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Abstract

MoTes has experimentally and theoretically been identified as a promising cathode
candidate for electrocatalytic CO2 reduction (CO2RR). A full understanding of its
reactivity requires special consideration of the reaction kinetics, but this is challenging
due to the varying electrode potential in the canonical DFT, which calls for grand
canonical, constant potential methods. Here, the full reaction pathways for CO2RR
to CO and the competing Hydrogen Evolution Reaction (HER) are investigated on a
MoTey edge in an alkaline medium using a Grand Canonical Ensemble DF'T approach
with hybrid solvent model to understand the explicit effect of the applied potential.
Our results show that the barrier of the first CO2RR step, the CO5 adsorption, is
lower than the first HER step, the Volmer step, which implies that CO2RR is favored.
We also find that at more negative potentials the first CO2RR steps become more
favorable, whereas CO desorption becomes less favorable, indicating that further CO
reduction is expected instead of CO desorption. However, the potential dependence
of the Volmer step depends more strongly on potential than CO4y adsorption, making
HER more favorable at more negative potentials. Overall, our study identifies edge-rich

MoTes nanoribbons as possible catalysts for alkaline CO2RR.

Introduction

The electrocatalytic reduction of CO, (CO2RR) is a promising pathway towards closing
the anthropogenic carbon cycle.!? In this process, CO, gas captured from point sources or
directly from ambient air (DAC) is converted into various carbon products, which can be
used as both fuels or chemicals. Among the most common products are CO and formate/
formic acid, while only a few proposed catalysts have been observed forming further reduced
products, such as alkanes or alcohols.®® While copper is the only "beyond CO” producing
transition metal, it is associated with high overpotentials and poor selectivity.*® Recently,

transition metal dichalcogenides (MX,, X=S, Se, Te) have attracted significant interest for



electrocatalysis. 1% 1 In particular, MoS; has been widely studied for various applications of
electrocatalysis and energy materials. 1417

The transition metal dichalcogenides (TMDC) have also attracted growing attention
for CO2RR.'®%2 In our recent study, we showed that transition metal tellurides exhibit
promising thermodynamic properties for CO2RR, as they adsorb H weakly and CO strongly
compared to sulfides and selenides.?® This behaviour is expected to lead to the formation
of beyond-CO products?® in agreement with an experimental study identifying CH, as a
major product of MoTe, nanoflakes in an ionic liquid.?® Interestingly, in the same study,
some CO2RR activity was measured even in an aqueous electrolyte, further indicating of
the suppression of the competing HER. In particular, the edge sites have been proposed to
be important for the TDMC catalysts and they can, for example, enhance electronic con-
ductivity. In the case of MoTes, its most stable phase, the 2H-phase, is a semiconductor in
bulk but metallic edge states arise upon formation of nanostructures.?%2” The pristine 2H-

28-30 while defects are required to

MoTe, edges are assumed to be the active sites for catalysis
activate the basal plane of 2H-MoTe,3!32 and the high acidic HER activity of MoTe, is asso-
ciated to the basal plane anion vacancies.*® Based on these findings, we expect that pristine

2H-Mo'Te, edges will exhibit high CO2RR activity and suppress HER in alkaline electrolytes.

To test the validity of this proposal, the reaction kinetics of CO2RR and the competing
HER needs to be addressed. However, modeling reactions at the electrochemical solid-liquid
interface is not straightforward.3*37 During an electrochemical reaction, electrons are trans-
ferred to or from the working electrode, kept at constant potential. While in an experimental
setup, this is achieved via an external circuit, in common canonical simulations, the num-
ber of electrons is fixed and the Fermi level of the electrode, i.e. the electrode potential,
fluctuates over the course of an electrochemical reaction.®® Common post-processing ap-
proaches such as the Computational Hydrogen Electrode (CHE)3 have proven successful in

describing the potential dependence of reaction thermodynamics of proton coupled electron



transfer reactions. However, it cannot be used when charge is directly transferred during the
simulation, e.g. in reaction barrier calculations.®® Furthermore, charge transfer reactions
not involving a simultaneous proton transfer cannot be described with CHE. The electrode
potential effects can be explicitly described with Grand Canonical Ensemble (GCE) based
methods, such as GCE-DFT, where the electrochemical potential of an electron, i.e., the
electrode potential, rather than the number of electrons is kept fixed.?**? GCE-DFT -based
approaches have previously provided detailed descriptions of various electrochemical reaction
pathways, such as the NRR/ HER on Ru-Ny,%* Au-Catalyzed Glycerol Electro-oxidation, 42
and the HER at MoS,%3 and MoTe, basal planes.?® Also, the CO2RR has been the subject
of GCE-DFT investigations. On the Cu(100) surface, a potential dependence of the C-C
bond formation mechanism was demonstrated considering reaction barriers and thermody-
namics,** while a later study identified the hydrogenation of CO, to be the rate limiting
step of the CO2RR on Ag(110) using a multiscale modelling approach including reaction
kinetics. > The CO2RR/ HER competition has also been investigated and significantly dif-
ferent potential dependencies for reaction energies of CO2RR and HER elementary steps
were reported on various (111) transition metal surfaces?® but kinetic considerations were
excluded. Most recently, the pH and potential dependence of the rate limiting step in the
formation of multi-carbon species on Cu was investigated. 4’

In this paper, the alkaline CO2RR and HER reactions at a MoTe; edge is investigated
considering reaction thermodynamics and kinetics as a function of the electrode potential.
Specifically, the potential dependence of relevant reaction barriers of the CO2RR and com-
peting HER reactions at MoTe; edges are evaluated through GCE-DFT calculations. We
show that CO2RR is kinetically favored over HER, explaining the CO2RR activity observed
in an aqueous electrolyte.?> We also find that the barrier for a CO desorption step is increased
at more reducing potentials, indicating that beyond-CO reduction could become increasingly
favorable compared to CO desorption. Our findings identify edge-rich MoTe; as an active

and selective catalyst towards CO2RR in alkaline electrolytes.



Computational methods

All DFT calculation were performed in a projector augmented wave (PAW) formalism as im-
plemented GPAW 21.6.0%%49 integrated with the Atomic Simulation Environment (ASE).%°
Most calculations were performed in Finite Difference (FD) mode using a grid spacing of 0.16
A but the minima hopping calculations (see below) were carried out in LCAO mode with a
DZP basis set in order to limit the computational cost. The employed exchange-correlation
functional is in all cases the the BEEF-vdW functional,® which includes van der Waals ef-
fects for accurate thermodynamics of adsorption reactions. The electrons are smeared using
a Fermi-Dirac smearing with a width of 0.05 eV. Atomic positions are relaxed until all resid-
ual forces are below 0.06 eV/ A. Periodic boundary conditions are applied in the x and y
directions with an employed (5x1x1) k point mesh), while an added empty space of 8 and 10
A respectively is added to each side of the structure in the y and z directions respectively, to
create the nanoribbon with edges. The configuration of the edge is motivated by our recent
findings and will be addressed in detail below. A dielectric-dependent dipole correction®? is
applied in the xy direction to allow for a potential difference across the system.

The electrochemical solid-liquid interface is modelled by an implicit/explicit hybrid sol-
vent approach combining the Simple Continuum Model based on Volumetric Data (SCMVD)
dielectric continuum model with 4 explicit water molecules.®® The implicit solvent is defined
within a box-shaped region above the MoTe, edge in the z-direction ranging from 1 A above
the outermost atom in the cell and 1 A below the top of the cell. The vdW-radii are adapted
from the GPAW database, except for Mo, for which a value of a value of 2.1 A is employed. 5
The Minima Hopping method as implemented in ASE is used to optimize the location and
orientation of the explicit water molecules.®® For the CO2RR the water layer is optimized for
COs adsorbed at the edge, whereas for the HER the water layer is optimized for the pristine
surface. In each case four water molecules are included in the water layer. Each initial and
final state for the different reaction steps is then constructed using the obtained minimum

energy water layer structure as the starting point. The proton donor for the proton coupled



electron transfer reactions is the explicit water molecule closest to the reaction site. In these
reactions, the final state involves an OH™ ion, which subsequent reaction step is replaced by
a HoO molecule and the original water layer is regained. Initial and final states are obtained
by relaxing the three outermost rows of edge atoms (Te, Mo, Te), the adsorbed species and

all explicit water molecules, while keeping the additional surface atoms fixed.

Grand canonical free energies at fixed potentials are obtained using the Solvated Jellium
Model (SJM) method as implemented in GPAW.5? In this approach, a homogeneous counter
charge (a jellium slab) positioned within the implicit solvent region is added to keep the
system charge neutral, while the number of electrons in the cell is iteratively adjusted until
the target potential (®.) is reached within a tolerance threshold of 0.025 V. The implicit
solvent and neutralizing jellium counter charge screen the surface charge and high electric
field originating from the charge surface. In SJM the electrode potential is defined as the
Fermi level (Ey) referenced to the electrostatic potential deep in the implicit solvent (®,,),
where no electric field is present:

d, =, — E; (1)

The experimentally determined relation between ®. and the potential against the Standard

Hydrogen Electrode (Usyg) is given by:

Usip = B — 4.44V (2)

For better comparison with experiments, the potentials are converted to the Reversible

Hydrogen Electrode (RHE) scale using:

URHE = USHE + kBT . pH . ln(lO) (3)

Where kg is the Boltzmann constant and 7" is the absolute temperature. The energies used



in this study are the grand free energies, €2, defined as:

Q — Etot + ¢€Ne (4)

Here, E;, is the DFT calculated energy and N, is the number of excess electrons. For
molecular references, the gas phase Gibbs free energy including zero-point energy and entropy

is employed. In the special case of H*+ e, the energy is calculated by:

GH++€7 = 05GH2 - eURHE (5)

where G, is the Gibbs free energy of a dihydrogen molecule. The potential is corrected for
by the -eUgpr term, where e is the number of electrons, and Uy is the applied potential.

Finally, reaction grand free energies are calculated by:

AQ = Qproducts(*) + Gproducts(g) - Qreactants(*) - Greactants(g) (6)

where * denotes surfaces and adsorbed species and g denotes gas phase species.

Nudged Elastic Band (NEB) calculations as implemented in ASE®7*® are performed to
obtain the grand free energy barriers. In some cases the bond length between the reacting
species in the solvent and the Mo reaction site is additionally constrained to ensure a shorter
NEB path, while preventing recombination of reactants. In this case, an intermediate image
from a previously non-converged NEB run is chosen as the initial guess for relaxation. Linear
interpolation between initial and final state is employed to construct the initial guess for the
NEB path. Finally, the climbing image method is employed to get a better description of the
saddle point.?® The potential is fixed during NEB and CI-NEB optimizations. The atomic

charges are computed using the Bader charge analysis scheme.% % The charge difference



between an atom in the final and initial state is then calculated as

Aq=q; —q (7)

where ¢ is the Bader charge of the atom in question, and ¢ and f indicate the initial and

final states, respectively.

Results and discussion

A single layer of the 2H phase of MoTe, consists of a hexagonal layer of Mo atoms sandwiched
between two layers of Te atoms stacked in an eclipsed configuration, so that each Mo atoms
upholds a trigonal prismatic lattice coordinating to six Te atoms. Cutting the 3D sheet
stoichiometrically in the so-called "zig-zag” direction creates a nanoribbon with two edges
terminated by Te atoms (X edge) and Mo atoms (M edge), respectively. However, under
experimental conditions, reorganization of the edge configuration is likely to occur.%* In our
previous study of the edge termination of TMDC nanoribbons using the CHE model, we
found that OH terminated configurations of the X edge were favored under experimental
conditions relevant for CO2RR, while also the adsorption energies for CO and H were more
favorable at the M edge.?® Hence, in this study, the Mo edge is selected as the reaction site.

Based on the previous results,? 5 different edge terminations were selected for investiga-
tions, here denoted as Tey (OHy) with each Mo-Mo bridge site occupied by a Te (OH), Te;
(OH;) with every second gap occupied, and Te;OH; with the terminating group alternating
between Te and OH as shown in the insets of Figure 1. Furthermore, one termination in
which CO, is adsorbed to the Mo site at the Te; terminated edge is considered, as it is ex-
pected to be the active site for CO2RR. All the terminations are initially considered without

explicit solvent molecules.

The explicit potential and pH dependencies of the relative stabilities of different Mo edge



2.5{Te,

2.0
E 1.5
G 1.01
0.5
-1.5 -1.0 -0.5 0.0 -1.5 -1.0 -0.5 0.0 -1.5 -1.0 -05 0.0
U [V vs SHE] U [V vs SHE] U [V vs SHE]
Tel 25.Te1C02
2.0
2.0
— 1.51 —
E E 1.5
c 1.01 G 1.0
0.51 0.51
0.0+ : ' ' : .0 ' : : 0.0 : ' ' '
-1.5 -1.0 -0.5 0.0 -1.5 -1.0 -0.5 0.0 -1.5 -1.0 -05 0.0
U [V vs SHE] U [V vs SHE] U [V vs SHE]

Figure 1: Variation of the Grand free energy, €2, as a function of potential, U vs RHE, for
six different terminations of the MoTe, M edge (shown as insets. Turquise=Mo, brown=
Te, gray=C, red=0, white=H). The solid lines are second order fits to the data points, each
corresponding to a GCE-DFT calculation at different potential. Here, a negative AS) value
means that the reaction is thermodynamically favorable

terminations were investigated using the GCE-DFT. Figure 1 shows the grand free energies
of six different terminations (shown as insets in Figure 1), each calculated at seven different
potentials. The data has been fitted to second order polynomials in accordance with the

expected potential dependence.??:65:66

The data generally follow the expected trend, only
for the OH terminated edges some deviation is observed. The grand free energy curvatures
and maxima correspond to the capacitance and potential of zero charge (PZC), respectively.

These are provided for each termination in SI (Table S1), and show that the PZC depends

on the edge termination while the capacitance is fairly structure insensitive.

The obtained grand free energy fits are used to map the potential and pH-dependent



edge stabilities according to Equation 3 and the corresponding plots are given in Figure 2.
The grand free energy as a function of potential at a fixed pH=7 is furthermore shown in
Figure 3. The OH, termination is excluded from the analysis, as it is highly unstable in
the entire region considered. Our results show that the relative stability of the termina-
tions depends sensitively on potential with the lower Te coverage becoming more favorable
with a decreasing electrode potential (top left) in agreement with our previous results.?3
The stabilities of the two OH terminated structures, OH; (top right) and Te;OH; (bottom
left), also increase at more negative potentials. For the Te terminated edges, the pH depen-
dence is minimal, whereas the two OH terminations show a significant pH dependence; the
OH; becomes relevant at low pH even for intermediate potentials. We attribute observed
stabilization to the stronger dipole-field interactions resulting from inclusion of the polar
OH-group and the large difference in the PZC for these to different surface terminations
(see Table S1). The presence of a CO5 adsorbate at the Te; termination does not notably
alter the relative stability, indicating that adsorption of CO, is thermodynamically feasible
and it does not significantly change the surface stability. In the earlier experimental study,
the CO2RR activity was measured for potentials below -0.6 V at neutral conditions (ionic
liquid/ 0.1 M KHCO3).?® At these conditions, we expect the Te; termination to dominate,

hence it is chosen as the model system for the mechanistic analysis.

Potential-dependent reaction thermodynamics and kinetic barriers

of CO2RR and HER

In order to calculate reaction barriers for the CO2RR and the competing HER, a layer of
explicit water molecules was included above the most stable, Te; edge, see the Supplementary
Figures S1-S3. The reactions and elementary steps considered are listed in Table 1 along
with possible additional constraints employed in the optimization of the initial and final

states for the NEB path. The optimized structures are shown in the SI Figures S2 and S3.
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Figure 2: Heatmaps showing the relative stabilities of different edge termination relative to
the Tey termination. AL has been normalized to the number of electrons transferred.

The NEB paths calculated at three different potentials are given in Figure 4. For all four
elementary steps, the charge of the system varies monotonously going from initial to final
state over the transition state (SI Table S2), which is observed also for metallic systems. 5267
Generally electrons are gained over the course of the reaction, except for CO desorption,
where the number of electrons is decreased. CO, adsorption is found to be exergonic and
sensitively depend on the electrode potential; this can only be captured with explicitly
considering the electrode potential. The kinetic barrier is below 0.3 eV at all three potentials.
The potential-dependency can be rationalized by the charge analysis given in Figure 5, which
shows that the adsorbed COs carries a substantial, ~ —0.8e charge. Table S2 displays
that the total system gains 0.5 additional electrons during the adsorption to maintain fixed

electrode potential. Projected density of states plots (PDOS) for CO, SI Figures S4 and 5

clearly show the ¢ donation from the adsorbate to the Mo d-states and the m backdonation

11
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Figure 3: Grand free energy, AQ2, as a function of potential, V vs RHE calculated at pH=T.

from the d-states to the adsorbate 7* orbitals upon bonding. Together the charge and PDOS
analyses demonstrate notable charge transfer from the surface to the orbitals of CO,: the
first CO2RR step corresponds to an electron transfer event.

While, the first H transfer leading to *COOH is thermodynamically uphill, the second H
transfer leading to adsorbed *CO is exergonic. Note that the final states of the H transfer
reactions involve an OH™ ion, which is subsequently replaced by a water molecule before
the next elementary step achieving significant energy gain. The OH™ formed in the final
state is not stabilized by an explicit cation, however, to keep the potential constant the
number of excess electrons in the surface is increased (make the surface more negative)
together with compensating the positively charged solvated jellium, as shown in Table S2.
As expected, both barriers decrease at more negative potentials but the second H-transfer
barrier is generally slightly lower than the first one (0.52 eV vs 0.68 eV at -1.23 V vs RHE).

The final CO2RR step, considered in this study, is the CO desorption, which is found
to be thermodynamically unfavorable by more than 1.4 eV and associated with a corre-
spondingly large forward reaction barrier. While this binding energy would lead to very

slow CO desorption rates, it is possible that adsorbate-adsorbate repulsions on certain sites,
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Table 1: The reactions steps considered. r,;, ¢ is constrained in the initial state
of the CO, adsorption step to minimize the length of the reaction path; necessary
to converge the NEB calculation. For the Volmer steps, 7, o is constrained in
the final state to prevent recombination of H and OH.

Reaction Step Additional constraints
CO2RR  CO, adsorption COy + * — *CO, I'vio.c fixed in IS

H transfer 1 H,O + *CO9 —-*COOH+ OH~

H transfer 2 H,O + *COOH—*CO + OH~

CO desorption  *CO — CO +*

HER Volmer 1 * + H,O —*H I'o-o fixed in FS
Heyrovsky *H + H,O —*H,
Volmer 2 *H + H,O — 2*H I'vo.o fixed in F'S
Tafel 2*H —*Hy+*

H, desorption  *Hy — Hy + *

will weaken CO binding allowing it to desorb.%® Interestingly, the barrier for CO desorption
increases at more negative potentials indicating that CO formation becomes less favorable.
This also implies that ”beyond-CO” product formation may be enhanced for more negative
potentials.?* CO adsorption strength at the metal site is enhanced for TMDCs with decreas-
ing polarity of the M-X bond and thereby increasing electron density on the metal.?® A
linear increase of the electron density would be likewise expected for decreasingly negative
potentials, which possibly explains the increased barrier for CO desorption. This implies
that m-backbonding is involved in the CO-bonding and the PDOS analysis, in SI Figure S5,
clearly shows the o donation from the CO adsorbate to the Mo d-states and the 7 backdo-
nation from the d-states to the adsorbate 7* orbitals. The charge analysis for CO desorption
in Figure 5 shows that charge transfer takes place from the surface to the adsorbate orbitals.
While charge transfer is enhanced at more reducing potentials, it is more pronounced for CO
than CO,, which explains the stronger potential dependence of the CO desorption barrier
(Figure 7). The precise number of water molecules and the structure of the explicit water
layer can potentially influence the computed barrier values and thermodynamics. SI Figure
S6 presents the NEB paths for the first H-transfer and the CO desorption steps using differ-

ent water layers and demonstrates the impact of the water layer structure is minor. While
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Figure 4: Free energy profiles for the CO2RR elementary steps calculated at different poten-
tials. The value of the forward energy barriers, €); is given for each potential in the legends.

different water structures can affect intermediates differently, the reaction energy of a full

catalytic cycle will be independent of the water structure.

The HER can proceed either via the Volmer-Heyrovsky or the Volmer-Tafel mechanism.
In both cases, the reaction starts with the Volmer step, where H adsorbs from the solvent,
followed either by the Heyrovsky step (Table 1) or an additional Volmer step and a subsequent
Tafel step (Table 1) and finally Hy desorption. The NEB paths calculated at three potentials
are shown in Figure 6). For all the elementary steps the charge monotonously increases
(Volmer 1, Volmer 2 and Heyrovsky) or decreases (Hs desorption) over the course of the
reaction (shown in SI Table S2). The only exception being the Tafel reaction, for which a
slight non-linearity is observed; the charge is decreased from the initial to the transition state

and increased from the transition to the final state. This indicates higher sensitivity of the

14
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Figure 5: Aq calculated by the Bader charge analysis scheme for C and O atoms in CO45 and
CO, the Mo atom in the adsorption site, and the neighboring Te atom. COs adsorption (left)
and CO desorption (right). The positive charge difference correspond to charge tranfered to
the atom over the course of the reaction

reaction barrier than the reaction energy to the potential.#! The change in charge through
the reaction is minor for the Tafel step. The reaction barriers for the two Volmer and one
Heyrovsky steps are rather high (1.07 eV, 1.20 eV and 0.84 eV at -1.23 V vs RHE) and all
three reactions are also thermodynamically unfavorable. It should, however, be noted that
the reformation of the charge-neutral water layer upon OH™ ion replacement is associated
with large energy gain, so that the reactions actually become thermodynamically downhill.

Comparing the barriers for the Heyrovsky step and the second Volmer step (the second
step in the Volmer-Heyrovsky and Volmer-Tafel mechanism respectively) shown in Figure
6, the Volmer-Heyrovsky mechanism is expected to be the relevant HER mechanism at the
electrode potentials considered here. The reaction barriers of the Volmerl, Volmer2, and
Heyrovsky steps decrease as more reducing potentials are applied. The final elementary step
of the HER pathway is the desorption of Hs. In the preferred adsorption geometry, the Hy
molecule adsorbs flat on the Mo-site with both H atoms bonding to the Mo atom and the
H-H bond being elongated. Two different configurations, shown in SI Figure S3, are found
with bond lengths of 1.86 A (*H2) and 0.82 A (*H4) with *HZ being 0.26 eV lower in energy

than *H5. The desorption barrier is 0.30 eV larger for *H% than for *HS. *H$ is found to be

15
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Figure 6: Free energy profiles for the HER elementary steps calculated at different potentials.
The value of the forward energy barriers, €2 is given for each potential in the legends.

the preferred final state of the Tafel step. The Heyrovsky mechanism is conversely found to
proceed via *H as the barrier to *H? is found to be larger. The desorption of H? is found
to involve two reaction steps; *H$ — *H5 and *HS — Hy(g) +*. At highly reducing poten-
tials, the first step is found to be negligible, whereas it becomes increasingly important at
less negative potentials (visible as the shoulder in the NEB path in Figure 6 bottom center,
which arises for low potentials). The barrier for the direct desorption of the energetically

less favorable Hyb is lowered by approximately 0.2 eV compared to that of HS.

Figure 7 summarizes the grand free energy barriers of the CO2RR and HER elementary
steps for different potentials. Interestingly, the potential-dependency for the first Volmer
step is more pronounced than for the COy adsorption, and thus HER becomes relatively

kinetically more favorable at more negative potentials. However, the barrier for the first
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Figure 7: Forward grand free energy barrier, {3; as a function of potential. Linear fits for
each CO2RR (left) and HER (right) step are given in the plots.

Volmer step is more than 1 eV larger than for the CO, adsorption at -0.8 V vs RHE and
therefore CO, adsorption is kinetically preferred at the experimentally relevant potentials.
The potential dependency is slightly smaller for the Heyrovsky step than for the second
Volmer step, implying that at higher negative potentials a shift towards the Volmer-Tafel

mechanism compared to the Volmer-Herovsky mechanism is expected.

Figure 8 displays the energy diagrams for the CO2RR and the HER at -0.8 V vs RHE,
i.e. under the experimentally relevant CO2RR conditions. Comparison of the three reaction
pathways shows that while the HER is thermodynamically favored over the CO2RR, the
CO2RR is kinetically more facile: all CO2RR barriers to *CO are smaller than the first
Volmer barrier. The more facile CO2RR kinetics at the MoTe, edge are the likely reason for
the experimentally observed CO2RR activity in aqueous electrolytes.?® These results empha-
size the importance of computing reaction kinetics as a function of the electrode potential

as the standard CHE approach including only thermodynamics would be unable to predict
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Figure 8: The Full grand free energy diagram for CO2RR and HER reaction pathways at -0.8
V vs RHE. (H*+e7) is abbreviated "H”. Grey text denotes energy levels that are the same
for the Volmer-Heyrovsky and Volmer-Tafel mechanisms. TS denotes a transition state.

the preference for CO2RR over HER. It should be noted that the CHE approach also cannot

describe the CO2RR selectivity of Ag, Au, and Cu metals. %

Conclusions

The reaction mechanisms of the CO4 reduction reaction (CO2RR) and the competing Hy-
drogen Evolution Reaction (HER) at 2H-MoTe, edges were investigated employing a grand
canonical ensemble DFT approach to explicitly include the electrode potential into calcu-
lations. We find that while HER is thermodynamically favored, the CO2RR is kinetically
preferred over HER at the experimentally relevant potentials. This finding is in agreement

with previous experimental results showing a relatively high CO2RR activity on MoTe; in an

18



aqueous electrolyte.?® The potential dependency of energy barriers vary from one elementary
step to the other. Interestingly, while the COy adsorption barrier decreases for increasingly
negative potentials, the reaction barrier for desorption of CO is increases, indicating that re-
duction beyond-CO could be enhanced at highly negative potentials. Furthermore, the first
Volmer step depends more sensitively on the potential than CO2RR, so that the competing
HER reaction will become relatively more important at high negative potentials. Overall,

we find that the MoTe; edge is predicted to be an active and selective catalyst for alkaline

CO2RR.
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