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Supplementary Figures and Tables

Table S1 | The systematic comparison of candidate co-solvent
	Solvent
	CO2 solubility [S1, S2]
	Aprotic, H-bond accepting Characteristic [S3]
	Electrochemical Stability [S4]
	Boiling Point [S5]

	Water
	~34 mM
	Protic, H-bond acceptor/donor
	
	100 ℃

	Dimethylformamide (DMF)
	~200 mM
	Aprotic, H-bond acceptor
	Unstable
	153 ℃

	Tetrahydrofuran
(THF)
	~200 mM
	Aprotic, H-bond acceptor
	Stable
	66 ℃

	Diglyme
(DiG)
	~160 mM
	Aprotic, H-bond acceptor
	Stable
	162 ℃
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Fig. S1 | XRD analysis before CO2RR. XRD patterns of Cu, Naf/Cu, Naf/DiG/Cu on CP before CO2RR. 
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Fig. S2 | SEM analysis for (a) Cu, (b) Naf/Cu, and (c) Naf/DiG/Cu.
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Fig. S3 | XPS depth profile spectra of Naf/Cu. a-c, XPS spectra of C 1s (a), Cu 2p (b), and F 1s (c) based on Ar etching time.
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Fig. S4 | XPS depth profile spectra of Naf/DiG/Cu. a-c, XPS spectra of C 1s (a), Cu 2p (b), and F 1s (c) based on Ar etching time.
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Fig. S5 | EIS measurements for Cu and Naf/DiG/Cu. (a) Nyquist plots over the full frequency range and (b) enlarged view of the high-frequency region.
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Fig. S6 | NMR analysis to confirm the dissolution of Diglyme in water. NMR spectra of DiG/Cu after immersion in water for 30 min.
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Fig. S7 | NMR analysis to identify the Nafion protective effect on dissolution of Diglyme. NMR spectra of anolyte and cold trap after electrolysis at 2.7 and 3.6 V using Naf/DiG/Cu.
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Fig. S8 | NMR analysis to identify the Nafion protective effect on dissolution of Diglyme. NMR spectra of the used MEA after CO2RR was deliberately torn apart and immersed in water.
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Fig. S9 | Candidate products derived from the decomposition of ethanol.
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Fig. S10 | Online DEMS spectra for ethanol fragment under Ar flow at 3.6 V over 30 min. 
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Fig. S11 | Nafion effect on hydrophobicity. Contact angle analysis for (a) Cu/CP, (b) Naf/Cu/CP, and (c) Naf/DiG/Cu/CP.  
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[bookmark: _Hlk214734992]Fig. S12 | In situ SEIRAS spectra. a-b, In situ SEIRAS spectra of interfacial water during the CO2RR on Cu (a) and Naf/DiG/Cu (b). The spectra were deconvoluted into four components representing different hydrogen-bonding environments: strongly bound (purple), ice-like (green), asymmetric (blue), and isolated/free (red) water species [S6]. c, Fractions of the water species at various applied potentials. In all potential ranges, the Naf/DiG/Cu shows a higher contribution of ice-like water, and a corresponding lower contribution of asymmetric and isolated/free water compared to the bare Cu. This fitting result aligns well with the trend obtained from the center of mass frequency (νCOM). However, to avoid the potential ambiguities associated with multi-component fitting, we employed νCOM for further discussion in the main text.
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[bookmark: _Hlk210225185]Fig. S13 | Isotope analysis to investigate the correlation between water activity and CO2RR selectivity. a-b, FE (a) and partial current density (b) of H2 depending on H2O/D2O ratio. 
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Fig. S14 | Representative structures from the slow-growth AIMD simulations of the (a) ER mechanism and (b) LH mechanism on the DiG/Cu surface. The DiG molecule and the atoms actively participating in the reaction are shown in ball-and-stick representation, while the background water molecules are depicted as faded sticks for clarity.
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Fig. S15 | Hetero-solvent effects on Cu-Ag electrode. Partial current densities for H2 of Cu-Ag and Naf/DiG/Cu-Ag. 
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Fig. S16 | (a) Partial current density and (b) selectivity for ethanol production. 
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Fig. S17 | SEM images of Cu, Naf/DiG/Cu, Cu-Ag, and Naf/DiG/Cu-Ag before/after CO2RR.
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Fig. S18 | CO2RR performance in 1 M KOH. a-c, CO2RR product distribution of Cu (a), Naf/Cu (b), and Naf/DiG/Cu (c). d, Selectivity of C2H5OH compared to C2H4. e-f, Partial current density for C2H5OH (e) and C2H4 (f). 
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Fig. S19 | Ionomer effect on CO2RR based on hetero-solvent incorporated Cu electrode. a-b, CO2RR performance of Sus/Cu (a) and Sus/DiG/Cu (b).
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Fig. S20 | Ionomer effect on CO2RR based on hetero-solvent incorporated Cu electrode. a-d, Partial current density for H2 (a), C2H4 (b), C2H5OH (c), and C2+ (d). 
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[bookmark: _Hlk214371696]Fig. S21 | Substrate effect on CO2RR based on hetero-solvent incorporated Cu electrode. a-c, CO2RR performance of Cu (a), Naf/Cu (b), and Naf/DiG/Cu (c) using PTFE substrate.
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Fig. S22 | Substrate effect on CO2RR based on hetero-solvent incorporated Cu electrode. a-d, Partial current density for H2 (a), C2H4 (b), C2H5OH (c), and C2+ (d).
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Fig. S23 | Selectivity for C2/C1 under various KHCO3 concentrations. C2/C1 ratio of (a) Naf/Cu and (b) Naf/DiG/Cu electrodes.
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Fig. S24 | HER performance under various KHCO3 concentrations. FE and partial current densities for H2 at (a) 1 M, (b) 0.5 M, and (c) 0.1 M KHCO3. 
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Fig. S25 | Selectivity for EtOH/C2H4 under various KHCO3 concentrations. EtOH/C2H4 ratio of (a) Naf/Cu and (b) Naf/DiG/Cu electrodes.
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Fig. S26 | Long-term stability measurement of Cu. Cell voltage and FE of H2, C2H4, C2H5OH under 150 mA cm-2 during long-term CO2RR.
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Fig. S27 | Long-term stability measurement of Naf/DiG/Cu. Cell voltage and FE of H2, C2H4, C2H5OH under 250 mA cm-2 during long-term CO2RR. 
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Fig. S28 | CO2RR performance in long-term stability. CO2RR average FE of Cu and Naf/DiG/Cu under 150 and 250 mA cm-2. 
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Fig. S29 | XPS spectra for Cu and Naf/DiG/Cu after long-term CO2RR


[image: ]
Fig. S30 | XRD analysis after CO2RR. XRD patterns of Cu, Naf/Cu, Naf/DiG/Cu on CP after CO2RR. 

[image: ]
Fig. S31 | NMR spectra during long-term CO2RR of Naf/DiG/Cu under (a) 150 and (b) 250 mA cm−2.
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Fig. S32 | NMR spectra after long-term CO2RR for 100 h of membrane/Naf/DiG/Cu under (a) 150 and (b) 250 mA cm −2. 
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Table S2 | State-of-the-art literature on ethanol production by MEA CO2RR in neutral media
	Catalysts
	Anolyte
	Cell voltage (V)
	JEtOH 
(mA cm-2)
	EtOH/C2H4
	Strategy

	Naf/DiG/Cu-Ag
	1 M KHCO3
	3.6
	184.2
	2.6
	Microenvironment engineering (Hetero-solvent)

	FeTPP[Cl]/Cu [S7]
	0.1 M KHCO3
	3.7
	49.2
	1.1
	Molecule-metal interface engineering

	Defect-rich Cu [S8]
	0.1 M KHCO3
	3.5
	95
	0.5
	Defect engineering

	Sputtered Cu [S9]
	0.1 M KHCO3
	4.9
	46
	-
	Porous layer for ethanol separation

	Porous Cu/QAPEEK [S10]
	H2O
	3.54
	65.7
	0.1
	Bifunctional ionomer coating

	Cu2OZn [S11]
	H2O
	4.29
	148.2
	2.3
	Alloy

	Cu-poly-1 [S12]
	1 M KHCO3
	3.98
	88.9
	0.4
	Functionalized Cu NPs with fluoric polymer
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