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[bookmark: _Hlk127018888]Supplementary Materials
[bookmark: _Hlk125212515][bookmark: OLE_LINK3][bookmark: OLE_LINK4]1. Catalyst characterizations
X-ray diffractometer (XRD) were used to analyse the crystallite phases of the samples on the Bruker AXS D8 Focus diffractometer instrument. The X-ray was produced by a 40 kV, 30 mA electricity with a Cu target and Kα-ray irradiation. The scans were taken in a 2θ range from 10o- 90o at 4o·min-1 and a step width of 0.02o·s-1.
The specific surface areas of the samples were measured by nitrogen adsorption -desorption at 77 K on a ST-08B instrument.
[bookmark: _Hlk125212240]TGA-DSC experiments of the used catalysts were carried out on the America TGA 550 instrument in a 20 mL∙min-1 99.99% air flow with a temperature ramp rate of 10 oC∙min-1 from 30 to 800 oC to quantify the coking amount. The coking rates were calculated by equation according to the weight loss stages on the TGA profiles of the used catalysts.
[image: ]
Raman spectra of the samples were collected using a laser source with a wavelength of 532 nm on Renishaw inVia instrument, which is equipped with an argon laser excitation source, and the tested range is 100 - 1800 cm-1.
  H2 temperature-programmed reduction (H2-TPR) were conducted on a FINESORB 3010C instrument equipped with a TCD detector. Generally, 100 mg catalyst was taken for the analysis. Before the experiments, a catalyst were treated first in a 99.99% Ar flow at 120 oC for 30 min to get rid of the surface impurities. After cooled down to ambient temperature for 30 min, the sample was heated up to 800 °C in a rate of 10 °C min-1 in a 10% H2/Ar feed (30 mL∙min-1), and the H2 uptake was recorded by TCD and calibrated with a 99.99% CuO standard.
H2 temperature-programmed desorption (H2-TPD) were conducted to characterize the Ni dispersion and active Ni surface area using Autochem II 2920 (Micromeritics Instrument Corp.) with the following processes. For a typical test, 50 mg sample was first reduced at 800 oC for 1h in a 30 ml.min-1 10% H2/Ar flow, then cooled down to 50 °C and maintained for 1 h to adsorb H2 completely. Subsequently, the sample was flushed by a 99.99% Ar flow, and maintained for 30 min to get rid of any possible impurities. Afterwards, it was heated from 50 °C to 400 °C with a rate of 10 °C·min-1 in a 30 mL·min-1 99.99% Ar to desorb the pre-adsorbed H2, and a TCD was used to monitor the amount. A 0.5% Pt/Al2O3 provided by Micromeritics with 34.5% metal dispersion was used as a standard sample to calibrate the H2 desorption amount by assuming the stoichiometry of one hydrogen atom adsorbed on one surface Ni atom, and calculate the metallic Ni dispersion and active surface area.
Carbon dioxide programmed temperature desorption (CO2-TPD) was conducted on a Micromeritics Auto Chem 2920 apparatus. Typically, 50 mg catalyst was initially reduced at 600 °C in a 30 mL·min-1 10% H2/Ar flow for 2 h, then cooled down to 50 °C in an 99.99% He flow and kept for 30 min to get rid of any possible impurities. Subsequently, the He flow was replaced by a 30 mL·min-1 CO2 flow and maintain for 1 h. After this, it was switched again to the He flow for 30 min to eliminate any physically absorbed CO2. Afterwards, it was heated up to 800 °C with a rate of 10 °C·min-1 in a 30 mL·min-1 in the He flow, and the desorbed CO2 was recorded by a TCD.
Oxygen programmed temperature desorption (O2-TPD) was performed with a micromeritics Auto Chem 2920 apparatus. Typically, 50 mg catalyst was reduced at 600 °C in a 30 mL·min-1 10% H2/Ar flow for 2 h. then cooled down to 50 °C in an 99.99% He flow and kept for 30 min to get rid of any possible impurities. Subsequently, the He flow was replaced by a 30 mL·min-1 O2 flow and maintain for 1 h. After this, it was switched again to the He flow for 30 min to eliminate any physically absorbed O2. Afterwards, it was heated up to 800 °C with a rate of 10 °C·min-1 in a 30 mL·min-1 in the He flow, and the desorbed O2 was recorded by a TCD.
X-ray photon spectroscopy (XPS) experiments were carried out by K-Alpha+ (Thermo fisher Scientific) using mono Al KαX-ray source operated at 6 mA and 12 kV, and the beam spot size is 400 μm. The spectra were collected at ambient temperature with the degree of vacuum about 2×10-7mba. Binding energy correction was performed using a surface contamination C1s at 284.8 eV as the standard.
Transmission electron microscopy (TEM) images of the catalysts were recorded on a America FEI Talos F200s, which was used to characterize the morphology, crystal structure and particle size of catalysts in different states.
Inductively coupled plasma (ICP) was applied to determine the Ni contents in catalysts on a VARIAN 715-ES instrument.
An in-situ diffuse reflectance infrared spectrometer of Bruker Technology Co., Ltd. model TENSOR II was used for in-situ DRIFTs experiments. We can use infrared spectroscopy to analyze the species change process of the surface reaction of the solid catalyst in the actual reaction to explore the catalytic reaction mechanism during the entire reaction process. The catalyst was reduced in H2/Ar at 600 °C for 2 hours in advance and then the sample was purged with N2 (flow rate of 50 mL·min–1) at 500 °C for 30 minutes. When the temperature is 50 °C, the dilution gas is introduced and the in-situ drift experiment is started, and the system is heated from 50 °C to 500 °C by stepping on points at 50 °C intervals. 

[bookmark: _Hlk125213395]Table S1 Physical-chemical properties of the supports
	Supports
	Radius of metal cations (Å)
	2θ (◦)    (222)
	Mean crystallite size 
(nm)[a]
	Surface                     area 
(m2·g-1)[b]
	Cell parameters of Y2O3

	
	
	
	
	
	α=β=γ (◦)
	a=b=c

	5Ni/Y2O3
	Y3+, 1.02
	29.006
	10.3
	45.3
	90
	3.076

	5Ni/Ce0.1Y0.9Ox
	Ce4+, 0.97
	29.050
	9.7
	48.8
	90
	3.070

	5Ni/Zr0.1Y0.9Ox
	Zr4+, 0.84
	29.109
	9.4
	50.1
	90
	3.065

	5Ni/Al0.1Y0.9Ox
	Al3+, 0.54
	29.263
	8.8
	60.2
	90
	3.049

	[a]Calculated from XRD results; [b]Determined by N2-BET
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Figure S1. H2-TPR profiles of the supports
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Figure S2. XPS spectra of the catalysts. (A) Ni 2p; (B) Y 3d
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Figure S3. O2-TPD profiles of the freshly calcined catalysts
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Figure S4. In-situ DRIFTS spectra on the reduced catalysts in a reaction feed (CH4+CO2) at different temperatures. (A) 5Ni/Y2O3, (B) 5Ni/Ce0.1Y0.9Ox, (C) 5Ni/Zr0.1Y0.9Ox, (D) 5Ni/Al0.1Y0.9Ox catalysts.
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