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Abstract
Using density functional theory (DFT), we presented a theoretical investigation of CO and NO gas molecules adsorption on 
the Al-doped, P-doped and Si-doped  MoS2 monolayers. Our main focus is on the interactions between the dopants (Al, P and 
Si) and gas molecules. The properties of the adsorption system were analyzed in view of the density of states, electron density 
distribution, charge density differences and electronic band structures. Various orientations of CO and NO molecules were 
considered on the  MoS2 monolayer to search for the most stable configurations. The results suggest that the adsorption of 
gas molecules on the doped  MoS2 monolayers is more favorable in energy than that on the pristine monolayers. This means 
that the interaction between doped  MoS2 and gas molecules is stronger than that between pristine  MoS2 and gas molecules. 
Our calculations show shorter adsorption distance and higher adsorption energy for Al-doped and Si-doped monolayers than 
the P-doped and pristine ones. Charge density difference calculations show the charge accumulation between the interacting 
atoms, suggesting the formation of covalent bonds, as evidenced by the projected density of states of the interacting atoms. 
Our results confirm that Al-doped and Si-doped  MoS2 can be used as efficient and promising sensor materials for CO and 
NO detection in the environment.
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1 Introduction

A promising gas sensor, for the detection of harmful gas 
molecules, plays an important role for public health, envi-
ronmental protection, agricultural and biomedical pro-
cesses. In the past decades, the emerging two-dimensional 
layered materials, such as graphene, have received great 
attentions because of their efficient gas sensing charac-
teristics (Yuan and Shi 2013; Kemp et al. 2013; Huang 
et al. 2008; Leenaerts et al. 2008). It has been demon-
strated that the substitutional doping of graphene with 

some metal and nonmetal elements is a successful strat-
egy to amend and enhance the interaction between the 
substrate and adsorbates, which greatly improves the elec-
tronic properties of carbon based nanomaterials (Zhou 
et al. 2009). Thus, the chemical doping promotes and 
increases the sensing properties of graphene based gas 
sensors (Kang et al. 2013; Niu et al. 2013; Dai et al. 2009; 
Ao et al. 2010). Despite to the graphene, two-dimensional 
layered dichalcogenides such as  MoS2 are receiving sig-
nificant interests in the field of gas sensors, and proposed 
as the effective materials for sensing elements due to 
their excellent electrical, optical, and catalytic proper-
ties (Wang et al. 2012; Wilcoxon et al. 1999; Sienicki and 
Hryniewicz 1996; Fernandez-Garcia et al. 2004). Among 
the various 2D layered materials,  MoS2 monolayers, as 
one of the most important transition-metal dichalcoge-
nides have attracted widespread interest in numerous 
research fields, which possess excellent properties such as 
good electrical transport, excellent chemical and thermal 
stability, and high surface-to-volume ratio (Chen et al. 
2019; Zhang et al. 2017; Cho et al. 2015; Fan et al. 2017). 
In this regard, the stability of the  MoS2 monolayers plays 
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a key role. Since the Al, Si, P, and S atoms have the same 
electronic configuration, and the covalent radii of these 
atoms are close to each other, the stable covalent struc-
tures of Al, P and Si dopants into the S vacancy of  MoS2 
monolayer can be easily formed. Luo et al. calculated 
the formation energies for the introduction of dopant 
atoms and suggested that Al, P and Si-doped  MoS2 
monolayers are thermodynamically stable with reason-
able formation energies (Luo et al. 2016). The formation 
energies of Al, P and Si atoms into the  MoS2 sheet are 
2.66, 1.07 and 0.61 eV. Therefore, they concluded that 
these doped structure are also thermally stable. Dai et al. 
studied the adsorption of NO and  NO2 gas molecules on 
B, N, Al and S-doped graphene, and suggested that the 
chemical doping improves the sensing performance of 
the materials (Niu et al. 2013). Niu et al. fabricated the 
N-Si codoped graphene nanosheets in the laboratory, and 
examined the  NO2 sensing behaviors of the nanosheets 
(Dai et al. 2009). The adsorption of different gas mol-
ecules on the surface of 2D materials and metal oxide 
nanoparticles have been also investigated in our previous 
works (Abbasi and Sardroodi 2016a, b, 2017a, b, 2018a, 
b, c, 2019a, b, Abbasi 2019). As inspired by the advent 
of graphene-FET sensors, the 2D dichalcogenides have 
aroused enormous interests as emerging sensing mate-
rials. Similar to graphene, the high surface to volume 
ratio of dichalcogenide monolayers makes them efficient 
candidates for gas sensing applications (Yue et al. 2013; 
Li et al. 2012; Zhao et al. 2014; Late et al. 2013; Don-
arelli et al. 2015; He et al. 2012; Cho et al. 2015). The 
adsorption of nitrogen oxides and ammonia molecules 
on graphene and graphene oxide surfaces have been sys-
tematically studied by Tang and Cao (2011, 2012). Of the 
2D dichalcogenides,  MoS2 monolayers show high sen-
sitivity toward some important gas molecules, such as 
 NOx and  NH3 in the environment (Donarelli et al. 2015; 
Lee et al. 2013; Late et al. 2013; Yao et al. 2013). It is 
very important to the chemical sensor community that 
the semiconducting material is required for the sensing 
characteristics of gas molecules. However, in the case of 
graphene monolayer, the band gap is zero, which lim-
its its sensing performance. Comparing with graphene, 
 MoS2 exhibits better semiconducting nature with the band 
gap in the range of 1.3–1.8 eV (Huang et al. 2013). Fur-
thermore, owing to the semiconductor characteristics of 
 MoS2 nanosheets, the transport properties and sensing 
capabilities can be tuned by applying gate voltages (Late 
et al. 2013). Therefore, it is of eminent significance to 
examine the adsorption of gas molecules on the perfect 
and modified  MoS2 monolayers. It is well-known that NO 
and CO are harmful air pollutants with detrimental effects 

on the living organisms. Hence, detecting and monitoring 
of these pollutants in the atmosphere are indispensable 
to reduce the concentration of such contaminants to an 
environmentally acceptable value. In this work, we car-
ried out density functional theory calculations to explore 
the adsorption of gas molecules such as CO and NO on 
the pristine, Al-doped, P-doped and Si-doped  MoS2 mon-
olayers. We conducted a systematic theoretical investiga-
tion of the structure, adsorption energies, electronic band 
structures of Al-, Si-, and P-doped  MoS2 monolayers, and 
analysis of the charge density difference and density of 
states of the studied systems. The interactions of doped 
 MoS2 monolayers with CO and NO gas molecules are 
analyzed in detail so as to provide theoretical insights 
into the electronic properties of doped  MoS2 based gas 
sensors.

2  Methods and calculation models

The total energy and electronic structure calculations 
based on density functional theory (DFT) (Hohen-
berg and Kohn 1964; Kohn and Sham 1965) were per-
formed using the SIESTA code (Soler et al. 2002). The 
double-zeta polarized (DZP) basis sets were used to 
expand the electronic density with norm-conserving 
Trouiller–Martins pseudopotential (Troullier and Mar-
tins 1991). Graphical Display Interface for Structures 
(GDIS) program was employed to manipulate and model 
the periodic systems such as stanene supercells (Koklj 
2003). The convergence tolerance for total energy was 
set to  10−4 eV, and all the systems were geometrically 
optimized using the conjugate gradient (CG) method. 
Moreover, the Brillouin zone (BZ) integration was per-
formed by setting a 10 × 10 × 1 Monkhorst–Pack k-point 
grid for a 4 × 4 × 1 supercell (Monkhorst and Pack 1976). 
The generalized gradient approximation (GGA) potential 
(Blochl 1994; Kresse and Joubert 1999), parameterized 
by the Perdew–Burke–Ernzerhof (PBE) was used for the 
exchange–correlation functional (Perdew et al. 1997) to 
perform the total energy calculations and geometry relax-
ations. VESTA (visualization for electronic and struc-
tural analysis) program was employed for the display of 
the charge density difference and total electron density 
plots (Momma and Izumi 2011). The unit cell of  MoS2 
monolayer was extended to a 4 × 4 × 1 supercell contain-
ing 48 atoms (16 Mo and 32 S atoms). To characterize 
the stability of the adsorption configurations, CO and 
NO molecules were placed at different positions and sites 
towards the  MoS2 monolayer. The adsorption energy is 
calculated as follows, Eq. (1):
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where E(MoS
2
+ gasmolecule) is the total energy of the  MoS2 mon-

olayer with adsorbed gas molecule, and EMoS
2

 is the total 
energy of the bare  MoS2 monolayer, Egasmolecule is the total 
energy of isolated gas molecule. Based on the above equa-
tion, the more negative the adsorption energy, the higher the 
stability of the configuration.

3  Results and discussion

3.1  Structural and electronic properties of doped 
 MoS2 monolayers

We initially optimized the structure of the pristine  MoS2 
monolayer, and introduced one of the dopants (Al, P and 
Si) into the sulfur vacancy of the  MoS2. The optimized 
structures of the pristine, Al-doped, P-doped and Si-doped 
 MoS2 monolayers were displayed in Fig. 1a–d. The calcu-
lated Mo-S bond length and Mo–Mo distance for pristine 

(1)Ead = E(MoS
2
+ gasmolecule) − EMoS

2

−Egasmolecule
 MoS2 are 2.45 Å and 3.19 Å, respectively, which are in 
reasonable agreement with the theoretical (Le et al. 2014; 
Ataca and Ciraci 2011) and experimental data (Joensen 
et al. 1987). Moreover, based on the optimized structures, 
the Mo-Al, Mo-P and Mo-Si bond lengths were calculated 
to be 2.55 Å, 2.42 Å and 2.38 Å, respectively, which are 
very close to the reported values (Luo et al. 2016). We 
conducted this work following the computational study 
of Ma et al. (2016). In order to further investigate the 
electronic properties of the doped  MoS2 systems, we have 
calculated their electronic band structures. The band struc-
ture plots were depicted in Fig. 2. As can be seen, pris-
tine  MoS2 exhibits a semiconductor characteristics with 
a calculated direct band gap of about 1.71 eV (Fig. 2a), 
which is consistent with the previous reports (Cheng et al. 
2013; Mak et al. 2010). Besides, the Al-doped, P-doped 
and Si-doped systems show semiconducting behavior. 
Thus, the doped  MoS2 monolayers can be used as effi-
cient gas sensors for detecting CO and NO molecules. 
For Al-doped system (Fig. 2b), a band state located at the 
energy value of about − 3.8 eV could be ascribed to the 

Fig. 1  Optimized structures of the pristine (a), Al-doped (b), P-doped (c) and Si-doped (d)  MoS2 monolayers



1004 Adsorption (2019) 25:1001–1017

1 3

Al atom, while in the case of Si-doped system (Fig. 2d), 
this state appears at − 4.1 eV, which mainly comes from 
the Si atom. The P-doped  MoS2 exhibits an interesting 
behavior with a Fermi level touching the conduction band 
minimum (CBM). Therefore, the P-doped system could 
also be utilized for sensing gas molecules because of its 
semiconductor behavior.

3.2  Adsorption of CO molecule on the doped  MoS2 
monolayers

The results of CO adsorption on the pristine, Al-doped, 
P-doped and Si-doped  MoS2 monolayers were presented 
in this section. For the adsorption of CO molecule on the 
doped  MoS2 monolayer, various adsorption orientations 
were tested to obtain the most stable configuration. The 
optimized structures of the CO adsorbed pristine and 
doped  MoS2 monolayers in different views were displayed 
in Figs. 3 and 4. Both carbon and oxygen atoms of the 
CO molecule were considered to be adsorption sites (Ma 
et al. 2016). Our results suggest that the perpendicular 

adsorption of CO on the  MoS2 is more energetically 
favorable than the parallel adsorption, and gives rise to the 
most stable structures. Thus, we have only presented the 
perpendicular adsorption configurations. A brief descrip-
tion of the CO adsorbed  MoS2 configurations is as follows: 
(A) CO molecule is positioned towards the pristine  MoS2 
with carbon atom at the top of the sulfur site of  MoS2; (B) 
The same configuration with oxygen atom positioned at 
the top of the sulfur site; (C) CO molecule is located above 
the Al-doped  MoS2 with carbon atom at the top of the Al 
site; (D) CO molecule adsorbed on the surface with oxy-
gen atom oriented above the Al site of doped  MoS2. Con-
figurations A and B represent a weak physisorption of CO 
on the  MoS2 surface either from carbon or from oxygen 
site of CO molecule. There is no covalent bond between 
CO molecule and pristine  MoS2 monolayer, as confirmed 
by the total electron density profiles (Fig. 5). In contrast, 
configurations C and D show the strong chemisorption 
of CO molecule on the Al-doped  MoS2 monolayer with 
considerable adsorption energies. Both carbon and oxygen 
atoms of the CO molecule form strong chemical bond with 

Fig. 2  Band structure plots of the pristine (a), Al-doped (b), P-doped (c) and Si-doped (d)  MoS2 monolayers
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the impurity Al atom of doped  MoS2 after the adsorption 
process (Ma et al. 2016). Thus, the adsorption distances 
for configurations C and D are lower than those of configu-
rations A and B, which lead to the higher adsorption ener-
gies of configurations C and D. The calculated bond length 
of the free CO is 1.14 Å. From Table 1, the C-O bond 
length of the adsorbed CO molecule is slightly increased 

by 0.01–0.03 Å. This suggests that the C–O bond length 
is stretched after the adsorption process. These smaller 
distances between the adsorbed CO molecule and the 
doped Al/Si atoms support the strong interaction between 
the adsorbed molecule and  MoS2 monolayers. We found 
that the variation trend of the CO-dopant distance is 
well correlated with that of the adsorption energies. The 

Fig. 3  Optimized configurations of CO molecule adsorbed on the pristine and Al-doped  MoS2 monolayers. The green, yellow, red and gray balls 
represent Mo, S, O and C atoms, respectively. Subfigures a–d represent configurations A–D (Color figure online)
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adsorption energy analysis was also conducted to evaluate 
the stability of the CO adsorbed  MoS2 monolayers. The 
results were summarized in Table 1. As can be seen from 
this Table, the adsorption energies of configurations C and 
D (Al-doped  MoS2) are higher than those of configurations 
A and B (pristine  MoS2), which are mostly attributed to 

the chemical nature of adsorption in configurations C and 
D. However, the lower adsorption energies of configura-
tions A and B confirm the weak interaction between CO 
and pristine  MoS2 monolayer. Therefore, CO adsorption 
on the Al-doped  MoS2 is more favorable in energy than 
that on the pristine one. To achieve further insights into 

Fig. 4  Optimized configurations of CO molecule adsorbed on the P-doped and Si-doped  MoS2 monolayers. The green, yellow, red and gray balls 
represent Mo, S, O and C atoms, respectively. Subfigures e–h represent configurations E–H (Color figure online)



1007Adsorption (2019) 25:1001–1017 

1 3

Fig. 5  Projected density of states of the Al, Si, C and O atoms for CO adsorption on the Al-doped and Si-doped  MoS2 monolayers along with 
the total electron density distribution plots. The isosurface value of electron density is taken as 0.002 e/Å3
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the interaction between the adsorbed CO and the doped 
 MoS2 monolayers, we have calculated the projected den-
sity of states (PDOS) profiles of the Al atom and C/O 
atoms of the CO molecule (Fig. 5). As can be seen from 
this Figure, there are large overlaps between the PDOS 
profiles of the Al atom and C/O atoms of CO molecule, 
indicating the formation of covalent bonds between these 
atoms.   

The electronic properties of the adsorption systems 
were also described in terms of energy band structure. 
Figure 6 presents the band structure plots of the pristine 
and doped  MoS2 monolayers with adsorbed CO molecules. 
Figure 6a and b represents the band structure plots for 
configurations A and B. As can be seen from this Figure, 
the electronic structure of the pristine  MoS2 monolayer 
remains almost unaltered after the adsorption of CO mol-
ecule on its surface (Ma et al. 2016). The biggest differ-
ence between the band structures of the pristine  MoS2 
and CO adsorbed  MoS2 is the slight shift in the position 
of the Fermi level. The band structure plots of the Al-
doped  MoS2 after the adsorption process (configurations 
C and D) were also displayed in Fig. 6c and d. This Figure 
shows that the electronic structure of Al-doped  MoS2 was 
changed after the adsorption of CO molecule, which can 
be attributed to the formation of chemical bonds between 
the Al atom and C/O atom of CO molecule. The energy 
band structure plots of the P-doped and Si-doped  MoS2 
after CO adsorption were also depicted in Fig. 6e and h. 
In configurations E and F, CO molecules weakly interact 
with P-doped  MoS2 monolayer, and this weak interaction 
gives rise to a slight change in the band structure of the 
complex system. The band structure plots of the configu-
rations G and H (CO adsorbed Si-doped  MoS2 system) 
exhibit significant changes compared to the band structure 
plots of non-adsorbed systems. For Al-doped and Si-doped 
 MoS2 monolayers, CO adsorption induces impurity states 
inside the band gap of  MoS2, which is mostly attributed to 

the formation of covalent bonds between interacting atoms 
(Ma et al. 2016).

The changes in the electronic structure induced by the 
CO adsorption were also analyzed in view of the charge 
density difference (CDD) calculations for CO adsorbed 
Al-embedded and Si-embedded  MoS2 monolayers. Fig-
ure 7 represents the CDD plots for the considered sys-
tems. The charge density difference is a measure of the 
difference between the electron densities of the non-
interacting systems (CO/NO molecule and  MoS2 mon-
olayer) and the complex system consisting of  MoS2 with 
adsorbed gas molecules. The atomic coordinates of iso-
lated gas molecule and  MoS2 monolayer would be the 
same as those in the complex  MoS2 + gas system. The 
charge density difference was evaluated based on the fol-
lowing equation:

where, ρ(MoS2 + gas molecule) and ρ(MoS2), are the total electron 
densities of the gas adsorbed and pristine  MoS2 monolayers, 
respectively and ρ(gas molecule) represents the electron den-
sity of the free gas molecule. In the figure, the yellow and 
cyan regions for the CDD represent the areas of electron 
accumulation and depletion, respectively. As can be seen 
from Fig. 7, there is some electron accumulation on the 
adsorbed CO molecule. The electron accumulation between 
the interacting C/O and Al/Si atoms is significant, indicating 
the covalent interaction between the adsorbed CO molecule 
and the Al/Si-doped  MoS2 monolayer. This increase of the 
electronic density confirms the formation of chemical Al-C/
Al-O and Si–C/Si–O bonds and consequently chemisorp-
tion of CO molecule on the Al-embedded and Si-embedded 
monolayers. The strong interaction between CO and the Al/
Si doped monolayer is also evidenced by the PDOS spectra 
shown in Fig. 5, where the substantial overlapping is clear 
between the PDOS states of the C/O atoms of the adsorbed 
CO and the dopants.

3.3  Adsorption of NO molecule on the  MoS2 
monolayers

For NO adsorption on the pristine and doped  MoS2 mon-
olayers, we have considered various adsorption configu-
rations. Optimized geometry configurations of the pris-
tine and doped  MoS2 with adsorbed NO molecules were 
shown in Figs. 8 and 9. For each pair, the first configura-
tion represents the adsorption of CO on the monolayer 
by its N site, while the second one shows the adsorption 

(2)Δ� = �(MoS2+ gasmolecule) − �(MoS2) −�gasmolecule

Table 1  Parameters for the adsorption of CO molecule on the pristine 
and doped  MoS2 monolayers: adsorption energy  (Ead in eV), average 
distance between the  MoS2 monolayers and CO molecule  (dCO-MoS2 
in Å), and the bond length of the adsorbed CO molecule  (dC-O in Å)

Configuration Ead dCO-MoS2 dC-O

A 0.53 3.02 1.15
B 0.52 2.99 1.16
C 1.35 1.69 1.15
D 1.32 1.67 1.16
E 0.66 2.88 1.16
F 0.64 2.84 1.16
G 1.46 1.68 1.15
H 1.42 1.64 1.16

Fig. 6  Band structure plots of the pristine, Al-doped, P-doped and 
Si-doped  MoS2 monolayers with adsorbed CO molecules. The Fermi 
level is indicated by a cyan solid line

◂
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through its O site. As can be seen from Fig. 8, configura-
tions A and B represent the interaction of NO molecule 
with  MoS2 through its N and O atoms, respectively. Simi-
larly, there is a weak mutual interaction between pristine 
 MoS2 and NO molecule. In contrast, Al-doped and Si-
doped system strongly interacts with NO molecule (con-
figurations C and D). The adsorption of NO molecule on 
the P-doped and Si-doped  MoS2 monolayers were also 
depicted ac configurations E-F and G-H for P-doped and 
Si-doped systems, respectively. It can be seen from these 
Figures that the NO molecule chemisorbs on the Al-doped 
and Si-doped  MoS2 monolayers, as evidenced by the total 

electron density distribution plots (Fig. 10). Similar to the 
pristine  MoS2, P-doped system shows a weak physisorp-
tion above the monolayer surface. The distances between 
NO and the Al/Si-doped  MoS2 are very short compared 
to those between NO and pristine one, suggesting the 
strong interaction between the NO molecule and the Al/
Si-doped  MoS2 monolayers (Ma et al. 2016). Important to 
note is that the change trend of the distances between the 
adsorbed NO molecule and  MoS2 monolayer is consist-
ent with that of the adsorption energies. The calculated 
bond length of the isolated NO molecule is 1.16 Å. As 
can be seen from Table 2, the bond length of the NO 

Fig. 7  Charge density difference plots for CO adsorbed Al-doped and Si-doped  MoS2 monolayers. The isosurface value is taken as 0.002 e/Å3
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molecule is slightly stretched by the adsorption process. 
The adsorption energy values were also listed in Table 2. 
The results suggest that the adsorption of NO molecule on 
the doped  MoS2 monolayers is more energetically favora-
ble than that on the pristine ones. The higher adsorption 
energies of the Al-doped and Si-doped systems reveal 

a strong adsorption of NO molecule on the Al and Si 
sites. Thus, Al/P/Si embedding improves the interaction 
between gas molecule and  MoS2 monolayer. In order to 
further discuss the chemisorption of NO molecule on the 
Al-embedded and Si-embedded systems, we have calcu-
lated their projected density of states (Fig. 10). As can 

Fig. 8  Optimized configurations of NO molecule adsorbed on pristine and the Al-doped  MoS2 monolayers. The green, yellow, red and gray balls 
represent Mo, S, O and C atoms, respectively (Color figure online)
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Fig. 9  Optimized configurations of NO molecule adsorbed on the P-doped and Si-doped  MoS2 monolayers. The green, yellow, red and gray balls 
represent Mo, S, O and C atoms, respectively (Color figure online)

be seen from this figure, the significant overlaps between 
the PDOS spectra of the N/O and Al/Si atoms indicate 
the formation of chemical bonds between them. Simi-
lar with CO adsorption, we considered the energy band 
structure plots for NO adsorbed on the pristine and doped 

 MoS2 monolayers, as represented in Fig. 11. It can be 
seen from this figure that the electronic structures of the 
doped  MoS2 systems show significant changes after NO 
adsorption including the creation of some states inside 
the band gap of  MoS2. Therefore, NO adsorption alters 
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Fig. 10  Projected density of states of the Al, Si, C and O atoms for NO adsorption on the Al-doped and Si-doped  MoS2 monolayers along with 
the total electron density distribution plots. The isosurface value of electron density is taken as 0.002 e/Å3
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the electronic band structure of doped  MoS2 monolayers 
by changing the position of Fermi level and introducing 
impurity states in the band structure of  MoS2 (Ma et al. 
2016).

We then focused our attention on the charge density dif-
ference (CDD) plots for NO adsorption on the  MoS2 mon-
olayers (Fig. 12). This figure shows that for Al-embedded 
and Si-embedded  MoS2 systems, there is some electron 
accumulation on the adsorbed NO molecule. Besides, the 
higher accumulation of electron density between the N/O 
atoms of the NO and the doped Al/Si atoms indicates the 
covalent characteristics for the interaction between NO and 
the Al/Si-doped  MoS2 monolayers and consequently the 
chemical nature of the adsorption.

4  Conclusions

To examine the possible application of  MoS2 monolayers in 
gas sensing, the adsorption of CO and NO molecules on the 
 MoS2 monolayers embedded with Al, P and Si atoms were 
investigated using the density functional theory calculations. 
Various adsorption positions of gas molecules on the pristine 
and doped monolayers were thoroughly examined. Based on 
our calculated results, CO and NO molecules show a weak 
physisorption on the pristine  MoS2 monolayer, whereas the 
doped systems (especially Al-doped and Si-doped) exhibit 
a strong chemisorption on the surface. Adsorption energy 
results indicate that the adsorption of gas molecules on the 
doped systems is more favorable in energy than that on the 
pristine ones. For gas adsorption on the Al-doped and Si-
doped  MoS2, the large overlaps between the PDOS spectra 
of the Al/Si and C/O/N atoms represent the formation of 
chemical bonds between them. The energy band structure 
plots also show that the electronic structure of the Al-doped 
and Si-doped monolayers were considerably altered upon 
gas adsorption, while in the case of pristine monolayer, the 
electronic structure remains almost unaltered. The charge 
density difference plots also indicate the accumulation of 
electron density between the interacting atoms and conse-
quently formation of covalent bonds between them. Finally, 
the present work shows that embedding impurity atoms may 
be a useful strategy to tune the adsorption behaviors of  MoS2 
monolayers.

Table 2  Similar to Table 1, except that it is for the adsorption of NO 
molecule on the  MoS2 monolayers

Configuration Ead dNO-MoS2 dN-O

A 0.48 3.01 1.17
B 0.46 2.98 1.18
C 1.28 1.72 1.18
D 1.24 1.70 1.19
E 0.54 2.92 1.18
F 0.48 2.89 1.18
G 1.34 1.66 1.19
H 1.29 1.65 1.19
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Fig. 11  Band structure plots of the pristine, Al-doped, P-doped and Si-doped  MoS2 monolayers with adsorbed NO molecules. The Fermi level is 
indicated by a cyan solid line
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