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Abstract: The electrochemical CO and CO, reduction reactions (CORR and CO,RR) using copper catalysts and renewable electricity hold
promise as a carbon-neutral route to produce commodity chemicals and fuels. However, the exact mechanisms and structure sensitivity of Cu
electrodes toward C, products are still under debate. Herein, we investigate ethylene oxide reduction (EOR) as a proxy to the late stages of
CORR to ethylene, and the results are compared to those of acetaldehyde reduction to ethanol. DFT calculations show that ethylene oxide
undergoes ring opening before exclusively reducing to ethylene via *OH formation. A selectivity map for the late stages of CORR and CO,RR
based on generalized coordination numbers (CW) shows that sites with moderate coordination (5.9<ﬁ<7.5) are efficient for ethylene
production, with pristine Cu(100) being more active than defective surfaces such as Cu(311). In contrast, kinks and edges are more active for
ethanol production, and (111) terraces are relatively inert.

Introduction

The electrochemical reduction of carbon monoxide and carbon dioxide (CORR and CO-RR) using solar electricity has the potential to
supply useful chemicals and liquid fuels sustainably while maintaining carbon neutrality.23 Pioneering works from Hori and
coworkers showed that copper is a unique catalyst capable of catalyzing the production of a variety of hydrocarbons and alcohols
from CORRM™ and CO,RR.F! Interestingly, the relative abundance of certain products depends strongly on the catalyst's morphology
and the applied potential. Specifically, methane tends to abound when Cu electrodes have hexagonal symmetry (e.g. pristine and
stepped Cu(111)) (see Figure la for the side view of different facets). On the other hand, electrodes with square symmetry, for
example Cu(100), favor C, products such as ethylene and ethanol. Additionally, methane evolution commences at considerably more
negative potentials than those required to form C, compounds.®"89 Such dissimilar behavior indicates that the C; and C, reaction
pathways are likely mediated by different species.

The C, pathways seem to proceed via several common intermediates, as evidenced by the experimental observation that the
Faradaic efficiencies of ethylene and ethanol shift similarly when different alkaline cations are used in the electrolyte.* Ethylene and
ethanol are also known to have identical or similar onset potentials,**1213 which suggests that they share a common potential-limiting
step. Further insight can be extracted from the pH independence in the standard hydrogen electrode (SHE) scale of the CORR to
ethylene and ethanol.[l This observation suggests that C-C bonds are made via CO coupling through an electron transfer followed by
a proton transfer.

Indeed, computational studies have indicated that during CORR on Cu(100) to C, species, the coupling of two *CO mediated by
an electron transfer to form *C,0, is potential-limiting.l*¥ Besides, ethylene and ethanol were found to share the same intermediates
up to the fifth proton-electron transfer. The pathways to ethanol and ethylene then bifurcate, with the latter being the dominant
product on that facet. To improve the selectivity toward acetaldehyde and ethanol, modified Cu catalysts such as oxide-derived Cu
(OD-Cu)[*>16.17.18] or CuAg composites have been used.[19.20.21.22]


mailto:f.calle.vallejo@ub.edu
mailto:chmyeos@nus.edu.sg

The intermediate formed upon the fifth proton-electron transfer in the C, pathway during CORR is *CH,CHO. If the alpha
carbon is hydrogenated, acetaldehyde (CH3CHO) is produced. This molecule has been experimentally detected as a CORR
intermediate on OD-Cu,*® and shown to reduce entirely to ethanol on Cu electrodes.[?® If the carbonyl carbon is hydrogenated,
adsorbed oxygen (*O) and gaseous ethylene are formed (*CH,CHO + H* + e — *O + CyHy(g).*4 A closer inspection of the latter
electrochemical step shows that it convolutes the hydrogenation of the carbonyl carbon and the scission of the C-O bond. As the
kinetic barrier for the scission has been shown to be large,?*?5 *OCH,CH, might form at the surface of the electrodes. Such an
oxametallacycle species, known in gas-phase heterogeneous catalysis,? is a bidentate, adsorbed form of ethylene oxide in which
the epoxy ring has opened (see schematics in Figure 1b). Thus, the final stages of CO;RR and CORR to ethylene on Cu may be
regarded as the electrochemical ethylene oxide reduction (EOR).[")

A previous study by Schouten et al. showed this possibility when they examined various possible precursors to ethylene, such
as glyoxal, glycolaldehyde, ethylene glycol and ethylene oxide. They found that only ethylene oxide was reduced to ethylene on
polycrystalline Cu.[? Additionally, they showed that the onset potential for the EOR occurs earlier on Cu(100) as compared to Cu(111),
which indicates that EOR is more efficiently catalyzed by Cu(100).2 This observation agrees with the results for CO2RR and CORR,
where ethylene forms on Cu(100) with lower onset potentials than on Cu(111).13%127 |t has been hypothesized that the reason
behind the lower EOR onset potential on Cu(100) is the enhanced stability of the oxametallacycle intermediate from ethylene oxide
reduction on this surface.[”! Given that some intermediates are possibly shared, but ethylene is usually more abundantly produced
than ethanol during CO,RR and CORR,?® it is critical to understand what drives the functionality of Cu catalysts toward specific C»
molecules.

Herein, we provide a computational-experimental study of EOR to ethylene on copper electrodes. The onset potentials for
ethylene formation were determined for Cu(111), Cu(100), Cu(211) and Cu(311) single-crystal electrodes. We find a quantitative
correlation between the experimental and calculated onset potentials and the geometric structure of the active sites. Furthermore, we
elucidate the most likely reaction pathway for EOR to ethylene, where *OH protonation is the potential-limiting step for all the studied
surface sites. More importantly, we build a selectivity map for the late stages of CO,RR and CORR to C, products at Cu surfaces.
The chart shows how the selectivity toward either ethanol or ethylene is modulated by the geometric structure of the active sites.

Results and Discussion

1. Active sites and reaction pathways. The pathways through which ethylene oxide may be reduced to either ethylene (CoH.O() +
2H* + 2e"— CyHyg) + H20()) or ethanol (C2H4O(g) + 2H* + 2e"— C,HsOHg) via 2-electron catalytic processes are shown in Figure 1b.
We studied the possible pathways on Cu(100), Cu(111) and four defective Cu surfaces, namely, Cu(211), Cu(311), 4AD@Cu(100)
(four Cu adatoms on Cu(100)) and 4AD@Cu(111) (four Cu adatoms on Cu(111)). A depiction of the different active sites under study
is shown in Figure 1a and the calculated adsorption energies appear in Table S10 in the Supporting Information (SlI). We concluded
that the most favorable pathway in all cases is the one that leads to ethylene via Equations 1 to 3 (green pathway in Figure 1b).

C2H4O(g) +* — *OCH,CH, (1)
*OCH,CHs + H* + e — *OH + C2H4(g) (2)
*OH+H"+e — H20(|) (3)

where * is a free surface site. The first step is the chemisorption of ethylene oxide, which involves the opening of the epoxy ring and a
bidentate adsorption configuration (Equation 1). Ethylene and *OH are formed after the first proton-electron transfer (Equation 2).
Finally, *OH is reduced to H,Og upon the second proton-electron transfer, such that the active site is free again to start a new
catalytic cycle (Equation 3).
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Figure 1. a) Side views of the surface models used in this work. b) Schematics of the different reaction pathways for ethylene oxide reduction to ethylene and
ethanol on Cu electrodes. The first step is the chemisorption of ethylene oxide, whereas the other steps are electrochemical. The green arrows mark the lowest-
energy pathway. Cu, C, O and H atoms are shown in gray, brown, red and pink, respectively.

It is important to note that if a given site does not bind ethylene oxide strong enough (Equation 1), it would be difficult for EOR
to proceed. This could occur as a result of the competitive adsorption of *H, which is involved in the hydrogen evolution reaction.
Hence, before we analyze the electrochemical steps in Equations 2 and 3, a comparison between hydrogen and ethylene oxide

adsorption is necessary. The adsorption energies are plotted in Figure 2 as a function of the generalized coordination humber (a)

of the active sites (see Section S7 in the Sl for the details on the assessment of CN ). *H and *OCH,CH, behave differently, as only
the latter displays strong structural sensitivity. Interestingly, we found that the adsorption energies of *H and *OCH,CH, are
comparable on Cu(111) terrace sites. Consequently, Cu(111) will probably have a higher *H coverage as compared to the other Cu
facets, since these latter surfaces adsorbed *OCH,CH, more strongly than *H. As ethylene oxide adsorption requires binding to
several surface atoms, its adsorption is likely hindered to a large extent by the high coverage of *H on Cu(111).

Furthermore, we note that the adsorption energy of ethylene oxide on Cu(100) noticeably departs from the linear trend in Figure
2. As *OCH,CH; is a bidentate adsorbate, this departure can be attributed to the ensemble effects originating from its double-bridge
adsorption configuration (shown in Figure S7 of the Sl), in line with previous reports for similar bidentate adsorbates at square-
symmetry sites.?*3° According to those works, ensemble effects should generally be present on (100)-like sites but tend to be less
pronounced at undercoordinated sites. Indeed, we observe just that for 4AD@Cu(100) in Figure 2, whereby the deviation from the
linear trend is within a confidence interval of 83% set at +2 MAE (MAE: mean absolute error).
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Figure 2. Adsorption free energies of *OCH2CH: (in blue, see Equation 1) and *H (in red, with respect to H* + e’) as a function of the generalized coordination
number (a) of the active sites. A linear regression for *OCH2CH2 along with the corresponding Pearson correlation coefficient is shown, without including

Cu(100) in view of its known ensemble effects.?>% The red line is the arithmetic mean of the *H adsorption energies. A grey band of +2 MAE is provided around
the lines. MAE: mean absolute error of the points with respect to the linear fit.

2. Experimental and computational onset potentials. The free-energy diagrams with the relative stability of the reaction
intermediates in Equations 1 to 3 for the six surface models under study are shown in Figure S8. In Figure 3a, we condense all those
data in the form of a coordination-activity plot, in which the limiting potential for each site is correlated with its respective generalized
coordination number. All sites share the same potential-limiting step, namely *OH hydrogenation to H,O (Equation 3). The calculated
onset potentials for Cu(111), Cu(100), Cu(311), Cu(211), 4AD@Cu(100) and 4AD@Cu(111) are respectively -0.04, -0.34, -0.46, -
0.50, -0.48, and -0.52 V vs RHE.

Next, we determined experimentally the onset potentials for EOR on copper surfaces (see Figure 3 and Table S2). The reaction
was performed at pH = 7 in 0.1 M potassium phosphate buffer electrolyte. An electrolyte with neutral pH was chosen to avoid the side
reactions of ethylene oxide to give ethylene glycol and polyethylene glycol under acidic and basic conditions.®!l The surfaces of the
Cu electrodes used were characterized using cyclic voltammetry and X-ray diffraction (XRD) (Figures S1-S4). During electrolysis,
ethylene oxide (2.5 mol % in N, gas balance) was constantly bubbled into the cathodic compartment. The EOR products were
identified by gas and liquid chromatography. Ethylene was the only EOR product detected and ethanol was not observed, even at
considerably more negative potentials, namely -1 V vs RHE (Figure S6). This agrees with the DFT results, which show that ethylene
is the more favorable EOR product (Figure 1 and Table S10).
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Figure 3. a) Coordination-activity plot for ethylene oxide reduction to ethylene. The calculated (blue) and measured (green) onset potentials are plotted as a
function of generalized coordination numbers ( CN ) for various electrodes. The dashed line is the equilibrium potential (0.81 V vs RHE) and the red line marks the

separating point, whereby *OCH2CH. adsorbs more strongly than *H for surfaces with CN on the left side of the red line. Detailed free-energy diagrams are

provided in Figure S8. b) Ethylene signals during EOR on Cu(111), Cu(100), Cu(311), and Cu(211) at different applied potentials in 0.1 M potassium phosphate
buffer solution (pH = 7). X marks the potentials where ethylene evolved from EOR was not in detectable amounts.

The experimental EOR onset potential was determined to be the potential at which the ethylene signal begins to be stronger
than the baseline signal (see Section S3 in the Sl). The onset potentials for Cu(100) and Cu(111) were -0.35 and -0.50 V vs RHE
respectively (Figure 3b). Compared to the calculated values of -0.34 and -0.04 V vs RHE on these two surfaces, it is striking that
there is only good agreement for Cu(100). Judging by the simulated onset potentials for four defective surfaces, which are all in the
narrow range of -0.46 to -0.52 V vs RHE (Figure 3a), we hypothesized that the discrepancy could stem from the fact that defects on
the Cu(111) crystal, rather than the Cu(111) terraces themselves, catalyze the EOR.

We evaluated this hypothesis by performing EOR on Cu(211) and Cu(311). These two surfaces have respectively 3-atom- and
2-atom-wide (111) terraces, separated by monoatomic (100) steps. The experimental EOR onset potential on Cu(211) was -0.50 V vs
RHE (Figure 3b), which is the same as that of Cu(111). For Cu(311), the EOR onset potential, which was at -0.45 V vs RHE, was
slightly earlier than that on Cu(211) and Cu(111) (Figure 3b). This result is in good agreement with the presence of a higher density
of step edges on Cu(311), which can increase the amount of ethylene formed from EOR, thus resulting in a somewhat earlier EOR
onset. Overall, similar onset potentials were determined for Cu(111), Cu(211) and Cu(311), which strongly indicates that the
‘discrepancy’ between the experimental and calculated onset of EOR on Cu(111) was due to (i) the presence of defective sites such
as step edges, and (i) the inability of Cu(111) to sustain an appreciable coverage of adsorbed ethylene oxide.

In this context, the ethylene signals obtained on the different facets at -0.50 V vs RHE are noteworthy (Figure 3b): Cu(100)
produces the highest amount of ethylene from EOR amongst all the facets studied, followed by Cu(311), Cu(211) and lastly on
Cu(111). This finding further highlights the importance of (100) facets for the EOR to ethylene and the fact that (111) terraces are
likely inactive. This conclusion goes along the same lines of previous studies for similar organic reactions, e.g. acetone reduction,
where (111) terraces were also observed to be rather inactive in view of the competition of the adsorbates with *H for adsorption sites
at potentials close to 0 V vs RHE.[?3:32.33.34]



3. Implications for CO2RR and CORR. Numerous works on roughened and oxide-derived Cu catalysts have invoked the presence
of step and defect sites as being responsible for enhanced ethylene formation from CO,RR or CORR.[536371 Qur experimental and
computational onset potentials in Figure 3 suggest that this general claim is likely inaccurate, as Cu(311), which has abundant step
edges, actually catalyzed ethylene formation less readily than Cu(100). This observation also concurs with a previous work on CuCl-
derived Cu mesocrystals.*8l The surfaces of these catalysts, which consist mainly of various atomic steps and (100) terraces,
reduced CO; to ethylene more selectively than Cu nanoparticles. Unlike the Cu mesocrystals, the Cu nanoparticle surface were
found to have high-index planes composed of abundant steps, but with no terraces. The present results further stress the importance
of Cu(100) terraces for the selective formation of ethylene during CO; electrolysis.

The standard potential for the reduction of ethylene oxide to ethylene is 0.81 V vs RHE. Judging by the calculated and
measured onset potentials, we conclude that, despite its apparent simplicity, the EOR on Cu requires large overpotentials of no less
than ~1.15 V. Knowing that Equation 3 (*OH + H* + e*— H,0y) is the potential-limiting step for all the studied models (See Figure 3a),
destabilizing *OH would likely lead to lower overpotentials. Different strategies may be used to this end, for example, changing Cu-Cu
distances via strain,?®4%41 making use of different electrolytes so that cation and/or anion effects modify *OH adsorption
energies,*?#3 and using nonaqueous solvents such as acetonitrile to avoid the stabilization granted by *OH-H,O hydrogen
bonds.*4%1 These strategies are also important for the CORR to ethylene on Cu(100), as the onset potential is around -0.40 V vs
RHE and is usually attributed to the formation of a CO dimer.**14 Once the dimer formation is experimentally optimized so as to
require a significantly less negative potential, the next target will probably be *OH, as its conversion to H,O requires -0.35 V vs RHE
according to Figure 3.

Finally, we will compare the EOR results to those of the acetaldehyde reduction reaction (ARR) on Cu.l?®! Experimentally, the
ARR leads exclusively to ethanol (CH3CHOg + 2H* + 2e-— C;HsOH()) and its equilibrium potential is 0.24 V vs RHE. On Cu
electrodes, the ARR is limited by the formation of a monodentate, O-bound ethoxy intermediate
(* + CH3CHO() + H* + e — *OCH,CHs), the hydrogenation of which is usually downhill in energy to produce ethanol (*OCH,CHj3
+H"+e—*+ C2H50H(|)).

In Figure 4a, we provide a selectivity map of Cu sites for the ARR, EOR and hydrogen evolution reaction (HER). The plot
connects the generalized coordination of the active sites to the preferred reaction products and limiting potentials (U.). ARR is
thermodynamically more favorable than EOR at highly undercoordinated Cu sites (m<5.9), that are characteristic of step edges
and kinks. Note that this result helps to explain why in a recent work, Cus and Cu, clusters could reduce CO; to ethanol with Faradaic
efficiencies of up to 91%.41 On the other hand, ethylene formation is favorable at moderate-coordination sites (5.9<ﬁ<7.5 ).
Cu(100) terraces belong to this category and introducing undercoordinated defects onto facets within this category makes the limiting
potential more negative. This is what we observed experimentally in Figure 3b. Finally, adsorbed hydrogen prevails over adsorbed
ethylene oxide on Cu(111) terraces and more coordinated sites (CN > 7.5), which renders them inactive for the EOR. This is also in
line with the experimental results shown in Figure 3b.

We note in Figure 4a that the opposite slopes for the right leg of ARR (in blue, 3.7 <C_N<5.9) and the EOR region (in green,

5.9<CN < 7.5) suggest that undercoordination has opposite effects on the catalytic activities. Interestingly, these observations
coincide with many previous findings for CO,RR and CORR: (l) Pristine Cu(100) is usually selective toward ethylene.!®27281 (1) A
rougher Cu surface, which intuitively is a surface with more defective sites such as steps and kinks, will enhance the relative
production of ethanol over ethylene as compared to smoother Cu surfaces, as illustrated in Figure 4b and Section S4 in the SI.1131647-
50 (1) Cu(111) produces low amounts of C, species.[#2728 |n this order of ideas, electrodes where a multiplicity of sites coexist, will
likely lead to a mix of C, products as a result of CO,RR and CORR.

Conclusion

Despite extensive research on CO;RR and CORR, there is not yet a consensus about the complete reaction mechanism. Herein, we
studied the ethylene oxide reduction (EOR) as a proxy for the late stages of the CO,RR and CORR pathway to ethylene on Cu. *OH
hydrogenation is the potential-limiting step in all studied cases, and the most efficient surface for EOR is Cu(100), with an onset
potential of -0.35 V vs RHE. The EOR onsets for Cu(111) and Cu(211) were identical at -0.50 V vs RHE, but the measured current
densities were smaller on the former, suggesting that only defect sites on Cu(111) are active.

Comparing the acetaldehyde reduction reaction (ARR) to EOR on Cu, we conclude that the former is favored at highly
undercoordinated sites (CN <5.9, typical of step edges and kinks); the latter is preferred at moderately undercoordinated sites
(5.9< CN < 7.5, e.g. Cu(100)); and hydrogen adsorption precludes ethylene oxide on Cu(111) and more coordinated sites ((W >7.5).
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Figure 4. a) Selectivity map for the late stages of CO and CO: electroreduction on Cu electrodes. The calculated limiting potentials (U.) are plotted as a function
of the generalized coordination number (C_N ) of the active sites. The upper x-axis shows the studied active sites. Acetaldehyde reduction (blue) to ethanol is

most favorable on low-coordination sites (a<5.9 ), whereas ethylene oxide reduction (green) to ethylene is most favorable on intermediate-coordination sites

(5.9<a<7.5 ). For CN>75 , only hydrogen evolution (orange) proceeds. To the left of the red line ( C_N:7.5), the catalytic sites adsorb ethylene oxide more

strongly than *H. The dashed lines mark the equilibrium potentials; the potential-limiting steps are provided in each case. b) Ratio of jethanol / jethylene Of various Cu
catalysts plotted as a function of catalysts’ roughness factor. All data used are obtained from previous COzRR (i-v) or CORR (vi) studies (Section S4 in the Sl):
(i) reference 13, (ii) reference 47, (iii) reference 48, (iv) reference 49, (v) reference 50, (vi) reference 16.

In broader terms, our findings indicate that the most active sites for CO.RR and CORR are different for each C, product:
Cu(100) terraces favor ethylene formation, whilst steps, kinks and akin undercoordinated defects favor ethanol evolution. As the EOR
and the ARR lead exclusively to ethylene and ethanol, respectively, we conclude that the lack of CO2RR selectivity on Cu stems from
surface inhomogeneities and is dictated by the site-specific formation of either *OCH,CH. or CH3;CHO.
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