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Inorganic molecule (O,, NO) adsorption on
hitrogen- and phosphorus-doped MoS, monolayer
using first principle calculationst
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We performed a systematic study of the adsorption behaviors of O, and NO gas molecules on pristine MoS,,
N-doped, and P-doped MoS, monolayers via first principle calculations. Our adsorption energy calculations
and charge analysis showed that the interactions between the NO and O, molecules and P-MoS, system
are stronger than that of pristine and N-MoS,. The spin of the absorbed molecule couples differently
depending on the type of gas molecule adsorbed on the P- and N-substituted MoS, monolayer.
Meanwhile, the adsorption of O, molecules leaves N- and P-MoS, a magnetic semiconductor, whereas
the adsorption of an NO molecule turns this system into a nonmagnetic semiconductor, which may
provide some helpful information for designing new N- and P-substituted MoS,-based nanoelectronic
devices. Therefore, P- and N-MoS, can be used to distinguish O, and NO gases using magnetic
properties, and P—MoS,-based gas sensors are predicted to be more sensitive to detect NO molecules

rsc.li/rsc-advances

1. Introduction

Graphene, a single atomic layer of carbon atoms arranged in
a hexagonal network, has drawn significant attraction from the
scientific community due to its remarkable properties, and
therefore has been efficiently implemented in electronics,
energy devices, and gas sensors.”™ However, it is known that
graphene is a semi-metal with no bandgap by nature, chemi-
cally inert, and has intrinsic defects, making it less fascinating
for some applications. Particularly, graphene-based gas sensors
have achieved a sensitivity down to the single molecule level. In
the last few years, the semiconducting relationship between
graphene and molybdenum disulfide (MoS,) has drawn great
attention, which results in excellent nanoelectronic, optoelec-
tronics and energy harvesting properties.®> Nevertheless, the
zero band gap of graphene also limits its application in low-
power electronics and digital circuits. Recently, considerable
interest has been focused on layered transition metal dichal-

cogenides (LTMDs), especially monolayer molybdenum
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rather than pristine and N-MoS, systems.

disulfide (MoS,). MoS, offers an attractive semiconductor
option due to its direct band gap (~1.74 eV), ideal subthreshold
swing of ~60 mV dec ™, high current on/off ratio (10%) and large
in-plane carrier mobility of (~200 cm®> V™' S7') at room
temperature, which shows potential for transistor
applications.®”

Owing to its high surface to volume ratio, monolayer MoS,
can be considered the best candidate for gas sensing. It has
already been demonstrated that gas sensors based on MoS,
have higher sensitivity for NO, gas than graphene oxide field-
effect transistor sensors. Consequently, below the 0.8 ppm
detection limit, MoS,-based gas sensors show more sensitivity
for NO gas.”® Previous research results have shown that the
adsorption of gas molecules is physisorption on pristine MoS,
and graphene monolayers.> Their gas sensitivity can be
enhanced by introducing sulfur vacancies or dopants.'** For
instance, metal and non-metal dopants significantly improve
the gas sensing performance of graphene.”®'* On the other
hand, Au, Fe, Co, and Ni-doped MoS, monolayers increase the
gas sensitivity for CO, NO, and O, molecules.***” Similar to the
case of graphene, dopants can play a key role in tuning the
electronic structure properties and chemical reactivity of
monolayer MoS,."**" Moreover, various defects can be induced
in MoS,, as confirmed from previous experiments and theo-
retical calculations.””?>* Molecular doping at sulfur vacancies
can be introduced reliably by electron irradiation, which
provides an efficient way to tailor the properties of MoS,.>>*¢
Therefore, it is very interesting to explore the electronic prop-
erties of defective MoS, monolayer via the adsorption of gas

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra07638c&domain=pdf&date_stamp=2018-11-16
http://orcid.org/0000-0002-1734-1296
http://orcid.org/0000-0003-4859-2597
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07638c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008067

Open Access Article. Published on 16 November 2018. Downloaded on 10/31/2025 1:42:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

molecules. Accordingly, several theoretical works have reported
the interaction between small inorganic (CO,, NO, CO, H,O,
NO, NO,, H,, and N,) gas molecules with pristine and defective
MoS, and an enhancement in reactivity was also observed via
NO, molecule adsorption at the edges of MoS,.>”>° To the best
of our knowledge, the effect of different gas molecules (O, and
NO) has not been demonstrated on doped monolayers MoS,
due to the lack of detailed experimental studies."*** Moreover,
under experimental conditions, factors such as ambient water
and oxygen may significantly affect the performance of field-
effect transistors composed of MoS, monolayers.** Currently,
it is obvious that toxic gases are a major challenge in the envi-
ronmental pollution problem. Therefore, the study of gas
molecule adsorption, identifying the best gas sensors such as
MoS,-based gas sensors, and their fabrication play a pivotal role
in detecting toxic gas molecules.

We chose P-doped and N-doped atoms as dopants because
inert sulfur (S) atoms cover the active sites of Mo atoms, causing
poor chemical reactivity of the pristine MoS, in most stable 2H
phase. The dopants enhance the conductivity of the system,
tailor its electronic properties and improve the bonding of gas
molecules on MoS,. In addition, P-MoS, and N-MoS, doping
has been observed experimentally,®** and their formation
energies indicate that they can be easily incorporated into an
MoS, monolayer. Moreover, P and S atoms have a similar
covalent radius and belong to the same family, which suggest
that they may easily form stable chemical bonds with Mo atoms.
NO gas is the main air pollutant generated from the combustion
of nitrogen and oxygen in the atmosphere, and its existence
causes serious health problems. Therefore, the measurement of
the concentration of oxygen and NO in the environment is of
special interest and importance. Herein, we investigate NO and
O, gas molecule adsorption on pristine, N- and P-doped
monolayer MoS, using first principle calculations. It was pro-
bed that N- and P-doped MoS, have high chemical stability. As
a result, the electronic structure and charge analysis of N and P-
doped MoS, suggest that these systems are promising candi-
dates for the sensing of gas molecules and as alternative cata-
lysts to the graphene system.

2. Computational details

Geometry optimizations were performed using the Vienna ab
initio simulation package (VASP).>*** The electron-ion interac-
tions were described using the projector-augmented wave
(PAW) method, which is primarily a frozen-core all-electron
calculation.®® Attractive van der Waals interactions were
included using the Grimme correction for the PBE-D3 method.*®
For structure optimization, atoms were relaxed in the direction
of the Hellmann-Feynman force using the conjugate gradient
method with an energy cut-off of 400 eV until a stringent
convergence criterion (of 0.02 eV A™') was satisfied. Lattice
constants were optimized using the PBE-D3 exchange-
correlation functional. The accurate electronic structure calcu-
lations were performed using the PBE-D3 exchange-correlation
functional.’” To simulate a low-dimensional MoS, sheet, we
used a 4 x 4 supercell model consisting of 32 atoms in the XY
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plane, where the optimized lattice constant along the two
directions was 12.64 A. The k-point sampling was done using
Gamma centered 8 x 8 x 1 k-points.

3. Results and discussion

Before we studied the adsorption of gas molecules on pristine,
N- and P-substituted MoS, monolayers, it was important to
explore their electronic structure and structural stability based
on their formation energies. The formation energy (Efom) can
be calculated from the relation:

Eform = Etot(MOS'l*X) - Etot(MOSZ) + I’l(/.ts) - rn(/J'X)

where, E;,(M0S,-X), E.o(M0S,], us and ux are the total energy of
monolayer MoS, substituted with N and P atoms, the total
energy of the pristine MoS,, and the chemical potential of
individual S, N and P atoms in bulk FCC phases, n and m denote
the number of S, N and P atoms, respectively. The formation
energy of P- and N-substituted MoS, monolayer is —0.22 and
—2.79 eV, respectively. The smaller the Ef,m, the better stability
of the structure. Fig. 1(a) and (b) represent the chemical struc-
ture of the N- and P-substituted (4 x 4) supercells of the MoS,
monolayer. In the optimized structure of N-MoS,, the average
bond length between the Mo-N atoms is 2.08 A and the N atom
sinks 0.78 A below the MoS, plane along the Z-axis, which is
consistent with theoretically reported values.*>** Therefore, this
indicates the formation of a strong chemical bond between
the N and Mo atoms. The average bond length for the Mo-P
atoms is 2.41 A (2.44 A),** which is close to the bond length of
the Mo-S atoms. The substitution of N and P atoms in the (4 x
4) supercell of the MoS, monolayer produced a magnetic
moment 0.77ug and 0.72ug, respectively. Fig. 1(c) and (d) exhibit
the spin-density (p1-p|) iso-surface and it shows that the spin
transferred from the substituted N and P atoms to the neigh-
boring Mo atoms, where the spin accumulation and depletion
regions are represented by red and green colors, respectively.
To explore the electronic properties of the pristine N and P
substituted (4 x 4) MoS, monolayer, spin and non-spin-
polarized band structure calculations were performed, and
their band structures are shown in Fig. 2(a)-(c). The spin total
density of states (TDOS) and spin partial density of states
(PDOS) projected to the atomic orbital of the N and P atoms as
well as the neighboring Mo atoms are shown in Fig. S2 and S3,
respectively. The pristine MoS, monolayer shows nonmagnetic
semiconductor character and has a direct band gap of 1.74 eV,
which is consistent with reported values.*® Compared with the
pristine MoS, monolayer, there are two localized electronic
state locates around the Fermi-level in the band structure of N-
MoS, and P-MoS,, which are a result of the strong interaction
between the N, P and Mo atoms. The pristine MoS, monolayer
conduction band mainly consists of d-states of Mo, while its
valence band contains a combination of d-Mo and p-S states.
The existence of a localized defect state near the valence band
maximum is due to the strong hybridization with neighboring
dz* (Mo) and substituted pz (N) and pz (P) states, as shown in
Fig. S2 and S3,7 respectively. We observed that the substituted-
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Fig.1 Top-view (a and b) chemical structure of the N- and P-doped (4 x 4) MoS, monolayer, where the violet, yellow, green, and purple sticks
represent the Mo, S, N and P atoms, respectively. (c and d) Spin-density (o1 —p|) iso-surface plots for the N- and P-doped MoS, monolayer,
where the spin accumulation and depletion regions are represented by red and green colors, respectively.

atom p states are spin-polarized, which play an important role
in the system magnetism. The presence of N and P atoms causes
degeneracy in the band structure of the N-MoS, and P-MoS,
monolayers, which changes the symmetry of the system. Our
Bader charge analysis showed that there is 0.30 and 0.91e™

(a)

charge transferring from monolayer MoS, to the N and P atoms,
which is consistent earlier reported values.” Notably, we
observed that p-type doping is achieved with N- and P-
substituted atoms, which is consistent with experimental
predictions.?*?*

Fig. 2 Band structures of (a) monolayer pristine MoS,, (b) N-MoS, for the spin-up and spin-down states, and (c) P-MoS, for the spin-up and
spin-down states. The red line represents the state of the dopant atoms.
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Table 1 Parameters of the (4 x 4) MoS, monolayer with adsorbed O, or NO molecules
Adsorbate

Absorbent (aB) Ead® (eV) s (A) L (&) 1 (A) AQ° (¢) # (n)
MoS, 0, —0.01 3.38 1.24 1.24 0.03 1.62
N-MoS, 0O, —0.32 1.68 — 1.27 0.21 0.83
2N-MoS, 20, —0.22 1.50 — 1.30 0.40 1.68
P-MoS, O, —1.27 1.65 — 1.57 0.25 0.80
2P-MoS, 20, —1.22 1.65 — 1.57 0.40 1.62
MosS, NO —0.26 3.03 1.17 1.17 — 0.69
N-MoS, NO —0.56 2.20 — 1.15 0.11 NM
2N-MoS, 2NO —0.37 2.18 — 1.14 0.24 NM
P-MoS, NO —1.44 1.93 — 1.20 0.14 NM
2P-MoS, 2NO —1.38 1.93 — 1.20 0.28 NM

“ The adsorption energy per gas molecule to the pristine and N- or P-atom substituted MoS, surface. ” Interatomic distance of the adsorbed gas
molecule before adsorption. ¢ Interatomic distance of the adsorbed gas molecule after adsorption. ¢ The interatomic distance between doped (X
=S, N or P) and atom B of the adsorbed molecule. B represents the O or N atom when the adsorbed molecule is O, or NO, respectively. ¢ The

total charge transfer from the MoS, monolayer to the gas molecules. The amount of total charge transfer was defined as: AQ = Quax —

Qmirn

where Quax and Qm;, correspond to the maximum and minimum charge values in the regions adjacent to the MoS, layers and m(O, and NO),

respectively.

Next, we delved into the adsorption of triplet molecular
oxygen (*0,) on the pristine MoS, monolayer. Accordingly, we
calculated the adsorption of an oxygen molecule on the pristine
MosS,. We considered two different attachments of the O, gas
molecule. In the parallel attachment (P), the two oxygen atoms
of the O, gas molecule are parallel to the MoS, plane on the top
of the sulfur atoms, while they are located on the MoS, plane in
the vertical attachment (V) on the top of the sulfur atom. Our
calculation showed that the former configuration in the MoS,
monolayer is more stable than the latter by (0.04 eV). Therefore,
our description will concentrate on P configurations.

Table 1 compares the adsorption energies (E,q) of the gas
molecule for various configurations from the PBE-D3 calcula-
tions. Here, E,q is defined by the relation: E,q = Ex(M0S,-0,) —

Er(MoS,) — Er(0,), where Er is the total energy of an appropriate
system. Here, the total energy of the complex and isolated O,
was obtained from the spin-polarized calculation. The config-
uration in which the O, molecule is adsorbed on the MoS,
monolayer is indicated by its lower adsorption energy (—10
meV), which indicate weak physisorption between the O,
molecule and pristine single-layer MoS,. The O-O bond length
is 1.24 A, which remains the same as in the gas phase, which is
also consistent with previous studies.”® Our charge analysis
showed that a very small charge (0.03e) transfer from the MoS,
monolayer to the 7* states of the O, molecule. The adsorption
energy of O, on the pristine MoS, monolayer is consistent with
other reported values using the LDA and PBE-D3 func-
tionals.”*** Here, it is important to compare the adsorption

Fig. 3 Top (a and c) and side (b and d) views of the chemical structure of the N- and P-substituted MoS,-0O, complex, where violet, yellow,
green, red and purple sticks represent the Mo, S, N, O and P atoms, respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Ag(z) and AQ(z) versus z for N-MoS,—-0O,, where the z values corresponding to Qmin(z) and Qmax(2) are shown by filled squares (H). (b)

Differential charge density Ap(x, y, z) contour plot for N-MoS,-0,, where the charge accumulation and depletion regions are represented by red

and green colors, respectively.
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spin up

Fig. 5 Band structure of the N-MoS,-0O, complex system for the
spin-up and spin-down states.

energy of the O, molecule on a pristine graphene sheet because
it has been demonstrated to have a significant effect on the gas
sensor properties. The E,q values are —0.04 and —0.11 eV,
respectively,* which are larger than that on the pristine MoS,
monolayer using the PBE and PBE-D2 functionals. Meanwhile,
the calculated sulfur and oxygen atom distance of 3.38 A does
not indicate the formation of a chemical bond between the
sulfur and oxygen atom, which is slightly shorter in the report
by Ma et al."* The spin-polarized calculation showed that the
MoS,-0, complex system shows a magnetic moment (1.62ug),
where the spin density transfers to the Mo atom of the MoS,
monolayer. Fig. S41 shows the band structure of the MoS,-O,
system for the spin-up and spin-down states, where the O,
states are introduced above the Fermi level in the spin-down
channel absorption of the O, molecule; thus, the band gap in
the spin-down channel absorption is reduced to 1.10 eV. While,
the band gap in the spin-up channel absorption is 1.74 eV,
which is equal to the value of the pristine single-layer MoS,.
Specifically, the binding of an oxygen atom results in a weak p-
type effect in the pristine MoS, monolayer.

38660 | RSC Adv., 2018, 8, 38656-38666

The condition was quite distinct and interesting when we
adsorbed a gas molecule on the substituted N and P atom (4 x
4) MoS, monolayer. Table S1} contains the adsorption and
relative energy of the O, molecule on N-MoS, for distinct
configurations. Fig. 3(a) and (b) exhibit the chemical structure
of the N-MoS,-0O, complex system. According to the results, the
adsorption of an O, molecule on the MoS, monolayer in the
parallel attachment is more favorable than the vertical attach-
ment. Considering the two different parallel configurations, in
configuration P;, two oxygen atoms on the top of the N atom is
significantly (1.99 eV) more stable than configuration P,, in
which the O, is molecule located far away from the N atom.
Thus, O, molecule adsorption on N-MoS, is stronger than that
in the pristine MoS, monolayer. Indeed, the O-O atom distance
is 1.27 A, which indicates the charge distribution from the N-
rich MoS, to the oxygen atom of the O, molecule is remark-
able and the bonds become weaker. In addition, the O, mole-
cule resides closer to the N-MoS, plane than that in the pristine
MoS,, where the calculated N and oxygen atom distance is 1.68
A (1.66 A),> which is shorter compared to that in the case of the
MoS,-0, complex. The spin polarization is also intensified on
the O, molecule and the magnetic moment (0.83ug) of the
system is also reduced. The adsorption energy of the N-MoS,-
O, complex of —0.32 eV (—0.37)* is slightly shorter in our
calculations. On the other hand, the adsorption energy is
appreciably large compared to that in the case of O, molecule
adsorption on N-doped graphene and BC3 graphene-like sheet
doped with metal atoms.*™** Next, we observed the adsorption
of two oxygen molecules on the 2N-MoS, monolayer, where
two N atoms were doped afar to avoid interaction with the O,
gas molecules. Fig. S5(a) and (b)} shows the chemical structure
of the 2N-MoS,-20, complex. Briefly, the adsorption energy
(Eaq) on the 2N-MoS,-20, complex system is —0.22 eV per
oxygen molecule, which is smaller than that of the N-MoS,-0,
complex.

This journal is © The Royal Society of Chemistry 2018
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-2

Fig. 7 Band structures of the P-MoS,-O, complex system for the
spin-up and spin-down states.

To understand this observation, we defined the change of
the electron density (e A~%) along the c-axis as Ap(z) = {p(z)[N-
MoS,-mO,] — p(z)[N-MoS,] — p(z)[mO,]}. Here, p(z) represents
the electron density of an appropriate system described in the
parentheses, which is averaged over the XY plane in a supercell.
This calculation is based on the electron density of the N-MoS,-
O, complex subtracted from that of an isolated N-MoS, single
layer and O, molecule in the same configurations of the same
supercell. We note that the total charge of the complex is zero,
although O, will exist in the form of O, ions after complex
formation. Fig. 4(a) shows the Ag(z) of the O, complex in the
case of the N-MoS, system. Here, Ag(z) = Ap(2)AV, AV = Vee/Ne,
and V. and N, (=216) are the volumes of the supercell and the
number of fine grids along the c-axis, respectively. The thick-
ness of each N-MoS, layer is defined by the z coordinates of the
sulfur atoms in the upper and lower sublayers (S;, and Sy,

This journal is © The Royal Society of Chemistry 2018

respectively) with z(Sy) < 2(Sy). In each configuration, the
thickness of the O,  ions is defined by the minimum and
maximum of the z coordinates of all the atoms in the ions. The
figure shows that there is a significant decrease in the Ag(z) in
the O, moiety, signaling the conversion of this moiety to an O,
ion. Fig. 4(a) shows that the transferred charge is mainly
concentrated on the O, molecule. For quantitative analysis, we
defined the accumulated charge as:

7'<z

Q(2): Q(z) = 3 q(Z'). Next, the amount of charge transfer was
0

€xcess

defined by the relation: AQ = [Qmax(2) — Qmin(2)]- As shown in
Fig. 4(a), Qmax(z) and Qmuin(2) correspond to the maxima and
minima adjacent to the N-MoS, layers, respectively. Fig. 4(b)
shows contour plots of the differential charge density Ap(x, y, z),
which is not integrated over the XY plane for the N-MoS,-O,
system. The charge accumulation and depletion regions are
represented in red and green colors, respectively. The plots
reveal a significant electron transfer from the N-MoS, layer to
the O, molecule. Also, the majority of the transferred electrons
are concentrated in the O, molecule.

Fig. 5 represents the band structure of the N-MoS,-O,
complex system for the spin-up and spin-down states. In this
case, the Fermi level shifted 0.23 eV downward, which may
appear due to the large charge (0.40e) transfer from the
nitrogen-rich MoS, to the O, molecule, which is consistent with
the larger adsorption energy of O, on N-MoS,. Due to the
intermolecular interaction, the molecular level shifts upward
and the spin-polarized m* state of the O, molecule is located at
0.72 eV above the VBM, as shown in Fig. 5. The sharp peak of the
spin-up at the Fermi level disappears due to large charge
transfer or shifted below the Fermi level. Fig. 1(b) indicates the
presence of a localized N atom state around the Fermi level in
the spin-up and down states, while the absorption of an O,
molecule suppresses these states and it removed the
substituted N atom states, as shown in Fig. 5. These findings are

RSC Aadv., 2018, 8, 38656-38666 | 38661
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Fig. 8 Top (a and c) and side (b and d) views of the chemical structure of the N- and P-substituted MoS,—NO complex, where violet, yellow,
green, red and purple sticks represent the Mo, S, N, O and P atoms, respectively.

consistent with that observed previously.**** Our PDOS analysis
presented in Fig. S67 also confirms that the p-O states are
located at 0.05 and 0.07 eV below the CBM in the case of the
spin-down and spin-up band structures, respectively. In
contrast, the valence band mainly contains a combination of d-
Mo and p-S states. Thus the band gaps in the spin-down and
spin-up channels are 0.84 eV and 1.66 eV, respectively, which
are significantly reduced compared to that in the MoS,-O,
system. Therefore, the more negative adsorption energy of the
0O, molecule clearly exhibits oxygen binding introduces a strong
p-type effect into the MoS, monolayer with N atom substitution.

Considering this, we explored the P-MoS, complex, which is
distinct from the case of N-MoS,. Fig. 3(c) and (d) display the

chemical structure of the P-MoS,-O, complex. The P atom
forms P-O; and P-O, bonds with the oxygen atom of the O,
molecule, which is a partial sp® complex. The intended bond
lengths are 2.48 A for Mo-P, 1.66 A for P-O,, and 1.64 A for P-
0O,, which agree well with earlier reported values.*»** Table 1
exhibits that the adsorption energy per O, gas molecule is
—1.27 eV, which is significantly larger compared to that of the
N-MoS,-0, and MoS,-O, complex systems. Our adsorption
energy value is significantly more negative than the earlier re-
ported values (—0.87, —0.93, and —1.11 eV)*™** for O, adsorp-
tion on a P-MoS, monolayer. In contrast, the adsorption energy
(—1.26 eV)*" is comparable in the case of O, adsorption on a P-
doped graphene sheet. The distance between the substituted P

(b)

NO N-MoS2
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Fig.9

(a) Ag(z) and AQ(z) versus z for N—MoS,—-NO, where the z values corresponding to Qmin(z) and Qmax(2) are shown by filled squares (H). (b)

Differential charge density Ap(x, y, z) contour plot for N-MoS,-NO, where the charge accumulation and depletion regions are represented by

red and green colors, respectively.
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Fig. 11 (a) Band structures of the N-MoS,-NO and (b) P-MoS,-NO
complex system, respectively.

atom of MoS, and oxygen atom of the O, gas molecule is 1.65 A,
which is slightly shorter compared to the N-O atom distance. In
this case, we also examined two different configurations in the
parallel (P) attachment, where configuration P; is significantly
(2.07 eV) more stable than configuration P,, in which the two
oxygen atoms are far from the dopant atom. Subsequently, we
determined the adsorption of two O, gas molecules on the 2P-
MoS, monolayer and Fig. S5(c) and (d)f show the chemical
structure of the 2P-MoS,-20, complex. In this case, the calcu-
lated adsorption energy is —1.22 eV per O, molecule, which is
comparable with that of the above-described P-MoS,-O,
complex system. The spin-polarized calculation shows that the
systems become magnetic with 0.80 and 1.62ug, respectively,
which confirms the spin density transferred to the Mo atom of
the P-MoS, monolayer.

Fig. 6(a) and (b) show the Ag(z) and contour plots Ap(x, y, 2)
for the O, complex in case of the P-MoS, system. This figure
shows that there is a significant decrease in Ag(z) in the O,

This journal is © The Royal Society of Chemistry 2018

moiety and 0.25e charge transfer from the P-MoS, monolayer to
the gas molecule. It also displays that the transferred charge is
mainly concentrated in the interlayer region adjacent to the O,
molecule, where the charge accumulation and depletion
regions are represented in red and green, respectively. Subse-
quently, we explored the electronic properties of an O, molecule
adsorbed on P-MoS, and calculated the band structure for the
spin-up and spin-down states, as shown in Fig. 7. The presence
of the localized state of P atom around the Fermi level in the
spin-up and down states in the band structure of P-MoS, was
observed, while the absorption of an O, molecule suppressed
these stated and removed the P atom states, as shown in Fig. 7.
On the other hand, the two spin-polarized 7* states of the O,
molecule were introduced above and below the Fermi level in
the spin-down and spin-up bands, which may be appear due to
charge transfer from the substrate to the absorbed O, molecule,
as presented in Fig. S6.1 The charge transfer to the spin-up and
spin-down bonding and anti-bonding 7* states is the origin of
the significant elongation of the O-O (1.57 A) bond. The
enlargement of the O-O bond due to charge transfer indicates
the significant weakening of the O-O bond and signals the
conversion of this moiety to the O, ion on the surface of the P-
MoS, monolayer. These findings are highly desirable for
chemical reactions, such as the oxidation of CO, since breaking
of O, bonds is consider the key rate-limiting step.*®

Here, our aim was to investigate the adsorption of NO gas on
the pristine and N-MoS, monolayer. The calculated adsorption
energy is —0.26 eV per NO molecule, and the sulfur and N atom
distance of 3.03 A indicates that it can be physisorbed on the
pristine MoS, monolayer. The tabulated adsorption energy
agrees well with the reported theoretical calculations."*° The
length of the N-O bond of 1.17 A remains the same as that in the
isolated NO molecule in the gas phase, which shows good
agreement with the reported values."* Here, it is also impor-
tant to compare the adsorption energy of an NO molecule on
a pristine monolayer graphene. The adsorption energies are

RSC Adv., 2018, 8, 38656-38666 | 38663
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(—0.03 and —0.12 eV),** which is significantly smaller than that
on the pristine MoS, monolayer. Fig. 8(a) and (b) display the
chemical structure of the N-MoS,-NO complex and Table S2
compares the adsorption energies for different configurations
of the NO molecule, which shows that configuration P, is more
stable. Table 1 compares the adsorption energy of the N-doped
and pristine MoS, monolayer, which distinctly indicates that
NO adsorption is stronger on the N-MoS,-NO complex system.
Also, the adsorption energy of the N-MoS,-NO complex is more
negative than the reported values for N and metal atom-doped
graphene.*** Therefore, the length of the N-O bond decreases
to 1.15 A and the distance between N-Mo$S, and the NO mole-
cule of 2.18 A shows strong binding between the adsorbate and
absorbent. Next, we investigated the adsorption of two NO gas
molecules on the 2N-MoS, monolayer and the determined
adsorption energy was —0.37 eV per NO molecule. Fig. S8(a) and
(b)t represent the chemical structure of the 2N-MoS,-2NO
complex. Therefore, the adsorption energy result indicates that
2N-MoS, monolayer systems are not appropriate for gas
sensing and are weakly bonded compared to the N-MoS,-O,
complex.

Fig. 9(a) and (b) display the Ag(z) and contour plots Ap(x, y, 2)
for the NO complex in the case of the N-MoS, monolayer. This
figure displays that 0.11e charge transfers from N-MoS, to the
NO molecule, so there is a significant decrease in Ag(z) in the
NO moiety, indicating the conversion of this moiety to an NO™
ion. It shows that the transferred charge is mainly concentrated
in the region adjacent to the NO molecule, where the charge
accumulation and depletion regions are represented in red and
green, respectively. Fig. 11(a) shows the band structure of the N-
MoS,-NO complex system, which indicates that NO adsorption
causes the system to become nonmagnetic semiconductor and
this is clearly different from the case of O, molecule adsorption.
Our density of states (DOS) analysis presented in Fig. S9+ shows
that a localized state below the Fermi level appears due to the
strong Mo-N bonding and transfer of charge from Mo to the N
atom. The two localized m* states of the NO molecule are
introduced at 0.35 and 0.87 eV below the conduction band
minimum. These two localized 7* states are split due to the
charge transfer from N-MoS, monolayer to NO gas molecule.

Here, we explored the adsorption of an NO molecule on the
P-MoS, monolayer. Table S21 compares the adsorption ener-
gies for the different possible configurations of NO molecule,
which indicates P; is the most stable configuration. The
configuration in which the P-N bond formed is more stable
(0.79 eV) compared to the case of the P-O bond configuration.
In this case, the calculated adsorption energy of —1.44 eV per
molecule is larger than that of the N-MoS,-NO, N-MoS,-02,
and P-MoS,-0, complex systems. Furthermore, the binding is
also stronger than that of the MoS,-O, and MoS,-NO complex
systems. Moreover, our result of adsorption energy for the NO
molecule is significantly larger than the reported value (—0.61
eV)* for P-doped graphene obtained using PBE-D2 calculations
and the adsorption energy (0.91, 0.96 and 1.38 eV)" of the
metal-atom doped MoS, monolayer. In contrast, the adsorption
energy of an NO gas molecule on a metal atom-modified BC3
sheet is also smaller compared to that of the P-MoS,-NO and
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N-MoS,-NO complex systems.””*" Fig. 8(c) and (d) present the
geometry of the P-Mo0S,-NO complex, which is in accordance
with this result and shows that it can be thought of as a weak
P-N bond with a length of 1.93 A. This bond is formed due to
the secondary interaction of the w* states of the NO molecule
with the P atom atomic orbital. The N-O bond length of 1.20 A is
not significantly elongated upon adsorption as in case the of the
0O, molecule. Fig. S8 (c) and (d)} represent the chemical struc-
ture of the 2P-MoS,-2NO complex, where the adsorption energy
is —1.38 eV, which is comparable with the previously described
complex system.

Fig. 10(a) and (b) present the Ag(z) and contour plots Ap(x, y,
z) for the NO complex in the case of the P-M0S,-NO system. It
indicates that slightly more charge is transferred from the P-
MoS, monolayer to NO molecule than the N-MoS,-NO and
MoS,-NO complex systems. It also describes a more negative
adsorption energy due to the large charge transfer from the
adsorbate to the absorbent. This observation clearly indicates
a strong p-type effect appears due to the large transfer of an
electron and confirms the chemisorption of the NO molecule on
the P-MoS, monolayer. Fig. 11(b) presents the band structure of
the P-MoS,-NO complex system. The (PDOS) analysis shown in
Fig. S107 indicates that the NO adsorption leaves nonmagnetic
semiconductor character in the P- and N-substituted MoS,
monolayer. The localized state below the Fermi level appears
due to strong Mo-P bonding and =* states of the NO molecule
located at 0.56 €V above the valence band maximum. The Fermi
level shifted upward by 0.29 eV in the case of the P-MoS,-NO
complex system as a result of 0.14e charge transfer from the P-
MoS, monolayer to an NO gas molecule.

4. Conclusion

We performed first principle calculation inspection of O, and
NO gas molecules adsorbed on pristine MoS,, N-doped, and P-
doped MoS,. The excellent agreement of the adsorption energy
with earlier reported data distinctly shows the validity of our
PBE-D3 calculation in describing the van der Waals interaction.
We found that the adsorption is stronger on N-doped and P-
doped MoS, compared to the case of the pristine MoS, mono-
layer. In the case of N-doped MoS, with O, or NO molecules, the
spins of the two adsorbed molecules couple differently
depending upon the type of adsorbed gas molecule. When the
former molecule was adsorbed, ferromagnetic coupling was
observed, while the spins coupled antiferromagnetically when
the latter molecule was absorbed. These findings suggest that
the magnetic properties of N-MoS, may be used for the quan-
titative sensing of O, gas. The adsorption of these gases on P-
MoS, is stronger than that on the N-MoS, monolayer. The
adsorption of O, molecules leaves P-MoS, a magnetic semi-
conductor, while the adsorption of NO molecules turns this
system into a nonmagnetic semiconductor. Therefore, P-doped
and N-doped MoS, can be used to distinguish between O, and
NO gases using magnetic properties. Therefore, P-MoS, based
gas sensors are predicted to be more sensitive to detect NO and
0O, molecules than pristine or N-doped MoS,. Hence, P-MoS,
gas sensors are more suitable for detecting NO molecules due to

This journal is © The Royal Society of Chemistry 2018
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their stronger adsorption energy and are less suitable for
detecting O, molecules due to their smaller adsorption energy.
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