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ABSTRACT: Electrochemical CO reduction holds the promise to be a cornerstone for
sustainable production of fuels and chemicals. However, the underlying understanding of the
carbon—carbon coupling toward multiple-carbon products is not complete. Here we present
thermodynamically realistic structures of the electrochemical interfaces, determined by
explicit ab initio simulations. We investigate how key CO reduction reaction intermediates
are stabilized in different electrolytes and at different pH values. We find that the catalytic
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trends previously observed experimentally can be explained by the interplay between the — Cu(100) ?q”?OU;e'e‘ft"?'yte o~

metal surface and the electrolyte. For the Cu(100) facet with a phosphate buffer electrolyte,
the energy efficiency is found to be limited by blocking of a phosphate anion, while in alkali
hydroxide solutions (MOH, M = Na, K, Cs), OH* intermediates may be present, and at high
overpotential the H* coverage limits the reaction. The results provide insight into the
electrochemical interface structure, revealing the limitations for multiple-carbon products,

and offer a direct comparison to experiments.

INTRODUCTION

Selective electrocatalytic reductions of carbon dioxide (CO,)
and carbon monooxide (CO) to sustainable fuels and chemicals
by the use of renewable electricity and carbon sources are the
dream reactions to complete the carbon cycle of modern
society."? Advances have been made in the simg)lest two-
electron reductions of CO, to CO* or formic acid.° However,
the CO, reduction process still suffers from poor energy
efficiency and selectivity.”

The further reduction of CO to single-carbon products®
(CHyOZ) and to multiple-carbon products (CxHyOZ), namely
carbon—carbon coupling, or CC coupling”'® has recently
attracted attention with reports of experiments utilizing oxidized
copper precursors.”' " Although the oxidized copper precursor
catalyst shows high performance, a better understanding of the
CC coupling mechanism is needed to give direction for better
CC coupling selectivity and energy efficiency. The proposed
mechanisms to distinguish single-carbon products and multiple-
carbon products can be written as

CO(g) + * » CO* — protonation - .. - CH,0, + *

2CO(g) + * - 2CO* —» OCCO* — protonation —
.—>CHO, +*
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Single-facet studies'*~'® have shown that the Cu(100) facet
has a unique capability to reduce CO to C,H, at potentials lower
than that at which the evolution of H, occurs. However,
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understanding the properties and limitations of the Cu catalyst,
in particular of the Cu(100) facet, is key for improving the
electrocatalytic CO conversion toward high-value products. We
set out to answer the following questions regarding CO
reduction to high-value products: Why is C,H, evolution
observed prior to H, evolution on Cu(100) and not on the other
Cu facets? Why does the C,H, evolution depend on the
electrolyte and on pH? How does the C,H, evolution depend on
cations?

In order to answer these questions and find the underlying
properties needed to produce multiple-carbon products from
CO reduction, we study the reaction intermediates on the
Cu(111), Cu(100), and Cu(110) facets by Ab Initio Molecular
Dynamics (AIMD)"”'® simulations of explicit electrolytes in
contact with the surfaces.”*’ The presence of electrolytes
shows how differences in water behavior at the different
electrode facets stabilize or destabilize the OCCO* and CO*
intermediates. The interpretations of the results of the facets and
of water solvation effects are in line with the trends revealed in
our previous studies.”’

The most interesting Cu(100) facet interface is treated by the
Generalized Computational Hydrogen Electrode (GCHE),*”**
ensuring that the structure of the interface is in equilibrium with
the chemical potential for electrons, protons, and ions as
determined by the electrochemical environment. This scheme
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Figure 1. Combined snapshots of the AIMD simulation of the CC
coupling electrochemical interface on Cu(100) for (a) the phosphate
buffer at pH = 7 and (b) the aqueous electrolyte at pH = 13. Both
figures show intermediate species coverage on a reversible hydrogen
electrode potential scale. We note that the OCCO* dimer, OCCOH¥,
and H* are reaction intermediates, and hence the coverage of these is, in
reality, determined by reaction rates and not equilibrium. In these
simulations the reaction rate is assumed small, which means that the
equilibrium assumption is valid.

allows us to explicitly calculate interface phase diagrams which
include the structure of the electrolyte and pH.

This is the first study with realistic structures of the interface
in equilibrium with the conditions, and we use these structures
to explain experimental findings in terms of the reaction
dependence on electrolyte and pH. These key finding are
summarized in Figure 1, which schematically shows how a
HPOj anion blocks the surface at lower overpotential for the
phosphate buffer and OH* intermediates may be present in the
aqueous electrolyte, while at high overpotential CC coupling is
limited by adsorbed hydrogen (H*).

RESULTS
CO* and OCCO* on Cu(111), Cu(100), and Cu(110). In

order to understand the unique properties of the Cu metal
catalyst to catalyze CO into multiple products electrochemi-
cally,**7?® we investigate the Cu facets in terms of the binding
energies of CO* and H*. This approach allows for classifying the
different Cu facets according to their reactivity’' and hereby
answers the first question of why C,H, is evolved prior to H, on
Cu(100) and not on the other Cu facets.

In Figure 2a, the CO* and H* binding energies are found with
BEEF-vdW*”*®* vacuum calculations (ie., not including the
electrolyte) and used to estimate the errors associated with the
choice of functional. For Cu(100) and Cu(110) this has been
done with respect to the Cu(111) facet, and the binding on the
Cu(111) facet is referenced to the gas phase without showing
the error. The observed differences in binding energies between
the facets are minor for both the AE;y+ and AEy; energies. All
the Cu facets bind CO*, while they do not have underpotential
deposited H*, meaning that a potential below 0 Vyyg has to be
applied to adsorb hydrogen. This provides an explanation for
why Cu is the only pure metal that can catalyze the formation of
hydrocarbons.*' However, it does not explain the CC coupling,
as the CC coupling intermediate OCCO* *'* is not stable in
vacuum calculations. To investigate how water affects the
electrochemical interface and thereby the key intermediates,
CO¥*, the proposed OCCO¥*, and H*, we carry out AIMD
simulations of an aqueous phase in contact with the Cu facets.
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Figure 2. (a) Trend study of the 2CO*, OCCO¥*, and H* binding
energies in the electrolyte (blue markers) for Cu(111), Cu(100), and
Cu(110), showing the unique ability of the Cu(100) facet to stabilize
OCCO* relative to 2CO* in the aqueous electrolyte. (b) The three
contributions to the interface OCCO* binding energy: water binding to
the facets, water binding to the OCCO* facets, and the OCCO*
vacuum binding energy. It can be seen that the presence of the OCCO*
results in a significant change in hydrophilic properties of the water
binding to the Cu(100) facet. (c) Pair correlation function around the
oxygen atoms of the OCCO* intermediate. This shows that the
Cu(100) facet has a higher peak for both water oxygen and hydrogen
neighbors, as compared to the other facets. The higher peaks can be
interpreted as a more well-ordered water structure stabilized by
hydrogen bonding. (d) Protonation energy map for the protonation of
CO* (blue markers), OCCO* (pink marker), and H* (black marker).
The OCCOH* protonation is more favorable than the reaction H* + ¢~
— H*, which explains the experimental observation of C,H, prior to
hydrogen evolution on Cu(100). Binding energy functional error
ellipses obtained from single-point vacuum BEEF—vdW ensemble
calculations referenced to Cu(111).

From these calculations we obtain ensembles of water structures
of the interface region including these intermediates. This
approach ensures that the interaction between the electrolyte
and the intermediates (either stabilization or destabilization)
does not depend on the specific choice of water structure (see
Methods section for calculation of binding energies). Snapshots
of the OCCO* intermediate and the nearest water molecules on
the different facets are shown in Figure S15. Single-point BEEF-
vdW vacuum calculations are carried out on top of the AIMD
structure without water to obtain functional error ensembles of
the binding energies.

The interface calculations show that the proposed OCCO* is
stable only on the Cu(100) facet, while on both the Cu(111)
and the Cu(110) facets the intermediate is unstable and can be
held together only by applying a spring force during the AIMD
simulations. Furthermore, we observe that CO* in the aqueous
electrolyte is stable for all the Cu facets and the binding energies
of both CO* and H* in water are comparable with the calculated
binding energies in a vacuum.

The results of the interface AIMD calculations thus show
distinct differences from the vacuum calculations, where the
OCCO* intermediate is unstable on all facets. The difference in
the stabilization effect cannot arise only from the specific



binding site, since the vacuum calculations on Cu(100) should
then also have stabilized OCCO*. Previous investigations have
shown a stable OCCO* by adding charge in the calculation,”
using a constant electrode gotential method and a dielectric
implicit solvent model,””** or using a protonated water
layer.'®*" Here, it is thus remarkable that the explicit aqueous
phase without additional charge near the Cu(100) surface has
such a stabilization effect on the OCCO*.

Whereas Figure 2a shows the obtained binding energy, the
binding energy in Figure 2b shows how the OCCO* binding can
be split into three contributions by calculating constrained
structures of the OCCO*, water layer, and water layer in contact
with the OCCO* surface as follows:

Figure 2a:
<AEOCCO*> = <EOCCO*,HZO*> - <EH20*> - 2’ECO(g)
Figure 2b:

<AEOCCO*> =

change in water binding due to OCCO*
7\

r Y
AEgccox + AEy o+_occo* AEy o+

—_
vacuum binding water binding

water binding to OCCO¥* surface

where

AEqccor = (Eoccor) — Ex — 2Eco(g)

AEHZO*—OCCO* = <EOCCO*,HZO*> - <EH20> — (Eoccox)

AEHZO* = <EH20*> - <EHZO> - E,

and (Ey o) is the energy for water structures without the metal

facet.

Figure 2b shows how each of these three contributions gives
the OCCO* binding energies in Figure 2a. For Cu(111) and
Cu(100), the water (AEy; o+) does not bind, while the water in

contact with the more open facet, Cu(110), binds strongly.
Changing the surface by having the OCCO™* in contact with the
water gives in all cases a stabilization of the water; in particular,
for Cu(100) and Cu(110) this water stabilization is ~1 eV. The
difference in water binding energy with and without OCCO*
reflects a change in hydrophilic properties of the facets relative to
each other, and adding up the minor OCCO* vacuum binding
energy, one obtains the interface binding energy of OCCO*.
Significantly, this shows that OCCO* is only stable on Cu(100)
due to the change in the hydrophilic properties of the surface
when OCCO* is adsorbed, with OCCO* having better
adsorption energy in a vacuum to the Cu(111) and Cu(110)
facets.

Figure 2c investigates aspects of the solvation structure of
water around the intermediate. It shows the radial distribution
function of hydrogen (gi_o, top) and oxygen (go_o, bottom)
atoms around the oxygen atoms of the OCCO* intermediate for
each of the three Cu facets. The graphs show how water
molecules near the different facets orient, order, and stabilize the
OCCO* intermediate by means of hydrogen bonding, clearly
visible in the peaks in gy o at around 1.7-1.8 A. The

significantly higher values of the first maxima in both the
oxygen and the hydrogen pair correlation functions show that
solvation of the OCCO* intermediate in the Cu(100) ensemble
is stronger as compared to that in the Cu(111) and Cu(110)

facets. This trend reflects the trend in the energetics shown in
Figure 2a,b.

The ability to bind CO*, while simultaneously not binding
H,,g is the requirement a potential catalyst for CO reduction
must fulfill.>' However, Cu catalysts are expected to be able to
reduce (protonate) CO* on all facets, and protonate OCCO*
on the Cu(100) facet.

Figure 2d shows a protonation energy map with carbon
protonation and oxygen protonation on the x and y axes,
respectively. Interestingly, carbon protonation to the CHO*
intermediate in the electrolyte simulations is very similar to that
in the vacuum calculation, while oxygen protonation to COH* is
significantly stabilized by the electrolyte environment.'” This
shows the effect of having an —OH bond reaching out into the
electrolyte, which can form hydrogen bonds with the
surrounding aqueous phase. The most stabilized CO*
protonation to COH* occurs on the Cu(100) facet.
Furthermore, calculated H* binding energies in the electrolyte
are shown by black markers on the diagonal, to indicate that
these are stabilized more in the aqueous interface than the CO*
protonation products. Hence, CO* protonation cannot account
for the earlier onset potential for CC coupling as compared to
hydrogen evolution reaction (HER), as observed experimen-
tally. Only on the Cu(100) facet is protonation of the OCCO*
intermediate to OCCOH* or OCCHO* more favorable than
H* adsorption. The functional dependence of the conclusion
shows that only S out of 2000 functionals from the BEEF-vdW
ensemble give H* adsorption prior to OCCHO¥*, while 0 out of
2000 have H* adsorption prior to OCCOH®*. Thus, the
observation that OCCO¥* is protonated prior to HER is robust
within the DFT-GGA approximation.

To obtain a full reaction pathway going from CO(g) to
C,H,(g), multiple protonated intermediates are calculated
inside the aqueous interface model (see Figure S11). Relevant
intermediates are selected, and by the use of the GCHE scheme
(see Methods section), the energy of each AIMD state is set with
respect to potential and pH, which enables one to obtain the free
energy diagram as both potential- and pH-dependent. Figure 3
presents the free energy diagram at pH = 13 and for three
characteristic Uy potentials as derived from the GCHE energy
of the states shown in the inset. The inclusion of the potential-
independent CO*-to-OCCO* dimer barrier in the calculation is
shown in Figure S13, and a graph showing HER under similar
conditions is shown in Figure S12. We remark that the free
energy diagram provides realistic states under the conditions of
the electrolyte (pH, concentrations, etc.) and electrochemical
barriers for the free energy diagram would be preferable.
Schemes have been developed® assuming constant interface
structures. However, there is not a method to obtain
electrochemical barriers between realistic states at constant
electrochemical conditions. The three characteristic Ugyg
potentials chosen are the equilibrium potential for CO(g) to
C,H,(g) (blue), the potential at which the potential-dependent
step is still rate-determining (red), and the potential at which all
charge-transfer steps are exergonic (yellow). The combination
of a small OCCO* dimer barrier and a possible protonation at
very low overpotential provides an explanation for the first
question asked in this work, why the formation of C,H, is
possible at a low overpotential on Cu(100), before H, formation
occurs.

However, it does not explain the experimental change in onset
potential, which is observed to be dependent on the nature of the
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Figure 3. Free energy diagram from CO(g) to C,H,(g) at pH = 13 and
at three characteristic Uy potentials: the equilibrium potential for
CO(g) to C,H,(g) (blue), the potential at which the potential-
dependent step is still rate-determining (red), and the potential at
which all charge-transfer steps are exergonic (yellow). The three
different Upyg potentials show that the formation of C,H, is possible at
a low overpotential on Cu(100). The pH- and Ugyg-dependent free
energy diagram is obtained by combining AIMD simulations of possible
intermediates and setting the energy of each state by utilizing the
GCHE scheme as a function of pH and potential as shown in the inset
(see Figure S11 for more intermediates). The points in the inset
correspond to AIMD states, with each color representing relevant
intermediates, and the solid lines are fitted to the AIMD states, while
dashed lines show the three characteristic Upyy potentials. Further, the
potential-independent CO*-to-OCCO* barrier is almost negligible,
shown in black and calculated as shown in Figure S13.

electrolyte and on pH."* To unravel this further, we investigate
the electrochemical properties of the interface.

Electrochemical Interface Effects on CC Coupling on
the Cu(100) facet. Next, we will try to answer the second
question of why the C,H, evolution changes with electrolyte and
pH. To this end, we perform AIMD simulations of the interface
of aqueous electrolyte with Cu(100), which is covered with H*
and OH* from zero up to half coverage (n/N, where n is the
number of protons added or subtracted and N is the number of
surface atoms in the unit cell). Furthermore, we simulate
electrolytes with single H,PO¥ anions as well as OCCO* and
OCCOH species adsorbed at the surface. From each of these
AIMD simulations we save the energy and work function from
each state to employ the GCHE scheme®>* (see Methods
section).

The AIMD results together with eqs 1 and 2 allow us to
represent (AEgcyg) as a function of Ugyy in a phase diagram at
pH =7 with phosphate ion configurations, and at pH = 13 for the
aqueous electrolyte in Figure 4a,b. The standard hydrogen
electrode (Ugyg) and work function (¢) potential scales are
included above the two frames, which show how the two
potential scales relate to the reversible hydrogen electrode
(Uggg) scale seen below the frames. Furthermore, each bin with
an intermediate coverage above 0.1 of one of the OCCO¥,
OCCOH*, and H,POF adsorbates has been assigned the
respective color of the legend. The results in the phase diagrams
(Figure 4a,b) represent raw data of the most stable states under
the conditions. The slope corresponds to the charge at the
surface, while the coverages at the surface may not exactly be
similar to the charge. Hence we also display the coverages.

The coverages (Ogcyg) of each species of interest are plotted
as a function of Upyy (Figure 4c,d) for the phosphate buffer and
the aqueous electrolyte, respectively. This result strikingly
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Figure 4. (a, b) Interface phase diagrams calculated by Boltzmann
weighting of the energies obtained from the GCHE scheme to give the
most stable configurations as a function of pH and potential. (c, d)
Coverage obtained from the interface phase diagrams, which is
compared to the experimental results below in (e, f). A clear correlation
can be seen between the experimental C,H, mass spectrometry signal
and the region where the OCCOH¥* intermediate covers the surface
according to our calculations. The C,H, mass spectrometry tail tracing
the H, signal, shown by the orange overlap of the red and yellow colors,
represents a combination of H* and OCCOH* at the interface, which
has not been calculated. Note that the absolute experimental mass
spectrometry signal rates cannot be obtained, and the calculations yield
only coverages without considering the forward reactions in steady-
state conditions. Figure S6 show both electrolytes at opposite pH.
Experimental data are adapted from ref 14.

explains the onset potential change for the C,H, mass
spectrometry signal on the Cu(100) facet in the phosphate
buffer experiment at pH = 7 and in the sodium hydroxide
experiment at pH = 13 by comparison with the experimental
reaction mass spectrometry signals shown in Figure 4e,f on the
same potential scale (data from Schouten et al."*).

The simulated coverage of OCCOH* in each electrolyte falls
into the potential window where CC coupling toward C,H,
takes place, but before the H* coverage increases, which results
in a combined H, and C,H, rate signal. In this latter region, the
calculated combination of OCCOH* and H* would only
approximate the C,H, mass spectrometry signal and still not
explain the absolute observed mass spectrometry signal of C,H,
compared to H,, as this may also depend on the role of the
protonation kinetics.>*** In fact, the reaction rate depends not
only on the thermodynamic window of a stable OCCOH*
intermediate but also on the nature of the cations present, as was
recently shown experimentally.'

Comparing the thermodynamic windows of the two electro-
lytes in Figure 4c,d shows the main shortcomings of employing a
phosphate buffer electrolyte. Here, the simulations show that the
Cu(100) facet is covered by HPOj anions up to high
overpotentials, whereas in the aqueous electrolyte the OH*



coverage is the limitation for CC coupling at lower over-
potential. Thus, the energetic limitation for CC coupling is
merely an electrolyte counterion-dependent property and not a
pH-dependent property. In Figure S6 data for the phosphate
electrolyte at pH = 13 and the water electrolyte at pH = 7 are
shown, demonstrating that phosphate species become unstable
at alkaline pH. Despite the uncertainties with respect to
reference (see Figure S8), the phosyhate electrolyte result is
in line with experiments by Hori et al.**">® and Kortlever et al.*

These results also allow us to investigate the CO, reduction
reaction (CO2RR) interface, which is in constant equilibrium
with carbonate species. The carbonate anions could block the
Cu facets, which consequently would limit the CO2RR at low
overpotentials. Figure 5 shows the calculated phase diagram and

how the C,H, evolution thermodynamically depends on the
nature of cations and, in turn, how the cations affect the
electrochemical interface.

Simulations are performed with charge neutral Na, K, and Cs
atoms added to our Cu(100) interface simulations, and
quantum mechanics determines if these atoms become cations
or molecules. Hence, we refer to Na, K, and Cs as cations. These
cations are chosen so that the simulations can be directly
compared with recent experiments on the Cu(100) facet with
different cations by Gallent et al.'® Since the addition of cations
to AIMD simulations increases calculation time significantly, we
sample as few states as possible.

Figure 6a shows the cation position density in the interface
model as a function of the Cu(100) surface, as illustrated in the
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Figure 5. (a) Interface phase diagram calculated by Boltzmann
weighting of the energies obtained from the GCHE scheme to give the
most stable configurations as a function of pH and potential. (b)
Coverage obtained from the interface phase diagrams, showing that
CO#% anions are more stable than OH* on the surface but still less
poisoning than phosphate. This result indicates that overpotential
differences between CORR in alkaline electrolyte (NaOH, KOH, ...)
and CO2RR in bicarbonate electrolyte are due to a carbonate poisoned
surface.

coverage including HCO§ and CO¥ species for Cu(100) at pH
= 7, and assuming a constant chemical potential of carbonate
species as is in the solution. Indeed, this shows that carbonate
species cover the surface until an overpotential larger than that
of OH* intermediates found in alkaline electrolytes (NaOH,
KOH, ...), while the carbonate does not block the surface as
strongly as a phosphate anion. Although the change from OH*
anion to COf is smaller than the experimental results comparing
CO2RR in bicarbonate and CO reduction in KOH, it does
reflect the trends observed for CO2RR and CORR comparison
studies,** and further it explains how the construction of an
abrupt KOH interface can lower the CO2RR overpotential.*!
Additionally, we can understand why it is difficult to
experimentally confirm the formation of OCCO* dimers. A
certain minimum overpotential is necessary to remove anions or
OH* intermediates from the surface while not protonating the
OCCO* dimer, which, as can be seen, is thermodynamically
almost impossible. In the aqueous electrolyte, the OCCO*
dimer is present just after OH* has left the surface; however,
with a similar probability of finding the OCCOH¥* intermediate,
the OCCO* has a negligible lifetime on the surface. Observation
of the OCCOH* intermediate has indeed been confirmed
experimentally at low overpotential in a lithium hydroxide
electrolyte,* which also agrees with our simulation results.
Cation Effects in the Electrochemical Interface on CC
Coupling on the Cu(100) Facet. Recently, increased interest
has been devoted to studying how cations may affect CO,/CO
reduction toward different products.'®** Here, we will show
how our methodology can be used to investigate the questions of
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Figure 6. (a) Cation position density in the interface model, showing
that the cation is approximately 3 A from the surface and close to the
OCCO¥* intermediate illustrated by the figure insert. (b) Trend study
approach for the OCCO* and H* binding energies in different alkali
metal electrolyte solutions on the Cu(100) facet. The energies show
only minor dependencies on the nature of the cation introduced in the
interfacial region. (c) Coverage plots of OCCOH* and H*
intermediates, which can be compared with the experimental results
of C,H, and H, mass spectrometry signal in (d), respectively. The
simulations show that different cation electrolytes do not affect the
OCCOH* and H* intermediates significantly, which corresponds well
with the normalized experiments. Experimental data are adapted from
ref 16, which had a constant offset by 0.2 eV as compared with ref 14;
this is discussed in the text.

inset. The different cations are shown to be in the first water
layer, close to the OCCO* intermediate. However, remarkably,
the cation close to the intermediates does not change the
thermodynamic binding energy of the intermediates. In Figure
6b, the relevant energy data from the cation studies are added to
our energetic trend study framework.”" This shows that different
cations do not change the binding energy of OCCO* and H*
significantly as compared to the stabilization through the
presence of water. This indicates that the cations probably do
not play an important role in the thermodynamics of CC
coupling. However, we investigate the potential window of C,H,
evolution in the presence of the cations to compare with
experiments and the simulations of pure aqueous electrolyte.
To add the cation electrolyte states in equilibrium with
electrons, protons, and ions, we apply the GCHE scheme in a



modified form to include the ions (see Methods section). From
this treatment, we again plot the coverage plots of OCCOH*
and H* with and without cations in Figure6c, allowing the
comparison of trends obtained from the simulation with
experimental trends on the Cu(100) facet (shown in Figure6d).

We note that the experimental Cu(100) facet studies by
Schouten et al."* and Gallent et al.'® show two main differences
(compare Figure 4f with Figure 6d). First, the potential window
of C,H, mass spectrometry signal is much broader in the more
recent work, although similar for the different cations, as
compared to the earlier experiments. Second, the H, and C,H,
evolution onset potential is shifted negatively in the recent
experiments. This indicates that reproducibility of these types of
experiments is difficult to achieve, and after discussion with the
authors, we rely on the comparison of the phosphate buffer and
NaOH electrolyte simulations with the work by Schouten et al."*
and the comparison of the cation simulations with the work by
Gallent et al.'®

Comparing our simulations in Figure 6c for the different
cations, we do not observe significant differences as compared to
the aqueous electrolyte simulations. The OCCOH* coverage is
limited first by an OH* coverage at low overpotential and by H*
at high overpotential, and only negligible differences are seen
between the different cations. Comparing with the experiments
in Figure 6d, we do observe an offset in both HER and C,H,
signal; however, we accept this offset based on the discussion of
experiments (the offset could be fitted by shifting the H, energy
as in Figure S7). Overall it seems that, for HER and C,H,, the
thermodynamics are unchanged by different alkali metal
electrolytes, while the cation may affect the kinetics of the
protonation.

DISCUSSION

In this work we have shown, using Ab Initio Molecular
Dynamics (AIMD) simulations, how the CO reduction
intermediates are affected by the presence of an aqueous
phase. We find that, in the aqueous electrolyte, the OCCO*
intermediate is stable only on the Cu(100) facet, while the CO*
and H* simulations for all facets show only minor differences
from the respective vacuum calculations. Investigating the water
stabilization of OCCO* on the Cu(100) facet shows that the
aqueous phase is more structured and that the hydrophilic
properties are changed significantly by the presence of the
OCCO¥* intermediate as compared to those on the other facets.

To move beyond the binding of CO* and OCCO* on the Cu
facets, we investigate the species obtained by a first protonation
step. We observe the trend that the COH* intermediate on all
facets is stabilized significantly as a consequence of the solvation
of the —OH group by water, whereas the CHO* intermediate is
unaffected by the electrolyte. However, none of these
protonations is energetically favorable at potentials prior to
H* intermediate adsorption. Only the protonation of OCCO*
to OCCHO* or OCCOH* occurs at potentials prior to H*
adsorption; here, the adsorption of the OCCOH* is most
favorable. Hence, the special nature of the aqueous interface on
the Cu(100) allows not only stabilization of the OCCO*
intermediate but also an earlier protonation than the potential
needed for formation of H* intermediates on the surface. This
explains the occurrence of CC coupling prior to HER on the
Cu(100) facet.

We demonstrate, by using multiple AIMD simulations
together with the GCHE scheme, that the origin of the changed
onset potential is not a pH effect but rather an electrolyte

counterion effect. By direct comparison with experiments, we
show that the limiting factor in the phosphate buffer electrolyte
is the coverage of HPOJ anions, while in the alkali metal
hydroxide electrolyte the limitation may be the coverage of OH*
intermediates or the latter reduced OCCO¥* intermediate. To
compare our CORR results with those of CO2RR carried out in
bicarbonate solution, we also show that CO¥ anions poison the
surface more strongly than OH*, but less strongly than a
phosphate anion. This indicates that overpotential differences in
CO and CO, reduction reaction experiments on measured
products may be a result of anion poisoning.

The simulations of the interface region with solvated Na, K,
and Cs ions make it possible to study the trends in C,H, and H,
production related to the different cations. It is found that the
nature of the cation has only a minor influence on the
thermodynamic window, corresponding well with experiments.
Consequently, cations present in the interface region are likely
to affect only rate properties, and not the thermodynamically
defined adsorption energies.

Summarizing these investigations, we can list the require-
ments of the catalytic interface to produce CC products in
electrochemical CO reduction:

(1) no underpotential-deposited hydrogen (H,,q)
(2) binding of CO*

(3) OCCO* stable relative to CO*

(4) OCCO* protonated at potentials prior to HER
(5) low coverage of spectators

Understanding the electrochemical interface at this level
provides a deep understanding of the properties to gain a high
amount of CC bonded products from CO reduction. We believe
that this methodology can elucidate such complex situations to
give us a fundamental understanding, and it illustrates a shift in
simulation techniques for electrochemistry from vacuum
binding energies to more realistic electrocatalytic interface
simulations.

METHODS

Generalized Computational Electrode (GCE). In order to
generate the interface phase diagrams from our AIMD trajectories
containing energy and work function, we apply the Generalized
Computational Hydrogen Electrode (GCHE) scheme®* in two
different versions: first for aqueous electrolyte simulation and with the
addition of phosphorus or carbonate states, and second in a modified
version to include the cations.

The pertinent GCHE equation for our phosphorus and aqueous
electrolyte investigations defines the energy of each state of the AIMD
configurations for a given potential and pH as

AEgeue( py 4, #,- pH) = E(n, p, 9, ¢,-) — (E({n, p, q} = 0))
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where p = {0, 1, 2}, g = {0, 1}, and n = {—6, ., 6}. Here the energy,
AE ey, is a function of the number of protons n removed or added, the
number of CO adsorbates p, the number of H;PO,4(aq) g, the work
function ¢, and pH (Ugyg)- # denotes the chemical potential of
molecules, gy is the defined standard hydrogen electrode potential of
44 V on the absolute scale,* kg is Boltzmann’s constant, T is the
absolute temperature, and (E({n, p, q} = 0)) is the reference energy.
The energies obtained in this way are depicted in Figure SS, and the
bicarbonate anions can be included in a similarly way. The
thermodynamics data used for phosphate are shown in Tables S1—S4
and for bicarbonate in Tables SS—S7. References made in this way carry
uncertainties with respect to the entropy of the species in the interface,



functional errors, and basis set errors, and they generally rely on
absolute values as compared to trend schemes.

However, in order to obtain the energy and coverage of the interface
at the specific conditions determined in eq 1, all the GCHE energy
states are Boltzmann-weighted by binning the data within a bin of
chosen size, as

=AEgeue(n py 4, - pH);
kT

U

N
1
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where Z is the partition function, N is the total number of states in the
bin, and (A) is the property of interest, in this case the energy (AEgcy)
and the coverage (Ogcpg)-

The specific GCHE equation for the cation investigations carried out
here applies an additional term to define the energy of each state from
the AIMD configurations as a function of ion concentration, potential,
and pH as

AEGCE(”; P; I: [/)e_’ PH) = E("} P; I; ¢e—) - (E({n, P; I} = 0))
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where p = {0, 1, 2}, I = {0, 1}, and n = {—6, .., 6}. Here the energy
AEgcg now denotes a generalized computational electrode, which is a
function of the number of protons n removed or added, the number of
CO molecules p, the work function ¢,-, pH (Ugyg), and the number of
ions I added to the interface and which have ionization potential on the
absolute potential scale ¢, and a concentration M. Again, (E({n, p, I}
=0)) is the reference energy, and the GCE energy states are Boltzmann-
weighted to obtain the interface phase diagram and coverage plots in
Figure S9.

Computational Details. Atomic structures were built with ASE.**
The vacuum metal facet structures are composed of face-centered cubic
(3%3x4) unit cells, with the two bottom layers fixed. The water
interface models are constructed as orthogonal (3x4x3), (3x4X3),
and (2X4x3) unit cells for the (111), (100), and (110) copper facets,
respectively, to obtain similar xy plane interface areas of the unit cells.
Each water interface model consists of 3 water layers with a total of 24
H, O molecules, which are allowed to move freely during the simulation.
An additional hexagonal water layer on top of the mobile aqueous phase
is also kept fixed in order to keep the water density of the interface
model constant and close to that of pure water. When atoms (protons
or intermediates) are added and subtracted, the top water layer remains
unchanged. Although the water interface models are more realistic, they
still suffer from limitations due to thickness of water, area of unit cell,
periodicity of cell, and more.

The electronic structure calculations are carried out at the
Generalized Gradient Approximation Density Functional Theory
(GGA-DFT) level with the projector-augmented wave method as
implemented in GPAW.* Different levels of electronic structure
calculation were employed: (1) BEEF-vdW>"?® functional calculations
are carried out for vacuum binding energies to estimate functional-
dependent errors and using (4X4x1) k-points and a 0.18 A grid
spacing. (2) The water/copper interface is modeled by AIMD at a
constant temperature of 300 K (using Berendsen®® NVT dynamics,
with a time step of 0.5 fs and a time temperature cooling constant of 200
fs) as implemented in GPAW. In Figures S1 and S3, AIMD results are
shown from the beginning until an (on average) constant total energy is
achieved. To achieve thermal equilibration and a sufficient number of
states for the GCHE approach, the electronic structure calculations are
carried out by RPBE*” calculations in LCAO mode, with a grid spacing
of 0.18 A at the gamma point. From these AIMD ensembles, we
calculate the binding energy of, e.g., CO according to

AEcox = (Egor) — (Ey) — ECO(g) (4)

where ( ) means it is the average potential energy of the equilibrated
ensemble obtained, as shown in Figure S3 and presented in Figure 2a as
the blue markers for each facet.

To determine whether the conclusions from the AIMD are robust
with respect to the level of calculation, and to reject conclusions based
on basis set and k-point errors, a selected set of fixed AIMD
configurations is considered with LCAO settings and high finite
difference settings; see Figure S4a. The data show an expected constant
offset and acceptable deviations from the mean. Further, the systematic
work function error of the LCAO calculations is estimated by
comparing with finite difference calculations, as shown in Figure S4b.
This yields a mean error of ~0.4 eV, which is slightly higher than
previously reported values, which were around ~0.3 eV. However, the
calculated offset for the LCAO work function only leads to the
production of states having an incorrect potential; correcting for the
work function error only changes the distribution in a minor way, and
the results can be assumed almost unaffected by this. Finally, as the
LCAO method suffers from basis set superposition errors, the
molecular vacuum energies for the LCAO calculations are determined
by adding ghost states corresponding to the basis set of the calculated
interface unit cell. With the ghost states, the vacuum binding energies in
the LCAO mode for H* are still determined to have a constant offset as
compared to the BEEF-vdW calculation; consequently, a 0.2 eV
correction is added to the H* binding energy, thereby matching the
Cu(111) facet binding energies at both levels of electronic structure
code. After correcting the H* energy, we also test the robustness of our
main findings by changing the H,(g) energy by +0.5 eV in Figure S7
and robustness of the H;PO,(aq) reference by +0.5 eV in Figure S8.

Data Availability. Atomic structures and interface models together
with databases and analysis scripts are available on our group’s web page
http://nano.ku.dk/english/research/theoretical-electrocatalysis/
katladb/. Using the thermalized water systems available there can
significantly reduce the calculation time for thermalization of future
AIMD investigations.
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