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Abstract

Polycrystalline copper electrocatalysts have been experimentally shown to be capable of
reducing CO2 into CH4 and C2H4 with relatively high selectivity, and a mechanism has re-
cently been proposed for this reduction on the fcc(211) surface of copper, which was assumed
to be the most active facet. In the current work, we use computational methods to explore
the effects of the nanostructure of the copper surface and compare the effects of the fcc(111),
fcc(100) and fcc(211) facets of copper on the energetics of the electroreduction of CO2. The
calculations performed in this study generally show that the intermediates in CO2 reduction are
most stabilized by the (211) facet, followed by the (100) facet, with the (111) surface binding
the adsorbates most weakly. This leads to the prediction that the (211) facet is the most active
surface among the three in producing CH4 from CO2, as well as the by-products H2 and CO.
HCOOH production may be mildly enhanced on the more close-packed surfaces ((111) and
(100)) as compared to the (211) facet, due to a change in mechanism from a carboxyl interme-
diate to a formate intermediate. The results are compared to experimental data on these same
surfaces; the predicted trends in voltage requirements are consistent between the experimental
and computational data.

Introduction
Carbon dioxide, with its vast atmospheric supply, is a potential resource for the production of
carbon-based chemicals and fuels. If powered with a renewable energy source, CO2 electroreduc-
tion provides the opportunity to store energy in chemical bonds, producing fuels with little or no
net carbon footprint. To enable such a process, the development of an electrocatalyst which effi-
ciently and selectively reduces CO2 is paramount. Although many metal electrocatalysts have been
screened, only copper has been demonstrated to convert CO2 into significant quantities of hydrocar-
bons [1, 2]. In these experiments, copper has been observed to produce the hydrocarbons methane
(CH4) and ethylene (C2H4) when the potential is increased to about -0.7 V (vs reversible hydrogen
electrode, RHE). At these conditions, the equilibrium potential for CH4 formation is +0.17 V and
for C2H4 is +0.08 V; thus, a large overpotential is seen experimentally. At less negative poten-
tials, only hydrogen gas (H2), carbon monoxide (CO), and formic acid (HCOOH) are produced in
significant quantities.
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Figure 1: The (111), (100), and (211) facets of the copper fcc crystal, as viewed directly and from
perspective.

In a recent study, a mechanism was proposed that explains copper’s ability to produce hydro-
carbons [3]. This study was based on density functional theory (DFT) calculations, and provided
an explanation of the onset potentials of the major products formed, including H2, CO, HCOOH,
and CH4; the predicted onset potentials matched the experimental data of Hori et al. [4] remark-
ably well. The study was focused on the stepped (211) facet of the copper face-centered cubic (fcc)
crystal. This surface was chosen since stepped sites often exhibit higher activities in activating
bonds than do close-packed surfaces [5]. Although the previous thermodynamic study provided
insights into the likely mechanisms of CO2 electroreduction, a more complete theoretical under-
standing will require the exploration of structural effects as well as the incorporation of kinetic
barriers. In this study, we expand the results of the previous study to incorporate structural effects
on the thermodynamics of CO2 electroreduction.

Polycrystalline copper contains many different crystal facets, and these facets likely exhibit dif-
ferent reactivities. In the current study, we expand upon the previous theoretical results to examine
the difference in reactivity between the (111), (100) and (211) facets of the fcc Cu crystal. These
three crystal facets, which are shown in Figure 1, are taken to be representative of the range of facets
available in polycrystalline copper. While the (111) and (100) surfaces are both close-packed sur-
faces, the (111) facet is the most densely packed surface with 3-fold sites between surface atoms
and the (100) facet is a more open surface with 4-fold sites. The (211) surface contains a terrace
of atoms in the (111) geometry (with 3-fold coordination) and a step containing 4-fold coordina-
tion. Thus, between these three surfaces, the major binding locations of polycrystalline copper are
represented.

A number of experimental studies have examined the effect of the copper crystal surface on the
electrochemical reduction of CO2 [6–10]. These studies were largely focused on the ratio of C2:C1
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Table 1: Calculated adsorption energies (eV) of key adsorbates on the (111), (100) and (211)
crystal facets, shown with their optimized binding geometry. A lower number indicates
stronger binding. Adsorption energies are relative to the clean slab and reference atoms
for H, C, and O of 1/2 H2, graphene, and (H2O - H2), respectively.

(211)

(100)

(111)

H O OH COOH OCHO CO CHO OCH3

(111) 0.20 1.16 0.66 2.21 1.34 1.42 2.22 1.40
(100) 0.19 0.83 0.46 1.92 1.03 1.31 2.09 1.23
(211) 0.06 1.01 0.25 1.75 0.76 1.19 1.86 1.06

hydrocarbons formed at a constant current density, and did not contain information on the onset
potentials of the various products of CO2 reduction. However, to achieve a constant current density
of 5 mA cm−2, the trend could be observed that the (211) facet required the least negative potential
whereas the (111) facet required the largest negative potential.

In this study, the electrochemical reactions on copper’s surface are modeled using theoretical
methods which employ the use of a computational hydrogen electrode (CHE) model with adsorp-
tion energies produced from DFT calculations [3, 11]. Using these methods, an indication of the
onset potentials of the various intermediates can be obtained, and comparisons can be drawn be-
tween different catalytic surfaces.

Results and Discussion
The adsorption free energies of the key species in this analysis are summarized in Table 1. Of the
three surfaces in this study, the (111) facet is the most closely packed, and the (211) surface is the
most open, which is reflected in the calculated adsorption energies. As is seen in the table, the
adsorbates tend to bind most strongly to the (211) surface, most weakly to the (111) surface, and
with an intermediate strength to the (100) surface. The exception to this trend is O, which binds
more weakly to the (211) surface than to the (100) surface. This is due to the fact that oxygen does
not bind directly at the step site of the (211) surface, but rather binds more strongly in a three-fold
site of the terrace, which is geometrically similar to the (111) plane.
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Figure 2: d-orbital density of states of the Cu (111), (100), and (211) surface.

A density of states analysis was performed on the three crystal structures to observe the popu-
lation of d-orbital states that interact with adsorbates. Figure 2 shows the d-orbital density of states
for each crystal orientation. The distribution of states shifts toward the higher energy region as the
orientation moves from (111) to (211). The d-band center, which gives an indication of surface
reactivity [12], changes by approximately 0.2 eV between surfaces and is highest for the (211) sur-
face and lowest for the (111). This is consistent with the observed order of the binding energies,
which show variations in adsorption strength of a similar magnitude.

In the following paragraphs, we will show how these trends in adsorption energies affect the
electrical potentials at which products appear. When a reaction is thermodynamically limited by
an adsorption step, the stronger binding facet will catalyze the reaction more effectively; when a
reaction is limited by a desorption step, the weaker binding facet will. When an intermediate step
limits, the change in the difference between those two steps will dictate the relative activity of each
facet.

The free energy diagrams for the production of CH4, HCOOH, and H2 from CO2 on the (111),
(100), and (211) facets are shown in Figures 3 through 5. Each step in the pathways indicates the
addition of a proton-electron pair. The computational hydrogen electrode (CHE) model predicts
that the free energy (∆G) of each step will vary with the applied electrical potential (U ) in relation
to n, the number of proton-electron pairs transferred relative to the start of the reaction:
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Figure 3: Free energy diagram comparing the production of CH4 on Cu fcc(111), fcc(110), and
fcc(211) crystal facets at 0 V vs RHE.

∆G(U) = ∆G(0V) + neU (1)

where e is the (positive) elementary charge. Thus, the CHE model allows a prediction to be made
of the electrical potential at which each thermodynamic pathway becomes exergonic (downhill in
free energy); this “limiting potential” will just be numerically equal to the maximum free energy
difference between any two steps.

The energetics of CH4 production from CO2 was compared for the three surfaces for the same
reaction network of 40 elementary steps studied previously [3]. The lowest-energy pathway was
found to be identical across all three surfaces. The energetics of this lowest-energy pathway are
shown in Figure 3. The (111) and (100) surfaces bind the key intermediates significantly more
weakly than the (211) surface, which leads to a lower overall free energy pathway on the (211)
surface.

These calculations predict two intermediate reactions to be key in the methane pathway. In
the first, CO2 and a proton-electron pair react to form adsorbed carboxyl, COOH. This adsorbate
is bound to the (211) step much more strongly than to the (100) and (111) surfaces. This is the
key step involved in forming CO from CO2. This thermodynamic analysis predicts that a lower
potential requirement would be required to convert CO2 to adsorbed CO on the (211) surface.

The second key step in the methane pathway is the protonation of CO. Since both adsorbed
CO and adsorbed CHO are more stable on the (211) facet than on the (111) or (100) facet, the
direction in which the energetics of this elementary step will change amongst the facets is less
obvious. However, CHO is stabilized more by the (211) step than CO is, resulting in a lowering of
the potential requirements for this step of the pathway to become downhill on the (211) surface as
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Figure 4: Free energy diagram comparing the production of H2 on Cu fcc(111), fcc(110), and
fcc(211) crystal facets at 0 V vs RHE.

compared to the (111) and (100) surfaces.
The different relative adsorption energies of COOH and CHO dictate different potential limiting

steps on the facets. On the (211) and (100) facets, the protonation of CO to form adsorbed CHO
is predicted to be the step that dictates the potential requirements; while on the (111) facet, the
adsorption of CO2 and a proton-electron pair to form adsorbed carboxyl is the limiting step. Thus,
the limiting potential is the same for both CO formation and CH4 formation on the (111) facet,
although it occurs at more negative values.

The above analysis shows thermodynamic routes to CH4 from CO2 on all three surfaces. How-
ever, the limiting potential is significantly lower on the (211) steps. (The limiting potentials cal-
culated for CH4 and CO production, as well as for the other pathways discussed later, are shown
in Figure 6). Thus, this analysis indicates that hydrocarbon formation on the copper surface takes
place on steps more easily than on the close-packed facets. Other non-close-packed surfaces, such
as kinks and defects, are likely to also exhibit higher activities.

Figure 4 compares the energetics of the hydrogen evolution reaction on the three surfaces.
Experimentally, H2 evolution is the first reaction observed as the voltages are made to be more
negative; this is also the first reaction to be energetically allowed as predicted by the CHE model.
The difference between the surfaces can be seen in this figure. The (211) stepped surface is seen
to bind H much more strongly than either of the close-packed surfaces. Since the adsorption of H
to the Cu surface is predicted to be energetically limiting, the limiting potential is predicted to be
lowest on the (211) surface, and highest on the (111) surface. However, as previously noted [3], the
active bridge sites for H adsorption on the (211) step are expected to be blocked by hydroxyl (OH)
species at neutral potentials, preventing H2 evolution from being observed until the OH is cleared
at more negative potentials. As can be seen by the energetic differences between step 7 and step 8
in Figure 3, this OH clearing limitation would be expected to be most significant on the (211) facet.

Formic acid is also experimentally observed when CO2 is electrochemically reduced on cop-
per. Formic acid can be formed either via a formate (OCHO) intermediate or a carboxyl (COOH)
intermediate. On the (211) surface, the OCHO intermediate was calculated to bind very strongly
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Figure 5: Free energy diagram comparing the production of formic acid on Cu fcc(111), fcc(110),
and fcc(211) crystal facets at 0 V vs RHE. The ‘C’ indicates the carboxyl (COOH) inter-
mediate, and the ‘F’ indicates the formate (OCHO) intermediate.

to the stepped edge; thus, the COOH intermediate led to a lower overall potential requirement [3].
The pathway to formic acid on all three surfaces is shown in Figure 5 for both intermediates. The
(100) and (111) surfaces destabilize the both the OCHO and the COOH intermediates. This upward
shifting of intermediate energies changes the predicted pathway from proceeding through a COOH
intermediate, as predicted for the (211) surface, to proceeding through a OCHO intermediate. In-
terestingly, this change in reaction mechanism leads to a less negative potential requirement for the
(111) surface than the (211) surface, the opposite of the trend calculated for the other products.

As noted earlier, limited experiments have been conducted that directly test the (211) versus
(111) and (100) surfaces, and they have been largely focused on the ratio of C2:C1 compounds
formed at fixed current densities. [6–10] Since the current study is focused only on the thermody-
namics of the transformation of CO2, it makes no prediction of these ratios (which will require a
kinetic study). However, trends can be seen in the potential requirement to achieve 5 mA cm−2, the
fixed current used in these studies. This potential requirement is plotted in Figure 6, alongside the
limiting potentials calculated in this study. It can be seen that the trends in the potential require-
ments are consistent between the experimental data and the calculations of this study. However,
more carefully controlled experimental work that tests the onsets of the various products of CO2
reduction on copper single crystals and other well-characterized surfaces would greatly aid in our
understanding.
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Figure 6: The top bars show the onset voltages of the products of CO2 reduction as predicted
by the results of this study. The bottom bars, labeled ’Expl.’, display the experimental
voltages measured by Hori et al. [10] at which the current reached 5 mA cm−2.

Conclusions
The calculations in this study indicate that the key intermediates in the electrochemical reduction
of CO2 are stabilized by the surfaces in the order (211) > (100) > (111), where the adsorbates
on the (211) facet exhibit the greatest stability. As a result of the energetic stabilization of these
intermediates, the limiting potential at which Cu catalyzes the electrochemical reduction of CO2
to CH4 is predicted to be lowest on the (211) surface. This suggests that most of the hydrocarbon
formation that takes place on Cu is taking place on stepped surfaces, or the related kinks and defects.
These results agree well with the limited experimental data to which they can be compared, which
show the lowest voltage requirements to produce 5 mA cm−2 of current occur on the (211) surface,
followed by the (100) and (111).

The lowest free-energy pathway to form CH4 remains unchanged on the three different facets.
However, the predicted pathway to form HCOOH is mechanistically different on the (111) and
(100) surface. In this case, the destabilization of the strongly-binding formate (OCHO) intermediate
makes that pathway more favorable than the more weakly-binding carboxyl (COOH) intermediate,
through which the pathway is predicted to proceed on the (211) facet.

Experimental Section
Electronic structure calculations were performed in order to find the lowest free-energy pathways
for the production of H2, HCOOH, CO, and CH4. Density functional theory (DFT) calculations
were performed with the Dacapo total energy program using the Atomic Simulation Environment
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(ASE) [13,14]. The revised Perdew-Burke-Ernzerhof (RPBE) exchange correlation functional [15]
with plane-wave pseudopotentials [16,17] were used to describe the wavefunctions of each system.
Plane-wave and density energy cutoffs of 340 and 500 eV, respectively, were used with a Fermi
smearing width of 0.1 eV. A (4,4,1) k-point sampling mesh was used for each lattice. On the
fcc(111) surface, calculations were performed on a 3×3×3 periodic cell with 15 Å of vacuum and
a lattice constant of 3.71 Å. The fcc(100) facet used a 3×3×4 cell with 17 Å of vacuum and a 3.71
Å lattice constant.

The energetics of each adsorbate were found by relaxing each intermediate, along with the top
layer of copper atoms, until an optimized geometry was obtained. Ontop, bridge, and hollow (in-
cluding both fcc and hcp sites, in the case of the (111) surface) binding sites were explored and
the lowest energy binding site was used. Vibrational frequencies were found using a normal mode
analysis on the N adsorbate atoms, and harmonic free energy corrections were applied based on
all 3N degrees of freedom (including the zero-point energy correction, entropy, and heat capacity).
Gas-phase free energies were treated by standard methods [18]. All free energies were calculated
at 298 K. The standard state pressure of 101325 Pa was used for the fugacity of the gaseous species
(CO2, CO, H2CO); while a fugacity of 3530 Pa and 19 Pa were used for H2O and HCOOH, re-
spectively, corresponding to pure water and 1 M HCOOH. The adsorbate solvation effects were in-
cluded approximately in the same manner as in the previous study [3]; hydroxyl adsorbates (OH*)
and hydroxyl functional groups (R-OH*) were stabilized by 0.5 eV [11, 19, 20] and 0.25 eV [21],
respectively, and intermediates containing adsorbed CO such as CO* and CHO* were stabilized
by 0.1 eV [3]. Gas-phase energetics of species containing an OCO backbone (CO2 and HCOOH)
were compensated to match literature values according to Peterson et al. [3]. The free energy val-
ues reported here for the (211) surface differ slightly from those in the previous study [3] due to
the use of a higher temperature, standard-state fugacity conditions for the gas-phase species, and a
slightly more energetically favorable (by 0.03 eV) geometrical configuration for adsorbed CHO.

The binding energies listed in Table 1 are reported referenced to the clean slab and, for each
carbon atom, graphene, for each hydrogen atom, 0.5 H2, and for each oxygen atom, (H2O - O2).

The computational hydrogen electrode (CHE) technique was used to model the voltage depen-
dence of the free energy pathways [3,11]. In this model, the chemical potential of a proton-electron
pair at 0 V (versus RHE) is by definition equal to one-half the chemical potential of molecular hy-
drogen at 101325 Pa and at all temperatures. The chemical potential (µ) of each intermediate,
calculated at 298 K, was varied as a function of the electrical potential (U ) according to

µ(U) = µ(0V) + neU (2)

where e is the elementary charge of an electron, and n is the number of proton-electron pairs
consumed to form the species from CO2. Using this method, differences between the structures’
limiting potentials (determined by a downhill free energy pathway) were predicted.
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