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Synthesis and Characterization of WS, Nanotubes
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High-purity WS, nanotubes were synthesized on a relatively large scale by thermal
decomposition of amorphous/nano (NH4),WS, in a floating hydrogen and thiophene
atmosphere at a heating temperature of 360—450 °C. Extensive investigations of WS,
nanotubes by scanning electron microscopy, high-resolution transmission electron microscopy,
X-ray diffraction, X-ray photoelectron microscopy, and Brunauer—Emmett—Teller measure-
ments were reported. Our improved route yielded large quantities of open-ended WS,
nanotubes with an average length of 5 um, an outer diameter of 25—50 nm, an inner diameter
of up to 20 nm, and an interlayer spacing of 0.62 nm. The present study is also of interest
because it provides a clue to better understanding the inside out growth mechanism of WS,
nanotubes, and this can be extended for the synthesis of other metal-sulfide nanostructural

materials.

1. Introduction

Inorganic fullerene-like nanoparticles and nanotubes,
first reported by Tenne and co-workers in 1992,1 have
generated intense scientific interest owing to their
promising electronic and mechanical properties. Sub-
stantial progress has been achieved in the use of WS,
nanotubes as scanning probe microscope tips,22 fullerene-
like WS, and MoS;, nanoparticles as excellent lubri-
cants,*®> MoS, and WS, nanoparticles or nanotubes as
heterogeneous catalysts,6~8 and MoS, nanotubes as
electrochemical hydrogen storage and lithium intercala-
tion materials.%~12

To date, various synthetic methods for the production
of macroscopic amounts of multiwall MX; (M = Ti, Zr,
Hf, Nb, Ta, Mo, W, or Re; X = S, Se, or Te) nanotubes
have been described, and further progress is still
underway. Syntheses of these materials include gas—
solid reactions,113-25 chemical transport,26=2° electron-
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and MoS; nanotubes by heating tungsten or molybde-
num oxides in H,S/H2/N, gas atmosphere at about 850
°C. Rao et al.?=24 have successfully synthesized MX;
nanotubes at high temperatures (800—1300 °C). Rem-
skar et al.26-29 reported the existence of MoS,/WS; micro
tubes, microribbons, and ropes formed by chemical-
transport reactions at about 800 °C. Galvan et al.30-35
described the production of MX, nanotubes by an
activation method. Hsu and coauthors3¢-41 employed an
in situ heating technique to fabricate pure, doped, and
coated MX; nanotubes. Other research groups used the
solution low-temperature route to produce MoS, and
WS, nanotubes.*?2~44 For example, Li et al.** developed
a direct pyrolysis method from artificial lamellar me-
sostructures for the synthesis of WS, nanotubes.

It can be seen that the above methods, in which either
high temperature or complicated processes were adopted,
may not be the best ones for obtaining a high-rate
production of WS, nanotubes. On the other hand,
because the catalytic and physical properties of nano-
tubes strongly depend on their size and shape, it is thus
important to devise methods that allow significant
control over the morphological attributes. From a view-
point of applications, the emphasis of WS, nanotube
growth will be on the synthesis of high-purity, high-
yield, and low-cost product.

In this paper, we report the synthesis and character-
ization of open-ended WS, nanotubes that are obtained
using a gas—solid reaction of amorphous/nano (NH,),-
WS, in a floating H, and thiophene atmosphere at
around 360—450 °C. The present work allows lower
growth temperature and thus easier/safer control over
the reaction process, and produces WS, nanotubes at
high rate, high purity, and low cost.

2. Experimental Section

2.1. Three Steps to Prepare WS, Nanotubes. Our
production for yielding WS, nanotubes is schematically shown
in Figure 1. As can be seen, the process consists of three
steps: (1) a procedure similar to that previously reported*® was
used to prepare needlelike tetrathiotungstate (NH4);WS, from
ammonium tungstate hydrate (NH4)sW12,039:12H,0 (Aldrich,
99.9%); (2) ball milling of (NH4);WS, in H; atmosphere (0.2
MPa with a Fuji Auto mixer® at 800 rpm for 1 h); and (3)
sintering of the as-ball-milled sample in floating hydrogen and
thiophene (C4H.S).

2.2. Heating Apparatus. The reaction to achieve WS,
nanotubes was carried out in a conventional furnace with a
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Figure 1. Reaction scheme used to synthesize WS, nanotubes.

horizontal alumina tube (Figure 2). Thiophene, which was used
as a catalyst source, was vaporized and floated by pure
hydrogen to produce a stream of mixing gas that was controlled
by a mass-flow control system and flowed into the reactor at
a rate of 60—150 mL/min. To avoid agglomeration at the
heating reaction, (NH.),WS, particles were carefully dispersed
on the entire reactor substrate, resulting in complete exposure
of the particle surface to the reacting gas. The reaction
temperature was maintained at 360—450 °C with a K-type
thermocouple. Synthesis times were adjusted with a maximum
30 min. The off-gases were introduced first to a dimethylform-
amide (DMF) solvent and then to a ZnSO, solution before they
were vented into the atmosphere. After cooling to room
temperature, the reaction products were collected on a quartz
substrate for various analyses.

2.3. Instrumental Analyses. Complementary information
on the reaction mechanism was obtained by using a combina-
tion of the following techniques: scanning electron microscopy
(SEM) equipped with energy-dispersive X-ray spectroscopy
(EDXS), transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM), X-ray powder diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), and Brunauer—Em-
mett—Teller (BET) adsorption—desorption measurements.

Specimens for SEM were fixed to a piece of copper tape,
which was attached to a SEM stub and then sputtered with a
2-nm layer of gold. Images were taken with a JEOL JSM-5600
scanning electron microscope working at an accelerating
voltage of 20 kV. EDXS was performed in the microscope with
use of a Kevex Super 8000 detector. Selected WS, nanotubes
were clamped between two copper grids for TEM analysis,
which was carried out in a Philips Tacnai F20 microscope
operating at an accelerating voltage of 200 kV. XRD analysis
was by a Rigaku INT-2000 X-ray generator. The X-ray
intensity was measured over a diffraction 2-theta angle from
5 to 85° with a velocity of 0.02°/step and 2°/min. The surface
of the reacted and unreacted samples was examined with the
XPS (ESCA-3400, Shimadzu Electron) using a monochromatic
Mg Ko radiation (1253.6 eV). The measured surface composi-
tion was an average over 0.20 cm? areas and 20—30 A depths.
The binding energy values were referenced to the carbon C 1s
core peak at 284.7 eV. The specific surface areas and pore sizes
were determined by BET at a bath temperature of 77.4 K using
a nitrogen gas adsorption/desorption method (Shimadzu-
Micromeritics ASAP 2010 Instrument). Prior to the desorption
measurement each sample was degassed by heating at 150
°C and pumping for 5 h, and then the pressure was about 5 x
1077 Torr.

3. Results and Discussion

3.1. Ball Milling Step. The specific surface areas
(SSA) of the un-milled (NH4),WS, were 1.2 m?/g, but
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Figure 2. Schematic diagram of the heating apparatus used for the high-rate and high-quality synthesis of WS, nanotubes.
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Figure 3. TEM image for amorphous/nano (NH4),WS, par-
ticles after ball-milling process. Inset is the electron diffraction
pattern.

after ball milling for 1 h, the SSA increased to 11.5 m?/
g. Apparently, there is a characteristic increase in the
SSA of this sample after ball milling. The XRD analysis
shows that some peaks in the XRD pattern of the ball
milled (NH4),WS,, in comparison with that of the un-
milled sample, disappeared and the remaining peaks
were relatively broader (Figure 9A, vide infra). These
results indicate that the ball milling procedure offers
the transformation of polycrystalline (NH4);WS,; to
amorphous/nano particles, as confirmed by TEM inves-
tigation (Figure 3). The electron diffraction pattern
exhibits amorphous haloes (inset of Figure 3), being
consistent with the XRD analysis. Therefore, a promi-
nent decrease in the grain size of (NH4),WS,; with
defects was obtainable from the ball milling, and this
led to an obvious increase in the SSA. Furthermore, XPS
analysis shows that the binding energy of W 4f;;, in the
ball-milled (NH4)>,WS, is 35.1 eV, which is in good
agreement with that in the initial (NH4),WS, (35.2 eV),
illustrating that there is no valence change of W6*
during the ball-milling process.

It is worth noting that the ball-milling technique we
use to provide amorphous/nano (NH4)>,WS, particles
plays an important role in obtaining nanotubes at low
temperature due to the greatly enhanced reaction
kinetics. As an example, heating the un-milled (NH,),-
WS, in hydrogen and thiophene up to 600 °C did not
yield the WS, nanotubes. However, using ball-milling
treatment in a hydrogen atmosphere to “activate” the
solid precursor could induce the growth of pure WS,
nanotubes at a relatively low sintering temperature of
about 360 °C.

thiophene addition of (a) 0 vol % and (b) 5.0 vol % at 400 °C,
120 mL/min flow rate, and an annealing time of 30 min.

3.2. Synthesis Conditions. In the synthesis of WS,
nanotubes, different conditions of heating the amor-
phous (NH4),WS, particles were investigated in detail
in an attempt to understand how the WS, nanotubes
grew and whether there were controls of the morphology
of the tubes prepared. Variations in the conditions
included changing the thiophene (catalyst) concentra-
tions, the heating temperature, the flow rate, and the
annealing time. In all these experiments, only one
parameter was changed at a time.

Thiophene Addition. In the case of the thiophene
addition, the liquid precursor was vaporized and co-
floated with hydrogen gas, resulting in a vapor-phase
catalyst. Notable differences could be observed in the
absence and in the presence of the thiophene under the
same conditions (400 °C, 120 mL/min, and an annealing
time of 30 min). The products obtained by floating H,
with thiophene were better crystallized than those
acquired without thiophene (Figure 4). In Figure 4a
without any addition of thiophene, WS, nanotubes were
indeed formed, but nanoclusters coexisted. The addition
of 2 vol % thiophene was found to be effective in
increasing the quality of WS, nanotubes. With loading
amounts of thiophene up to 5 vol %, WS, nanotubes
were easily synthesized with a high yield and high
purity (Figure 4b). This behavior can be further proven
from the relation between the various amounts of
thiophene and the pore size distribution of WS, nano-
tubes (Figure 5). The changing amounts of thiophene
had no significant effect on the pore size range with
radius between 1 and 500 A. However, they showed a
great influence on the pore size distribution: an increase
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Figure 5. Effect of different thiophene amounts on the pore
radius distribution of WS; nanotubes annealed at 400 °C and
120 mL/min for 30 min: (a) 0 vol %, (b) 2.0 vol %, and (c) 5.0
vol %.

of the loading amounts of thiophene catalyst up to 5 vol
% caused a more narrow distribution of the pore radius
around 20 A, indicating the formation of WS, nanotubes
with a smaller pore size and a more homogeneous pore
distribution. Further increase of the loading amounts
of thiophene higher than 5 vol % was found to show little
difference. It should be noted that in any addition of
thiophene, a gas chromatograph analysis detected no
content-decrease of thiophene in the emerging gas
mixture from the alumina tube, indicating that thiophene
acts only as a growth-promoting catalyst.

Floating Gas Rate. The main process of the present
synthesis of WS, nanotubes consists of the hydrogen
reduction of (NH4)2WS,. Thus, H» plays the role of the
reducer and it is found to be indispensable for the
growth of WS, nanotubes. To know the precise effect of
the total flow rate on the growth and morphology of WS,
nanotubes, only the floating gas rate was altered. When
the flow rate was either lower than 75 mL/min or higher
than 125 mL/min, nanotubes and nanoparticles were
produced, whereas when the flow was between these
two rates, only nanotubes were observed (Figure 6). In
these three situations, defects were always observed in
the surface, possibly reflecting the fact that the tube
growth occurs from the inside out.

Heating Temperature. Because the folding of the WS,
layers requires thermal energy, a detailed study of the
heating temperature was undertaken to investigate the
growth of WS, nanotubes. It was reported that anneal-
ing (NH4),WS, at elevated temperatures (1200—1300
°C) yielded changes in crystallinity of WS, nanotubes.1®
In comparison, an excellent yield of WS, nanotubes/
nanofibers was acquired by the direct heating of amor-
phous/nano (NH4),WS, at a relatively lower tempera-
ture of 360—650 °C, using the hydrogen floated thiophene
gas. Depending on the heating temperature, two Kinds
of morphologies had been observed: nanotubes (20—30
nm diam.) at 360—450 °C and nanofibers (15—30 nm
diam.) at 470—650 °C, as shown in Figure 7. The WS,
nanotubes or nanofibers appear to exhibit an almost
cylindrical cross section, indicating that both the instant
growth of WS, nanotubes in the first place and their
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Figure 6. HRTEM images of the products obtained at various
floating rates (FR): (a) FR < 75 mL/min; (b) 75 mL/min <
FR =< 125 mL/min; and (c) FR > 125 mL/min.

(b)

wu g7

Figure 7. TEM images of the products obtained at (a) 360—
450 °C (nanotubes) and (b) 470—650 °C (nanofibers).

subsequent growth have been affected by controlling the
heating temperature. The morphology difference is
because the energy input at high-temperature synthesis
is too fast to form tubular structures. To further confirm
this, low-temperature synthesis at 360 °C with short
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Figure 8. HRTEM image for a single-wall WS, nanotube.

Table 1. Specific Surface Areas (SSA) and Average Pore
Radius (APR) of the Unmilled (UM) and Milled (M)
(NH4)2WS4, and WS; Nanotubes Obtained after Different
Heating Times (H-5, 10, 30 min)

sample SSA (m2/g) APR (A)
(NH4)2WS4 (UM) 1.2 99.8
(NH4)2WS;4 (M) 11.5 78.5
WS; (H-5 min) 7.8 52.3
WS (H-10 min) 6.5 36.7
WS, (H-30 min) 5.2 20.6

reaction time (about 2 min) was applied. Figure 8 shows
the embryo of a single wall WS, nanotube. At temper-
atures lower than 300 °C, the uniaxial growth is not
induced. Therefore, the temperature is one key factor
for synthesizing WS, nanotubes.

Growth Time. Another interesting observation about
the phase formation of WS, nanotubes was also made
with changing the growth time. Figure 9A gives the
XRD patterns of WS, nanotubes synthesized at various
stages of the annealing process. The XRD pattern of the
sample without annealing coincides with that of (NHg).-
WS, (ICDD-JCPDS Card 16-213), except the peaks
broadening. After 5 min of annealing, a strong peak was
observed at 20 = ~14°, and this signals the growth of
WS, phase (ICDD-JCPDS Card 8-237). After 10 min of
annealing at the same conditions, we can clearly see the
further growth of WS, phase. The fully converted
sample is observed after annealing for 30 min. The
diffraction peaks were relatively broadened, indicating
that the final phase had fine grain size. The XRD
patterns of the nanotubes gave hexagonal unit cell
dimensions, suggesting that the WS, nanotubes are
directly acquired by heating (NH4),WS, nanoparticles
in a flux of Hy/thiophene. The HRTEM images of the
samples after different annealing time are shown in
Figure 9B, which further confirms the formation of WS,
nanotubes. The specific surface areas and average pore
radius of the WS, nanotubes, obtained from the BET
nitrogen adsorption/desorption method, are summarized
in Table 1, from which it can be seen that both specific
surface areas and average pore radius decreased. There-
fore, on the basis of the above XRD, HRTEM, and BET
analyses, we could deduce that the phase transforma-
tion of amorphous (NH4);WS,; to WS, nanotubes oc-
curred.

Comprehensive Consideration. The principle for the
present synthesis of WS, nanotubes is based on a
catalytic gas—solid reaction, where large quantities (~5
g) of (NH4),WS, particles were heated to a fixed tem-
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Figure 9. Transformation of amorphous/nano (NH4):,WS,
particles to WS, nanotubes followed by (A) XRD taken on ball-
milled (NH,),WS, after heating for various times (0, 5, 10, and
30 min), and (B) related HRTEM images. Annealing condi-
tions: 400 °C with hydrogen floated thiophene (volume ratio
of 95:5) and gas flow of 120 mL/min.

perature under the flow of a forming gas of H, and
thiophene. The ball milling of (NH4),WS, produced a
nanocomposite phase, which greatly improved the Ki-
netics for its transformation to WS, tube. Thiophene in
a vaporized state strongly catalyzed the transformation
of (NH4),WS, to WS, at a low temperature. The forma-
tion of WS, nanotubes from (NH4):WS, is a redox
reaction, which can be described as follows:
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Figure 10. SEM images of the as-synthesized WS, nano-
tubes: (a) low-magnification image showing the nano-bundles
with typical length of um; (b) high-magnification image
presenting the well-aligned nano-threads.

Figure 11. HRTEM image of (a) a horn-like WS, nanotube
and (b) a typical edge of WS, nanotube, prepared by the
annealing of (NH4);WS, nanoparticles at 400 °C in a stream
(120 mL/min) of H/thiophene (volume ratio of 95:5). Arrows
mark the fork and termination defects.

Thiophene

(NH),WS, + H, T

WS, + 2H,S + 2NH, (1)

At the same time, other synthesis parameters such as
the heating temperature, the total flow rate, and the
annealing time were also found to be important factors
that are effective in changing the yield and the quality
of WS, nanotubes. Consequently, to have a high-yield
and high-purity phase of WS, nanotubes, the optimized
conditions were determined to be a gas flow rate of 120
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Figure 12. XPS of W 4f spectra of WS, nanotubes after
complete reaction (after 30 min heating).
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Figure 13. Nitrogen adsorption (line with solid circles) —
desorption (line with open circles) isotherm, and pore-size
distribution (inset) of WS, nanotubes.

mL/min (volume ratio of Hy/thiophene 95:5), a heating
temperature of 400 °C, and a total annealing time of
30 min.

Hereafter, we focused on the structural characteriza-
tion of high-purity WS, nanotubes synthesized with the
above optimized experimental conditions.

Figure 10 shows SEM images of the as-prepared
products. From Figure 10a, a low-magnification image,
we can see that the sample is in the presence of
nanotubes with typical lengths of 100 nm. Figure 10b,
of higher magnification, reveals that the nanotube is
made of many well-aligned threads. EDXS spectra
collected from the surface of the products demonstrate
the presence of W and S, and the atomic ratio of W to S
is 1:2. Figure 11 shows HRTEM images of a horn-
shaped WS, nanotube and a typical open-ended edge of
a nanotube. In both nanotubes, an interlayer spacing
of ~0.62 nm is observed, which corresponds to the (002)
plane of 2H—WS,. The inset in Figure 11b shows the
electron diffraction pattern, exhibiting a hexagonal
arrangement of the tube layers. It is noteworthy that
many defects consisting of fork and termination were
found in the outside fringes of the tube (marked by
arrows in Figure 11a), illustrating that defects are one
of the important factors for the growing of multiwall
nanotubes. This result suggests that any calculation of
the structures and energetics in WS, nanotubes must
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Figure 14. Schematic illustration of an inside out mechanism for fabricating WS, nanotubes.

consider the defects.*”8 Figure 12 shows the W 4f
spectrum of the nanotubes produced. The chemical
valence of tungsten in the nanotubes contains only W4+,
because a binding energy of 31.4 eV was detected, being
assigned to W 4f;, in WS,.4° On the other hand, the
binding energy of S 2p (~162.0 eV) in the final synthe-
sized sample is indeed S2~ form, as occurred in eq 1.
This fact also shows that the stoichiometry of the final
nanotube is WS;, consistent with the EDXS result.
Figure 13 shows the nitrogen adsorption—desorption
isotherm of the WS, nanotubes. The adsorption—de-
sorption cycle clearly shows the presence of a hysteresis
loop at p/p® > 0.7, attributing to the capillary condensa-
tion associated with large pore channels.®° The specific
surface areas reach 5.2 m?/g with a pore radius distri-
bution at 20.5 A.

3.3. Inside Out Growth Mechanism. The growth
mechanism of MS, (M = Mo, W) nanotubes synthesized
from MOs3 has been studied in some detail before.?? It
is believed that the nanotubes grow from MO3_4 nano-
particles in two separate steps: a rather rapid process
(oxide tip growth, reduction, and sulfidization of the
oxide surface) and a second step (the reduction process
of the oxide core and the sulfidization of the core). This
point suggests that the sulfide growth occurs from
outside in.??2 Recently, a general rolling mechanism of
layered sheets for tubule formation is proposed for the
synthesis of WS, nanotubes on the basis of inorganic-
surfactant lamellar composite.** Our experimental re-
sults reveal that an inside out mechanism postulated
by Whitby et al.*! is taking the role for the growth of
WS, nanotubes starting from (NH4),WS,. The inside out
mechanism means that first a single-wall WS, nanotube
is formed (Figure 8), which serves as a kind of template
for the following WS, layers, which grow on top of the
first one. The schematic diagram of Figure 14 shows a
possible pathway. First, the catalyst thiophene diffused
into aggregations of (NH4)>,WS,, and the input energy
provided by the sintering lets the atoms arrange them-
selves in layered structures (Figure 15a). Second, the
layers curl at the edge (Figure 15b). Third, during the
escaping of NHz and H,S (equation 1), the layered
structures rolled into tubes, leading to further growth
of (single-wall, normally multiwall) nanotubes (Figure
15c). Our results indicate that the formation of WS,
nanotubes undergoes an induction period at the initial
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Figure 15. HRTEM images for (a) layered W—S structures,
(b) the curling edge of W—S layers, (c) the formation of (single-
wall and multiwall) WS, nanotubes.

annealing stage, which may be caused by the nucleation
and growth of the WS, phase due to the catalysis of
thiophene. Thus, the kinetics of the present gas—solid
reaction is greatly improved through the ball-milling
treatment. The nanotube conversion shows that the
reaction rate is initially controlled by the dimensional
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nucleation and growth, and as the formation of the WS,
phase proceeds, a diffusion-controlled reaction gains in
importance. Therefore, the present inside out mecha-
nism is a very important advance in the synthesis of
metal-sulfide nanotubes because the method presented
here is mild and offers a path to high-purity, large-scale,
and easy-control fabrication of single wall and multiwall
nanotubes.

4. Conclusions

We have demonstrated a simple method to prepare
high-rate and high-quality WS, nanotubes by ball
milling (NH4),WS, to obtain amorphous/nano particles
with high specific surface area and loading them in a
controlled thermal decomposition environment with
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thiophene catalyst. This technique has the capability
to fabricate WS, nanotubes with controlled alignment
at relatively low temperatures. The yield and quality
of WS, nanotubes was greatly influenced by the syn-
thesis parameters. The growth mechanism of obtaining
WS, nanotubes is believed to be controlled by an inside
out process. An important implication of our results is
the possibility of large-scale and low-cost synthesis of
WS, nanotubes, which would certainly be a great step
toward exploring other layered metal-sulfide nanotubes.
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