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Role of sulfur vacancies in MoS, monolayers in
stabilizing Co atoms for efficient CO oxidation¥}

Manman Li, Tianchun Li and Yu Jing@*

By performing first-principles calculations, a MoS, monolayer with a Co atom doped at the sulfur defect
(Co-°MoS,) was investigated as a single-atom catalyst (SAC) for CO oxidation. The Co atom is strongly
constrained at the S-vacancy site of MoS, without forming clusters by showing a high diffusion energy
barrier, ensuring good stability to catalyze CO oxidation. The CO and O, adsorption behavior on
Co-°MoS, surface and four reaction pathways, namely, the Eley—Rideal (ER), Langmuir—Hinshelwood
(LH), trimolecular Eley—Rideal (TER) as well as the New Eley—Rideal (NER) mechanisms are studied to
understand the catalytic activity of Co->MoS, for CO oxidation. The CO oxidation is more likely to
proceed through the LH mechanism, and the energy barrier for the rate-limiting step is only 0.19 eV,
smaller than that of noble metal-based SACs. Additionally, the NER mechanism is also favorable with
a low energy barrier of 0.26 eV, indicating that the Co-°MoS, catalyst can effectively promote CO
oxidation at low temperatures. Our investigation demonstrates that the S-vacancy of MoS, plays an
important role in enhancing the stability and catalytic activity of Co atoms and Co-°MoS; is predicted to
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1. Introduction

Carbon monoxide (CO), originating from deficient combus-
tion of carbon-containing fuels (such as coal and oil) from
automobiles and industrial processes, is a widely distributed
toxic gas in the atmosphere and can severely poison noble
metal catalysts in fuel cells.” The oxidation of CO to CO, at
low temperature is an effective strategy to relieve the problems
caused by increased CO emission.*” Although the oxidation of
CO is exothermic, the slow kinetics of this reaction demands
the development of efficient catalysts to reduce the activation
barrier.® In the past decades, noble metal catalysts, such as
Pt Au,"""* Pd,"* and Rh*>'° have been extensively explored
and exhibit good catalytic activity for CO oxidation. However,
these catalysts are expensive and typically require high reac-
tion temperatures to operate efficiently, which prevents their
large-scale commercial applications. Therefore, low-cost and
efficient non-noble metal-based catalysts are highly
demanded.

In 2011, the preparation of homogeneous single Pt atoms
on FeOyx was first reported, and the Pt/FeOy catalysts showed
good catalytic performance for CO oxidation."” Thereafter,
single-atom catalysts (SACs) have been rapidly developed as an
important class of catalysts by showing good catalytic activity
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be a promising catalyst for CO oxidation.

and selectivity for many reactions including CO oxidation, '**°
oxygen reduction reactions (ORR),>*** oxygen evolution reac-
tions (OER),*>** and hydrogen evolution reactions (HER).>**®
In contrast to conventional bulk metal catalysts, SACs are
supported catalysts containing individual atoms isolated from
each other as active centers, maximizing the utilization effi-
ciency of metal atoms and reducing the cost.”® However, the
isolated single metal atoms prone to be aggregated because of
their high surface free energy and stable support materials are
crucial to obtaining stable SACs with finely dispersed metal
centers.

Recently, 2D materials have been widely studied as SAC
supports because of their large surface area, tunable electronic
properties and good stability, and some 2D SACs have been
demonstrated to be promising catalysts for CO oxidation.*”*
Among them, 2D transition metal dichalcogenides (TMDCs)
represented by MoS, monolayers have drawn broad research
interests because of their good stability and high experimental
accessibility.*** Previous studies have demonstrated that
doping transition metals on MoS, monolayer can effectively
tune the electronic structure and magnetic properties of MoS,,*
significantly enhancing the interaction between the catalyst and
the adsorbed CO and O, to facilitate CO oxidation.**** For
instance, MoS, monolayers with Co-doped on the pristine
surface was demonstrated to show high catalytic activity for CO
oxidation.*®* However, aggregation of Co on pristine MoS, will be
inevitable due to the weak interaction between Co and the
defect-free surface. In fact, the embedding of non-precious
metals in the S vacancy of MoS, can be experimentally
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feasible,**** because when 2D MoS, was prepared using
mechanical exfoliation or chemical vapor deposition tech-
niques, S vacancies were the predominant defects and can even
be controlled by using low-energy argon sputtering or electron
irradiation techniques.***® Recently, Liu et al. synthesized MoS,
monolayer with cobalt-embedded at the sulfur vacancies by
mixing chemically exfoliated MoS, monolayer containing S
vacancies with thiourea-like cobalt complexes,** which exhibi-
ted high activity and stability for hydrodeoxygenation reaction
and formaldehyde oxidation.*® Inspired by the good stability
and high synthesizing feasibility of MoS, monolayers with Co
embedded in the sulfur vacancies, it is rather appealing to
investigate their catalytic performance for CO oxidation, which
has not been explored before.

In this work, we performed first-principles calculations to
study the potential of MoS, monolayers with individual Co atom
embedded in the S vacancy (Co-MoS,) as SACs for CO oxida-
tion. The stability of Co-°MoS, was first verified by estimating
the diffusion of Co from the S vacancy to different adjacent
surface sites. Then, the adsorption of CO and O, on Co-°MoS,
was examined in comparison with that on defect-free MoS,
monolayer, defect-free MoS, monolayer with a single Co atom
decorated on the surface (Co/MoS,) and MoS, monolayer con-
taining S vacancies (MoS,-Sv). Four CO oxidation mechanisms
on the Co->MoS,, including, Eley-Rideal (ER), New Eley-Rideal
(NER), Langmuir-Hinshelwood (LH) and trimolecular Eley-
Rideal (TER) mechanisms, were systematically explored. The
results indicate that Co-MoS, can facilitate CO oxidation
through the LH and NER mechanisms by surmounting small
energy barriers and show superior stability and catalytic activity
than other examined MoS, based structures because of the
strong interaction between Co and sulfur vacancy, thus is pre-
dicted to be a promising catalyst for CO oxidation.

2. Computational methods

All calculations were carried out with the projected augmented
wave (PAW) potential of spin-polarized density functional
theory (DFT), as implemented in the Vienna Ab initio Simula-
tion Package (VASP).*** The generalized gradient approxima-
tion (GGA) method with Perdew-Burke-Ernzerhof (PBE) was
adopted to depict exchange-correlation potential.>* The van der
Waals (vdWs) interactions between the adsorbing molecules
and the monolayer were depicted by using the DFT-D3 method
proposed by Grimme.** The plane-wave cutoff energy was set as
420 eV and the Monkhorst-Pack grid of 3 x 3 x 1and 5 x5 x 1
k-points grid were used for the geometry optimization and the
calculation of electronic properties. The system is considered to
be self-consistent when the total energy and the magnitude of
the force on each atom are below 10> eV and 0.01 eV A%,
respectively. The vacuum layer of the MoS, monolayer was set to
be 20 A to avoid interlayer interactions. The minimum energy
paths for CO oxidation reaction were searched by the climbing
image nudged elastic band (CI-NEB) and dimer method,***®
and the transition state (TS) geometries were obtained after
vibrational analysis. The lattice parameter of MoS, monolayer
was optimized to be 3.17 A, which agrees well with the results of
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previously experimental and theoretical studies.**** The
binding energy (Ep) of Co atom in Co-MoS, was calculated by

Ey, = Eco-sMos, — EMos,-sv — Eco (1)

where Ecosmos,) Emos,sv» and Ec, are the total energy of the
defective MoS, embedded with a Co atom, MoS, with a S
vacancy and the free Co atom, respectively.

The adsorption energy (E.qs) of different adsorbates on
different substrates was calculated according to

Eags = Esub+gas — Equp — Egas (2)
where Egypigas) Esub and Eg,s represent the total energies of the
substrate adsorbed with gas molecule, the bare substrate and
the free gas molecule, respectively. A more negative E,q5 value
indicates a more favorable adsorption of the gas molecule.

To investigate whether the CO oxidation performance is
affected by the doping concentration of Co, we constructed a 2
%X 2,3 x 3,4 x 4and 5 x 5 supercell containing one Co atom
embedded at the S vacancy, corresponding to the atomic
embedding concentration of 25%, 11%, 6% and 4%, respec-
tively. However, it turned out that these four supercells gave
identical Ey, values of Co and E,qs for CO and O, (Table S1t),
indicating that the concentration of Co shows negligible influ-
ence on their catalytic activity. Therefore, considering the
computational accuracy and efficiency, the 4 x 4 MoS, supercell
is used for all catalysis calculations unless stated otherwise.

The reaction energy barriers (Ep,,) and reaction energy (AE)
for the elementary steps of CO oxidation reaction was defined as

Epor = E1s — Eis (3)
AE = Ers — Eig (4)

where Erg, Eg and Erg denote the energy of the TS, initial state
(IS) and final state (FS), respectively. A more positive AE value
indicates a more endothermic reaction process, while a negative
value represents an exothermic reaction.

3. Results and discussion
3.1 Structure and stability of Co->MoS,

The structural and electronic properties of Co-°MoS, were first
studied. As shown in Fig. 1a, the Co atom is embedded at the S
vacancy forming three covalent bonds with its adjacent Mo atoms
and the average bond length of Co-Mo is 2.51 A. The E,, of Co
atom is —4.39 eV, indicating a strong interaction of Co atom with
the neighboring Mo atoms, which is stronger than that on the
defect-free MoS, surface (—3.28 eV). In view of the cohesion
energy of bulk Co (—4.39 eV),* it can be expected that the
embedded Co atoms are less likely to aggregate to form large
clusters on defective MoS, compared to the defect-free surface. To
gain a deep understanding of the stability of Co-°MoS,, we esti-
mated the migration of Co atom from the S vacancy to a nearby
hollow site. As shown in Fig. 1b, the calculated diffusion process
is endothermic (1.26 eV) with a high diffusion energy barrier of
1.71 eV. In contrast, the E;, of Co atom on two different surface

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) Top and side views of optimized Co-°MoS,. (b) The IS, TS and FS geometries of Co-"MoS; (blue line) and Co/MoS; (black line) along the
diffusion path for Co atom migrating from the S vacancy and Mo-top site to the nearby hollow site, respectively. (c) The PDOS of Co-3d (red
curve) and Mo-4d (blue curve) states for Co->MoS,. The Fermi level is set to zero. (d) CDD for Co-SMoS,, yellow and cyan areas indicate charge
accumulation and depletion, respectively. The isosurface value is set as 0.0018 e/bohr>.

sites of defect-free MoS, only differs in 0.25 eV and the diffusion
energy barrier of Co is 1.08 eV. The results suggest that the S
vacancies on MoS, play an important role in stabilizing the Co
atoms and inhibiting their further aggregation.

The spin polarized partial density of states (PDOS) projected on
the Co-3d and adjacent Mo-4d orbitals were plotted in comparison
with the total DOS to understand the electronic structure of
Co-°Mo0S,. As shown in Fig. 1c, the embedding of Co atom induces
impurity states around the Fermi energy level, contributing to
a reduced band gap (0.20 eV) of Co-°MoS, compared to the pristine
MoS, monolayer. The pronounced hybridization between the Co-
3d orbital and the adjacent Mo-4d orbitals around the Fermi
energy level is responsible for the strong interaction between Co
and defective MoS,. Bader charge analysis®* shows that there is
about 0.14|e| charge transferred from the Co atom to the adjacent
Mo atoms, which can be visualized by the charge density differ-
ence (CDD) analysis. As illustrated in Fig. 1d, there is obvious
electron depletion (cyan) and electron accumulation (yellow) at the
Co and the neighboring Mo atoms, respectively. The strong
interaction and significant charge reallocation between Co and
defective MoS, will favor the good stability and high activity of
Co-MoS, for efficient CO oxidation.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.2 Activation of gas molecules on different MoS,
monolayers

Before exploring the mechanism of CO oxidation on Co-MoS,
surfaces, the adsorption and co-adsorption of the reactants (CO
and O,) were first examined. The most preferred adsorption site
for each molecule was decided by considering different adsorp-
tion configurations. The CO molecule prefers to be adsorbed at
the Co site of Co-°MoS, with the end-on configuration, as
exhibited in Fig. 2a. The calculated E,qs is —1.78 eV and the bond
length of Co—C is 1.79 A, indicating a strong interaction between
the adsorbed CO and the Co-°MoS,. Bader charge analysis indi-
cates about 0.20|e| charge transferred from Co-°MoS, to CO and
CDD analysis (Fig. 2b) illustrates the electron accumulation at the
Co-C bond. The PDOS analysis (Fig. S2a, ESIt) shows that there is
obvious hybridization between the Co-3d orbital and the C-2p
and O-2p orbitals near the Fermi level. The significant charge
transfer and strong hybridization between Co atoms and the
adsorbed CO molecule indicate that the CO molecule can been
effectively activated by the Co, leading to elongated C-O bond
from 1.14 to 1.16 A.

The most stable adsorption configuration of O, on Co-*MoS,
can be seen in Fig. 2c. It can be found that the O, molecule is

RSC Adv, 2022, 12, 31525-31534 | 31527
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Fig. 2 Top and side views of the optimized structure and CDD of CO (a and b), O, (c and d) CO + O, (e and f) and 2CO (g and h) adsorbed
Co-°MoS,. Yellow and cyan areas denote charge accumulation and depletion, respectively. The isosurface value is set as 0.002 e/bohr®.

adsorbed at the Co site in a side-on manner, forming two Co-O
bonds with the bond length of 1.89 A, and the calculated E,q; of
—1.64 eV is a little lower than that of CO. The Bader charge
analysis shows that there is about 0.46|e| charge transferred
from the Co->MoS, to O,, which will occupy the 27* orbital of O,
and contribute to the elongation of the O-O bond from 1.23 to
1.36 A. As shown in Fig. 2d, there is significant electron accu-
mulation at the adsorbed O,. These results indicate that the O,
can be highly activated at the Co site of Co-°MoS,. Moreover, the
hybridization (Fig. S2b, ESIt) between the Co-3d state and the
0,-2p state also suggests the significant interaction of Co atom
with the adsorbed O, molecule.

The adsorption of CO and O, on defect-free MoS,, Co/MoS,
and MoS,-Sv surfaces (Fig. S3 and Table S2, ESIf) were also
examined as comparisons. It can be found that the adsorption
of CO and O, on defect-free MoS, is rather weak and the E,q; is
as small as —0.15 and —0.09 eV, respectively. Thus, CO and O,
can only be physisorbed on defect-free MoS, monolayer. On the
MoS,-Sv surface, CO and O, molecules are adsorbed at the S
vacancy in an end-on and side-on manner, respectively. The C-

31528 | RSC Adv,, 2022, 12, 31525-31534

O bond of CO and the O-O bond of O, is elongated to 1.16 and
1.44 A and the E,q¢ is —1.24 and —2.14 eV, respectively. There-
fore, the S vacancy of MoS,-Sv prefers to be occupied by O,
instead of CO. On the Co/MoS, surface, the E, 45 of CO and O, is
—2.30 and —1.90 eV, respectively, and the C-O and O-O bond
length increase to 1.16 and 1.35 A, respectively. It can be found
that surface defects play important roles in enhancing the
ability of MoS, monolayer to activate surface molecules and
different kinds of defects contribute to different activation of
CO and O,, which will result in different catalytic performances
for CO oxidation.

To better reveal the mechanism of CO oxidation reaction on
the surface of different catalysts, the co-adsorption of the
reactants is also investigated because the preferred adsorption
manner can determine the pathway of CO oxidation. Fig. 2e and
g show the most stable co-adsorption configurations of CO + O,
and two CO molecules on Co-°MoS,, respectively. The co-
adsorption energy of CO + O, is calculated to be —2.04 eV,
more negative than that of the isolate adsorption of CO or O,,
indicating that co-adsorption of CO + O, molecules on

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Co-5MoS, is more favored. The co-adsorption of two CO mole-
cules is also examined which turns out to be more favorable
than that of one CO molecule alone, where a V-type OCCoCO
structure was formed with an E,4qs of —2.81 eV. There is an
obvious charge accumulation and depletion between the Co
atom and the adsorbed CO + O, or 2CO molecules (Fig. 2f and
h). Thus, in terms of E, 45, the co-adsorption of 2CO molecules is
even more feasible than that of CO + O, molecules on Co-MoS,.

For the defect-free MoS,, the adsorption of CO + O, and 2CO
remains weak with the E,45 of —0.28 eV and —0.33 €V, respectively
(Fig. S4a and Table S2, ESI}); for the MoS,-Sv surface, the second
gas molecule is difficult to be adsorbed after the adsorption of one
molecule of CO or O, on the S vacancy (Fig. S4b, ESIT), indicating
that the S vacancy tends to be oxidized at the exposure of CO or O,,
which will cause catalyst deactivation. Thus we further examined
the robustness of MoS,-Sv by estimating the feasibility of removing
the O* species at the S vacancy using a molecule of CO (Fig. S5,
ESIt). The results show that this step (CO + O* — CO,) requires to
conquer a high energy barrier of 2.17 eV and this elementary
reaction is endothermic with the reaction energy of 0.83 eV, indi-
cating that the O* species is difficult to be removed and the S
vacancy will be definitely poisoned. The co-adsorption configura-
tions of CO + O, and 2CO on Co/MoS, are similar to those on
Co-"MoS, and exhibit the E,qs of —2.67 and —3.29 eV, respectively
(Fig. S4c, ESIt). Since defect-free MoS, shows weak adsorption of
the reactants and MoS,-Sv tends to be oxidized by the reactants,
they are both unfavorable for subsequent CO oxidation, and thus
are excluded from potential catalysts for further discussion. We
only examined the detailed CO oxidation process on Co-*MoS, and
Co/MoS; in subsequent calculations unless stated otherwise.

The E,qs of CO, on Co-MoS, and Co/MoS, was then exam-
ined since CO, is the final product of CO oxidation, which turns
out to be —0.48 eV for both cases (Fig. S3¢, d and Table S2, ESIT).

Ts1 o1
(0.18 eV)

X

L")
02
e

TS10.18

O, pre-adsorption

O’.

01 oy
I1s1
ol

Second CO, ¥ o
formation -3 Voo
Fs2 n IM -3.49

Relative energy (eV)

a ><><x
N\,
TS3

(0.06 eV) 02

2
AN \ N
X )

: TS2-2.46

View Article Online

RSC Advances

This indicates that the adsorption of CO, molecule on Co-’MoS,
and Co/MoS, is feeble and can be desorbed from the surface site
at room temperature. Furthermore, when the free O, or CO
molecules approach to the Co-°MoS, with CO, pre-adsorbed,
the CO, is automatically desorbed from the catalyst (Fig. S6,
ESIT). Thus, even in the presence of abundant CO,, O, and CO
molecules can still reoccupy the active site to promote the next
step of CO oxidation.

3.3 CO oxidation over Co-MoS,

Generally, CO oxidation reactions can occur through three
traditional pathways, namely, the ER, LH, and TER mecha-
nisms,*** which are determined by the initial adsorption
configuration of the reactant molecules. For the ER mechanism,
O, is pre-adsorbed at the reaction site, following by the
approaching of CO to form the CO;* intermediates (IM) or
directly to produce a CO,, leaving a O* species. The LH mech-
anism is facilitated by the co-adsorption of CO and O, mole-
cules at the reaction site to form peroxide-like OOCO*
complexes, which then dissociate into CO, and O*. The TER
mechanism will proceed when the O, reacts with the co-
adsorbed bi-molecular CO to form OCOOCO* (IM), which
subsequently turns into two CO, molecules. As mentioned in
Section 3.2, the adsorption energy of CO (—1.78 eV) and O,
(—1.64 eV) on Co-°MoS, are similar, so that different reactants
may be adsorbed at the active site when the reactant concen-
trations vary, and we next discuss the possible reaction mech-
anisms for different reactant concentrations.

3.3.1 ER mechanism. If the concentration of O, is larger
than that of CO, CO oxidation will proceed via the ER mecha-
nism. In the first step, the energetically preferred O, adsorption
structure was chosen as the IS (Fig. 3). As the CO approaches to
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Fig. 3 Reaction pathway for CO oxidation on Co-°MoS, through the ER mechanism.

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 31525-31534 | 31529


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06261e

Open Access Article. Published on 04 November 2022. Downloaded on 12/6/2025 5:37:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

the Co-*MoS, with O, preadsorbed (TS1), the 01-02 bond of O,
will be activated and then broken after CO is combined, form-
ing a carbonate-like CO3* (IM). This step (CO + O,* — CO3*) on
Co-5MoS, is exothermic with the reaction energy of —3.49 eV
and the energy barrier is as small as 0.18 eV. The C-O bond of
CO in IM is extended to 1.21 A and the C-O1/02 bond length is
about 1.35 A. Meanwhile, the Co-O1 and Co-02 bond distance
is decreased to 1.92 and 1.86 A, respectively. In the second step,
with elongation of the C-O1 and Co-O1 bonds, the IM decom-
poses into CO, and O* (FS1) through TS2. This step (CO;* —
CO, + O%*) is endothermic by 0.33 eV and shows an energy
barrier of 1.03 eV. Then the first CO, molecule is formed and
released, leaving an O* species stabilized on the Co site (FS1).
Subsequently, the second CO molecule approaches to the O*
species to form a second CO, (CO + O* — CO,) through TS3
with the reaction energy of —2.19 eV and a very small energy
barrier of 0.06 eV. It can be found that the second step (COz* —
CO, + O%*) is the rate-determining step (RDS) and IM is more
stable than IS and FS1, which is thermodynamically unfavor-
able, and the high energy barrier makes it kinetically infeasible
to proceed through the ER mechanism.

3.3.2 NER mechanism. Recently, a new mechanism based
on the pre-adsorption of O,, namely the NER mechanism has
been proposed for CO oxidation,*>** which indicates that two
CO molecules can simultaneously attack the adsorbed O,,
facilitating the breakage of the O-O bond to produce two CO,
molecules. Here, the NER mechanism was examined by using
the configuration of two physisorbed CO molecules on the pre-
adsorbed O, over Co-MoS, as the IS (Fig. 4). The initial distance
between the C atom of CO and O of O, is about 3.17 A and the
0-0 bond length is 1.36 A. As the distance between CO and O,
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reduces gradually, the O-O bond is elongated from 1.36 to 2.49
A, leading to the bond breakage and the formation of two new
C-O bonds, forming a pentagonal ring of OOCCOO* (IM)
through TS1. This step (2CO + O,* — OOCCOO¥) is exothermic
with the reaction energy of —4.05 eV and shows a rather low
energy barrier of 0.08 eV. As the C-C bond breaks, the IM is
segregated into two CO, molecules (FS) by overcoming an
energy barrier of 0.26 eV (TS2) and the reaction energy of this
step (OOCCOO* — 2CO0,) is —1.30 eV, which turns out to be the
RDS along the NER mechanism. After two CO, molecules are
released, the Co->MoS, catalyst can be refreshed for further CO
oxidation cycles.

3.3.3 LH mechanism. CO oxidation will proceed through
the LH mechanism if the concentrations of CO and O, are about
equal. As discussed above, the co-adsorption energy of CO + O,
molecules on Co-°MoS, (—2.04 eV) is more negative than that of
the isolated adsorption of CO or O,, indicating the high feasi-
bility of the LH mechanism. The geometric structure and energy
profile of different intermediates of the LH mechanism are
presented in Fig. 5. The reaction is initiated with the most
favorable co-adsorption of O, and CO on Co-°MoS, (IS1), where
the O, and CO are both adsorbed in an end-on manner. The
bond length of 01-02 in O, and C-O in CO is slightly elongated
to 1.29 and 1.16 A, respectively, indicating that both CO and O,
molecules are activated. Then, CO and O, are rotated with O,
gradually approaching the C atom, contributing to the short-
ened distance between the CO and O, molecules (TS1). After
overcoming a small energy barrier of 0.19 eV, a carbonate-like
OOCO* species (IM) is formed and the O1-O2 bond is
extended to 1.53 A while the C-O1 bond length is shortened
from 2.94 to 1.34 A. This step (CO* + O,* — 0OCO¥) is
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Fig. 4 Reaction pathway for CO oxidation on Co-°MoS, through the NER mechanism.
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exothermic with a reaction energy of —0.02 eV. The 0,-O, bond
is continuously elongated, forming the first CO, molecule
through TS2, leaving a O* species attached to the Co atom (FS1).
This step (OOCO* — CO, + O%*) is exothermic by showing
a reaction energy of —2.79 eV and the energy barrier is 0.07 eV.
Then, the step of generating the second CO, (CO + O* — CO,) is
consistent with that of the ER mechanism with the reaction
energy of —2.19 eV and an energy barrier of 0.06 eV. The RDS is
the step of IM generation with a rather small energy barrier of
0.19 eV for the LH mechanism, indicating that CO oxidation can
proceed favorably through this pathway.

3.3.4 TER mechanism. When the concentration of CO is
larger than that of O,, CO oxidation will proceed through the
TER mechanism. Since the co-adsorption energy of two CO
molecules (—2.81 eV) are also more negative than that of the
separated adsorption of CO and O,, the TER mechanism can be
also feasible. Fig. 6 shows the reaction diagram of CO oxidation
via the TER mechanism. We took the configuration of O,
molecules above the two co-adsorbed CO molecules as the 151,
where the bond lengths between two O of O, and two C of two
CO are 4.02 A and 3.70 A, respectively. As the O, molecule
approaches to the co-adsorbed CO molecules, the O-O bond is
elongated from 1.23 to 1.49 A, forming a pentagonal ring
structure of OCOOCO* (IM) through TS1. This step (O, + 2CO*
— OCOOCO¥) is exothermic by showing a reaction energy of
—0.26 eV and an energy barrier of 0.75 eV. Then, as the O-O
bond breaks, IM dissociates to form two CO, molecules
(OCOOCO*— 2CO,) through TS2 by overcoming an energy
barrier of 0.51 €V, and the reaction is exothermic with a reaction
energy of —4.21 eV. It is noticed that the IM generation step is
the RDS of the TER mechanism, which shows a higher energy

© 2022 The Author(s). Published by the Royal Society of Chemistry

barrier (0.75 eV) than the LH (0.19 eV) and NER mechanisms
(0.26 eV).

After examining all the four possible mechanisms for CO
oxidation on Co->MoS, monolayer, namely ER, LH, TER and
NER mechanisms, we found the LH mechanism to be most
favorable pathway for CO oxidation, showing the smallest
energy barrier of 0.19 eV, followed by the NER mechanism
(0.26 eV). Remarkably, the three pathways, namely NER, LH
and TER, all show the RDS energy barrier well below 1.0 eV,
indicating that CO oxidation can be facilitated on the surface
of Co->MoS, at low temperatures. The performance of Co/MoS,
monolayer is finally examined as a comparison of Co->MoS,. It
can be found that the LH mechanism (Fig. S7, ESI}) is also the
most preferred pathway for CO oxidation on Co/MoS, by
showing an energy barrier of 0.62 eV. These results are highly
consistent with those of the previous study (LH, 0.57 eV)*
demonstrating the reliability of our calculations. As a result,
our investigations indicate that Co-°MoS, is a promising
catalyst for CO oxidation and shows better stability and cata-
Iytic activity than that of Co/MoS,.

The preferred LH mechanism for CO oxidation on Co-*MoS,
can be understood by analyzing the PDOS of the IS1 and TS1
structures along the LH mechanism on Co-°MoS, (Fig. S8, ESIT).
As shown in Fig. S8a,T the 27* orbital of the adsorbed O, is
partially occupied and Bader charge analysis indicates that
there is about 0.36le| charge transferred from Co to O,, indi-
cating that the O-O bond is activated by Co of Co-°MoS,. In
addition, there is a significant overlap between the 56* and 27*
states of O, and the states of Co atom, demonstrating the strong
interaction between O, and Co. From IS1 to TS1, there is about
0.03|e| charge transfer from CO to O, and the 50* state of O,
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partially shifts closer to the Fermi level (Fig. S8b¥). These results
indicate that the co-adsorption of CO can further weaken the
01-02 bond O,. It can also be found that the 50 and 17 states of
CO and O, are broadened, indicating the formation of OCOO
(IM). The above results indicate that the LH mechanism is
favored by the activation of the O1-O2 bond by the embedded
Co atom and the co-adsorbed CO.

To better evaluate the catalytic activity of Co-°MoS, for CO
oxidation, we compared the performance of Co->MoS, with that
of other noble metal-based SACs and the energy barriers of the
RDS over various catalysts are presented in Table 1. The energy
barrier for CO oxidation on Co-*MoS, can be found to be lower
than that of other reported noble metal-based SACs, indicating
that Co-°MoS, is a highly promising SAC candidate for CO
oxidation by showing higher catalytic activity and lower cost
than many noble metal-based SACs.

Table 1 The energy barriers for the RDS of the most favorable
mechanism of CO oxidation on Co-°MoS; in comparison with that on
various noble metal-based SACs

Catalyst Barrier (eV) Mechanism Ref.
Co-*MoS, 0.19 LH This work
Co/MoS, 0.57 LH 43
Pt-graphene 0.59 LH 64
Pd-graphene 0.20 LH 65
Au-graphene 0.31 LH 66
Pd-BN nanosheet 0.35 TER 67
Au-BN 0.47 LH 34
Pd-BN 0.39 TER 68
Pt-GO 0.76 LH 69
Ir-graphdiyne 0.37 NER 70

31532 | RSC Adv, 2022, 12, 31525-31534

4. Conclusions

As a summary, by performing DFT calculations, we have studied
the possibility of using Co-embedded MoS, monolayers as SACs
for CO oxidation. The results show that Co atoms embedded at the
S vacancies of MoS, can form stable SACs without aggregating due
to the strong hybridization between Co and Mo atoms, which is
more robust than the Co doped defect-free MoS, surface. The
adsorption manner of CO and O, molecules on Co-°MoS, can
decide the reaction pathway of CO oxidation and the co-adsorption
of CO + O, and two CO are both favorable at the Co site of
Co-°MoS,. The four possible reaction pathways, including ER, LH,
TER and NER mechanisms for CO oxidation on Co-MoS, were
discussed and the results show that the oxidation of CO can be
facilitated through the LH mechanism by overcoming a small
energy barrier of 0.19 eV, which is superior to many noble-metal
based SACs. By exhibiting good stability, high catalytic activity,
and low-cost characteristics, Co-"MoS, is predicted to serve as
a promising non-noble metal-based SAC candidate for efficient
catalytic CO oxidation. Since Co-°MoS, have been experimentally
synthesized, the practice of using this material for CO oxidation
can be expected in the near future.
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