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Transition metal dichalcogenides (TMDs) have attracted attention due to their broad-ranging physical

properties. Their semiconducting characteristics make them attractive for nanotechnology applications.

In particular, molybdenum disulfide (MoS,) and molybdenum diselenide (MoSe,) possess direct band

gaps of 162 and 145 eV, respectively. Both monolayers are prone to oxidation in oxygen-rich
environments. In this sense, we have studied the oxidation process in these 2D systems using first-

principles calculations based on density functional theory. The stability of several oxidized structures

under different growth conditions was analyzed via a formation-energy study, where the Janus oxidized

phases are stable in oxygen-rich environments. The oxidation process is not random. Instead, it has

a well-defined pattern, forming diagonal structures before reaching a complete monolayer. We have
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observed a systematic band-gap reduction as oxygen content increases, reaching 1.12 eV for MoSO and

0.83 eV for MoSeO, and a direct-to-indirect band-gap transition occurs at the early stages of oxidation.

DOI: 10.1039/d4ra02928c
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1 Introduction

Since the discovery of graphene in 2004, the paradigm of two-
dimensional materials has emerged and is still relevant. There
are several families among the 2D nanomaterials, such as
graphene-like 2D semiconductors (silicene, germanene, sta-
nene, and phosphorene), MXenes, MOenes, and transition
metal dichalcogenides (TMDs), among others.> The TMD family
is of great importance. These materials are formed by a layer of
transition metal atoms sandwiched between two chalcogen
layers. Their chemical formula is MX,, where M is a transition
metal atom, and X is a chalcogen atom.® In this family, MoS,
and MoSe, are among the most important members. They
possess semiconductor characteristics,* so they can be used for
applications in nanoelectronics, for example, in logic devices
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Our study is a step further towards designing new monolayers with engineered electronic properties and
increasing reactivity towards molecules with a positive polarity on the O side of the monolayers.

such as field-effect transistors (FETs).*” When MoS, and MoSe,
are exposed to an oxygen-rich environment, spontaneous
oxidation occurs mainly in the sulfur and selenium vacancies -
common defects in these materials - and affects their electronic
and structural properties.®

Furthermore, TMD engineering to form the so-called Janus
family is of great importance since it induces an extra degree of
freedom: the electronic asymmetry that is finding several new
applications in catalysis because it promotes deformations that
may induce higher activities.® It also presents a vertical electric
field, induced due to the lack of mirror symmetry," which
induces a different contact potential in the TMD/Janus TMD
heterojunctions.” For example, Janus MoSO/MoS, is a type-1I
semiconductor with an exciton binding energy of 0.07 eV,
which facilitates electron-hole separation for applications in
nanodevices.' The Janus MoSSe monolayer can be obtained via
selenization applied to the MoS, monolayer.™ In this process,
one of the S layers is removed by H, plasma to form MoSH, with
further selenization to MoSSe by thermal decomposition of Se
powders."*

Similarly, a TMD can be oxidized to obtain Janus mono-
layers. For example, substituting selenium or sulfur with oxygen
atoms affects the structural and electronic properties of the
treated monolayers. In its pristine structure, MoS, has a direct
band gap that changes to indirect for MoSO."* Also, when
oxidizing MoS, at high temperatures, O, reacts with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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monolayer's surface, degrading the mechanical properties.** So
far, modifying Se- and S-based TMDs to obtain their Janus
counterparts (MoSO and MoSeO) has been of great interest due
to the new applications that such monolayers may find in
optoelectronic devices," along with photocatalytic properties
for solar cell applications.” Additionally, MoSO shows strong
out-of-plane piezoelectricity.”> Considering the previous
discussion and since the transition from a TMD to Janus TMD is
not expected to be abrupt,® we are interested in understanding,
at the atomic scale, the mechanism of oxygen addition and the
evolution of the structural and electronic properties step by
step. We anticipate that oxidation has a pattern and that elec-
tronic properties and reactivity are modified by the charge-
density asymmetry induced by incorporating oxygen atoms.

Our manuscript is organized as follows: Section 2 describes
the computational details. Section 3 is for the results, and
finally, in Section 4, we make the conclusions.

2 Computational details

The oxidation of MoS, (MoSe,) to form the MoSO (MoSeO)
Janus TMD was investigated via quantum mechanical simula-
tions. All calculations were performed in the PWscf code of the
Quantum ESPRESSO package.'*™® A supercell with 3 x 3 x 1
periodicity and a k-point density of 3 x 3 x 1 in the first Bril-
louin zone was used to study the oxidation processes. To avoid
interaction between periodic layers along the z-axis, a vacuum of
15 A was used. Electronic states were expanded in plane waves
with 60 Ry as the energy cutoff and 480 Ry for the charge-density
cutoff. The electron-ion interactions were modeled using ultra-
soft pseudopotentials.” The exchange-correlation energy was
treated according to the generalized gradient approximation
with Perdew-Burke-Ernzerhof (PBE) parametrization.® The
energy convergence threshold was 1 x 10~ ° Ry.

Effective band structures and ab initio molecular dynamics
(AIMD) calculations were performed with the Vienna Ab initio
Simulation Package (VASP) code.”* The cutoff energy was set to
450 eV, and the Brillouin zone sampling used the same k-point
number. To evaluate the O, molecule adsorption on the S/Se
vacancy models, we included the Grimme-d3 functional to
account for long-range interactions.”> The AIMD calculations
were performed to evaluate the structures' thermal stability at
300 K. In the calculations, the Nose-Hoover thermostat>***
controls the temperature in combination with an NVT
ensemble.
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Fig. 1 Oxidation-step snapshots from 1/9 ML to a Janus monolayer.
Grey stands for Mo, blue for S/Se, and red for oxygen atoms.

3 Results

First, we describe the atomistic models of the studied struc-
tures, MoS,, MoSe,, MoSO and MoSeO, and determine their
lattice parameters. The results are presented in Table 1.

3.1. Oxygen incorporation

In this section, we study the systematic incorporation of oxygen
atoms into the pristine monolayers from 1/9 monolayer (ML) to
a full ML, see Fig. 1. The oxygen atoms replace S or Se atoms
from the same monolayer. We adsorbed O, on these systems as
a proof of concept to demonstrate its affinity for the S/Se
vacancies in MoS, and MoSe,. The adsorption energies are
—1.89 eV per O, and —2.09 eV per O, for the S and Se vacancies.
These negative energies indicate the viability of forming the
Janus material. For structural details, see Fig. S1.T Our results
agree with those previously published for O, adsorption on
sulfur vacancies of MoS,, in which adsorption energies of
around —1.84 eV per O, were obtained. Similar results have
been reported for MoSe,, with adsorption energies on the
selenium vacancy of around —2.15 eV per O,.*” The difference in
adsorption energies is related to the species' electronegativity. S
is more electronegative than Se, so Mo atoms must share more
charge with O in MoSe, than in MoS,.*” Structurally, the formed
Mo-O bond lengths are 2.17 A for adsorption on both vacancies
and the 0-O bond length gets elongated from 1.16 A in the gas

Table 1 Lattice parameters of pristine and oxidized monolayers. a denotes the lattice parameter value calculated in this work, aep is the
experimental value, and aeo is the lattice parameter reported in other works. Meanwhile, du_x is the distance between the transition metal (M)
and chalcogen (X), du-o is the distance between the M atom and oxygen, finally Z XMX denotes the angle formed between the arrangement of

XMX atoms

Monolayer a(A) Gexp (A) Greo (A) dyix (A) dyio (A) £LXMX (°)
MoS, 3.19 3.16 (ref. 25) 3.18 (ref. 10) 2.42 — 80.67
MoSe, 3.32 3.28 (ref. 25) 3.31 (ref. 8) 2.54 — 82.64
MoSO 3.00 — 3.00 (ref. 10) 2.40 2.11 74.51
MoSeO 3.07 — 3.07 (ref. 26) 2.51 2.10 77.11

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phase to 1.38 A when adsorbed on a S vacancy of MoS, and 1.39
A when adsorbed on a Se vacancy of MoSe, (see Fig. S1 in the
ESIf). Notice that the O bond elongation facilitates the
desorption of the weakly bonded O atom; once desorbed, it can
take one other S/Se vacancy to further continue with the
oxidation process. Once a full monolayer is incorporated, we
reach the Janus structure.

In the next paragraphs, we aim to describe the most probable
sites where oxygen atoms are incorporated in each oxidation
step by comparing the relative energies (E;) at each non-
equivalent site.

For pristine MoS, and MoSe, monolayers, all sulfur and
selenium sites in the 3 x 3 x 1 supercell are equivalent; the first
oxygen (1/9 ML O) was incorporated (oxygen takes on a sulfur or
selenium site) at the center of the supercell, giving rise to new
non-equivalent sites. The second oxygen (2/9 O ML) can be
incorporated into the first oxygen’s nearest-neighbor sites or far
from them, where all sites are equivalent. This systematic
search was carried out until a full monolayer was completed,
giving rise to the oxidized Janus MoSO and MoSeO phases.
Fig. 1 depicts all oxidation steps for both MoS, and MoSe,. Our
results evidence that oxidation follows a well-defined pattern.
First, oxidation proceeds diagonally and then replaces the
sulfur ring surrounding the first incorporated oxygen. This way
of oxidizing the structure is related to the difference in elec-
tronegativity between S(Se) and O atoms and is a way to
systematically generate curvature in the 2D systems to increase
their reactivity further.

3.2. Oxidation’s effect on the lattice parameter

Now, we describe the lattice parameter evolution as the oxygen
content increases in MoS, and MoSe, TMDs. The incorporation
of each oxygen atom into the S/Se sites at the same monolayer
face results in a systematic decrease in the lattice parameter for
both MoS, and MoSe, structures; see Fig. 2. We analyzed from
1/9 ML until 1 ML, atom by atom. The lattice parameter
contraction is systematic and is related to the difference in
atomic radius between the chalcogen species and oxygen atoms,
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331 °
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g2p Mo .
(0]
g | ° 7
a,
031k ) )
g : ) o MoSeO|
=] ° °
— F )
)
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Fig.2 Oxygen content in MoS, and MoSe; vs. lattice parameter (in A).
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following the order Se > S > O. Notice that the system with Se
atoms has the larger lattice parameter followed by the one with
S atoms. When reaching the Janus monolayers, the difference in
lattice parameter between MoSO and MoSeO is reduced, but it is
still larger for MoSeO. Concerning the electronegativities, we
have the following order: O > S > Se; this is also a reason for the
lattice parameter contraction, since a higher bond order (more
attraction between Mo atoms and short bond distances; see
Table 1) is expected for the case of oxygen bonded to Mo atoms,
driving to a small lattice parameter and larger stability, as dis-
cussed in the following section.

3.3. Monolayer stability

This subsection is devoted to studying the stability of MoS,,
MoSe, and their oxidized counterparts. First, we proceed to
study the stability of the oxidized structures under different
growth conditions through a thermodynamic stability analysis;
after that, we proceed to show their thermal stability by con-
ducting ab initio molecular dynamics simulations. The
dynamical stability of the oxidized MoSO and MoSeO is not
reported since we have already demonstrated that in previous
publications.>***

3.3.1. Thermodynamic stability analysis. The relative
energy analysis helped us determine in which site the O is
located, at different coverages. Still, the relative energy is not
useful for describing which coverage is more stable, since it
depends on the number of atoms. Instead, the formation
energy, which depends on the chemical potentials of the
constituent atoms,***' can be used as a tool to describe the
stability of different oxygen coverages. The formation energies
for each step of oxidation were calculated in accordance with
the methodology outlined in the previous references. The
complete chemical potential region was then analyzed by
varying the oxygen chemical potential from oxygen-rich condi-
tions (,uo = %,uoz) to oxygen-poor conditions (uo = —Eg;h),
where “E§"” is the atomization energy of "0," molecule. The
energy reference in each case is the MoS, and MoSe, mono-
layers. The E¢ can be written as follows:

Em,x;0, — Oéli%?z +2(a = Bux — Tho

Er =
' at+B+y

(1)

where «, 8 and vy are the number of atoms in the ML with energy
Enmx,0,, Mix: is the chemical potential for the bulk phase of the
ML, ux is the chemical potential for each element in the most
stable phase and o is the chemical potential corresponding to
oxygen. Fig. 3a depicts the E; for MoS,_,0, at different oxygen
contents. In the right part of the figure (O-rich conditions), we
can see that the most stable monolayer is Janus MoSO; notice
that the stability increases as the number of incorporated
oxygen atoms does. From left to right, the first stable structure
is the one with one oxygen atom, followed by the one with two,
and so on, until reaching a complete monolayer. If we reduce
the oxygen chemical potential under intermediate conditions
(uo from —1.5 to —1.0 eV), several oxygen coverages become
stable. For example, at a reduced chemical potential, the most

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Formation energies vs. oxygen chemical potential, including all
oxidation steps. (a) From MoS, to MoSO and (b) from MoSe; to MoSeO.

stable oxygen coverage is 8/9 ML; upon reducing the oxygen
content, the system stabilizes at 7/9 ML, followed by 2/3 ML, and
finally, at 1/3 ML coverage. If uo keeps decreasing, we see the
pristine structure as the most stable. The thermodynamic
analysis shows that keeping oxygen-rich conditions is the best
way to reach the Janus monolayer.

A similar behavior is observed in the case of MoSe,_,0,; see
Fig. 3b. Under oxygen-rich conditions, the stability follows the
same trend as in the MoS, case, increasing systematically as
oxygen content does. When reducing the uo chemical potential
from —1.5 to —1.0 eV (intermediate growth conditions), the
most stable coverage changes from MoSeO to an oxygen
coverage of 8/9 ML, after that to 7/9 ML and 2/3 ML, and finally
reaches 1/3 ML. Out of this range, for more O-poor conditions,
the most stable structure is the pristine MoSe,. As in the MoS,
case, the best way to obtain the MoSeO monolayer is by
inducing growth in the presence of O-rich conditions.

3.3.2. Thermal stability. The AIMD simulations were
carried out for 5 picoseconds (ps) in steps of 5 femtoseconds
(fs). The total free-energy fluctuations as a function of time at
room temperature are shown in Fig. 4. Fig. 4a shows the results
for the different oxygen coverages from pristine MoS, to the
formation of the Janus MoSO, while Fig. 4b is for the interme-
diate states from MoSe, to Janus MoSO. During the simulations,
we observe slight movements of the atoms around their

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ab initio molecular dynamics for the intermediate steps
between pristine and Janus structures for (a) MoS, and (b) MoSe,.

equilibrium positions, where no broken Mo-S, Mo-Se, or Mo-O
bonds or geometric reconstructions are observed. Our results
demonstrate that all systems under study are thermally stable.

3.4. Electronic properties

The semiconducting character of the monolayers has been
extensively studied for their pristine phases (MoS, and MoSe,),
obtaining theoretical values for the direct band gap of 1.62 eV
and 1.45 eV, respectively.*? Also, for the oxidized phases (MoSO
and MoSeO), the oxidation of the monolayers has been shown
to affect the electronic properties, specifically the band gap,
resulting in values of 1.12 eV and 0.83 eV, respectively - going
from direct to indirect character, in agreement with previous
research (Table 2).'**> We have undertaken the task of iden-
tifying the band-gap evolution at each stable oxidation step for
both MoS, and MoSe,. Fig. 5 shows coverage vs. gap energy for
several stable oxidation steps. Notice that there is a clear trend,
where the band gap gets reduced as oxygen coverage increases.
Notice also that the difference between the band gaps in the

Table 2 Band-gap values in pristine and oxidized monolayers. Eq4
denotes the band-gap values calculated in this work. Eg® is the
experimental value and £5° are the values calculated in other works

Monolayer Eg (eV) EZ® (eV) Eg° (eV) Type
MoS, 1.62 1.80 (ref. 32) 1.67 (ref. 10) Direct
MoSe, 1.45 1.50 (ref. 33) 1.58 (ref. 32) Direct
MoSO 1.12 — 1.07 (ref. 10) Indirect
MoSeO 0.83 — 0.81 (ref. 26) Indirect

RSC Adv, 2024, 14, 29160-29167 | 29163
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Fig.5 Variation of band-gap energy for each oxidation process step in
both monolayers, from pristine to Janus phases.

pristine structures is 0.17 eV (MoS, and MoSe,), which is
reduced to 0.06 eV for 1/3 MLs, and then it increases to 0.22 eV
for 2/3 MLs. This tendency is maintained until complete
oxidation. It further increases as it tends to behave more Janus-
like in the 7/9 MLs O, 8/9 MLs, and Janus monolayers. Finally,
the gap difference between MoSO and MoSeO is 0.29 eV. The
data presented in Fig. 5 evidences a clear band-gap engineering
induced by oxidation.

3.4.1. Effective band structures. Band structures are a way
to describe much of the physics of materials; they help deter-
mine if a material is an insulator, semiconductor, or metal. For
semiconductors, bands are used to determine if the transition is
direct or indirect. Other interesting properties like effective
masses, Fermi velocities, and valley polarization®* can also be
obtained. In this manuscript, we will describe how the bands
are modified due to oxidation, mainly determining if the direct

Pristine MoS,

E-E¢ (eV)

View Article Online
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(MoS,) to indirect (MoSO) transition happens at the early stages
of oxidation or just when reaching the Janus phase. To elucidate
that, and since we are using a supercell, we plotted the effective
band structure of all treated coverages to study the band-gap
evolution and the coverage at which the direct-to-indirect
transition occurs. Electronic states are weighted by occupa-
tion; darker dots possess larger weights than lighter ones. The
unfolding procedure is based on the one proposed in ref. 35.
Notice that the unfolded band structures of the pristine 3 x 3
MoS, and MoSe, structures resemble the ones reported already
in the literature.**?” In the case of MoS,, the direct-to-indirect
transition happens just at the first coverage, 1/9 ML O. The
indirect transition is retained with a systematic decrease of the
band gap, as evident in the upper panels of Fig. 6 and S2.}
When we focus on MoSe,, see the lower panels in Fig. 6 and S3,
the band gap increases slightly at the first coverage (1/9 ML O).
After that, it systematically decreases until reaching MoSeO. In
this case, the direct-to-indirect transition occurs at a coverage of
2/9 ML O. After that, the band gap remains unchanged until
reaching MoSeO, a full coverage of oxygen atoms on one side of
the MosSe,.

We also calculated the projected density of states (PDOS),
presented in the ESIt (Fig. S4 and S5), and the electrostatic
potential isosurfaces (EPI), as shown in the next section.

3.4.2. Projected density of states. The PDOS (Fig. S4 and
S5t) helps us to describe the contributions of the atoms to the
density of states and confirm the semiconductor character of
the monolayers in each oxidation step. In our case, the PDOS
helps us to determine which types of orbitals are contributing
around the Fermi level. We calculated the PDOS for both
monolayers at each oxidation stage. As the oxygen concentra-
tion increases in one plane of the systems, the sulfur and
selenium atoms contribute less with energy states close to the
Fermi level. In contrast, the oxygen atoms start to contribute
more with electronic states close to the Fermi Ilevel.

Janus

E-E; (eV)

r

Fig. 6 Effective band structures (unfolded bands) showing oxygen'’s effect on the band gap at selected oxygen coverages. Zero energy defines

the Fermi energy.
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Furthermore, in both monolayers, notice that the orbitals that
contribute more to the valence band are the d-orbitals of
molybdenum and the p-orbitals of oxygen (MoSO and MoSeO).
Here, there is an interesting change due to the oxygen substi-
tution by S and Se p-orbitals, which do not contribute close to
the Fermi energy, while in the pristine layers, these orbitals
were the ones with the largest contributions. This fact is directly
related to the difference in electronegativity between O and S or
Se, potentially leading to a large reactivity in the oxidized side of
the monolayers.

3.4.3. Electrostatic potential isosurface analysis. The elec-
trostatic potential is useful for getting insights into the reac-
tivity of molecules or low-dimensional systems. EPI evidences
regions with charge accumulation or depletion. Let's not forget
that valence electrons play a very important role in forming
bonds between atoms, and, in turn, they will be the electrons
most likely to provide the activity and the ones that generate
electric current. By convention, red surface regions indicate
negative electrostatic potential, green areas define a neutral
potential, and blue areas have positive electrostatic potential. In
addition, the EPI is a good way to predict what kinds of mole-
cules might interact with the monolayer. Regions with charge
depletion (blue regions) are susceptible to interaction with
molecules containing regions of high electron density, while
regions with charge accumulation (red regions) may interact
with molecules containing regions of positive potential.

a) Mos, b)

Top view Top view

Down view Down view
e) MoSe,
oi view Top view
Down view Down view

& & &
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Fig. 7a and e depict the EPI for the pristine MoS, and MoSe,,
respectively. In both cases, the Mo atoms show a green color,
indicating that these atoms are neutral. Notice also that S zones
(Fig. 7a) possess a larger charge accumulation than Se zones
(Fig. 7e), an expected behavior since S is more electronegative
than Se. Both top and down views of the monolayers are
equivalent. Upon incorporating oxygen atoms in the S or Se
sites, the system experiences a change in the EPI. In the top view
of Fig. 7b and f, at 1/3 ML oxygen coverage, the diagonal turns
completely red, meaning that a large charge accumulation is
induced by the incorporated oxygen atoms; the remaining zones
behave as described before. However, as the oxygen content
increases to 7/9 ML (see top views of Fig. 7c and g), the charge
accumulation zones increase, and the S or Se monolayer side
(down views) is also affected due to the difference in electro-
negativity, turning more green reddish due to the charge
density asymmetry induced by the oxygen atoms. Finally, when
reaching the full oxygen coverage (1 ML), the charge density
asymmetry is even larger, inducing a clear activity enhancement
on the oxygen side, while the S (Fig. 7d) and Se (Fig. 7h) sides are
more greenish.

The oxidation of the MoS, and MoSe, monolayers has led us
to Janus phases of MoSO and MoSeO, which shows that the
oxygen side is very reactive towards oppositely charged mole-
cules (areas of positive electrostatic potential). Therefore, the

C) d) MoSO

Top view Top view

BRWB |

Down view

55

Down view

h) MoSeO
p v1ew Top view
Down view Down view

poor

Fig. 7 Electrostatic potential maps of pristine monolayers MoS, and MoSe, (a and e), partially oxidized phases (b, ¢, f and g), and Janus phases
MoSO (d) and MoSeO (h) are presented. Red regions indicate a negative potential value, while blue regions indicate a positive potential value.
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oxidized Janus phase has potential applications in molecule
traps or gas sensors.

4 Conclusions

In this study, we carried out a systematic analysis of the
oxidation of transition metal dichalcogenide monolayers,
namely MoS, and MoSe,. We identified a pattern in the oxida-
tion of the monolayers on a basal plane; after the incorporation
of the first oxygen atom, subsequent oxygen atoms preferen-
tially settled forming diagonal patterns before occupying the
remaining positions. The formation energies demonstrated
that several oxidized structures stabilize under different growth
conditions, but the Janus monolayers (MoSO and MoSeO) are
stable under oxygen-rich conditions. The systematic incorpo-
ration of oxygen affected the electronic properties, reducing the
band gap as the oxygen content increased. The direct-to-indirect
band-gap transition happens at the early stages of oxidation.
Also, sites where oxygen atoms were incorporated accumulated
an excess of negative charge. In contrast, the non-oxidized basal
plane tended to have sites with a lower negative charge. The
oxygen incorporation increased the reactivity on the O-side due
to oxygen's large electronegativity with respect to the chalcogen
S and Se atoms. The increase in reactivity induced by oxygen
atoms may be used to trap molecules with positive polarities.
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