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Tungsten and molybdenum dichalcogenides have a layered
structure similar to that of graphite. Hollow fullerene-like
nanoparticles (inorganic fullerenes (IFs)) and nanotubes
(inorganic nanotubes (INTs)) have been synthesized from
these inorganic compounds.' Theoretical investigations
provided a basic understanding of the electronic and mechan-
ical properties of the INTs.[*”

These materials are currently being contemplated for
numerous applications, in particular, as superior solid lubri-
cants and as impact-resistant nanocomposites.”! Bulk syn-
thesis of the IFs normally yields quasispherical nanoparticles
with at least 20 molecular layers and outer diameters of
greater than 30 nm. In early work, the formation of hollow
MoS, clusters with octahedral or tetrahedral shapes was often
observed.?*!% Laser ablation was used to produce MoS,
nano-octahedra with diameters of 3-5 nm.!"!

These closed nanocages are the smallest IFs.'12 Herein,
the small hollow nano-octahedra and the quasispherical
nanoparticles (diameters larger than 30 nm) are termed
(inorganic) fullerenes and fullerene-like nanoparticles,
respectively. A detailed understanding of their structures
and physicochemical properties is still lacking.

Structural models of single-layer fullerene-like MoS,
nanoparticles with squarelike defects were investigated
using a universal force field.”®! These results were used to
model high-resolution transmission electron microscopy
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(HRTEM) images. The geometries of small fullerenes of
different shapes were optimized using molecular mechanics,
and the electronic spectra of the fullerenes were analyzed
using the semiempirical extended Hiickel method.' The
electronic structures of the “ultrasmall” fullerene cages
MX,),s M =Ti, Zr, Nb, Mo, X=S; M=Fe, Ni, Cd, X=
Cl) were calculated without geometry optimization by using a
method based on density functional theory (DFT).['”]

Herein, the results of DFT calculations on MoS, ful-
lerenes are presented. A detailed investigation of the
synthesized nano-octahedra by electron microscopy allowed
an instructive comparison with the predicted structures.
Moreover, the calculations were extended to larger multi-
walled MoS, nanoparticles through the use of several
approximations. The calculated phase diagram of hollow
MoS, nanoparticles could be directly compared to the
experimentally observed structures. Our study focused on
stoichiometric nano-octahedra. A more detailed study includ-
ing nonstoichiometric nano-octahedra will follow.

As depicted in Figure 1a, there are two ways to “cut”
triangular nanoplatelets from an MoS, monolayer. In case I,
there are Mo—S bonds perpendicular to the edges of the
triangle. In case II, there are Mo—S bonds parallel to the
edges of the triangle. The association of these triangular
fragments leads to closed stoichiometric polyhedra of octa-
hedral shape, in which squarelike defects occur at the corners
(Figure 1b). The edge lengths of the fullerenes are deter-

Figure 1. Structures constructed from a hexagonal MoS, monolayer
with the lattice constant a: triangle faces “cut” in two possible

ways (a; | and I1), the ideal apex (with a squarelike defect) of a
stoichiometric MoS, fullerene (b), the DFTB-optimized structure of an
(MoS,)ss fullerene, which degraded to Mos;6S1149 (c), and the structure
of the Mos;S1149 fullerene after an MD simulation at 300 K (d).

Mo red, S yellow.
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mined by the number of hexagons that lie on the “cutting”
edges of the triangles.

In Figure 2a, TEM images of a three-layer nano-octahe-
dron at various tilt angles are shown. Corresponding views of
the model structure are shown in Figure 2b. The agreement
between the observed and the calculated structures is
remarkable.

Figure 2. TEM images of a three-layer nano-octahedron at various tilt
angles (a) and corresponding views of the model structure of an
(M0S,) 784@ (M0S,)1206@ (M0S,) 1936 fullerene (b). Note the similarity
between the experimentally observed and model structures.

The stoichiometric fullerenes (MoS,), with x =12, 16, 36,
48, 64, 100, 108, 144, and 576 were investigated using the
density-functional-based tight-binding (DFTB) approach (see
Experimental Section). Geometry optimizations revealed
that the octahedral shapes initially assigned to the small
fullerenes (with x < 64) are unstable. In contrast, for the larger
(MoS,), fullerenes (with x > 100 and diameters greater than
2 nm), the hollow octahedral structures were found to be
stable. Upon optimization, the faces of the nano-octahedra
remained unchanged, and only minor changes occurred along
the edges. However, two sulfur atoms evaporated from each
of the six corners, leading to the composition Mo,S,, |,
(Figure 1¢). DFTB-molecular dynamics (MD) simulations
revealed considerable distortion at the corners of the initial
structures, whereas the integrity of the faces and edges of the
octahedron was preserved (Figure 1d). This result can be
attributed to the high strain energy at the corners of the nano-
octahedra. In addition, it explains the absence of small MoS,
nano-octahedra (diameters less than 1.5 nm) in the laser-
ablation product (see below).

The quantum-mechanical simulations indicated high
strain at the corners of the MoS, nano-octahedra. The strain
energy decreases with increasing size of the nano-octahedra.
As a systematic investigation of the stability of fullerene-like
MoS, nanoparticles consisting of several thousands of atoms
is currently impossible using quantum-mechanical calcula-
tions, a phenomenological model for the energetics and
stability the nanoparticles was developed. This model bears
some similarity to one used to predict the stable structures of
MoS, and WS, nanotubes, and TiO, nanoscrolls.” !¢l

Octahedral fullerenes are characterized by six squarelike
defects (at the corners). The faces of the nano-octahedra can
be represented as single-layer triangular nanoplatelets. The
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total energy E; of such octahedral fullerenes can be expressed
by Equation (1), where N;, N,, and N, are the numbers of

E;=N;&+N,¢ +N,¢, 1)

molybdenum and sulfur atoms at the faces, edges, and corners,
respectively. N; and N, are determined by the edge length of
the particle (Figure 1a), and N, is constant (36 atoms). The
sum of N;, N,, and N, is the total number of atoms N. ¢;, ¢,, and
&, are the corresponding energies per atom. For multilayer
fullerenes composed of k shells, the energy of the van der
Waals interaction ¢4y between the layers can also be
considered. The total energy per atom E/N can then be
expressed by Equation (2). The energies ¢, ¢, and ¢, can be

k
& 2—31 VNi(y/N;—6) + ¢, > (6V/N;—=36) +36¢, k 1
=—= = T Evaw

2|
Mk
=

)

calculated by using the DFTB method, which was previously
applied in calculations on single-walled MoS, nanotubes.*”
The value of e,y was taken as twice the measured surface
energy of MoS,.!'”! The difference between the numbers of
atoms N; and N;_; for two shells of a multilayer nano-
octahedron can be determined from the lattice constants a
and ¢ of bulk 2H-MoS, [Eq. (3)].

SNV = 3vas ®

The relative stabilities of the MoS, nano-octahedra were
compared with those of triangular MoS, nanoplatelets. In
Figure 3, the energies per atom E/N of nanoplatelets and
octahedral fullerenes with different numbers of layers k are
plotted as a function of size N. The energies are roughly
proportional to 1/N. Single-walled MoS, nano-octahedra were
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Figure 3. The dependence of the energy per atom E,/N on the total
number of atoms N for various MoS, nanostructures: triangular nano-
platelets, octahedral fullerenes with k shells, and spherical fullerene-
like nanoparticles with k shells.
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found to be less stable than nanoplatelets over the whole size
range. Furthermore, the stability of the nano-octahedra
increases proportionally with the number of layers. These
results are consistent with published experimental data>!]
and with the experimental results reported below. Indeed,
single-walled octahederal nanostructures of the transition-
metal dichalcogenides have not yet been observed.'!
Furthermore, the calculations show that multiwalled octahe-
dral MoS, fullerenes with more than 12500 atoms are more
stable than the corresponding nanoplatelets.

The present approach also allows the estimation of the
relative stabilities of quasispherical fullerene-like MoS, nano-
particles (Figure 3). The results explain the experimental
observation that these quasispherical nanoparticles occur in
much larger sizes than the nano-octahedra. The exact nature,
number, and distribution of the defects causing the spherical
topology of these MoS, particles are not yet known. However,
it can be assumed that their number is quite small compared
to the total number of atoms in the nanoparticle and, thus,
that the stability of the nanoparticle is mainly determined by
the strain energy. The strain energy of a spherical particle is
inversely proportional to the square of the sphere radius and,
therefore, to the number of atoms N; within a fullerene-like
shell. Taking the van der Waals interactions between the
shells into account [Eq. (2)], the energy per atom E/N for a
spherical MoS, nanoparticle with k layers can be expressed by
Equation (4). Considering elasticity theory,!® the factor 8 can

5*5-&- LS +E£
N_ i iN k vdW (4)
i

=

be obtained from investigations on single-walled MoS, nano-
tubes.”! The relationship between the numbers of atoms N;
and N, in two adjacent concentric shells is given by
Equation (5).

= 0

In Figure 3, the energies per atom are calculated for
hollow spherical MoS, nanoparticles with various values of k.
Analogously to the nano-octahedra, the single-walled spher-
ical nanoparticles are less stable than nanoplatelets over the
entire range of V. The stability of the hollow spherical
nanoparticles increases dramatically with the number of
layers. The most important result is the crossing of the energy
curves for the nano-octahedra and the nanospheres at sizes
less than 100000 atoms. Thus, the present calculations reveal,
in full agreement with the experimental data (see below), a
peculiar dependence of the shape of MoS, nanoparticles on
their size. Multiwalled octahedral MoS, fullerenes represent
an intermediate allotropic form between small nanoplatelets,
which are stable with hundreds to thousands of atoms, and
multiwalled quasispherical fullerene-like particles, which are
stable with more than 10° atoms (diameters greater than
30 nm).

To verify the results of the calculations, nano-octahedra
were produced by the laser ablation of MoS, and were
analyzed by TEM, HRTEM, and the associated techniques of
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electron diffraction (ED) and electron energy loss spectros-
copy (EELS). Many of the nano-octahedra were nonperfect.
For example, the angles at the corners of some of the nano-
octahedra were not sharp; at least one of the visible corners
was rounded. Pairs and even triplets of nano-octahedra with
either a common wall (face) or edge were also observed. Thus,
the TEM images confirm the theoretical prediction of high
strain energy at the corners of these nanoparticles.

To compare the predicted size region of stability of the
nano-octahedra to the experimental observations, we per-
formed a quantitative analysis of the edge lengths of the nano-
octahedra (using a procedure similar to that described by
Parilla et al.'). Our results are summarized in Table 1. In

Table 1: Average edge lengths and total number of atoms for nano-
octahedra produced by the laser ablation of MoS,.

Layer Average edge length® Average number of atoms
in shell!

4 158446 3048 (1428, 4776)

3 13.34+35 2004 (1176, 3444)

2 9.9+3.1 1176 (564, 2004)

1 6.2+3.1 408 (34, 948)

Average 10.8 £ 4.4 1428 (408, 2676)

[a] In units of a=3.16 A, the lattice constant of 2H-MoS,. Standard
deviations are given. [b] The minimum and maximum number of atoms
in the shell are given in parentheses.

agreement with our predictions, no single-walled fullerenes
were observed: all of the nano-octahedra consisted of several
layers. The largest nano-octahedra had outer shells with edge
lengths of 24-25 times the acell parameter. This length
corresponds to 2300-2496 molybdenum atoms per shell (or
approximately 25000 atoms (both molybednum and sulfur) in
total for a five-layer nano-octahedron), which is less than the
upper value of approximately 10° atoms calculated with our
model (Figure 3). The average shell size was determined from
all of the nano-octahedra investigated herein. Both theory
and experiment clearly indicate the existence of a window of
stability for octahedral nanoparticles.

Different types of MoS, samples were analyzed by EELS.
The spectra recorded for plates of 2H-MoS, showed high
signal-to-noise ratios and very distinct Mo L, and S K peaks.
The S/Mo ratio was determined by integrating the S K edge
relative to the MoL;, edge. The 2H-MoS, plates were
analyzed in two configurations, with their ¢ axis either parallel
(|l ¢) or perpendicular (L c) to the beam (that is, with the
{MoS,} sheets in the structure perpendicular or parallel to the
beam). The EELS signal and, consequently, the S/Mo ratio
showed a strong orientation dependence. For the Lc¢
orientation, an average S/Mo ratio of 1.95+0.2 was deter-
mined, while for the || ¢ orientation, a ratio of 1.65 £0.2 was
determined. For multilayer quasispherical fullerene-like
nanoparticles (diameter of 50 nm)," an orientation-inde-
pendent S/Mo ratio of 1.6 + 0.1 was determined, which served
as a reference for determining the S/Mo stoichiometry in the
nano-octahedra. For the analysis of the laser-ablated samples,
the illuminated area was no larger than 50 nm? and typically
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contained two to four nano-octahedra and some amorphous
material. The intensity of the SK peak was significantly
reduced in the spectrum of the nano-octahedra: the S/Mo
ratio of 1.3+0.1 corresponds to a sulfur deficiency of
approximately 35% with respect to the composition of the
quasispherical fullerene-like nanoparticles. Several tests were
done to confirm that no beam damage took place during the
EELS analysis. The measured sulfur deficiency may also
reflect a low S/Mo ratio in the amorphous material between
the nano-octahedra.

Quantitative analysis of the low-energy regions of the
spectra was also undertaken. The plasmonic part of the
spectrum of the nano-octahedra was compared with those of
the larger quasispherical fullerene-like nanoparticles and the
2H-MoS, plates. For the fullerene-like MoS, nanoparticles,
the statistically averaged peak occurred at (24.6 +0.3) eV and
its full width at half maximum was 9.8 eV; for the nano-
octahedra, the peak occurred at (23.7+0.4) eV and had a
width of 16.9 eV. The broadening of the plasmon peak in the
spectrum of the nano-octahedra can be ascribed to the large
contribution from the surface plasmon near 16 eV.""! This
contribution may also be the reason for the shift of the
plasmon peak to lower energy. The overall similarity between
the two spectra is an indication of the close relationship
between the nano-octahedra and the 2H-MoS, plates.

An example of an electronic density of states (DOS) curve
calculated for an octahedral Mo,S,,_;, nanostructure is shown
in Figure 4. The DOS profiles of the fullerenes are quite
similar to those of semiconducting MoS, nanotubes and bulk
2H-MoS,."! Although the general features of the electronic
structures are the same in all these cases, those of the hollow

@ [

DOS

(b)

DOS

-15 -10 -5 0 5
E/eV

Figure 4. Molybdenum (a) and sulfur (b) DOS curves for an Mo,0Sss
nano-octahedron (calculated using the DFTB method). d states ——-,
p states ----- , S states eeeee ; 0 eV corresponds to the HOMO energy
(Fermi energy).
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fullerenes exhibit metallic character. The gap between the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) does not exceed a few
hundredths of an electronvolt, irrespective of the size of the
nano-octahedron. The valence band (—7.5 to 1.5eV) has
mixed Mo 4d and S 3p character. The states near the HOMO
(Fermi energy) and the LUMO of the octahedral Mo,S,,_;,
fullerenes have mainly Mo 4d character.

A Mulliken charge-distribution analysis reveals a charge
transfer from the molybdenum to the sulfur atoms. The
charges in an MoS, monolayer or nanotube are —0.453 and
40.906 for the sulfur and molybdenum atoms, respectively.!
For an octahedral Mo,S,, ;, fullerene (for example,
Mos;6S1140) average charges of —0.41 and —0.47 are calculated
for the internal and external sulfur atoms, respectively, and a
charge of +0.91 is calculated for the molybdenum atoms.
Similar differences between the charges of the internal and
external sulfur atoms were found for MoS, nanotubes.™

In summary, atomic models of molybdenum sulfide
nanoparticles with fullerene-like structures were constructed.
For the first time, their stabilities and electronic properties
were investigated as a function of particle size using the
DFTB method. Our calculations and MD simulations indicate
that stoichiometric single-walled MoS, fullerenes with octa-
hedral shapes and sizes of a few hundred atoms are unstable.
This instability is attributed to the high strain energy at the
corners of the MoS, nano-octahedra. Furthermore, in good
agreement with the experimental data, the model calculations
show that multiwalled nano-octahedra are stable in a limited
size range of 10°-10° atoms. Larger particles are converted
into multiwalled MoS, nanoparticles with quasispherical
shapes.

The electronic properties of the molybdenum sulfide
nano-octahedra are found to be radically different those of
the bulk solid. Nanoplatelets, nanotubes, and quasispherical
nanoparticles of MoS, are semiconductors. In contrast,
irrespective of their size and exact stoichiometry, all hollow
octahedral molybdenum sulfide fullerenes exhibit a nearly
vanishing gap between the HOMO and the LUMO, which are
mainly of Mo 4d character.

The results presented herein should stimulate further
experimental investigations, which will lead to the elucidation
of the structure and the physical properties of the inorganic
fullerenes and related nanostructures of MoS, and other
layered compounds.

Experimental Section

All calculations were performed using the DFTB method®”! with full
geometry optimization. MD simulations (constant number, volume,
and temperature (NVT) ensemble) were performed for the optimized
structures. The energies in Figure 3 are given in Hartree units (1 H=
272114 eV).

MoS, nano-octahedra: MoS, powder (Sigma Aldrich, 99.5% ) was
pressed into a pellet (diameter of 17 mm). The samples were heated at
450-700°C in a quartz reactor. Laser ablation was conducted using
pulses from a mildly focused frequency-doubled Nd:YAG laser
(532 nm, 10 Hz, 8 ns, ca. 60 mJ per pulse, duration 20 min). The beam
was scanned continuously across the pellet surface. The generated
soot was flushed back downstream by flowing argon/helium gas
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(760 Torr, 200 cm®*min~') and was collected on a quartz substrate
outside the oven.

The collected powder was sonicated in ethanol, placed on a
carbon/collodion-coated copper grid, and analyzed by TEM (Philips
CM-120, 120 kV). Furthermore, HRTEM (FEI Tecnai F-30, 300 kV)
with an imaging filter (Gatan GIF) was used for EELS. Energy
dispersive X-ray spectroscopy (EDS; EDAX Phoenix) was also used.
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