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The structural and electronic properties of quasi-one-dimensional MoS2 nanowires, passivated by
extra sulfur, have been determined using ab initio density-functional theory. The nanostructures
were simulated using several different models based on experimental electron microscopy images.
An excellent agreement between the theoretical models and the real nanostructures is found through
simulated STEM images. Independently of the geometrical details and the coverage of extra sulfur at
the Mo-edge, quasi-one-dimensional metallic states are found in all the low-energy model structures
despite their reduced dimensionality. These metallic states, which have been previously related to
the catalytic activity of MoS2, are localized mainly at the edges. In spite of the observed pairing of
S dimers at the Mo-edge, the nanowires do not experience a Peierls-like metal-insulator transition.

PACS numbers:

Molybdenum disulfide (MoS2) has been for the past
century one of the most important catalysts used
in refineries worldwide for hydrodesulfurization [1].
More recently, and with the advent of nanotechnol-
ogy, there has been a renewed interest in this old ma-
terial, more specifically in MoS2 nanostructures, like
triangular nanoclusters [2–6], nanoparticles [7], nan-
otubes [8–11], nanowires [12–14], nanoribbons [15] and
nanoplatelets [16, 17]. The reason is twofold: First
such nanostructures have intriguing electronic proper-
ties intrinsically associated with their low dimensional-
ity and consequent electronic confinement. Furthermore,
these novel properties, together with the large surface-to-
volume ratio, suggest their use as novel nanocatalysts [13]
with improved efficiency. In fact, it is the existence of
metallic states at certain surfaces or edges that appears
as a crucial condition for catalysis [3, 6, 18].

In this article we investigate needle-like MoS2 parti-
cles. These deserve a special interest since they constitute
one of the smallest quasi-one-dimensional self-supported
MoS2 systems promising interesting catalytic properties.
Semi-infinite quasi-one-dimensional linear arrangements
of MoS2 active edge sites seem to be an alternative to
finite nanostructures with triangular [3] or hexagonal [4]
shape for the design of novel nanocatalysts with high cat-
alytic activity. We grow the MoS2 nanostructures by a
two-step hydrothermal/gas phase reaction including the
sulfidation of Mo oxide nanoribbons. A detailed descrip-
tion of the experimental preparation can be found else-
where [13, 17, 19–21]. According to experimental high-
angle annular dark field (HAADF) images, the material is
composed by a solid MoO2 core with MoS2+x crystallites
nucleating on its surface [13, 17, 19]. A strong sulfiding
atmosphere stabilizes the growth of bundles of MoS2+x
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FIG. 1: (a) and (b) Bright field images of an arrow/cone
shape crystallite and a nanoplatelet, (c) HAADF image show-
ing MoS2 needle-like particles. (d) through (f) are a sequence
of image enlargements of (c).

nanowires, while their abundance depends on the thick-
ness of the original oxide crystal. However, the HAADF
also show single and pairs of very long and thin needle-
like particles growing out from the cone-shaped tip of
MoS2 nanoplatelets, and they can, indeed, be regarded
as quasi-one dimensional MoS2 nanowires (see Fig. 1).

In our samples, the needle-like particles have a length
ranging from 14 to 30 nm, and a width of around
0.6 nm [13]. The HAADF images suggest that the NWs
have an average thickness of half of the regular MoS2-
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2H hexagonal unit cell [13, 19]. A first study proposed
a simple model built from a single MoS2 (0001) slab cut
in such a way that it is limited by a (101̄0) plane on one
side and by a (1̄010) plane on the other. The edges are
then saturated with sulfur to compensate the dangling
bonds. This follows from the detailed study of Raybaud
et al. [22] that identified the most likely sites for sulfur
on the relevant surfaces. Preliminary density-functional
theory (DFT) calculations of this model yielded a soft
metallic state [13].

In this work we provide a detailed ab initio calcula-
tions of bundles of, as well as of isolated MoS2 nanowires
(NWs). The slab models, detailed in Fig. 2, were based
on experimental HAADF images of needle-like MoS2

nanoparticles. These models are focused on the two low-
Miller-index edges, the S- and Mo-edge. They consist in
one or two (0001) basal planes of MoS2-2H, cut in stripes
limited by a (101̄0) Mo-edge and a (1̄010) S-edge, and pe-
riodic in the x-direction. The Mo-edge is then saturated
with sulfur. The total width of the wire is around 0.6 nm
as observed in experiments, which amounts to three rows
of Mo. The periodic unit contains, in the x-direction, ei-
ther 3 or 4 Mo atoms along the edges (we will refer to
these models as 3-Mo and 4-Mo), in order to study pos-
sible distortions of the lattice. In contrast to our choice,
other research groups have focused on different slab sys-
tems to study the MoS2 surface properties, hexagonal
MoS2 nanoclusters or triangular MoS2 nanoclusters de-
posited on a gold surface [3, 23–25].

Early theoretical calculations have shown the S-
monomer and S-dimer edge configurations to be the
most energetically favorable for the saturation of the Mo-
edge [2, 3, 22]. They correspond respectively to 50% and
100% of sulfur coverage. Moreover, the degrees of S-
coverage that better match the experimental findings are
0%, 50% and 100% [19]. Therefore, and taking also into
account the measured stoichiometry, two models of sulfur
saturation were tested: (i) 50% coverage of the Mo-edge
(one S atom for every Mo at the edge) and no modifica-
tion of the S-edge (50%–100% model); (ii) 100% coverage
of the Mo-edge, with two S atoms for every Mo at the
edge (100%–50%). In this case half of the S atoms are
removed from the S-edge in order to preserve stoichiom-
etry.

Our calculations were performed within DFT using the
code Abinit [26], the Perdew-Burke-Ernzerhof [27] func-
tional for the exchange-correlation potential and norm-
conserving pseudopotentials [28]. In order to determine
the most stable atomic position, all atoms were allowed to
relax until the forces were less than 0.1 mHartree/Bohr.

In all cases we explored, the structures containing
two basal planes (depicted in Fig. 2) turned out to be
more stable than the single-plane structures proposed in
Ref. [13]. Therefore, in the following we focus on the
double-plane structures only. In any case, both the opti-
mized geometries and the electronic properties of single-
and double-plane wires are rather similar in our calcula-
tions, so all our conclusions are valid also for the single-
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FIG. 2: Schematic view of the isolated double-layer nanowires
(4-Mo structures) for the two different saturation models (a)
50%–100% and (b) 100%–50%. Gray (Yellow) spheres: Mo(S)
atoms. (c) and (d) Side view of the relaxed double-layer 50%–
100% supercells for the 3-Mo and 4-Mo model. (e) and (f)
Side view of the relaxed double-layer 100%–50% supercells for
the 3-Mo and 4-Mo model.

plane case.
Upon geometry optimization the inner atoms remain

quite unaffected, with the largest distortions appearing
for the S and Mo atoms at the edges. Further relevant
findings were (see Fig. 2): (i) For the 50%–100% model,
using the 3-Mo unit cell, the saturating sulfurs at the
Mo-edge are equidistant and arranged as a linear chain.
(ii) For the same S-coverage, but with the 4-Mo unit
cell, these sulfur monomers form a zigzag chain and are
slightly paired. This effect can not be present in (i) due to
symmetry constraints imposed by an odd number of Mo
atoms along the edge in the unit cell. (iii) For the 100%–
50% model and the 3-Mo unit cell, the sulfur atoms at the
S-edge form an asymmetric zigzag chain and at the Mo-
edge the S-dimers are equidistant. (iv) Finally, for the
100%–50% model and the 4-Mo unit cell, the sulfurs at
the S-edge form a symmetric zigzag chain, while at the
Mo-edge the dimers become paired (S–S=2.80–3.52Å).
Once again, the pairing is not allowed in the simulation
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FIG. 3: Comparison of experimental and simulated STEM
images with the 100%-50% model for a defocus value of 100kV
and a third-order spherical aberration of 0.5mm.

using a 3-Mo supercell, due to the symmetry constraint.
One could expect that the pairing of the S-dimers is a
sign of a Peierls distortion [29] leading to the suppression
of the metallic character, and consequent modification of
the catalytic properties of the nanowire. In the following
we will show that this is not the case. Finally, in our cal-
culations, the 50%–100% coverage appeared as the most
stable, but the tiny energy difference (∼mHartree per
atom) among all configurations studied probably imply
that in the experiments one finds a mixture of different
structures.

To assess the quality of our models we performed
experimental scanning transmission electron microscopy
(STEM) measurements, and compared them with simu-
lated images (Fig. 3). The simulated STEM micrographs
were prepared using the FFT multislice technique [30], as
implemented in the STEM module of the xHREM simu-
lation suite [31]. The electron beam voltage of the virtual
microscope was set to 100kV, and the third-order spher-
ical aberration was defined to be 0.5mm. In order to
simulate HAADF micrographs, the detector was set to
work at collection angles between 82.6 and 147.5 mrad.
For every model structure, we simulated several micro-
graphs at different defocus and orientations, and each
simulated micrograph was compared against the exper-
imental ones. From these comparisons we were able to
choose the model and orientation that matches the mean
features of the real structure. Figure 3 shows the re-
sult of these comparisons. At the left side of the figure
we show the simulated HAADF-STEM micrograph cor-
responding to the 100%–50% 4-Mo model. The image
was generated using a defocus value of 400 Å, close to
the Scherzer condition. Oriented as shown in the figure,
the model generates two rows formed by high intensity
spots that correlate with the Mo columns. The distance
between these rows is 6.7Å, while the spacing between
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FIG. 4: (a) Band structures of the 50%–100% nanowires for a
3-Mo and a 4-Mo supercell. (b) Band structures of the 100%–
50% nanowires for a 3-Mo and a 4-Mo supercell. (c) Isosurface
of the wavefunction of the 50%–100% 3-Mo nanowire for the
first k point going from Γ to X that crossed the Fermi energy.

bright spots is 2.7Å. These features have a remarkable
agreement with those found in the real micrograph shown
at the right side in Fig. 3. The Mo spot elongations can
be attributed to the contrast and resolution of the mi-
croscope, and in less extent to the subtle tilting of the
NWs. S atoms produce a weaker signal, as the intensity
depends on the atomic number. Currently, STEM by
itself is not able to differentiate between S-coverages.

The calculated electronic band structures for our quasi-
one-dimensional systems are depicted in Fig. 4. The
bands appear in groups of two almost degenerate bands
due to the presence of two rather symmetric layers in
the unit cell. The small deviations from exact degener-
acy can be ascribed to geometry distortions during the
structural optimization. Band structures corresponding
to different models differ strongly, concerning the num-
ber of bands crossing the Fermi energy, band dispersions,
band widths, etc. Interestingly, the MoS2 nanowires ap-
pear to be always metallic regardless of the sulfur satura-
tion of the Mo-edges and the number of Mo atoms along
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the edges, with always several bands crossing the Fermi
energy. This is also true for the 4-Mo 100%–50% model,
where we observe a strong pairing of the S-dimers. This
result rules out the possibility of a Peierls metal-insulator
instability.

To investigate the origin of the metallic character of the
nanowires, we looked at all Kohn-Sham wave-functions
corresponding to the states in proximity of the Fermi en-
ergy (see e.g. Fig. 4). We found out that the metallic
states are always localized at the edges, so that these
nanowires can be viewed as true one-dimensional con-
ducting systems. In the case of the 100%–50% coverage,
the metallic states are found either on the S-dimers or
on the Mo atoms just beneath them. For the 50%–100%
model, the one-dimensional metallic states are localized
either on the Mo chain at the Mo-edge or on the S atoms
at the S-edge. The existence of these metallic states at
the edges is extremely important for they have been re-
lated to the catalytic properties of MoS2 nanostructures
and suggested as one of the main ingredients for the cat-
alytic enhancement [3–5, 13].

The fact that the conductivity happens along the edges
(see panel (c) of Fig. 4) can lead to new phenomena re-
lated to electron correlation effects in one-dimensional
conductors, that can be accessed by transport experi-
ments. There is a similar situation in graphene nanorib-
bons (although with a completely different physical ori-
gin) where one-dimensional edge states are responsible
for a wealth of interesting properties, including spin-
Hall conductivity, valley-filtered transport, magnetism
and superconductivity [32].

Clearly, we cannot completely rule out the possibility
of semiconducting MoS2 nanowires. For example, the
eventual twisting of the wires might influence drastically
their electronic properties, in a similar way as shown
for Mo6S6 nanowire bundles [12]. However, it is un-
likely (and unsupported by experimental evidences) that
a small bending completely destroys the one-dimensional
states at the edges and therefore the metallic character
of the system.

Under the indicated experimental conditions, one ob-
serves that narrow bundles of NWs are more abundant
than isolated NWs. Therefore, in order to complete our
study we also made calculations for MoS2 nanoplatelets
by repeating the nanowires in the direction defined by
the c-axis of the bulk (separated by the same distance
as the layers in the bulk). These structures turn out
to be slightly more stable than the isolated nanowires.
However, the electronic properties of the nanoplatelets
are very similar to those of the corresponding isolated
nanowires, exhibiting metallic states with exactly the
same character. Furthermore, the dispersion in the new
periodic direction is quite small, reflecting the weak in-
teraction between the different MoS2 layers.

DFT calculations systematically underestimate the
band gap. In some cases, the most notorious being per-
haps germanium, the calculated ground state is metal-
lic while experimentally the material is a semiconductor.
Sophisticated many-body calculations (such as GW cal-
culations [33]) correct this problem but are too time con-
suming to be applied to our systems. However, in the
case of MoS2 nanowires, we can reasonably expect the
system to be metallic based on standard DFT calcula-
tions, since there are many bands that cross the Fermi
level, and the Fermi energy is generally close to the mid-
dle of the band. It is therefore safe to assume that a GW
calculation would not open an energy gap.

In view of the above, the ideal scenario to enhance
catalysis would be to have filamentous or spiky nanocat-
alysts (nano-urchins) composed of very long, narrow and
thin MoS2 nanowires, oriented in order to expose as many
active-edges as possible. Such structures would also fa-
vor the creations of kink sites, thereby increasing the
number of active sites where eventually sulfur-containing
molecules are absorbed in hydrodesulphurization process.
The experimental goal is therefore to determine the op-
timal sulfiding conditions to reach this optimal configu-
ration.

Summarizing, we investigated bundles of, as well as of
isolated MoS2 nanowires. The slab models were based
on experimental HAADF images of needle-like MoS2

nanoparticles. An excellent agreement between the sim-
ulated STEM and the experimental images is found. All
the studied nanowires are metallic, with one-dimensional
metallic states localized at the low-Miller-index edges.
However, the system do not experience a Peirls-like metal
insulator transition.
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