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Abstract: A direct pyrolysis method from artificial lamellar mesostructures to nanotubes was developed
for the synthesis of tungsten disulfide (WS2) nanotubes. In this process, a tungsten sulfide artificial lamellar
mesostructure composite with intercalated cetyltrimethylammonium cations (WS-L) was prepared on the
basis of the recently developed template self-assembly of anionic tungstates (WS4

2-) and cationic surfactant
molecules (CTA+) in solution under appropriate conditions. After heating of this inorganic-surfactant lamellar
composite material in an argon atmosphere to 850 °C, bulk quantities of uniform WS2 nanotubes with
diameters of 5-37.5 nm and lengths ranging from 0.2 to 5 µm were produced, which revealed a general
rolling mechanism of layered sheets for tubule formation. The observations of transmission electron
microscopy are in good agreement with the proposed rolling mechanism.

The discovery of carbon nanotubes in 19911 has initiated
intense experimental and theoretical interest in such tubular
structures. Over the past few decades considerable efforts have
been placed on the synthesis of different kinds of nanotubes. A
particularly significant breakthrough in WS2 and MoS2 nanotube
synthesis was made by Tenne and co-workers2 through the gas-
phase reaction between MoO3 or WO3-x and H2S in a reducing
atmosphere at elevated temperature (800-1000°C). Then, many
other kinds of nanotubes such as BN nanotubes, BCN nano-
tubes,3 NiCl2 nanotubes,4 vanadium oxide nanotubes,5 TiO2

nanotubes,6 InS nanotubes,7 NbS2 nanotubes, TaS2 nanotubes,8

and organic nanotubes9 through various approaches with dif-
ferent growth mechanisms have also been reported. Although
all of the synthesized nanotube materials commonly possess
sheetlike structural features, until now, no generalized synthetic
method for nanotubes has been established for lack of suitable

growth mechanisms. As is well-known, there are great amounts
of naturally or artificially synthesized materials possessing
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Figure 1. Schematic presentation of the whole rolling mechanism for the
formation of WS2 nanotubes: (a) homogeneous solution of CTA+ and
WS4

2-, (b) assembly of CTA+ and WS4
2- into a lamellar structure, (c)

rolling of lamellar inorganic-surfactant mesostructures into columnar
structures, (d) removal of surfactant molecules and reduction of WS4

2- to
form WS2 nanotubes under VPC conditions.

Figure 2. XRD patterns of the as-synthesized WS2 products obtained after
VPC processing of the precursors. The inset shows a low-angle XRD pattern
of the inorganic-surfactant lamellar precursors. All the XRD results were
recorded on a Bruker D8-Advance X-ray diffractometer with monochro-
matized Cu KR incident radiation, recorded with a 2θ resolution of 0.02°
and a scan rate of 0.5 s per point. The operation voltage and current are 40
kV and 40 mA, respectively.
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layered (or sheetlike) structures, such as layered asbestos,
chrysotil, brucite minerals,10 lamellar solid acids,R-Zr(HPO4)2‚

H2O, HTiNbO5,11 K4Nb6O17, K2Ti4O9,12 Bi4Ti3O12,13 Bi2Te3,
CsBi4Te6, Cs2Bi4Se7, Cs3Bi7Se12,14 P, As, Sb, Bi,15 and artifi-

Figure 3. TEM images of the as-synthesized WS2 nanotubes: (a, b) low-magnification TEM image and (c, d) high-resolution TEM image taken on a
JEOL-2010 transmission electron microscope. The area indicated in (a) clearly shows the coexistence of hollow WS2 nanotubes and WS2 plates. The inset
in (c) is a SEAD pattern taken on an individual nanotube.
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cially synthesized inorganic-surfactant lamellar mesostructured
materials.16 Other layered compounds such as GaSe, NbS2, and
black phosphorus17 have been the subjects of extensive theoreti-
cal investigations, which have predicted conditions for their
stabilities in cylindrical form and some interesting electronic
properties. Recently, we have developed a low-temperature
hydrothermal reduction method and successfully synthesized Bi
nanotubes.18 Can we develop a general synthetic method to
prepare these nanotubes from the above-mentioned sheetlike
structural materials?

Natural phenomena give us many inspirations; a piece of
foliage or a piece of wet paper curls naturally during its drying

process. If appropriate actions are applied, they will often form
tubular structures. On the basis of a similar principle, for a
layered compound, if the interaction between neighboring layers
could be reduced from the edges of the layer, while keeping
the interactions of in-layer atoms or molecules, tubular structures
(or nanotubes) might also form through the rolling of these
lamellar structures.

The artificial lamellar structures we plan to employ for the
synthesis of WS2 nanotubes are inorganic-surfactant lamellar
intercalates based on a co-condensation mechanism of anionic
inorganic species with cationic surfactant molecules.16 The
inorganic species is WS42-, and the surfactant we choose to
form layered micelles is CTAB. If, under certain conditions,
the interlayer interaction of this kind of lamellar intercalate could
be diminished from the edges, rolling of the layers into tubules
should be expected. Transformation of these tubules into WS2

nanotubes could be realized through removal of the organic
surfactants and reduction of WS4

2- to WS2. The above scheme
for the formation of nanotubes is called the rolling mechanism,
which could be divided into four steps: (i) The CTAB surfactant
molecules condensed into aggregations with WS4

2- anions
intercalated into the interspaces between the headgroups of
CTAB to form CTA-WS4 ion pairs. (ii) The condensation
process continued and brought out more ordered lamellar
assemblies. (iii) When heated in a vacuum at gradually elevated
temperature, these lamellar sheets began to loosen at the sheet
edge and then rolled into separate scrolls, which were a
combination of CTA cations and WS4

2- anions. (iv) With
increasing furnace temperature, in situ reduction of WS4

2- by
the pyrolyzed carbon from CATB happened and thus produced
WS2 with a morphology confined by the scrolls, which might
serve as microreactors in the vacuum-pyrolysis-carbothermal
(VPC) process and were responsible for the ultimate formation
of tubular WS2. The above process is schematized in Figure 1,
and the whole reaction for the formation of WS2 nanotubes can

Figure 4. EDX analysis of the as-synthesized WS2 nanotube. Cu peaks
raised from the TEM grid.

Figure 5. A HRTEM picture showing the curling at the edge of a WS2 plate.

Artificial Lamellar Mesostructures to WS2 Nanotubes A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 7, 2002 1413



be expressed as

Mesolamellar tungsten sulfide (referred to as WS-L) with
intercalated cetyltrimethylammonium (CTA+) cations was pre-
pared on the basis of a co-condensation mechanism of anionic
inorganic species with a cationic surfactant (S+I-) under a mild
hydrothermal condition.16 Analytical grade sodium tungstate
(Na2WO4; 3 mmol), CH3CSNH2 (9 mmol of thioacetamide),
and cetyltrimethylammonium bromide (CTAB; 9 mmol) were
dissolved in distilled water to form a homogeneous solution.
The pH of the solution was adjusted to the range of 8-10 by
addition of aqueous NH3 or HCl. The mixture was stirred
vigorously for 1 h and then sealed in a Teflon-lined stainless
steel autoclave and kept at 140°C for 6 days. The solid WS-L
products were filtered, washed with distilled water and absolute
ethanol, and then dried in a vacuum at 80°C for 12 h. The
calculated yield was about 85-90% on the basis of W. The
chemical analysis and TG/DTA results showed a molar ratio
of surfactant to tungsten of 2:1. The typical lamellar feature of
WS-L was confirmed by the low-angle X-ray powder diffraction
pattern (inset of Figure 2).

The VPC synthesis of the inorganic-surfactant lamellar (WS-
L) precursor was carried out in a conventional tube furnace.
The as-prepared WS-L precursor was placed in a quartz boat.
The quartz boat was placed in the hot zone inside the quartz
tube and then calcined and pyrolyzed for 12 h at elevated
temperature from 100 to 850°C in a high-purity argon
atmosphere (99.999%) with a pressure range of 10-2 to 10-3

atm. The reaction temperature was controlled exactly at(1 °C
by a built-in temperature control unit in the tube furnace. Control
of the temperature gradient and gas pressure in the course of
the VPC reaction is a key factor; otherwise, the precursors will
be cracked into platelets or particles.

The XRD pattern in the 2θ range of 10-70° of the black
product after heat treatment is shown in Figure 2. Despite the
broadened peaks, the XRD pattern could be indexed by the 2H
(hexagonal) polymorph of WS2 (JCPDS card 84-1398). The
TEM image of a typical product (Figure 3a,b) obtained through
the above VPC method is characteristic of high-quality tubular
structures with outer diameters of 15-30 nm and lengths ranging
from hundreds of nanometers to several micrometers. High-
resolution transmission electron microscopy (HREM) images
of products (Figure 3c,d) unambiguously reveal that the obtained
tubular structures are exclusively multiwalled nanotubes. Dif-
ferent from the WS2 nanotubes obtained through surface
sulfuration of needlelike WO3, there are no encapsulated WO3

particles in these nanotubes, which might suggest a different
formation mechanism of these hollow WS2 nanotubes. The
selected area electron diffraction (SAED) pattern (inset in Figure
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Figure 6. TEM image of a half-tube and half-plate structure. Df C f B
f A shows the transition from a platelike structure to a tubular structure.
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3c) recorded for a single nanotube shows reflections charac-
teristic of the planes perpendicular to the electron beam. Diffuse
diffraction spots in the SAED pattern are due to the cylindrical
structure of the sample. On the basis of the 002 diffraction spots
corresponding to the planes parallel to the electron beam, a
spacing of 6.2 Å, equal to half thec-axis constant of WS2, could
be derived. This value was also in agreement with the lattice
fringes shown in Figure 3 c,d. Energy-dispersive X-ray analysis
(EDX) (Figure 4) taken on individual nanotubes exhibited the
existence of W and S with a molar ratio close to 1:2.

In the case of the chirality of the as-synthesized nanotubes,
we have observed different helical angels in multishelled
nanotubes. Sometimes all the layers in a nanotube show only
one helicity, such as the ED pattern shown in Figure 3, which
shows a tube axis of 110 corresponding to a chiral angle of
30°. But we have also observed different helicities in one
multiwalled WS2 nanotube. So the synthetic approach we have
reported did not show control of the helicity of the products.

Extensive and careful HRTEM observations confirmed the
rolling mechanism. First, there is a notable characteristic for
the distribution of the product; that is, the WS2 nanotubes always
coexist with large WS2 plates, as illustrated in Figure 3c. This
suggests the link between the WS2 nanotubes and the WS2 plates
and corresponds with the rolling mechanism well. WS2 plates
with a relatively large size were more difficult to roll than those
with a small size, hence the unrolled plates left with WS2

nanotubes after small plates finished rolling. Second, many WS2

plates with curled edges were often found. Figure 5 is a typical
example. These plates can be considered as being in the initial
stage of rolling. Third, there is more direct evidence for the
rolling mechanism found in a half-tube and half-plate structure,
as shown in Figure 6. This HRTEM image clearly indicates
the coexistence of tubes and sheets in the same structure. In
the zone indicated by letter A, a perfect tubular structure with
a diameter of 20 nm has already been formed, while in the zone
marked by D, rolling only happened at the edge of the sheet,
and in zone C transition from a tubular to sheetlike structure
can be found. These completely and incompletely formed tubular
structures are believed to be left during the rolling process of
the lamellar inorganic-surfactant under VPC processing.
Finally, single-walled and double-walled hollow WS2 nanotubes
found in the product provide additional evidence for the rolling
mechanism. Figure 7a shows a single-walled WS2 nanotube with
a diameter of 5 nm, and Figure 7b shows a double-walled WS2

nanotube with a diameter of 14 nm. These hollow WS2

nanotubes with a rather large diameter could not be formed
through other processes such as surface sulfuration of needlelike
tungsten oxide because it is hard to imagine that the inner core
could be consumed completely in a WO3-x nanowire, leaving
just a very thin shell.

This novel rolling mechanism for the formation of nanotubes
from a lamellar structure requires a clear understanding.

Figure 7. HRTEM image of single-walled (a) and double-walled (b) hollow WS2 nanotubes.
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Heidenreich et al.19 have noted that severe bending of graphite
sheets commonly occurs at high temperature. More recently,
curling of graphitic networks has been observed under electron
beam irradiation.20 This suggests that a high temperature or
thermal stress may initiate bending of layered structures. These
findings further strengthen the possibility of the rolling process
of the lamellar inorganic-surfactant mesostructures we sug-
gested for the formation of tubular structures. Thus, the driving
force for the curling of the lamellar sheets could be ascribed to
(1) the reduction of interlayer interaction at the edge of the sheet
during the heating process and (2) the thermal stress existing
at high temperature, which initiates the scrolling of the layered
sheets with reduced interlayer forces at the edges.

Our experiment results are in good agreement with the
predictions of our model, which suggests that it should be
possible to rationally choose proper growth conditions for
nanotube synthesis from other lamellar layer structures including
natural or artificial lamellar structures. To conduct a stringent

test of our proposed rolling mechanism, very recently we have
chosen layered H2Ti4O9 for preparing H2Ti4O9 nanotubes.
Successful synthesis of H2Ti4O9 nanotubes and its metal-
substituted derivatives, MTi4O9 nanotubes,21 provides strong
support for the generality of our approach. In fact, one of our
former experimental results on the synthesis of bismuth nano-
tubes has given us strong inspiration. The formation mechanism
of the Bi nanotubes should be associated with the rolling from
its pseudolayered structure. It is also noteworthy that, in the
earlier work of Domen and Mallouk22,23 on the chemical
transformation of lamellar oxides into single-sheet colloids,
tubular structures, and unilamellar sheets, the rolling phenom-
enon was also observed and interpreted, which also revealed
the possibility for a lamellar sheet to form a tubular structure
through a similar rolling process. On the basis of our research,
we believe that it would be possible to prepare other novel
nanotube materials with various electrical, magnetic, optical,
and optoelectric properties from a natural or artificial lamellar
structure under proper experimental conditions.
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