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Supplementary Figure 1. X-ray diffraction patterns of various multicomponent oxide supports.



Supplementary Table 1. Molar ratio, crystal size and specific surface area of synthesized mixed oxides.
	Oxide supports
	molar ratioa
	d spaceb
	crystal sizec
	SSAd

	
	Ce
	Pr
	Zr
	Sm
	nm
	nm
	m2/g

	CeO2
	1 
(1)
	-
	-
	-
	0.1633
	7.7
	150

	Ce1Pr1Ox
	0.45 
(0.5)
	0.55 
(0.5)
	-
	-
	0.1629
	11.2
	50

	Ce1Sm1Ox
	0.52 
(0.5)
	-
	-
	0.48 
(0.5)
	0.1651
	9.6
	54

	Ce7Pr2Zr1Ox
	0.71 
(0.7)
	0.21 
(0.2)
	0.08 
(0.1)
	-
	0.1623
	6.7
	109

	Ce1Pr1Zr1Ox
	0.35 (0.34)
	0.34 (0.33)
	0.31 (0.33)
	-
	0.1603
	5.1
	57

	Ce9Pr9Zr1Sm1Ox
	0.45 (0.45)
	0.45 (0.45)
	0.05 (0.05)
	0.05 (0.05)
	0.1627
	7.7
	61


a. calculated by Vegard's law using (311) diffraction peak around 2θ 56° from Figure S1, values in parentheses indicate expected molar ratios; 
b. calculated by Bragg's law using (311) diffraction peak around 2θ 56° from Figure S1;
c. calculated by Scherrer equation using (111) diffraction peak around 2θ 28° from Figure S1;
d. calculated from N2 adsorption data by applying the Brunauer–Emmett–Teller method.
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Supplementary Figure 2. a XRD patterns of the PtCoIn alloy catalysts supported on different multicomponent oxides, b N2 adsorption–desorption isotherms of the CPZS support and the corresponding PtCoIn-loaded catalysts. Note: Owing to the strong X-ray scattering ability of Ce and Sm, the diffraction peaks of the supported alloy are obscured in the XRD patterns of catalysts containing high amounts of these elements.












Supplementary Table 2. Size of PtCoIn alloy nanoparticles measured by XRD and CO-pulse.
	Samples
	Size of alloy nanoparticles / nm

	
	XRD
	CO-Pulse

	PtCoIn_Ce1Pr1Ox
	5.3
	4.6

	PtCoIn_Ce1Pr1Zr1Ox
	5.4
	5.2

	PtCoIn_Ce7Pr2Zr1Ox
	4.4
	4.7

	PtCoIn_Ca4.0_Ce7Pr2Zr1Ox
	3.7
	3.8

	PtCoIn_C9P9Z1S1Ox
	3.8
	4.3

	PtCoIn_Ca2.5_C9P9Z1S1Ox
	3.6
	3.5















[image: ]
Supplementary Figure 3. a Fourier transforms of Pt LII-, Co K- and In K-edge EXAFS of PtCoIn/Ca–C9P9Z1S1 catalysts and reference compounds. b Curve-fitting for the Pt LII-, Co K-, and In K-edge k3-weighted EXAFS oscillations of PtCoIn/Ca–C9P9Z1S1. The k3-weighted EXAFS oscillation was Fourier-transformed in the k range of 3−14 Å−1 for all edges. Curve-fitting was performed using the back Fourier-transforms of the coordination peaks ranging between 1.3−3.7 Å, 1.0−3.0 Å, and 1.2−4.0 Å for Pt LII-, Co K-, and In K-edge, respectively.




Supplementary Table 3. Results of EXAFS curve-fitting for PtCoIn/Ca–C9P9Z1S1 and the reference foils.

	Sample
	Edge
	Shell
	So2[a]
	CN[b]
	R[c] (Å)
	∆Eo[d] (eV)
	σ2[e] (Å2)
	R-factor

	Pt foil
	Pt LII
	Pt–Pt
	0.80
	12 (fix)
	2.78 ± 0.01
	6.4 ± 1.9
	0.000
	0.020

	Co foil
	Co K
	Co–Co
	0.79
	12 (fix)
	2.49 ± 0.00
	1.1 ± 0.3
	0.006
	0.001

	In foil
	In K
	In–In
	0.76
	4 (fix)
	3.13 ± 0.02
	1.9 ± 1.5
	0.014
	0.024

	
	
	In–In
	
	8 (fix)
	3.31 ± 0.03
	
	0.021
	

	PtCoIn/
Ca– C9P9Z1S1
	Pt LII
	Pt–In
	0.80
(fix)
	5.5 ± 0.7
	2.71 ± 0.00
	3.6 ± 0.9
	0.008
	0.009

	
	
	Pt–Pt
	
	3.3 ± 0.7
	2.86 ± 0.02
	
	0.013
	

	
	Co K
	Co–Co
	0.79
(fix)
	9.0 ± 0.5
	2.49 ± 0.00
	0.49 ± 0.68
	0.007
	0.002

	
	
	Co–In
	
	1.5 ± 0.2
	2.77 ± 0.05
	
	0.020
	

	
	In K
	In–O
	0.76
(fix)
	3.6 ± 4.4
	2.21 ± 0.05
	7.56 ± 1.72
	0.024
	0.025

	
	
	In–Pt
	
	7.3 ± 1.9
	2.78 ± 0.01
	
	0.009
	

	
	
	In–Co
	
	3.6 ± 1.9
	2.91 ± 0.03
	
	0.020
	


[a]Amplitude factor. [b]Coordination number. [c]Distance between absorber and backscattering atoms. [d]Correction term in the absorption edge. [e]Disorder term (EXAFS Debye–Waller factor).
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Supplementary Figure 4. FT-IR spectra of CO adsorbed on Pt/SiO2, PtCoIn/SiO2, and PtCoIn/Ca–SiO2. For the FT-IR study, SiO2-supported catalysts were used instead of the CeO2-supported ones to avoid interference from the strong infrared absorption of CeO2. The peak positions were consistent with those observed in literature of Pt/SiO2 (2070 cm−1),1 Pt–In/SiO2 (2042 cm−1),2 and Co in Pt–Co alloy surface (1988 cm−1).3
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Supplementary Figure 5. HAADF-STEM images of PtCoIn/Ca–C9P9Z1S1 with several regions. More than 100 particles were counted using these images for size-distribution analysis.
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Supplementary Figure 6. Catalytic performance of PtCoIn loaded on Ce-based oxides in CO2-ODP: a C3H8 conversion, b CO2 conversion, c net C3H6 selectivity, and d C3H6 selectivity in HC.
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Supplementary Figure 7. a C3H6 selectivity in hydrocarbon and b net C3H6 yield of PtCoIn loaded on various oxide supports, c C3H6 selectivity in hydrocarbon, d net C3H6 yield and e CO2 conversion for Ca decorated PtCoIn loaded on various oxide supports.
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Supplementary Figure 8. TPR profiles of various multinary oxides used as catalyst supports.
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Supplementary Figure 9. a and d total carbon balance, b and e carbon balance in COx, c and f carbon balance in hydrocarbons of abc PtCoIn loaded on various oxides and def PtCoIn loaded on various oxides with Ca decoration.
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Supplementary Figure 10. Equilibrium conversions of a C3H8 and b CO2 for DDP, ODP and ODP with DRP.
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Supplementary Figure 11. a Dependence of coke accumulation rate and dispersion retention on H2 consumption. b Dependence of overall deactivation constant (kd), coking deactivation constant (kc) and sintering deactivation constant (ks) on H2 consumption.








Supplementary Table 4. Dispersion, composition and surface area of prepared catalysts.

	Alloy
	Supporta
	BET
	Dispersion (%)
	Dispersion retention 
	Composition ratio (%)b

	
	
	m2 g−1
	Fresh
	Spent
	(%)
	Pt
	Co
	Ni
	Sn
	In
	Ca

	PtCoIn
	CeO2
	-
	-
	-
	
	1.0
	0.7
	-
	-
	2.2
	-

	
	CeSmOx
	-
	32
	19
	58
	-
	-
	-
	-
	-
	-

	
	CePrOx
	-
	23
	18
	79
	-
	-
	-
	-
	-
	-

	
	Ce7Pr2Zr1Ox
	76
	22
	18
	81
	1.0
	0.8
	-
	-
	2.0
	-

	
	Ce9Pr9Zr1Ti1Ox
	-
	16
	13
	82
	-
	-
	-
	-
	-
	-

	
	Ce9Pr9Zr1Sm1Ox
	51
	26
	23
	89
	1.0
	0.9
	-
	-
	2.2
	-

	
	Ca_CeSmOx
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	
	Ca_Ce7Pr2Zr1Ox
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	
	Ca_Ce9Pr9Zr1Sm1Ox
	32
	33
	29
	88
	1.0
	0.7
	-
	-
	2.1
	2.3

	HEI
	Ce7Pr2Zr1Ox
	85
	41
	38
	93
	1.0
	1.1
	0.8
	1.8
	1.5
	-

	
	Ce9Pr9Zr1Sm1Ox
	68
	44
	41
	94
	-
	-
	-
	-
	-
	-

	
	Ca_Ce7Pr2Zr1Ox
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-

	
	Ca_Ce9Pr9Zr1Sm1Ox
	70
	34
	34
	99.5
	1.0
	1.2
	0.8
	1.6
	1.4
	1.7


a: Ca_oxide indicates that there is Ca decoration in this catalyst 
b: tested by XRF.




Supplementary Text 1

The apparent deactivation constant, , was assumed to consist of two independent contributions: catalyst deactivation caused by coke accumulation () and the reduction in the number of accessible surface metal sites caused by nanoparticle sintering (). In the present treatment, these two deactivation processes were approximated as independent, considering that coke deposition and nanoparticle sintering originate from distinct chemical and physical phenomena, respectively. Because coking is commonly described by first-order deactivation kinetics and the gradual decrease in accessible surface metal sites caused by sintering can also be approximated as a first-order process for simplicity, the catalytic activity can be expressed as;



thus giving

The sintering constant, , was estimated from the change in metal dispersion before and after the reaction. Assuming that the number of accessible surface metal sites is proportional to metal dispersion, the decrease in dispersion due to sintering can likewise be approximated by a first-order decay:



where , , and represent the metal dispersions before and after the reaction, and the dispersion retention, respectively. The coking constant was subsequently obtained from Eq. (9) as

Although this treatment relies on several simplifying assumptions, including independent first-order deactivation processes and proportionality between accessible surface metal sites and metal dispersion, it provides a useful semi-quantitative framework for evaluating the relative contributions of coking and sintering to the overall catalyst deactivation.
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Supplementary Figure 12. Fourier transforms of a Pt LII-, Co K- and Ni K-edge EXAFS, b In K- and Sn K-edge EXAFS of HEI/Ca–C9P9Z1S1 catalysts and reference compounds. The k3-weighted EXAFS oscillation was Fourier-transformed in the k range of 3−12 Å−1 for all edges. 
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Supplementary Figure 13. Curve-fitting for the Pt LII-, Co K-, Ni K-, In K- and Sn K-edge k3-weighted EXAFS oscillations of HEI/Ca–C9P9Z1S1. Curve-fitting was performed using the back Fourier-transforms of the coordination peaks ranging between 1.3−3.7 Å, 1.0−3.0 Å, 1.0−3.0 Å, 1.2−4.0 Å and 1.2−3.8 Å for Pt LII-, Co K-, Ni K-, In K- and Sn K-edge, respectively.



Supplementary Table 5. Results of EXAFS curve-fitting for HEI/Ca–C9P9Z1S1 and the reference foils.
	Sample
	Edge
	Shell
	So2[a]
	CN[b]
	R[c] (Å)
	∆Eo[d] (eV)
	σ2[e] (Å2)
	R-factor

	Pt foil
	Pt LII
	Pt–Pt
	0.90
	12 (fix)
	2.77 ± 0.01
	6.3 ± 1.1
	0.005
	0.005

	Co foil
	Co K
	Co–Co
	0.76
	12 (fix)
	2.49 ± 0.00
	7.3 ± 0.2
	0.006
	0.000

	Ni foil
	Ni K
	Ni–Ni
	0.85
	12 (fix)
	2.48 ± 0.00
	2.8 ± 0.3
	0.006
	0.001

	SnO2
	Sn K
	Sn–O
	0.99
	6 (fix)
	2.06 ± 0.01
	9.0 ± 1.8
	0.002
	0.007

	In
	In K
	In–In
	0.88
	4 (fix)
	3.14 ± 0.02
	2.9 ± 1.5
	0.016
	0.027

	
	
	In–In
	0.90
	8 (fix)
	3.32 ± 0.03
	
	0.021
	

	HEI/Ca_9911
	Pt LII
	Pt–Sn/In
	0.90 (fix)
	4.6 ± 0.7
	2.70 ± 0.01
	4.8 ± 1.0
	0.007
	0.009

	
	
	Pt–Pt
	
	4.1 ± 5.9
	2.84 ± 0.04
	
	0.020
	

	
	Co K
	Co–Co
	0.76 (fix)
	6.7 ± 0.9
	2.48 ± 0.01
	9.98± 2.4
	0.009
	0.008

	
	
	Co–Sn/In
	
	5.1 ± 12.1
	2.66 ± 0.07
	
	0.036
	

	
	Ni K
	Ni–Ni
	0.85 (fix)
	4.6 ± 0.3
	2.47 ± 0.01
	−4.3 ± 2.5
	0.005
	0.010

	
	
	Ni–Sn/In
	
	1.4 ± 0.7
	2.69 ± 0.01
	
	0.010
	

	
	Sn K
	Sn–O
	0.99 (fix)
	0.6 ± 0.7
	2.02 ± 0.02
	−1.9 ± 4.1
	0.003
	0.022

	
	
	Sn–Co/Ni
	
	2.8 ± 0.8
	2.62 ± 0.04
	
	0.016
	

	
	
	Sn–Pt
	
	1.4 ± 0.4
	2.64 ± 0.02
	
	0.011
	

	
	In K
	In–O
	0.88 (fix)
	2.1 ± 0.3
	2.06 ± 0.01
	−6.0 ± 2.29
	0.004
	0.015

	
	
	In–Co/Ni
	
	4.7 ± 0.8
	2.62 ± 0.04
	
	0.032
	

	
	
	In–Pt
	
	2.3 ± 0.8
	2.69 ± 0.01
	
	0.008
	


[a]Amplitude factor. [b]Coordination number. [c]Distance between absorber and backscattering atoms. [d]Correction term in the absorption edge. [e]Disorder term (EXAFS Debye–Waller factor).
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Supplementary Figure 14. HAADF-STEM images of HEI/Ca–C9P9Z1S1 catalyst. More than 100 particles were counted using these images for size-distribution analysis.
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Supplementary Figure 15. XANES spectra of Pt LII-, Co K-, Ni K-, Sn K- and In K-edge of HEI/(Ca–)C7P2Z1 catalyst.
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Supplementary Figure 16. k3-weighted EXAFS oscillation of Pt LII-, Co K-, Ni K-, Sn K- and In K-edge of HEI/C7P2Z1 catalyst (green) and HEI/Ca–C7P2Z1 (purple). 
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Supplementary Figure 17. Fourier transforms of a Pt LII-, Co K-, Ni K-, b In K- and Sn K-edge EXAFS of HEI/Ca–C7P2Z1 catalysts and reference compounds. The k3-weighted EXAFS oscillation was Fourier-transformed in the k range of 3−12 Å−1 for all edges


[image: ]
Supplementary Figure 18. Curve-fitting for the Pt LII-, Co K-, Ni K-, In K- and Sn K-edge k3-weighted EXAFS oscillations of HEI/Ca–C7P2Z1. The k3-weighted EXAFS oscillation was Fourier-transformed in the k range of 3−12 Å−1 for all edges. Curve-fitting was performed using the back Fourier-transforms of the coordination peaks ranging between 1.3−3.3 Å, 1.0−3.0 Å, 1.0−3.3 Å, 1.2−3.6 Å and 1.0−3.5 Å for Pt LII-, Co K-, Ni K-, In K- and Sn K-edge, respectively.




Supplementary Table 6. Results of EXAFS curve-fitting for HEI/Ca–C7P2Z1 and the reference foils.

	Sample
	Edge
	Shell
	So2[a]
	CN[b]
	R[c] (Å)
	∆Eo[d] (eV)
	σ2[e] (Å2)
	R-factor

	Pt foil
	Pt LII
	Pt–Pt
	0.80
	12 (fix)
	2.78 ± 0.01
	6.4 ± 1.9
	0.000
	0.020

	Co foil
	Co K
	Co–Co
	0.79
	12 (fix)
	2.49 ± 0.00
	1.1 ± 0.3
	0.006
	0.001

	Ni foil
	Ni K
	Ni–Ni
	0.80
	12 (fix)
	2.48 ± 0.00
	1.0 ± 0.5
	0.006
	0.001

	Sn foil
	Sn K
	Sn–Sn
	0.75
	8 (fix)
	3.01 ± 0.01
	1.2 ± 1.1
	0.013
	0.015

	In foil
	In K
	In–In
	0.76
	4 (fix)
	3.13 ± 0.02
	1.9 ± 1.5
	0.014
	0.024

	
	
	In–In
	
	8 (fix)
	3.31 ± 0.03
	
	0.021
	

	HEI/Ca–C7P2Z1
	Pt LII
	Pt–Sn
	0.80 (fix)
	3.3 ± 0.6
	2.55 ± 0.04
	4.9 ± 1.1
	0.007
	0.008

	
	
	Pt–Pt
	
	4.6 ± 4.0
	2.60 ± 0.04
	
	0.017
	

	
	Co K
	Co–Co
	0.79 (fix)
	4.7 ± 0.4
	2.65 ± 0.04
	−0.5 ± 3.0
	0.006
	0.016

	
	
	Co–In
	
	2.3 ± 0.4
	2.43 ± 0.02
	
	0.019
	

	
	Ni K
	Ni–Ni
	0.80 (fix)
	1.5 ± 0.4
	2.80 ± 0.04
	−4.2 ± 1.5
	0.004
	0.009

	
	
	Ni–In
	
	4.4 ± 1.3
	2.48 ± 0.02
	
	0.016
	

	
	Sn K
	Sn–O
	0.75 (fix)
	1.5 ± 0.7
	2.60 ± 0.03
	2.1 ± 3.6
	0.010
	0.019

	
	
	Sn–Co/Ni
	
	3.6 ± 1.0
	2.11 ± 0.02
	
	0.002
	

	
	
	Sn–Pt
	
	3.6 ± 1.0
	2.59 ± 0.02
	
	0.005
	

	
	In K
	In–O
	0.76 (fix)
	2.0 ± 1.8
	2.71 ± 0.02
	−6.0 ± 4.48
	0.013
	0.018

	
	
	In–Co/Ni
	
	2.9 ± 1.3
	2.17 ± 0.04
	
	0.025
	

	
	
	In–Pt
	
	2.9 ± 1.3
	2.69 ± 0.03
	
	0.009
	


[a]Amplitude factor. [b]Coordination number. [c]Distance between absorber and backscattering atoms. [d]Correction term in the absorption edge. [e]Disorder term (EXAFS Debye–Waller factor).
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Supplementary Figure 19. Net C3H6 yield and C3H6 selectivity in hydrocarbon of PtCoIn/C9P9Z1S1, PtCoIn/Ca–C9P9Z1S1, and HEI/Ca–C9P9Z1S1 catalysts.
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Supplementary Figure 20. CO2-ODP performance of HEI/C9P9Z1S1 catalyst.
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Supplementary Figure 21. Total carbon balance, carbon balance in CxHy and COx of various catalysts.
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Supplementary Figure 22. CO2-ODP performance of HEI/C7P2Z1 and HEI/Ca–C7P2Z1.
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Supplementary Figure 23. Control experiments of CO2-ODP with HEI/Ca–Al2O3, Ca–CPZS, sea sand. Direct propane dehydrogenation over HEI/Ca–CPZS.
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Supplementary Figure 24. Detailed number indication for Figure 5i. The numbers correspond to the entry numbers in supplementary Tables 7-9.


Supplementary Table 7. Catalytic conditions and performance of reported catalysts (No. 1-20 in Figure S24).

	No.
	Catalysts
	Temp.
	Gas feed ratio
C3H8:CO2:Ar
	Time (h)
	C3H8 conv. (%)
	C3H6 sel. (%)
	kd (h−1)
	τ (h)
	ref

	
	
	
	
	i
	f
	i
	f
	i
	f
	
	
	

	1
	Ga8Al2O15
	500
	2.5:5:92.5
	0.25
	8
	49.7
	33.1
	91.7
	98
	0.089
	11.2
	4

	2
	Ru1Cr10Ox/SiO2
	500
	1:1:1
	0.67
	7
	9
	6.5
	(85)
	(90)
	0.053
	18.8
	5

	3
	Pd/CeZrAlOx
	500
	26:37:37
	0.17
	140
	16
	2
	80
	98
	0.016
	62.6
	6

	4
	7%Cr/SBA-1
	550
	1:5:9
	0.17
	4
	37.7
	16
	85
	91
	0.347
	2.9
	7

	5
	Cr-O/SiO2
	550
	1:5
	0.17
	0
	17.2
	−
	94.4
	−
	−
	−
	8

	6
	Cr2O3–ZrO2 180
	550
	2.5:5:92.5
	0.17
	6
	53.3
	27.8
	(79)
	(90.8)
	0.186
	5.4
	9

	7
	Ga2O3–M
	550
	1:5:9
	0.17
	4
	19
	11
	91.6
	95
	0.167
	6.0
	10

	8
	FeCeO2
	550
	1:1:2
	0.10
	20
	17.5
	14
	(48)
	(53)
	0.013
	75.2
	11

	9
	Fe3Ni/CeO2
	550
	1:1:2
	0.10
	10
	4.8
	3.4
	30
	58.2
	0.036
	27.5
	12

	10
	20%ZnO-ZrO2
	550
	1:4:20
	0.08
	2
	24
	20
	65
	70
	0.165
	6.1
	13

	11
	15V-15Zr@ZSM-5
	550
	2.5:5:92.5
	1.00
	6
	35
	39
	87
	90
	0.000
	0.0
	14

	12
	0.5%PtSnCe/SiO2
	550
	1:1:5
	0.08
	6
	55
	33
	89.1
	93.4
	0.154
	6.5
	15

	13
	2Ga2O3V2O5/ZSM-5
	550
	−
	0.50
	6
	30
	35
	87
	90
	0.000
	0.0
	16

	14
	FeNi/Ceria-Vo-R
	550
	2.4:4.8:10
	0.33
	3
	23
	21
	42
	42
	0.054
	18.6
	17

	15
	12% In/HZSM-5
	580
	1:4:5
	1.00
	6
	25.2
	17.6
	75
	70
	0.101
	9.9
	18

	16
	GaN/NaZSM-5(470)
	600
	1:2:7
	0.08
	10
	46
	34
	62
	78
	0.053
	18.7
	19

	17
	CaO/ZSM-5
	600
	5 5 90
	0.08
	−
	23.1
	−
	39
	−
	0.000
	0.0
	20

	18
	2Cr-Ca/ZrO2
	600
	1:3:6
	0.08
	10
	20.2
	9.5
	93.5
	94.6
	0.089
	11.3
	21

	19
	PtCoIn/CeO2
	600
	1:1:2
	0.08
	50
	61
	35
	96 (82)
	97.5 (87)
	0.022
	46.3
	22

	20
	HEI/CeO2
	600
	1:1:2
	0.08
	50
	30
	20
	94 (92)
	88 (86)
	0.008
	92.6
	23

















Supplementary Table 8. Catalytic conditions and performance of reported catalysts (No. 21-40 in Figure S24).

	No.
	Catalysts
	Temp.
	Gas feed ratio
C3H8:CO2:Ar
	Time (h)
	C3H8 conv. (%)
	C3H6 sel. (%)
	kd (h−1)
	τ (h)
	ref

	
	
	
	
	i
	f
	i
	f
	i
	f
	
	
	

	21
	HEI/CeO2
	600
	1:1:2
	0.08
	50
	30
	20
	94 (92)
	88 (86)
	0.008
	92.6
	23

	22
	PtCoIn/CPZS
	600
	1:1:2
	8.00
	68
	47.1
	36.5
	97 (42)
	95.8 (53)
	0.007
	138.0
	*

	23
	HEI/CPZS
	600
	1:1:2
	4
	40
	28.7
	24.0
	95 (75)
	94.4 (75)
	0.007
	146.5
	*

	24
	PtCoIn/Ca–CPZS
	600
	1:1:2
	3
	70
	45.7
	35.9
	98 (73)
	97.2 (74)
	0.006
	168.0
	*

	25
	HEI/Ca–CPZS
	600
	1:1:2
	1
	90
	31
	22
	98
(91)
	96.9 (93)
	0.005
	193
	*

	26
	Ga2O3/HZSM-48
	600
	2.5:5:92.5
	1.00
	10
	52.6
	48.2
	42.2
	45.6
	0.020
	51.1
	24

	27
	ZnO/HZSM-5
	600
	2.5:5:92.5
	1.00
	30
	68.3
	41.5
	46.8
	62.1
	0.038
	26.1
	25

	28
	Cr-MSU-28
	600
	1:1:8
	0.17
	2
	44
	36.8
	86
	90.4
	0.163
	6.1
	26

	29
	5%Cr/SiO2
	600
	15:30:55
	−
	20
	80
	53
	50
	90.6
	0.063
	15.8
	27

	30
	2%Cr2O3/SiO2
	600
	15:30:55
	0.30
	17
	71
	50
	66
	90
	0.055
	18.3
	28

	31
	15%Ga/ZrO2
	600
	2.5:5:92.5
	0.17
	3
	38.6
	6
	45.4
	77
	0.807
	1.2
	29

	32
	Ga2O3/TiO2
	600
	2.5:5:92.5
	0.17
	3
	32
	2.5
	(73)
	−
	1.027
	1.0
	30

	33
	Ga2O3/Al2O3
	600
	2.5:5:92.5
	0.17
	3
	26
	17
	(94)
	−
	0.190
	5.2
	30

	34
	Ga2O3/ZrO2
	600
	2.5:5:92.5
	0.17
	3
	30
	7
	(65)
	−
	0.614
	1.6
	30

	35
	Ga2O3/SiO2
	600
	2.5:5:92.5
	0.17
	3
	6.4
	6
	(92)
	−
	0.024
	41.2
	30

	36
	Ga2O3/MgO
	600
	2.5:5:92.5
	0.17
	3
	4.3
	2.5
	(29)
	−
	0.198
	5.1
	30

	37
	10%In2O3/Al2O3
	600
	2.5:10:87.5
	0.17
	8
	24
	20
	29
	84
	0.030
	33.5
	31

	38
	In-Al-20
	600
	2.5:10:87.5
	0.17
	12
	35
	29
	(20)
	(78)
	0.023
	42.8
	32

	39
	5.2V-MSNS
	600
	1:4:4
	0.17
	24
	58
	19
	(84)
	(89)
	0.074
	13.4
	33

	40
	Cr/MSS-2
	600
	1:4:4
	0.17
	4
	69
	33
	(79)
	(90)
	0.394
	2.5
	34


*: data from this work









Supplementary Table 9. Catalytic conditions and performance of reported catalysts. No. 41-58 in Figure S24.

	No.
	Catalysts
	Temp.
	Gas feed ratio
C3H8:CO2:Ar
	Time (h)
	C3H8 conv. (%)
	C3H6 sel. (%)
	kd (h−1)
	τ (h)
	ref

	
	
	
	
	i
	f
	i
	f
	i
	f
	
	
	

	41
	0.5 Ni-Cr/Si
	600
	1:1:8
	0.17
	12
	90
	19
	0
	90
	0.308
	3.2
	35

	42
	7 Ga/SiO2-A
	650
	1:2
	0.08
	20
	33
	21
	(78)
	(77)
	0.031
	32.3
	36

	43
	0.8GaN–Ga2O3/ZSM-5
	600
	1:2:7
	1.00
	55
	55.1
	31
	(65.3)
	(80)
	0.019
	53.7
	37

	44
	PtSn/Ce-DMSN-0.5
	550
	8:8:8:1
	0
	33
	40.9
	24
	96.9
(93.2)
	96.8 (92)
	0.024
	42.1
	38

	45
	Pt1Sn7/CeOx–Al2O3
	550
	5:3:27
	0.25
	12
	44.2
	40
	98.8
	98
	0.015
	68.1
	39

	46
	PtIn/Al2O3
	550
	8:8:34
	0
	1.5
	32.5
	11
	(90)
	(80)
	0.907
	1.1
	40

	47
	KPt/Silicalite-1
	500
	1:1:4
	0
	10
	50
	42
	(70)
	(90)
	0.032
	31.0
	41

	48
	5GaN/[Ga]MFI-100
	600
	1:2:7
	0
	6
	65
	50
	(72)
	(76)
	0.103
	9.7
	42

	49
	Ni2.1%Cr3.6%Ox@S1-1.0
	600
	1:1:23
	0
	36
	51.7
	41
	91.4
	−
	0.012
	83.3
	43

	50
	PtMn/SiO2
	500
	10:10:5
	0
	2
	31.8
	27.2
	(97.5)
	(97.8)
	0.111
	9.0
	44

	51
	4 wt% Co@Z5–1000
	600
	1:2:7
	3
	38
	45.1
	20
	95
	95
	0.034
	29.4
	45

	52
	MoCx/Si-1
	550
	1:1:2
	0
	24
	13
	5
	93.6
	95
	0.043
	23.0
	46

	53
	5Cr-Co/ZSM-5 (w)
	600
	1:2:97
	0
	3
	53.9
	46
	71.65
	80
	0.106
	9.5
	47

	54
	10V-0.5Fe/S-1
	600
	1:1:3
	0
	8
	52.5
	40
	90.6
	90
	0.063
	15.8
	48

	55
	Co/MgS-1
	600
	1:1
	0
	8
	32.3
	20
	94.8
	90
	0.081
	12.4
	49

	56
	Si(5)PtSn/Al2O3
	550
	1:1:2
	0.25
	8
	48
	37
	(87.1)
	(87.8)
	0.058
	17.1
	50

	57
	PtZn/Co@S-1
	550
	1:1:4
	0
	60
	59.68
	40
	(80)
	(94.9)
	0.013
	75.2
	51

	58
	5Fe-5V-Al2O3
	600
	15:15:70
	0.25
	1
	41.3
	35
	84.4
	−
	0.357
	2.8
	52



[image: ]

Supplementary Figure 25. Optimized structures of the slab models for (a) bare CeO2(111) and (b) Pt–In/CeO2(111), (c) Pt–In/CaO–CeO2(111), (d) C2H4-adsorbed Pt–In/CaO–CeO2(111). Dotted circle and triangle indicate the location of In–O linkage and the Ca cation on the surface, respectively. (e) Periodic view of the C2H4-adsorbed structure.





Supplementary Table 10. Structural and electronic state information on the π-adsorbed C2H4 on Pt.
	structure
	Pt–C1
/ Å a
	Pt–C2
/ Å a
	C1–C2
/ Å a
	HCCH dihedral
angle / degree
	Hirshfeld charge at Pt b

	C2H4–Pt4In6/
CeO2(111)
	2.184
	2.204
	1.413
	161.38
	−0.01
(−0.13)

	C2H4–Pt4In6/
CaO–CeO2(111)
	2.202
	2.236
	1.406
	164.40
	+0.05
(+0.02)

	a C2 atom is closer to the slab surface. b Values in parentheses indicate the charges before adsorption.





[image: ]

Supplementary Figure 26. a DOSs projected on the valence 2p states of single oxygen anions. Numbers indicate the oxygen anions designated in b. b The location of the selected oxygen anions on the slab model.  
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