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Selective sensing characteristics of Fe doped and
(Fe, N, O) co-doped molybdenum disulfide toward

CO, CO,, and NH3 gases: a first-principles

investigation
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This work investigates the effect of supercell size and effective dopant concentration on Fe-doped and Fe—
N/Fe—-O co-doped MoS, systems toward CO, CO,, NH3 adsorption using first-principles calculations. The
results show that supercell size is a key physical factor governing the predicted properties of these systems.

As the supercell expands from a 2 x 2 x 1 supercell to a 4 x 4 x 1 supercell, the effective dopant

concentration decreases markedly, leading to substantial changes in the electronic structure, while the

magnetic character remains largely preserved. In particular, Fe—-MoS,, Fe—-N-MoS,, and Fe-O-MoS,

systems evolve from metallic or half-metallic behavior in smaller supercells toward semiconducting

states in the 4 x 4 x 1 model. Adsorption energies also vary with supercell size, although less

systematically than the electronic properties. Among the studied systems, Fe—N-MoS, shows the most

noticeable response toward NHs in the high-concentration 2 x 2 x 1 regime, with an adsorption energy
of —0.264 eV, an adsorption distance of 1.5267 A, evident Fe-3d/N-2p hybridization, and stronger charge
transfer. In addition, the calculated sensing descriptors indicate a measurable NHz response, including
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a maximum selectivity of 2.24%, an electronic sensitivity of 98.9% at the Fermi level, and a recovery time

on the order of 1078 s at 300 K. Overall, these results demonstrate that the predicted sensing behavior
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1. Introduction

Air pollution driven by anthropogenic activities has intensified
worldwide, creating an urgent demand for reliable technologies
that can continuously monitor hazardous gases in the envi-
ronment." Toxic and reactive species such as carbon monoxide
(CO), carbon dioxide (CO,), and ammonia (NHj;) are particularly
important targets because they are ubiquitous in industrial,
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of doped MoS, is strongly dependent on supercell size, with the effective dopant concentration
governing both the electronic structure and adsorption characteristics of these two-dimensional systems.

transportation, and domestic settings and can critically affect
air quality and public safety. These practical concerns motivate
the development of sensing platforms capable of detecting CO,
CO,, NH; with high accuracy, rapid response, and strong
selectivity.>* Continued innovation in material design and
system integration remains essential to achieve robust and
sustainable sensing technologies. Against this backdrop, two-
dimensional (2D) materials have gained considerable atten-
tion owing to their large specific surface area, tunable bandgap,
and versatile electronic structures.*** In addition, their elec-
tronic structures are highly tunable by external perturbations
such as adsorption, strain, defect engineering, and chemical
doping, allowing large modulation of conductivity and surface
potential upon gas interaction. Within this family, monolayer
MoS, is especially attractive owing to its intrinsic semi-
conducting behavior and chemical stability, while its electronic
properties can be engineered over a broad range via defect and
dopant control.*® Despite these advantages, pristine MoS, often
exhibits weak interactions with small and relatively stable
molecules such as CO and CO,, and it may yield limited charge-
transfer signatures toward NH; when adsorption occurs on
ideal basal-plane sites. Consequently, pristine MoS, alone is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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frequently insufficient to deliver the combination of sensitivity,
selectivity, and operational robustness required for practical
CO, CO,, NH; monitoring.**™**

To overcome this bottleneck, defect engineering and
substitutional doping, co-doping has been widely adopted to
reconfigure the local electronic environment of MoS,, create
chemically active adsorption centers, and enhance charge-
transfer capability between gas molecules and the sensing
channel.’®'***** Such modifications can introduce defect-
derived states near the Fermi level (Eg), tune band-edge align-
ment, and modify the surface dipole and work function factors
that directly influence adsorption energetics and the magnitude
or sign of sensing response. Among commonly used dopants, N
and O have been reported to induce favorable electronic
modulation in monolayer MoS, for sensing. N can markedly
increase conductivity even pushing the system toward metallic-
like behavior, while O typically alters bonding and band align-
ment and modulates work function, thereby changing the
surface electrostatic response and sensitivity.'**”* These
observations imply that co-doping can provide a more control-
lable route than single-dopant strategies to simultaneously tune
adsorption energetics and electronic readout.

From a mechanistic standpoint, incorporating a transition-
metal dopant such as Fe is particularly appealing because
localized d-states close to the Ef can act as efficient adsorption-
activation centers and amplify adsorption-induced redistribu-
tion in the sensing channel. Coupling Fe with a second dopant
offers an additional handle to tailor Fe's local coordination and
electronic character. In an Fe-N environment, N lone-pair
electrons can reshape the local electric field and modulate the
direction/magnitude of charge transfer, while in an Fe-O envi-
ronment, O's high electronegativity can stabilize the defect
complex and regulate surface dipole/work function—key
descriptors for surface-sensitive detection.'®'”*”** Although
many studies have examined pristine and heteroatom-doped
MosS, systems**>* systematic and side-by-side comparisons of
Fe-based co-doping configurations (Fe-N vs. Fe-O) toward
multiple gases (CO, CO,, NH;) under a unified computational
framework remain limited, making it difficult to extract trans-
ferable design principles linking dopant chemistry to sensing-
relevant descriptors.

In this work, we employ spin-polarized density functional
theory (DFT) calculations to comparatively investigate CO, CO,,
and NH; adsorption on Fe-doped MoS, (Fe-MoS,), Fe-N co-
doped MoS, (Fe-N-MoS,), and Fe-O co-doped MoS, (Fe-O-
MoS,). Using a consistent modeling and evaluation protocol, we
correlate adsorption energetics and adsorption-induced
geometrical signatures with charge-transfer behavior, surface
electrostatic response, and transport-relevant electrical sensi-
tivity, together with stability and recovery considerations. By
establishing direct links between dopant configuration and
sensing descriptors for three technologically important gases,
this study aims to clarify atomistic sensing mechanisms and
provide practical design guidelines for MoS,-based chemir-
esistive sensors with improved selectivity, stability, and opera-
tional reliability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2. Computational methods

This study investigates the structural, electronic, and gas-
adsorption properties of monolayer MoS, using DFT calculations,
employing a 2 x 2 x 1 supercell containing 12 atoms (4 Mo and 8
S). Fe substitutes for a Mo site and N or O substitutes for an S site.
Ina2 x 2 x 1 MoS, supercell containing 4 Mo sites and 8 S sites,
one Fe substitution corresponds to Fe-Mo =1: 4, 25%, and one N
or O substitution corresponds to N or O-S = 1: 8, 12.5%. Because
these concentrations are relatively high, the results obtained from
the 2 x 2 x 1 model should be understood as representing
a concentrated doping regime rather than a dilute-defect limit. To
clarify the effect of supercell size and effective dopant concen-
tration, additional calculations were performed using larger 3 x 3
x 1 supercell and 4 x 4 x 1 supercell. As the supercell size
increases, the effective dopant concentration decreases substan-
tially, which can modify the electronic structure and adsorption
behavior of the doped systems. Therefore, the larger supercells
were included to explicitly assess concentration-dependent trends
and to provide a more reliable reference for comparison, partic-
ularly in the more dilute doping limit. The corresponding results
are discussed separately in the section on the effect of supercell
size and effective dopant concentration. A vacuum thickness of 40
A is introduced along the z direction to eliminate spurious inter-
actions between periodic images of the monolayer. For all
adsorption configurations, the gas molecules are initially placed 3
A above the surface before structural relaxation.

Density functional theory (DFT) calculations are performed
to explore the structural, electronic, and gas-sensing charac-
teristics of CO, CO,, and NH; adsorption on Fe-doped MoS, (Fe-
MoS,), Fe-N co-doped MoS, (Fe-N-MoS,), and Fe-O co-doped
MoS, (Fe-O-MoS,), using the Vienna Ab initio Simulation
Package (VASP).** Exchange-correlation effects are described
within the generalized gradient approximation (GGA) using the
Perdew-Burke-Ernzerhof (PBE) functional,* while electron-ion
interactions are treated with the projector augmented-wave
(PAW) method.*® To properly capture the localized nature of
Fe-3d electrons, the DFT + U method is employed, where the
effective on-site Coulomb parameter U = U — J is applied to
Fe-3d orbitals, with U = 3 eV and J = 0.5 eV.’”*® Long-range
dispersion interactions, which are critical in gas adsorption,
are included using Grimme's semi-empirical DFT-D3 correc-
tion.>® A plane-wave kinetic energy cutoff of 500 eV is adopted to
ensure reliable convergence of the total energy and electronic
structure. The Brillouin zone is sampled using I'-centered k-
point meshes of 5 x 5 x 1 for structural optimizations and
AIMD calculations, and 30 x 30 x 1 for self-consistent elec-
tronic calculations. Structural relaxations are carried out until
the total energy change between two consecutive ionic steps is
less than 10° eV, and the maximum Hellmann-Feynman force
on each atom is below 0.01 ev A~

3. Results and discussion
3.1. Geometric structure

A 2 x 2 x 1 MoS, supercell is constructed, in which Fe is
introduced by substitution at Mo sites and N/O is introduced by

RSC Adv, 2026, 16, 19334-19351 | 19335
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Table 1 Formation (Binding) energy of 25 possible (initial) adsorption configurations of Fe—MoS,, Fe—N-MoS, and Fe—-O-MoS,
Configuration A, B, C, D, A, B, C, D, Cs;
Fe-MoS,-CO —4.2108 —4.2109 —4.2110 —4.2106 —4.2105 —4.2108 —4.2106 —4.2106 —4.2106
Fe-Mo0S,-CO, —4.1482 —4.1484 —4.1484 —4.1485 —4.1473 —4.1476 —4.1475 —4.1474 —
Fe-MoS,-NH; —4.0359 —4.0385 —4.0358 —4.0386 —4.0383 —4.0383 —4.0383 —4.0387 —
Fe-N-MoS,-CO —4.2728 —4.2729 —4.2668 —4.2642 —4.2644 —4.2726 —4.2726 —4.2625 —4.2625
Fe-N-MoS,-CO, —4.2089 —4.2088 —4.2087 —4.2032 —4.1987 —4.1990 —4.2038 —4.2037 —
Fe-N-MoS,-NH; —4.0954 —4.0953 —4.0949 —4.0847 —4.0950 —4.0951 —4.0953 —4.0876 —
Fe-O-MoS,-CO —4.0730 —4.0730 —4.0728 —4.0666 —4.0668 —4.0729 —4.0723 —4.0652 —4.0723
Fe-0O-MoS,-CO, —4.0238 —4.0237 —4.0233 —4.0192 —4.0143 —4.0148 —4.0191 —4.0131 —
Fe-O-MoS,-NH; —4.3143 —4.3143 —4.3143 —4.3050 —4.3138 —4.3139 —4.3132 —4.3072 —

substitution at S sites because of their relatively similar atomic
radius, which is expected to promote structural stability. A total
of 25 possible adsorption configurations are considered for the
target gases, including CO (9 sites), CO, (8 sites), and NH; (8
sites). These sites comprise A (on top of S/N/O atoms), B (Mo/Fe-
S bridge), C (center of the MoS, hexagon), and D (on top of the
Fe atom), as illustrated in Fig. S1-S4. Specifically, after exam-
ining 25 plausible adsorption configurations for each substrate-
Fe-MoS,, Fe-N-MoS,, and Fe-O-MoS,-upon adsorption of CO,
CO,, and NH;, the most stable adsorption sites were deter-
mined based on the formation energy. The results indicate that
the most stable configurations for Fe-MoS,-CO, Fe-MoS,-CO,,
and Fe-MoS,-NH; are C;, Dy, and Dy, respectively; for Fe-N-
MoS,-CO, Fe-N-MoS,-CO,, and Fe-N-MoS,-NH; are B,, A,
and A,, respectively; and for Fe-O-MoS,-CO, Fe-O-MoS,-CO,,
and Fe-O-MoS,-NH; are A;, A;, and A;, respectively. These
stable configurations are summarized in Table 1. Formation
energy or binding energy are essential quantities for identifying
the most stable adsorption sites on a material surface, where
the most stable configuration corresponds to the most negative
energy value. Specifically, the formation energy (Eform) is
calculated as follows eqn (1):*°

Elotal - ZniEi
i

Etorm = N (1)

While E; is the reference energy per atom, n; denotes the
number of atoms of species i, and N is the total number of
atoms in the system.

After identifying the most stable adsorption configurations,
calculations of the electronic properties and sensing charac-
teristics were subsequently carried out. Overall, the buckling
height (7) shows only negligible changes from pristine-MoS,
(1.564 A) to Fe-doped MoS, (1.566 A), and to the co-doped
systems Fe-N (1.439 A) and Fe-O (1.5465 A), indicating good
structural stability at 0 K. In addition, the stability of h is
consistently maintained during gas adsorption across all
structures, as shown in Fig. 1(a-1). Furthermore, the internal
bond lengths within the lattice vary only slightly, with average
values around 2.4 A (see [; and [, in Table 2). Taken together,
these structural parameters confirm that Fe doping as well as
Fe-N and Fe-O co-doping preserve the overall structural
stability. In contrast, the role of Fe doping and Fe-N/O co-
doping becomes clear from the adsorption energies and
adsorption distances. Notably, all gas molecules tend to be

19336 | RSC Adv, 2026, 16, 19334-19351

drawn closer to the substrate under Fe-N/O co-doping, accom-
panied by more negative adsorption energies (Table 2). For CO
and CO,, the adsorption distances to the surface are very
similar: approximately 3.1 A for Fe-MoS,, whereas they decrease
to about 2.4-2.6 A for Fe-N/O systems. Moreover, this similarity
in adsorption distance can be attributed to the similarity in
adsorption energy, the adsorption energy is defined in eqn (2).**

Eads = Etotal - Egas - Esub (2)
where E. is the total energy of the combined slab-gas system,
Eg,s is the energy of the isolated gas molecule, and Egyy, is the
energy of the isolated substrate (either doped or co-doped) prior
to adsorption.

Specifically, CO exhibits only a modest variation in adsorp-
tion energy, with the most negative value on Fe-MoS, (—0.247
eV) and the least negative value on Fe-N-MoS, (—0.150 eV). In
contrast, CO, shows stable adsorption energetics, maintaining
an adsorption energy of approximately —0.272 eV on both Fe-
N-MoS, and Fe-O-MoS,. Likewise, NH; displays the most
consistent adsorption behavior, with an adsorption energy of
around —0.26 eV across all three adsorption systems. These
results indicate that CO, and NH; interact favorably with the
studied substrates.

3.2 Thermal stability

Ab initio molecular dynamics (AIMD) simulations were
employed to evaluate the thermal stability of the Fe-MoS,, Fe-
N-MoS,, and Fe-O-MoS, systems at finite temperatures. Each
structure was equilibrated at 300 K and 700 K for a total simu-
lation time of 10 ps, as illustrated in Fig. 2. At 300 K, all systems
exhibit stable energy fluctuations without noticeable bond
breaking or structural distortion, as shown in Fig. 2(b), (d), and
(f). The total energy oscillates around an equilibrium value with
only minor variations, and comparison of the atomic configu-
rations before and after the simulation reveals negligible
structural changes. When the temperature is increased to 700 K,
larger energy fluctuations are observed, which is expected due
to enhanced thermal motion. However, the overall lattice
framework remains intact throughout the simulation time.
Although slight variations in bond lengths appear at 700 K, no
structural collapse, dopant segregation, or desorption events
are detected within the 10 ps time window. These results indi-
cate short-time thermal stability in AIMD simulations within

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Configurations of the systems (a) Fe—MoS;; (b) Fe—MoS,-CO-C;; (c) Fe=MoS,-CO,—-D;; (d) Fe—=MoS,-NHz-Dy; (e) Fe—=N-MoS,; (f) Fe—
N-MoS,-CO-B;; (g) Fe—=N-MoS,-CO,-A;; (h) Fe—=N-MoS,—-NHz-Ay; (i) Fe—O-MoS;; (j) Fe—O-MoS,-CO-Ay; (k) Fe—O-MoS,-CO,-Ay; (1)
Fe—O—-MoS,—NHz—A;. Here, h is the substrate buckling (A), and d is the adsorption distance measured from the gas molecule to the topmost
layer of the substrate (A). Element colors: S (yellow), Mo (violet), N (light gray), H (pink), C (brown), O (red), Fe (dark yellow).

Table 2 Structural parameters of Fe—MoS,, Fe—N-MoS, and Fe—O-MoS, before and after CO, CO,, and NHz adsorption, including adsorption
energy (E,qs), adsorption distance (d), buckling height (h), and Mo-S longest (1) and shortest (I;) bond lengths, magnetic moment (M,), charge
transfer (AQ) and the electronic state (bandgap, metal or half-metal)

Configurations Eags (eV) d (&) r (&) L& L, (&) Mg (UB) AQ (e) Electronic state
Fe-MoS, — — 1.5660 2.4122 2.4052 2.0000 — Half-metal
Spin-up: 0 eV
Spin-dw: 1.07 eV
Fe-MoS,-CO-C, —0.247 3.088 1.5641 2.4099 2.4006 2.0000 —0.009 Half-metal
Spin-up: 0 eV
Spin-dw: 1.04 eV
Fe-Mo0S,-CO,-D; —0.248 3.1708 1.5632 2.4093 2.3998 2.0000 —0.018 Half-metal
Spin-up: 0 eV
Spin-dw: 1.05 eV
Fe-MoS,-NH;-D, —0.263 2.6248 1.5698 2.4102 2.4004 2.0000 —0.004 Half-metal
Spin-up: 0 eV
Spin-dw: 1.01 eV
Fe-N-MoS, — — 1.5439 2.4481 2.4121 1.735 — Metal
Fe-N-MoS,-CO-B, —0.150 2.5449 1.539 2.4444 2.4086 1.7788 0.00003 Metal
Fe-N-MoS,-CO,-A, —0.272 2.5864 1.5408 2.4425 2.4094 1.7341 —0.0126 Metal
Fe-N-MoS,-NH;-A, —0.264 1.5267 1.5438 2.4438 2.4076 1.7273 0.0126 Metal
Fe-O-MoS, — — 1.5465 2.4308 2.3952 2.0001 — 0.03 eV
Fe-O-MoS,-CO-A, —0.190 2.418 1.5421 2.4284 2.3926 2.0011 —0.0055 0.03 eV
Fe-0O-MoS,-CO,-A, —0.272 2.6197 1.5423 2.4282 2.3934 2.0001 —0.0131 0.03 eV
Fe-O-MoS,-NH;-A, —0.260 1.5994 1.5408 2.428 2.3913 2.0000 0.0086 0.03 eV

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2026, 16, 19334-19351 | 19337
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Fig.2 The AIMD spectra of the Fe—MoS, (a and b), Fe—-N-MoS, (c and d) and Fe—O—-MoS; (e and f) systems are simulated at temperatures of 300

K and 700 K over a time span of 10 ps.

the 300-700 K range and suggest structural robustness under
the simulated conditions. It should be noted that the present
AIMD simulations represent short-time dynamic stability under
idealized environments and do not account for long-term
degradation mechanisms, oxidative conditions, humidity
effects, or dopant migration at extended timescales. Therefore,
the thermal robustness discussed here is limited to the simu-
lated conditions and warrants further experimental verification.

19338 | RSC Adv, 2026, 16, 19334-19351

3.3 Electronic properties

The most significant effect of doping and co-doping is the
modification of intrinsic material properties. Both Fe doping
and Fe-N/O co-doping exhibit a pronounced impact by trans-
forming MoS, from a typical wide-bandgap semiconductor (1.8
eV) into a metallic or half-metallic system in all considered
configurations.' Here, a material is classified as metallic when
both spin-up and spin-down bands intersect the Ef, whereas

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fe—O-MoS,-NHz-A;. The black and red lines illustrate spin-up and spin-dw, respectively.

a half-metal is defined when only one of the two spin channels
(spin-up or spin-down) crosses E; (the system is metallic for one
spin channel but remains semiconducting for the other).
Accordingly, Fe-MoS, with CO, CO,, and NH; adsorption
shows a clear half-metallic character: in the spin-up channel
(black curves), the bands cross Er, indicating metallic behavior,
while in the spin-down (spin-dw) channel (red curves), no bands
intersect Ef, preserving a semiconducting character. In addi-
tion, Fig. 3(a-d) highlights the distinctive role of Fe, which
provides the dominant contribution to the electronic structure.
This confirms that Fe is the key factor responsible for convert-
ing MoS, from a conventional semiconductor into a half-metal.
In contrast, CO, CO,, and NH; are not the primary driving
factors, as their contributions are either weak (C and O) or
located deep within the energy spectrum (N and H). For Fe-O-

© 2026 The Author(s). Published by the Royal Society of Chemistry

MoS,, Fe-O co-doping narrows the band gap, transforming
pristine semiconducting MoS, with a band gap of about 1.8 eV
into a material with a very small gap of 0.03 eV, in which Fe
remains the main contributor. Meanwhile, O enhances the
activation center by introducing an additional dispersive band
very close to E;in the spin-down channel, as shown in Fig. 3(i-1).
By contrast, Fe-N co-doping exhibits a markedly different
synergistic effect compared to Fe-O, converting MoS, into
a fully metallic system, with both spin-up and spin-down
channels crossing Ef, accompanied by noticeable contribu-
tions from N. This difference is rationalized by the much higher
electronegativity of O compared with N, which enables O to
attract electrons more strongly, thereby increasing the local
electron density and promoting Fe as a new activation site with
a stronger tendency to accept electrons. Overall, doping and co-
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doping induce substantial changes in the electronic properties
across all three systems. Among the adsorbates, NH; contrib-
utes more noticeably to the band structure, whereas CO and
CO, do not introduce significant electronic states near the Er. In
contrast, the s (DOS) analysis provides deeper insight into the
nature of orbital hybridization and the interactions among
atoms within the material.

—_—
QD
N

DOS (states/eV)

View Article Online

Paper

Overall, all configurations exhibit strong hybridization
among Fe-3d, S-2p, and Mo-4d states near the Ey, as evidenced
by their substantial orbital overlap in this energy region. In
addition, Fe-3d plays a dominant role in hybridized states
located deeper in the electronic structure (approximately 1-2 eV
below the Ey), indicating that Fe is the key contributor respon-
sible for altering the electronic properties of the host material.
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Specifically, for the Fe-MoS, system, CO and CO, show almost
no participation in hybridization with the substrate, as no
notable orbital overlap is observed. By contrast, NH; exhibits
very strong hybridization: the N-2p states of NH; overlap
strongly with S-2p and Mo-4d states at around —1 €V, consistent
with Fig. 3. A similar behavior is also observed for the Fe-N-
MoS, and Fe-O-MoS, substrates, which helps explain the
relatively stable adsorption energies and the pronounced
reduction in adsorption distances reported in Table 2.
Furthermore, Fig. 4(e) and (i) reveal the contributions of N and
O to the electronic structure, showing relatively weak hybrid-
ization due to the limited overlap of their states. This further
clarifies their role in shaping the metallic or half-metallic
character of Fe-N-MoS, and Fe-O-MoS,, respectively. There-
fore, the features observed in Fig. 4(f), (j), (g), and (h) that
involve N and O contributions are mainly associated with the
dopant atoms within the lattice, rather than N and O originating
from the adsorbed gas molecules.

To further clarify the interaction mechanism between the
gas molecules and the substrate, COHP calculations were per-
formed to investigate the hybridization characteristics and
bonding nature of the adsorbate-substrate interaction.®* This
method allows the bonding and antibonding contributions
between selected atomic pairs to be decomposed, thereby
providing direct evidence for the presence or absence of
significant bond formation. In the COHP plots, positive values
generally represent bonding states, indicating that orbital
overlap contributes to stabilizing the interaction between two
atoms, whereas negative values correspond to antibonding
states, reflecting a tendency to weaken or destabilize the bond.
In particular, the states located near the Ef are more important
for evaluating the interaction nature, as these electronic states
directly participate in electrical conduction and determine the
effective bond strength in the system. If pronounced bonding
peaks appear and remain significant near the Ey, this usually
suggests strong hybridization and the possible formation of
a clear chemical bond between the gas molecule and the
substrate. By contrast, if the contributions near the E¢ are small
or predominantly antibonding, the interaction is generally
weaker and more characteristic of physisorption. In this way,
the COHP analysis serves as a complement to the adsorption-
energy and charge-transfer results, providing a more compre-
hensive understanding of the interactions of CO, CO,, and NH;
with Fe-MoS,, Fe-N-MoS,, and Fe-O-MoS,. Overall, the results
show that the hybridization between the gas molecules and the
substrate is relatively weak in the vicinity of the Ef, whereas
more distinct bonding features mainly appear deeper within the
occupied energy region, approximately from —3 eV to —7 eV
(Fig. 5). The bonding and antibonding intensities show a very
pronounced imbalance across all investigated systems, with
antibonding states being dominant in most cases, indicating
the intrinsically weak nature of the interaction. This is fully
consistent with the adsorption energies, which are not strongly
negative, and with the adsorption distances, which decrease
only slightly. This indicates that the gas-surface interaction is
not strong enough to form stable chemical bonds near the Ef,
but instead mainly reflects orbital overlap in lower-energy

© 2026 The Author(s). Published by the Royal Society of Chemistry
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states. This trend is fully consistent with the adsorption ener-
gies, adsorption distances, and density of states (DOS) results
obtained in the present study, thereby further supporting the
conclusion that the adsorption process in these systems is
predominantly weak to moderate in nature rather than strong
chemisorption.

3.4. Charge density difference

To gain deeper insight into the adsorption mechanism, the
charge density difference (CDD) distributions along the z
direction for CO, CO,, and NH; molecules interacting with all
considered substrates are analyzed. The CDD is defined in eqn
(3) as follows:*

AP = Ptotal — Psub — Pgas (3)

where, piocal, Psubs Pgas are the charge densities of the gas-
adsorbed configuration, the clean substrate, and the isolated
gas molecule, respectively.

The CDD data reveal charge transfer between atoms and are
crucial for elucidating interatomic interactions at the atomic
scale, particularly in doped or adsorbed configurations. Regions
of charge accumulation appear as orange areas surrounding the
atoms, while blue areas indicate charge depletion; the corre-
sponding planar-averaged electrostatic potential along the z
axis is also plotted. Co-doping is expected to enhance the
charge-exchange capacity of the system through heteroatom-
induced electronic responses and the resulting electronic
imbalance within the substrate. Overall, the CDD analysis
indicates a pronounced enhancement for the Fe-N-MoS,
system, which exhibits differences of up to 0.015 e, 0.022 e, and
0.518 e for CO (Fig. 6(d)), CO, (Fig. 6(e)), and NH; (Fig. 6(f)),
respectively. These results demonstrate that Fe-N-MoS,
enables highly efficient charge transfer with the gas molecules,
consistent with its metallic nature and higher electron
concentration, whereas Fe-MoS, and Fe-O-MoS, behave as
half-metals with a slightly lower electron density. Notably, the
Fe-N-MoS,-NH; configuration shows the strongest charge-
transfer capability, presenting the largest charge-density
difference among all investigated systems, which highlights
the promising potential of Fe-N co-doped MoS, for NH; sensing
applications.

In addition, to quantify charge donation/acceptance, Bader-
charge analysis®* is performed for all doped and co-doped
adsorption configurations; the results are summarized in
Table 2. The net charge on atom j is defined by eqn (4):%

AqJBader — Z]\/al _ ]VJBader (4)

where Z/*' is the number of valence electrons and N;/***" is the
Bader-assigned electron count and the total charge on the
adsorbed molecule. The Bader charges are computed as follows
eqn (5):*

AQ =3 Mgl 5)
J
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Fig.5 The COHP calculations for CO (a, d and i), CO; (b, e and g) and NH5 (c, f and h) adsorption on Fe—MoS,, Fe-N-MoS,, and Fe-O-MoS,.

Bader-charge analysis is performed to quantify charge
transfer between the adsorbed gas molecules and the
substrates. In this convention, AQ > 0 indicates that the gas

19342 | RSC Adv, 2026, 16, 19334-19351

molecule donates electrons to the substrate (donor behavior),
while the substrate accepts electrons (acceptor behavior), and
vice versa for AQ < 0. Overall, Fe-MoS, exhibits an intrinsic half-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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MoS,-CO-A;; (g) Fe—O-MoS,-CO,—-A;; (h) Fe—O-MoS,—-NH3—A;. The orange and green regions indicate charge accumulation and charge

depletion, respectively.

metallic character with a relatively high electron density in the
substrate; consequently, electrons tend to be transferred to the
gas molecules, leading to negative AQ values for all adsorption
cases. In addition, for Fe-N-MoS, and Fe-O-MoS,, CO and CO,
adsorption shows almost exclusively electron acceptance from
the substrate, further supporting the chemically inert nature of
CO and CO,, which is associated with their robust sp and sp*
hybridized bonding. In contrast, NH; displays a distinct inter-
action with Fe-N-MoS,, where NH; is willing to donate 0.0126
electrons to the substrate. This behavior is consistent with the
trends observed in adsorption energy, adsorption distance,
band structures, DOS, and CDD analyses.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.5. Selectivity analysis

The change in @ between the gas-adsorbed surface and the
pristine surface is a crucial criterion for evaluating gas-sensor
sensitivity. In particular, @ represents the minimum energy
needed to remove an electron from the material surface into the
vacuum, as defined in eqn (6):*°

b =FEy, — Er (6)

where E,, is the vacuum level (the electrostatic potential in the
far-vacuum region above the surface, where the potential
flattens).
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Specifically, the work-function change is a surface-sensitive
quantity that responds strongly to adsorption and doping,
and it serves as a key descriptor of gas selectivity among
different molecules. As defined in eqn (6), the variation in @ is
commonly employed as a descriptor of selectivity and can be
written as eqn (7):°°

@ads - (psub

40 = % 100(%) 7)

sub

where @,4; is the @ of the gas-covered surface and @y}, is the @
of the pristine substrate. The work function is a highly surface-

View Article Online
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sensitive descriptor reflecting changes in the surface electro-
static environment, and the relative work-function difference
among different gases, referenced to the pristine (gas-free)
substrate, serves as an indicator of selectivity. In this context,
a larger separation in the work-function response corresponds
to higher gas selectivity.

Fig. 7 presents the variation of the electrostatic potential and
the corresponding work function (@) along the z-direction for all
Fe-MoS,, Fe-N-MoS,, and Fe-O-MoS, cases. Overall, no
substantial differences in work-function values are observed
among the systems. The work function remains around 5.3 eV
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Fig. 8 Comparison of selectivity based on work function differences
of substrate configuration and adsorption configuration.

for gas-adsorbed Fe-MoS,, approximately 5.6 eV for gas-
adsorbed Fe-N-MoS,, and about 5.4 eV for gas-adsorbed Fe-
O-MoS,. This suggests that Fe/N/O-doped and co-doped
systems adsorbing CO, CO,, and NH; may not exhibit suffi-
ciently distinct selectivity.

Accordingly, Fe-MoS, exhibits poor gas selectivity, as it is
difficult to distinguish these gases via electrical signals because
the work-function variations are negligible. In contrast, Fe-N-
MoS, and Fe-O-MoS, show improved, yet not outstanding,
selectivity. The largest relative change is only 2.24% for Fe-N-
MoS,-NH; and 1.93% for Fe-O-MoS,-CO as present in Fig. 8
Specifically, the Fe-MoS, configuration upon adsorption of CO,
CO,, and NH; is almost indistinguishable among these gases
because the selectivity values are highly similar, namely 0.15%,
0.19%, and 0.32%, respectively. In contrast, Fe-O-MoS, exhibits
better selectivity than Fe-MoS,, with selectivity values of 1.93%,
1.24%, and 0.77% for CO, CO,, and NHj, respectively; therefore,
Fe-O-MoS, can discriminate between CO and NH;. Moreover,
Fe-N-MoS, shows relatively good selectivity by distinguishing
CO and CO, from NH3;, with corresponding selectivity values of
0.32%, 0.59%, and 2.24%. Although these values are relatively
small, they are still sufficient for discrimination in the context
of modern technologies, and sensor performance should be
evaluated not only in terms of selectivity but also sensitivity,
recovery time, and related metrics.

3.6. Electrical sensitivity

To obtain a more quantitative and impartial assessment of the
gas-sensing behavior in the doped configurations, the energy-
dependent modulation of the electronic conductivity within
the semiclassical Boltzmann transport formalism is explored
(Fig. 9). In this study, the electrical conductivity is evaluated
using the semiclassical Boltzmann transport framework in
VASP 6.5.0 under the electron-phonon transport mode. Specif-
ically, the transport coefficients are derived from the band
structure through the group velocities and the Fermi-Dirac
distribution; scattering effects are incorporated via the
constant relaxation time approximation (CRTA), in which the
conductivity scales linearly with the carrier relaxation time.

The conductivity variation (Ag) is defined as the difference
between the gas-adsorbed and substrate-MoS,, as given by the
following expression (eqn (8)):*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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|Ag| = (228 7Tk o 100(%) 8)

Tsub

Here, 0,45 is the electronic conductivity of the gas-adsorbed
system, and oy, is the electronic conductivity of the clean
(non-adsorbed) substrate.

Overall, most of the gas-adsorbed systems exhibit a reason-
ably good electronic-conductivity response because they show
relatively large deviations in electronic conductivity compared
with the corresponding pristine, non-adsorbed substrates. Fe-
MoS, displays an attractive electronic sensitivity, with an
average sensitivity of approximately 50% over most of the
investigated energy range. In addition, at the Er, Fe-MoS, shows
sensitivities of 92.3% for CO, 52.5% for CO,, and only 11.9% for
NH;, indicating a clear influence of the adsorbed gas molecules
on the conductivity of the substrate. Meanwhile, Fe-N-MoS,
exhibits a slightly higher average electronic sensitivity than Fe-
MoS,, with an average response of around 60%. Moreover, the
sensitivities directly at the Ef are 40.1% for CO, 62.4% for CO,,
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and 98.9% for NH;. These results indicate that N co-doping
significantly enhances the response toward NHj3, while still
maintaining a moderate response toward CO,, thereby making
Fe-N-MoS, the most prominent system for NH; detection
among the investigated substrates. In contrast, for Fe-O-MoS,,
the sensitivities at the Fermi level are 42.3% for CO, 4.6% for
CO,, and 8.5% for NHj;, suggesting that O co-doping mainly
preserves a moderate response to CO, whereas the responses to
CO, and NH; remain weak. In general, among all the systems
considered, the highest sensitivity at the E; is observed for Fe-
N-MoS,-NH; (98.9%), followed by Fe-MoS,-CO (92.3%). Fe-
MoS, also exhibits a noticeable response toward CO,, while Fe-
N-MoS, shows a relatively balanced response toward both CO,
and NH;. By contrast, Fe-O-MoS, demonstrates a more selec-
tive behavior, but its response intensity is not uniformly strong,
since only the CO-adsorbed system shows a moderate sensi-
tivity. Therefore, based on the equilibrium response at the Ef,
Fe-N-MoS, can be regarded as the most promising substrate for
NH; sensing, whereas Fe-MoS, appears to be more favorable for
CO detection and still retains a moderate sensitivity toward
CO,.

3.7. Recovery time

Another essential metric for assessing gas sensors is the
recovery time, which denotes the period needed for the
substrate to release the adsorbed gas and thus revert to its
original state and inherent characteristics. If this value is too
large, desorption proceeds too slowly for practical sensing,*®
whereas an excessively short recovery time yields unstable
signals, since the adsorbed species detach almost immediately.
The recovery time © can be written as eqn (9):*7°

-1 7Eads
T=4 exp{ kBT} 9)
where A is the attempt frequency (typically 10" s7%), kg is the
Boltzmann constant (8.62 x 10> eV K~ ') and T (K) is the system
temperature.

The recovery time was evaluated over the temperature range
of 300-700 K, consistent with the thermally stable behavior
confirmed by the AIMD results in Fig. 2. As listed in Table 3, all
investigated systems exhibit very short recovery times, and
a clear temperature-dependent trend is observed: the desorp-
tion time decreases systematically as the temperature increases
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from 300 to 700 K, typically from the 10 ®-10° s range down to
the 10~ s range. This behavior is physically reasonable
because higher temperature provides additional thermal energy
to overcome the adsorption interaction, thereby facilitating
faster desorption. A closer comparison among the systems
reveals non-negligible differences in gas-substrate interaction
strength. For pristine Fe-MoS,, the recovery times for CO, CO,,
and NH; at 300 K are 1.4 x 108, 1.5 x 10" %, and 2.6 x 10 % s,
respectively, indicating that NH; is desorbed slightly more
slowly than CO and CO,. For Fe-N-MoS,, CO shows an excep-
tionally short recovery time of 3.2 x 10~ ' s at 300 K, which is
almost two orders of magnitude shorter than those of CO, (3.7
x 107% s) and NH; (2.7 x 10™ % s). This suggests that CO inter-
acts much weaklier and reversibly with Fe-N-MoS,, whereas
CO, and NH; remain on the surface for a relatively longer time.
A similar tendency is also found for Fe-O-MoS,, where CO
exhibits a shorter recovery time (1.6 x 10~ s at 300 K) than CO,
(3.7 x 107% s) and NH; (2.3 x 10~® s). Therefore, although all
systems recover rapidly, the co-doped substrates still retain
distinct desorption characteristics depending on the adsorbed
gas. From the sensing perspective, these results indicate excel-
lent reversibility, since the adsorbed molecules can leave the
surface very quickly once the external gas atmosphere is
removed. However, the recovery times are also extremely short,
especially at elevated temperatures, implying that the
adsorption-induced signal may decay rapidly. In practice, this
means that while the studied systems are favorable for fast-
response and reusable sensing platforms, they may also
require sufficiently rapid signal acquisition and stable readout
conditions to avoid loss of detectable response. Thus, the
recovery-time results should be interpreted as evidence of
highly reversible adsorption rather than as a standalone indi-
cator of superior sensing performance.

3.8. Effect of supercell size and effective dopant
concentration on electronic and adsorption properties

Moreover, to clarify the influence of supercell size and effective
dopant concentration on the fundamental properties of the
material, including adsorption energy, magnetism, and elec-
tronic structure, we performed additional calculations using 3
x 3 x 1and 4 x 4 x 1 supercells for Fe-MoS,, Fe-N-MoS,, and
Fe-O-MoS,, together with one representative adsorbed gas
molecule (CO), as summarized in Table 4. In the 2 x 2 x 1 MoS,

Table 3 Recovery time 1(s) versus temperature 300 K-700 K for Fe—MoS,, Fe-N-MoS,, and Fe—O-MoS, upon adsorption of CO, CO, and NHsz

Configuration 300 K 400 K 500 K 600 K 700 K

Fe-MoS,-CO 1.4 x 108 1.3 x 107° 3.1x10 " 1.2 x 10 6.0 x 101
Fe-Mo0S,-CO, 1.5 x 1078 1.3 x10°° 3.2 x 1071 1.2 x 1071 6.1 x 101
Fe-MoS,-NH; 2.6 x 1078 2.0 x 107° 4.5 x 10710 1.6 x 1071 7.8 x 1071
Fe-N-MoS,-CO 3.2 x 10 7.7 x 101 32 x10 M 1.8 x 107 ** 1.2 x 1071
Fe-N-MoS,-CO, 3.7 x 1078 2.6 x 107 5.5 x 10 1° 1.9 x 107 9.0 x 10
Fe-N-MoS,-NH;, 2.7 x 1078 2.1 x 107° 4.6 x 107*° 1.7 x 107 8.0 x 107
Fe-O-MoS,-CO 1.6 x 10°° 2.5 x 10 1° 83 x 10 4.0 x 101 23 x 101
Fe-O-Mo0S,-CO, 3.7 x 1078 2.6 x 107° 5.5 x 10~ *° 1.9 x 107 9.0 x 10
Fe-O-MoS,-NH, 23 x 1078 1.9 x 10°° 41 x 10 1.5 x 10 7.4 x 101
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Table 4 Effect of supercell size on the binding energy, magnetic moment, adsorption energy, and electronic states of Fe—MoS,, Fe—N-MoS,,
and Fe—O-MoS; before and after CO adsorptioninthe 2 x 2 x 1, 3 x 3 x 1, and 4 x 4 x 1 supercells

Binding energy Magnetic moment Adsorption energy
Supercell Configurations (ev) (uB) (eV) Electronic states
2 x2x1 Fe-MoS, —4.6653 2.0000 X Half-metal
Fe-MoS,-CO —4.2110 2.0000 —0.247 Half-metal
Fe-N-MoS, —4.4535 2.4121 X Metal
Fe-N-MoS,-CO —4.2729 2.4086 —0.150 Metal
Fe-O-MoS, —4.2368 2.3952 X 0.03
Fe-O-MoS,-CO —4.0730 2.3926 —0.190 0.03
3x3x1 Fe-MoS, —4.8808 2.0000 X Half-metal
Fe-MoS,-CO —4.8598 2.0000 —0.279 Half-metal
Fe-N-MoS, —4.7903 1.0000 X 0.26
Fe-N-MoS,-CO —4.7609 1.0000 —0.222 0.27
Fe-O-MoS, —4.7052 2.0000 X 0.12
Fe-O-MoS,-CO —4.6788 2.0000 —0.203 0.11
4x4x1 Fe-MoS, —4.9667 2.0000 X 0.22
Fe-MoS,-CO —5.0856 2.0000 —0.540 0.21
Fe-N-MoS, —4.9201 1.0000 X 0.25
Fe-N-MoS,-CO —5.0262 1.0000 —0.105 0.23
Fe-O-MoS, —4.8683 2.0000 X 0.22
Fe-O-MoS,-CO —4.9754 2.0000 —0.107 0.20

supercell containing 4 Mo sites and 8 S sites, one substituted Fe  When the supercell size increases to 3 x 3 x 1, these concen-
atom corresponds to Fe-Mo = 1:4 (25%), while one trations decrease to 1:9 (11.11%) and 1:18 (5.56%), respec-
substituted N or O atom corresponds to N/O-S = 1:8 (12.5%). tively, and further to 1:16 (6.25%) and 1: 32 (3.125%) in the 4 x

Energy (eV)
Energy (eV)
Energy (eV)

Energy (eV)
Energy (eV)
Energy (eV)
Energy (eV)

Energy (eV)
Energy (eV)

K-path

—— Spin down

Fig. 10 Effect of supercell size on the electronic band structure of Fe—MoS,, Fe—N-MoS,, and Fe—O-MoS, before and after CO adsorption in
the2 x2x1,3x3x1 and4 x 4 x 1supercells. In which, from left to right: (a) Fe—MoS,, (b) Fe—N-MoS,, (c) Fe—O-MoS,, (d) Fe—MoS,-CO, (e)
Fe—-N-MoS,-CO, and (f) Fe—O-MoS,-CO forthe 2 x 2 x 1,3 x 3 x 1, and 4 x 4 x 1 supercells.
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4 x 1 supercell. Therefore, increasing the supercell size directly
reduces the effective dopant concentration and provides
a physical basis for the differences observed among the calcu-
lated models.

The additional calculations reveal a clear supercell-size
dependence. The binding energy remains within approxi-
mately —5 to —4 eV (Table 4), indicating that all systems remain
thermodynamically stable. The magnetic moment also varies
with supercell size, although it remains relatively large in all
cases, suggesting that the magnetic character is preserved. The
adsorption energy changes as well, but less systematically than
the electronic structure. By contrast, the electronic character
shows the strongest dependence on supercell size. As shown in
Fig. 10, Fe-MoS, retains half-metallic behavior in the 2 x 2 x 1
and 3 x 3 x 1 supercells but becomes semiconducting in the 4
x 4 x 1 model with a band gap of about 0.22 eV. A similar
transition is observed for Fe-MoS,-CO, which changes from
half-metallic behavior in the smaller supercells to a semi-
conducting state with a band gap of about 0.21 eVin the 4 x 4 x
1 model. Likewise, Fe-N-MoS, and Fe-N-MoS,-CO evolve from
metallic behavior in the 2 x 2 x 1 supercell to semiconducting
states in the larger supercells, with 4 x 4 x 1 band gaps of about
0.25 and 0.23 eV, respectively. Fe-O-MoS, and Fe-O-MoS,-CO
show the same concentration-dependent trend, with the band
gap increasing from about 0.03 eV in the 2 x 2 x 1 model to
about 0.12/0.11 eV in the 3 x 3 x 1 supercell and further to
about 0.22/0.20 eV in the 4 x 4 x 1 model. These results indi-
cate that the 4 x 4 x 1 supercell should not be regarded merely
as an auxiliary calculation, but rather as an essential lower-
concentration reference for clarifying how effective dopant
concentration governs the predicted properties of the doped
MoS, systems.

4. Conclusion

In this study, first-principles calculations were systematically
employed to elucidate how supercell size and the corresponding
effective dopant concentration govern the predicted properties
of Fe-doped and Fe-N/Fe-O co-doped MoS, with the CO, CO,,
NH; adsorption, thereby establishing a clearer physical basis for
interpreting concentration-dependent behavior in doped two-
dimensional systems. The results show that enlarging the
supercell from 2 x 2 x 1to 3 x 3 x 1 and 4 x 4 x 1 markedly
reduces the effective dopant concentration and induces
pronounced changes in the electronic structure, while the
magnetic moment remains comparatively stable and the
adsorption energy varies less systematically. In particular, Fe—
MoS,, Fe-N-MoS,, and Fe-O-MoS,, together with their corre-
sponding CO-adsorbed configurations, evolve from metallic or
half-metallic states in the smaller supercells toward semi-
conducting behavior in the 4 x 4 x 1 model, with band gaps
reaching about 0.22, 0.25, and 0.22 eV, respectively, confirming
that the 4 x 4 x 1 supercell should be regarded as an essential
lower-concentration reference rather than a secondary verifica-
tion model. At the same time, the 2 x 2 x 1 supercell remains
physically meaningful as a concentrated-doping regime, within
which stronger dopant-dopant and dopant-host interactions
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generate more pronounced electronic responses. Under this
regime, Fe-N-MoS, exhibits the most noticeable tendency
toward NH; adsorption, as reflected by an adsorption energy of
—0.264 eV, a shortened adsorption distance of 1.5267 A, evident
Fe-3d/N-2p hybridization, stronger charge redistribution,
a maximum selectivity of 2.24%, and a calculated electronic
sensitivity of 98.9% at the Fermi level. Overall, the present work
highlights the novelty that supercell size in doped MoS, is not
merely a computational setting but a physically decisive
parameter that controls the balance among electronic structure,
magnetic character, and adsorption behavior, and thus
provides a more rigorous framework for evaluating and
designing doped and co-doped MoS,-based gas-sensing
materials.
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