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A B S T R A C T   

Exposure to nitrogen oxides (NOx) has been reported to seriously affect the respiratory systems. More precisely, 
breathing NOx may lead to the appearance of asthma symptoms, and may also result in the infection with asthma 
over long intervals. This study is devoted to finding novel systems to detect nitric oxide (NO) and nitrogen di-
oxide (NO2) with improved sensitivity. Consequently, gold (Au) and silver (Ag) codoped molybdenum disulfide 
(MoS2) (Au–Ag–MoS2) is proposed as NO and NO2 gas sensor based on density functional theory (DFT) calcu-
lations. The variations of the electronic properties as well as the adsorption parameters of the new proposed 
sensor upon the adsorption of NO and NO2 gases are compared with pristine, Au-doped, and Ag-doped MoS2. The 
results reflect a remarkable change in the band gap of the developed systems upon the adsorption of NO and NO2 
gases. Meanwhile, the adsorption parameters demonstrate that the Au doped MoS2 system is selective to NO, 
while the codoped MoS2 system is selective to NO2. Specifically, the Au-doped MoS2 exhibits its maximum 
adsorption energy (Eads) towards NO of − 0.721 eV. Moreover, the highest adsorption energy and charge transfer 
(ΔQ) are found to be − 2.603 eV and 0.448 e, respectively, for the case of NO2/Au–Ag-codoped MoS2. Hence, our 
investigation suggests that Au–Ag-codoped MoS2 can be utilized as a gas sensor for the detection of NO2 gas.   

1. Introduction 

The need for an effective gas sensor for the purpose of monitoring the 
level of nitrogen oxides (NOx) is growing not only for industrial appli-
cations but also in medicine [1]. Sensing the molecules of NO gas, for 
example, in the exhaled breath is utilized in predicting the infection with 
asthma and some other respiratory diseases [2,3]. Specifically, if the 
concentration is above 50 ppb, this can be considered as an indication of 
inflammation in the airways [3,4]. Furthermore, NO gas can be easily 
transformed, via oxidation, to the more poisonous nitrogen dioxide gas 
(NO2) [5,6]. NO2 is a poisonous gas generated mainly through fuel 
combustion in industry and automotive emissions [7]. In addition to 
being one of the common air pollutants, NO2 could facilitate the infec-
tion of various diseases not only at high concentrations but at low 
concentrations as well [8]. Accordingly, the early and sensitive detec-
tion of NOx gases at low concentrations is of great importance to human 
beings. 

Two-dimensional nanomaterials (2D-NMs) including graphene as 
well as transition metal dichalcogenides (TMDs) have been extensively 
studied, thanks to their outstanding performance in different 

applications, as a result of their large surface areas as well as the plenty 
of active sites [9,10]. Among the TMDs, considerable interest has been 
directed to molybdenum disulfide (MoS2) monolayer in the field of 
sensors due to its superior chemical, physical, and electrical character-
istics [11–14]. MoS2 monolayer is a direct band gap semiconductor that 
consists of a layer of Mo atoms between two lower and upper layers of S 
atoms producing a sandwiched material [15–17]. Each Mo atom in the 
MoS2 monolayer is bonded covalently to six S atoms forming 2D crystal 
[17,18]. 

Pham et al. investigated the bandgap of chemical vapor deposition 
fabricated mono-layer of MoS2 with Au, and then applied for NO2 gas 
sensing. The results reveal significant improvement of the MoS2 sensi-
tivity for low level of NO2 gas. The detection limit for NO2 gas was 0.1 
ppb for the Au modified MoS2 [19]. Ma et al. studied the adsorption of 
both CO and NO gases on MoS2 monolayers modified with Au, Pt, Pd, or 
Ni. They found that charge transfer among MoS2 and the adsorbed 
molecules for both gases. The adsorption of NO induces impurity states 
and their effects are observed in the band gap as redistribution of states. 
Furthermore, NO adsorption leads to variation of transport properties of 
MoS2 [20]. 
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Herein, the influence of doping and codoping by transition metal (Au 
and Ag) of MoS2 on the electronic features and the adsorption capability 
toward NOx gases is investigated computationally based on density 
functional theory (DFT). The results demonstrated considerable varia-
tions in the electronic properties of MoS2 upon doping with Au and Ag 
and codoping with both atoms. Furthermore, a remarkable enhance-
ment in the adsorption parameters is noticed for the cases of Au–MoS2, 
Ag–MoS2 and Au–Ag–MoS2 systems when compared with the pristine 
MoS2. Consequently, codoping of MoS2 with transition metals can be 
recommended as an effective method of improving its performance for 
gas sensing. 

2. Computational details 

Atomistic ToolKit Virtual NanoLab (ATK-VNL) based on DFT method 
was used to investigate the electronic properties as well as the sensing 
capability of MoS2 based sensor materials. More precisely, a (5 × 5) 
supercell of MoS2 monolayer has been built as a substrate, and a central 
S atom was substituted by a transition metal atom (Au and Ag) gener-
ating two doped systems: Au–MoS2 and Ag–MoS2. Codoping was also 
utilized to generate the system: Au–Ag–MoS2. The generalized gradient 
approximation (GGA) was engaged with the Perdew-Burke-Ernzerhof 
(PBE) for defining the electron exchange and correlation [21,22]. 
Meanwhile, DFT-D2 of Grimme was implemented in order to correct the 
impact of Van der Waals interactions [22]. During all the calculations, 
we selected the energy mesh cutoff, force tolerance, and stress error 
tolerance as 100 Ry, 0.05 eV/Å, and 0.1 GPa, respectively. For 
Brillouin-zone sampling, a 5 × 5 × 1 k-point sample of Monkhorst-Pack 
grid has been utilized for the geometry optimization along with the 
electronic properties investigations. 

To evaluate the adsorption of NO and NO2 gases on any of the pro-
posed MoS2, Au– MoS2, Ag– MoS2, and Au–Ag– MoS2 sensors, the 
adsorption energy has been calculated by utilizing Equation (1) 

Fig. 1. Top and side views of a) MoS2, b) Au–MoS2, c) Ag–MoS2, and d) Au–Ag–MoS2.  

Table 1 
Geometrical parameters of MoS2, Au–MoS2, Ag–MoS2, and Au–Ag–MoS2.  

System Bond length (Å) 

Mo–S Mo–Au Mo–Ag 

MoS2 2.420 – – 
Au–MoS2 2.410* 2.740 – 
Ag–MoS2 2.415* – 2.810 
Au–Ag–MoS2 2.408* 2.753 2.803  

Fig. 2. Top and side views of a) NO/MoS2, b) NO/Au–MoS2, c) NO/Ag–MoS2, and d) NO/Au–Ag–MoS2.  
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[23–25]: 

Eads =EAu/Ag− MoS2+NOx − EAu/Ag− MoS2 − ENOx (1)  

Where EAu− Ag− MoS2+NOx represents the total energy of either of NOx/ 
MoS2, NOx/Au– MoS2, NOx/Ag– MoS2, or NOx/Au–Ag– MoS2 systems, 
EAu/Ag− MoS2 refers to the total energy of either of developed four sensors 
without NOx, and ENOx – refers to the total energy of either NO or NO2 
gas. Meanwhile, to further confirm the adsorption of NO and NO2 
molecules on the proposed sensor materials, the transfer of charge be-
tween the gases and the sensors was calculated based on Mulliken 
population method by utilizing Equation (2) [24,26]: 

ΔQ=Qa − Qp (2)  

Where, ΔQ refers to the net charge transfer of any of the NO and NO2 
gases, Qa is the Mulliken charges of any of the NO or NO2 molecules after 
adsorption on either of the proposed sensors, and Qp refers to the Mul-
liken charge of the pure NO or NO2 gas. 

3. Results and discussion 

In the present investigation, MoS2 is chosen as the substrate for the 
development of a highly sensitive gas sensor for the detection of NO and 
NO2 gases. In order to enhance the sensing performance of MoS2, it’s 
firstly doped with either of Au or Ag atom, and then codoped with both 

of them. The optimized structures of MoS2, Au–MoS2, Ag–MoS2, and 
Au–Ag–MoS2 systems are shown in Fig. 1. Additionally, the geometrical 
parameters are presented in Table 1. The results reveal that the average 
Mo–S bond length is 2.420 Å for the case of MoS2. While for the cases of 
Au–MoS2 and Ag–MoS2, the average Mo–Au and Mo–Ag are 2.740 Å and 
2.810 Å, respectively. Meanwhile, the length of Mo–S bonds close to the 
position of substitution with Au and Ag changes a little to 2.410 Å, and 
2.415 Å, respectively. On the other hand, the average Mo–Ag and 
Mo–Au bond lengths vary a little to 2.753 Å, and 2.803 Å for the case of 
Au and Ag codoped MoS2 as shown in Table 1. Fig. 2 shows the opti-
mized NO/MoS2, NO/Au–MoS2, NO/Ag–MoS2, and NO/Au–Ag–MoS2 
systems. As indicated, a chemical bond occurs between the O atom of NO 
and Au of Au–MoS2 with a length of 2.16 Å. As a result, the average 
Mo–Au bond length decreases to 2.69 Å. The same behavior is almost 
observed for the case of Ag–MoS2 with an O–Ag bond with a length of 
2.18 Å. Furthermore, two bonds are observed between O and both of Au 
and Ag with lengths of 2.17 and 2.21 Å, respectively, for the case of 
Au–Ag–MoS2. The optimized structures of NO2/MoS2, NO2/Au–MoS2, 
NO2/Ag–MoS2, and NO2/Au–Ag–MoS2 systems are shown in Fig. 3. A 
chemical bond is also observed between one O atom of NO2 and the 
doped metals in the cases of Au–MoS2, Ag–MoS2, and Au–Ag–MoS2 
verifying the occurrence of strong adsorption. Contrary, no bonds are 
detected between pristine MoS2 and the two gases, which justifies the 
necessity of doping and codoping MoS2 to improve the adsorption 
capability. 

To confirm the desirable detection of both NO and NO2 molecules on 
the developed MoS2, Au–MoS2, Ag–MoS2, and Au–Ag–MoS2 systems, the 
adsorption energy Eads, adsorption length l, and the charge transfer ΔQ 
are calculated. As shown in Table 2, the adsorption energy along with 
charge transfer are 0.107 eV and − 0.047 e for the case of NO/MoS2, 
whereas − 0.155 eV and 0.131 e for the case of NO2/MoS2. Moreover, 
the adsorption length between the NO and NO2 gases and MOS2 are 2.45 
and 2.23 Å, respectively. Upon modifying the pristine MoS2, a remark-
able increase in the adsorption energy along with the charge transfer are 
demonstrated. For instance, the greatest adsorption energy and smallest 
adsorption length among the three modified systems, for the case of NO 
gas, are found to be − 0.721 eV and 2.16 Å for the case of NO/Au–MoS2 
system. Whereas the highest charge transfer is found to be 0.220 e for 
the case of NO/Au–Ag–MoS2. On the other hand, a magnificent increase 
in the adsorption parameters are detected for the cases of NO2/Au–MoS2 
NO2/Ag–MoS2, and NO2/Au–Ag–MoS2 when compared with NO2/ 

Fig. 3. Top and side views of a) NO2/MoS2, b) NO2/Au–MoS2, c) NO2/Ag–MoS2, and d) NO2/Au–Ag–MoS2.  

Table 2 
Adsorption energy and distance along with charge transfer of the developed 
adsorption systems.  

System Adsorption Energy 
(eV) 

Adsorption Length 
(Å) 

Charge Transfer 
(e) 

NO/MoS2 0.107 2.45 − 0.047 
NO/Au–MoS2 − 0.721 2.16 0.113 
NO/Ag–MoS2 − 0.384 2.18 0.133 
NO/ 

Au–Ag–MoS2 

− 0.553 2.17 0.220 

NO2/MoS2 − 0.155 2.23 0.131 
NO2/Au–MoS2 − 1.596 2.08 0.423 
NO2/Ag–MoS2 − 1.850 2.18 0.442 
NO2/ 

Au–Ag–MoS2 

− 2.603 2.19 0.448  
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MoS2. Specifically, the adsorption energy increases to nearly ten times 
and eleven times for the cases of NO2/Au–MoS2, and NO2/Ag–MoS2. The 
smallest adsorption length is observed between NO2 and Au–MoS2 sys-
tem with 2.08 Å. Moreover, the adsorption energy for the case of NO2/ 
Au–Ag–MoS2 system increases to almost 16 times, which justifies the 
importance of codoping MoS2 with Au and Ag for the purpose of 
improving the sensing performance. The charge transfer results show 
that 0.423, 0.442, and 0.448 e transfer from the Au–MoS2, Ag–MoS2, 
and Au–Ag–MoS2 systems to NO2 gas, respectively, in the adsorption 
process. The adsorption parameters obtained in the current study indi-
cate that among the four systems the Au doped MoS2 system is selective 
to NO since it exhibits the highest adsorption energy towards NO. 
Moreover, the newly developed Au–Ag codoped-MoS2 is selective to 
NO2 gas since it exhibits the highest adsorption energy towards NO2. 
Additionally, the results also demonstrate that the adsorption of NO and 
NO2 molecules on the pristine MoS2 is physisorption, whereas it is 
chemisorption for the doped and codoped systems [27–29]. The 
outstanding improvement in the adsorption capability and hence the 
sensitivity that is obtained in the current study is attributed to the 
substitution of S atoms with the transition metals Au and Ag. Such 
substitution is reported to significantly promote the sensitivity of MoS2 
monolayer toward gas molecules [30,31]. The doped atoms can modify 
the electronic characteristics of the host material as well as improve the 
orbital interaction with the target molecules close to the location of 
substitution [32,33]. 

The band structures of MoS2, Au–MoS2, Ag–MoS2, and Au–Ag–MoS2 
systems are investigated for a better understanding of the influence of 
doping as well as codoping MoS2 monolayer on the electronic properties 
as presented in Fig. 4. The results show a direct band gap of 1.645 eV for 
the case of the pure MoS2 (Fig. 4(a)) which is nearly the same as the 

experimental value of 1.69 eV [34] as well as the theoretical value of 
1.80 eV [35] that have been reported. These results verify the direct 
band gap semiconductor nature of MoS2 monolayer [36]. Upon 
substituting one of the S atoms of MoS2 with Au and Ag atoms (Fig. 4 
(b)-4(c)), the band gap decreases to 1.150 and 1.066 eV, respectively. 
Meanwhile, the band gap decreases significantly to 0.308 eV after 
codoping the monolayer of MoS2 with both Au and Ag as shown in Fig. 4 
(c). Additionally, the impact of the gas adsorption on the electronic 
properties of the developed systems is also investigated as shown in 
Figs. 7 and 8. Remarkable variations on the electronic features of the 
modified systems are observed upon the adsorption of NO as well as NO2 
gases. For instance, the band gap significantly decreases to 0.119, 0.145, 
and 0 eV after the adsorption of NO on Au–MoS2, Ag–MoS2, and 
Au–Ag–MoS2, respectively. Meanwhile, the band gaps of NO2/Au–MoS2, 
NO2/Ag–MoS2, and NO2/Au–Ag–MoS2 systems are 0.707, 0.638, and 0 
eV, respectively, reflecting a decrease upon the gas adsorption. 
Furthermore, some new bands are observed in the valence and con-
duction bands after modifying MoS2 as well as the adsorption of the two 
gases. These variations in the electronic features is a justification of the 
origination of new electronic states thanks to the adsorption of NO and 
NO2 molecules [37]. 

The results obtained from the band structures are further examined 
with the density of states investigations. The density of state of pristine 
MoS2, Au–MoS2, Ag–MoS2, and Au–Ag–MoS2 systems with and without 
the NO gas are shown in Fig. 7(a)-7(d). The figure reveals new peaks 
after adding NO, hence they are assigned to the gas. As shown in Fig. 7 
(a), some new peaks appear in the range from 0.04 to 1.11 eV in the 
conduction band upon the adsorption of NO on the surface of MoS2 
indicating the decrease of its band gap. This result is in decent agree-
ment with the band structures of NO/MoS2 (Fig. 5(a)) in which, some 

Fig. 4. Band structures of a) MoS2, b) Au–MoS2, c) Ag–MoS2, and d) Au–Ag–MoS2.  
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Fig. 6. Band structures of a) NO2/MoS2, b) NO2/Au–MoS2, c) NO2/Ag–MoS2, and d) NO2/Au–Ag–MoS2.  

Fig. 5. Band structures of a) NO/MoS2, b) NO/Au–MoS2, c) NO/Ag–MoS2, and d) NO/Au–Ag–MoS2.  
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new bands are detected in the same range after the adsorption of NO as 
compared with the pristine MoS2. Meanwhile, remarkable variations in 
the intensity of the peaks in the ranges from 1.4 to 3.0 eV, − 0.70 to 
− 1.60, and − 3.50 to − 4.80 are observed due to gas adsorption. For the 
case of Au–MoS2 shown in Fig. 7(b), the peaks at around − 4.70, − 2.40, 
and 0.06 eV increase significantly after the adsorption of NO. Moreover, 
a new peak is observed in the valence band close to the Fermi level at 
about − 0.06 eV. The two peaks at − 0.06 and 0.06 eV are represented by 
two bands close to the Fermi level in the band structures of NO/ 
Au–MoS2 (Fig. 5(b)). After the adsorption of NO on the surface of 
Ag–MoS2 (Fig. 7(c)), the peak around 0.07 eV increases remarkably in 
addition to the appearance of new peaks around − 0.92, − 0.07, 0.26, and 
0.61 eV. Furthermore, a new peak is detected at Fermi level upon the 
adsorption of NO on the surface of Au–Ag–MoS2 (Fig. 7(d)) confirming 
the appearance of a new band at the same position in the band structure 
results of NO/Au–Ag–MoS2 (Fig. 5(d)). The density of states of MoS2, 
Au–MoS2, Ag–MoS2, and Au–Ag–MoS2 systems with and without the 
NO2 gas are shown in Fig. 8(a)–8(d). The figure reveals new peaks after 
adding NO2, hence they are assigned to the gas. For the case of NO2/ 
MoS2 (Fig. 8(a)), a new peak is detected at the Fermi level upon 
adsorption of the gas. While, the peak at around 0.02 eV of Au–MoS2 
disappear after the adsorption of NO2 and new peaks around 0.36 eV, 
0.51 eV, and in the range from − 0.79 to 1.07 eV are observed as shown 
in Fig. 8(b). The same behavior is nearly observed after the adsorption of 
NO2 on top of Ag–MoS2 as shown in Fig. 8(c). After the adsorption of 
NO2 on the surface of Au–Ag–MoS2 (Fig. 8(d)), the two bands around 
− 0.16 and 0.16 eV disappear and a new peak at Fermi level is observed 
which support the band structure results of NO2/Au–Ag–MoS2 (Fig. 6 

(c)). Additionally, the peaks around − 4.71 and 1.31 eV increase 
considerably after the gas adsorption. The variations in the bandgap for 
MoS2 are assigned to quantum confinement as well as changing the 
hybridization among d and s orbitals for molybdenum atoms as well as 
sulfur atoms, correspondingly. For the NO case, charge transfer to MoS2, 
and the changes near Fermi level are mostly assigned to the p orbitals of 
N according to the DOS analysis. Adsorption of NO2 gas on MoS2 causes 
to the Fermi level to be down shifted to the valence band, representing 
hole doping of MoS2. Remarkably, the substantial orbital hybridizations 
among both NO and NO2 to the Au–MoS2 system that are localized close 
the Fermi level in Figs. 4–6. For the NO case, the band structure reveals a 
nearly flat band corresponding with the NO spin states (up) near Fermi 
level that justifies its high sensitivity for NO adsorption. The variations 
that are demonstrated in the density of states of the proposed MoS2, 
Au–MoS2, Ag–MoS2, and Au–Ag–MoS2 systems upon the adsorption of 
both NO and NO2 gases is a justification of the change in the occupied 
number of states of those systems [38]. These results prove that devel-
oped systems of the current study successfully adsorbed the target NO 
and NO2 gases. 

4. Conclusion 

The current work is concerned of finding a sensitive gas sensor for 
the efficient detection of NO and NO2 gases. Hence, doping and 
codoping was employed to generate four different molybdenum disul-
fide (MoS2) based sensor materials that include: MoS2, Au–MoS2, 
Ag–MoS2, and Au–Ag–MoS2. The electronic characteristics as well as the 
adsorption capacity of the proposed sensor materials were investigated 

Fig. 7. Density of states, with and without NO, of a) MoS2, b) Au–MoS2, c) Ag–MoS2, and d) Au–Ag–MoS2.  
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based on DFT calculations. The results demonstrated significant changes 
in the electronic properties and adsorption parameters toward NO and 
NO2 molecules upon the modification of MoS2. For the case of NO gas, 
the highest adsorption energy of − 0.721 eV was observed with Au–MoS2 
system. Therefore, this system is considered to be selective for NO. By 
comparing the two gases, the adsorption parameters were found to be 
considerably improved for the case of NO2 gas. Specifically, the 
adsorption energy along with charge transfer increased remarkably to 
16 times and 3 times, respectively, for the case of NO2/Au–Ag–MoS2 
when compared with NO2/MoS2. Therefore, from the four systems the 
Au and Ag codoped-MoS2 system is selective to NO2 gas. The results 
obtained in this work indicate that Au and Ag codoped-MoS2 can be 
considered as a sensitive gas sensor for NO2 gas. 
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