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Materials
CH3OH, CO2 (99.999 %) and N2 (99.999 %) pure gases were obtained from Dalian Special Gases Co., Ltd. Cu (NO3)2‧3H2O, Co (NO3)36H2O were obtained from China National Pharmaceutical Group Co., Ltd. ZSM-5 zeolite was obtained from Qingdao Yuan Ke Catalyst Co., Ltd.


Catalyst Characterization
The X-ray diffraction (XRD) tests were conducted using an X-ray diffractometer (Empyrean, PANalytical) with Cu Ka (λ = 0.154 nm) as the radiation source. The XRD diffractograms of the catalyst samples were recorded in the 2θ range of 5-90 ° with a scanning speed of 2 °/min and a scanning interval of 0.02 °.
The structural properties of the samples were investigated by N2 physisorption (ASAP 2020 PLUS, Micromeritics). The samples were required to be degassed under vacuum at 350 °C for 4 h before each test, N2 adsorption-desorption data were recorded at the temperature of liquid nitrogen (-196 °C). Specific surface areas and pore volumes were calculated using the Brunauer-Emmett-Teller (BET) equation and the Barrett-Joyner-Halenda (BJH) method, respectively.
Transmission electron microscopy (TEM) images of catalysts were measured on a JEM-2100F electron microscope (JEOL，Japan). The acceleration voltage was 200 kV, and the surface chemical analysis was conducted by using energy dispersive X-ray spectrometer (EDS).
The X-ray photoelectron spectra (XPS) of the catalysts were measured with a photoelectron spectrometer (AXIS-ULTRA DLD-600W, Shimadzu) using Al Kα as the radiation source. The binding energies of the different elements were calibrated by the C 1s peak at 284.6 eV.
The H2-temperature programmed reduction (H2-TPR) experiments were performed on the samples using a chemisorption analyzer (Autochem II 2920, Micromeritics). Firstly, the samples were dried and pretreated in a He flow (50 mL/min) at 350 °C for 1 h, and then cooled to 50 °C. Subsequently, the samples were heated up to 900 °C with an H2 (10 %)/Ar (50 mL/min) mixture as the reducing gas at a heating rate of 10 °C /min, while signal changes were recorded with a thermal conductivity detector (TCD).
The O2-temperature-programmed desorption (O2-TPD) experiments were performed on the samples using a chemisorption analyzer (Autochem II 2920, Micromeritics). Firstly, the samples were dried and pretreated in a He flow (50 mL/min) at 350 °C for 1 h, then cooled to 50 °C. Subsequently, the samples were exposed to O2 (5 %)/He (50 mL/min) mixture for 1 h to saturate the adsorption and then switched to He gas flow (50 mL/min) for 1 h to remove O2 physically adsorbed on the surface. Finally, the sample was heated up to 900 °C under He (50 mL/min) gas flow at a heating rate of 10 °C/min, while signal changes were recorded with TCD.
Temperature-programmed desorption of CO2 (CO2-TPD) was performed using a chemisorber (Autochem II 2920, Micromeritics). The catalyst was pretreated at 350 °C for 1 hour in pure helium gas (50 mL/min), then cooled to 50 °C, and chemically adsorbed on CO2 at 50 °C for 30 min to reach the adsorption equilibrium. Finally, the sample was heated from 50 °C to 700 °C at a rate of 10 °C/min for CO2 desorption.
In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was recorded using an FTIR spectrometer (Nicolet iS50, ThermoFisher Scientific) equipped with MCT/A detector and cooled by liquid nitrogen. Samples were pretreated in flowing N2 at 300 °C for 30 min before each experiment. Then background spectrum was recorded in N2 flow and would be automatically subtracted from the corresponding spectra. All spectra were measured by accumulating 64 scans with a resolution of 4 cm−1.


Catalytic performance
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[bookmark: _Hlk224648503]Fig S1. CH3OH conversion, CO2 selectivity, CO selectivity, HCHO selectivity of (a) Co0.1Cu/ZSM-5, (b) Co0.3Cu/ZSM-5, (c) Co0.7Cu/ZSM-5 catalysts 
TEM and EDS
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Fig S2. TEM and EDS mappings of (a) Cu/ZSM-5, (b) Co0.1Cu/ZSM-5, (c) Co0.3Cu/ZSM-5, (d) Co0.7Cu/ZSM-5 catalysts
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Table S1 H2 consumption date of the CoxCu/ZSM-5 catalysts
	Catalysts
	H2 consumption(mmol/g)

	
	

	Cu/ZSM-5
	22.4

	Co0.1Cu/ZSM-5
	17.76

	Co0.3Cu/ZSM-5
	20.62

	Co0.5Cu/ZSM-5
	27.2

	Co0.7Cu/ZSM-5
	24.12




O2-TPD
Table S2 O2-TPD date of the CoxCu/ZSM-5 catalysts
	[bookmark: _Hlk218624967]Catalysts
	O2 amount (mmol/g)
	Total amount 
(mmol/g)

	
	Oα
	Oβ
	Oγ
	

	Cu/ZSM-5
	0.13
	0.73
	0.73
	1.59

	Co0.1Cu/ZSM-5
	0.10
	1.05
	0.76
	1.91

	Co0.3Cu/ZSM-5
	0.16
	1.34
	0.87
	2.37

	Co0.5Cu/ZSM-5
	0.19
	1.40
	0.82
	2.41

	Co0.7Cu/ZSM-5
	0.15
	1.22
	0.85
	2.22




CO2-TPD
Table S3 CO2-TPD date of the CoxCu/ZSM-5 catalysts
	Catalysts
	CO2 amount (mmol/g)
	Total amount 
(mmol/g)

	
	weak basic sites
	medium basic sites
	strong basic sites
	

	Cu/ZSM-5
	0.60
	0.38
	0.26
	1.24

	Co0.1Cu/ZSM-5
	0.34
	0.32
	0.13
	0.79

	Co0.3Cu/ZSM-5
	0.38
	0.23
	0.29
	0.90

	Co0.5Cu/ZSM-5
	0.60
	0.30
	0.29
	1.19

	Co0.7Cu/ZSM-5
	0.47
	0.29
	0.26
	1.02





Table. S4 The temperature of CH3OH conversion reached 90% (T90) and the temperature of CO2 selectivity reached 100% (S100) of methanol oxidation over various catalysts
	Catalysts
	T90 (°C)
	S100(°C)
	Reference

	Co0.5Cu/ZSM-5
	160
	180
	This work

	Cu/ZSM-5
	189
	240
	[1] 

	20CuCoOx@Y-A
	270
	-
	[2]

	Pd/Al2O3
	200
	-
	[3]

	CeO2-NS
	312
	-
	[4] 

	1 % Pd/NaY
	205
	-
	[5]

	1 % Pd/HY
	192
	-
	[5]

	Cu/Li2O/Al2O3
	-
	-
	[6]

	TiO2-CeO2-CuO
	210
	265
	[7]
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