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1. Phonon dispersion curves of IrIneXYOs (X = Ga, In; Y = Ge, Sn, Ti)

(a) IrIn GaGeO, (b) Irln GaSnO, (c) Irln, GaTiO,
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Figure S1. Calculated phonon dispersion curves of PtiInGaGeOs (a), PtinsGaSnOsg (b),

PtInsGaTiOs (¢), PtIngInGeOs (d), PtlngInSnOs (e), and PtlngInTiOs (f).
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2. Variation of energy and temperature against time for the AIMD simulation of

IrIneGaGeOs
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Figure S2. Fluctuations of total energy (red) and temperature T (black) during AIMD
(ab initio molecular dynamics) simulations at 300 K. Insets show the crystal structures
of IrIngGaGeOs at 0 and 5 ps of AIMD simulations. The golden, violet, pale green, gray,

and red balls represent the Ir, In, Ga, Ge, and O atoms, respectively.
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3. Variation of energy and temperature against time for the AIMD simulation of

IrIneGaSnOs
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Figure S3. Fluctuations of total energy (red) and temperature T (black) during AIMD
(ab initio molecular dynamics) simulations at 300 K. Insets show the crystal structures
of IrlneGaSnOs at 0 and 5 ps of AIMD simulations. The golden, violet, pale green, light

gray, and red balls represent the Ir, In, Ga, Sn, and O atoms, respectively.
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4. Variation of energy and temperature against time for the AIMD simulation of

IrIneGaTiOs

- -402
o
& o o --408
~ _ Q Q_»r Lo p o p
91200 deO\ (O\Qdo\: E
3 | 0900000 —» 0000000 a3
® : P Q - - o
o do\aé-dob :Q».b(@i \ o)
o 8001 0006000 0-0-0-6-0-0-0; =
E é b | | 6 Ll
@ 7 @ o L 420
I— before after
400 -
- -426
O I T T
0 1 2 3 4 5
Time (ps)

Figure S4. Fluctuations of total energy (red) and temperature T (black) during AIMD
(ab initio molecular dynamics) simulations at 300 K. Insets show the crystal structures
of IrlneGaTiOsg at 0 and 5 ps of AIMD simulations. The golden, violet, pale green, sky

blue, and red balls represent the Ir, In, Ga, Ti, and O atoms, respectively.
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5. Variation of energy and temperature against time for the AIMD simulation of

IrIneInGeOs
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Figure S5. Fluctuations of total energy (red) and temperature T (black) during AIMD

(ab initio molecular dynamics) simulations at 300 K. Insets show the crystal structures

of IrIngInGeOs at 0 and 5 ps of AIMD simulations. The golden, violet, gray, and red

balls represent the Ir, In, Ge, and O atoms, respectively.
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6. Variation of energy and temperature against time for the AIMD simulation of

IrIneéInSnOs
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Figure S6. Fluctuations of total energy (red) and temperature T (black) during AIMD
(ab initio molecular dynamics) simulations at 300 K. Insets show the crystal structures
of IrIngInSnOgs at 0 and 5 ps of AIMD simulations. The golden, violet, light gray, and

red balls represent the Ir, In, Sn, and O atoms, respectively.
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7. Variation of energy and temperature against time for the AIMD simulation of

IrIneInTiOs
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Figure S7. Fluctuations of total energy (red) and temperature T (black) during AIMD
(ab initio molecular dynamics) simulations at 300 K. Insets show the crystal structures
of IrIngInTiOg at 0 and 5 ps of AIMD simulations. The golden, violet, sky blue, and red

balls represent the Ir, In, Ti, and O atoms, respectively.
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8. Fatband Structures of IrIneGaGeQOs

Irin,GaGeQ,
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Figure S8. Atomic orbital projections for IrlngGaGeOs showing the relative
contribution of each atomic orbital, which was calculated using DFT with the HSE06
functional. The color and thickness of the bands indicates the percentage of orbital

character, where red denoting a greater contribution.
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9. Fatband Structures of IrIneGaSnOs

IrInSGaSnO8
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Figure S9. Atomic orbital projections for IrIlnGaSnOg showing the relative
contribution of each atomic orbital, which was calculated using DFT with the HSE06

functional.
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10. Fatband Structures of IrIneGaTiOs
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Figure S10. Atomic orbital projections for IrlngGaTiOs showing the relative

contribution of each atomic orbital, which was calculated using DFT with the HSE06

functional.
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11. Fatband Structures of IrInsInGeOs
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Figure S11. Atomic orbital projections for IrlnglnGeOs showing the relative
contribution of each atomic orbital, which was calculated using DFT with the HSE06
functional. The color and thickness of the bands indicates the percentage of orbital

character, where blue denoting a greater contribution.
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12. Fatband Structures of IrInéInSnQOs

Irin,/nSnO
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Figure S12. Atomic orbital projections for IrlngInSnOg showing the relative

contribution of each atomic orbital, which was calculated using DFT with the HSE06

functional.
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13. Fatband Structures of IrInsInTiOs
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Figure S13. Atomic orbital projections for IrlngInTiOs showing the relative

contribution of each atomic orbital, which was calculated using DFT with the HSE06

functional.
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14. DOS of IrIneXYOs (X=Ga, In; Y=Ge, Sn, Ti)
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Figure S14. Calculated DOS (density of states) of IrIneXYOs (X=Ga, In; Y=Ge, Sn, T1).
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15. Partial DOS of IrIneGaGeOs
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Figure S15. Calculated PDOS (partial density of states) of IrlnsGaGeOs.
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16. Partial DOS of IrIneGaSnOs
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Figure S16. Calculated PDOS (partial density of states) of IrInsGaSnOs.
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17. Partial DOS of IrIneGaTiOs
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Figure S17. Calculated PDOS (partial density of states) of IrInsGaTiOs.
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18. Partial DOS of IrIneInGeOs
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Figure S18. Calculated PDOS (partial density of states) of IrlnsInGeOs.
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19. Partial DOS of IrIneInSnOs
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Figure S19. Calculated PDOS (partial density of states) of IrIngInSnOs.
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20. Partial DOS of IrIne¢InTiOs
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Figure S20. Calculated PDOS (partial density of states) of IrIngInTiOs.
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21. 1D ELF profile and 2D ELF isosurface for IrIncGaGeQOs
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Figure S21. 1D ELF profile analyzed for the (a) Ir-In, (b) Ge-O, (c) In-O, (d) Ga-O, (e)
inter-octahedral In-In and (f) intra-octahedral In-In bonds in IrlnsGaGeOs. The plot in

(g) and (h) depict 2D ELF isosurface, which are sliced perpendicular in the (100) and

(101) directions, respectively.
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22. 1D ELF profile and 2D ELF isosurface for IrInGaSnQOs
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Figure S22. 1D ELF profile analyzed for the (a) Ir-In, (b) Sn-O, (¢) In-O, (d) Ga-O, (e)
inter-octahedral In-In and (f) intra-octahedral In-In bonds in IrIngGaSnOs. The plot in
(g) and (h) depict 2D ELF isosurface, which are sliced perpendicular in the (100) and

(101) directions, respectively.
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23. 1D ELF profile and 2D ELF isosurface for IrIncGaTiOs
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Figure S23. 1D ELF profile analyzed for the (a) Ir-In, (b) Ti-O, (c) In-O, (d) Ga-O, (e)
inter-octahedral In-In and (f) intra-octahedral In-In bonds in IrlnsGaTiOsg. The plot in
(g) and (h) depict 2D ELF isosurface, which are sliced perpendicular in the (100) and

(101) directions, respectively.
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24. 1D ELF profile and 2D ELF isosurface for IrIna)sIne)GeOs
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Figure S24. 1D ELF profile analyzed for the (a) Ir-In, (b) Ge-O, (c) In1-0O, (d) In2-0O,
(e) inter-octahedral In-In and (f) intra-octahedral In-In bonds in IrIn)sln2)GeOs. The
plot in (g) and (h) depict 2D ELF isosurface, which are sliced perpendicular in the (100)

and (101) directions, respectively.
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25. 1D ELF profile and 2D ELF isosurface for IrIna)sInz)SnOs
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Figure S25. 1D ELF profile analyzed for the (a) Ir-In, (b) Sn-O, (¢) In-10, (d) In2-0O,

(e) inter-octahedral In-In and (f) intra-octahedral In-In bonds in IrIn()sInz)SnOs. The

plot in (g) and (h) depict 2D ELF isosurface, which are sliced perpendicular in the (100)

and (101) directions, respectively.
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26. 1D ELF profile and 2D ELF isosurface for IrInasIne) TiOs
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Figure S26. 1D ELF profile analyzed for the (a) Ir-In, (b) Ti-O, (c¢) In1-O, (d) In2-0O,
(e) inter-octahedral In-In and (f) intra-octahedral In-In bonds in IrIng)sIne)TiOs. The
plot in (g) and (h) depict 2D ELF isosurface, which are sliced perpendicular in the (100)

and (101) directions, respectively.
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27. pCOHP and pCOBI of IrIneGaGeOs
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Figure S27. Calculated pCOHP (partial crystal orbital Hamilton population) and
pCOBI (partial crystal orbital bond indices) of IrInsGaGeOs.
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28. pCOHP and pCOBI of IrIneGaSnOs
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Figure S28. Calculated pCOHP (partial crystal orbital Hamilton population) and

pCOBI (partial crystal orbital bond indices) of IrIngGaSnOs.
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29. pCOHP and pCOBI of IrIneGaTiOs
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Figure S29. Calculated pCOHP (partial crystal orbital Hamilton population) and

pCOBI (partial crystal orbital bond indices) of IrIngGaTiOs.
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30. pCOHP and pCOBI of IrInsInGeOs
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Figure S30. Calculated pCOHP (partial crystal orbital Hamilton population) and

pCOBI (partial crystal orbital bond indices) of IrIngInGeOs.
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31. pCOHP and pCOBI of IrInsInSnOs
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Figure S31. Calculated pCOHP (partial crystal orbital Hamilton population) and

pCOBI (partial crystal orbital bond indices) of IrIngInSnOs.
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32. pCOHP and pCOBI of IrIn¢InTiOs
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Figure S32. Calculated pCOHP (partial crystal orbital Hamilton population) and

pCOBI (partial crystal orbital bond indices) of IrIngInTiOs.
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33. Orbital energies of In-5s, Sn-5s, Pb-6s, Bi-6s, and O-2p
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Figure S33. Orbital energies of In-5s, O-2p, Sn-5s, Pb-6s, and Bi-6s. The orbital

energies were are obtained from NIST Standard Reference Database.
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34. Real part and imaginary part of the dielectric function for IrIneGaGeQOs
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Figure S34. HSEO06 calculated real part and imaginary part of the dielectric function
for IrlneGaGeOs.
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35. Real part and imaginary part of the dielectric function for IrIneGaSnOs
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Figure S35. HSEO06 calculated real part and imaginary part of the dielectric function
for IrlneGaSnOs.
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36. Real part and imaginary part of the dielectric function for IrIneGaTiOs
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Figure S36. HSEO06 calculated real part and imaginary part of the dielectric function
for IrInGaTiOs.
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37. Real part and imaginary part of the dielectric function for IrIncInGeQOs
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Figure S37. HSEO06 calculated real part and imaginary part of the dielectric function
for IrIngInGeOs.
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38. Real part and imaginary part of the dielectric function for IrInsInSnQOs
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Figure S38. HSEO06 calculated real part and imaginary part of the dielectric function
for IrIngInSnOs.
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39. Real part and imaginary part of the dielectric function for IrIn¢InTiOs
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Figure S39. HSEO06 calculated real part and imaginary part of the dielectric function
for IrIngInTiOs.
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40. Table of cell parameter and bond lengths for IrIncInGeQOs

Table S1. Calculated and experimental cell parameter and bond lengths for IrIngInGeOsg

using PBE and PBE-sol functionals

Lattice parameter Bond length
a error Ir-In In1-O In2-O Ge-O
PBE 10.31 1.87% 2.57 2.41 2.16 1.82
PBE-sol 10.19 0.69% 2.54 2.24 2.14 1.81
Experiment! 10.12 — 2.53 2.33 2.06 1.83
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41. Table of elastic constant for IrInecXYOs (X = Ga, In; ¥ = Ge, Sn, Ti)

Table S2. Calculated elastic constant of IrIneXYOg (X = Ga, In; Y = Ge, Sn, Ti)

Compounds Ci1 (GPa) Ci2 (GPa) Cs4 (GPa)
IrIneGaGeOs 244.301 93.783 39.228
IrIneGaSnOsg 245.867 90.027 31.261
IrInGaTiOs 237.078 95.587 40.391
IrInsInGeOs 240.160 89.091 35.501
IrIngInSnOg 241.378 86.606 28.327
IrIngInTiOs 233.217 89.324 34.166
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42. Table of effective masses of carriers for IrIneXYOs (X = Ga, In; Y = Ge, Sn,
Ti)

Table S3. Calculated effective masses of electron and hole along different directions

around CBM and VBM for IrlneXYOg (X = Ga, In; Y = Ge, Sn, Ti)

Compounds Direction m.*/my my*/mo
I'—K 0.144 4.387
IrIngGaGeOyg
'L 0.144 5.732
I'-K 0.151 43.961
IrIngGaSnOg
I'—-L 0.151 58.188
_ —K 0.282 4.729
IrIngGaTiOg
I'—-L 0.284 5.994
'—K 0.145 18.542
IrIngInGeOg
r-L 0.145 3000.324
—K 0.138 37.070
IrIngInSnOg
'L 0.138 9.803
. I—K 0.275 3.916
IrIngInT10Og
'L 0.275 5515
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43. Table of electrical -, phonon vibrational & and static & dielectric constants

of IrIneXYOs (X = Ga, In; Y = Ge, Sn, Ti)

Table S4. Calculated electrical &., phonon vibrational & and static & dielectric

constants of IrIneXYOs (X = Ga, In; Y = Ge, Sn, Ti)

Compounds Exn & &

IrInGaGeOs 27.297 8.294 35.591
IrIngGaSnOs 36.718 8.411 45.129
IrIngGaTiOg 8.524 7.119 15.643
IrIngInGeOs 13.805 8.340 22.145
IrIngInSnOyg 13.705 7.712 21.417
IrIngInTiOg 7.353 8.695 16.048

S47



44. Table of exciton binding energy of IrIncXYOs (X = Ga, In; Y = Ge, Sn, Ti)

Table S5. Calculated exciton binding energy (Ep) of IrIneXYOg (X = Ga, In; Y= Ge, Sn,

Ti)

Compounds E, / meV
IrIncGaGeOg -1.5
IrIneGaSnOg -1.0
IrInsGaTiOg -14.8
IrIngInGeOg -4.0
IrIngInSnOg -4.1
IrIngInTiOg -13.6
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45. Table of Gibbs free energy of hydrogen adsorption (AGu~) for IrIneXYOs (X =

Ga, In; Y = Ge, Sn, Ti)

Table S6. Calculated Gibbs free energy of hydrogen adsorption (AGux) of IrlngXYOg

(X=Ga, In; Y= Ge, Sn, Ti) at most stable adsorption site on different low-index lattice

planes. Eprr represents the lowest total energy for the surface with adsorbed hydrogen

atoms among all H-adsorption configurations.

Photocatalysts Lattice plane Eprr/eV AGu+/eV | Adsorption site
(100) -181.86 -0.43 2
IrIneGaGeOs (110) -182.82 -0.11 4
(111) -184.51 -0.05 12
(100) -179.32 -0.40 2
IrTngGaSnOg (110) -181.34 -0.14 4
(111) -183.26 -0.26 10
(100) -195.90 -0.40 2
IrIneGaTiOs (110) -195.70 -0.66 8
(111) -196.47 0.22 10
(100) -179.32 -0.42 1
IrIngInGeOs (110) -180.68 -0.73 3
(111) -182.54 -0.10 10
(100) -176.52 -0.39 1
IrIngInSnOs (110) -178.88 -0.63 3
(111) -181.01 -0.29 10
(100) -193.18 -0.38 1
IrIneInTiOs (110) -193.68 -0.30 4
(111) -195.43 -0.65 9
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