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ABSTRACT MXene is a variety of new two-dimensional (2D)
materials with early transition metal carbides, nitrides, and
carbonitrides. Quantum chemical studies have been carried
out on the geometries, electronic structures, stability and
catalytic properties of a non-noble metal single-atom catalyst
(SAC) with single Co atom anchored on MXene materials of
Mo,CS,. The Co adatom anchored on top of the Mo atom of
this MXene is found to be rather stable, and this SAC is ap-
propriate for CO oxidation. The charge transfers from the
surface to the adsorbed CO and O, play a significant role in
the activation of these molecules on Co,/Mo,CS,. With this
catalyst, the Eley-Rideal (ER), Langmuir-Hinshelwood (LH),
and Termolecular Eley-Rideal (TER) mechanisms are explored
for CO oxidation. We find that, while all the three mechan-
isms are feasible at low temperature, Co,/Mo,CS, possesses
higher catalytic activity for CO oxidation through the TER
mechanism that features an intriguing OC(OO)CO inter-
mediate (IM) adsorbed on Co single atom. The calculated
activation energy barriers of the rate-limiting step are 0.67 eV
(TER), 0.78 eV (LH) and 0.88 eV (ER), respectively. The pre-
sent study illustrates that it is promising to develop and design
low-cost, non-noble metal SACs using MXene types of 2D
materials.

Keywords: heterogeneous catalysis, 2D MXene monolayer, CO
oxidation, DFT calculations, Co,/Mo,CS, single-atom catalyst

INTRODUCTION

The CO oxidation at low temperature has been one of the

archetypal reactions in heterogeneous catalysis due to its
importance in environmental catalysis, fuel cell applica-
tions, combustion, and other industrial processes [1-5].
Hence, CO oxidation reaction serves as a benchmark for
the scrutiny of catalytic activity of heterogeneous cata-
lysts. Noble metal catalysts such as Pt, Pd, Au, Rh [6-14],
reveal promising catalytic activity for CO oxidation even
in the presence of moisture [15]. However, these noble-
metal catalysts are expensive, which is detrimental for
their economical applications in industry. Thus, practical
applications at large-scale require low-cost catalysts with
high activity. Plentiful efforts have been made, including
utilization of non-noble metals and reducing the size of
metal catalysts [15-18]. Sub-nanosized metal clusters and
nanoparticles usually possess higher catalytic activity and
selectivity as compared with bulk metal [19-22]. As an
effective approach to lower the cost and consumption of
catalysts, single-atom catalysts (SACs), which was first
proposed in 2011 [23-26], have become promising al-
ternative in heterogeneous catalysis [27-30]. SACs em-
bedded on different supports have revealed superb
catalytic activity and selectivity as compared with sub-
nanosized metal clusters [31,32]. In recent years, much
attention has been given to the synthesis of nanoparticles,
sub-nanometer clusters, and single atoms dispersed on
the high surface area to increase the atomic efficiency of
metals and to achieve the estimated catalytic conversions
[33-35]. Therefore, the SACs supported on different
substrates have obtained special attention because of high
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catalytic activity, selectivity, efficiency and low cost [36].
For example, Zhang’s group [23] for the first time ex-
perimentally prepared and verified Pt single atoms dis-
persed on the surface of iron oxide for CO oxidation
reaction with high stability, high activity and excellent
catalytic performance. In another article, Nie et al. [37]
reported that atomically dispersed Pt single atoms em-
bedded on the CeO, surface is a thermally stable catalyst
with high activity for CO oxidation at 150°C.

Previous reports, both experimental and theoretical
ones, involve single metal atoms dispersed on metal,
metal oxides and especially two-dimensional (2D)
monolayer substrates. These SACs have attracted sig-
nificant attention due to the large surface area and ex-
ceptional properties in catalysis, energy storage and
nanoelectronics. Recently, 2D materials (graphene, bor-
ophene, hexagonal boron nitride (h-BN), graphitic car-
bon-nitride, transition metal dichalcogenides (TMDs, e.g.
MX,, M = Mo, W; X =§, Se, Te), black phosphorus (BP),
phosphorene, silicene, germanane, etc.) have aroused
singnificant interest [38-41]. For example, various 2D
materials, such as graphene [42,43], graphyne [44,45],
single layer hexagonal BN [46-48], germanane [49-51],
phosphorene [52,53], MoS, [54,55], WSe, [56,57] and
other TMDg [57,58], have been examined as promising
substrates for anchoring metal atoms, which could inhibit
the isolated metal atoms from agglomeration and provide
a specific surface area for adhesive metal atoms as the
active site [59].

Among the 2D materials, a new entry of layered early
transition metal carbides, nitrides and carbonitrides ma-
terials, coined as MXene, has been successfully synthe-
sized by the careful chemical impression of the precursor
MAX phases [19,60,61]. The general formula of MAX
phase is M, ;AX,, where M represents the early d-block
transition metal atom (Sc, Ti, V, Cr; Zr, Nb, Mo; Hf, Ta,
W, and so on), A represents the main group’s sp-block
element (Al Si, Ge, etc.), and X represents C (carbon)
and/or N (nitrogen). By removing the A element, robust
layered materials can be made with a general formula of
M, X, T,, where T is the surface termination (OH, O, F,
S, etc.). In 2011, the first MXene (Ti;C,) was synthesized
by immersing Ti;AlC, powders in 50% hydrofluoric acid
(HF) solution at room temperature [61]. The naked
surfaces of MXene materials are chemically active and are
often terminated with surface groups such as O, F, and
OH groups. The O and OH-terminated MXenes are
stable at high temperature, so the OH groups can easily
be changed into O terminations and as a result MXenes
could be easily prepared experimentally [62-65]. MXenes
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have been found to have enormous applications within
energy storage devices, catalysis, thermoelectric in-
sulators, topological insulators [66,67]. Of particular in-
terest is the finding that MXenes are promising materials
for SAC substrate [68-74], especially because they are a
type of stable, low-cost materials and can be easily pre-
pared experimentally [75-77].

Inspired by the above studies, we performed quantum
chemical calculations using periodic density functional
theory (DFT) to investigate the geometries, stability and
catalytic behavior of a single cobalt (Co) atom supported
on a distinctive MXene (Mo,CS,;) monolayer. Here the
selection of cobalt is based on the abundance, cost and
stability of the Co-based catalysts that often feature un-
paired electrons at the active center, especially in view of
the performance of group-9 metal (Rh and Ir) based
catalysts for CO oxidation. Firstly, we investigated the
adsorption of O,, CO and co-adsorption of CO/O, on
Co,/Mo0,CS,. Secondly, three well-known mechanisms,
i.e., Eley-Rideal (ER), Langmuir-Hinshelwood (LH) and
Termolecular Eley-Rideal (TER) mechanisms, for CO
oxidation on Co,/Mo,CS, were explored systematically.
Electronic structure analyses were carried out to de-
termine the activation and reaction mechanism of O, and
co-adsorbed CO molecule.

THEORETICAL METHODS

The theoretical studies were performed at the level of
DFT with the Kohn-Sham spin-polarization formalism.
The geometry optimization and energy calculations were
carried out by using the Vienna Ab-initio Simulation
Package (VASP version 5.2) [78,79]. The projector aug-
mented wave (PAW) [80-82] pseudopotentials were used
to describe the interaction between core and valence
electrons, together with plane wave basis functions with
the energy cut-off of 400 eV. The generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional was employed in
these calculations [83,84]. The valence electrons are de-
fined by 4d*5s” for Mo, 3d’4s” for Co, 3s’3p" for S, 2s2p"
for O, and 2s’2p” for C. A cubic supercell of MXene
(Mo,CS,) was used to build the surface slab. The Mo,CS,
monolayer was firstly constructed with a periodic su-
percell containing 3x3 and 4x4 primitive cell (with 16 C
atoms, 32 S atom and 32 Mo atoms). It turned out that
both the (3x3) and (4x4) supercells gave almost the same
values (Table S1). A vacuum space of 20 A was used to
avoid the interlayer interactions between the substrate
and its images. The fully optimized structure of Mo,CS,
with fully relaxed positions of atoms is shown in Fig. SI.
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For the surface Brillouin zone (BZ) sampling, we used a
Monkhorst-Pack (1x1x1) I'-centered k-points grid. The
electron density for the ground state was considered to be
converged when reaching a total energy threshold of
10 ° eV, and all the ions were allowed to relax until the
maximum force was less than 0.02 eV A", Atomic char-
ges were computed using Bader’s quantum theory of
atom-in-molecule (QTAIM) formalism [85,86].

Following the convention of thermodynamics, the
binding energy of Co atom on the MXene is defined as

E,[Co] = Em[Col/MXene] — E[MXene] — E[Co]. (D)

The adsorption energy (E,4) of an adsorbate (X) was
calculated from the equation:

E,4 = E o [X...Co,/ MXene] — E[Co,/ MXene]

—E(X), 2
where E,[X...Co,/MXene], E[Co,/MXene], and E(X)
represent the total energy of the X...Co,/MXene ad-
sorption system, Co;/MXene, and free adsorbate, re-
spectively. Moreover, the co-adsorption energies of CO
and O, were calculated from the equation:

AE, 4 = E.— E[MXene] — E[CO] — E[O,]. 3)
In order to determine the reaction pathway and energy
barriers, the climbing image nudged elastic band (CI-
NEB) [87,88] and dimer method [89,90] were applied. All
the transition state (TS) geometries were confirmed by
having one imaginary vibrational frequency. The energy
barrier (E,) was calculated as E, = Erg — E;5 and the re-
action energy was calculated from AE = Egg - Ejs, where
the Erg, E;g and Egg are the energy of the TS, initial state
and final state, respectively. All the other settings used are
the default values of the program. By the thermodynamics
definition, the positive and negative values represent
endothermic and exothermic reactions, respectively.

RESULTS AND DISCUSSION

Geometry and electronic structure of Co,/Mo,CS,
monolayer

In this work, the sulfur-functionalized molybdenum-
carbide (Mo,CS,) was selected as a support, with Co atom
binding on the surface of Mo,CS, to form the SAC of
Co0,/Mo0,CS,. The fully optimized structure of the MXene
is presented in Fig. S1 and the local coordination is shown
in Scheme 1. There are various binding sites on the
surface of Mo,CS, monolayer, such as a top site on the
top of sulphur atoms (Site I), a hollow site formed by
three neighboring sulphur (S) atoms with a top layer Mo
atom (Site II), and a bottom layer of Mo atom (Site III).
We optimized the geometries of Co atom binding at the
three surface sites and found that the Co single atom
prefered to locate at the most stable site on the top of the
Mo atom (Site II), consistent with previous studies [72-
76].

The optimized geometry of Co,/Mo,CS, is shown in
Fig. 1a. It is found that the Co atom preferred to stay at
the energetically most stable site, located above the Mo
atoms (Site I) with the binding energy of —3.46 eV, which
is around one third of the Co atom’s binding energy to
phosphotungstic acid (PTA) support [91]. The Co atom is
bonded with the three neighboring S atoms, all having
equal Co-S bond distance of 2.08 A. Noticeably, there is
significant electron transfer from Co atom to the MXene
monolayer, which plays an important role in the strong
stabilization of Co single atom on the MXene surface via
ionic and covalent metal-support interaction (CMSI)
[92]. The Bader charge analysis indicates +0.55lel charge
on the Co atom and —0.90lel on each neighboring S atom,
indicating that the Co atom lies in +II oxidation state
when compared with the Bader charge of Co atom in

Site I = Top on S atoms
Site I = Above the Mo top layer
Site I1I = Above the Mo bottom layer

Scheme 1 The local structure of Co,/Mo,CS, catalyst. (a) Side view of the Co, atom binding to the Mo,CS, surface; (b) the possible binding sites (Site
I is on top of the S atoms, Sites IT and IIT are above the Mo atoms on the top and bottom layers, respectively).
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PDOS (states eV™")

Figure 1 (a) Top and side views of the optimized geometry of Co,/Mo,CS,; (b) PEDD, blue (yellow) isosurface indicates accumulation (depletion)
regions. The contour isovalue of the PEDD is +0.05 a.u. (c) The PDOS projected on Co 3d (red) and S-3p (blue) states. The Fermi level is set to zero.

CoS. The results indicate that electron density transfers
from Co atom to the neighboring S atoms, consequently
forming partly ionic bonds between the Co-S in Co,/
Mo,CS, monolayer. In addition, the presence of positive
charge on Co atom facilitates long-range physisorption of
gases (CO, O,) through charge-induced diploe interac-
tion, and hence the short-range chemisorption through
charge-charge ionic interaction due to electron transfer
from Co,/Mo,CS, monolayer to O,, which results in more
effective CO catalytic oxidation. The calculated partial
electron density differences (PEDD) of Co,/Mo,CS, are
shown in Fig. 1b, which exhibit significant electron de-
pletion and electron accumulation region between Co
and its neighboring S atoms. It is clear that there is a loss
of electron density above the embedded Co atom, con-
sistent with the electron density flowing from Co atom
towards the nearest S atoms. The PEDD results are also in
good agreement with the Bader charge analysis. Besides,
strong interactions between the Co atom and its neigh-
boring S atoms are also verified by the partial density of
states (PDOS) calculated for Co,/Mo,CS,, as shown in
Fig. Ic. It is found that the Co atom shows main peak
near the Fermi level (Eg) with limited spin polarization.
The strong covalent interactions between the Co and S
atoms can be confirmed by the overlapping peaks, where
the 3d-orbital of Co merges with the 3p-orbital of S atom,
indicating higher reactivity of Co,/Mo,CS, monolayer.
However, presence of Co 3d orbital charcaters near the
Fermi level shows high reactivity and may play a role in
activating the adsorbates during the catalytic reaction.
The ferromagnetic and anti-ferromagnetic coupling of
the unpaired electrons on Co and Mo shows little energy
difference (~0.03 eV).

As has been shown before, single metal atoms might
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migrate from one site to another during reaction [93-95].
While Co has a binding energy of 3.46 eV on the catalyst
surface, the Co,;/Mo,CS, SAC is only meta-stable, with a
formation energy ~2 eV when reference to the cohesive
energy of Co atoms in the hexagonal close packed (HCP)
bulk cobalt metal and Mo,CS,, as is often the case for
various SACs. To reveal the intrinsic stability of the
embedded single Co atom, we also calculated the mi-
gration barrier of the Co atom on the Mo,CS, (MXene)
monolayer from the most preferable site to its neigh-
boring site. The migration barrier was determined as the
energy difference between the metastable structure and
the most preferable stable site. The migration energy
profile is displayed in Fig. S2. One can see that this single-
atom migration process is not only endothermic by
0.46 eV, but also having an energy barrier as high as
1.21 eV, which makes the migration of Co atom on the
MZXene surface rather difficult at room temperature or
below. The moderately high migration barrier indicates
the relative immobility of the embedded Co atom on the
Mo,CS, surface, especially at low temperature. Therefore,
we conclude that single Co atom embedded on Mo,CS,
surface tends to be stable at ambient temperature and Co
clustering is neither thermodynamically nor kinetically
favored under such circumstances.

Adsorption of reaction species (CO, 0,) on Co,/Mo,CS,
monolayer

In order to explore the mechanism of CO oxidation on
the SAC, the adsorption and co-adsorption properties of
the reactant species (CO and O,) were investigated. The
most stable adsorption configuration of CO on Co,/
Mo,CS, is shown in Fig. 2a, where CO is strongly bonded

March 2021 | Vol.64 No.3
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Figure 2 (a) Top and side views of the optimized geometry of CO adsorbed on Co,/Mo,CS, monolayer. (b) PEDD, blue (yellow) isosurface indicates
accumulation (depletion) regions. The contour value of the PEDD is +0.05 a.u. (c) The PDOS projected on Co 3d (red) and C 2p (blue) states. The

Fermi level is set to zero.

to Co dopant with the end-on configuration. The calcu-
lated adsorption energy of CO is —1.85eV, which is
0.45 eV stronger than that of O, adsorption, suggesting
favorable adsorption of CO than that of O,. The calcu-
lated bond length of Co-C is 1.78 A, while a slight
elongation of C-O bond length from 1.13 (free CO) to
1.16 A reveals reasonable activation of C-O bond. In
addition, strong adsorption between the Co and CO
molecule occurs via the donation and back-donation
bonding model of Dewar-Chatt-Duncanson (DCD)
[96,97]. On the one hand, the lone pair of CO donates to
the vacant 3d/4s orbitals of Co atom, and on the other
hand the occupied Co 3d orbital interacts with the 27
orbital of the CO molecule, initiating a reverse charge
transfer from the Co center to the CO molecule. The
Bader charge analysis reveals a significant charge redis-
tribution, with —0.24lel on the CO molecule and +0.60lel
on the Co atom, which indicates the charge transfer from
Co,/Mo0,CS, to the CO molecule. The charge density
transfer occurs from Co 3d orbital to 2 antibonding
orbital of CO molecule, which causes elongation of C-O
bond length (from 1.13 to 1.16 A). This result is also
confirmed by the PEDD displayed in Fig. 2b. The ad-
sorption of CO onto Co,/Mo,CS, is primarily attributed
to the 50 electrons donated to the Co 3d orbital and back-
donation of the filled Co 3d electrons to the antibonding
21 orbital of CO. In order to understand the electron
density, and transfer between the Co,/Mo,CS, and CO
molecule, PDOS analysis was projected between the Co
3d and CO 2p orbitals. As shown in Fig. 2c, it is clear that
the interaction between the Co atom and CO molecule is
mainly due to the strong overlap of the Co 3d orbital with
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the 2n orbital of CO. Upon CO adsorption, CO-21t or-
bitals are also partially occupied because some electrons
transfer from Co to CO-27 . The charge transfers and the
strong hybridization of the Co atom and CO molecule
lead to the elongation of the C-O bond.

Fig. 3a illustrates the most stable adsorption config-
uration of O, on Co,/Mo,CS, monolayer with the cor-
responding adsorption energy of —1.40 eV (exothermic).
Compared with the adsorption of CO, the O, adsorption
alone is weaker by 0.45 eV, suggesting the preferential
adsorption of CO than that of O,. The bond distances of
Co-O1 and Co-02 are 1.79 and 1.92 A, respectively, and
the bond distance of O-O is slightly elongated from 1.23
(free O,) to 1.36 A (superoxide). The Bader charge ana-
lysis indicates that 0.79lel charge is transferred from Co,/
Mo,CS, to O, molecule. Therefore, the electron density
transfer occurs from Co 3d orbital to antibonding 27
orbital of O, which demonstrates the significant elonga-
tion of O-O bond and the activation of O, into a su-
peroxide (O, ) ligand. Hence, Co,/Mo,CS, acts as the
electron donor, while O, molecule acts as the electron
acceptor. To further confirm such electron transfer be-
havior, we also considered the PEDD plots of the O,
adsorption over Co,/Mo,CS,, as shown in Fig. 3b. The
electron density accumulation regions are rendered in
blue color, covering the Co and O, atoms, clearly showing
the electron transfer from Co,/Mo,CS, to O,. Fig. 3c
displays the PDOS for the 3d orbital of Co atom and the
2p orbital of adsorbed O, atoms. The strong hybridization
between these two kinds of orbitals can be clearly seen
from the PDOS, which exhibit substantial weakening of
the O-O bond, facilitating CO oxidation through O,
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Figure 3 (a) Top and side views of the optimized geometry of O, adsorbed on Co,/MXene monolayer via a side-on configuration. (b) PEDD, blue
(yellow) isosurface indicates accumulation (depletion) region. The contour value of the PEDD is +0.05 a.u. (c) The PDOS projected on Co 3d (red)

and O 2p (magenta) states. The Fermi level is set to zero.

molecule activation.

From the above discussion, one can see that for in-
dividual adsorption configuration of the gas molecules
(CO and O,) on Co,/Mo,CS,, the CO adsorption con-
figuration on Co,/Mo,CS, is stronger and preferable as
compared with that of O,. Moreover, when a CO mole-
cule is pre-adsorbed on Co,/Mo,CS,, the co-adsorption of
the second CO or O, molecules on the active site will have
a significant effect on the consequent reaction path. Fig. 4
illustrates the most stable co-adsorption configuration of
two CO molecules and CO+O, molecules on Co,/
Mo,CS,, where the oxygen atom of O, adsorbs with end-
on configuration over Co,;/Mo,CS,. The co-adsorption
binding energies of two CO molecules and CO+O, mo-
lecules on Co,/MXene are —2.83 and —2.09 eV, respec-

tively. Higher co-adsorption energies of two CO
molecules and CO+0O, molecules than the isolated CO
(-1.85eV) and O, (—1.40 eV) adsorption suggest that the
co-adsorption is more feasible. Besides, with respect to
binding energies, the co-adsorption of two CO molecules
is preferable than that of CO+O, molecules on Co,/
Mo,CS,. The respective electron density differences of
CO+0, molecules and two CO molecules on Co,/Mo,CS,
are shown in Fig. 4b, d. It shows significant charge ac-
cumulation and depletion regions between Co atom and
adsorbed CO+0O, molecules or the two CO molecules.
According to the computational results, the co-adsorbed
configuration via the C atom of CO over the Co,/MXene
is the most energetically favorable configuration, as
shown in Fig. 4c.

Figure 4 (a) Top and side views of the optimized geometry of co-adsorption of CO+O,; (c) two CO molecules co-adsorbed on Co,/Mo,CS,
monolayer; (b, d) PEDD, blue (yellow) isosurface indicates accumulation (depletion) region; (c) the contour value of the PEDD is +0.05 a.u.
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CO oxidation catalyzed Co,/MXene monolayer
In general, CO oxidation reaction could take place via
two well-known traditional mechanisms, namely the ER
and the LH mechanism. The ER mechanism proceeds
with a gas phase CO molecule, which interacts with the
pre-adsorbed and activated O, to form CO,. In LH me-
chanism, the reaction starts with the co-adsorption of CO
and O, molecules on the Co,/Mo,CS, site leading to the
formation and dissociation of peroxide-like (OCOO) IM,
which finally decomposes to CO,. Subsequently, the ad-
sorption energy of CO (—1.85 eV) is slightly higher than
that of O, (—1.40eV) over Co,/Mo,CS,, and the co-
adsorption energy of O, and CO molecules (—2.09 eV) is
higher than the isolated O, and CO adsorption, as men-
tioned earlier. Thus, both ER and LH mechanisms for the
CO oxidation reaction on Co;/Mo,CS, are possible.
Recently, Mao et al. [98] presented a mechanism for
CO oxidation, namely TER mechanism. In TER me-
chanism, the reaction starts with a free O, molecule ac-
tivated by two CO molecules co-adsorbed on the Co,/
Mo,CS,, forming an OCO-Co-OCO IM which dissociates
to two CO, molecules. The co-adsorption energy of two
CO molecules (—2.83 eV) is markedly higher than that of
the co-adsorption energy of CO and O, molecules
(—2.09 eV) over the Co,/Mo,CS,, suggesting that TER
mechanism is dominant for CO oxidation over the Co,/
Mo,CS, monolayer.

LH mechanism

Fig. 5 depicts the optimized structure of the corre-
sponding stationary points as well as the potential energy
profile for CO oxidation through the LH mechanism. We
chose the most stable CO and O, co-adsorption config-
uration as initial structure (IS1), where both CO and O,
are highly activated over Co,/Mo,CS,. The co-adsorption
energy of CO and O, is —2.09 eV, which is higher than
those of the isolated CO (—1.85¢€V) and O, (—1.40 eV)
adsorption, indicating the more feasible co-adsorption of
CO and O, over Co,/Mo,CS,. In the catalytic reaction,
after the co-adsorption of CO and O, over Co,/Mo,CS,,
one of the O atom of O, starts interacting with the C
atom of CO to form a peroxide-like (OOCO) inter-
mediate (IM1) through the transition state (TS1), with
significant elongation of O-O bond length from 1.29 to
1.52 A (peroxide) and the formation of new C-O bond
(1.35 A) between the CO and O,. The calculated activa-
tion energy barrier from IS1 to IM1 is 0.78 eV, with one
imaginary frequency of 449i cm ', and this is the rate-
limiting step of the LH mechanism. Notably, when the
IM1 is formed, the catalytic dissociation process is easy to

March 2021 | Vol.64 No.3

Figure 5 Schematic energy profile and optimized structure of the cor-
responding stationary points for CO oxidation catalyzed by Co,/Mo,CS,
via LH mechanism. Hereafter, the TSs are marked with red lines. All
energies are given in eV, and bond lengths are specified in A.

occur. Subsequently, cleavage of O-O bond in the per-
oxide-like (OOCO) IM yields CO, molecule and retains
the adsorbed oxygen (O,) atom through a TS2 state,
which has an activation energy barrier of only 0.17 eV
and exothermic reaction energy of —2.15eV. TS2 has
been confirmed by one imaginary frequency of 200i cm ',
which is associated with the formation of C-O bond and
dissociation of O-O bond. Likewise, because of relatively
weak adsorption and large distance from the O-Co,/
Mo,CS,, the formed CO, molecule will be spontaneously
desorbed at room temperature.

ER mechanisms
The optimized geometries concerning the ER mechanism,
including the IS, TS, FS and the reaction energy profile
are presented in Fig. 6. The physisorbed CO above the
pre-adsorbed O, over Co,/Mo,CS, is selected as an initial
structure (IS2), in which the bond distance between the C
atom and one O atom of O, is 3.19 A. In the catalytic
reaction, the C atom of CO interacts with one of the O
atoms of the pre-adsorbed O, molecule, resulting in the
breaking of the Co-O bond and the formation of CO,
molecule (FS1) through the transition state (TS3). Here
TS3 has an activation energy barrier of 0.88 eV with one
imaginary frequency of 662i cm ', which is associated
with the formation of C-O bond and the dissociation of
O-0 bond.

During the second ER step, the second CO molecule
approaches to the surface and interacts with the adsorbed
O, atom from the first step. The reaction energy profile

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 657
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TS3

-2.74

Figure 6 Schematic energy profile and optimized structure of the cor-
responding stationary points for CO oxidation catalyzed by Co,/Mo,CS,
via ER mechanism. Hereafter, the TS is marked with red lines. All
energies are given in eV, and bond lengths are specified in A.

and structures of the second ER path are shown in Fig. 7.
The CO molecule physisorbed on parallel configuration
over O, atom pre-adsorbed on Co,/Mo,CS, is selected as
an initial structure (IS3), in which the bond distance
between the C atom and one O, is 3.64 A. The CO mo-
lecule reacts with the remaining O, atom over Co,/
Mo,CS, to produce the second CO, molecule (FS2)
through TS4 (imaginary frequency 283i cm ') and the
catalyst is recovered in the catalytic cycle. The calculated

TS4

FS2
-2.47

Figure 7 Schematic energy profile and optimized structure of the cor-
responding stationary points for CO oxidation catalyzed by Co,/Mo,CS,
via the second ER step mechanism. Hereafter, the TS is marked with red
lines. All energies are given in eV, and bond lengths are specified in A.
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reaction energy barrier and exothermic reaction energies
are 0.17 and —2.47 eV, respectively.

TER mechanism

As mentioned above, termolecular TER mechanism is a
novel mechanism for CO oxidation as is found on the
single Pd and Au atoms anchored on an h-BN sheet
[98,99]. The potential energy profile and the optimized
structure of the IS, IM, TSs and FS are presented in Fig. 8.
Remarkably, the co-adsorption of two CO molecules over
Co,/Mo,CS, is stronger than the isolated CO and O,
molecules, which is selected as an initial structure (IS4).
In IS4, a physisorbed O, molecule drifts above the che-
mically co-adsorbed two CO molecules on the Co atom,
in which the distance between the C---O (physisorbed O,
and chemically co-adsorbed CO molecules) is 4.08 and
3.91 A, respectively. In the catalytic reaction, the physi-
sorbed O, molecule is activated when approaching the
two co-adsorbed CO molecules and leads to the forma-
tion of the OCO-Co-OCO intermediate (IM2), which has
a pentagonal ring configuration through the transition
state (TS5, imaginary frequency 965i cm '). The corre-
sponding energy barrier (TS5) of the reaction step is
calculated to be 0.53 eV and the reaction is exothermic by
—0.38 eV. In this process, the distance between two newly
formed C-O bonds, between the C and physisorbed O,
molecule, gradually decreases and the O-O bond is
elongated from 1.23 to 1.47 A (peroxide). Successively,
with the cleavage of O-O bond, the OCO-Co-OCO IM
dissociates into two CO, molecules via transition state

Figure 8 Schematic energy profile and optimized structure of the cor-
responding stationary points for CO oxidation catalyzed by Co,/Mo,CS,
via TER mechanism. Hereafter, the TSs are marked with red lines. All
energies are given in eV, and bond lengths are specified in A.

March 2021 | Vol.64 No.3



SCIENCE CHINA Materials

ARTICLES

TS6 (imaginary frequency 238i cm '), which has an ac-
tivation energy barrier of 0.67 eV and the exothermic
reaction energy of —3.60 eV. This step is the rate-limiting
step of the TER reaction mechanism.

Furthermore, the calculated adsorption energy of the
formed CO, molecules is —0.17 eV, signifying that the
newly formed CO, molecules can be easily released into
the air at low temperature and the Co,/Mo,CS, mono-
layer system is restored and ready for a new cycle of CO
oxidation. So the key point is the comparison of co-
adsorption energies between two CO (—2.83 eV) mole-
cules with CO+0, (—2.09 eV) molecules and the isolated
CO (-1.85¢V) and O, (—1.40 eV), which suggests that the
TER mechanism is more feasible over Co,/Mo,CS, cata-
lyst.

For the TER mechanism, the reaction energy barrier
(0.67 eV) of the rate-limiting step is found to be relatively
lower than that of the common LH and ER mechanism.
The electronic structure study was carried out to further
elucidate the origin of the TER mechanism of CO oxi-
dation over Co,/Mo,CS,. Fig. 9a—c illustrate the electronic
configuration analysis of the PDOS of the initial state
(IS4), IM2 and transition state (TS5) of TER mechanism.
In Fig. 9c, the antibonding 21t orbital of O, is partially
filled, which activates the O, molecule and weakens the
0-0 bond. Additionally, as a comparison with the initial
structure (IS4), the 2p orbital of O, in TS5 overlaps with
the 2p orbital of C atom, which validates the circum-

i B S T
E-E. (eV)

Spin-up

—om
\—C-2p

Spin-down

T T T T 7 T
A2 0 8 6 - 2 0 2 4

EE, (eV)

-3

PDOS (states eV-")

stance that the O, molecule can be activated by the co-
adsorbed CO molecules. To gain more insights about the
activation of O, molecule by the co-adsorbed CO mole-
cule, frontier molecular orbital analysis is performed, as
shown in Fig. 9d. It is clear that the lowest occupied
molecular orbitals (LUMO) of the physisorbed O, mo-
lecule match with the highest occupied molecular orbital
(HOMO) of the chemically adsorbed two CO molecules
over Co,/Mo,CS, monolayer, which facilitates electron
transfer to the antibonding 21 orbital of O, and weak-
ening of the O-O bond.

To summarize, the rate-limiting step for the formation
of two CO molecules from the dissociation of OCO-Co-
OCO IM has an energy barrier of only 0.67 eV. The small
energy barrier and high exothermicity indicate high cat-
alytic activity of the Co,;/Mo,CS, monolayer toward the
CO oxidation reaction through the TER reaction me-
chanism. The positively charged C atoms of the co-ad-
sorbed two CO molecules can help to anchor the
negatively charged O, molecule. Comparing TER with LH
and ER mechanisms, the rate-limiting steps energy bar-
riers are 0.67, 0.78 and 0.88 eV, respectively, suggesting
that the TER mechanism would be more favorable than
the LH and ER ones for CO oxidation over Co,/Mo,CS,
monolayer.

In addition, the spin magnetic moments can provide
useful information for the elementary steps involved in
the Co oxidation reaction. From the calculated spin

1 Spin-up

Figure 9 (a-c) The PDOS projected initial state (IS4), transition state (TS5) and IM2 on C 2p (blue) and O 2p (magenta) states. The Fermi level is set
to zero. (d) Front view of the HOMOs of two co-adsorbed COs and LUMO of the physisorbed O, on Co,/Mo,CS, The isosurface is set to be

0.0l eA”.
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magnetic moments, the Co,;/Mo,CS, catalyst has the spin
magnetic moments of —0.77pp for the systems with three
unpaired electrons and 0.31yg for one unpaired electron
on Co, atom (see Fig. S3). The total magnetic moments of
both systems are 2.00p; The calculated magnetic moment
of all the elementary steps involved in the CO oxidation
via (ER, LH and TER) mechanisms are presented in
Table S2, which shows that the magnetic moment chan-
ges in all the steps up to the release of CO, molecule. We
have also calculated the PDOS of all the elementary steps
and the results are presented in Figs S4-S7. It can be seen
that Co 3d orbital plays an important role in changing the
oxidation state and magnetic moment of Co in all the
elementary steps near the Fermi level.

CONCLUSIONS

The first-principles DFT calculations using PBE func-
tional has been used to investigate the CO oxidation by
O, over Co,/Mo,CS,. The results show that isolated single
Co atom can strongly anchor to the defective Mo,CS,
monolayer, and suggest that Co,/Mo,CS, possesses robust
stability and attractive low-temperature catalytic activity
towards the CO oxidation. The adsorption energy and
charge transfer of CO and O, molecules adsorbed over
Co,/Mo,CS, were calculated and discussed in details. It is
found that the CO adsorption is more favorable than O,
adsorption over Co,/Mo,CS,. The CO oxidation reaction
mechanisms were studied over Co,/Mo,CS, via two tra-
ditional LH and ER mechanisms and a recently proposed
TER mechanism. The rate-limiting step is O,(ad)+
CO(ad)—0OO0CO(ad) with the activation energy barrier of
0.78 eV for the LH mechanism, O,(ad)+CO(gas)—CO,
(gas)+O(ad) with the activation energy barrier of 0.88 eV
for ER mechanism, and the dissociation of IM OCO-
Co-OCO(ad)—2CO, (gas) with an activation energy
barrier of 0.67 eV for TER mechanism. The relatively
small activation energy barriers for the LH, ER and TER
mechanisms, suggest that all these mechanisms are pos-
sible to occur at low temperatures. However, the TER
mechanism featuring a fascinating OC(OO)CO IM ad-
sorbed on Co is, to a certain degree, more preferable with
the lowest energy barrier when compared with the LH
and ER mechanisms. The charge transfers from Co 3d
orbitals, with the assistance of 2p orbitals of CO, to an-
tibonding 21 orbital of 0,, lead to the activation of O,
molecule and weakening of the O-O bond. Our findings
suggest that the MXene based Co,/Mo,CS, catalyst is one
of the promising SACs for low-temperature CO oxida-
tion. Inasmuch as the strong Co-S bonding and the facile
interchangeable feature of Co(II/III) oxidation states,

660 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

cobalt-based MXene catalysts might be advantageous for
redox reactions. The highly stable MXene materials ap-
pear to be ideal substrates for anchoring various single
metal atoms due to strong binding with the surface ter-
mination (OH, O, F, S, etc.) ligands. These outcomes
provide useful intimations for experimentalists to develop
non-noble metal SACs for the CO oxidation reaction.
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