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ABSTRACT

This study employs density functional theory (DFT) calculations to systematically investigate the structural, elec-
tronic, and catalytic performance of transition metal (TM = Fe, Co, Ni) embedded monolayer MoS, for CO oxida-
tion. The TM atoms are stably doped into S vacancy sites, inducing significant charge redistribution and electronic
structure modulation. Among them, Fe and Co doping generate high magnetic moments and strong hybridization
with adsorbates (CO and O,) at the Fermi level, which substantially enhance the adsorption abilities compared to
Ni-doped MoS,. The CO oxidation reaction proceeds via the Langmuir-Hinshelwood mechanism, with the lowest
activation energy (0.37 eV) obtained for Fe-MoS,, indicating its potential CO catalytic activity at room tempera-
ture. The Co-MoS, also shows a comparably low barrier (0.41 eV), while Ni-MoS, exhibits a significantly higher
energy barrier (1.04 eV) due to weaker orbital interactions and negligible magnetic moment. These findings high-
light the crucial role of magnetic moment and orbital hybridization in promoting catalytic performance and offer

insights into the design of efficient MoS,-based single-atom catalysts for CO oxidation.

1. Introduction

Carbon monoxide (CO) is a poisonous, colourless, tasteless, and odor-
less gas released from the incomplete combustion of automobiles and in-
dustrial activities [1-4]. The elevated concentration of CO has become
a significant environmental and health problem due to its high toxicity
and strong affinity for hemoglobin, which directly affects the blood, re-
ducing the oxygen-carrying capacity, and can cause symptoms such as
nausea, headache, and dizziness [5,6]. To our knowledge, catalytic ox-
idation technology is a promising strategy for effectively removing CO
pollution because it can fully convert CO into less harmful CO,. How-
ever, the direct reaction between CO and O, gasses occurs at low kinetic
rate [7], and developing catalysts that are simultaneously cost-effective,
efficient, and durable remains a persistent challenge in environmental
catalysis and surface science [8,9].

Traditional catalysts for CO oxidation, such as noble metals (Pt, Pd,
Au) [10,11], have gained significant attention owing to their superior
low-temperature CO oxidation activity and selectivity. Nevertheless, the
widespread use of noble-metal catalysts is limited by factors such as sig-
nificant cost barriers and low natural abundance, which constrain the
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extensive implementations [12,13]. Consequently, significant research
efforts are being made to develop alternative catalysts that provide com-
parable or improved catalytic performance while maintaining economic
and environmental viability. Due to their huge surface-to-volume ratio,
surface reactivity, and tunable electronic properties, two-dimensional
(2D) materials have garnered a significant attention as viable possibil-
ities [14,15]. For example, the well-known graphene, a single layer of
carbon atoms arranged in sp2-hybridization, exhibits excellent physic-
ochemical properties [16-18]. In recent years, the most studied transi-
tion metal dichalcogenides (TMDCs) have attained considerable interest
[19]. Among them, the molybdenum disulfide MoS, has received con-
siderable interest due to its high stability and robustness [20-26]. As a
2D material, the MoS, is arranged in the S-Mo-S sandwich-like config-
uration. The edges of MoS,, where under-coordinated S and Mo atoms
with dangling bonds are located thought to be the most catalytically ac-
tive sites relative to the inert basal plane, which are predicted to have
strong interactions with adsorbates such as CO [27], NO [28], and NO,
[29].

However, the chemical activity and sensitivity performance of MoS,
towards CO is not as high as expected. For example, Shokri et al. [29]
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examined the adsorption characteristics of CO, CO, and NO, molecules
on pristine MoS,, revealing that the MoS, exhibited superior sensitivity
and selectivity toward NO compared to CO and CO,. To our knowledge,
introducing the Sulphur (S) vacancy and then doping impurity species
by filling the S vacancy could improve the chemical performance of
MoS, towards CO [30,31]. For instance, Ma and coworkers have pro-
posed that metal doping (Au, Pt, Pd, Ni) substantially improved the gas-
sensing activity of MoS, toward CO, and further demonstrated that CO
oxidation on Fe doped monolayer MoS, possessed remarkable catalytic
activity toward CO oxidation by O, [17,32]. Furthermore, theoretical
results revealed that doping monolayer MoS, enhanced its chemical ac-
tivity and gas-sensing capabilities, effectively overcoming the restricted
reactivity of pristine MoS, owing to its wide band gap and absence of
dangling bonds [33]. However, previous research has primarily focused
on individual dopants or limited comparisons, leaving a critical gap in
understanding the systematic trends across a series of transition met-
als. More importantly, the underlying electronic origin dictating the
catalytic performance—particularly the role of magnetic moment and
specific orbital interactions—remains inadequately explored.

In this study, we employ density functional theory (DFT) calculations
to conduct a comparative study on TM doped MoS, (TM = Fe, Co, Ni) for
CO catalytic oxidation. The choice of these three elements is motivated
by their consecutive positions in the 3d series, which allow for a system-
atic investigation into the role of d-orbital filling and the corresponding
evolution of magnetic moments on the catalytic properties. While other
3d metals such as Mn and Cu, along with 4d/5d metals, could poten-
tially be used as dopants, Fe, Co, and Ni were chosen for their favorable
combination of electronic properties, experimental implementation, and
computational efficiency, offering a clear trend for analysis. Our inves-
tigation is designed to address three questions: (1) How do the stability,
electronic structure and magnetic properties evolve across the Fe-Co-Ni
series? (2) What are the adsorption characteristics of key reactants (CO
and O,) on these TM- MoS,, and how do they correlate with electronic
parameters? (3) Can the observed differences in catalytic activity be ra-
tionalized by fundamental electronic structure principles, such as charge
transfer and magnetic moment? By answering these questions, we aim
to link dopant identity to catalytic function, providing not only a poten-
tial candidate but also a design principle for optimizing 2D MoS, based
catalysts for low-temperature CO oxidation and related applications.

2. Computational methods
2.1. The computational details and models

Spin-polarized DFT calculations were performed using Vienna Ab
initio Simulation Package (VASP) [34]. The core-valance interactions
were described by the projected augmented wave pseudo-potential
(PAW [35]) method. The generalized gradient approximation (GGA)
with Perdew-Burke-Enzerhof (PBE) functional was employed for the
exchange-correlation energy [36]. Although PBE can underestimate
band gaps and may slightly influence the adsorption energies and re-
action barriers, it is widely used for transition-metal systems and effec-
tively reflects qualitative trends. The cutoff energy for the plane-wave
expansion is set to 450 eV, and a 3 x 3 x 1 Monkhorst-Pack grid
was used for k-point sampling of the Brillouin zone. Since a denser grid
slightly increases cost with minimal accuracy gain while a coarser grid
may reduce reliability, this k-point mesh provides an appropriate bal-
ance between computational cost and results accuracy. Geometry op-
timization was considered complete when the energy change per atom
was less than 5 x 10~ eV. During the optimization, all the internal coor-
dinates were fully relaxed while the lattice parameters were kept fixed,
until the Hellmann-Feynman forces on each atom was <0.02 eV/A. Since
Fe, Co and Ni are all magnetic elements, the magnitudes of initial mag-
netic moment are set to 5 up for all TM ions and to O uy for other ions
during calculations.
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Based on the above computational parameters, geometric optimiza-
tion of bulk MoS, was carried out, and it was found that the optimized
lattice constants are a = b = 3.19 A, which was in well agreement with
the previously reported theoretical (3.18/?\ [37], 3.20A [38]), and ex-
perimental values (3.20/0\ [39]). A 4 x 4 slab was constructed by cleav-
ing along the (001) surface from the optimized bulk MoS,. To avoid the
influence of periodicity on the structure of MoS,, a 15A thick vacuum
layer was introduced along the z-direction to the monolayer surface. In
the present model, a single transition metal atom (Fe, Co, and Ni) was
embedded at a sulfur vacancy site of the MoS, monolayer within the
4 x 4 supercell. Such a configuration reflects relatively low dopant con-
centration and provides sufficient spacing between periodic dopants,
thereby reducing potential dopant-dopant interactions. Such isolated
transition-metal sites are commonly used in theoretical studies to simu-
late single-atom catalytic active sites. In addition, experimental studies
have demonstrated that transition-metal atoms can be successfully in-
troduced into defective MoS, structures through vacancy engineering,
which can effectively modulate the electronic structure and catalytic
performance of the material [40,41].

2.2. The binding energy, adsorption energy and activation energy
calculation methods

The following equations were adopted to evaluate the binding ener-
gies (E, in Eq. (1)) and the adsorption energies (E,4s in Eq. (2)) of gas
molecules adsorbed on the TM-MoS, monolayer, respectively:

Ey = (EMos2 + ETM) = E(1M-Mos,) 0

Eqgs E(sub+adsorbate) - (Esub + Eadsorbate)~ (2)

In Eq. (1), Eyes, is the energy of a MoS, surface with one S-vacancy,
Ey is the energy of the TM atom, and Ety_mos2) is the energy of a
TM atom doped MoS, surface. According to Eq. (1), a higher binding
energy suggests stronger binding of MoS, and TM. In Eq. (2), E,gsorbate
is the energy of free adsorbate gas (CO, or O), and E g adsorbatey a0
E,,, are the energies of the substrate with and without the adsorbates,
respectively. According to Eq. (2), lower adsorption energy indicates
stronger adsorption.

We also analyzed the activation energy of CO oxidation on the sur-
face of TM-MoS, catalyst. The climbing image nudged elastic band
(CINEB [42]) method was employed in this study to locate the transition
state. For each pathway, four intermediate images were linearly inter-
polated between the optimized initial IS and final states FS to generate
the minimum energy pathway (MEP). The MEP can be found in Fig. S1
of the supporting information. The transition state was identified as the
highest energy point along the MEP, which was used to determine the
activation energy barrier. Then, the activation energy can be obtained:

3

where Erg and Ejg represent the total energies of the transition state
and initial state, respectively.

E, = Eqg — Eig,

3. Results and discussion

3.1. Structural stability and electronic properties of TM-MoS, (TM = Fe,
Co, Ni)

Both structural stability and surface reactivity are constituted criti-
cal prerequisites for TM-MoS, in catalytic reactions. Earlier experimen-
tal and theoretical studies indicated that the S vacancy was the most
prevalent defect type in MoS, because of its lower formation energy
than the Mo vacancy and readily hosted substitutional metal impurities
[43,44]. Then, in this section, the structure and stability of monolayer
MoS, with TM atoms (Fe, Co, Ni) substituting S site are systematically
explored. The results in Table 1 show that the binding energy increases
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Table 1

The binding energy (E, in eV) for a TM atom doping at the S-vacancy, TM-
Mo average distance (dpy_y, in A), electron transfer (Q) from the TM, and the
system total magnetic moment (). The value in parentheses is from previous
work [37].

™ E, (eV) dryyo (B) Qe Hp

Fe 3.91 (3.61) 2.57 (2.60) 0.39 (0.37) 2.11(2.29)
Co 4.10 (3.77) 2.50 (2.52) 0.13 (0.16) 1.00(1.01)
Ni 4.33 (4.23) 2.41 (2.52) 0.03 (0.04) 0 (0)

in the order Fe < Co < Ni, with the corresponding binding energy values
3.91 < 4.10 < 4.33 eV, respectively, which are consistent with previous
theoretical results [45]. This means that Fe and Ni show the weakest and
strongest binding with MoS,, respectively. However, all the binding en-
ergies are positive, suggesting the thermodynamic stability for doping
Fe, Co and Ni in the S vacancy of MoS,. In addition, the binding energies
of doping TM into the defective MoS, monolayer are all stronger than
the binding energies of embedding TM on the defect-free MoS, mono-
layer, with the corresponding adsorption energy values 2.25, 2.08, and
2.95 eV, respectively [37]. This means that the stability of doping TM
into defective MoS, is notably improved compared to that on the pris-
tine MoS,. Table 1 also lists the bond length between the TM atom and
the three nearest Mo atoms. The average TM-Mo bond length follows
the order Ni < Co < Fe, corresponding to 2.41, 2.50, and 2.57 A, respec-
tively. The TM atoms slightly protrude from the S plane, mainly due to
their larger atomic radii compared to S.

To further explore the influence introduced by the TM atoms, we
investigate the electronic structures. Firstly, to visualize the charge re-
distribution induced by TM on the defective MoS,, we calculated the
charge density difference (CDD). The CDD is defined as:

“

where p,, is the total charge density of TM-MoS,, p,;is the charge den-
sity of the defective MoS, surface, and pry; represents the charge den-
sity of the isolated TM atom, respectively. All calculations were per-
formed using identical computational parameters such as same super-
cell, k-point mesh, and plane-wave cutoff energy to ensure consistency.
In addition, using high-precision settings (PREC = Accurate) were em-
ployed, which provides a sufficiently dense Fast Fourier Transform (FFT)
grid. CDD is visualized using Visualization for Electronic and Structural
Analysis (VESTA) software [46]. As shown in Fig. 1, the magenta and
cyan regions represent the electron accumulation and loss, respectively.
It is seen that, for all three TM-doped MoS, systems, the TM atoms do-
nate electrons, which induce significant charge redistribution around
the TM and its neighboring Mo atoms. This can be attributed to the lower
electronegativity of TM (Fe: 1.83, Co: 1.88, and Ni: 1.91) compared to
Mo (2.16). To quantitatively evaluate the number of donated electrons
from TM atoms, we further calculated the charge transfer by performed
Bader charge analysis [47] using the grid-based algorithm developed
by Henkelman group, based on the charge density obtained from the
(CHGCAR files) and inclusion of both core and valence charge densi-
ties for improved accuracy in charge evaluation. These measures ensure
reliable charge partitioning and accurate estimation of charge transfer
and the results are listed in Table 1. For Fe, Co, and Ni atoms, electrons
are transferred from the TM atom to the nearest Mo atoms (about 0.39
e, 0.13 e, and 0.03 e, respectively), agreeing with the qualitative analy-
sis of CDD. The Fe atom donates the largest number of electrons, which
may be ascribed to the largest difference in electronegativity between
Fe and Mo.

Secondly, the spin-polarized local density of states (LDOS) of TM-
doped MoS, are calculated and shown in Fig. 2. In all three systems,
a distinct hybridization between the TM 3d orbitals and the Mo 4d or-
bitals is observed near the Fermi level. However, the hybridization may
result in different catalytic activities for the three systems. For example,
in Fig. 2(a) of the Fe-MoS,, the asymmetric Fe 3d and Mo 4d orbitals

ANp=poy — (psub +p1Mm)>
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may facilitate the charge transfer between Fe and Mo and is expected to
promote the catalytic activity of this system. The magnetic moment of
the Fe-MoS, system is calculated to be as large as 2.11 pg (Table 1). The
Co-MoS, system in Fig. 2(b) also shows asymmetric Co 3d and Mo 4d
orbitals, which may result in high catalytic activities either. The asym-
metric Co 3d and Mo 4d orbitals also generate a high magnetic moment
of 1.00 ug. In contrast, in Fig. 2(c) for the Ni-MoS, system, the spin-
up and spin-down states are completely symmetric, indicating that the
spin polarization is completely quenched and leading to a magnetic mo-
ment of O ug. This can be rationalized by crystal field splitting induced
by the local coordination environment in MoS,, resulting in a nearly
filled Ni 3d with a low-spin configuration (S = 0) and paired electrons.
Consequently, the absence of spin polarization eliminates the orbital hy-
bridization between Ni 3d states and the molecular orbitals of CO/O,.
Therefore, the catalytic activity of the Ni-MoS, system may be not as
high as that of the Fe-MoS, and Co-MoS, systems. The calculated mag-
netic moments are supported by experimental observations. For exam-
ple, Wang et al. demonstrated that Fe and Co doping induced robust
room-temperature ferromagnetism in MoS,, whereas Ni doping yielded
only weak magnetism [48]. However, the LDOS only provides indirect
evidence for catalytic activities. We will calculate gas adsorption and
reaction behaviors to evaluate the real catalytic activities in the next
sections.

3.2. Adsorption of CO and O, on TM-MoS, (TM = Fe, Co, Ni)

To study the CO catalytic oxidation mechanism, the adsorptions of
single CO and single O, on the TM-MoS, (TM = Fe, Co, Ni) are first in-
vestigated. Fig. 3 shows that, for CO adsorption on TM-MoS,, the most
stable configuration is the end-on configuration at the metal site with
a tilted angle depicted. Upon the adsorption, the C-O bond distance
of CO is elongated from 1.14 A in the gas phase to 1.16 A for every
TM-MoS, system (Table 2). The adsorption energies follow the order
Co-MoS, (-1.51 eV) < Fe-MoS, (-1.44 eV) < Ni-MoS, (-1.36 eV), in-
dicating that CO can be readily adsorbed on all TM-doped surfaces. The
weakest CO adsorption ability of Ni-MoS, may be ascribed to its zero
magnetic moment. Additionally, it is reported that the CO can only be
physisorbed with a relatively weak physisorption energy of 0.01 eV [37]
on the pristine MoS,, which is significantly smaller than the values on
TM-MoS,. It indicates that the introduction of TM tends to improve the
surface reactivity of MoS,. To determine the charge transfer between the
CO molecule and the TM-MoS, system, the qualitative CDD and quanti-
tative Bader charge are both calculated. Fig. 3 shows that the electrons
transferred from the substrate are localized not only on the C and O
ions, but predominantly at the TM-C bonds. Bader charge in Table 2 re-
veals that the number of charge transfers from the TM-MoS,, surface to
the CO molecule is —0.21, —0.18, and —0.14 for Fe, Co, and Ni metal
atoms, respectively. The largest number of charge transfers for Fe-MoS,,
provides a possible explanation for its strongest CO adsorption ability.

Unlike CO adsorption, the most stable adsorption configuration for
O, is that the O, bonds with the TM atoms via two oxygen atoms and
the O-O bond is nearly parallel to the plane of MoS,, as illustrated in
Figs. 4(a)-(c). Table 2 reveals that the O-O bond length of O, is elon-
gated from 1.23 A in its isolated state to 1.38 A, 1.36 A, and 1.32 A upon
adsorption on the Fe-MoS,, Co-MoS,, and Ni-MoS, respectively. The O,
adsorption energies drastically reduced from —0.01 eV on the pristine
MoS, to —1.89 eV for Fe-MoS,, —1.45 eV for Co-MoS,, and —0.78 eV for
Ni-MoS,, respectively. This means that the O, adsorption abilities can
be significantly improved by the TM-MoS,. Similar to the CO adsorp-
tion, the Ni-MoS, still exhibits the weakest O, adsorption ability, which
may also be attributed to its non-magnetic characteristic. The CDD anal-
ysis in Fig. 4 shows that electrons are transferred from the TM-MoS, to
O,. Bader charge further reveals that there are —0.64 e, —0.55 e, and
—0.43 e transferred from Fe-MoS,, Co-MoS,, and Ni-MoS, to O,, respec-
tively. The order of electron transfer is the same as that of the adsorption
energies and that of the O-O bond length.
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Fig. 1. Top and side views of the geometric structure of (a) Fe-MoS,, (b) Co-MoS,, and (c) Ni-MoS, with the CDD plots are also shown. The magenta and cyan
regions represent the electron accumulation and loss, respectively. Color scheme: Mo, blue; S, yellow; Fe, brown; Co, dark red; Ni, purple. The isosurface value is

0.003 e/A3.
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Fig. 2. The spin-polarized local densities of states projected on the 3d and 4s orbitals of the TM dopants (upper panel) and their bonded Mo 4d and 5s orbitals (lower
panel). The vertical Fermi level was set to zero.

Table 2

The adsorption energy (E,4) of various adsorbates on the TM-MoS, after adsorption, the distance (d,/d...) between the atoms of the CO and O, molecules, and the
electron transfer (Q) from the TM-MoS, to the adsorbates.

Eyq (eV) deo / do.o A) Q©
Adsorbate N N N

Fe Co Ni Fe Co Ni Fe Co Ni
co -1.44 -1.51 -1.36 1.16 1.16 1.16 -0.21 -0.18 -0.14
0, -1.89 -1.45 -0.78 1.38 1.36 1.32 -0.64 -0.55 -0.43
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Fig. 3. The side views of the CO adsorption on TM-MoS, are shown in (a)-(c), respectively. The top and side views of the CDD plots are shown in (d)-(f), respectively.
The cyan and magenta regions denote the electron accumulation and loss, respectively. Mo, blue; S, yellow; Fe, brown; Co, dark red; Ni, purple; C, black; O, red. The

isosurface value is taken as 0.003 e/A3.

Overall, our calculation results reveal that introducing Fe, Co, and Ni
can substantially improve the adsorption abilities of MoS, for both the
CO and O, gases. Furthermore, the Fe and Co show stronger adsorption
abilities than Ni. This means that, from the viewpoint of thermodynam-
ics, the Fe and Co may have better CO catalytic oxidation ability than
the Ni atom. In the next section, we will calculate the reaction barriers
to evaluate the CO catalytic oxidation on the TM-MoS,, surface from the
view of kinetics.

3.3. Mechanism of CO oxidation on TM-MoS, (TM = Fe, Co, Ni)

Generally, there are mainly two well-established mechanisms for
CO oxidation are Eley-Rideal (ER) mechanism[49] and the Langmuir-
Hinshelwood (LH) mechanism [50]. In the ER mechanism, the pre-
adsorbed O, molecule is activated by charge transfer with the substrate.
It forms a carbonate-like CO; complex as an intermediate state when a
free CO molecule directly approaches the pre-adsorbed O,. On the other
hand, for the LH mechanism, CO and O, molecules are co-adsorbed on
the catalyst and then react to form a peroxo-type OOCO complex inter-
mediate state. Subsequently, OOCO is converted to CO,, and an acti-
vated oxygen atom (O*) is left on the catalyst. In this study, we focus
on the LH mechanism because both CO and O, strongly chemisorb on
the TM-MoS, surfaces (Table 2), forming a stable co-adsorbed state that
naturally serves as the reaction precursor. The ER pathway, requiring
a gas-phase CO to react with pre-adsorbed O,, is generally less favor-
able under strong chemisorption conditions [51,52]. Therefore, in the
present study, we considered the LH mechanism for the CO oxidation
reaction over the TM-MoS,.

The structural evaluation of each state along the minimum-energy
path (MEP) for CO oxidation on the Fe-MoS, are displayed in Fig. 5(a).
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It is seen that, for the initial state (IS), the CO adopts an end-on config-
uration and the O, molecule prefers the side-on configuration over the
Fe atom, both of which are similar to the adsorption configurations of
individual CO and O, shown in Figs. 3(a) and 4(a), respectively. The
final state (FS) consists of a physisorbed CO, and a chemisorbed active
O* on Fe-MoS,. The corresponding energy for each state is shown at the
bottom of the configuration with respect to reference energy, which is
the sum of the total energies of individual Fe-MoS, surface and free CO
and O, molecules. In addition to the IS and FS states, the transition state
(TS) is depicted between the IS and the FS states, featuring a peroxo-type
0OO0CO complex that forms over the Fe atom. The corresponding energy
of TS is about —1.47 eV, leading to the activation energy (E,) of 0.37 eV
which is comparable to those reported for other TM-doped catalysts,
such as Pt-embedded bismuthine (0.44 eV)[53] and Pt-penta-graphene
(0.45 eV)[54]. The catalytic performance of Fe-MoS, and Co-MoS, is
either comparable to or better than other non-noble metal-doped 2D
catalysts reported for CO oxidation, such as Co-based single-atom cata-
lysts on MXene support [55], Al-doped MoS, [56], and Cu-doped MoS,
[571, which generally exhibit activation barriers in a comparable range.
Such a low energy barrier suggests that Fe-MoS, is potentially a good
candidate for CO catalytic oxidation at room temperature [58]. Note
that the bond lengths for each state are listed in Table 3.

To gain deep understanding of CO oxidation on the Fe-MoS,, the
LDOS of CO and O, in IS of Fig. 5(a), as well as the Fe-3d orbital with
and without the co-adsorption of CO an O,, are calculated and shown
in the lower panel of Figs. 5(b)(c), respectively. For purpose of compar-
ison, the LDOS of free CO and free O, are also shown in the upper panel
of Figs. 5(b)(c), respectively. We can see that, upon the co-adsorption of
CO and O,, the Fe-3d orbital shifts to higher energy relative to the Fermi
level and becomes more unoccupied, consistent with the above results
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Fig. 4. The side views of the O, adsorption on TM-MoS, are shown in (a)-(c), respectively. The top and side views of the CDD plots are shown in (d)-(f), respectively.
The cyan and magenta regions denote the electron accumulation and loss, respectively. Color scheme: Mo, blue; S, yellow; Fe, brown; Co, dark red; Ni, purple; O,
red. The isosurface value is taken as 0.003 e/A3.
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Fig. 5. (a) Atomic configurations of the IS, TS and FS along the MEP for the CO oxidation on Fe-MoS, via the LH mechanism. The top and side views, as well as the
energy change (in eV) between neighboring states, are also shown. (b) and (c) show the LDOS of CO and O,, respectively, in the free state (red in upper panel) and
in the IS (red in lower panel). The Fe 3d orbital with (blue) and without (green) the co-adsorption of CO an O, are also shown in the lower panel of (b) and (c).

Table 3
The bond length (in ;\) between the atoms of co-adsorbates (CO, O,) and TM for the IS, TS and FS shown in Figs. 5-7.
1S TS FS
Bond length N N -
Fe Co Ni Fe Co Ni Fe Co Ni
dcoy 1.15 1.16 1.16 1.17 1.17 1.18 1.18 1.18 1.18
dicrvy 1.98 1.84 1.80 1.96 2.02 1.95 3.64 3.77 3.85
dicon 2.66 2.83 3.40 1.89 1.81 1.70 1.17 1.17 1.17
do102) 1.34 1.29 1.23 1.40 1.36 1.38 3.35 3.34 3.14
diozmv) 1.97 1.95 3.29 1.77 1.88 1.96 1.62 1.64 1.65

518



A. Inayat, U. Arif, M. Fasih et al.

ChemPhysMater 5 (2026) 513-521

b-Q 0-Q b-Q

o 4 o O
qhq Qo-q O-@ Qo-q Qéq 0-Q
4 O o) qQ O o) q © o)
SR So O R o
Q@ o o) 4 Oo9dBO 4 ode D
<;>-d'\’_dodo quqo’qo <;-q/\do Y

T od T od T Tod

(b) (c)

——CO (free)) | —0, (fiee)
9 %1 |lix.s0 o
| xf|  se 2
0 0
— - ch In 2n%
3 2
3 - R
g ° E; s Eq!
< 54 ——'Co 3d (no CO) < ——Co3d(m00,)
3 —Cosdwihco)| &, | ——Co3d (with O,)
——CO (ads.) a —
3 &} 0, (ads.)
2
0
2n*
44 1,50
54 IS

-2 0 2 4 6
Energy (eV)

-8 6 -4 -2 0 2 4 6 8 -8 -6 -4

Energy (eV)

Fig. 6. (a) Atomic configurations of the IS, TS and FS along the MEP for the CO oxidation on Co-MoS, via the LH mechanism. The top and side views, as well as the
energy change (in eV) between neighboring states, are also shown. (b) and (c¢) show the LDOS of CO and O,, respectively, in the free state (red in upper panel) and
in the IS (red in lower panel). The Co 3d orbital with (blue) and without (green) the co-adsorption of CO an O, is also shown in the lower panel of (b) and (c).

(2)

IS (-1.45 eV)

(b) (©)

| ——CO (freo) ] — 0, (free)
i %1 [ix.50 2
2n* I S0 2n*
0+ 0
ch 1 2n*
Y E, o
In
274
So
-5

o

©
A

—Ni 3d (no CO) —Ni3d(n00,)
——Ni3d (n0 0,
—0, (ads)

o
o

——Ni 3d (with CO)
——CO (ads.)

LDOS (states/eV)
LDOS (states/eV)

54

2 0 2 4 6
Energy (eV)

8 6 -4 2 0 2 4 6 8
Energy (eV)

Fig. 7. (a) Atomic configurations of the IS, TS and FS along the MEP for the CO oxidation on Ni-MoS, via the LH mechanism. The top and side views, as well as the
energy change (in eV) between neighboring states, are also shown. (b) and (c) show the LDOS of CO and O,, respectively, in the free state (red in upper panel) and
in the IS (red in lower panel). The Ni 3d orbital with (blue) and without (green) the co-adsorption of CO an O, is also shown in the lower panel of (b) and (c).

that charge transfer from the Fe atom to the adsorbates. For the adsorbed
CO and O,, the major molecular orbitals, such as the 1x (degenerate), 5¢
(HOMO), and 2n* (LUMO) states of CO, shift to slightly lower energies
and substantially broaden compared with their free states, suggesting
their strong interactions with the Fe-3d orbital. The strong orbital inter-
action between the adsorbates and Fe-MoS, will facilitate CO oxidation
and provide a rationalization for the 0.37 eV of activation energy.

The MEP for CO oxidation on the Co-MoS, and Ni-MoS,, as well as
the corresponding LDOS, are also calculated and shown in Figs. 6 and
7, respectively. Compared with the Fe-MoS, system, we can see that:
(i) the local configurations of each state for CO oxidation on Co-MoS,
and Ni-MoS, are the same as that on Fe-MoS,. However, the activation
energies for CO oxidation on Co-MoS, (0.41 eV) and Ni-MoS, (1.04 eV)
systems are both larger than that on Fe-MoS, (0.37 eV). (ii) On the
Co-MoS, system, the orbitals of adsorbed CO and O, molecules still ob-
viously broaden and hybrid with the Co-3d orbital, which is similar to
the situation on the Fe-MoS, system. However, the broadening of the
O, orbital on the Co-MoS, system (Fig. 6(c)) is not as strong as that
on the Fe-MoS, system (Fig. 5(c)). This may be one reason that the ac-
tivation energy for CO oxidation on the Co-MoS, (0.41 eV) is slightly
larger than that on the Fe-MoS, (0.37 eV). (iii) On the Ni-MoS, system,
although the orbitals of adsorbed CO broaden and hybrid with the Ni-3d
orbital (Fig. 7(b)), the major orbitals of the adsorbed O, almost keep the
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status of the free O, (Fig. 7(c)). This means that the adsorbed O, does
not strongly interact with Ni and provides possible explanations to the
largest activation energy for CO oxidation (1.04 eV).

For the convenience of comparison, we finally summarize the MEP
for CO oxidation on the three TM-MoS, (TM = Fe, Co, Ni) systems into
Fig. 8. It is clearly seen that, regardless of the viewpoint of thermody-
namics or kinetics, both Fe and Co are better than Ni as the dopants to
enhance the CO oxidation performance of MoS,, although Fe is slightly
better than Co. The above discussions of electronic structures reveal that
the better performances of Fe and Co are coming from strong orbital in-
teractions between Fe/Co and CO/O,, which is absent in the Ni-MoS,
system. Actually, in the above single gas calculations, the adsorption en-
ergies of single CO and single O, on Ni-MoS, are both larger than that
on the Fe-MoS, and Co-MoS, systems (Table 2), which was ascribed to
the low magnetic moment of Ni-MoS, and high magnetic moments of
Fe-MoS, and Co-MoS, systems (Table 1). With the co-adsorption of CO
and O,, we find that Ni-MoS, still shows non-magnetic characteristic be-
cause of the symmetric spin-up and spin-down Ni-3d orbital (Fig. 7(c)).
On the contrary, Fe-MoS, and Co-MoS, always show high magnetic mo-
ments with and without adsorbates. Therefore, the difference in orbital
interactions between TM and adsorbates may be ascribed to the differ-
ence in magnetic moments among different TM-MoS, systems (TM = Fe,
Co, Ni). To our knowledge, effects of magnetic moments on the catalytic
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performances have also been found for other materials. For example,
owing to the high magnetic moments induced by the dopants Ta and V,
the activation barriers of CO catalytic oxidation on Ta and V modified
2D graphene can be decreased by 27% and 44%, respectively [59]. The
magnetic moment was even found to be an effective descriptor for elec-
trocatalytic reduction of nitrogen to ammonia on some 2D organometal-
lic nanosheets [60]. We hope our study provides some useful theoretical
guidance for rational design of highly MoS,, as well as other 2D cata-
lysts, for CO catalytic oxidations.

4. Conclusion

In summary, DFT calculations have been performed to explore the
potential of Fe-, Co-, and Ni-doped monolayer MoS, as catalysts for CO
oxidation. The results demonstrate that all three TM atoms can be stably
incorporated at S-vacancy sites, with Fe and Co inducing pronounced
charge transfer and high magnetic moments. Doping significantly im-
proves the adsorption of CO and O, compared to pristine MoS,, with
Fe- and Co-doped systems exhibiting stronger adsorption affinities. Both
Fe-MoS, and Co-MoS, demonstrate low activation energies for CO ox-
idation (0.37 and 0.41 eV, respectively), making them promising can-
didates for low-temperature applications. In contrast, Ni-MoS, exhibits
a higher barrier (1.04 eV), attributed to its non-magnetic nature and
weaker orbital coupling with adsorbates. This study underscores the
importance of magnetic moment and orbital interaction in enhancing
catalytic performance and suggests that Fe-doped MoS,, along with Co-
doped MoS,, are promising candidates for low-temperature CO oxida-
tion. These insights offer valuable theoretical foundations for the ratio-
nal design of efficient 2D catalysts for environmental purification. The
investigated TM-doped MoS, systems are experimentally viable, and
their catalytic performance can be validated through established syn-
thesis techniques and CO oxidation measurements, offering a practical
roadmap for future research work.
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