group 1-5, respectively.

(a)

Predicted dy; (pC/N)

500 |-

400

300

200

100

@ Test points

@ Added points
Fitting line y = x
Error line + 60 pC/N

2nd iterat

RMSE = 62.74 pC/N
MAE = 4549 pC/N

L I 1
200 300 400

Measured dy; (pC/N)

@ Test points
00F 5 Added points
Fitting line y = x
Error line = 60 pC/N
_ 400 | N
° £
o
L
= 300
=
=
2
2
'u'é 200 -
~
ion 3rd iteration
100 RMSE = 67.68 pC/N
MAE = 47.73 pC/N
0 L

1 L
500 200

1
300

1
400 500

Measured dy; (pC/N)



Figure S2 Global performance of ANN models for the second and third experimental

iterations.
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