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1. Supplementary Methods
Chemicals 
[bookmark: _Hlk233115496][bookmark: _Hlk212656037]Graphene oxide (GO) was purchased from Baotailong Co., Ltd. Copper (II) chloride dihydrate (CuCl2·2H2O, AR), zinc chloride (ZnCl2, AR), iron (III) chloride hexahydrate (FeCl3·6H2O, AR), cobalt (Ⅱ) chloride hexahydrate (CoCl2·6H2O, AR) and nickel (II) chloride (NiCl2, AR) were obtained from Shanghai Macklin Biochemical Co., Ltd. Ammonium hydroxide (NH4OH, 30%), hydrogen peroxide (H2O2, 30%), deuterium oxide (D2O > 99.9%) and dimethyl sulfoxide (DMSO, AR) were supplied by Sinopharm Chemical Reagent Co., Ltd. All chemicals were of analytical grade and used as received without further purification.
Characterizations
[bookmark: _Hlk213166459][bookmark: _Hlk235457364]Transmission electron microscopy (TEM, Tecnai G2 F30, 300 kV), high-resolution TEM (HRTEM) and aberration-corrected scanning transmission electron microscopy (AC-STEM, JEM-ARM300F, 300 kV) were employed to investigate the morphologies and atomic structures of the samples. High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images and elemental mappings were collected using a STEM equipped with energy-dispersive X-ray spectroscopy (EDS). Raman spectra were recorded on a Horiba LabRAM HR Evolution spectrometer using a 532 nm laser excitation source. Fourier transform infrared spectroscopy (FTIR) and powder X-ray diffraction (XRD, D/MAX-PC 2500, Cu Kα radiation) were performed to analyze the structural characteristics of the samples. N2 adsorption-desorption isotherms were recorded on a Micromeritics ASAP 2460 instrument. Prior to measurement, the samples were degassed under vacuum at 120 °C for 12 h. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method, and the pore size distribution was analyzed using the Barrett-Joyner-Halenda (BJH) method based on the adsorption branch. The surface compositions and chemical states were analyzed by X-ray photoelectron spectroscopy (XPS, Kratos Analytical Axis-Ultra spectrometer) equipped with an Al Kα X-ray source. The binding energies were calibrated using the C 1s peak at 284.5 eV. The metal contents were determined by inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo ICAP PRO). Synchrotron-based X-ray absorption fine structure (XAFS) measurements were performed at the BL14W Beamline of the Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China) using Si (111) monochromators. The XAFS spectra were collected in fluorescence mode for samples and transmission mode for reference materials. Data processing, EXAFS fitting, and wavelet transform (WT) analyses were conducted using Athena and Artemis software packages1. The temperature evolution during microwave irradiation was monitored using an infrared thermal imaging thermometer (CSASCIT T0830). Electron paramagnetic resonance (EPR) measurements were performed on a Bruker EMX X-band spectrometer (9.46 GHz). 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was used as the spin-trapping agent for detecting reactive radical species. 
In situ Diffuse Reflectance Infrared Fourier Transform (DRIFTS) spectroscopy measurement 
In situ DRIFTS spectra were collected on a Bruker VERTEX 80v spectrometer equipped with an in-situ gas reaction cell in the range from 1000 to 4000 cm-1 with a spectral resolution of 4 cm-1. Prior to the measurements, fresh catalyst samples were pretreated at 200 °C for 1 h to remove adsorbed surface water. After cooling to room temperature, CH4 was introduced into the reaction cell in the presence of H2O2 aqueous solution. The spectra were continuously recorded at 80 °C until adsorption equilibrium was achieved. Control experiments using Ar instead of CH4 were performed to distinguish the contributions of H2O2 activation and CH4 conversion toward carbon-containing intermediates.

2. Supplementary Figures
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Supplementary Fig. 1 Schematic illustration of dual-atom construction on NG.
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[bookmark: _Hlk240819816]Supplementary Fig. 2 Temperature evolution of the sample under different microwave irradiation powers. The 800 °C baseline results from the detection limit of the infrared temperature measurement device. 
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Supplementary Fig. 3 TEM images of (a-b) GO and (c-d) NH2-GO.
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Supplementary Fig. 4 FTIR spectra of GO and NH2-GO.
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[bookmark: _Hlk235464229][bookmark: _Hlk235457429]Supplementary Fig. 5 (a) TEM, (b) HRTEM, (c) AC-STEM, (d) HAADF-STEM and elemental mapping images of Cu-NG (0.3 wt%). 
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Supplementary Fig. 6 (a) AC-STEM image of CuCu-NG. (b) Inverse fast Fourier transform (IFFT) image obtained from the yellow-boxed region in (a). (c) Measurement of the interatomic distance between Cu atoms in the selected region in (b).
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Supplementary Fig. 7 (a) N2 adsorption-desorption isotherms and (b) pore size distributions of NH2-GO, Cu-NG and CuCu-NG.
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Supplementary Fig. 8 (a) XPS survey spectra and (b) C 1s spectra of GO, NH2-GO, Cu-NG and CuCu-NG. N 1s spectra of (c) GO and (d) NH2-GO. Cu 2p spectra of (e) Cu-NG and (f) CuCu-NG.
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[bookmark: _Hlk232518578][bookmark: _Hlk232583787]Supplementary Fig. 9 (a) k-space EXAFS spectra and (b) q-space profiles derived from WT-EXAFS analysis of Cu in Cu-NG, CuCu-NG and reference samples. k-space EXAFS fitting curves of (c) Cu-NG and (d) CuCu-NG at Cu K-edge.
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Supplementary Fig. 10 k- and R-space EXAFS fitting curves of (a-b) Cu foil, (c-d) Cu2O and (e-f) CuPc at the Cu K-edge. 
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Supplementary Fig. 11 (a) XRD patterns, (b) Raman spectra and (c) XPS survey spectra of CuFe-NG, CuCo-NG, CuNi-NG and CuZn-NG.
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Supplementary Fig. 12 (a-d) XPS C 1s and (e-h) N 1s spectra of CuFe-, CuCo-, CuNi- and CuZn-NG. (i) Fe 2p spectra of CuFe-NG, (j) Co 2p spectra of CuCo-NG, (k) Ni 2p spectra of CuNi-NG and (l) Zn 2p spectra of CuZn-NG.
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[bookmark: _Hlk235465836]Supplementary Fig. 13 (a) TEM, (b) HRTEM, (c) AC-STEM images of CuFe-NG. (d) Statistics distribution of diatomic distance obtained from the AC-STEM images and (e) 3D intensity profiles of Cu-Fe sites in (c). 
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Supplementary Fig. 14 (a) Fe K-edge XANES spectra, (b) k-space EXAFS spectra, and (c) q-space profiles derived from WT-EXAFS analysis of Fe in CuFe-NG and reference samples. (d) k-space EXAFS fitting result of Fe in CuFe-NG.
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Supplementary Fig. 15 Fe K-edge WT-EXAFS spectra of (a) Fe foil, (b) FePc, (c) Fe3O4, (d) Fe2O3, and (e) CuFe-NG.
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Supplementary Fig. 16 (a) TEM, (b) HRTEM, (c) AC-STEM images of CuCo-NG. (d) Statistics distribution of diatomic distance obtained from the AC-STEM images and (e) 3D intensity profiles of Cu-Co sites in (c).
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Supplementary Fig. 17 (a) Co K-edge XANES spectra, (b) k-space EXAFS spectra, and (c) q-space profiles derived from WT-EXAFS analysis of Co in CuCo-NG and reference samples. (d) k-space EXAFS fitting result of Co in CuCo-NG.
[image: ]
Supplementary Fig. 18 Co K-edge WT-EXAFS spectra of (a) Co foil, (b) CoPc, (c) Co3O4, (d) Co2O3, and (e) CuCo-NG.
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Supplementary Fig. 19 (a) TEM, (b) HRTEM, (c) AC-STEM images of CuNi-NG. (d) Statistics distribution of diatomic distance obtained from the AC-STEM images and (e) 3D intensity profiles of Cu-Ni sites in (c).
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Supplementary Fig. 20 (a) Ni K-edge XANES spectra, (b) k-space EXAFS spectra, and (c) q-space profiles derived from WT-EXAFS analysis of Ni in CuNi-NG and reference samples. (d) k-space EXAFS fitting result of Ni in CuNi-NG.
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Supplementary Fig. 21 Ni K-edge WT-EXAFS spectra of (a) Ni foil, (b) NiPc, (c) Ni2O3, and (d) CuNi-NG.
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Supplementary Fig. 22 (a) TEM, (b) HRTEM, (c) AC-STEM images of CuZn-NG. (d) Statistics distribution of diatomic distance obtained from the AC-STEM images and (e) 3D intensity profiles of Cu-Zn sites in (c).
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Supplementary Fig. 23 (a) Zn K-edge XANES spectra, (b) k-space EXAFS spectra, and (c) q-space profiles derived from WT-EXAFS analysis of Zn in CuZn-NG and reference samples. (d) k-space EXAFS fitting result of Zn in CuZn-NG.
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Supplementary Fig. 24 Zn K-edge WT-EXAFS spectra of (a) Zn foil, (b) ZnO and (c) CuZn-NG.
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[bookmark: _Hlk235005421]Supplementary Fig. 25 Schematic of the scale-up synthetic process of CuCu-NG DAC.
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Supplementary Fig. 26 (a) XRD pattern and (b) AC-STEM image of batch-synthesized CuCu-NG DAC.
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Supplementary Fig. 27 (a) TEM, (b) HRTEM, (c) AC-STEM, (d) HAADF-STEM and elemental mapping images of Cu-NG (0.6 wt%). 
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Supplementary Fig. 28 Comparison of the catalytic performance of Cu-NG, CuCu-NG, and representative catalysts previously reported for DSOM using H2O2.
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Supplementary Fig. 29 (a) TEM, (b) HRTEM, (c) AC-STEM images, (d) XRD patterns, (e) Raman spectra and (f-i) XPS spectra of recycled CuCu-NG after catalytic reaction.
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Supplementary Fig. 30 Optimized configurations of (a) Cu-NG and (b) CuCu-NG.
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[bookmark: _Hlk235546433]Supplementary Fig. 31 Optimized configurations of (a) H2O2 adsorption, (b) the first transition state (TS-1), (c) *O + H2O, (d) CH4 adsorption, (e) the second transition state (TS-2), (f) *CH3, (g) CH3OOH formation, and (h) CH3OH formation on Cu-NG.
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Supplementary Fig. 32 Optimized configurations of (a) H2O2 adsorption, (b) the first transition state (TS-1), (c) *OHOH, (d) *O + H2O, (e) CH4 adsorption, (f) the second transition state (TS-2), (g) *CH3, (h) CH3OOH formation, and (i) CH3OH formation on CuCu-NG.


3. Supplementary Tables
Supplementary Table 1. Comparison of thermal-treatment time, temperature, and dual-atom pairing ratio among different DAC synthesis methods.
	Synthesis method
	Thermal- treatment time(s)
	Synthesis temperature
(°C)
	Dual-atom ratio
(%)
	Refs.

	Pyrolysis
	7200
	900
	∼70
	2

	
	11880
	1000
	∼60
	3

	
	10800
	900
	∼75.1
	4

	
	10800
	900
	80.7
	5

	
	10800
	900
	∼60
	6

	Wet chemical
	10800
	400
	-
	7

	
	7200
	300
	59
	8

	
	72000
	150
	-
	9

	Ball milling
	18000
	25
	-
	10

	
	21600
	25
	44
	11

	
	43200
	25
	-
	12

	ALD
	200
	200
	-
	13

	
	30
	250
	70
	14

	
	60
	250
	-
	15

	Photoinduced anchoring
	10800
	25
	∼76
	16

	
	1800
	25
	-
	17

	
	10800
	25
	∼80
	18

	Joule heating
	0.0036
	3000
	65.9
	19

	
	0.2
	1500
	-
	20

	
	1.5
	350
	-
	21

	
	0.5
	1200
	-
	22

	Microwave heating
	500
	200
	-
	23

	
	1800
	900
	-
	24

	
	1800
	170
	-
	25

	
	25
	1420
	∼70
	This work


Supplementary Table 2. Metal loadings of CuM-NG catalysts determined by ICP-OES.
	Sample
	Cu (wt%)
	Fe (wt%)
	Co (wt%)
	Ni (wt%)
	Zn (wt%)

	Cu-NG (0.3 wt%)
	0.381
	-
	-
	-
	-

	Cu-NG (0.6 wt%)
	0.596
	-
	-
	-
	-

	CuFe-NG
	0.275
	0.248
	-
	-
	-

	CuCo-NG
	0.256
	-
	0.204
	-
	-

	CuNi-NG
	0.206
	-
	-
	0.226
	-

	CuCu-NG
	0.569
	-
	-
	-
	-

	CuZn-NG
	0.2
	-
	-
	-
	0.131





Supplementary Table 3. EXAFS fitting parameters for the metal K-edge spectra of samples.
	[bookmark: _Hlk232011255]Sample
	shell
	aCN
	bR(Å)
	cσ2 (Å2)
	dΔE0 (eV)
	eS02
	fR factor

	Cu foil
	Cu-Cu
	12*
	2.55
	0.009
	4.5±0.8
	0.8473
(calculated)
	0.004

	Cu2O
	Cu-O
	1.5±0.2
	1.85
	0.002
	7.0±1.2
	0.8473(set)

	0.007

	
	Cu-Cu
	17.8±6.6
	3.05
	0.026
	
	
	

	CuPc
	Cu-N
	4.4±1.2
	1.93
	0.003
	6.1±3.6
	
	0.019

	Cu-NG
	Cu-N
	3.9±0.2
	1.97
	0.006
	-6.0±0.6
	
	0.006

	CuCu-NG
	Cu-N
	4.4±0.2
	2.00
	0.008
	-2.9±0.4
	
	0.013

	
	Cu-Cu
	0.8±0.6
	2.39
	0.025
	
	
	

	Fe foil
	Fe-Fe
	8*
	2.47
	0.007
	5.6±0.4
	0.9909
(calculated)
	0.010

	CuFe-NG
	Fe-N
	4.7±0.1
	2.00
	0.010
	-4.9±0.4
	0.9909
(set)
	0.004

	
	Fe-Cu
	0.8±0.3
	2.53
	0.009 
	
	
	

	Co foil
	Co-Co
	12*
	2.50
	0.009
	7.8±0.6
	0.9859
(calculated)
	0.018

	CuCo-NG
	Co-N
	4.7±0.1
	2.01
	0.011 
	-5.8±0.4
	0.9859
(set)
	0.005

	
	Co-Cu
	1.3±0.6
	2.51
	0.006
	
	
	

	Ni foil
	Ni-Ni
	12*
	2.49
	0.008
	7.1±0.5
	0.9989
(calculated)
	0.014

	CuNi-NG
	Ni-N
	5.2±0.2
	2.06
	0.010
	-5.8±0.4
	0.9989
(set)
	0.012

	
	Ni-Cu
	0.9±0.3
	2.49
	0.020
	
	
	

	Zn foil
	Zn-Zn
	6*
	2.65
	0.011
	3.7±0.3
	0.9935
(calculated)
	0.008

	CuZn-NG
	Zn-N
	4.9±0.2
	1.99
	0.009 
	0.1±0.5
	0.9935(set)
	0.012

	
	Zn-Cu
	0.8±0.3
	2.99
	0.014 
	
	
	


[bookmark: _Hlk235123920]aCN, coordination number; bR, distance to the neighboring atom; cσ2, mean-square relative displacement (MSRD); dΔE0, inner potential correction. eS₀2 was obtained from EXAFS fitting by fixing the coordination number (CN) to the crystallographic value of the corresponding metal foil and was kept constant during fitting. fR factor indicates the goodness of the fit. The fitting ranges were 3.0 ≤ k ≤ 11.0 Å-1 and 1.0 ≤ R ≤ 3.0 Å. The Debye-Waller factors and ΔRs are based on the guessing parameters and constrained for paths. 


Supplementary Table 4. Comparison of the catalytic performance of Cu-NG, CuCu-NG, and representative catalysts previously reported for DSOM using H2O2.
	[bookmark: _Hlk235031558]Catalyst
	T (°C)
	CH4 (MPa)
	H2O2 (M)
	Oxygenates
	Refs.

	
	
	
	
	Yield (mmol/gcat./h)
	Selectivity (%)
	TOF (h-1)
	

	0.01 wt% Pd/ZSM-5+
2 wt% 5CuO
	70
	3
	0.5
	9.24
	98.6
	3.2
	26

	0.3 wt% Rh/ZrO2
	70
	3
	0.5
	0.08
	78.4
	1.3
	27

	0.13 wt% AuPd/TiO2
	50
	3.05
	0.5
	0.68
	90.7
	103
	28

	FeN4/GN-2.7
	25
	2
	5
	0.11
	94
	0.5
	29

	MIL-53(Fe, Al)
	60
	3.05
	0.5
	5
	80
	90
	30

	Cu-SAs/C3N4
	25
	3
	4
	1.75
	95
	11
	31

	Cr1/TiO2
	50
	3
	0.5
	4.39
	93
	57.9
	32

	Cu1/ZSM-5
	50
	3
	0.5
	9.6
	99
	157
	33

	Cu1/ZIF-7
	50
	3
	0.5
	0.15
	20
	1.6
	34

	Fe1/ZIF-8
	50
	3
	0.5
	2.25
	96.8
	4
	35

	0.38 wt% Cu2@C3N4-D
	50
	3
	0.5
	4.88
	~100
	83
	36

	0.35 wt% Cu2@C3N4
	70
	3
	0.2
	2.80
	99
	8.3
	37

	0.13 wt% Ru1/UiO-66
	60
	3
	1
	2.55
	~100
	185.4
	38

	2.5 wt% CuFe/ZSM-5
	50
	3.05
	0.5
	14
	85
	31.4
	39

	Cu-BTC-P-235
	50
	3
	0.25
	10.67
	99.6
	-
	40

	Rh1/CeO2 NWs
	50
	0.5
	1
	3.84
	93.9
	136
	41

	Cu-Fe(2/0.1)/ZSM-5
	50
	3
	0.5
	9.73
	97
	523.8
	42

	W-SA-PCN-7.5
	25
	0.5
	-
	0.99
	~100
	0.387
	43

	UiO-66-H
	50
	3
	0.25
	0.36
	~100
	-
	44

	Cu-NG
	80
	3
	1
	3.90
	~100
	41.6
	This work

	CuCu-NG
	80
	3
	1
	8.69
	~100
	218
	This work
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