
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/2
8/

20
26

 1
:0

8:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Unravelling the p
aSchool of Electrical and Computer Engine

University of Tehran, Tehran 14395-515

tabatabaei@ut.ac.ir
bDepartment of Mechanical Engineering, K. N

15875-4416, Iran
cDepartment of Electrical and Computer E

University Avenue, Waterloo, Ontario, Cana
dWaterloo Institute for Nanotechnology, Univ

Waterloo, Ontario, Canada N2L 3G1

† Electronic supplementary information
energies in the real part of dielectric fun
adsorbed SL-MoS2 under different strains
In addition, coordinates of the rst ten
different strains and concentrations of H
10.1039/c9na00069k

Cite this:Nanoscale Adv., 2019, 1, 3452

Received 3rd February 2019
Accepted 15th June 2019

DOI: 10.1039/c9na00069k

rsc.li/nanoscale-advances

3452 | Nanoscale Adv., 2019, 1, 3452–3
hysisorption characteristics of H2S
molecule on biaxially strained single-layer MoS2†

Seyed-Mohammad Tabatabaei, *a Mohammad-Javad Farshchi-Heydari, ab

Mohsen Asadcd and Morteza Fathipour *a

Sensing ultra-low levels of toxic chemicals such as H2S is crucial for many technological applications. In this

report, employing density functional theory (DFT) calculations, we shed light on the underlying physical

phenomena involved in the adsorption and sensing of the H2S molecule on both pristine and strained

single-layer molybdenum disulfide (SL-MoS2) substrates. We demonstrate that the H2S molecule is

physisorbed on SL-MoS2 for all values of strain, i.e. from �8% to +8%, with a modest electron transfer,

ranging from 0.023e� to 0.062e�, from the molecule to the SL-MoS2. According to our calculations, the

electron-donating behaviour of the H2S molecule is halved under compressive strains. Moreover, we

calculate the optical properties upon H2S adsorption and reveal the electron energy loss (EEL) spectra

for various concentrations of the H2S molecule which may serve as potential probes for detecting H2S

molecules in prospective sensing applications based on SL-MoS2.
1 Introduction

The successful experimental isolation of graphene in 2004
marks a milestone in the research on two-dimensional (2D)
materials.1 Since then, a multitude of 2D materials have riveted
many researchers due to their broad functionalities and
prospective applications.2–8 Transition metal dichalcogenides
(TMDs) are a group of van der Waals 2D materials with strong
in-plane bonding and weak out-of-plane interactions. In
particular, single-layer molybdenum disulde (SL-MoS2), a well-
known member of the TMD family, which is composed of
a molybdenum (Mo) layer sandwiched between two sulfur (S)
layers, has shown several advantages over many other 2D
materials, the most prominent one being its decent bandgap of
1.8 eV.9–13 The fascinating properties of SL-MoS2 have rendered
this material a promising successor for conventional materials
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employed in the areas of eld effect transistors, light detectors,
and gas sensors.14–26

Precise monitoring of the molecules in the gas phase is of
great interest for various industrial and health purposes.27

Among the gases, common pollutants such as toxic gases like
ammonia (NH3) or nitrogen oxide (NO2), released by vehicles
and power plants, may cause severe environmental damage as
well as serious health issues for civilians.28 Therefore, the
need for gas sensors with the ability to quickly detect certain
gases in very small concentrations has risen. For this purpose,
2D materials have been shown to be great candidates as they
benet from a high surface-to-volume ratio, low thermal
conductivity, high electronic mobility, and unprecedented
mechanical characteristics.29–35 In particular, SL-MoS2 has
been proven to be a promising candidate for chemical sensing
purposes.36 In this regard, Kim et al. demonstrated linear
responses of sensing 1–100% concentrations of O2 on SL-
MoS2 with extremely high accuracy.36 Furthermore, Li et al.
fabricated a MoS2 eld effect transistor to detect NO and
observed a modulation of 80 percent in its current upon
80 ppm of NO gas ow.37 In another attempt, He et al.
employed Pt nanoparticles in addition to a SL-MoS2 substrate
to detect NO2.38

Hydrogen sulde (H2S) is the second most lethal gas, aer
only carbon monoxide.39 H2S is released by agricultural, petro-
chemical, and waste water industries and therefore may put
many workers at risk.40 Consequently, sensitive H2S sensors are
vital for swi detection of innitesimal quantities of this lethal
molecule. There have been previous theoretical and experi-
mental studies on the potential of 2D materials for H2S
sensing.41–46 In this regard, Gao et al. synthesized porous
This journal is © The Royal Society of Chemistry 2019
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nanosheets of ZnFe2O4 and successfully detected H2S down to
500 ppb at low working temperatures (85 �C) and reported a fast
recovery time and good selectivity, reproducibility, and
stability.47 In another attempt, Fu et al. fabricated a nanoscale
heterostructure of SnO2/ZnO to improve selectivity, response
time and long-term stability. They concluded that even at
a working temperature of 100 �C, the sensor was capable of
detecting gas molecules down to 10 ppb.48 These experimental
ndings verify the strong potential of reliable gas sensors based
on 2D materials.

Strain is omnipresent in devices based on atomically thin 2D
materials.49 In fact, there have been numerous studies to
investigate the effect of strain on SL-MoS2.50–56 Accordingly,
a large enough strain applied to SL-MoS2 can result in a semi-
conductor–metal transition. Besides, the effective mass of
carriers is modied under strain and the direct bandgap is
transformed to an indirect one. As can be seen, strain engi-
neering of the material's characteristics is an attractive avenue
from both scientic and technical perspectives. Hence, in order
to realize high-performance SL-MoS2-based gas sensors, strain-
induced mechanical and electronic variations must be investi-
gated. In this regard, Sahoo et al. studied the adsorption of NO,
NO2, NH3, CO, and CO2 on SL-MoS2 under biaxial strains
ranging from �7% to +7% and demonstrated that the perfor-
mance of SL-MoS2-based gas sensors can be signicantly
improved for NH3 sensing under strain.57 However, to the best
of our knowledge, no previous study addresses the effect of
biaxial strain on the adsorption of H2S on SL-MoS2-based
substrates.

In this report, in order to obtain the fundamental physical
guidelines for designing exible SL-MoS2-based H2S gas
sensors, the adsorption mechanism of this molecule on a 3 � 4
rectangular supercell of SL-MoS2 (see Fig. 1) is comprehensively
investigated under biaxial strains ranging from �8% to +8%.
Fig. 1 (a) Bird's eye view of the initial adsorption sites of the H2S
molecule on SL-MoS2. The H2Smolecule was initially placed above the
bond between molybdenum and sulfur (B), above the center of the
hollow hexagon (H), above molybdenum (TM), and above sulfur (TS) in
various orientations. (b) Side view of the H2S molecule approaching
SL-MoS2. The equilibrium distance (d) is also shown as the vertical
distance between the H2S molecule and the SL-MoS2 surface. Purple
(yellow) molecules represent molybdenum (sulfur).

This journal is © The Royal Society of Chemistry 2019
Towards this goal, under each value of strain, the gas molecule
is placed at 14 initial positions over the pristine SL-MoS2 sheet
(see Fig. 1S in the ESI†) and the relevant electronic and optical
characteristics are calculated for the most energetically favor-
able relaxed conguration. Moreover, we have investigated the
role of gas concentration by considering up to four H2S mole-
cules within the supercell of SL-MoS2.
2 Computational methods

DFT calculations are carried out using the Perdew–Burke–Ern-
zerhof (PBE) modication of the generalized gradient approxi-
mation as implemented in the SIESTA code.58–61 The valence
electrons are described by norm-conserving Troullier–Martins
pseudopotentials62 that were generated and tested according to
the adopted functional. A double-z polarized (DZP) numerical
atomic orbital basis set with a 25 meV connement energy is
used to expand the Kohn–Sham orbitals. All the structures are
relaxed until the forces acting on atoms become smaller than
0.01 eV Å�1. To eliminate the interactions between supercell
images, a vacuum spacing of 20 Å was adopted along the
direction perpendicular to the substrate. In order to ensure
a total energy convergence smaller than 0.01 meV per supercell
in self-consistent iterations, a cutoff energy equal to 300 Ry is
applied. The relaxed structure is obtained by using a two-
dimensional Monkhorst–Pack Brillouin zone grid of 6 � 4 � 1
k-points. For optical and electronic structure calculations, the
mesh is increased to 18 � 12 � 1. A broadening of 0.20 eV
together with a sufficient number of unoccupied states above
the Fermi energy level has been utilized for optical calculations.

The imaginary part of the frequency-dependent dielectric
function (32(u)) for the relaxed congurations is obtained by
a summation over the empty states:63

32ðuÞ ¼ 4p2e2

U
lim
q/0

1

q2

X
n¼c;n;k

2wkdð3ck � 3nk � uÞ�
�
mck þ eaq |mnk

��
mck þ ebq|mnk

�* (1)

where the indices c and v represent the conduction and valence
band states, respectively, and mck is the cell periodic part of the
crystal wavefunction at the given k-point. The real part of the
frequency-dependent dielectric function, denoted by 31(u), can
be computed from 32(u) using the Kramers–Kronig relation.63 It
is well-established that 31(u) is a measure of the strength of the
dynamical screening effects, whereas 32(u) represents the light
absorption ability of a material.

The stability of the relaxed structures was investigated by
calculating the binding energy (Eb) as follows:

Eb ¼ EMoS2+H2S
� EMoS2

� EH2S
(2)

where EMoS2+H2S, EMoS2, and EH2S stand for the total energies of
the H2S adsorbed SL-MoS2, isolated SL-MoS2, and H2S, respec-
tively. Regarding this description, it can be deduced that the
more negative the binding energy, the more stable the corre-
sponding conguration.
Nanoscale Adv., 2019, 1, 3452–3462 | 3453
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Table 1 Adsorption energy (Ea) and equilibrium distance (d) obtained
for fourteen initial configurations in which the H2S molecule was
relaxed over unstrained SL-MoS2 after structural relaxation

Initial conguration
of H2S Ea (eV) d (Å)

H1 �0.478 2.56
H2 �0.430 2.25
H3 �0.494 2.75
H4 �0.450 2.97
TM1 �0.430 2.67
TM2 �0.437 2.24
TM3 �0.433 2.93
TS1 �0.206 3.19
TS2 �0.330 2.54
TS3 �0.476 2.38
B1 �0.480 2.78
B2 �0.488 2.78
B3 �0.439 2.68
B4 �0.470 2.38
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3 Results and discussion
3.1 Electronic properties

To verify our adopted DFT approach, we rst computed the
electronic and structural characteristics of SL-MoS2 and
compared them with previous results. A direct bandgap of
1.69 eV, an optimized Mo–S bond length of 2.44 Å, a layer
thickness of 3.20 Å, and a net electronic charge of +0.238
(�0.119) for Mo (S) (calculated using the Hirshfeld charge
population analysis framework64) are obtained. The achieved
results are in excellent agreement with the corresponding
values reported in previous studies56,65 which proves the preci-
sion and suitability of the PBE method for the current study.

Next, a 3 � 4 rectangular supercell (see Fig. 1), composed of
24 Mo atoms and 48 S atoms, is adopted to study the adsorption
characteristics of the H2S molecule on SL-MoS2 under no strain.
A supercell of this size is sufficient to eliminate the spurious
interactions between the H2S molecule and its periodic images
in the calculations. To initialize the geometry relaxation
process, the center of mass of the previously relaxed H2S
molecule was placed above the basal plane of the supercell at
four different adsorption sites at a vertical spacing of 4 Å from
the top layer of S atoms in SL-MoS2. These four sites are on top
of the center of the hollow hexagon, above the molybdenum
atom, above the sulfur atom, and above the middle of the Mo–S
bond, as shown in Fig. 1. In each of these four sites, the
orientation of the H2S molecule is also changed, giving rise to
14 initial positions in total which are shown in ESI Fig. S1.†

Fig. 2 depicts the relaxed structures for each of the 14 initial
congurations above the SL-MoS2. The adsorption energy (Ea),
equilibrium distance (d, dened as the vertical distance
between the H2Smolecule and the SL-MoS2 surface), and charge
transfer (via employing the Hirshfeld method) are calculated for
each of these relaxed adsorption states and tabulated in Table 1.
According to this table, the least adsorption energy belongs to
the H3 initial condition which is, therefore, the most stable
Fig. 2 Relaxed configurations of the H2S molecule above the
unstrained SL-MoS2 surface are shown. In each subsection, both the
side view and the bird's eye view are shown. Purple (yellow) atoms
represent molybdenum (sulfur).

3454 | Nanoscale Adv., 2019, 1, 3452–3462
condition. In contrast to its initial structure (H3), the H2S
molecule's plane in the nal structure is not parallel to the basal
plane of SL-MoS2 any more. In addition, the sulfur atom in the
H2S molecule is closer to the SL-MoS2 surface compared with
the hydrogen atoms which gives rise to electron transfer from
the molecule to the SL-MoS2.

In order to investigate the inuence of mechanical defor-
mations on the adsorption characteristics of the H2S molecule
on SL-MoS2, both compressive and tensile strains are consid-
ered. In this regard, a range of biaxial strains from �8% to +8%
with intervals of 2% is studied. Biaxial strain is exerted on the
SL-MoS2 by increasing or decreasing the lattice constant
according to the value of the applied strain. For each value of
exerted strain, the aforementioned fourteen initial conditions
(see ESI Fig. 1S†) are again considered and the calculations are
carried out again to obtain the adsorption characteristics. The
reason behind choosing the �8% to +8% strain range is based
on the previous studies which state that the feasible limit of
exerting biaxial strain on SL-MoS2 is 19%,66 beyond which the
sheet is destroyed. Furthermore, at +10% tensile biaxial strain,
the bandgap is closed and a semiconductor–metal transition
occurs.66 On the other hand, for compressive biaxial strains, the
bandgap is direct below 2% strain and becomes indirect for
larger values. The bandgap increases as the compressive strain
is applied and then monotonically decreases resulting a semi-
conductor–metal transition at �15%.56

The most favourable adsorption condition for each value of
biaxial strain is exhibited in Fig. 3. Similar to the unstrained SL-
MoS2, the least adsorption energy under tensile strains arises
from the H3 initial conguration, while the B2 initial condition
results in the most favorable adsorption conguration for
compressive strains. As the SL-MoS2 undergoes tensile strain, it
is observed that the adsorption energy gradually decreases,
indicating more stable adsorption (see Fig. 4). Also, as the
substrate is stretched and therefore the surface charge densities
are decreased, the gas molecule adsorption occurs relatively
closer to the SL-MoS2. These reect stronger interactions
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Front and side views of both the initial and the resulting most
favorable configurations with the least adsorption energies, i.e. the
most negative adsorption energies, for the compressive and tensile
strains ranging from �8% to +8%.
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between the SL-MoS2 and H2S molecule under higher tensile
strains. In contrast, exerting compressive strains increases the
adsorption energy and distance and therefore results in weaker
interaction between the substrate and the H2S molecule. From
Fig. 4, it is established that both the adsorption energy and
Fig. 4 Modulation of the adsorption distance (d) and the adsorption
energy (Ea) for the H2S molecule in the most stable configurations for
each value of strain.

This journal is © The Royal Society of Chemistry 2019
distance almost follow a similar trend. The obtained results are
in excellent qualitative agreement with previous studies which
investigate the inuence of strain on the adsorption of various
gases on SL-MoS2.57,67

To further delve into the interactions between the H2S
molecule and SL-MoS2, we have also calculated the charge
density redistribution (Dr) in the most stable adsorption
conguration for each strain value, obtained using the
following equation:

Dr ¼ rMoS2+H2S
� rMoS2

� rH2S
(3)

where rH2S and rMoS2 denote the total charge density of the
isolated H2S and pristine SL-MoS2, respectively, and rMoS2+H2S is
the total charge density of the H2S adsorbed SL-MoS2.

To better investigate the charge transfer phenomena,
familiarity with the shape of the HOMO and LUMO is necessary.
Fig. 5 depicts the HOMO and LUMO in the H2S molecule. The
LUMO is located in the H2S molecule plane and is extended
around the hydrogen atoms (Fig. 5(a) and (b)), whereas the
HOMO is positioned perpendicular to this plane and (almost)
only around the sulfur atom (Fig. 5(c) and (d)). Indeed, since the
HOMO is full, it can only donate electrons, while the LUMO is
vacant and can receive electrons.

Fig. 6 shows the calculated Dr proles for the most stable
adsorption congurations for each value of exerted strain. The
blue (red) color represents loss of (gain of) electrons. As the blue
color is dominant around the H2S molecule, the Hirshfeld
method results, which state a positive charge on the H2S
molecule, are validated. It is noteworthy that the red color in the
adsorbed H2S molecule plane indicates charge transfer to the
LUMO. However, this transfer is completely compensated by
a stronger electronic charge transfer from the HOMO to the SL-
Fig. 5 (a and c) Side and (b and d) front views of the HOMOand LUMO,
respectively, for the H2S molecule.

Nanoscale Adv., 2019, 1, 3452–3462 | 3455
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Fig. 6 Top (upper) and side (lower) views of the charge density
difference (Dr) for the least-energy configurations between the H2S
molecule and SL-MoS2. (a)–(i) correspond to �8% to +8% biaxial
strains with intervals of 2%.

Fig. 7 Band structures for the adsorption of the H2S molecule on (a)
�8 to (i) +8 percent strained SL-MoS2 substrates with 2 percent
intervals.

Table 2 Adsorption characteristics of the most favorable adsorption
configurations for each value of exerted strain. The calculated quan-
tities for equilibrium distance (d), adsorption energy (Ea), total charge
transfer (rH2S), and bandgap energy (Eg) are reported

Strain Initial cong. d (Å) Ea (eV)
(rH2S)
(|e|) Eg (eV)

�8 B2 2.685 �0.4762 0.023 1.34
�6 B2 2.782 �0.4910 0.033 1.52
�4 B2 2.786 �0.4936 0.032 1.60
�2 B2 2.778 �0.4989 0.042 1.81
0 H3 2.752 �0.4944 0.060 1.67
2 H3 2.639 �0.4870 0.060 1.07
4 H3 2.568 �0.5163 0.060 0.92
6 H3 2.548 �0.5509 0.062 0.51
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MoS2, resulting in a net charge transfer from the molecule to
the substrate. In fact, the presence of the blue color below and
above the sulfur atom in the H2S molecule represents a loss of
electrons from the HOMO, which leads to a positive charge on
H2S.

According to our charge transfer calculations based on the
Hirshfeld charge analysis method, under the most stable
adsorption conditions of unstrained and compressed SL-MoS2,
0.06e�1 is transferred from the H2S molecule to the SL-MoS2
plane, whereas this amount is reduced to half, i.e. 0.03�1, under
tensile strains. In order to comprehend the underlying reason
for such a decrease in charge transfer, it is worth mentioning
some points. First, the H2S molecule plays an electron donor
role under all conditions. Second, the gas molecule's LUMO, as
an electron acceptor, is closer to the compressed MoS2 surface
in the adsorbed state. On the other hand, upon adsorption, the
3456 | Nanoscale Adv., 2019, 1, 3452–3462
HOMO, as an electron donor, comes closer to the SL-MoS2
surface for the tensile strains.

The electronic band structure of the H2S adsorbed SL-MoS2
is illustrated in Fig. 7 and the bandgap values for studied strains
are tabulated in Table 2. Under both compressive and tensile
strains, the bandgap is reduced and the maximum attenuation
occurs when the SL-MoS2 is under tensile strain whereas the
bandgap slightly shrinks when compressive strains are applied.
Exerting tensile strain, the bandgap values are reduced by as
much as 86%, from 1.67 eV in the unstrained H3 conguration
to 0.23 eV in the +8% strained conguration. On the other hand,
when compressive strains are applied, a bandgap reduction is
observed for the B2 conguration by up to 26% as 1.81 eV is
decreased to 1.34 eV in �2% and �8%, respectively. It is
worthwhile to mention that the obtained results are consistent
with previously reported bandgap modulations under strain.56
8 H3 2.461 �0.5390 0.061 0.23

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 demonstrates the density of states plots for the H2S
molecule adsorption on the SL-MoS2 substrate for the energet-
ically favourable conditions under exerted strains. In particular,
Fig. 8(i)–(ix) correspond to �8% to +8% biaxially strained
structures, respectively. In each subsection of (i) to (ix), two
subsections of (a) and (b) are present. The upper graph in each
subsection, (a), shows the total density of states (TDOS). As can
be seen, the adsorption of the H2S molecule inuences the
valence band close to the Fermi energy level but similar levels in
the conduction band are le intact. Moreover, the lower plot,
(b), compares the density of states for the isolated and adsorbed
hydrogen sulde molecules. It is established that implementing
compressive strains attenuates the peaks in the TDOS plots
while tensile strains intensify them. It is also veried that the
electron transfer occurs from the H2S molecule to SL-MoS2, as
the Fermi energy levels are decreased upon adsorption under
both compressive and tensile strains. This is also proof of the
fact that the LUMO of the hydrogen sulde molecule has little
interaction with the SL-MoS2, whereas its HOMO overlaps the
valence band levels in SL-MoS2. It's notable that as both the
Fig. 8 Total density of states (DOS) (blue), DOS for the isolated H2S mo
strained and unstrained conditions. (i) to (ix) represent �8% to 8% straine
their homochromatic graphs.

This journal is © The Royal Society of Chemistry 2019
HOMO of the H2S molecule and the valence band levels of SL-
MoS2 are full, only slight charge transfer occurs.
3.2 Optical properties

Optical sensors based on SL-MoS2 have successfully been
demonstrated to detect particles and biomolecules in several
past studies.68–71 In this section, the optical characteristics of SL-
MoS2 are investigated under biaxial strains ranging from �8%
to +8% for pristine and H2S-adsorbed substrates. Furthermore,
we have complemented our calculations by studying the inu-
ence of H2S concentration on the optical characteristics. It is
noteworthy that despite the fact that the DFT method under-
values the energy band gap, our obtained optical trends are
reliable.72

The real and imaginary parts of the dielectric function (31
and 32) are calculated for both pristine and H2S-adsorbed SL-
MoS2 within the aforementioned strain range. It is well estab-
lished that the energy values in which 31 crosses the horizontal
zero axis from the negative side are associated with plasmonic
lecule (green), and DOS for the adsorbed H2S molecule (red) for both
d substrates with intervals of 2%. Vertical lines represent Fermi levels of

Nanoscale Adv., 2019, 1, 3452–3462 | 3457
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excitations.20 All zero-crossings in 31 spectra are tabulated in ESI
Table S1.† Exploring the 31 spectra shown in Fig. 9 for the
unstrained SL-MoS2 at zero-concentration, it is observed that
the zero-crossings occur at 3.06 eV, 4.516 eV, 5.438 eV, 7.058 eV,
7.542 eV, 8.07 eV, 14.15 eV, and 15.45 eV. Depending on the
number of adsorbed molecules or the amount of exerted strain,
existing zero-crossings might disappear or undergo modulation
in energies and intensities, and new zero-crossings might even
emerge (see Table S1†). In particular, by referring to Fig. 9 and
Table S1,† it is evident that exerting compressive and tensile
strains alters the zero-crossing energies and number of their
occurrences. For instance, as the SL-MoS2 undergoes compres-
sive strain, the zero-crossings appear at higher energies (i.e.
4.641–4.693 eV) while, similar to the unstrained SL-MoS2 at
zero-concentration, the zero-crossings span from 2.526 to
3.005 eV under tensile strains. Moreover, compared to the
unstrained SL-MoS2 at zero-concentration, the number of zero-
crossings are halved to 4 in +8% strained SL-MoS2 under no
adsorption. This trend, however, is not repeated under
compressive strains and the number of zero-crossings is le
almost intact. On the other hand, introducing various concen-
trations of the gas molecule to the SL-MoS2 modulates the
energy values at which the zero-crossings occur and/or brings
about the emergence of new ones. Simultaneous adsorption of
up to four molecules redshis the values in question in a grad-
ually increasing manner (showing up to 0.116 eV increase in
�8% biaxially strained SL-MoS2, compared to �8% strained SL-
Fig. 9 The real (31) part of the dielectric function for pristine and H2S ads
with 2-percent intervals. Moreover, the influence of concentration is als

3458 | Nanoscale Adv., 2019, 1, 3452–3462
MoS2 at zero-concentration) as the exerted compressive strains
are intensied. In contrast, as the tensile strains are applied, the
shi in energy values decreases and for SL-MoS2 under +8%
strain, introducing four H2S molecules blueshis the energy
value at which the rst zero-crossing emerges by 0.023 eV,
compared to the +8% strained SL-MoS2 at zero-concentration.
Besides, a new zero-crossing at 11.9 eV is recorded under
several biaxial strains (0, +2 and +4 strains) when three and four
gas molecules are introduced into the SL-MoS2. Overall, slight
and negligible dissonances are observed upon adsorption of
several gas molecules. Upon adsorption of four gas molecules,
few disharmonies occur compared to the rest of the plot and two
additive zero-crossings occur in 0% strained SL-MoS2 at 14.49
and 15.36 eV, and in +2% strained SL-MoS2 at 14.32 and 15.2 eV.

Considering the calculated 32 shown in Fig. 10, it can be
deduced that the main adsorption peak is both attenuated and
divided into several weaker peaks under exertion of different
quantities of biaxial strains. However, the adsorption of more
gas molecules amplies the main peak under tensile strains
while it slightly modulates the peak under biaxially compressive
strains. Additionally, the 32 spectra are reduced to zero in
a lower energy range under higher tensile strains. The concen-
tration of gas molecules resulted in minor but noticeable
disharmonies and strengthened two peaks near 10 eV and 12 eV
in almost every case of the exerted strains.

Electron energy loss (EEL) spectra have long been employed
to investigate the electronic properties of materials.
orbed SL-MoS2 for (a) �8 percent to (h) +8 percent strained substrates
o shown.

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 The imaginary (32) part of the dielectric function for pristine and H2S adsorbed SL-MoS2 for (a) �8 percent to (h) +8 percent strained
substrates with 2-percent intervals. Moreover, the influence of concentration is also shown.
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Remarkably, the distinct peaks in the EEL spectra, which are
attributed to the existence of plasma oscillations, play a signif-
icant role in determining the optical properties in semi-
conductors and metals. Therefore, to study the feasibility of SL-
MoS2 as an optical sensor, the EEL spectra are calculated both
under strain and at various concentrations of the H2S molecule
using the following equation:

EEL ¼ Jm

� �1
3ðwÞ

�
¼ 32ðwÞ

312ðwÞ þ 322ðwÞ (4)

and are presented in Fig. 11. Also, for better quantitative anal-
ysis, the EEL peak intensities and the energies at which they
emerge are tabulated in Table S2.†

For unstrained SL-MoS2 at zero-concentration, the sharp EEL
peaks attributed to the plasmonic excitations emerge at
15.52 eV and 15.64 eV which are in excellent agreement with
previous reports.73,74 From the EEL spectra in Fig. 11, it is
evident that, unlike the dielectric function, the adsorption of
more than one gas molecule results in noticeable modulations
in the plot. The intensities of almost all peaks are affected upon
the adsorption of the H2S molecules and the peaks are either
attenuated or divided into several peaks. Trends of the spectra
are distinguishably altered as higher concentrations of the H2S
are adsorbed for unstrained SL-MoS2. For instance, the previous
main peak in unstrained SL-MoS2 at zero-concentration expe-
riences 25% attenuation upon adsorption of various concen-
trations of the H2S molecule. Also, the intensity of the newmain
This journal is © The Royal Society of Chemistry 2019
peak upon adsorption of the gas molecules is increased up to
7% in unstrained SL-MoS2.

For SL-MoS2 at zero-concentration, tensile biaxial strains
redshi the main peak's energy to almost half its initial energy.
However, themain peak has a drastic intensity which is increased
by as much as 27% compared to the unstrained SL-MoS2 at zero-
concentration. On the other hand, exerting compressive strains
blueshis the energy of the main peak by 0.28 eV in �8% biax-
ially strained SL-MoS2 at zero-concentration while the intensity is
increased by 11%. Next, probing how adsorption of several gas
molecules inuences the EEL spectra of biaxially strained SL-
MoS2, we begin with compressive strains. Under compressive
strains, introducing four H2S molecules into the SL-MoS2 results
in a severe blueshi of the energy value of the main peak. For
instance, the adsorption of 4 gas molecules shis the energy of
the main peak by 1.96 eV and 2.16 eV in �2% and �4% strained
SL-MoS2, respectively, which is comparable to the obtained peaks
for the adsorption of only one gas molecule. Nevertheless, the
intensities of the main peaks are negligibly changed upon
adsorption of multiple H2S molecules under almost every biaxial
compressive strain. In contrast, as the tensile strains are applied,
the adsorption of several gas molecules brings about severe
modulations in a few cases. Under +4% biaxial strain, the energy
at which the main peak emerges is increased more than two-fold
as 3 and 4 H2Smolecules are adsorbed on the SL-MoS2. The same
is observed in the +6% biaxially strained SL-MoS2 when 4 mole-
cules are adsorbed. Besides, the intensity of the main peak is
Nanoscale Adv., 2019, 1, 3452–3462 | 3459
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Fig. 11 Electron energy loss (EEL) spectra for the adsorption of up to four H2S molecules in the supercell of SL-MoS2 for in-plane light
polarization under the application of biaxial strains from (a) �8% to (h) +8% with 2-percent intervals.
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attenuated monotonically upon adsorption of several gas mole-
cules under +4%, +6%, and +8% strains which is comparable to
the increase at +2% strain.

Finally, it is noteworthy that investigating the optical and
electronic properties of materials in experimental setups is
carried out using a transmission electron microscope which is
equipped with an EELS spectrometer. Also, optical responses
upon adsorption of gas molecules may be recorded employing
ellipsometry measurement. Hence, the modulations in optical
and electronic properties upon adsorption of single or multiple
H2S molecules on strained or unstrained SL-MoS2 demon-
strated in this study can be applied, at least in principle, to
design electro-optical H2S sensors based on SL-MoS2.
4 Conclusion

We have comprehensively studied the electronic and optical
adsorption characteristics of the hydrogen sulde (H2S) molecule
on single-layer molybdenum disulde (SL-MoS2) substrates for
different concentrations of the gas molecule and under biaxial
strains ranging from �8% to +8%. It is found that the electron
transfer from the molecule to the substrate is signicantly
3460 | Nanoscale Adv., 2019, 1, 3452–3462
reduced from about 0.06e� under both no-strain and tensile
strain conditions to about 0.03e� for the compressive strains.
Moreover, the real and imaginary parts of the dielectric function
are calculated for the minimum energy congurations. It is
observed that although the concentration of H2S molecules does
not considerably affect the spectra, compressive and tensile
strains disturb their outline noticeably. Additionally, we have
found that the electron energy loss (EEL) spectra are remarkably
inuenced both under exertion of strain and upon increasing gas
molecule concentration. Hence, our theoretical ndings may set
the stage for electronic and optical gas sensing devices which
employ SL-MoS2 as the platform material.
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