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ABSTRACT

We report on the first inorganic nanobuds: WS, nanotubes decorated with fullerene-like particles. They were synthesized by sulfurization of
Ws044 nanowires. The fullerene-like particles nucleate in surface corrugations of the nanowires and grow by a diffusion process simultaneously
with the transformation of nanowires into hollow multiwall nanotubes. Electron microscopy data are correlated with details of the transformation
process revealing the possible mechanism of the formation of these new complex nanomaterials.

Nanotubes of Mogand WS, first reported in 1992 and 1993  to the shock resistance of the material but makes it less
by Tenne's group, were the first inorganic nanotubes, appropriate for use as a lubricant, which is currently the most
succeeding the discovery of carbon nanotubes (NTs) andimportant application of these nanomaterials. The growth
launching an intense experimental interest in the field. A mechanism of IF nanopatrticles is proposed to be kinetically
variety of nanotubes have been reported, not only consistingcontrolled by locally limited diffusion inside transition metal
of layered compounds possessing a strorichgpridization oxides or amorphous dichalcogenide NPs, which has led to
by analogy with carbon NTs but also of nonlayered materials, a conclusion that the fullerene-like geometry can be obtained
like metals and metal oxidés® In contrast with nanotubes, only inside a confined geometry, in a so-called “outside in”
inorganic fullerene-like (IF) nanoparticles (NPs) are known growth mode.

only in a few families of materials, like WS MoS,,"#TaS,? We present here evidence that the spherical geometry of
TiS; 19BN, 42 TiO,,'* C50,1 CdCh,*° Cdh,*°and NiBe.'” s, is an intrinsic property and can be obtained also by
Only in the case of W5 has production been scaled up to  rate-limited diffusion from a bulk reservoir of materials. The
the pilot stage reaching several kg per day. The most efficientporous structure of the MD.4 precursor crystals enables a
methods for producing Wanotubes and IF nanoparticles  complete transformation into W$ianotubes, whereas lon-
are via sulfurization of W@nanoparticles in a fluidized bed  gjtydinal surface corrugations create line diffusion paths for

reactor using a stream of;H gas® and template deposition tungsten atoms feeding the growth of W&nobuds on the
using porous alumin®.Other growth techniques make use g rface of the nanotubes.

of electron beam irradiation in a transmission electron
microscope? or a scanning tunneling microscofiesono-
electrochemical bath reactidhpr by and electrochemical
deposition from an ethylene glycol soluti&hAlthough an
important goal is to produce nonagglomerated,\'Y8erene-

like materials, the complete transformation of tungsten oxides
to hollow nanotubes and fullerenes is an addition techno-
logical challenge. The most common phase found encapsu-
lated inside W% NPs and nanotubes, after a process of
sulfurization to a Wgstructure, is the monoclinic Woa nickel was found to be crucial in the formation ofs®i4

with the largest oxygen deficiency of all the tungsten oxides, nanowires, because the Ni(OH)phase situated at the

the so-ca_lled Magneli phases. Itis reported that t_he reduc.tloninterface between WsSplate-like base and the sub-oxide
of the oxide core eventually stops the sulfurization reaction

by reducing the oxide to pure tungs@&The remaining needles, enables fast tungsten diffusion, which leads to highly

o . anisotropic growth. The well ordered nanoporous structure
tungsten or tungsten oxide in a core of IF NPs contributes . . .
contains hexagonal and pentagonal tunnels (Figure 1c), which

s g ror Add ol State Prveioe ; fcan serve as diffusion paths for foreign intercalated species
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Nanowires of WO, 4 have been synthesized by a chemical
transport technique using nickel as a growth prom@ter.
Light-blue crystals with metallic conductivity and a specific
resistivity of 27u€2 cm grow typically to several millimeters
in length and up to 200 nm in diameter. This rarely
synthesized phase, which was first reported as a homoge-
neous phase in 1978 by McColm et #&lalthough in the
meantime has only been found in traces, is here prepared as
a highly homogeneous material (Figure 1). The presence of
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Figure 1. (a) Nanowires of WO,4 with diameter up to 100 nm grown as rigid fibers up to a few mm in length. (b) Schematically presented
cross-section of a nanowire with pentagonal and hexagonal tunnels along the longitudifa{@>&IM image Ut = 0.5 V; I+ = 0.5 nA)
of surface corrugations oriented along the needle axis with the corresponding line profile (d).

= 0.3797+ 0.0001 nm andP42;m space group. The phase simultaneous covering of the newly exposed surface with
is isostructural with MgO1 4, although without the superlattice WS, layers, which limits the diffusion to the separated
cell typical for MaO14. Scanning tunneling microscopy section. Diffusion along the surface corrugations repairs the
(STM) revealed surface corrugations of the needles orientedeventual inhomogeneity of the splitting process and makes
in parallel with the needle axis (Figure 1c). The folds are a the growth of long nanotubes with nearly equal wall thickness
few nanometers in depth and quiet homogeneous in width possible (Figure 2b). In some cases, the tube bundles can
along the nanowire longitudinal direction. even cross (Figure 2c), which would not be possible without
Nanowires of WO,4in milligram quantities are sulfurized  a strong redistribution of material. If the diffusion is locally
in a mixture of 1% H, 1% H;S, and 98% Ar gases with a terminated, these tubes are strongly deformed and the
flow rate of 30 mL/min at 1050 K for 2 h. Thereafter the splitting process does not fully complete. (Figure 2d). The
material is removed from the hot zone and cooled to room- ability that the precursors do not completely control the
temperature still under the flow of gases. The transformed minimal size of the final product, as it usually happens in
nanofibres, which then have a metallic luster, are character-the template growth, is important due to technological issues
ized by field emission transmisson electron microscopy (200 to produce nanotubes as narrow as possible.
keV Jeol 2010 F), ultrahigh vacuum scanning tunneling and  The fullerene-like particles always grow attached to the
atomic force microscopy (UHV-AFM/STM, Omicron), X-ray  surface of needles but in a random way regarding their
diffraction (Siemens D-5000), and field emission scanning appearance and spacing. Several morphologies have been
electron microscopy (FE-SEM, Supra 35 VP, Carl Zeiss). identified simultaneously, apparently similar to the buds in
The material is composed mostly of W&nd some traces plants. In the early stage, the thin-walled buds become round
of NiSy. The WS nanotubes are typically decorated with on one side and narrow at the contact area, growing elongated
WS; fullerene-like particles (Figure 2a), but it is possible to in the direction of the supporting nanotube (Figure 3a). These
find some nondecorated nanotubes too (Figure 2b). Severaformations reveal that the material needed for growth is
nanotubes grow from one precursor nanowire, which enablesprovided by diffusion, which is most likely along the surface
insight into the transformation process. The reaction leadsand bulk channels of the precursor crystals. The next stage
to a complete longitudinal split of the precursor crystal with is growth of faceted nanoparticles (Figure 3b) with thicker

Nano Lett., Vol. 8, No. 1, 2008 7



Figure 2. (a) SEM image of Wgnanotubes decorated with \W8illerene-like particles. (b) TEM image of bundles of dome-capped

nanotubes with diameter bellow 50 nm. (c) SEM image of two crossed bundles of nanotubes and (d) splitting area of a precursor crystal

into two parallel nanotubes.

walls, which are still narrowed at the contact area, so that envelope) by two molecular layers simultaneously. The
further diffusion is still possible. In some cases, a kind of double-layer-by-double-layer growth mode was reported in
secondary nucleation has been observed, i.e., some fullereneAu-alloyed WS nanotubes and confirms the stabilization of
grow on the surface of twinned fullerenes, where the diffu- a hexagonal 2Hb polytypic stackisg.
sion paths are developing at the interface folds. In this stage, The role of conductivity in the sulfurization process is not
the walls are thicker and the particles are more spherically well established, but it is known that, in large scale
shaped into the nearly ball-like morphology (Figure 3c). The production in a fluidized bed reactbf WOz is reduced first.
fullerene-like particles can grow up to several hundreds of This is usually obtained using Hn the mixture of the
nanometers, which exceeds the dimensions of those producedulfurization gases. As the sulfurization process continues,
by template techniques from W®anopatrticles. the material composition advances through the homologous
The nanotubes grow in the relaxed 2Hb stacking, which series with the formula WDs,-; until the most reduced
contains two SW—S molecular layers in the unit cell W;g049 phase is reached and slowly transforms to hollow
(Figure 3a-inset). The unit cell was found not to be only a WS, nanopatrticles. \B014 has been found in traces in the
crystallographic term but conditions also the stability during resulting oxide core%, but it has not been utilized as a
the process of growth. We found that the walls of the starting material until now. Most of the substoichiometric
nanotubes frequently consist of an even number of moleculartungsten oxides show improved electronic conductivity with
layers. For example, the wall thickness of a nanotube respect to nonconductive W0Owhich has a resistance on
presented at Figure 3a, shrinks from eight to four molecular the order of 1x 10 Q cm?® As an example, WOgs is 8
layers in steps by two molecular layers. The other example orders of magnitude more conductive, 1303 Q cm3°
originates from the sulfurization process per se. Figure 3b whereas WOy, is 10 times more conductive, 27 1076 Q
shows the first stage of transformation. The dark rectangularcm?2® Creation of substoichiometric oxides is coupled with
crystal is the original WOy, crystal with the first two the creation of charged oxygen vacancies; therefore, it is very
S—W-S layers enveloping it. The substrate is a thin flake important that the oxides are neutralized by a good electrical
of WS,. The separation of the envelope from the oxide single ground. In the process of sulfurization, the tungsten oxidation
crystal is present only at one edge and is evidence that thenumber has to change front & stoichiometric WQto 4*
nanotube walls grow from the inside (at the right side of the in WS, or, in our particular case, from the average value of
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Figure 4. (a) WS nanotubes with 8, 6, and 4 molecular layers in
wall thickness. (b) The first step of sulfurization with a two-
molecular-layers-thick WSenvelope around a MD;4 precursor
crystal. The envelope wall grows thick from the inside.

larger than the corrugation found on the surface qfG¥,
nanowires. An accurate depth of the corrugation is difficult
to measure because of the uncertain curvature of the STM
tip; however, corrugations with smaller periods appear to
be shallower. The vapor pressure of the volatile 3\ &H,0O
hydrate (HO is a side product of the sulfurization process)
in nanofolds (surfaces with negative curvature) is lowered
with respect to sites with positive curvature according to the
Kelvin equatior?! Nevertheless, it is possible to predict that
the hydrate vapor stagnates in the channels relative to sites
which have positive curvature. Positive curvature sites are
exposed to currents of gas flow and therefore promote the
release of the hydrate molecules during the sulfurization
process until the moment when the surface is protected with
Figure 3. WS, nanobuds: (a) an early stage of growth with the first two WS layers. The presence of the hydrate vapor
typically elongated thin walled buds along the nanotube support, in the folds influences the local partial pressures of the
which serves as a reservoir of material. The nanotube grow in the regctive gases and might circumvent the complete growth

relaxed hexagonal 2Hb stacking (inset). (b) Some faceted nano- ; ;
particles joined to the supported thin-walled nanotube with their of the protective W$ layers in the folds. The channels

V-shaped parts. (c) The final stage of growth with nearly spherical d€&pen until the moment when preferential “etching” of the
thick-walled fullerenes. precursor crystals along the folds completes and the original

nanowire splits apart. The tunnel structure of the precursor
5.6" in W50 to 4" in WS,. It is obvious that a  WsOy4 crystals makes the progress easy. Further, the
redistribution of charge carriers is needed for the complete WO;_,-nH,O clusters in the folds and in the presence of a
transformation process, so an easy electron transport alongeactive and turbulent #H,S—Ar mixture enable a nucle-
the precursor crystals enables an efficient transformation. ation of fullerene-like particles therein, likely triggered by
Scanning tunneling microscopy of #,, nanowires local defects, where a condensation of ¥ggrts. The slope
reveals a strong surface corrugation with a perie@3mes of a channel explains the V-shape of the fullerenes in the
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