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The development of industrial activities is associated with negative impacts on the quality of the
environment including emission of hazardous gases. Therefore, it is critical to produce sensitive and
selective gas detectors in order to monitor and maintain its good quality. This work investigates the
effect of noble metal doping of MoSe; on its adsorption of ammonia (NH3) gas. Pristine and noble metal
doped MoSe; structures are examined computationally using density functional theory (DFT). Clusters
of timers of each Pt, Au, and Ag along with their combination are utilized for doping. The influence of

Keywords: doping MoSe; structure on its adsorption energy and distance of NHs3 gas, density of states (DOS), charge
MoSe; transfer between NH3 and the MoSe; structures, and band structure is explored. When compared to the
Trimer pristine structure, the doped MoSe; structures reveal significant changes in electronic characteristics that
NHs are reflected on the DOS and band structures. New energy bands have evolved near to the Fermi level
DFT because of modifying the MoSe, structure. The adsorption capacity of the doped structures is greatly
itu enhanced due to incorporation of noble metals. Herein, the magnitude of adsorption energy increases and

the adsorption distance deceases for NH3 gas. Consequently, the sensitivity is improved in comparison to
the pristine structure. This study shows that noble metal doping of MoSe, by clusters of trimers can be
a useful approach for developing sensitive NH3; gas detectors.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The growth of industrial and agricultural functions is linked
with increasing the emissions of harmful gases, such as: nitro-
gen oxide (NO), carbon monoxide (CO), carbon dioxide (CO;), and
ammonia (NH3) [1,2]. NH3 is a general chemical that is needed
for different agricultural and industrial applications, and it is also
generated as a waste from multiple agricultural and industrial pro-
cesses [3]. However, it is a very toxic gas to human along with its
negative impact on the environment [4]. The exposure limit of am-
monia to human health should not exceed 50 ppm for safe work
sites, nevertheless, its long-term indoor exposure should not ex-
ceed 25 ppm [5]. Exceeding the exposure limits of ammonia on
the long term may cause severe influence on human health that
include: injuries, risky burns, harmful effects on the respiratory
system, and eye irritation [6]. Consequently, the development of
precisely sensitive and selective NH3 sensors to maintain a safe
work environment is crucial, especially in sectors involving NH3
production units, the industry of agricultural fertilizers, and food
processing companies.
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Transition metals of two dimensional (2D) are recognized for
their outstanding properties which can be used in numerous fields
of applications [7,8]. Production of chemical sensors is one of these
fields where they make use of the enormous reactivity that is al-
located to the high concentration of reactive cites produced by
the vast surface area of 2D structures [9,10]. Molybdenum disul-
fide (MoSe;) 2D nanostructure is a dichalcogenide semiconductor
with eminent electrical and structural features [11]. Hence, it is us-
able for a diversity of applications inclusive of gas sensors [12]. A
monolayer of MoSe; composes of layers of each Se and Mo, where
the Mo layer is sandwiched between two Se layers. Each Se atom
is linked by six Mo atoms through covalent bonds [13,14]. MoSe;
2D monolayer is characterized by its direct bandgap of Eg =1.6 V,
unlike its bulk equivalent that displays an indirect bandgap [15].
Furthermore, because of its large surface area, MoSe; 2D nanos-
tructure has exceptional catalytic activity, and its electrical charac-
teristics are boosted by the electrocatalytically active unsaturated
Se atoms near the edges [16]. As a result, MoSe; monolayer is seen
as a promising structure for a variety of applications, including gas
detection [17,18].

Recently, several research groups have been looking at the use
of MoSe, in a variety of applications, including energy storage,
catalysis, optoelectronics, and gas and chemical sensors. [19,20].
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For example, MoSe, was considered for its use to fabricate bat-
tery electrodes, and it was changed to lessen its conductivity with
the goal of increasing its efficiency [21]. Y. Kim et al. investi-
gated 2D MoS; for gas sensor of NO, by controlling the height of
Schottky barrier [22]. The structure was fabricated by chemical va-
por deposition at low temperature to achieve the structure. Then,
the Schottky barrier height was varied by selecting different types
of electrode materials. Increasing the Schottky barrier height, in-
creases the NO, responsivity. Y. Gui et al. modified MoSe; by Au
atom as well as its clusters and tested its features for adsorption of
CyHy gas using density functional theory (DFT) investigation [23].
They found that the adsorption capacity of doped MoSe; for CoHy
gas can be sorted as Auz > Auy > Au > Auy for a single C;Hy
molecule. Furthermore, subsequent to CyH4 adsorption, both Au
and Auyg doped structures had enhanced conductivity, while the
Au, and Aus structures had reduced conductivity. Y. Gui et al. also
explored the adsorption of C;H; on MoSe; monolayer decorated by
Pt nanoclusters using DFT calculation [24]. They reported that an
oversized Pt nanocluster might generate an antibonding orbit lo-
cated near the Fermi level. The Pt;3 decorated MoSe; structure has
a decent adsorption to C;H, where it caused sp? hybridized. H. Luo
et al. examined the adsorption characteristics of both NO, and NH3
molecules on MoSe; modified by doping with P, Al, and Si atoms
using DFT calculation [25]. They illustrated that the modified struc-
tures have improved adsorption compared with the unmodified
MoSe; structure. Besides, the modification increases the impact of
orbital hybridization of the gas on the MoSe;, structure, and pro-
motes charge transfer.

First principles DFT analysis are used to investigate the effect
of noble metal doping of MoSe; 2D structure on its adsorption ca-
pacity for NH3 gas. Trimers of each gold, platinum, and silver are
used as clusters to dope MoSe; as well as their combination. The
metals are selected due to their high affinity to NH3 gas. Clusters
of three atoms are utilized since this will modify a single cell of
MoSe; structure, thus, it is expected to reveal high adsorption [23].
The investigation involves examining the effect of doping on band
structure, DOS, bandgap energy, adsorption distance and energy,
and change in the charge of NH3 molecule upon its adsorption.
Doping of MoSe; causes significant variations in its electronic char-
acteristics and improves its adsorption of ammonia.

2. Computational method

DFT computations were used to explore the effect of noble
metal doping of MoSe; structure on its adsorption of the NHj3
molecule [26,27]. An atomistic quantum (ATK) simulation software
package produced by Synopsys was employed to investigate the
electronic characteristics, band structure, as well as adsorption pa-
rameters [26,28-30]. A 5 x 5 supercell of MoSe, was built then
doped with trimer clusters of each Au, Pt, and Ag as well as their
combination. Herein, three dopant atoms of one type or the com-
binations substituted the central Se atoms. It should be noted that
the adatom process could be established by replacement of an
atom (doping), or introduction of an atom on either of a bridge
site or at the center of the ring. The doping was selected for this
investigation since it is expected to result in higher adsorption en-
ergy, since the other two options reduce the number of free bonds
that negatively impact the adsorption of ammonia [31]. The new
structures were labeled as: MoSe,+Pt3, MoSe,+Aus, MoSe,+Ags,
and MoSe,+Pt-Au-Ag. The effect of doping is a surface effect since
the present structure in a mono layer of MoSe;, and the dop-
ing cite is selected in the middle of the structure to reduce the
edge effect. The generalized gradient approximation (GGA) associ-
ated with the Perdew B. Ernzerh (PBE) exchange correlation was
employed to examine the electron exchange correlation [32,33].
The impact of Van der Waals force was adjusted using the DFT-
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Table 1
Bandgap of pristine and doped
MoSe; structures.

Structure Eg (eV)
MoSe; 1.609
MoSe;,+Pt3 0.551
MoSe;+Aus 0.162
MoSe;+Ag3 0.242

MoSe;+Pt-Au-Ag 0.283

D2 Grimme function [33]. The spin effect is ignored for the doping
atoms since it is expected to be minimal at room temperature for
low concentration of dopants (one to three atoms) and since mag-
netic features are not the focus of this work [34]. All structures
were optimized at 100 Hartree cutoff energy mesh and a 300 K
temperature. The resolution of stress and force tolerance through-
out the optimization were 0.1 GPa and 0.01 eV/A, respectively. A
grid of the Monkhorst Pack Brillouin zone was employed to select
the k-point sampling of 4 x 4 x 1 which was applied to all opti-
mization computations, i.e. electronic characteristics and geometry
[35].

For each structure, the ammonia molecule was placed above the
doping site and it was free to move and to rotate. The optimum
adsorption site was identified upon optimization of the structure.
The gas adsorption energy (Eags.) on each MoSe;, structure was
calculated by the equation [2,36,37]:

Epgs. = EMoSe2+gas - (EMoSez + Egas) (1)

Where Epnose,+gas T€presents the total energy for a MoSe; structure
with NH3 adsorbed, Ewmpgse, is the total energy for a MoSe; struc-
ture, and Egqs is the total energy for NH3 molecule. The Mulliken
population scheme was utilized to compute the charge transferred
(Aq) among NH3 and a MoSe;, structure post its adsorption as
[37,38]:

AG=qa—qp (2)

Where, qq and qp refer to the total Mulliken charge for the gas
molecule subsequent and prior its adsorption, respectively. The in-
vestigation also involved the evaluation of the effect of gas adsorp-
tion on DOS, the energy of bandgap (E), and distance between the
ammonia molecule and the structure (d) known as the adsorption
distance for all MoSe; structures.

3. Results and discussion

The adsorption of ammonia gas on pristine and noble metal
doped MoSe; structures is explored in this investigation. Mono-
layers of MoSe,+Pt3, MoSe,+Aus, MoSe,+Ags, and MoSe,+Pt-Au-Ag
structures are constructed and optimized as shown in Fig. 1. The
length of Se-Mo bond is 2.58 A in all constructed MoSe; structures.
The bond lengths for the doped structures are Mo-Pt, Mo-Au, and
Mo-Ag within the mono-doped structures are 2.60, 2.69, and 2.79
A, respectively. However, the bond lengths of Mo-Pt, Mo-Au, and
Mo-Ag for the co-doped structure are 2.57, 2.67, and 2.84 A, re-
spectively.

Introducing a dopant to MoSe; structure modifies its energy
levels and consequently the energy band structure. Fig. 2 displays
the energy band structures for MoSe,, MoSe;+Pt3, MoSe,+Aus,
MoSe,+Ag3, and MoSe,+Pt-Au-Ag. The main feature observed in
the figure is that doping of a structure generates new levels of
energy. The values of bandgap energies for all MoSe, structures
are identified as shown in Table 1. The pristine MoSe; structure
has a direct bandgap, and its energy is 1.609 eV (i.e. typical semi-
conductor) and it is in agreement with recent experimental and
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Fig. 1. The optimized MoSe; structures (top and side views) of: a) pristine MoSe,, b) MoSe;,+Pt3, c) MoSe,+Aus, d) MoSe,+Ags, and e) MoSe;,+Pt-Au-Ag.
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Fig. 2. The band structures for the optimized pristine as well as doped MoSe; structures: a) pristine MoSe;, b) MoSe,+Pt3, c) MoSe,+Aus, d) MoSe;+Ags, and e) MoSe;+Pt-

Au-Ag.

computational findings [39,40]. Introducing a dopant within the
lattice structure of MoSe; reduces the bandgap energy. In particu-
lar, the MoSe;+Aus structure has the minimum bandgap energy;
the MoSe,+Pt3 structure has the maximum bandgap energy for
the doped structures, while the MoSe,+Ags and MoSe,+Pt-Au-Ag
structures have moderate bandgaps.

Fig. 3 reveals the optimized structures of MoSe,+Pt3, MoSe;+
Aus, MoSe;+Ags, and MoSe,+Pt-Au-Ag subsequent to adsorption
of NHs gas. The figure demonstrates the chemisorption (estab-
lishment of chemical bonds) of NHs; gas on all structures ex-
cept the pristine and the MoSe,+Ags structures where no bonds
are observed. This specifies that the MoSe,+Pt3, MoSe,+Aus, and
MoSe;+Pt-Au-Ag structures exhibit more potential for NH3 gas ad-
sorption. Table 2 illustrates the adsorption distance for NH3 gas
on the pristine and doped structures. The minimum adsorption
distance is for the MoSe,+Pt3 structure, while the pristine struc-
ture exhibits the maximum adsorption distance. The MoSe,+Aus,
MoSe,+Pt-Au-Ag, and MoSe,+Ags structures have almost similar
adsorption distances of ~0.23 A. Those results are in qualitative
agreement with the observation of chemisorption of NH3 in Fig. 3.
Furthermore, the MoSe;+Aus, and MoSe,+Ag3 structures exhibit
average adsorption distances.

Table 2
Bandgap energy, adsorption energy and distance, and charge transferred
among NHs and MoSe; structures upon its adsorption.

Structure Eg (eV)  Engs (eV) d(A)  Ag(e)
MoSe;+NH3 1.600 —0.315 2.78 —0.032
MoSe;+Pt3+NH3 0.730 —1.181 2.210 —0.197
MoSe;+Auz+NH3 0.233 —0.941 2.300 —0.195
MoSe,+Ags+NHs; 0292 —0.851 2300 —0.192
MoSe;+Pt-Au-Ag+NH3 0.255 —0.954 2.280 —0.204

The band structures of the MoSe,+Pt3, MoSe,+Aus, MoSe,+
Ags, and MoSe;+Pt-Au-Ag monolayers after adsorption of NHs3
molecules are presented in Fig. 4. New subbands appear within the
valence and conduction bands due to NH3 gas adsorption which
modifies the band structures. The bandgap energies of all struc-
tures after adsorption of NH3 gas are presented in Table 2. Except
the pristine and MoSe;+Pt-Au-Ag structures, the bandgap energy
increases slightly after adsorption of NH3 gas. Fig. 4 also illustrates
some dissimilarities in DOS after gas adsorption (as compared with
Fig. 2) as discussed further below [41].

The cluster doping with trimers of a MoSe, structure notice-
ably enhances its adsorption of ammonia as illustrated in Table 2.
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Fig. 3. The optimized MoSe; structures (top and side views) after NH3 adsorption: a) pristine MoSe;, b) MoSe,+Pt3, c) MoSe,+Aus, d) MoSe;+Ags3, and e) MoSe;,+Pt-Au-Ag.
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Fig. 4. The band structures for the optimized pristine as well as doped MoSe; structures after NH3 adsorption: a) pristine MoSe;, b) MoSe,+Pt3, c) MoSe,+Aus, d) MoSe,+Ags,

and e) MoSe;+Pt-Au-Ag.

The adsorption energy here indicates the capacity of a structure
for application as a NH3 gas sensor. Table 2 reveals that doping
of MoSe;, structure with trimers increases the magnitude of its
adsorption energies. The MoSe,+Pt; structure has the maximum
magnitude of adsorption energy, while the minimum is for the
pristine structure. Furthermore, the MoSe,+Ags3 structure has the
minimum magnitude of adsorption energy among the doped struc-
tures. The magnitudes of adsorption energies of both MoSe,+Aus
and MoSe;,+Pt-Au-Ag are average in magnitude and almost similar,
i.e. ~—0.95 eV. The adsorption energy in the table is negative, in-

dicating that the doped structures have a strong adsorption of NH3
gas and that charges have been transferred to it [27].

The charge transferred from the NHs gas is presented in Ta-
ble 2, and its maximum magnitude is for the MoSe,+Pt3 structure
while the minimum is for the pristine structure. The MoSe,+Aus,
MoSe;+Ag3, and MoSe;+Pt-Au-Ag have average magnitudes of
charge transferred of around ~—0.2 e. The negative value of
charge transferred indicate that charges are transferred from the
NH3 gas to the MoSe; structures. The values of charge transferred
are consistent with those of the adsorption energies. Accordingly,
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Fig. 5. DOS for the optimized pristine and doped MoSe; structures prior to NH3 adsorption (a); and DOS prior and post to NH3 adsorption for: b) pristine MoSe;, ¢)
MoSe;,+Pt3, d) MoSe,+Aus, e) MoSe,+Ags, and f) MoSe;,+Pt-Au-Ag. (For interpretation of the colors in the figure, the reader is referred to the web version of this article.)

it can be concluded that MoSe;+Pt3 structure has the highest
capacity for ammonia adsorption, followed by the MoSe;+Pt-Au-
Ag structure and then MoSe,+Aus. It should be noted that the
MoSe,+Ag3 structure has low capacity of ammonia adsorption
since no chemisorption is observed. Furthermore, the pristine
structure is the least desirable structure for NH3 gas adsorption
because of its minimum adsorption energy, maximum adsorp-
tion distance, and no chemisorption of the molecule [42-44]. The
adsorption energy magnitude of NH3 on MoSe,+Pt3 structure is
3.75 times higher than that of the undoped structure. Accordingly,
the MoSe,+Pt3 structure can be proposed as an efficient system
for fabrication of sensitive ammonia sensors. Here, cluster dop-
ing with the noble metals of MoSe, structures can be an efficient
approach for enhancement of ammonia adsorption. This inference
is in agreement with latest research [17,19]. The noble metals of
Pt, Au, and Ag modify the levels of energy of MoSe; monolayers
and improve their interaction with ammonia near the doping site
[18].

The influence of cluster doping of MoSe, on the density of
states of both bands (valance and conduction) is presented in
Fig. 5(a). The figure illustrates that the trimer doping of MoSe;
with of Pt, Au, and Ag alters the DOS. In general, the intensity
of DOS is reduced as a result of doping as observed, for exam-
ple, at 1.14, 149, 170, 203, 3.18, —143, —2.08, and —3.75 eV.
New bands are introduced close to the Fermi level that modify
bandgap energy of the structures such as the bands at —0.53,
—0.23, —0.12, 0.11, 0.17, 0.43, and 0.63 eV. The DOS of pristine
MoSe; does not have, in general, major changes due to NH3 ad-
sorption as shown in Fig. 5(b). This can be rationalized since NH3
molecule is physisorbed on the MoSe; structure. On the other
hand, adsorption of ammonia on doped MoSe, structures causes
noticeable alteration in the intensity of DOS (compared to DOS be-
fore adsorption) at some energy levels, as presented in Figs. 5(c)
- 5(f). In particular, clear alterations due to ammonia adsorption
on doped MoSe; structures are observed close to the Fermi level
such as those at: 0.56, 0.22, —0.01, —0.07 eV for the MoSe,+Pt3,
MoSe,+Aus, MoSe,+Ags, and Pt-Au-Ag-MoSe;, structures, respec-
tively. The adjustments to the bandgaps (Fig. 4 and Table 2) are
justified by the new DOS peaks for doped MoSe;, structures. The
figure reveals that adsorption of ammonia on doped MoSe; struc-
tures does not cause dramatic changes in the general shape of
DOS. Furthermore, the intensity of DOS within the valance band

is higher, in general, than that within the conduction band for
all structures. Accordingly, one can conclude that the noble metal
doping and NHs3 gas adsorption are the reasons for the new alter-
ations observed in DOS in Fig. 5.

The new alterations in DOS are assigned to the quantum con-
finement that influences charge carriers and energy level hy-
bridization (between d and s levels) of the two atoms, molybde-
num and selenium. Here, electric charges are transferred from the
NH3 gas to the MoSe, structures, which alter the DOS near the
Fermi level and move charges to the p level of energy for sele-
nium. The Fermi level, which determines the hole doping for the
MoSe; structure, is shifted due to adsorption of NH3 gas. Orbital
hybridization caused by ammonia adsorption on MoSe; structures
is nearby the Fermi level as presented by Fig. 5. Pristine and doped
MoSe; structures exhibit nearly flat bands signifying the up spin
states for ammonia gas close to the Fermi level that result in its
strong adsorption. The main source of alteration for MoSe, struc-
tures is the occupied energy states of DOS following to NHs gas
adsorption [45]. Consequently, the results demonstrate that clus-
ter doping with noble metals of MoSe; advances their adsorption
efficiency for ammonia gas.

S. Singh et al. exemplified the effective use of the MoSe; nanos-
tructure for NH3 sensor experimentally [12]. They showed that the
nanostructure can be used efficiently at room temperature for am-
monia detection with precise sensitivity for 10 ppm of the gas. As
the sensor was subjected to NHs, its resistance increased exem-
plifying that the MoSe;, structure exhibited p-type characteristic.
The enhancement of the gas response was imputed to the trans-
fer of electrons from NHs; to MoSe,, which resulted in a drop in
hole concentration of the MoSe, (p-type semiconductor), raising
its resistance of (the MoSe, channel) as illustrated by the band
gap energy after adsorption of NH3 in Table 2. Additionally, the in-
crease in the MoSe, sensor response against NH3 gas consequent
to modification by noble metals was demonstrated, and assigned to
the increase in gas adsorption efficiency due to the extraordinary
reactivity as well as affinity of the noble metals towards ammonia
gas [46].

The sensor response (SR) of a gas sensor can be calculated using
[47]:

Pa — Pb

Pb

SR= (3)
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Table 3
The calculated sensor response of MoSe; structures
towards NH3 according to Egs. (3) and (4).

Structure Sensor Response (SR)
MoSe;+NHj3 0.16

MoSe;+Pt3+NH3 30.85
MoSe;+Aus+NH3 2.95

MoSe;+Ag3+NH3 1.63

MoSe;+Pt-Au-Ag+NH3 0.42

Where pp, and p, refer to the resistivities prior and post to ammo-
nia adsorption, respectively, and can be evaluated using [17]:

Eg

0 = poe*sT (4)

Where pp represents a temperature-independent constant (pg is
eliminated in Eq. (3) since it is a ratio), T is the MoSe; sensor
temperature in Kelvin and it is set to 300 K, Eg is the energy of
bandgap, and the Boltzmann constant kz = 8.62 x 10~> eV.K~!. Ta-
ble 3 shows the calculated response, according to Egs. (3) and (4).
The table shows that the maximum response is for the MoSe;+Pt3
structure while the minimum is for the pristine structure. The next
highest response is for the MoSe,+Aus structure. The MoSe,+Ag3
structure exhibits a relatively low response. Those results are in
qualitative consent with the computed adsorption energy and dis-
tance as well as charge transferred. The outstanding gas response
values, validate the exceptional enhancement for NHs; gas adsorp-
tion due to doping (~192 times for MoSe,+Pt3 as compared with
the pristine structure) that advocate the DFT computations. The
only discrepancy is related to the low response of MoSe,+Pt-Au-Ag
structure, however, the presented values of response are estima-
tions. The cluster doping of MoSe; structure with noble metals can
be considered for sensitive detection of ammonia gas with the best
sensitivity is for the MoSe;-Pt3 structure.

4. Conclusion

The effect of cluster doping for MoSe, structure on its adsorp-
tion of ammonia (NH3) gas has been researched by density func-
tional theory (DFT) first principles calculations. The gas adsorption
capacity was assessed by evaluation of ammonia adsorption dis-
tance and energy as well as charge transported from/to NHs, along
with the density of states (DOS) and band structure of MoSe;.
The cluster doping of MoSe, structure was established by sub-
stitution of three selenium atoms by trimers of each Pt, Au, and
Ag, along with their combination Pt-Au-Ag. The doping generated
significant alterations of energy band structure. The bandgap of
MoSe; structure was reduced because of doping, and few energy
bands were introduced within the DOS. Doping of MoSe, struc-
tures improved their adsorption capacity for ammonia gas where
it increased the magnitude of adsorption energy, reduced the ad-
sorption distance, increased the magnitude of charge transported
from NH3 to MoSe,, and resulted in chemisorption of NH; on
MoSe;. The investigation suggested that the MoSe,+Pt3 structure
has the best adsorption capacity for ammonia by 3.75 times as
compared with the pristine structure. The findings of this inves-
tigation show that the Pt; doped MoSe, nanostructure could be
used as a promising element for sensitive ammonia gas detection.
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