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Abstract: The CO; electroreduction reaction (CO2ER) to ethylene (C2Ha) offers the
dual promise of lowering CO> emission while storing energy from renewable electricity,
in which the development of highly efficient electrocatalysts is of great significance.
Herein, by means of density functional theory (DFT) computations, we designed an
electrocatalyst for CO»-to-CoH4 conversion by anchoring the Cus cluster supported on
the MoS; monolayer with the S monovacancy (Cus@MoS>). Our results revealed that
one Cu atom of the Cus cluster was embedded into the framework of the defective MoS:
monolayer, while the other four Cu atoms form a square-like island over the substrate
surface. Interestingly, the C—C coupling between two “CO species can easily occur on
the unique square-like active site with a low kinetic barrier of 0.56 eV to form the key
*C»0; intermediate, which can then be hydrogenated to the CoHs product with a very
low limiting potential (-0.32 eV). Significantly, the alkaline condition (pH = 13) is
beneficial to further promote CoHs synthesis. Our work may offer a new avenue to
precisely modulate the structures of the Cu clusters for converting CO; into high-value

target products.



1. Introduction

Electrochemical reduction of carbon dioxide (CO2ER) into value-added fuels and
chemicals using excess renewable electricity has emerged as a promising strategy to
address energy and environmental challenges.!”* Various hydrocarbons can be
produced through CO2ER, including methane (CH4), formic acid (HCOOH), ethylene
(C2Hs), and ethanol (C,HsOH).* Among these hydrocarbons, C>Hs holds particular
significance in industrial applications due to its high value, transportability, and wide
range of use in the production of plastics, solvents, and cosmetics.>’ However, the CO,-
to-C2Ha conversion suffers from extremely low selectivity and catalytic activity due to
the following substantial challenges:®!! 1) the competition with the inevitable hydrogen
evolution reaction (HER); 2) the higher thermodynamic potential required for the
formation of C2H4 compared to monocarbon (C1) compounds, since the CoH4 formation
involves a complex 12¢ pathway (2CO, +12H" + 12¢- — CyH4 + 4H>0) and a
multifaceted reaction network; 3) the difficult C-C coupling reaction between adjacent
*CO(H) adsorbates, characterized by slow kinetics. To overcome these challenges, it is
crucial to develop high performance electrocatalysts capable of achieving high
selectivity at low potentials for the efficient production of C2H4 through CO2ER.

To date, copper (Cu) has been widely recognized as a promising catalyst for the
production of multicarbon (Cz+) compounds, primarily due to its moderate adsorption
strength with *CO intermediate.'>!*> For example, Liu’s group reported that Cu-based
nanoneedles and grain boundary can promote the C-C coupling and enhance the

catalytic activity of CO2ER to C; products.'¢-!” However, the efficiency and selectivity
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of Cu-based catalysts for Cy+ products are far from satisfactory due to their high
overpotentials, multiple products, inadequate selectivity, and poor stability under
reaction conditions.???> Especially, the surface structure of Cu crystals significantly
influences C-C coupling reactions.?**> For example, Cu(100) has been found to favor
C:H4 formation, while CH4 is preferentially generated from CO2ER on Cu(111)
surface.??° Consequently, developing novel Cu-based catalysts with high selectivity,
activity, stability, and cost-effectiveness for the electrocatalytic conversion of CO; to
C2H4 remains an appealing yet formidable challenge.

Note that the supported metal clusters (SMCs) have recently emerged as a special
type of heterogeneous catalysts, comprising metal clusters stabilized on solid supports
to serve as effective catalytic sites.>® 3! In particular, these SMCs catalysts possess
adjacent metal sites, which exhibit an excellent synergistic effect in catalysis, crucial
for achieving superior electrocatalytic performance in a multi-step electrochemical
process. 3> 3 For example, Wei et al.3* reported that the reconstituted Cus clusters
supported on CeO, demonstrate good catalytic performance in electrocatalytic urea
synthesis, yielding an average urea yield rate of 52.84 mmol h™! ge. ' at —1.6 V versus
reversible hydrogen electrode (RHE). Liu et al.** showed that the Cu clusters supported
on quasi-amorphous cobalt sulfide can serve as efficient electrocatalysts for water
splitting. Additionally, Ling ef al.3® constructed a dual Cu—Fe site by anchoring Cus
clusters on the surface of FeS,, effectively boosting the H>O; activation. Furthmore, Xu

and coworkers?” discovered that carbon-supported Cu clusters can electrochemically



convert CO; to C;HsOH with a high Faradaic efficiency of 91% at —0.7 V and a low
onset potential of —0.4 V.

Considering the unique structures and great potential of SMCs in electrocatalysis,
we are highly intrigued by their applications in synthesizing CoH4 from COzER. In this
regards, Hori ef al. reported that the formation of C2H4 product is sensitively dependent
on the surface orientation of the Cu electrode: Cu(100) is especially beneficial to C2Ha
generation.’® Further theoretical studies revealed that the chemisorbed CO dimer (“C-
202) is the key intermediate for the C—C coupling on Cu(100), which is primarily
attributed to its unique square symmetry structure. Specially, ‘C,0, is a geometry-
sensitive adsorbate, and only square-like sites can lead to suitable “C>O» adsorption
configuration with low kinetic barrier. Besides, the amount of charge transfer from the
Cu(100) surface (square symmetry formed by four atoms) to the adsorbed “C20; species
is larger than that of the hexagonal-symmetry sites formed by three atoms, which also
facilitates the C—C coupling at the square-symmetry surface sites with a low kinetic
barrier.?**

Inspired by these above innovative studies on the remarkable performance of Cu-
based square-like sites for the CO>—to—C>H4 process, an interesting question arises: can
a Cu cluster supported by a suitable substrate, possessing a square-like structure akin
to the Cu(100) catalyst, be effectively employed for the reduction of CO; into CoH4?
To address this issue, herein, we carried out a systematic density functional theory (DFT)

study on the design of Cu-based clusters anchored on defective molybdenum disulfide

(MoS>) monolayer with sulfur (S) vacancies as effective and highly selective catalysts
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for the reduction of CO> to C2H4. Notably, S vacancies can naturally occur during the

preparation of MoS, monolayer,*!-+

and have been widely employed as substrates for
anchoring various SCMs, such as Cu,**” Ag,*® and Pt clusters.*»>° Especially, MoS,-
based materials have been proposed as efficient catalysts for CO> electrochemical
reduction, including the anchored SACs and the exposed edges, in which some C;
products can be obtained, such as CO, CHs, and CH30H.>!® To the best of our
knowledge, however, there are few reports on generating multicarbon products on these
MoS;,-based catalysts.>”->

Our computational results demonstrated that the Cus cluster anchored on an S
vacancy site (Cus@MoS,) features a square-like structure: one Cu atom is embedded
within the S vacancy, while the remaining Cu atoms form a square-like Cu-based island.
Moreover, Cus@MoS: has excellent structural stability and high electrical conductivity.
The square-like sites of Cus@MoS; facilitate the C—C coupling reaction between two
adsorbed *CO species to form a "C>0; intermediate with a low kinetic barrier of 0.56
eV. Importantly, the *C>0, intermediate can be easily reduced to CoHs with high
selectivity, while effectively suppressing competing side reactions. The catalytic
activity of Cus@MoS; is reflected by its rather lower limiting potential of —0.32 V,
which is even less negative than the state-of-the-art Cu(100) benchmark (-0.61 V).
More importantly, the activity of Cus@MoS: towards the CO,-to-C>H4 conversion can
be further enhanced by the alkaline conditions according to the constant-potential
method. Therefore, Cus@MoS, demonstrates compelling electrocatalytic properties,

including high activity, high selectivity, and low cost, for the reduction of CO> to C2Ha.
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2. Computational Methods

All spin-polarized DFT computations were performed by using the Vienna Ab
Initio Simulation Package (VASP)* 0 with the ion-electron interactions represented
by the projector augmented wave (PAW) method.®!> 2 The Perdew-Burke-Ernzerhof
(PBE) functional® within the generalized gradient approximation (GGA) and a cutoff
energy of 550 eV for the plane-wave basis set were employed. To ascertain the accuracy
of computations of the PBE functional, we repeated related computations for CO.ER
on Cus@MoS; by using the more reliable revised Perdew-Burke-Ernzerhof (rPBE)
functional,’ and the detailed results were shown in Fig. S1. Small differences between
the results of PBE and rPBE functionals guarantee the validity of the conclusions in
this work. The Grimme’s scheme (DFT+D3)% was adopted to treat the van der Waals
(vdW) interactions between the adopted species and Cus@MoS,. The convergence
criterion for the geometrical optimization was set to 0.02 eV/A in residual force and
1073 eV in energy, respectively. The partial charge transfer was computed based on the
Bader charge analysis.®

The Cus@MoS: system was constructed by anchoring a Cus clusterona 4 x 4 x 1
MoS: supercell with an S vacancy. The supercell consists of 16 Mo atoms, 31 S atoms,
and 5 Cu atoms. To prevent interactions between periodic images, a vacuum space of
20 A was included in the system. The Brillouin zone in the reciprocal space of
Cus@MoS; was sampled using a Monkhorst—Pack k-point mesh with a 3 x 3 x 1 k-
point grid. The freestanding Cus cluster was computed in a 10 x 10 x 10 A unite cell

with 5 x 5 x 5 Monkhorst—Pack k-point meshes.
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To assess the thermal stability of Cus@MoS>, ab initio molecular dynamics (AIMD)
simulations were performed in the canonical ensemble (NVT) with the Nose-Hoover
thermostat®” at 300K. The simulations were carried out for 20 ps with a time step of 2
/5. The climbing image nudged elastic band (CI-NEB)® was employed to determine the
minimum energy pathway for the C-C coupling and compute the kinetic barrier.

The binding energy (Ev) of the Cus cluster on the defective MoS, monolayer was
computed by: Ey = E(Cus@MoS2)— E(Cus) — E(MoS2), where E(Cus@MoS>), E(Cus),
E(MoS>) represent the total energies of the Cus cluster supported on the MoS»
monolayer, the isolated Cus cluster, and the bare MoS> monolayer with an S vacancy,
respectively. According to this definition, a more negative E}, value suggests a stronger
interaction.

To explore the catalytic activity of Cus@MoS; toward CO2ER, the computational
electrode model (CHE) method®” 7° was employed to compute the free energy diagrams
and the limiting potentials of the CO»-to-C2Hg process. The free energy change (AG) of
each elementary step in CO2ER can be obtained by the formula: AG = AE +
AZPE — TAS + eU, where AE is the reaction energy of reactant and product
species adsorbed on the catalyst directly obtained from DFT computations; AZPE and
AS represent the differences in zero-point energy and entropy, respectively, between
the adsorbed species and the gas phase molecules at 298.15 K, which can be calculated
from the vibrational frequencies. U was the applied potential. According to the
obtained free energy change of each elementary step, the limiting potential (Ur) was
further computed as follows: UL = -max (AG, AGa, AGs3, AGs....... , AGj)le.
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To elucidate the reaction mechanism under different electrode potentials, we
carried out computations using the constant-potential method, in which the
excess charge per unit cell (An) ranging from —2.0 e~ to + 2.0 e~ with a step size of
0.5 e~ was incrementally introduced. A reference value of 4.6 eV was adopted for
the standard hydrogen electrode (SHE). The potential-dependent energy can be
calculated by: E = Ejpp — An(Vso + @) /e, where Eppp is the DFT-calculated
energy, Vi, is the electrostatic potential of the bulk electrolyte, and —¢, is the work
function of the charged system. The relation between ¢, and the corresponding
electrode potential referenced to the standard hydrogen electrode (SHE) scale is
U,(U/SHE) = —4.6V — (pq/e,The E-Uq quadratic form can be written as: E(U,) =
— % cCU, - Uy)? + E,, where U,, C, and E, are the fitted values of the potential of
zero charge (PZC), the capacitance of the corresponding system, and the energy of the
system at the PZC, respectively. The fixed potential, referenced to the standard
hydrogen electrode (SHE) scale, varies with the pH value. The relationship between the
SHE potential (Usue) and the reversible hydrogen electrode (RHE) potential (Urng) is
given by Urng = Usng + 0.0592 x pH. This equation enables the determination of the

RHE potential based on the pH value.

3. Results and Discussion
3.1. Geometric Structure, Stability, and Electronic Property.

First, we examined the structure and stability of the adsorbed Cus cluster on the S
vacancy of the MoS; substrate. For the freestanding Cus cluster, both planar and three-

dimensional (3D) structures were considered (Fig. S2a), as they are the two lowest
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energy isomers of the Cus cluster.”! Then, the two Cus clusters were positioned on
various sites of the defective MoS> monolayer, including the S vacancy site, the Mo
site’s top, and the hollow site within the Mo3S; ring.

As expected, both of the two Cus clusters exhibit a preference for binding to the S
vacancy after full atomic relaxation (Fig. S2b). Interestingly, the binding of the 3D Cus
cluster to the defective MoS2 monolayer is much stronger than that of the planar Cus
cluster, as evidenced by their respective E, values of —5.07 eV vs —4.23 eV. These
values are more negative than the cohesive energy of the bulk Cu materials (—3.86 eV),
highlighting the exceptional capability of the S vacancy site within the defective MoS:
substrate to firmly immobilize Cus clusters. Consequently, the subsequent discussion
will primarily focus on the stability and properties of the 3D Cus cluster supported on
the defective MoS; substrate.

Noteworthy, this configuration allows for the formation of a reverse pentahedronal
Cus cluster (Fig. 1a). In this arrangement, one Cu atom is fully embedded into the
framework of MoS, monolayer, occupying the position previously occupied by the
removed S atom, and forming three Cu-Mo bonds with lengths of 2.50 A. Meanwhile,
the remaining four Cu atoms are positioned outward from the MoS; surface, forming a
square-like Cu island with Cu-Cu lengths of about 2.49 A, with the bottom Cu atom
binding to the island with a length of 2.32 A. The square-symmetry surface sites of the
Cus cluster result in the particular “double-bridge state” within an identical coordination
environment. This configuration is advantageous for the parallel attack and

simultaneous activation of two CO; molecules. In addition, the appropriate distance of
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2.49 A between adjacent Cu-Cu bridge sites may promote the C-C coupling of carbon-
containing intermediates. Obviously, the structural feature of the anchored Cus cluster
bear a striking resemblance to that of the Cu(100) slab’>7* and meet the intrinsic
requirements for the electroreduction of CO> to C2Ha.

Furthermore, the stability of Cus@MoS: was evaluated through AIMD
simulations at 300 K for 20 ps (Fig. S3), from which we found that the structure of this
catalyst can be well maintained, suggesting that the 3D Cus cluster can be firmly
anchored to the S-vacancy of the MoS: substrate to ensure its high stability. In addition,
we examined the electrochemical stability of Cus@MoS: by exploring whether its bare
surfaces would be covered by “O/*OH species in an aqueous solution under operation.
To address this, a surface Pourbaix diagram was constructed, which represents the most
stable surface structures under realistic conditions.” 7 The results revealed that at an
electrode potential of 0 V, the Cus@MoS; surface is predominantly covered by *OH
species across all pH values. However, upon the application of electrode potential, the
*OH species will be hydrogenated to H>O. Importantly, at pH=0, the minimum potential
required to remove the surface “OH species (Ur) is —0.10 V (Fig. 1b), which is less
negative than the limiting potential of CO2ER (—0.32 V as discussed later). Besides, we
also computed the dissolution potential (Ugiss, more details are given in Supporting
Information) of the Cu active site in Cus/MoS; catalyst at the operating potential of the
cathode (i.e., negative overpotential, —#). Remarkably, the Usiss of the Cu active site
within the anchored Cus cluster (-0.04 V) is significantly less negative than the (—#)

value of CO»-to-CoHs on this catalyst (7= 0.38 V, see Supporting Information).”’
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Consequently, the Cus@MoS; system exhibits excellent electrochemical stability
against surface oxidation and can withstand the practical reaction environments of
CO:zER under working conditions. Note that the successful synthesis of Cu clusters on
MoS,-based substrates with point defects has been experimentally demonstrated.**+

These experimental findings greatly inspired us further to explore the catalytic

performance of such systems in CO2ER.
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surface under SHE and pH values are highlighted by yellow regions for *O and pink
regions for “OH. The red dashed line represents the limiting potential of CO,ER. c¢)
Differential charge density plot of Cus@MoS, with yellow representing electron
accumulation and cyan denoting electron depletion. The isosurface value is set to be
0.005 e A=. d) Spin-polarized partial density of states (PDOS) of the 3d-orbitals of the

bottom Cu atom and the 4d-orbitals of the adjacent Mo atoms in the Cus@MoS: system.

To gain deep insights into the strong interaction of the Cus cluster on the S-
vacancy site of the MoS, monolayer, we examined the charge transfer and the orbital
hybridization between them. As shown in Fig. 1c, we observed partial oxidation of the
Cu atom that is captured by the S vacancy site, leading to the formation of three strong-
polarized Cu-Mo bonds through the hybridization of Cu-3d and Mo-4d orbitals (Fig.
1d). Moreover, the top four Cu atoms in the adsorbed Cus cluster carry a nearly identical
positive charge of 0.22 |e|, indicating their uniform coordination environments and
confirming the square-symmetry feature. This squre-symmetry is known to facilitate
the transfer of more electrons to the CO2ER intermediates. In addition, according to the
computed band structure, this pristine MoS, substrate exhibits a semiconducting
characteristic with a band gap of 1.12 eV (Fig. S4a). Upon the adsorption of the Cus
cluster adsorption, however, some impurity states are introduced into the band structure
(Fig. S4b), greatly reducing the band gap to 0.11 eV and thus resulting in an enhanced

electrical conductivity, which is beneficial for the process of CO2ER.

3.2. COzER Performance on Cus/MoS;.
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Efficient CO; electroreduction (CO2ER) relies on successfully activating CO> on
the catalyst surface. After fully structural relaxation, we found that the C atom of CO»
is preferable be adsorbed on the Cu-Cu bridge site with the lengths of 2.06 A, while its
two O atoms bind with the Cu top site with the lengths of 2.11 A. Compared with the
linear structure of the free CO> molecule, the adsorbed “CO; experiences a C-O bond
length elongation of 0.06, and a bending of the O-C-O angle is by 40° (Fig. S5a). These
structural changes indicate the sufficient activation of “COz on the Cus/MoS, system.
Notably, the explicit solvent can further increase the “CO, adsorption strength by about
0.45 eV (Fig. S5b), while a small change (<0.05 V) can be observed for the computed
limiting potential by different solvent effects (Table S1), which has been widely
regarded as an criterion to estimate the catalytic activity of CO2ER on a given catalyst.
It is easily understood that the CO; activation originates from substantial charge transfer
from the Cu-3d orbitals into the CO,-2n" orbitals (0.54 |e|) and strong hybridizations
between the Cu-3d orbitals and the C/O-2p orbitals (Fig. S5c). This substantial charge
transfer and orbital hybridization contribute to the effective capture and activation of
CO; on Cus@MoS,, which will likely facilitate its subsequent reduction.

Having established the sufficient activation of the CO; molecule, we evaluated the
catalytic activity and the product distribution of CO2ER on the Cus@MoS; catalyst. In
order to reveal the reaction mechanisms, we employed the CHE method to identify the
reaction pathway with the lowest positive free energy change between any two

elementary steps, which corresponds to the most favorable reaction pathway. Then, the
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applied voltage required for the entire reaction to become exergonic, known as the

limiting potential (UL), was determined.

3.2.1. COzER leading to C1 products.
By considering various possible reaction pathways (Fig. 2a), we thoroughly
examined the feasibility of CO; electroreduction to C; products on the Cus@MoS;

catalyst and identified the most favorable reaction pathway (Fig. 2b).
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Fig. 2. (a) Possible reaction pathways considered for CO2ER leading to C; products. (b)

Free energy diagram for CO2ER to CH4 product on Cus@MoS: surface, along with the

corresponding configurations of the reaction intermediates.

Based on the computed free energy changes of all elementary steps along the

lowest-energy pathway, we revealed the following sequence of reactions. Firstly, one

O atom of CO; is hydrogenated to generate “"COOH species with an uphill free energy

of 0.22 eV. Note that this energy barrier is lower than that observed on the Cu(211)

surface (0.41 e¢V)’® and the Cu (100) surface (0.52 eV)?**. Subsequently, the “COOH

intermediate reacts with a second (H' + ¢°) pair, resulting in the formation of ("CO +

H,0). Remarkably, the *CO formation is slightly endothermic by 0.18 eV, which is

significantly lower than that of the competitive "HCOOH formation (AG = 0.54 eV).
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Moreover, due to the strong adsorption strength (—0.96 ¢V), the formed *CO undergoes
further hydrogenation to generate the “CHO species, and this step only requires a small
energy input of 0.32 eV, which is lower by 0.56 €V than that of the competing "COH
formation. In the following step, the (H" + €°) pair continually attacks the C site of "CHO,
leading to the formation of "CH,O and *CH3O after two consecutive hydrogenation
steps. Importantly, these reactions occur downhill in the free energy profile by 0.54 and
0.26 eV, respectively. Next, the hydrogenation of “CH30 intermediate induces the C—-O
bond breaking, resulting in the release of the CH4 product. This step is is exothermic
by 0.88 eV in the free energy diagram. Meanwhile, the remaining O atom on the Cu-
Cu bridge with a length of 1.78 A undergoes further hydrogenation to form *OH with
the AG of —1.21 eV, followed by its subsequent hydrogenation to generate the second
H>0. However, this step of “OH — “HO is endothermic by 0.91 eV due to the strong
*OH adsorption on Cus@MoS; (—4.76 eV).

Overall, in the CO,-to-CH4 process, the “OH hydrogenation is identified as the
potential-determining step (PDS) due to its maximum AG value of 0.91 V (Fig. 2),
corresponding to the UL of —0.91 V, which is even more negative than that observed on
the Cu(211) slab (-0.74 V)° and the competitive HER process (—0.86 V). Therefore,
the formation of CHy as a product is unlikely to be achieved on the Cus@MoS: surface.
Instead, we expect “CO species to be the main product at low potential due to its
remarkable binding strength with this catalyst (—0.96 eV).

3.2.2. COzER leading to C: products.
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Due to the unique “double-bridged” active sites in the Cus@MoS: system, after
*CO is adsorbed on a Cu-Cu bridge site, the other Cu-Cu bridge site can continue to
activate and convert the CO; molecule. Interestingly, the hydrogenation free energies
of CO; and *COOH are greatly reduced with the increase of CO, calculated to be 0.02
and —0.48 eV, respectively (Fig. S6a). As a result, two separate chemisorbed “CO
species on the two opposing bridge sites of Cus@MoS: are formed. Previous studies?*
%5 have indicated that the C-C coupling step via “CO dimerization to “C,0> intermediate
is crucial for C;Hs generation on Cu(100) surface during CO2ER. Therefore, we
explored the potential for coupling the two “CO species on Cus@MoS,. Excitingly, the
kinetic barrier for this coupling reaction is only 0.56 eV (Fig. S6b), even lower than
that of on Cu(100) surface (0.82 eV),? highlighting the unique advantage of Cu-based
square-like sites in promoting C-C coupling.

In addition to "CO dimerization, we also considered two other common C-C
coupling steps, namely, ("CHO + *CO) and ("CHO + "CHO) couplings, for comparison.
However, as shown in Fig. S7, the computed kinetic barriers for these two coupling
reactions, 1.72 and 0.99 eV, respectively, are significantly higher than that of the CO
dimerization (0.56 e€V). Thus, the C—C coupling between “CO species is kinetically
favorable and feasible on Cus@MoS:. A similar phenomenon was also observed on
Cu(100) slab.?

We proceeded to investigate the thermodynamics of the subsequent hydrogenation
steps of the *C,0» intermediate to form C; products, following the successful C-C

coupling through *CO dimerization. In this process, various reaction pathways were
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considered, including O-H bond formation, C-H bond formation, and C-OH bond
breaking processes (Fig. 3a). By determining the most stable structure for each
intermediate, we obtained the free energy diagram along the most energetically
favorable pathway for CO2ER to C; products, as depicted in Fig. 3b. For comparison,

we summarized the free energy changes along other less favorable pathways in Table
S2.
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Fig. 3. (a) Possible reaction pathways considered for CO2ER to C; products. (b) Free
energy diagram for C2H4 generation along the most favorable pathway, along with the

corresponding configurations of the reaction intermediates.

Our results showed that the (H" + ¢°) pairs preferentially attack one of the oxygen
atom of “C,0,, leading to the formation of “C20,H, and then continuously approaches
this oxygen atom, resulting in the generation of “C>0 and the release of a H,O molecule.
Remarkably, the formation of "C>0,H is slightly uphill by 0.32 eV, whereas “C>0
formation is downhill by 0.73 eV in the free energy profile. Note that the “C,O species
is vertically adsorbed on the fourfold hollow site of the Cus@MoS; system via the C-
end pattern with a length of about 2.00 A.

In the following steps, the hydrogenation of *C>O preferentially proceeds along
the "*C20 — "*CHCO — "CHCHO — "CHCHOH pathways, with AG values of 0.10,
—0.36, and 0.22 eV, respectively. Once *CHCHOH is formed, the subsequent pathway
bifurcates into two routes: CoHs-formation and CoHsOH-formation. Interestingly, we
found that the formation of *CHCH intermediate, which can be regarded as the
precursor of C2Hy4 product, is more favorable than *CH,CHOH and *CHCH,OH, with
the AG value lower by 0.25 and 0.49 eV, respectively. This AG difference suggests that
C2H4 is likely the main product of CO2ER on the Cus@MoS: system. After the
formation of "CHCH species, the production of C2Hs proceeds smoothly through two
successive hydrogenation steps, with corresponding free energy changes of 0.13 and

—0.25 eV, respectively. Finally, the formed C,Hs molecule is released from the
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Cus@MoS: surface with a low energy input of 0.22 eV, allowing the regeneration of
the catalyst for subsequent catalytic cycles.

Now, a comprehensive reaction pathway for CO2ER to C2Hs on the Cus@MoS>
catalyst surface can be summarized as follows: CO, +* — "*COOH —*CO — "C,0, —
*C20,H — *C20 — *CHCO — *CHCHO — *CHCHOH — “CHCH — *CH,CH —
*CH,CH, — CH2CH> + *. In this pathway, the hydrogenation of *C,0 is the PDS with
a free energy change of 0.32 eV. According to the CHE model, the smallest applied
potential of —0.32 V required to make all elementary reactions exergonic, that is, the
limiting potential is —0.32 V (Fig. 3), which is less negative than the Cu(100)
benchmark (—0.61 V),** suggesting the higher catalytic activity of our designed
Cus@MoS; catalyst in promoting the CO2ER process and facilitating CoH4 generation.
Furthermore, we computed the activation barriers to simulate the mechanism of C>H4
formation from a kinetic perspective by using one water assisted hydrogen shuttling
model, which has been extensively adopted to compute the barriers of electrochemical
CO; reduction”-8! We found that the largest activation barrier of 0.73 eV locates at the
protonation of “C>0, (Fig. S8), which is higher than than of *CO dimerization (0.56
eV), but is lower than 0.75 eV that corresponds to a fast electrochemical process.®? Thus,
Cus@MoS; is facile for the electrochemical reduction of CO2 to C:H4 product
kinetically.

In addition, considering that the CO,ER takes place in aqueous solutions, we also
evaluated the solvent effect on the catalytic activity using the implicit solvation model
implemented in VASPsol.3 It can be clearly seen from Fig. S9 that the PDS with
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solvent effect still locates at the *C20; hydrogenation with the limiting potential of
—0.30 V, which is comparable to that of without solvent effect of —0.32 V, indicating
that the solvent environment is not an obstacle to impair the excellent catalytic activity
of Cus@MoS; towards C2H4 synthesis from the CO2ER.

The selectivity of this catalyst toward C2H4 production is also noteworthy. For this
regard, we examined two major competing reactions, namely the hydrogen evolution
reaction (HER) and the formation of C;HsOH on the Cus@MoS; surface. For HER, the
energy input required for H» release is significantly higher (0.86 eV) compared with
that for CoHa synthesis (0.32 eV). Moreover, the binding strength of the key "COOH
intermediate on the Cus@MoS: catalyst is much stronger (—2.79 eV) than that of "H
species (—1.09 eV), suggesting a preference for the adsorption of “COOH species on
the active site. These findings indicate the excellent suppression effect of the Cu active
sites within the anchored Cus cluster on the competitive HER.

The C,H4 versus C:HsOH selectivity highly depends on the adsorption strength of
*OH on the catalyst surface. The square-like sites of the anchored Cus cluster exhibit a
relatively strong “OH binding, making it more difficult for Cu—O bond breaking
compared to O—-C bond breaking. As a result, the CoHs4 production is
thermodynamically more favorable than the C:HsOH production by at least 0.25 eV
(Table S2). The distribution of the two products can be further evaluated by the
thermodynamic formula exp[—(AG)/(RT)]. In this equation, AG is the free energy
difference for the formation of (‘CHCH + H20) and ("CH2CHOH); here AG = 0.25 eV
at T =298 K. Thus, the C,H4:C,HsOH molar ratio is computed to be about 1.68 x 10*:1
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at ambient temperature, suggesting a rather high C>H4 selectivity, thanks to its unique

square-like active sites.

3.3. pH-dependent CO:ER activity.

Although the CHE model has predicted the superior catalytic performance of
Cus@MoS:; for CO2ER to C2H4 and also provided insights into the reaction mechanism,
it fails to capture the pH-dependent activity due to the cancellation of pH and electrode
potential corrections.®*®® Actually, many experimental studies demonstrated that
CO:zER activity for C2H4 production on Cu-based catalysts is generally higher under
alkaline conditions compared to acidic conditions.> Therefore, understanding the pH-
dependent activity is crucial in CO> electroreduction. Recently, Duan et al. successfully
addressed this issue by utilizing their constant-potential method (CPM), which accounts
for solvent and constant-potential effects in electrocatalysis to simulate a more realistic
environment.%°-%3

To examine the pH impact on the CO2ER activity of Cus@MoS,, we employed
the CPM combined with the implicit solvent model. By analyzing the energetics of
CO2ER, we obtained the computed total energies of bare Cus@MoS; surface and the
adsorbed reaction intermediates along the most favorable pathway of the CO>-to-C2H4
process as a function of the applied electrode potential (Fig. 4a). Encouragingly, all
energy-potential points align well with a quadratic relationship, and the specific fitted
data are listed in Table S3. Furthermore, we complied the computed E.4s values of these
C-based reaction intermediates with respect to the applied potential (in Fig. 4b).

Additionally, we plotted the pH-dependent and potential-dependent contour
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illustrating the adsorption energies of “C,0> on Cus@MoS, (Fig. 4c), as this

intermediate is closely related to the PDS. Our simulations showed that the adsorption

strength of “C20> on the Cus@MoS; catalyst increases as the pH increases or the

applied potential decreases. For example, at pH = 1, the Eags of “C20; is —1.78 €V, while

at pH = 13, it rises to —2.59 eV, suggesting that the alkaline conditions enhance the

activation of “C,0,. Therefore, the CO,ER activity of Cus@MoS; is indeed pH-

dependent. Especially, we found that this catalyst exhibits the highest catalytic activity

at pH = 13 (Fig. S10), corresponding to an exceptionally low limiting potential of —0.25

V vs reverse hydrogen electrode (RHE) (Fig. 4d). Notably, due to the strong “C,0»

adsorption at pH =13, the PDS turns into the hydrogenation of “"CHCHO to *CHCHOH.
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Fig. 4. The computed total energies of the Cus@MoS; catalyst and the corresponding
reaction intermediates as a function of the applied electrode potential. (b) Adsorption
energies of various C-based reaction intermediates as a function of the applied electrode
potential. (c) pH-dependent and potential-dependent contour plot of adsorption energies

of "C20, on Cus@MoS; surface. (d) The free energy profile for CO,-to-C2Hy

conversion on Cus@MoS; at pH = 13.

3.4. Square-Like Active Sites of Cus@MoS: vs. Anchored Cu, Clusters in CO;
Electroreduction

To highlight the significance of the square-like active sites of Cus@MoS; in
facilitating C2Hs production, we also examined the catalytic performance of other
anchored Cu, clusters (n =1, 2, 3, 4, and 6) for C—C coupling in CO2ER. As expected,
for a single Cu atom, the C—C coupling is not feasible due to the absence of sufficient
active sites. For other Cu clusters, we found that the coupling between two adsorbed

CO species is unstable, resulting in their spontaneous optimization into two isolated

CO species after full structural relaxation (Fig. S11a).
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Furthermover, we computed the kinetic barriers (Eparier) for the C-C coupling via
the “carbene” mechanism, focusing on the coupling between CO* and CHO" as a
representative case. We found the coupling of CO* with CHO" on these Cu clusters is
not facile, because their Evamier Values are larger than 0.75 eV (1.00 to 1.53 eV, Fig.
S11b). These results further underscore the distinct advantages of the square-like active

sites in Cus@MoS: for boosting the C-C coupling.

4. Conclusions

In summary, by means of comprehensive DFT computations, we designed a
promising CO2ER catalyst for C2H4 synthesis by anchoring a 3D Cus cluster on a
defective MoS> monolayer. The S monovacancy enables the formation of a unique
square-like active site, which can effectively promote the C-C coupling between two
*CO species with a low kinetic barrier of 0.56 eV. Moreover, the resulting *C202
intermediate can be easily hydrogenated to C2H4 product with a lower limiting potential
(—0.32 V) than the Cu(100) benchmark. Importantly, the Cus@MoS; surface effectively
suppresses side reactions such as HER and the CH4/C2HsOH formation, ensuring high
selectivity toward C2Hs production. Notably, the conversion of CO> to C2H4 is pH-
dependent, with the highest catalytic activity observed at pH 13, accompanied by a
remarkably low limiting potential of —0.25 V. Our findings not only propose a
promising catalyst for CoHa synthesis via CO2ER, but also offer a feasible strategy to
design highly-efficient catalysts using anchored sub-nano clusters. This work is

expected to inspire more experimental and theoretical studies to explore the potential
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applications of such catatalysts in various other electrochemical reactions.
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