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Molecular intercalation holds significant implications for the effective utilization of two-dimensional (2D)
materials in a wide array of key applications, including gas detection and catalysis. However, its full
potential remains underexplored. Using density functional theory (DFT) simulations, this study examines
the intercalation of carbon monoxide (CO) and carbon dioxide (CO,) into molybdenum disulfide (MoS,)
and the impact of sulfur vacancies on the process. Our findings reveal that CO intercalation is universally
unfavorable in pristine MoS,, while CO, intercalation is marginally favorable only at high molecular
coverages. Sulfur vacancies, however, serve as selective vectors, facilitating CO intercalation by
incorporating CO molecules into the vacancy sites and enabling catalytic CO-to-CO, conversion
without significantly affecting CO, intercalation. The extent of enhancement in CO intercalation
correlates with the vacancy concentration, highlighting the potential of defect engineering in MoS, for

a number of potential applications. This mechanism offers a promising approach for CO detection in CO
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Accepted 29th April 2025 + CO, gas mixtures, which combines an intrinsic feedback loop for elevated gas capture in MoS, under

conditions of incomplete combustion. Additionally, sulfur vacancies support CO oxidation back to CO,,

DOI: 10.1039/d5ta00889a suggesting new opportunities for the CO, reduction reaction (CRR) and advancing the design of
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1. Introduction

In the dynamic landscape of materials science and chemistry,
two-dimensional materials (2DMs) have emerged as a prom-
ising frontier with transformative potential in various applica-
tions, including energy harvesting, advanced electronics, optics,
sensors, and catalysis."® As research continues to unfold, the
intricate physicochemistry of 2DMs promises to unlock further
opportunities, solidifying their pivotal role in future
technologies.*” Among 2DMs, graphene and transition-metal
dichalcogenides (TMDs) stand out as the most popular and
extensively investigated due to their unique properties,
tunability, and well-established fabrication methods.***> The
latter ensures sheet quality, thus providing more repeatable and
controllable behavior compared to other 2DMs, which positions
them as the most viable for technological and commercial
applications.*'* These original materials hold significant
potential for advancements in -cutting-edge technologies,
resulting in a deep interest in processes on their surfaces and
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multifunctional catalytic systems based on 2D materials.

interfaces.”*?® Despite years of notable interest, the mecha-
nisms describing such interplay are not fully understood.
Consequently, the full exploitation of observed properties is
currently not possible, leading to less confident adoption of the
materials as part of innovative solutions. One noteworthy
example is intercalation. Being prime representatives of the van
der Waals (vdW) crystal family, multilayered graphene and
TMDs consist of stacked, weakly interacting sheets, naturally
making them excellent for intercalating various species. This
interaction mode has been relatively broadly studied for
graphene,** but far less frequently addressed in the context of
TMDs other than in a few selected cases.?

One of the most obvious motivations for studying interca-
lation is energy storage applications since the phenomenon
forms the basic principle behind the use of 2DMs in batteries
and supercapacitors. Accordingly, much of the research on this
subject has been done for alkali metals.>”~*> However, with this
very focus, a broader technological context of intercalation
receives little consideration in comparison, especially as it
pertains to unintentional molecular contaminants. Thus,
intercalation is generally not considered for most electronic and
optical components comprising 2DMs, even when exposed to
air, as in the case of sensors.**?” It is also consistently not
explored in terms of many technological processes, including
those based on atomic layer deposition (ALD), even when small
molecular reagents such as water are used.*® The interplay
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between intercalation and catalysis also remains mostly unex-
plored.***® To illustrate this substantial knowledge gap, it was
only in 2023 that NO, intercalation was first considered for
a molybdenum ditelluride (MoTe,) bilayer,** despite NO, being
the main target analyte for TMD-based sensors,**” with no
other studies addressing similar issues.

As we argued above, intercalation in the context of TMDs and
graphene is generally not well explored outside of alkali inter-
calants. In principle, other species should also be able to
intercalate, provided that the sum of exothermic intercalant-
sheet interactions exceeds the endothermic interlayer expan-
sion energy they induce. As such, small-molecule intercalation
may also be favorable, although without sufficient insight into
the physicochemical properties and well-examined likelihoods
of occurrence, its recognition, mitigation, or use remains
challenging. One important example calling for more investi-
gations concerns cases of contaminant intercalation along with
the desired intercalant, possibly limiting the overall perfor-
mance of devices such as batteries. If intercalation for such
species is energetically favorable and these are present during
the fabrication or in the operating atmosphere, the process will
typically occur. This could result in less consistent and stable
properties and parameters of fabricated structures, the repro-
ducibility of which is of great importance in electronics and
optics. Naturally, there would be some competition among
species to intercalate, making it essential to identify which
contaminants might have a harmful impact. It would also seem
that one can prevent the introduction of unwanted intercalants
by providing appropriate production conditions and then,
depending on the intended use, by isolating the device from the
environment with a passivation layer using techniques such as
ALD.***>* Nonetheless, given the gaps in current knowledge,
such shielding processes themselves could potentially facilitate
undesired intercalation, as they often involve high tempera-
tures and small molecular reagents. An example that supports
such claims can be the impact of the ALD on the charge carrier
concentration in graphene.**** Given the origin of the original
carrier concentrations from spontaneous polarization at the
interface,’® observed changes can potentially arise from the
intercalation of water. Despite this, the possibility remains
unexplored, posing a challenge in understanding the consistent
properties of 2DMs.

So far, it may seem that intercalation is primarily an unde-
sirable effect, but this need not always be the case. It could have
interesting implications in the context of catalysis, as the
process would introduce more surface area for the reagents.
More than that, the compression imposed on the intercalants
by the sheets has the potential to facilitate novel reactions that
are not observed upon absorption.** For similar reasons,
informed utilization of intercalation may also benefit the
development of novel gas sensors. To this date, 2DMs have been
vastly investigated in this role, especially in the case of NO,.*"~*
Unique intrinsic properties and a high surface-to-volume ratio
led to severe advantages of such sensors, i.e. ppb detection
limits, excellent selectivity, and fast responses. Nevertheless,
the vast majority of the research concerns only adsorption-
related effects. Since chemiresistors’ response is represented
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by the change in the electrical conductivity of the sensing layer
resulting from the charge transfers between the layer and the
adsorbates,* intercalation should intrinsically improve sensi-
tivity. This is because it allows more surface area of the sensing
material to interact with the analyte. Consequently, this could
be the reason why the NO, response for a 5-layer molybdenum
disulfide (MoS,) was found to be several times greater than that
for a bilayer MoS,, while the effect was notably smaller for
ammonia (NH;3).** Furthermore, this same principle could
underlie the improved response and recovery characteristics of
interlayer-expanded VS, at room temperature.>

The selectivity and enhanced sensitivity promised by the
utilization of intercalation can be potentially further exploited
by defect engineering. The impact of vacancy doping on the
reactivity of 2DMs is clear, as it introduces new active sites that
enhance molecule-surface interactions.”® Here, a definite
advantage of TMDs over graphene arises: in the latter material,
even a one-atom vacancy results in the formation of a through-
hole, causing adverse changes in the mechanical and electrical
properties.*® Having three layers of atoms, TMDs are naturally
more resistant to similar consequences, allowing for much
more aggressive surface modification. With the increase in this
reactivity, also come selectivity benefits, resulting from the
geometrical constraints of the vacancies. Predictions of the
behavior of different intercalants would allow for such
constraints to be used to restrain the enhanced intercalation
mechanism to the species of a given shape and size. Described
improvements relative to pristine TMDs appear to hold great
potential for designing selective and sensitive, cutting-edge
sensors. However, it should be noted that intercalation would
prolong the recovery time. There is common confusion
regarding this parameter for many 2DM-based sensors, where
weak physisorption on the surface is expected, but recovery at
room temperature takes minutes to hours.**** Intercalation
could be one of the contributing factors; thus, the insights
would help develop strategies to mitigate this effect and shorten
the time.

Intercalation has broad implications and can affect the use
of TMDs in most of their applications. As such, it needs to be
well understood and accounted for before their intrinsic prop-
erties can be fully exploited and they can be confidently adopted
in technological innovations. We want to emphasize here again
the role of these materials in the context of gas sensors, the
development of which is more and more necessary every day
due to global air pollution problems. Carbon dioxide (CO,) and
carbon monoxide (CO), being the adverse products of fossil fuel
combustion, represent prime examples of molecules that
should be strictly controlled. While the first one carries long-
term damage as a widespread greenhouse gas, the latter
endangers the population more directly, leading to an increased
risk of ischaemic heart disease, stroke, asthma, and cancer.>”%%
Despite the remarkable success of TMDs in NO, detection, the
CO, and CO ones leave much to be desired. The fundamental
reason is their lack of a significant dipole moment, compared to
e.g. NO,, making them not as susceptible to interaction through
vdW forces, the primary mode of adsorption on pristine TMDs'
surfaces.*>*>*® Theoretically, the little detector response can be

This journal is © The Royal Society of Chemistry 2025
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enhanced by employing an intercalation-based approach,
increasing the surface area exposed to interaction and, thus,
sensitivity. Another approach is to vacancy dope the layer. Such
treatment would create new active adsorption sites, potentially
unlocking new modes of interaction. The question remains
whether both CO and CO, will react to vacancies in the same
manner - if smaller CO would benefit more due to easier access
to the site, the effect may be used for selective detection. In this
way, one could control the completeness of combustion
processes or monitor the CO level in the CO,-rich atmospheres
of today's agglomerations. In this regard, we present the first-
principle study of CO, and CO intercalation between two
monolayers of MoS,, pristine or with single-atom sulfur
vacancies. This TMD was specifically chosen due to its wide-
spread use in NO, sensors*>**-** and well-established fabrica-
tion methods,**® allowing for controlled defect introduction.
Moreover, MoS, is known to catalyze the reduction of carbon
dioxide.*” The reaction, especially hydrogenation to meth-
anol, can be further optimized by utilizing vacancy-rich
layers;”>”* nonetheless, the studies mainly focus on exposed-
surface physics, disregarding the impact of intercalation. Our
investigations on MoS, have not been limited only to describing
the effects due to the presence of vacancies but also take into
account different molecular coverages. The latter parameter was
proven to influence the response of MoTe,;*" hence, it is ex-
pected to be of significance in the case of akin MoS,. The pre-
sented theoretical insights provide a sound basis for a highly
sensitive MoS,-based CO sensor, an incomplete combustion
detector, or a selective catalyst.

2. Computational details

In silico modeling presented in the study utilized the DFT
framework based on plane waves, and ultrasoft pseudopoten-
tials (USPPs), as implemented in the QUANTUM ESPRESSO
suite.”””” The employed pseudopotentials included scalar-
relativistic and nonlinear core corrections. The plane-wave
cutoff energies were set at 50 Ry for the wave function and at
500 Ry for the electron density. The integration of the Brillouin
zone was done with a Monkhorst-Pack grid” of 4 x 4 x 1.
Several trials were conducted to assess optimal cutoff energies
and k-point grids until higher values showed minimal impact
on the modeled intercalation process. During structure opti-
mization, all atoms’ positions were adjusted until the force and
the total energy reached convergence criteria of less than 103
Ry au™' and 10" Ry, respectively. For this purpose, the Broy-
den-Fletcher-Goldfarb-Shanno (BFGS)”*** quasi-Newton algo-
rithm was used. The partial charges were established with
Lowdin® population analysis, considering only the influence of
the valence electrons and omitting the core ones.

Given the substantial influence of electronic states near the
Fermi level on molecule-sheet interactions, we initially evalu-
ated several exchange-correlation (XC) functionals, including
the generalized gradient approximation (GGA)-based Perdew—
Burke-Ernzerhof (PBE) functional,®* the hybrid Heyd-Scu-
seria-Ernzerhof (HSE) functional, and the Hubbard U correc-
tion. these more computationally

However, intensive
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approaches did not yield significant improvements in the
accuracy of the calculated adsorption properties to warrant
their continued use. This observation aligns with a substantial
body of literature that effectively employs PBE-based method-
ologies in similar systems.*** On the other hand, because the
basal plane of pristine TMDs is chemically inert, interactions
with CO, and CO molecules are predominantly governed by van
der Waals (vdW) forces.”™*® Consequently, selecting an appro-
priate vdW correction is critical. In this context, dispersion
correction schemes such as Grimme's D3 method®"** are widely
used in combination with the PBE functional to capture these
weak interactions accurately.®®9-%¢

Given the focus on intercalation in multilayer TMDs, it is
essential that the computational approach accurately captures
both in-plane and out-of-plane structural parameters. To eval-
uate the reliability of the chosen PBE + D3 framework, we
compared the calculated lattice constants with those obtained
using several non-local correlation functionals: vdW-DF-
OBK8,” vdW-DF-OB86,® and vdW-DF2-B86R,” alongside
available experimental data. The results show that the PBE + D3
approach exhibits strong agreement with experimental values
(see Fig. 1), performing comparably to—or in some cases better
than—the tested non-local functionals. These findings validate
the accuracy and robustness of the adopted computational
methodology.
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Fig.1 Comparison of a lattice constants of 2H-MoS, obtained for the
PBE functional without and with the D3 correction, as well as for non-
local correlation functionals: vdW-DF2-B86R,*° vdW-DF-OBK8,%” and
vdW-DF-OB86.8 The *experimental values of a = 3.16 Aand c = 12.29
A for bulk MoS, were taken from studies of Bronsema et al.**® and
Joensen et al.**
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Fig. 2 Supercells of pristine MoS;: (a) 3 x 3, (b) 4 x 4, and (c) 5 x 5. Sulfur and molybdenum atoms are colored yellow and blue, respectively.
Vacancy-doped systems were obtained by removing a single S atom from the lower sheet, as shown by the red circle in panel (a).

To asses vibrational contributions of CO and CO, we have
employed the density functional perturbation theory (DFPT)
approach as implemented using the PHONON.X code of
QUANTUM ESPRESSO. The free molecules were relaxed and
perturbed in a cubic cell with the same volume as that of the
hexagonal cell employed for MoS, calculations, allowing
a similar density of plane-wave basis and proper isolation to be
achieved. All of the parameters were the same as those for the
rest of this work, except for the three-body term inclusion in D3
correction due to software limitations.

When calculating the properties of two-dimensional systems
under periodic boundary conditions, images created in the z-
axis may artificially affect the interactions. To mitigate this
effect, cell height was set to 32 A. Atomic structures included in
Fig. 2-6 were rendered using the XcrySDen program.'® Graphs
presented in Fig. 3-6 and 7 were made with the Veusz
package.'®

3. Results and discussion

3.1. Intercalation modeling approach

To explore the behavior of intercalated CO, and CO, three kinds
of bilayer MoS, supercells were prepared: 3 x 3,4 x 4, and 5 x
5. These structures are shown in Fig. 2. The dimensions of
a system in question will be given in parentheses after refer-
encing the number of molecules (mol) contained within.
Employing more than a single supercell allows for the investi-
gation of a broad range of molecular coverages from 0.462 to
7.704 molecules nm ™2 for CO,, i.e. from 1 x CO, (5 X 5) to 6 x
CO, (3 x 3), and from 0.462 to 10.272 molecules nm 2 for CO,
ie. from 1 x CO (5 x 5) to 8 x CO (3 x 3 MoS,). Such an
approach seems crucial since the amount of intercalant may

18574 | J Mater. Chem. A, 2025, 13, 18571-18589

significantly affect the process, as it was previously shown for
NO, between MoTe,.*' During the preliminary studies, we
explored several initial placements of the molecules to identify
the most favorable configurations. Some positions were
selected based on structural symmetry, such as the one located
in the hollow site above the center of a triangle formed by the
nearest-neighboring sulfur atoms. Other configurations were
obtained using ab initio molecular dynamics. From these
simulations, we selected a few local-minima configurations,
which were subsequently optimized. The intercalation energies
of all cases were then examined to identify the most favorable
configurations. For higher coverage scenarios, where multiple
molecules occupy each unit cell, the intercalants were distrib-
uted evenly across the interface, adopting the previously iden-
tified lowest-energy configurations as the initial orientation,
which were then optimized.

The essential parameter allowing for quantitative analysis of
intercalants behavior is intercalation energy Ej,, defined as

Eim = Ecndo + Ecxo (1)
=E(mol 4+ 2L) — E(mol) — E(2L)

This quantity is the sum of energies resulting from the
endothermic interlayer expansion (Eenq,) and exothermic
molecule-sheet interaction (E.y,) and can be further written as
the difference between the energy of the whole intercalation
system (E(mol + 2L) and the sum of free molecules E(mol) and
pristine sheet (E(2L)) energies. Individually the exothermic and
endothermic energies are expressed as:

E.xo = E(mol + 2L) — E(mol) — E(IE — 2L) (2)

Eungo = EAE — 2L) — E(2L). (3)

This journal is © The Royal Society of Chemistry 2025
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From these equations, it becomes evident that the strength
of intercalation is the result of the combat between the favor-
able molecule-layer interaction and the work devoted to the
geometric deformation of the material. A negative Ej,,, indicates
a generally favorable intercalation process, whereas a positive
Ein: suggests that the process is unfavorable.

Previous studies have demonstrated that TMDs hold great
potential for the detection of small molecules such as NO or
NO, 33747495064 However, the fully saturated metal-chalcogen
bonds leave the surfaces chemically inert, significantly
reducing the list of potential analytes. Their activity can be
significantly enhanced through techniques such as doping the
layers with p-block elements®*® or introducing vacancy sites.*®
In this work, we utilize the latter approach, simulated by the
removal of a single sulfur atom from the sheet surface, as
demonstrated using the red circle in Fig. 2. Note that due to the
different sizes of the studied layers, the respective concentra-
tions of vacancies are not identical, though the mode of inter-
actions associated with their occurrence is strongly local and
presents itself completely only with 2 or more molecules per
vacancy. For this reason, the vacant MoS, systems describing
the lowest coverages, i.e. 5 X 5,4 x 4, and 3 x 3 supercells with
one intercalant, seem reasonable to be directly compared.

The fundamental factor affecting the TMD-based sensors’
response is the change in the charge carrier concentration.
Hence, the parameter of substantial importance is the charge
transfer 8Q, calculated according to the formula:

30 = Q(intercalated) — Q(free). (4)

being the difference between the total charge of intercalated
species and their free (in vacuum) counterparts. Additionally,
upon intercalation, the weakly bonded layers of TMDs tend to
separate significantly, increasing the interlayer distance and
creating a larger gap that accommodates molecules. Such
distancing happens at the expense of molecular-sheet bonding
energy, resulting in the lowering of mutual interaction strength. In
this study, we define the total distance between the layers d using

d = z(avg. S upper) — z(avg. S lower), (5)

where z(avg. S upper) is the averaged z coordinate of the
uppermost S atoms in the lower layer and z(avg. Te lower) is the
averaged z coordinate of the lowermost S atoms in the upper
layer.

3.2. Intercalation of CO and CO, between pristine MoS,

Intercalation energy is a key parameter for assessing the
capacity of an intercalant to penetrate and stabilize within
layered structures. For CO, intercalation into MoS, layers, the
intercalation energy values are shown in Fig. 3a as purple
circles, alongside the constituent endothermic and exothermic
components, represented by green diamonds and red squares,
respectively. Detailed numerical values are provided in Table 1.
The analysis indicates that CO, intercalation is largely unfa-
vorable over most of the investigated coverage range. The
highest intercalation energy of 1.43 eV nm ™2 is observed at the

This journal is © The Royal Society of Chemistry 2025
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lowest coverage of 0.462 molecules nm 2, underscoring
a strongly unfavorable process. As molecular coverage
increases, Ej, decreases, eventually crossing into the negative
(favorable) range at a coverage of 5.136 molecules nm 2, where
it reaches —0.049 eV nm 2. Beyond this point, Ej, continues to
decline gradually, achieving —0.262 eV nm™? at the highest
coverage investigated, 7.704 molecules nm 2.

The trend is primarily driven by the reduction in E.y,, which
reflects the strength of interactions between the intercalants
and the layers. At low coverages, E.y, remains slightly below
zero, indicating weak interactions between individual mole-
cules and the upper and lower monolayers. This is illustrated in
Fig. 3d, where CO, molecules lie flat, maintaining a substantial
distance from the MoS, sheets. As molecular coverage
increases, E.x, decreases, indicating enhanced intercalation
strength per unit area due to a greater number of molecules
interacting with the monolayers rather than an increase in
interaction strength per molecule. Individual CO, molecules
interact minimally with MoS,, as evidenced by the small charge
transfer, which does not exceed —0.05 e (see Fig. 3b). From 1.284
molecules nm > to 6.420 molecules nm 2, the total charge
transfer (3Q) increases linearly with the number of CO, mole-
cules, while the average per-molecule charge transfer remains
nearly constant. At higher coverage values, the growth of total
3Q diminishes due to spatial constraints forcing the molecules
into a vertical orientation, as shown in Fig. 3f. This re-
orientation results in greater layer expansion, which reduces
electron transfer efficiency and affects the interlayer distance.
These structural changes directly influence the intercalation
energy.

The structural impact on the MoS, monolayers is further
illustrated by the total interlayer distance d, as shown in Fig. 3c.
This distance expands progressively with increasing intercalant
density, with a prominent jump at 7.704 molecules nm 2
caused by the reorientation of CO, molecules (refer to Fig. 3d-f).
The energy required for such expansion is quantified using
Eendo, Which increases sharply at low coverage due to the
significant interlayer separation necessary to accommodate the
initial intercalants. Subsequently, E.,q4, increases more gradu-
ally with higher coverage and larger interlayer distances. Even at
intercalant densities, Eenqo surpasses FEey,, thereby
hindering favorable intercalation until a coverage of 5.136
molecules nm 2. Importantly, Eenq, does not exceed the energy
difference between a bilayer and two separate monolayers, 2 x
E(monolayer) — E(2 x monolayer). This finding indicates that
while interlayer interactions are significantly weakened, the
monolayers are not fully decoupled by the intercalants. Overall,
the interaction between layers and intercalants is predomi-
nantly van der Waals in nature. This is corroborated by the lack
of geometric distortion in CO, molecules (see top views in
Fig. 3d-f), minimal charge transfers, and high intercalation
energies, which exclude the possibility of chemical bonding.
The inert nature of pristine MoS, surfaces is consistent with
these observations. Furthermore, the absence of a CO, dipole
moment, due to its symmetry, limits the efficiency of phys-
isorption through vdW-based mechanisms.

low
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Fig. 3 Graphs characterizing CO, intercalated between two pristine MoS, monolayers: (a) intercalation energy with endothermic and
exothermic contributions, (b) total charge transfer and charge transfer averaged per molecule, and (c) distance between relaxed layers, all plotted
as a function of sheet coverage. Subfigures (d)-(f) contain selected relaxed configurations corresponding to the points marked with arrows.

Given the vdW nature of interactions between layers and
intercalants, one might expect CO to exhibit intercalation
behavior similar to that of CO,. However, this is not the case.
Fig. 4a—c illustrate the intercalation energies, charge transfers,
and interlayer distances for CO, with numerical data summa-
rized in Table 1. This consistent representation highlights key
differences that become immediately apparent. The most
notable distinction lies in the Ej,-coverage relationship,
depicted in Fig. 4a. At low coverage (0.462 molecules nm™?), CO
exhibits a maximum intercalation energy of 1.507 eV nm 2,
comparable to CO,. However, as coverage increases, Ejn;
decreases, following a trend similar to CO,. Unlike CO,, though,
the intercalation energy for CO remains positive across the
entire coverage range, signifying consistently unfavorable
intercalation. The lowest E;, value, 0.238 eV nm™?, occurs at
7.704 molecules nm 2, after which the curve begins to rise.
Additionally, E;, values for CO are consistently higher than

18576 | J. Mater. Chem. A, 2025, 13, 18571-18589

those for CO, across all coverage levels, underscoring CO's
weaker affinity for MoS, layers.

The exothermic energy follows a similar trend, suggesting
that the energy behavior at higher coverages is more attribut-
able to the intrinsic nature of CO-sheet interactions than to
effects related to disparity in MoS, expansion. Charge transfers,
shown in Fig. 4b, are quantitatively comparable to those of CO,,
remaining below —0.05 e. This indicates that higher molecular
coverage does not enhance induced dipole moments in the
intercalated molecules and, by extension, does not enhance
vdW-driven molecule-sheet interactions. The steady, nearly
linear increase in total 3Q and the consistent per-molecule 3Q
across the coverage range reveal that these quantities are
independent of the number of intercalants. Consequently,
adding more CO molecules does not lead to any qualitative
changes or favorable intercalation behavior.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta00889a

Open Access Article. Published on 15 May 2025. Downloaded on 2/7/2026 5:00:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 1

View Article Online

Journal of Materials Chemistry A

Intercalation parameters for CO, and CO between pristine MoS,. The quantities are defined using eqn (1), (3), (2), (4) and (5). Here, the

symbol 3Q represents the total charge transfer from the sheet to all atoms of the given system molecules

System Coverage (molecules nm?) Eine (eV nm™?) Eendo (€V nm?) Eexo (€V nm™?) 3Q (—e) d (&)
1xCO,5x%x5 0.462 1.430 1.507 —0.077 0.049 5.54
1xCO4 x4 0.722 1.400 1.519 —0.119 0.049 5.57
1xCOp3 %3 1.284 1.299 1.646 —0.347 0.031 6.19
2 x CO,3 x3 2.568 0.872 1.690 —0.818 0.057 6.48
3xC0O,3x3 3.852 0.431 1.703 —-1.273 0.081 6.60
4 xCO,3 %3 5.136 —0.049 1.711 —1.760 0.111 6.65
5xC0O,3 x3 6.420 —0.188 1.736 —1.924 0.137 6.87
6 x COy 3 x3 7.704 —0.262 1.806 —2.067 0.138 7.91
1xCO5 x5 0.462 1.529 1.613 —0.084 0.044 6.01
1xCO4 x4 0.722 1.450 1.523 —0.073 0.066 5.60
1xCO3x3 1.284 1.436 1.661 —0.225 0.034 6.27
2xCO3x3 2.568 1.162 1.699 —0.538 0.062 6.55
3xCO3x3 3.852 0.845 1.708 —0.863 0.077 6.63
4xCO3x3 5.136 0.566 1.720 —1.154 0.100 6.74
5xCO3 x3 6.420 0.301 1.731 —1.431 0.145 6.85
6 x CO3 x 3 7.704 0.238 1.740 —1.503 0.174 6.95
7xCO3x3 8.988 0.396 1.759 —1.363 0.224 7.17
8xCO3x3 10.272 0.717 1.784 —1.067 0.262 7.52

The interlayer distance d, plotted in Fig. 4c, varies from
approximately 6 to nearly 8 A, reflecting a gradual and smooth
expansion of the sheets as intercalants position themselves
vertically. This behavior is visualized in Fig. 4d-f, which show
MoS, configurations at coverages of 0.462, 7.704, and 10.272
molecules nm™>, respectively. For any given number of CO
molecules, d is slightly larger than that in the corresponding
CO, system. The associated Ee,q0, Which accounts for the energy
required for this layer expansion, combined with the weak
molecule-layer interactions, makes pristine MoS, suboptimal
for CO intercalation.

The differences between CO and CO, intercalation originate
from the nature of molecule-sheet interactions. Beyond 7.704
molecules nm >, the total exothermic energy for CO increases
rather than decreases. One might attribute this to potential
repulsion between neighboring intercalants. However, if such
repulsion were significant, it would manifest more prominently
for CO,, a larger molecule, and likely lead to the formation of
a second molecular layer at the interface, which is not observed.
Instead, this behavior is likely a consequence of molecular
orientation. At higher coverages, CO molecules reorient from
a flat to a vertical alignment, a configuration that is less ener-
getically favorable for CO compared to CO, (Table 2).

3.3. Unlocking the CO and CO, intercalation potential via
single-atom vacancy doping

While our findings for pristine monolayers indicate that the
intercalation of CO and CO, is generally unfavorable, this
analysis does not fully capture the intercalation behavior in
MoS,. Even high-quality monolayers inevitably possess defects,
among which sulfur vacancies are particularly significant.
These vacancies can alter the reactivity of basal planes and
create sites conducive to the incorporation of intercalants.

This journal is © The Royal Society of Chemistry 2025

Thus, such defects could, in principle, act as facilitators—or
vectors—for intercalation, enabling a process that would
otherwise be energetically unfavorable. As a result, the inter-
calation capacity of real-world MoS, structures may surpass the
predictions of pristine models, potentially increasing the prev-
alence of unintentional intercalation depending on the quality
of the sheets. Moreover, if sulfur vacancies significantly
enhance intercalation favorability, they could be intentionally
engineered to optimize MoS, sheets for specific applications,
presenting new opportunities for material design and func-
tionalization. To investigate this, we examine the intercalation
of CO and CO, using a defective MoS, model, where single
sulfur vacancies are introduced at the interface. Specifically, one
sulfur atom per supercell is removed from the upper sulfur layer
of the lower MoS, monolayer (see Fig. 2a). To ensure the reli-
ability of our results, the model structures used in this study
incorporate experimentally realistic defect concentrations.
These vacancy levels can be practically achieved in MoS,
through various established methods, including salt-assisted
chemical vapor deposition (CVD).***

The effects of vacancies on the intercalation of CO, are
shown in Fig. 5, where the parameters are presented in the same
format as that for pristine MoS, to allow direct comparison. The
vertical and horizontal scales remain consistent across cases.
The results indicate that the E;,. curve for defective MoS, is
qualitatively and quantitatively similar to that of the pristine
sheet. Across the range of 0.722 molecules nm > to 5.136
molecules nm ™2, Ej, values differ by no more than 0.12 eV
nm~2 Thus, as in pristine MoS,, intercalation energy in
defective MoS, is highest at low molecular coverage and
decreases gradually, becoming negative near 5.2 molecules
nm~> before continuing to decline. Relative to pristine MoS,,
intercalation of CO, becomes energetically favorable at slightly
higher coverage in the sulfur-deficient system. However, this
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Table 2 Intercalation parameters for CO, and CO between vacancy-doped MoS,. The quantities are defined using eqn (1), (3), (2), (4) and (5).
Here, the symbol 3Q represents the total charge transfer from the sheet to all atoms of the given system molecules

System Coverage (molecules nm?) Ein¢ (eV nm™?) Eendo (6V nm™2) Eeyo (€V nm ™ ?) 3Q (—e) d(A)
1xCO4 x4 0.722 1.406 1.538 —0.132 0.045 5.65
1xCO,3 x3 1.284 1.237 1.593 —0.357 0.030 6.05
2 xC0O,3 %3 2.568 0.895 1.648 —0.753 0.044 6.42
3xC0O3 %3 3.852 0.465 1.662 —-1.197 0.077 6.53
4 x CO,3 x3 5.136 0.004 1.671 —1.667 0.101 6.61
5xC0O,3 x3 6.420 —0.300 1.688 —1.988 0.153 6.76
1xCO4x4 0.722 —0.620 0.074 —0.701 0.486 3.18
1xCO3x3 1.284 —-1.159 0.207 —1.393 0.469 3.25
2xCO3x3 2.568 —1.048 1.481 —2.730 0.584 5.35
3xCO3x3 3.852 —1.244 1.641 —3.078 0.608 6.02
4xCO3x3 5.136 —1.499 1.699 —3.392 0.623 6.39
5xCO3x3 6.420 —1.860 1.706 —3.755 0.630 6.45
6 x CO3 x 3 7.704 —2.031 1.738 —3.959 0.669 6.73
7 xCO3x3 8.988 —2.139 1.760 —4.090 0.687 6.97
8 xCO3x3 10.272 —2.359 1.783 —4.333 0.726 7.27
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difference is minimal, suggesting that sulfur vacancies have
a negligible impact on the energetics of the intercalation
process.

Yet, despite these similarities, some structural differences
arise due to the presence of defects. At 6.420 molecules nm ™2,
one CO, molecule reorients vertically and shifts toward the
vacancy site, as illustrated in Fig. 5f. This reorientation induces
a relatively sharp increase of —0.052 e in the total charge
transfer between 5.136 and 6.420 molecules nm™ > (see Fig. 5b).
However, even with this adjustment, the interaction remains
within the weak physisorption regime. At significant coverage,
such as 6.420 molecules nm™2, no CO, molecule forms
a chemical bond with the vacancy site, leaving the overall
intercalation parameters largely unaffected by the defect.
Additionally, the removal of sulfur slightly reduces the inter-
layer expansion d (Fig. 5¢), which modestly diminishes the Eenq,
contribution. However, this effect is minor. Hence, the E..,

This journal is © The Royal Society of Chemistry 2025

continues to decrease linearly with the addition of molecules,
while E.nq, increases sharply at low coverages and then
increases only modestly with higher coverage, mirroring the
behavior observed for pristine MoS,.

The minimal influence of vacancies on CO, intercalation is
corroborated by Fig. 5d-f, where all CO, molecules remain
undeformed and maintain their original distance from the
monolayers, with the exception of the vertically oriented mole-
cule in Fig. 5f. The limited impact of vacancies may be attrib-
uted to the size of the CO, molecule, which imposes stricter
geometric constraints on bonding interactions. As a result, CO,
cannot incorporate into the vacancies and benefit from the
exposure of Mo atoms at these sites. The intercalation behavior
of CO, in defective MoS,, therefore, is largely similar to that in
pristine sheets, showing negligible impact from the introduc-
tion of sulfur vacancies.
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In contrast, the intercalation behavior changes significantly
when CO is introduced. Intercalation of CO in vacancy-doped
MoS, is energetically favorable across the entire analyzed
coverage range. The E;,, trend is presented in Fig. 6a, with
adjusted vertical scales for clarity. At 0.722 molecules nm ™2, the
intercalation energy is —0.620 eV nm~ %, much lower than any
value observed in previous cases, suggesting the emergence of
a new mode of interaction. Indeed, CO settles directly into the
vacancy, as shown in Fig. 6d. The bonding here is clearly
chemical, localized, and significantly stronger than the vdW-
based adsorption described earlier. High charge transfer (3Q
= —0.486 ¢, Fig. 6b) further confirms the chemical nature of the
interaction. Additionally, upon adsorption, the C-O bond
length increases to 1.21 A compared to the original 1.13 A of free
CO, indicating partial activation of the molecule within the
sulfur vacancy site of MoS,. The interlayer distance d (Fig. 6¢) is
barely larger than that of intercalant-free MoS,, as CO occupies

18580 | J Mater. Chem. A, 2025, 13, 18571-18589

the vacancy, minimizing the need for layer expansion. Conse-
quently, E.nqo is minimal, and the dominant energy contribu-
tion comes from the favorable E.,, due to strong binding.

At 1.284 molecules nm 2, each vacancy hosts one CO mole-
cule, resulting in interactions similar to those at its lower levels.
However, at higher coverages (2.568 molecules nm~> and above),
where the number of CO intercalants exceeds the number of
vacancies, a chemical reaction occurs: 2 x CO — CO, + C. The
resultant carbon atom bonds with the exposed Mo atoms, while
CO, remains suspended between the layers (Fig. 6e). This reac-
tion causes a significant increase in total charge transfer (by
0.115 €) between 1.284 molecules nm 2 and 2.568 molecules
nm 2, most of which arises from the carbon covalently bonding
to the MoS, sheet.

Although this specific pathway has not been previously re-
ported for MoS,, similar vacancy-mediated oxidation
processes—such as 2CO + O, — 2CO,—have been observed,'**

This journal is © The Royal Society of Chemistry 2025
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further supporting the catalytic potential of sulfur-deficient
MosS, systems. Hence, to assess the thermodynamic feasibility
of CO oxidation via intercalation, we considered both the zero-
point energy (ZPE) and vibrational entropy S,;, contributions to
the reaction 2CO — CO, + C. Based on the vibrational
frequencies, the zero-point energy can be calculated as:

ZPE = Z% v, (6)

while the vibrational entropy is evaluated as'*

-1

I, hv;

Svib:kBZ]fB—”"T e —1| —Inf1-ent ||, (7

where kg and /4 are the Boltzmann and Planck constants, T'is the
temperature, and »; is the frequency of a given vibration.

The results reveal that, at room temperature, the combined
contribution of zero-point energy and vibrational entropy to the
reaction amounts to a minor correction of approximately 5 meV.
Given that the corresponding electronic energy change is
approximately —1 eV, the reaction remains thermodynamically
favorable.

It is also important to note that the carbon-doped site is
expected to remain catalytically active after the reaction, owing
to the distinct valence configuration of carbon compared to
sulfur. This residual reactivity may promote further catalytic
processes, such as the CO, reduction reaction (CRR), akin to
those occurring at the edges of MoS,.*7%%7

This chemical interaction underscores CO's sensitivity to
single-atom defects. Not only does the presence of vacancies
make CO intercalation immediately favorable, but it also initi-
ates a new interaction regime capable of breaking the C-O
bond. However, the oxidation product (CO,) and the filled
vacancy (now hosting a carbon atom) force the layers to expand
significantly (Fig. 6¢). The associated E.,q, increase of over 1.4
eV nm™? surpasses the E,, gain of approximately 1.3 eV nm ™2,
making intercalation at 2.568 molecules nm > (Ej, = —1.048 eV
nm ™ 2) slightly less favorable than that at 1.284 molecules nm >
(Eine = —1.159 eV nm ™ 2).

However, as CO coverage increases,
molecule-sheet interaction strength grows: E., steadily
decreases, reaching —4.333 eV nm ™2 at 10.272 molecules nm 2.
In contrast, the increase in the cost of interlayer expansion is
much more modest, resulting in overall more favorable inter-
calation energies. This is accompanied by an increase in total
charge transfer and interlayer distance. However, the average
per-molecule 3Q decreases, as the vacancy's effect is localized.
Once the active site is occupied by the carbon atom, subsequent
CO molecules cannot directly benefit from the vacancy. This is
confirmed in Fig. 6f, where additional CO molecules remain
suspended between the MoS, layers. The lone CO, molecule
near the vacancy adopts a near-vertical orientation, likely due to
spatial constraints rather than attraction to the defect. Thus,
the behavior of CO intercalation in defective MoS, is dominated
by strong local interactions at vacancy sites, followed by weaker
interactions akin to those in pristine systems. With asymptotic

the cumulative
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Ecndo behavior, Ejy, is primarily driven by E.., achieving —2.359
eV nm~ 2 at 10.272 molecules nm >,

Taken together, the introduction of vacancies dramatically
alters MoS,'s response to CO intercalants. Unlike CO,, the inter-
action mechanism shifts from weak vdW forces to strong chem-
isorption at vacancy sites. This highly localized effect depends on
the vacancy-to-CO ratio. While further CO coverage after vacancy
saturation still leads to favorable intercalation, the greatest ener-
getic payoff occurs when the number of CO molecules matches
the number of vacancies, minimizing energy losses due to inter-
layer expansion. Consequently, the higher the density of sulfur
vacancies in MoS,, the greater the propensity for CO intercalation.

3.4. Evaluating the selectivity and strength of vacancy-
induced enhancement

The results demonstrate that sulfur vacancies in MoS, can have
a significant qualitative impact on intercalation, substantially
enhancing its favorability for CO while exerting minimal influ-
ence on CO,. To quantify the effect of vacancies and illustrate
this selectivity, Fig. 7 presents the changes in Ej,;, 0Q, and
d between pristine and vacancy-doped MoS, for both inter-
calants. These differences are defined as follows:

AE;, = Ep(vacant) — Ey,(pristine) (8)
A3Q = dQ(vacant) — d3Q(pristine) 9)

Ad = d(vacant) — d(pristine) (10)

It is evident from Fig. 7a-c that CO, remains largely unaf-
fected by the presence of vacancies, as indicated by the near-
zero differences in Ej,, 8Q, and d. The flat trend lines across
molecular coverages indicate no significant modulation of these
parameters. On one hand, this finding excludes vacancy doping
as a viable strategy for enhancing the intercalation of CO, in
MoS,, limiting its utility for MoS, sheet engineering or for
employing vacancy-induced sensitivity enhancement mecha-
nisms. On the other hand, this suggests that unintentional
intercalation of CO, is generally unlikely and the structural
quality of the layer is less critical in mitigating such occur-
rences. Furthermore, this behavior minimizes the potential for
competing effects arising from widespread CO, following
vacancy-induced optimization to other intercalants.

In contrast, CO intercalation is significantly enhanced in
defective MoS,. Fig. 7a shows a substantial reduction in inter-
calation energy, with values decreasing by approximately —2 eV
nm > at a minimum and exceeding —3 eV nm™> at 10.272
molecules nm ™2 This highlights the prevailing effect of
vacancies, regardless of whether their per-area concentration
equals or is less than that of the molecules. Substantial changes
are also observed in charge transfer, particularly at low cover-
ages, with a gradual decrease as coverage increases. Thus, sulfur
vacancies not only serve as effective vectors for enhancing CO
intercalation in MoS,, but their impact scales with higher
vacancy concentrations, amplifying the sheet's response. The
geometric impact on MoS, is equally pronounced. The vacancy-
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Fig. 7 Differences in intercalation parameters induced by the vacancy
introduction for CO, and CO: (a) intercalation energy, (b) charge
transfer, and (c) distance between relaxed layers. Definitions are given
using eqgn (8)—(10).

filling by intercalated CO or by a carbon atom released during
oxidation allows the layers to maintain a significantly reduced
interlayer distance compared to pristine MoS,, reaching as low
as 3 A at 1.284 molecules nm 2. All CO-related curves in Fig. 7a-
c exhibit local extrema at this coverage, indicating that this
concentration is optimal for leveraging the benefits of
vacancies.

Furthermore, considering the behavior of gas mixtures adds
an additional layer of complexity. A primary factor opposing

18582 | J Mater. Chem. A, 2025, 13, 18571-18589
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favorable CO, intercalation is the endothermic layer expansion,
which requires over 1.5 eV nm 2. However, the highly exothermic
oxidation of CO counteracts this energy expense, leaving the
MosS, structure significantly expanded. In such a system, addi-
tional CO, molecules can intercalate more easily since the layers
would not need to separate further to accommodate them. This
reduces the E.ng, contribution and mitigates the reduction in
E;n.. Consequently, even a small amount of CO mixed with CO,
could influence the intercalation process of the latter, presenting
new opportunities for CO detection mechanisms or, conversely,
increasing the risk of facilitating access for unwanted inter-
calants in technological applications.

3.5. Potential of vacancy engineered MoS,, for intercalation-
based applications

The promotion of intercalation driven by sulfur vacancies and
its high selectivity position vacancy-doped MoS, as a promising
material for various technological applications. One clear
example is its potential use in CO chemisorption-based gas
sensors. To date, MoS, and other TMDs have had limited
success in detecting CO and similar analytes with weak dipole
moments due to low adsorption energies and insufficient
charge transfer, which result in poor sensitivity and selec-
tivity.>°*1%® Vacancy doping addresses these limitations by
improving both the sensitivity and selectivity of CO detection in
CO + CO, mixtures.

While the present study focuses on CO and CO, intercala-
tion, the findings may have broader implications for gas selec-
tivity. Intercalation is inherently a competitive process,
governed by the balance between the endothermic energy cost
of interlayer expansion and the exothermic energy gain from
molecule-sheet interactions. Among commonly encountered
gases in ambient environments—such as H,O, O,, CO,, and
CO—differences in molecular size are relatively minor. There-
fore, the key differentiating factor is the adsorption energy of
each species on the TMD surface. Prior studies on MoS, have
shown that the adsorption energies of H,O and O, are approx-
imately 75% of that of CO,*'* indicating that CO is more
strongly bound. This suggests that the enhanced CO sensitivity
and selectivity observed in our work should remain robust
under typical environmental conditions. Additionally, it may
offer further benefits for long-term environmental stability, as
the lower intercalation competitiveness of H,O and O, is ex-
pected to intrinsically limit their ability to interfere with the
intercalation process or passivate vacancy sites. Such behavior
would be generally consistent with the well-documented
hydrophobic nature of MoS, basal planes."’

Under clean combustion conditions, CO, alone struggles to
intercalate effectively. However, even a small amount of CO in
the mixture can enhance the intercalation process. The reaction
2 x CO — CO, + C facilitates interlayer expansion in MoS,,
which subsequently makes CO, intercalation easier. This
cascade effect enhances the cumulative response of the layer by
modulating the carrier concentration through charge-transfer
mechanisms in intercalated multilayer systems (see Fig. 8),
thereby improving its sensitivity to CO in CO + CO, mixtures.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Change in the charge carrier concentration upon CO, or CO
intercalation for pristine and vacant-MoS; as a function of molecular
coverage. Positive values correspond to p-type doping of the sheets.

Our model predicts carrier concentrations in the range of 10
to 10" ecm™? representing substantial levels of p-type doping
arising solely from the intercalation process—comparable to
doping levels commonly reported for MoS,."™ Moreover, this
mechanism may function as a positive feedback loop,
promoting increased gas uptake in MoS, under conditions such
as those present during incomplete combustion.

Such a monitoring system could play a critical role in regu-
lating fossil fuel combustion atmospheres and managing
carbon dioxide reduction rates. By strategically incorporating
sulfur vacancies or dopants such as niobium, the rates and
products of these reactions can be precisely controlled.”>”*”*
While some methods target the synthesis of methanol or
methane, CO production is also frequently observed.” Notably,
vacancy engineering has been shown to facilitate the conversion
of CO into methanol.”>”* Our analysis reveals that in the
absence of sufficient oxygen or hydrogen, vacancies can alter-
natively support CO oxidation back to CO,, creating renewed
opportunities for reduction processes.

Integrating intercalation into this context shifts the focus of
MosS, functionalization efforts from edge-specific tailoring to
bulk engineering. This approach allows for the functionaliza-
tion of layers during crystal growth and the exposed surfaces of
multilayered MoS,. With sufficient sulfur removal, intercalation
between vacancy-doped MoS, layers could also serve as an
efficient CO capture mechanism, particularly at coverages below
2.568 molecules nm 2. The saturation of such a system could be
readily identified through a sharp change in the MoS, carrier
concentration (see Fig. 8), corresponding to the rapid growth in
total charge transfer.

For a more quantitative evaluation, CHNO elemental anal-
ysis can be employed to assess molecular coverage accurately.
This method has been successfully used to determine the
intercalation levels of NH," in MoS,.'*> Another viable method
of monitoring CO or CO, intercalation involves detecting
swelling in the MoS, structure. The shift in interaction mode
from CO adsorption in vacancies (<1.284 molecules nm™2) to
CO oxidation (=2.568 molecules nm™?) results in a layer
expansion exceeding 64%. This substantial structural change
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would manifest as detectable lattice constant variations in
a multilayered crystal. Intercalation in bulk MoS, crystals could
thus be monitored using techniques such as interferometry,
Raman spectroscopy, or other industrially viable methods, as
charge and strain in 2D materials are known to produce
measurable intercalation effects.'****¢ Additionally, the piezo-
electric properties of MoS,-based structures, which have already
been demonstrated,””*** could provide another avenue for
exploiting these changes.

The interplay of intercalation and sulfur vacancy engineering
unlocks a wide array of potential device enhancements and
introduces new modes of interaction, paving the way for inno-
vative applications. The insights provided by this analysis not
only support the development of next-generation intercalation
and defect-engineered TMD devices but also offer explanations
for the previously unexplained differences between multilay-
ered and monolayered MoS, systems. Furthermore, our insights
into intercalation favorability suggest that structural variations
across different TMD materials—such as differences in van der
Waals gap sizes and lattice constants—could give rise to distinct
intercalation behaviors. This adds an additional dimension for
tuning the performance of TMD-based systems and may also
enable improved detection selectivity when different TMDs are
employed in tandem.

4. Conclusions

This paper investigates in silico studies of CO and CO, inter-
calation between layers of MoS,, analyzing the effects of single-
atom sulfur vacancies and molecular coverage on structural
expansion, intercalation energy, and charge transfer. The
results demonstrate that both pristine and vacancy-doped
sheets are highly sensitive to the intercalant concentration,
with distinct behaviors observed for CO and CO,. For CO,,
increasing molecular coverage consistently reduces intercala-
tion energy in both pristine and defective sheets, yielding
negative values at coverages above 5.136 molecules nm >
Interestingly, sulfur vacancies have a minimal impact on this
process, suggesting that defects play a negligible role in CO,
intercalation. In contrast, CO exhibits markedly different
behavior. In pristine MoS,, CO intercalation is universally
endothermic and energetically unfavorable across all studied
coverages. However, the presence of sulfur vacancies trans-
forms the process into an exothermic one for all investigated
coverages. This enhancement stems from two distinct
mechanisms:

(1) CO molecules incorporate into sulfur vacancies, forming
chemical bonds between the carbon atom of CO and exposed
molybdenum atoms.

(2) Remaining CO molecules interact with these incorpo-
rated molecules, triggering an oxidation reaction (2 x CO —
CO, + C). This reaction converts two CO molecules into one CO,
molecule and a free carbon atom, with the remaining carbon
incorporated within the sulfur vacancy.

As a result, the extent of enhancement in CO intercalation is
strongly correlated with the vacancy concentration. This finding
highlights the potential of defect engineering in MoS,, where
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higher defect densities enable increased intercalation and
facilitate substantial charge transfer. The dominant contribu-
tion to total charge transfer arises from the formation of C-Mo
bonds, which are inherently limited by the density of sulfur
vacancies. Notably, these mechanisms are absent for CO,,
explaining why its intercalation parameters remain similar in
pristine and defective sheets. However, varying vacancy sizes
may present new opportunities for tuning sheet properties.

This study establishes a foundational framework for
designing gas sensors based on vacancy-doped multilayer MoS,.
Such sensors should exhibit heightened sensitivity to CO,
significantly outperforming pristine sheets, with notable selec-
tivity as reflected in the distinct responses to CO and CO,.
Furthermore, the intercalation-driven approach offers a prom-
ising pathway for CO detection in CO + CO, gas mixtures,
leveraging an intrinsic feedback loop that enhances gas capture
under incomplete combustion conditions. Finally, the findings
also offer insights into potential faults in TMD-based devices.
Intercalated CO, prevalent in some operational environments,
could unintentionally affect device performance. While pristine
MoS, is resistant to such contamination, achieving completely
vacancy-free TMD layers remains a significant challenge even
with advanced synthesis techniques. Additionally, the vacancy-
driven CO oxidation reaction sheds new light on the catalytic
potential of TMDs, emphasizing the need for further explora-
tion of their applications in confined catalysis.
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