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’ INTRODUCTION

The discovery of carbon nanotubes has opened a completely
new chapter in the field of novel carbon materials.1 In analogy
with carbon nanotubes, it has been anticipated that other two-
dimensional (2D) layered compounds can be “rolled up” to form
fullerene-like structures, including tubes, scrolls, and onions.2

The first inorganic (WS2) nanotubes were synthesized in 1992.
3

Since that time, a handful of other mesoscopic metal dichalco-
genides (TiS2,

4 SnS2,
5 VS2,

6 MoS2
7) have been investigated as

hollow closed structures of 2D layered materials. In particular,
WS2 andMoS2 nanoparticles have shown important applications
as solid lubricants,8 photovoltaic film,9 catalysts,10 super shock
absorbers,11 etc. Various approaches to other materials forming
nanotubes, such as NiCl2,

11 Ni(OH)2,
12 In(OH)3,

13 or V2O5
14

have been reported, which implies that, generally, substances
crystallizing in layered structures may form nanotubes under
favorable conditions.

Tenne et al.15 were the first to report the production of
macroscopic quantities of fullerene-like MoS2 nanotubes via the
gas-phase reaction between MoO3�x and H2S in a reducing
atmosphere at elevated temperatures (800�950 �C). Subse-
quently, the reaction mechanisms associated with particle for-
mation were studied extensively.16 Dorhout et al.7a used
relatively low temperatures (∼400 �C) for annealing ammonium
thiomolybdate within an alumina template. MoS2 nanotubes
with poor crystallinity were obtained, while the high-temperature
approach (∼1300 �C) of Rao’s group7c led to the formation of
well-ordered tubes, but only in very low yields. Remskar and

co-workers obtained MoS2 nanotubes by chemical transport.7d

Ghosh et al. showed the synthesis of honeycomb-like MoSx
nanoporous/mesoporous layer structures via the electrochemical
deposition of MoSx nanoplates from aqueous solutions on NiP
and CoW substrates and subsequent annealing.7e

Numerous new types of nanotubes and nanoparticles have
been synthesized in recent years. Among them, the synthesis of
core�shell nanotubes, such as PbI2@WS2,

17 the so-called “MoS2
mama-tubes”,18 and others have been described. The synthesis of
macroscopic amounts of INT-WS2, using a fluidized-bed reactor,
has been reported recently.19 According to atomic force micro-
scopy (AFM) investigations assisted by density functional-based
tight binding (DFTB) calculations, individual WS2 nanotubes
exhibit a Young modulus of ∼150�170 GPa and a tensile
strength of 16 GPa.20

The synthetic challenge in the synthesis of MoS2 hollow
nanoparticles such as nanotubes and nested fullerenes is that
they are high-temperature and low-pressure phases that are not
accessible via traditional solid-state routes. In conventional high-
temperature reactions, the energy required for the solid-state
diffusion of the reactants would exceed the nucleation energy of
the metastable MoS2 nanoparticles. A consequence of these bulk
reactions is that only the thermodynamically stable final phase
(i.e., 2H-MoS2) is obtained. In contrast, reactions in which solid-
state diffusion plays only a minor role are kinetically controlled.21
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Therefore, a metastable phase may nucleate and grow until its
growth exhausts the supply of the reactants. The sequence of
phases formed is dependent upon the relative activation energies
for the nucleation of various compounds, and compounds in the
equilibrium phase diagram may be temporarily skipped if they
have a large activation energy for nucleation. In fact, all synthetic
approaches to hollow chalcogenide nanoparticles rely on cir-
cumventing the solid-state diffusion step.22

Our approach to bypass solid-state diffusion as a rate-deter-
mining step is based on a gas-phase reaction. In some recent
contributions, the gas-phase synthesis of MS2 (M = Sn, Mo, W,
Re) nested particles was reported with the aid of a metallorganic
chemical vapor deposition (MOCVD)-based reaction.23 In a first
step, amorphous chalcogenide nanoparticles were formed in a
gas-phase reaction from the precursors Mo(CO)6 and sulfur or
selenium, respectively. Annealing of these amorphous nanopar-
ticles at moderate temperature leads to the formation of nested
fullerene species. Attempts to enhance the atom mobility
through surface diffusion by adding iodine as a mineralizing
agent in this MOCVD reaction lead to the formation of partially
amorphous primary structures with micrometer-scale dimen-
sions. Upon annealing of these primaryMo/S/I particles, radially
oriented arrays of hollow nanotubes containing nested structures
in a peapod-like fashion were formed.

’EXPERIMENTAL METHODS

Synthesis of MoS2 Nanotubes. The reaction was carried out
in a three-zone horizontal tube furnace. Five hundred milligrams
(500 mg) of Mo(CO)6 were weighed inside the glovebox and
was transferred outside the box in a corundum boat in an argon-
filled chamber. Typically, 1000 mg of iodine was weighed and
mixed with molybdenum carbonyl immediately before starting
the reaction. Prior to the synthesis, the setup was flushed with
argon for at least 30 min. Subsequently, the corundum boat
was placed into a glass tube with an inner diameter of 15mm, and

the glass tube was placed in the upstream end of an reaction tube
of an outer diameter of 35 mm inside a three-zone horizontal
furnace. Argon was flushed through this setup for another half
hour. The three zones were then heated to 550 �C at a rate of
10 �C/min. When the temperature reached to 550 �C, the boat
was moved to the center of the furnace and the setup was flushed
with H2S for 1 h. After the heating step, the temperature was
decreased to room temperature with the rate of 10 �C/min under
argon and the product was collected with a spatula from the outer
wall of the small and the inner wall of the bigger glass tubes.
Thermal Annealing. The collected material was subjected to

thermal annealing in a conventional tube furnace. The annealing
was performed by transferring the sample from the first step into
a corundum boat and placing it in the middle of a horizontal tube
furnace at a temperature of 850 �C with a heating rate of 5 �C/
min under constant argon gas flow of 100 sccm for 1 h. To see
how the annealing temperature affects the composition and the
morphology of final product, annealing was performed at tem-
peratures of 750�, 800�, and 900 �C as well, and the products
were used for further characterizations.
Material Characterization. X-ray diffraction (XRD) patterns

were recorded using a Siemens Model D5000 diffractometer that
was equipped with a Braun Model M50 position-sensitive
detector in transmissionmode usingGe (200)monochromatized
Cu Kα radiation. Samples were prepared between two layers of
cellophane tape. Crystalline phases were identified according to
the PDF-2 database, using Bruker AXS EVA 10.0 software.
The product was characterized using high-resolution scanning

electron microscopy (HRSEM) (LEO Model 1530 field-emis-
sion scanning electron microscopy (SEM) system, 6 kV extrac-
tion voltage). Transmission electron microscopy (TEM) was
carried out on a Philips Model EM420 instrument with a twin
lens and a Philips Model CM12 instrument with a twin lens at an
acceleration voltage of 120 kV. High-resolution images were
taken with a Philips Model FEI TECNAI F30 ST electron micro-
scopy system (field-emission gun, 300 kV extraction voltage) that
was equipped with an Oxford EDX (energy-dispersive X-ray)
spectrometer with a Si/Li detector and an ultrathin window for
elemental analysis. Samples for TEM studies were prepared from
ethanolic suspensions of the samples. Three drops of the
sonicated suspension were administered onto a copper grid that
was coated with an amorphous carbon layer.

’RESULTS AND DISCUSSION

The powder XRD patterns of the product obtained after the
first step and after annealing are shown in Figure 1a. The
diffraction pattern of the primary product could be assigned to
I2 (PDF-2 File Card No. 43-0304) and 2H-MoS2 (PDF-2 File
Card No. 37-1492). The product obtained after annealing
showed a high degree of crystallinity, and most of the reflections
could be assigned to 2H-MoS2 and an impurity of Mo2S5I3
(PDF-2 File Card No. 39-0717). This impurity phase is marked
with an asterisk in Figure 1b.

The primary product obtained after the first reaction step was
characterized using SEM and TEM. The SEM image in Figure 2a
shows that the product obtained at 550 �C consisted mainly of
microspheres with diameters of ∼1�2 μm and some 2D flat
nanostructures with a common origin and branches with a typical
length of 5�8 μm (marked with a red square in Figure 2a). The
magnified SEM image of the microspheres (Figure 2b) also shows
branches emanating from a common origin. The high-resolution

Figure 1. (a) Powder X-ray diffraction (XRD) pattern of the primary
product obtained from the reaction of Mo(CO)6, I2, and H2S/Ar at 550
�C; the red trace line indicates I2 (PDF-2 File Card No. 43-0304). (b)
Powder XRD pattern of the primary product after annealing at 850 �C;
the red line corresponds to 2H-MoS2 (PDF-2 File Card No. 37-1492),
and the asterisks indicate reflections from Mo2S5I3 (PDF-2 File Card
No. 39-0717).
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(HR) image in Figure 2c reveals the individual MoS2 branches to
have average diameters of∼50 nm. The branch substructures of
the microspheres were found to be solid with a smooth surface,
whereas the branches of the 2D flat nanostructures were
consistently open-ended (Figure 2d) with porous walls.

The product was further characterized by a combined TEM/
EDX analysis. Figure S1a in the Supporting Information shows a
typical TEM image of one individual MoS2 microsphere nano-
structure, which indicates that the MoS2 nanotubes emanating
from the center are straight with relatively uniform diameters
over their entire length (average length of ∼400 nm). The
tubular morphology of the MoS2 nanostructure is clearly visible
at the open ends. The sample released iodine under high vacuum
conditions in the TEM system, which presumably results in the
formation of an open-ended tube structure under in situ condi-
tions. The particles attached to the outer walls of the tubes were
formed under high vacuum, probably because of the release of
iodine. The branched microsphere-type structures were stable
even after long periods of ultrasonic treatment. This indicates
their robustness, while the 2D branched nanostructures were less
stable upon sonication, as shown in Figure S1b in the Supporting
Information. HRTEM analysis shows that the product was
completely amorphous.

Annealing of the product was carried out at 850 �C under
argon, and, after annealing, a highly crystalline product was ob-
tained. Most of the reflections in the powder pattern could be
assigned readily to 2H-MoS2. The reflections marked with an
asterisk could be assigned to Mo2S5I3.

24

Figure 3 shows TEM and HRTEM images of the product
obtained after annealing. The SEM images (see Figure S2 in the
Supporting Information) resemble those of the product before
annealing. However, the TEM images clearly show that, after
annealing, the tubular 1D nanowires emanating from the micro-
spheres became crystalline and transformed to nanotubes. Most
tips of the tubes were closed, and some of the tubes were filled
with some particles (in the middle of the tube) bearing resem-
blance to a “peapod-like” structure, as shown in Figure 3b.

The HRTEM image in Figure 3c shows the closed tip of a MoS2
nanotube. The interlayer spacing of 0.63 nm between the layers
in the nanotubes is slightly larger than the (002) d-spacing of 2H-
MoS2. The “peapod-like” nanotubes were found to be quite
unstable under the intense electron beam, and the fullerene-like
particles (see Figures 3e and 3f) inside were found to open up
under the beam to form bent aggregates of sheets. In order to
investigate how the annealing temperature affects the structure
and morphology of MoS2 nanotubes, thermal annealing of the
product was carried out at 750, 800, and 900 �C. Annealing at
lower temperature of 750 �C in argon resulted in the formation of
tubes with more defects, as seen from the TEM and HRTEM
image in Figure S3 in the Supporting Information. At 800 �C, the
formation of the “peapod-like” nanotubes is observed, as shown
in Figure S4 in the Supporting Information, and the nanotubes
have still defects, in comparison to those obtained at 850 �C.
Annealing at an elevated temperature (900 �C) resulted in com-
plete collapse of the nanotubes (see Figure S5 in the Supporting
Information) and an elemental molybdenum residue was ob-
served, according to phase analysis from powder XRD. The
reaction was also performed at lower temperatures (i.e., 350 and
450 �C) and the product obtained was annealed at 850 �C under

Figure 3. TEM images of the product obtained after annealing ((a) TEM
image of a single microsphere, showing the nanotubes emanating from
the center an a radial manner; (b) TEM image showing the ends of the
microsphere with a peapod-like structure). HRTEM images of the
product obtained after annealing ((c) closed-end nanotube, (d) open-
ended nanotube, (e) peapod-like structure with nested fullerenes inside
the nanotubes, and (f) a “burst” fullerene under the beam).

Figure 2. SEM images of the product obtained after the first step.
(a) Overview SEM image of the product. The 2D branched nano-
structures are marked by a red rectangle. (b) Magnified image of the
microspheres showing branched MoS2 nanowires emanating from
the center. (c) High-resolution (HR) image showing the branched
nanowires in a top view. (d) HR image of the branched 2D nanos-
tructures with open-ended tips and porous walls.
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an argon atmosphere. The TEM images of the product obtained
at 350 �C are shown in Figure S6 in the Supporting Information.
The “cookie-like” structures seem to be spherical analogues of the
“peapod-like” nanotubes. At 450 �C, the branches of the nanotube
bundles are about to emerge (see Figure S7 in the Supporting
Information). EDX analysis of the product obtained after anneal-
ing showed the presence of MoS2, along with a small amount of
iodine, which is consistent with the powder diffraction pattern.

In order to determine the role of iodine, the reaction was carried
out in the absence of iodine, using only Mo(CO)6 and H2S as
precursors. The SEM images of the product obtained in the absence
of iodine are shown in Figure 4. The product now contained
exclusively spherical particles that, in turn, were aggregates of
smaller particles. Hence, the formation of the microspheres
might be caused by the thermal decomposition of the amorphous
Mo-S-I precursor, which leads to an outward diffusion flow of
iodine (as indicated by the second arrow in the scheme shown in
Figure 4) via the formation of hollow tubes upon annealing.

The fact that the MoS2 nanotubes grow from a common nuclea-
tion point indicates that a MoS2 “cluster” might occur in the
course of the growth process. For the reorganization of theMoS2
structure and the formation ofMoS2 nanotubes, defect annealing
processes seems to play a prominent role. This defect annealing can
only proceed smoothly when surface diffusion is rapid enough,25

i.e., at elevated temperatures (T ≈ 850 �C). In accordance with
this interpretation, powder XRD and electron microscopy showed
that MoS2 nanostructures obtained in the presence of iodine are
well-crystallized andwell-ordered (2H-MoS2), while those obtained
in the absence of iodine do not form hollow structures and display a
significantly higher defect density, as seen from the TEM image
in Figure S8 in the Supporting Information. The use of smaller
amounts of iodine decreased the crystallinity of the products (see
the SEM image shown in Figure S9 in the Supporting Informa-
tion for half the amount of iodine), which indicates that ordering
by surface diffusion is caused mainly by iodine.

The proposed growth mechanism may be contrasted with
the vapor�liquid�solid (VLS) growth mechanism for nanorods
or nanotubes. In this metal-catalyzed nanorods/tube synthesis,
almost monodisperse metal nanoclusters can be used to con-
trol the diameter5,26 and (through growth time) the length27 of
Group III�V and Group IV semiconductor nanowires.28 The

vapor-phase reactants required for nanorods/tube growth are
supplied by an inert carrier gas that provides the required dilution
of the reactive vapor-phase species. The metal droplets catalyze
the formation of nanorods/tubes by providing a nucleation
surface. In principle, this approach can be successfully imple-
mented if a proper catalyst suitable for the growth of the metal
chalcogenide can be identified.5 It is apparent that the nanotubes
reported in this work clearly grow via a different mechanism. The
chalcogenide nanotubes grow from a “catalytic” metal droplet in
an outward direction, and the catalyst remained fixed at the end
of the tube.

’CONCLUSIONS

In conclusion, we have synthesized MoS2 nanotube bundles
emanating from a common origin in a radial manner. The iodine
content of the precursors leads to the formation of a surface
film that makes the molybdenum and sulfur atoms mobile, via
isothermal chemical transport. The enhanced mobility of the Mo
and S constituents aids in the formation of point defects within
the MoS2 layers that are needed to scroll up the inherently
instable MoS2 sheets. In the resulting tubular structures, the
number of dangling bonds and, therefore, the total surface energy
are decreased. The diffusion flow of the volatile reaction inter-
mediates from the inside of the precursor particles to the outside
of the precursor particles leads to the formation of nanotube
bundles containing “peapod-like”MoS2, which are mechanically
stable upon sonication. The extension of this new synthesis
approach to other layer-structure metal sulfides is subject of
ongoing investigations.
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