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The first nanostructures of layered chalcogenides observed
were the scroll-like structures of WS2 reported in 1979 as part
of an investigation of dichalcogenide catalytic activity.[1] WS2

nanotubes were subsequently characterized in 1992, generat-
ing considerable interest.[2] The nanostructured dichalcoge-
nides of transition metals from Groups 5 and 6 have potential
applications in solid-state lubricants,[3] nano-electronics,[4]

hydrogen storage,[5] catalysis,[6] and as tips for scanning
tunneling microscopes (STMs).[7] Tantalum disulfide (TaS2),
which has been known as a bulk compound for many
decades,[8] exists in three principal polytype structures:
trigonal 1T-TaS2 (P3̄m1), hexagonal 2H-TaS2 (P63/mmc),
and rhombohedral 3R-TaS2 (R3m).[9] The 1T polytype is
metastable below 550 K, but can be isolated by quenching a
TaS2 sample from above 1100 K.[10,11] In contrast, 2H-TaS2 can
be produced from 1T-TaS2 by annealing at 823 K and is stable
at room temperature.[12] The slow cooling of mixtures of the
elements from high temperatures tends to yield 3R-TaS2. The
layered structures of the TaS2 polytypes enable extensive
intercalation chemistry, which combined with the inherent
superconductivity of both the parent compound and its
intercalated derivatives, has fuelled considerable
research.[13,14] The prospect of reproducing these phenomena
at the nanoscale is a tantalizing one.

Reports of TaS2 nanostructures describe their formation
by the reduction of bulk TaS3 in an H2 atmosphere[15] or by the
pyrolysis of TaS3 nanobelts under vacuum.[16] Both of these
methods are two-step syntheses involving a trisulfide pre-

cursor. In the former report, the sensitivity of the nano-
materials to the electron beam prevented a determination of
the crystal structure of the nanotubes and nanowires, whereas
in the latter report, the TaS2 nanobelts were found to adopt
the rarely observed 6R polytype structure (R3̄m). Super-
conductivity was observed in the 6R-TaS2 nanobelts below
2.7 K. Herein, we report the synthesis of single-crystalline
nanowires of TaS2 by a facile one-step process, the direct
heating of the elemental powders, for the first time. Our
investigations aid the understanding of the polytypic nature of
TaS2 and the growth process of the material. They also
indicate that the TaS2 nanowires have enhanced supercon-
ducting properties compared to those of the bulk phase.

TaS2 nanowires were synthesized from the elemental
powders by chemical vapor transport (CVT) at elevated
temperatures, in one step (see Experimental Section). Upon
quenching the reaction mixture, a low-density fibrous mate-
rial (LDFM) was observed on the inner surface of the
reaction tube, which became free as the tube was manipu-
lated. A black residual powder was observed at one end of the
tube (I), and the LDFM at the opposite end (II ; Figure 1a).

The LDFM was easily removed after opening the ampoule,
and the residual powder from region I was also retained. In a
second series of experiments in which a Ta foil was inserted
into a modified ampoule at region II (Figure 1b), a similar
yield of LDFM was observed on the tube walls (Figure 1c),
and another substantial mass of LDFM was observed on and
around the Ta foil (Figure 1d). This observation suggests that
the yield of nanowires may be increased through the addition
of a Ta foil to the reaction ampoule. The LDFM consists of
long needlelike structures growing perpendicular to the
surfaces of the foil (Figure 1d).

In a control reaction with region II of a modified ampoule
empty, we observed no nanostructure formation in this
region. There was also a low yield of LDFM in, on, and
around the residual powder in region I. A control reaction
with an Fe foil in region II showed limited formation of
LDFM in region I and no growth in region II on the Fe
surface. There was, however, evidence of surface reaction on

Figure 1. a) Normal and b) modified fused-silica tubes used in the
synthesis of the TaS2 nanowires. Optical microscope images showing
the growth of LDFM c) within the neck of the modified tube and d) on
the Ta foil.
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the Fe foil. The brittle, lustrous layer on the surface of the Fe
foil was easily removed, and analysis by powder X-ray
diffraction (PXRD) and scanning electron microscopy
(SEM)/energy dispersive X-ray analysis (EDX) revealed the
material to be crystalline platelets of FeS (ICDD PDF 00-051-
0001; Fe/S 1:1.0(1) by EDX).

PXRD patterns for the black residual powder from both
series of reactions were indexed to 3R-TaS2 (ICDD PDF 04-
001-0069; a= 3.314(4), c= 17.83(2) D, R3m). Broad peaks in
the PXRD patterns for the LDFM were matched to 2H-TaS2

(ICDD PDF 04-003-2108) as the majority phase (see Sup-
porting Information). SEM analysis of the LDFM showed
bundles of filaments with aspect ratios up to 10000:1, and no
evidence of crystallites. A low-magnification view of the
bundles is shown in Figure 2a. A higher-magnification image
(Figure 2b) reveals that the larger microwires are clustered

bundles of smaller individual nanofilaments. The diameters of
the filaments are 100–600 nm, and their morphology is
consistent for all reactions. Larger platelets of 3R-TaS2

(identified by PXRD) were found in the residual powder in
region I. EDX analysis of the bundles of fibers yielded a
1:1.8(3) Ta/S ratio (averaged over > 20 samples). This result is
in reasonable agreement to the expected 1:2 ratio, given the
porous nature of the sample (for EDX, uniform polished
surfaces are optimal).

Transmission electron microscopy (TEM) showed nano-
wire bundles of up to 1 mm in length and up to 2.5 mm in
diameter. The bundles consist of very straight individual
nanowires with constant diameters along their length and
aspect ratios of up to 50000:1 (1 mm:20 nm; Figure 3a). The
nanowires displayed selected area electron diffraction
(SAED) patterns consistent with a single-crystalline material
(Figure 3a, inset).

The multifilamentary morphology of the nanowires sug-
gests a cooperative growth mechanism, whereby a number of
nanowires nucleate and simultaneously propagate along one
crystallographic direction. This morphology is further illus-
trated by the large bundle shown in Figure 3b: the numerous
crystalline TaS2 filaments in the bundle lead to a varied
contrast across the wire. The nanowire bundle appears to have
fractured during sample preparation, hence, taking on an
uneven terminal edge. The corresponding SAED pattern,
shown in [0001] projection in Figure 3c, is characteristic of
those produced by the nanowires, consisting of sharp spots in
a hexagonal array.

As the crystal structures of the 2H- and 1T-TaS2 polytypes
differ in the stacking of layers along the [0001] direction,
leading to differences in the c parameters, the [0001] projec-
tions of the SAED patterns of the two polytypes are similar;
hence, the diffraction pattern in Figure 3c could be indexed to
either structure. However, careful analysis of this and further
SAED patterns, such as that shown in the inset to Figure 3d,
which approaches a [21̄1̄0] projection, yields a more precise
match to 2H-TaS2 than to 1T-TaS2. The 3R and less-common
6R polytypes[9,17] were also considered, but neither provided
an acceptable match to the SAED data. Therefore, the SAED
data are consistent with the predominant phase of the
nanowires being 2H-TaS2.

[9] This assignment concurs with
previous work, where nanostructures produced through the
reduction of TaS3 with H2 were tentatively identified as 2H-
TaS2, on the basis of PXRD data.[18] However, TaS2 nanobelts
prepared from the heating of TaS3 under vacuum were
reported to adopt the 6R structure.[16] Analysis of SAED
patterns for the nanowires found that the 112̄0 diffraction
spots were coincident with the long axis of the nanowires,
indicating that growth occurs along the h112̄0i directions.

Upon rotating the nanowires around their longitudinal
axes, lattice fringes were observed parallel to the nanowire
surface (Figure 3d). The fringe spacing is 6.05(8) D, in good
agreement with the (0002) plane spacing of 2H-TaS2

(6.0485 D), but in poor agreement with the equivalent
(0001) spacing of the 1T polytype (5.8971 D), again suggesting
that the 2H-TaS2 is the dominant phase of the nanowires. The
measurement was calibrated for magnification and image
resolution using the known (101̄0) fringe spacing of Nb3Te4.
The corresponding SAED pattern, which approaches a [21̄1̄0]
projection, highlights the diffraction spacings corresponding
to the (0002) planes (Figure 3d, inset). An amorphous film

Figure 2. SEM images of TaS2 nanowires showing a) the LDFM and
b) a bundle of nanowires.

Figure 3. a) Bright-field TEM image of a single-crystalline TaS2 nano-
wire and the corresponding SAED pattern in [0001] projection (inset).
b) Bright-field TEM image of a bundle of nanowires and c) the
corresponding SAED pattern in [0001] projection (indexed to the 2H-
TaS2 cell). d) Phase-contrast TEM image of a nanowire, showing lattice
fringes with a spacing of 6.05 D and an amorphous oxide layer
(arrows), and the corresponding SAED pattern in approximately [21̄1̄0]
projection (inset).

Angewandte
Chemie

7219Angew. Chem. 2006, 118, 7218 –7221 � 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


was also observed on the surface of the wires, which most
likely originates from surface oxidation upon exposure to air,
as has been observed in other systems.[19]

The nanowires exhibit superconductivity, with an onset
temperature of 3.4 K (Figure 4). This behavior is in stark

contrast with that of bulk 2H-TaS2, which exhibits super-
conductivity below 1 K (Tc= 0.6[14] or 0.8 K[20]). Further, the
transition temperature of the 2H-TaS2 nanowires is higher
than that reported for the 6R-TaS2 nanobelts (Tc= 2.7 K).[16]

Bulk 6R-TaS2 has been reported to exhibit superconductivity,
with Tc= 2.3 K at ambient pressure and Tc> 4 K at
17.3 kbar.[21] As discussed with respect to 6R-TaS2 nano-
belts[16] based on the arguments of by Friend and Yoffe,[22] the
increased transition temperatures of the nanomaterials,
relative to that of the bulk material, could originate from a
suppression of the periodic lattice distortion that drives
charge density wave formation. A similar mechanism leads to
an enhancement of the transition temperature of bulk 2H-
TaS2 following intercalation (Tc= 2–5.5 K) or the application
of pressure. This effect may also be responsible for the
observation of elevated transition temperatures in nanowires
and nanotubes of NbSe2,

[23] for which electronic-structure
calculations have predicted a high density of states (DOS) at
the Fermi level (dominated by Nb 4d states).[24] Importantly,
similar calculations have predicted broadly analogous effects
for nanostructured 2H-TaS2 and the likelihood of super-
conductivity.[25] Furthermore, when nanowires are arranged in
bundles a “conductivity strengthening effect” occurs;[26] for
example, semiconducting BxCyNz nanotubes become metal-
lic,[27] and metallic single-walled C nanotubes become super-
conducting.[28] Thus, an increase in the superconducting
transition temperature might occur when TaS2 nanowires
form bundles. This effect might also contribute to the increase
in transition temperature from TaS2 nanobelts to nanowire
bundles.

In summary, we have exploited a simple one-step syn-
thesis to produce superconducting TaS2 nanowire bundles.

These high-aspect-ratio wires, which adopt the 2H structure,
exhibit superconductivity below Tc= 3.4 K. The nanowire
bundles can be produced by using a surface-assisted growth
process, which could find application in the selective synthesis
of other dichalcogenide materials with enhanced electronic
properties.

Experimental Section
In a typical reaction, elemental powders of Ta (99.9%, �325 mesh,
Aldridge) and S (99.5%, Fisher) were ground together in a 1:2 Ta/S
ratio and sealed in a 12-mm-diameter fused-silica tube under a
vacuum of 4 L 10�5 Torr. The tube was placed horizontally in a box
furnace and heated to 650–10008C for up to 70 h. It was then air
quenched to room temperature and opened. The products were easily
separated using tweezers.

In alternative reactions, 1:2 mixtures of the elemental powders
were placed at one end (I) of a fused-silica tube with a width
restriction (neck) halfway along its length (Figure 1a). A piece of Ta
foil (10L 30 L 0.25 mm3, 99.9%, Aldridge) was placed at the opposite
end (II) of the tube. The reactants were, thus, prevented from coming
into direct physical contact with the foil as the tube was sealed or
during the reaction. The tube was heated to 650 8C for up to 70 h, and
the products were separated by mechanical methods. Two different
control experiments were also run, in which region II either remained
empty or contained Fe foil (10L 30L 0.25 mm3, 99.9%, Aldridge). Fe
is known to have catalytic effects on the formation of nanowires,[29–31]

and was therefore a clear choice for comparison.
The products of the reactions were characterized by PXRD

(Philips XMPert diffractometer; q–2q ; CuKa radiation), SEM (Philips
XL30 SEM and XL30 ESEM-FEG, both with Oxford Instruments
ISIS EDX systems; samples prepared by depositing powder on a C
tab), TEM (JEOL 2000fx TEM and ISIS EDX system; samples
prepared by sonicating powder in acetone and then pipetting drops of
the suspension onto holey-C-film Cu grids), and magnetometry
(Quantum Design MPMS 5T; field-cooled (FC) and zero-field-cooled
(ZFC) measurements with an applied field of 10 Oe over 1.8–20 K;
samples loaded into gelatin capsules).
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