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ABSTRACT: Copper catalysts are unique in CO, reduction as they allow the
formation of C,, products. Depending on the catalysts’ synthesis, product
distribution varies significantly: while Cu nanoparticles produce mainly methane
and hydrogen, oxide-derived copper leads to ethylene and ethanol. Here, by means |
of ab initio molecular dynamics on oxygen-depleted models, we identified the
ensembles controlling catalytic performance. Upon reconstruction and irrespective
of the starting structure, recurrent patterns deﬁned by their coordination and
charges appear: metallic Cu’, polarized Cu’*, and oxidic Cu’. These species
combine to form 14 ensembles Among them, 4-(6-)coordinated Cu adatoms and
Cu%"0j are responsible for tethering CO,, while metastable near-surface oxygens in
fcc-(111) or (100)-like Cu domains promote C—C bond formation via glyoxylate species, thus triggering selective C,,
production at low onset potentials. Our work provides guidelines for modeling complex structural rearrangements under CO,
reduction conditions and devising new synthetic protocols toward an enhanced catalytic performance.

O, reduction (CO,R) has emerged as a suitable way However, the specific ensembles which control the selectivity
‘ to store renewable energy as chemical bonds.'™ to each product have not yet been identified.

Copper has a unique ability to promote C—C The existence of residual oxygen on OD-Cu catalysts has
coupling toward C,, products,” which are among the most been strongly debated in the literature, as its presence depends
sought-after chemicals.” Under reaction conditions, most on the history of the material. Thermodynamically, copper
copper-based catalysts reconstruct because of reaction oxide is expected to get fully reduced at neutral and alkaline
intermediates and surface polarization caused by the applied pH for electric potentials lower than —0.1 V vs RHE (Figure
electric potential.é_g As a consequence, the sample’s history S1). However, near-surface oxygen can be trapped kinetically40
affects the activity, selectivity, and stability of the catalyst6’10’11 by oxidizing deeply the Cu sample before reduction®' and by

(Table S1). In particular, polycrystalline Cu generates mainly applylng high cathodic potentials immediately after oxida-
CO, HCOOH, HCOO™, H,, and CH, at potentials more tion.””"* Near-surface oxygée%ré atoms can also be restored by
reductive than —0.8 V vs RHE,'*™"* while (110) and (111) applying pulsed electrolysis”** and by including a co-oxidant."
steps nearby (100) terraces are selective toward C,, In contrast, materials obtained by shallow air oxidization of
products.'” Instead, oxide-derived Cu catalysts (OD-Cu) mono- or polycrystalline Cu get reduced 44b4e§yond OXygen
show a higher overall activity for producing ethylene,">~>* detection limits at CO, reduction conditions.””"” Preoxidation
ethanol,'” n-propanol,'”** n-butanol,>® and traces of acetate of polycrystalline Cu by mild anodic potentials also results in a
' ' low concentration of oxygen sites.”” When present, re51dua1

17,26 .
and ethane, at lower overpotentials than copper nano-
particles.' 72 oxygen atoms do not belong to bulk phases of copper oxide*

To understand and control the key properties of OD-Cu but rather prefer grain boundaries*® where Cu atoms have an
+30,39,47
upon reconstruction is crucial to rationally design more active oxidation state intermediate between Cu® and Cu". Both

and selective catalysts. It is generally thought that reconstruc- remd;ﬂg (])nygen ?:d Sra“; Eounda}r)l;sTprom;tle hC2+ fpmdd
tion boosts activity by increasing the electrochemically active ucts. ensity functional theory ( ) models have foun

272030 Regarding selectivity, CO dimerization is

surface area.”

considered the crucial selectivity switch toward C,, prod- Received: August 17, 2020
ucts.”*"** Several features have been deemed responsible to Accepted: September 10, 2020
promote that step, such as low coordinated Cu sites,' !9 Published: September 22, 2020

. .61 6,2
grain boundanes, 173% defects,®’ open facets,” 735 surface

35-37 .. 2,32
roughness, high surface pH, cation effects, and

1 | 6,15,20,22,23,38,39
polarized Cu®* sites induced by residual oxygen.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsenergylett.0c01777
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Figure 1. Models for OD-Cu. We considered two systems: (a) a Cu,0(111) slab to mimic Cu,O reduction (red-Cu,0) and (b) a Cu(111)/
Cu,O configuration to resemble Cu oxidation (oxi-Cu) (side views). For each supercell, O atoms were partially removed from the two
outermost layers to create three depletion motifs: (c) rhomboidal (4R, patch), (d) triangular (4T, pitting), and (e) linear (6L, strip) (top
views). (f) A symmetrical, Cu-terminated system (SY-red-Cu,0) was included to investigate the influence of stoichiometry and depletion
motifs. (g—i) After 10 ps of AIMD at 700 K, the final surfaces present analogous reconstruction (Videos S1-87°°) and (j) STM
characterization detected similar patterns as experimental Cu/Cu,O systems*® (Figure $3). Red-Cu,O and oxi-Cu systems were labeled S,
with n number of O atoms removed from the subsurface and S the shape of the O depleted region (dark brown). Red-Cu,O and oxi-Cu

suffixes were appended to differentiate both conditions.

that residual oxygen is stable and enhances CO adsorption in
highly disordered structures,”® but not at interstitial sites of
crystalline Cu.*”*® For crystalline phases, DFT simulations
have rationalized the selectivities observed for (111), (100),
and stepped Cu surfaces toward C,—C, products as a function
of CO and H energy descriptors.””" Besides, linear scaling
relationships between surface site reactivity and coordination
numbers are commonly employed to assess the properties of
metals and oxides, in particular for disordered environ-
ments.>”>®> However, theoretical models still need to be
adapted to the dynamic view of catalytic interfaces, such as
OD-Cu under CO, reduction conditions.”

As DFT-based modeling has focused on rather ideal
structures, here we have envisaged an alternative way to
understand the reactivity of OD-Cu. Starting from pristine
oxides, we have removed oxygen atoms to create oxygen-
depleted structures and allow reconstruction upon ab initio
molecular dynamics. Although several crude approximations
have been introduced (see below), we have identified new
structural patterns that completely modify our understanding
of these materials. In this way, we investigated roughness,
coordination, oxidation states, and spectroscopic fingerprints
for these structures, showing 14 recurrent ensembles with three
chemical species: Cu’, Cu’, and Cu*. The ensembles
characterized by mild polarization are responsible for OD-Cu
enhanced activity and C,, selectivity via a newly identified-
glyoxylate-like intermediate, Table S2.

OD-Cu catalysts are typically synthesized via oxidation of
Cu foils or by electrochemical reduction of copper oxides.'”**
To mimic changes in OD-Cu morphology under reaction
conditions, we built structural models to represent both
reduction of Cu,0 (red-Cu,O) and oxidation of Cu (oxi-Cu)
(Figure 1a,b).

In the reduction models, OD-Cu were constructed as a
24/3 X 24/3 = R30° Cu,0(111) supercell with about 21 A
lateral size. Then, the oxygens in the outermost layer (12/144)
were removed, as suggested by ref 45, along with part of the
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subsurface sites (4—6/144) to reproduce experimental reports
(O content: 10—20 atom %)."”*° The Cu/O stoichiometry for
these systems accounted for an overall oxygen atomic percent
of 31—30 atom %, higher than experimental values because of
the contribution of the bulk oxide (Table S3). Oxygen
depletion followed three different shapes: rhomboidal (R),
triangular (T), and linear (L), to promote clustering, pitting,
and formation of grain boundaries, respectively (Figures lc—e
and S2). The suboxide formation energies of these initial
structures differ only by 0.01 eV/Cu atom (Table S3), proving
that they are potentially equivalent starting points. The systems
were labeled nS: n stands for the number of subsurface oxygens
removed, and S indicates the depletion motif, R, L or T
(Figure lc—e). Deep reduction conditions were simulated
through a symmetric slab (SY-red-Cu,0),
24/3 X 24/3 — R30° Cu,O(111) supercell, 7 layers thick.
Here, just the two central Cu,O layers were preserved while
removing 120/168 of all the oxygen atoms, leaving 13 atom %
of oxygen (Figure 1f). Alternatively, oxidized Cu surfaces were
reproduced depositing three Cu,O layers on
53 X 543 — R30° bulk Cu(111) to recreate the geometric
stress throughout surface reconstruction. Surface and subsur-
face oxygens were removed following the same procedure as
before: taking the 4R model as reference, the formation
energies by copper atom differ by <0.01 eV (0.21, 0.21, and
0.22 for the 4R, 4T, and 6L systems; Table S3).

Surface reconstruction was assessed through AIMD with the
PBE density functional (ref 57) for 10 ps at 700 K (3 fs time
step). Solvent, potential, and electrolyte were not included
during AIMD simulations. Although the approximations of our
models are severe, our analysis demonstrates the strong
structural modifications which occur on these materials under
reaction conditions. The assessment of the robustness of our
results is summarized in Table S2. Benchmark tests on
Hubbard correction and AIMD temperatures were performed
on the 4R-red and 4R-oxi systems (Computational Methods in
the Supporting Information). Similar surface patterns evolved

https://dx.doi.org/10.1021/acsenergylett.0c01777
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Figure 2. Characterization of Cu species. (a—f) Cu—Cu RDF for Cu atoms coordinated with 0—2 oxygens as shown in the insets. The first
(second) coordination shell of bulk Cu (Cu,0) is shown as black (red) dashed lines. Cu—Cu RDF for the SY-red-Cu,O system is reported in
Figure S12. (g) Cu atoms coordinated to 0—2 oxygens show clear differences in their Bader charges and number of Cu atoms in their first
coordination shell. (h—j) Cu—Cu coordination number (N¢,_c,) cumulative maps show peaks at integer N¢,_c,, suggesting the existence of
recurring ensembles. Average N¢,_c,, dashed lines, differ by 1.0 units from metallic to polarized and almost 3.0 to oxidic Cu. Bader charges
and N¢,_c, distributions for the remaining systems are reported in Figures S1S5 and S17.

upon reconstruction, while their abundance depended on Cu/
O stoichiometry (Figure 1g—i). The final structures repro-
duced the overall disorder characterized by local recurrent
teatures with around 1 nm periodicity and O depletion regions
reported as dark areas in STM images of Cu,O/Cu(111)
surfaces under CO autocatalytic reduction®® (Figure S3). The
thermodynamic stability of the models was estimated from
their Pourbaix diagrams. The final snapshots of the AIMD
simulations were further optimized to their lowest-energy
configuration, and solvation contributions were included to the
optimized structures through an implicit model.”*"” Stabilized
by configurational entropy and solvation, our disordered
systems are metastable.”” Their formation energy is slightly
higher than the thermodynamically stable phase (Cu,O) by at
most 0.1 eV, but significantly, they are more stable than
experimentally reported oxidic phases, CugO and Cug,O°'
(Tables S4—S7, Figure S1, and eqs SS—S9). Moreover, in our
models, O stability on reconstructed surfaces depends on its
local coordination: at mild negative potential O desorption is
endothermic because of high surface pH,* 77> which may
increase up to 14 for high cathodic current densities®
(Supporting Discussion, Figure $4). Depending on the surface
pH, the stability region of residual oxygens extends until —0.84
V vs RHE, in good agreement with recent experimental
reports.”>*>%*% Uncertainty in surface pH determination by
1—2 units and the lack of configuration entropy contribution
set the limit for O borderline-stability between —0.6 and —1.0
V vs RHE (Supporting Discussion). Structural characterization
was performed on the two outermost layers for the whole
AIMD production period. We investigated surface roughness
(¢), number of surface sites, radial distribution functions
(RDF), Cu coordination numbers (N¢,_c,), spectroscopic
properties, and recurrent ensembles for each of the trajectories
(Computational Methods). Final AIMD trajectories show
similar Cu 2p and O 1s XPS fingerprints as OD-Cu
experimental systems (Figure SS). Analogously, vibrational
spectra (eqs S10—S13) qualitatively reproduce Raman shifts
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detected in experimental reports, as shown in Figures S6 and
S7.

OD-Cu activity has been attributed to a higher surface area
upon reconstruction,”” > However, previous theoretical
simulations did not succeed in quantifying nanostructur-
ing.‘}’g’%"‘g_51 Through the continuous reorganization induced
by AIMD, we were able to assess OD-Cu reconstruction
through arithmetic average surface roughness, ¢ (eqs S14 and
S15 and Figure S8). Theoretical atomic roughness was
calculated to range within 0.8—1.4 A for our OD-Cu models
(Figure S9); thus, it was signiﬁcantlgr higher than experimental
values for crystalline Cu, 0.32 A.° For red-Cu,O systems,
surface roughness did not change significantly after equilibra-
tion, while oxi-Cu surfaces kept reconstructing until ¢ = 1.5,
1.1, and 1.0 A for 4R, 4T, and 6L, respectively, until 8 ps
AIMD time, because of the geometric stress between metallic
and oxidic layers. The ratio of surface sites of the reconstructed
surfaces versus surface sites of crystalline Cu,O(111) increases
by 120% (140%) for red-Cu,0O (oxi-Cu) with regard to
pristine oxidic copper (Figure S10 and eq S16), in line with the
increased electrochemically active surface area on OD-Cu.” 6L-
oxi-Cu presents the largest increment of surface sites among all
the configurations, albeit showing the lowest atomic surface
roughness. Therefore, we identify grain boundaries as minor
perturbations of the surface which determine mild surface
roughness but large active area, as suggested experimentally.**
In contrast, reconstruction strongly modified rhomboidal (4R)
and triangular configurations (4T), increasing surface rough-
ness (Figure 1c,d and Videos S1—-S7).

To determine the local coordination of Cu atoms, we
calculated Cu—Cu and Cu—O RDFs, ge,_o and geu_cy (eqs
S17 and S18). For all the systems, gc,_o shows a well-defined
minimum at a Cu—O distance of 2.50 A, which is between the
first and second peaks of bulk Cu,O: 1.87 and 3.57 A (Figure
S11). Thus, we set dc,_o = 2.50 A as threshold for O
coordination to Cu. Consequently, we found that Cu exists in
three well-defined states according to its coordination to
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Figure 3. Recurrent ensembles in OD-Cu models. (a—f) Histograms for angles §(A—B—C) measured around the first coordination shell of
central atom B at different heights z(B) for the 4R-red-Cu,O system. The ensembles responsible for each feature are labeled and shown in
panel g; tetra- and hexa-coordinated Cu adatoms: Cu,c, and Cu,c,; reminiscent of crystalline Cu: Cu(100)-like facets, including distorted
forms mainly metallic or asymmetric in charge (subscripts “d” and “da”), Cu(110) and Cu(111) facets; Cul*05; Cu/Cu,0 grain boundaries,
g.b. (Figure S2); tri- and tetra-coordinated O adatoms: Os(, .4 and Ojc,,q; tri- and tetra-coordinated planar O: Ojcup and Oy, p; penta-
coordinated near-surface O: Oyc,; tetrahedral O: Oy, ,; distorted near-surface O: O;c, 4. Comparison with other models and values of N,,,

are reported in Figures S21 and S22.

nearby oxygen atoms: metallic, suboxidic, and oxidic Cu
(Figure 2). Suboxidic Cu,Ogs-like species have been also
detected experimentally,*”"”%* and EXAFS characterization
confirmed an average Cu—O coordination number of 1.1 for
suboxidic Cu.”* Despite presenting different stoichiometry (31,
13, and 11 atom % O) and initial configurations (Table S3), all
the models gave comparable RDFs upon AIMD, thus
reinforcing the general nature of our results (Figures 2a—f
and S12).

The first Cu—Cu coordination shell is a combination of
crystalline Cu and Cu,0O, somewhat smeared in the
intermediate values (Figure 2a—f). To calculate the coordina-
tion number of each Cu to neighboring Cu atoms, N¢,_¢,, we
counted 1 bond when the Cu—Cu distance was the one of
metallic Cu, no bonds for the one of Cu,O, and applied a
Gaussian smearing for the values in between (eqs $19—20 and
Figure S13). The distribution of N¢,_c, values averaged over
time does not show significant changes for red-Cu,O models
(Figure S14). In contrast, oxi-Cu systems again reveal a
continuous reconstruction process until 6 ps, where metallic-
like configurations reform from pristine low coordinated Cu.
As a general trend, Cu is undercoordinated when compared to
typical values for crystalline facets (Table S8). When
coordinated to 1 oxygen, copper atoms lose 1 Cu bond;
thus, Ncy_co & 4 (5) for the two families of models. Finally,
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double O coordination saturates Cu sites; thus, Nc,_c, further
decreases by 2 metallic bonds, ~2 (3) for red-Cu,O (oxi-Cu).
In agreement with our theoretical predictions of N¢,_c, = 4.9,
3.6, and 2.0 for metallic, suboxidic, and oxidic copper,
respectively (Figure 2h—j), Ngy_co of 6.6, 3.08, 2.21, and
1.84 have been experimentally reported for OD-Cu sys-
tems.* ¥’
Moving ahead to address key contributors to OD-Cu
performance, we then targeted Cu electronic struc-
ture.”'>?%?>*® We sampled the Bader charges for the whole
simulation period at a time step of 48 fs. Because the seven
models feature analogous structural properties (Figures 2a—f
and S12) we focused the analysis on the 4R-red-Cu,O system,
whereas the characterization of other models is reported in
Figure S15. As shown in Figure 2g, the three Cu species
described in the previous section account for well-defined
oxidation states. Metallic and oxidic Cu charges are centered at
0.0 and 0.5 le”l, respectively, akin to bulk Cu and Cu,0. We
labeled these species as metallic, Cu’, and oxidic copper, Cu™.
Cu atoms coordinated with one oxygen exhibit intermediate
positive polarization with a well-defined boundary between 0.1
< gcy £ 04 le”|. Thus, we assign this species to the previously
proposed polarized Cu, also called “suboxidic”, Cu®*.***"**
The relative abundance of these three species depends on
the initial configuration and stoichiometry (Figure S16 and
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Figure 4. CO,R activity and C,, selectivity of OD-Cu versus ensemble polarization. (a) OD-Cu can adsorb CO, either on a Cu site (purple)
or on a near-surface oxygen (magenta) forming a carbonate. CO, adsorption energy scales linearly with the polarization of the active sites,
Qi AGyco, = +0.7(£0.1) — 0.6(x0.1)Q,. Cu’~Cu’* and Cu?*—Cu®* are responsible for enhancing OD-Cu CO,R (purple area), while

activity of O,y sites is limited by carbonate formation. (b) Polarization of active ensembles, Q,, drives selectivity to C, products: AGsgcco =
+0.7(£0.1) — 0.7(£0.1)Q,. A paired active site, Cu’*-0,,, stabilizes the CO—CO dimer as a glyoxylate-like intermediate (dark red),
enhancing C, production. In contrast, for metallic Cu sites (red) CO dimerization is not favored, leading to a higher *CO coverage (gray),
AG,sco = —1.3(£0.1) + 1.3(+0.1)Q,. For very strong polarization, stable oxalates are generated on the surface (black). Q, and Q, are
defined as the sum of absolute Bader charges of the atoms in the ensemble calculated with implicit solvation (eqs S21 and S22, Figure $27).
(c) *OCCO intermediate on both OD-Cu and Cu(100) and oxalate formation on OD-Cu presents a high kinetic barrier of more than 1 eV.
The pathway toward the glyoxylate-like intermediate has instead a mild barrier of 0.53 eV. Potential and dipole corrections, here not
included, stabilize all intermediates similarly (Table S16). Further details on the linear regressions are shown in Table S17.

Table $9). Red-Cu,O accounts high abundance of Cu’*/Cu*
sites, while the stronger reconstruction occurring on oxi-Cu
systems determines an increase of Cu” species. Metallic copper
is instead favored by low O atomic percentage, as expected for
the SY-red-Cu,O system. The presence of residual Cu" species
upon reconstruction agrees with recent experimental reports
for Cu,O nanocubes (20% at —0.95 V vs RHE) and Cu(100)
under CO, pulsed electroreduction (7—11% at —1 V vs
RHE).®** N¢,_c, cumulative maps prove the existence of
atomic ensembles for all the three classes: metallic Cu’ (Figure
2j), polarized Cu®* (Figure 2i), and oxidic Cu* (Figure 2h).
The analysis of the remaining models support this finding
(Figure S17).

In addition to averaged properties, a unequivocal identi-
fication of recurrent ensembles requires local characterization.
Atomic ensembles are defined by their interatomic distances
and angles. Therefore, we mapped the occurrence of
interatomic angles versus the z-coordinate of the central
atom to identify its coordination environment. As a result we
detected 14 recurrent ensembles which were stable at different
AIMD temperatures, Figure S18—S19, and with Hubbard
correction, Figure S20. As a 2-dimensional histogram, darker
areas represent higher density of atoms with a given angle with
neighboring sites at a given z-coordinate, within the two
outermost layers, Figure 3a-f and Figures S21—-S22. For
metallic copper, Cu’, we identified a few 4- and 6-coordinated
Cu adatoms, Cuyc,—Cugc,. In addition, surface reconstructs
into reminiscent of crystalline domains, such as Cu(100),
Cu(110), and Cu(111), either fully metallic or including few
polarized Cu’*. Few surface Cu’* species aggregate in
triangular Cuj"O; ensembles. This ensemble has been
characterized experimentally very recently in ref 30, and
reconstruction of Cu-based catalysts toward open facets was
detected through operando electrochemical STM.”** Oxidic
Cu" is not abundant at the outermost layers, and the interface
between Cu® and Cu’~Cu’ species mimics the grain
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boundary motif reported in Figure S2. Regarding the oxygen
atoms, their preferred configuration depends on their position.
Inner atoms adopt mainly bulk-like tetrahedral shapes, O,
as well as few distorted configurations with 3-fold or 5-fold
coordination, O;c,g4, Osc,. Besides, there is a strong, narrow
signal at 45° which is characteristic of a “grain boundary”
ensemble (gb. in Figure 3g). Near-surface oxygens (O,,)
prefer to adopt planar configurations, namely O;c,, and Oycyy-
Finally, oxygen adatoms may coordinate with three or four Cu
atoms, Ojc,.q and Oycyag- These adatoms give a mild and
diffuse signal, meaning that they are less abundant than near-
surface configurations and do not have any strong preference
to adopt a particular shape. In recent experiments, near-surface
oxygen has been found stable in Cu,O,; stoichiometry at
potentials as reductive as —1.0 V vs RHE,*" but there is scarce
experimental information about the remaining oxygen
ensembles.

Previous computational studies assessed the catalytic
properties of very ordered systems,”' including O as an
impurity in crystalline Cu for modeling OD-Cu catalysts,*”*%*8
Our analysis proves that the landscape of OD-Cu catalysts
might be much more complex because of the appearance of
several new ensembles. Because metastable states, even if less
abundant, can be the active sites which drive the activity and
selectivity of metals and oxides,”* here we investigated the
adsorption properties of the identified ensembles to obtain
new potential descriptors for CO, reduction on OD-Cu. We
evaluated ¥*CO,, *OCCO, and 2*CO adsorption energies, as
these molecules are generally reported as the key intermediates
for CO,R activity and C,, selectivity.” Because local
configurations do not change significantly among red-Cu,O
and oxi-Cu models (Figures S21 and S22), we sampled only
the first ones.

Our simulations show that CO, adsorbs via Cu—C and Cu—
O bonds, 17 o, on Cu sites (Figure 4a, purple), or via a O,—C
bond on near-surface O (Figure 4a, magenta). CO, adsorption
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energy scales linearly with the polarization of the ensembles,
approximated by Q,, the sum of their Bader charges in absolute
value (egs S21 and $22). X" —Cu®" (X = O, Cu’) asymmetric
pairs are strong binding sites for CO, because of high
polarization. Cu’—Cu’* and Cu®*—Cu’" pairs in ensembles
Cuyey Cugey and Cu3 O; (Figure 3g) can tether CO, more
favorably than crystalline copper by 0.5 eV (0.2 eV vs 0.7 eV,
Table S10). Cu* sites, saturated by the 2 neighboring O atoms,
do not play a relevant catalytic role (Figure S23). In the
literature, the specific role of the Culy,,,,—Cu’*(Cu®) pair on
CO, activation has been suggested.””*® Here, we provide a
generalized model, proposing negative (positive) polarization
on C (O) binding sites as a general descriptor for CO, activity.
As experimental evidence, CO, adsorption has been detected
via SEIRAS spectroscopy at low overpotential for suboxidic
and oxidic Cu."” High local polarization accounts for the
remarkable performance of OD-Cu, along with higher surface
roughness and number of active sites (Figures S9 and S10).
The high electronic density localized on near-surface Ojc,,
and O,g,, oxygens (Figure 3g) saturates the O,,—C bond;
thus, it leads to saturation of CO, binding energy to high
exothermic values (Figure S24). As a consequence, the surface
is passivated from carbonate coverage, and it is not active
anymore for CO, reduction.”® Carbonate coverage has been
reported on OD-Cu under CO, reduction conditions via in situ
and real-time surface-enhanced infrared absorption spectros-
copy (SEIRAS) (Table S11).

Because CO, reduction activity is promoted by local
polarization, we now focus on the CO—CO dimer, whose
stability on the surface has been proposed to determine CO,
selectivity and therefore C,, product distribution.”** In Figure
4b we present the stability of the dimer for the identified local
ensembles. Again, the adsorption energy for the dimer depends
linearly on the sum of the Bader charges of the ensembles, Q,,
proxy of their polarization (eqs S21 and S22). We can identify
3 types of adsorbed species: CO—CO dimer, *OCCO;
glyoxylate-like intermediates, *OCCOO; and oxalate, *OOC-
COO. Metal-only domains generate CO—CO dimers (Figure
4b, red inset), which are easily dissociated, therefore leading to
similar product distribution as copper foil and nanoparticles
(H, CH,)."”'* Polarized Cu’-Cu’ (100)—(110) facets
(Figure 3g) exhibit similar reactivity as crystalline Cu(100)
(Table S10), thus confirming the experimental hypotheses on
structural and chemical affinity between crystalline open facets
and OD-Cu.””*> For very high surface polarization, strongly
bound oxalates are generated on the surface via two near-
surface oxygens (Figure 4b, black inset). If formed, oxalates
could cause surface passivation and Cu dissolution; however,
this process is hindered by the high kinetic barrier associated,
1.51 eV (Figure 4c, black inset). Furthermore, if oxygen sites
tether CO too strongly, they may desorb as CO, (lower dashed
line in Figure 4b and Table S12). Mild surface polarization
makes CO—CO formation thermoneutral; therefore, it enables
the dimerization reaction.’””® Glyoxylate-like species OC*CO-
(O,) triggers OD-Cu selectivity to C,, because of the low
kinetic barrier associated to its formation, 0.53 eV (Figure 4b-
¢, dark red inset). The carbon atoms of this intermediate are
separately adsorbed on a bridge position between low
coordinated Cu and atop a near-surface oxygen. The local
Cu coordination resembles either Cu(111) facets or the
Cu3'O; ensemble previously reported (ref 71) (Figure S25).
Glyoxylate is a well-known intermediate for prebiotic CO,
reduction,” although to the best of our knowledge its
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dehydrogenated form, OC*CO(O,,), has not yet been
reported in electrochemical CO, literature.”””> We highlight
that glyoxylate and oxalate production may occur as well via
direct CO, reduction (Table S13) and that glyoxylate
vibrational frequencies (1630, 1479, and 1145 cm™'; Table
S14) are compatible with SEIRAS and IR spectroscopy signals
for CO, reduction on OD-Cu (Tables SI11 and S15). We
therefore propose the paired Cu®—O, active site that
stabilizes the glyoxylate-like intermediate to open the pathway
for ethanol production on OD-Cu at —0.25 V vs RHE,"” as a
weak metal—oxygen bond has been deemed responsible for
alcohol production on Cu.”*

The product distribution of OD-Cu depends on time and
can be attributed to the relative abundance of the different
ensembles under CO,R conditions.” Low-coordinated Cu’
sites (Cugey Cuycy and CujOj; Figure 3g) present stronger
CO binding energy than crystalline Cu (Figure S$23).
Therefore, we identify them with the strong binding sites
reported on OD-Cu by Verdaguer-Casadevall et al.”> Cu®
coordination tunes significantly its adsorption properties:
AE.co ranges from —0.5 to +0.5 eV (Figure S23). Local
coordination and oxidation state influences Cu affinity to
oxygen: both Cu’ and Cu®" are less oxophilic than Cu(100),
and an increasing oxidation state leads to lower O affinity
(Figure S23). The rationale of the wide OD-Cu product
distribution may then be elucidated by Cu coordination and its
affinity to O; thus, those descriptors could be applied in the
future to explain the occurrence of specific active sites toward
ethylene, ethanol, and n-propanol.'’

We have compiled and identified three key contributions
toward OD-Cu activity and C,, selectivity: polarized active
sites, open facets, and glyoxylate route. Local charge polar-
ization strengthens CO, binding, thus promoting a higher
CO,R activity. This insight provides a solid understanding of
the role of Cu’ as a privileged site for OD-Cu
catalysts.”'>?%**3% Reconstructed open facets resemble
crystalline Cu(100), thus motivating ethylene production at
high onset potential. The Cu®*—0,, pair adsorbs the CO dimer
exothermically as a glyoxylate-like intermediate, which
accounts for the low onset potential toward C,, products
reported experimentally.'”

In the present work we characterized oxide-derived copper
catalysts at different stoichiometries and oxidation stages. After
ab initio molecular dynamics simulations, the final structures
present high surface area and atomic-scale roughness.
Independently from the initial model assumed, Cu exists as
three species: Cu’, Cu’*, and Cu*, which combine into 14 well-
defined ensembles. Among those ensembles, Cu®, Cu’—Cu®,
and Cu—O,, are the active and selective sites for CO,
reduction. Cu® and Cu’~Cu’" tether CO, actively because
of their high polarization, thus promoting CO, activation. The
Cu—O,, pair stabilizes C—C coupling via a glyoxylate-like
intermediate, which opens the reaction pathway toward C,,
products from —0.5 V vs RHE because of the low kinetic
barrier associated with its formation, 0.53 eV. O, is here
reported stable until —0.84 V vs RHE in good agreement with
recent experimental reports.”* Although our methodology does
not include solvent, electrolyte, adsorbates, and electric field
during ab initio molecular dynamics, the results are
qualitatively robust and constitute a step forward in the
understanding of the role of new ensembles on oxide-derived
copper reactivity. Our study conciliates all the previous
experimental observations concerning the nature of OD-Cu
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active sites during CO, reduction time-scales and the
consequent changes in product distribution. As active and
selective sites have been characterized, the core of future
investigations must be the development of synthetic protocols
to stabilize these privileged ensembles.
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