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S1 Computational Methods

To model the oxide-derived copper (OD-Cu) system, we built slabs of different stoichiometry
and allowed them to relax upon Ab initio molecular dynamics (AIMD). Our approximations,
such as periodic boundary conditions, density functional, lack of solvent, potential, and
electrolyte are severe, but this approach constitutes the first systematic investigation of

nanostructuring and formation of new ensembles in OD-Cu.

S1.1 Models

CuyO-derived catalysts were modelled as a 2v/3 x 2¢/3 — R30° Cuy,O supercell (lateral size
21.11A, thickness 13.69A, vacuum ~10A), presenting 6 Cu,O layers. To simulate CO, re-
duction conditions, oxygen atoms were removed from the two outermost CuyO layers. All
the outermost oxygens of the surface Cu,O layer were taken out. n innermost oxygen atoms
were additionally removed to form Rhomboidal (4R), Triangular (4T), and linear (6L) Cu
clusters, Figure 1. For the triangular system, an additional oxygen atom was removed from
the second Cu,O to mimic pitting. The systems were named nS where n has been defined
previously and S is the cluster geometrical shape. Alternatively, oxidized Cu catalysts (oxi-
Cu) were obtained by depositing three CuyO layers on a commensurate 5v/3 x 5v/3 — R30°
bulk Cu(111). The surface and subsurface oxygens were removed following the same pro-
cedure as for CuyO reduction models. To distinguish both classes, red-Cu,O and oxi-Cu

suffixes were appended to the name of each system, such as 4R-red-CusO or 4R-oxi-Cu.

S1.2 Density Functional Theory simulations

Density Functional Theory (DFT) studies were performed with the Vienna Ab Initio Simu-
lation Package (VASP)™ version 5.4.4, using the PBE density functional.® Inner electrons
were represented by PAW# and the monoelectronic states for the valence electrons expanded

as plane waves with a kinetic energy cutoff of 450 eV. For Cu, the 11-electrons pseudopoten-
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tials (PP) suffice to describe our system, as tests done with the 17-electrons PP indicated
that there were not significant differences, Table [S18] For AIMD and adsorption of interme-
diates, the Brillouin zone zone was sampled only by the I'-point: we tested this value against
a 2x2, 3x3, 4x4 k-points grid® and the differences in energy were lower than 0.01 eV, Table
. We initially tested the Hubbard correction through the Dudarev formalism,® using as
criterion the formation energy of bulk copper oxide™ and the thermochemical properties
and stability of the ensembles. However, experimental values were better described when
no Hubbard correction was applied, Tables [SI8{S20], in line with previous work on Cu,O,

WL 50 we keep this setup for all the remaining simulations. Additionally, Hubbard

clusters
correction did not influence the characteristic ensembles, Figures [S20, During AIMD and
intermediate adsorption, the two innermost layers were kept fixed to represent the bulk oxide

(metal) for the red-CuyO (oxi-Cu) models, whilst the others were free.

S1.3 Ab initio molecular dynamics

We investigated the time evolution of both red-Cu,O and oxi-Cu models for at least 1 + 10 ps
through AIMD (ref 12)) at 700 K (canonical ensemble, NVT, Nosé-Hoover thermostat).1#4
We chose an equilibration time of 1 ps, although all measured properties converged before
that threshold. A time step of 3 fs allowed sampling each periodic displacement by at least
16 trajectories, as the maximum calculated Cu-O vibrational frequency was lower than 630
cm ™! (period: >50 fs). Further benchmark tests were done for different AIMD temperatures
and Hubbard corrections. 4R-red-Cu,0 system underwent AIMD for 1 4+ 10 ps at 500 K and
this benchmark simulation was called 4R-red-Cu,O-500. Additionally, the final configuration
of 4R-red-Cu0 at 700 K was cooled down at a rate of 0.1 fs K~ to 500 K (2.0 ps ramp + 4.5
ps stabilization) and 300 K (4.0 ps ramp). The resulting simulations were defined 4R-red-
Cuy0-500-R and 4R-red-Cuy0-300-R. The configuration of the system 4R-oxi-Cu at 5.0 ps of
production time was used as input for additional 5.0 ps of AIMD at 700 K and with U = 6

eV. Structural characterization of the benchmark systems confirmed that the characteristic
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surface ensembles did not depend on AIMD temperature and Hubbard correction, Figures

S1.4 Reaction intermediates adsorption

Adsorption of relevant reaction intermediates were calculated upon relaxation of red-Cu,O
final AIMD trajectories. We applied the DFT-D2 method to include van der Waals in-

L0 with our Cg reparametrized coefficients for metals.™ Implicit solvation was

teractions,
included through the VASPsol code®®1 as implemented in VASP 5.4.4 while deactivating
the dipole correction. The adsorbates were placed only on one side of the slab, thus requir-
ing a dipole correction to remove spurious contributions arising from the asymmetric slab
model.“ Relaxations were converged setting a force threshold of 0.03 eV/ A. All energies are
reported using CO4(g), Ha(g), HoO(g) and the OD-Cu surfaces as references. The energy of

H* at 0.0 V vs SHE was derived from Hy by using the computational hydrogen electrode.#22

S1.5 Hubbard correction

GGA density functionals, such as PBE, may fail to describe the electronic properties of
reducible metal oxides due to the self-interaction error.?* A computationally effective solution
is the Dudarev’s U.g = U —J correction.” For CuyO, an U.g of 6.0-6.5 eV has been proposed in
literature, using hybrid functionals (refs [7H9J24)) and thermochemistry (ref 25) as references.
However, these previous applications of U.g did not provide a good estimation of the band
gap.® As benchmark, we calculated copper oxide formation energy, Equations as
a function of Uy in the spirit of Nie et al® Gy+ was estimated as 3Gy, applying the

Computational Hydrogen Electrode.*

2Cu(s) + HyO(aq) — CuyO(s) + 2H' + 2e™ (S1)
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Geuo = Gewo — 2Gey — Guyo + 2Gy+ — 2|e” U (52)

Table reports the calculated CuyO formation energies vs Ueg, with Usg = U — J and
J =1 eV. We employed CuyO 1x1x1 and Cu 1x1x1 unit cells and we applied Hubbard
correction to d Cu electrons for both systems. We corrected theoretical formation energies

by solvation and entropy calculated from experimental data,?? Equations [S3[{S4]

AGso1 = Gr,01 — GH,0.6 (S3)

-T-5= GCHQO,QXP - HCugO,exp (84)

The experimental copper oxide formation energy (ref 26]) was best reproduced neglecting
any U correction, Gey,0 = 0.96 vs Geowoexp = 0.94 V. Besides, our test showed that

the thermochemical properties of the ensembles calculated applying PBE were comparable

within AE < 0.03 eV (AE < 0.12 eV) with the simulations done with PBE+4U for Uyg = 3
eV (Ueg = 6 V), Table [S20]

S1.6 Configurational entropy effects on Cu,O, stability

O diffusion within Cu layers stabilizes oxides (ref 27)) and suboxides by entropy, Equation
Depending on W, the number of possible configurations, a related configurational en-
tropy S stabilizes the system, with a proportionality constant kg defined as the Boltzmann
constant. This formula is valid under the assumption that every configuration has the same
probability, P, = % However, a more general formulation accounts for different probabil-
ities of each configuration, P;, which are functions of their respective energy, degeneracies,

and statistical properties of the system,*"?? Equation .

S =kg-lnW (S5)
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w
S=—ks-Y PP, (S6)
=1

The application of Equation [S6] for all the possible configurations allowed for our sys-
tems is far beyond our computational limits. Therefore, we calculated configurational entropy

effects assuming equal probability of occurrence among sites, Equation [S5] We estimated

Ncu

the total number of possible configurations as Nopux = =5

, taking as reference the number
of oxygen sites in bulk CuyO. Given the number of oxygens in the systems after O removal,

No.res, the number of possible configurations is then expressed by the binomial coefficient,

Equation

No-max No-max!
NO—res NO—res! : (NO—max - NO—res>!

The configurational entropy shown in Table was computed by taking the possible O
configurations in the 4-7 outermost layers, within the detection limit of X-ray Photoelectron
Spectroscopy (= 1-3 nm).%% Due to the limited lateral size of the 2v/3 x 2v/3 cells, we

extrapolated their entropy S up to their 100 x 100 expansion.

S1.7 Pourbaix diagram

We assessed the thermodynamic stability of our models by estimating their Pourbaix dia-
grams, Figure [SI] To this end, the final snapshot trajectories of the red-CuyO and oxi-Cu
systems were compared with Cu/CusO reaction. As reference, two metastable suboxidic

phases were also included: CugO and Cug 0.3 Both Cu oxidation and CusO reduction

were considered, Equations [S8{S9]

2z - Cu+y-HyO — Cup, O, + 2y - H" +2y-e” (S8)

z-CuO+2y-H" +2y-e” — Cup,0,_, +y-HO (S9)
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Table shows the formation energy for all models normalized by the number of e~
transferred. Solvation and configuration entropy at room temperature are reported as well,
Tables and Table [S5] For comparison, Table reports the formation energy for the
metastable phases CugO and Cug, Q.22

Pourbaix diagrams are derived accounting for the equilibrium between two thermody-
namic phases.®? If one phase has a higher thermodynamic formation energy than a compet-
ing one, then the latter is expected to be the stable phase at the equilibrium.?* However,
configuration entropy is well-know to play an active role in stabilizing disordered oxides.’
Therefore, under operating conditions, oxides may be thermodynamically stable due to en-

tropic effects or kinetically trapped since they present borderline-stability.#%

S1.8 X-ray Photoelectron Spectroscopy

The characteristic peaks of X-ray Photoelectron Spectroscopy of Cu 2p and O 1s states were
predicted in VASP 336 XPS shift for Cu’, Cu’*, Cu* (vs crystalline Cu) and O (vs oxidic

O) are reported in Figure

S1.9 Raman spectra

The predicted Raman spectra shown in Figure were derived from the AIMD following
the procedure reported in ref [37. Only the atoms free to move were considered in the
analysis. First, atom velocities were calculated from atomic displacements, Kr, for each
AIMD time step, At = 3 fs. Then, velocity autocorrelation function, vy(¢;), was calculated
as follows: the velocity of each atom for a given time ¢;, ¥;(t), was projected into its velocity
in the previous step, 0;(t;_1). This value was averaged for all Nyioms atoms and the result
was normalized by dividing against the norm of the previous time step velocity. The values

of y(t;) are therefore a discrete function of each timestep j, Equations S11|

AVE

N (S10)

U=
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Natzoms Ui (tj-1) - Ui (t;)
1) =5 (S11)

Natoms

> Ui(tio1) - Uilti1)

i

The frequency spectrum, shown in Figure [S6] was then estimated from the discrete
Fourier transform of the velocity autocorrelation function following Equation [S12] Ngeps
is the total number of AIMD steps. Since just the positive frequencies were considered, the

absolute values of P(w) were plotted vs w, in cm ™.

Nstepsfl
P)= Y Aty)e it (512)
=0
C

S1.10 Surface roughness

Surface roughness was estimated for each step of the AIMD and plotted in Figure [S9]
The process started by ordering all the atoms by their position in z to identify the ones
belonging to the surface as those which do not have any other on top. To this end, we
applied as criterion that a surface atom cannot have another one at higher height if the
angle formed by the vector connecting them and the zy plane (Figure , p, is larger than
50 degrees. Therefore, for a surface atom having other atoms on top Equation must
be verified.

A
tan(p) = ——— <115 (S14)

VAZ? + Ay?
Then, applying Equation to all surface atoms 4 in each time step j, roughness o

was calculated with respect to the arithmetic average of all heights in that step, Z;.
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1 < _
5= > Nz — 7l (S15)
=1

To get an estimation of the enhanced activity of OD-Cu as a consequence of the increase

in number of surface sites, Figure [S10] we defined Ac, as the ratio between surface sites

on OD-Cu models (red-CuyO and oxi-Cu) and pristine Cuy,O, Equation [S16|

NCu—surf
Ay = —m— S16
NCu—surf(CuQO) ( )

S1.11 Radial distribution function

Radial distribution functions (Cu-Cu and Cu-O) were estimated centering in the atoms
belonging to the two outermost Cu,O layers and assuming a cutoff distance of 7A with
respect to all other atoms. We calculated the distribution of distances, n(r), which is the
number of atoms at a distance between r and r + Ar from a central reference atom and
includes all molecular dynamics steps. 7(r) was then normalized to account for the expected

density of atoms corresponding to an annulus (2D), Equation [S17]
n(r)
= S17
90r)ep = 50N, (517)

For the particular case of the symmetric system (SY-red-Cu,0), a full volumetric nor-

malization akin to a spherical shell (3D) was applied, Equation [S18|

olro = (518)

S1.12 Coordination shell

Two atoms were considered to be coordinated if their distance failed below a certain threshold
given by their bond type (Cu-Cu or Cu-O). For Cu-O bonds, the threshold was obtained
from the Cu-O radial distribution function, gcy_o, Figure In bulk Cu,O, two clear
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peaks are found at 1.87 and 3.57 A, while for the AIMD systems, a minimum was found at
around 2.5 A. Therefore, two Cu-O atoms were considered to be bonded if their distance
was below that value. For Cu-Cu bonds, the first peak in go._cu appears at 2.57 A and 3.05
A for Cu (fce metal) and CuyO respectively, Figure . During the AIMD, most Cu-Cu
bonds lengths fell into these limits. Thus, we assigned a bond value N¢y.¢, between 0.0 and
1.0 following a decay controlled by the error function (erf), Equations S20, Figure
S13h.

1 — erf(douca=27
NCu—Cu - ( ( 9 0.1 >> (819)

erf (z) = : /OZ exp(—t%)dt (520)

S

S1.13 Bader charges

Bader charges were computed according to standard procedures.=%

S1.14 Ensembles polarization

Ensembles can effectively trap molecules such as CO, and OCCO if they are locally polar-
ized. The atoms binding with carbon (either Cu or O), X(C), must be rich in electronic
density. Those tethering oxygen, Y (O), are more active when positively polarized. For a
CO3 molecule binding to two Cu atoms through a C and an O, 77%,0: the ensemble polariza-
tion can be obtained by adding up the Bader charges of the Cu atoms binding the C and
O respectively, qoy(c) and gcuo) in Equation . For the final trajectories of the AIMD,
Bader charges ranged from —0.10 to +0.78 |e~| for Cu and —0.84 to —1.11 |e~| for O.

Q = qcu(c) + qcu(o) (S21)
However, there are many possible deviations from this simple rule. CO5 can bind through
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its three constituents 77%,0,0‘ Some atoms may adsorb on bridge configurations. The central
atom may bind to an adsorbed oxygen to form carbonate (*CO37). Also, crucial inter-
mediates to produce Coy, such as oxalate and glyoxylate, bind through more than two
constituents. Therefore, the polarization of the active site can be normalized to include all

the atoms which bind C and O atoms, X (C) and Y (O) respectively, Equation [S22|

1 Nx (o) 1 Ny (o)
Ny ; x|+ Jr o ; Y:(0) (522)

S2 Supporting Discussion

S2.1 Experimental stabilization of residual oxygen in OD-Cu

The presence of residual oxygen in oxide-derived copper (OD-Cu) catalysts has been strongly
debated in literature.##43 In general, OD-Cu is a family of catalysts whose composition
strongly depends on their history.

Particular synthesis protocols which involve deep oxidation may enable the presence of
subsurface or near-surface oxygen.**“” 2-4 nm Cu nanoparticles formed during CO3R condi-
tions are expected to have facile oxygen access on the surface®® and oxygen depleted phases
were characterized for thermally-treated copper®®, pre-reduced CuyO nanoparticles??, and
chemically-oxidized Cu nanocubes®. O 1s Ambient Pressure XPS (APXPS) found adven-
titious subsurface oxygens for Cu foil and Cu nanoparticles subjected to several oxidation-

420l X-Ray Photoelectron Spectroscopy (XPS) and X-ray absorption near

reduction cycles
edge structure (XANES) characterization of Cu(OHs) nanowires confirmed the high oxygen
content under reduction conditions.*® As indirect proofs, Cu(OH),-derived catalysts exhibit
at —0.56 V vs RHE the typical Raman shift of CuO (390 cm™!) and similar Auger spectra®.
A 20% fraction of Cu™ species was still detected on Cu,O nanocubes catalysts after 2h of

electroreduction at —0.95 V vs RHE.? Cu,0 fingerprints were confirmed for Auger spectra

of Cu(100) under pulsed electrolysis (anodic potential: +0.6 V vs RHE, cathodic potential:
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—1.0 V vs RHE)#". Cu K-edge Extended X-ray Absorption Fine Structure (EXAFS) char-
acterization detected a strong Cu-O path for copper oxychlorides derived catalysts®. Cu*
signals for OD-Cu under operation were detected as well via X-ray Absorption Spectroscopy
(XAS) (refs B5HEY). As further evidences based on product distribution, Cyy selectivity
increased for high surface polarization*’, specific actives sites®”, and under O, and CO,
co-electrolysis for OD-Cu.®"

Instead, when OD-Cu is produced from Cu foils oxidized by air or by mild anodic
potentials, oxygen atoms are not detectable under reduction conditions within detection
limits. "% Tsotopic labelling studies proved that Cu nanocubes which underwent a single
oxidation-reduction presents an oxygen content lower than 1.0 at.%.%! X-ray Photoelectron
Spectroscopy (XPS) on Cu 2p cannot univocally distinguish Cu* from metallic Cu,® so no
residual Cu,O phase was ever reported through this technique.®” Finally, some studies have
discarded the existence of Cu,O crystalline phases under CO, reduction conditions condi-
tions. 0102008 The increase of ethylene selectivity on OD-Cu has then been explain solely
through surface reconstruction toward open facets. ™ Operando electrochemical Scanning
Tunnelling Microscopy (EC-STM) identified polycrystalline Cu (pc—Cu) reconstruction to-
ward Cu(100) at potentials < —0.1 V vs. RHE*! whilst High Resolution Transmission
Electron Microscopy (HR-TEM) detected structural nanocubic rearrangements at U < —1.1
V vs RHE.™ This massive restructuring have been attributed to surface polarization or

reaction intermediates. 4T3

S2.2 Oxygen stability in OD-Cu materials

To have a theoretical reference for oxygen stability, we probed the hydrogenation and des-
orption as water of 21 surface oxygen atoms randomly selected from our OD-Cu models. The
net reaction was highly exothermic for half of the assessed sites and nearly thermoneutral for
the other half. These results align with previous theoretical reports, where O was stable for a

disordered Cu, O, matrix™ and unstable in high ordered interstitial sites.” The potential
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and pH at which O desorption is exothermic was estimated from its Gibbs free energy and

applying the computational hydrogen electrode approach,?? Equations and it is

shown in Figure

Cu, 0, + 2H" +2e~ — Cu, 0,1 + H20; AGo des (523)
1
UO-des = ZCT(AGO-dES + kBT ln 10 . pH) (824)

Under electrochemical CO3;R conditions, pH is typically alkaline nearby the catalyst
surface. ™Y COMSOL simulations of micro-sized copper cavities accounted for a surface
pH of 10,5 value which was calculated as well solving diffusion and electrostatic equations

—2 82 Experimental determinations

numerically at cathodic current densities of 10 mA cm
of surface pH wia a IrO, ring detector on a Au rotating disk estimate an increase of 4.5
units per order of magnitude of current densities in the range 10-100 mA cm~2.%3 Assuming
a surface pH of 10 (14), more than half of our O configurations are reported stable for
electric potentials ~ —0.3 (—0.6) V vs RHE and their stability window extends until —0.64
(—0.84) V vs RHE. Therefore, due the stabilization given by the high surface pH, we can
confirm the presence of residual oxygens at those low potentials where OD-Cu catalysts
proved outstanding CO, reduction activity and ethanol selectivity,®* from —0.3 to —0.6 V
vs RHE. Contributions of configuration entropy which we did not include here may extend
further the stability region of the residual oxygens.“®3* Previous reports on oxides assessed
the contribution of configurational entropy stabilization by around 0.2 eV2%. Conversely, the
uncertainty in estimation of surface pH by at least 2 units sets the lower limit of oxygen
stability to —0.6 V vs RHE. Taking both these contributions into account, we conclude that
residual oxygens are thermodynamically and kinetically stable on OD-Cu until —0.6 al low

surface pH or —1.0 V vs RHE due to configurational entropy. Our results agree with the

recent experimental evidence of oxygen in a Cu(OH)s-derived catalyst at —1 V vs RHE
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motivated by the detecttion of Cu-O EXAFS peak®. Yet, our prediction on the extent of
residual oxygen at a given pH and potential is qualitative because of the limited sampling of
oxygen configurations. Variations of electrolyte dielectric permittivity under COy reduction
conditions did not influence oxygen stability, as theoretically proved by comparing solvation

effects at €, = 78.5 and €, = 50.0,%% Figure |S26|
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S3 Figures

1.2

U/V vs. SHE
G(Cu ~Cu,0,) - G(Cu ~Cu,0) / eV

Figure S1: Surface Pourbaix diagrams for OD-models. For the Cu-O at neutral pH
and mild potential, the thermodynamically stable phases are Cu, CupO, and CuO (black
lines). Experimentally identified CugO and CugsO metastable phases are less stable than
Cu,O by 0.43 and 0.86 eV respectively, 32 white lines, Table Red-Cuy0 and oxi-Cu
systems have formation energies within 0.10 eV from Cu,O, with the exception of SY-red-
Cu0, dark red lines, Tables [S6] As reference, we reported in gray the transition between
bulk Cu and CuyO from experimental values,29 in agreement with our DFT benchmark for
bulk copper oxide, Table
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Top view

Side view

Figure S2: Cu/Cuy0 grain boundary. The Cu/CuyO interface reduces the surface
energy of the Cu metal phase remarkably more than a suboxide phase.*¥ This ensemble is
more likely to occur inside the material than at the most external layer.* We provide here
a close view of a typical grain boundary configuration for Cu/CuyO interface prior to ab
initio molecular dynamics. This pattern is stable and forms widely without the presence of
a defined CuyO crystalline structure, see Supporting Discussion.
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Figure S3: STM characterization for OD-models. We simulated Scanning Tunneling
Microscope (STM) images for red-Cu,O and oxi-Cu final configurations, setting the tip at
constant height. As a reference, we included as well STM characterization of crystalline
Cu(111) and CuyO(111). Image size and tunnelling parameters are: A = 8 x 8 nm? and
Vs = —1.0 V vs ep. The reconstructed structures resemble experimental characterization for
autocatalytic reduction of CuyO from CO adsorption.®”
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Cu,O reduction Cu oxidation
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U/Vvs RHE

Figure S4: Oxygen stability. We sampled 21 surface and subsurface oxygens to assess
O desorption as a water molecule. O desorption was reported exothermic for almost all the
configurations assessed, AGo.ges < 0 €V (Equation @D However, for alkaline pHs (ligh
green) expected for electrochemical CO; reduction,™ 3 residual oxygens are reported stable
until —0.84 V vs RHE. Remarkably, the stability window includes the potential range where
OD-Cu catalysts proved outstanding CO, reduction activity and Cs, selectivity.®4
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Figure S5: XPS shifts for Cu 2p and O 1s for OD-Cu models. a, Cu’" (Cu%)
atoms presents a positive shift of the Cu 2p XPS peak (vs Cu 2p for crystalline Cu) due to
their higher oxidation state. Cu 2p XPS peak for low coordinated Cu® sites denotes as well a
positive shift, whilst higher coordination sites resembles crystallline Cu. The estimated shifts
are within the range reported in literature for OD-Cu catalysts, ~ 0.5 eV.50 b, O 1s XPS
peak (vs O 1s for CuyO) shows a significant positive shift due to the lower electronic density
on the resulting atoms. Sites characterized by AE ~ 2 eV are attributed to adventious

O species®l, whilst AE ~ 1 eV to O adatoms.® Few negative shifts are fingerprint for
subsurface O.4%
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Figure S6: Velocity Autocorrelation Functions for OD-models.
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Figure S7: Raman shifts for OD-models. Computed from a Discrete Fourier transform
from data in Figure [S6] as defined in Equation [S12] A digital Savitzky-Golay filter was
applied to smoothing the function, fitting 20 adjacent points with a polinomial orders of
grade 2. Dashed lines represent relevant vibration frequencies reported experimentally for
CuyO and OD-Cu.*™988 We could not observe the peaks assigned to CuO,(OH), (~ 390,
~ 530 cm™!) and Cu-O,gs (~ 600 cm™1),5% since we did not include explicit solvation in our
AIMD simulations and the relative abundance of O,q4s species was low (Figure .
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Surface atom

Assessed atom

Figure S8: Definition of surface atoms. Angle ¢ as defined by Equation in a
2D projection. A assessed atom is defined a surface atom if the angles with any previously
determined surface atoms ¢ is smaller than 50 degrees.
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Figure S9: Surface roughness. As calculated by Equation .
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Figure S10: Surface activity. As described by Equation
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Figure S11: Cu-O radial distribution function. a-b, red-Cu,O and oxi-Cu systems.
c, crystalline CuyO.
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Figure S12: Cu-Cu radial distribution functions for SY-red-Cu,O.
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Figure S13: Cu-Cu coordination shells. a Decay between the first and second Cu-Cu
coordination shell. b-c, given the interplay between first Cu coordination shell and second
Cu0 coordination shell, we listed Cu-Cu coordination numbers employing the continuous
function, a, derived in Equation [S19]
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Figure S14: Evolution of average Cu-Cu coordination number for Cu’, Cu’*,
and Cu™. Cu-Cu coordination numbers, Ncy.cu, were calculated from Equation The
averaged value N¢,_c, for the final 5 ps (gray area) is reported on Table
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Figure S15: Cu-Cu coordination number vs Cu Bader charges. Cu-Cu coordination

numbers, Ny cu, were calculated through Equation [SI9] For both red-CuyO and oxi-Cu
models, we detected three Cu species: Cu’, Cu’*, and Cu*t at gcy ~ 0 |e7], 0.1 < gcy < 0.4
le”|, and gy > 0.4 |e™|, respectively.

S31



100 ,
80 i

Cu2O reduction

4R i Cuoxidation

N
N B OO
o o o

oo o

()

o

N
0 O
o

Cu relative abundance / %

[@))

12 3 4 5 6 7 8 9 10 11
t/ps

1 2 3 4 5 6 7 8 9 10 11
t/ps

Figure S16: Relative abundance of Cu species over time. For both red-Cu,O and oxi-
Cu, Cu species evolution does not change significantly over time. Red-Cu,O are characterized
by low amount of Cu® sites (~ 10 — 20%) and around 50% of oxidic phases still persistent.
Oxi-Cu systems are more disordered due to the stress at the interface Cu(111)/CuO(111).
Therefore, Cu’* abundance accounts for 50% of the total Cu sites. Deep CuyO reduction
conditions, SY-red-Cu,O, determine a strong presence of metallic Cu, 50-60%. We computed

averaged abundances after a stabilization period of At = 6 ps, dashed line, and reported
them in Table [S9|
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Figure S17: Cumulative maps of Cu-Cu coordination number. Both red-Cu,O and
oxi-Cu systems display higher densities at integer Ncy.cy coordinations, therefore suggesting
the presence of stable and recurrent ensembles.
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Figure S18: Benchmark for AIMD temperature: Histograms for angles §(Cu —
Cu’ — Cu), §(Cu— Cu’" — Cu), #(Cu— Cu" — Cu) and §(O — Cu" — O) at different
heights z(Cu). 4R-red-CuyO: 1 + 10 ps AIMD at 700 K. 4R-red-CuyO-500: 1 + 10 ps
AIMD at 500 K. 4R-red-CusO-500-R: 2.0 ps AIMD ramp from 700 K to 500 K + 4.5 ps
AIMD stabilization at 500 K. 4R-red-Cuy;O-300-R: 2.0 ps AIMD ramp from 700 K to 500 K
+ 2.0 ps AIMD ramp from 500 K to 300 K.
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Figure S19: Benchmark for AIMD temperature: Histograms for angles 6(O —
Cu’" — Cu), (O — Cu™ — Cu) and §(Cu — O — Cu) at different heights z(Cu).
4R-red-CuyO: 1 + 10 ps AIMD at 700 K. 4R-red-Cu,O-500: 1 + 10 ps AIMD at 500 K.
4R-red-CuyO-500-R: 2.0 ps AIMD ramp from 700 K to 500 K + 4.5 ps AIMD stabilization
at 500 K. 4R-red-Cuy0-300-R: 2.0 ps AIMD ramp from 700 K to 500 K + 2.0 ps AIMD
ramp from 500 K to 300 K.
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Figure S20: Benchmark for Hubbard correction: Histograms for angles (Cu —
Cu’—Cu), (Cu—Cu’" — Cu), §(Cu—Cu' —Cu), §(0—-Cu' —0), §(0 —Cu’" — Cu),
(0O — Cut — Cu) and §(Cu — O — Cu) at different heights 2(Cu). 4R-oxi: 1 + 10
ps AIMD at 700 K and no Hubbard correction. 4R-oxi-Cu-U: 5.0 ps AIMD at 700 K for

Ueﬁ‘ =6 eV.
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Figure S22: Histograms for angles 6(0O — Cu’" — Cu), (0O — Cu’ — Cu) and §(Cu —
O — Cu) at different heights z(Cu).
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Figure S23: Adsorption energy of *CO, *H, and *O on Cu’, Cu’t, and Cu' as
a function of coordination numbers. a, low coordinated metallic sites present stronger
CO adsorption than Cu(100) surface sites (Table . Cu’* species range from highly
endothermic *CO adsorption energies to strong tethering sites, depeding on its coordination.
CO adsorption on Cu't sites is constant, AExco > 0.5 eV. For all the species, *H asorption
is less favored than CO tethering. b, all the detected Cu species are less oxophilic than
crystalline Cu, where oxophilicity is here parametrized as the energy to adsorb an oxygen
atom atop. Metallic sites departs from Cu(100) behaviour at low coordination numbers.
Both Cu’t and Cu* are even more oxophobic, given the saturation of their bonds by 1 and
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