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Abstract: To address the most significant environmental challenges, the quest for high-performance
gas sensing materials is crucial. Among numerous two-dimensional materials, this study investigates
the gas-sensitive capabilities of monolayer As, Sb, and Bi materials. To compare the gas detection
abilities of these three materials, we employ first-principles calculations to comprehensively study
the adsorption behavior of NO and NO2 gas molecules on the material surfaces. The results indicate
that monolayer Bi material exhibits reasonable adsorption distances, substantial adsorption energies,
and significant charge transfer for both NO and NO2 gases. Therefore, among the materials studied,
it demonstrates the best gas detection capability. Furthermore, monolayer As and Sb materials exhibit
remarkably high capacities for adsorbing NO and NO2 gas molecules, firmly interacting with the gas
molecules. Gas adsorption induces changes in the material’s work function, suggesting the potential
application of these two materials as catalysts.

Keywords: two-dimensional materials; first-principles computations; constituent materials; gas
adsorption

1. Introduction

With the acceleration of industrialization and urbanization, the issue of air pollution
has gained significant prominence [1,2]. Pollutant gases not only jeopardize natural ecosys-
tems but also pose a considerable threat to human health [3–5]. Studies have demonstrated
the connection between air pollution and kidney function as well as potential regulatory
mechanisms, and an increasing body of research is connecting air pollution to the health
of several organs in the human body. Research on the effect of air pollution on labor
productivity has been performed by several academics. In other words, more people
are becoming aware of harmful gasses. Up to now, various gas detection methods have
been established, such as electrochemical, chromatography, infrared spectroscopy, and
spectrophotometry. However, the large-scale applications of these methods are still limited
by their complicated operation, high cost, or inability to detect in real-time [6]. Nitrogen
oxides (NOx = NO + NO2) emitted from stationary combustion chambers (including waste
to energy plants) or engines cause numerous undesirable environmental effects. These
include negative influences on human and animal health, detrimental effects on plants
and vegetation, acid rain, and smog. These negative influences are widely recognized by
the scientific community. Nitric oxide (NO) and Nitrogen dioxide (NO2) are prominent
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atmospheric pollutants [7–9], making the monitoring and regulation of their emissions
a pivotal concern [10]. Consequently, there is a growing need for nitrogen oxide gas
detectors characterized by high sensitivity, selectivity and stability. Various methods of
NOX detection have been published, including electrochemical gas sensors [11–13], optical
gas sensors [14], and semiconductor gas sensors [15–17]. Compared with alternative gas
sensors, semiconductor gas detectors display heightened sensitivity and affordability. This
is due to the semiconductor materials utilized having excellent electron mobility and high
carrier concentration, which cause the gas to interact with the semiconductor and generate
electrons and holes, changing the electric current and allowing for the detection of gas [18].
However, these detectors are not without constraints, requiring improved selectivity and
stability, and there is an urgent need to identify superior gas sensor materials [19].

Two-dimensional materials, owing to their substantial body surface ratio, abundant
active sites, and controllable morphology, have emerged as highly promising candidates
for gas sensing applications [20–25]. Following the successful detection of individual NOx
gas molecules by graphene [26], the adsorption characteristics of NOx molecules onto other
two-dimensional materials have also been extensively investigated. For example, in the re-
search conducted by Ta, Q. T. H., by employing a combined approach of high-temperature
Si diffusion and HF corrosion, an in situ synthesis of Si@TiO2/Ti3C2TX heterogeneous
structures based on the Ti3AlC2 MAX phase was achieved. Through Density Functional
Theory (DFT) calculations, it was discovered that Si atoms may enhance the NO2 adsorp-
tion process. The findings of this study may validate the potential of Si@TiO2/Ti3C2Tx
heterogeneous structures as multi-functional nanomaterials [27]. In extensive studies,
materials containing Group V elements have demonstrated outstanding gas detection capa-
bilities [28–31]. For example, Ou et al. investigated the sensing capacity of single-walled
black phosphorus nanotubes (BPNTs) for a number of typical harmful gas compounds
using ab initio density functional theory. Analysis of charge density difference and band
structure indicated the electronic properties of BPNTs are significantly altered after the
adsorption of NO2 [28]. In addition, Ye et al. applied violet phosphorene to gas sensing
for the first time. The bulk violet phosphorus was fabricated by chemical vapor transport
and exfoliated by a tap method and ultrasonic method to violet phosphorene. It was
then combined with graphene for sensing NO and CO gas molecules [29]. In Yang, L.’s
work, lateral heterojunctions (LHSs) based on arsenic and antimony were designed along
the armchair (AC) or zigzag (ZZ) edges. The adsorption and sensing characteristics of
As/Sb LHSs to NO2 before and after applying different types of strain were calculated
by first principles. This work laid the foundation for the fabrication of high-performance
NO2 gas sensors [32]. Earlier investigations demonstrated that monolayer black phospho-
rus exhibits superior chemical sensing capabilities for NO2 and NO, with comparable or
even higher molecular adsorption energies compared with prominent two-dimensional
materials like graphene or MoS2. However, black phosphorus has an extremely low air
stability, making it vulnerable to disintegration after only a few days of exposure to normal
ambient conditions [33,34]. The creation of gas detectors based on black phosphorus is
significantly hampered and challenged by this inherent instability. Antimonene has also
shown potential for gas adsorption, but the study of this material is not comprehensive
enough [35,36]. Considering the significant gas sensing potential of group V monolayer
materials, a comprehensive investigation of the gas adsorption properties of monolayer
pentaenes is warranted.

In this study, our objective is to compare the gas sensing capabilities of monolayer
arsenic (As), antimony (Sb), and bismuth (Bi) towards nitrogen oxides (NOX). Utilizing
first-principle calculations, we established a monolayer material model to investigate
the adsorption behavior of NO and NO2 on monolayer As, Sb, and Bi materials. It is
noted that monolayer Bi exhibits the potential for NOX gas detection. We systematically
examined the adsorption energies, density of states (DOS), and work functions of As, Sb,
and Bi materials for NO and NO2 gases. A comprehensive assessment of the gas detection
applicability of these three materials was conducted from the perspectives of adsorption
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energy and distance. The results indicate that monolayer antimony (Sb) demonstrates the
optimal gas sensing performance, showing the maximum adsorption distance, significant
adsorption energy, and charge transfer during the adsorption of NO2 and NO. Conversely,
monolayer arsenic (As) and monolayer antimony (Sb) exhibit similarly excellent adsorption
energies and charge transfers for NO2 and NO, but the adsorption behavior is characterized
by molecules being too close to the material surface, possibly indicating overly intense
adsorption unsuitable for gas sensing. However, due to strong interactions between the
materials and gases, as well as the tunable work functions within a small range, monolayer
arsenic and antimony hold potential as catalyst materials.

2. Computational Details

First-principles density functional theory (DFT) was performed based on the Vienna
Ab initio Simulation Package (VASP) [37]. Generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE) [38] functional was employed to deal with the
exchange–correlation interactions of electrons. The Electron–ion interactions were described
using the projector augmented wave (PAW) [39] potentials. The van der Waals (vdW) effects
were included using D3-Grimme [40,41] correction to obtain better long-range van der
Waals interaction between atomic layers. The cutoff energy for the plane-wave basis was 600
eV. The Brillouin zone of the surface unit cell was sampled by Monkhorst–Pack (MP) grids,
with a k-point mesh density of 2π × 0.04 Å−1 for structures optimizations [42]. A vacuum
layer of 15 Å was introduced to avoid interactions between periodic images. Geometry
optimization was performed under the condition that the total energy convergence was
less than 10−6 eV and the atomic force was less than 0.01 eV/Å. The density of states (DOS)
of the As, Sb and Bi monolayers were calculated using the PBE functional.

In our calculations, the adsorption capacity of a monolayer for gas molecules can be
expressed using the adsorption energy Ead as follows:

Ead = EMat+Gas − EMat − EGas

where EMat+Gas represents the total energy of a gas molecule adsorbed in the monolayer
system, and EMat and EGas represent the energy of the monolayer and free gas molecule,
respectively. The larger the absolute value of Ead, the stronger the adsorption capacity.
Moreover, the Bader charge was used to analyze the charge transfer between the monolayer
and gas molecule [43].

3. Results and Discussion

The original monolayer As, Sb, and Bi materials exhibit regular hexagonal structures.
The calculated lattice constants for the monolayers As, Sb, and Bi are 3.81 Å, 4.38 Å, and
4.58 Å, respectively. In our previous research within the research group, we evaluated the
stability of all structures involved from the perspective of formation energy, demonstrating
that the structures can exist spontaneously in a stable manner [44–46]. After optimization
calculation, we found that the most stable adsorption sites of NO and NO2 molecules on
these three materials were located above the interface. In the case of NO gas adsorption,
the NO molecules adopt an inclined structure above the monolayer material, with N
atoms positioned close to the material surface. Similarly, for NO2 gas adsorption, the
NO2 molecules assume an inclined structure above the monolayer material, with O atoms
positioned in proximity to the material. The As, Sb, and Bi monolayer materials’ structural
diagrams, both before and after gas adsorption, are displayed in Figure 1. The adsorbed
structure is on the right side, and the unadsorbed structure is on the left. The outlined
boxes on the material in the figure represent individual unit cells, with a unit cell size of
4 × 4 × 1. It is evident that the As, Sb, and Bi monolayer materials exhibit a regular hexagon
with no deformation and a regular structure when no gas is adsorbed. The materials’ bond
lengths alter to varying degrees after adsorbing gas, and the substance stops exhibiting
Periodic regular hexagons. Both the top and side views clearly show the changes in material
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shape. The presence of charge transfer, indicated by the change in bond length, suggests
that there is clear adsorption behavior between the material and the gas.
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Figure 1. Stable adsorption structure of NO molecule on (a) monolayer As, (c) monolayer Sb and
(e) monolayer Bi; stable adsorption structure of NO2 molecule on (b) monolayer As, (d) monolayer
Sb and (f) monolayer Bi.

We have defined the adsorption distance as the minimum distance between the atoms
in gas molecules and the atoms in monolayer materials during the adsorption process. To
optimize the geometry, we initially obtained N-O bond lengths of 1.17 Å and 1.21 Å for free
NO and NO2 molecules, respectively. However, upon adsorption of NO molecules onto
the three monolayer materials, we observed an elongation in the N-O bond lengths. It is
commonly accepted that the sum of two covalent atomic radii represents the ionic bond
length. Previous studies [47] have provided atomic covalent bond lengths. By subtracting
the adsorption distance from the sum of the covalent atomic radii, we can assess the
strength of adsorption and compare the adsorption capacities of different materials. These
data are summarized in Figure 2.
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The deformation of the material illustrated in Figure 1 can be explained by examining
the changes in bond length data shown in Figure 2a and the adsorption distance depicted
in Figure 2b. The extent of bond length change and adsorption distance can determine
the occurrence of adsorption. As depicted in Figure 2c, when the monolayer As material
adsorbs NO2, the adsorption distance is smaller than the sum of the covalent atomic radii,
this indicates that the adsorption capacity is extremely strong, which is unfavorable for
desorption and is not suitable for gas detection. In the other adsorption cases (As-NO,
Sb-NO, Sb-NO2, Bi-NO, Bi-NO2), the adsorption distance is slightly larger than the sum
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of the covalent atomic radii, indicating that the materials are sensitive to gas and possess
moderate adsorption strength. The difference between the sum of the covalent atomic radii
and the adsorption distance when monolayer As, Sb, and Bi materials adsorb the two gases
follows a clear decreasing trend. For NO2 adsorption (0.07 Å, −0.07 Å, −0.1 Å) and NO
adsorption (−0.07 Å, −0.12 Å, −0.23 Å), the bond energy gradually decreases, resulting
in a reduction in the adsorption capacity of arsenene, antimonene, and bismuthene for
the gases.

To investigate the gas sensing characteristics of As, Sb, and Bi monolayer materials fur-
ther, Bader analysis was used to determine the charge transfer (∆Q) between the materials
and NO and NO2 gas molecules, as indicated in Table 1. All adsorption systems with two
gases and three materials have negative computed charge transfer quantities. When NO2
gas is adsorbed on As, Sb and Bi monolayer materials, the materials donate electrons to
the NO2 molecules, while N atoms donate electrons to the O atoms. The substance serves
as a charge donor, and the NO2 gas serves as a charge acceptor throughout the charge
transfer process; electrons from As, Sb, and Bi monolayer materials are transferred to N
and O atoms when they adsorb NO gas. In the charge transfer process, the gas serves as
an acceptor, and the electrons are moved from the substance to the molecules of NO gas.
Charge accumulation results from the material’s continued role as a charge donor and the
NO gas’s role as an acceptor. As a result, it is possible to compare the acceptor doping
process to the adsorption of NO and NO2 molecules. These results are in line with the
elongation of the N-O bond length during the adsorption of the two gases, as depicted in
Figure 2.

Table 1. Calculation of charge transfer adsorbed by gas molecules on monolayer materials.

Adsorption Type Material N O Charge Transfer (C) Effect

As-NO 0.79 −0.31 −0.47 −0.79 Acceptor
As-NO2 0.89 0.37 −1.25 −0.89 Acceptor
Sb-NO 0.82 −0.25 −0.57 −0.82 Acceptor
Sb-NO2 0.65 0.45 −1.1 −0.65 Acceptor
Bi-NO 0.58 −0.56 −0.02 −0.58 Acceptor
Bi-NO2 0.66 0.4 −1.06 −0.66 Acceptor

We drew a DOS (Density of States) distribution map and examined the changes
in the material’s electrical characteristics before and after adsorption to have a better
understanding of the possible adsorption mechanism. The Ef (Fermi level) is set at energy
0 in the DOS calculation. Figure 3 displays, from left to right, the DOS and PDOS for As,
Sb, and Bi monolayer materials under various adsorption circumstances. Three adsorption
situations are distinguished for each material: unadsorbed, adsorbed NO, and adsorbed
NO2. The patches with varying colors and heights beneath the TDOS indicate how each
orbital contributes to the TDOS under various adsorption circumstances. A blue region
that stretches from the material’s DOS when it has not adsorbed gas to its DOS after it has
is shown at the bottom of each image. It is simple to compare the bandgaps of the material
before and after adsorption since this region shows the bandgap width of the material
when gas has not been adsorbed. Similar changes can be seen when comparing the TDOS
of As, Sb, and Bi monolayer materials before and after adsorption. First, the blue area at the
bottom of the picture makes it evident that, following adsorption under various adsorption
conditions, there are essentially new energy states on the bandgap, and the bandgap width
varies in comparison with the unadsorbed gas. This demonstrates that energy exchange
takes place between the material and gas during the adsorption process, changing the
substance’s electrical characteristics; moreover, the height of the peak DOS following gas
adsorption is lower than when the gas is not adsorbed. This indicates that the system
releases energy outward during the adsorption process, resulting in a decrease in system
energy after gas adsorption. This is in line with the findings computed in Table 1: during
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the adsorption process, heat is produced and charge is transferred from the substance to
the gas. This indicates that the study’s adsorption mechanism is rather likely to occur.
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The As monolayer material in Figure 3 (As) has an initial bandgap width of 0.62 eV,
and the Ef in DOS is situated close to the EV. The substance displays characteristics of a
P-type semiconductor. According to the PDOS study, the As-p orbital (the p orbital of As
atoms) contributes most to the material’s DOS intensity, whereas the As-s orbital (the s
orbital of As atoms) contributes comparatively less. As-p and O-p orbitals at the top of the
Ea, the Ef moving toward the Ev, and the appearance of a new energy level at the bandgap
all contribute to the DOS of the material system in the adsorption system generated by
the material adsorbing NO gas. This is because the material’s electrons move toward NO
molecules during adsorption, increasing the material’s hole concentration. Similar to this,
when the material adsorbs NO2 gas, both As-p and O-p orbitals contribute to the DOS, and
the Ef moves towards the Ev. The material demonstrates semiconductor characteristics in
these two adsorption scenarios due to the orbital hybridization phenomena, in which the
Ef does not cross the Ev.

The Ef is situated close to the Ev in Figure 3 (Sb), the DOS diagram of the Sb monolayer
material’s initial state, with a bandgap width of 0.48 eV. The substance displays characteris-
tics of a P-type semiconductor. Sb-p orbitals contribute more to a material’s DOS strength
than Sb-s orbitals do. Orbital hybridization between Sb-p and O-p orbitals occurs in the
adsorption system generated by the material adsorbing NO, resulting in a change in the
DOS to the left. There are smaller energy levels at the Ef, which is located at the bottom of
the conduction band. The substance has a modest metallicity. When adsorbing NO2, there
was no discernible orbital hybridization event, and the Sb-p orbital continued to contribute
the majority of DOS. The appearance of an energy state at the Ef in these two adsorption
scenarios shows how adsorption affects the material’s electrical characteristics.

The Ef is situated close to the Ev in Figure 3 (Bi), the DOS diagram of the initial state
of the Bi monolayer material, with a bandgap width of 0.89 eV. The substance displays
characteristics of a P-type semiconductor. PDOS analysis reveals that the primary source of
DOS intensity is the Bi-p orbitals, with the Bi-s orbitals contributing comparatively little.
The Ef moves to the left and crosses the top of the Ev in the adsorption system created by
the material adsorption of NO gas. At the Ef, a higher energy state emerges, and orbital
hybridization is feeble. Bi-p orbitals contribute the most to the DOS intensity, followed by
N-p orbitals. The bottom of the conduction band passes the Ef and the DOS peak moves to
the left when the material adsorbs NO2. A new, weak energy state emerges at the Ef as a
result of the electron exchange with the gas molecule. In PDOS, this orbital hybridization
is particularly weak, Bi-s orbitals account for the majority of the DOS intensity, with N-p
orbitals contributing very little. This suggests that NO2 gas has minimal impact on Bi
monolayer materials’ electrical characteristics.

It is evident from the three materials’ performances in adsorbing gas that As and
Sb monolayer materials significantly affect DOS while adsorbing gas. A strong orbital
hybridization phenomenon can be observed in the DOS graph after adsorption, indicating
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the strong sensitivity of As and Sb monolayer materials to NO and NO2 gases. The height,
position, and bandgap width of the DOS peak all show significant changes. Nevertheless,
Bi monolayer materials show comparable significant changes in the DOS plot upon gas
adsorption. One notable distinction is that the adsorbed PDOS exhibits weaker orbital
hybridization phenomena, and the material maintains gas sensitivity without an unduly
high gas binding.

To explore the sensing performance of the three materials, the work function (WF) was
calculated under all adsorption conditions. The work function represents the minimum
energy required to remove electrons from the surface of a solid material and is expressed
as Φ = Evac − Ef, where Evac and Ef are the electrostatic potentials of the electron far from
the surface and at the Fermi level, respectively [48–50]. Evac is defined as 0.

In Figure 4, the work functions of monolayer As, Sb, and Bi materials before and
after adsorbing NO2 and NO are summarized. From left to right, the work functions
of the As, Sb, and Bi monolayer materials are computed. The original state without gas
adsorption, the work function following NO adsorption, and the work function following
NO2 adsorption are the three adsorption states for which the work function values for
each material are computed. It can be observed that different gas adsorption leads to
adjustable work functions within the ranges of 4.74–5.05 eV, 4.40–4.85 eV, and 4.25–4.65 eV
for monolayer As, Sb, and Bi materials, respectively. Notably, the work functions of all three
materials show a gradual decrease even when not adsorbed, with values of 5.05 eV, 4.67 eV,
and 4.28 eV, respectively. Upon gas adsorption, the work functions exhibit a similar pattern
with a decrease in magnitude. The Bi-NO work function shows minimal change, with only
a 0.03 eV difference, suggesting that gas adsorption can modulate the work functions of
monolayer As, Sb, and Bi materials within a certain range.
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The decrease in work function corresponds to an increase in the Fermi energy level,
which can enhance the electron transfer rate at the material interface and improve their
catalytic performance. Remarkably, monolayer As and Sb materials exhibited a significant
decrease in work function after gas adsorption, indicating their potential application in
catalysis [51].

The strength of gas molecule adsorption on solid surfaces is determined by the absolute
value of the adsorption energy and the size of the adsorption distance [52,53]. Generally, a
larger absolute value of adsorption energy and a smaller adsorption distance indicate a
stronger interaction between gas molecules and solid surfaces, resulting in a more stable
adsorption phenomenon. Conversely, a smaller absolute value of adsorption energy and
a larger adsorption distance suggest a weak interaction between gas molecules and the
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solid surface, leading to an unstable adsorption phenomenon and a higher likelihood
of desorption reactions. The difference between the adsorption energy under different
adsorption conditions and the sum of the adsorption distance and covalent atomic radius
is summarized in Figure 5. The larger the difference, the tighter the adsorption and the
closer the gas molecules are to the substance following adsorption. The adsorption strength
increases with the absolute value of the adsorption energy. As a result, the evaluation
criteria of difference and adsorption energy divide the adsorption scenario in Figure 5 into
two categories: weak interaction and strong interaction.
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We have listed the adsorption energies under different adsorption scenarios in Table 2.
It can be observed that all three materials exhibit negative adsorption energies when
adsorbing NO and NO2 gases, indicating heat release during the adsorption process.
This aligns with the electron transfer from the material to gas molecules described in
Table 1, where significant charge transfer and large absolute values of adsorption energy
are observed. These findings suggest a propensity for adsorption in all studied cases.
Monolayer Bi material demonstrates high adsorption energy and moderate adsorption
distance when adsorbing NO and NO2 gases, indicating its potential for effective gas
sensing detection. Although the adsorption distance of monolayer As and monolayer Sb
materials is slightly greater than the sum of the covalent atomic radius when adsorbing NO
and NO2 gas, they still exhibit strong gas adsorption capacities, which makes desorption
less likely and renders them less suitable for gas sensing detection.

Table 2. Adsorption energy values under various scenarios.

Adsorption Type Adsorption Energy (eV)

As-NO −0.91
As-NO2 −0.69
Sb-NO −0.77
Sb-NO2 −0.74
Bi-NO −0.9
Bi-NO2 −0.86
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4. Conclusions

In summary, we have constructed a model of monolayer As, Sb and Bi materials
and investigated their gas sensing performance towards NO and NO2 gases using first-
principles calculations. The results reveal that the monolayer Bi material exhibits a moderate
adsorption distance for both NO and NO2 gases, accompanied by a significant adsorption
energy and charge transfer. This indicates its excellent gas sensing ability. Upon gas
molecule adsorption, the material undergoes noticeable deformation, and strong orbital
hybridization occurs between the gas and the material. New energy states emerge within
the bandgap, highlighting the strong interaction between the monolayer Bi material and
gas molecules. In contrast, the monolayer As and Sb materials react strongly to NO and
NO2 gases. They also exhibit narrow adsorption distances, high adsorption energy, and
charge transfer during adsorption. Following adsorption, there is significant material
deformation, evident bond length alterations, considerable orbital hybridization between
the material and gas, and the appearance of several new energy states at the band gap. The
monolayer As and Sb materials exhibit very small adsorption distances with NO and NO2
gas molecules, indicating an overly strong adsorption capacity that hinders desorption and
renders them less suitable for gas sensing detection. However, considering their strong
interaction with the gas molecules and the ability to slightly modulate the work function,
they hold potential as catalyst materials.

Author Contributions: Y.Z. (Yuting Zhang): validation, formal analysis, investigation, data cura-
tion, writing—original draft preparation; X.C. (Xi Chen): validation, formal analysis, investigation;
D.F.: validation, formal analysis, investigation, writing—review and editing visualization; H.Y.:
investigation, conceptualization, writing—review and editing visualization; D.W. (Dengkui Wang):
conceptualization, validation, writing—review and editing visualization; X.W.: formal analysis,
investigation, data curation; J.L.: validation, investigation, resources, supervision; Y.Z. (Yingjiao
Zhai): investigation, data curation, supervision; X.C. (Xueying Chu): investigation, data curation,
supervision; D.W. (Dongbo Wang): methodology, software, validation; H.Z.: investigation, data
curation, resources; X.F.: writing—review and editing, resources, supervision. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (62074018,
62174015 and 62275032), the National Key R&D Program of China (No. 2021YFB3201901), the
Developing Project of Science and Technology of Jilin Province (20210509061RQ), the Natural Science
Foundation of Jilin Province (20210101150JC, 20210101473JC), and The Natural Science Foundation
of Chongqing China (cstc2021jcyjmsxmX1060).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The author Hongbin Zhao was employed by General Research Institute for
Nonferrous Metals, the remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Bennett, M.; Nault, I.; Koehle, M.; Wilton, S. Air Pollution and Arrhythmias. Can. J. Cardiol. 2023, 39, 1253–1262. [CrossRef]

[PubMed]
2. Koolen, C.D.; Rothenberg, G. Air Pollution in Europe. ChemSusChem 2019, 12, 164–172. [CrossRef]
3. Brauer, M.; Casadei, B.; Harrington, R.A.; Kovacs, R.; Sliwa, K.; WHF Air Pollution Expert Group. Taking a Stand Against Air

Pollution—The Impact on Cardiovascular Disease. Circulation 2021, 143, e800–e804. [CrossRef]
4. Aguilar-Gomez, S.; Dwyer, H.; Graff Zivin, J.; Neidell, M. This Is Air: The “Nonhealth” Effects of Air Pollution. Annu. Rev. Resour.

Econ. 2022, 14, 403–425. [CrossRef]
5. Li, L.; Zhang, W.; Liu, S.; Xu, J.; Cui, L.; Yang, D.; Wang, Y.; Wang, W.; Duan, J.; Sun, Z.; et al. Associations of Multiple Air

Pollutants with Kidney Function in Normal-Weight and Obese Adults and Effect Modification by Free Fatty Acids. Chemosphere
2023, 341, 140009. [CrossRef]

https://doi.org/10.1016/j.cjca.2023.03.023
https://www.ncbi.nlm.nih.gov/pubmed/37023893
https://doi.org/10.1002/cssc.201802292
https://doi.org/10.1161/CIRCULATIONAHA.120.052666
https://doi.org/10.1146/annurev-resource-111820-021816
https://doi.org/10.1016/j.chemosphere.2023.140009


Materials 2024, 17, 1024 10 of 11

6. Han, Z.; Qi, Y.; Yang, Z.; Han, H.; Jiang, Y.; Du, W.; Zhang, X.; Zhang, J.; Dai, Z.; Wu, L.; et al. Recent Advances and Perspectives
on Constructing Metal Oxide Semiconductor Gas Sensing Materials for Efficient Formaldehyde Detection. J. Mater. Chem. C 2020,
8, 13169–13188. [CrossRef]

7. Cui, F.; Sun, Y.; Xie, J.; Li, D.; Wu, M.; Song, L.; Hu, Y.; Tian, Y. Air Pollutants, Genetic Susceptibility and Risk of Incident Idiopathic
Pulmonary Fibrosis. Eur. Respir. J. 2023, 61, 2200777. [CrossRef] [PubMed]

8. Graham, A.M.; Pope, R.J.; Chipperfield, M.P.; Dhomse, S.S.; Pimlott, M.; Feng, W.; Singh, V.; Chen, Y.; Wild, O.; Sokhi, R.;
et al. Quantifying Effects of Long-Range Transport of Air Pollutants over Delhi Using Back-Trajectories and Satellite NO2 Data.
EGUsphere 2023. [CrossRef]

9. Lasek, J.A.; Lajnert, R. On the Issues of NOx as Greenhouse Gases: An Ongoing Discussion. . .. Appl. Sci. 2022, 12, 10429.
[CrossRef]

10. Gas Sensor Market Size, Share and Trends Analysis by 2027. Available online: https://www.alliedmarketresearch.com/gas-
sensors-market (accessed on 31 August 2023).

11. Zhang, B.; Sun, J.-Y.; Gao, P.-X. Low-Concentration NOx Gas Analysis Using Single Bimodular ZnO Nanorod Sensor. ACS Sens.
2021, 6, 2979–2987. [CrossRef]

12. Khan, M.A.H.; Rao, M.V.; Li, Q. Recent Advances in Electrochemical Sensors for Detecting Toxic Gases: NO2, SO2 and H2S.
Sensors 2019, 19, 905. [CrossRef]

13. Pal, N.; Dutta, G.; Kharashi, K.; Murray, E.P. Investigation of an Impedimetric LaSrMnO3-Au/Y2O3-ZrO2-Al2O3 Composite NOx
Sensor. Materials 2022, 15, 1165. [CrossRef]

14. Petruci, J.F.D.S.; Tütüncü, E.; Cardoso, A.A.; Mizaikoff, B. Real-Time and Simultaneous Monitoring of NO, NO2, and N2O Using
Substrate–Integrated Hollow Waveguides Coupled to a Compact Fourier Transform Infrared (FT-IR) Spectrometer. Appl. Spectrosc.
2019, 73, 98–103. [CrossRef]

15. Fadardi, M.A.; Movlarooy, T. Simulation of NOx and COx Gas Sensor Based on Pristine Armchair Stanene Nanoribbon. Adv.
Theory Simul. 2023, 6, 2200875. [CrossRef]

16. Liu, J.; Liu, Y.; Pan, Q.; Zhang, G. MOF-Derived In2O3 Nanotubes Modified by r-GO for Highly Sensitive NOx Detection at Room
Temperature. Colloids Surf. A Physicochem. Eng. Asp. 2023, 670, 131609. [CrossRef]

17. Liu, J.; Liu, Y.; Liu, H.; Pan, Q.; Zhang, G. Construction of MOF-Derived In2O3/g-C3N4/rGO Nanostructures to Enhance NOx
Gas-Sensitive Properties at Room Temperature. Sens. Actuators B Chem. 2023, 380, 133308. [CrossRef]

18. Tang, Y.; Zhao, Y.; Liu, H. Room-Temperature Semiconductor Gas Sensors: Challenges and Opportunities. ACS Sens. 2022, 7,
3582–3597. [CrossRef] [PubMed]

19. Joshi, N.; Hayasaka, T.; Liu, Y.; Liu, H.; Oliveira, O.N.; Lin, L. A Review on Chemiresistive Room Temperature Gas Sensors Based
on Metal Oxide Nanostructures, Graphene and 2D Transition Metal Dichalcogenides. Microchim. Acta 2018, 185, 213. [CrossRef]
[PubMed]

20. Wang, B.; Gu, Y.; Chen, L.; Ji, L.; Zhu, H.; Sun, Q. Gas Sensing Devices Based on Two-Dimensional Materials: A Review.
Nanotechnology 2022, 33, 252001. [CrossRef] [PubMed]

21. Cui, H.; Yan, C.; Jia, P.; Cao, W. Adsorption and Sensing Behaviors of SF6 Decomposed Species on Ni-Doped C3N Monolayer: A
First-Principles Study. Appl. Surf. Sci. 2020, 512, 145759. [CrossRef]

22. Wu, H.; Xia, Y.; Zhang, C.; Xie, S.; Wu, S.; Cui, H. Adsorptions of C5F10O Decomposed Compounds on the Cu-Decorated NiS2
Monolayer: A First-Principles Theory. Mol. Phys. 2023, 121, e2163715. [CrossRef]

23. Zhai, S.; Jiang, X.; Wu, D.; Chen, L.; Su, Y.; Cui, H.; Wu, F. Single Rh Atom Decorated Pristine and S-Defected PdS2 Monolayer for
Sensing Thermal Runaway Gases in a Lithium-Ion Battery: A First-Principles Study. Surf. Interfaces 2023, 37, 102735. [CrossRef]

24. Zhang, B.-W.; Fang, D.; Fang, X.; Zhao, H.-B.; Wang, D.-K.; Li, J.-H.; Wang, X.-H.; Wang, D.-B. InAs/InAsSb Type-II Superlattice
with near Room-Temperature Long-Wave Emission through Interface Engineering. Rare Met. 2022, 41, 982–991. [CrossRef]

25. Miao, X.-J.; Zhao, X.-J.; Qin, H.; Jin, Q.; Chen, Y.; Cao, Z.-Q.; Yang, W.-T.; Wang, Q.-J.; Pan, Q.-H. Synergistic Effect of Cubic
C3N4/ZnO/C Hybrid Composite for Selective Detection of Sulfur Dioxide. Rare Met. 2022, 41, 3662–3670. [CrossRef]

26. Schedin, F.; Geim, A.K.; Morozov, S.V.; Hill, E.W.; Blake, P.; Katsnelson, M.I.; Novoselov, K.S. Detection of Individual Gas
Molecules Adsorbed on Graphene. Nat. Mater. 2007, 6, 652–655. [CrossRef] [PubMed]

27. Ta, Q.T.H.; Tran, N.M.; Tri, N.N.; Sreedhar, A.; Noh, J.-S. Highly Surface-Active Si-Doped TiO2/Ti3C2TX Heterostructure for Gas
Sensing and Photodegradation of Toxic Matters. Chem. Eng. J. 2021, 425, 131437. [CrossRef]

28. Ou, P.; Zhou, X.; Li, X.-Y.; Chen, Y.; Chen, C.; Meng, F.; Song, J. Single-Walled Black Phosphorus Nanotube as a NO2 Gas Sensor.
Mater. Today Commun. 2022, 31, 103434. [CrossRef]

29. Ye, X.; Yang, Y.; Qi, M.; Chen, M.; Qiang, H.; Zheng, X.; Gu, M.; Zhao, X.; Zhao, D.; Zhang, J. Ultrasonic Exfoliated Violet
Phosphorene/Graphene Heterojunction as NO Gas Sensor. Thin Solid Film. 2023, 767, 139666. [CrossRef]

30. Chen, G.-X.; Wang, R.-X.; Li, H.-X.; Chen, X.-N.; An, G.; Zhang, J.-M. Sensing Properties of Nonmetal Doped Blue Phosphorene
toward NO and NO2 Molecules: A First-Principles Study. Int. J. Quantum Chem. 2022, 122, e26919. [CrossRef]

31. Krik, S.; Valt, M.; Gaiardo, A.; Fabbri, B.; Spagnoli, E.; Caporali, M.; Malagù, C.; Bellutti, P.; Guidi, V. Elucidating the Ambient
Stability and Gas Sensing Mechanism of Nickel-Decorated Phosphorene for NO2 Detection: A First-Principles Study. ACS Omega
2022, 7, 9808–9817. [CrossRef] [PubMed]

32. Yang, L.; Wang, D.; Fang, D.; Yan, H.; Zhai, Y.; Chu, X.; Li, J.; Fang, X. NO2 Adsorption Sensitivity Adjustment of As/Sb Lateral
Heterojunctions through Strain: First Principles Calculations. Crystals 2023, 13, 1325. [CrossRef]

https://doi.org/10.1039/D0TC03750H
https://doi.org/10.1183/13993003.00777-2022
https://www.ncbi.nlm.nih.gov/pubmed/36137588
https://doi.org/10.5194/egusphere-2023-382
https://doi.org/10.3390/app122010429
https://www.alliedmarketresearch.com/gas-sensors-market
https://www.alliedmarketresearch.com/gas-sensors-market
https://doi.org/10.1021/acssensors.1c00834
https://doi.org/10.3390/s19040905
https://doi.org/10.3390/ma15031165
https://doi.org/10.1364/AS.73.000098
https://doi.org/10.1002/adts.202200875
https://doi.org/10.1016/j.colsurfa.2023.131609
https://doi.org/10.1016/j.snb.2023.133308
https://doi.org/10.1021/acssensors.2c01142
https://www.ncbi.nlm.nih.gov/pubmed/36399520
https://doi.org/10.1007/s00604-018-2750-5
https://www.ncbi.nlm.nih.gov/pubmed/29594538
https://doi.org/10.1088/1361-6528/ac5df5
https://www.ncbi.nlm.nih.gov/pubmed/35290973
https://doi.org/10.1016/j.apsusc.2020.145759
https://doi.org/10.1080/00268976.2022.2163715
https://doi.org/10.1016/j.surfin.2023.102735
https://doi.org/10.1007/s12598-021-01833-x
https://doi.org/10.1007/s12598-022-02064-4
https://doi.org/10.1038/nmat1967
https://www.ncbi.nlm.nih.gov/pubmed/17660825
https://doi.org/10.1016/j.cej.2021.131437
https://doi.org/10.1016/j.mtcomm.2022.103434
https://doi.org/10.1016/j.tsf.2022.139666
https://doi.org/10.1002/qua.26919
https://doi.org/10.1021/acsomega.2c00078
https://www.ncbi.nlm.nih.gov/pubmed/35350331
https://doi.org/10.3390/cryst13091325


Materials 2024, 17, 1024 11 of 11

33. Illarionov, Y.Y.; Waltl, M.; Rzepa, G.; Kim, J.-S.; Kim, S.; Dodabalapur, A.; Akinwande, D.; Grasser, T. Long-Term Stability and
Reliability of Black Phosphorus Field-Effect Transistors. ACS Nano 2016, 10, 9543–9549. [CrossRef] [PubMed]

34. Abate, Y.; Akinwande, D.; Gamage, S.; Wang, H.; Snure, M.; Poudel, N.; Cronin, S.B. Recent Progress on Stability and Passivation
of Black Phosphorus. Adv. Mater. 2018, 30, 1704749. [CrossRef] [PubMed]

35. Wang, X.-H.; Wang, D.-W.; Liu, Z.; Lan, T.-S.; Yang, A.-J.; Pan, J.-B.; Chu, J.-F.; Yuan, H.; Rong, M.-Z. Antimonene: A Promising
Candidate for SF6 Decomposition Gas Sensors With High Sensitivity and High Stability. IEEE Electron Device Lett. 2020, 41,
1408–1411. [CrossRef]

36. Khan, M.I.; Hassan, M.; Majid, A.; Shakil, M.; Rafique, M. DFT Perspective of Gas Sensing Properties of Fe-Decorated Monolayer
Antimonene. Appl. Surf. Sci. 2023, 616, 156520. [CrossRef]

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

38. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef] [PubMed]

39. Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method. Phys. Rev. B 1999, 59,
1758–1775. [CrossRef]

40. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio Parametrization of Density Functional
Dispersion Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef]

41. Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J. Comput. Chem.
2006, 27, 1787–1799. [CrossRef]

42. Monkhorst, H.J.; Pack, J.D. Special Points for Brillouin-Zone Integrations. Phys. Rev. B 1976, 13, 5188–5192. [CrossRef]
43. Henkelman, G.; Arnaldsson, A.; Jónsson, H. A Fast and Robust Algorithm for Bader Decomposition of Charge Density. Comput.

Mater. Sci. 2006, 36, 354–360. [CrossRef]
44. Liu, M.; Li, W.; Cheng, D.; Fang, X.; Zhao, H.; Wang, D.; Li, J.; Zhai, Y.; Fan, J.; Wang, H.; et al. Strain Engineering of Lateral

Heterostructures Based on Group-V Enes (As, Sb, Bi) for Infrared Optoelectronic Applications Calculated by First Principles. RSC
Adv. 2022, 12, 14578–14585. [CrossRef]

45. Li, W.; Fang, X.; Wang, D.; Tian, F.; Wang, H.; Fang, D.; Li, J.; Chu, X.; Zhao, H.; Wang, D.; et al. Band and Optical Properties of
Arsenene and Antimonene Lateral Heterostructure by First-Principles Calculations. Phys. E Low-Dimens. Syst. Nanostruct. 2021,
134, 114933. [CrossRef]

46. Yang, D.; Fang, D.; Wang, D.; Li, J.; Zhai, Y.; Chu, X.; Wang, D.; Wang, X.; Yan, H.; Fang, X. First-Principles Investigation of NO
Molecule Adsorption on As6/Sb6 and Sb6/Bi6 Lateral Heterostructures. Phys. Status Solidi (RRL)—Rapid Res. Lett. 2023, 17,
2300184. [CrossRef]

47. Pyykkö, P.; Atsumi, M. Molecular Single-Bond Covalent Radii for Elements 1–118. Chem.—Eur. J. 2009, 15, 186–197. [CrossRef]
[PubMed]

48. Kawano, H. Effective Work Functions of the Elements: Database, Most Probable Value, Previously Recommended Value, Poly-
crystalline Thermionic Contrast, Change at Critical Temperature, Anisotropic Dependence Sequence, Particle Size Dependence.
Prog. Surf. Sci. 2022, 97, 100583. [CrossRef]

49. Gao, L.; Souto-Casares, J.; Chelikowsky, J.R.; Demkov, A.A. Orientation Dependence of the Work Function for Metal Nanocrystals.
J. Chem. Phys. 2017, 147, 214301. [CrossRef] [PubMed]

50. Leenaerts, O.; Partoens, B.; Peeters, F.M.; Volodin, A.; Haesendonck, C.V. The Work Function of Few-Layer Graphene. J. Phys.
Condens. Matter 2016, 29, 035003. [CrossRef] [PubMed]

51. Liu, T.; Xi, C.; Dong, C.; Cheng, C.; Qin, J.; Hu, S.; Liu, H.; Du, X.-W. Improving Interfacial Electron Transfer via Tuning Work
Function of Electrodes for Electrocatalysis: From Theory to Experiment. J. Phys. Chem. C 2019, 123, 28319–28326. [CrossRef]

52. Du, W.; Zhao, C.; Liu, K.; Li, H.; Chen, Y.; Bai, Y.; Ahuja, R.; Qian, Z. Defective and Doped Aluminum Nitride Monolayers for NO
Adsorption: Physical Insight. Chem. Phys. Lett. 2020, 753, 137592. [CrossRef]

53. Gao, Z.; Li, X.; Li, A.; Ma, C.; Liu, X.; Yang, J.; Yang, W. Adsorption Behavior of Pt Embedded on N-Doped Graphene Sheets
toward NO and NH3 Molecules. Appl. Organomet. Chem. 2019, 33, e5079. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsnano.6b04814
https://www.ncbi.nlm.nih.gov/pubmed/27704779
https://doi.org/10.1002/adma.201704749
https://www.ncbi.nlm.nih.gov/pubmed/29749007
https://doi.org/10.1109/LED.2020.3012693
https://doi.org/10.1016/j.apsusc.2023.156520
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://www.ncbi.nlm.nih.gov/pubmed/10062328
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.commatsci.2005.04.010
https://doi.org/10.1039/D2RA02108K
https://doi.org/10.1016/j.physe.2021.114933
https://doi.org/10.1002/pssr.202300184
https://doi.org/10.1002/chem.200800987
https://www.ncbi.nlm.nih.gov/pubmed/19058281
https://doi.org/10.1016/j.progsurf.2020.100583
https://doi.org/10.1063/1.4991725
https://www.ncbi.nlm.nih.gov/pubmed/29221414
https://doi.org/10.1088/0953-8984/29/3/035003
https://www.ncbi.nlm.nih.gov/pubmed/27845922
https://doi.org/10.1021/acs.jpcc.9b09875
https://doi.org/10.1016/j.cplett.2020.137592
https://doi.org/10.1002/aoc.5079

	Introduction 
	Computational Details 
	Results and Discussion 
	Conclusions 
	References

