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Herein we have investigated the ability of the (6,6) MoS,-nanotube (NT) to sense environmentally hazardous
electrophilic and nucleophilic gases using density functional theory (DFT). CO, CO,, H,O and NHz gases
were chosen for adsorption on the (6,6) MoS,-NT and different adsorption parameters such as
adsorption energy, projected density of states (PDOS), band structure and structural changes after
adsorption were evaluated. Nucleophilic gases NHz and H,O showed a fairly high amount of electron
density transfer from gas molecules to the NT while the opposite trend was realized for electrophilic
gases CO and CO,. Among the four gases, H,O has the highest amount of adsorption energy (—1.74 eV)
and a moderately high amount of charge transfer from H,O to the NT. Gas sensing behaviour was

) further rationalized from the enhanced /-V characteristics of gas adsorbed nanotubes compared to
iig:gﬁ% 112112 ?jﬁ:r;gz 2020 pristine ones. Analysis of results revealed that the (6,6) MoS,-NT showed a decent level of gas sensing
properties towards CO, CO,, H,O and NHz gases, and high selectivity for H,O makes the MoS,-NT

DOI: 10.1039/d0na01037¢ superior to previously reported MoS,-monolayer in this matter. These results suggest the possibility of
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Introduction

Toxic and carcinogenic gases are the main contributors to air
pollution. These gases can affect both human health and the
environment directly or indirectly. Oxides of carbon, nitrogen
and other elements, along with methane, ammonia, CFCs and
water vapour in air are mainly responsible for air pollution
leading to various pulmonary and other diseases. Global
warming is another issue which we cannot ignore any more. In
this context, gas sensors which are cost effective, easy to use and
require low power to operate are very promising candidates.
Lots of research endeavours to discover and design such effi-
cacious gas sensing materials are being carried out.

Use of 2D-materials such as graphene, hexagonal boron
nitride nanosheets and carbon NTs as gas sensing agents is
decades old.** Graphene oxide can also be used as a gas
sensor.’ Graphene quantum dots have shown potential sensing
ability for toxic gases.® In the last few years, 2D-materials of
transition metal dichalcogenides (TMDs) viz. MX, (X =S, Se, Te)
have drawn attention due to their potential gas sensing prop-
erties.” Among these TMDs, MoS, has gas sensing ability
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fabrication of highly efficient MoS,-NT based gas sensors for environmentally hazardous gases.

comparable to graphene®® and WS, can sense both toxic and
non-toxic gases.'"

Among the 2D-transition metal dichalcogenides (TMDs),
MoS, has evoked keen interest to the researchers due to its use
in various fields e.g. optics, microbiology, catalysis, electrical
appliances, energy conversion, gas sensing and lubrica-
tion.”*>"” Both bulk and single-layer MoS, showed semi-
conducting nature with an indirect band gap of 1.23 eV and
1.8 eV, respectively.”®'® In MoS,, the Mo-atom is sandwiched
between two S-atoms through covalent bonds, while the
monolayers are held together by weak van der Waals forces.*
MoS, monolayer plays a key role in adsorbing and detecting
gases such as NH3, NO, NO,, CO, H,0, CO,, CHy, etc.7-9, which
are hazardous to both the environment and human health. The
adsorption behaviour of MoS, monolayer is also explained by
measuring the electronic transport properties of gas adsorbed
MoS, monolayer. The gas sensing ability of MoS,@gas mono-
layer is explained by changes in the rectification behaviour.™
The adsorption of CO and H, gases on MoS, monolayer by
creating sulphur vacancies, i.e. by defective MoS, monolayer,
results in enhanced catalytic activity.”” The adsorption power of
MoS, monolayer was found to be enhanced by silver function-
alization.” Transition metal (V, Nb, Ta, and Ni) doped MoS,
monolayer additionally showed potential gas adsorption prop-
erties.”>** The effect of applied electric field on gas sensing by
MoS, monolayer has also been reported.*

Semiconducting MoS,-NTs have a graphitic honeycomb
structure. Single walled MoS,-NTs can be synthesized by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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heating ammonium thiomolybdate® or by applying the catalytic
transport of Cg, with MoS, powder.*® It has generally two forms:
(i) armchair (n,n) and (ii) zigzag (1,0).>* Among these two forms,
the armchair (n,n) MoS,-NT shows an indirect band gap
whereas the zigzag form shows a direct band gap. For the (n,n)
MoS,-NT, the band gap increases with the increase in the
magnitude of n.*” MoS,-NT systems can sense NH; and NO,
gases.”® There are several reports on the variation of gas sensing
properties of MoS,-monolayer along with some other TMD
materials, but the atomistic description of gas sensing ability of
MoS,-NTs is scarce.>***” In the present work, we have made
a comprehensive analysis of the adsorption behaviour and gas
sensing ability of the (6,6) MoS,-NT. Compared to other arm-
chair (8,8; 10,10; 12,12; 14,14 with band gaps of 0.496, 0.783,
0.954, and 1.079 eV, respectively) and zig-zag (10,0; 12,0; 14,0
with band gaps of 0.225, 0.405, and 0.615 eV, respectively) MoS,-
NTs, the (6,6) NT possesses a lower band gap (0.19 eV).”” So
modulation of the electronic properties by adsorption of
different gases can be achieved more easily involving the (6,6)
NT. Furthermore, the results of adsorption of CO, CO,, NH; and
H,O on the (6,6) M0S,-NT are compared to those on 2D MoS,-
monolayer (ML). Surprisingly, it was found that the MoS,-NT
can act as a better gas sensing agent as compared to MoS,-
monolayer. This is verified from the binding energy analysis
and explained by changes in the physical and electronic struc-
ture and I-V characteristics of the gases after adsorption.

Methodology

In the present work, the (6,6) MoS, armchair NT has been
chosen for the adsorption of CO, CO,, NH; and H,O gases. A
double-{ plus (DZP) function basis set and a mesh cut-off of 300
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Nanoscale Advances

Ry at 300 K electronic temperature were considered for geom-
etry optimization. The Perdew-Burke-Ernzerhof (PBE)** type
generalized gradient approximation (GGA) exchange-
correlation functional is used in all calculations, as imple-
mented in the SIESTA program suite.*>** Though the PBE
functional underestimates the band gap, the results offered by
the PBE functional are quite reasonable and cost effective as
demonstrated by previous reports.**** The density matrix
convergence criterion is set at 10~*. The conjugate gradient
method is used to stabilize all atoms until the maximum
tolerance force reached a value less than 0.01eVA . A1 x 1 x
6 Monkhorst-Pack k-grid with a vacuum more than 20 A in the x
and y directions is applied in order to decouple the adjacent
mirror images. In the present study, a single gas molecule was
considered for adsorption on the NT to avoid spurious inter-
actions between two neighbouring adsorbate gases. The
adsorption energies of the gases are calculated using the
following equation:

Eads. = Lnanotube+gas — Lnanotube — Egas [1)
where Epanotubetgas indicates the total energy of the composite
system and Epanotube aNd Egq are the energies of the MoS,-NT
and the studied gases, respectively.

Furthermore, to understand the adsorption mechanism,
electronic transport properties of the MoS,-NT and MoS,-
NT@gases have been studied by applying density functional
theory combined with non-equilibrium Green's function as
implemented in TranSIESTA.** A similar correlation functional
was used to calculate the transport properties as above. To study
the transport properties of the MoS,-NT and MoS,-NT@gas,
three regions were considered viz. the left hand electrode (LHE,
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Fig. 1 Top view of the MoS,-NT and gas adsorbed MoS,-NT (a) MoS,-NT, (b) MoS,-NT@CO, (c) MoS,-NT@CO,, (d) MoS,-NT@NHsz, and (e)

MoS,-NT@H0.
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containing 36 atoms), right hand electrode (RHE, containing 36
atoms) and scattering region (SR, containing 140 atoms in the
MoS,-NT, 142 atoms in MoS,-NT@CO, 143 atoms in MoS,-
NT@CO,, 144 atoms in MoS,-NT@NH; and 143 atoms in MoS,-
NT®@H,0). Applying the Landauer-Buttiker formula under
finite bias (V},), the amount of current passed was calculated
within the energy bias window from —eV;,/2 to +eVy/2 by inte-
grating the transmission function T(E, V}).

103) =2 [T WA~ w)~ RlE - wdE @)

—o0

where f;, and f are the Fermi-Dirac distribution functions for
the left and right electrodes, respectively and u;, and ug are the
chemical potentials of the left and right electrodes, respectively
and eV, = uy, — ug. To understand the I vs. V characteristics,
a finite bias from —1 to 1 V was used keeping a bias spacing of
0.1 eV.
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Results and discussion

The optimized lattice parameter for the (6,6) MoS,-NT was
found to be 3.23 A, which is much better than that found in
previous theoretical studies.”” Optimized structures of the (6,6)
MoS,-NT itself and with CO, CO,, H,O and NH; adsorbed on it
are shown in Fig. 1a—e. Four different adsorption sites viz. the
top of the hexagon (the H-site), top of the outer S-atom (the S-
site), top of the Mo-atom (the M-site) and top of a Mo-S bond
site (the B-site) on the surface of the MoS,-NT were considered
for gas adsorption. We note that for CO and CO, adsorption, the
preferable sites are the H-site and S-site, respectively, while for
NH; and H,O the preferable site is the M-site.

Fig. 2a shows the adsorption energies of the composite
systems along with the favoured binding sites (values are
available in Table S1t). The MoS,-NT@CO system has an
adsorption energy of —0.44 eV at the H-site; for the MoS,-

® Energy of H-site
® Energy of B-site
& Energy of M-site
= Energy of S-site
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(a) Adsorption energies of gases at different sites of the MoS,-NT, (b) adsorption energies of gases with the MoS,-NT and MoS,-ML.”
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NT®@CO, system, the adsorption energy at the S-site is —0.12 eV
and for MoS,-NT@NH; and MoS,-NT@H,0, where adsorption
is on the M-site, the adsorption energy values are —0.94 eV and
—1.74 €V, respectively.

The negative adsorption energies reveal that the adsorption
is purely exothermic and therefore energetically favourable in
all cases. Fig. 2b shows the comparison of adsorption energies
between the MoS,-NT and MoS,-monolayer (ML)” which clearly
indicates that the MoS,-NT shows greater adsorption energies
compared to MoS,-ML (adsorption energies are given in Table
S2, ESIY).

From the above figure, it is clear that the nucleophilic gases
NH; and H,O0 are adsorbed more strongly on the (6,6) M0S,-NT
yielding higher adsorption energies, while the electrophilic
gases CO and CO, are less strongly adsorbed with lower
adsorption energies. Analysis of bond lengths and adsorption
energies revealed that the nucleophilic gases are adsorbed
preferentially over the electrophilic sites on the (6,6) M0S,-NT,
while electrophilic gases prefer to bind to the nucleophilic sites
more. The bond distances of CO and CO, from their nearest
sulphur atom of the MoS,-NT are 2.95 Aand2.82 A, respectively,
while the bond distances of NH; and H,O from their nearest Mo
atom are 2.32 A and 2.20 A, respectively. Higher values of
adsorption energies of the nucleophilic gases are also under-
stood from the Mulliken charge analysis. Fig. 3 enlists the
Mulliken charges of the composite systems studied (data are
listed in Table S3, ESIt).

It was found that, for NH; and H,0, 0.25 and 0.08 electronic
charges were respectively transferred to the MoS,-NT on
adsorption. However, 0.08 and 0.07 electronic charges were
transferred from the MoS,-NT to the anti-bonding m*-orbital of
CO and CO, gases, respectively. The charge transfer from the
MoS,-NT to CO and CO, is further understood from the elon-
gation of the C-O bond from 1.14 A to 1.15 A in CO and from
1.17 A to 1.28 A in CO, as these gases are adsorbed on the MoS,-
NT. Similarly, the charge transfer from MoS, to NH; and H,O is
further evident from the elongation of the N-H bond from 1.02
A t01.03 A in NH; and of the O-H bond from 0.97 A to 1.02 A in
H,0 along with the change in the bond angle in both NH; and
H,O molecules, as these are adsorbed on the MoS,-NT.

The valence band maxima (VBM) and conduction band
minima (CBM) of the composite systems are in accordance with
the Mulliken charge analysis. Fig. 4 shows how the electrophilic

0.3
0.2+
0.1

0.0+

Mulliken charges (e)

-0.1-

CcO COy NH3 H20

Fig. 3 Mulliken charges on gases adsorbed on the MoS,-NT.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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VBM

CBM

Fig. 4 Charge density isosurface (isovalue = 0.02) plot for MoS,-
NT@gases: (@) MoS,-NT-CO, (b) MoS,-NT-CO,, (c) MoS,-NT-NH3,
and (d) MoS,-NT-H,0.

and nucleophilic character of the gases affect the charge
transfer from the MoS,-NT to gases and vice versa. The charge
density distribution shown in Fig. 4 clearly demonstrates that
a substantial amount of electron density is transferred from the
NT to electrophilic CO and CO, while for NH; and H,O a reverse
trend is observed.

Structural parameters of these gases before and after
adsorption are presented in Table 1. The obtained results
revealed a significant change in the structure of the gases after
adsorption on the (6,6) MoS,-NT. Bond lengths of all gases are
increased upon adsorption on the NT. Bond angles are also
increased in CO,, NH; and H,O after adsorption. For CO and
CO,, the bond lengths are increased by 0.01 A and 0.11 A,
respectively, along with a change in the bond angle from
179.94° to 119.32° in the case of CO,. In the case of NH; and
H,O0, the bond lengths are increased by 0.01 A and 0.05 A,
respectively, and the bond angles are increased by 2.40° and
0.75°, respectively, after adsorption.

The projected density of states (PDOS) of different gases
adsorbed on the MoS,-NT is plotted in Fig. 5a-e to analyse the
contribution arising from the gases and the MoS,-NT to the
corresponding valence and conduction bands of the composite
systems. It must be noted that the more electronegative S atom
appears in the valence band while the more electropositive Mo
atom contributes to the conduction band of the MoS,-NT.
Furthermore, compared to the free MoS,-NT, the composite

Nanoscale Adv, 2021, 3, 4528-4535 | 4531
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Table 1 Structural changes of gases after adsorption on the MoS,-NT
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Bond length in Bond angle in

Bond length in Bond angle in

Gas free gas (A) free gas (degree) adsorbed gas (A) adsorbed gas (degree)
CO 1.14 — 1.15 —

CO, 1.17 179.94 1.28 119.32

NH; 1.02 107.49 1.03 109.89

H,0 0.97 104.89 1.02 105.64

systems showed smaller band gaps. The nucleophilic NH; and
H,O gases appear in the corresponding conduction band of the
composite system due to the transfer of electron density from
the gases to the conduction band of the MoS,-NT. With elec-
trophilic gases, there is a significant charge transfer from the
more electronegative sulphur of the MoS,-NT to the corre-
sponding vacant orbital of the CO and CO, gases, resulting in
the elongation of the C-O bond (bond length 1.14 to 1.15 A) in
CO while a change in hybridization from sp to sp> in CO,.

To analyze the performance of the MoS,-NT as a potential
sensor, the non-equilibrium Green's function (NEGF) method is
employed to evaluate the transport and corresponding current-
voltage (I-V) characteristics of the MoS,-NT before and after gas
adsorption. The model systems of the designed two semi-
infinite electrodes along with the scattering region where the
different gases were adsorbed are shown in Fig. 6.

A remarkable effect of gas adsorption on current-voltage
characteristics is observed from the I vs. V curve as presented in

Fig. 7. For all gas adsorption cases, I vs. V showed a noticeable
increase in current flow with respect to the pristine MoS,-NT
This increase in the current signal clearly indicates that there is
a huge impact on the transport characteristics of the MoS,-NT
after gas adsorption. Among the four different gas adsorption
cases, the CO, adsorbed MoS,-NT showed enhanced current
flow. However NH; and CO adsorbed MoS,-NTs showed almost
a similar current flow, and the H,O adsorbed MoS,-NT showed
the least current flow. A similar effect of NH; and CO adsorbed
MoS,-NTs can be attributed to the similarity of the energy
difference between the conduction and valence bands. On the
other hand, the stronger effect of CO, adsorption on the
transport characteristics can be explained from the large
decrease of the CBM and VBM energy states. It is interesting to
note that, though H,O is strongly adsorbed on the MoS,-NT
(—1.74 eV) and there is a large decrease in the CBM and VBM
levels, current flow is least affected by H,O adsorption. Such
current-voltage behaviour for H,O and CO, adsorption can be
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Fig.5 PDOS of the (6,6) MoS,-NT and MoS,-NT@gases: (a) MoS,-NT, (b) MoS,-NT@CO, (c) MoS;-NT@CO,, (d) MoS,-NT@NH; and (e) MoS,-

NT@H,O.
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Fig. 6 Optimised geometries of (a) the MoS,-NT, (b) MoS,-NT@CO,
electrodes and the scattering region.

interpreted by the inhibition of the conduction channel due to
an appreciable amount of charge flow from H,O to the MoS,-
NT.

The noticeable difference in the current signal due to gas
adsorption can be regarded as a superior characteristic of the
device modelling of MoS,-NT based gas sensors.

To better understand the shifting of conduction and valence
bands due to charge transfer after adsorption of gases, we have
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Fig. 7 | vs. V characteristics of the MoS,-NT, MoS,-NT@CO, MoS,-
NT@CO,, MoS,-NT@NH3z and MoS,-NT@H,O.
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(c) MoS,-NT@QCO,, (d) MoS,-NT@NHs, and (e) MoS,-NT@H,O with

plotted the transmission function for bare and adsorbed NTs as
shown in Fig. 8. Charge transfer in MoS,-NT@CO, from the
MoS,-NT to CO, results in the shrinking of the transport bands
and the transmission function shows a broad peak in conduc-
tion and valence bands. As a result, CO, adsorption increases
the conduction channel in MoS,-NT@CO,, showing a broad
current signal in the I vs. Vwindow. On the other hand, charge
transfer from H,O to the MoS,-NT shifts the conduction band to
a lower energy, thereby inhibiting the conduction channel
which shows lower transmission peaks. A similar behaviour in
the current signal in the I vs. V window for MoS,-NT@NH; and
MoS,-NT@CO has been attributed to the alignment of similar
transport bands and transmission signals in valence and
conduction bands.

Furthermore, to understand how adsorption affects the
overall band structure of these systems, we have performed
band structure analysis of the MoS,-NT and gas adsorbed MoS,-
NT as shown in Fig. 9a-e. Fig. 9a revealed an indirect band gap
of 0.19 eV for the free MoS,-NT. After gas adsorption, there is
a profound impact on the band structure of the system.

After adsorption of different gases, the indirect band gap
decreases in all cases. For MoS,-NT@CO, the band gap is
0.13 eV and for MoS,-NT@CO,, this band gap is reduced further
to 0.04 eV. Again, in MoS,-NT@NH3, the band gap is 0.15 eV and
for MoS,-NT@H,O0, there is an overlap between the valence and
conduction bands. For MoS,-NT@CO and MoS,-NT@CO,, the
conduction bands become more dense compared to those of

Nanoscale Adv., 2021, 3, 4528-4535 | 4533
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Fig. 8 Transmission function of (a) the MoS,-NT, (b) MoS,-NT@CO,
(c) MoS,-NT@CO5,, (d) MoS,-NT@NHs, (e) MoS,-NT@H,O and PDOSs
of (f) the MoS,-NT, (g) MoS,-NT@CO, (h) MoS,-NT@QCO,, (i) MoS,-
NT@NHs, (j) MoS,-NT@H,0.

MoS,-NT. Furthermore, in the case of MoS,-NT@NH; and
MoS,-NT@H,O0, the density of the conduction band is increased
further. Hence the band structure is also in concordance with
the Mulliken charge analysis and VBM-CBM analysis. Only in
the case of MoS,-NT@H,O, the conduction band crosses the
Fermi level, which is an indication of the metallic character of
the system. It is also clear from the band structure that the
MoS,-NT shows much stronger binding with H,O. Thus the

1 1
=
2
=50 0

i /\

[£a]

-1 -1

r ZrTr
a b

Fig.9 Band structure of the MoS,-NT and MoS,-NT@gases: (a) MoS,-
NT, (b) MoS,-NT@CO, (c) MoS,-NT@CO,, (d) MoS,-NT@NHz and (e)
MoS,-NT@H,O0.
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band structures also explain the binding nature of the gases on
the MoS,-NT.

Conclusions

In the present work, the adsorption of environmentally
hazardous gases on the (6,6)-Mo0S,-NT was analysed from their
electronic structure and transport properties. Binding is
controlled by the electrophilic and nucleophilic characters of
the gases, which also govern charge transfer to and from the
MoS,-NT. The electrophilic character of CO and CO, lead to
charge transfer from the NT to these gases, whereas the nucle-
ophilic character of NH; and H,O showed the reverse trend.
These gases, upon adsorption on the MoS,-NT, are activated, as
evident from the structural changes in these gases. These
phenomena are explained by Mulliken charge analysis, VBM-
CBM analysis, I vs. V characteristics, transmission function,
PDOS and band structure analysis. The presence of more elec-
tronegative atoms on the molecule also controls the binding
energy and the band structure of the systems studied. Analysis
of data reveals that compared to MoS,-ML, the MoS,-NT showed
enhanced gas sensing ability and distinct I-V characteristics,
which suggests the fabrication of new gas sensing devices from
the MoS, based NT.
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