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Pulsed laser vaporization has been used to produce nanooctahedra ocdmdooSe. The nanooctahedra
primarily form in two- or three-layer nested octahedra, although nesting up to five layers has been observed.
Tilting the TEM sample stage and mapping how the images of single particles transformed provided the
evidence to verify their octahedral geometry. Analysis of 30 two- and three-layered octahedra showed that
their outer edge lengths clustered~a3.8 nm and~5.1 nm, respectively. This discreet sizing and the high
symmetry of these closed nanooctahedra represent the closest inorganic analogy yet to the carbon fullerenes.
The geometrical implications for forming octahedra from these layered compounds are investigated by
considering different atomic arrangements assuming either trigonal prismatic or octahedral coordination around
the Mo atom and yields two possible configurations for the actual structure of the nanooctahedra. A preliminary
survey of pulsed laser vaporization of other layered metal chalcogenides shows that these dichalcogenides
differ in their tendency to form small closed layered fullerene-like structures. These materials can be ranked
from highest tendency to lowest as follows: NbS#&S,, WSe, SnS, TaS, GaS, Reg and MoTe.

matches the conditions used to form Buckminsterfullefene.
Recently, the search for inorganic fullerene-like materials has

The discovery of carbon fuIIer_erﬂe_and nanotubéshas led continued by examining more energetic synthetic techni§us
to a vast research area generating interesting science and new layered materiai$14-16 The analogy with carbon

s i
technologies:> It also has led to the natural question of whether however, is not complete since caged structures with discreet

analogous structures can be found in inorganic materials. Thesizes and shapes appear to be rare and, only recently, have been

term “fullerene” applies to caged carbon structures formed by o nrated outside of the carbon famiy?-18Similar to the

]Ehe se(?mlﬁss [[r;]tegtrattlclan of gra||oh|te f:jagbmegts. IC;Iosmgre (;Scarbon fullerenes, closed inorganic cages should be highly
avored when the fotal energy lowered by dangiing bon symmetric and occur in specific sizes with discreet increases
elimination outweighs the energy costs of curvature-induced

Introduction

strain and bonding defects necessary for closure. The smalles . . . .
d The transition-metal dichalcogenides, MXvhere M is a

cages are stable when strain energy is adequately distribute
by a highly symmetric structure that also satisfies bonding
requirements. This last concept is the defining characteristic of
a “true” fullerene, such as g& Initial studies to investigate
fullerene-like structures in layered inorganic materials such as
BN and MX; (M=Mo, W; X=S, Se) resulted in the discovery
of nested polyhedra and nanotulfe$These discoveries proved
that inorganic materials could form closed layered structures
analogous to the larger fullerenes such as “bucky onions” and
multiwall carbon nanotubes.

The conditions needed to produce smaller closed structures

are distinctly different than those to produce large ones. The

smaller structures represent a local minimum in the free energy

of formation within a restricted configuration space. Specifically,
they form under conditions where the local number of atoms
remains small and the energy of the constituents is large enoug
to allow adequate sampling of structural conformations to reach
the local minimum. Furthermore, once this minimum has been
found, the energy should be removed from the structure to
prevent a larger, more stable structure from forming with the
eventual encounter with more material. This description exactly
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%'n the number of atoms from one size to the next.

transition metal and X, a chalcogen, have been investigated for
fullerene-like behavior due to their tendency to form layered
structures. A single layer consists of a strongly boureMk—X
sandwich that is weakly stacked with other layers. The crystal
structures vary in the number of layers per unit cell and how
the layers are aligned with respect to one ancth&hus, the
layered transition-metal dichalcogenides are excellent analogues
to graphite. Another important and distinguishing characteristic
for these compounds is the bonding coordination of the metal.
Primarily, this occurs in one of two variants, either trigonal
prismatic or octahedral coordination. The octahedral coordina-
tion can be further subclassified as being distorted (usually with
metal-metal bonding) or undistorted. As an example, Figure
1la shows the unit cell of MaSn its most common molybdenite

hform (2H—MoS,, P6s/mmg. The Mo atoms form a layer that

Is sandwiched above and below by S layers and form a trilayer
sheet (Figure 1b). Within each layer of the trilayer, the atoms
reside on a trigonal lattice and are aligned with respect to each
other, resulting in trigonal prismatic bonding coordination for
the metal (Figure 1c). In contrast, exfoliated Mdfas octahedral
metal bonding coordination (1T-MgBas shown in Figure 1¢.

The two coordinations are very similar to each other, and one
can be obtained from the other by rotating the upper three atoms
with respect to the lower three atoms by 60 degrees in the plane.
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Figure 1. (a) The unit cell for 2H-MoS; shows that each Mo (small
dark sphere) layer Isaa S (large light sphere) layer above and below
it to form a trilayer sandwich. There are two trilayers per unit cell in
2H—MoS,. (b) A single trilayer sheet showing trigonal prismatic
coordination around the Mo atom. The S atoms have trigonal pyramidal
bonding with the Mo. (c) Trigonal prismatic coordination found in bulk
2H—Mo0S;. (d) Octahedral coordination for 1T-Me®und in exfoliated
samples.

In its most common form, molybdenum diselenide, MgSe Figure 2. Typical TEM images of the different types of structures
isostructural with 2H-MoS,. Both of these materials, as well  found in the soot collected from laser vaporization of Md&ructures

as other layered metal chalcogenides, are used in this investigainclude (a) roughly spherical particles, (b) a variety of nested polyhedra,
tion of the formation of fullerene-like materials. and (c) tubes with diameters ranging between 15 and 35 nm. The image
in (d) shows a tube that is asymmetrically coated with amorphous

This report provides the details of producing highly symmetric material and the hollow interior is clearly visible (arrow).

two- and three-layer nanooctahedra of Magd MoSe by
pulsed laser vaporization and the evidence supporting their

octahedral fstlrlucture.”Thesegna(jrl(?qctai};edra may be the firqst U&ther layered chalcogenide compounds for evidence of inorganic
norganic Tutierenes (IFs}® Additionally, we report onthe  ¢jerenes and fullerene-like structures. Examined materials
initial investigations of other layered chalcogenide compounds ;.. ded MoSe MoTe, WS, WSe, SnS, GaS, Tas NbSe
for evidence of inorganic fullerene structures; many of these 5 Reg Target preparation proceeded similarly as above, using
show promising indicators and deserve further investigation. . respective bulk powders with the exception of Sa8d

. ) GaS, where large single crystals grown via a Bridgman
Experimental Section technique were used. The laser vaporization was performed

MoS; targets were prepared by pregsBig of 98-% MoS, under 200 Torr of argon and with other conditions as stated
powder (Aldrich and Alfa) in a 28.8 mm dye at room above. . o
temperature for 5 min at 10 metric tons. The targets were |ransmission electron microscopy (TEM) examination of the
positioned in a 1.5 in. diameter quartz tube enclosed in a S8mples was done using a Philips CM-30 microscope operating
clamshell single-zone furnace. The tube was evacuatee2to &t 200 kV. Samples were prepared by dispersing a fraction of
Torr and backfilled with helium or argon twice before pressures the soot collected from the reactor wall in acetone or methanol
of 500 to 800 Torr were established with a constant gas flow Py mild ultrasonication, and then placing a few drops onto a
rate 0f~90 sccm. Light from a Lambda Physik EMG-50E KrF  200-mesh lacy carbon grid. X-ray diffraction (XRD¥2¢
excimer laser (248 nm) with an energy fluence~f0 J/cr? measurements were used to determine the crystalline phase
(~300 mJ/pulse~20 ns pulse width) was directed through a composition of the_ Iaser-ggnerated soot. The diffractometer is
window and down the tube to the target. Pulsed laser vaporiza-a Scintag PTS 4-circle goniometer with a Ca linode source
tion (PLV) occurred with 8 Hz pulses while the beam was OPerating at 45 kV/40 mA and a solid-state bboled Ge
manually rastered to a new position on the target every 4 min X-ray detector coupled to a single channel analyzer. Raman
for a total of 20 min. Black soot deposits formed on the tube SPECtroscopy was performed using mW of the 488 nm line
both in front of and behind the target. A series of experiments Of an Arion laser with a resolution of 24 cm . The scattered
with the chamber/target temperature ranging between 30 andl!ght was analyzed with a Jobin Yvon 270M spectrometer with
600 °C were performed. a 2400 grooves/mm grating equipped with a I|qU|d-n|trogen-

A second PLV system using a Nd:YAG laser allowed better cqoled Spectrum One CCD and a holographic notch filter. A
control of the experimental parameters. Improvements included Nikon 55 mm camera lens was employed both to focus the beam
better vacuum and gas flow capabilities and the introduction of ©" the sample to &0.25 mn# spot and to collect the Raman
an automatic laser beam raster. Target preparation followed theScattered light.
same procedure as the excimer laser experiments. After placingResults and Discussion
the target in the 2 in. diameter quartz tube, it was evacuated to
~20 mTorr and backfilled with argon to pressures ranging from  Synthesis.Material collected from the initial experiments
20 to 1000 Torr under a flow of~100 sccm. The Nd:YAG using the excimer laser Mg$argets and performed at temper-
laser for this system has both long-pulse and Q-switched modesatures between 30 and 500 contained crystalline and
as well as a higher energy output up to 1 J/pulse. Experimentsamorphous fractions as observed by TEM. The XRD data of
were performed at 10 Hz with the long pulse mode and averagethe soot identified four crystalline phases (Mo, S, Mo&d a
powers ranging from 4 to 6 W. The beam was continuously small amount of MgSs) with no unidentified peaks. The
rastered over the target at a rate~e2 mm/s. The runs lasted crystalline material included large sheets, roughly spherical
for 1000 s to 10,000 s and were nominal at room temperature. particles (Figure 2a) and a variety of nested polyhedra (Figure

The Nd:YAG PLV system was used to investigate several



Nanooctahedra Formation by Pulsed Laser Vaporization J. Phys. Chem. B, Vol. 108, No. 20, 2008199

soot material drastically decreased and a film-like coating on
the reactor walls was obtained instead. For runs at 1000 Torr,
almost no soot accumulated onto the reactor wall and rhom-
boidal, rectangular, and hexagonal structures were not found
in TEM images.

TEM Analysis. The small rhomboidal, rectangular, and
hexagonal structures were investigated for closure with TEM
tilting studies. Many individual two- and three-layer structures
were tilted with respect to the incident electron beam, and
images were collected at various angles. The first image in the
series of Figure 3a shows a closed three-layer rhomboidal
projection. Tilting the stage-10° produced a projection with
an increased acute angle and a decreased obtuse angle. Further
tilting for a total angular displacement ef20° resulted in a
projection that is nearly rectangular. Similar behavior is seen
in Figure 3b, where a 2-layer hexagonal image is transformed
into a more rectangular shape, and in Figure 3c displaying the
transformation of another 2-layer hexagon into a rhombus. The
data in Figure 3 and similar data from over 30 different 2- and
3- layered structures clearly demonstrate that these structures
are closed.

The types of transformations observed during tilting are all
consistent with a three-dimensional (3D) octahedron producing
the two-dimensional (2D) projections observed in TEM. The
faces of an octahedron are equilateral triangles that share the
symmetry of the trigonal Mo and S sublattices in MoSor
projections with edges aligned approximately parallel to the
beam, the TEM images show evidence of substantial rounding
at these edges. In contrast, projected images of the vertices
appear relatively sharp; an example of both of these situations
is shown in Figure 4a. Although the exact structure of the MoS
octahedron'’s six vertices presently is unclear, one might expect
either a four-member Mo rifg2 or a single Mo atom to be

c) stable. Figure 4b illustrates a possible Mo trigonal sublattice
Figure 3. TEM images of MoSstructures undergoing transformation fpr these nanooctahedra with the vertices shown as four-member
during TEM stage tilting. (a), (b), and (c) each track different particles N9S.
through the tilting experiments. The relative rotation angle is the number ~ Computer Modeling. The relationship between a 3D octa-
in the upper left corner of each image. The dimension of each image hedron and its 2D projections found in TEM imaging was
height and width is 10 nm. The stick figures below each image are the o, 51504 by mathematical modeling where an ideal octahedron
predicted projection outline calculated from an ideal octahedron . . . -
undergoing an identical rotation (see text). was systemat_lcally _orlented in 3I_3 and pr_OJected ontaztie0

plane. Its orientation was defined using the Euler angle

2b) and tubes (Figure 2c and 2d) with diameters ranging betweenconvention ¢,6,y) around the fixed—x—z axes? The inherent

15 and 35 nm. The nested polyhedra are quite similar to thoseSymmetry of the octahedron ensured that all possible projections
previously reported following the gas-phase reaction between could be generated with only and 6 rotations, both between
MoOs_ and HS at elevated temperaturé<Closer examination 0 and 90. Variations iny only changed the orientation of the

of the soot revealed a population of smaller rhomboidal, 2D projection in thez = 0 plane and not the shape of the
hexagonal, and rectangular TEM projections (Figures 3a left, Projection. The survey was performed in Di@crements ofp

3b left, and 3b right, respectively) approximately3 nm in and@, and the results were tabulated. The most striking feature
size and having two or three layers. A few four- or five-layer Of this survey is that the projection space can be broken into
structures with these geometries were observed, but not intwo regions: 4-sided and 6-sided projections (see Figure 5).
quantities sufficient to allow their systematic study. Qualita- The approximate areal percentages for these two regions are
tively, the density of these structures compared to the densities /2% and 28% for the 4-sided and 6-sided regions, respectively.
of the other Components did not Change Signiﬁcan“y for EXperimentally, classification of the TEM prOjeCtionS into 4-
syntheses performed at or below 500. In contrast, TEM  Or 6-sided shapes does not yield similar percentages, with
analyses of soot produced at temperatures of’&5and above ~ 6-sided projections occurring rarely-{% of the projections).

revealed predominately crystalline folded sheets of Mafh There are a number of possible explanations for this result. One
no smaller rhomboidal, rectangular, and hexagonal TEM projec- Of these is that much of the 6-sided region consists of projections
tions observed. that have two vertices with angles approaching°180ereby

The effects of inert gas pressure on the Synthesis were making it hard to diStingUiSh from a 4-sided prOjeCtion. This is
performed in the Nd:YAG PLV system. At pressures between further exacerbated by the additional ambiguity introduced by
200 and 800 Torr, the material produced by the Nd:YAG laser rounded edges. Another distinct possibility is a nonuniform
showed no qualitative difference to that from the excimer laser; distribution of nanooctahedra orientations on the TEM grid.
however, only ambient (room) temperature runs have been The black bars in Figure 6 show the frequency distribution
performed with the Nd:YAG system. At 20 Torr, the yield of as a function of the vertex angle for all 4-sided 2D projections
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Figure 5. Mapping of how the projections of an octahedron can be
either four-sided (parallelogram, black area) or six-sided (hexagon,
white area). The axes represent rotations according to the Euler
convention ¢,60,1) around the fixed-x-z axes. Onlyp and# rotations,

both between Oand 90, are needed to completely survey the types of
projections produced.
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Figure 6. Histograms comparing model-generated data (black bars)
with the TEM-measured (gray bars) vertex angles for four-sided
projections. Within error, the experimentally measured angles fall
entirely within the expected range for octahedron projection§<71
Figure 4. (a) TEM image of a three-layered nanooctahedron produced 109).

from vaporization using a Nd:YAG laser. The octahedron is oriented

to produce a rhomboidal projection from the electron beam. Notice n5n00ctahedra were observed near the periphery of agglomer-

the visible rounding observed at the edges (obtuse angles) while faint . : : - :
but sharp vertices (acute angles) are also observed. Additionally, thereatecj materials, as required for optimal TEM imaging. These

is a candidate four-layer nanooctahedron partially obscured and situated®ndencies are sufficient to influence the frequency distribution
near the three-layer one. (b) Model of an idealized Mo trigonal sublattice Of the vertex angles and cause the nanooctahedra to not assume

in a nanooctahedron. all orientations with equal probability.

Similar methods were used to analytically model the TEM
that can be produced by an ideal octahedron. The sharp peak atilt experiments. In this simulation, the TEM rotation axis was
90° shows that square and rectangular projections are encounthe only degree of freedom and was constant for all rotations
tered most often while stepping through the6 space. Figure at a given magnification. One image in a rotation series set the
6 also shows a histogram of the measured angles (gray barsEulerian angles and defined the rotation origin. All other
error ~+ 4°) formed by the sides of 28 unique untilted four-  projection shapes could then, in principle, be predicted in a given
sided Mo$ layered structures found during TEM analysis and tilt series. The stick figures directly beneath the TEM images
similar to those in Figure 3. Even though the measured of Figure 3 are the simulated 2D projections of an octahedron
histogram is only weakly peaked at9@ should be noted that  for an identical TEM tilt. The agreement is almost exact in
all angles, within error, fall in the allowed range (71109°) Figures 3a and 3b, giving strong support for the closed 3D
for four-sided projections of an octahedron. The fact that the structure and the existence of Mo&gular octahedra. Not all
histogram of measured angles differs from the calculated tracetilting experiments could be readily modeled, and Figure 3c
also suggests that the Mp®ctahedra may prefer specific  displays one such sequence. Slight movements of the particles
orientations on the TEM grid. For example, almost all of the on the TEM grid during rotation of the stage or perturbations
soot material has substantial van der Waals surfaces that tendy the electron beam are plausible explanations for the observed
to agglomerate to each other and to the TEM grid. For the discrepancy between experiment and modeling. However, it
nanooctahedra, the facets will be the van der Waals surface thashould be emphasized that any individual image can still be
binds it to the other material. Furthermore, most of the represented by a projection of an octahedron.
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to the production process. Additional nested layers would then
produce a discreet size series determined by the nesting
geometry. These same stability issues may also explain why
no single-layer nanooctahedra are observed. Perhaps the van
der Waals bonding between nested octahedra provides an
additional degree of stability needed for these structures to exist.
The results of a recent calculation for metal chalcogenide
nanotubes support this concept. Seifert &t &und that among
small planar sheets (multilayer or single-layer) and nanotubes
(also multilayer or single-layer), only the sheets and mutliwalled
nanotubes are sufficiently stable to be observed. They found
that there existed a critical value in the number of atoms, above
] which multiwall nanotubes are the lowest energy configuration

9 10 11 12 13 14 15 16 17 18 19 20 21 and below which, specific planar sheet configurations have the

Edge Length lowest energy. This calculation can explain why no single-walled
(in units of a axis lattice constant [3.16 A]) metal chalcogenide nanotube has ever been obsétved.

Figure 7. Histogram of Mo$ octahedron edge lengths calculated from For ideal nested octahedra, there is a simple geometric relation
the TEM images. Lengths are in units of theattice constant (3.16  linking the difference in edge lengths of two adjacent layers to
A). The contributions from two- and three-layered structures are shadedihe interplanar distance of the faces. This relation is

differently for clarity. Two pronounced peaks at-123 and 16 lattice
constants are associated with the two- and three-layer species, Ac AN

respectively, and imply that the octahedra tend to form in discreet sizes. a \/é

Nanooctahedra Edge LengthsOur evidence clearly sup-
ports a regular octahedral structure, and with this supposition, whereAc is the interplanar distance (for example, Mo plane to
the octahedral edge length may be calculated from the TEM Mo plane) andAN is the difference in edge lengths of the nested
projections. In particular, with the coordinate-system origin at Mo layers in units of the lattice constant. For bulk 2HMoS,,
the octahedron’s geometric center, the vectors describing thethe Ac/a ratio is 1.945 and implieAN should be 4.76. Since
location of the vertices all have equal magnitudes and adjacentthe edge lengths in units afmust be integers, their difference,
vectors are mutually perpendicular. Using these facts, one canAN, also must be an integer, thereby suggestiyis 4 or,
solve for the vector's magnitude from orthogonal pairs of the more likely, 5 if the bulkAc/a ratio is to be approximately
projected vertices in the TEM images and the resulting edge maintained. The histogram of Figure 7 suggests Afdis 3 or
length is simply +/2 times this magnitude. Figure 7 is a 4 and implies aAc/a ratio less than the bulk. Direct measure-
histogram of the edge lengths (in units of bulk MaSlattice ments of the spacing between the nested octahedra observed
constant, 3.16 A) derived from 30 two- and three-layer by TEM yield 6.2+ 0.6 A, in good agreement with the layer
rhomboidal, rectangular, or hexagonal TEM projections from spacing in bulk Mo$(6.15 A= ¢/2). This TEM value together
samples produced via the excimer laser. A four-sided projection with the histogram result suggest that @éattice constant in
with its four projected vertices has four unique orthogonal pairs the nanooctahedra is larger than the bulk value; however, given
and yields four estimates of the edge length; each of thesethe uncertainty in the measurement, this remains an open
contributes 1/4 of a count to the histogram. Correspondingly, a question. Interestingly, the type of metal bonding coordination
six-sided projection with its six projected vertices has twelve is relevant to this question.
unique orthogonal pairs and yields twelve estimates for the edge Bonding Coordination. Both trigonal prismatic and octa-
length; each of these contributes 1/12 of a count to the hedral metal bonding coordinations occur in Md& the bulk
histogram. The error associated with assigning a given measure-and exfoliated forms, respectively, and so we consider that either
ment to a histogram bin is estimated to #®.5 bins. Two may occur in the nanooctahedra. Both types of metal
pronounced peaks at +¥13 and 16 lattice constants are chalcogenide bonding are common for the general family of
associated with the two- and three-layer species, respectively transition metal dichalcogenidésThat the energy difference
and imply that the octahedra form in discreet sizes. This is between the trigonal prismatic and octahedral coordinations can
significant since the original class of inorganic fullerene-like be small is demonstrated by Ta@nd TaSg having both
materials has shown no indication of discreet skz&he polytypes as well as a polytype with alternating layers of each
nanooctahedra thus represent a new class of inorganic fullerenegoordinationt®2® The energy difference at STP between the
where both high symmetry and discreet sizes are defining octahedral and trigonal prismatic coordinations for TaSe
characteristics similar to the family of carbon fullerenes. approximately 4 kcal/mdl> Comparing this with the heat of

The discreet sizes observed here are a subset of all theformation ¢~ —61 kcal/mot®) reveals only a 7% difference in
possible sizes for these nanooctahedra. The reason this subsehe energies. The octahedral coordination of exfoliated #bS
predominates is unknown at this time. It is possible that this suggests that the energy difference between the trigonal
predominance is an artifact of our production process that may prismatic and octahedral forms of Mgt small?” In addition,
favor formation of this particular subset. More likely, however, the high temperature form of MoT€3-MoTe,) has distorted
is that underlying stability issues exist for the nanooctahedra octahedral metal coordination with metathetal bonding while
that would hinder or preclude formation of certain sizes. For the low-temperature phase.-MoTe;) has trigonal prismatic
example, smaller nanooctahedra have a much higher concentracoordination, demonstrating that the stable bonding geometry
tion of strain since there are fewer atoms to distribute any strain can differ with temperaturé®.
inherent to this closed structure. This high strain may make the  There is currently no definitive evidence to support either
structure unstable, allowing disintegration or transformations the trigonal prismatic or the octahedral coordination in the
to a larger octahedron. The observed nanooctahedra maynanooctahedra. An argument for octahedral coordination is the
represent the minimum size that is reasonably stable with respectievidence for a largea lattice constant discussed previously.

m 2 layers ]
m 3 layers ]

Counts (arb. units)

@)
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For a constant metalchalcogenide bond length, it is expected closed structure. Rather, we consider an idealized MoS
that thea lattice constant in an ideal octahedral coordination octahedron and show that different configurations for the sulfur
will be 8% larger than that in the ideal trigonal prismatic atoms can lead to deviations in stoichiometry, over-saturated
coordination'® In fact, theAc/aratio in eq 1 for ideal octahedral ~ and under-saturated bonding, and atomic crowding. There also
coordination is 1.633, which then predicte = 4, in excellent exist two configurations in which these problems are mostly
agreement with the data of Figure 7. However, ffea bulk eliminated and therefore represent promising candidates for the
value for MoS must be reduced by 16% to achieve this actual structure of the nanooctahedra. Altogether we examine
agreement. There has also been a recent calculation that showsix configurations.
thea lattice constant increases in Mpiganotubes with trigonal There are four configurations where all eight faces of the
prismatic coordinatio? They found that the “in-plane” Me octahedron are equivalent; this produces Mo&nooctahedra
Mo distance increased by8% over the bulk value due to an  with full octahedral group symmetry ({0 These four configura-
increase in the Me S bond lengths for these curved structures. tions are obtained by placing the S atoms above and below a
Perhaps a similar calculation using octahedral coordination Mo sublattice in all the possible permutations. Two have trigonal
would also yield a comparabkelattice expansion, and the two  prismatic coordination and two have octahedral coordination
effects together, conversion to octahedral coordination and about the molybdenum. Figure 8a illustrates this principle with
increased Me-S bond lengths in curved nanostructures, could a representation of two adjacent octahedron faces with a
provide thea-lattice expansion needed to agree with the data. superimposed trigonal lattice and sites labeled ‘A’, ‘B’, and ‘C’.
Raman spectroscopy can be used to determine the bondingrhe Mo atoms are sandwiched between the S layers and must
coordination under the proper conditions. This was previously lie on the sites labeled ‘A’ which include edge and vertex sites
done for exfoliated Mog where the Raman spectra were of the octahedron; if the Mo atoms were not on the ‘A’ sites,
measured and the expected Raman signatures were calculatethere would be significant deviations from ideal MaSoichi-
for single-layer Mo$ sheets with either the trigonal prismatic ometry for theO, configurations. The S atoms will lie above
or octahedral coordinatiof?:28 Specifically, trigonal prismatic ~ and below the sites labeled ‘B’ or ‘C’. If the upper and lower
coordination exhibits three Raman modes corresponding to E sulfur atoms are both on ‘B’ (BAB, Figure 8b) or both on ‘'C’
E', and A' at 287 cn1?, 383 cnT?, and 409 cm? respectively. (CAC, Figure 8c), the coordination is trigonal prismatic. (The
For octahedral coordination, there are two modegaBd Ay, letters represent the site configuration with lower S site, Mo
at 290 cn® and 413 cm?, respectively. Thus, the signature site, upper S site.) The remaining two configurations are BAC
for the octahedral coordination is the absence of a signal near(Figure 8d) and CAB (Figure 8e), which have octahedral
383 cntlin conjunction with the presence of signals near 290 coordination.
cmtand 413 cmt. For the exfoliated Mog additional peaks Folding a patterned continuous planar sheet of Ma® an
also appeared at 156 ci 226 cnt?, and 333 cm! and were octahedron forms two more configurations. Folding this con-
associated with the existence of a superlattice, thereby bringingtinuous sheet results in two configurations since the starting
new Raman modes into the Brillouin zone cerffavhile these planar sheet of MoScan have either trigonal prismatic or
new modes are not directly associated with octahedral coordina-octahedral metal coordination and form octahedra maintaining
tion, they probably indicate a stronger metadetal interaction the same bonding coordination. These octahedra poJsess
that octahedral coordination may allow. The Raman data for symmetry, i.e., they have less than full octahedral group
the Mo$ soot produced here showed peaks consistent with bulk symmetry since they lack inversion symmetry (or equivalently,
MoS; and sulfur, in agreement with the XRD data that indicated they lack mirror planes through the edges). Figures 8f and 8g
both of these materials were present in the soot. Thus the modedemonstrate how the positioning and number of S atoms change
near 383 cm! was present but it cannot be ascribed to on adjacent faces of an octahedron with this scheme. In terms
originating solely from the nanooctahedra since the soot of the site notation defined above, the trigonal-prismatic-
contained the bulk material as well. There were no indications coordinated octahedron witfly symmetry has BAB faces
in the Raman data for the modes associated with the superlatticealternating with CAC faces (BAB/CAC, Figure 8f) and the
The information obtained from Raman experiments will become octahedral-coordinated octahedron has BAC faces alternating
more definitive once purified nanooctahedra samples becomewith CAB faces (BAC/CAB, Figure 8g).

available. Independent of the six configurations, the number of Mo
Atomic Positions, Stoichiometry, and Bonding Saturation. atoms (i.e., the number of A lattice sites) in an ideal octahedron
There are geometrical implications for the positions of the atoms, is easily calculated to beN# + 2 whereN is the octahedral
stoichiometry, and bond saturation in forming an octahedron edge length ia-axis units (forN = 12 there are 578 Mo atoms).
out of a trilayer material such as Ma3-or example, the atoms  This assumes that Mo atoms are present at the vertices; subtract
of the inside sulfur layer will be more crowded than the outside 6 if not. The number of B and C lattice sites in an ideal
layer if the number of sulfur atoms in these two layers are equal. octahedron areM? + 4N and N? — 4N, respectively. However,
This is especially true near the edges of the octahedron wherethese numbers do not necessarily correspond to the numbers of
the trilayer bends and compresses/expands the inner/outer sulfus atoms associated with these sites because the three-
layers, respectively. The resulting strain energy will be mini- dimensional geometry of the octahedron has less space for S
mized by distributing the strain over a wider area and accounts atoms on the inside than on the outside of the Mo layer. For
for the rounding of these edges as observed in the TEM data.the octahedra witld, symmetry, sulfur atoms below the B sites
For the discussion here, we present a geometrical analysis forand adjacent to an edge are shared by adjacent faces of the
placing sulfur atoms above and below a Mo sublattice shaped octahedron, i.e., they lie in the mirror plane that passes through
into an octahedron. Both trigonal prismatic and octahedral the edges. This is represented in Figures 8b and 8d by half and
molybdenum coordinations to the sulfur are considered. We do quarter shading for the inside S atoms and correspond to being
not consider atomic reconstructions such as metedtal shared by two or four faces, respectively. Also for configurations
bonding (found in high-temperature polytypes of Mg®ad with Op symmetry, there is room for additional S atoms in the
WTe,) or other possible defects that may relieve strain in the space above the C sites. Again these atoms lie on the mirror
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Figure 8. See legend in figure for symbol definitions. (a) Shows the site labeling convention used to discuss the atomic locations. Mo atoms will
lie on the A sites and the S atoms will lie above and below the B or C sites. (b) BAB configuration with trigonal prismatic coordinati»n and
symmetry. Note that the inner S atoms adjacent to the edges are shared by multiple Mo faces. (c) CAC configuration with trigonal prismatic
coordination and, symmetry. Note that there is space for additional outer S atoms at the edges. (d) BAC configuration with octahedral coordination
and O, symmetry. At the edges, this has both inner S atoms shared and extra outer S atoms. (e) CAB configuration with octahedral coordination
andOy, symmetry. (f) BAB/CAC configuration with trigonal prismatic coordination dadsymmetry. (g) BAC/CAB configuration with octahedral
coordination andly symmetry.

TABLE 1: For Configurations with O, Symmetry, the
Number of Sulfur Atoms Associated with the B and C
Lattice Sites Depend on Whether the Sulfurs Are Located
above or below the Mo Sheft

the Mo oxidation state. Configuration BAC (octahedral coor-
dination, O, symmetry) has the correct stoichiometry. Interest-
ingly, the BAC configuration can be viewed as three nested
octahedra (inner S, middle Mo, outer S) and as constructed has
no bending strain. Closer examination of this structure, however,

number of S atoms  number of S atoms
location of S atom for B site for C site

inside Mo surface M2—8N+6 4N2 — 4N
(=4N—- 12+ 2)

reveals that it suffers from nonideal sulfur bonding at the edges.
The inner S edge atoms are coordinated to four Mo atoms
whereas the outer S edge atoms are coordinated to only two

AN? + 8N + 6
(= 4(N+1)2 + 2)

i 2
outside Mo surface M+ 4N Mo atoms rather than the normal three (Figure 9). Two-

. ) ) ) coordinate S bonding is reminiscent of edge sites on bulkzMoS
Con;?ﬁs“fk‘l)z iheé”I\'/Isoa;‘tgr%t:hﬁ‘g;g”ﬂ‘]"gmhae”i‘;g%i 'g”g:";‘?;m;t;u?\:‘;:ent and we feel will not be present in closed fullerene-like structures
to a sulfur octahedron WitN— 1) edge length and the outside C site since the_ elimination of such dangling bonds_ls. the driving fo'fce
is equivalent to a sulfur octahedron with ¢- 1) edge length. for creating the closed structures. The remaining three configu-
rations (twoTg, one O, symmetry) all have near ideal stoichi-

plane and appear in Figures 8c and 8d as outside S atoms oPMetry ar_ld bonding geometrigs. The one with the lowest free
the edges of the faces. Table 1 lists the number of S atoms€Nergy will be the best candujate for the nanooctahedra and
allowed for the B and C sites, depending on whether they are depends on the free energy difference between the octahedral
located on the inside or outside of the Mo surface for and trigonal prismatic bonding compared to the strgin energy
configurations withO, symmetry. It is interesting to note that needed to close the structure. Qne must also keep in mind that
this adjustment to the number of S atoms is equivalent to these structures are formeq at high temperatures where ordering
forming complete octahedra of sulfur atoms inside or outside Of the thermodynamic stabilities of the various structures may
of the Mo octahedron. For the inside B sites, the sulfur De different than at room temperature.
octahedron has an edge length Nf{ 1) a-axis units, and for If the bonding geometry about molybdenum in the nano-
the outside C sites, the sulfur octahedron has an edge length ofbctahedra is trigonal prismatic, then the BAB/CAC structure
(N + 1) units. with Tq4 symmetry is the only choice of the remaining three
The various configurations can now be compared and Table structures since the other two have octahedral coordination. If
2 summarizes the coordination, symmetry, and number of sulfur the bonding is octahedral, the CAB configurati@, 6ymmetry)
atoms for the six configurations. The two configurations with has significantly lower strain than BAC/CAB. With CAB, the
On symmetry and trigonal prismatic coordination (BAB and Mo edge atoms actually have trigonal prismatic coordination
CAC) cannot form nanooctahedra with the appropriate 2:1 S/Mo with the S atoms; all the other Mo atoms on the faces are
stoichiometry and therefore are not likely to exist without either octahedrally coordinated (see Figure 10 inset). The trigonal
the cluster possessing a net charge or significant deviations inprisms are oriented in such a way that allows more S atoms to
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TABLE 2: Number of Sulfur Atoms for the Six Different Configurations of an Ideal Nanooctahedra with Edge Length Equal
to N a-lattice Constants and Containing N>+2 Mo Atoms?

config. coord. symmetry no. inner S no. outer S total no. S comments
BAB trig. prism. On 4AN’—8N+6 AN?+4N 8N>—4N-+6 S poor
CAC trig. prism. On AN>—4N 4AN>+-8N+-6 8N>+-4N+-6 Srich
BAC octahedral On 4AN’—8N+6 4AN?+8N+6 8N?+12 S neutral
improper S edge bonding
CAB octahedral On 4AN?—4N 4AN?+4N 8N? S neutral
edge Mo are trig. prism.
lower strain
BAB/CAC trig. prism. Ty face I: 2N>+2N face I: 2N>+2N face I: 4N?>+4N total S neutral
face Il: 2N2—2N face Il: 2N2—2N face Il: 4N2—4N face I: Srich, face Il: S poor
total in: 4N? total out: 4N?2 total: 8N?2 higher strain
BAC/CAB octahedral T face I: 2N>+2N face I: 2\>—2N face I: 4\? total S neutral
face Il: 2N>—2N face Il: 2N4-2N face Il: 4N? faces S neutral
total in: 4N? total out: AN? total: 8N? higher strain

a Of the six, only the CAB, BAB/CAC, and BAC/CAB configurations have proper stoichiometry and bonding saturations. Of these three, the
CAB or the BAB/CAC configurations (bold) are the most likely to describe the actual nanooctahedra (see text).

Figure 9. Close-up near the edge of a BAC octahedron. The inner-
edge S atoms (quarter-patterned large spheres and one is labeled ‘I in
the figure) are over-saturated with four bonds instead of the normal
three. In contrast, the outer-edge S atoms (half-patterned large spheres
and one is labeled ‘O’) are undersaturated with only two bonds. Edge
Mo atoms are represented by the quarter-patterned small spheres, face
Mo atoms are the small dark spheres, and face S atoms are the large
light spheres. Because of this abnormal bonding, the BAC configuration
is unlikely to occur.

Figure 10. Side view of two octahedral-coordinated sheets joined along
be on the outside than on the inside of the Mo shell, i.e., the a line of Mo atoms with trigonal _prismatic coordination (arrow and
S L . .. quarter-patterned sphere). The dihedral sheet so formed has an angle
sulfur_atoms a_re distributed to mlnlmlze _CrOWd'ng and its of 141.06 (Ja'Op). For comparison the 109.4dihedral angle for
associated strain. In contrast, bdthconfigurations have equal  an octahedron is showil(’Oy) as well as the reference plang).
numbers of S atoms on the inside and outside of the Mo surfaceThe inset shows a close-up of the dihedral edge with its Mo atoms

and crowding will be a problem. Furthermore, the edges of the having trigonal prismatic coordination (small patterned spheres) with
CAB octahedron form “twin” boundaries for the octahedrally the S atoms (large light spheres), whl_le a_II the other Mo atoms (small
coordinated Mogfaces, and these boundaries have a natural dark spheres) have octahedral coordination.

dihedral angle of 141.06 Comparing this angle to the 10947 stryctures and nanotubes made from the layered transition metal
dihedral angle of an ideal octahedron reveals that this MoS chalcogenides.

dihedral sheet must be bent 31:5® form the octahedron. Thus, the analysis presented here predicts that configurations
Again in contrast, the twdy configurations start with planar  CAB for octahedral coordination and BAB/CAC for trigonal
sheets and therefore must be bent 70t63orm the octahedron,  prismatic bonding are the most favorable. An ab initio calcula-
again producing more strain. Figure 10 shows the natural tion is needed to determine which of these configurations has
141.06 angle formed when two octahedrally coordinated sheets a lower total free energy (again keeping in mind the formation
are joined at this twin boundary as well as the 109247 180 temperature) and to predict the actual structure for the nanooc-
reference angles. This type of “defect” may be critical in tahedra. Currently, there is no experimental evidence to support
allowing the nanooctahedra to form and may also play an that the nanooctahedra have either of these configurations, and
important role in providing curvature for other fullerene-like the Raman evidence is inconclusive in determining the bonding
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contained similar nested polyhedra, crystalline sheets, and
spherically shaped particles as seen in the Madt. Quali-
tatively, from an overall impression of the TEM images, it
appears that MoSéhas a greater tendency than Md8 form
the nested polyhedral structures under these conditions. XRD
of the soot revealed primarily Se and Mo crystalline phases with
smaller signatures for the MBe; and MoSe phases. The small
MoSe peak intensity is surprising since it is normally expected
that some crystalline material from the target will be ejected
during the vaporization process. The TEM images of this
material show that there is a preponderance of layered fullerene-
like material often coating the other patrticles in the soot. It is
possible that MoSeis especially well suited for PLV so that
few bulk pieces are ejected from the target. The highly vaporized
Mo and Se either condense to their elemental forms or
recombine to form mostly MoSehat then deposits layers on
particles or forms nested irregular polyhedra and nanooctahedra.
These highly curved MoSdayers will produce a small XRD
R, signal as compared to planar MgS8ince MoSegis isostruc-
' W tural to MoS, the Raman spectrum will show a corresponding
Figure 11. TEM micrograph of MoSg soot shows an isolated  signature for the metalchalcogen bonding coordination, i.e.,
nanooctahedron toward the center of the image (see arrow near scal@hree modes are expected for the trigonal prismatic and two for
bar). Several other nanooctahedra (other arrows) and polyhedraly,e ctahedral coordination. The Raman spectra taken from the
fullerene-like particles are also visible in the agglomerated material at b . .
the image periphery. MQSQ ;oot shoyved. the th_ree peaks associated vx{lth'the trigonal
prismatic coordination. Given that the XRD data indicated that
coordination due to the impurities in the samples. It may be Pulk MoSe was present in the soot, this is expected. As was
possible to detect the symmetry of the nanooctahedra throughth€ case for the MoSsoot, the question of which type of
high-resolution TEM measurements since the two symmetries 20nding coordination the Mos@anooctahedra have will not
differ by the arrangement of the sulfur atoms (see Table 2; in P& answered until purified samples become available.
all cases, the Mo sublattice h&@ symmetry). Qualitatively, Bending Behaior. We propose that the widespread occur-
the TEM data appear consistent wifl, symmetry; however, rence of highly curved surfaces in the TEM images of the soot
this is inconclusive since calculations to model the TEM data indicates a strong potential for the material to form IFs. Thus,
are needed to ascertain the degree that the symmetry affectéhe materials tested here can be categorized according to this
the TEM images. An additional complication is that all of the bending behavior, even if no definitive inorganic fullerene
nanooctahedra found so far consist of multiple layers and evenstructures were identified. The following materials, listed from
if each of the layers hak; symmetry, the different layers may  most promising to least, showed good bending behavior from
(and probably will) orient themselves to largely cancel out any the initial PLV experiments and deserve more intensive
asymmetry for the overall structure, i.e., a sulfur-poor face of investigations to systematically determine whether any IF
one layer may align itself to be adjacent to a sulfur-rich face of structures can be discovered: NbS#/S,, WSe, Sn$, and
another layer. Bulk layered dichalcogenide structures are knownTaS. Representative TEM images demonstrating this bending
to have many stacking polytypes, due to the small energy are shown in Figure 12. Several types of curved layering can
differences in the mostly van der Waals interactions between be distinguished: irregular nested polyhedra, onions, and folding
the sheets, and so stacking polytypism may also be present inaround existing particulates in the soot. In Figure 12b for,;SnS
the nanooctahedra. This may also help explain why no single there appears to be some indication of a superlattice similar to
layer nanooctahedra have been observed since stacking interadhat reported by Hong et &1.Of particular interest is one of
tions may help stabilize the structure. Final determination of the NbSe images given in Figure 13 where a candidate
the atomic structure for the nanooctahedra will require additional nanooctahedron has been identified. Additional evidence is
measurements. required before we can definitively conclude the existence of
Investigations into other Layered Chalcogenide Materials. nanooctahedra in Nb&dn the Nb$ system, Schuffenhauer et
Given these results and the strong similarities among the layeredal.’® have synthesized fullerene-like structures using a sulfidiza-
transition metal chalcogenides, one must ask: Do similar IF tion process to form the nanoparticles, and so this material also
structures exist in the other layered materials? We have starteddeserves further investigation. The other materials investigated
to answer this by applying the laser ablation synthesis technique(GaS, Reg and MoTe; again in order of most to least
to a number of layered materials. To date, MgS&oTe, WS;, promising) did not show a high degree of bending behavior and
WSe, SnS, Gas, Tag NbSe, and Reg have been investi-  appear unlikely to support the formation of IF structures. GaS
gated. Of these compounds, we chose Md8st because of represents a unique case because the hexagonal bulk crystal
its similarity to MoS. Using a microwave plasma synthesis structure has a four-layer sandwich of Ga—Ga—S. If one
technique, Vollath et &P have investigated a similar range of considers the two Ga atoms as a single unit, the coordination
materials (BN, Mog WS,, WSe, MoSe, SnS, and ZrSe). could then be considered trigonal prismatic. The GaS system
Molybdenum Diselenidd.EM images of the soot produced showed only crystalline platelet structures in the TEM images
by laser vaporization of the Mogearget immediately showed  of the laser-ablated material. The fact that GaS evaporates
that nanooctahedra of Mogwere successfully produced. The congruently may account for the fact that laser vaporized
types of projections found in the TEM images are identical to material essentially reconstitutes nanoparticles of the starting
those from the MoS soot (see Figure 11). This soot also material. Note that this effort is in its preliminary stages and
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Figure 13. Candidate nanooctahedron in Ne$&.V soot is pictured

in the circle of this TEM micrograph. There was insufficient data to
confidently confirm that this and a few other observed structures have
the nanooctahedra structure.

The sensitivity to the synthesis method is further exemplified
in comparing this work with Vollath et dP where there is
significant overlap in the materials studied (MpBloSe, WS;,
WSe, and Sng). Although Vollath et al. did not find any
nanooctahedra in any of the materials that they investigated,
there were similarities in the soot produced. Nanocrystalline
particles were common for most of the investigated materials
in both studies, and under certain conditions, Vollath et al. were
able to produce fullerene-like onions. For these common
materials, it seems that PLV is better adapted to produce
fullerene-like structures such as onions and nanooctahedra.
Another interesting difference is that the microwave technique
produced mostly amorphous structures for \W/8dile PLV
produced several types of fullerene-like structures and is
categorized as being very promising for forming the nano-
octahedra. The results of these experiments provide valuable
clues to the critical processes that allow for the formation of
fullerene-like structures. While onion structures can be formed
using relatively slow processes, the nanooctahedra may require
much faster and higher temperature processes, such as those
occurring in the PLV method.

Conclusions

We have presented convincing arguments that we have
produced nanooctahedra of Mo&d MoSe in distinct sizes.
Because of their high symmetry and distinct sizes, these
nanooctahedra are a new benchmark in the synthesis of
analogues to the carbon fullerenes. Many unresolved questions
still exist: what is the exact structure of the nanooctahedra?;
are the nanooctahedra hollow?; if not what is the composition
of the core of the nanocluster?; what is the atomic arrangement
Figure 12. Series of TEM micrographs showing the typical contents at the vertices?; what is the mechanism of the formation of the
of PLV soot for a}few of the layered metal chalcogenides that showed nanooctahedra? There are also the practical issues of yield,
some fullerene-like structures: (a) W$b) Sn$, (c) TaS. purification, and separation. Several other layered metal chal-

) ~ cogenides were investigated and showed clear indications of
the search for these unique structures has not been exhaustive|lerene-like structures. Clearly, we expect unique physical,
It is quite possible that any of these materials are capable of chemical, and optoelectronic properties from these and other

producing IFs with suitable synthesis parameters. Two illustra- yet-to-be-discovered fullerene-like structures composed of ele-
tions that the synthesis route influences the final structures arements other than carbon.

evident in the works of Coleman et &).where Regproduced
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