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ABSTRACT: Molybdenum disulfide (MoS2) has attracted much attention as a material to replace the noble-metal-based hydrogen
evolution reaction catalyst. Polymorphism is an important factor in improving the catalytic performance of transition-metal
dichalcogenides (TMDs) including MoS2. Several methods have been proposed to synthesize the 1T/1T′ phase with high catalytic
efficiency, and a gas−solid reaction has recently been proposed as one of the alternative methods. However, the atomic-scale reaction
mechanism between gas molecules and MoS2 has not been clarified. Here, we report a detailed atomic-scale mechanism of structural
phase transition of MoS2 nanocrystals under reaction with CO gas molecules using density functional theory calculations. We
confirm that the evaporation of S atoms at the edge is much faster than the evaporation at the basal plane of MoS2 nanocrystals. It is
found that the S evaporation at the edge induces the structural change from 2H to 1T/1T′ in the basal plane of nanocrystals. The
structural change is also attributed to the chain reaction due to the sequential migration of S atoms to the octahedral sites, which is
energetically favorable. The present results provide a guideline for the gas−solid reaction-based phase control of TMDs including
MoS2 to synthesize a high-performance catalyst.
KEYWORDS: MoS2, structural phase transition, DFT, nanocrystal, carbon monoxide, catalyst, HER

■ INTRODUCTION
Since the first isolation of graphene in 2004,1,2 two-
dimensional (2D) materials such as hexagonal boron
nitride,3−5 transition-metal dichalcogenides (TMDs),6−8 and
layered metal oxides9−11 have drawn researchers to examine
their unique and exotic properties. Molybdenum disulfide
(MoS2) is one of the most fascinating materials in this field,
and it already has been used as a hydrodesulfurization reaction
catalyst to remove sulfur from fossil fuels for several
decades.12−14 Recently, MoS2 has attracted considerable
attention as a hydrogen evolution reaction (HER) cata-
lyst.15−19 Stable and inexpensive hydrogen production is a
prerequisite for using hydrogen as a future energy source. Well-
known HER catalysts, platinum and other noble metals, ought
to be replaced with earth-abundant and inexpensive catalysts to
smooth the way for the hydrogen economy.

Polymorphism is an intriguing feature of MoS2 and other
TMDs. The coordination of sulfur atoms determines its
polytype, termed as 2H, 1T, and 1T′ phases. Sulfur atoms are
arranged in trigonal prismatic (D3h) symmetry for the 2H
phase and octahedral (Oh)/distorted octahedral symmetries for
the 1T and 1T′ phases. Structural differences cause changes in
the electronic properties of MoS2.

20−22 The 2H phase shows
the semiconducting property, though the 1T/1T′ phase shows
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the metallic nature. The catalytic efficiency also depends on the
structure of MoS2. The catalytic efficiency of the 2H phase is
governed by the number of active edge sites because the edge
sites have metallic edge states. However, a limited number of
active edge sites and a catalytically inactive basal plane are the
critical problems to maximize the catalytic performance of
MoS2. In contrast to the 2H phase, the 1T/1T′ phase has both
a catalytically active basal plane and edges, along with a large
electric conductance.18,23,24 Bulk MoS2 is naturally found in a
2H phase, which is thermodynamically more stable than a 1T/
1T′ phase. Thus, various methods have been suggested to
synthesize the 1T/1T′ phase to improve the HER efficiency of
the MoS2-based catalyst.
Li intercalation methods were predominantly used to obtain

chemically exfoliated metallic nanosheets of 1T/1T′ phase
MoS2.

25,26 Substitutional Re doping,27 strain engineering,28,29

electron irradiation,30 and charge injection31 were reported to
cause the phase transition from 2H to 1T/1T′. From a
theoretical perspective, the detailed processes of the phase
transition and HER activity of the 1T/1T′ phase were reported
by DFT calculations.20 It was also reported that the charge
transfer from intercalated alkali metals is the starting point in
the phase transition.32 However, an efficient phase-controlling
method for MoS2 and other TMDs that can alter existing
methods continues to be a big challenge.
Recently, a novel experimental method for structural phase

control of TMDs was reported using anion (sulfur)
extraction.33 In the report, the nanostructured MoS2 was
synthesized in carbon nanofibers at 800 °C under a mixture of
carbon monoxide (CO) and carbon dioxide (CO2) flow
ambient conditions. The S vacancies (VS) were formed from
the formation and evaporation of carbonyl sulfide (COS)
molecules, and VS is the main factor for the phase transition
from 2H to 1T/1T′. This drew interest as an efficient method
of precise control and mass production for MoS2 phase change.
However, although the DFT total energy difference between
the 2H and 1T/1T′ phases decreased as the concentration of
VS increased, it was not proved that the 1T/1T′ phase was
more stable than the 2H phase. The detailed atomic-scale
mechanism for the reaction between CO molecules and S
atoms in MoS2 was not clarified.

On the other hand, some theoretical studies for the
structural variability and phase crossover of a cluster or
periodic model of TMDs have been reported.34−37 In the
works for the cluster models, TMDs exhibited a high level of
phase variability, varying from the 2H phase, favorable in the
2D extended form, to the 1T/1T′ phase at a smaller cluster
size or lower chemical potential of sulfur.34−36 For the periodic
model case, nucleation of the 1T/1T′ phase in the 2H lattice
and subsequent formation/propagation of 2H−1T(1T′)
interfaces was investigated systematically.37 However, a
theoretical study has not been tried to explain the detailed
atomic-scale mechanism of a gas−solid reaction using small gas
molecules in the MoS2 phase transition.
Here, we suggest a detailed atomic-scale phase-transition

mechanism in a gas−solid reaction of the MoS2 phase
transition, especially for MoS2 nanocrystals through DFT
calculations. Lauritsen et al. reported the structural character-
istics of triangular MoS2 nanocrystals as a function of their size
using an atom-resolved scanning tunneling microscope
(STM).38 They observed two different edge terminations of
a MoS2 nanocrystal, which are Mo and S edges, and each edge
termination can be covered with a varying coverage of sulfur
atoms. Considering both the crystallographic direction and the
S coverage, the type of edge most observed varies depending
on the size of the MoS2 nanocrystals. The size of the MoS2
nanocrystals was defined as a number n of Mo atoms at the
side of the triangle and n = 6 is the border where the type of
the edge termination changes from Mo edge (100% S
coverage) to S edge (100% S coverage). Therefore, we
considered MoS2 triangular nanocrystals of size n = 6 in our
DFT calculations to take all possible cases into account.

■ RESULTS AND DISCUSSION

First, we compared the stability of 2H S-edge MoS2 triangular
nanocrystals (n = 6, 100% S coverage) with various edge S-
dimer configurations. There are several theoretical studies on
the edge S structures of the 2H MoS2 nanoribbons or
triangular nanocrystals.39−45 In these studies, it was mentioned
that the S-edge with 100% S coverage is stable and S
dimerization is the key factor in stabilizing the structure of
MoS2. However, there was no detailed study on the number
and the position of S dimerization occurring at the edge of the

Figure 1. Structures and stability of a 2H S-edge MoS2 nanocrystal (n = 6) with 100% S coverage according to the edge S dimer configurations.
Upper and lower panels show the top and side views, respectively. Black arrow in (A) indicates the viewing direction of the side view. Atomic
models from a side view are drawn using different visualization schemes for clarity. (A) DFT optimized atomic model of the reference structure
having three in-plane S dimers (orange balls) near the vertices. 2H S-edge nanocrystals with (B) one and (C) two additional S dimers at each edge
to the reference structure in (A). (D) The most stable structure has two S dimers at each edge without in-plane S dimers near the vertices.
Turquoise, yellow, and orange balls represent Mo, S, and dimerized S atoms, respectively.
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2H S-edge MoS2 nanocrystals. Therefore, we first calculated
the effect of the edge S dimerization on the structural stability
of 2H S-edge MoS2 nanocrystals. Figure 1A shows a 2H S-edge
MoS2 nanocrystal with 100% S coverage that has already been
reported in previous studies.34,39 In this structure, S dimers
(see the orange balls in the figure) are formed in the in-plane
direction near the three vertices, and one of them is located on
the lower side of the plane while the other two are located on
the upper side. Using this structure as the reference structure,
we compared the DFT total energies for the structures with
additional S dimers at the edge. In this calculation, we
confirmed that the S dimers of the edge exist alternately.
Figure 1B shows the structure with one additional S dimer at
each edge, and Figure 1C shows the structure with two S
dimers at each edge. In these cases, it was confirmed that the
energy is lowered by 1.65 and 1.51 eV, respectively, compared
to that of the reference structure. We found that the most
stable structure is the structure of two S dimers at each edge
without in-plane S dimers at the vertex, as shown in Figure 1D.
The energy of the most stable structure is 2.00 eV lower than
that of the reference structure. The case of three S dimers at
each edge was also considered, but in the structural relaxation,
the structure was changed to the most stable structure of
Figure 1D. We also checked the stability of the 1T/1T′ S-edge
MoS2 triangular nanocrystal with n = 6 to compare with the

2H S-edge MoS2 triangular nanocrystal. It is found to be higher
in energy than the 2H S-edge nanocrystal by 4.76 eV, which is
similar to other calculation results.34

We investigated the detailed atomic-scale mechanism of the
structural phase transition of the MoS2 nanocrystals from the
2H phase to the 1T/1T′ phase by the reaction with CO
molecules. Prior to the main calculations, we checked the
preferential site for VS formation by the reaction of the S atom
and CO molecule, resulting in the formation and evaporation
of a COS gas molecule. The reactions for the formation of VS
in the basal plane has a high energy barrier of ∼2 eV. However,
at the edges and vertices, the VS formation requires an energy
barrier of ∼0.8 eV at the maximum. Thus, we calculated all
possible cases for every step when VS was formed at one edge
and two vertices and determined the order of VS formation
from the global search of the DFT total energy and barrier
calculations. Figure 2 shows the detailed process of seven VS
formations at the edge and two vertices of the MoS2
nanocrystal. The DFT energy diagram for the process of
seven VS formations is shown in Figure 2A. After the seven VS
formations, the remaining S atoms at the edge are arranged in a
zigzag-like configuration, as shown in state 22 of Figure 2B,
which is well matched with those in previous studies.42−44 The
VS formation processes from the 1st VS to the 7th VS are
repeated as a similar pattern. As the representative process, the

Figure 2. Process of VS formation and energy diagram at the edge of the MoS2 nanocrystal. (A) The energy diagram for the seven VS formations at
the edge. Numbers in turquoise color are relative energies to the reference state 1 and numbers in black color are the reaction barrier between the
corresponding states. (B) DFT optimized atomic models for states 1 and 22 in the energy diagram (A). The number in each panel corresponds to
the state number in the reaction coordinate in (A). The VS formation is calculated in the order shown in state 1 of (B) and the remaining S atoms
are arranged in a zigzag-like configuration, as shown in state 22. (C) The detailed process of the 5th VS formation. Red and gray balls represent O
and C atoms, respectively.
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5th VS formation process is explained in Figure 2C. The CO
molecule approaches the dimerized S atom in the upper layer
(see the black arrow in state 13) of MoS2 and a physically
adsorbed state (state 14). The relative total energy of the
system is lowered from −1.79 to −1.89 eV in the 13−14
process. The S atom is desorbed to make a COS molecule with
a reaction barrier of 0.64 eV (state 15). During the desorption
of the COS molecule from the physically adsorbed state (from
state 15 to state 16), the total energy is slightly increased from
−2.21 to −2.08 eV. All other VS formations at the edge occur
in almost the same pattern as the order of the CO molecule
physisorption, COS formation, and COS desorption. Reaction
barriers for each VS formation from the first to the seventh are
0.47, 0.47, 0.33, 0.30, 0.64, 0.58, and 0.62 eV, respectively. The
reason that the last three energy barriers are slightly higher
than the first four is considered to be due to the bonds
strengthened between the S atom and the neighboring Mo
atoms by missing S atoms at the other sides of the Mo atoms.
From state 1 to state 22, the reaction barriers are much smaller

than the reaction barrier (∼2 eV) for the CO-reactive
desorption of the S atom on the basal plane and the total
energy is decreased by 2.33 eV, which means that the
sequential VS formation reaction is thermodynamically
favorable. It is also originated from the stability of the COS
molecule compared to that of the CO molecule.
The VS formation at the edge increases the degree of

freedom that S atoms on the MoS2 basal plane can diffuse.
Figure 3 shows the diffusion process of S atoms on the basal
plane of the MoS2 nanocrystal after VS formation at the edge
explained in Figure 2. From state 1 to state 5, S atoms migrate
from their original positions to the octahedral sites by the
chain reaction, changing the local structure of the MoS2
nanocrystal into the 1T/1T′ phase (see the red arrows in
states 1 and 2 of Figure 3B). Reaction barriers for these
processes are 0.21, 0.25, 0.25, and 0.49 eV, respectively. In the
5th S migration process, the S atom diffuses with the energy
barrier of 0.42 eV to the octahedral site, but three covalent
bonds cannot be formed with the surrounding Mo atoms

Figure 3. Diffusion process of the S atom on the basal plane of the MoS2 nanocrystal by the chain reaction after the VS formation at the edge. (A)
Energy diagram for the chain reaction of the S diffusion on the basal plane after seven VS formations at the edge, shown in Figure 2. The numbers
in turquoise color are relative energies to state 1, which is the same as state 22 in Figure 2, and the numbers in black color are energy barriers from
the state right before the corresponding reaction. (B) DFT optimized atomic model for the representative states in the energy diagram (A). The
number at the top left of each panel corresponds to the state number in the reaction coordinate of (A). In state 1, the 1st S atom migrates in the
direction to make an octahedral configuration, as indicated by the red arrow. In state 2, S atoms migrate sequentially from state 2 to state 5 by a
chain reaction. In state 6, the diffusing S atom at the 5th state makes a dimer with an S atom at the other edge. In state 7, the formed dimer diffuses
to the left-hand side, as indicated by the red arrow in state 6. In state 8, a CO molecule is physisorbed to a S atom, as indicated by the black solid
arrow in state 7. In state 9, a S atom moves downward, as indicated by the red arrow in state 8 after the COS molecule is formed and desorbed. In
state 10, the 1T/1T′ structure is formed (red dotted region) at the neighbor line of the edge.
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because of the existence of the S atom at another edge (see the
black arrows in states 6 and 7 of Figure 3B). The S dimer,
which is formed by the 5th migration, diffuses in the direction
of the red arrow in state 6 to find a more stable configuration.
On the other hand, the CO molecule attacks (as state 8 of
Figure 3B shows) to evaporate the remaining S atom (see the
black arrow in state 7 of Figure 3B) as the COS molecule with
the reaction barrier of 0.38 eV, as shown in states 8 and 9 of
Figure 3B. At the same time, one S atom on the upper layer
moves to the lower layer spontaneously, as indicated by a red
arrow in state 8 of Figure 3B. Besides, another S atom on the
upper layer (see the black dotted arrows in states 8 and 9 of
Figure 3B) diffuses to the octahedral site simultaneously also.
Finally, the basal plane region along the one edge (see the red
dotted area) changed to the 1T/1T′ phase through a
thermodynamically favorable reaction that lowers the total
energy by 1.99 eV.
The remnant processes into a full transition to the 1T/1T′

phase of the MoS2 nanocrystal are sufficiently predicted to
occur as the same process of the chain reaction studied above.
We also checked the DFT estimated total energy difference ΔE
considering CO and COS molecules that are involved in the
reaction of the full transition of the MoS2 nanocrystal (Figure
4). It decreases by 8.44 eV when the entire structure changes

to the 1T/1T′ phase described above, which means the phase
transition by the CO molecules is thermodynamically
favorable. The thermodynamics of the phase transition are

due to the difference in stability between CO and COS
molecules.
Until now, we explored the process of the change to the 1T/

1T′ phase for the 2H S-edge MoS2 nanocrystal. However,
another edge type, for example, the case of the 2H Mo-edge
MoS2 nanocrystal, needs to be considered. In the case of the
Mo edge, the transition to the 1T/1T′ phase also could be
explained on the basis of the study of the 2H S-edge MoS2
nanocrystal aforementioned. The DFT optimized structure of
the 2H Mo-edge nanocrystal of size n = 6 and with 100% S
coverage is shown in panel 1 of Figure 5. This edge structure
agrees well with previous experimental reports, and theoretical
studies using a method such as global optimization.38−45 In the
case of the Mo-edge nanocrystals, we also checked that CO
molecules could easily form bonds with S atoms at the edges
than at the basal plane to form VS. After the S atoms at the
edges desorbed, the remaining edge S atoms could migrate in
the direction of the red arrows shown in panel 2 of Figure 5.
Then the edge structure changes from Mo edge to S edge with
50% S coverage (see panel 3 of Figure 5). Moreover, we can
infer that S atoms on the basal plane of the nanocrystal could
easily migrate to the octahedral sites in the direction of the red
arrows shown in panel 3 of Figure 5. Finally, when several S
atoms at one edge (see the red dotted circles in panel 4 of
Figure 5) are desorbed again by the reaction with the CO
molecules, the structure changes into the 1T/1T′ S-edge MoS2
nanocrystal, as shown in panel 5 of Figure 5. In this process,
the DFT total energy of the entire system considering CO and
COS molecules is decreased by 11.73 eV, which means this
process is thermodynamically favorable. Thus, in all cases that
MoS2 nanocrystals have S-edge and Mo-edge terminations, the
transition to the 1T/1T′ phase can be explained by the
combination of the formation of VS by CO molecules and the
migration of S atoms on the basal plane. These results show
the structural change of the MoS2 basal plane can be driven by
the edge, which is controlled by the reaction with gas
molecules. Additionally, as the size of the MoS2 nanocrystal
increases, the edge-to-basal plane ratio decreases, so there may
be a size limit to which the mechanism proposed in the present
report is applied. Because it is difficult to directly perform DFT
calculations for arbitrary large-sized nanocrystals, we carried
out an analytical estimation and determined that the size limit
is n = 11 for the S-edge and n = 12 for Mo-edge nanocrystals
(see the Supporting Information).

Figure 4. DFT total energy difference of the most stable 2H S-edge
and 1T/1T′ S-edge MoS2 nanocrystals considering CO and COS
molecules that are involved in the reaction. After the nanocrystal
changed to the 1T/1T′ phase, the total energy of the system is
lowered by 8.44 eV.

Figure 5. Schematic explanation for the phase transition of the 2H Mo-edge MoS2 nanocrystal. Panel 1 shows the DFT optimized atomic model of
the 2H Mo-edge MoS2 nanocrystal with 100% S coverage (n = 6). 2H Mo-edge MoS2 changes to 2H Mo-edge MoS2 with 50% S coverage (panel
3) through the VS formation (red dotted circles in panel 1) and S-atom migration (in the direction of the red arrows in panel 2) at the edges.
Through the migration of S atoms at the basal plane (in the direction of the red arrows in panel 3) and VS formation at one edge (red dotted circles
in panel 4), it finally changes to the 1T/1T′ S-edge MoS2 nanocrystal. The numbers below are the relative DFT total energies considering CO and
COS molecules that are involved in the reaction.
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■ CONCLUSION
In summary, we found that CO molecules can easily desorb
the S atoms at the edges of MoS2 nanocrystals. After the S
atoms at the edges are desorbed, the S atoms on the basal
plane easily migrate toward the hollow site near the VS,
resulting in a change from the trigonal prismatic symmetry to
the octahedral (or partially distorted octahedral) symmetry. If
these processes are repeated, the structure of the MoS2
nanocrystal can be changed to the 1T/1T′ phase finally.
Through this, we are able to explain gas−solid reaction-based
phase control of TMDs at the atomic scale. It is also an easy
and efficient way among many suggested methods for a
structural change in the TMD nanocrystals. Moreover, other
gas molecules that could be used instead of CO may also exist,
and further research on this is needed. The mechanism we
suggested also paves the way to high-performance HER
catalysts and other applications based on TMDs nanostruc-
tures via efficient structural phase control.

■ METHODS
We performed DFT calculations within the generalized gradient
approximation of the Perdew−Burke−Ernzerhof functional46 using
Vienna ab initio simulation package (VASP) code.47 The
orthorhombic unit cell containing an n = 6 triangular S-edge MoS2
nanocrystal (100% S coverage) was constructed including a vacuum
region of >20 Å in all directions to prevent interactions between
periodic images. The basis set contained plane waves up to an energy
cutoff of 400 eV. The Brillouin zone was sampled using a 2 × 2 × 1
Monkhorst−Pack mesh.48 For structural optimization, all atomic
positions were fully relaxed until the force on each atom was smaller
than 0.02 eV/Å. To obtain the reaction barrier of each step, we
performed the nudged elastic band (NEB) method and used a
constrained structure optimization scheme for some complex
structures in which the NEB method is not useful.
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