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Supplementary Note 1. Computational details.
Mean-field quantum mechanics/molecular mechanics (QM/MM) multiscale simulation, density functional theory in classical explicit solvents (DFT-CES),1 was implemented in our in-house code that combines the Quantum ESPRESSO2 planewave density functional theory (DFT) simulation engine and LAMMPS3 molecular dynamics (MD) simulation engine.
The Ag(111) electrode was quantum-mechanically modeled using a three-layer slab with a rect surface unit cell with the dimensions of 10.15 Å × 11.72 Å. The projector-augmented-wave (PAW)4 method was used with a kinetic energy cutoff of 50 Ry. Gaussian smearing was used with a value of 0.2 eV, and the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional was employed.5 A (3 × 3 × 1) -centered k-point grid was used to sample the reciprocal space, and a dipole correction along the z-direction was applied to block the unphysical interaction between the images of the cells. For the calculation of the system with the CO2 adsorbate, one CO2 molecule was bound to the Ag(111) surface as a bent form. The geometry was optimized using the implicit solvation method with 8 excess electrons, and kept fixed during DFT-CES iterations.6 The systems with COOH and CO adsorbates were also calculated using the same simulation cell. Bader charge analysis was performed as described in a previous report.7
The electrolyte phase was modeled using the canonical ensemble MD based on a classical force-field (FF) type description. One thousand TIP3P-EW8 water molecules were simulated, and the excess alkali metal cations (Li+, Na+, K+, and Cs+) were included in the MM region to compensate for the excess charge of the electrode in the QM region. The 0.1 M electrolyte condition was set by adding three alkali metal cations and three bicarbonate ions to the electrolytes. A Nosé–Hoover thermostat9,10 was used to maintain the temperature at 300 K, with a damping parameter of 100 fs. Periodic boundary conditions were applied along the x- and y-directions, and long-range electrostatic interactions in the simulation cells were treated using the modified particle–particle particle–mesh method for slab geometry.11 The external potential from the electrode in the QM region was set as follows. The DFT-optimized structure and electrostatic potential obtained from the rect surface unit cell was repeated to fill the rect surface unit cell, resulting in an MD simulation cell dimension of 30.5 Å × 35.2 Å × 65.0 Å. To model the COOH adsorbate on Ag, water molecules in the MM region were considered to transfer a proton to the CO2 adsorbate, and therefore, the same number of hydroxide anions as the number of *COOH was included in the MM region.
The electrolyte components were described based on the FF, and the geometric mixing rule was used. TIP3P-EW8 was used to describe the water molecules, and ion–water interactions were described using parameters presented previously.12,13 The CO2, COOH, CO adsorbate, and bicarbonate ions were modeled using OPLS-AA FF.14 The van der Waals (vdW) FF between the QM and MM regions was carefully developed to accurately describe the interfacial interactions. To appropriately model the soft exchange repulsion of the metal atom with a diffuse electron density, we used the Buckingham potential with three adjustable parameters: Aij, Rij, and C6,ij.

To determine the A and R parameters attributed to the Pauli repulsion energy, we obtained binding-energy curves of ions to the Ag hexamer through Hartree-Fock calculations. Because of the existence of a net charge in the system, we avoided using a slab model; instead, we chose the Ag hexamer with a planar structure with a closed singlet state. It should be noted that the Hartree–Fock energy completely embodies the contribution of the Pauli exchange interaction between closed-shell molecules with no dispersive correlation energy. Therefore, it is ideal to selectively model the Pauli repulsion energy. Hartree–Fock calculations were performed using the NWChem 6.8 software15 using an effective core potential for the core electrons of the Ag atom def2-TZVP basis set.16 The parameters for water molecules were taken from a previous report,17 and the parameters for the other ions were developed (Figure S17). The parameters are summarized in Table S1.
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	A (kcal mol−1)
	R (Å)
	C6 (kcal mol−1 Å6)

	Ag– Li+
	11462
	0.390
	38

	Ag–Na+
	6700 
	0.450 
	174 

	Ag– K+
	10244
	0.460
	861

	Ag– Cs+
	20687
	0.447
	2387

	Ag–C (HCO3−)
	2780000
	0.240
	4253


Table S1. The vdW parameters between ions and silver electrode.

At every DFT-CES iteration, we performed an MD simulation for 6 ns and sampled the last 5 ns trajectory to calculate the average electrostatic potential of the electrolyte phase, which was used in the subsequent DFT calculation as an external potential. During the DFT calculations, only the electronic structure was optimized based on the external potential obtained from the previous MD iteration. The DFT-CES iteration was repeated until the difference in the DFT total energy between the iterations converged below 0.1 kcal mol−1. In most cases, the total energy converged within three DFT-CES iterations. Over the course of the DFT-CES iteration, the QM region was interactively expanded; atoms showing no diffusional motion (Figure S18) in the MM region were included in the QM region in the subsequent iteration. This resulted in ions (e.g., K+ and OH−) coupled to the adsorbed CO2 and COOH in the MM region to be described at the QM level in the last iteration step of the DFT-CES, whereas no ions were coupled to the adsorbed CO (Figure S19). 
The climbing image nudged elastic band (CI-NEB) method18 was used in the Vienna ab initio Software Package19 (VASP) 5.4.4, with the PAW4 method. The PBE exchange-correlation functional5 was used, and the kinetic energy cutoff of the plane-wave basis was set to 420 eV. A Γ-centered (3 × 3 × 1) mesh was used to sample the reciprocal space. An additional ~15-Å-thick vacuum regime was introduced to the slab models, and a dipole correction scheme was applied to electrostatically isolate the surface model from periodic images. The optimized points of the CI-NEB were extracted from the DFT-CES results. Two water molecules, K+, and CO2 were included on the silver electrode. The electrode was described by a three-layer Ag(111) slab with a rect surface unit cell with the dimensions of 10.15 Å × 11.72 Å. 


Supplementary Note 2. Calculation of energetics for the electron transfer step
[bookmark: _Hlk84419201]The computational hydrogen electrode method20 is widely used for calculating the energetics of the proton-coupled electron transfer step; however, no proton is coupled in the first electron transfer step of our mechanism. To quantify the energetics for the cation-coupled electron transfer, we defined the chemical potential of the cation (M+) and that of the electron (e−) in the following reaction:
* + CO2(g) + M+(aq) + e−  *CO2− ··· M+
We first quantified the energy of the bare surface (*) and the cation-coupled CO2− adsorbate (*CO2− ··· M+) using the QM/MM total energy of the DFT-CES at the potential at point of zero charge (EPZC). The free energy of CO2(g) was calculated using the DFT energy and entropic corrections. The chemical potentials of M+(aq) and e−, [M+(aq) + e−] are given by:
[M+(aq) + e−] = ESCF[M0(g)] + IP[M0(g)] + Ghyd[M+]  eUabs
Here, ESCF[M0(g)] is the DFT self-consistent-field energy of the neutral metal atom, IP[M0(g)] is the gas-phase ionization potential of M0, Ghyd[M+] is the hydration free energy of the cation, and Uabs is the absolute electrode potential. On the standard hydrogen electrode (SHE) scale, the above equation is written as:
[M+(aq) + e−] = ESCF[M0(g)] + IP[M0(g)] + Ghyd[M+]  eUSHE – 4.44 eV.
Experimental values of IP[M0(g)] and Ghyd[M+] were used21,22 to plot Figure 1d.
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Figure S1. Full-scale snapshots of the DFT-CES simulations. The surface charge density, σ, was set as −14 μC cm−2 for all systems with 0.1 M electrolyte. With increasing σ, an excess number of K+ were further included in the simulation cell to compensate for the electrode charge. The water molecules are shown as narrow red lines. The K+ cations are shown as purple spheres. The bicarbonate ions and CO2 molecules are shown as red-grey balls and sticks. The silver electrode is shown as grey spheres.
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Figure S2. Dynamics of OH− and K+ coordinating the COOH adsorbate (*COOH). a. Distance (r1) between O of OH− and H of *COOH with respect to time (t). b. Distance (r2) between O of *COOH and K+ with respect to t. Over the course of the DFT-CES iteration, ion trajectories sampled from the MD run showed virtually no diffusional motion of OH− (a) and K+ (b), which were included in the QM region in the subsequent iteration. c. Atomic structures near the *COOH obtained from the DFT-CES simulations. 


[image: ]
Figure S3. CI-NEB calculation connecting from *CO2− ··· K+ to *COOH. Filled circles denote the fully optimized geometry, whereas the empty circles are the images between the optimized points. Two water molecules, K+, and CO2 were included on the Ag(111) electrode. Only three Ag atoms are shown in the insets, and ΔE is the energy difference.
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Figure S4. H-type flow cell for the CO2RR electrolysis. a. Photograph and b. schematic images of the H-type electrochemical flow cell used in the present work. A magnified structure of the GDE at cathode is also shown in the schematic image.
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Figure S5. Physical characterizations of the prepared Ag-PTFE electrode. a. XRD and b. SEM results of the Ag-PTFE electrode. 
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Figure S6. Faradaic efficiency (FE) of CO2RR on the Ag electrode. Effect of KOH electrolyte concentration (0.01–10 M) on a. CO and b. H2 FEs of the Ag electrode measured in an electrochemical flow cell.
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Figure S7. Electrochemical CO2-to-CO conversion on the Ag electrode. The jCO versus potential curves measured on the Ag electrode in an electrochemical flow cell. The electrolytes were 0.01 M KOH with or without additional K2CO3 salt (0.045 and 0.495 M). The polarization curves are plotted with respect to the a. SHE, b. RHE (VSHE – 0.059 × log[H+]), or c. the ACE (VSHE – 0.059 × log[K+]) scales. The grey lines indicate a Tafel slope (typically plotted as an inverse function of the present polarization curve) of 120 mV dec−1.
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Figure S8. Faradaic efficiency (FE) of CO2RR on the Ag electrode. Effect of K+ concentration (0.01–1 M) on a. CO and b. H2 FEs of the Ag electrode measured in an electrochemical flow cell. The electrolytes were 0.01 M KOH with or without additional K2CO3 salt (0.045 and 0.495 M). 
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Figure S9. Electrolyte pH versus K+ concentration. The pH of various electrolytes used in the present work as a function of K+ concentration. The pH of pure KOH electrolytes increases with increasing K+ concentration, while 0.01 M KOH electrolytes with additional K2CO3 salt (0.045 and 0.495 M) reveal almost untouched pH regardless of the total K+ concentration. 
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Figure S10. EPZC of the Ag electrode. A Cdiff curve of polycrystalline Ag electrode measured in 2 mM NaF electrolyte by SPEIS. The EPZC is determined as ca. −0.613 VSHE, at which the EPZC has a minimum value. 



Figure S11. Cdiff curves of the Ag electrode in K+-based electrolytes. The Cdiff curves of the Ag electrode measured in a. various concentrations of KOH electrolytes (0.01–10 M) and b. 0.01 M KOH electrolytes with or without additional K2CO3 salt (0.045 and 0.495 M). The |σ| at a certain potential (E’ vs. SHE) was estimated by integrating the Cdiff curve from the EPZC, −0.613 VSHE, to the E’.
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Figure S12. Cation effects on the CO2RR on the Ag electrode. The jCO versus potential curves measured on the Ag electrode in an electrochemical flow cell. The electrolytes were various alkali metal cation carbonates (i.e., M2CO3, where M = Li, K, Na, Rb, and Cs) with a concentration of 0.05 M. The grey line indicates a Tafel slope (typically plotted as an inverse function of the present polarization curve) of 120 mV dec−1.
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Figure S13. Cdiff curves of the Ag electrode in electrolytes with different cation species. The Cdiff curves of the Ag electrode measured in 0.05 M M2CO3 (where M = Li, K, Na, Rb, and Cs). During the measurement, non-negligible Faradaic reactions (e.g., hydrogen evolution reaction) occur on the Ag electrode (upper panel)23. This Faradaic charge leads to an artifact in the measured Cdiff value (lower panel), i.e., a considerable increase in the Cdiff value at the high cathodic potential range. To estimate the |σ|, we thus assumed that the Cdiff curve follows the Gouy-Chapman-Stern model, which predicts a constant Cdiff value with a potential far from EPZC. Namely, we set the Cdiff as a constant value (C’diff, dotted lines) at a potential below an onset potential of the Faradaic reaction (EFarad), defined here as the potential corresponding to j = −0.02 VSHE. The |σ| at a certain potential (E’ vs. SHE) was thus estimated by the following equation: 
|σ|.
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Figure S14. Electrostatic potential, 𝛟, profiles calculated from DFT-CES simulations with various cation species. a, b. 0.1 M electrolyte was used for the DFT-CES simulation. Here, ϕ along the z-direction is plotted for the full range (a) and vacuum region (b) with 0.1 M electrolyte. The surface charge density, σ, was set as −14 μC cm−2 for all systems, where EF and ϕv are the Fermi level and vacuum potential, respectively. The absolute electrode potential, Eabs, is defined based on the difference between EF and ϕv. Here, Eabs was converted to the SHE scale by subtracting 4.44 V.24 c, d. A dilute electrolyte was used for the DFT-CES simulation. Here, ϕ along the z-direction is plotted for the full range (c) and vacuum region (d).
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Figure S15. Ion-pairing tendency. a. Radial distribution function,  of alkali metal cation (M+) and the C atom of bicarbonate anion (HCO3−), which was calculated using the MD simulation of 0.1 M bulk electrolyte. b. The integrated value, , is shown to quantify the number of contact ion-pairs.
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Figure S16. Tuning the CO2RR electrocatalysis by changing the anion species. a. The jCO versus potential curves measured on the Ag electrode in an electrochemical flow cell. The electrolytes were 0.01 M KOH electrolyte with additional potassium salts having different anion species (i.e., KOH, K2CO3, KClO4, and K2SO4). The total K+ concentration was set to 0.1 M. A polarization curve obtained in 0.01 M KOH, free from other salts, is also shown. b. A correlation curve between |σ| and jCO at −1.3 VSHE. The results obtained from all other electrolyte conditions, shown in Figure 3, are also provided for comparison. 


[image: ]
[bookmark: _Hlk86151889]Figure S17. Optimization of the interfacial vdW parameters for DFT-CES. The binding energy (Ebind) curves of the alkali metal cations and bicarbonate anion to the Ag hexamer were calculated using Hartree-Fock theory, which was used to fit the repulsion parameters of interfacial vdW parameters. The dispersion attraction parameters of C6 for alkali metal cations and Ag were determined using real-time time-dependent DFT calculation results.25 The molecular C6 parameter of the polyatomic bicarbonate was determined using the quantum mechanical fractionally ionic approach,26 which was assigned to the carbon center. The results are summarized in Table S1.
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Figure S18. Mean-squared displacement (MSD) obtained from the DFT-CES simulations. a. MSD of K+ coordinated to the CO2 adsorbate. b. MSD of OH− coordinated to the COOH adsorbate. c. MSD of free K+ (not coordinated to the CO2 adsorbates). 
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Figure S19. Local environment of adsorbed CO (*CO). a. Radial distribution function,  of K+ and the O atom of *CO, which was calculated from the DFT-CES simulation. b. The integrated value, , is shown to verify that there was chemical interaction between K+ and *CO.
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