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Supplementary Note 1. Synthesis of dual-amino-functionalized ionic liquid (1,3-bis(2-aminoethyl)-2-methyl-1H-imidazol-3-ium bromide (Dual-AFIL))1: 
Synthesis of N-(Triphenylmethyl)-2-bromoethylamine (Compound 1): A reaction solution was prepared by dissolving 2-bromoethylamine hydrochloride (41.46 g, 0.20 mol) and triphenylmethyl chloride (58.79 g, 0.21 mol) in dichloromethane (300 mL). Triethylamine (30 mL) was diluted with dichloromethane (20 mL) and added dropwise to the reaction solution while keeping the temperature below 50 °C. After stirring at room temperature for 24 hours, deionized water (300 mL) was added. Then, the organic layer was separated and successively washed with water (300 mL), 10% phosphoric acid solution (300 mL), water (300 mL), and saturated sodium chloride solution (300 mL). The organic layer was dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. The residue was triturated with methanol (200 mL) and dried under vacuum to obtain compound 1 as a white solid (58.02 g, 0.16 mol; yield 80%). The product structure was confirmed by NMR (Supplementary Fig. S1).
Synthesis of 1,3-Bis[2'-(triphenylmethylamino)ethyl]-2-methylimidazolium bromide (Compound 2): 2-Methylimidazole (2.46 g, 0.030 mol) was dissolved in anhydrous DMF (150 mL). To this solution, NaOH (1.47 g, 0.037 mol) was added slowly with stirring. The mixture was heated at 60 °C in an oil bath for 30 min, then cooled to room temperature and stirred for an additional 30 min. Subsequently, Compound 1 (26.37 g, 0.07 mol) was introduced, and the reaction mixture was refluxed for 8 hours. Upon completion, excess base was quenched by the slow addition of methanol (5 mL). The solvent was then removed under reduced pressure, and the resulting residue was partitioned between acetonitrile (150 mL) and brine (150 mL). The organic phase was separated, concentrated under vacuum, and the crude product was triturated with ethyl acetate (150 mL). Drying in vacuo afforded Compound 2 as a light yellow solid (18.43 g, 0.025 mol; yield 71%). The product structure was confirmed by NMR (Supplementary Fig. S2).
Synthesis of 1,3-Bis(2-aminoethyl)-2-methyl-1H-imidazol-3-ium bromide dihydrochloride (Compound 3): To a solution of Compound 2 (40.38 g, 0.055 mol) in anhydrous methanol (100 mL), cooled to 0 °C in an ice bath, was added an aqueous HCl solution (120 mL) dropwise under stirring. After the addition was complete, the ice bath was removed, and the mixture was stirred at ambient temperature for 24 hours. The volatile components were then evaporated under reduced pressure. The resulting residue was taken up in deionized water (100 mL), and the aqueous solution was washed with diethyl ether (100 mL) to remove organic impurities. The aqueous layer was isolated and concentrated under vacuum at 65 °C to give Compound 3 as a light yellow solid (17.26 g, 0.053 mol; yield 96%). The product structure was confirmed by NMR (Supplementary Fig. S3).
Synthesis of 1,3-Bis(2'-aminoethyl)-2-methylimidazolium bromide (Dual-AFIL): To a solution of Compound 3 (7.15 g, 0.023 mol) in deionized water (25 mL) under magnetic stirring was added NaOH (1.84 g, 0.046 mol). The reaction mixture was stirred for 3 hours at ambient temperature. The water was then removed under reduced pressure, and the resulting solid residue was stirred with ethanol (25 mL) to induce salt precipitation. The inorganic salt byproduct was removed by filtration, and the ethanol filtrate was concentrated under vacuum to afford a crude yellow oil. Final drying in vacuo over phosphorus pentoxide (P2O5) at 60 °C for 48 hours afforded the pure product, 1,3-bis(2'-aminoethyl)-2-methylimidazolium bromide (Dual-AFIL) (Supplementary Fig. S4), as a hygroscopic yellow oil (7.01 g, 0.028 mol; yield 98%).
Supplementary Note 2. Theoretical details 
The spin-polarized density functional theory (DFT) calculations were carried out using the projected augmented wave (PAW) pseudo potentials in the Vienna Ab initio Simulation Package (VASP)2,3. The generalized gradient approximation (GGA) was adopted to describe the exchange correlation functional in the form of Perdew-Burke-Ernzerhof (PBE)4. The Van der Waals (vdW) correction proposed by Grimme et al. (DFT-D3) was employed due to its good description of long-range vdW interactions5. A 2 × 2 × 1 Monkhorst-pack grid was used to sample the Brillouin zone and the plane-wave cutoff energy is set to 500 eV. All kinds of structures were optimized until the energy and force reaching the convergence criteria of 10–6 eV and 0.02 eV Å–1, respectively. To avoid the interaction between periodic images, a vacuum layer of at least 20 Å was set in the z-direction. 
[bookmark: _Hlk187697036]To model Ni–N4 carbon catalysts, a 6 × 6 × 1 graphene supercell (a = b = 17.11 Å) with periodic boundary conditions was constructed. Twelve carbon atoms were removed to create two adjacent Ni–N4 sites. Dual-AFIL, Mono-AFIL and CIL molecules were placed in proximity to the Ni atom of one of the Ni–N4 sites.
[bookmark: _Hlk187706462]The Gibbs free energies (ΔG) for elementary steps were calculated as ΔG = ΔE+ΔZPE-TΔS, where ΔE is the reaction energy obtained from DFT calculations. ΔZPE and ΔS are the difference in the zero-point energy and the change in entropy, respectively, which are calculated from the vibration energy of the intermediates and the gas phase molecules using VASPKIT6. The entropy for gas-phase molecules was obtained from NIST-JANAF thermochemical tables7. The overpotential (η) is calculated from the change in the free energy in the elementary reactions and calculated limiting potential (UL) at equilibrium state8.  
𝑈L = m𝑖𝑛[−Δ𝐺𝑒𝑙𝑒𝑚]
η = 𝑈𝑒𝑞𝑢/𝑛−𝑈𝐿
where the Δ𝐺𝑒𝑙𝑒𝑚 is the free energy of each elementary reaction of the CO2 reduction.
Supplementary Note 3. Molecular dynamics (MD) simulation
Classical molecular dynamics (MD) simulations were performed to probe the atomic-scale microstructure. Two systems were constructed: System 1, comprising 100 CO molecules and a modified substrate (no Dual-AFIL); and System 2, comprising 100 CO molecules and a second modified substrate (Dual-AFIL). Initial configurations were generated using PACKMOL9.
The CVFF force field10 was used to describe molecular interactions, which include both nonbonded and bonded contributions. Nonbonded interactions consist of van der Waals (vdW) and electrostatic terms, described by Equations 1 and 2, respectively. 
                       (1)

                                                (2)
In the equation, 、 are atomic charge, is the distance between atoms,  is the atomic diameter,  is the atomic energy parameter.
For vdW interactions between different atom types, geometric mixing rules were applied (Equation 3). A cutoff distance of 1.2 nm was used for both vdW and electrostatic interactions, and long-range electrostatic interactions were treated with the particle mesh Ewald (PME) method.
                      (3)
All simulations were performed in the canonical (NVT) ensemble. Each simulation began with an energy minimization to relax the simulation box, followed by a 50.0 ps equilibration run with a time step of 1.0 fs.
Atomic motions were described by classical Newtonian equations of motion, integrated using the velocity-Verlet algorithm. All MD simulations were carried out with the LAMMPS package (version 29 September 2021), and results were visualized with OVITO11.
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Supplementary Fig. 1 1H NMR result of compound 1.
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Supplementary Fig. 2 1H NMR result of compound 2.
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Supplementary Fig. 3 1H NMR result of compound 3.
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Supplementary Fig. 4 1H NMR results comparison of Dual-AFIL and Mono-AFIL.


[image: ]
[bookmark: _Hlk42889664]Supplementary Fig. 5 Schematic diagram of CO2 capture experimental device. 1. CO2, 2. Ar, 3. pressure reducing valve, 4. gas flow meter, 5. valve, 6. gas buffer chamber, 7. constant temperature water bath, 8. absorption tube, 9. tail gas treatment.
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Supplementary Fig. 6 1H NMR results comparison of Mono-AFIL before and after CO2 capture.
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Supplementary Fig. 7 13C NMR results comparison of Dual-AFIL before and after CO2 capture.
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[bookmark: OLE_LINK11]Supplementary Fig. 8 Fourier transform infrared (FT-IR) spectroscopy comparison chart of Dual-AFIL and Mono-AFIL after capturing CO2 to generate carbamate.
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Supplementary Fig. 9 TEM images of Ni-SAC.
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Supplementary Fig. 10 SEM images of Ni-SAC.
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Supplementary Fig. 11 AFM image and the corresponding thickness of Ni-SAC.
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Supplementary Fig. 12 High-resolution TEM (HRTEM) image of Ni-SAC. 
HRTEM image shows a disordered graphene lattice with an interlayer spacing of approximately 0.34 nm, which is further corroborated by Raman spectroscopy.
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Supplementary Fig. 13 Raman spectra of Ni-SAC.
In the Raman spectra (Figure S13), Ni-SAC exhibit peaks at around 1359 and 1576 cm1, which are assigned to disordered sp3 carbon (D band) and graphitic sp2 carbon (G band), respectively, demonstrating the formation of graphene. In particular, Ni-SAC shows intensity ratios of D-band/G-band (ID/IG) at about 1.24, showing a higher disordering degree of carbon supports12。
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[bookmark: _Hlk209104220]Supplementary Fig. 14 Energy dispersive X-ray spectroscopy (EDS) mapping images and corresponding elemental maps showing the element distribution of C (green), N (purple), O (blue) and Ni (Fluorescent green).
EDS mapping images show that C, N, O and Ni are evenly distributed throughout the carbon nanosheet framework. 
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Supplementary Fig. 15 XRD pattern of Ni-SAC.

[bookmark: _Hlk42688587][image: ]
Supplementary Fig. 16 High-resolution of (a) the main spectral line of XPS, (b) Ni2p XPS, (c) N1s XPS and (d) C1s XPS spectra of the Ni-SAC.
.
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Supplementary Fig. 17 TEM images of (a)Fe-SAC, (b)Co-SAC, (c)Cu-SAC.
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Supplementary Fig. 18 SEM images of (a)Fe-SAC, (b)Co-SAC, (c)Cu-SAC.
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Supplementary Fig. 19 Enlarged HAADF images of (a)Fe-SAC, (b)Co-SAC, (c)Cu-SAC.


[bookmark: _Hlk42954578][image: ]
Supplementary Fig. 20 LSV curves of Ni-SAC in Ar-saturated 0.5 M Dual-AFIL, Mono-AFIL, CIL, and KHCO3. 
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Supplementary Fig. 21 Long-term stability of Mono-AFIL at 0.7 V (vs. RHE) in H type cell.
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Supplementary Fig. 22 1H NMR results comparison of Dual-AFIL and Mono-AFIL before and after reaction. 
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Supplementary Fig. 23 Plot of FE of various products vs. potential over Ni-SAC in Dual-AFIL in H-cell. 
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Supplementary Fig. 24 1H NMR results comparison of CIL and KHCO3 before and after reaction. 
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[bookmark: OLE_LINK5]Supplementary Fig. 25 Tafel plots of Ni-SAC for CO2RR in different electrolyte.
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Supplementary Fig. 26 TOFs of Ni-SAC for CO after 1 h electrolysis in CO2-saturated 0.5 M Mono-AFIL, CIL, and KHCO3.
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Supplementary Fig. 27 CO partial current densities of Ni-SAC in 0.5 M Mono-AFIL, CIL, and KHCO3 saturated with CO2.
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Supplementary Fig. 28 TOFs of Ni-SAC for C2H4 after 1 h electrolysis in CO2-saturated 1 M Dual-AFIL and Mono-AFIL.
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Supplementary Fig. 29 C2H4 partial current densities of Ni-SAC in 1 M Dual-AFIL and Mono-AFIL saturated with CO2.
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Supplementary Fig. 30 Plot of FE of various products vs. potential over Ni‑SAC with a catholyte of 1 M KHCO3.
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Supplementary Fig. 31 Plot of FEC2H4 vs. number of amino.
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Supplementary Fig. 32 Plot of FEC2/FEC1 ratio vs. current density.
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Supplementary Fig. 33 Mass spectra of standard gas of C2H4. 
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Supplementary Fig. 34 Mass spectra of ethylene under 12CO2 feeding condition in Dual-AFIL. 
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Supplementary Fig. 35 Mass spectra of ethylene under 13CO2 feeding condition in Dual-AFIL. 
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Supplementary Fig. 36 In situ ATR-FTIR spectra recorded at various potentials (vs. RHE) during the CO2RR for Ni-SAC with the 1 M KHCO3 electrolyte.
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Supplementary Fig. 37 *OCCOH peak intensity plotted against potential in Dual-AFIL and Mono-AFIL. 

[image: ]
Supplementary Fig. 38 Gas reduction product formation and rate at 0.7 V (vs. RHE) potential in 0.5 M Dual-AFIL under high speed camera.
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Supplementary Fig. 39 Gas reduction product formation and rate at 0.7 V (vs. RHE) potential in 0.5 M Mono-AFIL under high speed camera.
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Supplementary Fig. 40 Gas reduction product formation and rate at 0.7 V (vs. RHE) potential in 0.5 M CIL under high speed camera.
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Supplementary Fig. 41 Gas reduction product formation and rate at 0.7 V (vs. RHE) potential in 0.5 M KHCO3 under high speed camera.
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Supplementary Fig. 42 CV curves at different scan rates over Ni-SAC in (a) 0.5 M Dual-AFIL, (b) 0.5 M Mono-AFIL, (c) 0.5 M CIL, (d) 0.5 M KHCO3.
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Supplementary Fig. 43 Gaussian fit deconvolution from ν(O−H) signal at 0.6 ~ 0.9 V (vs. RHE) for Dual-AFIL with free H2O, weak HB H2O, and strong HB H2O. 
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Supplementary Fig. 44 Gaussian fit deconvolution from ν(O−H) signal at 0.6 ~ 0.9 V (vs. RHE) for Mono-AFIL with free H2O, weak HB H2O, and strong HB H2O. 
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Supplementary Fig. 45 Gaussian fit deconvolution from ν(O−H) signal at 0.6 ~ 0.9 V (vs. RHE) for CIL with free H2O, weak HB H2O, and strong HB H2O. 
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Supplementary Fig. 46 Gaussian fit deconvolution from ν(O−H) signal at 0.6 ~ 0.9 V (vs. RHE) for KHCO3 with free H2O, weak HB H2O, and strong HB H2O.  
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Supplementary Fig. 47 The constructed models of 2Ni-N4-4-side and 2Ni-N4-4-top.
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Supplementary Fig. 48 The constructed models of (a) Dual-AFIL, (b) Mono-AFIL and (c) CIL.
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Supplementary Fig. 49 CO–DRIFTS spectra of (a) Dual-AFIL, (b) Mono-AFIL and (c) CIL. Ar–purging CO–DRIFTS spectra of (d) Dual-AFIL, (e) Mono-AFIL and (f) CIL. 
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Supplementary Fig. 50 The electrochemical reduction of CO2 in AFILs to CH4 reaction pathway 
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Supplementary Fig. 51 The electrochemical reduction of CO2 in CIL to CH4 reaction pathway 
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Supplementary Fig. 52 The electrochemical reduction of CO2 in Dual-AFIL and Mono-AFIL to C2H4 reaction pathway 1.
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Supplementary Fig. 53 The electrochemical reduction of CO2 in Mono-AFIL to C2H4 reaction pathway 1.
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Supplementary Fig. 54 The electrochemical reduction of CO2 in AFILs to C2H4 reaction pathway 2.
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Supplementary Fig. 55 Evolution of typical snapshots of CO on Ni-SAC in Dual-AFIL.
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Supplementary Fig. 56 Evolution of typical snapshots of CO on Ni-SAC.

Supplementary Table 1| EXAFS fitting parameters at the Ni K-edge for various samples (Ѕ02=0.808).
	Sample
	Shell
	Na
	R(Å)b
	[bookmark: OLE_LINK13][bookmark: OLE_LINK12][bookmark: OLE_LINK14]σ2(Å2)c
	ΔE0(eV)d
	R factor

	Ni foil
	Ni-Ni
	12
	2.48
	0.0013
	6.8
	0.0009

	[bookmark: _Hlk525762101][bookmark: _Hlk519496888]NiO
	Ni-O
	6.0
	2.07
	0.0011
	-3.1
	0.0022

	
	Ni-Ni
	12
	2.95
	0.0064
	
	

	NiSA/N-C
	Ni-N
	4.0
	1.91
	0.0016
	-10.4
	0.013

	NiPc
	Ni-N
	4.0
	1.89
	0.002
	4.0
	0.0018


[bookmark: OLE_LINK17][bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK113][bookmark: OLE_LINK112]aN: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; dΔE0: the inner potential correction. R factor: goodness of fit. Ѕ02 was set to 0.808 for Ni, according to the experimental EXAFS fit of Ni foil by fixing CN as the known crystallographic value. EXAFS fitting parameters evidence that the Ni atoms in NiSAs/NC are coordinated by four N atoms and the coordination configuration is NiN4 of Ni sites. 

Supplementary Table 2| Performance comparison of electrocatalytic CO2 reduction to ethylene (C2H4), as well as their corresponding catalyst, current density of C2H4 (jC2H4), Faraday efficiency of C2H4 (FEC2H4), cell type, electrolyte, and references (Ref).13–30
	Catalyst
	FEC2H4(%)
	jC2H4(mA cm-1)
	Cell type
	Electrolyte
	Ref.

	NiSAs/NC
	80.5
	316.2
	Flow cell
	1 M Dual-AFIL
	This work

	Cu SALCs-2.35
	78.6
	[bookmark: OLE_LINK8]244.8
	Flow cell
	1 M KOH
	13

	CuO-SH
	74.5
	241.6
	Flow cell
	1 M KOH
	14

	[bookmark: OLE_LINK1]Cu2O
	73.7
	38.2
	H-type cell
	0.1 M K2SO4
	15

	Cunps-SNW
	71.2
	265.0
	Flow cell
	1 M KOH
	16

	Cu NWs-3
	71.2
	222.3
	[bookmark: OLE_LINK7]Flow cell
	1 M KOH
	17

	TS-Cu
	70.0
	560.0
	Flow cell
	[bookmark: OLE_LINK10]1 M KOH
	18

	Cu-[CF2]n-x-CP
	64.0
	24.7
	H-type cell
	0.1 M CsI
	19

	PCu
	63.0
	[bookmark: OLE_LINK4]94.5
	MEA
	-
	20

	Cr−CuO
	59.2
	355.2
	Flow cell
	1 M KOH
	21

	Zr1.0%-Cu
	57.0
	342.0
	Flow cell
	3 M KCl
	22

	Cu2O/20wt%PVP
	56.0
	392.0
	GDE
	-
	23

	AgCu NW
	54.9
	156.0
	Flow cell
	0.5 M KOH
	24

	Th-TF COF modified Cu3N
	53.0
	311.0
	MEA
	-
	25

	Cu
	53.0
	32.8
	GDE
	10 M NaClO4
	26

	Ni-SA/BiCu
	51.0
	102.0
	[bookmark: OLE_LINK9]MEA
	1.5 M K2CO3
	27

	Cu2-C-1100-4
	49.9
	7.4
	H-type cell
	0.1 M KHCO3
	28

	Cu foil
	46.2
	1.5
	H-type cell
	0.1 M KHCO3
	29

	Cu/Me-COF
	46.8
	374.2
	Flow cell
	1 M KOH
	30
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