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Fig. S1. XRD patterns of BTO, BTOCux (x = 1, 2, 5, 10) and BTOCuyRu0.5 (y = 2, 10).
[bookmark: _Hlk115771219]The detailed information about the purity and crystallinity of the samples is obtained by XRD analysis. The diffraction peaks of BTO coincide with the standard peaks of Bi4Ti3O12 (PDF#72-1019). The strong peaks indicate good crystallinity. In addition, no other phases can be found in the series of BTO samples, indicating that the introduction of Cu and Ru loading does not produce impurities or change the crystal structure. 
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Fig. S2. SEM images of a BTO, b BTOT, c-f BTOCux (x = 1, 2, 5, and 10) and g-h BTOCuyRu0.5 (y = 2 and 10) (the scale bar is 100 nm).
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Fig. S3. TEM images of a BTO, b the enlarged area in a, c BTOT, d-g BTOCux (x = 1, 2, 5, 10) and h-i BTOCuyRu0.5 (y = 2, 10). 
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Fig. S4. Size distribution histograms of metal clusters obtained from TEM images (Fig. 3).
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Fig. S5. HAADF-STEM images and corresponding elemental mapping of a-b BTOCu2, c-d BTOCu10 and e-f BTOCu10Ru0.5. 
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Fig. S6. Fitting results of FT spectrum of a Cu foil, b Cu2O and c CuO at Cu K-edge.
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Fig. S7. Fitting results of FT spectrum of a Ru foil and b RuO2 at Ru K-edge.
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Fig. S8. XPS spectra: a survey, b Bi 4f, c Ti 2p and d O 1s of BTO, BTOCu2, BTOCu10, BTOCu2Ru0.5 and BTOCu10Ru0.5.
XPS spectra of Bi 4f and Ti 2p of BTO, BTOCu2, BTOCu10, BTOCu2Ru0.5 and BTOCu10Ru0.5 show no obvious difference. O 1s of BTOCu2, BTOCu10, BTOCu2Ru0.5 and BTOCu10Ru0.5 differs from that of BTO, which indicates that Cu nanocluster successfully anchors on BTO surface and Cu atoms adjacent to the surface coordinate with surface O atoms. O 1s at 529.7 eV is associated with O in lattice Bi-O. O 1s of lattice Ti-O is up-shifted from 531.3 eV to 531.6 eV, which shows that Cu-O coordination influences the Ti-O coordination, confirming Cu atoms adjacent to the surface coordinate with surface O atoms. 
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Fig. S9. GC curves during gas sample analysis over BTOCu2Ru0.5.
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Fig. S10. GC curves during gas sample analysis over BTOCu2Ru0.5.
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Fig. S11. Control experiments: CO production from CO2 photoreduction over BTO, BTOCux (x = 1, 2, 5, 10) and BTOCuyRu0.5 (y = 2, 10) samples (15 mg) without a CO2 (Ar atmosphere) and without b CO2 and acetonitrile (Ar atmosphere and ultra-pure water as solvent).
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Fig. S12. a HAADF-STEM images and b-d corresponding element mapping of BTOCu2Ru0.5 after 12 h of reaction time. 
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Fig. S13. XPS spectra: a Bi 4f, b Ti 2p, c O1s, d Cu 2p and e Ru 3d of BTOCu2Ru0.5 before and after reaction. 
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Fig. S14. GC-MS curves during gas sample analysis.
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Fig. S15. In situ FTIR spectra for dark adsorption over a BTOCu2Ru0.5 and b BTOCu10 before illumination (data collected at 1, 2, 3, 4, 5, 10 and 20 min from bottom to top). 
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Fig. S16. In situ FTIR spectra for CO2 photoreduction process under 300 W Xe lamp over a BTOCu2Ru0.5 and b-d BTOCu10 (data collected at 2, 4, 6, 8, 10, 20, 30, 40, 50 and 60 min from bottom to top). 
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Fig. S17. DRS spectra of BTO, BTOT, BTOCux (x = 1, 2, 5, 10) and BTOCuyRu0.5 (y = 2, 10).
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Fig. S18. PL spectra of BTO, BTOCu2, BTOCu10, BTOCu2Ru0.5 and BTOCu10Ru0.5. 
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Fig. S19. CO2 TPD curves of BTO, BTOCu2 and BTOCu2Ru0.5.   
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Fig. S20. Calculated structures of CO2 adsorbed on a BTO, b BTOCu2 and c site 1, d site 2, e site 3 of BTOCu2Ru0.5.


[bookmark: _Toc148560991][bookmark: _Toc153822101]Table S1. EXAFS fitting parameters of the Cu K-edge.
	Sample
	Shell
	CNa
	R(Å)b
	[bookmark: OLE_LINK14][bookmark: OLE_LINK12][bookmark: OLE_LINK13]σ2(Å2)c
	ΔE0(eV)d
	R factor
	S02

	Cu foil
	Cu-Cu
	12
	2.550±0.010
	0.01022
	5.86
	0.0068
	0.92

	Cu2O
	Cu-O
	2
	1.862±0.023
	0.00415
	7.07
	0.0048
	0.67

	
	Cu-Cu
	12
	3.019± 0.016
	0.03986
	
	
	

	CuO
	Cu-O
	4
	1.946± 0.006
	0.00532
	-1.11
	0.0152
	0.79

	
	Cu-Cu
	12
	2.960±0.027
	0.02571
	
	
	

	BTOCu2Ru0.5
	Cu-O
	2.2
	1.946± 0.107
	0.00429
	0.41
	0.007
	0.80

	
	Cu-Cu
	1.2
	2.688± 0.069
	0.01749
	
	
	

	
	Cu-Ru
	2
	3.918±0.224
	0.02043
	
	
	


aCN, coordination number; bR, the distance to the neighboring atom; cσ2, the Mean Square Relative Displacement (MSRD); dΔE0, inner potential correction; R factor indicates the goodness of the fit. Fitting range: 3.0 ≤ k (/Å) ≤ 10.0 and 1.0 ≤ R (Å) ≤ 3.0 (Cu foil); 3.0 ≤ k (/Å) ≤ 10.0 and 1.0 ≤ R (Å) ≤ 3.5 (Cu2O); 3.0 ≤ k (/Å) ≤ 10.0 and 1.0 ≤ R (Å) ≤ 3.0 (CuO); 3.0 ≤ k (/Å) ≤ 8.0 and 1.0 ≤ R (Å) ≤ 4.0 (BTOCu2Ru0.5). A reasonable range of EXAFS fitting parameters: 0.700 < Ѕ02 < 1.000; CN > 0; σ2 > 0 Å2; |ΔE0| < 15 eV; R factor < 0.02.


[bookmark: _Toc153822102]Table S2. EXAFS fitting parameters of the Ru K-edge.
	Sample
	Shell
	CNa
	R(Å)b
	σ2(Å2)c
	ΔE0(eV)d
	R factor

	Ru-foil
	Ru-Ru
	12*
	2.674±0.004
	0.0030±0.0007
	3.0±0.9
	0.0089

	RuO2
	Ru-O
	6.0±0.4
	1.962±0.001
	0.0017±0.0007
	0.2±0.5
	0.0082

	
	Ru-Ru
	10.4±0.9
	3.141±0.001
	0.0101±0.0001
	-1.2±0.6
	

	
	Ru-Ru
	4.4±0.3
	3.585±0.001
	0.0004±0.0001
	8.0±0.7
	

	BTOCu2Ru0.5
	Ru-O
	5.2±0.2
	2.014±0.001
	0.0045±0.0006
	0.7±0.3
	0.0021

	
	Ru-Cu
	2.5±0.1
	2.498±0.001
	0.0089±0.0008
	3.7±0.4
	

	
	Ru-Ru
	3.1±0.3
	2.713±0.001
	
	
	


aCN, coordination number; bR, the distance to the neighboring atom; cσ2, the Mean Square Relative Displacement (MSRD); dΔE0, inner potential correction; R factor indicates the goodness of the fit. S02 was fixed to 0.728, according to the experimental EXAFS fit of Au foil by fixing CN as the known crystallographic value. * This value was fixed during EXAFS fitting, based on the known structure of Au. Fitting range: 3.0 ≤ k (/Å) ≤ 12.0 and 1.0 ≤ R (Å) ≤ 3.0 (Ru foil); 3.0 ≤ k (/Å) ≤ 12.0 and 1.0 ≤ R (Å) ≤ 3.8 (RuO2); 3.0 ≤ k (/Å) ≤12.0 and 1.0 ≤ R (Å) ≤ 3.0 (BTOCu2Ru0.5). A reasonable range of EXAFS fitting parameters: 0.700 < Ѕ02 < 1.000; CN > 0; σ2 > 0 Å2; |ΔE0| < 15 eV; R factor < 0.02.


[bookmark: _Toc153822103]Table S3. Comparison of the CO2 photoreduction activity of BTOCu2Ru0.5 with selected dual sites, Cu site and bismuth-based photocatalysts reported in the literature.
	[bookmark: _Toc148560992]Photocatalysts
	Light source
	Reaction system
	Production
(µmolg-1h-1)
	Ref.

	BTOCu2Ru0.5
	A 300 W Xe lamp
	Without photosensitizer and sacrificial reagent
	CO: ~180.7
	This work

	Cu-ZnTCPP/g-C3N4 hybrid
	A 300 W Xe lamp (λ: 360-800 nm; 150 mW/cm2)
	As above
	CO: 92.0
	1

	C–TiO2–Cu
	A 300 W Xe lamp (λ = 320–780 nm)
	As above
	CO: 53.4
	2

	Cu1N3@PCN
	Visible light
	As above
	CO: 49.8
	3

	Cu-substituted ZnIn2S4
	A 300 W Xe lamp with an AM 1.5G filter (112 mW/cm2)
	As above
	CO: 47.2
	4

	Cu nanoclusters modified TiO2 with oxygen vacancies
	A 300 W Xe lamp
	As above
	CO: 40.3
	5

	Cu1.95S@CuS
	A 300 W Xe lamp with an AM 1.5G filter
	As above
	CO: 28.6
	6

	CoRu-HCNp
	A 300 W Xe lamp
	As above
	CO: 27.3
	7

	Bi4O5I2–Fe30
	A 300 W Xe lamp
	As above
	CO: 23.77; CH4: 4.98
	8

	TOC/Cu-MOF
	A 300 W Xe lamp
	As above
	CO: 23.01
	9

	SrBi4Ti4O15
	A 300 W Xe lamp
	As above
	CO: 19.8
	10

	Bi2MoO6
	A 300 W Xe lamp
	As above
	CO: 14.38
	11

	Cu/C3N4
	A 350 W Xe lamp
	As above
	CO: 9.89
	12

	Au/Co loaded CdS NPs
	A 300 W Xe lamp with 400 nm filter
	As above
	CO: 9.16; CH4: 1.1
	13

	SrBi2Nb2O9
	A 300 W Xe lamp
	As above
	CH4: 8.75
	14

	Cu-CCN
	A 300 W Xe lamp
	As above
	CO: 3.086
	15

	Ru@Cu-HHTP
	A Xe lamp (λ > 400 nm; 100 mW/cm2)
	TEOA as the sacrificial reagent
	CO: 130(5)000
	16

	Isolated square-planar Cu center in boron imidazolate nanocages
	Visible light
	[Ru(bpy)3]Cl2 as the photosensitizer; TEOA as the sacrificial reagent
	CO: 3334
	17

	CoNi-COF-3
	A 300 W Xe lamp with a
420 nm cutoff filter
	TEOA as the sacrificial agent; [Ru(bpy)3]Cl2·6H2O as the photosensitizer
	CO: 2567
	18

	Cu-cobalt carbonate hydroxide
	A 300 W xenon lamp a 420 nm cutoff filter
	TEOA as the sacrificial agent; Ru(bpy)32+(bpy=2,2’-bipyridine) as the photosensitizer
	CO: 1627.58
	19

	P/Cu SAs@CN
	A 300 W Xe lamp
	TEOA as the sacrificial agent
	C2H6: 616.6
	20

	PCN-224(Cu)/TiO2
	A 300 W Xe lamp (λ > 300 nm)
	Poly(3, 4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDO/TPSS) aqueous solution
	CO: 37.21
	21

	InCu/PCN
	A 300 W Xenon lamp) at 1 W/cm-2 light intensity
	DMF as the sacrificial agent
	Ethanol: 28.5
	22

	Cu2O@Cu@UiO-66-NH2
	A long-pass filter (λ ≥ 400 nm)
	TEOA as the sacrificial reagent
	CO: 20.9
	23

	PCN-RuCu
	A 300 W Xe lamp
	TEOA as the sacrificial agent
	CO: 0.25; CH4: 19.25
	24

	Sn-Cu/C3N4
	A 300 W Xe lamp with a 420 nm cut-off filter
	TEA as the sacrificial agent
	HCHO: 10.80
	25

	Cu purpurin chromophore
	Light-emitting diode (λ > 400 nm)
	DMF as solution; BIH as the sacrificial donor
	CO: ~0.71 (0.1 mM catalysts)
	26
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