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Since the discovery of the carbon nanotubes, there has been
active interest in exploring whether other layered materials,
especially metal disulfides such as MoS2 and WS2, form
nanotubes and related structures. Tenne et al.[1,2] succeeded in
preparing nanotubes of MoS2 and WS2 by first heating the
metal oxide in a stream of forming gas (95% N2 þ 5% H2)
followed by reaction with H2S at elevated temperatures (700±
1000 8C). Thermal decomposition of the ammonium thiome-
tallate (NH4)2MS4 (M¼Mo or W) in a H2 atmosphere has
been employed recently to obtain the disulfide nanotubes.[3]

Metal trisulfides are formed as intermediates in the formation
of the disulfide nanotubes in both of the above methods.
Accordingly, MoS2 and WS2 nanotubes could be prepared
directly from the decomposition of MoS3 and WS3 in a
hydrogen atmosphere.[3] NbS2 nanotubes have also been
prepared by the thermal decomposition of NbS3 in a hydrogen
atmosphere at 1000 8C.[4] These results suggested that it may
indeed be possible to prepare nanotubes of other layered
disulfides by the thermal decomposition of appropriate
trisulfide precursors. Since the disulfides of Group 4 metals,
such as Ti, Zr, and Hf, possess layered hexagonal struc-
tures,[5,6] we considered it feasible to prepare the nanotubes of
these materials starting from their trisulfides. Herein we
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report the first successful synthesis and characterization of
these nanotubes of the Group 4 metal disulfides.
Thermal decomposition of HfS3 at 900 8C in an atmosphere

of Ar(95%) þ H2(5%) gave a good yield of nanostructures
as evident from the scanning electron microscope (SEM)
image (Figure 1a). Analysis by energy-dispersive X-ray
spectroscopy (EDX) showed the Hf:S ratio to be 1:2. The

powder X-ray diffraction (XRD) pattern of the product
confirmed it to be 1T-HfS2, with the lattice parameters a¼
3.635 and c¼ 5.851 ä (JCPDS card No. 28-0444). There is a
slight expansion (ca. 1%) in the c-axis of the nanostructures.
The expansion is much smaller than that observed in theMoS2
and WS2 nanotubes (ca. 3%),[1b] possibly because the mean c-
axis compressibility of HfS2 is higher than that of MoS2.[7] The
nanostructures are typically more than a micron long, with a
large proportion of them being nanotubes. A low magnifica-
tion transmission electron microscope (TEM) image of the
nanotubes is shown in Figure 1b. ATEM image of a nanotube
with a length greater than 500 nm is shown in Figure 1c. The

outer diameter of the nanotubes is in the range of 55±60 nm,
while the inner core diameter is around 17±30 nm. The
diameter of some of the nanotubes varies along the length.
Thus, the nanotube in Figure 1c has an outer diameter of
40 nm and an inner diameter in the range of 7±13 nm. These
nanotubes have non-uniform walls and generally have non-
spherical tips, with some being rectangular.
The TEM image of a HfS2 nanotube with a rectangular tip is

shown in Figure 2a. At the outer corners of the tip there are
ripplelike undulations which can arise from the strain
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Figure 1. a) SEM image showing a large collection of HfS2 nanostructures,
some being more than a micron long; b) and c) low-resolution TEM images
of the HfS2 nanotubes with closed caps.

Figure 2. a) Low-resolution TEM image of HfS2 nanotubes; b) TEM
image of a HfS2 nanotube with layer fringes at an angle to the tube axis;
c) high-resolution TEM image of a HfS2 nanotube showing layer fringes
with a separation of 5.8 ä. The tube axis is perpendicular to the c direction.
The inset in (c) shows the ED pattern exhibiting a hexagonal arrangement
of layers.



involved in bending the layers. Layer fringes are visible along
the tube walls on close inspection. Terminated layers occur
both in the outer and inner edges of the wall, which causes
non-uniformity in the wall thickness. Such rectangular tips
have been observed in the nanotubes of MoS2, WS2, and
Mo1�xWxS2 nanotubes.[8,9] The image of the nanotube in
Figure 2b shows an unusual rectangular tip, and the layer
fringes along the tube walls show a layer separation of
approximately 5.8 ä (the separation between (001) planes in
bulk HfS2 is 5.84 ä). The layers are, however, not parallel to
the tube axis as expected, and instead make an angle of about
408 with the tube axis; in other words, the tube axis is at an
angle of 408 to the c direction.
Figure 2c shows a high-resolution image of a HfS2 nanotube

with the tube axis perpendicular to the c-direction. The layer
separation here is approximately 5.8 ä. We observe several
terminated layers at the outer edges of the tube walls, possibly
as a result of the absence of growing material at the edges. A
considerable number of defects and edge dislocations seem to
be present along the length of the tube wall. The inset in
Figure 2c shows an electron diffraction (ED) pattern charac-
teristic of the hexagonal arrangement of the d(101) layers. The
ED pattern also contains Bragg spots corresponding to the
d(002) plane (2.923 ä). Overall, the ED pattern indicates the
tube axis to be perpendicular to the c-direction.
The growth of the HfS2 nanotubes appears to start from the

HfS3 particles. The first disulfide layers formed initially entrap
the trisulfide particles and inhibit the formation of larger
aggregates. HfS3 then decomposes to form the HfS2 layers,
which grow outward from the precursor particle to form
tubules. As a consequence of such growths, defects and edge
dislocations occur near the tube tip and walls, which are the
active points for tube growth.
We have recorded the electronic absorption and emission

spectra of the HfS2 nanotubes. HfS2 is an indirect band-gap
semiconductor with an indirect band gap energy of about
2 eV.[10] The reflectance spectrum of bulk HfS2 shows a band
with a maximum at 550 nm and a sharper band at 250 nm. The
nanotubes show a small blue-shift of the longer wavelength
band. The photoluminescence spectrum of the nanotubes
shows a peak at 676 nm, while the bulk sample has a band at
687 nm (Figure 3a). This feature is likely to arise from sub-
band-gap emission or from gap states.
The Raman spectrum of the HfS2 nanotubes has a band

arising from the A1g mode, which corresponds to the S atom
vibration along the c-axis perpendicular to the basal plane,
and another arising from the Eg mode as a consequence of the
movement of the S and Hf atoms in the basal plane.[11] The
Raman bands of the nanotube correspond exactly to the
bands obtained for the bulk HfS2 powder, but the A1g band
shows some broadening. The full-width at half maximum
(FWHM) of the A1g band is 11 cm�1 in the nanotubes
compared to 8 cm�1 for the bulk sample. Such a broadening
of the Raman band has been noted in MoS2 and WS2
nanotubes.[12] The broadening of the Raman band in the
nanotubes can be explained by the spatial correlation or the
phonon confinement model, which predicts a broadening of
the Raman signal as the crystallite decreases.[13] The decrease
in the crystallite size relaxes the Dq¼ 0 selection rule, thus

allowing transitions with q 6¼ 0, which in effect cause a
broadening of the signal.
We have been able to obtain nanotubes of ZrS2 by the

thermal decomposition of ZrS3, under conditions similar to
those mentioned earlier for HfS2. The powder XRD pattern of
the decomposed product showed it to possess the hexagonal
structure with a¼ 3.660 and c¼ 5.825 ä (JCPDS card No. 11-
0679). EDX analysis confirmed the composition. The low-
resolution TEM image (Figure 4a) shows a ZrS2 nanotube
with a closed rectangular tip. The outer diameter of the tube is
approximately 125 nm, while the inner core diameter is about
60 nm. Besides nanotubes, nanorods and onions are also seen
in the images. The nanotube in Figure 4b, also with a
rectangular tip, contains undulations at the outer edge, just
as in HfS2 nanotubes, with the inner wall showing non-
uniformity resulting from the discontinuous growth of the
ZrS2 layers. Figure 4c shows nanotubes with diameters of
about 140 nm and possessing fairly linear uniform walls. The
inset of Figure 4c shows an ED pattern with the characteristic
hexagonal arrangement of the (101) layers and containing
Bragg spots corresponding to d(002).
We were able to prepare TiS2 nanotubes by the thermal

decomposition of TiS3 in a H2 þ He atmosphere at 800 8C.
These nanotubes were more beam sensitive, but we could,
however, obtain low-resolution TEM images.
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Figure 3. a) Photoluminescence spectra of nanotubes and a bulk sample of
HfS2; b) Raman spectra of the nanotubes and a bulk sample of HfS2.



A Straightforward NMR-Spectroscopy-Based
Method for Rapid Library Screening**

Aloysius H. Siriwardena,* Fang Tian,
Schroder Noble, and James H. Prestegard

A variety of NMR-based methods have been devised to
facilitate the screening of compound mixtures for components
that bind protein drug targets.[1±6] The majority of these
approaches have been developed in recent years, hand in hand
with methods for generating libraries of compounds by
combinatorial chemistry.[7] The ability to screen such libraries
rapidly and simply to identify potential leads is an important
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In conclusion, nanotubes of the disulfides of the three
Group 4 metals, Hf, Zr, and Ti have been successfully
prepared by the decomposition of the corresponding trisul-
fides in a reducing atmosphere.

Experimental Section

The trisulfides were synthesized in a sealed-tube reaction by the direct
combination of the elements.[5,6] In a typical synthesis Hf and S powders
were mixed in a stoichiometric ratio and the mixture sealed in a quartz
ampoule under vacuum. The ampoule was placed in a furnace, which was
raised slowly to 560 8C and maintained at that temperature for 36 h. HfS3
formed as a bright orange solid.

The trisulfides were decomposed in a stream of Ar and H2 around 900 8C to
obtain the disulfide nanotubes. The HfS3 powder was placed in the central
zone of a horizontal furnace, the temperature of which was slowly raised to
900 8C (heating rate of 10 8Cmin�1), and a steady flow of a mixture of Ar
(285 standard cubic centimeters (sccm)) and H2 (15 sccm) was maintained.
The decomposition was carried out for 40 min, after which the temperature

of the furnace was reduced. A dark brown powder containing HfS2
nanostructures were obtained.

Powder X-ray diffraction patterns were obtained using a Seifert diffrac-
tometer. SEM images and EDX analysis was carried out using a Leica
S440I instrument equipped with ISIS Link software. TEM images were
obtained by using a JEOL JEM-3010 transmission electron microscope
operating at 300 kV. The HfS2 and ZrS2 nanotubes were quite beam-stable,
unlike the TiS2 nanotubes. Photoluminescence studies were performed with
a Perkin Elmer LS 55 luminescence spectrometer. Raman measurements
were performed with a solid-state Nd-YAG laser and an excitation of
532 nm.
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