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Computational Methods
1. Free energies calculations

Calculations for the gas phase molecules used the PBE functional (as implemented in Jaguar) with the D3 empirical
correction for London dispersion. To obtain the total free energy, G = H-TS, for the gas molecules at temperature T,
we add to the DFT electronic energy (E), the zero-point energy (ZPE) from the vibrational levels (described as simple
harmonic oscillators), and the specific heat corrections in the enthalpy from 0 to T. The entropy (S), as a sum of
vibrational, rotational and translational contributions, are evaluated from the same levels. To correct the free energy
for pressure, we assume an ideal gas and add RTxIn(P2/P1) with a reference pressure of P = 1 atm. For example, CO2
gas at room temperature and latm would have a free energy correction of —0.25 eV, including ZPE (0.32 eV),
translational entropy contribution (—0.42 eV), rotational entropy contribution (—0.15 eV) and almost negligible
vibrational entropy contribution (—0.003 eV). All calculations assume the current experimental condition: P(CO2) =
300 mTorr, and P(H20) = 150 mTorr. After the gas molecules adsorbed on the metal surface, their rotational and
translational degrees of freedom are reduced to vibrational modes. The vibrational frequencies for surface adsorbents
are calculated by allowing the adsorbed molecules and the top layer of metal to relax, with the bottom layers fixed.
For these phonon calculations we used 107 eV energy convergence threshold to obtain reliable phonon frequencies
(no negative eigenvalues.) To obtain the Free energy, G = H-TS, for the various equilibrium configurations, we used
density functional perturbation theory (DFPT) to calculate the phonon density of states, which was used to calculate

the ZPE, the temperature correction to the enthalpy, and the vibrational contributions to the entropy.!

2. Core Level Shift Calculations

There are two ways of calculating the change in core level energies implemented in VASP.* The simpler option
(ICORELEVEL = 1) calculates the core levels in the initial state approximation, which involves recalculating the KS
eigenvalues of the core states after a self-consistent calculation of the valence charge density. In the second option
(ICORELEVEL = 2), electrons are removed from the core and the final state approximation is followed. Our previous
studies found that the ICORELEVEL =1 leads to relative binding energy shift in good agreement with experimental

XPS accounting for the screening effect of metals.
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Convergence test

Thickness of Ag substrates E.i (0=CO2%)/ eV G.a (0=CO2*)/ eV
4 layers —-0.73 —-0.26
5 layers -0.75 —-0.28
6 layers —0.81 —0.34
7 layers —0.68 —-0.21
Average —0.74 —-0.27

Table S1. Convergence test with Ag substrates of 4-7 layers. We found that all structures of adsorbed O = CO2*~

species are maintained, and the adsorption energy was on average —0.74 eV (E) and —0.27 eV (G), which was
very close to the values that we obtained assuming the four-layer structures, which are —0.73 eV (E) and —0.26
eV (G). The four-layer model was sufficiently reliable to represent the properties of these periodic systems.
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Stability of O=CO:* on pure Ag and pure Ag unit with one Ag replaced by Cu at the first layer, second layer,
and third layer.

Substrates Ewl eV Gl eV E(0-c026- +Substrates) / €V deltaBE / eV
Surface O-Ag -0.75 -0.28 / 0.00
Surface O-Ag-1% layer Cu -0.55 -0.08 -274.25 0.34
Surface O-Ag-2" layer Cu -0.63 -0.16 -274.02 0.02
Surface O-Ag-3" layer Cu -0.57 -0.10 -273.98 0.01

Table S2. Stability of O=CO:*" on pure Ag and pure Ag unit with one Ag replaced by Cu at the first layer,
second layer and third layer.

We evaluated the adsorption energy for O=CQO,%" adsorption. For pure Ag, Gas(O=CO,%) =—-0.28 eV for 1 Cu surface
dopant (in the 1* layer), Gaa(O=CO2%") = —0.08 eV;; for 1 Cu subsurface dopant (Cu at the 2" layer), Gaa(O=CO2%") =
—0.16 eV; for 1 Cu placed in the third layer, Gaa(O=CO2*") = —0.10 eV.

We include the total energy of E(O=CO%" +Substrates) (4™ column in the Table S2) to account for different surfaces
with O=CO*" adsorbed on different bimetallic substrates. We found that the O=CO2® -Ag-1*-layer Cu has the most
stable energy among bimetallic systems, which is 0.23 eV more stable than second- and third-layer Cu. We want to
clarify that when calculating the stability of O=CO:®" it is more reasonable to compare the E(O=CO>®" +Substrates)
(4™ column in the Table S2) energetics rather than adsorption energy Ead(COz) or Gad(COz), because the adsorption
energy is calculated by referencing to the oxidized surface. Our conclusion is that Cu atoms involved in the surface
reaction and the bimetallic system is Ag-like, but indeed different from pure Ag due to this surface Cu atom. The final
conclusion is that Cu atoms prefer to stay on the surface when adsorbents such as O and O=CO:®" are present. Having

Cu atoms buried inside the Ag matrix does not affect the adsorption geometry or the XPS BEs.
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Surface characterization using APXPS, a depth profile study
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Figure S1. Ag 3d and Cu 3p XPS signals for Ag-rich and Ag-lean surfaces with different photon energies. With
different photon energies applied to collect Ag and Cu signals, we can get information with different probing depths.
Photon energies of 670 and 800, and 380 and 510 eV, are used to get kinetic energies of 300 and 430 eV for Ag 3d
and Cu 3p, respectively. The mean free path for the kinetic energies of 300 and 430 eV are ~0.8 and 1.2 nm,
respectively. Applying sensitive factors of each core level under these two kinetic energies and the beam flux
correction, the Ag/Cu ratios of the Ag-lean and Ag-rich samples are determined as 0.2:1 and 0.7:1, respectively, at the
top ~2.4 nm layer, and they become 0.1:1 and 0.3:1, respectively, at the top ~3.6 nm layer.
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The free energy differences initiate the surface evolution
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Figure S2. The surface free energy difference with and without surface O. For pristine AgCu surface, having one

Cu at surface with respect to having one Cu at subsurface is 0.18 eV less stable, indicating that the AgCu surface is

naturally terminated with an Ag layer rather than Cu layer. With one surface O at the three-fold site, the energy

difference between having one Cu at surface under the surface O with respect to having one Cu at subsurface is —0.45

eV, indicating that Cu prefers to stay at surface with surface O. The Ag and Cu atoms are presented as grey and blue

balls, respectively.
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AgCu component distribution change under various conditions
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Figure S3. The Ag and Cu distribution changes for different analysis conditions. The Ag 3d and Cu 3p spectra
changes were collected with kinetic energy of 300 eV to characterize the component distributions at the top 3.6 nm of
sample when heated under 450 K for Smins at vacuum and with 30 mTorr Oz. The results show that heating the
bimetallic sample at vacuum leads to the Ag migration to the surface, while heating with the Oz leads to the Cu

migration to the surface.
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Surface O attracting up to three Cu from subsurface to surface
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Figure S4. The configurations of up to 3 atoms at subsurface and surface near the surface O. We found that
surface O can attract one, two, and three Cu atoms from the subsurface to surface with an energy favorable of 0.45
eV, 0.84 eV, and 0.80 eV, respectively.
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Top view, stable adsorbates
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Figure SS5. The configuration of adsorbates from CO: and H20 on Ag-Cu matrix illustrated in top view. The
configurations of O=CO%", [-CO2, O=CO2®" with 1% and 2™ H,0, O=CO,>" with 3" and 4" H>O, and b-CO: with
2H,0 are illustrated in top view. The surface catalyst atoms closely interacted with the adsorbates are labeled with
pink dash line boxes. These atoms are believed to determine the CO:2 adsorption and activation on the surfaces.
0=CO,*", [-COz, O=CO2* with 1* and 2" H,0, O=CO:%>" with 3" and 4" H>O, and »-CO; with 2H>O have closely
interactions catalyst atoms of 5, 4, 6, 8, and 6 atoms, respectively. The hydrogen, carbon, oxygen, silver, and copper
atoms were represented with light purple, black, red, gray, and blue balls, respectively. The C-O (and C=0), O-H, and
hydrogen bonds were represented with black, blue, and orange sticks, respectively. The Ag and Cu atoms are presented

as grey and blue balls, respectively.
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Surface adsorbates of interests
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Figure S6. Stable and unstable configurations of O=CO:®" and /-CO: on Ag matrix with Cu dopant. a, The

configuration of O=CO2* on AgCu matrix with one Cu dopant under the C atom. This configuration is stable with
AG = —0.08 eV. b, The configuration of O=CO:> on AgCu matrix with one Cu dopant under the O atom. This
configuration is unstable with AG = +0.30 €V. ¢, d, The configurations of O=CO2®" on AgCu matrix with two and
three Cu atoms substitution in the Ag matrix. The configurations are unstable with AG = +0.02 eV, and +0.05 eV,
respectively, for two and three Cu atoms cases. e, The configuration of /-CO2z on 2Cu substituted Ag matrix, the COz
is perpendicular to the Cu dual atoms. This configuration is stable with AG =—0.06 eV. f, The configuration of /-CO2
on 2Cu substituted Ag matrix, the CO; is parallel with the Cu dual atoms. This configuration is unstable with AG =
+0.01 eV. g, The configuration of /-CO; on 3Cu substituted Ag matrix. This configuration is unstable with AG=+0.15
eV. The Ag and Cu atoms are presented as grey and blue balls, respectively.
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C 1s APXPS, CO, adsorption on metals
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Figure S7. Comparisons of CO: adsorption on Ag, Cu, and AgCu surfaces characterized by C 1s APXPS. CO:

adsorption on AgCu surfaces showed similar spectral profiles with Ag not Cu.
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Quantify the surface evolution induced by gas adsorption

CO, adsorption induced AgCu surface evolution
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Figure S8. Ag 3d and Cu 3p signals of AgCu surfaces before and after CO: adsorption both alone and in the

presence of H20. The gas adsorption induced surface evolution mainly showing as the Cu migration to surface is

monitored by APXPS. The spectra were taken under UHV condition to exclude the influence of the signal attenuation

of the gases. The surface adsorbates signals, detecting by C 1s and O 1s spectra, are identified to be unchanged at gas
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atmosphere and at UHV condition. The Ag 3d and Cu 3p signals are collected under photon energies of 670 eV and
380 eV to have the same depth profile. The Ag 3d signals show obvious decease after gas adsorption for both surfaces,
while Cu 3p signal increase after exposing COz2 to Ag-rich AgCu surface and decrease for the other cases. The catalyst

signals do not show the same attenuation level, indicating the surface reconstruction induced by the gas adsorption.
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O signals on AgCu surface after adsorption tracked by APXPS
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Figure S9. Ols spectra of AgCu surface with CO2 and COz+H:0 adsorption. The O 1s spectra recorded on Ag-
rich and Ag-lean AgCu surfaces with CO2 and CO2+H>O adsorption. For comparison, the pristine surfaces are shown
as grey dash lines, while the adsorbed surfaces are shown as red lines. The O 1s locating at ~529.8 eV represents the

surface O on AgCu surface.
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CO: adsorption on oxidized AgCu surface
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Figure S10: O1s spectra of AgCu surface heated in 30 mTorr O: at 450 K for Smins, and C 1s spectra of CO2
adsorption on AgCu surface and AgCu surface heated in Q2. We observed the O 1s peak locating at 530.3 eV after
AgCu heat treated in Oz, indicating the formation the CuOx. Thus, we concluded that heating AgCu in 30 mTorr Oz
at 450 K leads to the formation of a CuOx layer on top of AgCu, denoting as CuOxAg. CO; adsorption on this CuOxAg
surface leads to a C 1s peak appearing at around 289 eV, showing a blue shift with respect to the adsorbate peak of

COz adsorption on pristine AgCu surface. The peak at 289 eV corresponds to the ionic carbonate.
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