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ABSTRACT: Two-dimensional and layered MoS2 is a promising candidate
for next-generation electric devices due to its unique electronic, optical, and
chemical properties. Chemical vapor deposition (CVD) is the most effective
way to synthesize MoS2 monolayer on a target substrate. During CVD
synthesis, sulfidation of MoO3 surface is a critical reaction step, which
converts MoO3 to MoS2. However, initial reaction steps for the sulfidation of
MoO3 remain to be fully understood. Here, we report first-principles
quantum molecular dynamics (QMD) simulations for the initiation dynamics
of sulfidation of MoO3 (010) surface using S2 and S8 molecules. We found
that S2 molecule is much more reactive on the MoO3 surface than S8
molecule. Furthermore, our QMD simulations revealed that a surface O-
vacancy on the MoO3 surface makes the sulfidation process preferable
kinetically and thermodynamically. Our work clarifies an essential role of
surface defects to initiate and accelerate the reaction of MoO3 and gas-phase
sulfur precursors for CVD synthesis of MoS2 layers.

Two-dimensional and layered transition metal dichalcoge-
nides (TMDCs) are attracting great attention for

functional semiconducting materials because of their unique
electric and optoelectronic properties.1−7 Among possible
layered TMDCs materials in nature, MoS2 monolayer has
been considered a promising candidate for next-generation
electronic devices primarily due to its higher carrier mobility8,9

and a layer-dependent direct band gap (e.g., 1.29 eV − 1.8
eV).10,11 To bring such an interesting MoS2 layer into mass
production for semiconducting nanostructures, recent progress
has been made in developing synthesis techniques for high-
quality MoS2 layers, which includes mechanical exfoliation,
physical vapor deposition, and chemical vapor deposition
(CVD).3,12

Among these techniques, CVD is the most practical method
to synthesize atomically thin MoS2 layers with high continuity
and uniformity.13−15 In a typical CVD process, MoO3 reactants
and sulfur powders are generally used,16−18 and they react with
each other at elevated temperatures to form mono/few MoS2
layers on substrates. Thus, it is essential to understand basic
reaction processes for sulfidation of MoO3. Theses elementary
sulfidation steps of MoO3 have been studied and understood by
both experimental and theoretical work: Weber et al.19

conducted the sulfidation of crystalline MoO3 with H2S/H2
gas to understand reaction mechanisms by using X-ray
photoelectron and infrared emission spectroscopy, and
suggested that the conversion of terminal Mo = Ot to Mo =
S is the key reaction of the sulfidation process. Kumar et al.20

found that MoO3 precursors were reduced by both H2 gas and
sulfur precursors, and then, O atoms were further replaced by S
atoms, leading to the sulfidation of MoO3 to MoS2. Similar
results were reported by Shi et al.21 who conducted extensive
density functional theory studies for elementary processes of
sulfidation of MoO3 surfaces. They suggested that sulfur
substitution on the MoO3 surface could favorably occur at O-
termination sites, and the sulfidation process could be
accelerated by the existence of surface O-vacancy.
However, fundamental understanding of reactivity of sulfur

precursors on MoO3 surfaces has yet to be achieved. Dynamics
and energetic information on the sulfidation of MoO3 with the
presence of surface O-vacancy has also remained unclear.
Atomic-scale modeling and simulations provide valuable
insights into dynamic behaviors of surface-gas interfaces at
atomic-length scales.22 Here, we perform first-principles
quantum molecular dynamics (QMD) simulations for reactions
of MoO3 surface and sulfur molecules to investigate the initial
stage of the sulfidation process. QMD simulations follow the
trajectories of all atoms while computing interatomic forces
quantum mechanically from first-principles, allowing us to
predict physical and chemical properties of complex materi-
als.23−25 In this work, we evaluate the reactivity of two sulfur
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molecules, S2 and S8, on a MoO3 (010) surface and discuss an
essential role of surface O-vacancy in the sulfidation of MoO3
surfaces.
To study the reactivity of sulfur molecules on the MoO3

surface, we construct simulation cells that include a
monolayered Mo32O96 structure (Figure 1a). The MoO3

surface has three nonequivalent oxygen sites: terminal (OT),
5

asymmetric (OA) and symmetric (OS)
16 oxygen sites as shown

in Figure 1b. The OT is bound to only one Mo, and exposed on
the top or bottom surface. The OA and OS are located on the
subsurface area of the MoO3 substrate and connected with two
and three Mo atoms, respectively. Those bond distances along
the subsurface is asymmetric for OA and symmetric for OS. For
QMD simulations, we considered both S2 and S8 molecules as
precursors. To reproduce the sulfidation reactions, an
interatomic distance between Mo and S atoms (rMo−S) is
constrained (Figure 1c,d), and we decreased the distance
gradually during the simulations.
To investigate the sulfidation reactivity of the Mo atom in

crystalline MoO3, changes in the free energy (ΔF) during the
QMD simulations were calculated by integrating Lagrange’s
multiplier λ(r) along the constrained distance r = rMo−S:

∫ λΔ = ⟨ ′ ⟩ ′F r r r( ) ( ) d
r

r

0 (1)

where the λ(r) is obtained by averaging over the last 1000 steps
of the QMD simulations for each rMo−S. When the period of
rMo−S oscillations is too large during the 1000 steps, we
performed additional QMD simulations up to 1500 steps for
the same rMo−S. The Supporting Information includes further
details in the ΔF calculations: The time evolution of λ and the
average λ(r) obtained from all of our calculations are shown in
Figure S1. Figure S1a−d displays the time evolution of λ for
MoO3/S8 systems without and with a surface O vacancy and for
MoO3/S2 systems without and with a surface O vacancy,

respectively. The average λ(r) without and with a surface O
vacancy are shown in Figure S1e,f, respectively. The topics
about the surface O vacancy will be described later.
The calculated ΔF changes and the corresponding QMD

snapshots are shown in Figure 2a and Figure 2b−e,

respectively. In both S8 and S2 systems, the initial rMo−S value
was set to be 4.5 Å (Figure 2b,d), and it was found that the ΔF
values increase monotonically while reducing rMo−S. In the final
configuration, Mo−S bonds were formed due to the applied
constrained force as shown in Figure 2c,e, but the MoO3/S2
and MoO3/S8 systems gained energy (i.e., endothermic) about
1.76 and 2.77 eV, respectively. This result explains that an
intact MoO3 (010) surface is unlikely to provide reactive sites
to interact with S8 or S2 molecules, indicating that surface
defects are necessary to activate the sulfidation reaction.
In the light of the observed nonreactivity of S2 and S8

molecules on a perfect MoO3 surface, we performed additional
QMD simulations by introducing a surface O-vacancy. Namely,
we intentionally generated a surface defect by removing one OT
atom on top of the MoO3 substrate. After removing the OT
atom, the surface geometry was optimized by using the quasi-
Newton method.

Figure 1. (a) The simulation cell that includes MoO3 (010) surface.
(b) The terminal (OT), symmetric (OS), and asymmetric (OA) oxygen
sites in crystalline MoO3. (c,d) Simulation cells containing the MoO3
(010) surface with S2 and S8 molecules, respectively. The interatomic
distances between Mo and S atoms, exaggerated by larger spheres, are
constrained during the QMD simulations.

Figure 2. (a) Relative free energy versus rMo−S for S8 (the black solid
curve) and S2 (the red dotted curve) systems on the intact MoO3
surface. (b−e) Snapshots of the QMD simulations for S8 (b,c) and for
S2 systems (d,e).
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It is interesting to note that during the optimization process,
a surface modification around the defect was observed (Figure
3a−c). Namely, after removing the O atom in the OT site

(Figure 3a), an O atom in the neighboring OA site moved
upward (Figure 3b), and then, a Mo−OA bond was broken
(Figure 3c). As shown in Figure 3d, after 50 steps of the
optimization process, potential energy of the final configuration
was 1.57 eV lower than that of the initial configuration,
confirming that the surface modification is an essential step
after removing the OT atom. Due to the surface modification,
the defect structure became an OA point-like vacancy rather
than OT vacancy. This atomic behavior could be explained by
changes in Mo−O bond order at the vicinity of surface
vacancies.26

After the surface modification, constrained QMD simulations
were performed with a single S8/S2 molecule to investigate the
sulfidation behavior of the MoO3 surface with the O-vacancy.
The ΔF curves for the MoO3/S8 and MoO3/S2 systems with
the surface O-vacancy are shown in Figure 4a, and the
corresponding QMD snapshots are described in Figure 4b−e.
In these systems, the ΔF curves behaved quite differently from
the intact MoO3 surface systems. For the S8 molecule, while the
free energy kept increasing during the QMD simulations, the
total energy gain is about 0.80 eV, which is much lower than
the case of the intact MoO3/S8 system (2.77 eV). For the S2
molecule, ΔF increased slightly and reached a maximum of 0.26
eV at rMo−S = 3.25 Å. As the rMo−S decreased further down to
2.4 Å, ΔF kept decreasing and reached a minimum of −0.25 eV
(i.e., exothermic). This energetic data indicates that S2 binding
to the MoO3 surface with the O vacancy is a thermodynami-
cally and kinetically preferable reaction, i.e., Figure 4a shows
that the entire reaction with the S2 molecule is exothermic with

a low activation barrier of Δ ∼ 0.26 eV. This leads to a rather
fast kinetics at a typical growth temperature of T = 700 °C as

= − Δ ∼ × −
⎛
⎝⎜

⎞
⎠⎟k

k T
h k T

exp 8.8 10 sB

B

11 1

(2)

where, kB, h, and Δ are the Boltzmann constant, plank constant,
and corresponding activation barrier, respectively. Additionally,
the final Mo−S interatomic distance is quantitatively consistent
with a Mo−S bond distance in the crystalline MoS2. In the final
configuration, the S8 and S2 molecules nondissociatively
chemisorbed on the OT site (Figures 4c,e, respectively), while
the O atom initially displaced upward (see Figure 3c) was
pushed down to the asymmetric site by decreasing rMo−S. This
is due to the surface remodification during the sulfidation
reaction. Namely, during the constrained QMD simulations,
the atomic position of the O atom, which moved upward from
the OA site, preferentially returned to the original position at
rMo−S = 3.0 Å due to the repulsion force between the S8 or S2
molecule and the O atom. Movie S1 in the Supporting
Information shows the surface remodification process observed
in the constrained QMD simulations for the MoO3/S2 system
with a surface vacancy. After the O atoms returned to the

Figure 3. (a−c) Surface modification by O-vacancy formation during
structural optimization: (a) Just after removing an OT atom, (b) Mo−
OA bond breaking next to the O-vacancy, and (c) final relaxed
structure. (d) Change in the potential energy during the structural
optimization after introducing a surface O vacancy. Here, the potential
energy is relative to that of the initial configuration.

Figure 4. (a) Relative free energy versus rMo−S for S8 (the black solid
curve) and S2 (the red dotted curve) systems with the surface O-
vacancy. (b−e) Snapshots of the QMD simulations (b,c) for S8 and
(d,e) for S2 systems, with the corresponding rMo−S values indicated in
panel a.
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asymmetric site, the unconstraint S atom approached Mo
atoms, leading to the formation of Mo−S bond. This fact also
appears in the sign of the average interatomic force at rMo−S =
3.0 Å in S2 with a vacancy system (see Figure S1f in the
Supporting Information). As a result, we observed that the S2
molecule preferentially oriented to the asymmetric axis of the
crystalline MoO3 at the final configuration. This adsorption
formation is consistent with the adsorption mechanism
proposed by Coquet et al.,27 and is explained that the S2

2−

ligand are formed on the Mo atom proposed by Shi et al.21

According to a computational work by Hong et al.,28 it is
expected that the S2

2− ligand can be further dissociated, and
then one of S atoms can diffuse to the neighboring OT atom
during the sulfidation process.
In conclusion, we performed QMD simulations of S8 and S2

on MoO3 surface with constrained Mo−S interatomic distance
to elucidate the initiation dynamics of sulfidation of MoO3. We
found that an S8 molecule is inactive on both intact and
defected MoO3 surfaces. On the other hand, an S2 molecule can
favorably react with the surface O-vacancy on a MoO3 surface.
These results reveal that the surface defect structure can
activate and accelerate the reactions of MoO3 reactants and
sulfur precursors. Therefore, our work suggests that the
reducing agent to make structural defects such as H2 gas
plays an important role in CVD synthesis of MoS2 layers.
Details of the QMD method are described in the Supporting

Information. A simulation cell consists of a monolayered
Mo32O96 structure with a side length of Lx = 15.850 Å, Ly =
19.387 Å, and Lz = 14.788 Å. A periodic boundary condition
was applied to all directions. Vacuum region more than twice
the thickness of the substrate was introduced in the yz-direction
to avoid interactions between sulfur molecules with bottom
side of the MoO3 substrate. While a unit structure of crystalline
MoO3 has double layers connected by weak van der Waals
interaction, the lower layer was not used in our simulation to
reduce simulation costs. Atomic positions in the lower half of
the MoO3 substrate were frozen in our calculations in order to
represent a bulk condition. The simulation cells were
thermalized at 300 K with a time step of 1.21 fs using the
canonical ensemble. The QMD simulations are performed up
to 1500 steps (corresponding to 1.8 ps) for each rMo−S value.
It should be noted that various properties in crystalline

MoO3 are influenced by localized d-electrons of Mo atoms, and
generalized gradient approximation (GGA)+U functional is
commonly used to reproduce the on-site Coulomb interaction
of those electrons.29 However, GGA30 functional was used in
our QMD simulation instead. To validate that our conclusions
regarding the initial steps of the sulfidation reaction are
insensitive to this difference, we analyzed the energetic
properties of S2 adsorption process on MoO3 surface by
using the nudged elastic band (NEB) method.31 The results of
the NEB calculations confirmed that there is negligible
difference in the reaction barrier and reaction energy between
the GGA+U and GGA methods (Table S1 in the Supporting
Information). Additionally, we tested the effects of spin-
polarization on the reaction behaviors, since the ground state of
an S2 molecule is spin-triplet. Regarding this issue, we
performed additional NEB calculations for GGA and GGA+U
with spin-polarization. All of the NEB results show that the
observations in our QMD simulations remain unchanged
(Table S1 in the Supporting Information). Moreover, it was
revealed that the spin-polarization of an S2 molecule almost

vanishes after being adsorbed to an Mo atom (Figure S2 in the
Supporting Information).
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