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Faraday efficiency and mechanism of elec-
trochemical surface reactions: CO, reduc-
tion and H, formation on Pt(111)

Javed Hussain,” Hannes Jonsson,*” and Egill Skiilason**

An atomic scale model of the electrical double layer is used to calculate the mech-
anism and rate of electrochemical reduction of CO, as well as H, formation at
a Pt(111) electrode. The water layer contains solvated protons and the electrode
has excess electrons at the surface. Density functional theory within the general-
ized gradient approximation is used to describe the electronic structure while the
mechanism and activation energy of the various elementary reactions is obtained
by calculating minimum energy paths using the nudged elastic band method. The
applied electrical potential is deduced from the calculated work function. The
optimal reaction mechanism for CO; reduction to either methane or methanol is
found and the estimated rate compared with that of the competing reaction, H;
formation. When the free energy of only the intermediates and reactants is taken
into account, not the activation energy, Pt(111) would seem to be a good electro-
catalyst for CO, reduction, significantly better than Cu(111). This, however, con-
tradicts experimental findings. Detailed calculations reported here show that the
activation energy for CO, reduction is high for both Heyrovsky and Tafel mecha-
nisms on Pt(111) in the relevant range of applied potential. The rate-limiting step
of the Heyrovsky mechanism, *COOH + H' + e~ —*CO + H;O0, is estimated to
have an activation energy of 0.95 eV at -0.9 V vs. standard hydrogen electrode.
Under the same conditions, the activation energy for H, formation is estimated to
be only 0.5 eV. This explains why attempts to reduce CO; using platinum elec-
trodes have produced only Hy. A comparison is made with analogous results for
Cu(111) [J. Hussain ef al. Proc. Comp. Sci. 51, 1865 (2015)] where a reaction
mechanism with low activation energy for CO, electroreduction to methane was
identified. The difference between the two electrocatalysts is discussed.

1 Introduction

In the last couple of decades, computational methods based on density functional
theory (DFT) for describing electronic degrees of freedom and rate theory, such
as transition state theory (TST), for describing atomic degrees of freedom have
been highly successful in describing chemical processes taking place at metal
surfaces. The kinetics of surface catalyzed reactions have been described in great
detail and the results found to be in close correspondence with experimental mea-
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surements 2. This has opened the possibility of designing new heterogeneous
catalysts in a rational way based on computational predictions>.

Analogous calculations of electrochemical reactions have been hampered by
the complexity of the system. In addition to the solid surface and adsorbed
species, it is necessary to describe the electrolyte, typically a liquid with sol-
vated ions, as well as the effect of the electrical potential. Several theoretical ap-
proaches have been proposed, representing different levels of approximation and
considerable advance has been made in recent years. A few reviews of theoretical
approaches to electrochemical simulations have been published recently*~°.

The charge at the surface of an electrode creates a cloud of counter charge
in the electrolyte to form what is referred to as the electrical double layer. This
has been analysed extensively using statistical mechanics '%!!. The charge at the
electrode surface is screened so the electrical field is limited to a narrow region
near the electrode. As a result, the two electrodes can be treated separately as half
cells. By convention the potential of a half cell is measured with respect to the
standard hydrogen electrode (SHE). It is, however, more convenient in computer
simulations to use the vacuum as a reference '>~1°.

Two different levels of atomic scale simulations have mainly been used to
study electrochemical systems. In the simpler one, the free energy of the various
intermediates in an electrochemical reaction is first estimated in the absence of
an electrolyte and of an applied electrical potential, but then the effect of the
applied potential is estimated by adding —eU for each pair of electron and proton
added, where e is the charge of the electron and U is the applied potential 7. An
estimate of the onset potential is obtained as the applied potential for which none
of of the elementary steps is uphill in free energy. We will refer to this as the
thermochemical model (TCM).

In a more detailed model, the electrical double layer is simulated including
solvated ions and excess electrons at the electrode and the transition paths for the
elementary steps are calculated to estimate the activation energy and reaction rate
as a function of electrical potential'*!31° " As will be demonstrated below, the
more detailed simulation methodology is needed to identify the mechanism and
calculate the rate of complex electrochemical reactions.

A particularly important electrochemical reaction which is actively studied
today is the reduction of CO, to form hydrocarbons and alcohols?’. Extensive,
experimental work using pure transition metal electrodes has been carried out by
Hori and coworkers2!~23. When copper electrodes were used, a significant yield
of hydrocarbons and alcohols (72%) such as CHy, C,H4, CoHsOH, C3H;0H,
C,Hg, C3H50H, CH3CHO, and C,H5CHO was obtained. However, no other
transition metal electrode was found to produce a significant yield of hydrocar-
bons or alcohols. A few example results from Hori’s review article?? are listed
in Table 1. This work has inspired many research groups to investigate the CO;
electroreduction reaction (CER) at copper electrodes. Recent experimental mea-
surements have detected a significantly greater variety of products formed at cop-
per electrodes?* as well as electrodes of other pure metals such as Pt, Ni, Fe, Au,
Ag, and Zn 25 The rate (current density) of methane formation was found to be
significantly higher on Cu electrodes than any of the other metals.

The detailed mechanism and factors controlling selectivity have also being
studied. The surface morphology of polycrystalline copper has been shown to
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Table 1 Experimentally measured Faradaic yield in CO; reduction using various
transition metal electrodes, at 5 mA/cm? current density in a 0.1 M KHCO3 buffer at
18.5 °C, as summarized by Hori?3. The hydrocarbons and alcohols (HCAs) formed at
copper electrodes are predominantly CHy, CoHy4, C;H50OH, C3H7;0H, CoHg, C3H50H,
CH;3CHO, and C,H5CHO.

Electrode  Potential vs. Faradiac efficiency (%)
metals SHE (eV) HC CO HCOOH H;

Au -1.14 00 8&7.1 0.7 10.2
Ag -1.37 00 815 0.8 12.4
Pd -1.20 29 283 2.8 26.2
Cu -1.44 723 1.3 9.4 20.5
Ni -1.48 2.1 0.0 1.4 88.9
Pt -1.07 0.0 0.0 0.1 95.7

affect the selectivity of products?®. Electrodes consisting of a Cu overlayer on
Pt have also been studied>”-?®. The CO, electroreduction involves a complicated
network of reaction paths where several factors, including the morphology of
the electrode surface, the pH of the electrolyte?®° and the electrode potential
affect the mechanism and selectivity, for example whether C; or C, products are
formed3!.

Significant progress has been made on the theoretical modeling of these pro-
cesses. Since CO; is a closed shell molecule, one might expect that the binding
of the molecule to the electrode surface would be limiting factor. DFT calcula-
tions including an applied electric field have, however, shown that with applied
bias, CO, can bind chemically to an edge on a Pt(110)-(1x2) surface?, and the
same can likely occur at steps on the Pt(111) surface.

Peterson and co-workers estimated the onset potential for various products
of CO» electroreduction using the TCM for a stepped Cu surface33. The results
were in agreement with the measured onset potential for the various reduction
products at Cu electrodes observed by Hori and co-wokers?®. A step on the
Cu(211) surface was shown to be slightly more reactive than a flat Cu(111) sur-
face, with a lower onset potential by 0.1 V34, Peterson and Ngrskov 3> and Shi et
al.3® used linear scaling relations for the adsorption energy of the various inter-
mediates to create a ’volcano’ graph showing how the rate-limiting step varies as
a function of the binding energy of *CO over a range of transition metal surfaces.
Cu indeed sits at the top of the volcano, i.e. has the lowest predicted overpotential
for the stepped surfaces. The metals that bind CO less strongly, such as Au and
Ag, reduce CO; only to CO because it desorbs from the surface before further
reduction can occur. The metals that bind CO more strongly than Cu, such as Pt,
should in principle also be able to reduce CO; to hydrocarbons or alcohols. The
onset potential estimated from TCM is, in fact, only slightly higher, by 0.1 V,
for a stepped Pt surface than a stepped Cu surface. Furthermore, the flat Pt(111)
surface is predicted to have a much lower onset potential, of only -0.35 V37, The
TCM, thereby, predicts Pt to be a much better electrocatalyst for CO, reduction
than Cu, in clear contradiction with experiments.

1-18 |3
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Onset potential /V

Pt(111) Cu(111)

Fig.1 Estimates of the onset potential for electrochemical CO, reduction to form CHy
(from ref. 37) and H, formation (from ref. 19) on Pt(111) and Cu(111) surfaces obtained
by using the thermochemical model, where only the free energy of intermediates and
reactants is taken into account, not the activation energy. The overpotential for CO,
reduction on Pt(111) is significantly lower than on Cu(111). Also, while the formation of
H; is favored over CO; reduction on Pt(111) because it has a smaller overpotential, this
difference in overpotentials is even larger for Cu(111). On both accounts, one would
conclude that Pt is a better CO, electrocatalyst than Cu. But, the experimental evidence
shows the opposite. Cu is the best CO; electrocatalyst known to date, while only Hj is
formed on Pt electrodes. Clearly, it is essential to take activation energy of the
elementary steps into account when estimating the rate of these reactions.

The competing reaction, formation of Hj, also needs to be taken into account.
The TCM has previously been used to estimate onset potential of this reaction !°.
The results of TCM calculations for both CO, electroreduction and H, formation
(the so-called hydrogen evolution reaction, HER) on Pt(111) and Cu(111) are
summarized in Fig. 1. One might conclude from the results on Pt(111) that
CO; reduction does not occur because the overpotential is so much lower for Hy
formation. But, this is even more so the case for Cu(111) where the overpotential
difference is even larger and yet CO; electroreduction is observed to take over
Hj; formation in terms of Faradaic yield at a potential of around -0.9 V. The TCM
model is, therefore, found to be unable to explain the comparison between Pt and
Cu electrodes as electrocatalysts for CO, reduction.

The obvious limitation of the TCM is that it does not take activation energy
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into account, i.e. the energy of transition states for the elementary processes.
This requires more detailed modeling and is computationally more intensive than
TCM calculations. Calculations of minimum energy paths for some of the crit-
ical elementary steps in CO; reduction on Pt(111) were carried out by Shi et
al.®8. They simulated the Heyrovsky mechanism for the reduction of CO, to
form *COOH, *CO, *COH and then *C. A direct addition of a proton to the O-
atom of the OH group and addition of an electron from the electrode, *COOH +
H™ + e~ — *CO + Hy0, was found to have an energy barrier of 0.5 eV, while
the following step, *CO + H" + e~ —*COH was found to have a lower energy
barrier. The subsequent step, *COH + HT + e~ — *C + H,0, was estimated to
be the rate-limiting step with an activation energy of 0.55 eV. With a typical pre-
exponential factor of 10! sec™!, a transition with an activation energy of 0.55 eV
occurs on the time scale of a millisecond. Shi ef al. concluded that the activation
energy for the Heyrovsky mechanism of CO, electroreduction was low enough
for the reaction to be active. The question, therefore, remained why Pt electrodes
are found not to catalyze CO, electroreduction in experiments.

The calculations of Shi et al. were, however, done with a proton concen-
tration corresponding to an applied voltage of around -2 V vs. SHE. This is a
significantly larger negative potential than the one used in the experiments of
Hori et al., -1.07 V and of Kuhl et al., -0.65 V to -0.9 V232 At a smaller neg-
ative potential the activation energy is expected to be higher'°. Furthermore, at
an applied potential of -2 V vs. SHE, protons are predicted to adsorb on the
Pt(111) surface more strongly than CO, so the surface is expected to be covered
with H-adatoms '*1°. Similar considerations regarding the shift in the overlayer
composition with bias have been discussed in the context of N, reduction3*!.

Calculations of the activation energy for a given value of the applied potential
are not straight forward because the number of dissolved protons in the dielectric
and the number of excess electrons at the surface of the electrode changes as the
reaction occurs. It is, therefore, important to carry out the simulation for several
systems of different size and extrapolate to infinite size !31°. More approximate
calculations of activation energy for CO; electroreduction on Cu surfaces have
been carried out by Nie et al., Cheng et al. and Xiao et al. **~** where the ef-
fect of the applied potential on the activation energy was estimated with a —eU
correction term analogous to the TCM model.

In the present study, calculations of the mechanism and activation energy of
CO; electroreduction on a Pt(111) surface are carried out. Both the Tafel mech-
anism (involving reaction with an H-adatom) and the Heyrovsky mechanism (in-
volving reaction of a proton from the water layer and electron from the electrode)
are considered to find the optimal reaction path as a function of applied poten-
tial from -2 V to +0.7 V. Detailed comparison is made with the experimental
measurements on CO, electroreduction and with the rate of H, formation.

The article is organized as follows: In the following section, the methodology
used in the calculations is described. In section 3, the results of the free energy
calculations of CO, electroreduction on Pt(111) are presented, and comparison
made between high and low H-adatom coverage. Results of the calculations of
minimum energy paths and activation energy extrapolated to infinite system for
all elementary steps for CO; electroreduction to form methane and methanol are
presented and compared with the competing reaction of H; formation. Finally, a
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comparison with the Cu(111) electrode is made.

2 Methodology

The electronic structure calculations were carried out using DFT within the RPBE
generalized gradient approximation*’. The RPBE functional was specifically de-
signed to give an accurate estimate of the chemisorption energy of adatoms and
admolecules on a solid surface. Recently, functionals including van der Waals in-
teraction, e.g. BEEF-vdW, have been developed to account also for the dispersion
interaction®. Studt e al. compared the energetics of CO and CO, hydrogena-
tion to methanol with the RPBE and BEEF-vdW functionals*’. They found a
difference of less than 0.07 eV in the free energy of intermediates and activation
energy for reactions of chemisorbed species whereas the difference was as large
as 0.4 eV for physisorbed species such as HCOOH. Since all the species in the
reaction paths we study here are chemisorbed, the inclusion of van der Waals
forces is not expected to be important in the present case. A plane wave basis set
was used with a cutoff energy of 350 eV to expand the valence electron orbitals
and PAW method used to represent core electrons 48 1Tn all cases, an irreducible
Monkhorst Pack grid was used to reduce the number of k-points.

The electrode was represented by a slab of three atomic layers with peri-
odically repeated (3x4) or (6x4) super cells and including (4x4x1) or (2x4x1)
k-point sampling, respectively. Atoms in the bottom two layers of the slabs were
held fixed but atoms in the top layer were allowed to move. The RPBE lattice
constant of Pt of 4.02 A was used and the slabs were separated by 10 to 12 A
of vacuum. The dipole correction was used in all cases to decouple the electro-
static interaction between the periodically repeated slabs. The VASP software
was used®’.

The atomic structure of the various reactants and products was found by min-
imizing the energy until atomic forces had dropped below 0.03 eV/A. In order
to model the water-solid interface as a function of electrode potential, a bilayer
of water molecules was added to the surface. It has been observed experimen-
tally and theoretically that water forms an ice-like hexagonal bilayer structure on
P(111)°%3!, In this structure, the oxygen atom in every other water molecule is
bonded to an underlying metal atom and the molecule lies in a plane parallel to
the surface while the remaining water molecules either point one hydrogen atom
towards (H-down) or away (H-up) from the surface. Schnur and Gross performed
ab initio molecular dynamics calculations at room temperature on several metal
surfaces and found a mixture of H-up and H-down orientations on e.g. Pt(111)
where the latter was twice as abundant’2. Haq et al. found experimentally and
theoretically a few other possible orientations of the water network on Ru(0001)
with a similar energy as the H-up and H-down structures>. The effect of an
electrical field corresponding to negative applied voltage makes the H-down ori-
entation more stable than the H-up orientation>*>3. We have chosen the H-down
orientation in our bilayer model. Since we determine the applied potential in each
system from the work function as described below, the dipole moment of the wa-
ter structure directly affects the estimated applied potential. However, since there
is a linear correlation between the energetics and the applied potential, the choice
of water model does not affect the overall conclusions '°. In order to charge the
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interface, additional H-atoms are inserted in the water bilayer to form a solvated
proton and additional electron at the electrode. By changing the number of H-
atoms added, the electrostatic potential of the double layer can be tuned and it
was chosen here to range from -2 V to +0.7 V vs. SHE, in order to compare
the results to the experimental conditions for Pt electrodes in the experiments by
Hori et al. and by Kuhl et al. (from around -1 to around -0.5 V vs. SHE).

Calculations of the free energy of the various molecules adsorbed on the sur-
face were carried out using the harmonic approximation and experimental esti-
mates of the entropy of gas phase species. The effect of the applied potential on
the free energy along the reaction path was calculated by adding —eU to the free
energy for each electron/proton pair added, where e is the charge of the electron
and U is the applied potential. The onset potential for a reaction path to become
active is, within the thermochemical model, the value of U needed to make all
elementary steps such that the free energy is unchanged or decreases!’. This,
however, neglects the effect of free energy barriers due to transition states.

A more accurate indicator of reaction rates was obtained by evaluating the
minimum energy path (MEP) for some of the most important elementary steps,
using the climbing image nudged elastic band (CI-NEB) method*%. The work
function was calculated for the initial states and saddle points of each reaction
step that involves direct addition of a proton from the water layer and an electron
from the electrode, i.e. a Heyrovsky mechanism. An extrapolation scheme was
then used to estimate the activation energy at a fixed electric potential'81°. The
problem here is that within the model used for the electrochemical double layer,
the effective potential changes during a proton-electron transfer reaction, since
there is a change in the number of hydronium ions in the water layer and excess
electrons at the electrode surface. Thereby, the electrical potential changes during
the reaction. This can affect the energetics considerably, most severely for small
simulation cells®!°. The electrical potential should remain constant during the
electrochemical reaction. By calculating the energetics in cells of varying size but
with same initial potential and evaluating the energy of interest as a function of
the change in the potential, an extrapolation to a zero change and infinite system
limit is effectively obtained. This methodology for modeling the electrochemical
solid-liquid interface has recently been reviewed .

The highest energy along the MEP gives the activation energy, E,, within
the harmonic transition state theory approximation, and the rate constant can be
expressed as

k = ve Ea/ksT (1)
The pre-exponential factor, v, was taken to have a typical value of 10'> s~! per
reactive site on the surface. The surface area (in units of cm?) per site, A/N,
on Cu(111) and Pt(111) is: 6.13 x 107! and 6.64 x 107'°, respectively. The
current density is evaluated as i = keN/A, where e is the electron charge '*!°. The
Faraday efficiency (current efficiency) is the current density divided by the total
current density.

3 Results

The calculated free energy of intermediates along possible reaction paths for CO,
reduction on Pt(111) are presented first. Thereafter, estimates are presented of
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the energy barriers obtained from calculations of minimum energy paths for both
Heyrovsky and Tafel mechanisms of all elementary steps in order to identify the
rate-limiting step.

3.1 Free energy of intermediates on Pt(111)

The estimated free energy of intermediates indicates several likely paths for the
reduction of CO, to form either methane or methanol, see Fig. 2(a) for a clean
Pt(111) surface and Fig. 2(b) for a H-covered surface. The path with the lowest
free energy rise involves formation of *CHOH. Two steps in the reaction path
have nearly equal increase in free energy, of about 0.35 eV, on the clean surface
(ca. 0.5 eV on the H-covered surface). These are first *CO — *COH and then
*COH — *CHOH. From there, either *CH forms and then methane, or *CH, OH
forms and then methanol, or *CHj is formed and then methane. A slightly higher
rise in free energy occurs by forming *C + H,O instead of *CHOH, a path that
is shown to lead to methane formation. Formation of *CHO instead of *COH
involves a significantly higher rise in free energy in an elementary step, as has
been noted previously 3% and is therefore deemed unlikely on Pt(111). The
path involving formation of *C+H;,O was already calculated previously by Shi et
al.®® whereas the possibility of the *CHOH was not considered to our knowledge.
The reduction of CO, to *COOH has the largest increase in free energy when the
surface is covered with H adatoms, see Fig. 2(b).

3.2 Onset potential for reduction

The application of an external electrical potential, U, affects the free energy
of the intermediates of the reduction path in such a way that a contribution of
AG = —eU gets added whenever a HT and e~ react to add an H-atom to the ad-
molecule. A calculated rise in the free energy at an elementary step of 0.35 eV
can therefore be eliminated by applying an electrical potential of -0.35 V. In the
TCM approximation it is assumed that a reaction path becomes active when no
elementary step involves an increase in the free energy, so the onset potential can
be estimated from the largest free energy increase in an elementary step in the
reaction path!”. The most endothermic elementary step then gives the estimate
of the onset potential.

Applying this approximation to the free energy curves for CO, reduction on
the clean Pt(111) surface and on the H covered Pt(111) surface, shown in Fig.
2, gives an estimate of the onset potential as -0.35 V for the former and -0.8 V
for the latter. From these results, one would conclude that Pt(111) is one of the
best electrocatalyst since the overpotential there is low. This is in contrast with
the experimental observation that no significant reduction products from CO; are
observed in experiments with platinum electrodes, even with applied potential
of -1.07 V2% Clearly, some other factor than the free energy of intermediates
affects the viability of the reduction reaction.

3.3 Activation energy

An important factor that is missing in the TCM is the activation energy of the
elementary steps. While the success of the TCM indicates that it is often a good
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Fig.2 Calculated free energy of various intermediates of CO, reduction to methane and
methanol by the thermochemical model (water layer not present and activation energy
not included), (a) on a clean Pt(111) surface, (b) on a H covered Pt(111) surface.
Contributions to the free energy at 300 K (zero point energy (ZPE) correction, enthalpic
temperature correction, and vibrational entropy (-TS) correction) of the various reaction
intermediates were taken from tables in the supporting information with ref.33 (Tables S3
and S5) and® (Table S$2) where the adsorbed species were calculated on a Cu(211)
surface. According to the TCM, the formation of *COOH, *COH and either *CHOH or
*C are likely the potential limiting steps on Pt(111), the rise in free energy indicating an
onset potential of -0.35 V on the clean surface while an onset potential of -0.8 V on the H
covered surface.
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approximation, this appears not be the case for the electroreduction of CO;. In
order to go beyond the TCM, we have calculated minimum energy paths (MEPs)
for the two elementary steps that involve a large rise in free energy (as seen in
Fig. 2), the *COH — *CHOH step and the *COH — *C + H,O step. The MEPs
are shown in Fig. 3. The MEPs were calculated for both a Heyrovsky mechanism
where a proton from the water solution attaches directly onto the admolecule and
an electron simultaneously is added from the electrode as well as a Tafel mech-
anism where a H-adatom reacts with the admolecule. The proton concentration
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@) Sp® "[(b) SPIJ ], Tefel
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Fig.3 Minimum energy paths for two elementary steps in the reduction of CO, on
Pt(111). *COH is reduced to either *C (a and b) or *CHOH (c and d) by Heyrovsky
mechanism where H from the solution and e~ from the electrode are added (a and c) or
Tafel mechanisms where an H-adatom is added (b and d). The calculations of the
Heyrovsky mechanism uses a slab containing (3x4) surface unit cells and includes 8
water molecules in a bilayer structure in (c) where one H>O molecule is removed to
make room for the HyO molecule that is formed during the reaction in (a). The
calculations for the Tafel mechanism uses (3x4) surface unit cells. In the calculations of
the Heyrovsky mechanism, one H-atom is added to the water bilayer to form a
proton/electron pair, which reacts during the transition. The calculations show that the
Heyrovsky mechanism is preferred for the formation of *C, while the Tafel mechanism is
preferred for the formation of *CHOH. In either case, the activation energy is large,
providing an explanation of why CO; electroreduction is not observed experimentally
when platinum electrodes are used.

and excess electrons at the electrode surface are consistent here with an applied
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voltage of around -0.9 V, similar to conditions in the experiments of Hori and
co-workers and Kuhl and co-workers. The surface is expected to have high cov-
erage of H-adatoms under these conditions, essentially a full monolayer!®. The
H-adatoms occupy FCC sites, while the *COH admolecule sits at an on-top site.
In simulations of the Heyrovsky mechanism, a double layer is set up by including
a water bilayer and H-atoms are then added to the water layer to form solvated
hydronium ions and excess electrons at the electrode. Analogous calculations
have previously been performed for H, formation'#!°. One water molecule has
been removed from the bilayer to make room for the H,O molecule that is formed
during the *COH — *C + H,O reaction. The *COH forms hydrogen bonds to
two neighboring water molecules, similar as in the simulations by Shi et al. 8.
The calculations carried out for the Tafel mechanism did not include a water bi-
layer since a solvated proton is not directly involved in the reaction. Simulations
of H, formation where this approximation was tested have shown that accurate
estimate of the activation energy can be obtained without the water layer for a
Tafel mechanism'#. But, the calculated energy difference between the saddle
point configuration and the initial state needs to be corrected for the change in
the number of hydrogen bonds for some of the elementary steps in the CO; elec-
troreduction.

The results of the calculations are shown in Fig. 3. The calculated activation
energy for both elementary steps and both reaction mechanisms is high, around
0.7 eV or larger. The lowest activation energy is found for the Tafel mechanism
for the *COH—*CHOH step. This, however, is a high barrier for a reaction
at room temperature and would lead to an insignificant rate. Given that DFT
calculations tend to underestimate the energy of transition states with respect to
stable states (because of self-interaction error®-92), this result indicates that low
reduction activity at platinum electrodes can be traced to large energy barriers for
the reduction of *COH.

Similar calculations for the Heyrovsky mechanism of the *COH — *C +
H,O step have been reported by Shi et al.3® but their simulation was different
in two respects. First, the surface did not have high coverage of H-adatoms and,
secondly, the concentration of protons/electrons in the double layer corresponded
to an applied voltage of ca. -2 V. The value of the activation energy reported
by Shi ef al. was therefore lower, 0.55 eV, compared with the value of 0.74 eV
obtained here at an applied potential of -0.9 V. A larger, negative applied potential
is expected to result in a lower activation energy.

The effect of changes in hydrogen bonding on the activation energy of Tafel
reaction steps is estimated by counting the number of bonds in the initial state and
final state and assuming an intermediate hydrogen bond energy at the transition
state. For the *COH + *H — *C + H,O step, shown in Fig. 3(b), the initial
state, *COH, can donate one H-bond and accept two H-bonds while the final
state, *C + H,O, can donate two H-bonds and accept two H-bonds. The final
state will thus be stabilized by one more H-bond than the initial state, around
0.25 eV %394 This could result in a decrease of the activation energy of about 0.1
to 0.2 eV, assuming a BEP relation®. Since the activation energy obtained from
the MEP without water is high, around 1.3 eV, this reaction mechanism is in any
case not likely to be active at room temperature. The effect of H-bonds will not
change that conclusion. The Heyrovsky mechanism for the formation of *C +
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H,O0, shown in Fig. 3(a) will be considerably faster than the Tafel mechanism.

The calculated activation energy for the Tavel mechanism for *CHOH forma-
tion is slightly lower (0.69 eV in Fig. 3(d)) than for the Heyrovsky mechanism
for *C + H,O formation (0.74 eV in Fig. 3(a)). A correction because of hydrogen
bonding is not needed here for the Tafel mechanism for *CHOH formation. This
intermediate on the Pt(111) surface has not been considered as a key intermediate
in previous DFT calculations to our knowledge. The Heyrovsky mechanism for
the formation of *CHOH has higher activation energy, 1.3 eV, see Fig. 3(c). This
is understandable from the fact that the solvated proton has to travel long distance
to reach the C-atom of the *COH admolecule. It is easier for a nearby H-adatom
to attach to the C-atom (Fig. 3(d)). The H-bonding network is not likely to affect
the energetics here since the number of H-bonds in the initial and final states are
expected to be the same. Further reduction of *CHOH can give either methane
or methanol.

3.4 Extrapolation to constant potential

The calculations of the minimum energy paths and the activation energy of steps
involving the Heyrovsky mechanism are problematic in that the effective electric
potential due to the double layer changes when a proton reacts and is removed
from the layer. The larger the system is and the larger the number of protons,
the smaller the effect is. By carrying out the calculations for two systems with
different size but same concentration of protons, and thereby corresponding to
the same potential, an extrapolation can be made to the infinite size limit where
the removal of a proton does not change the potential>!%1°. This has been done
for the *COH + H* + e~ —*C + H,O step, the *COH + H' + e~ —*CHOH step
and the H' + e~ —*H step when extrapolating to a proton-electron concentration
per surface Pt atom of 1/12 (which corresponds to applied potential of -0.9 V %)
and for the CO, + HT + e~ —*COOH step and the *COOH + H™ + e~ —*CO
+ H,O step when extrapolating to a proton-electron concentration per surface Pt
atom of zero (which corresponds to applied potential of +0.7 V). The results
are shown in Fig. 4. The calculated activation energy for all the elementary steps
is shown as a function of the change in potential from the initial state to the saddle
point, AU, during the reaction. For the systems considered here at -0.9 V, the cal-
culated activation energy for the reduction steps of CO; electroreduction does not
change significantly when extrapolating to AU = 0 V. This means that the results
of the NEB calculations shown in Fig. 3 already give a good estimate of the acti-
vation energy when considering reduction processes at negative potentials. This
has been seen before for other reduction processes when the applied potential is
negative enough®!°. When the proton is transferred all the way to the surface via
the Volmer reaction at this same potential, -0.9 eV, the activation energy changes
slightly more as the supercell is increased and the extrapolation scheme is then
needed. On the other hand, for the reduction processes at +0.7 V, the activation
energy does change significantly, as seen in Fig. 4, when extrapolating to infinite
systems which is consistent with previous results %19

12| 1-18

Page 12 of 18



Page 13 of 18

Faraday Discussions

® ‘COH +(H*+e)—*C+H,0
_—I Oy, =1/12,U=-09V
O *COH + (H* +€") —»*CHOH

* i e *
Il *COOH +(H +e)—>CO+H20:| 8y, =0, U =+0.60 V
A CO,+(H*+e)—»*COOH

O H*+e —*H 6,,=112,U=-09V

1.5 - - -

% (2] |\
\ \

o ot

m \\\ \\\\
Q'LO . .
) A

c \

o o ° \

5
205 B N
2 | T T \
H A
<

15 -10 -05 0.0 05 1.0
AU/ eV

Fig. 4 Extrapolation of calculated activation energy of the Volmer reaction (H™ +

e~ —*H) and the Heyrovsky reaction for four different elementary steps of CO,
electroreduction on Pt(111) to conditions where the change in the corresponding
electrical potential, AU, is zero, from the initial state to the saddle point. The data points
are obtained from calculations on slabs including (3x4) and (6x4) surface unit cells, with
1 and 2 additional H-atoms added, respectively, to the water bilayer to create
proton-electron pairs. The change in the electrical potential is deduced from calculated
values of the work function. Extrapolations are made for a proton/Pt surface atom ratio
of O+ = 1/12 as well as 0.

3.5 Mechanism for methane and methanol formation

The free energy change and activation energy for each elementary step in CO»
electroreduction to either methane or methanol at -0.9 V potential on a Pt(111)
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electrode are shown in Fig. 5. The activation energy was calculated for both
a Heyrovsky-type and a Tafel-type reaction mechanism and the lower value is
shown. The rate-limiting step turns out to be the *COOH + H' + e~ —*CO +
H,O reaction with a 0.95 eV barrier at -0.9 V via a Heyrovsky mechanism. All
other steps have activation energy lower than 0.76 eV at this potential. It is sur-
prising to find this to be the rate-limiting step since it involves a significant drop
in free energy (see Fig. 2). This shows clearly how important it is to calculate the
activation energy for all the elementary steps. After the rate-limiting step, when
*CO has been formed on the surface, *COH is more likely to form than *CHO,
both according to the thermodynamics as well as the kinetics. The subsequent
step either involves *CHOH formation via a Tafel mechanism or *C + H,O for-
mation via a Heyrovsky mechanism. The activation energy for the two is quite
similar, 0.69 eV and 0.74 eV, respectively. Since different reaction mechanisms
and therefore atomic models are used here we do not conclude which species
will be more dominant on the surface, the *CHOH or the *C species. Further
reduction of either of these two species can result in *CH forming, and then fi-
nally methane formation. The *CHOH species may be reduced to either *CH +
H,0 or to *CH,OH. The activation energy for these two steps is almost the same,
0.74 eV and 0.76 eV, respectively. Both *CH and *CH,OH could be present on
the surface. The *CH;OH species will then be reduced to methanol with a low
barrier of 0.38 eV via a Heyrovsky mechanism rather than formation of *CH,
+ H,O which has an activation energy of 0.88 eV in a Heyrovsky mechanism.
However, the *CH species can be reduced to *CH; with a 0.69 eV barrier. The
final step to form methane involves a Heyrovsky reaction where a proton is added
to the *CHj3 species, with an activation energy of 0.76 eV.

Clearly, the electroreduction of CO, involves a complex reaction network.
The rate limiting step for methane and methanol formation turns out to be the
same, i.e. the formation of *CO with a barrier of 0.95 eV at a potential of -0.9
V. This is in good agreement with the experiments on Pt at this potential where
the rate of methane and methanol formation was found to be similar>. After the
rate limiting step, the highest activation energy towards methanol is in *CH,OH
formation, while the highest activation energy towards methane is the reduction
of *CHj3. In both cases the activation energy is 0.76 eV at a potential of -0.9 V.

3.6 Potential dependent activation energy

The activation energy of the rate-limiting step, *COOH + HT + e~ —*CO +
H»,O, was calculated for an applied potential of -0.9 V on Pt(111) as shown in
Fig. 5. The variation of the activation energy as a function of the applied po-
tential, from -2 V to +0.7 V has also been calculated and is shown in Fig. 6.
The potential dependence of the activation energy is strong, it varies from around
0.45 eV to around 1.3 eV over this range in applied potential. The calculations
are in close agreement with the calculations by Shi ez al.3® where an activation
energy of 0.5 eV at an applied potentials of around -2 V was obtained. The only
difference between their calculation and ours is the H-adatom coverage on the
surface. In our calculations a full monolayer of H adatoms is present on the sur-
face whereas the calculations by Shi et al. did not include any H adatoms. The
strong dependence of the activation energy on the applied potential shows that

14 | 1-18

Page 14 of 18



Page 15 of 18 Faraday Discussions

0.95 u = 09V )
co, 0.30 _-— With H,O bilayer
0 *COOH l.0.09
> .’.“ *cHo 0.74
(] o ) 0.76
-~ =2 | CO +H,0 10.69 0
*COH

S *C + H,
b *
] 5 SH 0.49
: '4 i *CHZ ll‘
Y CH +H,0 '

b/ 1
P CH,OH CH;0OH 1 0.76

[
¢ 5t 3 *CH,
L. == Tafel reaction
= Heyrovsky reaction CHyg
-8 I
L L L L L L L L L

0 1 2 3 4 5 6 7 8
(H* + e°) transferred

Fig. 5 Calculated free energy change and activation energy (given by numbers next to
barriers in units of eV) in electroreduction of CO, to both methane and methanol at a
Pt(111) surface when the applied potential is -0.9 V. The optimal mechanism to form
methane is shown (green), as well as several alternative mechanisms involving different
intermediates: *CHO instead of *COH (red), *C instead of *CHOH (blue), *CH,OH
instead of *CH (purple). Reduction of *CH,OH then leads to formation of methanol
(purple). Both Heyrovsky (full line) and Tafel (dashed line) mechanisms are considered.

while the activation energy is low at -2 V, it is high at a potential of -0.65 V to
-1.1 V used in the experiments>>>>. Our calculations, thereby, explain why the
rate of methane and methanol formation is as low on Pt electrodes as has been
observed experimentally. The estimated rate of CO, electroreduction using the
calculated activation energy and assuming a pre-exponential factor of 102 per
site per second is used to calculate current density for detailed comparison with
experimental data>% as shown in Fig. 6(b). Results of similar calculations for
H; formation are also shown. The agreement with experiment is remarkably good
considering that no parameter is adjusted in the calculation to fit the experimen-
tal data. The calculations explain why low current efficiency is obtained for CO,
electroreduction and high current efficiency is obtained for H, formation (Fig.
6(c)). In Fig 6(d.e,f), similar calculations are shown for Cu(111) and a compari-
son with experimental results for a copper electrode >+>3-%¢. Again, the agreement
is excellent. The cross-over in the rate of H, formation and CO, electroreduction
at -0.9 V is explained by the changes in activation energy of the rate-limiting
steps. The Faraday efficiency of CO» electroreduction becomes higher than for
H, formation on copper when the applied potential is more negative than -0.9 V.

4 Conclusions

The goal of this study was to gain better understanding of why attempts to elec-
trochemically reduce CO, on Pt electrodes have not proved to be successful,

This journal is © The Royal Society of Chemistry [year] Faraday Discuss., [year], [vol], 1-18 | 15
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while a significant yield of hydrocarbons and alcohols has been obtained with Cu
electrodes. Simulations of the electrical double layer and calculations of reaction
paths for the various elementary steps where carried out and for conditions corre-
sponding to the ones in the experiments of Hori and coworkers>!~23 and Kuhl and
coworkers >*2>_ The optimal reaction mechanism for both methane and methanol
formation was identified. A relatively large activation energy was obtained for
several of the elementary steps, and a strong potential dependence found. Close
agreement with the measured current density and Faradaic yield was obtained for
both methane and methanol formation and the fact that mostly H; is formed. The
calculations presented here show that the low rate of methane and methanol for-
mation at Pt electrodes is due to large activation energy in CO; electroreduction.
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Fig. 6 Calculated activation energy of the rate-limiting step shown in Fig. 5 of CO,
electroreduction and H, formation at (a) Pt(111) and (d) Cu(111) surfaces as a function
of applied potential. The current density is calculated from an Arrhenius expression for
the rate using the calculated activation energy and assuming a pre-exponential factor of
102 per site per second at (b) Pt(111) and (e) Cu(111). Faraday efficiency (current
efficiency) in CO; reduction as a function of applied potential for (c) Pt(111) and (f)
Cu(111) electrodes. The agreement with experiments 22 is remarkably good
considering that no parameter is adjusted in the calculation to fit the experimental data.
These calculations show that the low rate and low efficiency of methane formation at Pt
electrodes is due to large activation energy in CO» electroreduction and low activation
energy in H, formation. For Cu(111), a cross-over in activation energy occurs for these
two processes, consistent with the experimentally observed trends on Cu electrodes.
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calculations were carried out using the Nordic High Performance Computing
(NHPC) facility in Iceland.
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