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Na,CO, + CO

Figure S1: Side view of the most stable geometric configuration of Na,COj; + CO product via Na,C,0,

(Path I) intermediate at OV.

Figure S2: Side view of the most stable geometric configuration of the Na,COs; + CO nucleation (Path

IV’) at OV.




—U=0V PathV
31 —Uu=212V
2 -
*Na,C,0,
s Bty
& ' » *C,0 _’_’_NaC204,/ N
B |Cor v A *Na,CO1CO
ol SO R o AT e
= @\
L E Y
LCR Y
—

- *NaC,0, \ L

_2 e \ P

A X
\ (<N
S—
-3 ~ *Na,C,0,>
N
4 *Na,CO T CO

Figure S3: Computed Gibbs free energy path (path-V) for Na,CO; + CO via Na,C,04nucleation at U =

OV and U =2.12V
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Figure S4: Computed Gibbs free energy path (path-VII) for Na,CO; + COnucleation at U =0 V and U

()
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Figure S5. NBO analysis of (a) isolated CO, molecule showing symmetric charge distribution, (b) pristine
PDA structure with atomic charges, and (¢c) PDA-CO, adduct illustrating charge redistribution upon CO,
interaction. All atomic charges are shown in electron units. Color code: Red — O; Light grey — C; Blue—
N; White — H.

Figure S6. DCD images of (a). Na (b). CO, adsorbed on RuO; catalyst.
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Figure S7. PDOS for various reaction intermediates (a). Na (b) CO, (c). Na,C,0,and (d) Na,CO;+CO

adsorbed on RuO; catalyst.
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Figure S8. Proposed favorable reaction pathway with amine adducts leading to end discharge products.



Standard Gibbs free energies and equilibrium voltages:

For Na-CO: reactions, possible nucleation pathways involve the formation of Na,C,0, (sodium oxalate)
and Na,CO; +CO (sodium carbonate) as discharge products.

2Na (s) +2C0,(g) =— Na,C,04(s)
2Na (s) +2C0,(g) == Na,CO; (s) + CO (g)

From the above chemical reaction, the standard Gibbs free energies for both Na,C,0, (s) and Na,CO; (s)
nucleation can be calculated as

AGOf (N32C204) s=QO° (N32C204) s-2Q° (Na) s-2QG° (COz) g
AGY% (Na,CO3)'s = G° (Na,CO5)s + G (CO) g -2 G°(Na) s - 2 GO (CO,) g

These expressions allow for the computation of standard Gibbs free energy (AG%) values, which can then
be used to determine equilibrium potentials using the Nernst equation:

Uo = _AGOf/ ne

where n and e represent the number of transferred electrons and electronic charge and the value of
equilibrium potential Uy (Na,CO5+CO) and U, (Na,C,0,) was calculated to be 2.37 V and 2.12 V
respectively.

The electrochemical free energy change for the most favorable pathway during the discharging and
charging processes of the studied catalyst is determined using the following expression:

(AGE (Na'COZ)) = Etotal - {Eprev + NN, (uNa) + nCOZ (“COZ)}

Eowl and E,, represents energy of the total system and energy of the previous step. ny,, nCO,, py, and
nCO, denotes the number of Na, CO, and chemical potential of Na and CO,.

Discharge overpotential (Ngis) = Ueq — Udis,
Charge overpotential (Nehg) = Uchg = Ueqs

Total overpotential (AE o) =Ndis + Nehe



Table S1: The calculated zero-point energies and entropies for all the studied reaction intermediates for the
studied RuO, (211) substrate.

Reaction Intermediate | ZPE (eV) | TS (eV)
Na 0.0581 0.1343
CO, 0.3324 0.1784
NaCO, 0.3909 0.2101
Na,CO, 0.4069 0.2636
NaC,04 0.705 0.308
Na,C,0, 0.7614 0.2973
NaCO0;+CO 0.6579 0.3064
Na,CO;+CO 0.7614 0.2973
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