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The morphological and structural features of WS2 nanotubes, generated from WOx (x$2.7) needles, by an in-

situ heating process, have been studied by electron microscopy and X-ray diffraction (XRD), in conjunction

with computer simulation. The results show that these inorganic fullerene nanotubes exhibit interesting

differences when compared with carbon nanotubes (CNTs). In some cases the tube tips or segments are open.

Occasionally the tube walls may be uneven. The sulfur distribution within the tubes is uniform, except for the

edge layers which appear to contain less sulfur. Defects are often observed, particularly in the outer shells,

which may be due to defective encapsulated WOx phases. Octagonal and square-like defects appear to be

associated with the closure of tube caps. Electron diffraction (ED) reveals that nearly half of the non-helical

WS2 nanotubes are of the armchair-type. A mechanism has been proposed to account for the extended

inorganic nanotube growth.

1. Introduction

Nanometer-scale materials have attracted sustained interest
following the discovery (1991), by Iijima, of carbon nanotubes
formed from graphite.1 Their structural features, associated
growth mechanisms, physical and chemical properties have
been comprehensively studied and various production methods
have been developed,2±5 some of which have been particularly
successful in controlling growth. As a result, aligned CNTs and
nanotube bundles, with desired diameters and lengths, have
been fabricated.6±9 Novel nanotubes, in which heteroatoms
replace carbon, have been reported recently, e.g. BN,10

BxCyNz,
11,12 VOx,13 TiO2,14 and SiO2.15 Studies of the so-

called Inorganic Fullerenes (IFs) MX2 (M~W, Mo; X~S, Se)
were pioneered by Tenne et al.16±18 Because IF nanotubes are
structurally similar to CNTs (i.e. they are composed of
concentric cylinders),1 the methods used to study CNTs are
applicable. Here also, however, dichalcogenide MX2 sheets
differ from graphite in that they contain one layer of metal M
sandwiched between two layers of X, leading to novel
characteristics for the IF nanotubes. This, in turn, affects
their tensile strength and electronic properties.3,4

IF nanotubes have usually been produced from gaseous H2S
and metal oxides.16±19 Early experiments generated mainly
small tubes and nanoparticles, whereas recent investigations
have successfully produced signi®cant quantities of long tubes
(microtubes).19±20 Based on direct TEM observations, an
oxide±sul®de conversion process has been proposed by
Tenne et al. to account for IF nanoparticle (and nanotube)
formation.18 Using TEM dark-®eld imaging techniques,
Margulis et al. studied the chirality of IF nanotubes prepared
from WO3 and H2S in a H2 atmosphere.21 Sloan et al.
examined IF nanotubes containing encapsulated WO32x phase
defects and assessed their effects on the WS2 tube walls, by high
resolution transmission electron microscopy (HRTEM) and
ED.22 Wrapped nanotubes, ribbons and defective WS2

structures have also been described by Remskar et al.23

Preliminary studies on potential applications have revealed the
extraordinary wear-resistant behaviour and optical properties
of the IF nanotubes.24 A single WS2 nanotube has been used
recently as a scanning tunnelling microscope probe.25

In a previous study, we created highly pure WS2 nanotubes
by heating WOx (x$2.7) nanorods or needles in the presence of
gaseous H2S.26 In this paper, we present an in-depth
morphological and structural analysis of these WS2 nanotubes,
in comparison with CNTs. Our results suggest that an
alternative mechanism, as regards the oxide±sul®de conversion
model,18 may be responsible for extended IF nanotube growth.

2. Experimental

The WS2 nanotubes were prepared by reacting WOx nanorods
with gaseous H2S at ca. 1100 ³C as previously described.26 The
resulting WS2 nanotubes were dispersed ultrasonically in
acetone for 5 min, then transferred for TEM measurements
to a Cu grid coated with a holey carbon ®lm. The following
equipment was employed, as appropriate: SEM (Leo 5420, 10±
20 kV), HRTEM (CM200, JEM-200, 2000, operating at
200 kV; and JEM-4000 operating at 400 kV); energy dispersive
X-ray (EDX, element¢B) and a VG HB501 scanning
transmission electron microscope (STEM) for elemental
analysis.

3. Results and discussion

3.1 Phases and chemical composition

An SEM image (Fig. 1) shows that the WS2 nanotubes
prepared in this study are long (ca. w100 nm) and relatively
free of nanoparticles (ca. v30%). They differ from nanotubes
made from commercial WO3 particles in that they are relatively
short. Some of the nanotubes exhibited polygonal cross-
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sections, possibly because the in-situ grown WOx nanorods
possess this feature.27 However, SEM measurements failed to
identify a typical cross-section.

XRD was employed to characterise the general phases of the
sample examined by SEM, and compared with commercial
WS2 particles (Aldrich Co., w99.9% pure and ¡2 mm
diameter) and simulated WS2 single crystals
(100620620 nm), Fig. 2. Our results revealed that WS2

predominated, and was accompanied by a small amount of
W and minute quantities of WOx (x~2±3) complex. The WS2

phase exhibits an interlayer distance of 0.62 nm, which is
slightly larger than those distances found in commercial and
simulated WS2 particles. This result is in accord with previous
XRD studies on WS2 and MoS2 nanotubes.17,28 The average
WS2 nanotube diameter (ca. 30 nm) was calculated using the
Debye±Scherrer formula. The approximate number of layers
(ca. 10±20) within a nanotube was estimated by carefully
examining the (002) peak pro®le and its half-width. From a
comparison with the two accompanying reference pro®les for
WS2 powders, we found that the (002) peak intensity, arising
from successive S±W±S sandwiches, tends to be quite sharp.
However, the higher angle peaks, e.g. (004), (006), (008) and
(0012), governed by the long periodic layers of the crystal, are
obviously broadened and weak, indicating a poorer long
distance order within the nanotube. This phenomenon agrees
well with the ED study, in which the (004), or higher diffraction
spots, were barely observable.16 The asymmetric broadening
and increased intensity of the (100) and (101) peaks (Fig. 2),

determined by the 3-D atomic positions within the IF
nanotubes, might be caused by network (cylinder) rotation
along the tube axis, analogous to the situation in helical carbon
nanotubes.1 The (100) and (101) peak intensities of the
commercial WS2 are very weak by comparison with the
simulated nano-crystals and actual nanotubes. It is possible
that the elongated structures of the nanotubes and the
simulated nano-crystals (100620620 nm), by comparison
with commercial particles (26262 mm), are responsible for
the signi®cantly higher intensities. Meanwhile, defective
structures and dislocations can also lead to broadened peaks.
It is noteworthy that the (004) peak intensity may overlap with
complex WOx phases present in the sample. Furthermore, such
complex phases must also contribute to other peaks. To the
best of our knowledge, based on a previous XRD study of WOx

nanorods,27 we can only identify the two obvious peaks
(marked with an X in Fig. 2), which probably correspond to the
W18O49 phase. The other peaks are too weak to be indexed.
This analysis agrees with Feldman et al.'s conjecture that IF
nanotube growth begins with the reduced WOx phase,
particularly W18O49.17 Because of the numerous intermediate
phases for WOx, it is dif®cult, from XRD measurements, to
identify precisely one particular WOx phase. HRTEM and ED
examinations in this case provide a better understanding of the
WOx encapsulated phases.

In the TEM, the samples were found to consist of many
different phases and particles including ¯at WS2 sheets, rolled
up WS2 sheets, long thin rods of WS2 and WS2 nanotubes. The
WS2 rods looked similar to the WS2 nanotubes when viewed
down the WS2 [0001] direction. Their edges were coated in a
thin layer of WS2 oriented with [0001] perpendicular to the
beam and pointing away from the main crystal. True WS2

nanotubes were distinguishable by their thicker walls and
hollow centres.

EDX measurements veri®ed the chemical composition of a
single WS2 nanotube (Fig. 3a). For hollow tubes, only W and S
were detected. However, for nanotubes containing encapsu-
lated material, O was found together with W and S (Fig. 3b).
Different spots spanning an isolated nanotube were subjected
to EELS examination using a VG HB 501 STEM. Figs. 4a and
5a are dark ®eld images showing the area analysed. The EELS
spectra arising from an energy loss of the S±K edge are shown
separately in Figs. 4b and 5b. For a ®lled nanotube, EELS
results con®rmed the existence of a lower S content, arising
from the WS2 shells, within the ®lled region (Figs. 4a and 4b).
This result is most likely to be due to the presence of WOx

phases. Fig. 5b reveals that there is almost no noticeable
difference between the outer and inner tube walls, indicating
uniformity as regards S distribution within the various
nanotube walls. In Fig. 5, the slightly lower concentration at
the outer edge (spot 7) could be due to S vacancies at the tube
edge. A recent study using atomic force microscopy (AFM) has
revealed S vacancies located at the edges of single-layered
MoS2 clusters.29 This phenomenon could also occur in WS2.
This type of vacancy is expected to lead to unstable and/or
defective structures, in the outer layers of a tube. The above
analysis demonstrates that our samples consist of WS2

nanotubes, with some encapsulated WOx. The compositions
of the hollow nanotubes are generally uniform.

3.2 Morphology characterisation

Under HRTEM examination, a typical well-grown nanotube is
rather straight (Fig. 6a). Its WS2 (S±W±S) layers, separated by
0.62 nm, are evenly distributed on either side (ca. 14 layers in
this case). This tube has been shown to be of circular cross-
section, by rotating the sample holder along the tube axis
during the observation. Its inner core is hollow, straight and
uniform (ca. 5 nm diameter). CNTs created by graphite arc-
discharge techniques show similar structural uniformity.1

Fig. 1 SEM image of long nanotubes.

Fig. 2 X-Ray diffraction patterns of WS2 nanomaterials, accompanied
by simulated (a) and commercial WS2 powders (b). Nanomaterials
include nanotubes, nanoparticles and WOx (x~2±3) and W residues.
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The nanotube tips exhibit various structures (Fig. 6b±d),
which are quite different from those of CNTs. However,
open-ended exceptions have often been observed during TEM
examinations (Fig. 7a±d). For well-grown CNTs, six 5-
membered rings have been introduced, as in the half fullerene
cage, to account for positive curvature and nanotube
closure.30 As for IF nanotubes, we believe that the closure
could be far more complicated. To date, the possibility of 3-,
4- and 8-membered rings causing positive curvature in
nanotubes has been discussed.22,31 In our account, we have
used molecular mechanics computer simulations to success-
fully establish two types of IF nanotube cap, by introducing
square-like and octagonal-like defects associated with zigzag
and armchair nanotubes, respectively. (To simplify the
process, only a single layer MX2 nanotube model was
considered, even though a single-layered IF structure has
yet to be observed). Both types of defect are most likely to
produce ¯at caps provided hexagons are involved (Figs. 8a
and b), whereas octagonal defects (involving 8-membered
rings) tend to generate negative curvature. Topologically,
these two types of defective structure could equally well be
formed, thus leading to either zigzag or armchair tubes.
However, our observations revealed that ¯at WS2 nanotube
caps dominated, and our ED analysis (section 3.4) revealed

the predominance of armchair tubes, indicating that octago-
nal defects are probably favoured.

The open-tipped nanotubes can be classi®ed in several ways:
a) ¯at open-ended (Fig. 7a); b) outside open-ended cone
(Fig. 7b); c) inside open-ended cone (Fig. 7c); and d)
`pseudo' closed ended with ¯at layers lying on the opening
area in various ways (Fig. 7d). The tubes differ from the CNTs,
which are usually completely sealed in order to remove
dangling bonds by pentagonal dislocations. This may not be
surprising as perfect closure of a single graphite sheet is
signi®cantly easier to achieve than is likely to be the case for a
S±W±S sandwich, which may only be possible for a few speci®c
topologies. These observations imply that: 1) IF nanostructures
may not `self-seal' and, 2) an alternative growth mechanism
may result in well-shaped open-tipped nanotubes. A recent
AFM study of the behaviour of MoS2 clusters on a gold surface
con®rmed that S vacancies exist at the edge of the crystal.29

Therefore one would not expect self-sealing to be generally
feasible for IF nanotubes. In this context, the oxide-to-sul®de
conversion mechanism proposed by Tenne et al. may apply to
normal (close-capped) IF nanotubes.17 Because this conversion
of WOx nanorods should occur evenly at the rod tips and
around the rod bodies, the WOx should be totally enclosed by
the growing WS2 layers and close-tipped nanotubes should
result. The outcome is therefore akin to CNTs, exhibiting
fullerene-like cage structures (hence the term IF nanotubes).
This phenomenon has been studied experimentally by
HRTEM.17 However, for abnormal tubes (with open-tips, we

Fig. 3 EDX pro®les: a) hollow tube, b) WOx encapsulating tube. The
Cu signals arise from the TEM support grid.

Fig. 4 EELS analysis: a) annular dark ®eld image of a partly ®lled WS2

tube (tube wall marked). Measurements were taken from spots 1, 2 and
3, which represent the edge and centre of the ®lling phase and the tube
wall; b) EELS spectrum showing the S±L2 edge at 165 eV from the
three areas 1, 2 and 3. The S content is lower at the centre (spot 2). The
C±K edge at ca. 285 eV may arise from carbon contamination because
of the use of acetone during preparation of the TEM sample.
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continue using the term `IF nanotube'), this conversion
mechanism is unlikely to apply (vide infra).

3.3 Structural defects

Under speci®c conditions, CNTs, produced by chemical
vapour deposition are often coiled, exhibiting various multi-
layer dislocations and poorly graphitised domains. For IF
nanotubes, ribbons and bundles have also been produced using
a vapour transport method.23 In this paper, we also describe
WS2 nanotubes containing signi®cant defective structures. In a
few cases, we found that the inner core diameter of a WS2

nanotube had changed (Figs. 9a and 9b), so that in some
regions, it appeared to be a ®bre (or rod) rather than a tube.
Fig. 9b suggests that the number of layers at different points
(arrowed) is different. Therefore, it is unlikely that the ®bre
(rod) is formed by collapse of the hollow core due to external

(e.g. mechanical) forces. Since our starting materials were WOx

nanorods,27 we suggest that this defective structure may be due
to an original WOx nanorod with variable diameter.

The most interesting and informative `closed' structure
(Fig. 10) differs signi®cantly from those structures observed for
CNTs. The inner core of the closed tube is hollow, and the
inner layers terminate sequentially, in contrast to CNTs whose
layers are gradually closed, albeit with varied spacing.32 This
open inner-layered structure has rarely been reported for pure
CNTs, but occurs quite frequently for metal-®lled CNTs.33 The
layer numbers (i.e. the wall thickness) vary on both sides. For a
partly ®lled WS2 nanotube, Sloan et al. have studied the
occurrence of WOx vacancies and concluded that, during the
oxide-to-sul®de conversion, vacancies form resulting in a
hollow structure.22 This nanotube (Fig. 10a) has been con-
verted completely, however for some reason the position of the
`vacancy' (i. e. the hollow core) is uneven (e.g. temperature
difference or the H2S penetration rate may lead to different
conversion rates). As a consequence, uneven-walled nanotubes
form, which may provide further evidence in support of the
conversion mechanism proposed by Tenne et al.18 Taking into
account the entire process, particularly when the transforma-
tion is almost complete, it is not yet clear why many IF
nanotubes are highly symmetrical, as in Fig. 6a.

Fig. 5 EELS analysis: a) dark ®eld image of a nanotube, showing the
areas where EELS spectra were acquired. The results are shown in b).
Spot 1 corresponds to the carbon ®lm.

Fig. 6 HRTEM images: a) a typical well-grown WS2 nanotube of ca. 14
layers, with hollow core and uniform layer separation; b±d) various
closed tips, possibly containing square and octagonal defects.

Fig. 7 HRTEM images of the open-ended tubes, which can be
classi®ed as: a) open-ended with ¯attened layers; b) open-ended with
inside longer layers; c) open-ended with outside longer layers; and d)
`pseudo' closed tip with ¯at layers lying on the opening areas, of which
b) and c) were observed for IF MoS2 samples.
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Layer defects have often been observed in WOx containing
nanotubes. Fig. 11a shows a type of plane defect (arrowed)
which appears to be a bifurcation point for two layers. This
could arise from the inner encapsulated phase. From its
HRTEM image, the crystallographic shear (CS) feature of the
inner WOx phase appears to be discrete. Hence, these original
plane defects may transform so as to generate WS2 layers. This
effect has been investigated comprehensively by Sloan et al.22

Meanwhile, Remskar's study has revealed that each WS2 layer
has to satisfy the stacking order and orientation relationship
with respect to the previous layers, and the strain involved can
be relaxed by forming edge dislocations.19 In our samples, we
found that the defects (or dislocations) tended to occur near the
edges, probably because the outer cylinders are subject to less
stress than are the inner shells. This internal stress, inherent in
concentric cylinders, should tighten and stabilise the inner
shells, so that outer layer deformation should be easier.
Another reason may be that the lower S content at the tube
outer edge (Fig. 5) leads to unstable structures and to defects.
In Fig. 11b, a blister-like defect is present. This onset of positive
curvature may be due to a tiny attachment (e.g. a WOx particle)
to the original WOx nanorod. In our previous WOx nanorod
study, we observed a very small quantity of tiny particles
attached to the nanorod surface.27 Such attached growth for IF
nanotubes has been reported by Remskar et al.34

3.4 Nanotube chirality

Concentric cylinders, constituting CNTs, exhibit various
chiralities and may also be a feature of IF nanotubes. It has
been pointed out that the electronic properties of CNTs depend
on the tube structures: they can be either metallic or
semiconducting, depending upon their helicity.3,4 The struc-
ture±property relationships for IF nanotubes have only
recently been studied.35,36 ED, AFM and dark ®eld imaging
techniques have been used to monitor CNT helicity, but only a
few IF nanotubes have been monitored in this way. Because of
the complexity of the actual curved and rotated tubes, it is not
easy to account for the observed diffraction patterns exhibited
by CNTs. Iijima's work was illustrated by a CNT helix.32

Zhang et al.'s study provided a comprehensive method for
assessing the complicated diffraction patterns of CNTs.37 In
the present account, and with the assistance of computer
simulations (Fig. 12), we were able to interpret the ED patterns

Fig. 8 Models of MX2 nanotubes and associated tip structures: a)
zigzag tube contains 3 square defects at the tip (arrowed); b) armchair
tube contains an octagonal defect at the centre of the tip.

Fig. 9 TEM images: a) a very long nanotube whose diameter varies
along its length; b) an enlargement of the arrowed area in a), note the
change in the number of the layers (arrowed).

Fig. 10 TEM images of a nanotube: a) inner layers remaining open;
tube wall with various layers; b) enlargement.

Fig. 11 HRTEM images of WOx encapsulating WS2 tubes: a) many
layer defects were observed. The insert enlargement shows a bifurcation
defect; b) a blister was formed at the outer shells (arrowed).
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of IF nanotubes. Fig. 12 illustrates single-layered (non-helical)
nanotubes. Armchair (8-8) and zigzag (14-0) tubes are present,
together with their resulting simulated ED patterns along the
n001m direction (perpendicular to the tube axis). The unit cell
structure of a nanotube is obtained by mapping the ¯at triple
MX2 layer on to the surface of a cylinder. This unit cell is then
relaxed using a force ®eld approach with the conjugate gradient
method, in order to optimise the bond lengths and angles.
Further optimisation might be achieved using the density
functional tight binding method.36 The simulated ED patterns
were obtained using the diffraction and HRTEM moduli of the
CERIUS2 program, developed by Molecular Simulations Inc.
These simulations provide the basic ED information for the
two possible non-helical tubes. It is apparent that the difference
between the armchair and zigzag patterns lies in the fact that
their (100) and (110) planes (ignoring curvature) exhibit
different angles subtended at the tube axis. The tube axis can
be recognised from its typical (002) spots. We have examined
many isolated WS2 nanotubes, and recorded a range of typical
diffraction patterns as shown in Fig. 13.

We observed that nearly half of the WS2 nanotubes exhibited
patterns consistent with helicity (Fig. 13a). The two prominent
(002) spots and dot-rings (Fig. 13a) characterise chirality.
(Detailed information about the chirality of WS2 nanotubes
has been discussed in ref. 21). About half of the tubes exhibited
non-helical patterns, as indicated by the diffraction spots in
Figs. 13b and 13c. It is noteworthy that the simulated patterns
do not contain the (002) diffraction (the two inner symmetric
bar-like dots in Fig. 13) because the simulations cover only a
single-layered tube. When compared with the simulations, the
main feature of the observed patterns (brighter individual
diffraction dots) match very well with the pattern obtained for
the armchair structure. The brighter dot (top right) in the ®rst
dot-ring (Fig. 13c), corresponds to the (100) planes and the
brighter dot on the top in the second dot-ring corresponds to
(110) planes of the WS2 crystals. The (less bright) diffraction

rings (arrowed) reveal that some of the cylinders have rotated.
For example, if the layer distance of a tube remains constant,
the (002) dot will not change. This is also true when some of its
layers rotate slightly along the tube axis. However, after such
rotation, the (100) planes may show various diffraction dots
with the same distances, leading to a dot-ring. Zhang et al. have
pointed out that it is possible to measure the rotation angle,
however a high degree of technical accuracy is required.37 After
examining a considerable number of ED patterns (ca. 40), we
conclude that all non-chiral patterns are consistent with
armchair tubes (Fig. 13d) and none with zigzag structures.
Similar results are evident in ED patterns, recorded for WS2

nanotubes, prepared by others using different routes.16,23 These
results also agree with our observations that ¯at caps arise from
octahedral defects contained in armchair tubes. This result is
different from that observed for CNTs, in which both zigzag
and armchair tubes are commonly observed. The results
suggest that the armchair con®guration is the favoured
structure for WS2 nanotubes. Further research along these
lines is in progress.

3.5 Growth mechanism

Tenne et al. proposed an oxide±sul®de template conversion
model, based on TEM evidence, in order to account for IF
formation.17 Sloan et al. extended this mechanistic concept and
discussed how the conversion might occur from the crystal-
lographic viewpoint.22 The main feature of this model is that
the outer IF layers form ®rst from the oxide. Growth then
proceeds on the inner face, a hollow core remaining as a result
of structural differences between oxide and sul®de. Therefore,
closed nanotubes, particularly nanoparticles, depend upon the
initial oxide, which is a key feature of this mechanism. In our
study, this model can account for the observations, e.g.
polygonal WS2 cross-sections that originate from the polygonal
WOx nanorods, different nanotube diameters resulting from
defective initial nanorods, and the signi®cantly longer nano-
tubes which are a feature of this work. However, for some
structures (section 3.2), such as open-tipped tubes, this model
appears to be untenable. We suggest that these open-tips may
result from a continuous growth on the part of certain
nanotubes.

Fig. 12 Simulated single-layered MX2 tubes: a) armchair tube (8-8),
and b) zigzag tube (14-0). The ED patterns are inserted in the cross-
sections.

Fig. 13 ED patterns revealing the various tube chiralities (electron
beams vertical to the tube axis): a) a helix tube; b) and c) armchair tubes
with modest layer rotations, indicated by diffraction rings (arrowed); d)
armchair tube.
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During HRTEM investigations, we observed in a few cases
that one end of a nanotube was rooted in a dark area consisting
of a densely-packed WS2±WOx mixture, according to EDX
measurements. By examining the fringes, we can detect layer
continuity (Fig. 14a, arrowed), which indicates that this tube
(or ®bre) may be growing out of this area. It is noteworthy that
our experimental method is based on a simple heating process,
the average temperature being ca. 1100 ³C (optical pyrometry).
In some regions, the temperature might well be higher than the
average, so that WS2 vapour may be present in the reactor. As
long as a WS2 nucleus forms, continuous growth is possible as a
result of deposition, involving atomic spiral growth which
occurs in the vapour transport process.19,20 In practice, the
open-tip facilitates easier H2S penetration of the tube. Hence, it
is possible that continuous growth occurs at both ends (even if
only one end is rooted within the starting materials). This
proposal can account for the formation of open-tipped tubes.
Given these special circumstances, such a growth may be
similar to that of CNTs, but without involvement of catalyst.38

For other ceramic nanotubes (e.g. VOx), open-tips are often
observed.13,14 We believe that this feature can eventually lead
to large nanotubes, as well as microtubes,23,39 provided that the
growth conditions are maintained.

It is conceivable that a nanotube may coalesce with an
adjacent nanoparticle to form a new structure, as a result of
continuous growth. Such a feature has been observed
(Fig. 14b). The atomic layers, forming the neck (arrowed),
exhibit good continuity between the tube and the particle,
particularly in the outer shells. In a previous report, nanotube
coalescence was also explored, in order to obtain evidence for
continuous growth.34 This conjecture was also supported by
Tenne's study of small nanotubes, the lengths of which can be

extended.16 However, it is not yet clear how the nuclei are
formed.

4. Summary

We have studied the morphological and structural features of
WS2 nanotubes, and compared them with CNTs, using
HRTEM, ED, EDX, EELS and XRD together with computer
simulations. The results show that these IF nanotubes differ
from CNTs, in that tube tips are often open. Both even and
uneven walled tubes are observed. The composition within the
tubes is fairly uniform, except for the edge layers which may
contain slightly lower S levels. Defects are often observed in the
outer shells. Octagonal and square defects appear to be
involved in forming tube caps. ED examinations reveal that ca.
half of the WS2 nanotubes are chiral, however signi®cant
amounts of (ca. half) non-helical nanotubes are often found.
Interestingly, all non-helical nanotubes appear to be of the
armchair-type. An alternative growth mechanism has been
proposed to account for the extended IF nanotube growth.
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