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Abstract: The emission of toxic gases from industrial production has intensified issues related to
atmospheric pollution and human health. Consequently, the effective real-time monitoring and
removal of these harmful gases have emerged as significant challenges. In this work, the density
functional theory (DFT) method was utilized to examine the adsorption behaviors and electronic
properties of the Ni-decorated InSe (Ni-InSe) monolayer when interacting with twelve gases (CO,
NO, NO,, NHj3, SO,, H,S, H,O, CO,, CHy, Hp, Oy, and Nj). A comparative assessment of adsorption
strength and sensing properties was performed through analyses of the electronic structure, work
function, and recovery time. The results show that Ni doping enhances the electrical conductivity of
the InSe monolayer and improves the adsorption capabilities for six toxic gases (CO, NO, NO,, NHj,
50;, and H;S). Furthermore, the adsorption of these gases on the Ni-InSe surface is characterized as
chemisorption, as indicated by the analysis of the adsorption energy, density of states, and charge
density difference. Additionally, the adsorption of CO, NO, NO,, and SO, results in significant
alterations to the bandgap of Ni-InSe, with changes of 18.65%, 11.37%, 10.62%, and —31.77%, respec-
tively, underscoring its exceptional sensitivity. Moreover, the Ni-InSe monolayer exhibits a moderate
recovery time of 3.24 s at 298 K for the SO,. Consequently, the Ni-InSe is regarded as a promising
gas sensor for detecting SO, at room temperature. This research establishes a foundation for the
development of an Ni-InSe-based gas sensor for detecting and mitigating harmful gas emissions.

Keywords: doped InSe monolayer; gas sensor; DFT method; adsorption mechanism

1. Introduction

The detection of toxic gases such as carbon monoxide (CO), nitric oxide (NO), nitrogen
dioxide (NO,), ammonia (NH3), sulfur dioxide (SO,), and hydrogen sulfide (H,S) is of
paramount importance due to their detrimental effects on both human health and the
environment [1,2]. These gases are common pollutants originating from various industrial
activities, vehicular emissions, and agricultural practices [3]. In response to this pressing
issue, researchers have continually sought advanced materials and methodologies to
improve gas-sensing technologies. Traditional gas-sensing materials often face challenges
in terms of sensitivity, selectivity, and response time. Therefore, the exploration of new
materials is crucial for the development of advanced gas sensors capable of detecting
low concentrations of toxic gases with high accuracy. Nowadays, two-dimensional (2D)
materials, such as graphene [4], transition metal dichalcogenides (TMDs) [5,6], MoSiaNy [7],
metal oxide [8], and phthalocyanine [9], have gained significant attention due to their
unique properties, high surface area, and tunable electronic structure [10-12], which make
them promising candidates for highly sensitive and selective gas sensors [13].

Among these materials, the 2D InSe has emerged as a promising candidate for gas-
sensing applications [14]. The InSe monolayer is a layered material with a van der Waals
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structure, allowing for the easy exfoliation into thin layers with large surface areas. This
structural feature enhances the adsorption of gas molecules onto the InSe surface, facil-
itating interaction and detection at the molecular level [15]. Additionally, InSe exhibits
tunable electronic properties, enabling the modulation of its conductivity in the presence of
different gases through charge transfer mechanisms [16]. In recent years, there has been
a growing interest in exploring the gas-sensing properties of 2D materials using density
functional theory (DFT) calculations [17]. For example, Cai et al. [14] and Ma et al. [18]
utilized the DFT method to investigate the adsorption behaviors and sensing properties
of the InSe monolayer to CO, NO, NO,, H;S, and NHj3, and found that the InSe mono-
layer was sensitive to NO and NO,. Nevertheless, the InSe monolayer exhibits a poor
capture ability towards these toxic gases due to the weak physisorption, which hinders
its practical applications. Fortunately, there are several innovative strategies to enhance
the performance of InSe-based gas sensors, including atomic doping [19], surface function-
alization [20], defect engineering [21], and the design of heterostructures [22,23]. Among
them, the transition metal (TM) doping is regarded as an effective method to improve the
sensitivity and selectivity. For instance, the Ru-modified InSe monolayer exhibits stable
chemisorption and showcases a superior sensitivity for NHs, NO,, and SO, [24]. Moreover,
the sensitivity of the InSe monolayer to the CO, molecule can be enhanced after the doping
of Pt, Ag, Au, and Pd atoms [25].

In addition to these noble metal atoms [26,27], the incorporation of affordable nickel
atoms into 2D materials has also been extensively utilized in gas sensor applications. Ini-
tially, the nickel atoms in single-atom catalysts exhibit superior atomic efficiency, activity,
and selectivity for gas-sensitive materials [28]. Furthermore, the electrical conductivity
of the sensing materials can be regulated through nickel atom doping, enhancing the
adsorption and sensing capabilities of the materials towards specific gases [29]. Conse-
quently, the Ni-modified InSe (Ni-InSe) monolayer has a great potential to be a promising
sensing material for toxic gases. In this work, the first-principle calculations are employed
to explore the adsorption mechanism and sensing performance of the InSe monolayer
towards 12 kinds of gases (CO, NO, NO,, NH3, SO,, H,S, HyO, CO,, CHy, Hp, Oy, and Ny).
Firstly, the investigation focuses on the potential stable adsorption of twelve gases on the
Ni-InSe surface through the analyses of the geometrical optimization, adsorption energy,
charge density difference, and density of states. Then, the sensing properties of the InSe
monolayer to the target toxic gases are evaluated by analyzing the changes in conductivity,
work function, and recovery time before and after gas adsorption. In conclusion, this study
aims to provide theoretical guidance for achieving the online monitoring of Ni-InSe-based
gas sensors to these toxic gases.

2. Computational Method and Details

In this work, all DFT simulations were carried out using the DMol® package within the
Materials Studio 2020 software [30]. The Perdew—Burke-Ernzerhof (PBE) functional, which
belongs to the generalized gradient approximation (GGA) family [31], was employed to
handle the electron exchange and correlation effects. Given that PBE has limitations in
accurately describing dispersion interactions, a density functional theory correction for
dispersion (DFI-D) was incorporated to address this shortfall. Specifically, the Grimme
method [31] was utilized for van der Waals force corrections. To further improve the
calculation precision, the double numerical polarization (DNP) basis set [32] along with
DFT semi-core pseudopotentials (DSSPs) [33] was used. For the Brillouin zone integra-
tion [34], a7 x 7 x 1 k-point grid combined with a 4 x 4 x 1 supercell was employed
to ensure sufficient segmentation accuracy. A vacuum layer of 20 A was inserted into
the computational model to prevent interactions between periodic images. The energy
convergence threshold was set to 1.0 x 10~° Ha, while the maximum force was con-
strained to 0.002 Ha/A, and the maximum displacement was limited to 0.005 A. The self-
consistent field (SCF) calculations were subject to a charge density convergence criterion of
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1.0 x 10~® Ha. Furthermore, a real-space global orbital cutoff radius of 5.0 A combined
with a Gaussian smearing parameter of 0.005 Ha was implemented.

The binding energy (Epin) can be utilized to evaluate the stability of the Ni-InSe
monolayer, which can be determined by the following [35]:

Epin = ENi-nSe — Emse — Eni 1)

where the Enjnse, Emse, and Enj are the total energies of Ni-InSe, pristine InSe, and a
single Ni atom, respectively. To access the interaction strength between the gases and
InSe monolayer, the adsorption energy (E,q4s) of each system can be calculated by the
following [36]:

Eads = Egas/Ni-nse — ENi-Inse — Egas 2)

In this equation, the Eg,s/Ni-Inse ENi-nse, and Egas are the total energies of gas adsorbed
on Ni-InSe, clean Ni-InSe, and an isolated gas molecule, respectively. Moreover, the
adsorption strength of Ni-InSe towards the target gases can be also evaluated by the charge
transfer (Qt), which can be obtained by the following equation [37,38]:

Qr= Qadsorbed—gas - Qisolated-gas ©)

where the Qadsorbed-gas and Qisolated-gas T€present the charge number of adsorbed gas and
isolated gas, respectively. The negative Qr implies that the adsorbed gas gains electrons
from the Ni-InSe monolayer, while the positive Qr means that the adsorbed gas loses some
electrons transferring to the Ni-InSe monolayer.

3. Results and Discussion
3.1. Structural and Electronic Properties of Ni-InSe Monolayer

The crystal structure of 2D InSe is a layered hexagonal lattice, with each layer con-
sisting of indium and selenium atoms arranged in a honeycomb pattern. The calculated
lattice constant of the pristine InSe is approximately 4.07 A with a space group of P-6m2.
As shown in Figure 1a, the 4 x 4 x 1 supercell encompasses 32 In atoms and 32 Se atoms,
with respective bond lengths of 2.804 A and 2.676 A for the In-In and In-Se bonds. These
parameters match well with the previously reported results. The band structure and par-
tial density of state (PDOS) of the InSe monolayer are depicted in Figure 1b,c. Notably,
the single-layer InSe exhibits a semiconductor characteristic with an indirect bandgap of
1.968 eV, which is consistent with the reported data (2.02 eV) [15,39] and experimental
result [40]. From Figure 1c, obvious hybridizations can be observed between Se-p and In-p,
and d orbitals in the energy ranging from —6.00 eV to the Fermi level. Moreover, the s, p,
and d orbitals of the In atom also overlap with the Se-s orbital, and there exists a significant
resonance peak at about —14.30 eV due to the hybridization between the Se-d and In-d
orbitals. This indicates that the strong In-Se covalent bond is formed, and, thus, the InSe
possesses excellent stability.

To explore the most stable Ni-InSe monolayer, different doping sites, including
the bridge site, Setop site, Intop site, and hollow site, are considered for the Ni atom
(Figure 1a). Following full relaxation, the largest binding energy occurs at the hollow site
(—3.81 eV), followed by the bridge site (—3.76 eV), the Intop site (—3.25 eV), and the Setop
site (—1.83 eV). Thus, the Ni atom is preferentially adsorbed on the hollow site, as depicted
in Figure 2a. Moreover, it can be seen from Figure 2b that the introduction of the Ni atom
causes the conduction band minimum (CBM) to shift towards the Fermi level, leading
to a reduction in the bandgap from 1.968 eV to 1.196 eV. This indicates that Ni doping
enhances the electrical conductivity of the InSe monolayer and is beneficial for improving
its gas-sensitive properties. Additionally, as displayed in the PDOS of Ni-InSe (Figure 2c),
the Ni-d orbital strongly interacts with the Se-p, In-p, and d orbitals within the energy of
—7.00 eV to 2.50 eV, with several resonance peaks observed at approximately —6.00 eV,
—3.08 eV, —0.15 eV, and 1.52 eV. Moreover, the Ni-p orbital also overlaps with the Se-d and
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In-s orbital in the whole energy range. As a result, two robust Ni-Se and Ni-In bonds are
formed within the Ni-InSe monolayer. The stability of Ni-InSe is further assessed through
an ab initio molecular dynamic (AIMD) simulation at 398 K, as shown in Figure 3. The
temperature and potential energy of Ni-InSe display minimal fluctuations during the time
of 10 ps, with no discernible disruption of existing bonding within the material. Thus, the
Ni-InSe monolayer exhibits exceptional stability and holds promise as a highly efficient
sensing material.
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Figure 1. (a) Top and side views of geometrical configuration, (b) band structure and (c) partial density
of state (PDOS) of the InSe monolayer. Reprinted with the permission from Ref. [41]. Copyright

2024 Elsevier.
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Figure 2. (a) Top and side views of geometrical configuration, (b) band structure and (c) partial
density of state (PDOS) of the In-doped InSe monolayer.
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Figure 3. Molecular dynamics simulations of Ni-InSe monolayer at 398 K.



Chemosensors 2024, 12,219 50f15

3.2. Adsorption of Different Gases on Ni-InSe Monolayer

This section discusses the adsorption characteristics of 12 different gases on the surface
of Ni-InSe. During the simulation process, only the Ni atom is considered as the active site
and different adsorption orientations of these gases have been taken into account. Through
a comparison, the most stable configuration of each adsorption system has been ascertained,
and its adsorption parameters are shown in Table 1. It is observed that six toxic gases (CO,
NO, NO,, NHj3, SO,, and H;S) exhibit relatively high adsorption energy values of —0.74 eV
to —1.35 eV, with adsorption distances ranging from 1.663 A to 2.243 A. As shown in
Figure 4, CO, NO, and H,S are adsorbed on the Ni-InSe monolayer with a small dip angle,
while NO,, NHj3, and SO, are perpendicularly adsorbed on the Ni-InSe surface. Evidently,
the adsorption distances of these six noxious gases are all less than their respective Rsym,
indicating the formation of chemical bonds in those adsorption systems. Hence, these
noxious gases are interpreted as undergoing chemical adsorption, wherein CO, NO, NHj,
and H,S donate a certain number of electrons to the Ni-InSe and act electron donators,
while NO; and SO, gain 0.223 e and 0.040 e from the Ni-InSe monolayer, respectively, and
thus act as electron acceptors.

Table 1. Adsorption parameters, bandgap (Eg) and work function (@) of different gases adsorbed on
Ni-InSe monolayer. D and Rgum are the adsorption distance and the theoretical sum of radii of two atoms.

Gas Molecules E.4s Qr, e D, A Rsum, A Eg, eV d, eV
coO -1.35 0.164 1.777 (Ni—C) 2.44 (Ni—C) 1.419 5.66
NO —1.26 0.082 1.663 (Ni—N) 2.33 (Ni—N) 1.323 5.578
NO, —0.94 —0.223 1.926 (Ni—N) 2.33 (Ni—N) 0.816 5.361
NH; —0.95 0.246 2.106 (Ni—N) 2.33 (Ni—N) 1.142 4.844
SO, —0.74 —0.040 2.086 (Ni—S) 2.65 (Ni—9) 1.332 5.905
H,S —0.79 0.235 2.243 (Ni—S) 2.65 (Ni—S) 1.190 5.061
H,O —0.48 0.123 2.311 (Ni—O) 2.25 (Ni—-0) 1.163 5.007
CO, —-0.18 0.016 3.492 (Ni—C) 2.44 (Ni—C) 1.201 5.306
CHy4 —0.20 0.029 3.320 (Ni—C) 2.44 (Ni—C) 1.195 5.279
H, —0.13 0.014 2.690 (Ni—H) 2.30 (Ni—H) 1.202 5.306
N, —0.56 0.071 1.828 (Ni—N) 2.33 (Ni—N) 1.400 5.578

0, —0.01 —0.007 2.354 (Ni—O) 2.25 (Ni—O) 1.197 5311

3.3. Electronic Properties of Different Adsorption Systems

To further reveal the microscopic bonding mechanism between the Ni-InSe and toxic
gases, the total electron density (TED) and charge density difference (CDD) of the Ni-
InSe monolayer adsorbing CO, NO, NO,, NHs, SO,, and HjS are calculated, and the
corresponding results are detailed in Figures 5 and 6. It can be seen that abundant electrons
accumulate in the spaces between the toxic gases and Ni-InSe monolayer, as depicted
by Figure 5a—f, illustrating that these gases and Ni-InSe share massive electrons, and,
thus, strong interactions occur between them. Additionally, as shown in the CDD plots
of Figure 6, the charge redistribution can be observed in the six adsorption systems after
full relaxation. It is obvious that a large number of charges are gathered between the gases
and the Ni-InSe monolayer, indicating their strong interactions. In particular, conspicuous
electron-depleted regions are distributed around CO, NO, NHj3, and H;S, and the electron-
depleted regions of NHj3 and HjS are larger than those of CO and NO, as illustrated by
the blue areas in Figure 6a,b,d,f. Conversely, the electron accumulation regions gather
around the Ni atoms of Ni-InSe. Consequently, CO, NO, NHj3, and H,S donate 0.164 e,
0.082 e, 0.246 e, and 0.235 e to the Ni-InSe monolayer. By contrast, for the NO, and SO,
adsorption systems, as shown in Figure 6¢,e, a large number of electrons are accumulated
around NO, and SO,, with significant electron depletion regions appearing on the Ni-InSe
surface. Thus, the Ni-InSe monolayer gain approximately 0.223 e and 0.04 e from the NO,
and SOy, respectively, and functions as an electron acceptor. In conclusion, the analyses
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of both TED and CDD plots suggest that the six toxic gases strongly interact with Ni-InSe
through chemical adsorption.

) —1.777 A —1.663 A —1.926 A

— 22434 @In
QO Se
Oni

Figure 4. Atomic configurations of different adsorption systems: (a) CO/Ni-InSe, (b) NO/Ni-InSe,
(c) NO, /Ni-InSe, (d) NHj3/Ni-InSe, (e) SO, /Ni-InSe, and (f) H,S/Ni-InSe.

Figure 5. Total electron density (TED) of different adsorption systems: (a) CO/Ni-InSe, (b) NO/Ni-
InSe, (c) NO, /Ni-InSe, (d) NH;3/Ni-InSe, (e) SO, /Ni-InSe, and (f) H,S/Ni-InSe. The iso-value of
TEDis 0.2 e/AS.
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Figure 6. Charge density difference (CDD) of different adsorption systems: (a) CO/Ni-InSe,
(b) NO/Ni-InSe, (c) NO, /Ni-InSe, (d) NH3/Ni-InSe, (e) SO, /Ni-InSe, and (f) H,S/Ni-InSe. The
iso-value of CDD is +0.005 e/A3; the pink and green regions represent the electron gains and losses,
respectively.

Figure 7 presents the partial density of states (PDOSs) of different adsorption systems.
For the CO adsorption system (Figure 7a), the strong affinity of Ni-InSe towards NO stems
primarily from the hybridization between the C-p and Ni-d orbitals within the energy range
of —13.00 eV to 2.75 eV, yielding several discernible resonance peaks at about —12.50 eV,
—8.60 eV, —5.80 eV, and 2.20 eV. Additionally, the C-s orbital strongly hybridizes with the
Ni-p orbital within the energy range of —10.00 eV to —5.00 eV, resulting in two significant
resonance peaks at approximately —8.60 eV and —6.10 eV. Consequently, a strong Ni-C
covalent bond is formed in the CO/Ni-InSe system. In the cases of the NO, NO,, and NH3
adsorption systems, as depicted in Figure 7b—d, a notable overlap is observed between the
N-s, and p orbitals of the three gases and Ni-d orbitals within the energy range spanning
from —15.00 eV to 2.00 eV. Moreover, the number of resonance peaks for the NO adsorption
system exceeds those for the NO, and NHj3 adsorption systems. Consequently, Ni-InSe
shows a stronger adsorption capability towards NO in comparison to NO, and NH3. With
regard to the SO, and H,S adsorption systems, the robust adsorption affinity of Ni-InSe
for these two gases is primarily attributed to the hybridization between the S-p and Ni-d
orbitals. Conversely, the orbital overlap between N-s and Ni-s, and p is relatively limited
at similar energy levels. Particularly, the SO, adsorption system (Figure 7e) displays
four pronounced resonance peaks at —14.70 eV, —13.00 eV, —5.80 eV, and —3.05 eV, with
comparable resonances also observed in the H,S adsorption system. Thus, Ni-InSe exhibits
comparable affinities for SO, and H,S through chemisorption.
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Figure 7. Partial density of states (PDOSs) of different adsorption systems: (a) CO/Ni-InSe,
(b) NO/Ni-InSe, (c¢) NO, /Ni-InSe, (d) NH3/Ni-InSe, (e) SO, /Ni-InSe, and (f) H,S/Ni-InSe. The
dashed lines represent the Fermi level.

3.4. Effect of HyO on Adsorption

The emission of toxic gases usually occurs in humid atmospheres, making it crucial to
study the impact of water molecules in the air. The most stable structure, PDOS, TED, and
CDD of a single H,O adsorbed on Ni-InSe monolayer are displayed in Figure 8. It is found
that the Ni-InSe exhibits the weak adsorption strength of HO due to the small adsorption
energy of —0.48 eV. And the H,O is adsorbed on the top of the Ni atom with the adsorption
distance of 2.311 A, which is slightly smaller than the sum of the radii of Ni and O atoms
(2.25 A). Moreover, there are a few electrons shared between H,O and Ni-InSe, as indicated
by Figure 8d. Thus, the adsorption of H,O belongs to physisorption and mainly interacts
with the Ni-InSe monolayer through the van der Waals’ force.

As shown in Figure 8e, the significant electron depletion region is accumulated around
H,O, while the electron accumulation region is primarily distributed on the Ni-InSe surface.
Hence, about 0.123 e of H,O is transferred to the Ni-InSe monolayer and the H,O acts
an electron donator, which agrees well with the above analysis of the Mulliken charge.
From Figure 8c, the adsorption of H,O is mainly ascribed by the hybridizations between
O-p and Ni-s, p, and d orbitals in the energy level of —7.50 eV~2.50 eV, which results in
three obvious resonance peaks at about —6.00 eV, —3.20 eV, and 0.00 eV. Furthermore, a
significant orbital overlapping between O-s and Ni-s, p, and d orbitals can be observed at
about —12.50 eV. However, these orbital hybridizations are not strong enough, and, thus,
the adsorption of HyO is relatively weak. As listed in Table 1, the adsorption strength of
six toxic gases (CO, NO, NO;, NH3, SO,, and H;S) is much larger than that of the H,O
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molecule. Therefore, the existence of water in the air has no influence on the adsorption,
capture, and even sensing properties of Ni-InSe towards these harmful gases.
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Figure 8. (a,b) Atomic structure, (c) PDOSs, (d) TED, and (e) CDD of a single H,O adsorbed on
Ni-InSe monolayer after full relaxation. The green and pink regions represent the charge depletion
and charge accumulation, respectively.

3.5. Gas-Sensing Properties

The applicative efficacy and intrinsic value of gas sensors are intricately linked to
their sensitivity, making it imperative to evaluate a sensing material’s responsiveness to
specific gases. The change in the electrical conductivity of gas-sensitive materials after gas
adsorption determines the sensitivity of resistive gas sensors. The relationship between the
electrical conductivity (¢) and band gap (Eg) can be described by the equation [3,42,43]:

o = A-exp(-Eg/2KgT) 4)
where A, Eg, Kg, and T represent the constant, bandgap, Boltzmann constant, and tem-
perature, respectively. Evidently, a smaller bandgap corresponds to a higher conductivity.
A notable alteration in the electrical conductivity can elicit detectable electrical signals,
thus facilitating the detection of the target gases. Therefore, if the change in the substrate’s
bandgap before and after gas adsorption is substantial, it will yield a discernible change in
electrical conductivity, substantiating the material’s high sensitivity to gas molecules.

Figure 9 illustrates the band structures of the Ni-InSe monolayer upon the adsorption
of various toxic gases. It is evident that the adsorption of CO, NO, and SO, causes the
bandgap of the Ni-InSe monolayer to vary from 1.196 eV to 1.419 eV, 1.323 eV, and 1.332 eV,
respectively. The extent of change in the bandgap follows the order, CO (18.65%) > SO,
(11.37%) > NO (10.62%), indicating that the Ni-InSe monolayer is highly sensitive to these
three gases. In contrast, the bandgap diminishes to 0.816 eV, 1.142 eV, and 1.190 eV for
the adsorption of NO,, NHj3, and H,S, respectively. It is apparent that the NH3 /Ni-InSe
and H;S/Ni-InSe systems demonstrate minimal rates of change in the bandgap, with
respective values of —4.52% and —0.50%. Nevertheless, the Ni-InSe monolayer displays the
highest sensitivity towards NO, due to the most substantial rate of change in the bandgap
(—31.77%). Consequently, it can be concluded that the Ni-InSe-based gas sensor exhibits
a superior sensitivity toward CO, SO,, NO, and NO,. In addition, the work function (®)
can also serve as an evaluative measure of the gas sensor sensitivity, which is defined as
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follows [44]: @ = Eyac — Efer, Where Eyac and Eg,, are the vacuum level and Fermi level of
a system, respectively. The work functions of the pristine Ni-InSe monolayer and various
adsorption systems are presented in Figure 10. It is observable that the adsorption of
NH3 and H,S results in a reduction in the bandgap of Ni-InSe, while the adsorption of
other gases leads to an increase in the bandgap of Ni-InSe. The rate of change in the work
function follows the sequence, SO; (11.29%) > NHj3 (—8.72%) >CO (6.67%) > NO (5.13%) >
HjS (—4.61%) > SO, (1.03%), suggesting that the Ni-InSe monolayer can function as an
®-type gas sensor for SO,, NHj, and CO.

3 — 3 — 3 —
(a) (b) (c)
2 2 ' 2 '

E:g?= 1.

323 eV

(d)

G M K G

Figure 9. Band structures of different adsorption systems: (a) CO/Ni-InSe, (b) NO/Ni-InSe,
(c) NO, /Ni-InSe, (d) NH3/Ni-InSe, (e) SO, /Ni-InSe, and (f) H,S/Ni-InSe.
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Figure 10. Work functions of the clean Ni-InSe monolayer and different adsorption systems.

Generally, a favorable recovery characteristic is essential for gas sensors with high
performance. In simulation calculations, the recovery process is considered as the reverse
process of adsorption. According to the transition state theory and the Van't Hoff Arrhenius
expression, the recovery time (T) can be calculated using the following equation [45]:

T = vplexp (12%) ©

where vy is the attempt frequency (1012 571, K is the Boltzmann constant (8.62 x 1072 eV/K),
T is the work temperature (K), and E,4s is the adsorption energy of the system. The higher ad-
sorption energy signifies a greater barrier for the desorption process. Consequently, the
desorption process becomes more challenging, leading to an extended desorption time.
Figure 11 gives the calculated recovery times of various adsorption systems at tempera-
tures of 298 K, 348 K, and 398 K. It is evident that the recovery times for CO, NO, NO,, and
NH; at room temperature are excessively lengthy, ranging from 7.80 x 10% s to 6.67 x 100 s.
Even at an elevated temperature of 398 K, the recovery times for CO and NO remain pro-
longed, hindering the timely release of the adsorbed CO and NO from the Ni-InSe surface.
Conversely, NO, and NHj exhibit satisfactory recovery times of 0.79 s and 1.06 s at 398 K,
suggesting that Ni-InSe can be effectively employed as a recyclable sensing material for NO,
and NHj at high temperatures. In contrast, the adsorption of SO, on the Ni-InSe monolayer
exhibits a moderate recovery time of 3.24 s at 298 K. This desorption rate is adequate for gas
sensor applications; hence, the Ni-InSe-based gas sensors exhibit substantial reusability for
the detection of SO, at room temperature.

The comparative sensing abilities of the Ni-InSe monolayer are contrasted with those
of other two-dimensional materials, as listed in Table 2. It is evident that both the Janus
Te;Se and C3N monolayers demonstrate weak adsorption capacities and poor sensitivity
towards SO,, resulting in notably brief recovery times of 2.66 x 10~°sand 7.47 x 10~%s,
respectively. This indicates a limited response capability towards the SO, molecule for
these materials. Conversely, materials such as the Sc-MoS,, Zn-MoSe,, Pd3;—PtSe;, and
Pd-MoTe; monolayers exhibit significantly stronger adsorption capacities, with E 44 val-
ues ranging from —1.03 eV to —3.54 eV, thereby leading to prolonged recovery times at
298 K and making the desorption of SO, challenging. Furthermore, their sensitivity, as
evaluated by AEg and A®, is noticeably lower compared to that of the Ni-InSe monolayer,
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except in the case of Sc-MoS,. Meanwhile, the Ni-InSe monolayer displays a favorable
affinity and recovery time towards the SO, molecule. Consequently, the Ni-InSe mono-

layer holds substantial promise as a promising sensing material for the detection of SO, at
room temperature.

3.51x107

1.23x10°

s ‘omn) AXIA0Y

Figure 11. Recovery time (7) of different toxic gases desorbing from the Ni-InSe monolayer at vari-
ous temperatures.

Table 2. Comparison of adsorption and sensing properties of different 2D materials towards the
SO, molecule.

Target Gases Sensing Materials E.4s, €V AEg, % AD, % T, s (298 K) Ref.
SO, Sc-MoS, —3.21 —714 / 1.87 x 10% [46]
Janus Te,Se —0.38 —0.05 / 2.66 x 107° [47]
Zn-MoSe, —-1.03 3.68 2.59 x 10° [48]
Pd;-PtSe, —3.54 2.96 3.94 7.08 x 10% [49]
Pd-MoTe, —1.32 —6.18 / 2.07 x 1010 [50]
C3N monolayer —0.58 0.00 / 7.47 x 1074 [51]
Ni-InSe —0.74 11.37 11.29 3.24 This work

4. Conclusions

In this work, the first-principles calculations are employed to investigate the ad-
sorption characteristics and electronic properties of twelve different gases on the Ni-InSe
monolayer, and their adsorption energy, electronic structure, work function, and recovery
time are systematically analyzed. The studied results indicate that Ni doping enhances the
electrical conductivity of the InSe monolayer and strengthens the adsorption capabilities
for six toxic gases (CO, NO, NO,, NH3, SO,, and H,S). Furthermore, analyses of both TED
and CDD plots demonstrate that these toxic gases interact robustly with Ni-InSe through
chemical adsorption. Notably, these gases can be effectively distinguished in the presence
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of HO, CO,, CHy, Hy, Oy, and Nj in the atmosphere. Additionally, the adsorption of
CO, NO, NO,, and SO; results in significant alterations to the bandgap of Ni-InSe, with
changes of 18.65%, 11.37%, 10.62%, and —31.77%, respectively. Moreover, the analyses of
recovery times shows that the SO, on the Ni-InSe monolayer exhibit a moderate recovery
time of 3.24 s at 298 K, while the NO, and NH3 demonstrate satisfactory recovery times of
0.79 s and 1.06 s at 398 K. Consequently, Ni-InSe is positioned as a promising gas sensor for
detecting SO, at room temperature and for identifying NO, and NHj at high temperatures.
This work not only provides a theoretical foundation for the potential applications of
Ni-InSe-based gas sensors in various industries, such as industrial safety, environmen-
tal monitoring, and medical diagnosis, but also bridges the gap between our theoretical
study and practical experimental implementation, including the low-cost development,
scalability, and integration with existing sensor technologies.
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