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All-carbon nanotubes?! were discovered in 1991 and
have attracted much attention because of their superior
mechanical properties? and unique electronic behavior.3
For an example, they have been used as microscope
probes,* as field emission sources® and as reinforcements
for composites.® Various approaches to the large-scale
production of high-quality aligned carbon nanotubes
have been explored, notably laser ablation,” arc-
discharge,® chemical vapor deposition,® electrochemical
growth,® and even solid-phase decomposition.1! These
methods in turn have provided routes to other nano-
materials, such as heteronanotubes, e.g. BN,*? B,C,N, 3
and NiCl,.** Other ceramic nanotubes have been pre-
pared recently by various approaches: e.g. silica nano-
tubes by an anodic alumina template method, titania
nanotubes by chemical processing!® and vanadium oxide
nanotubes by a sol—gel reaction following hydrothermal
treatment.1”18 A particularly significant breakthrough
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was made by Tenne and co-workers!®~2% who succeeded
in constructing related MX; cages (M = Mo or W; X =
S, Se, Te). This work has opened up an exciting new
area of research into sheet materials which, unlike
single-layer graphite and double-layer B—C—N, are
multiple-layer structures. These MX, species, termed
inorganic fullerenes (IF),?2 are akin to carbon nanotubes
in that they exhibit analogous mechanical and electronic
properties. They are used as solid lubricants?® and may
be employed as nanoscale electronic devices.?* The
methods developed by Tenne et al.,’®=21 starting from
commercially available WOz or MoOs, result in short
tubes (~10 nm to 5 um length) mixed with polyhedral
particles. Recently, a significant breakthrough in large
(micro) IF tube synthesis was reported independently
by Remskar?® and Rothschild.26 Thus, the technology
for creating IF nanostructures continues to improve. In
1996, it was estimated that 3—4 years would be required
to convert one MoS; crystal into an IF nanoparticle by
electron beam irradiation.?” In practice, such nanostruc-
tures can be produced by a sonoelectrochemical proce-
dure at room temperature with a few hours.?8 The key
challenge is to devise production methods, which result
in longer nanotubes accompanied by a reduction in the
percentage of nanoparticles formed.

In a previous paper,?° we described the generation of
treelike microstructures consisting of large WOy nano-
rods (x = 2—3; ~100 um length and 10—100 nm
diameter), by heating a SiO; plate placed on a W foil in
an atmosphere of Ar (100 Torr). We have now extended
the investigation to creating WS, nanotubes by employ-
ing Ar (100 Torr) and H,S (100 Torr). These in-situ
grown nanotubes are quite long (~5—30 um), are of
uniform diameter (~20—100 nm), and are obtained in
quantity (~0.5 g per run). Previous methods3°—32 used
a mixture of Hy, Ny, and H»S to convert WO3, via W1gOug
into WS,. The advantage of our new method is that
control of parameters is easier in the absence of H.
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Furthermore, turbulence, which appeared to be an
important factor previously, is unnecessary for nanotube
formation in the new approach. The nanotubes are large
and therefore may exhibit improved semiconductor
properties: vide infra.33

The apparatus employed?®34 consisted of a water-
cooled stainless steel chamber (45 cm i.d.), connected
to Ar and H5S gas sources and to a vacuum pump. Two
stainless steel electrode holders, located at the center
of the chamber, provided support for a W foil (50 x 5 x
0.025 mm) heater. A SiO, plate (Goodfellow, 10 x 5 x
1 mm) was placed on top of the heater. After evacuating
the chamber, Ar (100 Torr) was introduced, and ~35 A
dc were applied to the heater. Upon attaining ~1200
°C (optical pyrometry), the chamber was maintained at
this temperature for 30 min (stage one). It was then
quickly filled with H,S gas (~200 Torr), and the current
was reduced to ~30 A, so that the temperature dropped
to ~1000 °C. It was held at this level for 30 min (stage
two) and the current was then switched off. During the
first stage, we observed the presence of treelike struc-
tures on the edges of the SiO, plate, which were replaced
by gray needles by the end of stage two.

The needles were collected and analyzed directly by
XRD and SEM. Samples were dispersed ultrasonically
in acetone and, after 5 min, were transferred for TEM
measurement to a Cu grid coated with a holey carbon
film. The XRD examination was carried out on Siemens
D-5000 equipment (Cu Ka radiation), with a 0.02 deg/
min scanning rate (operating at 40 mA/40 kV). The
following equipment was used as appropriate: SEM
(Leo 5420, 10—20 keV), TEM (H-7100, 120 keV; CM200,
200 keV; JEM-4000, 400 keV); energy-dispersive X-ray
(EDX) using a Noran Instruments detector attached to
a CM-200, element = B.

The product (Figure 1a) consists of randomly distrib-
uted long and fairly uniform diameter WS, nanotubes
(up to several tens of micrometers long, ~10—100 nm
diameter), accompanied by only a small quantity of
nanoparticles. Careful examination showed that most
of the tubes exhibited polygonal, rather than circular
cross sections. The structural features resembled the
WOy nanorods (x = 2—3) reported previously by us
(Figure 1b).2° Figure 1c shows the overall features of
the WS, IF nanotubes under low magnification. Some
of the tubes are filled with WOy. Figure 1d illustrates a
typical straight hollow-core nanotube (=30 um long with
one end embedded in the WS, matrix). The outcome is
a significantly higher proportion of nanotubes relative
to nanoparticles. Furthermore, the tubes are of high
quality in that they are very straight and relatively long.

The XRD results show (Figure 2) the general phase
components of the sample, compared to the simulated
XRD pattern of single WS, crystals. The phase was
identified as a WS,, WOy (x = 2.7—3), W mixture by
consulting the PDF database. From a comparison of the
main peak intensities [the (002) peak to WS;] in the
chart, we conclude that WS, dominates and is ac-
companied by a small amount of W and a trace of WOsx.
Furthermore, it is possible to obtain the average diam-
eter (~30 nm) based on the Debye—Scherrer formula,
together with the approximate number of layers (~10—
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Figure 1. (a) Randomly distributed WS, nanotubes, relatively
free of polyhedral particles; (b) W15049 nanorods; (c) nanotube
bundles; and (d) a very long nanotube. Parts a and b are SEM
images; parts ¢ and d are TEM images.

20) within nanotubes by carefully examining the (002)
peak profile and its half-width.

In our earlier paper,2® we successfully prepared WO
nanorods by heating a SiO; plate with a W heater,
probably via

W + xSiO, — WO, + xSiO (1)
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Figure 2. XRD profile of WS; nanotubes: The WS, phase was indexed in the simulation pattern (upper); the peaks marked (*)

correspond to W15049, and W (hkl) represents W phase.

According to XRD analysis and HRTEM, we concluded
that the resulting nanorods consisted mainly of W1gO4.
Following the procedure developed by Tenne and co-
workers,?0-32 we introduced H,S into our system to
generate WS, IF nanotubes from WOy nanorods:

WO, + 2H,S — WS, + 2H,0 @)

The XRD result (Figure 2) supports the conclusion that
reaction 2 had occurred as a second stage. H,S is
unlikely to react directly with the W when WOy is
present in the system during stage two (WOy covering
the edges of the W heater). Given the experimental
conditions (~1000 °C), we surmise that H,S may also
decompose on the hot W surface, generating S and Ha.

Evidence for this conjecture is based upon the fact
that at the end of the experiment, a pasty S deposit was
found at the top of the inner (water-cooled) wall. This
S deposit may contain water generated in reaction 2.
However, if H,S reaches the WOy surface, held at a
relatively low temperature, WS, is presumably formed
more quickly than H,S decomposes.

An important feature of the present method lies in
the omission of directly administered H,, which was a
key component in the original IF nanotube production
method.32 As noted above, H, may well be generated
from H,S, but the amount appears to be minimal when
compared with the 5% concentration, introduced directly
by Feldman et al.32 In the present method of producing
WS in the absence of directly administered H;, WS,
nanotubes appear to form by direct reaction of WO, with
H,S. During each stage of our experiment, the gas
pressure was kept constant, except for a brief period
when H,S gas was introduced into the chamber. Thus,
turbulence was minimized and does not appear to be
important for IF nanotube growth in this method.

We believe that reactions 1 and 2 are primarily
responsible for generating IF nanostructures (including
polyhedral particles). One advantage of the method
described in this paper lies in the continuous in-situ
production of WS,. The success of the technique is
possibly because W1gOy9 is formed directly from W and
SiOy, rather than via WO3. Thus, fracture of WO3 during
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Figure 3. EDX of a single WS; nanotube. The Cu peaks arise
from the Cu grid used for TEM examination.

the production is avoided. Furthermore, by not moving
the WO, nanorods at the onset of stage two, we have
minimized the damage to them, leading to large nano-
tubes rather than polyhedral particles. This outcome is
important because a recent calculation®?® has revealed
that, like their bulk crystals, WS, nanotubes should
behave as semiconductors. However, larger diameter
tubes have large band gaps, whereas smaller nanotubes
have small band gaps.

EDX measurements were used to characterize the
overall chemical composition of the product, in particu-
lar that of a single tube. The results (Figure 3) also
prove that WS, is the dominant phase; only a tiny peak
indicates the presence of O, which corresponds to the
occurrence of the WOy phase. In this case, HRTEM
measurements indicate that the tubes are fully, or
partly filled with elongated single crystals. The encap-
sulated phases usually exhibit a crystalline fringe,
~0.38 nm, which matches the crystalline lattice of WOy
nanorods. This result agrees well with a comprehensive
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100 nm

Figure 4. HRTEM images: (a) a typical nanotube and (b)
tube tip enlargement.

study by Sloan et al.3> who, using HRTEM, character-
ized both defect and ordered WOy (x = 2—3) crystals
encapsulated by the WS, nanostructures. Note that the
present procedure is continuous and therefore, during
the second stage, reaction 1 may continue, resulting in
WOy (indicated by the two peaks in Figure 2). This
should lead to the longer WS, tubes arising from part
conversion of WO, nanotubes.

These in-situ-generated WS, IF nanotubes exhibit
crystalline features differing from those of carbon nano-
tubes. Some of the IF nanotubes appear to be dislocated.
In general, we observe WS, nanotubes with fully open
tips (Figure 4), in contrast with carbon nanotubes which
are nearly always closed. For carbon nanotubes, dan-
gling bonds appear able to automatically “seal” the open
tips when the growth is terminated.®® However, it seems
that for WS, no such sealing process occurs. This open-
tipped feature means that IF nanotubes exhibit a
morphological similarity to the ceramic nanotubes
(vanadium oxide), which are thought to grow according
to a roll-up model.17-18

Figure 5a shows the presence of layer dislocations in
the walls (arrowed), which appear to occur at the outer,
rather than the inner layers, probably because the outer
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Figure 5. HRTEM images: (a) layer dislocation (arrowed)
occurring at the outer shells and (b) high-density layer defects
within the tube walls (the insert is an enlargement of the
defect (arrows), and the defect-free layers are separated by
~0.62 nm); and (c) nanotube with different diameter (arrowed).

shells are subject to less strain than are the inner shells.
In some cases, we observed defective structures between
the tube walls (Figure 5b). Under TEM projection, it is
not difficult to visualize the inserted tiny atomic planes
(arrows), although we are not clear as to the actual outer
curvature of the tube. Because of the high density and
asymmetric distribution of these defects, it seems that
they may not occur around the entire tube body but are
confined to small regions. Indeed, they appear to be a



1194 Chem. Mater., Vol. 12, No. 5, 2000

bifurcation point of two layers. For this nanotube, this
type of defect is often present, suggesting that layer
defects tend to occur in the WS, system. Since crystal-
lographic shear structural defects often occur in encap-
sulated WOy phases, and in the conversion process from
WOy nanorods to WS, nanotubes, it is possible that
these bifurcation points originate from defects in the
WOy shear planes. The HRTEM measurement by Sloan
et al. clearly reveals how encapsulated WO, defects
influence the WS; outer curve structure.3® The cause of
this type of defect and the effect on nanotube mechanical
and electronic properties warrants further investigation.

The SEM result shows that the nanotubes exhibit
polygonal cross sections. TEM measurements reveal the
presence of numerous uneven interlayer distances, in
some cases =0.62 nm on either side of the tubes, which
may confirm this fact.3” Such polygonal features char-
acterized our previous WOy nanorod sample. Further-
more, we have verified, by SEM, that some of the
nanorods possess a square cross-section. Because of the
intrinsic crystalline nature of WOy, the two neighboring
basal planes within a nanorod are usually located at
~90° to each other. Therefore, a question may arise
concerning the atomic network arrangement in con-
structing a WS, nanotube. We think that the estab-
lished WO,—WS, conversion mechanism for IF nano-
tube growth3! can generally be applied to our process.
The nanotube or nanoparticle growth has been thought
to originate from the existing WOy nanorod or nano-
particle by an oxide replacement process. Previous
HRTEM observations provide experimental support for
this conjecture.®? Significant volume or shape changes
do not appear to occur during nanotube growth through
a gas—solid-phase reaction (H,S—WOx reaction). There-
fore, the initial features of these WOy nanorods might
be inherent in the nanotubes, which is why our nano-
tubes are longer (and contain less IF polyhedral par-
ticles) than those converted from WOy powder. More
than half of the WOy nanorods exhibit polygonal cross
sections, thus the IF nanotubes will retain their shape,
as suggested by Sloan et al.3> However, the five- or
seven-membered ring configurations for carbon nano-
tubes forming a facet,3 may also occur here (Figure 5c).
For IF nanotubes, three- or four-membered rings can
also cause a positive curvature in the WS, crystal
lattice.?® It is difficult to provide a coherent ~90°
connections in most cases. This polygonal cross-sectional
feature might be the main cause of the high-density
defects within the tube walls.

In the studies by Feldman et al.%0=32 the XRD
measurements on the (002) peak of the IF materials
indicated that the d (= ¢/2) spacing increased by ~2%,
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which is evidence for strain relief. In our XRD studies,
the same doo2 enlargement was also apparent. By
comparison with simulated diffraction patterns for WS,
single crystals, we noticed that the intensity of the (002)
peak arising from the successive closely spaced layers,
tends to be quite sharp. However, the higher angle
peaks, e.g. (004), (006), (008), and (0012), arising from
the long period layers of the crystal are obviously
broadened. This indicates a poorer long distance layer
order within a nanotube, a result consistent with
HRTEM observations. The asymmetrically broadened
(100) and (101) peaks, determined by the 3-D atomic
positions within the IF nanotubes, might be caused by
network rotation along the tube axis ([100Cdirection),
analogous to helical carbon nanotube structures. Un-
fortunately, we cannot determine the actual helix angles
between different layers. It is noteworthy that the (004)
peak intensity for the IF nanotubes may be influenced
by overlap with complex WOy phases present in the
sample. The EDX results revealed the presence of a
small amount of O. The HRTEM analysis confirmed
that some WOy crystals are encapsulated in WS, tubes.
Thus, WOy phases must contribute to the XRD intensi-
ties for some peaks. In contrast with our previous XRD
study on WOy nanorods, we can only identify the two
obvious peaks, and we suggest that they also correspond
to the W1g049 phase. The other peaks are too weak to
be indexed. This analysis also supports Feldman et al.’s
conjecture that IF nanotube growth starts with the
reduced WOy phase, particularly W;gO4932 It is note-
worthy that, because of the numerous intermediate
phases for WOy, it is always difficult, from XRD mea-
surements, to identify one particular encapsulated WOy
phase precisely in a nanotube. HRTEM and ED methods
can provide a better understanding of the WOy encap-
sulated phases.3®

In conclusion, we have successfully generated rela-
tively long IF WS, nanotubes, in good yield and high
purity using a simplified in-situ process. The nanotubes
are formed directly from WOy nanorods created from
W and SiO; during the first stage. Structural similari-
ties and differences between IF and carbon nanotubes
have been probed, and it is a particularly noteworthy
feature of these WS, tubes that some their tips are fully
open.
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