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Copper electrodes produce several industrially relevant chemicals and fuels during the electrochemical
CO, reduction reaction (CO,RR). Knowledge about the reaction pathways can help tune the reaction
selectivity toward higher-value products. To probe the uncertain role of the C, molecule glyoxal, we
electrochemically reduced it on polycrystalline Cu and quantified its liquid-phase products, namely,
ethanol, ethylene glycol, and acetaldehyde. The gas phase contained hydrogen and traces of ethylene. In
contrast with previous hypothesis, a one-to-one comparison with CO,RR on Cu indicates that glyoxal is

neither a major intermediate in the pathway toward ethylene nor in the pathway toward ethanol. In
Received 23rd June 2022 dditi t ibilities for th lecti low-t t ducti f othvl | l
Accepted 5th September 2022 addition, great possibilities for the selective, low-temperature production of ethylene glycol are open, as
computational modelling shows that ethylene glycol and ethanol are produced on different active sites.

DOI 10.1039/d2sc03527h Thus, apart from the mechanistic insight into CO,RR, this study gives new directions to facilitate the
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Introduction

The electrochemical CO, reduction reaction (CO,RR) offers
a route for the synthesis of fuels and chemicals (e.g. ethanol,
carbon monoxide or ethylene) which are widely used in the
current industrial infrastructure.' If the electrolysis is powered
by electrical energy from renewable sources (e.g. wind or solar),
then useful commodity chemicals and synthetic, storable fuels
can be generated in a carbon-neutral way that alternates from
the traditional energy-intensive thermal catalysis processes.
Besides the use of selective electrocatalysts toward high-value
products, this route can become economically feasible with
the continuous decrease in the price of renewable electricity
and the progress in the design of appropriate electrode and/or
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electrification of chemical processes at refineries.

electrolyzer configurations that will enable CO, conversion in
large scales.”™®

Among the active metals for the CO,RR, gold, silver and zinc
reduce CO, to CO with high selectivity, while post-transition
metals (tin, bismuth, lead) produce formate.'® Copper is so far
the only known catalyst able to convert CO, to C,, products, e.g.
hydrocarbons and alcohols."*** The fact that numerous (more
than ten)" compounds are simultaneously formed from the
CO,RR on copper highlights the complexity of the reaction
mechanism for the formation of the various intermediate and
final C4, C, and C; products.”*° In view of these characteristics,
copper electrodes have been the focus of extensive research
efforts,’” and numerous copper-based materials and
morphology modifications have been explored to explain and
take advantage of the unique electrocatalytic properties of
copper, understand the reaction mechanism,'> and improve
the selectivity toward C,; products.”*-**

The chemistry underlying the peculiar electrocatalytic
properties of Cu apparently stems from a combination of
intermediate adsorption energies of hydrogen and CO.*
Besides, the ability to form ethylene and ethanol is due to an
anomalous stabilization of key C, intermediates,*® and schemes
have been proposed to understand the selectivity of Cu fac-
ets.'>?”?° Some experimentally hypothesized or computationally
predicted intermediates have been electrochemically
reduced™?** in order to confirm or discard their participation
in the CO,RR reaction pathways. In addition, several reaction
intermediates have been experimentally detected.**** In
particular, recent reports proposed adsorbed glyoxal as an
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intermediate in the pathway from CO, to ethanol.**** Here we
present a combined experimental/computational study of
glyoxal reduction reaction (GRR) on Cu electrodes. We conclude
that glyoxal is not a major CO,RR intermediate on copper, but
its electroreduction offers a promising means of producing
ethylene glycol at room temperature. Finding suitable electro-
chemical routes is desirable in the foreseen electrification of
refineries,>* in particular in this case because (i) most ethylene
glycol is currently produced in industry from either petroleum,
natural gas or coal,”” (ii) the major gas-phase route involves
ethylene oxide hydration, which is impractical under electro-
chemical conditions as ethylene oxide is selectively electro-
reduced to ethylene.***® Apart from that, the conventional route
has known shortcomings, such as the insufficient selectivity of
ethylene oxidation, the use of Ag catalysts, and the production
of higher ethylene glycol homologues, which imposes the need
for downstream distillation units.?®

Results and discussion
Experimental results

We performed all GRR experiments by adding glyoxal in a dea-
erated phosphate buffer, instead of the typical bicarbonate
solution, to prevent the electrolyte from acting as a source of
CO, (from the CO,/bicarbonate equilibrium) and hence ensure
that glyoxal is the only species reduced to the detected products.
The phosphate buffer was adjusted to pH 6.8, that is the same as
in CO,RR experiments with the most often used 0.1 mol L™*
KHCO; electrolyte, to facilitate the comparison of the results
obtained for GRR with those for CO,RR.

Fig. 1 shows the average current density during electrolysis at
the respective cathode potential, as well as the partial current
density assigned to each product, jproquct, Using the determined
formation rates and Faraday's law (see the ESI, Section S27).
Note that the electrolysis time was restricted to 40 min to avoid
a substantial decrease in the concentration of glyoxal in solu-
tion as a result of its conversion, which would lead to changes in
the formation rate during the GRR experiment.

The main products of glyoxal reduction were acetaldehyde,
ethanol and ethylene glycol, with (negative) current densities
ranging roughly from 0.2 to 2.0 mA cm > for all products in the
potential range investigated. On the contrary, jc i was lower by
one to three orders of magnitude, compared to the other
products. If the GRR and CO,RR* product distributions are
correlated in the same potential range and pH, then the
formation of acetaldehyde and ethanol is a shared character-
istic of both reactions. However, there are striking differences in
the formation of ethylene and ethylene glycol. In particular,
ethylene is a major product only for the CO,RR," whereas
ethylene glycol forms in significant rates only from the GRR
(Fig. 1), always when compared in the same potential and pH
regions.

This conspicuous discrepancy in the formation of ethylene
and ethylene glycol from the two reactions is an indication that
glyoxal is not involved as a main intermediate in the pathway
from CO, to ethylene and ethanol during the copper-catalyzed
CO,RR. Otherwise, both ethanol and ethylene would be
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Fig. 1 Total (recorded) current density, and partial current densities
calculated for each product of glyoxal or water reduction, after their
quantification with appropriate analytical methods. Working electrode:
copper. Electrolyte: 0.02 mol L™* glyoxal in a 0.1 mol L™! phosphate
buffer (adjusted to pH 6.8), saturated in Argon. Electrolysis time:
40 min.

formed in comparable rates from the GRR, and ethylene glycol
would be formed in significant rates from the CO,RR. Certainly,
as acetaldehyde and ethanol are produced from both CO,RR*
and GRR, one cannot completely exclude that part of the acet-
aldehyde and ethanol produced during the CO,RR originates
from glyoxal as an intermediate. However, if it exists, such
a glyoxal-mediated pathway will not be the main route for the
formation of C, products and will be responsible only for
a small portion of the ethanol formed during the reduction of
CO,.

Looking into the dependence of the potential on the current
density for each product, jcy,cno remained almost constant
within the examined potential window, whereas jcu on and
Jcn,om, reached a plateau for potentials more negative than ca.
—0.9 Vgug, likely related to limitations in the transport of
glyoxal, even though experiments at controlled mass-transport
conditions would be required to confirm this hypothesis. The
constant trend of jcu cro 18 attributed to the sequential reduc-
tion of acetaldehyde to ethanol,*******° indicating the estab-
lishment of an equilibrium between the formation and
consumption of acetaldehyde. In an independent experiment
under the same conditions, with ethylene glycol in the initial
solution instead of glyoxal, hydrogen was the only product while
ethylene glycol was not reactive, in accordance with previous
studies.’**® Mechanistically, this indicates that ethylene glycol
is not an intermediate of glyoxal reduction to ethanol and, thus,
ethylene glycol is formed via an independent pathway
compared to the acetaldehyde/ethanol pathway.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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If the product distribution is expressed in terms of faradaic
efficiencies (Fig. 2a, see also the ESI, Section S2t), the FE¢ 1 on
and FE(cpy,omn), reached a maximum of 24% and 20%, respec-
tively, at ca. —0.9 Vgyg, while the FEcy cno was decreasing with
overpotential, from 10% (at ca. —0.7 Vgpg) to 2% (at ca. —1.1
Vrug). Among the gaseous compounds, the FEcy, was negli-
gible (always 0.1% or less) and the FEy, from water reduction
was 50% or higher at any potential investigated.

When the concentration of glyoxal in the electrolyte was
doubled (to 0.04 mol L") in experiments at —0.87 Vgyg, the
formation of ethylene glycol was clearly favored, whereas the
rates for the formation of ethanol and acetaldehyde decreased.
The partial current density for hydrogen was not affected,
indicating that the concentration of glyoxal is not sufficiently
high to inhibit the hydrogen evolution reaction. A comparison
of the current densities for all products is given in the ESI
(Fig. S27), together with the associated faradaic efficiencies. We
note that exploring higher concentrations of glyoxal in the
starting solution is not possible because the buffer capacity is
insufficient to maintain the local pH.

Considering the carbon balance (Fig. 2b, see also the ESI,
Section S27), most of the carbon remained in the form of glyoxal
while conversion reached 50% only at ca. —1.0 Vgyg. At this
potential, carbon is found in the products of the electro-
chemical GRR in a descending order from ethylene glycol (yield
ca. 12%), to ethanol (ca. 6%), to acetaldehyde (ca. 1.5%), to
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ethylene (<0.05%). Moreover, around 14% of carbon (at —1.0
Vrue) is found in glycolate, the conjugate base of glycolic acid. It
is known that glycolate forms from glyoxal via a base-catalyzed
homogeneous reaction.”* The detection of glycolate in our
experiments (at solution pH 6.8) indicates that the pH at the
interface increases under this combination of buffer solution,
current density and mass-transport regime,** thus favoring the
interfacial base-catalyzed reaction. This enhancement is more
pronounced at more negative potentials where the rate of OH™
production (from either glyoxal or water reduction) is higher.
The latter also explains why the amount of detected glycolate
depends on the potential, even though glycolate is not involved
per se in any electrochemical reaction. The relatively low total FE
at low overpotentials probably arises from the decreased
sensitivity to H,, which is the dominant product in this poten-
tial region.

Computational results

We inspected the structure-sensitive reduction of glyoxal to the
two most abundant products found in the experimental inves-
tigations (Fig. 2), namely, ethylene glycol and ethanol. To do so,
we considered five different surface models spanning a wide
range of coordination numbers: Cu(111), the most stable
surface termination of copper; Cu(100), known to be selective
for CO,RR to ethylene and enhance C-C coupling due to its
square geometry;'***** Cu(211), a surface with step edges
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Fig. 2

Evs RHE/V

(a) Faradaic efficiency and (b) carbon balance for the various electrolysis products. Glycolic acid is not shown in (a) because it is formed

homogeneously from base-catalyzed glyoxal decomposition, without the transfer of electrons. Glyoxal included in (b) refers to the amount of
glyoxal that did not react and was detected in the electrolyte. Working electrode: copper. Electrolyte: 0.02 mol L™ glyoxal in a 0.1 mol L™*
phosphate buffer (adjusted to pH 6.8), saturated in argon. Electrolysis time: 40 min.
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active toward acetaldehyde reduction;*® 4AD®@Cu(100),
a square, four-atom island identified in a previous work as the
ethanol-producing active site from CO,RR in OD-Cu;** and
4AD@Cu(111), a four-atom island with hexagonal symmetry. A
top view of all five surface models is shown in Fig. S3.t

First, we investigated the GRR to ethylene glycol (standard
equilibrium potential E° = 0.36 V vs. RHE). Note that the DFT-
calculated E° matches the experimental one because gas-phase
corrections were used,*® see ESI Section S47 for further details.
Free-energy diagrams showing the energy variations along the
proton-electron transfers for the most favorable pathway to
ethylene glycol are shown in Fig. S6.1 In addition, schematics of
the adsorbed intermediates appear in Fig. 3, and ESI Section S71
shows the trends in glyoxal adsorption energies and its bidentate
adsorption configuration on all Cu sites under study.

In Fig. 4 (in blue) we provide a coordination-activity plot for
the GRR to ethylene glycol calculated on the basis of the ener-
gies and generalized coordination numbers® (CN) in ESI
Section S6.1 Except for Cu(111), the potential-limiting step (PLS)
corresponds to the hydrogenation of *CHOHCHO to form
*CHOHCHOH (PLS; in Fig. 4) on the strong-binding side of the
plot, where CN < 6.76. For Cu(111), the PLS is the subsequent
hydrogenation of CHOHCHOH to CHOHCH,OH (PLS, in
Fig. 4). The top of the coordination-activity plot is found at
CN = 6.76, which is close to the coordination of Cu(100) and

M

(CH,OH)y *CHOHCH,OH
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not far from Cu(111) (CN = 6.67 and 7.50, respectively). These
results suggest that terrace sites, in particular the square ones,
are more active than undercoordinated defects for GRR to
ethylene glycol. However, the competition with *H for active
sites might hinder the activity of Cu(111).

Moreover, we combined our results with those of previous
works®**** to build free-energy diagrams with the energetics of
the GRR to ethanol (E° = 0.38 V vs. RHE), as shown in Fig. S7,}
see schematics of the intermediates in Fig. 3. Again, the DFT-
calculated and experimental E° coincide as a result of gas-
phase corrections.*® Moreover, in Fig. 4 (in orange) we provide
a coordination-activity plot for the GRR to ethanol. For
4AD@Cu(100) and 4AD@Cu(111), the PLS of the reaction is the
hydrogenation of *CH,CHO to form acetaldehyde (PLS; in
Fig. 4). On Cu(211), Cu(100) and Cu(111) the PLS is the forma-
tion of *CH;CH,O from acetaldehyde (PLS, in Fig. 4). The top of
the coordination-activity plot is found at CN = 4.62, which is
close to the coordination of 4AAD@Cu(100) (CN = 4.42). These
results suggest that square islands of Cu adatoms at Cu(100) are
the most active sites for GRR to ethanol, which is in line with
their high activity and selectivity for CO reduction to ethanol.**

Discussion

The inset of Fig. 4 is a structure-sensitive selectivity map for
GRR to ethylene glycol and ethanol on copper. Step edges at

«— B

*CHOHCHOH

Glyoxal reduction to ethylene glycol
CszOz(g) + 4(H+ + e_) — CZH602(|)

H* + e-

0 — oo e,

(CHO)yq) *CHOCHO *CHOHCHO \ ° *CHCHO
H20(|)
Glyoxal reduction to ethanol
C2H202(g) + 6(H+ + e-) — CH3CH20H(|) + H20(|)
CH,;CH,0OH, *CH,CH,0O *CH,CHO *CH,CHO

Fig. 3 Most favorable electrocatalytic pathway for the GRR to ethylene glycol (blue arrows) and ethanol (orange arrows) on Cu electrodes. The

black arrows connect shared reactants and intermediates.
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Fig. 4 Trends in the activity and selectivity of glyoxal reduction to ethylene glycol (blue) and ethanol (orange). E is the DFT-calculated limiting
potential and CN is the generalized coordination number of the active sites (see ESI Section S6+). The dashed lines indicate the equilibrium
potentials. PLS: potential-limiting step; the chemical equations corresponding to PLS; to PLS, are given in ESI Section S7.1 The apices of the blue
and orange curves are located at CN = 6.76 and CN = 4.62. Inset: selectivity map for glyoxal reduction based on the trends in the main panel.
The orange/blue regions are selective toward ethanol/ethylene glycol. The change of selectivity takes place at CN = 5.58. The red line is the
calculated average onset potential for hydrogen evolution on various copper facets taken from ref. 28.

Cu(211) together with (100) and (111) terraces are inclined
toward the production of ethylene glycol during GRR, while
adatom islands are more selective for ethanol production. In
the entire coordination range, there is a competition between
GRR and hydrogen evolution (red line in the inset of Fig. 4). At
a potential (Ep) of —0.7 V vs. RHE, Fig. 4 shows that the two
catalytic pathways are open on most active sites, except for
Cu(111), such that a polycrystalline electrode will concurrently
form ethylene glycol and ethanol together with H,, which agrees
with the experimental results in Fig. 1 and 2. Increasing the
proportion of (100) terraces in the catalysts seems to be a suit-
able way of enhancing the production of ethylene glycol,
whereas rough electrodes will tend to produce more ethanol by
virtue of their undercoordinated defects.

Furthermore, our electrochemical measurements show that
(i) a negligible amount of ethylene is produced from GRR, and
(ii) ethylene glycol is produced from GRR with high faradaic
efficiencies. Previous works have indicated that copper catalysts
may have product-specific active sites.***” Specifically, it has
been repeatedly reported that CO,RR on Cu produces ethanol
on undercoordinated sites and ethylene on (100) terrace
sites.'>?%3%3 Besides, only traces of ethylene glycol are formed
during CO,RR,™ and ethylene glycol seems to be a dead-end
product.”® Altogether, these facts lead us to conclude that

© 2022 The Author(s). Published by the Royal Society of Chemistry

glyoxal cannot be a key intermediate of CO,RR to the C, prod-
ucts ethanol and ethylene. According to our computational
modelling, the ethanol/ethylene glycol pathway bifurcation
occurs on the second proton-electron transfer, such that
ethylene glycol is not an intermediate in the ethanol pathway,
also in agreement with experiments.

A direct mechanistic implication of glyoxal not being a key
CO,RR intermediate is that the coupling of two *CHO moieties
can be ruled out as a major source of C,, products on Cu, in
spite of its low associated kinetic barriers.*® Furthermore, if
*COCHO is the first hydrogenated intermediate in the C,
pathway, as proposed in previous studies,* the next hydroge-
nation may not take place on the C atom. More generally, if C,,
products are formed via CO dimerization, as proposed by Hori
and coworkers,* since the first two hydrogenation steps may
not both take place on the C atoms, at least one of the O atoms
is to be hydrogenated. This condition is fulfilled by the spec-
troscopically detected *COCOH species.*

Finally, we note that the surface coverage of C, species could
be different during glyoxal reduction compared to CO, reduc-
tion. We anticipate that the C, coverage is likely smaller in the
latter case because the making of C-C bonds is known to be
energy-intensive®>'>'”*> and also because glyoxal is chemisorbed
on Cu surfaces (see ESI Section S77). However, the large faradaic

Chem. Sci., 2022, 13, 1205-11214 | 11209
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efficiencies of H, in Fig. 1 and 2 suggest that the local envi-
ronment is similar for the two reduction reactions, in the sense
that a given C,-producing site is probably surrounded by several
H,-producing sites in both cases.

Conclusions

The intricate mechanism of CO, electroreduction is yet to be
fully elucidated and the most active sites found. Recent works
proposed adsorbed glyoxal as an early intermediate in the
reduction pathway toward ethanol on Cu electrodes. Here, we
put that hypothesis to the test through a combination of
experimental and computational tools.

We experimentally identified ethanol, acetaldehyde, and
ethylene glycol as the major products of glyoxal reduction on
Cu. Even though the formation of ethanol and acetaldehyde is
characteristic of both glyoxal reduction and CO, reduction,
there are two conspicuous differences: first, ethylene glycol is
a minor product during CO,RR on Cu, but forms with a high
rate from glyoxal reduction and cannot be further reduced.
Therefore, if glyoxal were formed from CO,RR in significant
quantities, ethylene glycol would be a major product, which is
not the case. Second, glyoxal reduction does not lead to abun-
dant ethylene, which is in contrast a major product of CO,RR on
copper-based catalysts. Hence, we conclude that glyoxal is not
likely a major intermediate in the electrocatalytic pathway from
CO, to ethanol and ethylene and that the C-C coupling during
this reaction does not happen via the coupling of two *CHO
moieties.

By means of structure-sensitive modelling we determined
that polycrystalline Cu produces a mix of products because its
undercoordinated sites favor ethanol production while the
more coordinated sites favor ethylene glycol production.
Ethylene glycol is conventionally produced via ethylene oxide
hydration in gas-phase heterogeneous catalysis. Here we
showed a promising room-temperature electrochemical route
for its production via glyoxal reduction on copper electrodes
with abundant (100) terraces. Alternatively, ethanol can also be
produced when the catalysts contain plentiful under-
coordinated defects.

Methods

Electrode preparation

Prior to each measurement, a polycrystalline copper foil (2 mm,
99.99+%, GoodFellow) was grinded and polished with a semi-
automatic polishing machine (LaboForce-100, Struers) and
afterwards electropolished in concentrated H;PO, (min. 85%
ACS, Honeywell Fluka) for 2 min. The metal foil was finally
rinsed thoroughly with ultrapure water and used for glyoxal
electrolysis.

Electrolysis experiments

Steady-state electrolysis was performed in 0.1 mol L™' phos-
phate buffer (Na,HPO,/NaH,PO, concentrations adjusted to pH
6.8) with 0.02 mol L™" glyoxal, which was continuously purged

1210 | Chem. Sci, 2022, 13, 11205-11214

View Article Online

Edge Article

with 10 sccm Ar. All electrolytes were prepared in ultrapure
water (18.2 MQ cm, total organic level below 4 parts per billion;
Milli-Q IQ 7000, Merck) and the gas flow was controlled by
a mass flow controller (EL-Flow prestige, Bronkhorst). Electro-
chemical measurements were conducted in a three-electrode
configuration in an in-house-developed, two-compartment
PTFE electrolysis cell (ESI, Fig. S1t). The electrolytes in the
two half-cells were separated by a bipolar membrane (Fuma-
sep), so glyoxal was present only in the catholyte, whereas the
anolyte consisted entirely of the phosphate buffer, free from
glyoxal. The electrochemical measurements were controlled by
a potentiostat (Reference 600, Gamry). A Ag/AgCl (3 mol L™*
KCl) reference electrode (BASi), an Ir-MMO counter electrode
(Metakem) and the respective copper foil as working electrode
with an exposed area of 1 cm” were used as the three electrodes.
Only one side of the electropolished copper foil was in contact
with the electrolyte. The electrolysis was performed for 40 min
and repeated at least two times to assure reproducibility. The
measurements were conducted at ambient conditions. To
compensate for ohmic losses, the electrolyte resistance was
determined with electrochemical impedance spectroscopy prior
to the experiments, and the electrode potential was corrected
for 85% of the iR drop during the electrolysis using the positive
feedback mode of the potentiostat. The remaining 15% of the iR
drop was post-corrected after the electrolysis, taking into
account the uncompensated resistance and the average current
measured during the electrolysis, as described in a previous
work.** The potentials recorded versus the Ag/AgCl reference
were converted to the reversible hydrogen electrode (RHE) scale
by taking into account the pH of the electrolyte and the
potential of the Ag/AgCl electrode versus the standard hydrogen
electrode. Hence, all potentials are given here in the RHE scale.
The current densities reported in the manuscript were calcu-
lated by dividing the recorded current to the geometric area of
the copper foil exposed to the electrolyte (1 cm?).

Product characterization

The gas outlet of the working electrode compartment was con-
nected to an online gas chromatograph (GC) (Clarus 580 — Arnel
Engineered, PerkinElmer) to analyze the gas-phase products that
were withdrawn from the cell by the continuous Ar flow. The
separation was performed with a Hayesep N (NR021501, Perki-
nElmer) and a Molecular Sieve 13X (NR022501, PerkinElmer)
columns, with Ar as carrier gas (flow rate: 30 mL min~'). The
detection was done with a serially connected thermal conduc-
tivity detector and a flame ionization detector equipped with
a methanizer. Injections were done at 2, 20, 38 min of the elec-
trolysis, and the current recorded during the last 100 s prior to an
injection was averaged and used for the calculation of the fara-
daic efficiency of the product (FEproquc). To analyze dissolved
products offline, the catholyte was collected directly after the end
of electrolysis. Volatile products were detected with gas
chromatography-mass spectrometry (GC-MS) (Clarus 580
coupled to Clarus SQ8T, both PerkinElmer). A thermostated
headspace autosampler (PerkinElmer TurboMatrix 40) was used
to inject an aliquot from the vapor of the heated sample after the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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establishment of the gas-liquid equilibrium, to prevent the
injection of the salt-containing electrolyte into the gas chro-
matograph. A fused-silica capillary column (Elite-624Sil MS,
PerkinElmer) separated the gas mixture. For the mass spectro-
metric analysis, electron ionization (70 eV) and a quadrupole
mass analyzer were used. The electrolyte was additionally
analyzed with high performance liquid chromatography (HPLC)
(1260 Infinity 11, Agilent), using a HI-Plex H column (8 pm, 7.7 X
300 mm, Agilent) for the separation. A sample aliquot was
automatically injected and ultrapure water was used as eluent
with a flow rate of 0.7 mL min~'. The column oven temperature
was kept at 60 °C while the refractive index detector had
a working temperature of 55 °C. Moreover, for the detection of
glycolate, an in-house developed combination of HPLC with
mass spectrometry (MS) was employed, using direct analysis in
real time (DART) ionization and a custom-made enclosed ioni-
zation interface (V 2.1S + AZURA CT 2.1, Knauer, coupled to JMS-
T100LP AccuTOF LC-plus 4 G + DART, JEOL). As for simple HPLC
analysis, the HiPlex-H column (Agilent) was again used for HPLC-
DART-MS. Details on the coupling of HPLC with DART-MS can be
found in a previous publication.®

Computational methods

The DFT calculations were carried out using the Vienna ab initio
simulation package (VASP)** with the Perdew-Burke-Ernzerhof
(PBE)* exchange-correlation functional and the projector
augmented-wave (PAW)** method. In order to capture the
heterogeneity of a real electrocatalyst, we modelled five different
Cu surface models: Cu(100), Cu(111), Cu(211), 4AD@Cu(100) (a
four-atom island on top of a Cu(100) slab), and 4AD@Cu(111) (a
four-atom island sitting on top of a Cu(111) slab). All surfaces
(except Cu(211)) were modelled with 4 x 4 supercell slabs con-
taining 4 atomic layers and Monkhorst-Pack grids* were used to
sample the k-space. The k-point grids guaranteed convergence of
the adsorption energies within +0.05 eV. The converged PBE
lattice constant of bulk Cu (3.64 A) was used to build the surface
models. The adsorbates, the metal adatoms, and the top two
layers of the slabs were allowed to relax in every direction, while
the two bottommost layers were fixed at the converged bulk
equilibrium distances. A plane-wave cutoff of 450 eV was used.
The Methfessel-Paxton approach® was used to smear the Fermi
level with an electronic temperature of 0.2 eV and the total
energies were extrapolated to 0 K. The periodically repeated
images were separated by more than 12 A of vacuum in the
vertical direction and dipole corrections were also applied. The
conjugate-gradient algorithm was used to optimize the geome-
tries, carrying out iterations until the maximal force on all atoms
was below 0.05 eV A1, Asymmetric boxes of 9 x 10 x 11 A® were
used to calculate the isolated molecules (H,, H,0O, O,, glyoxal,
acetaldehyde, ethanol, and ethylene glycol), sampling the I'-point
only, using Gaussian smearing and an electronic temperature of
0.001 eV. The total energies of the molecules were semi-
empirically corrected to ensure that the calculated equilibrium
potentials matched the experimental ones,*® see Table S1.f The
reaction free energies were calculated as AG = AEppr + AZPE —
TAS + AEgovations Where AEpgr is the DFT-calculated reaction
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energy, AZPE is the change in the zero-point energy, TAS is the
corresponding entropy change at 298.15 K, and AEgation
contains the solvent-adsorbate stabilization corrections calcu-
lated on Cu(111) using the method described in ref. 56. The
values of S for the free molecules were obtained from thermo-
dynamic tables, while for adsorbates S only includes the vibra-
tional contributions. Making use of the harmonic-oscillator
approximation, vibrational-frequency analyses were performed to
obtain the ZPE and S, values. The computational hydrogen
electrode (CHE) was used to model proton-electron pairs.”” We
did not calculate kinetic barriers in this study, because Rossmeisl
et al. recently noted that there is “not (yet) a method to obtain
electrochemical barriers between realistic states at constant
electrochemical conditions”.”® The assessment of generalized
coordination numbers™ is illustrated in ESI Section S6.7 Further
computational details appear in the ESI, Sections S4-S8.1

Data availability

Electrochemical cell, calculations of partial current density,
faradaic efficiency and yield (carbon balance), gas and liquid
phase corrections, contributions to the free energies of solvent-
adsorbate interactions, free energies and active sites, interme-
diates of the most favourable pathways and optimized geome-
tries are provided in the ESLT
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