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Abstract

Efficiently converting carbon dioxide (COg2) into valuable fuels or chemicals rep-
resents one of the great challenges at the core of current scientific researches. Here,
we report a DFT-based theoretical study of the reactivity of two main MoSs edges
for electrocatalytic, or eventually photocatalytic, reduction of CO2. By explicitly ac-
counting for the electrode potential via a grand-canonical ensemble that controls the
number of electrons, we show that the two edges exhibit different H coverage which,
in turn, directly influences the COg-reduction energy profile under relevant reducing
potentials. Specifically, on S-edge, a 0.375 ML H coverage enables the COs activation
through its adsorption in a bidentate mode with a limiting potential of 0.07 V vs. SHE.
By contrast, H coverage on Mo-edge at reducing potentials relevant for CO2 reduction
was determined to be 0 ML. On this bare Mo-edge, CO2 activation occurs at an addi-
tional energy cost of 0.44 eV for -0.80 V. Consequently, the activated CO2 on S-edge
exhibits comparable and thermodynamically favorable reactivity for the two possible
two-electron products, formic acid and carbon monoxide (CO), with limiting potentials
of -0.54 V and -0.34 V, respectively. The two products, however, show different des-
orption behavior with CO desorption being endergonic and independent of electrode
potential. Conversely, the reactivity of Mo-edge is less favored and it is anticipated to
favor formic acid over CO due to a highly endergonic C—O bond-breaking step in the
adsorbed COOH intermediate. This step was determined to be exergonic on S-edge.
This study paves the way for a better understanding of COs reduction mechanisms on
MoS; edges and highlights the key role of the CO2 adsorption step which was generally

neglected in prior investigations.



1 Introduction

Reducing drastically carbon dioxide (CO,) emissions represents nowadays one of the most
urgent challenges to tackle. This crucial concern has prompted our society to transition from
a fossil resources-based economy to a more environmentally friendly and carbon-neutral one,
anchored in the utilization of energy derived exclusively from renewable sources.'™ At the
same time, assuming that COy can be captured in the exhaust gas emitted from industrial
plants, its catalytic conversion to fuels or chemicals could be a profitable endeavor.* Vari-
ous potential ways to realize efficiently this conversion are investigated nowdays, but we are
still far from the optimal operating point. Sunlight, a pivotal and almost unlimited renew-
able energy source, could play a central role in driving this transformation, either indirectly
via initial production of electricity which, in turn, can drive the electrocatalytic reduction
(hydrogenation) of CO5%% or directly through a photocatalytical pathway.”® The former
pathway requires the use of metallic active phases in order to activate COs through succes-
sive coupled transfers of electrons and protons. The latter pathway, sometimes referred to
as artificial photosynthesis,*!° requires the use of a light-harvesting material to convert light
into electron-hole pairs which subsequently carry out the oxidation-reduction half reactions
at the surface of a suitable (co-)catalyst.

However, currently known electro- or photo-catalysts suffer from low reactivity, selectivity

and require to be further optimized in order to become industrially usable.

Molybdenum disulfide (MoSs;), a prominent member of the 2D transition-metal dichalco-
genides (TMDCs) family and renowned for its versatile roles as catalyst of various chemical
processes such as hydrotreatment of petroleum cuts or biomass conversion''? has recently
shown promise for various electro- and photo-catalytic applications. In particular, the elec-
trochemical hydrogen evolution reaction (HER) and the CO, photoreduction could be
catalysed by MoS,.'%1% As an example, Asadi et al. demonstrated high efficiency of MoS,

for electrochemical reduction of COs, outperforming noble metals, particularly at its Mo-



terminated edges.!” They showcased a high current density for carbon monoxide (CO) for-
mation at low overpotential in an ionic liquid, which was also deemed responsible for the
observed suppression of the competing HER, as also shown previously.'® Furthermore, based
on density functional theory (DFT) calculations,,' heterojunctions of MoS, with semicon-
ducting materials, like TiO4, have been proposed to exhibit type II or Z-scheme formalisms,
favorable for photocatalytic reduction of CO,. Similar heterojunctions have recently been
realized experimentally and exhibited CO or CH, product selectivity as a function of the

light wavelength.2°

DFT-based computational studies have proved tremendously useful in not only elucidating
the experimental observations on known materials but also guiding the experiments towards
novel materials with enhanced catalytic efficiency.’® Using the frequently used computa-
tional hydrogen electrode (CHE) approach,?!?> Ngrskov’s group demonstrated that (doped-
Jedges of TMDCs deviate from a linear relationship between the binding strength of various
key intermediates, mainly because they offer two distinct sites for adsorption of reaction
species.?32* Such linear scaling relations were previously shown to be characteristic of tran-
sition metal catalysts and a major contributor to their inherent inefficiency.?® Furthermore,
same group identified the d-band center as a universal descriptor of edge structure and ad-
sorption strength of reaction species on MoS, edges.?® Another DFT study explored the opti-
mal dopants in MoS, for COs-reduction electrocatalysis, identifying V, Zr, and Hf as effective
dopants that enhance CO desorption from the MoS, edge.?” More recently, edge configura-
tions, adsorption properties and aqueous stability of various TMDCs was investigated in a
CHE-based study which revealed material-specific preferences for stable edge configurations
and varying linear scaling relations among sulfides, selenides, and tellurides.?® In addition,
defect engineering, particularly the introduction of grain boundaries with S-vacancies located
on the basal plane, is predicted by DFT calculations to be a promising strategy for activating

the largely-exposed but inert basal plane of MoS, for CO, electrochemical reduction.??



However, to the best of our knowledge, none of these studies has been directed towards elu-
cidating the inherent reactivity of pristine MoS, for COy (photo-)electroreduction, with an
explicit consideration of the electrode potential inducing an explicit surface charging effect.
In particular, the question of CO, molecular adsorption which is a precursor state of its ac-
tivation on MoSs edges remains elusive in most of the reported DFT-based studies, mainly
because the CHE approach is only suited for the proton-coupled-electron-transfer (PCET)
electrochemical steps and can not handle the effect of electrode potential on the chemical
nature of the adsorbed states. Hence, in most of the aforementioned works, the first PCET
is assumed to occur prior or simultaneously to COs-adsorption process directly leading to
COOH* or OCHO* as first adsorbed intermediates. As has been discussed in an ample

830 it is of paramount importance to analyze whether

amount of literature for many years,
the formation of a negatively charged COs is thermodynamically possible on the MoS; sites
under reasonable electrode potential, and if the adsorption mode (through either carbon, or
oxygen or mixed carbon-oxygen coordination) on the molybdenum and/or sulfur site(s) may
induce the disruption of the molecular linearity and activate the first PCET. In addition,
the criteria of the competition between COs-reduction and HER, which is deemed to be the
prevalent transformation under CO,-reduction conditions,3! have not been explicitly deter-
mined. Using grand-canonical DFT to explicitly account for the electrode potential, we here
fill this gap by first ascertaining the state of the MoS, edges under aqueous (acidic) condi-
tions, and then studying the reaction free energy profile for the formation of the two-electron
products potentially resulting from CO, reduction, namely CO and formic acid (HCOOH).

In particular, we will pay particular attention on the COy adsorption step as a function of

edge sites, H coverages and electrode potential.



2 Methods

Periodic, plane-waves-based DFT as implemented in the Vienna Ab initio Simulation Pack-
age (VASP)3? was used to carry out all the simulations. The energies of the valence electrons
were approximated at the GGA level using the Perdew-Burke-Ernzerhof (PBE)?? exchange-
correlation functional with the plane-wave basis set truncated at 500 eV. The exchange-
correlation energies were further augmented by the dispersion correction of Grimme with a
Becke-Johnson damping function.3*3% The core electrons and the nuclei were treated under

36:37 To sample the Brillouin zone a

the Projector Augmented Wave (PAW) approximation.
3x3x1 Gamma-centered k-point grid was used. Convergence of self-consistency cycles was
achieved up to a minimum of 1.0x107° eV and the partial occupancies of the orbitals were
determined via the physically-motivated Fermi function at room temperature (0.025 eV). All

degrees of freedom were relaxed during optimization until the magnitude of force on each

atom was below 0.025 ¢V /A.

The so-called slab model was used to simulate the MoS; edges. A symmetric p(4x5) super-
cell exposing, simultaneously, both Mo-/S-terminated edges was constructed by cleaving the
fully-optimized 2H-bulk (a = b = 3.15 A, ¢ = 12.08 A) structure along (100) lattice direction,
and making use of point symmetry between two MoS, layers (Figure 1). The symmetric,
two-layered supercell allows to avoid the expensive dipole corrections to force and energy
which are otherwise needed for an accurate estimation of the work function of the slab sys-
tems. Furthermore, this model corresponds to multilayered MoSy particles which are also
relevant experimentally. We chose a 4-Mo atoms wide edge model in order to accommodate
a large number of possible intermediates. As discussed in Ref.,3® this choice may impact
the reconstruction of the Mo-edge. In the present case, we observe a clustering of 2 Mo
atoms (Figure S6) whereas for a 3-Mo atoms edge model, the clustering involves 3 atoms.
In the real catalyst, MoS, particles expose edges of various finite lengths which may induce

a mixture of both types of reconstruction. Each edge contained 50 % S coverage, which



was previously estimated to be the most stable edge configuration,® especially under sulfur
deficient conditions, and leads to a stoichiometric MoSs-slab structure. Large enough (=~
20 A on each side) vacuum was introduced in the normal direction to preclude interactions
with the periodic images. All the surface species were adsorbed in a symmetric fashion on
the top and bottom edges to avoid a net dipole moment across the cell. However, for sake of
convenience, in the following we discuss energies related to half of the system i.e. adsorption
of one hydrogen atom is taken as half of the adsorption energy of one hydrogen on top and

one on the bottom of the slab.

The effect of the electrode potential was modeled via grand-canonical DFT (GC-DFT)*
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Figure 1: p(4x5) slab-like supercell adopted in this study to simulate MoS, edges at 50
% S coverage. The supercell was symmetrized using the inversion center (Cg point group)
between two MoS, layers. All the atoms below the pink line were kept fixed during the
frequency calculations.

using the surface charging approach as described in Ref.*' An implicit electrolyte model
involving the self-consistent solution of the linearized Poisson-Boltzmann equation,*?4® im-
plemented in VASP as VASPsol,** was employed using the same parameters previously

optimized for MoS,. %!

The potential-dependent electronic energies of the surface species were augmented by en-



thalpic and entropic contributions to the free energy under harmonic approximation at
298.15 K. This was achieved via a frequency calculation of the adsorbates and a part of
the surface (Figure 1) in the fully-optimized, zero charged geometry. The non-symmetric
enthalpic and entropic contributions thus calculated were added to the energy of the half of
the system, as described above. The gas phase species were optimized in a 20 A cubic box at
the Gamma point. The gas phase energies include the appropriate translational, rotational
and vibrational entropy and enthalpy contributions corresponding to 1 atm and 298.15 K
under the rigid-rotor, ideal-gas approximation. In particular, the entropy contribution of
H,0 was divided by two to reflect the liquid state.*>#6 All reported electrode potentials are
referenced to the standard hydrogen electrode (SHE), whose potential was set to 4.44 V
vs. vacuum as recommended by TUPAC.%7 Acidic conditions were assumed throughout by

setting pH=0.

3 Results and Discussion

3.1 Hydrogenation of the edges

1 we have

Since HER is a prominent side reaction occurring along with CO, reduction,?®
studied various coverages of H on both Mo and S edges in order to determine the equilibrium
H coverage on each edge. In the following, the H coverage is defined as fraction of a monolayer

given by

Ou(ML) = 1 (1)

2nno
where ny is the number of H atoms adsorbed at the given edge and nyg, is the number of
edge-most Mo atoms present on the same edge, i.e., four in our case. We have studied all
coverages of 0-1 ML in steps of 0.125. At each coverage, the most stable configuration of H
atoms was determined by checking all possibilities of adding one H to the previously found

most-stable configuration.



As is a well-known fact, the HER is governed by the combination of adsorption of H via
so-called Volmer step and the evolution of Hy via so-called Heyrovsky or Tafel steps. We
find that Tafel reaction is always endergonic on MoS, edges, thereby making Heyrovsky the
most likely mechanism for Hy evolution at all coverages and electrode potentials, in line with
previous studies.*® As such, in our case HER is governed by the combination of the following

two reactions
AGyg : nH* + (HY +e7) — (n+ 1)H*
AGpey : nH* 4+ (HY +e7) = (n — 1)H* + H,

which, respectively, denote Volmer and Heyrovsky reaction steps with corresponding reaction

free energies, AGvy, and AGrey.

3.1.1 S-edge

In Supplementry Information (SI) we give full details regarding the adsorption behavior of H
on two edges at various coverages and plot the corresponding Volmer and Heyrovsky reaction
free energies as a function of potential and coverage. Here we give but a mere summary of
the results important for the ensuing discussion of the COq reduction on the two edges. On
S-edge we could differentiate two zones of interest: (i) at mild reducing potentials, i.e. up
to -0.4 V, the equilibrium coverage is 0.5 ML both thermodynamically and kinetically and
(ii) at highly reducing potentials, 0.5 ML is still the equilibrium coverage and the higher
potential simply leads to the evolution of any additional H that could adsorb on the surface,
thanks to a very exergonic Heyrovsky step. This 0.5 ML equilibrium coverage of H on S-
edge was previously determined in a heuristic fashion by Chan et al. in the context of CO,
electroreduction.? However, they considered S-edge at 100 % S coverage which is not the
chemically most relevant system in light of the recent theoretical studies which show that

low S-coverage is not only reachable but also more stable under electrochemical conditions.?®



Furthermore, we notice, in agreement with Ref.,?* that the AGy, at 0.375 ML and AGyey at
0.5 ML are very similar (Figure 2). Hence, we cannot exclude the possibility that a coverage
of 0.375 ML is accessible, and real steady-state coverage could be between 0.375 ML and
0.5 ML. Note that the 0.375 ML coverage will become more relevant when we discuss the

reactivity of COs electroreduction.

(Ht+e™) Volmer

m
[-0.70] %

é? ég; éE3§35 i Jg Ei; é; E%E
0.0 ML 0.04 0.125 ML
H, (HT+e")

Heyrovsky

Figure 2: Relevant Volmer and Heyrovsky reaction free energies on (top) S-edge and (bottom)
Mo-edge at 0.0 V and -0.6 V (the value in brackets). The atomic structures correspond to
the most-stable H-adsorption configurations at the coverages mentioned.

3.1.2 Mo-edge

On Mo-edge, the Heyrovsky step is always more exergonic than Volmer at non-zero cover-
ages. This signigies that the equilibrium H coverage on this edge is essentially 0.0 ML. The
Volmer step involving the adsorption of first H and the corresponding Heyrovsky step for
it’s evolution have been depicted in Figure 2 along with their reaction free energies at two

relevant potentials. At potentials relevant for COy electroreduction, this Heyrovksy step is
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much more exergonic and thus, the coverage of H is considered to be 0.0 ML on this edge
for all subsequent discussion of reactivity. Notably, the small 0.125 ML coverage can only

be stabilized in a small potential window of less reducing that -0.1 V (Figure S5(b)).

3.2 Reduction of CO3 on Mo/S-edges

Photo- or electro-chemical reduction of COy into HCOOH or CO is a two-electron, two-

proton transformation governed by the following equations

CO, +2H' +2¢~ - HCOOH  E°=-0.20V (-0.18 V) (2)

COy 4 2H' 426~ — CO+H,0  E°=—-012V (=0.52V), (3)

where E° is the experimentally determined standard electrochemical potential at equilib-
rium. The values in parenthesis are the calculated equilibrium potentials at our level of
theory. The disagreement between the experimental and the calculated potential values for
CO formation is due to the inability of PBE to accurately determine the gas phase energies
of CO and CO,,* which would require a higher level of theory beyond the scope of the

present work.

Numerous mechanisms have been proposed in the literature for electroreduction of CO,,7 all
involving the activation of CO, via adsorption to the catalyst surface as the first step. In
this work, we adopt a mechanism comprising of the following elementary reaction steps for

the conversion of CO5 into HCOOH and CO
1. COy + * — CO;
2a. CO; + (H + e7) — COOH"

2b. CO} + (H" + ¢”) - OCHO"

11



2c. COOH" — CO" + OH"

3a. COOH"/OCHO" + (H* + e~) — HCOOH"
3b. CO" + OH" + (HT +e”) — CO" + HyO*
4a. HCOOH" — * + HCOOH

4b. CO" + H,0* — CO* + H,0

4c. CO™ + HyO — * + CO + Hy,0

where the species with asterisk (*) are adsorbed on the surface while those without are in
the gas phase. The first step is a formally chemical transformation involving adsorption of
CO; to the catalytically active site denoted by *. It is worth-mentioning that in the GC-
DFT framework, chemical steps can also exhibit potential dependence, as has been found
for CO, adsorption on metallic surfaces® or O, desorption from CoOOH.?' CO, adsorp-
tion is followed by the first proton-coupled-electron-transfer (PCET) electrochemical step,
resulting in two distinct intermediates, carboxyl (COOH*, step 2a) or formyl (OCHO*, step
2b). Either of these intermediates can undergo a second PCET step to yield adsorbed formic
acid HCOOH* (step 3a), which can subsequently desorb in another chemical step (step 4a)
to complete the catalytic cycle. On the other hand, carboxyl intermediate is susceptible
to C—O bond scission leading to (co-)adsorbed CO* and OH* species (step 2c). A second
PCET step on OH* could result in (co-)adsorbed water, HoO* (step 3b.) which can desorb
into gaseous HoO in a chemical step leaving behind CO* on the surface (step 4b.). CO*, in
turn, can either desorb (step 4c) to complete the catalytic cycle or undergo further reduction

reactions. This latter possibility is beyond the scope of the current investigation.

Since adsorption of COs is a crucial first step which initiates the mechanism, we have studied
it in detail as described in the following section. Fortunately, our grand-canonical approach

is well-suited for in-depth exploration of this chemical transformation which has been mostly
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overlooked in previous theoretical studies employing the standard CHE approach which can

only tackle the electrochemical steps. 28

3.2.1 Activation of CO, via adsorption

Activation of a free CO5 molecule - via addition of a single electron to the high-lying LUMO,

located mainly on electrophilic C - requires prohibitively strong reducing potential,

COy+e” = CO,~ E°=-149V vs. SHE, (4)

where COy "~ is highly active anionic radical with a bent shape caused by the repulsion
between the added electron and the lone pairs on the two O atoms. %2 However, CO, can be
activated via adsorption to a suitable catalyst surface, resulting in partially charged CO‘;_
surface species, at milder reducing potentials. Adsorption of COsy could occur via an O
(mono- or bidentate), C or mixed C—~O mode;* however, in COS ~ form, the O mode is
rare as the resulting radical is predominantly located on C. Of course, as a neutral species,

COs could more easily adsorb through one of its O atoms without loosing its linearity.

Building on the results of the previous section, adsorption of CO5 on Mo/S-edge was studied

as a function of H coverage. For the remainder of the text, we will call COy activated if

nH

o represented as the free energy change of the following reac-

its adsorption energy AG
tion, is exergonic; and adsorption leads to a bending of the COs species (as opposed to a

monodentate adsorption via O which does not result in the loss of linearity of the molecule):

nH* + CO, — (nH*; CO}), (5)

where nH* is the most stable configuration with n H atoms adsorbed on the given edge

and (nH*; CO;) is the corresponding most stable, coadsorbed configuration with one CO,

13



nH

ol can be written as,

molecule adsorbed on the same edge. Thus, AG

AGLL = Gnricos) (U) — Gups (U) = Geo, (6)

where the first two quantities on the r.h.s are potential-dependent, GC free energies of the
two configurations described above and G¢o, is the gas-phase free energy of CO4 calculated

as described in the Methods section.

In Figure 3, we plot AGML on S-edge as a function of electrode potential for three rele-
vant H coverages (see Figures S8 and S9 for a detailed analysis of different H coverages and
different CO4 adsorption modes). In its most stable form, CO} binds to two neighboring Mo
atoms through a mixed C—-O adsorption mode. One of the O atoms points away from the
surface, rendering CO5* a bent geometry with an angle of LOCO = 130°, which signifies its
activation with respect to the gas phase. Reconstruction of the edge is also observed whereby
an S atom (highlighted with a pink circle in Figure 3) is displaced from its most-stable zigzag
configuration. The first and second H atoms preferred to adsorb closer to the CO, molecule;
the fourth H for 0.5 ML was most stable on the S atom nearest to the adsorbed CO (Fig-
ure 3), vastly different from the most-stable 0.5 ML H configuration in the absence of COq

(Figure S3(a)). Notably, increasing H coverage does not induce any significant changes in

the adsorption mode of COs.

As an important corollary, adsorption of CO, is affected by both the electrode potential
and H coverage. For the case of 0.0 ML H (which is not stable in a wide range of electrore-
duction conditions), activation of CO, is endergonic. A significant effect of the electrode
potential is nevertheless observed which originates from a partial charge transfer to CO3. At
0.375 ML coverage, optimal adsorption is achieved and AG®L becomes negative below 0.07

ads

V, which is substantially less than -1.49 V required for activation of a free CO5 molecule.
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Figure 3: Free energy change of adsorption of COs on S-edge of MoS; as a function of
electrode potential and coverage of H. The circles correspond to the potential-of-zero charge
(of coadsorbed (nH*; CO3) system) and the corresponding free energy change of adsorption
considering only neutral systems. The green curve crosses 0.0 eV at 0.07 V.

Compared to 0.0 ML, the effect of electrode potential is stronger at 0.375 ML hinting at a
more favorable (partial) charge transfer at this coverage. Furthermore, 0.375 ML is also an
optimal coverage as it induces least reconstruction to the S-edge upon adsorption of a CO,
molecule (Figure S10). Increasing the coverage further to 0.5 ML, which is potentially the
maximum equilibrium coverage on S-edge, CO, adsorption becomes unfavorable and has a
very small dependence on the electrode potential as indicated by the nearly flat red curve
in Figure 3. This can be attributed to the significant displacement of the 4" H atom from
its most-stable Mo—H—Mo adsorption mode to S—H mode which, in turn, is indispensable
to accommodate COj3. The Bader charge analysis (Table S1) reveals the expected charging
of the adsorbed CO, species w.r.t the gas phase. Approximately 0.80 electrons are trans-
ferred from the surface, predominantly from topmost Mo atoms, to COj; moieties (~ 0.7

of them are stabilized on C atom), irrespective of the H coverage. The H coverage, how-
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ever, brings about a complementary charge redistribution whereby the Mo—H—Mo hydride
species extract charge from topmost Mo atoms rendering them more electropositive which
enables a stronger adsorption with more electronegative O atom. The electrode potential
(see Table S1, 0.375 ML COj charged column), in turn, helps the catalyst surface recover its
electronic density which is lost to CO; and H* species, making the overall coadsorbed system
more stable. It is worth mentioning that the potential of zero charge and the corresponding
adsorption free energies (shown by the filled circles in Figure 3 and S8) are significantly dif-
ferent from 0 V. Therefore, to study the chemical step of CO, adsorption, one really needs to
explicitly account for the electrode potential and the often used CHE?! approach involving

solely zero-charge calculations will not be able to capture these effects.

We also investigated the effect of CO4 adsorption on the competing HER. The overall trends
of Volmer and Heyrovsky reaction energies are similar as without CO4 adsorption. However,
we find that up to 0.375 ML H coverage, the coadsorption of CO,y favors the Volmer step
but disfavors the Heyrovsky step i.e. S-edge has stronger tendency to accumulate H when
COy is adsorbed on the surface (Figure S11). Conversely, at 0.5 ML coverage the Heyrovsky
step becomes more favored. This observation hints at potential blocking of HER by CO,
adsorption and, indirectly, corroborates the optimal 0.375 ML H coverage required for COq

activation.

Moreover, we also studied the adsorption of CO, on Mo-edge at 0.0 ML H coverage, the
predicted steady-state H coverage on this edge at electrode potentials relevant for COs re-
duction. Two distinct adsorption modes were identified which are shown in Figure S12 along
with their free energy change of adsorption. Unlike the situation on S-edge, neither of these
adsorption modes is able to activate CO5. At mild reducing potentials, the bridging Mo—S
is the preferred adsorption mode, mainly because it causes very little reconstruction of the

edge atoms and precludes unfavorable repulsive lateral interactions between O and S. The
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Mo-Mo adsorption mode requires considerable edge reconstruction via formation of a S—S
dimer moiety which can only be stabilized at very strong reducing potentials. Since, ac-
cording to Eq. 4, COy could undergo reduction even in solution starting from ~ -1.5 V| the
reactivity at very strongly reducing potentials is of limited relevance. Furthermore, unlike
the situation on the S-edge, coadsorption of H was found to disfavor the adsorption of CO,

on Mo-edge.

In conclusion for this section, the S-edge is shown to adsorb and activate CO, at potentials <
0.0 V vs SHE. An optimal coverage of coadsorbed H was found key for CO4 activation to take
place, the Mo-edge is not able to adsorb or activate CO,. This means that the subsequent
steps for COy reduction on Mo-edge are either far less prominent (remaining endergonic at

any potential) or they occur in a different way, as studied in what follows.

3.2.2 Reactivity of S-edge

In the previous section, we demonstrated that 0.375 ML is the optimal H coverage for CO,
adsorption which, in turn, initiates its activation through bending. Therefore, we investi-
gate in the following the reduction process of CO, at this coverage by studying all reaction
intermediates (RIs) in coadsorption with 0.375 ML H. The obtained free-energy reaction
profile is illustrated in Figure 4 along with the most-stable adsorption modes of Rls; the
constructed profile is based on the fitted GC free energies of the Rls given in Figure S16.
As a reference to compare with the realistic H-covered case, we also studied the reaction
profile on bare S-edge (Figure S14). Furthermore, the reaction profile in Figure 4 is plot-
ted for two potentials, which represent the minimum potentials at which all the PCETs are
exergonic or thermoneutral. The adsorbed CO} is common to both HCOOH/CO formation
and is exergonic at the two potentials highlighted. We recall that from -0.34 V to -0.54 V
we observe very little change in the stability of CO3, far less than the uncertainty associated

with the DFT-based treatment adopted in this work. Therefore, a higher level of theory (e.g.
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Figure 4: Free energy profile for the transformation of CO, into HCOOH (rightward from
center) and CO (leftward from center) on 0.375 ML H covered S-edge for two reducing
electrode potentials. The optimized geometries for the reaction intermediates have also been

provided.
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GC-RPA®?) should be employed to make more accurate predictions of the effect of electrode
potential on this chemical step. Since this first step is always exergonic and, therefore, has
no limitation on the choice of the electrochemical potential, the latter is, in turn, determined

by the stability of the RlIs resulting from the subsequent PCETs.

Following CO3, the first PCET event can produce formyl intermediate which, subsequently,
exclusively forms formic acid and is, therefore, shown on the side of HCOOH in the reaction
profile. Alternatively, carboxyl intermediate can also be formed which could convert into
either HCOOH or CO. Although, transformation leading to either of these Rls is exergonic,
even at mildly reducing -0.34 V, COOH* was found to be less stable than OCHO* by 0.29
eV (0.31 eV) at -0.34 V (-0.54 V). Therefore, we believe that carboxyl is mainly part of
the CO pathway and is shown as such in the reaction profile. In its most stable state,
OCHO" adsorbs via O between two Mo atoms with 3 coadsorbed H’s in their most-stable
Mo —H Mo positions. Starting from CO,", this adsorption mode would require a significant
rearrangement of surface atoms and reaction species which could raise kinetic limitations on
this transformation to formyl. In contrast, COOH* adsorbs in a mode very similar to CO,"
and could, therefore, be kinetically more accessible, even though it is thermodynamically
less likely. Moreover, despite the substantial difference in relative stability between OCHO*
and COOH", both species exhibit a stabilization of approximately -0.2 €V (consistent with a
PCET) within the range of two potentials chosen. The free energy change associated with the
first PCET is -0.47 eV (-0.68 ¢V) towards OCHO™ and -0.18 eV (-0.37 e¢V) towards COOH"
at mild (high) reducing potentials, respectively. Notably, similarly to HER on S-edge, we
find that a Heyrovksy-like mechanism is favored over a Tafel-like mechanism: protons from
the solution take part in the PCET instead of the H’s adsorbed on the surface. This aligns
with the inherent tendency of the S-edge to retain hydrogen on the Mo sites, subsequently
rendering the edge Mo atoms more electropositive, (as it was shown previously through

Bader-charge analysis, Table S1). This enhanced electropositivity leads to a more robust
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adsorption of all RIs. The diminished stability of these two RIs on the bare S-edge (Figure

S14) further attests to the heightened adsorption strength in the presence of coadsorbed H.

Starting from formyl, a second, Heyrovsky-like PCET leads to the formation of HCOOH"
with free energy change of 0.15 eV and 0.0 eV at mildly and highly reducing potentials,
respectively. As such, this step limits the choice of the potential towards the formation
of HCOOH and only becomes thermoneutral at highly reducing -0.54 V. HCOOH" binds
strongly to the surface in a configuration similar to OCHO*. However, HCOOH" experi-
ences a stronger effect of the increase in the reducing potential (-0.36 eV stabilization in
going from -0.34 V to -0.54 V, again in agreement with a PCET mechanism). Exergonic
desorption of HCOOH" into gaseous HCOOH completes the catalytic cycle to the formation
of formic acid and recovers the initial catalyst with the corresponding 0.375 ML H coverage.
The free energy change of desorption becomes slightly more exergonic at highly reducing

potential.

On the other hand, pathway to CO formation is opened when COOH™ is dissociated to
form CO* and OH" in a chemical step. We find that this chemical transformation is exer-
gonic on S-edge, and it displays a very weak dependence on the electrode potential (Figure
S17). Notably, we consider the coadsorbed structure CO*+OH* where CO* binds to a Mo
atom via C, and is slightly tilted towards Mo—Mo edge displacing one of the H’s from its
most stable Mo—H—Mo configuration, and OH* binds in trans fashion to the neighboring
Mo Mo edge via O with H pointing vertically upward. This coadsorbed configuration ex-

periences the expected & -0.20 eV stability increase in going from -0.34 to -0.54 V.

In this coadsorbed configuration, the second PCET event likely leads to the formation of
a CO"+H,0* configuration with free energy changes of -0.04 €V (-0.22 eV) at mild (high)

reducing potentials. Similar to HCOOH", this configuration is highly influenced by the

20



electrode potential, showing a significant -0.37 eV increase in stability from in the chosen po-
tential range. On the one hand, adsorbed HoO* may contribute to Hy evolution (Figure S18)

via mechanisms previously discussed in literature,®

necessitating its immediate desorption.
However, unlike HCOOH™, the desorption processes of H,O* and CO* are complex. Ana-
lyzing the reaction profile (Figure 4) reveals exergonic H,O* desorption only at potentials
more reducing than -0.34. Importantly, this contrasts with the bare S-edge, where HyO*
desorption is consistently endergonic (Figure S14). Furthermore, HoO* desorption becomes
endergonic at all potentials if CO* has already been desorbed, indicating strong lateral in-

teractions between these coadsorbed species. Thus, desorption of HoO* could be a limiting

step towards formation of CO.

Desorption of CO* into gaseous CO was determined to be endothermic (0.27 ¢V) with no
discernible impact of the electrode potential. The desorption process becomes noticeably
more challenging (0.66 €V) when HyO* has already desorbed, underscoring the existence of
repulsive lateral interactions between HyO* and CO*. This observation suggests that the
desorption of CO* might involve a more intricate mechanism, potentially linked to a higher
coverage induced by its facile diffusion on the catalyst surface, as discussed in Ref.?® and
briefly outlined in the SI. Alternatively, and with great potential benefit, it could undergo fur-
ther conversion into more reduced products such as formaldehyde, methane, and methanol.

However, exploring this latter aspect is beyond the scope of the current study.

3.2.3 Reactivity of Mo-edge

As shown previously, Mo-edge is very active for HER, thanks to a very exergonic Heyrovsky
step, at CO5 reducing potentials and thus displays an equilibrium coverage of 0.0 ML under
steady-state conditions. Therefore, we study the reactivity of bare Mo-edge for which the
resulting reaction free energy profile is illustrated in Figure 5 at -0.80 V, which corresponds

to the potential at which the first PCET to either of the formyl or hydroxyl intermediates

21



is exergonic; the corresponding fitted curves of GC free energy are given in Figure S15.

As demonstrated above, CO, activation via adsorption is not possible on Mo-edge, in-

CO + H,0 4—— CO, + 2(H"+e") = HCOOH

A
slab+  CO*+ CO*+ COOH*  CO,* slab+ CO,*  OCHO* HCOOH* slab+

CO+ H,O OH* HCOOH
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Figure 5: Free energy profile for reduction of CO5 into HCOOH (rightward from center) and
CO (leftward from center) on bare Mo-edge at -0.8 V.

dicated by its very endergonic 0.44 eV free energy change of adsorption on this edge. This,
combined with the fact that Mo-edge has 0.0 ML H coverage, necessitates the assumption
of a concerted mechanism whereby adsorption of CO, and first PCET take place simul-
taneously, making it a noteworthy distinction compared to the behavior observed on the
S-edge. This combined mechanism is anticipated to involve higher kinetic barriers, and is
more challenging to envision since the COq-proton interaction in the solvent must coincide
with the arrival of an electron at the surface. On the S-edge, the adsorbed COj is activated
and already in proximity to both the incoming surface electron and the incoming solvent
proton. It is important to highlight that the majority of previous DFT studies utilizing the

standard CHE approach assume the prevalence of the former scenario.?32®

The first PCET RIs COOH* and OCHO", exhibit very diminished stability on Mo-edge,
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compared to S-edge, as signified by relatively flat zone of reaction profile around the refer-
ence state in Figure 5. Interestingly, COOH" is slightly more stable than OCHO®, in contrast
with the behavior on S-edge. This is possibly because COOH" has a monodentate C—S ad-
sorption mode which requires no reconstruction of the edge; adsorption of OCHO", on the
other hand, requires formation of a S—S dimer to accommodate its bidentate Mo—O—Mo

mode.

Since the two RIs show similar stability on this edge, they can both result in HCOOH
following a second PCET step. The adsorbed state HCOOH™ shows little stability on this
edge and thus the free energy change of desorption of HCOOH" is very exergonic. This
hints at a possible concerted desorption mechanism whereby second PCET is combined with
simultaneous desorption of the resulting product. This could particularly be the case start-
ing from COOH" as it would have to undergo a considerable rearrangement from its C—S
adsorption mode to yield bidentate adsorbed HCOOH". Instead, it could directly desorb
into HCOOH following a second PCET with a free energy change of desorption of ~ -1.04
eV at -0.8 V. Similar to S-edge, the free energy change of desorption of HCOOH shows a

weak potential dependence.

Dissociation of COOH* leading to the formation of CO*+OH* is highly endergonic due
to the inability of highly coordinated (sixfold) Mo atoms on this edge to stabilize the re-
sulting coadsorbed structure. The most stable coadsorbed configuration has CO* adsorbed
in bridged Mo—-S mode and OH* adsorbed on Mo—Mo bridge position, similar to the ad-
sorption behavior of S—H moieties on this edge. However, if desorption of HyO is combined

23,28 the overall trans-

with the second PCET step, as done in various studies in literature,
formation from COOH* to CO* becomes exergonic. In contrast to the S-edge, where they
have comparable stability, CO* is slightly more stable on the Mo-edge compared to HCOOH*.

Nevertheless, CO* is very weakly adsorbed on this edge thus enabling its exergonic desorption
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and, potentially, opening the path to the production of CO. However, a mere thermodynamic
analysis is very limited in this context, and one needs to perform detailed kinetic analysis
(most likely employing biased molecular dynamics simulations using explicit electrolyte) to

understand the activation energies of such coupled elementary reaction steps.

Finally, it is worth mentioning that the thermodynamically stable S coverage of this edge is
expected to vary under reaction conditions via release of HyS.?® At lower S coverage, activa-
tion of CO, via adsorption on unsaturated Mo atoms, and even stronger adsorption of CO*,
is highly likely, which would impact the reactivity. However, this investigation is beyond the
scope of the current study as it would require evaluating the kinetic barrier for HyS release

which is suspected to increase when the S-coverage decrease.

4 Conclusion

By means of the grand-canonical DF'T calculations, we have investigated the edge state and
the resulting reactivity of partially-sulfided Mo-/S-edge of MoS, for photocatalytic or elec-
trocatalytic reduction of CO,. Our analysis unveils distinct steady-state H coverages on the
two edges, stemming from the differing degree of competition between Volmer adsorption and
Heyrovsky desorption steps. The S-edge was observed to contain strongly-adsorbed hydride
species at bridging Mo sites, which exhibited reduced propensity for hydrogen evolution via
the Heyrovsky mechanism, resulting in an equilibrium H coverage ranging from 0.375 to 0.5
ML. In contrast, the Mo-edge exhibited a very small, possibly 0 ML, steady-state H cover-
age attributed mainly to highly exergonic Heyrovsky step which evolves the less stable H*
species, present predominantly as S—H moieties, found on this edge. In terms of reactivity,
0.375 ML H-covered S-edge allows optimal CO5 adsorption with negative AG,qs for negative
electrode potentials vs SHE. The adsorption occurs in a mixed C—0O bidentate mode on two

neighboring Mo sites, and the resulting CO} species is partially (negatively) charged due to
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favorable electron transfer from the surface and has bent shape, signifying activation of COs,.
As a result of this activation of CO,, pathway to either of the two-electron products - CO*
or HCOOH - is opened with limiting potentials of -0.34 V and -0.54 V, respectively. Along
the reaction coordinate, OCHO" intermediate leading to HCOOH was ~ 0.3 eV more stable
than COOH?, the former, however. suffers from a potential limiting second PCET towards
formation of adsorbed HCOOH®. Conversely, C—O bond-dissociation in COOH" is exergonic
even at less reducing potentials and the coadsorbed CO*4+OH™ configuration undergoes exer-
gonic PCET to yield CO* 4+ H;0* state which is only 0.1 eV less stable than HCOOH™ state.
Therefore, one can not rule out the possible formation of CO* on this edge. Furthermore, the
desorption of CO" was endergonic on the S-edge, indicating that it might be further reduced
to other C; products such as methanol or methane. The S-edge was found to be very active
for HER at electrode potentials close to 0 V. However, at reducing potentials involved in
COy reduction, HER was potentially hindered by the presence of competing carbonaceous
species on the surface. On the Mo-edge, the adsorption of COs is endergonic (0.44 €V).
However, assuming concerted PCET+adsorption/desorption elementary steps, HCOOH was
determined to be the major product on this edge. This was also corroborated by the fact
that the C—O bond-dissociation involved in CO formation is strongly endergonic on this

edge making this pathway highly unlikely.

Overall, we find that MoS, particles exposing the considered S-edge should be an active
photo-electro-catalyst for CO, to formic acid reduction at mild reducing potentials. At
strong reducing potentials, CO might also be formed, which suffers from an endergonic des-
orption and, therefore, is expected to be further reduced, a possibility which will be the
subject of a forthcoming work. In contrast, the Mo-edge seems to be less favorable for
COy reduction unless mechanisms that combine the proton-electron transfer and the ad-
sorption/desorption of COs/products are operative. Such complex events would presumably

encounter high activation free energies and need to be further investigated by simulating
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kinetics, explicit-solvent, for instance by including molecular-dynamics approaches.
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