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ABSTRACT: Carbon monoxide is a key intermediate in
the electrochemical reduction of carbon dioxide to
methane and ethylene on copper electrodes. We
investigated the electrochemical reduction of CO on two
single-crystal copper electrodes and observed two different
reaction mechanisms for ethylene formation: one pathway
has a common intermediate with the formation of
methane and takes place preferentially at (111) facets or
steps, and the other pathway involves selective reduction
of CO to ethylene at relatively low overpotentials at (100)
facets. The (100) facets seem to be the dominant crystal
facets in polycrystalline copper, opening up new routes to
affordable (photo)electrochemical production of hydro-
carbons from CO2.

The low-temperature reduction of carbon dioxide to
hydrocarbons could be a very important step in a future

sustainable carbon energy cycle.1 Since the discovery by Hori et
al.2 in 1985, it has been known that CO2 can be electrochemi-
cally reduced to methane and ethylene using copper electrodes.
The formation of methane and especially ethylene is surprising
and takes place to a significant extent only on copper
electrodes. In spite of the extensive literature, the molecular
mechanism is still unclear, in particular in relation to the C−C
coupling step leading to the formation of ethylene. Under-
standing this C−C bond formation is important, as it would
open up routes to the production of high-energy fuels by the
(photo)electrochemical reduction of CO2.
It is known that carbon monoxide is a key intermediate in

CO2 reduction and that methane and ethylene are formed from
CO following different mechanisms.3−6 The central role of CO
as the intermediate in the formation of such highly nontrivial
products as methane and ethylene follows from the fact that
CO is the only one-carbon molecule that gives the same
product spectrum as CO2 on a copper electrode, as
documented in detail in the review by Hori.5 The formation
of methane from CO depends on pH in such a way that the
rate-determining step must involve the transfer of a proton and
an electron.4 Recently, our own experiments7 as well as density
functional theory (DFT) calculations by Peterson et al.8

suggested that the key intermediate in the formation of
methane is CHOads. The formation of ethylene from CO, on
the other hand, does not depend on pH.4 Therefore, a dimer of
CO, whose formation does not involve the transfer of a
hydrogen atom but does depend on potential (i.e., it involves

electron transfer), has been suggested as the key intermediate
in the C−C coupling.6,7

Hori et al.9 showed that the extent of methane and ethylene
formation sensitively depends on the surface orientation of the
copper electrode. On the (111) facet of the copper fcc crystal,
the formation of methane is favored, whereas on the (100)
facet, the formation of ethylene is dominant. Recent DFT
calculations by Durand et al.10 predicted that the limiting
potential for the formation of the intermediates of the CO2
reduction to CH4 is lower on the Cu(211) surface than on the
Cu(111) and Cu(100) surfaces. No detailed DFT-based
mechanism for the formation of ethylene was suggested,
although these authors also considered CHOads as the
intermediate in the formation of ethylene. Since the experi-
ments by Hori et al. were carried out as long-term electrolysis
experiments at a constant current, detailed information on the
pathways of the C−C bond formation and its potential
dependence is missing. Therefore, we report here our studies of
the reduction of CO on two basal planes, Cu(111) and
Cu(100), using online electrochemical mass spectrometry
(OLEMS) to investigate the pathway to ethylene. This tip-
based sampling technique allows the formation of volatile
reaction intermediates and products to be followed while the
potential at the electrode surface is changed, and it is similar to
the differential electrochemical mass spectrometry (DEMS)
technique.11−13 Experimental details concerning the prepara-
tion and characterization of the Cu single-crystal surfaces can
be found in the Supporting Information (SI). We also note that
for most of the measurements to be described below, the
Faradaic current was mainly determined by hydrogen evolution
and does not give much specific information about the CO
reduction.
Figure 1 shows the reduction of CO on Cu(111) in pH 7

phosphate buffer (blue dotted lines with the current density
and the mass signals on the left axis) and in pH 13 NaOH
solution (green solid lines with the current density and the
mass signals on the right axis). The potential was changed from
0 to −1 V and back at 1 mV/s. The recorded current is 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 increased because of the formation of hydrogen at
both pH 7 and 13 (although pH 13 appears to be more active
for H2 evolution). For all of the measurements performed, this
current was mainly determined by hydrogen evolution and does
not give any specific information about the CO reduction. The
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hydrogen evolution led to the formation of gas bubbles trapped
between the tip and the single-crystal electrode, which explains
the somewhat noisy character of the observed mass signals. At
pH 13, hardly any hydrocarbons were observed; only very small
amounts of methane (represented by m/z 15, CH3

+) and
ethylene (represented by m/z 26, C2H2

+) were formed at the
most negative potentials, as well as a very small amount of
ethylene (but no methane) at −0.45 V. The latter is probably
due to some (100) defects in the crystal, as can be concluded
by comparing this to the results obtained on Cu(100) to be
presented in Figure 2. At pH 7, both methane and ethylene
were formed starting at −0.8 V, and both continued to be
formed in the positive-going scan until −0.4 V. It should be
noted that the potential dependence of the m/z 15 curve is very
similar to that of the m/z 26 curve. One possible explanation
for this similarity is that both masses are fragments of the same
molecule. However, besides the mass fragments of methane and
ethylene, we did not find other mass fragments with the same
potential dependence, which shows that m/z 15 and 26
fragments come from different molecules. Therefore, we
conclude that there must be a common (surface-adsorbed)
intermediate in the reduction of CO (and hence CO2) to CH4
and C2H4, since methane and ethylene are formed with the
same potential dependence on Cu(111). We suggest that the
hydrogenation of CO to form CHOads is the key step in the
formation of both methane and ethylene on Cu(111). This
conclusion agrees well with the calculations by Peterson et al.,
which indicated that for a stepped Cu(111) surface, “the key
step in the formation of the hydrocarbons CH4 and C2H4 is the
hydrogenation of the adsorbed CO to form CHOads”.

8

The same experiments were done for a Cu(100) electrode,
and the results are shown in Figure 2. The magnitude of the
observed Faradaic current on Cu(100) was about twice as large

as the current on Cu(111), which primarily reflects the
enhanced ability of Cu(100) to catalyze hydrogen evolution.14

The observed hydrocarbon formation differed remarkably from
that on Cu(111). Ethylene was already formed at potentials of
−0.4 V at pH 7 and −0.3 V at pH 13. Ethylene formation
exhibited maxima at −0.45 and −0.6 V, respectively, after which
it decreased and eventually stopped. The current and charge
corresponding to this peak of ethylene formation are too high
to be explained by the reduction of a surface-adsorbed species.
No methane was observed at these potentials. At a potential of
−0.8 V at pH 7, the formation of ethylene was again observed,
now accompanied by the formation of methane, similar to the
simultaneous formation of CH4 and C2H4 on Cu(111) at these
potentials. This simultaneous formation of CH4 and C2H4
below −0.8 V was not observed at pH 13 on Cu(100), in
agreement with Cu(111) at this pH.
These results strongly suggest that there are two separate

pathways for the formation of ethylene, one that shares an
intermediate with the pathway to methane, as we observed on
Cu(111) and below −0.8 V on Cu(100) at pH 7, and a second
pathway that occurs only on Cu(100). For this second pathway,
we suggest that the formation of a CO dimer is the key
intermediate in the formation of ethylene. Such a surface dimer
could explain the unique selectivity for ethylene (for detailed
arguments, see ref 7) and is in agreement with the suggestion of
Gatrell et al.,6 who proposed that this CO dimer would be
more stable on Cu(100) surfaces.
As shown in Figure 2, we observed this ethylene formation

only in the negative-going scan, as ethylene was not formed at
potentials greater than −0.8 V in the positive-going scan.
However, the ethylene formation was not permanently blocked.
When we performed consecutive scans, we observed the same

Figure 1. Top: (111) facet of the copper fcc crystal. Middle: cyclic
voltammograms for the reduction of a saturated solution of CO (∼1
mM) on Cu(111) in phosphate buffer (pH 7) and NaOH solution
(pH 13). Bottom: associated mass fragments of volatile products
measured with OLEMS. Data for pH 7 are shown with blue dotted
lines and plotted against the left axis, and data for pH 13 are shown
with green solid lines and plotted against the right axis.

Figure 2. Top: (100) facet of the copper fcc crystal. Middle: cyclic
voltammograms for the reduction of a saturated solution of CO (∼1
mM) on Cu(100) in phosphate buffer (pH 7) and NaOH solution
(pH 13). Bottom: associated mass fragments of volatile products
measured with OLEMS. Data for pH 7 are shown with blue dotted
lines and plotted against the left axis, and data for pH 13 are shown
with green solid lines and plotted against the right axis.
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potential dependence with ethylene formation in the negative-
going scan, although the first scan always gave the highest
activity (see Figure S2 in the SI). To investigate why ethylene
was formed on Cu(100) only in the negative going scan at less-
cathodic potentials, we performed consecutive scans of CO
reduction at pH 13 on Cu(100) and increased the negative
vertex potential with each scan; the results are shown in Figure
3. In the first scan (blue), the ethylene formation increased

when the potential was reversed at −0.38 V. In the second scan
to −0.4 V (green), the ethylene formation was similar for the
positive- and negative-going scans. In the third scan (yellow),
the ethylene formation started to decrease below −0.42 V, and
the ethylene formation in the positive-going scan was much
lower than that in the negative-going scan. In the fourth scan
(red), the ethylene formation was already lower in the negative-
going scan. The hydrogen formation showed the opposite
trend: there was no hydrogen formation in the first scan and
only minor hydrogen formation in the second scan, and the
hydrogen formation in the fourth scan was significantly larger
than in the third scan. This is also reflected in the current,
which increased from scan 1 to scan 4. These results clearly
show that the deactivation is strongly potential-dependent. A
possible explanation for these observations is reconstruction of
the electrode surface. On Cu(100) in acidic media, a hydrogen-
induced reconstruction with a concomitant increase in the
hydrogen evolution reaction rate has been reported.15 There-
fore, our observed increase in hydrogen formation and decrease
in hydrocarbon formation could possibly be explained by such a
reconstruction, but clearly, the details of this deactivation
phenomenon remain to be understood. We also note that
according to Hori et al.,16 the deposition of metal impurities
from the electrolyte is the most common reason for
deactivation. Given the partial reversibility of the deactivation
phenomenon shown in Figure 3, we consider this explanation
less likely, although we do not exclude that such effects may
take place in our experiments on a longer time scale. One may
also note that on Cu(111) the formation of methane and

ethylene was enhanced on the positive-going back scan (see
Figure 1), suggesting potential-driven activation of the (111)
surface, in contrast to the potential-driven deactivation of
ethylene formation on Cu(100).
Figure 4 shows the results for similar experiments performed

on a polycrystalline copper electrode. On this electrode, on

which the various facets of the fcc crystal planes should be
present, ethylene was formed at potentials of −0.5 V at pH 7
and −0.3 V at pH 13, similar to Cu(100). Also, the ethylene
and especially methane formation below −0.8 V at pH 7 was
very similar to that on Cu(100). The fact that the observed
hydrocarbon formation on polycrystalline copper is similar to
that on Cu(100) suggests that the dominant crystal facet on
polycrystalline copper is the (100) facet. Such a conclusion has
been drawn previously on the basis of blank voltammetry at
copper in alkaline media.17

We note that our experiments at only two different pH values
cannot accurately reflect the true pH dependence of the CO
reduction. According to the results of Hori et al.,4 the formation
of methane should take place at the same potential on the RHE
scale at both pH 7 and pH 13. However, at pH 13, H2 evolution
was about an order of magnitude faster than at pH 7,
presumably because of the absence of anions at pH 13,14 and
this may suppress CO reduction. Clearly, the influence of pH
and electrolyte composition, such as the presence of strongly
adsorbing anions, requires further scrutiny. Furthermore, we
note that because CO reduction currents are always low and
also because hydrogen evolution close to the electrode leads to
an effective stirring of the electrolyte, it is difficult to estimate
any mass transport effects in relation to CO reduction.
To summarize, our experiments provide strong evidence for

the idea that ethylene may be formed through two different
mechanisms: one pathway has a common intermediate with the
formation of methane and takes place on both the (111) and
(100) surfaces, while in the second pathway, CO is selectively
reduced to C2H4 at relatively low overpotentials, presumably

Figure 3. Consecutive scans of CO reduction with increasing cathodic
potentials. Top: Cyclic voltammograms for the reduction of a
saturated solution of CO (∼1 mM) on Cu(100) in NaOH solution
(pH 13). Bottom: associated mass fragments of volatile products
measured with OLEMS.

Figure 4. Top: Cyclic voltammograms for the reduction of a saturated
CO solution (∼1 mM) on polycrystalline copper in phosphate buffer
(pH 7) and NaOH solution (pH 13). Bottom: associated mass
fragments of volatile products measured with OLEMS. Data for pH 7
are shown shown with blue dotted lines and plotted against the left
axis, and data for pH 13 are shown with green solid lines and plotted
against the right axis.
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through the formation of a surface-adsorbed CO dimer.6,7 The
latter pathway takes place preferentially at (100) facets.
Moreover, the crystal plane at which this selective reduction
to ethylene takes place, Cu(100), seems to be the dominant
crystal facet in polycrystalline copper. These insights open up
new routes to affordable (photo)electrochemical production of
fuels from CO2, especially because the selective ethylene
formation pathway from CO has a remarkably low over-
potential.
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