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A B S T R A C T

The selective detection of hydrogen (H2) in complex gas environments is essential for hydrogen safety moni
toring, yet remains challenging for pristine MoS2-based sensors. Herein, density functional theory (DFT) was 
employed to explore four single-layer MoS2 systems co-doped with either Sc or Ti (metal site) and B or N (non- 
metal site), namely Sc@B-MoS2, Sc@N-MoS2, Ti@B-MoS2, and Ti@N-MoS2. Formation energy analysis (− 3.34 to 
− 3.01 eV) confirmed their structural stability. Adsorption energy results reveal that Sc@N-MoS2 (− 0.35 eV) and 
Ti@N-MoS2 (− 0.31 eV) exhibit the most favorable H2 binding, markedly outperforming single-atom doping. The 
d-band center analysis and density of states (DOS) calculations show that N-site modification enhances orbital 
overlap with H2, preserving high H2 selectivity even in the presence of CO and H2O. The Crystal Orbital Hamilton 
Population (COHP) analysis indicates that bonding states below the Fermi level dominate during adsorption, 
enabling strong gas-surface interactions. Gibbs free energy calculations suggest robust thermal stability up to 
500 K, while diffusion barriers of 3.46–3.86 kJ/mol indicate the high mobility of adsorbed molecules, 
contributing to rapid sensor response kinetics. By calculating the electrical response and recovery time, we 
demonstrated that this material exhibits a shorter recovery time and high electrical responsiveness. Overall, 
Sc@N-MoS2 demonstrated superior sensing performance, providing mechanistic insights and design principles 
for synergistically co-doped MoS2 sensors with high H2 selectivity under realistic conditions.

1. Introduction

Hydrogen has emerged as a promising clean energy alternative to 
fossil fuels, owing to its superior mass energy density and the charac
teristic of generating only water upon combustion [1–3]. However, 
owing to the extremely low ignition threshold and nanoscale molecular 
dynamics diameter of hydrogen, it has significant flammability and 
diffusion characteristics, posing a major explosion hazard in industrial, 
transportation, and storage environments [4,5]. Thus, the rapid, selec
tive, and stable detection of hydrogen is essential for ensuring opera
tional safety in the hydrogen energy industry.

In gas-sensing technology, the structural characteristics and surface 
chemical behavior of gas-sensitive materials directly determine the core 
performance of the sensor [6,7]. Two-dimensional materials have 
opened up novel breakthrough avenues for gas sensing technology, 
thanks to their distinctive layered structure and superior electrical 
properties [8]. Of these materials, molybdenum disulfide (MoS2) stands 
as a typical example of transition metal dichalcogenides (TMDs), with 

considerable promise for gas-sensing uses due to its adjustable bandgap 
structure, ample surface active sites, and superior chemical stability [9,
10]. However, intrinsic MoS2 suffers from inherent drawbacks, such as 
surface inertness, insufficient electrical response, and weak gas molecule 
adsorption capacity, which severely limit its sensing performance. 
Research indicates that First-principles calculations have revealed that 
small molecular gases, including H2, O2, and CO, exhibit only weak 
physical adsorption on MoS2 surfaces. Their charge transfer is negli
gible, and their impact on the band structure of the material is minimal 
[11]. To overcome this technical bottleneck, researchers have innova
tively adopted an atomic-level doping strategy, precisely controlling the 
band structure and surface active site distribution of MoS2 to signifi
cantly enhance the sensing properties of the material [12].

In the field of advanced gas-sensitive materials research, the utili
zation of transition metal elements to modulate the properties of MoS2- 
based materials has emerged as a prominent research focus in recent 
years. Early studies [13] demonstrated that Ir element modification 
significantly enhances the MoS2 adsorption capacity for gases such as 
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CH4, C2H4, and C2H2, providing a crucial direction for research on the 
transition-metal-regulated gas-sensing performance of MoS2. Building 
on this concept, subsequent computational studies [14] confirmed that 
modifying MoS2 with Ni and Pt not only retains the advantage of 
enhancing the gas adsorption capacity, but also significantly improves 
its sensing performance for gases such as CO and NO.

As research continues to advance, the academic community has 
begun to focus on the impact of transition metal modifications on the 
adsorption properties of specific gases such as H2. It can be found that 
MoS2 modified with Y or Ti can significantly enhance the adsorption 
energy of H2 molecules, further validating the importance of transition 
metals in regulating the properties of MoS2-based materials [15,16]. 
Additionally, the hydrogen adsorption effects of nine transition 
metals-including Fe, Co, and Ni-doped into MoS2, revealing that the 
Os-doped system exhibited the strongest H2 adsorption capacity, with an 
adsorption energy as high as 1.10 eV [17]. Interestingly, 
platinum-modified MoS2 possesses unique advantages, simultaneously 
enhancing both the intrinsic electrical response of MoS2 and its 
adsorption performance for multiple gases, offering new insights for 
developing multi-gas synergistic detection technologies [18].

However, this also highlights certain limitations of transition metal 
doping, such as [18,19] wherein metal atoms indiscriminately enhance 
the adsorption of multiple gases. This directly diminishes the material's 
ability to recognize target gases, hindering precise detection of specific 
gases. On the other hand, under long-term operating conditions, metal 
nanoparticles are prone to agglomeration, compromising the structural 
stability of the material [20]. These issues significantly limit the prac
tical applicability of transition metal-doped MoS2 materials.

Therefore, numerous researchers have turned to non-metallic doping 
of MoS2 to enhance the selectivity of materials toward specific gases. For 
instance, introducing Si into the S sites of MoS2 significantly improved 
the material's adsorption performance for H2 [21]. Surprisingly, when 
MoS2 was doped with B and C, it specifically enhanced the chemical 
adsorption of N2 while maintaining weak physical adsorption of CH4 
[22]. This discovery offers new insights into the selective adsorption of 
specific gases. Unfortunately, the low doping efficiency and limited 
charge transfer capacity of non-metallic doping hinder further im
provements in the sensitivity.

It is noteworthy that metal and non-metal doping have been proven 
to be two effective yet distinct strategies for regulating the gas-sensing 
performance of MoS2. Metal doping tends to act as a charge transfer 
amplifier, directly modulating the electronic structure of the substrate 
through its d-orbital characteristics. In contrast, non-metal doping fo
cuses more on active site engineering, influencing gas adsorption by 
altering the surface chemical composition and local coordination envi
ronments [23–27]. Existing research demonstrates that co-doping stra
tegies, including bimetallic, bimetallic-nonmetallic, or metal-defect 
synergies can yield multiple synergistic advantages. These encompass 
bandgap narrowing, enhanced intrinsic electrical response, and the 
creation of abundant active sites through induced lattice distortion, 
defect formation, and phase transition. Furthermore, such strategies 
contribute to improved durability in harsh environments via structural 
stabilization and electronic modulation [14,18,28,29]. However, cur
rent studies are predominantly focused on electrocatalytic hydrogen 
evolution reactions (HER), where the core aim is to optimize hydrogen 
adsorption/desorption kinetics. In contrast, for gas-sensing applications 
that demand high selectivity, sensitivity, and rapid recovery through the 
specific and reversible adsorption of target gases the systematic design 
principles and underlying mechanisms remain largely unexplored. In 
particular, the deliberate use of synergistic effects between metal and 
nonmetal dopants to tailor the surface chemistry and electronic struc
ture of MoS2 for high-performance gas sensing lacks comprehensive 
theoretical and experimental investigation. It is this critical gap that the 
present work aims to address.

Employing density functional theory, this work systematically 
examined the differential adsorption behaviors of H2, CO, and H2O on 

Sc/Ti-B/N co-doped MoS2. First, four doped monolayer models (Sc@B- 
MoS2, Sc@N-MoS2, Ti@B-MoS2, and Ti@N-MoS2) were constructed, 
and the structural stabilities of these models were confirmed from 
multiple perspectives. Second, the adsorption properties exhibited by 
the three gases on distinct single-layer materials, and the microscopic 
causes of the adsorption differences were explained using d-band center 
theory. The role of bonding orbitals during gas adsorption was investi
gated using the Crystal Orbital Hamiltonian Population (COHP). Sub
sequently, the electrochemical responses of the different monolayers to 
the three gases were studied by analyzing the density of states (DOS). 
Finally, Gibbs free energy calculations and kinetic analyses of response 
recovery were employed to further validate the applicability of the 
studied materials at actual operating temperatures. This study not only 
reveals the synergistic mechanisms of metal-nonmetal co-doping at the 
atomic scale but also provides a critical theoretical foundation and 
technical roadmap for designing next-generation high-performance 
hydrogen sensors.

2. Calculation method

2.1. Algorithm settings

Using density functional theory and the Dmol3 module [30], we 
systematically studied the different behaviors of the Sc@B-MoS2, 
Sc@N-MoS2, Ti@B-MoS2, and Ti@N-MoS2 surfaces in capturing H2, CO, 
and H2O. All calculations were spin-polarized to properly account for 
the electronic structures of systems containing transition metal atoms 
(Sc and Ti). We adopted the generalized gradient approximation (GGA) 
with the PBE functional to handle exchange-correlation effects in cal
culations, and selected a double numerical basis set (DNP) [31,32] that 
includes a polarization function. For precise characterization of inter
molecular weak interactions, all calculations incorporated Grimme's van 
der Waals correction (DFT-D) [33]. To address the issue of incomplete 
convergence of interlayer interactions during gas adsorption, we adop
ted the method proposed by Bal et al. [34]. A real-space cutoff radius of 
4.9 Å was employed to control the spatial dispersion of the basis func
tions. To ensure that the computational model accurately simulates 
isolated doping and adsorption systems while avoiding interactions 
between periodic mirror images, rigorous convergence tests were con
ducted on the supercell dimensions. Ultimately, a 4 × 4 × 1 Mon
khorst–Pack grid was selected for Brillouin zone integration to 
guarantee precise sampling. To ensure computational accuracy, strict 
convergence criteria were set: a total energy change threshold of 1.0 ×
10− 5 Ha, an atomic force convergence threshold set to 0.002 Ha/Å, and 
an atomic displacement threshold of 0.005 Å. Finally, the electronic 
distribution and charge transfer mechanism of the adsorption system 
were investigated using Mulliken population analysis [35,36].

2.2. Gas-phase environment model and simplification basis

This study selected two typical interfering gases, CO and water 
vapor, for investigation for the following reasons: CO, a common 
reducing gas, exhibits adsorption and charge transfer mechanisms 
similar to those of H2, making it an ideal candidate for evaluating H2 
detection selectivity. Second, H2O represents ubiquitous humidity 
interference, and assessing moisture resistance is crucial for practical 
applications. The investigation of these two molecules effectively vali
dated the fundamental principle of distinguishing H2 from major inter
ferents using the Sc/Ti-B/N co-doping strategy. Crucially, as the first 
fundamental theoretical study revealing the microscopic mechanism of 
H2 sensing in the Sc/Ti-B/N co-doped system, a relatively simplified 
model is required to elucidate its core mechanism, that is, how metal- 
nonmetal synergistic interactions specifically enhance H2 adsorption. 
Therefore, it is particularly important to avoid introducing gases that 
would complicate the system or involve competitive adsorption/reac
tion pathways, such as oxidation and carbonization.
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3. Results and discussion

3.1. Structural stability

This study aims to reveal the synergistic regulation mechanism of 
metal-nonmetal co-doping on the gas-sensing performance of MoS2. To 
this end, we constructed intrinsic and Sc/Ti-B/N co-doped MoS2 models 
and systematically investigated the adsorption behaviors of H2, CO, and 
H2O molecules. The co-doped models employed the most representative 
and experimentally feasible two-site substitution configuration: one 
transition metal atom (Sc/Ti) replaces the Mo site, while one non-metal 
atom (B/N) replaces its nearest-neighbor S site. This design enables a 
tight coupling between the two dopants, maximizing the electronic 
synergistic effects and precisely revealing the core “metal-nonmetal 
synergy” mechanism. Second, lattice site substitution is thermodynam
ically more stable and directly corresponds to established experimental 
pathways for metallic doping at Mo sites and non-metallic doping at S 
sites. This ensures that the theoretical predictions provide direct guid
ance for experimental work.

Based on this, we systematically investigated four co-doped systems: 
Sc@B-, Sc@N-, Ti@B-, and Ti@N-MoS2. By comparing the evolution of 
the geometric structures and electronic properties before and after 

adsorption, we analyzed the regulation mechanisms of co-doping on gas 
adsorption at the atomic scale. Fig. 1a shows the stable structures of the 
structurally optimized MoS2 monolayer and the three gas molecules. 
Bond length analysis indicated that all three molecules maintained 
typical symmetric structures, with bond lengths of 0.75, 1.14, and 0.98 
Å for the H-H, C-O, and O-H bonds, respectively. These values agree well 
with the experimentally reported data in the literature [37–40], fully 
validating the accuracy of our computational methods.

Fig. 1b shows the atomic structures and electronic properties of 
metal and nonmetal-codoped MoS2 monolayer materials (Sc@B-MoS2, 
Sc@N-MoS2, Ti@B-MoS2, and Ti@N-MoS2). Structural characterization 
revealed that all modified systems exhibited only minor deformation 
and no atomic agglomeration, confirming the structural stability of the 
co-doping strategy. The charge density quantitatively characterizes the 
charge transfer between different atoms [41–43], with the blue regions 
in Fig. 1b representing electron-rich zones and the red regions repre
senting electron-depleted zones. The calculation results indicate that 
Sc/Ti metal atoms act as electron donors, forming significant 
electron-depleted regions around their doping sites, whereas B/N 
non-metal atoms act as electron acceptors, inducing distinct 
electron-enriched regions around them (specific data are shown in 
Table S1). This differentiated charge distribution directly reflects the 

Fig. 1. (a) Schematic of the structural model for MoS2 single-layer material and gas molecules (H2, CO, and H2O). (b) Stable structures and charge density maps of 
Sc@B-MoS2, Sc@N-MoS2, Ti@B-MoS2, and Ti@N-MoS2. (c) The density of states (DOS) and (d) projected density of states (PDOS) analysis plots for Sc@B-MoS2, 
Sc@N-MoS2, Ti@B-MoS2, and Ti@N-MoS2.
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electronic interaction mechanism between the doped atoms and MoS2 
substrate. This not only effectively regulates the surface electron den
sity, but more importantly, forms active sites with Lewis's acid-base 
characteristics at the Sc/Ti-B/N active centers, creating a favorable 
electronic environment for the subsequent selective adsorption and 
activation of gas molecules.

Moreover, the binding ability of metal and non-metal doping atoms 
to the surface was quantitatively characterized using formation energy 
and DOS diagrams [44]. First, the formation energy (Ef) [45–47] was 
analyzed as follows: 

Ef = ETM@NTM-MoS2 -EMoS2 -nμTM-mμNTM + xμs + yμMo (1) 

ETM@NTM-MoS2 and EMoS2 denote the total energies of doped and undoped 
MoS2, respectively. where μTM and μNTM represent the chemical poten
tials of the metal and nonmetal atoms, respectively. Here, μs and μMo 
denote the chemical potentials of the S and Mo atoms. where m and n 
denote the number of metal and nonmetal atoms doped into the 
supercell. where x represents the number of S atoms replaced by the 
doped atoms and y represents the number of Mo atoms replaced by the 
doped atoms. A more negative Ef indicates greater stability of the doped 
system. The negative formation energies obtained for all the co-doped 
systems (Sc@B-MoS2: 3.08 eV, Sc@N-MoS2: 3.34 eV, Ti@B-MoS2: 
3.01 eV, Ti@N-MoS2: 3.21 eV) indicate thermodynamic feasibility and a 
tendency. The well-preserved lattice structure after doping further 
supports this conclusion, as no significant distortion was observed, thus 
confirming the structural stability of these configurations.

For advanced gas sensor development, precise control of the elec
tronic properties and active sites on material surfaces is key to achieving 
high-performance sensing. The work function, a key parameter char
acterizing the electronic escape properties of materials, directly reflects 
the work needed to extract an electron across the material-vacuum 
interface [48–51]. This study obtained the work function values of 
different modification systems through systematic calculations: the 
work functions of Sc@B-MoS2, Sc@N-MoS2, Ti@B-MoS2, and Ti@N-
MoS2 were 5.80, 5.93, 5.85, and 6.07 eV, respectively. Computational 
analysis reveals that the work functions of Sc@B-MoS2 and Ti@B-MoS2 
are lower than those of Sc@N-MoS2 and Ti@N-MoS2, respectively. The 
charge density analysis (Fig. 1b) indicates that the strong electronega
tivity of the nitrogen centers in the N-functionalized structures leads to a 
significant electron aggregation effect, whereas the electron loss of the 
metal atoms is insufficient to offset this process, leading to a decrease in 
the net electron concentration at the material surface and a significant 
increase in the work function of the material.

Further analysis of the surface electrostatic potential (Fig. S1) 
revealed that metal doping sites form localized high electrostatic po
tential regions, which promote gas adsorption through strong polariza
tion effects and d-orbital hybridization. Meanwhile, the N atom regions 
enhance the activity of the metal sites through electron-induced effects 
and stabilize the adsorption products through charge complementarity. 
This “high-low” synergistic distribution pattern of the electrostatic po
tential enables the doped MoS2 surface to form highly efficient gas 
adsorption active centers.

Under the B modification system, although B also exhibits electronic 
induction effects, its electronegativity is lower than that of N and Mo, 
resulting in a weaker electron-binding capacity. Additionally, the elec
trons lost by the metal atoms are not fully captured by B, leading to B 
sites retaining weak electron deficiency characteristics. Together with 
the metal sites, this forms an overall high electrostatic potential region. 
Notably, the Ti@N-MoS2 system exhibits the highest work function 
value (6.61 eV), which is directly related to its charge transfer quantity 
(Ti: 0.53 e− ; N: 0.62 e− ), indicating that by precisely controlling the 
electron donation and acceptance capabilities of the dopant elements, 
the electronic properties of the material surface can be selectively 
optimized, thereby enhancing the adsorption capacity for specific gases.

Previous researches [52,53] have demonstrated that changes in the 

density of states directly affect the electrical response of a material, 
which is critical to gas-sensing performance. This study reveals the in
fluence of atomic doping on the electrical response of materials by 
systematically analyzing the changes in the density of states curve. As 
shown in Fig. 1c, compared to pristine MoS2, the density of states in all 
doped systems (Sc@B-MoS2, Sc@N-MoS2, Ti@B-MoS2, and Ti@N-MoS2) 
exhibited a significant shift toward lower energy levels, promoting 
interband electron transitions and indicating an enhanced electrical 
response. Specifically, compared to Sc@B-MoS2 and Ti@B-MoS2, 
Sc@N-MoS2 and Ti@N-MoS2 exhibited pronounced changes near the 
Fermi level. The new peaks observed near the Fermi level in the 
Sc-doped system indicate the emergence of novel electronic states. Upon 
H2 molecule adsorption, these states can serve as efficient 
charge-transfer pathways, facilitating electron exchange between the 
adsorbate and substrate. Concurrently, alterations in the electronic 
structure, including the emergence of new peaks and band shifts, are 
expected to modulate the intrinsic carrier concentration and type of 
material. Such adjustments may induce corresponding changes in the 
electrical response, which typically create favorable conditions for 
inducing observable electrical responses during subsequent gas 
adsorption processes.

To further investigate the microscopic mechanisms of synergistic 
doping between metal and non-metal atoms, we calculated the PDOS for 
each system [54]. Fig. 1d illustrates the orbital interaction characteris
tics of the different co-doped MoS2 systems. Calculations reveal that 
across all modified systems, the d orbitals of metal atoms (Mo/Sc/Ti) 
and p orbitals of non-metal atoms (S/B/N) show substantial orbital 
overlap, validating the stability of the doped structure. Notably, the 
N-doped systems (Sc@N-MoS2 and Ti@N-MoS2) exhibited stronger 
orbital hybridization characteristics than the B-doped systems. Specif
ically, within the energy range near the Fermi level (− 3 to 0 eV), the 
projected density of states (PDOS) peaks of the d orbitals from Sc/Ti/Mo 
and the p orbitals from S/N exhibited more pronounced overlap and 
resonance, with the overall hybridization peaks exhibiting higher in
tensity. These features collectively indicate that in the N-co-modified 
systems, the electronic interactions between the atomic orbitals are 
more active and the orbital coupling is stronger.

3.2. Gas-Sc/Ti-B/N-MoS2 surface

3.2.1. Gas-surface interaction mechanism
Employing a systematic methodology, this investigation explored the 

adsorption characteristics of gas in different co-doped MoS2 systems 
using a multi-scale approach. First, the interaction strength of the 
different systems was determined through adsorption energy and dis
tance analysis. Subsequently, the microscopic mechanism underlying 
the differences in adsorption performance was revealed by combining 
the transition metal d-state theory and COHP. To methodically investi
gate the adsorption behaviors of gas molecules on the surface of Sc/Ti- 
B/N-MoS2 materials, we first constructed initial adsorption models for 
H2, CO, and H2O molecules at a distance of 2.50 Å above the monolayer 
material [37–40]. The equilibrium positions of each gas molecule were 
determined through structural optimization calculations (Fig. S2–S13). 
The most favorable adsorption geometry was identified through a 
comprehensive analysis of the relative energetic stabilities of various 
possible adsorption sites and molecular orientations (Fig. S14–S17).

Figs. 2 and 3 illustrate the optimal adsorption configurations of H2, 
CO, and H2O on Sc/Ti-B/N-MoS2, with significant differences in the gas 
adsorption selectivity among the different doping systems. The distance 
between the adsorbate and substrate is an essential parameter for 
measuring bond strength. DFT calculations show that there are signifi
cant differences in the adsorption distances between the Sc@B-MoS2 
surface and different gas molecules: H2O (2.35 Å) > H2 (2.23 Å) > CO 
(2.13 Å). This distance gradient clearly reflects the material's selective 
adsorption properties toward gas molecules. The adsorption distances of 
Sc@N-MoS2 for different gases showed gradient changes: H2 (2.12 Å) <
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CO (2.24 Å) < H2O (2.25 Å). The Ti-doped system shows more signifi
cant differences: the adsorption distances of Ti@B-MoS2 for H2, CO and 
H2O are 2.28 Å, 2.12 Å and 2.29 Å, respectively. The corresponding 
values of Ti@N-MoS2 are 2.22 Å, 2.25 Å and 2.18 Å respectively. All gas 
molecules in the optimized system underwent positional adjustments.

To elucidate the electronic interaction mechanism between gas 
molecules and functionalized MoS2 surfaces, this study analyzed the 
charge distribution of the system using electron density [55] (Figs. 2 and 
3). The electronic wave functions indicate that when gas molecules 
adsorb onto various material surfaces, they act as electron donors, 
transferring electrons to materials such as Sc@B-MoS2, Sc@N-MoS2, 
Ti@B-MoS2, and Ti@N-MoS2. This is consistent with the distribution 
characteristics shown in the red regions of the figure, indicating strong 
interactions between the gas and different surfaces.

To further validate the superiority of the synergistic effect in the co- 
doped system, we systematically calculated the charge transfer values 
(Table S2) and adsorption distances (Table S3) for the single-atom- 
doped system. The analysis shows that the co-doped system promotes 
stronger interfacial charge redistribution and smaller adsorption dis
tances, providing direct evidence of its synergistic mechanism. To un
derstand the interaction mechanism between the adsorbate (H2, CO, 
H2O) and Sc/Ti-B/N-MoS2 system, we first conducted a theoretical 
analysis of the key parameters governing the adsorption characteristics. 
This study revealed a clear structure-property relationship between the 
adsorption distance and adsorption energy. As the adsorption distance 
decreased, the interfacial charge transfer effect intensified, leading to 
more negative adsorption energy values, indicating the formation of a 
more stable adsorption configuration [56]. Notably, the stable adsorp
tion achieved by the co-doped system operates within an “effective 
response range” enhancing the recognition sensitivity for target gases, 

through strengthened interactions while maintaining 
adsorption-desorption reversibility. This demonstrates the core value of 
synergistic effects in optimizing the sensor performance. Based on this 
theoretical understanding, this work systematically compared the 
adsorption energies and distances of H2, CO, and H2O for four modified 
systems: Sc@B-MoS2, Sc@N-MoS2, Ti@B-MoS2, and Ti@N-MoS2. The 
adsorption energy calculation formula [57–59]: 

Eads = Etotal-
(
Emonolayer + Egas

)
(2) 

Eads denotes the adsorption energy (eV), Etotal reflects the stabilized 
energy minimum post gas adsorption, Egas characterizes the ground- 
state energy of isolated gas molecules, and Emonolayer represents the 
total energy of the ground state of intrinsic monolayer materials. As 
shown in Fig. 4a, the adsorption distance analysis revealed that the 
adsorption distances for all systems toward the three gases exceeded the 
sum of their respective atomic radii, indicating that physical adsorption 
predominated in all cases. On the Sc@B-MoS2 surface, H2 and CO 
molecules were adsorbed with moderate strength, exhibiting energies of 
− 0.28 eV (2.23 Å) and − 0.32 eV (2.13 Å), respectively. In contrast, H2O 
binds more weakly, with an energy of − 0.25 eV at a distance of 2.35 Å. 
For the Ti@N-MoS2 system, the adsorption energies of H2, CO, and H2O 
were calculated to be − 0.31 eV (2.22 Å), − 0.27 eV (2.25 Å), and − 0.22 
eV (2.28 Å), respectively. This indicates that H2 exhibits the strongest 
affinity on this surface, whereas H2O is the most weakly adsorbed. In the 
case of Ti@B-MoS2, CO exhibited the strongest adsorption among the 
three gases, with an energy of − 0.34 eV at a close distance of 2.12 Å. The 
adsorption of H2 (− 0.26 eV, 2.28 Å) and H2O (− 0.19 eV, 2.29 Å) was 
significantly weaker. Finally, the adsorption on Sc@N-MoS2 showed a 
distinct behavior: H2 adsorption was the most favorable in this system, 
with an energy of − 0.35 eV and a short distance of 2.12 Å. CO and H2O 

Fig. 2. Equilibrium adsorption geometries and electronic density profiles of different gas molecules on the surfaces of Sc@B-MoS2 and Sc@N-MoS2 materials: (a) 
Sc@B-MoS2-H2, (b) Sc@B-MoS2-CO, (c) Sc@B-MoS2-H2O, (d) Sc@N-MoS2-H2, (e) Sc@N-MoS2-CO, and (f) Sc@N-MoS2-H2O.
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are less strongly bound, with energies of − 0.28 eV (2.24 Å) and − 0.27 eV (2.25 Å), respectively. All calculated adsorption energies were 

Fig. 3. Equilibrium adsorption geometries and electronic density profiles of different gas molecules on the surfaces of Ti@B-MoS2 and Ti@N-MoS2 materials: (a) 
Ti@B-MoS2-H2, (b) Ti@B-MoS2-CO, (c) Ti@B-MoS2-H2O, (d) Ti@N-MoS2-H2, (e) Ti@N-MoS2-CO, (f) Ti@N-MoS2-H2O.

Fig. 4. (a) Adsorption energy and distance parameters of gas molecules (H2, CO, and H2O) on Sc@B-MoS2, Ti@B-MoS2, Sc@N-MoS2, and Ti@N-MoS2 materials, and 
(b) d-band centers of Sc@B-MoS2, Ti@B-MoS2, Sc@N-MoS2, and Ti@N-MoS2. (c) ICOHP of H2, CO, and H2O gas molecules on the surfaces of Sc@B-MoS2, Ti@B- 
MoS2, Sc@N-MoS2, and Ti@N-MoS2 materials.
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negative, ranging from − 0.15 to − 0.37 eV, confirming the exothermic 
and spontaneous nature of the adsorption processes. Additional 
adsorption energy data are presented in Table S4.

The d-band center theory is a key factor in evaluating the adsorption 
capabilities of metals. To elucidate the interaction mechanism between 
gas molecules and material surfaces, we calculated the d-band centers of 
different materials using the following specific calculation methods 
[60–62]: 

εd =

∫∞
-∞ nd(ε)εdε
∫∞
-∞ nd(ε)dε

(3) 

In this physical formula, ε represents energy, and nd(ε) represents den
sity. Fig. 4b clearly illustrates the ε distribution characteristics of Sc/Ti- 
B/N-MoS2. Interestingly, the value of ε and its position relative to the 
Fermi level significantly affect the material properties. As the value of ε 
increases and approaches the Fermi level, the electron coupling 
strengthens, and the gas adsorption becomes stronger. As shown in 
Fig. 4b, the ε values of the Sc@N-MoS2 and Ti@N-MoS2 systems are 
closer to the Fermi level than those of Sc@B-MoS2 and Ti@B-MoS2, 
indicating a stronger coupling between their d electronic states and gas 
molecular orbitals. This electronic structural characteristic directly 
leads to the superior performance of Sc@N-MoS2 and Ti@N-MoS2 in H2 
adsorption. Additionally, higher ε values increase the proportion of 
bonded states, thereby enhancing gas adsorption.

We then used chemical bond theory to thoroughly analyze the gas 
molecule adsorption mechanism on the surface of Sc/Ti-B/N-MoS2 
materials. We focused on the impact of electronic structure differences 
on the adsorption energy, with particular emphasis on the contribution 
of bonding orbitals to the adsorption stability. Building on previous 
research findings, this study employed the Crystal Orbital Hamilton 
Population method to quantitatively characterize the interatomic 
bonding interactions during the adsorption process, thereby revealing 
the essence of gas-surface interactions [63–65]. Fig. S18–21 present 
detailed COHP curves, which enable a precise analysis of the bonding 
and antibonding characteristics of chemical bonds and allow for a 
quantitative assessment of the bonding strength. The results indicate 
that the enhancement of bonding states below the Fermi level signifi
cantly increases the bonding cooperative force, whereas the weakening 
of antibonding states further reinforces this effect.

Fig. S19 and S21 show the COHP curves for Sc@N-MoS2 and Ti@N- 
MoS2 with respect to H2, CO, and H2O, respectively. As shown in the 
figures, CO and H2O predominantly exhibit antibonding orbital in
teractions below the Fermi level when adsorbed on Sc@N-MoS2 and 
Ti@N-MoS2, leading to repulsive forces between atoms, weakened 
interatomic attraction, and unstable interactions. However, when H2 
adsorbs onto both materials, the interactions below the Fermi level are 
primarily dominated by the bonding orbitals. The filling of bonding 
orbital electrons enhances the interatomic attraction, driving the for
mation of stable adsorption between the gas and material surface. The 
antibonding orbitals did not significantly disrupt the adsorption stabil
ity, indicating that Sc@N-MoS2 and Ti@N-MoS2 exhibited excellent 
adsorption performance for H2.

Notably, the COHP curves of different gas-material systems exhibited 
significant differences, reflecting the specificity of adsorption. We 
further calculated the integral COHP (ICOHP) values to provide a more 
quantitative explanation of the results [66]. Quantitative analysis shows 
(Fig. 4c) that the ICOHP values of Sc@N-MoS2 and Ti@N-MoS2 surfaces 
interacting with H2 are significantly higher than those of CO and H2O. 
This electronic structure feature directly confirms that H2 molecules 
have a clear competitive adsorption advantage on the surface of this 
type of material.

3.2.2. Gas electrical response
Based on DFT calculations, the electrical response characteristics of 

gas adsorption processes in different co-doped MoS2 systems were 

systematically analyzed (Fig. S22–S25). The electrical response, as a 
direct indicator of the strength of the material-gas interactions, clearly 
reflects the specific recognition ability of each modified system toward 
gases through its dynamic response behavior. Tao et al. [67,68] have 
demonstrated that comparing the height of the Fermi level on the den
sity of states curves before and after gas adsorption can effectively 
characterize the evolution of the electrical response of the material. 
Based on the above analysis, we optimized this change and defined it as 
an electrical response value. A higher electrical response value indicates 
a better material response to the gas, enabling the intuitive identifica
tion of material systems with optimal selectivity for the target gas. we 
defined the following formula: 

Gs =Ef-g
/
Ef-s (4) 

In this formula, Gs denotes the electrical response value. Owing to the 
different states of the material surface before and after gas adsorption, 
the density of states at the Fermi level (Ef) undergoes a significant 
change: Ef-s prior to adsorption and Ef-g after adsorption. This variation 
reflects the impact of gas adsorption on the distribution of electronic 
structures near the Fermi level of the material.

Fig. 5a shows the electrical response characteristics of the Sc@N- 
MoS2 and Ti@N-MoS2 monolayer materials toward H2. As shown, both 
monolayer materials exhibited a significant selective response to H2 gas 
in complex gas environments, accompanied by distinct electrical re
sponses. Fig. 5b shows the electrical response of different monolayer 
materials to multiple gases. Sc@N-MoS2 and Ti@N-MoS2 exhibited 
highly selective electrical responses to H2 in mixed-gas environments, 
whereas their responses to H2O and CO were negligible. In contrast, 
although Sc@B-MoS2 and Ti@B-MoS2 also show high electrical response 
values for H2, they simultaneously produce a significant electrical 
response to CO, indicating that the B-modified systems lack selective 
recognition capability. Notably, within the nitrogen-modified systems, 
Sc@N-MoS2 exhibited superior H2 electrical response characteristics 
compared to Ti@N-MoS2, with more pronounced changes in the 
amplitude of the electrical signal. This further confirms the exceptional 
selective adsorption capability of the nitrogen-co-modified MoS2 mate
rial for H2.

To further investigate the gas adsorption characteristics, we sys
tematically calculated the electronic structures of H2, CO, and H2O 
molecules on the surfaces of different co-doped MoS2 systems 
(Fig. S22–S25). The results indicate that the B-modified systems (Sc@B- 
MoS2 and Ti@B-MoS2) cause a leftward shift in the energy bands and a 
slight decrease in the Fermi level when adsorbing CO and H2, indicating 
a change in the electrical response; however, they lack a selective 
electrical response to H2. In contrast, the N-modified systems (Sc@N- 
MoS2 and Ti@N-MoS2) exhibited significant electrical response selec
tivity, with the density of state curves remaining largely unchanged 
during the adsorption of CO and H2O. The adsorption of H2 resulted in a 
noticeable leftward shift in the band structure and a decrease in the 
Fermi level. Additionally, a new peak appeared near − 3.6 eV for Ti@N- 
MoS2 during H2 adsorption, confirming a specific change in the elec
trical response. This unique response behavior not only verifies the se
lective recognition capability of N-modified materials toward H2 but 
also highlights their excellent hydrophobic properties. Notably, the 
Sc@N-MoS2 system exhibited superior performance to the Ti@N-MoS2 
system.

The selective adsorption mechanism of H2 on the Sc@N-MoS2 and 
Ti@N-MoS2 surfaces was elucidated through a projected density of 
states (PDOS) analysis of the Sc/Ti-B/N-MoS2 systems (Fig. S22–S25). 
The observed multiple hybridization peaks between − 6.6 and − 3.3 eV 
arise from the strong orbital overlap involving the H2 s, metal (Sc/Ti) d, 
and N p orbitals. Notably, the characteristic peak at − 3.6 eV in Ti@N- 
MoS2 originates from the Ti 3d orbital contributions, whereas the 
broader density of states distribution near the Fermi level in Sc@N-MoS2 
accounts for its enhanced H2 selectivity. These electronic structure 
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features demonstrate the dominant role of the metal d orbitals in gov
erning the adsorption selectivity and electrical response modulation of 
these materials.

3.3. Gas sensing applications

To investigate the performance of different co-doped MoS2-based gas 
sensors for hydrogen detection, we focused on three key performance 
metrics: evaluating the material's temperature resistance through high- 
temperature stability testing, analyzing gas diffusion behavior and its 
impact on electrical response characteristics using molecular dynamics 
simulations, and quantitatively analyze dynamic parameters such as gas 
recovery time. These systematic studies provide comprehensive exper
imental evidence for understanding the performance of materials in 
actual working environments. Because the optimal operating tempera
ture ranges vary among different materials, to ensure material 

performance and extend service life, we calculated the Gibbs free en
ergies of H2, CO, and H2O on different surfaces to determine their 
optimal operating temperature ranges. The Gibbs free energy is 
expressed as follows: 

G= E(OK) + H-T⋅S (5) 

Where G is the Gibbs free energy and E(0 K) represents the total elec
tronic energy of the system at absolute zero (this term incorporates the 
zero-point energy ZPE after frequency correction). H is the thermal 
correction to the enthalpy (integrated from the heat capacity) from 0 K 
to the target temperature T and S is the entropy, including translational, 
rotational, and vibrational contributions to the entropy. T is the absolute 
temperature. The specific calculation formula is provided in the Sup
porting Materials. The gas adsorption properties of the co-doped MoS2 
materials at different temperatures were evaluated using the Gibbs free 
energy (ΔG) system. ΔG was significantly positively correlated with 

Fig. 5. (a) Co-doped MoS2 monolayers: schematic of the H2 response mechanism. (b) Comparison of the selectivity of modified Sc@B-MoS2, Ti@B-MoS2, Sc@N- 
MoS2, and Ti@N-MoS2 monolayers toward different gases.

Fig. 6. Relationship between Gibbs free energy and temperature for three gases (H2, CO, H2O) on (a) Ti@N-MoS2 and (c) Sc@N-MoS2. Diffusion behavior of three 
gases at different temperatures in the (b) Ti@N-MoS2 and (d) Sc@N-MoS2 systems.
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temperature, and the magnitude of the negative ΔG values corresponded 
to the strength of the adsorption capacity during spontaneous adsorp
tion. As shown in Fig. 6a and c, at 275 K, the Sc@N-MoS2 and Ti@N- 
MoS2 systems exhibit ΔG > 0 characteristics for CO, confirming that 
their effective adsorption capacity at room temperature does not possess 
stable adsorption characteristics at high temperatures. However, the 
selective adsorption of H2 by Sc@N-MoS2 and Ti@N-MoS2 remained 
stable at elevated temperatures, with an operational temperature range 
far exceeding that of Sc@B-MoS2 and Ti@B-MoS2 (Fig. S34). This 
property stems from hydrogen exhibiting a larger negative free energy 
value when adsorbed onto Sc@N-MoS2 and Ti@N-MoS2 materials, 
enabling them to maintain superior adsorption performance under high- 
temperature conditions while demonstrating excellent stability against 
humidity fluctuations. This further validates the potential of these sen
sors for detecting hydrogen leaks in complex environments.

Molecular dynamics simulations were employed to characterize the 
diffusion properties of gas molecules on the co-doped MoS2 surfaces. By 
calculating the diffusion coefficients at various temperatures and 
determining the activation energy for diffusion based on the Arrhenius 
equation, a comprehensive analysis of the gas diffusion kinetics was 
conducted (detailed computational methods are provided in the Sup
porting information). Research indicates that the diffusion coefficient is 
a physical parameter that characterizes the diffusion capability of mol
ecules. A higher diffusion coefficient value corresponds to a faster mo
lecular diffusion rate, indicating a lower energy barrier that must be 
overcome during the diffusion process. [69]. Fig. S26–S29 depict the 
initial and equilibrium configurations during gas adsorption, and the 
associated diffusion coefficients are summarized in Table S5 and S6. The 
Sc@N-MoS2 and Ti@N-MoS2 systems exhibit low diffusion coefficients 
for hydrogen gas but higher coefficients for CO and H2O. This confirms, 
from a kinetic perspective, the selective adsorption capability of these 
materials toward H2 molecules.

Fig. S30–S33 show the steady state of Sc/Ti-B/N-MoS2-H2 at 
different temperatures. Fig. 6b and d shows the equidistant displace
ment of H2 on the modified Sc/Ti-N-MoS2 electrode. The diffusion 
activation energy for H2 was obtained by fitting the Arrhenius equation 
using the diffusion coefficients. Calculations indicated that the diffusion 
activation energies for Sc@N-MoS2 and Ti@N-MoS2 (− 3.46 and - 3.86 
kJ mol − 1, respectively) were significantly lower than those for Sc@B- 
MoS2 and Ti@B-MoS2 (− 4.76 and - 3.92 kJ mol − 1, respectively), further 
confirming the superior performance of Sc@N-MoS2 and Ti@N-MoS2 in 
H2 detection. In gas sensor performance evaluation, a preferable short 
recovery time (τ) serves as a core performance parameter that quanti
tatively describes the time required for the device to recover from 
exposure to the target gas to 90 % of its initial resistance value. This 
parameter is calculated using the following formula [70]: 

τ =A-1e-Eads/kT (6) 

The parameters involved in the calculation include the temperature 
T, Boltzmann constant k, specified sampling frequency n, and prefactor 
A (taken as here 1 × 1013 s− 1). Physically, A represents the average 
number of attempts per second by the adsorbed molecules to overcome 
the surface potential barrier. The typical value (1 × 1013 s− 1) corre
sponds to the characteristic vibrational frequency of the surface chem
ical bonds. This value provides a reasonable benchmark for accurately 
assessing the hydrogen desorption energy barriers and related kinetic 
processes [71–73]. Table 1 lists the recovery time (τ) of the main 

co-doped system (Sc@N-MoS2) in the relevant temperature range. 
Preferable short recovery time values correspond to smaller desorption 
energy barriers, indicating that the material possesses rapid desorption 
and efficient surface regeneration capabilities [74]. Table S7–S9 sum
marize the recovery time data for Sc/Ti-B/N-MoS2 for multiple gases at 
different temperatures. The analysis revealed that the Sc@N-MoS2 and 
Ti@N-MoS2 monolayer materials exhibited superior desorption kinetics. 
With increasing temperature, the recovery time generally decreased, 
reflecting accelerated gas desorption rates [75]. Compared with 
Sc@B-MoS2 and Ti@B-MoS2, Sc@N-MoS2 and Ti@N-MoS2 exhibited a 
preferable short recovery time under most conditions, demonstrating 
their ideal short recovery characteristics as sensing materials, which is a 
critical property for real-time cyclic detection. Notably, hydrogen ex
hibits relatively longer τ values owing to its stronger adsorption, 
consistent with previous experimental observations. Nevertheless, 
Sc@N-MoS2 and Ti@N-MoS2 maintained high electrical responsivity 
toward H2, even at elevated temperatures. This indicates that they 
preserve selectivity without sacrificing the recovery speed, demon
strating their significant potential for dynamic sensing applications.

4. Conclusion

Employing density functional theory, this work systematically 
examined the differential adsorption behaviors of H2, CO, and H2O on 
Sc/Ti-B/N co-doped MoS2, revealing a synergistic interaction mecha
nism between the metal and non-metal atoms. DFT calculations 
corroborated that the synergistic modification of metal (Sc/Ti) and non- 
metal (N) atoms markedly improved the material's H2 adsorption 
selectivity. Specifically, Sc and Ti act as electron donors, transferring 
0.74 and 0.53 electrons to the substrate, respectively, to form highly 
active sites with unoccupied d-orbitals. Their 3d orbitals undergo strong 
hybridization with the s orbitals of H2, significantly enhancing the 
strength of the adsorption. N atoms, with their high electronegativity, 
capture 0.62–0.67 electrons to form a stable p-d hybridization network. 
The Sc-N synergistic combination exhibited the most outstanding per
formance. The 3d orbitals of Sc and the 2p orbitals of N form new hy
bridization peaks near the Fermi level. The adsorption energy of H2 was 
− 0.35 eV (ensuring high sensitivity) while maintaining an extremely 
low diffusion activation energy (only 3.46 kJ/mol). This achieves an 
ideal balance between strong adsorption and fast surface migration 
dynamics, providing a key theoretical basis for designing sensors that 
combine a preferable short recovery time with a higher electrical 
response. Density of states analysis and molecular dynamics simulations 
further confirmed that this modified system maintained excellent H2 
adsorption performance (diffusion coefficient 1.64 × 10− 8 m2/s to 2.58 
× 10− 8 m2/s) and good hydrophobic properties (diffusion coefficient 
5.41 × 10− 8 m2/s to 0.56 × 10− 7 m2/s) across a wide temperature range 
of 300–500 K. The pronounced electrical response values and preferable 
short recovery time demonstrate that the synergistic modification of 
MoS2 with Sc/N and Ti/N achieves an optimal balance between high H2 
selectivity, significant electrical response, and short recovery time. This 
study elucidates the electronic structure mechanism by which metal- 
nonmetal synergistic modification enhances H2 adsorption and over
comes the performance limitations of traditional single-atom-modified 
materials, providing important theoretical guidance and design strate
gies for developing novel high-performance hydrogen sensors.
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The recovery time (10− 10 s) of the gas doped on the Sc@N-MoS2.

T (K) H2 CO H2O
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400 25.60 3.40 2.50
500 3.36 0.66 0.53
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