
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
0/

20
25

 2
:5

3:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhanced reduct
aInstitute of Applied Physics and Materials

SAR, China. E-mail: huipan@um.edu.mo
bDepartment of Physics and Chemistry, Facu

of Macau, Macao SAR, China

† Electronic supplementary informa
https://doi.org/10.1039/d4ta05552g

Cite this: J. Mater. Chem. A, 2024, 12,
32154

Received 8th August 2024
Accepted 29th October 2024

DOI: 10.1039/d4ta05552g

rsc.li/materials-a

32154 | J. Mater. Chem. A, 2024, 12,
ion of CO to C2 products on MoS2
nanoribbons by edge engineering†

Jiangke Tao,a Di Liu, a Zhichao Yua and Hui Pan *ab

Two-dimensional (2D) transition metal dichalcogenides (TMDs) nanomaterials, such as MoS2 and WSe2, are

promising for CO2 reduction to CO with high selectivity. However, the further reduction of CO to high-

value C2 products is difficult on these 2D TMDs. To solve the challenging issues, we present an edge-

engineering strategy by tuning the edge composition of 2D MoS2 nanoribbons through incorporation

based on density-functional theory (DFT) calculations. A group of elements (Nb, Ta, V, Cr, Mn, Fe, Co, Ni,

Cu, Zn, Bi, Sn, Sb) are searched to obtain the optimal dopants for high reduction activity. We find that

the d-band center and electronegativity of the dopants influence the adsorption strength and

configuration of CO, respectively. Compared to Mo ions, dopants with lower d-band centers can reduce

the limiting potential and enhance the C–C coupling in CO reduction reaction. The targeted C2 products

can be achieved on Fe, Mn, Ta, and Cu-incorporated MoS2 zigzag edges. Among these, the Cu-

incorporated one exhibits the best selectivity for C2 products (CH3CH2OH) due to the lower d-band

center energy of Cu ions relative to the Fermi level, which promotes the CO hydrogenation, the C–C

coupling, and the product desorption. Our findings may provide guidance for the design of

electrocatalysts for selective C2 production.
Introduction

Electrochemical reduction of carbon dioxide (CO2) to value-
added chemicals is one of the important solutions to alleviate
energy problems and promote low-carbon development.1–5

Using renewable energy sources, such as wind and solar energy,
to power the electrochemical reduction reaction of CO2 (e-
CO2RR) is an attractive direction. In the past decades, CO2

reduction has been extensively investigated.6–10 Due to the inert
nature of the CO2 molecule, suitable catalysts have been widely
explored to reduce the reaction barrier and improve selectivity.
For example, metallic copper (Cu)-based materials have been
demonstrated to be effective for the reduction of CO2 to various
products, such as CO, HCOOH, CH3OH, CH4, and C2H4.11,12

Generally, the C2 products are more valuable and easier to
collect. However, the direct reduction of CO2 to C2 products
shows poor efficiency and selectivity because of the multiple-
electron transfer and high energy barrier. Considering
reducing CO2 to CO with a Faraday efficiency of ∼100% is
available,13,14 it is natural to have a two-step reaction for the CO2

reduction to C2 products with improved performance, that is,
CO2 / CO / C2 products, because the electrochemical CO
Engineering, University of Macau, Macao

lty of Science and Technology, University

tion (ESI) available. See DOI:

32154–32163
reduction reaction (e-CORR) simplies the reaction network
and makes it easier to achieve C2 products. Similarly, catalysts
play a critical role in producing high-valuable chemicals in the
e-CORR too. Many Cu-based materials have also been reported
as effective catalysts for the CO reduction to C2 products.15–21

However, the selectivity on C2 products and corresponding
Faraday efficiency are still too low to be possible for practical
application, which has encouraged us to nd new catalysts.

Two-dimensional (2D) materials have attracted great atten-
tion since they exhibit distinguished physical and chemical
properties.22–27 Among these, transition metal dichalcogenides
(TMDs) such as MoS2, WS2, and MoSe2 are recognized as
promising catalysts for various reactions because of their high
specic surface area and abundant active sites.28–32 Notably,
MoS2 stands out as an electrocatalyst for electrochemical CO2

reduction (e-CO2RR) due to its remarkable catalytic
performance.33–35 The unique monolayer structure of MoS2,
characterized by short diffusion path lengths and terminated
edges, serves as active centers that facilitate multiple-electron
transfer reactions in the CO2 reduction pathway.36 Further-
more, the metallic edges of MoS2 enhance the charge transfer
and migration.37 In addition to its superior catalytic properties,
MoS2 is cost-effective, nontoxic, highly earth-abundant, and
easy to synthesize, making it a more sustainable choice
compared to other TMDs. Experimental results demonstrated
that MoS2 showed superior CO2 reduction performance for
selectively converting CO2 to CO at 65 mA cm−2 under
−0.764 V.33 Moreover, studies have shown that N-incorporated
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) The schematic structure of MoS2 nanoribbon with alternate
replacement. The dashed box shows the fixed atoms. (b) 13 metal
elements considered.
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MoS2 nanosheets had high CO faradaic efficiency and low onset
overpotential of 130 mV in the CO2 reduction.34 Additionally,
Nb-incorporated MoS2 nanoribbons exhibited improved elec-
trocatalytic performance for the CO2 reduction to CO by modi-
fying the binding energies of intermediates on the MoS2 edge.35

Theoretical studies also suggested that replacing the transition
metal on the edge of MoS2 with other elements could enhance
the CO2 reduction,38,39 predominantly yielding C1 products.

The major obstacle to obtaining C2 products lies in the
strenuous C–C coupling, which is usually restrained by the
repulsive dipole–dipole interaction between adjacent carbona-
ceous intermediates on equivalent adsorption sites in the e-
CORR. It is believed that the uneven adsorption sites may
endow the adjacent CO intermediates with distinct charge
densities, thus decreasing their dipole–dipole repulsion, and
hence benet for triggering C–C coupling to form the multi-
carbon products.40,41 Given that the Mo-terminated edge of
MoS2 exhibits excellent carbon dioxide reduction capability and
has unsaturated bonds, which facilitate the incorporation of
other transition-metal elements, we selected the MoS2 nano-
ribbon with Mo-terminated edge as the substrate. We report
a strategy for improving the catalytic selectivity toward C2

products by alternately replacing Mo ions on theMo-terminated
edge of MoS2 to create uneven adsorption sites between the two
of them. We take the zigzag metallic edge of MoS2 as the model,
and 13 metal elements are considered. By calculating their
adsorption behavior and energy pathways, we nd that alternate
replacement can greatly enhance the selectivity of C2 products
on the MoS2 edge in the e-CORR. We show that the Cu-
incorporated edge gives out the best performance with
a limiting potential of −0.71 V for selectively producing CH3-
CH2OH among all candidates.

Computational details

All calculations were carried out using the Vienna ab initio
simulation package (VASP) with the projector augmented wave
potential and the Perdew–Burke–Ernzerhof (PBE) energy
functional.42–47 The cut-off energy for the plane-wave basis set
was 500 eV and the convergence threshold was 10−5 eV per atom
by considering the accuracy and reliability.46,48,49 A 1 × 3 × 1
Monkhorst–pack k-point mesh was used for the structural
optimization.50

A supercell with a size of 15.08 Å × 12.75 Å × 26.05 Å was
used as the starting structure. A nanoribbon was constructed
with the lattice parameter of 12.75 Å along the zigzag edge and
a width of 10.91 Å. In addition, the adsorption of CO on the Mo-
terminated zigzag edge is much stronger than that on the S-
terminated zigzag edge.51 So, only the Mo-terminated zigzag
edge is investigated. There are two Mo-terminated zigzag edges
of MoS2 (Fig. S1a & b†). One of the edge structures undergoes
deformation aer structural relaxation (Fig. S1a†), which
impacts the catalytic process. Therefore, we selected the stable
edge structure (Fig. S1b†). The vacuum was set to 15.08 Å and
26.05 Å along the x and z directions, respectively, to avoid the
interlayer interaction between two neighboring cells. The Mo
ions were alternately replaced by other elements in our model,
This journal is © The Royal Society of Chemistry 2024
denoted at MoS2-2M (Fig. 1a). The ions in the dashed box were
xed to study the catalytic reaction on the zigzag Mo-edge of
MoS2 (Fig. 1a). Spin-polarization was included in the
calculations.

In this DFT study, 13 elements—V to Zn, Nb, Sn, Sb, Ta, and
Bi—were selected as dopants (Fig. 1b). The common fourth-
period transition metals (from V to Zn) exhibit increasing
electronegativity and d-orbital lling as the atomic number
rises. Although V, Ta, and Nb are all group V elements, they
display distinct metallic properties and electronegativity due to
differences in atomic radius. These trends facilitate a systematic
investigation of their synergistic interactions with Mo ions,
highlighting the inuence of varying electron congurations on
catalysis. Bi, Sn, and Sb are well-known for their use in CO2

reduction, making them ideal candidates for exploring how
they enhance Mo-based catalysts in producing C2 products.52–56

The replacement energy for one dopant is calculated by

EF = (EMoS2+2M
− EMoS2

− 2EM + 2EMo)/2 (1)

EMoS2+2M is the total energy of MoS2 with dopants on the zigzag

edge. EMoS2 is the total energy of pure MoS2. EM ¼ EM�bulk

n
,

where EM−bulk is the energy of bulk metal. EMo ¼ EMo�bulk

n
,

where EMo−bulk is the energy of Mo crystal. n is the number of
metal atoms in the crystal.

As an indicator for each elemental step of e-CORR, the Gibbs
free reaction energy change (DG) is calculated by

DG = DE + DEZPE − TDS + DH (2)

where DE is the total energy change, DEZPE is the change in zero-
point energy, T is temperature 300 K, DS is the difference in
entropy, and DH is the variation of enthalpy, respectively. The
adsorbates' zero-point energy and entropy were obtained by
calculating the vibrational frequency. The enthalpy (H) includes
J. Mater. Chem. A, 2024, 12, 32154–32163 | 32155
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DPV = DNRT based on ideal gas approximation by using
Vaspkit code as follows:57

H = U + kBT (3)

The adsorption free energy of CO on the pure edge of MoS2 is
dened as

Gad(*CO) = E(MoS2 + CO) − E(MoS2) − E(CO)

+ DEZPE − TDS + DH (4)

where E(MoS2 + CO) and E(MoS2) are the total energies of the
system with and without CO adsorbed. Additionally, the Gibbs
free energy of hydrogen adsorption (DGad(*H)) was also calcu-
lated because the hydrogen evolution reaction (HER) is
competitive to e-CORR as follows:

Gadð*HÞ ¼ EðMoS2 þHÞ � EðMoS2Þ

�E

�
1

2
H2

�
þ DEZPE � TDS þ DH (5)

The adsorption Gibbs free energies of hydroxide ion and H2O
were calculated in the same way.

The d-band center was calculated using the following
equation58

3d ¼
ÐN
�N ErdðEÞdEÐN
�N rdðEÞdE

(6)
Fig. 2 (a) Catalyst-screening strategy for e-CORR toward C2 products, (b
the adsorption Gibbs free energies of CO on Mo and dopant sites. (d) T
shows the adsorption process of CO on the Sn, Cr, Mn, Fe, Co, Ni, Cu, an
and Ta-incorporated edges.

32156 | J. Mater. Chem. A, 2024, 12, 32154–32163
where E is the energy with respect to the Fermi level, and rd(E) is
the partial density of states projected into the d orbitals of
chosen atom at the energy of E. The d-band centers of spin up
and spin down are calculated separately, and the higher one
(spin down) is chosen to analyze.59

Results and discussion

We proposed a “ve-step” screening strategy for the C2

production on the MoS2-2M edge via the e-CORR process
(Fig. 2a). Firstly, the modied edge should possess high ther-
modynamic stability and feasibility (EF < 0, where EF is the
replacement energy). Secondly, the CO should be more favor-
able to adsorb on the two active sites (Mo and dopant site) in e-
CORR (step 2 and step 3). Thirdly, the nal products on these
candidates should be the C2 products and the limiting potential
should not be too high to prevent possible HER (step 4). If the
limiting potential is very high, the negative voltage on the
electrode should increase the hydrogen adsorption ability.
Fourthly, a screening principle is proposed as below:

ULe + DG(*H) [ DG(*CO)

Theoretically, if ULe + DG(*H) is greater than DG(*CO), the
adsorption capacity of proton on the active site cannot compete
with that of CO. However, due to the limitation of theoretical
calculation, when the two values are very close, it increases the
possibility of the side reaction, hydrogen evolution reaction
) the replacement energy of dopant on the zigzag edge of MoS2, and (c)
he adsorption process of CO on the incorporated edge: the first row
d Zn-incorporated edges and the second row shows that on the V, Nb,

This journal is © The Royal Society of Chemistry 2024
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(HER), occurring in practical applications. Therefore, we set the
difference between the two to be 0.2 eV, allowing for adjust-
ability. Finally, the desorption energy of products at the edge of
the catalyst should be lower than 0.75 eV for releasing the
products easily and fast, and beneting the continuous reaction
(step 5). A barrier of 0.75 eV is generally regarded as the
threshold for efficient kinetics, corresponding to a turnover
frequency (TOF) of 1 s−1.60 Therefore, the value is considered as
the threshold for the product release rate in this context.

The replacement energies of Bi and Sb on the edges are
positive (Fig. 2b), indicating their difficulty to be realized in
experiments. The replacement energies for other dopants are
negative and considered further for the following steps in e-
CORR. Aer the rst step screening, we calculated the Gibbs
free energy for the adsorption of CO on theMo and dopant sites,
respectively (Fig. 2c). Clearly, CO is more favorable to adsorb on
the Mo site compared with the dopant site because of lower
adsorption energy. Therefore, CO will rst occupy the Mo sites
and then adsorb to the dopant sites. However, CO can adopt two
adsorption congurations on the doped edge. On the Sn, Cr,
Mn, Fe, Co, Ni, Cu, and Zn-incorporated edges, CO binds to
the active site solely through the C atom, while CO is adsorbed
via dual sites involving both the C and O atoms on the V, Nb,
and Ta-incorporated edges. Consequently, there are two distinct
CO adsorption processes (Fig. 2d).

As CO initially adsorbs on the Mo atom at the edge, we then
calculated the competitive adsorptions on the site (Fig. 3a). CO
Fig. 3 Adsorption energy differences between CO and: (a) hydrogen,
hydroxide ions, and H2O at Mo sites; (b) hydrogen, hydroxide ions, and
H2O at dopant sites.

This journal is © The Royal Society of Chemistry 2024
is more favorable to adsorb on Mo than hydrogen and water for
all considered modied edges. On the Co and Zn-incorporated
edges, the hydroxide ions are more easily to adsorb on the Mo
site than CO, which are not considered. For the Ni and Cr-
incorporated edges, the Gibbs free energies for the adsorption
of hydroxide and CO are nearly the same. As the negative voltage
applied on the catalyst and the free hydroxide ions repel each
other during the e-CORR process in the experiment, Ni and Cr
are still considered.

Similarly, we analyzed the competitive reactions on the
dopant (Fig. 3b). The Gibbs free energy changes for the
adsorption of hydrogen are smaller than that of CO in all
candidates, indicating that CO can adsorb on the dopant site
more easily than hydrogen. CO is also more favorable to adsorb
on the dopant site than hydroxide ion, except for the Nb and Ta-
incorporated edges. The Gibbs free energies for the adsorption
of hydroxide ions are approximately equal to those of CO on Nb
and Ta-incorporated edges, which are considered further due to
the repulsion of negative voltage to hydroxide ions. Finally, the
dopant sites at the Sn-incorporated edge are more likely to be
occupied by H2O, resulting in the elimination of MoS2-2Sn. The
adsorption conguration of the 2nd CO shows that CO is
difficult to adsorb on the Sn site (Fig. S2†). Therefore, eight
elements (Nb, Ta, V, Cr, Mn, Fe, Ni, and Cu) are screened out for
e-CORR.

We calculated the CO reduction pathway for each incorpo-
rated edge. Considering that the carbonaceous intermediates
adsorbed on each pair of adjacent sites may undergo proton-
ation or C–C coupling, we computed the Gibbs free energy
changes associated with these processes at each intermediate
step. The step with the largest free energy reduction was
selected, and this calculation was repeated for the subsequent
steps until the reaction was completed. Congurations that
cannot be stable are excluded from the pathway. The calcula-
tions show that the product is CH3OH on the Ni- and V-
incorporated edges in the e-CORR process (Table 1 &
Fig. S3†). On the Nb-incorporated edge, the catalytic energy
barrier for the C2 production is higher than that for the C1

production (Fig. S4†). The dominant product on the Nb-
incorporated edge is CH3OH (Table 1). As for the Cr-
incorporated edge, both C1 and C2 products are possible
(Fig. S5†). The reaction path to CH3OH is energetically easier to
occur than C2 products. However, the limiting potential of
Table 1 The catalytic products and limiting potentials of incorporated
edges

Dopants Products UL (V)
DGadð*COÞ � DGadð*HÞ

e

V CH3OH −0.72 −1.57
Ni CH3OH −0.64 −1.19
Nb CH3OH −0.89 −1.77
Cr CH3OH −1.2 −1.16
Fe CH3CH2OH −1.32 −1.35
Mn CH3CH2OH −1.01 −1.08
Ta CH3CHO/CH2CH2 0/−0.17 −2.16
Cu CH3CH2OH −0.71 −1.17

J. Mater. Chem. A, 2024, 12, 32154–32163 | 32157

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4TA05552G


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
0/

20
25

 2
:5

3:
13

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
CORR on the Cr-incorporated edge is relatively high, which may
limit the reaction, leading to competitive HER (Table 1). Similar
situations also happen on the Fe and Mn-incorporated edges.
The catalytic products of CO on both Fe and Mn-incorporated
edges are CH3CH2OH (Table 1). However, the limiting poten-
tial of catalytic reactions are both relatively high and may cause
competitive HER (Table 1, Fig. S6 & S7†). Finally, there are only
Ta and Cu-incorporated edges possible toward C2 products.

The catalytic products on the Ta-incorporated edge are
CH3CHO and CH2CH2 (Fig. 4a). The limiting potential of the
catalytic path to C2 products is about−0.17 V for CH2CH2 (Table
1). The catalytic pathway to CH3CHO is energetically sponta-
neous. However, the desorption energies of these two products
are very high, that is, −2.92 eV for CH3CHO and −2.16 V for
CH2CH2 (Fig. 4a), respectively, which are difficult to desorb
from the Ta-incorporated edge. Consequently, based on our
Fig. 4 The reaction pathways of CO reduction on: (a) Ta-incorporated
and (b) Cu-incorporated edges at 0 V.

32158 | J. Mater. Chem. A, 2024, 12, 32154–32163
h-step screening strategy, the Ta-incorporated edge is
eliminated.

The Cu-incorporated edge is the best one among all candi-
dates for the CO reduction to C2 products. The products on the
Cu-incorporated edge are CH3OH and CH3CH2OH (Fig. 4b).
Energetically, the path to the C2 product is easier to proceed.
The limiting potential of the catalytic pathway on the Cu-
incorporated edge is −0.71 V and the desorption energy of
CH3CH2OH is 0.64 eV, indicating that the negative voltage shall
not cause competitive HER during e-CORR and the products are
easy to desorb from the edge.

Because the CO is easier to adsorb on the Mo site (Fig. 2c),
the 1st CO adsorbs on the Mo site and the 2nd CO is also more
likely to adsorb on the other Mo site aer the 1st CO adsorption
(Fig. 4b). Then the Cu site shall be occupied by CO because the
adsorption energy of CO is lower than those of proton,
hydroxide and H2O (Fig. 3b). The rst protonation of *CO
occurs on the *CO adsorbed on Cu site. Aer the rst proton-
ation, the C–C coupling between *CHO on the Cu site and *CO
on the Mo site energetically prefers to happen than the
protonation of *CHO. Aer the C–C coupling, the *OCHCO is
protonated step by step and the CH3CH2OH is obtained nally.

According to the Bader charge analysis, we nd the adsorp-
tion conguration of CO is dependent on the electronegativity
of dopants (Fig. 5a). The Bader charge calculation results for
different incorporated edges with CO adsorption are presented
in the ESI (Fig. S8).† Statistical comparisons reveal that the O
ions connected to the Nb, Ta, and V sites gain more electrons
than the O ions of CO adsorbed on the Mo site of the other ve
incorporated edges (Cr, Mn, Fe, Ni, Cu) (Fig. 5a & S8†). Addi-
tionally, the number of electrons given by the Nb, Ta, or V atoms
aer CO adsorption is greater than that of Cr, Mn, Fe, Ni, or Cu
atoms. A clear linear relationship exists between the electrons
gained by O atoms and those given by the dopants (Fig. 5a). The
Bader charge of the dopant reects their electronegativity. Nb,
Ta, and V are less electronegative than Cr, Mn, Fe, Ni, and Cu,
making them more prone to losing electrons and bonding with
the O atom of CO, and resulting in a two-site adsorption
conguration of C and O atoms. In contrast, Cr, Mn, Fe, Ni, and
Cu, being more electronegative, are less likely to lose electrons
and bond with O atoms, leading to a single-site adsorption
conguration.

On the Cr, Mn, and Fe-incorporated edges, the limiting
potential for CO reduction is very high due to the signicant
energy barrier for hydrogenation (Fig. S5–S7†). Therefore, we
calculated the Gibbs free energy changes for the CO hydroge-
nation on Mo sites and dopant sites for Cr, Mn, Fe, Ni, and Cu-
incorporated edges (Table 2), as CO on these ve incorporated
edges exhibits single-site adsorption. For the Cr, Mn, and Fe-
incorporated edges, the hydrogenation of CO on both Mo and
dopant sites is relatively challenging, whether involving O or C
atoms (Table 2). In contrast, on the Ni and Cu-incorporated
edges, the C atom of CO adsorbed on the dopant site is more
readily hydrogenated, with a Gibbs free energy change of
0.64 eV and 0.71 eV, respectively (Table 2). We analyzed the
crystal orbital Hamiltonian population (COHP) between the
dopant and the C atom of adsorbed CO (Fig. S9†). The
This journal is © The Royal Society of Chemistry 2024
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Fig. 5 (a) The Bader charge of the dopants and the O atoms in CO adsorbed on the Mo sites of different incorporated edges, (b) the Gibbs free
energy changes for the adsorption of CO (DG(*CO-M)) on the dopant sites and the integrated COHP (ICOHP) of the dopants and C atoms on the
Cr, Mn, Fe, Ni, and Cu-incorporated edges, (c) the Gibbs free energy changes for the hydrogenation of C atoms in CO adsorbed on dopant sites,
as well as for the adsorption of CO on those sites at the Cr, Mn, Fe, Ni, and Cu-incorporated edges, and (d) the relationship between the ICOHP
between the dopant and C of adsorbed CO, and the d-band center of the dopant.
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integrated COHP (ICOHP) between dopant and C on the Ni and
Cu-incorporated edges is higher than those on Cr, Mn, and Fe-
incorporated edges (Fig. 5b), suggesting that the adsorption
strength of CO on Ni and Cu atoms is lower. The reduced CO
adsorption strength facilitates the hydrogenation of the C atom
in CO (Fig. 5c). Conversely, Fe, Cr, and Mn exhibit relatively
strong adsorption strengths for CO, making hydrogenation
more difficult. The bonding strength between the dopant and
CO (ICOHP) is determined by the d-band center of the dopant
(Fig. 5d).

To study the effect of dopant on C–C coupling, we calculated
the Gibbs free energy change for the adjacent CO coupling on
the Cr, Mn, Fe, Ni, and Cu-incorporated edges (Fig. 6a). The
Table 2 The changes in Gibbs free energy for the hydrogenation of CO

DGMo(CO–COH) DGMo(CO–CHO

Cr 1.2 1.34
Mn 1.0 1.34
Fe 0.98 1.04
Ni 1.02 0.87
Cu 1.02 1.24

This journal is © The Royal Society of Chemistry 2024
results indicate that stronger adsorption of CO on the dopant
site correlates with a higher energy required the adjacent CO–
CO coupling, making the *OCCO structure more unstable. This
instability arises because the Mo site has a strong adsorption
capacity for CO, and the d-band centers of Mo atoms on the
incorporated edges are near the Fermi level (Fig. 6d). If the d-
band center of the dopant is close to the Fermi level and
exhibits strong CO adsorption, the force of CO adsorption on
adjacent sites can easily disrupt the C–C bond. Among the
selected dopants, the d-band center of Cu is the lowest (Fig. 6b
and c), resulting in the weakest CO adsorption. Consequently,
the Gibbs free energy change for adjacent CO coupling is
minimized, making the *OCCO structure relatively stable. In
adsorbed on dopant and Mo sites

) DGM(CO–COH) DGM(CO–CHO)

1.2 2.15
1.07 1.31
1.98 1.78
3.57 0.64
1.83 0.71
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Fig. 6 (a) The Gibbs free energy changes for the coupling of CO adsorbed on the neighbor asymmetric active sites of the Cr, Mn, Fe, Ni and Cu-
incorporated edges, and the adsorption of CO on the dopant sites, (b) the Gibbs free energy changes for the adsorption of *CO (DGad(*CO)) on
the dopant sites and the d-band center of the dopant atoms, (c) partial density of states (PDOS) for the d orbitals of the dopants on the
incorporated edges, where the first one shows the PDOS of Mo atoms on the pure edge of MoS2. (d) Partial density of states (PDOS) for d orbitals
of the Mo atoms on the incorporated edges, where the first one shows the PDOS of Mo atoms on the pure edge of MoS2.
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our calculated reaction pathway, C–C coupling does not occur
through the combination of adjacent CO molecules. The C–C
coupling paths vary across different incorporated edges due to
the hydrogenation occurring at different sites, leading to
distinct lowest energy paths. However, we can observe the
inuence of the dopant's d-band center on C–C coupling
through the energy changes during the formation of *OCCO.
For Nb, Ta, and V-incorporated edges, when multiple CO
molecules are adsorbed on the active sites, the adsorption
congurations differ from those of the edges incorporated with
the other ve elements (Cr, Mn, Fe, Ni, and Cu). In this case, two
CO molecules are adsorbed on the Mo atom, while the dopant
site is occupied by oxygen atoms (Fig. 5a, top). The adsorption
congurations of *OCCO on these edges also differ from those
on the other ve incorporated edges (Fig. S10†). Here, *OCCO is
adsorbed above the Mo site, with the O atom connected to the
dopant site. The adsorption energy of CO at the dopant site has
a minimal impact on the stability of *OCCO (Fig. S10†).
However, on the V and Nb-incorporated edges, the hydrogena-
tion of O atoms is challenging due to the strong adsorption of
the O atoms on dopant (Fig. S11a–c†). In the case of Ta incor-
poration, the strong adsorption of O atoms on Ta atoms causes
the O atoms to disconnect from the carbonaceous intermediate
aer hydrogenation (Fig. S11d†).

Additionally, the lower d-band center of Cu facilitates the
release of the nal product which weakens its CO adsorption,
making the nal product easier to desorb according to the
Sabatier criterion.61 At the Cu-incorporated edge, the desorption
energy of the nal product, CH3CH2OH, is 0.64 eV, signicantly
lower than that on the Ta-incorporated edge (2.16 eV).

Conclusion

In summary, we proposed a strategy for efficiently generating C2

products on MoS2 nanoribbons by alternately replacing Mo
atoms on the zigzag edges with other transition metals. By
comparing the CO adsorption congurations and reduction
pathways on different incorporated edges, we found that the d-
band center of the dopant determines the adsorption strength
of CO on the dopant site. Stronger CO adsorption on the dopant
site makes hydrogenation more difficult, resulting in a higher
limiting potential for CO reduction. Additionally, strong CO
adsorption reduces the stability of the C2 intermediate,
hindering C–C coupling. However, when the electronegativity of
the dopant is relatively low, the CO adsorption conguration
changes: CO binds to the dopant through the O atom and to the
Mo atom through the C atom, allowing adjacent CO molecules
to be co-adsorbed on the Mo atom, facilitating C–C coupling.
But strong adsorption of the O atom on the dopant makes the
hydrogenation of the O atom difficult. The d-band center also
inuences the release of nal product from the catalyst edge.
Aer screening, the Cu-incorporated edge emerges as the most
effective catalyst for the reduction of CO to C2 products. The d-
band center of the Cu atom is the lowest among all candidates,
resulting in a low energy barrier for CO hydrogenation. Addi-
tionally, due to the weak CO adsorption on the Cu site, the
formation of the rst C2 intermediate (*OCHCO) is relatively
This journal is © The Royal Society of Chemistry 2024
easy, and the desorption energy of the nal product (CH3CH2-
OH) is also low (0.64 eV). Our work demonstrates that the
catalytic pathway for electrochemical CO reduction to targeted
C2 products on two-dimensional materials can be achieved
through edge engineering, guiding the design of novel electro-
catalysts with high selectivity and efficiency for the electro-
chemical reduction of CO to valuable chemicals.
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