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S1 Introduction

As indicated in the contents, the electronic supplementary information is separated into several

sections containing the following information:

1. Convergence calculations for Cu bulk, Section S2, and Cu surfaces, Section S3.

2. Additional details about the calculated Cu3/Cu(533) surfaces, Section S4.

3. Results about all distinct structures obtained for the calculations of CO2 reduction intermedi-

ates interacting with Cu surfaces, Section S5.

4. Results for the terms from vibrational calculations, Section S6.

5. Examples of the calculation of reaction energy diagrams, Section S7, and the reaction energy

diagrams calculated for different applied potentials, Section S8

S2 Cu Bulk Convergence Tests

The lattice parameter for face-centered cubic (fcc) copper was obtained after convergence calcu-

lations for the plane-wave kinetic energy cutoff and k-point sampling. Here, as well as in the

entire manuscript, all the calculations were performed using the projector augmented wave (PAW)

method,1,2 the PBE3 functional, and Grimme D3 corrections.4

To test the convergence with respect to the plane-wave cutoff energy, we have used a (20×20×

20) k-mesh. For each value of kinetic energy cutoff, we have performed the volume relaxation

several times using the output lattice parameter of the last minimization step as the input for the
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subsequent one. This procedure was performed until the initial and final lattice parameters were the

same and the results can be observed in Figure S1. The same test was performed to analyze the

lattice parameter convergence with respect to the k-mesh, maintaining the kinetic energy cutoff as

834 eV.
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Figure S1: Lattice parameter variation in (%) versus the plane-wave kinetic energy cutoff and
k-mesh for an fcc copper Bulk.

Using the converged lattice parameter of 3.56 Å, we have computed the density of states and the

angular momentum projected density of states for the copper bulk. Figure S2 shows the total, local,

and interstitial DOS, as well as the angular momentum projected DOS, with the d-band upper edge

being almost 2 eV below the Fermi level, as expected for such d-filled metal.
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Figure S2: Total, local, and interstitial density of states obtained for an fcc bulk of copper, as well
as the angular momentum projected density of states for the same system. The segmented black
line indicates the Fermi level, while the green line shows the d-band center which is widely used as
a descriptor for adsorption energies when obtained for metallic surfaces.

S3 Metallic Surfaces: Cu(111), Cu(100), Cu(110)

Using the optimized lattice parameter, we have constructed Cu(111), Cu(100) and Cu(110) surfaces.

We have tested, how certain surface properties change as we change from one surface to another

and also with respect to the kinetic energy cutoff, k-point mesh, vacuum thickness, and number of

layers in the slab model. We have calculated surface energies, σ, work function, Φ, and variations

in the inter-layer spacing for different surfaces, where the surface energies were defined as:

σ =
1
2

(ES lab
tot −NEBulk

tot ) , (1)

where, ES lab
tot and EBulk

tot are the total energies obtained from a slab and a Bulk calculation, and N is

the number of layers in the slab model. Meanwhile, the work function of a surface was defined as

the difference between the electrostatic potential in the vacuum (distant from the surface) and the

Fermi level, as follows:

Φ = Vpot(rvac)−EFermi . (2)
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Finally, we have also computed the percentage of the variation in the inter-layer distances:

∆di, j = 100× (di, j−d0/d0) , (3)

where, di, j is the distance between the layers i and j, and d0 is the inter-layer spacing obtained from

a bulk calculation (frozen surface).

Firstly, we have performed plane-wave energy cutoff and k-mesh convergence tests for the

inter-layer spacing, work functions, and surface energies of a (1×1) Cu(111) surface with 7 layers.

For the kinetic energy cutoff convergence tests, we have employed a (20×20×1) k-mesh, while for

the k-mesh test, we have used a 469.17 eV kinetic energy cutoff. Figure S3 shows the results of the

convergence tests, where we have observed that a 469.17 eV and a (12×12×1) k-mesh is enough

to get properties converged to an acceptable level.
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Figure S3: Change in inter-layer spacing, work functions, and surface energies for a (1×1) Cu(111)
surface with 7 layers as a function of the plane-wave energy cutoff and the k-mesh.

We have also computed the surface energies, work functions and inter-layer spacing for Cu(111)

slabs with different number of layers, varying from 2 to 15. We have observed that depending on

the level of precision required for a given analysis, 5 to 8 layers is enough to get well-converged

interlayer spacings and workfunction values.
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Figure S4: Change in inter-layer spacing, work functions, and surface energies for a Cu(111) as
a function of the number of layers. Surface energies, inter-layer spacing and work functions for
different copper surfaces. Change in surface energies and work function for a Cu(111) as a function
of the size of the vacuum gap.

Meanwhile, surface energies as a function of the number of layers are more subtle to obtain.

This quantity requires energies from two separate calculations (Slab and Bulk) and, as we can

observe in equation 1, the error associated with the bulk calculation increases with the number of

layers leading to a divergent behavior. As suggested in the literature,5 we have tested computing

EBulk
tot as the slope of ES lab

tot vs the number of layers. As shown in Figure S4, when such strategy is
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employed, we avoid the divergent behavior and obtain surface energy convergence with the number

of layers. We also show, that another solution is to obtain the energies for both cases with highly

converged calculations, which also yields converged properties.

We have performed the same calculations for Cu(100) and Cu(110) surfaces with 8 and 11

layers, respectively. For these calculations, we have used a (20×20×1) k-mesh for Cu(100) and

(20×14×1) for Cu(110) calculations. For all surfaces, we have tested how the vacuum layer added

between periodic slabs along the z direction affects the calculated surface properties. The results in

figure S4 shows that a vacuum layer of around 10 Å is sufficient to obtain well converged properties.

Table S1: Surface energies, inter-layer spacing and work functions for different copper sur-

faces.

Cu(111) Cu(100) Cu(110)

PBE PBE Exp. PBE PBE Exp. PBE PBE Exp.
+D3 +D3 +D3

∆d12 (%) 0.92 −0.6 6
−0.7 7

−0.57 −2.9 6
−1.1 8

−6.25 −9.7 6 -10 ± 2.58

σ (eV) 0.77 0.50 5 0.95 0.60 9 1.39 0.90 9

Φ (eV) 4.80 4.78 5 4.9810 4.53 4.3911 4.5910 4.28 4.1811 4.48 10

Finally, we have used the optimal set of parameters obtained through the convergence calcu-

lations to asses how the values calculated with our strategy using a PBE exchange correlation

functional with Grimme D3 dispersion, was comparable to experiments and other theoretical work.

As the surface energies are a measure of the energy needed to cut a bulk material into a slab along a

certain crystal plane, the inclusion of the attractive dispersion interaction increases the calculated

surface energy values for all surfaces. We have also observed that the largest relaxations happened

for the more open Cu(110) surface, and that the surface energies are ordered as Cu(111) < Cu(100)

< Cu(110), while work functions are Cu(111) > Cu(100) > Cu(110) which is similar to what we

observe from the literature, with more closed surfaces being more stable and presenting larger work

functions.
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S5 Adsorption of CO2 Reduction Intermediates on Cu Sites of

Different Coordination

We have placed the adsorbates on different adsorption sites (top, bridge, and hollow) and different

orientations of the molecule with respect to the surfaces. Here, we show all the distinct configurations

obtained for each adsorbate after geometry optimizations. Several characteristics of each adsorbate

and adsorbate-surface interactions control the number of resulting structures present here, e.g.,

adsorbates such as COOH are stabilized with a larger number of orientations with respect to the

surface, either with a C–O or a C–OH bond parallel to the surface, than an adsorbate such as CO,

which always adsorbs via the C atom in Cu surfaces. Similarly, for certain adsorbates, such as C,

calculations that started on top or bridge site are optimized to result in structures on hollow sites,

which leads to a smaller number of distinct configurations.

In addition to the adsorption, Ead, and interaction energies, Eint, we also present energetic

quantities to address the deformations happening in the molecules, ∆EMol, and substrates, ∆ESub,

which are calculated using the following equations:

∆ESub = ESub
Fr −ESub , (4)

∆EMol = EMol
Fr −EMol , (5)

where EMol and ESub are the total energies of the isolated molecules and substrates optimized

separately, while EMol
Fr

and ESub
Fr

, are obtained using the structure of molecule and substrate after

the optimization with both systems interacting. As the molecules are adsorbed only on one side of

the slab, the system becomes asymmetric. Thus, we have computed the adsorption energies with

the inclusion of dipole corrections.12 We show on Table S2 that the effect of adding the dipole

correction for the computed adsorption energies was almost negligible; however, we emphasize

that this computational artifact can significant change the computed work function and should be

included when one is interested in such kind of property.
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Table S2: Adsorption energies for different molecules on different adsorption sites with and

without the inclusion of dipole corrections.

Intermediate Ead (eV) Dipole Corrected Ead (eV)

COOH −2.53 −2.53
HCOO −3.78 −3.79

CN = 5 CO −1.22 −1.22
COH −3.22 −3.21
CHO −1.99 −1.99

COOH −2.30 −2.30
HCOO −3.40 −3.40

CN = 7 CO −1.13 −1.12
COH −3.14 −3.13
CHO −1.81 −1.81

COOH −1.90 −1.90
HCOO −2.92 −2.92

CN = 9 CO −1.03 −1.03
COH −3.11 −3.11
CHO −1.55 −1.55

S5.1 COOH Adsorption

Figure S6 shows the distinct configurations obtained for COOH, while Table S3 shows energetic

and structural properties for each configuration. After the geometry optimizations, in most cases

COOH adsorbed with C and O interacting with the surface, with either the C–O or the C–OH

bond parallel to the surface, with the former being energetically favorable. In some cases, we have

observed a restructuring of the Cu3/Cu(533) surface, which significantly lowers the adsorption

energy due to a stabilization of the surface that can be observed in the negative sign of ∆ESub, or

even the breaking of the COOH molecule into CO and OH fragments.
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Table S7: Adsorption, interaction, and deformation energies in (eV), shortest distance be-

tween the substrate and C atoms, C – OH, and O – H bond lengths for COH molecules inter-

acting with different adsorption sites.

Ead Eint ∆EMol ∆ESub C–Cu C–OH O–H
(eV) (eV) (eV) (eV) (Å) (Å) (Å)

−3.22 −3.43 0.11 0.10 1.92 1.35 0.98
−3.21 −3.43 0.11 0.11 1.91 1.35 0.98
−3.14 −3.30 0.08 0.08 1.92 1.34 0.98
−3.11 −3.27 0.08 0.07 1.90 1.34 0.98
−3.11 −3.25 0.07 0.07 1.90 1.33 0.98
−3.10 −3.28 0.09 0.09 1.92 1.34 0.98
−3.07 −3.22 0.08 0.08 1.91 1.33 0.98
−3.07 −3.24 0.09 0.09 1.90 1.34 0.98
−3.05 −3.21 0.07 0.09 1.91 1.33 0.98
−3.02 −3.18 0.08 0.08 1.91 1.33 0.98
−2.98 −3.13 0.06 0.08 1.90 1.33 0.99
−2.96 −3.12 0.09 0.07 1.92 1.34 0.98
−2.92 −2.92 0.03 0.07 1.87 1.31 0.98

S5.6 CHO Adsorption

Figure S11 shows the distinct configurations obtained for CHO, while Table S8 shows energetic

and structural properties for each configuration. For most cases, the adsorbate interacted with the

surface through C and O atoms. We also observed some cases where the adsorbate interacted via the

C atoms, with these configurations being higher in energy. For these adsorbates, we also observe

restructuring of the Cu3/Cu(533) surface.
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Table S8: Adsorption, interaction, and deformation energies in (eV), shortest distance be-

tween the substrate and C and O atoms, C – O, and C – H bond lengths for CHO molecules

interacting with different adsorption sites.

Ead Eint ∆EMol ∆ESub C–Cu O–Cu C–O C–HMIN

(eV) (eV) (eV) (eV) (Å) (Å) (Å) (Å)

−2.98 −3.00 0.35 −0.32 2.04 1.95 1.27 1.12
−2.43 −2.88 0.34 0.11 2.04 1.95 1.27 1.12
−1.99 −2.34 0.25 0.11 1.92 2.02 1.26 1.12
−1.81 −2.06 0.19 0.06 1.92 2.07 1.25 1.12
−1.78 −1.84 0.04 0.02 1.92 NA 1.21 1.13
−1.75 −1.83 0.05 0.03 2.06 NA 1.22 1.13
−1.73 −1.84 0.07 0.04 2.08 NA 1.22 1.12
−1.73 −2.16 0.31 0.12 2.05 2.05 1.27 1.11
−1.69 −1.74 0.03 0.02 1.95 NA 1.21 1.12
−1.68 −1.72 0.02 0.01 1.94 NA 1.20 1.13
−1.55 −1.99 0.28 0.16 2.12 2.09 1.26 1.12
−1.51 −1.74 0.18 0.05 1.98 2.24 1.25 1.12
−1.51 −1.80 0.21 0.08 2.05 2.19 1.25 1.12
−1.50 −1.68 0.13 0.05 1.94 2.25 1.24 1.12
−1.50 −1.79 0.21 0.08 2.05 2.18 1.25 1.12
−1.50 −1.60 0.05 0.06 1.98 NA 1.21 1.12
−1.49 −1.56 0.03 0.04 1.98 NA 1.21 1.12
−1.46 −1.64 0.15 0.04 2.10 NA 1.22 1.20

S5.7 C Adsorption

Figure S12 shows the distinct configurations obtained for C interacting with Cu surfaces, while

Table S9 shows energetic and structural properties for each configuration. For most cases, C

adsorbed on hollow sites, causing significant deformations for the surfaces when adsorbed on

low-coordinated sites, which can be observed by the magnitude of ∆EMol .
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Table S19: Adsorption, interaction, and deformation energies in (eV), together with the short-

est distance between the substrate and H atoms for H interacting with different adsorption

sites.

Ead Eint ∆ESub H–Cu
(eV) (eV) (eV) (Å)

−0.39 −0.42 0.03 1.75
−0.36 −0.38 0.02 1.73
−0.33 −0.36 0.03 1.73
−0.32 −0.35 0.03 1.75
−0.32 −0.34 0.02 1.72

S6 Energetic Contributions from Vibrational Calculations

In the main text, we present the average values and the standard deviations of (ZPE +
∫

CpdT −TS )

for each adsorbate, which were used to construct the reaction energy diagrams. Meanwhile, Table

S20 show the values for these terms calculated for each adsorbate on the different coordination

regions.
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Table S20: Calculated ZPE +
∫

CpdT −TS for all adsorbates in the three coordination regions.

CN = 9 CN = 7 CN = 5

ZPE
∫

CpdT TS ZPE
∫

CpdT TS ZPE
∫

CpdT TS

COOH 0.60 0.11 0.24 0.62 0.12 0.23 0.61 0.10 0.20
HCOO 0.62 0.10 0.20 0.63 0.10 0.20 0.63 0.10 0.18
CO 0.18 0.08 0.14 0.19 0.08 0.18 0.19 0.08 0.18
C(OH)2 0.89 0.11 0.24 0.91 0.11 0.24 0.90 0.11 0.24
COH 0.47 0.08 0.13 0.46 0.08 0.15 0.47 0.08 0.14
CHO 0.47 0.07 0.14 0.46 0.08 0.17 0.47 0.07 0.14
OCH2 0.71 0.12 0.35 0.77 0.09 0.16 0.77 0.07 0.12
CHOH 0.76 0.09 0.19 0.78 0.09 0.18 0.76 0.09 0.25
C 0.10 0.04 0.06 0.09 0.02 0.03 0.09 0.02 0.03
OCH3 1.10 0.10 0.19 1.10 0.10 0.21 1.10 0.10 0.19
CH2OH 1.06 0.10 0.18 1.14 0.10 0.19 1.07 0.09 0.17
CH 0.35 0.03 0.04 0.35 0.03 0.04 0.34 0.03 0.05
O 0.07 0.03 0.04 0.07 0.03 0.04 0.07 0.03 0.04
CH2 0.59 0.06 0.10 0.59 0.06 0.09 0.59 0.05 0.08
OH 0.34 0.05 0.08 0.35 0.05 0.09 0.34 0.05 0.08
CH3 0.91 0.07 0.12 0.91 0.08 0.16 0.89 0.08 0.13
H 0.17 0.00 0.01 0.17 0.01 0.01 0.16 0.01 0.01

For the non-adsorbed species, the zero point energies, enthalpic temperature and entropy

corrections were calculated in the ideal-gas limit using the thermochemistry model from the atomic

simulation environment.13 To allow a direct comparison, we have considered the same values of

fugacities using the assumptions that are widely employed in the literature, e.g, gaseous products

are calculated at partial pressures related to the Faradaic yields obtained experimentally by Hori

et al.14 converted to molar yields, while water and liquid products are calculated with values

of fugacities that correspond to vapor-liquid equilibrium, considering products at a liquid mole

fractions of 0.01.15–18 To account for the inconsistency of thermochemical data calculated with the

PBE functional, an additional −0.51 eV was added as a gas-phase correction (GPC) to the energy of

CO as calculated by Peterson et al..15
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Table S21: Averages and standard deviations of ZPE +
∫

CpdT − TS and gas-phase correc-

tion values for all non-adsorbed species, together with the assumed fugacities obtained by

Peterson et al..15

Fugacity ZPE
∫

CpdT TS GPC
(Pa) (eV) (eV) (eV) (eV)

CO2 101325 0.31 0.10 0.66
CO 5562 0.13 0.10 0.67 −0.51
HCOOH 2 0.89 0.11 1.04
H2 30296 0.27 0.09 0.43
CH4 20467 1.19 0.10 0.62
CH3OH 6079 1.36 0.12 0.81
H2O 3534 0.56 0.10 0.67

S7 Example of Reaction Free Energies Diagram Determina-

tion

Figure S23 shows an example of free energy diagrams towards a) HCOOH and b) CO.
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∆G(A3−A2) = (GHCOOH +GS ub)− (GHCOO∗ +0.5GH2); (7)

where, GHCOO∗ represents the free energy for adsorbed HCOO, while GCO2 and GSub represents the

free energies of CO2 and the Cu surface calculated separately.

Similarly, for CO formation the free energy changes for each reaction step are calculated as

follows:

∆G(B2−B1) = (GCOOH∗ +0.5GH2)− (GCO2 +GH2 +GS ub); (8)

∆G(B3−B2) = (GCO∗ +GH2O)− (GCOOH∗ +0.5GH2); (9)

∆G(B4−B3) = (GCO +GH2O +GS ub)− (GCO∗ +GH2O); (10)

The same procedure was used for all the other reactions, where the free energy of the CO2 molecule,

Cu surface, and the number of proton-coupled electrons necessary to complete the reaction was

always used as reference.

S8 Reaction Free Energies for CO2 Reduction towards CO,

HCOOH, CH3OH, and CH4

In the manuscript, we have presented reaction free energy diagrams calculated for U = 0 (V vs RHE).

Using this analysis, we determined the potential-determining reaction step for each reaction on the

different coordination regions, and determined possible reaction mechanisms under thermodynamic

arguments. Here, we show the same free energy diagrams but calculated for the electrode potential

required to allow each reaction. The diagrams illustrated in Figures S24, S26, and S28 were obtained

with the solvation scheme referred as SC1 in the manuscript15, while the diagrams in Figures S25,

S27, and S29 were obtained with the solvation scheme referred as SC2 in the manuscript19.
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