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g characteristics of N doped and
(N, O) co-doped molybdenum disulfide to detect
toxic gases: a comprehensive first-principles study
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First-principles calculations based on density functional theory were conducted to investigate the

adsorption of CO, CO2, and NH3 molecules on pristine, N doped, and (N, O) co-doped MoS2 surfaces.

Pristine MoS2 systems exhibit weak physisorption with long adsorption distances, insignificant adsorption

energies, and negligible charge transfer, resulting in poor gas selectivity and low electronic sensitivity

toward all gases. N doping slightly enhances adsorption strength and charge exchange through defect-

induced electronic modulation, improving the interaction with NH3 but showing limited response to CO

and CO2. In contrast, (N, O) co-doping substantially reinforces molecule–substrate interactions by

reducing adsorption distances and increasing charge redistribution across the surface. The (N, O) co-

doped MoS2 system exhibits pronounced work-function shifts of −1.07, −0.99, and −0.54 eV for CO,

CO2, and NH3, respectively, together with strong energy-resolved conductivity variations, with average

conductivity changes of about 30–40% for CO, 35–50% (peaks z70%) for CO2, and 45–60% with

maximum peaks exceeding 120% for NH3. Compared with previous studies focusing on either N- or O-

doped MoS2, our work provides a systematic, side-by-side comparison of pristine, N-doped, and (N, O)

co-doped systems and identifies (N, O) co-doping as a more effective route to simultaneously enhance

sensitivity and selectivity toward CO and CO2.
1. Introduction

With the immense advances of our society, air pollution caused by
hazardous gases such as carbon monoxide (CO), carbon dioxide
(CO2), and ammonia (NH3) has become a critical global issue,
threatening both environmental security and human health.1–3

Long-term exposure to these molecules can trigger severe respi-
ratory problems and ecological imbalance, while accidental
leakage in industrial facilities poses additional safety risks. This
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highlights the urgent demand for advanced sensing platforms
capable of detecting these gases with high precision, fast response,
and strong selectivity. The integration of gas sensors with the
“Internet of Things” has opened new opportunities for real-time
monitoring and smart environmental management, yet the
performance of conventional materials remains constrained by
limited sensitivity, selectivity, and stability.4 Among the materials
suitable for toxic gas sensors, two-dimensional (2D)materials have
attracted considerable attention in recent years due to their unique
physical and chemical properties, such as high surface area,
tunable band gap, and diverse electronic structures.5–26 Their
ultrathin geometry maximizes the fraction of exposed atoms,
providing abundant active sites for adsorption.27 Moreover, the
exibility in their electronic states enables pronounced modula-
tion of conductivity and band structure upon interaction with gas
molecules, making them excellent candidates for sensitive and
selective gas sensing.28 Graphene, a 2D allotrope of carbon atoms
discovered by Geim et al. Graphene is well known for its excep-
tional mechanical strength, high electrical conductivity, excellent
thermal conductivity, and unique Dirac cone-shaped electronic
band structure, which causes electrons (e−) in graphene to behave
like massless particles.29 This achievement not only opened wide
prospects for applications in electronics, sensing, and energy
storage, but also laid the foundation for the rapid development of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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other 2D materials such as silicene and transition metal di-
chalcogenides (TMDs).30 Beyond transition-metal dichalcogenides,
recent DFT studies have demonstrated that porous and low-
dimensional frameworks such as 3D boron–phosphorus–carbon,
triphenylene-graphdiyne analogs, and porous borocarbonitrides
exhibit highly tunable electronic structures and adsorption prop-
erties suitable for gas and ion storage.31–35 These works highlight
the importance of rationally engineering low-dimensional frame-
works to control charge transfer and adsorption strength, which
motivates the present design of N- and (N, O) doped MoS2 gas-
sensing platforms.

Regarding gases adsorbed 2D systems, our previous report has
employed rst-principles density functional theory (DFT) calcu-
lations to investigate the adsorption of NO and COmolecules on
silicene monolayer.21 They have reported that up to four NO
molecules can be chemically adsorbed onto pristine silicene with
adsorption energies ranging from −0.32 to −1.22 eV, leading to
rich electronic behaviors such as magnetic semiconducting and
half-metallicity. In contrast, CO shows only weak physisorption
on pristine silicene, with adsorption energies around −0.26 eV,
indicating poor sensitivity. However, aluminum (Al) doping
signicantly enhances CO adsorption, lowering the adsorption
energy to between −0.19 and −0.71 eV per molecule, while also
inducing either bandgap opening or metallization depending on
the adsorption conguration. These ndings highlight pristine
and Al-doped silicene monolayers as promising candidates for
nitric oxide (NO) and CO gas sensing applications. In addition,
the study further emphasizes the crucial role of foreign atom
doping in tuning the electronic properties and structural char-
acteristics of 2D materials, as well as modulating the gas
adsorption process itself by altering charge transfer, adsorption
congurations, and binding strengths. Among the broad family
of 2D systems, TMDs have drawn particular interest since they
exhibit a wide range of electronic behaviors, from metallic to
semiconducting, depending on their composition and structural
conguration. In 2023, Maciej J. Szary et al. employed rst-
principles DFT calculations based on the Perdew–Burke–Ern-
zerhof (PBE) exchange-correlation functional with Grimme's D3
dispersion correction to investigate the adsorption behavior of
nitrogen dioxide (NO2) on molybdenum disulde (MoS2),
molybdenum diselenide (MoSe2), and molybdenum ditelluride
(MoTe2) monolayers.36 The work revealed that NO2 interacts most
strongly with MoTe2, exhibiting the highest charge transfer,
whereas MoSe2 shows intermediate adsorption strength and
MoS2 displays the weakest interaction. Despite sharing similar
orbital characteristics and outward charge projections, the three
materials display distinct adsorption energies and charge trans-
fer values, which are linked to differences in charge accumula-
tion and bonding within the sheets. On average, NO2 adsorption
energy on MoTe2 exceeds that of MoS2 by more than 160%, and
the charge transfer is over six times higher, indicating superior
sensing potential for MoTe2 at the expense of slower recovery. In
contrast, MoSe2 offers a balanced performance between sensi-
tivity and recovery. These results highlight that the availability of
charge on the TMDs surfaces governs adsorption strength, and
the ndings provide chemical insight into the enhanced inter-
action of NO2 with Mo-bearing dichalcogenides.
© 2026 The Author(s). Published by the Royal Society of Chemistry
In particular, MoS2, one of the most representative TMDs, has
attracted considerable attention owing to its remarkable physico-
chemical properties and broad potential in optoelectronic, catalytic,
and gas-sensing applications.37–40 Unlike graphene, which lacks an
intrinsic bandgap, MoS2 is a semiconductor with an indirect band
gap of about 1.2 eV in the bulk and a direct band gap of nearly
1.8 eV in the monolayer.38 This transition in bandgap, combine
with its robust stability and distinctive features such as high surface
area, tunable band gap, and diverse electronic structures, makes
MoS2 a highly promising material for high-performance gas
sensing devices.36,39–46 Overall, the pristine MoS2 generally shows
weak adsorption toward nonpolar molecules such as CO and CO2,
which restricts its sensing efficiency.42 In contrast, NH3 is a highly
polar molecule with a lone electron pair on the nitrogen atom (N),
allowing stronger interaction with theMoS2 surface through charge
donation and acceptance.44 Even so, the adsorption strength
remains insufficiently stable and lacks selectivity, which makes
reliable NH3 detectionwith pristineMoS2 still challenging. Previous
DFT studies have revealed that MoS2 interacts with various gas
molecules through charge-transfer processes,47–50 thereby modi-
fying its electronic and transport properties. In 2021, Francis M.
Enujekwu et al.44, conducted aDFT investigation onCO2 adsorption
over defective and N-doped MoS2. Their results indicated that
a single sulfur (S) vacancy facilitates the dissociative adsorption of
CO2 with high selectivity over N2 and water (H2O) molecules,
whereas a molybdenum vacancy substituted by three N atoms
markedly enhances physisorption, yielding an adsorption energy of
−1.818 eV compared with −0.139 eV for pristine MoS2. Further-
more, vibrational frequency calculations corroborated these nd-
ings, conrming that N doping combined with defect engineering
is an effective approach to improve both the adsorption capacity
and selectivity of MoS2 toward CO2.

Although numerous studies in recent years have explored
both pristine and heteroatom–doped MoS2, particularly N and
oxygen (O) doping, a truly comprehensive and systematic
investigation remains lacking.44,51 Most existing works have
examined the individual inuence of N or O incorporation on
the electronic, optical, and gas adsorption properties of MoS2,
yet few have provided a consistent comparative analysis eluci-
dating the distinct mechanisms and potential synergy between
these dopants. Consequently, a critical knowledge gap persists
in understanding how N and O differ in modulating charge
transfer, adsorption strength, and selectivity, as well as how
their simultaneous incorporation may produce cooperative
effects. In this study, (N, O) co-doping emerges as a highly
promising strategy, as the coexistence of N and O atoms is ex-
pected to generate a synergistic interaction in which N intro-
duces additional active sites and facilitates charge transfer,
while O, owing to its higher electronegativity, modies the local
lattice environment and reinforces Mo–O bonding. Such
a cooperative effect can effectively optimize sensitivity, selec-
tivity, and stability during gas adsorption, enabling (N, O) co-
doped MoS2 to overcome the inherent limitations of pristine
and singly doped systems and offering new opportunities for
developing high-performance gas sensors.
RSC Adv., 2026, 16, 3662–3680 | 3663
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2. Computational methods

To investigate the structural, electronic, sensing properties of gas
adsorption (CO, CO2, NH3) on N doped and (N, O) co-dopedMoS2
systems, the spin-polarized density functional theory (SDFT) is
performed using the Vienna Ab initio Simulation Package
(VASP).52 All calculations were performed for monolayer 2H–

MoS2 in its trigonal-prismatic phase, which is the thermody-
namically stable and experimentally most relevant polymorph for
gas-sensing applications.53 The generalized gradient approxima-
tion (GGA) with the Perdew–Burke–Ernzerhof (PBE) functional is
used to treat the exchange-correlation.54 Besides, the intrinsic e−–
ion interactions are characterized through the projector-
augmented wave (PAW) pseudopotentials.55 As to the complete
set of plane waves, the kinetic energy cutoff is set to be 500 eV,
being suitable for evaluating Bloch wave functions and electronic
energy spectra. All calculations were carried out within spin-
polarized density functional theory. For each target gas (CO,
CO2, and NH3), the isolated molecule was rst optimized in
a large cubic box using the same exchange-correlation functional,
plane-wave cutoff, and k-point sampling as in the adsorption
calculations. The adsorption energies were then evaluated from
these relaxed gas congurations. Long-range van der Waals
(vdW) corrections beyond PBE were not included; this may lead
to a systematic underestimation of the absolute adsorption
energies, but the relative trends between pristine, N-doped, and
(N, O) co-doped MoS2 are expected to be robust. To achieve the
free-standing monolayer, a vacuum space of 10 Å is inserted
between eachmonolayer, which is contained a box height of 20 Å.
Then, a 2 × 2 × 1 supercell along a, b, and c-axis directions were
built which contained 12 atoms. During the structural optimi-
zations, only the internal atomic coordinates were relaxed, while
the lattice vectors, including the vacuum spacing along the z-
direction, were kept xed. This supercell size represents
a compromise between computational cost and accuracy and is
consistent with previous rst-principles gas-sensing studies on
2D materials.56,57 The rst Brillouin zone is sampled by 5 × 5 × 1
and 30 × 30 × 1 k-point meshes within the G-centered scheme
for geometric optimizations and self-consistent calculations,
respectively. The energy convergence is equal to 10−5 eV between
two consecutive steps, and the maximum Hellmann–Feynman
force acting on each atom is less than 0.01 eV Å−1 during the
ionic relaxations. In addition, it should be noted that how to
choose the reasonable k-point mesh and ENCUT value is a critical
factor to balance between the computational cost and accuracy.
To address this issue, we have carefully investigated convergence
of various k-point meshes (5× 5× 1, 7× 7× 1, 9× 9× 1, and 11
× 11 × 1) and ENCUT values (500 eV, 550 eV, 600 eV, 650 eV), in
which variation of adsorption energy (Eads) and work function
(WF) values with the aforementioned k-point meshes and ENCUT
values has been rigorously evaluated, as provided in Tables S1–S4
in the SI. As a result, the variation of the Eads and WF values with
respect to the different k-point meshes and ENCUT values is
smaller than the reasonable threshold: e.g., 0.001–0.028 eV for
WF and 0.000001–0.000002 eV for Eads (Tables S1 and S2), and
0.001–0.028 eV for WF and 0.00003 eV for Eads (Tables S3 and S4).
3664 | RSC Adv., 2026, 16, 3662–3680
This evidences that the chosen 5 × 5 × 1 k-point mesh and
ENCUT of 500 eV is a great compromise between computational
cost and accuracy.
3. Results and discussion
3.1. Geometric structure

Pristine MoS2 consists of Mo and S atoms arranged in three
distinct atomic planes, forming a sandwich-like S–Mo–S struc-
ture, as shown in Fig. 1(a). We construct the geometric structure
of the MoS2 lattice as a 2 × 2 × 1 supercell as the basis for
investigating the adsorption behavior of CO, CO2, and NH3

molecules. This supercell contains 12 atoms (4 Mo and 8 S).
Substituting one S atom by N corresponds to a doping
concentration of 1/12 z 8.3%, whereas replacing two S atoms
by N and O yields a (N, O) co-doping level of 2/12 z 16.7%. In
optimal state, the geometric structure of pristine MoS2 is
characterized with a surface corrugation of 1.564 Å, stable Mo–S
bond lengths of 2.413 Å, a buckling height is 1.564 Å. In this
study, a total of 25 possible congurations were examined for
the adsorption of CO, CO2, and NH3 on MoS2 surface at repre-
sentative adsorption sites. The typical gases adsorption sites
include: A (gases on top of an S atom), B (gases on bridge site
between Mo and S), C (gases on center of the six-membered ring
of MoS2), and D (gases on top of a Mo atom), observed along the
z-axis, as illustrated by Fig. 1(a). Specically, site A1 is an A-type
site where the carbon atom of CO/CO2 or the N atom of NH3

points down toward the MoS2, N doped MoS2 (N–MoS2), or (N,
O) co-doped MoS2 (N–O–MoS2) substrate. Likewise, site A2 is an
A-type site where the O atom of CO/CO2 or the hydrogen atom of
NH3 points down toward the substrate. In the samemanner, the
B1, B2, C1, C2, D1, and D2 sites are dened the same manner as
illustrated by Fig. S1–S3 in the SI data. In addition, for CO we
also examine one more conguration called A3, which is the A-
type site with the CO molecule lying parallel to the z-axis (hor-
izontally with respect to z).

Since MoS2 is a 2D material, a vacuum layer of approximately
20 Å was introduced along the z-direction to avoid spurious
interactions between periodic images. The initial adsorption
distance between the gas molecule and the surface was set to 3 Å
for all congurations. Specically, 25 possible adsorption cong-
urations of pristine MoS2 including 9 for CO, 8 for CO2, and 8 for
NH3. Under optimal calculations, all the most stable adsorption
congurations of the pristine MoS2, (N) doped MoS2, and (N, O)
co-doped MoS2 systems are shown in Fig. 1(a–l), respectively.

The structural and electronic characteristics of pristine-MoS2
system were analyzed through adsorption energy (Eads),
adsorption distance (d), surface corrugation (h), the longest and
shortest Mo–S bond lengths (1st Mo–S and 2nd Mo–S), and the
electronic bandgap or metallic state (bandgap/metal), and work
function. The optimized geometric parameters are displayed in
Table 1. Among these, the adsorption energy Eads indicates the
binding strength and stability of the system, whereas a more
negative value reects a more stable adsorption. Thus, negative
Eads values indicate exothermic and thermodynamically favor-
able adsorption, whereas positive Eads values correspond to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimal structure of (a) pristine-MoS2, (b) MoS2–CO–B1, (c) MoS2–CO2–A1, (d) MoS2–NH3–A1, (e) N–MoS2, (f) N–MoS2–CO–D1, (g) N–
MoS2–CO2–A1, (h) N–MoS2–NH3–A1, (i) N–O–MoS2, (j) N–O–MoS2–CO–D1, (k) N–O–MoS2–CO2–D1, (l) N–O–MoS2–NH3–D1. The notations
A1, B1, and D1 refer to adsorption sites for the target gases (detailed in Fig. S1), whereas the buckling height (h) and distances from gases to
substrate (d) are measured by unit in Å.

Table 1 Optimal structural parameters, adsorption energy (Eads), adsorption distance (d), buckling height (h), and Mo–S longest (1st Mo–S) and
shortest (2nd Mo–S) bond lengths, bandgap/metal, work function (f), and magnetic moment (mB) of the pristine-MoS2, N–MoS2 and N–O–MoS2
before and after CO, CO2, and NH3 adsorption, whereas the zero magnetic moment (mB) stands for the non-magnetism

Conguration
Eads
(eV)

D
(Å)

h
(Å)

1st Mo–S
(Å)

2nd Mo–S
(Å)

Bandgap (eV)
per metal

f

(eV)
Magnetic moment
(mB)

Pristine-MoS2 X X 1.564 2.413 2.412 1.77 5.525 0
MoS2–CO–B1 −0.15 3.482 1.561 2.413 2.411 1.69 5.637 0
MoS2–CO2–A1 −0.15 3.417 1.566 2.415 2.412 1.69 6.584 0
MoS2–NH3–A1 −0.18 2.931 1.566 2.413 2.412 1.68 5.701 0
N–MoS2 X X 1.595 2.418 2.405 Metal 5.648 0
N–MoS2–CO–D1 −0.02 3.609 1.558 2.416 2.416 Metal 5.508 0
N–MoS2–CO2–A1 −0.02 3.643 1.559 2.416 2.414 Metal 5.615 0
N–MoS2–NH3–A1 −0.05 2.823 1.670 2.417 2.403 Metal 5.642 0
N–O–MoS2 X X 1.605 2.449 2.393 Metal 6.640 0
N–O–MoS2–CO–D1 −0.02 2.725 1.629 2.446 2.389 Metal 5.570 0
N–O–MoS2–CO2–D1 −0.02 2.955 1.619 2.446 2.392 Metal 5.650 0
N–O–MoS2–NH3–D1 −0.09 1.856 1.608 2.449 2.390 Metal 6.104 0

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 3662–3680 | 3665
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unstable. The adsorption energy Eads is calculated according to
eqn (1):

Eads = Etotal − Egas − Esub (1)

where Eads is the adsorption energy of system, Etotal is the energy
of the gas-covered MoS2 surface, Egas is the energy of the iso-
lated gas molecule, Esub is the formation energy of the pristine-
MoS2 or isolated N–MoS2 (N dopedMoS2), N–O–MoS2 ((N, O) co-
doped MoS2) systems without adsorbed gas.

For the MoS2–CO system, the most stable adsorption site is
at the bridge site (B) with the carbon atom pointing downward
toward the substrate and slightly tilted. The adsorption energy
is −0.15 eV and the adsorption distance increases to 3.482 Å
(about 16.7%), demonstrating that the pristine MoS2 and CO
interact only weakly, causing the CO molecule to be repelled
further away. As a result, the surface corrugation (h) and the
longest and shortest Mo–S bond lengths remain almost
unchanged with a deviation of only about 0.1%. Essentially, Mo
has 6 valence e− with the atomic conguration [Kr]4d55s1, and S
also has 6 valence e− with the atomic conguration [Ne]3s23p4.
Therefore, the Mo–S bonds are mainly formed through the
hybridization of the 4d orbitals of Mo and the 3p orbitals of S,
making MoS2 intrinsically saturated in terms of bonding and
activation capability. On the other hand, CO, with its strong
localization at the C atom and two nonbonding e− concentrated
at the C end, is not sufficient to strongly interact with the stable
MoS2 system, which possesses a bandgap of about 1.77 eV. As
a result, CO adsorption on MoS2 only induces minor perturba-
tions, slightly reducing the bandgap from 1.77 eV to 1.69 eV,
while the structure of the system shows no signicant changes
before and aer adsorption. In the case of CO2 adsorption on
pristine-MoS2, the most stable conguration is located at the
top site (A), where the CO2 molecule lies nearly parallel to the
MoS2 surface and the O–C–O bond angle remains almost
unchanged, retaining a nearly linear geometry with an angle of
approximately 179.5°. The adsorption energy is −0.15 eV,
reecting weak interaction. The adsorption distance is 3.417 Å,
indicating that CO2 does not form a strong covalent bond with
the surface. The surface corrugation (h) is 1.566 Å, almost
identical to that of pristine-MoS2. TheMo–S bond lengths (2.415
and 2.412 Å) differ by less than 0.1%. Similar to the case of CO
adsorption, CO2 is inherently a linear, nonpolar molecule with
stable sp and sp2 hybridizations, in which two strong s bonds
are formed at both ends of the C–O bonds. This structure makes
CO2 highly stable and resistant to rehybridization or the
formation of new bonds with the substrate. Combined with the
saturated bonding nature of MoS2, the CO2 molecule can hardly
interact strongly with MoS2. Therefore, the adsorption process
is dominated by weak physical interactions, characterized by
small adsorption energy, large adsorption distance, and only
minor adjustments in the electronic band structure of the
system, as reected by the negligible reduction of the MoS2
bandgap. In the case of NH3 adsorption on pristine-MoS2, the
most stable conguration is obtained at the top (A) site, with
one hydrogen atom oriented toward the surface. The molecular
dipole aligns so that the N lone pair interacts with the surface
3666 | RSC Adv., 2026, 16, 3662–3680
molybdenum d orbitals. The calculated adsorption energy is
−0.18 eV, which is larger in magnitude than those of CO and
CO2, suggesting a stronger yet still physisorptive interaction.
The adsorption distance shortens notably to 2.931 Å, indicating
charge donation from NH3 to the MoS2 substrate. The H–N–H
bond angle remains nearly unchanged at approximately 107°,
conrming that the trigonal-pyramidal geometry of NH3 is
largely preserved. The surface corrugation (1.566 Å) and Mo–S
bond lengths (2.413/2.412 Å) also remain nearly constant,
revealing negligible lattice distortion. This behavior originates
from the intrinsic electronic structure of NH3, where three N–H
bonds are formed through sp3 hybridization, and the N atom
retains a nonbonding electron pair with relatively high elec-
tronegativity. Such a lone pair readily interacts with the d states
of Mo atoms, thereby enhancing the adsorption strength
compared with other gas molecules such as CO and CO2.

Overall, pristine MoS2 does not interact strongly with CO and
CO2, while it exhibits better interaction with NH3. Therefore, we
introduce N atoms (electron conguration: 1s2 2s2 2p3, with 5
valence e−) into S sites (electron conguration: [Ne] 3s2 3p4,
with 6 valence e−), with the aim of breaking the inherent satu-
ration of the triple bond in CO, the double bond in CO2, and
further enhancing the adsorption capability for NH3. The stable
N–MoS2 structure is shown in Fig. 1(e), with a surface corru-
gation of 1.595 Å, the longest Mo–S bond elongated to 2.418 Å
and the shortest reduced to 2.405 Å. This pronounced change
arises from the activation role of the N atom, which creates
localized electronic states around the Fermi energy/level (Ef).
Specically, when N substitutes for S in the MoS2 lattice, the
hybridization between the 2p orbitals of N (with high electro-
negativity and 5 valence e−, including one lone pair) and the 4d
orbitals of Mo together with the remaining 3p orbitals of
neighboring S atoms breaks the inherent bonding saturation of
pristine-MoS2. Moreover, the substitution of N, which has 5
valence e−, in place of S, which has 6 valence e−, introduces
a charge imbalance and disrupts the saturation state compared
with pristine-MoS2. As a consequence, new electronic states
emerge near the Ef, leading to the narrowing or even complete
disappearance of the bandgap, thereby driving the system from
a semiconductor to a metallic state with a direct contribution
from the doped N atom. This also suggests that heteroatom
doping with higher electron density and greater electronega-
tivity can enhance the activation capability of the system.
Furthermore, these localized states act as intermediaries,
improving charge donation and acceptance between gas mole-
cules and the MoS2 substrate, thus enhancing adsorption effi-
ciency, particularly for e−-rich molecules such as NH3.

Overall, pristine MoS2 interacts only weakly with CO and
CO2, whereas NH3 already exhibits a somewhat stronger, albeit
still physisorptive, adsorption. To enhance the surface reac-
tivity, one S atom is substituted with N in N–MoS2 to perturb the
saturated Mo–S bonding network and introduce additional
active sites. The optimized N–MoS2 (Fig. 1(e)) displays a slightly
larger surface corrugation (h = 1.595 Å) and asymmetric Mo–S
bond lengths of 2.418 and 2.405 Å. These structural distortions
originate from the hybridization between N-2p, Mo-4d, and
neighboring S-3p orbitals, which generates localized electronic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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states around the Ef and drives a semiconductor-to-metal tran-
sition. The N-induced states thus act as potential active centers
that can mediate charge donation and back-donation between
gas molecules and the substrate, particularly for electron-rich
species such as NH3

Aer N doping, the adsorption characteristics of the pristine-
MoS2 system change signicantly. For CO, the most stable
adsorption occurs at the valley site with the O atom oriented
toward the surface, where the adsorption energy decreases to
−0.02 eV compared to −0.15 eV in the pristine-MoS2, while the
adsorption distance remains large at 3.609 Å, indicating weak
physisorption. The surface corrugation slightly decreases to
1.558 Å, and the Mo–S bonds remain nearly symmetric at 2.416
Å, conrming that the lattice is scarcely affected. Aer N doping,
the adsorption characteristics of MoS2 change signicantly. The
most stable adsorption occurs at the valley site with the O atom
oriented toward the surface, where the adsorption energy
decreases to −0.02 eV compared to −0.15 eV in pristine-MoS2,
while the adsorption distance remains large at 3.609 Å, indi-
cating a weak physisorption mechanism. The surface corruga-
tion slightly decreases to 1.558 Å, and the Mo–S bonds remain
nearly symmetric at 2.416 Å, conrming that the lattice is
scarcely affected. This can be explained by the fact that the N
doping concentration is still relatively low (1/12), such that the
activation role of N is insufficient to break the strong hybridized
bonds within CO. On the other hand, although N has relatively
high electronegativity with the potential to enhance the activa-
tion capability of MoS2, its electron count is not large enough (Z
= 7) to readily exchange charge and thereby disrupt the strong
bonds of CO.

For CO adsorption on N–MoS2, however, the interaction
remains intrinsically weak. The most stable conguration is
located at the valley site, with the O atom oriented toward the
surface. The adsorption energy decreases in magnitude from
−0.15 eV on pristine-MoS2 to only −0.02 eV, while the equilib-
rium adsorption distance remains relatively large at 3.609 Å. In
parallel, the surface corrugation is slightly reduced to 1.558 Å
and the Mo–S bonds remain nearly symmetric at 2.416 Å,
indicating that the host lattice experiences only negligible
structural perturbation. This subdued response can be ascribed
to the relatively low N-doping concentration (1/12 of the S sites)
together with the robustness of the internal C–O bond:
although N substitution introduces localized states near the Ef,
their density and spatial extent are insufficient to strongly
couple with the highly localized s and p orbitals of CO. As
a result, CO adsorption on N–MoS2 still resides in a phys-
isorption regime with minimal electronic and structural
rearrangement.

For CO2, the most stable adsorption site remains at the top,
with the molecule lying nearly parallel to the surface and
retaining its linear geometry with an O–C–O angle of approxi-
mately 179°, the adsorption energy reaches only −0.02 eV, and
the distance increases to 3.643 Å compared to 3.417 Å in the
pristine case. The surface corrugation changes minimally to
1.559 Å, while the Mo–S bonds vary slightly between 2.416 and
2.414 Å, conrming weak physisorption. Similar to CO, CO2 is
even more difficult to activate because of its linear, nonpolar
© 2026 The Author(s). Published by the Royal Society of Chemistry
nature, high chemical inertness, and the strong thermody-
namic stability of its C–O bonds. This stability originates from
the sp and sp2 hybridizations of the carbon atom in CO2, which
form very strong s and p bonds that are hardly broken under
the inuence of the MoS2 surface already saturated in bonding.
Therefore, even with N doping to generate localized electronic
states and enhance activation capability, the interaction of CO2

with the MoS2 substrate remains highly limited, and the
adsorption process is restricted to weak physisorption with
small adsorption energy and nearly unchanged band structure.

In the case of NH3, the most stable conguration is also at
the top site with one H atom pointing downward, where the
adsorption energy decreases to −0.05 eV instead of −0.18 eV in
the pristine system, but the adsorption distance shortens to
2.823 Å compared to 2.931 Å. The H–N–H bond angle remains
close to 107°, preserving the trigonal pyramidal geometry, while
the surface corrugation increases signicantly to 1.670 Å and
the Mo–S bonds become asymmetric with values of 2.417 and
2.403 Å, reecting local lattice distortion around the N dopant
site. Thus, although the adsorption energies of CO, CO2, and
NH3 on N–MoS2 remain very small, indicating that the mecha-
nism is still dominated by physisorption, compared with the
pristine system, the presence of N introduces pronounced
structural and charge redistribution effects, particularly in the
case of NH3. This can be explained by the intrinsic nature of the
NH3 molecule, which adopts a trigonal pyramidal geometry
with three N–H bonds formed through sp3 hybridization
between the 2s orbital and the three 2p orbitals of the N atom.
In addition, N retains a lone pair of e− localized on the
remaining sp3 orbital that does not participate in bonding. The
combination of the N's relatively high electronegativity and this
lone pair enable NH3 to readily donate or accept charge with the
d states of Mo atoms on the surface. On the other hand, N
doping signicantly disrupts the inherent saturation of the
system, thereby enhancing its interaction with the NH3 mole-
cule, which already showed potential adsorption on pristine-
MoS2. With the additional activation role introduced by the
doped N, the interaction becomes even stronger and more
favorable. This conrms the important role of N doping in ne-
tuning the adsorption properties of MoS2 and provides the basis
for co-doping strategies aimed at further enhancing gas sensing
performance.

However, the adsorption strength of the N-doped NH3

system remains limited, as the calculated adsorption energies
for CO, CO2, and NH3 are all relatively small. To address this
limitation, the strategy of N and O co-doping was further
investigated to enhance the adsorption and sensing perfor-
mance. The N with 5 valence e− (e− conguration: 1s2 2s2 2p3)
and O with 6 valence e− (electron conguration: 1s2 2s2 2p4)
were simultaneously substituted at S sites, which also possess 6
valence e− (e−-conguration: [Ne] 3s2 3p4). This combination is
expected to create a synergistic effect in which N atoms provide
new active sites and enhance charge transfer, while O atoms
with high electronegativity induce local lattice distortion and
strengthen the bonding capability with gas molecules. The
stable N–O–MoS2 structure is illustrated in Fig. 1(i), showing
a surface corrugation of 1.608 Å, higher than 1.564 Å in pristine-
RSC Adv., 2026, 16, 3662–3680 | 3667
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Fig. 2 The non-magnetic atom-projected band structures of (a) pristine-MoS2, (b) MoS2–CO–B1, (c) MoS2–CO2–A1, (d) MoS2–NH3–A1, (e) N–
MoS2, (f) N–MoS2–CO–D1, (g) N–MoS2–CO2–A1, (h) N–MoS2–NH3–A1, (i) N–O–MoS2, (j) N–O–MoS2–CO–D1, (k) N–O–MoS2–CO2–D1, (l) N–
O–MoS2–NH3–D1. Orange, sky blue, red, and navy circles represent the contributions from C, O, N, and H atoms, respectively.
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MoS2 but lower than 1.670 Å in N–MoS2. The longest Mo–S bond
is elongated to 2.449 Å, while the shortest contracts to 2.390 Å,
a larger distortion compared with both pristine (2.413/2.412 Å)
and N–MoS2 (2.418/2.405 Å). Notably, the bandgap completely
disappears, and the system remains metallic, as in the case of N
doping, indicating that N and O co-doping induces even
3668 | RSC Adv., 2026, 16, 3662–3680
stronger modications in the electronic properties of the
material compared with both pristine and N doped systems.
Aer co-doping, the adsorption characteristics of MoS2 undergo
signicant changes. For CO, the most stable conguration
occurs when the molecule tilts slightly toward the surface with
the carbon atom pointing downward. The adsorption energy is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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−0.02 eV, smaller than that of pristine-MoS2 (−0.15 eV) and
equivalent to that of N–MoS2 (−0.02 eV), but the adsorption
distance shortens considerably to 2.725 Å compared with 3.482
Å in pristine and 3.609 Å in N–MoS2. This indicates that CO still
binds weakly but approaches closer to the surface due to the co-
doping effect. The surface corrugation reaches 1.629 Å, higher
than both pristine and N–MoS2, while the Mo–S bonds distort
signicantly with values of 2.446 and 2.389 Å. For CO2, the most
stable adsorption site is located at the valley position, where the
molecule retains a nearly linear O–C–O bond angle of 179.6°.
The adsorption energy is calculated to be −0.02 eV, while the
adsorption distance shortens to 2.955 Å compared with 3.417 Å
on pristine-MoS2 and 3.643 Å on N–MoS2. The surface corru-
gation is 1.619 Å, and the Mo–S bonds exhibit asymmetric
distortion (2.446/2.392 Å), indicating stronger local lattice
deformation. In the case of NH3, the most stable conguration
occurs at the top site with one H atom oriented toward the
surface. The adsorption energy increases noticeably to
−0.09 eV, compared with −0.18 eV for pristine MoS2 and
−0.02 eV for N–MoS2, demonstrating a signicant enhance-
ment in binding strength upon N–O co-doping. The adsorption
distance decreases markedly to 1.856 Å, much shorter than
2.931 Å in pristine-MoS2 and 2.823 Å in N–MoS2, reecting
a signicantly stronger molecule–surface interaction. The
H–N–H bond angle remains nearly constant at ∼107°, con-
rming that the trigonal-pyramidal geometry of NH3 is
preserved. The surface corrugation is 1.608 Å, lower than that of
N–MoS2 but higher than the pristine surface, while the Mo–S
bonds exhibit pronounced distortion (2.449/2.390 Å). These
structural variations arise from the synergistic effect of N and O
atoms, which induce substantial charge redistribution when
simultaneously substituting two S atoms in the lattice. Such
a cooperative electronic perturbation enhances charge transfer
between the adsorbate and substrate, sufficient to weaken the
stability of CO and CO2 through orbital hybridization among
Mo-4d, N-2p, and O-2p states. As a result, the adsorption
distance of CO and CO2 reduces from ∼3 Å to 2.725 Å. However,
the corresponding adsorption energy remains low (−0.02 eV),
indicating that the interaction is primarily driven by charge
transfer and can be characterized as weak chemisorption.
Overall, compared with pristine and singly doped systems, (N,
O) co-doping markedly shortens the adsorption distance of CO,
CO2, and NH3, strengthens the binding of NH3, and induces
stronger lattice deformation, demonstrating the crucial role of
(N, O) co-doping synergy in tuning adsorption behavior and
enhancing the gas-sensing potential of MoS2. Besides, it is
worthy to note that the calculated magnetic moment of the all
studied congurations are equal zero (Table 1), evidencing the
non-magnetic feature of these systems. The determined non-
magnetic feature results in the non-splitting of spin-up and
spin-down components in their band structures and density of
states (DOSs) as well as other quantities in later discussion.
3.2. Electronic band structure

To further analyze the electronic properties of MoS2, we inves-
tigated the electronic band structure of this material. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
results are shown in Fig. 2, with the vertical axis representing
electronic energy (eV) and the horizontal axis representing the
k-path in reciprocal space along the high-symmetry points G–

M–K–G. The curves in the diagram represent the allowed elec-
tronic states, while the red dashed line at 0 eV marks the Ef. As
shown in Fig. 2(a), the pristine-MoS2 is a direct bandgap semi-
conductor, with the valence band maximum (VBM) and
conduction band minimum both located at the K point, giving
a bandgap of about 1.67 eV. The bands are clearly distributed,
with no defective states appearing within the gap, reecting the
ideal semiconducting nature of the system. To evaluate the gas
adsorption ability of MoS2 for potential applications in toxic gas
sensors, we further examined the changes in the band structure
upon adsorption of CO, CO2, and NH3, as shown in Fig. 2(b–d).
For the MoS2–CO system (Fig. 2(b)), the direct bandgap at the K
point is preserved but decreases to 1.69 eV as the conduction
band dispersions are pulled closer to the Ef. Contributions from
C and Omainly appear deep below−2 eV or higher above +2 eV,
with very weak intensity, reecting weak interaction. Nonethe-
less, a faint new dispersion branch emerges very close to the Ef,
indicating a slight degree of local orbital hybridization between
CO and the MoS2 states, even though the overall interaction
remains weak. Similarly, for the MoS2–CO2 system (Fig. 2(c)),
the direct bandgap at the K point is maintained with a slightly
reduced value of 1.69 eV compared with pristine-MoS2 (1.77 eV).
The dispersions near the Ef remain nearly unchanged, while the
contributions from C and O are mainly distributed in deeper
energy regions below −2 eV or above +2 eV. CO2 adsorption
induces a thin and weak new dispersion branch close to the Ef,
but its intensity is too low to affect the electronic nature of the
system. This is consistent with the fact that CO2 is a nearly
nonpolar and chemically inert molecule, which interacts only
weakly with the already inert MoS2 surface, leading to
physisorption-dominated behavior. The reason is that the
hybridization between S-3pz orbitals and Mo-4dz orbitals is
concentrated at the conduction band minimum, while the
overlap of S-3pxy orbitals with Mo-4dxy orbitals dominates the
valence band maximum, the effective orbital overlap with the C-
2p and O-2p states of CO and CO2 is nearly negligible. This
intrinsic orbital overlap becomes challenging because pristine
MoS2 is a semiconductor with a relatively large bandgap and the
Ef lying deep within the gap. As a result, the contribution of C
and O to the electronic band structure of MoS2 is very limited
and mainly conned to deep states far from the Ef. Therefore,
the role of CO and CO2 is only weakly manifested by the
appearance of a faint dispersion branch at around−0.2 eV, with
very modest orbital contributions. Overall, the MoS2–CO and
MoS2–CO2 systems remain semiconducting with a direct
bandgap of 1.69 eV at the K point. Overall, the contributions
from C and O lie predominantly deep in the conduction band,
with only very limited weight near the Ef. The out-of-plane pz-
orbital hybridization is clearly observed at the K point. Mean-
while, the bands below the Ef are distinctly separated and show
little mixing; the band edges shi only marginally. These
features indicate that CO scarcely alters the electronic nature of
MoS2, and the hybridization remains at the level of weak
interaction. In the case of the MoS2–NH3 system (Fig. 2(d)), the
RSC Adv., 2026, 16, 3662–3680 | 3669
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direct bandgap at the K point narrows to about 1.70 eV, and new
dispersions originating from N and H clearly appear in the
range from −1 eV to 0 eV. Notably, a new dispersion branch
emerges more prominently near the Ef compared with the CO
and CO2 cases, indicating signicantly stronger orbital hybrid-
ization. This arises from the lone electron pair on the N atom of
NH3, which can overlap with Mo–S electronic states near the Ef.
Although the interaction is still physisorption in nature, the
higher electronegativity of N enhances the coupling, consistent
with the reduced adsorption distance of NH3 and the presence
of N-derived states close to the Ef.

From these results, it is evident that pristine MoS2 interacts
only weakly with CO, CO2, and NH3 molecules. While CO and
CO2 adsorption induce only minimal changes and faint disper-
sion branches near the Ef, NH3 exhibits stronger orbital hybrid-
ization and local modications of the band structure. This
demonstrates that pristine-MoS2, in its ideal semiconducting
form, is not sufficient for direct toxic gas sensing, thereby moti-
vating doping strategies to improve its adsorption and electronic
response. In addition, in the N–MoS2 system (Fig. 2(e)), the
substitution of a S atom by a N atom introduces signicant
changes in the band structure. Unlike the pristine MoS2, where
the direct bandgap at the K point is 1.77 eV, the bandgap
completely collapses in the presence of N, transforming the
material from a semiconductor into a metallic state. The
dispersion curves clearly show that the bands cross the Ef,
eliminating the gap and forming a 2D electron gas-like system.
This metallization originates from the fact that N has only ve
valence e− compared to 6 for S, thereby generating e−-decient
sites. The N-2p states strongly hybridize with Mo-4d orbitals and
are pinned near the Ef, producing new dispersion branches that
cut directly through the Ef energy. As a result, the density of states
at the Ef increases substantially, providing abundant active sites
for gas adsorption. Accordingly, N induces strongly hybridized N-
2p states with Mo-4d, producing dispersion branches that cross
the Ef in a two-dimensional e− gas-like pattern. This hybridiza-
tion converts MoS2 from a typical semiconductor into a metal,
demonstrating enhanced activation capability and an increased
number ofmobile e−within the system.When CO adsorbs on the
N–MoS2 system (Fig. 2(f)), the system retains its metallic char-
acter, with the band structure showing electronic bands that
continue to cross the Ef without reopening a bandgap.

The contributions from C and O remain very weak, appear-
ing mainly in the valence band between −2 and −1 eV and in
the conduction band around +2 eV, far from the Ef. A faint
dispersion branch associated with CO appears near Fermi
energy, but its intensity is too small to produce signicant
hybridization. Therefore, although N doping introduces e−-
decient active sites, at a concentration of 1/12 this effect is not
strong enough to govern the interaction with CO. As a result, the
band structure changes only minimally compared with the N–
MoS2 without gas adsorption. The key reason is that the inter-
action of the out of plane pz orbitals only touches the band
manifold very shallowly, yielding negligible spectral weight.
Moreover, the faint CO induced branches contribute either too
deep in the conduction or valence regions, or only minimally
near the Ef, so the overall hybridization remains weak.
3670 | RSC Adv., 2026, 16, 3662–3680
Consequently, the adsorption efficiency is insignicant, even
though the charge transfer is somewhat larger than in the case
of CO on the pristine substrate. Similarly, CO2 adsorption on N–
MoS2 (Fig. 2(g)) maintains the metallic nature of the system.
The dispersion curves continue to cross the Ef almost
unchanged from the bare N-doped case, with C and O contri-
butions remaining weak and far from the Fermi energy, mainly
below −2 eV and above +2 eV. A very faint dispersion branch
appears near the Ef, reecting limited orbital overlap. This
behavior arises from the nearly nonpolar nature of CO2, whose
linear geometry cancels the dipole moment and makes the
molecule chemically inert. Although N doping generates e−-
decient sites and provides active centers, at the low concen-
tration of 1/12 the number of such sites is not sufficient to
induce strong hybridization with the stable linear structure of
CO2. Therefore, the adsorption mechanism remains dominated
by weak charge transfer and physisorption. In contrast, NH3

adsorption on N–MoS2 (Fig. 2(h)) produces a marked difference.
The system preserves its metallic character, but additional
prominent dispersion branches originating from the N and H
atoms of NH3 appear very close to the Ef (from −1 eV to 0 eV).
These branches are much stronger than those in the CO and
CO2 cases, conrming signicant orbital hybridization. This
arises from the molecular structure of NH3, which contains
three N–H bonds and a lone electron pair on the N atom. The
lone pair overlaps effectively with the e−-decient Mo–N active
sites generated by doping, thereby forming stable hybridized
states close to the Ef. Even at the relatively low doping concen-
tration of 1/12, the number of active sites is sufficient to create
substantial orbital overlaps, enhancing the electronic response
of the system. Overall, while CO and CO2 adsorption on N–MoS2
remains weak and does not signicantly alter the metallic band
structure, NH3 adsorption generates strong dispersion
branches near the Ef, indicating a much higher degree of
hybridization. This result highlights the role of N doping in
breaking the saturated Mo–S bonding network, inducing
metallization, and providing active sites that selectively
strengthen interaction with NH3. Thus, N–MoS2 exhibits supe-
rior sensitivity and selectivity toward NH3 compared with CO
and CO2, conrming its potential as a toxic gas sensor.

On the other hand, (N, O) co-doping enhances the interac-
tion between the substrate and the gas. As observed in Fig. 2(i),
the band structure shows little difference from the N doped
case. This indicates that (N, O) co-doping does not signicantly
disrupt the intrinsic structural characteristics of the system,
thus preserving the overall band dispersion. However, co-
doping introduces new active centers that facilitate interac-
tion and charge transfer, while O contributes to the redistri-
bution of electronic states within the band structure. As a result,
the interaction between the substrate and the gas molecules
changes noticeably, with CO, CO2, and NH3 exhibiting
discernible contributions to the band structure across a wide
energy range. Although these contributions are not large, they
suggest potential activation of additional features and
improvements in key gas sensor metrics such as sensitivity,
electronic sensitivity, and selectivity. The high electronegativity
of O draws gas molecules closer, especially CO and NH3,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The non-magnetic atom-projected DOSs of (a) pristine-MoS2, (b) MoS2–CO–B1, (c) MoS2–CO2–A1, (d) MoS2–NH3–A1, (e) N–MoS2, (f) N–
MoS2–CO–D1, (g) N–MoS2–CO2–A1, (h) N–MoS2–NH3–A1, (i) N–O–MoS2, (j) N–O–MoS2–CO–D1, (k) N–O–MoS2–CO2–D1, (l) N–O–MoS2–
NH3–D1. Gray, orange, sky blue, red, and navy circles represent the contributions from total, C, O, N, and H atoms, respectively.
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through strong polarization. Even the nonpolar CO2 is partially
affected, moving closer and participating in charge transfer and
hybridization. The direct contributions of CO, CO2, and NH3 to
the band structure reveal a clear enhancement in orbital
hybridization, with Mo-4d orbitals interacting strongly with N-
2p and O-2p states. Overall, while CO and CO2 adsorption on
© 2026 The Author(s). Published by the Royal Society of Chemistry
N–O–MoS2 still exhibit weak interactions with only faint
dispersion branches near the Ef, NH3 adsorption induces
pronounced new electronic states directly at the Fermi energy.
These ndings demonstrate that N and O co-doping not only
strengthens the metallic character of MoS2 but also produces
a synergistic effect that substantially enhances its adsorption
RSC Adv., 2026, 16, 3662–3680 | 3671
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capability and electronic response toward NH3. Therefore, N–O–
MoS2 exhibits superior sensitivity and selectivity toward NH3

compared with both pristine and N doped systems, highlighting
its strong potential as a potential material for toxic gas sensing
applications.
3.3. Density of states

To validate the band structure results, we further analyzed the
atom–projected density of states (DOS) of the pristine-MoS2, N–
MoS2, and N–O–MoS2 systems together with their adsorption
systems for CO, CO2, and NH3, as illustrated in Fig. 3. For the N–
MoS2 system (Fig. 3(e)), the bandgap collapses completely,
transforming the material from a semiconductor into a metallic
state. The DOS display a nite density of states at the Ef, with
a very intense peak of about 50–55 states per eV located around
−2 eV. This feature originates from strong hybridization
between N-2p and Mo-4d orbitals, indicating that N substitu-
tion introduces e−-decient sites and signicantly increases the
density of available active states. Upon CO adsorption (Fig. 3(f)),
the system maintains its metallic nature, with only very weak
contributions from C and O atoms, appearing far from the Ef at
deep valence (below −2 eV) and high conduction states (above
+2 eV). A faint branch is observed near the Ef, but its intensity is
too small to induce strong orbital overlap, conrming that the
interaction remains weak. Similarly, CO2 adsorption (Fig. 3(g))
leaves the metallic character essentially unchanged, with
negligible contributions from C and O close to the Ef. In
contrast, NH3 adsorption (Fig. 3(h)) produces pronounced new
states between −1 and 0 eV, directly adjacent to the Ef. These
states arise from the lone pair e− on the N atom in NH3, which
effectively hybridize with the e−-decient Mo–N active sites. As
a result, the DOS near the Ef increases substantially, reecting
stronger orbital hybridization compared with CO and CO2. In
the case of N–O–MoS2 (Fig. 3(i)), the metallic nature is further
enhanced, with a denser DOS distribution around the Ef
compared to the N–MoS2. This behavior results from the
synergistic effect of N and O, where N generates e−-decient
sites and O, with its higher electronegativity, induces local
lattice distortions and withdraws charge density, thereby
generating additional electronic states pinned near the Ef.
When CO is adsorbed (Fig. 3(j)), the system remains metallic,
but a new branch from C and O atoms appears closer to the Ef
compared with the N–O–MoS2, indicating slightly stronger
orbital interaction. For CO2 adsorption (Fig. 3(k)), a faint but
clearer contribution from C and O emerges near the Ef, sug-
gesting that enhanced surface polarization due to O incorpo-
ration improves orbital overlap, although the overall interaction
remains weak. In sharp contrast, NH3 adsorption on the N–O–
MoS2 (Fig. 3(l)) produces very strong new states exactly at the Ef,
much more pronounced than in both pristine and N–MoS2.
These peaks originate from N and H orbitals in NH3 strongly
hybridizing with Mo–N–O active centers, which explains the
much shorter adsorption distance and stronger binding energy
observed in this system. Overall, DOS analysis reveals that CO
and CO2 interact only weakly across all three systems, though
their contributions become slightly more evident in the N–O–
3672 | RSC Adv., 2026, 16, 3662–3680
MoS2. By contrast, NH3 consistently induces new states close to
the Ef, with the most signicant enhancement observed in the
N–O–MoS2. This nding highlights the critical role of co-doping
in amplifying the metallic character of MoS2 and creating
a synergistic effect that signicantly improves sensitivity and
selectivity toward NH3, positioning N–O–MoS2 as a highly
promising candidate for high-performance toxic gas sensors. In
the N–MoS2 (Fig. 3(e)), the bandgap collapses completely,
transforming the material from a semiconductor into a metallic
state. The DOS shows a nite value at Ef, with a strong peak
(∼50–55 states per eV) located around −2 eV, originating from
strong hybridization between N-2p and Mo-4d orbitals. This
clearly demonstrates that N substitution introduces e−-decient
sites and signicantly enhances the density of available active
states. Upon CO adsorption (Fig. 3(f)), the DOS maintains its
metallic character, with contributions from C and O remaining
extremely weak and located far from the Ef (below −2 eV and
above +2 eV). Only a faint additional branch appears near the Ef,
indicating limited orbital overlap and conrming that CO still
interacts very weakly. A similar situation is observed for CO2

adsorption (Fig. 3(g)), where the DOS retains the metallic nature
of the N–MoS2 and the C/O contributions remain negligible
near the Ef. In contrast, NH3 adsorption (Fig. 3(h)) produces
pronounced new states from −1 to 0 eV, directly adjacent to the
Ef. These features arise from the lone-pair e− of N in NH3

overlapping effectively with the e−-decient Mo–N sites, leading
to stronger orbital hybridization. This enhanced response
indicates that N–MoS2 interacts more selectively and strongly
with NH3 than with CO or NH3. As for the N–O–MoS2 (Fig. 3(i)),
the metallic character is further enhanced, exhibiting a denser
and broader DOS distribution across the Ef compared with
the N doped counterpart. The pronounced states near Ef origi-
nate from the synergistic effect of N and O, where N introduces
e−-decient sites while O, owing to its higher electronegativity,
induces local lattice distortions and withdraws charge density,
thereby generating additional states pinned close to the Ef.
Upon CO adsorption (Fig. 3(j)), the system retains its metallic
nature, but weak new features arising from C and O atoms
appear closer to Ef than in the N doped case, suggesting slightly
stronger orbital interaction. Moreover, for the case of N–O–
MoS2–CO2 (Fig. 3(k)), a small but clearer contribution from C
and O emerges near the Ef, reecting enhanced polarization
induced by O incorporation; nevertheless, the overall interac-
tion remains weak. In sharp contrast, N–O–MoS2–NH3 (Fig. 3(l))
produces strong new states exactly at the Ef, much more intense
than those observed in both pristine-MoS2 and N–MoS2. These
peaks arise as the N and H orbitals of NH3 strongly hybridize
with Mo–N–O active centers, which accounts for the shorter
adsorption distance and higher adsorption energy.

In addition, the contribution of N is markedly enhanced
compared with pristine MoS2 and the N-doped system, and the
density of states immediately near the Ef increases to nearly 13
states per eV, highlighting the role of O via its higher electro-
negativity in improving adsorption capability by strengthening
surface polarization and orbital overlap. Taken together, the
DOS results demonstrate that while CO and CO2 contribute only
weakly across all systems, their interaction improves slightly in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Spatial charge density difference and planar-averaged electrostatic potential along the z-direction of (a) MoS2–CO–B1, (b) MoS2–CO2–
A1, (c) MoS2–NH3–A1, (d) N–MoS2–CO–D1, (e) N–MoS2–CO2–A1, (f) N–MoS2–NH3–A1, (g) N– O–MoS2–CO–D1, (h) N– O–MoS2–CO2–D1, (i)
N–O–MoS2–NH3–D1. The green regions represent charge depletion, while the orange regions indicate charge accumulation. The flat potential
profile is responsible for the vacuum space.

© 2026 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2026, 16, 3662–3680 | 3673
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Fig. 5 The work function (f) along the z-direction of (a) pristine-MoS2, (b) MoS2–CO–B1, (c) MoS2–CO2–A1, (d) MoS2–NH3–A1, (e) N–MoS2, (f)
N–MoS2–CO–D1, (g) N–MoS2–CO2–A1, (h) N–MoS2–NH3–A1, (i) N–O–MoS2, (j) N– O–MoS2–CO–D1, (k) N– O–MoS2–CO2–D1, (l) N– O–
MoS2–NH3–D1.
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the N–O–MoS2. On the other hand, consistently induces new
states near the Ef for NH3 case, with the strongest response
observed for the N–O–MoS2. This conrms that N–O–MoS2
creates a synergistic effect that not only enhances the metallic
nature of MoS2 but also amplies its sensitivity and selectivity
toward NH3, making N–O–MoS2 a highly promising candidate
for advanced gas sensing applications.
3.4. Charge density difference

To determine the nature of the adsorption process, the charge
difference prole along the z-axis was analyzed, as illustrated in
3674 | RSC Adv., 2026, 16, 3662–3680
Fig. 4. The charge density difference (CDD) reveals charge
transfer between atoms and is crucial for elucidating inter-
atomic interactions at the atomic scale, particularly in doped or
adsorbed systems. Regions of charge accumulation appear as
orange areas surrounding the atoms, while green areas indicate
charge depletion; accompanying this is the plot of the planar
averaged electrostatic potential along the z axis. As shown in
Fig. 4(a) and (b) for MoS2–CO and MoS2–CO2, the variation in
electrostatic potential difference remains nearly constant along
the z-axis, clearly conrming that CO and CO2 do not interact
with pristine-MoS2 that the adsorption mechanism is purely
© 2026 The Author(s). Published by the Royal Society of Chemistry
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physisorption. This clearly indicates that the interaction
mechanism of the MoS2–CO and MoS2–CO2 are governed
mainly by Mo-4d and S-3p hybridization and very weak phys-
isorption, and that the contribution to the electronic properties
is dominated by charge exchange weakly.

In contrast, for MoS2–NH3 (Fig. 4(c)), the electrostatic
potential difference uctuates slightly, by about 0.02 eV, near
the interface between the MoS2 surface and the NH3 molecule.
This indicates a weak interaction between NH3 and MoS2.
Nevertheless, NH3 still contributes noticeably to the band
structure and the density of states, mainly through the N atom.
This can be rationalized by the lone pair on N and hybridiza-
tion, which together enhance the electronic impact of NH3.
Furthermore, N doping, which is expected to modulate charge
exchange within the MoS2 substrate, does not signicantly
enhance the adsorption capability, as the electrostatic potential
differences for N–MoS2–CO and N–MoS2–CO2 remain nearly
zero. However, N doping slightly improves the adsorption of
NH3, as indicated by an increase in the potential difference
from ±0.02 to ±0.03 eV for N–MoS2–NH3. The donor and
acceptor regions are distributed rather uniformly but exhibit
a small potential amplitude, indicating that the role of N in
generating e−-decient centers is valid; nevertheless, activation
through the charge exchange pathway remains limited, as re-
ected by the increased adsorption distance and the minimal
contribution of gas molecules to the band structure and density
of states. This result is consistent with the intrinsic character-
istics of N as a dopant, which possesses a limited electron
population in the relevant subshells and a moderately high,
though not extreme, electronegativity. As a result, at a doping
concentration of 1/12, N induces charge exchange, but only
weakly.

More importantly, (N, O) co-doping plays a crucial role in
substantially enhancing both adsorption strength and charge
exchange behavior. Specically, N–O–MoS2–CO (Fig. 4(g))
exhibits a pronounced electrostatic potential variation of
approximately ±0.01 eV localized around S, N, and O dopant
atoms, indicating a strong e−-accepting tendency and suggest-
ing that N–O–MoS2 is highly sensitive to CO molecules. In the
case of CO2 (Fig. 2(h)), (N, O) co-doping signicantly improves
adsorption compared with pristine-MoS2 or N–MoS2, increasing
the potential variation from nearly 0 to ±0.01 eV. Similarly, for
NH3 (Fig. 4(i)), (N, O) co-doping raises the average electrostatic
potential difference to about ±0.04 eV, exceeding that of pris-
tine and N–MoS2. Overall, (N, O) co-doping enhances CO
adsorption, improves CO2 adsorption. Although NH3 adsorp-
tion on N–O–MoS2 is stronger than on pristine and N–MoS2, the
adsorption energies and bond distances still place the interac-
tion in a strengthened physisorption regime with enhanced
charge transfer rather than true chemisorption.
3.5. Selectivity analysis

On the other hand, the variation in work function (f) between
the gas-adsorbed surface and the pristine surface serves as a key
indicator for evaluating gas-sensor sensitivity (Table 1). Specif-
ically, the f represents the minimum energy required to release
© 2026 The Author(s). Published by the Royal Society of Chemistry
an electron from the material surface into vacuum and is
expressed as58 eqn (2):

f = Evac − Ef (2)

where Evac is the vacuum level (the electrostatic potential value in
the far-vacuum region above the surface, where the potential
becomes at), and Ef stands for the Fermi level. Conversely, if the
f of the system aer gas adsorption is larger than that of the
pristine system, the potential barrier is increased and gas
adsorption is less favorable. Therefore, a surface with strong gas-
adsorption capability typically shows a negative change in f (Df)
and the more negative Df is, the higher the sensitivity to the
target gas. The change in work function is calculated by eqn (3):

Df = fads − fsub (3)

where fads denotes the f of the adsorbate-covered system (aer
gas adsorption), and fsub denotes the f of the pristine substrate
(clean surface).

Fig. 5 presents the variation of the electrostatic potential and
corresponding f along the z-direction for all pristine, N–MoS2
and N–O–MoS2, in which more detailed illustration of the
vacuum level (Evac) and Fermi level (Ef) in the f plot is provide in
Fig. S4 in the SI. The non-monotonic, drop-then-rise features of
the planar-averaged electrostatic potential near the surface arise
from the gas-induced interface dipole and disappear in the far-
vacuum region, where the potential becomes at and the
vacuum level Evac is dened. For pristine-MoS2 (Fig. 5(a)), the
potential difference between the vacuum level and Ef yields a f

of 5.525 eV, which increases upon adsorption to 5.637 eV for CO
(Fig. 5(b)), 6.584 eV for CO2 (Fig. 5(c)), and 5.701 eV for NH3

(Fig. 5(d)) consistent with the minimal hybridization observed
in the band-structure and DOS analyses.

The increased f values upon the CO, CO2, and NH3

adsorption imply the limited sensing potential of the pristine-
MoS2. For N–MoS2 (Fig. 5(e)), its f values at 5.648 eV that
slightly decreases upon CO, CO2, and NH3 adsorption: e.g.,
5.508 eV for CO (Fig. 5(f)), 5.615 eV for CO2 (Fig. 5(g)) and
5.642 eV for NH3 (Fig. 5(h)). The minor shis conrm that N
doping enhances surface activity and facilitates localized charge
redistribution but remains insufficient to produce strong
chemisorptive behavior. In sharp contrast, the N–O–MoS2
(Fig. 5(i)) exhibits a much higher intrinsic f of 6.640 eV,
reecting the strong electronegativity of O atoms and increased
e−-withdrawing ability. Upon the target gases adsorption, the f
decreases signicantly to 5.570 eV for CO (Fig. 5(j)), 5.650 eV for
CO2 (Fig. 5(k)), and 6.104 eV for NH3 (Fig. 5(l)), revealing
pronounced charge transfer from the adsorbedmolecules to the
substrate.

The negative Df shi highlights the synergistic contribution
of N and O co-doping, where N donates electrons to form active
sites and O enhances interfacial polarization through electron
withdrawal. The combined effect substantially strengthens the
adsorption-induced potential modulation and improves sensi-
tivity toward all three gases, particularly CO and CO2. These
trends are consistent with the quantitative data summarized in
RSC Adv., 2026, 16, 3662–3680 | 3675
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Fig. 6 Comparison of selectivity based on Df of the gas-adsorbing substrate and the non-adsorbing substrate.
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Table 1, reinforcing that (N, O) co-doping effectively optimizes
charge exchange and electronic response for enhanced gas-
sensing performance.

Particularly, the sensitivity to the target gases based on the
calculated Df values (Table 1) is illustrated in Fig. 6, in which
the more negative Df values indicate the higher sensitivity. It
should be mentioned that the positive Df values mean poor
sensitivity. As a result, the pristine MoS2 system shows the
positive Df values with all target gases that indicate its poor
sensitivity, limiting its sensing potential. Upon N–MoS2 and N–
O–MoS2 exhibit the negative Df values for all gases, whereas the
Fig. 7 The electronic conductivity changes for pristine-MoS2, N–MoS2 a
and i), respectively.

3676 | RSC Adv., 2026, 16, 3662–3680
latter possesses more signicant negative Df values than that of
the former. This evidences the N–O–MoS2 is identied as the
most effective platform to detect the target gases among the
other ones, especially for CO and CO2 with the more signicant
negative Df values at −1.07 eV and −0.99 eV compared with
−0.54 eV of NH3, respectively.
3.6. Electrical sensitivity

To further and more objectively assess the sensitivity of the
doped systems upon gas adsorption, we examined the energy-
dependent difference in electronic conductivity based on the
nd N–O–MoS2 absorbed CO (a, d and g), CO2 (b, e and h) and NH3 (c, f

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Boltzmann formalism (Fig. 7). Specically, the electronic
conductivity change is dened as the difference in conductivity
between the adsorbed system and the non-adsorbed system,
according to the following expression (eqn (4)):59

jDsj ¼
�
�
�
�

sads � ssub

ssub

�
�
�
�

(4)

Here, sads denotes the electrical conductivity of the gas-
adsorbed system, and ssub denotes the conductivity of the
pristine substrate.

For the pristine-MoS2 in Fig. 7(a), the difference in electronic
conductivity is very clear and is almost independent of the
energy level near the Ef within the range −0.23 to 2 eV, as the
curve of the difference is nearly at. This means that the change
in conductivity of the gas-adsorbed system relative to pristine-
MoS2 is essentially constant in that region. In addition, the
peaks are irregularly scattered in the band-energy range from
−2 to −0.23 eV. This indicates that CO adsorption suppresses
internal charge-transfer processes in the system, leading to poor
electrical sensitivity, with a difference of about 60–100% across
the band structure. By contrast, the inertness of CO2 toward the
MoS2 substrate is even more evident in Fig. 7(b): the conduc-
tivity difference reaches up to 1500% relative to pristine-MoS2,
and the lack of variation in the difference throughout the
surveyed band-energy range shows that CO2 scarcely interacts
withMoS2. This is consistent with the structural, electronic, and
selectivity analyses in Fig. 6, where the change in f for CO2 is
the largest. Similarly, NH3 exhibits weak sensitivity on MoS2,
much like CO, as the electronic conduction change is nearly
constant.

On the other hand, the role of N is pronounced, N doping
redistributes the conductivity over the entire band-energy
range. However, the peaks of the electronic conductivity
change remain rather sparse; the highest peaks are mainly
located at relatively deep energies around −1.2 eV and 1.0 eV,
with maxima of about 40%. In addition, the remaining peaks
cluster around the Ef with modest differences (<6%). This shows
that CO becomes more sensitive on the N–MoS2 substrate, but
not dramatically so consistent with the previous conclusions. In
a similar vein, N doping partially mitigates the inertness of CO2

by redistributing the band-energy structure with more peaks
scattered throughout. However, as in the CO case, the largest
peaks, up to about 60% difference are concentrated around
−1.2 eV and 1.1 eV, while the others around the Ef have differ-
ences below 10%. This again suggests that destabilizing the CO2

molecule is difficult; thus, although N improves MoS2's elec-
trical sensitivity to CO2 to some extent, the enhancement is still
limited. A notable highlight appears for NH3 adsorption in
Fig. 7(f), the difference peaks are distributed very evenly with
relatively strong intensities, and the highest differences range
from about 40% up to 70%. Moreover, the peaks around the Ef
increase markedly compared with the CO and CO2 cases,
reaching ∼20%. This provides a clear and encouraging signal
regarding both sensitivity and selectivity for NH3 on N–MoS2.

Furthermore, the effect of co-doping with N and O is clearly
manifested through the stability of the conductivity difference.
As seen in Fig. 7(g), the difference between peaks is evenly and
© 2026 The Author(s). Published by the Royal Society of Chemistry
widely distributed across the entire band-energy range from −2
to 2 eV; the largest peaks differ only slightly from the others and
are almost uniform, typically ranging from 30% to 40%. This
indicates very high electrical sensitivity to CO across most of the
band-energy range and at different energies, which fully agrees
with the selectivity mapping examined in Fig. 6 for N–O–MoS2–
CO. In addition, CO2 also shows high electrical sensitivity, with
average differences of about 35–50% across most energies in the
band structure, and the largest peaks reaching ∼70% around
1 eV. Altogether, N–O–MoS2 demonstrates high sensitivity to
CO2, again consistent with the selectivity results in Fig. 6.
Finally, for NH3 on the co-doped substrate, the sensitivity is very
high compared with the CO and CO2 cases: the charge-
difference values average 45–60% across most energies,
including around the Ef, and the highest peaks range from
∼80% to over 120% at energies very close to the Ef (around −0.5
eV). This indicates excellent electrical sensitivity of N–O–MoS2
toward NH3.

Overall, these results indicate that the intrinsic MoS2 lattice
exhibits limited charge transfer and weak orbital coupling with
adsorbed gas molecules, leading to poor electrical sensitivity.
The N doping partially mitigates this limitation by introducing
e−-decient centers that enhance local charge redistribution,
thereby improving the electronic response. More importantly,
the simultaneous incorporation of N and O further amplies
this effect through synergistic electronic modulation. The
coexistence of N and O not only enhances surface polarization
and carrier density near the Ef but also facilitates stronger
orbital hybridization with the adsorbed species. Consequently,
N–O–MoS2 exhibits substantially improved sensitivity and
selectivity, particularly toward NH3, where the combined effects
of charge donation and electron withdrawal are maximized.

4. Conclusion

First-principles DFT calculations were conducted to elucidate
how N doping and (N, O) co-doping tune the structural, elec-
tronic, and sensing characteristics of MoS2 toward CO, CO2, and
NH3 gases. Pristine-MoS2 exhibits weak physisorption with
adsorption distances of about 3.6 Å and negligible charge
transfer due to the fully saturated Mo-4d and S-3p orbitals.
The N doping introduces e−-decient sites that slightly enhance
charge redistribution and improve adsorption, particularly for
NH3 with an adsorption energy of −0.05 eV. In contrast, (N, O)
co-doping induces a strong synergistic effect that fundamen-
tally reconstructs the electronic structure of MoS2. Dual dopants
enhance Mo-4d/N-2p/O-2p orbital hybridization and create
donor–acceptor charge bridges, converting semiconducting
MoS2 into a metallic, polarization-active system with superior
carrier transport. The adsorption distances decrease notably to
2.73 Å for CO, 2.96 Å for CO2, and 1.86 Å for NH3, while the
adsorption energy for NH3 increases to −0.09 eV, indicating
a strengthened physisorption regime with enhanced charge
transfer. Moreover, (N, O) co-doping leads to a signicant
reduction in f and a uniform distribution of conductivity-
change peaks, exceeding 120% for NH3 and 70% for CO2,
reecting enhanced charge-transfer efficiency and excellent
RSC Adv., 2026, 16, 3662–3680 | 3677
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View Article Online
electronic sensitivity. These enhancements stem from the
synergistic modulation of surface polarization and orbital
hybridization induced by N and O dopants. Overall, dual (N, O)
co-doping provides an effective pathway for optimizing the
interfacial electronic coupling, sensitivity, and selectivity of
MoS2, establishing a robust theoretical foundation for devel-
oping high-performance 2D gas sensors with improved
response and long-term operational stability.
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