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6 | Structure sensitivity of the
electrochemical reduction of carbon
monoxide on copper single crystals

Abstract

The product selectivity in the electrochemical reduction of carbon diox-
ide and carbon monoxide strongly depends on the atomic configuration of
the copper electrode surface. On Cu(111) methane formation is favored,
whereas on Cu(100) ethylene formation is favored, with selective ethylene
formation at low overpotentials. To distinguish the reactivity of (100) ter-
races vs. (100) steps, we have studied carbon monoxide reduction on Cu(322),
with the [5(111)x(100)] orientation, and Cu(911), with the [5(100)x(111)]
orientation. Only on Cu(911) the selective ethylene formation at low over-
potentials is observed, indicating that this reaction pathway occurs on (100)
terraces only. We also show that the reduction of ethylene oxide to ethylene
is significantly faster on Cu(100) compared with Cu(111), giving further
evidence to the importance of the associated intermediate for ethylene for-
mation. On Cu(110), the potential dependence of methane and ethylene
formation is similar to Cu(111), and we have observed a primary alcohol
amongst the products.
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6.1 Introduction

The electrochemical reduction of carbon dioxide to hydrocarbons has been
subject of various investigations, since CO2 is a vast and sustainable carbon
feedstock, and the conversion of CO2 to hydrocarbons could mitigate the
increasing CO2 emissions.5,98 In 1985 it was discovered by Hori et al. that
on copper electrodes, carbon dioxide can be electrochemically reduced to
hydrocarbons, mainly methane and ethylene.2 Especially the formation of
ethylene, which is widely used in the chemical industry, is unique and only
takes place to a significant extent on copper electrodes. Since its discovery
this reaction has been studied extensively. On single crystal copper elec-
trodes, the selectivity towards hydrocarbons as well as the ratio of methane
over ethylene have been shown to depend on the atomic configuration of the
electrode surface.5,87,88,144 Hori et al. have shown that ethylene formation
is favored on Cu(100) surfaces, and that the presence of small amounts of
(111) and (110) steps in the (100) terraces increases the selectivity to ethy-
lene further.87 Methane formation, on the other hand, is favored on Cu(111)
terraces. Carbon monoxide is a well known intermediate in the reduction of
CO2,4,5,84 and the reduction of CO2 and CO have the same dependence on
the atomic surface structure.148

In Chapter 5 we have shown for CO reduction that ethylene can be
formed via two different pathways: (1) on Cu(100), CO is reduced to only
ethylene and not methane at relatively low overpotentials, presumably
through the formation of a surface adsorbed CO dimer, and (2) both on
Cu(100) and Cu(111), at higher overpotentials, CO is reduced to methane
and ethylene simultaneously, suggesting a shared intermediate.144 To in-
vestigate whether this selective ethylene formation on Cu(100) at low over-
potentials is sensitive towards (100) terraces or (100) step sites, we report
here on the electrochemical reduction of CO on two stepped Cu single crys-
tals: Cu(322), with the [5(111)x(100)] orientation, and Cu(911), with the
[5(100)x(111)] orientation. We have investigated the reactivity of these sur-
faces using online electrochemical mass spectrometry (OLEMS).108 This tip-
based sampling technique allows to follow the formation of volatile reaction
intermediates and products while changing the potential at the electrode
surface.
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6.2 Experimental

All experiments were carried out in an electrochemical cell using a three-
electrode assembly at room temperature. The cell and glassware were boiled
in ultra clean water (Millipore MilliQ gradient A10 system, 18.2 MΩ · cm)
before each experiment. A gold wire was used as counter electrode and a
reversible hydrogen electrode (RHE) in the same electrolyte was used as ref-
erence electrode. All potentials in this paper are referred to this electrode.
The potential was controlled using an Ivium A06075 potentiostat.

The single crystal copper electrodes used were bead-type electrodes
(icryst) cut and polished with an accuracy down to 0.5◦. Prior to each ex-
periment the electrode was electropolished in 66% H3PO4 at 3 V vs. a Cu
counter electrode for 10 seconds.154 After polishing, the surface quality was
verified regularly using blank voltammetry in 0.1 M NaOH.165

The experiments were carried out in 0.1 M K2HPO4 + 0.1 M KH2PO4
(pH 7) prepared from high purity reagents (Sigma-Aldrich TraceSelect)and
ultra clean water. Argon (Air Products, 5.0) bubbling was used to deaerate
the electrolyte, before saturation of the electrolyte with carbon monoxide
(Linde, 4.7).

Online Electrochemical Mass Spectrometry (OLEMS) was used to detect
the gaseous products formed during the reaction. The reaction products
at the electrode interface were collected with a small tip positioned close
(∼10 µm) to the electrode.108 The tip is a 0.5 mm diameter porous Teflon
cylinder with an average pore size of 10-14 µm in a Kel-F holder. This tip is
connected to a mass spectrometer with a PEEK capillary. The tip configura-
tions were cleaned in a solution of 0.2 M K2Cr2O7 in 2 M H2SO4 and rinsed
with ultra pure water before use. A SEM voltage of 2400 V was used, except
for hydrogen (m/z = 2) where a SEM voltage of 1200 V was used. The prod-
ucts were measured while changing the potential of the electrode from 0.0
to -1.0 V and back with 1 mV s−1. Because the equilibration of the pressure
in the system after introduction of the tip in the electrolyte takes a very long
time, all mass fragments show a small decay during the measurement. We
corrected for this background by fitting a double exponential function to
the data in the potential regions were no change in activity is observed and
subtracted this fit from the data. All mass fragments shown in this paper
have been background corrected in this way.
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6.3 Results and discussion

6.3.1 CO reduction on stepped surfaces

Fig. 6.1 compares the reduction of carbon monoxide on Cu(322) to that on
Cu(111) in a phosphate buffer of pH 7. The potential is changed from 0 to
-1 V and back with 1 mV per second. The recorded currents are shown in
the middle panel, and the volatile products measured during this potential
scan are shown in the bottom panel. At -0.4 V the current increases due
to the formation of hydrogen. Overall, the current is mainly determined
by hydrogen evolution and does not give any specific information about the
CO reduction. The hydrogen evolution leads to the formation of gas bubbles
trapped between the tip and the single crystal electrode and this explains
the somewhat noisy character of the observed mass signals. At -0.9 V the
formation of methane and ethylene is detected, represented by m/z = 15
and 26 respectively. Their formation increases when scanning to -1 V, and
continue being formed till -0.7 V in the positive going scan. The similar
potential dependence for methane and ethylene is comparable to the results
obtained for CO reduction on Cu(111). This indicates that methane and
ethylene are being formed on the (111) terraces of the Cu(322) surfaces, and
that the (100) steps have no particular reactivity for CO. When comparing
the ratio of C2H4/CH4 formation, we observe a higher ratio on Cu(322).
This shift in selectivity towards C2H4 on stepped (111) surfaces has also
been observed by Hori et al.87

Fig. 6.2 shows the results of the same experiment performed on a Cu(911)
electrode, as compared with Cu(100). On this electrode, the selective for-
mation of ethylene is observed between -0.5 and -0.8 V, whereas methane
is not observed at these potentials. At more negative potentials methane
and ethylene are formed simultaneously. These results are very similar to
CO reduction on Cu(100), indicating that also on a stepped (100) surface
the reduction of CO to ethylene occurs via two different pathways. More-
over, only (100) terraces appear to be active towards the selective ethylene
formation at low overpotentials. If (100) step sites would be the active sites
in this process, we expect to observe selective ethylene formation at lower
potentials also on Cu(322), but from Fig. 6.1 it is clear that this is not the
case. The ratio of C2H4/CH4 has significantly decreased on Cu(911) com-
pared with Cu(100). Hori et al. have observed a higher selectivity towards
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Figure 6.1 The reduction of a CO saturated (∼ 1 mM) phosphate buffer (pH 7)
on Cu(322) (a) and Cu(111) (b). The top panels show the crystal facets, the mid-
dle panels the corresponding cyclic voltammograms, and the bottom panels the
associated mass fragments of volatile products measured with OLEMS.
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Figure 6.2 The reduction of a CO saturated (∼ 1 mM) phosphate buffer (pH 7)
on Cu(911) (a) and Cu(100) (b). The top panels show the crystal facets, the mid-
dle panels the corresponding cyclic voltammograms, and the bottom panels the
associated mass fragments of volatile products measured with OLEMS.
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Figure 6.3 Key intermediates in the formation of ethylene: a) the CO dimer
and b) the oxametallacycle.

C2H4 formation upon the introduction of steps into Cu(100).87 This selec-
tivity change towards ethylene formation strongly depends on the terrace
width: according to Hori et al., it shows an optimum at Cu(711), which has
4 atom wide (100) terraces and a (111) step, but at 2 atom wide terraces the
methane formation is higher and the C2H4/CH4 ratio lower compared with
Cu(100). The presence of these narrow (100) terraces on our surface could
explain the high methane formation observed on Cu(911) in Fig. 6.2, but
this clearly would require a more detailed characterization of the surface
structure. It should also be noticed that our measurements probe the se-
lectivity during potentiodynamic cyclic voltammetry experiments, whereas
Hori’s experiments were based on long-term electrolysis experiments at a
single potential.

Our work confirms the results of Hori et al. who showed that ethylene
formation is favored on (100) facets. Gattrell et al. proposed in their review
on CO2 reduction on copper electrodes that the square orientation of the
atoms on the (100) terrace stabilizes the CO dimer, since it allows for the
coordination of the oxygen to the surface.4 Recent DFT calculations per-
formed in our research group confirm the stabilization of the CO dimer
by Cu(100) although in a different orientation than proposed by Gattrell et
al., the geometry of this dimer is shown in Fig. 6.3a.166 These DFT results
show that the CO dimer is adsorbed on two opposing bridge sites, binding
through one O atom and one C atom to four Cu atoms.

It has been observed that many electrocatalytic reactions that involve
the breaking or making of C-O, N-O, N-N and C-C bonds, such as ammonia
oxidation, dimethylether oxidation, and nitrite reduction, prefer the (100)
site geometry.167 It is assumed that in such a geometry the repulsion be-
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Figure 6.4 The reduction of ethylene oxide to ethylene on Cu(111) (left) and
Cu(100) (right).

tween two fragments occupying two opposing bridge sites is minimal be-
cause sharing of metal atoms can be avoided. It seems that this also applies
for the reduction of CO, so that the square arrangement of the atoms stabi-
lizes the reaction step/intermediates in which the C-C bond is formed.

Steps in (100) facets are usually unbeneficial for the aforementioned
bond breaking/making reactions.167 However, according to Hori et al., the
formation of ethylene is enhanced with the presence of (111) and (110) steps
in the (100) surface, with an optimum at Cu(711), which has 4 atom wide
(100) terraces and a (111) step.87 Terraces smaller than 4 atoms probably
lower the possible assemblies of surface sites where the CO dimer can be
formed, thereby limiting the C-C bond formation.

6.3.2 Ethylene oxide reduction

In Chapter 3 we have shown that the only C2 species that can be reduced to
ethylene on (polycrystalline) copper electrodes, is ethylene oxide.161 There-
fore, we have proposed an oxametallacycle (Fig. 6.3b) as intermediate in the
formation of ethylene. The aforementioned DFT calculations on Cu(100)
also suggest an oxametallacycle as an intermediate in the lowest energy
pathway from CO to ethylene.166 To investigate whether the formation of
this oxametallacycle is surface structure dependent, we have performed the
reduction of ethylene oxide on Cu(111) and Cu(100). From Fig. 6.4 it can be
seen that there is a clear potential difference in the formation of ethylene on
Cu(111) and Cu(100). Ethylene is formed at -0.3 V on Cu(100), whereas it is
formed at -0.6 V on Cu(111). And although our OLEMS data do not give di-
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Figure 6.5 Top: the Cu(110) crystal facet. Middle: cyclic voltammogram for
the reduction of a CO saturated (∼ 1 mM) phosphate buffer (pH 7) on Cu(110).
Bottom: associated mass fragments of volatile products measured with OLEMS.

rect quantitative information about the amounts of product formed, we can
still conclude that there is more ethylene formed on Cu(100) compared with
Cu(111). Therefore, the stabilization of the oxametallacycle on Cu(100) is
in agreement with our model why ethylene formation is enhanced on this
surface.
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6.3.3 CO reduction on Cu(110)

To investigate the reactivity of (110) sites, we have also investigated the re-
duction of CO on Cu(110), the results of which are shown in Fig. 6.5. The
formation of both methane and ethylene starts at ∼ -0.9 V and continues
being formed till -0.6 V in the positive going scan, similar to the results ob-
tained for Cu(111). Since (110) could also be written as [2(111)×(111)] and
therefore only exhibits (111) sites, this could explain the similar potential
dependence as observed on Cu(111). Methane and ethylene exhibit the same
potential dependence, suggesting a common reaction intermediate like ob-
served on Cu(322) and Cu(111). Hori et al. observed that on surfaces with
(110) terraces, relatively high amounts of acetaldehyde, ethanol, propanol
and other C2 and C3 species are formed.87 We have detected traces of the
mass fragment m/z = 31 below -0.7 V, shown in Fig. 6.5. This fragment is
characteristic for primary alcohols. We have not observed this fragment for
CO reduction on Cu(100) or Cu(111).

6.4 Conclusions

In this chapter we have shown that the selective reduction of CO to ethy-
lene on copper electrodes at low overpotentials occurs on Cu(100) terraces,
whereas (100) step sites are not involved in this reaction. We also have
shown that the reduction of ethylene oxide to ethylene is significantly faster
on Cu(100) compared with Cu(111), giving further evidence to the impor-
tance of the associated intermediate for ethylene formation. The reduction
of CO on Cu(110) exhibits a similar potential dependence to Cu(111), and
more alcohols are observed.


