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1. Experimental Section
[bookmark: _Toc201113277][bookmark: _Toc201113795]1.1. Electrochemical data analysis details
[bookmark: OLE_LINK20][bookmark: _Hlk155692173]Calculation of Faradaic Efficiency (FE). The gaseous products of CO2 electroreduction were analyzed using an online gas chromatography (PerkinElmer Clarus 590) equipped with a flame ionization detector (FID) and a thermal conductivity detector (TCD). FE of H2, CO, C2H4, and CH4 products were calculated using the following equation [1]:

		
Where:

 is the partial currents of gas products.

 is the total current measured by the potentiostat.

 is the volume concentration of gas products, based on GC calibration.

 is the flow rate of the input gas.

 is the atmospheric pressure.

 is the ideal gas constant (8.31 J mol-1 K-1).

 is the room temperature (298.15 K).

 is the number of electrons transferred for the product formation.

 is the Faraday constant (96485.33 C mol-1).

The liquid products were quantified using 1H NMR spectroscopy (AVANCE AV III 400, Bruker). Typically, 400 μL of the post-electrolysis electrolyte was mixed with 100 μL DMSO-d6 and 100 μL of 6.0 mM DSS aqueous solution as an internal standard. The area ratio of the liquid product peaks to the DSS peaks was used to determine the concentration of the liquid products. The FE for liquid products was calculated using the equation [1]:

		
Where:


 is the concentration of the liquid product.
 is the volume of the electrolyte.

 is the total charge integrated by the potentiostat.

The turnover frequency of CO product was calculated as follows [2]:

		
Where:

 is the partial current for CO product.

 is the number of electrons transferred for CO product formation.

 is the catalyst mass in the electrode.

 is the Ni loading in the electrode.

 is the atomic mass of Ni.

Calculation of CO2 Conversion. The CO2 conversion was calculated as follows [3,4]:

		
Where:

 is the concentration of CO2 in catholyte headspace.

 is the concentration of CO in catholyte headspace.

Calculation of CO Energy Efficiency (EECO). The EECO was calculated as follows [4,5]:


		
Where:

[bookmark: _Hlk208350812] is the thermodynamic cell potential for CO.

 is the non-iR-corrected full-cell voltage.

 is the Faradaic efficiency for CO.

Calculation of CO2 Flux. The CO2 flux was calculated as follows：

		

: cross-sectional area of the catholyte chamber.

[bookmark: OLE_LINK1][bookmark: OLE_LINK10]Proton Permeation Measurements. Proton flux through the catalysts was evaluated using a permeation MEA, consisting of a permeate chamber and an anolyte chamber, each with a cross-sectional area of 1 × 1 cm2. The two chambers were separated by a CEM. Deionized water (40 ml) and 0.05 M H2SO4 were circulated through the permeate and anolyte chambers, respectively, at a constant rate of 10 ml min−1. To remove residual oxygen, the deionized water in the permeate reservoir was purged with Ar for 30 minutes. A cathodic current was applied to the working electrode to drive ion migration, during which only the water reduction reaction occurred on the nickel catalyst surface. Electrolysis was carried out for 15 minutes, and the pH in the permeate reservoir was continuously monitored using a calibrated pH meter.The apparent H+ flux was calculated as follows [6]:

		
Where:

 is the current applied to the working electrode.

 is the reaction time.

 is the number of electrons transferred for each OH− ion produced.

 is the volume of deionized water in the permeate reservoir.

[bookmark: _Hlk170341954][bookmark: _Hlk175169189][bookmark: OLE_LINK5]Electrochemical Impedance Spectroscopy (EIS). The EIS measurements were conducted at 3.8 V (unless otherwise specified) using an AC amplitude of 5 mV and a frequency range from 105 to 10-1 Hz. The obtained EIS data were fitted using the Zview3 Analyzer, with an equivalent circuit model to describe the charge transfer resistance and double-layer capacitance at the electrode/electrolyte interface. In this model, Rs represents the internal resistance, while Cφ_hf and R1 correspond to the capacitance and electron transport resistance in the CL, respectively. R2 and Cφ_lf characterize the resistance and double-layer capacitance related to the diffusion impedance, respectively [7].

Given that practical electrodes often possess porous structures, which cause non-uniform charge distribution across the electrode surface and complex interface effects, a constant phase element (CPE) was introduced to replace the capacitors Cφ_hf and Cφ_lf in the equivalent circuit model. The CPE consists of two components: Q, which is associated with the electrode capacitance, and α (where, 0＜α ≤1), which is the constant phase exponent representing a deviation from a perfect capacitor (α =1) [8,9].

The effective double layer capacitance Cφ_hf and Cφ_lf in the high and low-frequency regions was calculated using the following equations [10,11]:

		

		

The diffusion layer thickness δ was determined by the equation as follows [12–15]:

		
Where:

 is the coefficient diffusivity of species CO2.
[bookmark: _Toc201113278][bookmark: _Toc201113796]1.2. XAFS data analysis details
[bookmark: OLE_LINK47][bookmark: OLE_LINK44][bookmark: OLE_LINK66][bookmark: OLE_LINK35][bookmark: OLE_LINK65][bookmark: OLE_LINK31][bookmark: OLE_LINK34][bookmark: OLE_LINK30][bookmark: OLE_LINK32][bookmark: OLE_LINK55][bookmark: OLE_LINK54][bookmark: OLE_LINK33]Data preprocessing, including energy calibration (using a Ni foil standard), pre-and post-edge background subtraction, normalization to the maximum first derivative, and Fourier transformation, was conducted following standard procedures using the Athena, Artemis, and IFEFFIT software packages [16,17]. For linear combination fitting (LCF) of X-ray absorption near-edge structure (XANES) data, Ni metal, NiO and Ni-SAC-1 were used as reference standards to determine the proportions of Ni nanoclusters/nanoparticle, NiO nanocluster/nanoparticle, and Ni-SAC in the Ni-SAC-2 catalyst and Ni-SAC-3 catalyst [18–22]. The fitting range for XANES data was from -20 to 30 eV [23].

For extended X-ray absorption fine structure (EXAFS) fitting, EXAFS data were extracted from the measured absorption spectra following standard procedures. Phase shifts, mean free path of the photoelectron, and backscattering amplitudes were generated via FEFF calculations based on the crystal structures of Ni foil and were calibrated by fitting the EXAFS data of reference samples to obtain accurate amplitude reduction factors (S02) [24]. Using these calibrated parameters, the EXAFS data of the catalyst materials were fitted using the formula [25–27]:

		

		
Where:

 is the reduction factor accounting for amplitude damping due to multi-electron effects.

 is the degeneracy of the photoelectron scattering path.

 is the photoelectron wave number.

 is the electronic mass.

 is the reduced Planck constant.

 is the X-ray of energy.

 is the threshold energy.

: is the threshold energy correction.



: is the path radius for coordination path j.
: is the photoelectron effective scattering amplitude for path j.
: is the mean free path of the photoelectron for path j.

: is the mean squared displacement for path j .

: is the phase shift function for path j.

[bookmark: OLE_LINK16]In our analysis, fitting parameters included the average coordination number (CN), path distance (R), threshold energy correction (ΔE), and Debye-Waller factor (σ2). The uncertainties for the obtained results were ΔCN (± 10%), ΔR (± 1%), Δσ2 (± 10%), and ΔE0 (± 10%) [18,28].

For wavelet transform analysis, the continuous Cauchy wavelet transform (CCWT) was applied to the χ(k) data exported from Athena to distinguish the contributions of light and heavy atoms in the EXAFS signal [29]. The k-space data, with a k range of 0 – 12 Å-1 and an R range of 0.2 – 6 Å, were processed using a MATLAB script developed by H.Funke et al [30] , yielding a matrix of continuous transform data.
1.3. Finite Element Method (FEM) simulation details
[bookmark: OLE_LINK13][bookmark: _Hlk197194723]The carbon capture solution electrolysis system was modeled using COMSOL Multiphysics (v6.1, Stockholm, Se) and MATLAB (R2023b, MathWorks). This study aimed to investigate the relationship between the local CO2 concentration ([CO2]) and local pH with varying thicknesses of the CL (2 μm - 8 μm). The Transport of Dilute Species (tds) and Chemistry (chem) modules were employed for this analysis. The model incorporated time-dependent studies that evolved toward a steady state. Charge transfer reactions, homogeneous reactions, and species mass transport were considered, as detailed below [31–40].

Homogeneous Reactions of CO2. The concentration of CO2, (bi)carbonate species, and the pH of the solution were influenced by the homogeneous reactions as follows:

		

		

		

		

		
The rates of homogeneous reactions were computed under the assumption that none of the reactions were at equilibrium. The kinetic expressions were used to calculate the reaction rate (), 

		
Where:



 is the concentration of species. 
 is the stoichiometric coefficient. 
 is the forward reaction rate constant.

 is the backward reaction rate constant.

Electrochemical Reactions. The electrochemical reactions occurring within the CL were as follows:

		

		
[bookmark: OLE_LINK3]The heterogeneous electrochemical reaction rates were calculated as: 

		
Where:

 is the rate of the electrode reduction reaction.

 is the number of electrons required for the reduction reaction.

 is the width of the CL.

 is the porosity of CL.

Transport of Species. The transport of species was modeled using the Nernst-Planck equations : 

		

		
Where:


 is the molar flux of species.


 is the effective diffusivity of species.
The effective diffusivity of species were determined by Bruggeman equations: 

		

		
[bookmark: OLE_LINK21]Where:

 is the coefficient diffusivity of species.

 is the porosity coefficient.

 is the tortuosity coefficient.


Boundary Conditions. At the left boundary (CEM/CL), [CO2] was set to the calculated concentration, proton flux was set to , and the molar fluxes of other species were set to zero. At the right boundary (CL/Flow Field), the concentrations of species were set to bulk concentrations.

Calculation of [CO2]. CO2 was assumed to behave as an ideal gas, with the solubility dependent on pressure, temperature, and salinity, based on Henry’s Law and the Sechenov equation.
Henry’s Law: 

		

		
Where:

: concentration of CO2 at 1 bar.

: local concentration of dissolved CO2.

: Henry’s constant.
Séchenov Equation: 

		

		
Where:

: local concentration of dissolved CO2 with “salting out” effect.

: Sechenov constant.

: ion-specific and gas-specific parameters.
The numerical simulations used a MUMPS general solver with a relative tolerance of 0.01. Model parameters were listed in Table S5−S7, adapted from previous studies [31,35–37,40].

Vapor-Liquid Equilibrium (VLE) Model. For 2M KOH solvent systems, the following equations were used [41]:

		

		

		
The bulk concentrations of carbon species in 2 M KOH capture solutions under varying pH conditions were calculated using MATLAB (code provided below).

MATLAB Code
[bookmark: OLE_LINK4]% Constants
K_con = 2;
pKa1 = 6.35;
pKa2 = 10.33;
% pH range
pH = (8.0:0.1:14.3)';
% Calculate concentrations
OH_con = 10.^(pH-14);
HCO3_con = (K_con - 10.^(pH-14) + 10.^(-pH)) ./ (2 * 10.^(pH-pKa2) + 1);
CO3_con = HCO3_con .* 10.^(pH-pKa2);
CO2_con = HCO3_con ./ 10.^(pH-pKa1);
% Plot figure
figure;
hold on;
plot(pH, HCO3_con, 'LineWidth', 2);
plot(pH, CO3_con, 'LineWidth', 2);
plot(pH, CO2_con, 'LineWidth', 2);
plot(pH, OH_con, 'LineWidth', 2);
xlabel('pH');
ylabel('Concentration');
box on;
% Add legend
legend('HCO_3^-', 'CO_3^{2-}', 'CO_2', 'OH^-');
% Calculate cumulative sum
blank = zeros(length(pH),1);
cumsum_data = cumsum([blank, OH_con,HCO3_con,CO3_con, CO2_con], 2);
% Plot cumulative curves and fill them with color
figure;
hold on;
x = pH;
colors = ['r', 'g', 'b', 'c', 'm'];
for i = 1:size(cumsum_data, 2)
plot(x, cumsum_data(:, i), 'LineWidth', 1, 'Color', 'c');
end
for j = 1:size(cumsum_data, 2)-1
fill([x', fliplr(x')], [cumsum_data(:, j)', fliplr(cumsum_data(:, j+1)')], colors(j), 'FaceAlpha', 0.2);
end
hold off;
box on;
% Add labels and annotations
ylabel('Concentration (M)');
xlabel('pH');
% Add text boxes for annotations
annotation('textbox', [0.75 0.15 0.04 0.05], 'Color', [1 0.4 0.16], 'String', 'OH^-', 'FontSize', 10, 'EdgeColor', 'none');
annotation('textbox', [0.60 0.29 0.048 0.06], 'Color', [0.07 0.6 1], 'String', 'CO_3^{2-}', 'FontSize', 10, 'EdgeColor', 'none');
annotation('textbox', [0.25 0.45 0.05 0.06], 'Color', [0.5 0.5 0.50], 'String', 'HCO_3^-', 'FontSize', 10, 'EdgeColor', 'none');
annotation('textbox', [0.15 0.78 0.07 0.05], 'Color', [1 0.075 0.65], 'String', 'CO_2(aq)', 'FontSize', 10, 'EdgeColor', 'none');
annotation('textbox', [0.7 0.80 0.2 0.1], 'Color', [1 0.4 0.16], 'String', '2 M KOH', 'FontSize', 10, 'EdgeColor', 'none');
[bookmark: OLE_LINK12]
[bookmark: _Hlk204805230]1.4. Density Functional Theory (DFT) calculation details 
All DFT calculations were performed using the Vienna AbInitio Simulation Package (VASP) [42]. The exchange-correlation potential was described using the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) [43]. The interactions between ion cores and valence electrons were treated using the projector augmented-wave (PAW) method [44,45]. The van der Waals interactions were included using the empirical DFT-D3 (BJ) method to improve the intermediate interaction with catalysts [46]. A plane-wave basis set with a cutoff energy of 400 eV and a (3×3×1) gamma-point centered k-point grid was applied to all structures. The convergence criteria for electronic and force minimization were set to 10-6 eV and 0.02 eV Å-1 for the structure optimization, respectively.

[bookmark: OLE_LINK8]Two distinct systems were simulated: M-N-doped carbon (M-N-C, where M = Fe, Co, Zn, Ni) and polycrystalline Ag. The M-N-C slab was modeled with a single metal atom surrounded by four pyridinic N sites within a (4×4) graphene supercell. Spin polarization was included in all M-N-C structure computations. For the polycrystalline Ag system, a four-layered (3×3) Ag(111) supercell was established, where the bottom two layers were fixed to their bulk positions during structural optimization. A vacuum layer of approximately 15 Å along the Z direction was added to avoid interactions between periodic images.

[bookmark: OLE_LINK6]The Gibbs free energy changes for each CO2 reduction reaction (CO2RR) step were calculated using the computational hydrogen electrode (CHE) model [47], in which the free energy of (H++e-) is equivalent to (1/2 H2(g)) for the standard hydrogen electrode (SHE). The Gibbs free energies for different species were defined as [48,49]:

		
Where:

[bookmark: _Hlk168932405]is the electronic energy obtained from DFT calculations.

 is zero-point energies (ZPE) correction from vibrational frequencies.

 is the heat capacity of the species.

 is the entropy of the species.



The values of , and  for gaseous molecules and adsorbate were generated using VASPKIT [50].

The limiting potential (UL) of a reaction was obtained using the equation [51,52]:

		
Where:

 is the largest change in the Gibbs free energy.

 is the electrical charge.


The adsorption energy () was calculated as follows [53,54]:

		

Where:

 is the total energy of the adsorbed system.

 is the energy of a clean substrate.

 is the energy of the molecule(s).
[bookmark: _Toc201113280][bookmark: _Toc201113798][bookmark: _Hlk204805296]1.5. Energy analysis for gas-phase CO2 system and CO2 reactive capture system details
We conducted a comparative analysis of the total energy expenditure for CO production using hydroxide-based reactive capture versus other room-temperature CO2 electrolysis systems, including gas-phase CO2 electrolysis and amine-based reactive capture. The processes evaluated in this study encompass Pre-CO2 Electrolysis, CO2 Electrolysis to CO, and Post-CO2.The energy values employed were drawn from the highest-performance reports available in the literature. Detailed insights were provided below:

First Process: Pre-CO2 Electrolysis

CO2 Capture Energy. For both pure CO2 electrolysis and the reactive capture systems, the energy cost for CO2 capture from amine scrubbing had been well-documented, with typical values around 0.94 in previous studies [55,56].


CO2 Regeneration Energy. For a pure CO2 electrolysis system, the energy cost for CO2 regeneration from amine-based CO2 was reported to be approximately 6.29[51,52]. In contrast, for the reactive capture system, CO2 is regenerated in situ within the reaction device, thereby eliminating the need for an additional heating step, resulting in a regeneration energy cost of 0.


CO2 Compression Energy. In a pure CO2 electrolysis system, the energy required for CO2 compression after amine-based capture was typically around 3.14[51,52]. However, in the reactive capture system, CO2 remained dissolved in the capture solution, obviating the need for compression and reducing the energy cost to.

[bookmark: _Hlk178791637]Second Process: CO2 Electrolysis
CO2 Electrolysis Energy. The energy cost for CO2 electrolysis was calculated based on the system's energy efficiency using the following equation [57,58]:

		
Where:

 is the Gibbs free energy of CO formation.
For a pure CO2 electrolysis system, Chen et al [59]. reported an energy efficiency of 40%. For amine-based reactive capture Sinton et al [56]. reported a CO FE of 45% with a full cell voltage of 3.5 V. For hydroxide-based reactive capture, Sinton et al [38]. reported a CO FE of 46% with a full cell voltage of 3.8 V. In our work, we used a CO FE of 68% with a full cell voltage of 3.4 V. 

[bookmark: _Hlk176265231]Third Process: Post-CO2 Electrolysis
CO2 Separation Energy. Assuming the gas product will be used in a downstream syngas mixture, the post-reaction CO2 separation energy cost was calculated using the following equation [57,58]:

		

CO2 Capture Energy. The energy cost for capturing the residual CO2 post-reaction was calculated using the following equation [57,58]:

		

CO2 Regeneration Energy. Similarly, the energy cost for post-reaction CO₂ regeneration was computed as follows [57,58]:

		


2. Supplementary Figures and Tables
[image: ]
[bookmark: _Toc201113281][bookmark: _Toc201113799]Figure S1. Optimized structure of Ag(111) and various M–N–C slabs. Top view and side view images of the optimized configuration of (a) Ag(111) slab and (b-e) M-N-C slab (M for Fe, Co, Zn, and Ni).


[image: ]
[bookmark: _Toc201113282][bookmark: _Toc201113800]Figure S2. Free energy profiles and CO2 descriptor on Ag(111) and M–N–C slabs. Free energy diagram (a,b) and the values of UL(CO2)-UL(H2) (c) for Ag(111) slab and M-N-C slab (M for Fe, Co, Zn, Ni).


[image: ]
[bookmark: _Toc201113283][bookmark: _Toc201113801]Figure S3. SEM images of Ni-SAC samples. (a) Ni-SAC-1 and (b) Ni-SAC-3 powders.


[image: ]
[bookmark: _Toc201113284][bookmark: _Toc201113802]Figure S4. TEM images of Ni-SAC samples. (a) Ni-SAC-1, (b) Ni-SAC-2, and (c) Ni-SAC-3 powders.



[image: ]
[bookmark: _Toc201113285][bookmark: _Toc201113803]Figure S5. High-resolution STEM images of Ni-SAC samples. (a) Ni-SAC-1 and (b) Ni-SAC-3 powders.
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[bookmark: _Toc201113286][bookmark: _Toc201113804]Figure S6. XPS Ni spectra of the Ni-SAC-2.


[image: ]
[bookmark: _Toc201113287][bookmark: _Toc201113805][bookmark: OLE_LINK15]Figure S7. EXAFS spectra of Ni-SAC-2. The Ni K-edge EXAFS fitting curves of (a) Ni foil, and (b) Ni-SAC-2 at R space, showing the magnitude and imaginary portions. The corresponding EXAFS fitting of (c) Ni foil, and (d) Ni-SAC-2 at K space.


[image: ]
[bookmark: _Toc201113288][bookmark: _Toc201113806]Figure S8. WT-EXAFS heatmap of Ni-SAC-2.WT-EXAFS contour plots of (a) Ni foil, (b) NiO, (c) NiPc, and (d) Ni-SAC-2 powder.


[image: ]
[bookmark: _Toc201113289][bookmark: _Toc201113807][bookmark: _Hlk201090977]Figure S9. XRD patterns of Ni-SAC samples. XRD patterns of NC, Ni-SAC-1, Ni-SAC-2 and Ni-SAC-3 powder.


[bookmark: _Hlk166066812][image: ]
[bookmark: OLE_LINK18][bookmark: OLE_LINK27][bookmark: _Toc201113290][bookmark: _Toc201113808]Figure S10. LCF Analysis of Ni-SAC-2. LCF of Ni K-edge XANES spectra obtained in Ni-SAC-2 powder.

[bookmark: OLE_LINK29][bookmark: OLE_LINK41][bookmark: OLE_LINK82][bookmark: OLE_LINK81][bookmark: OLE_LINK84][bookmark: OLE_LINK83][bookmark: OLE_LINK86][bookmark: OLE_LINK85][bookmark: OLE_LINK87][bookmark: OLE_LINK88]For the LCF analysis of Ni-SAC-2, although its STEM images (Figure 1c) primarily reveal isolated Ni single-atom sites suggesting a high concentration of Ni SAC, the information provided is limited due to the localized nature of STEM characterization. To obtain a more comprehensive understanding of the bulk structure of Ni-SAC-2, further analysis using EXAFS and XRD spectra is necessary. The EXAFS fitting results (Figure S7) and the wavelet transform WT-EXAFS contour plot (Figure S8) indicate the presence of Ni–Ni and Ni–O coordination environments. Additionally, the XRD pattern (Figure S9) suggests that Ni-SAC-2 may contain NiO and Ni nanoclusters. The detailed LCF fitting results (Table S4) provide the relative content of each component within Ni-SAC-2. When combined with the ICP-AES analysis (Table S2), it is determined that Ni-SAC-2 consists of 2.3 wt% Ni single atoms and an additional 0.7 wt% of NiO/Ni clusters, including 0.5 wt% NiO nanoclusters and 0.2 wt% Ni nanoclusters.


[image: ]
[bookmark: _Toc201113291][bookmark: _Toc201113809][bookmark: OLE_LINK22][bookmark: _Hlk189746304]Figure S11. HR-TEM images of Ni-SAC samples. Low- to high-magnification HR-TEM images show uniformly dispersed nanoparticles (a), a structure with concentric lattice fringes (b), and a lattice spacing of 0.176 nm corresponding to the Ni (200) plane (c).


[image: ]
[bookmark: _Toc201113292][bookmark: _Toc201113810]Figure S12. XPS spectra of Ni-SAC samples. XPS Ni 2p (a) and N 1s spectra of (b) Ni-SAC-1 powder and (c) Ni-SAC-3 powder.



[image: ]
[bookmark: _Toc201113293][bookmark: _Toc201113811][bookmark: OLE_LINK24]Figure S13. EXFAS spectra of Ni-SAC samples. The Ni K-edge EXAFS fitting curves of (a) Ni-SAC-1 in R space (magnitude and imaginary parts) and (b) in K space; (c) Ni-SAC-3 in R space (magnitude and imaginary parts) and (d) in K space.


[image: ]
[bookmark: _Toc201113294][bookmark: _Toc201113812][bookmark: OLE_LINK56][bookmark: OLE_LINK58]Figure S14. LCF Analysis of Ni-SAC-3. LCF of Ni K-edge XANES spectra obtained in Ni-SAC-3 powder. 

[bookmark: OLE_LINK69][bookmark: OLE_LINK89][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK98]For the LCF analysis of Ni-SAC-3, although its STEM images (Figure S6) reveal faint features corresponding to isolated Ni single-atom sites—suggesting a significant presence of Ni SAC—HR-TEM images (Figure S11) further reveal the presence of Ni nanoparticles with an average size of ~20 nm. Subsequent analyses using EXAFS (Figure S13) and XRD spectra (Figue S9) indicate that Ni-SAC-3 likely contains NiO /Ni nanoparticles. The detailed LCF fitting results (Table S4) provide insights into the relative content of each component within Ni-SAC-3. In combination with ICP-AES data (Table S2), it is determined that Ni-SAC-3 comprises 2.6 wt% Ni single atoms, along with 1.1 wt% of NiO/Ni nanoparticles—specifically, 0.6 wt% NiO nanoparticles and 0.5 wt% Ni nanoparticles.
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[bookmark: _Toc201113295][bookmark: _Toc201113813]Figure S15. Schematic illustration of the MEA electrolyser.


[image: ]
Figure S16. Schematic illustration of the electrochemical CO2 regeneration and conversion mechanism in the reactive capture system. OER at the anode side generates protons, which migrate through the CEM and react with carbonate species to release CO2 at the cathode. The released CO2 is reduced on Ni-based catalysts, while OH- formed during CO2RR recaptures the remaining CO2.


[image: ]
[bookmark: OLE_LINK67]Figure S17. pH variation in capture solution during 10 minutes of electrolysis in the Ni-SAC-2 electrode at 100 mA cm-2.

[bookmark: OLE_LINK68][bookmark: OLE_LINK73]We further estimated the theoretical CO2 consumption: assuming a CO Faradaic efficiency of ~70%, the system consumes ~0.2 mmol of CO2 in 10 min. According to VLE modeling, a pH change from 9.6 to 9.7 in 60 mL of CO2-loaded KOH solution corresponds to the release of ~3.6 mmol CO2 – more than an order of magnitude higher than the required amount. This clearly supports that the observed pH stability is consistent with the system's buffering capacity and validates the CO2 regeneration pathway.


[image: ]
Figure S18. Carbon-containing species in 2M KOH capture solution in different pH.


[image: ]
[bookmark: _Toc201113296][bookmark: _Toc201113814]Figure S19. H2 FEs for Ni-SAC samples with different Ni loading at current densities between 50 to 300 mA cm−2.


[bookmark: _Hlk117383092][image: ]
[bookmark: _Toc201113297][bookmark: _Toc201113815]Figure S20. CO/H2 ratios for Ni-SAC samples with different Ni loading at current densities between 50 to 300 mA cm−2.


[image: ]
[bookmark: _Toc201113298][bookmark: _Toc201113816]Figure S21. CO2 conversion for Ni-SAC electrodes with different Ni loading at current densities between 50 to 300 mA cm-2.


[image: ]
[bookmark: OLE_LINK14][bookmark: OLE_LINK9]Figure S22. (a) Turnover frequency (TOF) of the Ni-SAC-1 at current densities between 50 to 300 mA cm-2. (b) Comparison with the TOF values of the Ni-SAC catalysts in the reported reactive capture systems [56,60].


[image: ]
[bookmark: _Toc201113299][bookmark: _Toc201113817]Figure S23. Photograph of the CO2 reactive capture system. An optical image of the setup for the stability experiment of Ni-SAC-2 electrode. The setup includes a capture container fed with CO2 gas, an airtight gas-liquid separator purged with N2 gas for gas product analysis, and an anolyte container.


[image: ]
[bookmark: _Toc201113300][bookmark: _Toc201113818]Figure S24. SEM images of Ni-SAC-2 before/after stability experiment in reactive capture system. SEM images of Ni-SAC-2 electrode (a-c) before and (d-f) after long-term electrolysis.


[image: ]
[bookmark: _Toc201113301][bookmark: _Toc201113819]Figure S25. XPS spectra of Ni-SAC-2 after stability experiment in reactive capture system. (a) Full spectra of XPS scan and (b) High-resolution N 1s. The F element is from the Nafion binder.


[bookmark: OLE_LINK57][image: ]
Figure S26. (a) TEM image and (b) XRD pattern of Ni-SAC-2 after stability experiment in reactive capture system.
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[bookmark: _Toc201113302][bookmark: _Toc201113820][bookmark: _Hlk201097147]Figure S27. jCO for the Ni-SAC-2 sample using different proton concentrations. 
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[bookmark: _Toc201113303][bookmark: _Toc201113821][bookmark: _Hlk208351644]Figure S28. Proton permeation experiment for the Ni-SAC-2 electrode. pH variation in the permeate during 15 minutes of electrolysis at 100 mA cm-2 using Ni-SAC-2 electrode and different analytic proton concentration.
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[bookmark: _Toc201113304][bookmark: _Toc201113822]Figure S29. Cross-section SEM images of Ni-SAC-2 with different catalyst layer thickness. Cross-section SEM images of Ni-SAC-2 electrode with thicknesses of (a) 8 μm, (b) 6 μm, and (c) 2 μm.
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[bookmark: _Toc201113305][bookmark: _Toc201113823]Figure S30. jCO for Ni-SAC-2 using different catalyst layer thickness under various applied potentials.
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[bookmark: _Toc201113306][bookmark: _Toc201113824][bookmark: _Hlk175506654]Figure S31. CO2 flux for Ni-SAC-2 with different CL thicknesses at 200 mA cm-2.
[bookmark: _Hlk166068742]
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[bookmark: _Toc201113307][bookmark: _Toc201113825]Figure S32. Simulated averaged CO2 flux for Ni-SAC-2 with different CL thicknesses at 200 mA cm-2.
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[bookmark: _Toc201113308][bookmark: _Toc201113826]Figure S33. jCO for Ni-SAC-2 using different PFSA content under various applied potentials.
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[bookmark: _Toc201113309][bookmark: _Toc201113827]Figure S34. CO2 flux for Ni-SAC-2 with different PFSA content at 200 mA cm-2.



[bookmark: OLE_LINK59][image: ]
Figure S35. The contact angle measurements of the Ni-SAC-2 with different ionomers before electrolysis, (a) PEI, (b) PFSA, and (c) PTFE.
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Figure S36. Proton flux tests for Ni-SAC-2. pH variation in the permeate during 15 minutes of electrolysis at 100 mA cm-2 using Ni-SAC-2 catalyst with different ionomers.
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[bookmark: _Toc201113310][bookmark: _Toc201113828][bookmark: _Hlk190460014]Figure S37. jCO for Ni-SAC-2 using different ionomers under various applied potentials.
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[bookmark: _Toc201113311][bookmark: _Toc201113829]Figure S38. EIS spectra of Ni-SAC-2 with different ionomers. Experimental (symbols) and fitting (solid lines) EIS measurements for Ni-SAC-2 electrode with PEI (a), PFSA (b), and PTFE (c), respectively. The inset depicted an equivalent circuit for Ni-SAC-2 electrode. The χ2 is used to measure the degree of deviation between the observed values and the theoretical model. 

The first semicircle in the Nyquist plot corresponds to electron transfer resistance (R1), while the second semicircle corresponds to CO2 mass transfer resistance (R2). The R1 and R2 values for PEI were significantly higher than those for PFSA and PTFE. According to the EIS fitting model, the R1 for PEI was 6.35 Ω cm-2, 1.4 times and 1.9 times larger than that of Ni-SAC-PFSA (5.53 Ω cm-2) and Ni-SAC-PTFE (5.32 Ω cm-2), indicating the hydrophilic groups hinder electron transfer. Similarly, the R2 for PEI was 4.36 Ω cm-2, 1.4 times and 1.9 times larger than that of Ni-SAC-PFSA (3.67 Ω cm-2) and Ni-SAC-PTFE (3.18 Ω cm-2), suggesting that hydrophilic groups impede CO2 mass transport (Table S8). To better visualize CO2 mass transport, we used an equivalent circuit model to deduce the CO2 diffusion layer thickness for PEI, PFSA, and PTFE. The results show that hydrophobic groups reduce the CO2 diffusion layer thickness, thereby boosting CO2 mass transport during the reaction, compared to hydrophilic group, consistent with a prior report [13–15].


[bookmark: _Toc201113312][bookmark: _Toc201113830]Table S1. CO Performance comparison in reactive capture system among state-of-the-art reports.

	Capture
Solution
	Condition
	Catalyst
	FECO 
(%)
	jCO
(mA cm-2)
	Max jCO
(mA cm-2)
	Ref.

	Hydroxide-based reactive capture

	2 M KOH
	1 bar, 25℃
	Ni-SAC
	68
61
	100
200
	~140
	This work

	2 M KOH
	1 bar, 25℃
	Ag NPs
	46
46
	100
200
	~102
	[38]

	2 M KOH
	1 bar, 25℃
	Ag NPs
	28
19
	100
200
	~28
	[57]

	Amine-based reactive capture

	2 M K-GLY +
0.1 M KH2PO4
	4 bar, 40℃
	Ni-SAC
	64
44
	50
200
	~ 89
	[56]

	3 M TREA
	1 bar, 25℃
	Coral-Ag/C
	70
32 
	20
100
	~ 60
	[61]

	5 M MEA +
2 M KCl
	1 bar, 75℃
	Ag NPs
	72
18
	50
100
	~ 36
	[58]

	5 M MEA
	1 bar, 40℃
	Ni-SAC
	65
30
	50
100
	~ 32
	[60]

	0.4 M MDEA
	1 bar, 20℃
	Ag foil
	71
	20
	~ 14
	[62]

	0.1 M EDA+
0.1 M NaClO4
	1 bar, 25℃
	Cu electrode
	58
	18
	~ 11
	[63]

	1M AMP
	1 bar, 60℃
	Au foil
	45
	15
	~ 7
	[64]


[bookmark: _Toc201113313][bookmark: _Toc201113831]

Table S2. The amount of Ni content in Ni-SAC sample series investigated by ICP-AES.

	Catalyst
	Ni (wt %)

	Ni-SAC-1
	1.03

	Ni-SAC-2
Ni-SAC-3
	3.00
3.72




[bookmark: _Toc201113314][bookmark: _Toc201113832]Table S3. Fitting parameters of Ni K-edge EXAFS for Ni-SAC sample series.

	Samples
	Paths
	CN
	R (Å)
	ΔE0 (eV)
	σ2 (Å2)
	R factor

	Ni foil


	Ni-Ni
	12.0a
	2.48(0)
	7(0)
	0.006(0)
	0.001

	Ni-SAC-1


	Ni-N
	4.0(6)
	1.86(1)
	-9(2)
	0.007(1)
	0.015

	
	Ni-N
	4.0a
	1.90(1)
	-6(2)b
	0.009(1)c
	

	Ni-SAC-2
	Ni-O
	2.2(3)
	2.09(2)
	-6(2)b
	0.009(1)c
	0.008

	


Ni-SAC-3

	Ni-Ni

Ni-N
Ni-O
Ni-Ni
	2.4(2)

4.0a
2.2(3)
2.3(2)
	2.49(1)

1.91(1)
2.11(1)
2.49(1)
	-6(2)b

-4(2)b
-4(2)b
-4(2)b
	0.009(1)c

0.008(1)c
0.008(1)c
0.008(1)c
	


0.008



[bookmark: OLE_LINK7]a The S02 value to 0.8, which was obtained from the experimental EXAFS fit of Ni foil by fixing CN as the known crystallographic value. Data ranges: 3.0  k  12.0 Å-1,1.0  R  3.0 Å. The number of variable parameters is 4, out of a total of 11 independent data points. For Ni-N-C-1, Data ranges: 3.0  k  11.4 Å-1,1.0  R  2.5 Å. The number of variable parameters is 4, out of a total of 8 independent data points. For Ni-N-C-3, Data ranges: 3.0  k  11.4 Å-1,1.0  R  3.0 Å. The number of variable parameters is 7, out of a total of 10 independent data points. For Ni-N-C-4, Data ranges: 3.0 ≤ k ≤ 11.9 Å-1,1.0 ≤ R ≤ 3.0 Å. The number of variable parameters is 7, out of a total of 11 independent data points. b The ΔE0 was refined as a global fit parameter. c The σ2 was constrained as the same value for decreasing the correlation (or reducing the number of variables). The fitting parameters error was shown in parentheses.
[bookmark: OLE_LINK103]

[bookmark: _Toc201113315][bookmark: _Toc201113833]Table S4. Fitting parameters derived from LCF analysis for Ni-SAC sample series.

	
	Ni Ratio (%)
	NiO Ratio (%)
	Ni-N-C Ratio (%)

	Ni
	100.0a
	0.0
	0.0

	NiO
	0.0
	100.0a
	0.0

	Ni-SAC-1
	0.0
	0.0
	100.0a

	Ni-SAC-2
	5.9 ± 0.7
	17.8 ± 1.2
	76.3 ± 0.8

	Ni-SAC-3
	13.4 ± 1.2
	17.4 ± 1.9
	69.2 ± 1.4


a Ni, NiO, and Ni-SAC-1 powder as the reference sample.
[bookmark: OLE_LINK102]

[bookmark: _Toc201113316][bookmark: _Toc201113834][bookmark: _Hlk117444993]Table S5. Séchenov constants for aqueous species.

	Ion
	hion

	H+
	0

	K+
	0.0922

	OH-
	0.0839

	HCO3-
	0.0967

	CO32-
	0.1423

	Others parameters

	hG,0
	-0.0172

	hT
	-0.000338




[bookmark: _Toc201113317][bookmark: _Toc201113835]Table S6. Diffusion coefficient for aqueous species.

	Species
	Di (10-9 m2 s-1)

	CO2
	1.91

	H+
	9.31

	K+
	1.96

	OH-
	5.29

	HCO3-
	1.19

	CO32-
	0.92


[bookmark: OLE_LINK104]

[bookmark: _Toc201113318][bookmark: _Toc201113836]Table S7. Equilibrium constants for CO2 reactive capture system. The chemical reactions corresponding forward kf rate constants and reverse kr rate constants.

	k1f
	3.71×10-2 [s-1]

	k1r
	8.70×104 [M-1 s-1]

	k2f
	59.4 [s-1]

	k2r
	1.24×1012 [M-1 s-1]

	k3f
	2.23×103 [M-1 s-1]

	k3r
	5.23×10-5 [s-1]

	k4f
	6×109 [M-1 s-1]

	k4r
	1.26 [s-1]

	kwf
	2.29×10-4 [M s-1]

	kwr
	2.29×1010 [M-1 s-1]




[bookmark: _Toc201113319][bookmark: _Toc201113837]Table S8. EIS spectra fitting of Ni-SAC-2 with different ionomers. Optimum fit parameters a for the impedance data of Ni-SAC-2 electrode with PEI, PFSA, and PTFE, respectively.

	
	PEI
	PFSA
	PTFE

	Rs (Ω cm-2)
	3.01 ± 0.07
	3.13 ± 0.06
	3.59 ± 0.10

	R1 (Ω cm-2)
	6.35 ± 0.11
	5.53 ± 0.09
	5.32 ± 0.12

	Q1 (μF Sα-1 cm-2)
	36.44 ± 4.39
	42.55 ± 4.43
	32.72 ± 4.06

	α1
	0.81 ± 0.01
	0.80 ± 0.01
	0.78 ± 0.01

	[bookmark: _Hlk166027635]Cφ_hf (μF cm-2)
	3.68 ± 1.23
	4.00 ± 1.04
	2.10 ± 0.81

	R2 (Ω cm-2)
	4.36 ± 0.12
	3.67 ± 0.07
	3.18 ± 0.06

	Q2 (mF Sα-1 cm-2)
	22.29 ± 1.65
	15.92 ± 0.92
	10.95 ± 0.74

	α2
	0.74 ± 0.02
	0.78 ± 0.02
	0.84 ± 0.02

	Cφ_lf (mF cm-2)
	8.79 ± 1.97
	6.48 ± 1.09
	5.43 ± 0.96


a The equivalent circuit model fitting was performed in the Zview3 Analyzer software.


[bookmark: _Toc201113320][bookmark: _Toc201113838]Table S9. TEA analysis for CO2 reactive capture system. Comparison of energy cost towards CO at room temperature and atmospheric pressure for gas-phase CO2 electrolysis, amine- and hydroxide-based reactive capture.

	

Process
	

Items
	
CO2 Gas
System
	Reactive Capture System

	
	
	
	Amine-based
	Hydroxide-based
	Hydroxide-based
(This work)

	


Pre-CO2 electrolysis
	
CO2 capture
()
	
0.94
	
0.94
	
0.94
	
0.94

	
	
CO2 regeneration
()
	
6.29
	
0
	
0
	
0

	
	
CO2 compressor
()
	
3.14
	
0
	
0
	
0

	



CO2 electrolysis
	
CO FE
()
	95
	45
	46
	68

	
	
Full cell voltage
()
	3.2
	3.5
	3.8
	3.4

	
	
Energy efficiency 
()
	40.0
	17.0
	16.4
	26.9

	
	
CO2 electrolysis 
()
	
23.0
	
54.0
	
56.0
	
34.2

	
	
CO2 Conversion
()
	25a
	30b
	100
	82

	


Post-CO2 electrolysis
	
CO2 separation 
()
	
5.0
	
4.2
	
0
	
1.5

	
	
CO2 capture 
()
	
3.8
	
3.1
	
0
	
1.1

	
	
CO2 regeneration 
()
	
25.2
	
0
	
0
	
0

	Total
	
	67.4
	62.2
	56.9
	37.7



a Assumed gas-phase CO2 electrolyzers have a 25% CO2 utilization [65]. b Assumed amine-based reactive capture system have a 30% CO2 utilization under room tempareatue and atmosphere.
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