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Single atom catalysts on the Cr2NO2 MXene for
CO oxidation

Marı́a Guadalupe Moreno-Armenta, *a Rodrigo Ponce-Perez, a

Francesc Viñes *b and Lourdes Mestres c

Using density functional theory, this work investigates the adsorption of carbon monoxide (CO)

molecules and their subsequent oxidation to carbon dioxide (CO2) on the MXene Cr2NO2 decorated

with a single atom of transition metal (Sc, V, and Ti) via the Eley–Rideal mechanism. The dynamic stabi-

lity of the MXene is evaluated through phonon calculations, and the thermal stability of the structure is

determined by ab initio molecular dynamics simulations. First, an oxygen (O2) molecule is adsorbed onto

the metal atom. Sc and Ti induce a partial dissociation, while V causes a full decomposition into atomic

O. For the first CO oxidation, all transition metals favor CO oxidation, with Ti and V providing higher and

lower activation energies, respectively. However, in the second CO oxidation, the V site is poisoned

since the CO2 molecule is unstable compared to the adsorbed CO. In the case of Ti and Sc, CO2 for-

mation is feasible, with Sc providing the lowest activation energies. Thus, the present study demonstrates

Sc SACs on Cr2NO2 as improved catalysts for CO oxidation reactions.

1. Introduction

During the 1960s, new ternary carbides and nitrides were
discovered,1–3 with the general formula: Mn+1AXn (MAX), with
n = 1 to 3, M being an early transition metal; A is a p-group
element, mainly from groups 13 and 14, while X = C or N. From
these MAX compound precursors, a new family of two-
dimensional (2D) compounds was discovered in 2011, MXenes,
so named for their similarity to graphene.4 The most common
MXene synthesis relies on stripping or selective exfoliation of
the A element, e.g., using hydrofluoric acid (HF), although novel
F-free synthetic routes have been proposed.5 Thus, MXenes have a
general formula of Mn+1XnTx, where Tx represents the MXene
surface terminations resulting from the synthesis. Indeed,
the different synthetic methods may influence the MXene
morphology and the concomitant physicochemical properties,
making them easily tunable compounds useful in multiple
applications.6 Such MXenes exhibit large surface areas, adjustable
properties, biocompatibility, and hydrophilicity.7 They also have
excellent electrical, electrochemical, catalytic, and mechanical

properties.8–10 Their layered structure, surface terminations, and
selective generation of vacancies make them outstanding mate-
rials for many applications, ranging from Li-based batteries,11

electromagnetic interference (EMI) shielding materials,12 and
carbon dioxide (CO2) scrubber materials,13 among many others.

One of the novel applications of MXenes is to use them as a
support to single-atom catalysts (SACs),14 especially when
deposited on O-terminated MXenes.15 SACs, having isolated
individual atoms dispersed on a support material, maximize
the catalyst exposure while allowing for precise control over the
catalyzed reaction, i.e., in principle, all catalytic active sites are
well-defined and equivalent, although one should regard that
the SAC is biased by its surrounding.16 Over the last decade,
researchers have explored different support materials and
coordination environments to enhance the performance and
durability of SACs. Recent investigation focused on controlling
the hybridization of single atoms in their host materials,17–19

attracting extensive attention in heterogeneous catalysis given
their high catalytic activity, used, for example, in the removal of
atmospheric pollutants such as carbon monoxide (CO).20

CO is indeed a molecule often produced by the poor combus-
tion of some fuels or compounds, such as gasoline, coal, oil,
tobacco, wood, etc., and is also quite toxic for all living beings that
breathe oxygen (O2). Because of this, materials for CO capture,
and even better, its catalytic conversion are sought, involving
typically transition metal oxides or transition metals (TMs).21,22

Indeed, the CO oxidation to CO2 is a classic reaction in hetero-
geneous catalysis, where traditional catalysts are often late TMs
like platinum (Pt), palladium (Pd), gold (Au), rhodium (Rh), and
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ruthenium (Ru), which are quite effective yet expensive due to
their scarcity, and also they require often high working tempera-
tures, limiting their practical applications. Extensive ongoing
research is being conducted to identify inexpensive catalysts
that could carry out this CO oxidation in an efficient manner
yet under mild reaction conditions. TM-based catalysts and other
novel materials, such as few-layered two-dimensional TM carbo-
nitrides (MXenes), are being studied to address the limitations
of traditional noble metal catalysts while offering effective, low-
cost solutions for CO emission control across a range of
applications.23,24 Cai et al.25 have recently reported the catalytic
oxidation of the CO molecule using the Zr2CO2 MXene decorated
with Sc and Ti TMs, with the best results shown for Ti. On the
other hand, Zhu et al.26 reported that Ti2CO2 decorated with Fe is
an excellent catalyst for CO oxidation. Gouveia et al.27 doped the
Mo2CO2 MXene with Ti, Fe, and Zn; their findings show that the
Fe SAC is the most promising candidate for CO oxidation,
followed by the Zn SAC. While C-based MXenes have received
significant attention, N-based ones are relatively less studied
despite showing great promise due to their stability, unique
properties, and possible technological applications.28–32 In this
work, we investigated, by density functional theory (DFT) means,
the adsorption of CO and the CO2 formation on the Cr2NO2

MXene decorated with a single atom of transition metal (Sc, V,
and Ti). We only focused on those early TMs since they are
cheaper in comparison with noble metals, which usually require
high working temperatures. Additionally, we avoid magnetic TMs
since the effect of spin on CO oxidation is a topic of interest that
we must address separately.

2. Computational details

By first-principles total-energy calculations, we investigated the
adsorption of CO molecules onto the Cr2NO2 MXene basal
(0001) surface decorated with Sc, V, and Ti TM atoms. Calcula-
tions were performed within the DFT framework as implemen-
ted in the Vienna ab initio simulation package (VASP) code.33,34

The exchange–correlation energy is treated according to the
generalized gradient approximation (GGA) using the Perdew–
Burke–Ernzerhof (PBE) exchange–correlation functional,35 as
extensively used in the past for estimating the energies of
MXene-based systems.28,36 Since Cr has highly localized d
electrons, the Hubbard correction (DFT+U)37 was considered
to employ the simplified (rotationally invariant) approach
introduced by Dudarev et al.38 with U = 3.0 eV, as in previous
reports.31 The electron–ion interaction is modeled employing
the plane augmented wave (PAW) method,39 with an energy
cutoff of 460 eV. The dispersive forces have been considered by
using Grimme’s D3 correction,40 especially adequate when
estimating the interaction of atoms or molecules on MXene
surfaces.41,42 A p(3 � 3) supercell has been employed in the
calculations with a vacuum space of 15 Å, enough to avoid
interactions between periodically repeated slabs. During the
geometry optimizations, all force components and energy dif-
ferences were set to be lower than 0.01 eV Å�1 and 1 � 10�4 eV,

respectively, when reaching convergence. The Brillouin space
was sampled with an optimal Monkhorst–Pack k-point mesh of
3 � 3 � 1 size.43 To investigate the reaction path for the
adsorption of CO and the formation of CO2, the climbing-
image nudged-elastic-band (CI-NEB) was used with five inter-
mediate images.44 Besides, non-covalent interactions (NCIs)
were investigated by employing Critic2 software,45,46 and
ab initio molecular dynamics (AIMD) calculations were used
to investigate the thermal stability of bare MXenes and MXenes
containing SACs. The AIMD simulations were carried out in the
NVT ensemble using the Nose–Hover thermostat at 300 K, with
a step value of 5 fs for a total AIMD simulation time of 5 ps.

3. Results and discussion
3.1. Cr2NO2 MXene

The cell parameter of the Cr2NO2 MXene (cf. Fig. 1a) has been
calculated to be 2.95 Å, in good agreement with previous
reports.29,31 This compound exhibits a ferromagnetic behavior
with a Cr magnetic moment of 2.47mB, with each Cr six-fold
coordinated with three O and three N, each acquiring an
induced magnetization of �0.12mB. Regarding electronic prop-
erties, the MXene shows half-metal character with the majority
spin (spin-up) working as a metal and the minority spin
(spin down) as a semiconductor with an estimated indirect
G–M band gap of 2.76 eV, a feature also observed in other
MXenes.47 Fig. 1b shows the electronic band structure along
the G–M–K–G path with the Fermi energy level, EF, as a
reference. Notice that the conduction channels for spin-up
around EF are mainly composed of the Cr orbitals. The dynamic
stability of the MXene is evaluated through phonon calculations
and the results are displayed in Fig. 1c, revealing only positive
frequencies, indicating their stability. Additionally, we conducted
AIMD calculations at 300 K to evaluate the thermal stability of the
structure. The variations of temperature and energy are shown in
Fig. 1d. Notice that the structure is preserved after the simulation
without broken bonds. Both phonon dispersion calculations and
AIMD simulations indicate the dynamic and thermal stability of
the Cr2NO2 MXene.

3.2. MXene decorated with TM atoms

Different TMs (TM = Sc, Ti, or V) were adsorbed onto the
surface of the Cr2NO2 MXene, considering three different
high-symmetry sites: on top of a surface O, a three-fold hollow
site with a N underneath (H3), or with a Cr underneath (T4); see
Fig. 1a. Once the structures were fully relaxed, we calculated the
adsorption energy, Eads, as follows:

Eads = Esys � Ebare � ETM
isolated, (1)

where Esys, Ebare, and ETM
isolated are the total energies of the system

at hand, the bare Cr2NO2 MXene, and an isolated TM atom,
respectively. Besides, the TM cohesive energy, Ecoh, is calculated
as follows:

Ecoh = ETM
bulk � ETM

isolated, (2)
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where ETM
bulk is the total energy of a TM atom in its bulk

structure.
These estimated values are summarized in Table 1. In all cases,

negative Eads values are obtained, which indicates favorable
adsorption. Besides, the H3 site is the most stable site for TM
adsorption with binding energies of �9.53, �9.05, and �7.20 eV
for Sc, Ti, and V, respectively, given the lower coulombic repulsion
with the underlying N layer, located farther away. The comparison
of Eads with Ecoh determines whether the adsorbed atoms would be
energetically driven to form clusters on the surface or rather prefer
to be well dispersed on the MXene. In all cases, Eads values
are lower than Ecoh values by 2–4 eV, underscoring Cr2NO2 as
an excellent support for such SACs. Also, the Bader charge was
calculated, revealing that, as the number of valence electrons
increases, the SAC atom tends to share fewer electrons with the
substrate. All this behavior is consistent with a similar trend
observed for C-based, O-terminated MXenes.15

The electronic properties of these doped systems were also
investigated using the projected density of states (PDOS; see
Fig. 2), with distinction for the two spin channels. In all cases,
the ferromagnetic (FM) character of Cr2NO2 is preserved. In the
Sc-doped system, the Sc 3d orbital contribution is observed at

B1.3 eV, with the half-metal property preserved, as in the Ti-
doped system, yet the Ti 3d orbitals at B1 eV. Finally, for V
electronic states at the Fermi level for the minority spin appear,
inducing metallic character, with V 3d orbitals at �0.90 and
B1 eV. Notice also that as the number of valence electrons
increases, the contribution to the PDOS of the TM atoms
increases. AIMD simulations (cf. Fig. 2) on the doped systems
reveal non-broken bonds, a preserved structure geometry, and
thermal stability.

3.3. Oxygen adsorption

CO oxidation is investigated via the Eley–Rideal (ER) mechanism.
An O2 molecule is first adsorbed on the TM-anchored MXene in
this mechanism. After that, the CO molecules interact with the
adsorbed O atoms to desorb two CO2 molecules. Fig. 3 presents
the minimum energy pathway (MEP) for the adsorption and
activation of the O2 on Sc, Ti, or V SACs. The zero energy (ZS)
reference is set when the molecule and substrate are far enough to
not interact. In all cases, O2 is found to absorb barrierless. Once
the O2 molecule is adsorbed onto the metal atom (O2* stage), the
adsorption energy, Eads, is defined as follows:

Eads = Esys � Esubs � Emol. (3)

The first, second, and third terms on the right-hand side of
the equation refer to the total energy of the O2* system, the
TM@Cr2NO2 substrate, and the isolated molecule, respectively.
The Eads values are �1.70, �3.23, and �3.45 eV for Sc, Ti, and V
SACs, respectively. On the other hand, the Eads values for the CO
molecules are �0.40, �1.08, and �1.47 eV for Sc, Ti, and V
SACs, respectively. These energies are lower compared to O2;
therefore, the ER mechanism is feasible. The activation energy
to dissociate the O2* into 2O* (Eact1) is found to be 2.89, 1.03,

Table 1 Adsorption energies (Eads, in eV) for Sc, Ti, and V at different high-
symmetry sites of Cr2NO2, as well as cohesive energies (Ecoh, in eV), and
SAC Bader charges (Q, in e)

TM

Eads/eV

Ecoh/eV Q/eTop T4 H3

Sc �5.58 �9.24 �9.53 �4.49 1.89
Ti �4.94 �8.85 �9.05 �5.79 1.85
V �4.03 �6.89 �7.20 �5.91 1.70

Fig. 1 (a) Top view of the Cr2NO2 MXene. The basic unit cell p(1 � 1) is shown in black, and high-symmetry adsorption sites are also shown. (b) Cr2NO2

MXene band structure along the G–M–K–G path, (c) phonon dispersion and (d) AIMD calculations showing the time evolution of temperature and energy.
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and 0.69 eV for Sc, Ti, and V, respectively, implying that it is
more difficult for the earlier TMs. Additionally, the reaction
step is endothermic by 2.69, 0.58, and �1.46 eV for Sc, Ti, and
V, revealing that the difficulty in breaking O2 on the Sc SAC is
mostly thermodynamic, while this step is more affordable for Ti
and V, since the final state is below the energy reference, and
also the reaction step is exothermic on the V SAC.

Note that once O2 is adsorbed, the interaction with the SAC
is so strong that it weakens the molecular bond, as evidenced
by the interatomic distance d(OO) of 1.38, 1.48, and 1.44 Å
for Sc, Ti, and V SACs, elongated by at least 0.15 Å from the
gas phase value of 1.23 Å. The electron localization function
(ELF) line along the O–O bond shows a decrease in the electron
population (cf. Fig. S1 of the SI). Thus, even if O2 dissociation
would be costly on Sc and Ti, the bond weakening implies
O2* activation, and so the CO oxidation on them could be
envisioned.

3.4. First CO oxidation

Once O2 is adsorbed, activated, or broken on the metal atom,
the second step is the oxidation of a CO molecule to form CO2.
Fig. 4 depicts this minimum energy path (MEP), where the
initial stage (IS) is when the CO molecule is far away from the
O2* system. First, the CO molecule adsorbs onto the SAC/
MXene with the O2* or 2O*, i.e. the CO* stage, with Eads of
�0.73, �0.54, and �0.18 eV for Sc, Ti, and V SACs, respectively.
From this, CO2 can be formed surpassing energy barriers of
0.96, 1.45, and 0.66 eV for Sc, Ti, and V, respectively, i.e. the
Eact2 stage. Note that the V SAC provides a lower activation
energy, which goes along with the lower full dissociation O2

molecule, while the Ti SAC has a higher activation energy,
which could be associated with the large O2 Eads of �3.23 eV.
In all cases, CO oxidation is favorable with a gain of energy
larger than B2.5 eV when forming CO2, i.e. the CO2* stage.
However, at this point, the CO2 molecule remains adsorbed
onto the MXene SAC. Therefore, as a final step, i.e. the CO2(g)

Fig. 2 PDOS and AIMD simulations at 300 K for the Sc-, Ti-, and V-doped Cr2NO2 MXenes. In the latter case, insets show the top and side views of the
doping atoms on Cr2NO2, with Sc, Ti, and V atoms shown as purple, cyan, and yellow spheres, respectively.

Fig. 3 MEP of O2 adsorption and dissociation on the SAC@Cr2NO2

MXene models, with side views of the different reaction stages, including
ZS, O2*, Eact1, and 2O*.

Fig. 4 MEP of CO oxidation on O2* or 2O* on SAC/Cr2NO2, including
CO*, CO2*, and CO2*(g) stages.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 5
/1

0/
20

26
 1

2:
45

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp01903f


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 18179–18187 |  18183

stage, the CO2 desorption is calculated as the inverse of the
adsorption energy, with small values of �0.50, �0.13, and
�0.13 eV for Sc, Ti, and V, implying that it would be easy to
desorb CO2.

The atomic representation of the different steps for the first
CO oxidation is displayed in Fig. 5. Also, the non-covalent
interactions48 between molecules and substrates are investi-
gated. The figure shows the reduced gradient, s, isosurface with
an isovalue of s = 0.5 a.u. (color coding: red and blue indicate
repulsive and attractive interactions, respectively, while green
regions denote van der Waals (vdW) interactions). The far CO or
CO2 situations are not shown, since there is no interaction with
the catalyst.

In the CO* stage, the NCI shows that the CO molecule is
interacting with the surface MXene mainly through vdW-type
interactions; besides, in the Ti SAC, a large isosurface is
observed, which indicates a strong molecule/substrate inter-
action, followed by the Sc and V cases. The graphs of s vs.
sign(l2)r shown in Fig. S2 of the SI show that, in the Ti SAC, a
repulsive interaction between Ti and CO is characterized by the
peak at 0.05 a.u. at low s. This repulsive interaction seems to be
the origin of the high activation energy, since such an inter-
action does not appear in the Sc and V cases.

Notice that, in the Eact2 state, the vdW interactions between
molecules and the substrate are reduced compared to CO*.
However, the interaction is centered between the transition
metal and molecule, as evidenced in Fig. 5. In the Sc SAC, the
CO molecule is interacting with the O adsorbed onto the Sc
with a C–O distance of 1.62 Å, and the s vs. sign(l2)r graph
shows peaks at �0.17 a.u. at low s, evidencing the charge
transference between atoms and forming the C–O bond; see
Fig. S2 of the SI. In a similar way, the V SAC shows a peak at
�0.1 a.u. (cf. Fig. S2 of the SI), which corresponds with a bond
formation between C and O with a d(CO) of 1.77 Å. In the case
of the Ti SAC, it is noticed that, at the transition state, a pseudo-

CO2 molecule is formed with a d(CO) of 1.18 Å; Fig. S2 of the SI
corroborates the bond formation because a peak is located at
�0.2 a.u. at a reduced gradient. However, the molecule remains
anchored with the TM. To corroborate the CO2 formation,
Fig. S3 of the SI shows 2D charge density plots at the transition
state. Finally, in the CO2* state, regardless of the case, the CO2

molecule interacts with the TM through vdW forces, as corro-
borated in Fig. S2 of the SI.

3.5. Second CO oxidation

Once the first CO2 molecule is desorbed, the next step is the
adsorption and subsequent oxidation of a second CO molecule.
Fig. 6 shows the reaction mechanism, where the middle stage
(MS) is when the second CO molecule is far away from the
MXene. The CO Eads is favorable by �0.61, �0.50, and �0.25 eV
for Sc, Ti, and V SACs, i.e. the CO(II)* stage. Once CO* is formed,
it reacts with the O* on the SAC, with energy barriers of 0.72
and 0.80 eV for Ti and V SACs, respectively, i.e. the Eact3 stage.
Notice that the formation of the second CO2, i.e. the CO(2II)*
stage, is 0.51 eV less stable than adsorbed CO in the V-based
SAC, which suggests that the V site is poisoned for the second
CO oxidation step. In the case of the Ti SAC, the CO2* is 0.24 eV
more stable than CO*, evidencing the feasibility to form CO2.
Regarding the Sc SAC, the activation energy to form CO2 is 0.02
with a gain of energy of 2.72 eV. The desorption energies for
CO2*, i.e. the CO2(II) stage, are 0.69, 0.75, and 0.47 eV for Sc, Ti,
and V SACs, respectively.

Fig. 7 shows the atomic representation of the different
stages of the second CO oxidation, including the reduced
gradient isosurfaces with s = 0.5 a.u. similar to the previous
case, except for the non-interacting MS and CO2(II). In all cases
for CO(II)*, the CO molecule mainly interacts through vdW
interactions, in line with Eads values. Besides the observed
attractive interactions between the TM and molecule, the s vs.
sign(l2)r graph (cf. Fig. S4 of the SI) demonstrates that Ti

Fig. 5 Side views of IS and CO2(g) states, and top views of CO*, Eact2, and CO2* states, for the first CO oxidation step, with NCI isosurfaces at s = 0.5 a.u.,
with the color legend shown on the side, for different SAC/Cr2NO2.
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experiences a larger attractive interaction towards CO, followed
by V and Sc SACs. Also, a more pronounced region of repulsive
interaction is observed in the V case, followed by Ti and Sc
SACs, which demonstrates why Sc provides the largest Eads. In
Eact3, the d(CO) bond between the CO molecule and the O* is
1.62 Å for the Ti SAC, with a separation of 1.77 Å between Ti and
O atoms. Fig. S4 of the SI shows a peak at�0.18, demonstrating
bond formation. In the V SAC case, a d(VO) of 1.22 Å suggests
the formation of the CO2 molecule. Besides, the CO2 continues
to interact with the V atoms due to a distance of 2.08 Å. Also,
their corresponding s vs. sign(l2)r graph (cf. Fig. S4) demon-
strates an attractive interaction between the molecule and V. As
far as the Sc SAC is concerned, in the transition state there is an
increase in the attractive interaction between the TM and the
molecule in comparison with the previous CO oxidation, which
is a consequence of a smaller distance between Sc and CO of
2.36 Å. Therefore, one can conclude that once the molecule
diffuses across the substrate to be closer enough to Sc, the
formation of CO2 becomes spontaneous. Fig. S5 of the SI shows

the charge distribution maps for the transition state. In the Ti
and V SACs, the CO2 formation is clearly observed. However,
the oxygen atom remains attached to Ti, while in the V case
only the interaction weakens. Finally, in CO2(II)* the three
different systems exhibit similar behavior since the CO2 mole-
cule continues to attractively interact with the TM, corroborated
by the peak observed at �0.05 in their corresponding s vs.
sign(l2)r graphs.

Cai et al.25 reported CO oxidation through the ER mecha-
nism on Sc@Zr2CO2 and Ti@Zr2CO2 SACs. In both cases, the
first CO2 formation was feasible with activation energies of 1.06
and 0.65 eV, respectively. However, the second CO2 formation
was unstable in Ti@Zr2CO2, while it was viable in Sc@Zr2CO2

with activation energies of 0.17 eV. Zhang and coworkers49

reported the Ti@Ti2CO2 catalyst for CO oxidation; the results
showed the feasibility of forming the first CO2 molecule with an
activation energy of 0.25 eV. However, in the second CO2

formation, the SAC was poisoned, as CO2 formation was less
stable than CO adsorbed on the MXene. On the other hand,
Talib et al.50 employed the Ru@Mo2CS2 and Ir@Mo2CS2

MXenes for CO oxidation; their findings showed that in the
ER mechanism, the first activation energy was 0.52 eV (51 eV)
for the Ru (Ir) SAC, while for the 2nd CO2 formation, the
activation energies were 0.80 and 0.61 eV, respectively. Simi-
larly, Fe@Ti2CO2 provided activation energies of 0.77 eV and
0.13 eV for the first and second CO2 oxidations in the ER
mechanism, respectively.26 Our findings show that Ti and Sc
SACs facilitate the complete oxidation of CO, thereby enhan-
cing the use of Cr2NO2 as a substrate for SACs.

4. Conclusions

Our results show that the Cr2NO2 MXene has half-metal char-
acter and exhibits dynamic and thermal stability. The most

Fig. 6 MEP of CO oxidation on O* on SAC/Cr2NO2, including CO*, CO2*,
and CO2*(g) stages.

Fig. 7 Side views of CO(g) and CO2(g), and top views of CO*, the transition state, and CO2*, for the second CO oxidation step, with NCI isosurfaces
at s = 0.5 a.u., with the color legend shown on the side, for the different SAC/Cr2NO2.
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favorable site for the adsorption of Sc, Ti, and V is in the H3
site. In all cases, the adsorption energy values are lower than
the SAC bulk metal cohesive energy values, which indicates that
the transition metal atoms would be thermodynamically driven to
remain as isolated atoms, and so to behave as single-atom
catalysts. In all the doped cases, the ferromagnetic behavior of
the substrate and its thermal stability are preserved. The validity
of the Eley–Rideal mechanism used to investigate the oxidation of
CO is confirmed by the present DFT results. The O2 molecule is
adsorbed on the MXene-anchored SAC, and the O2 activation
occurs with a molecular bond either weakened or completely
dissociated, which promotes CO oxidation. For the first CO
adsorption, the NCI shows that the molecule is interacting with
the MXene surface mainly through vdW interactions; besides, in
the Ti SAC, a large isosurface is observed, which indicates a strong
molecule/substrate interaction, followed by the Sc and V cases. In
the Ti SAC, a repulsive interaction between Ti and the CO occurs.
This repulsive interaction causes the largest activation energy of
1.75 eV in the Ti case, since such an interaction does not occur in
the Sc and V cases. For this reason, the d(CO) in Ti is significantly
shorter. For the second CO oxidation, the molecule is adsorbed
via vdW forces, then it interacts with the oxygen in the TM atom to
form CO2. In the V case, the formation of the second CO2 is less
stable than the adsorbed CO, which points to a poisoned V site;
thus, the second CO oxidation is unfavorable. In the case of Sc,
once the molecule is adsorbed, an attractive interaction between
the Sc and CO forces the CO to diffuse toward Sc and the
formation of CO2 is spontaneous. In the Ti and V SACs, the CO2

is formed. However, the oxygen atom remains attached to Ti,
while in the V case, it interacts only weakly. Our calculations
demonstrate that the Sc SAC provides better results for the CO
oxidation with a first activation energy of 0.96 eV and the second
CO2 formation being essentially barrierless. This could be attrib-
uted to the low population of valence electrons and substantial
large electron transfer between the TM and the substrate.
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and M. G. Moreno-Armenta, MXene Heterostructures Based
on Cr2C and Cr2N: Evidence of Strong Interfacial Interac-
tions that Induce an Antiferromagnetic Alignment, Gra-
phene 2D Mater., 2024, 9, 47–57.

33 G. Kresse and J. Furthmüller, Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set,
Phys. Rev. B:Condens. Matter Mater. Phys., 1996, 54, 11169–11186.

34 G. Kresse and J. Furthmüller, Efficiency of Ab-Initio Total
Energy Calculations for Metals and Semiconductors Using a
Plane-Wave Basis Set, Comput. Mater. Sci., 1996, 6, 15–50.

35 J. P. Perdew, K. Burke and M. Ernzerhof, Generalized
Gradient Approximation Made Simple, Phys. Rev. Lett.,
1996, 77, 3865–3868.
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