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Material exploration was conducted through the following steps:

1. Construction of a machine learning model to predict proton conductivity

2. Material selection based on predicted proton conductivity of hypothetical compositions
3. Synthesis of recommended materials and evaluation of their proton conductivity

Figure S1 Flow of learning model construction, prediction, and validation.
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Dataset of proton conductivity and hole conductivity

In this study, the supervised machine learning model used experimental proton conductivities from
76 compositions and 726 samples (Table S1). Proton conductivity was determined by impedance
measurements using the AC two-terminal method. All samples were dense discs and were measured
under conditions where the water vapor pressure ranged from 0.01 to 0.019. The hole conductivity
was primarily derived from reports of impedance measurements in air. The measurement and

synthesis conditions for each sample are described in SI file: Supplementary Information 2.

Table S1 dataset of proton conductivity

Dataset 1 Dataset 2
Dataset of II-IV type perovskite oxide Dataset of lli-Ill type perovskite oxide
composition number | ref. composition number | ref. composition number | ref. composition number | ref.
BaCeo.45Zr035Y0.1Ybo.103 3 BaZroglup203 37 2 GapSro 1IN0z 3 Lagg4BaposYbO3 10
BaCegZro2Y0203 4 1 BaZrysScy 203 30 2 Lag9Bag.1Inp9Sco 103 3 Lag.9sBao02YbO3 8
BaCeo7Zro.1Y01Ybo103 3 BaZrygTmg 203 5 2 La ¢Sro1INO3 10 7 LapsBa 1Ybo 5Ino 503 7
BaCeosY0203 5 BaZrogY0203 38 2 Lao.9Sro.1Y0.2Ino 803 13 Lao9Bao.1YbO3 10 10
Bag.3Sro.7Zro.44Ce0.36Y0.2203 5 BaZrogYbo 203 5 2 Lag gSr0.1Ybg 2Ino 503 1" 8 Lag 9Cap.1YbO3 6 10
Bag eSro.1ZrosYbo 203 4 BaZrogYbo 103 7 Lag.eSro.1ScOs 1 7 LapsMgo 1YbO3 4 10
BaCe 16Zro.64Y0.1Ybo.103 3 CaZrog5Y0,0503 3 3 La0.9Sro.1Y05INo.503 " Lag.eSro.1Y02Ybo 03 1" 8
BaZro44Ceo35Y0203 3 CaZro 6N 0403 8 Lag Sr0.1Yo5Ybos03 10 8 Lag 9Sr0.1Ybo 5Ing 503 1" 8
BaZrgs5Ybo 2Ing 2503 9 CaZrg 96Ybo 0403 3 3 Lao.gSro.1Yoslno 203 " LagsSro.1Yboglng 203 1 9
BaZrosYbo2Ing 303 8 CaZro g5Ino.0203 4 LapeSro.1Y0.8Ybo 203 " 8 Lag.eSro.1Yboolng 103 1 8
BaZro 5Ybo 2Ino 203 8 CaZro.995Al0.0003 12 4 LapeSro1YOs 9 7 LaoSro1YbOs 11 7
BaZrysYbo2lug 203 7 SrCe7Ybo 303 5 Lag3Bag7Ybg sing 503 3 LaBay 02Ybo.9s03 9
BaZrosYbo2Sco 203 8 SrCeq85Yb0.1503 11 LagsBagsYbosings03 3 Ndy ¢Sro.4InO3 6
BaZrg 7Luo2S¢o.103 7 SrCeo.g5Ybo.0503 1" Lao7Bag 3Ybo 5Ino 503 3 S 9Sro 1IN0z 6
BaZrg7Sco 303 8 SrCe.97Ybg 0303 11
BaZro7Y025C0.103 7 SrCeo8Ybo 0203 "
BaZro7Ybg2Alp 103 7 SrCe0.9SCo.05Gdo.0503 3
BaZro7Ybo2Ing.103 8 SrCegoY0.103 1 5
BaZrg7Ybg2Lug 103 7 SrCegsYbo 103 11
BaZry7Ybo 2S¢ 103 7 SrZrg3Ceo6Y0.103 1 5
BaZro7Ybo30s 8 SrZro5Ce0.4Y0.103 11 6
BaZrg sEro 203 32 SrZro7Ce02Y0103 1 5
BaZrgsGdo 203 26 SrZr9§S¢0.203 3
BaZrgIng 203 33 SrZrosY0.103 11




Table S2 dataset of hole conductivity
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composition number ref. composition number ref. composition number ref.
Bap 3Sro.7C00sFe0203 8 29 Lag3Srp7C005Tip 503 11 30 LaScy.95Mgo 0503 9 16
Bag 38r0.7Zr0.44C€0.36 Y0203 4 Lag 3Sro7C007Tio 303 1" 30 LaScosMgo 103 9 16
Bag 4Sro6Cop sFep 203 8 29 Lag3Sro7TiO3 11 30 Ndg 4Sro6C00.8Fe0 203 9 27
Bag 5Srp5C0op sFep 203 8 29 Lag 4Sro6Cop sFep 203 9 27 Ndo 9Sro.1InO3 3
Bag sSro4CopgFep203 8 29 Lag eSro.4Cop2Feps03 5 23 Pro.4SrosCo0sFe0203 9 27
Bap Sro.1ZrosYbo 203 2 LageSre4Co03 7 22 Pro5Sro5C092Mng O3 9 11
BaCep.16Zr0.64Y0.1Ybo 103 3 Lag 75Sr0.25Cro.sMno 503 8 28 Pro.5Srg5C00.4Mno 03 9 1"
BaCe.45Zr0.35Y0.1Ybo.103 3 Lap 75Sr0.25CrO3 8 28 Pro.5Sro5C00.6Mno.403 9 11
BaCeZro2Y0203 3 1 Lag7Bag3CrO3 8 28 Pro.5Sro5C00sMng 203 9 11
BaCe7Zr0.1Y0.1Ybo103 3 Lag7Cag3CrO3 8 28 Pro5Srp5C003 9 1"
BaCesGdy 203 5 14 Lag 7Srp3CrO; 5 24 ProsSrosMnO3 9 11
BaCesY0203 3 Lag 7Srp3MnO3 7 18 Prg.7Srp3C00.2Mng 803 9 11
BaCegY0.103 1 Lag g5Cap.15ScO3 9 16 Pro.7Srp3C00.4Mng 603 9 11
BaPrGdo 403 5 14 Lag g5Sr0.15CrO3 5 24 Pro.7Sr03C006Mng 403 9 11
BaPry7Gdo 303 5 14 Lag gCap2ScO3 9 16 Pro7Sr03C00.8Mng 203 9 11
BaPr gGd 203 5 14 Lag gSrp2CrO; 5 24 Pro7Srp3C003 9 11
BaZro44Ceo36Y0.203 2 Lag gSro2Gag sMgo.15Nig 0503 6 15 Pro.7SrpsMnO3 9 11
BaZr 4Pro4Y0203 9 17 Lag gSro2Gag sMgo.1Nig 103 5 15 Prog5Sr0.15C003 5 25
BaZrosPro3Y0203 9 17 Lag gSrp2Mng gCug 103 11 19 SrTipssFeo.1503 21 26
BaZrggPro2Y0203 9 17 Lag gSro2MnO3 12 21 SrTipgsFe00503 21 26
BaZrg 7Pro.1Y0203 9 17 Lag §Sr2Sco 2Mng gO3 12 21 SrTipgFe 103 21 26
BaZry 7Ybg2Ing 103 3 Lag 95Cap,0sScO3 9 16 Smg 4Sro6C00.8Fe0.203 9 27
BaZrg 7Ybo 2S¢o.103 1 Lag gBag.1InpeScp.103 3 Smg 9Sro.41InO3 3
BaZryglng 203 3 2 LaggBag.1YbO3 3 10 SrCe.97Ybg 0303 7
BaZrgglug 203 3 2 Lag9Cap.1ScO3 9 16 SrCe.9S¢.05Gdo 0503 3
BaZrysScy 203 3 2 Lag 9Sre.1Co03 7 22 SrCog g5Nbg 1503 9 12
BaZrosTmp 203 3 2 Lag ¢Srg.1CrO3 5 24 SrCog gNbp 203 9 12
BaZrg Y0203 3 2 Lao.eSro.1ScO3 3 7 SrCog.90Nbg 103 9 12
BaZrogYbo 203 3 2 Lag ¢Sro.1Ybg glng 203 1 9 SrCog.95Nbg 0503 9 12
Gdo.4Sro6C008Fe0 203 9 27 LaFeqNio.4O3 1 20 SrZrp3Ceo6Y0.103 1 5
Gdg.gCap2Co03 6 13 LaFe(7Nip303 11 20 SrZry5Ce04Y0.103 2 5
Gdg9Cap.1Co03 6 13 LaFeqNip 203 11 20 SrZrpgScy 203 3
Lag.1SroeTiO3 11 30 LaFeqgNip 103 7 20 SrZrpY0.103 1 5
Lag2SrosTiOs 11 30 LaSc g5sMgo.1503 9 16 total 738
Lap3Srp7C003Tip 703 1 30 LaSc.sMgo.203 9 16
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Descriptors for Machine Learning

The 80 descriptors used in the machine learning model are listed below. They include the atomic
weight, w, atomic density, p, melting temperature, T, first ionization energy, E |, electronegativity,
7, ionic radius, r, of the composed elements, where the values are divided or subtracted from one
another and averaged over the A-site, B-site, and entire ABO3; compound.

1) Temperature, T’

2)  Water partial pressure, py0

3) Sintering temperature, Ty

4)  Sintering time, fgjper

5) Product of descriptors 3) and 4)

6) Formula weight of perovskite oxides, My,

7) Tolerance factor

8) Weighted average of w, p, T, E1s, ¥ and r of A-site elements with its fraction in the A-site

9) Weighted average of w, p, T, E1s, y and r of B-site elements with its fraction in the B-site

10) Weighted average of w, p, T, E1s, y and r of dopant elements with its composition in
perovskite

11) Weighted average of w, p, Tn, E1s, y and r of A-site host elements with its composition in
perovskite

12) Weighted average of w, p, T, E1s, y and r of B-site host elements with its composition in
perovskite

13) Sum of descriptors 11) and 12) for each w, p, T, E1s, y and

14) Ratio of descriptors 8) to 9) for each w, p, Ty, E1s, y and r

15) Ratio of descriptors 12) to 11) for each w, p, Ty, E1g, y and r

16) Ratio of descriptors 10) to 11) for each w, p, Ty, E1g, y and r

17) Ratio of descriptors 10) to12) for each w, p, Ty, E1s, y and r

18) Ratio of descriptors 10) to 13) for each w, p, Ty, E1g, y and r

19) Chemical composition of A-site dopant

20) Chemical composition of B-site dopant

21) Sum of descriptors 19) and 20)

22) Chemical composition of A-site host element

23) Chemical composition of B-site host element

24) Sum of descriptors 22) and 23)

25) My, (ra 1) 12

The “dopant” was defined as an acceptor whose valence is lower than that of the host element. In the

case of LaZLSerYb”YHOZ'

05 Y505 5, for example, only Sr is considered as the dopant. We assumed the
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valence of Nd (+2 or +3) and Yb (+2 or +3) cations to be +3. The Goldschmidt tolerance factor [31]
was defined as (”A +7, )/ {\/5 (rB + r0> , where 74, rg_and ro denote the Shannon ionic radii [32] of

A-site cations, B-site cations, and oxygen ions, respectively. The descriptor 25) roughly expresses the

theoretical density of perovskite oxides.
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X-ray diffraction analysis
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Figure S2 X-ray diffraction analysis. (a)X-ray diffraction pattern, (b)lattice constant.
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X-ray Photoelectron Spectroscopy analysis
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Figure S3 X-ray Photoelectron Spectroscopy analysis. (a)Mn 2p spectrum, (b)In 3d spectrum.
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(a) x=0.1 (b) x=0.3 (c) x=0.5 (d) x=0.7

88.7% 97.1% 94.7% 88.5%

Figure S4 Photograph of samples. (a)x=0.1, (b)x=0.3, (c)x=0.5, (d)x=0.7.
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Figure S5 Nyquist plot of the sample for each temperature. (a)(b)(c)400°C, (d)(e)(f)500°C,
(2)(h)(1)600°C, (j)(k)(1)700°C, (m)(n)(0)800°C.
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