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Investigation of NH3 adsorption on noble metal modified MoSe2 
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Gas pollutants represent hazard for the quality of the ambient environment, thus, the development of sensitive 
and selective gas sensors is essential to monitor and maintain its decent quality. The adsorption of NH3 gas on 
pristine and noble metal doped molybdenum diselenide (MoSe2) structures is investigated by density functional 
theory (DFT) computations. The metals used for doping are Pt, Au, Ag, and their combination. The work dis
cusses the effect of doping on the adsorption energy, charge transferred among MoSe2 structures and NH3 gas, 
adsorption distance, density of states (DOS), and band structure. The DOS as well as band structure of the 
modified MoSe2 show substantial modifications in the electronic properties as compared with the pristine 
structure. New energy bands are developed close to the Fermi level due to doping of MoSe2 structure. The NH3 
gas adsorption on the doped structures is significantly enhanced, compared with the pure MoSe2 structure, where 
the adsorption energy and distance for NH3 gas are improved, thus, the sensitivity is enhanced sensitivity 
compared with the pure MoSe2 structure. This investigation demonstrates that noble metal doping of MoSe2 can 
be an effective method to develop sensitive detectors for NH3 gas.   

1. Introduction 

The expansion of industrial activities of human is associated with 
escalation of emissions of hazardous gases, for example: CO, CO2, NO, 
NO2, and NH3 [1,2]. Ammonia (NH3) is a highly harmful gas to the 
environment and human health, and it is a common chemical utilized 
and generated by various agricultural and industrial activates [3]. The 
human exposure limit should be less than 50 ppm for safe work envi
ronment [4], while the indoor long-term exposure limit is 25 ppm. Long 
term exposure to NH3 beyond those limits causes serious impact on the 
respiratory system along with eyes irritation, severe burns, and injuries 
[5]. Therefore, sensitive and selective detection of ammonia is essential 
in various sectors including ammonia production plants, agricultural 
fertilizer industry, and units of food processing. 

Two dimensional (2D) transition metals are distinguished with their 
extraordinary characteristics which may be utilized in various fields of 
applications [6,7]. For example, they are used intensively for gas and 
chemical sensor applications due to their high reactivity that is assigned 
to the large number of reactive cites generated by the large surface area 
[8–10]. Molybdenum diselenide (MoSe2) monolayer is a semi
conducting dichalcogenides 2D material with superior electrical and 
structural properties that make it ideal for multiple applications 
including gas sensors [11]. MoSe2 2D structure consists of two layers 
(upper and lower) of Se atoms and a layer of Mo atoms that is 

sandwiched between them. Covalent bonds are established between one 
Mo atom and six Se atoms [12,13]. The 2D structure of MoSe2 has a 
direct bandgap (Eg ≅ 1.6 V), dissimilar to the bulk MoSe2 that has an 
indirect bandgap [14]. Moreover, MoSe2 exhibits extraordinary cata
lytic activity because of its high surface area, and its electrical conduc
tivity is stimulated by the electrocatalytically unsaturated active Se 
atoms at the edges [15]. Therefore, MoSe2 is considered an attractive 
system for multiple applications including gas sensing. 

Recent research groups focused recently on investigating the utili
zation of MoSe2 for multiple applications including chemical and gas 
sensors, catalysis, energy storage, and optoelectronics [16,17]. For 
instance, MoSe2 was investigate for utilization to produce battery elec
trodes where it was modified to reduced its conductivity with an 
objective of boosting its efficiency [18]. The effect of doping MoSe2 by 
Nb and its impact on the sensitivity against NO2 gas was investigated by 
S. Choi et al. [19]. The doping was realized by a plasma deposition 
method, and the doped structure with low Nb concentrations demon
strated enhanced sensitivity against of NO2 gas. MoSe2 was investigated 
experimentally for its sensitivity for NH3, and the results reveal 
enhancement of its response upon composition with Au [20]. This 
enhancement was assigned to the rather stable and small grain bound
aries. Density functional theory (DFT) computations as well as experi
mental investigation were conducted by D. Zhang et al. to examine the 
NH3 gas sensing behavior of MoSe2 nanoflower consequent to its doping 

E-mail address: ayesh@qu.edu.qa.  

Contents lists available at ScienceDirect 

Physica E: Low-dimensional Systems and Nanostructures 

journal homepage: www.elsevier.com/locate/physe 

https://doi.org/10.1016/j.physe.2022.115188 
Received 17 September 2021; Received in revised form 18 January 2022; Accepted 1 February 2022   

mailto:ayesh@qu.edu.qa
www.sciencedirect.com/science/journal/13869477
https://www.elsevier.com/locate/physe
https://doi.org/10.1016/j.physe.2022.115188
https://doi.org/10.1016/j.physe.2022.115188
https://doi.org/10.1016/j.physe.2022.115188
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physe.2022.115188&domain=pdf


Physica E: Low-dimensional Systems and Nanostructures 139 (2022) 115188

2

with Pd [16]. They reported considerable enhancement of the sensitivity 
against NH3 gas. Furthermore, H. Luo et al. investigated the adsorption 
of NH3 and NO2 gases on MoSe2 doped with Al, Si, and P atoms using 
DFT computations [21]. They demonstrated that the doped structures 
exhibit enhanced adsorption as compared with the pristine MoSe2 
structure. Furthermore, doping increases the influence of orbital hy
bridization among the gas molecules and MoSe2, and stimulate charge 
transfer. 

The adsorption parameters of NH3 gas on pristine and noble metal 
doped MoSe2 structures are examined using the computational first 
principles - DFT in this work. The noble metal used for doping are: Pt, 
Au, Ag, and their combination. The influence of doping on density of 
states, band structure, bandgap energy, NH3 adsorption energy as well 
as distance, along with the charge transferred among a structure and 
NH3 are investigated. This report illustrates that the noble metal doping 
of MoSe2 introduces substantial modifications of its electronic charac
teristics. Besides, doping of MoSe2 structure boosts its adsorption of NH3 
gas. 

2. Computational method 

The adsorption of NH3 gas on pristine and modified MoSe2 atomic 
structures was explored using first principles - DFT [22,23]. A software 
package for atomistic quantum simulation (ATK) from Synopsys was 
used to compute the electronic characteristics, gas adsorption parame
ters, and band structure [22,24–26]. A supercell of MoSe2 monolayer of 
5 × 5 was assembled and doped with Pt, Au, Ag, and their combination. 
The doped structures were named as: Pt–MoSe2, Au–MoSe2, Ag–MoSe2, 
and Pt–Au–Ag–MoSe2. The modification was achieved through substi
tution of a central Se atom by Pt, Au, or Ag. For the co-doping, three 
central Se atoms were replaced by Pt, Au, and Ag. The exchange cor
relation density-functional of Perdew–Burke–Ernzerh (PBE) was 
included within the approximations of generalized gradient (GGA) to 
describe electron correlation and exchange [27,28]. The influence of 

van der Waals force was corrected by employing the Grimme function 
(DFT-D2) [28]. The optimization was established using a cutoff energy 
mesh of 100 Hartree at a temperature of 300 K. The maximum tolerances 
of stress and force during optimization were 0.1 GPa and 0.01 eV/Å. The 
Monkhorst-Pack (MP) grid was utilized to choose the k-point sampling 
for Brillouin-zone of 4 × 4 × 1, and it was applied for all geometry 
optimizations and computations of electronic characteristics [29]. 

The energy of NH3 gas adsorption (EAd.) on pristine or modified 
MoSe2 structures was evaluated using the equation [30–32]: 

EAd. =EMoSe2+NH3 − (EMoSe2 +ENH3 ) (1)  

where EMoSe2+NH3 denotes the total energy of either a pristine or modi
fied MoSe2 structure with an adsorbed NH3 gas molecule. EMoSe2 denotes 
the total energy of either a pristine or modified MoSe2 structure. ENH3 

denotes the total energy of NH3 gas molecule. The charge transferred 
between NH3 and a pristine or modified MoSe2 structure upon adsorp
tion (Δq) was employed to evaluate the degree of NH3 adsorption, and it 
was calculated using the method of Mulliken population [31,33]: 

Δq= qf − qi (2)  

where, qf and qi indicate the net Mulliken charge of NH3 subsequent and 
before its adsorption. Moreover, the effects of NH3 adsorption on density 
of states (DOS), bandgap energy (Eg), and adsorption distance (d) for 
pristine and modified MoSe2 structures are evaluated in this 
investigation. 

3. Results and discussion 

NH3 gas adsorption on monolayers of pristine and modified MoSe2 
structures is examined in this work. Fig. 1 shows the optimized pristine 
and modified MoSe2 structures: MoSe2, Pt–MoSe2, Au–MoSe2, 
Ag–MoSe2, and Pt–Au–Ag–MoSe2. The Mo–Se bond length is 2.58 Å for 
all MoSe2 based structures. Upon doping, the bond lengths of Mo–Pt, 

Fig. 1. Top and side views of the optimized pristine and modified MoSe2 structures: a) pristine MoSe2, b) Pt–MoSe2, c) Au–MoSe2, d) Ag–MoSe2, and e) 
Pt–Au–Ag–MoSe2. 
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Mo–Au, and Mo–Ag within the mono-doped structures are 2.63, 2.73, 
and 2.86 Å, respectively. However, the bond lengths of Mo–Pt, Mo–Au, 
and Mo–Ag for the co-doped structure are 2.77, 2.83, and 2.84 Å, 
respectively. Doping of a MoSe2 structure modifies its energy levels and 
thus the band structure. The band structures of the MoSe2, Pt–MoSe2, 
Au–MoSe2, Ag–MoSe2, and Pt–Au–Ag–MoSe2 monolayers are illustrated 
in Fig. 2. The figure shows that doping of the MoSe2 structure introduces 
new energy levels and reduces its bandgap energy. The bandgap en
ergies of the different structures are calculated and presented in Table 1. 
The table shows that pristine MoSe2 exhibits a direct bandgap with an 
energy of 1.609 eV which agrees with latest experimental and compu
tational reports [34,35], and indicates that MoSe2 is a semiconducting 
material. The bandgap energy decreases upon doping due to the intro
duction of the metal atom(s) within the structure. The minimum value of 
bandgap energy is for the Ag–MoSe2 structure, while the Pt–MoSe2 and 
Au–MoSe2 structures exhibit moderate bandgap energies. 

The optimized MoSe2, Pt–MoSe2, Au–MoSe2, Ag–MoSe2, and 
Pt–Au–Ag–MoSe2 structures after adsorption of NH3 gas molecules are 
presented in Fig. 3. The figure shows the initiation of chemical bonds 
(chemisorption) among NH3 gas molecules and the doped structures. 
This indicates that both doped and co-doped MoSe2 structures are 
favorable for NH3 gas adsorption. No chemical bond appears between 
NH3 gas molecule and the pristine MoSe2 structure. The adsorption 
distance of NH3 gas molecule on the MoSe2 based structures are pre
sented in Table 2. The table shows that the maximum adsorption dis
tance is for the pristine MoSe2 structure, which agrees with the 
observation in Fig. 3 where no chemical bond has been developed. On 
the other hand, the minimum adsorption distance is for the Pt–MoSe2 
structure, where a chemisorption is observed as shown in Fig. 3. It 
should be noted that the adsorption distance for the Au–MoSe2 and 
Pt–Au–Ag–MoSe2 structures are very close to that of Pt–MoSe2, i.e ~2.3 
Å. Fig. 4 shows the band structures of the MoSe2, Pt–MoSe2, Au–MoSe2, 
Ag–MoSe2, and Pt–Au–Ag–MoSe2 monolayers upon adsorption of NH3 
gas. The figure illustrates noteworthy modifications in the band struc
tures due to adsorption of NH3, with new sub-bands in both valence and 
conduction bands. A slight decrease of the bandgap is observed, in 
general, due to NH3 gas adsorption. The bandgap values of the structures 
after modification are presented in Table 2. The appearance of the new 

sub-bands in Fig. 4 vindicates the variations in the density of states after 
NH3 adsorption as discussed below [36]. 

Both Fig. 4 and Table 2 show that NH3 adsorption has been improved 
because of doping of MoSe2 by either or all of the three metal atoms (Pt, 
Au, and Ag). The NH3 gas adsorption energy on pristine as well as doped 
MoSe2 structures is examined to explore their capacity for applications 
in the field of gas sensor devices, as presented in Table 2. The table re
veals that the noble metal doping of MoSe2 promotes its adsorption 
energy distinctly. The maximum adsorption energy is for the Au–MoSe2 
structure. Nevertheless, the adsorption energy for all the modified 
MoSe2 structures (by either or all of the three metal elements: Pt, Au, 
and Ag) is close, i.e ∼ − 1 eV. The negative value of adsorption energy 
for NH3 gas designates its robust adsorption on the modified MoSe2 
structures [23], and it indicates that charges have been transferred to 
NH3 gas. Table 2 also shows that the maximum charge transferred is for 
the Pt–MoSe2 structure, although very close value is observed for 
Au–MoSe2. This is consistent with its maximum adsorption energy and 
minimum adsorption distance. It should be noted that the negative sign 
of charge transfer denotes that charges are transferred from NH3 gas 
molecule to the MoSe2 based structures. 

The best structure for NH3 gas adsorption is Au–MoSe2 although the 
MoSe2 structures modified by Pt or all of the three metal elements (Pt, 
Au, and Ag) exhibit close capacity for NH3 gas adsorption, i.e EAd. ∼ 1eV, 
d ∼ 2.3Å, and Δq ∼ − 0.2e. The least favorable doped structure for NH3 
gas adsorption is Ag–MoSe2 since it exhibits the maximum adsorption 
distance of chemisorption. The adsorption energy of NH3 on Au–MoSe2 
structure is 3.5 times greater than that for the pristine MoSe2 structure. 
Moreover, Fig. 3 of the optimized structures indicates that NH3 gas 

Fig. 2. Band structures of the optimized pristine and modified MoSe2 structures: a) pristine MoSe2, b) Pt–MoSe2, c) Au–MoSe2, d) Ag–MoSe2, and e) 
Pt–Au–Ag–MoSe2. 

Table 1 
Bandgap of the different MoSe2 based structures.  

Structure Eg(eV)

MoSe2 1.609 
MoSe2+Pt 1.381 
MoSe2–Au 1.244 
MoSe2–Ag 0.135 
MoSe2+Pt + Au + Au 0.283  
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molecule is chemisorped on the doped MoSe2 structures, however it is 
physisorped on the pristine MoSe2 structure [37–39]. Accordingly, 
either of Pt–MoSe2, Au–MoSe2, or Pt–Au–Ag–MoSe2 structures can be 
utilized efficiently for NH3 gas sensing applications. It can be concluded 
that the enhancement of NH3 gas adsorption is assigned to doping or 
co-doping with the noble metals. The improvement of gas adsorption 
due to doping of MoSe2 layer is consistent with recent investigations 
[16,40]. Noble metal doping alters energy levels for MoSe2 structure and 
boosts its interaction with NH3 gas close to the doping site [41]. 

The effect of NH3 gas adsorption on DOS of energy levels in the va
lance and conduction bands for pristine and doped MoSe2 structures is 
demonstrated in Fig. 5. Fig. 5(a) shows that doping of MoSe2 structure 
with either or all of the noble metals modifies the DOS of energy levels. 
Specifically, new bands appear near the Fermi level that justify the 
variations of the bandgap energy. Clear changes in the intensity of DOS 
can be observed within the conduction and valance bands, for example 
at − 5.50, − 3.73, − 2.55, 1.16, 1.52, 1.72, and 2.04 eV. Additionally, 
new bands are introduced, for example at 4.14 eV. Adsorption of NH3 
gas on pristine MoSe2 structure (Fig. 5(b)) does not cause major varia
tion in the DOS (except minor changes in the intensity at high energy 
within the conduction band). This is expected since NH3 gas is phys
isorped on pristine MoSe2 structure. Clear variations in the intensity of 

specific energy levels are observed due to NH3 gas adsorption on the 
doped MoSe2 structures, as shown in Fig. 5(c) – 5(f). The variations 
occur at different energy levels, with clear modifications near the Fermi 
level. For example, changes in the intensity of DOS are observed due to 
NH3 gas adsorption at 0.82, 0.41, 1.58, and 3.97 eV for the Pt–MoSe2, 
Au–MoSe2, Ag–MoSe2, and Pt–Au–Ag–MoSe2 structures, respectively. 
The new peaks of DOS for doped MoSe2 structures justify the modifi
cations the bandgaps of in Fig. 4 and Table 2. The figure also demon
strates that, generally, the intensity of DOS is lower for doped MoSe2 
structures compared with the pristine one. Nevertheless, the DOS of 
pristine and doped MoSe2 structures are nearly similar in spite of few 
dissimilarities related to the intensity as well as new energy levels 
mainly within the conduction band. 

The new features observed in the DOS (Fig. 5) are assigned to the 
noble metal doping as well as adsorption of NH3 gas. These features are 
allocated to quantum confinement of charge carriers as well as the hy
bridization between both d and s energy levels for molybdenum with 
selenium atoms. The electric charges are transported from both pristine 
and doped MoSe2 structures to the NH3 gas, where the DOS changes 
nearby Fermi level are moved to the p energy level of Se atom. 
Adsorption of NH3 gas shifts the Fermi which specifies the hole doping 
for MoSe2 structure. The orbital hybridization generated by NH3 gas 
adsorption on the MoSe2 based structures is near the Fermi level as 
illustrated by Fig. 5. The band structures the MoSe2 based structures are 
almost flat demonstrating that the spin states of NH3 gas are up nearby 
the Fermi level, thus, the MoSe2 based structures exhibit robust 
adsorption energy for NH3 gas. The occupied energy states of DOS after 
NH3 gas adsorption for MoSe2 based structures are the main cause of 
modification [42]. Subsequently, the illustrated results reveal that the 
noble metal doping of the MoSe2 based structures improve their 
adsorption of NH3 gas, with the best adsorption for the Pt–MoSe2 
structure. 

Experimentally, S. Singh et al. demonstrated the effective utilization 

Fig. 3. Top and side views of the optimized pristine and modified MoSe2 structures after adsorption of NH3 gas: a) pristine MoSe2, b) Pt–MoSe2, c) Au–MoSe2, d) 
Ag–MoSe2, and e) Pt–Au–Ag–MoSe2. 

Table 2 
Bandgap, adsorption energy, adsorption distance, charge transferred between 
NH3 and the MoSe2 based structures due to gas adsorption.  

Structure Eg(eV) EAd.(eV) d (Å) Δq (e)

MoSe2+NH3 1.600 − 0.315 2.78 − 0.032 
MoSe2–Pt–NH3 1.247 − 1.057 2.25 − 0.219 
MoSe2–Au–NH3 0.1474 − 1.105 2.27 − 0.209 
MoSe2–Ag–NH3 0.161 − 1.020 2.77 − 0.193 
MoSe2+Pt + Au + Au + NH3 0.255 − 0.954 2.28 − 0.204  
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of MoSe2 nanostructure for ammonia sensor applications [11]. They 
demonstrated that MoSe2 nanostructure can be used as a room tem
perature sensor for NH3 gas with enhanced sensitivity of 10 ppm. When 
the sensor was exposed to NH3 gas, its gas response measurements 
showed growth of resistance, indicating a p-type characteristic for the 
MoSe2 structure. The enhanced response is assigned to electron transfer 
from MoSe2 to NH3 gas adsorbed, that causes decrease in hole concen
tration within the p-type MoSe2 semiconductor hence increasing the 
resistance for the underlying channel of MoSe2. Furthermore, the 
enhancement in the adsorption capacity observed for the MoSe2 struc
tures against NH3 gas due to doping by the noble metals is mostly 
because of their high affinity and reactivity with NH3 gas [43]. 

The response of a gas sensor (Γ) may be determined using its re
sistivity before and after adsorption ( 1

σb
) and ( 1

σa
), respectively, using 

[44]: 

Γ= |

1
σa
− 1

σb

σb
|.100% (1a)  

where σ is the electrical conductivity and can be estimated by the 
equation [40]: 

σ = σ0e−
Eg

2kBT (2a) 

With σ0 is a constant that is temperature independent, Eg is the 
bandgap energy, T is the temperature of the MoSe2 structure measured 
in Kelvin, and kB is Boltzmant constant and its value is 8.62×

10− 5 ​ eV.K− 1. The equations show clear enhancement of the gas 
response where it increases from 16% to 100% for pristine and 
Au–MoSe2 structure, respectively. These gas response values justify the 

Fig. 4. Band structures of the optimized pristine and modified MoSe2 structures after adsorption of NH3 gas: a) pristine MoSe2, b) Pt–MoSe2, c) Au–MoSe2, d) 
Ag–MoSe2, and e) Pt–Au–Ag–MoSe2. 

Fig. 5. Density of states (DOS) of the optimized structures: a) pristine and modified MoSe2 before gas adsorption, b) pristine MoSe2 before and after gas adsorption, c) 
Pt–MoSe2 before and after gas adsorption, d) Au–MoSe2 before and after gas adsorption, e) Ag–MoSe2 before and after gas adsorption, and f) Pt–Au–Ag–MoSe2 before 
and after gas adsorption. 
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excellent enhancement of NH3 gas adsorption upon Au doping by a 
factor of 6.25 times, which supports the above DFT computations. 
Therefore, the noble metal doped MoSe2 structures are considered sen
sitive elements for NH3 gas, however, Au–MoSe2 structure is the best 
sensitive system for NH3 gas. 

4. Conclusion 

The adsorption of NH3 gas on pristine and noble metal doped MoSe2 
structures has been explored using first principles computations density 
functional theory (DFT). The ammonia adsorption was evaluated by 
quantification of the adsorption energy, charge moved among NH3 gas 
and the structures, adsorption energy and distance, energy band struc
ture, along with the density of states (DOS). The adsorption character
istics of the MoSe2 based structures have been greatly enhanced for NH3 
gas upon doping with noble atoms, namely: Pt, Au, Ag, and their com
bination. The doping produced considerable changes in the energy 
levels and adsorption energy. New energy bands appeared in the DOS for 
MoSe2 structures, and their bandgaps decreased due to noble metal 
doping. The noble metal doped MoSe2 structures exhibit improved 
adsorption capacity against NH3 gas. Furthermore, noble metal doping 
of the MoSe2 structures caused chemisorption of NH3 gas molecule, and 
reduced its adsorption distances considerably. The results suggest that 
the best suggested structure for adsorption of NH3 gas is Au–MoSe2. The 
adsorption energy of NH3 gas on Au–MoSe2 structure is 3.5 times larger 
than that for the undoped MoSe2 structure. The results of this work 
illustrate that the Au modified MoSe2 nanostructure may be identified as 
a potential system for sensitive detection NH3 gas. 
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