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Computational Methods and Details
The first-principles calculations on Carbon doped In2O3 (C-In2O3) are performed using Vienna ab initio simulation package (VASP), with the generalized gradient approximation (GGA) for the exchange and correlation function by Perdew, Burke and Ernzerhof (PBE).1-3 Kohn-Sham single-particle wave functions are expanded in the plane wave basis set with a kinetic energy cutoff at 400 eV. A Monkhorst-Pack 4×4×4 k-point grid is adopted to sample the Brillouin zone. The energy and force convergence criteria are 10-5 eV and 0.01 eV/Å, respectively. Formation energy calculations are performed to investigate the energetic stability using the equation [image: ], where [image: ], [image: ] and [image: ] represent the energy of the C doped system, the energy of the pure In2O3 and the chemical potential of single atom, respectively. Hybrid functional (HSE06) is used to predict the band structure and formation energy accurately.4 Bond-valence sum (BVS) is calculated to estimate the ionic valence. 5-7
According to previous researches 8, 9, a 2×2×1 k-point grid generated by the Monkhorst−Pack method are found to give converged results for the CO2 reaction on C-In2O3(110) surface calculations. The C-In2O3(110) surface is created based on the optimized bulk unit cell, while placing the defect site at the center of the surface. In all surface calculations, the bottom two layers of C-In2O3 are frozen at their equilibrium bulk positions, whereas the top two layers together with the adsorbates are allowed to relax. The forces on all unconstrained atoms are ≤0.03 eV/Å. Gibbs free energy calculations are performed by the equation [image: ], where [image: ], [image: ], [image: ]and [image: ] represent the adsorption energy, zero-point vibration energy, room temperature and entropy change, respectively. Among them, the equation of adsorption energy calculation is [image: ], where [image: ] and [image: ] represent the energy of C-In2O3(110) surface and adsorbate, respectively. 


Supplementary Tables

Table S1. Performance comparison of different photocatalysts for CO2 hydrogenation. 10-26
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Table S2 Energetic properties and geometry structures of the C-In2O3-x systems, including formation energy Ef, bond length l and ionic valence V.
	System
	Ef (eV)
	lIn-In (Å)
	lIn-O (Å)
	VIn
	VO
	VC

	pure
	-
	3.33~3.35
	2.13~2.22
	+2.83~2.86
	-1.89
	-

	Ovac
	4.98
	3.30~3.46
	2.10~2.29
	+2.18~2.86
	-1.83~1.93
	-

	Cs-O
	11.42
	3.30~3.45
	2.12~2.30
	+2.23~2.89
	-1.82~1.93
	+0.04

	Cs-InA
	12.11
	3.22~3.40
	2.12~2.27
	+2.68~2.84
	-1.48~1.95
	+2.08

	Cs-InB
	8.29
	3.24~3.48
	2.06~2.60
	+2.57~2.91
	-1.38~1.98
	+3.12

	Ci
	7.59
	3.09~3.47
	2.10~2.41
	+2.40~2.95
	-1.83~2.26
	+2.52

	Ci+Ovac
	3.10
	3.19~3.46
	2.10~2.29
	+2.11~2.91
	-1.78~2.03
	+0.68



















Table S3. Local structure parameters around In estimated by EXAFS analysis
	Sample
	Path
	C.N.
	R (Å)
	σ2×103 (Å2)
	ΔE (eV)
	R factor

	In2O3 standard
	In-O
	6*
	2.16±0.01
	6.4±1.0
	0.7±1.0
	0.009

	
	In-In
	6*
	3.36±0.01
	6.8±0.6
	1.1±1.1
	

	C-In2O3-x
	In-O
	2.4±0.3
	2.18±0.01
	2.6±2.5
	6.8±1.0
	0.019

	
	In-In
	2.6±0.8
	3.35±0.02
	3.8±3.4
	4.1±1.6
	

























Table S4. Elemental analysis of carbon content
	Sample
	Carbon [wt. %]

	Vo-poor In2O3
	0.03 %

	Vo-rich In2O3
	0.04 %

	C-In2O3-1
	0.32 %

	C-In2O3-2
	0.65 %

	C-In2O3-3
	0.96 %

	C-In2O3-4
	1.76 %

	C-In2O3-5
	2.69%


















Table S5. Calculated electronic energy, zero-point energy, and entropy of each molecule and CO2 RR intermediate.
	System
	Species
	EDFT (eV)
	EZPE (eV)
	-TS (eV)

	-
	CO2
	-23.02
	0.31
	-0.65

	-
	H2
	-6.78
	0.27
	-0.42

	-
	CO
	-14.79
	0.14
	-0.67

	-
	H2O
	-14.23
	0.58
	-0.65

	pure
	*
	-425.67
	-
	-

	
	(CO2+2H)*
	-456.23
	0.83
	-0.06

	
	(COOH+H)*
	-457.08
	0.99
	-0.18

	
	CO*+H2O
	-455.32
	0.79
	-0.80

	Ovac
	*
	-418.31
	-
	-

	
	(CO2+2H)*
	-448.83
	0.70
	-0.06

	
	(COOH+H)*
	-448.45
	0.83
	-0.18

	
	CO*+H2O
	-448.33
	0.80
	-0.80











Supplementary Figures
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Figure S1. XRD patterns of C-In(OH)3 nano partials.
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Figure S2. SEM images of C-In(OH)3 nano partials.
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Figure S3. EDS elemental mapping profiles of C-In2O3-x.

Supporting information discussion: In order to further verify the distributed carbon element in the C-In2O3-x, the elemental mapping is performed that the presence of the carbonaceous matters is homodispersed and exists in heterogeneous interfaces. And, decomposed gaseous water and the random nucleation-growth behaviors on the substrate make for nanoholes.
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Figure S4. Normalized In K-edge XANES spectra of C-In2O3-x
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Figure S5. Raman spectrum of different carbon content of In2O3.
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Figure S6. The CO production rates of C-In2O3-x with and without reaction gas and only carbon with reaction gas.
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Figure S7. Band gap of V-poor In2O3, Vo-rich In2O3-x and C-In2O3-x.
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Figure S8. Valence band XPS spectra of Vo-poor In2O3, Vo-rich In2O3-x and C-In2O3-x.
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Figure S9. Schematic illustration of the DOS.
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Figure S10. Calculated band structure and density of states for a) prefect In2O3 and b) In2O3 with one C atom interstitial and one O atom vacancy
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Figure S11. The PL spectrum of Vo-poor In2O3, Vo-rich In2O3-x and C-In2O3-x.

Supplementary Discussion: The photoluminescence (PL) spectrum was tested. The emission peak at 450 nm for Vo-poor In2O3 could be mainly ascribed to the recombination of the photogenerated hole with the two-electron-trapped O-vacancy, while the blue-shifted peak at 440 nm for the Vo-rich In2O3-x could be mainly attributed to the recombination of the photogenerated hole with the single-electron-trapped O-vacancy.
[image: ]
Figure S12. CO2-TPD profiles of C-In2O3 with and without active sites via calcination treatment.
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Figure S13. Gibbs free energy profile for CO2 reaction with the coadsorbed H atoms on the In2O3 (110) surface.
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Figure S14. Gibbs free energy profile for CO2 reaction with the coadsorbed H atoms on the In2O3 (110) surface with oxygen vacancy.
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Figure S15. Gibbs free energy profile for CO2 reduction reaction on the In2O3 (110) surface.
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[bookmark: _Hlk35548237]Figure S16. Relaxed local defect structures of (a) one O atom vacancy, (b) one O atom substituted by C atom, (c) one InA atom substituted by C atom, (d) one InB atom substituted by C atom, (e) one C atom interstitial and (f) one C atom interstitial with one O atom vacancy.
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Figure 17. Side views of charge difference density of C doped In2O3 systems. The isosurface value is 3 e nm-3. Yellow and blue regions represent net charge gain and loss, respectively.
[image: ]
Figure S18. Band structures and projected density of states of C doped In2O3 systems. Fermi level is set to zero.
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Catalyst Feeds (CO: +Hz) Light Sourcce TC) Activity Product Selectivity Ref
co CH CH:OH
In-0; ,(OH), 11 1000W metal halidebulb 150 12 umol g-*h-* -1000 1
1n-0;,(OH)y/SINW 11 300W Xe Lamp 150 22umolght -1000 2
In-0;,(OH), 11 1000W Hortilux Blue 150 15 umol g-*h-* -1000 3
metal halide bulb
[Zn:AIOH)L: 194 500 W Xelamp - 016% 911 59 4
[CO:ILDH
[Zn::Cu; AIOH).]: 194 500 W Xelamp - 0.16% 744 256 4
[CO:ILDH
RW/ALO; 141 300 W Xelamp 360 96.25% 052 99.48 5
Fe/Al20; 141 300 W Xelamp 310 404 95.96 404 5
NI/SIO=AL:0; 146 Solar simulator 150 94.9% 28 972 6
NiO 146 Solar simulator 150 89.8% -100 6
Fe:0; 146 Solar simulator 150 510% 950 43 6
AuBPI@ZIF 13 Xelamp 150 1522h3(TOR) 100 7
Ru/SINW 14 Xelamp 150  0.99mmolg*h -100 8
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Pt/NaTaO; 11 300W UV-enhancedXe - 1391pumolg?h® 990 10 9
lamp
Ru/NaTa0, 11 300W UV-enhancedXe - 518umolgh? 40 %60 9
lamp
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RU/TiO Ny 14 300W Xelamp - 150h-* (TOF) 200 800 13
RU/AL:O; 131 LEDs 250 242umol g*h-t 20 980 14
Al@Cu:0 11 Fiber laser 160 01umolem-=3s* -1000 15
PA@HyWO, 11 300 W Xelamp 250  3mmolgh* 990 16
In-0;., nanosheets 11 300W Xelamp 340 10321 mmolg=h* -1000 17
C-In;0, 11 300 W Xe lamp 340 12341mmolgh?  ~100.0 This
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