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W;50,4 Nanowires**

By Maja Remskar,* Janez Kovac, Marko Virsek, Maja Mrak, Adolf Jesih, and Alan Seabaugh

We report on the synthesis of quasi-1D W50, crystals using Nil, as a growth promoter. Photoelectron spectroscopy revealed
the metallic conductivity of the WsO4 nanowires, which was also confirmed by direct-transport measurements on a double-
stranded nanowire. Scanning electron microscopy and transmission electron-diffraction data are correlated with details of crys-
tal growth revealing the possible mechanism of the formation of this rarely synthesized phase, which was reported as a homoge-
neous phase only in 1978 by McColm et al., and in the meantime has been declared as a compound that is rare.

1. Introduction

The Magnéli phases!!! are a homologous series of quite stoi-
chiometric phases of transition metal suboxides with unusual
composition, such as MogO,¢ and W;gOy9. They have similar
structures as tungsten and molybdenum bronzes with a general
formula of A,MOj;; where A is an electropositive element,
such as an alkali metal and M represents a transition metal.
Both families are potentially of high technological interest for
different applications. The intercalation of donor ions or oxide
vacancies into the WOj5 host lattice causes a color change (elec-
trochromic coloration) in the bronzes and suboxides, respec-
tively, which is frequently coupled with a transition from the
non-conductive WOj3; material into controlled gapped semicon-
ducting oxides?* and even to metals.”! This effect is important
for their use in optical devices, including light-emitting diodes
and laser diodes, as well as in display devices and smart
windows.® In addition, sodium-doped Na,WO; (x is
ca. 0.05) shows high-temperature superconductivity with a T,
of ca. 90 K."

Recently, research on nanomaterials with their size-depen-
dent and low-dimensional physical and chemical properties re-
called the scientific attention to tungsten sub-oxides, which
show high aspect ratios and promising physical properties on
the nanoscale. Nanomaterials as compared to the correspond-
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ing bulk compounds show greatly enhanced gas-sensing perfor-
mance® and improved photochromic effects,[gl and, particular-
ly, W13O49 nanowire arrays exhibit excellent field-emission
characteristics.'” Some WO;_, needle-like crystals can also
serve as precursors for the synthesis of WS, nanotubes.!!

Reduction of WO3, which is monoclinic at ordinary tempera-
tures and tetragonal at temperatures above 983 K, leads to
structural changes of the ReOj3-type structure by a crystal shear
mechanism,? where groups of edge-sharing WO octahedra
are arranged along some crystallographic planes (CS; shear
planes). The areas between them consist of corner-sharing
octahedra typical for the pristine WOj; structure. At further
reduction (x<0.13) the shear planes begin to interact and form
equidistant crystalline phases with a defined structure, the so-
called Magnéli W,,05,,_, series, for example W,yOsg. Prolonged
reduction destabilizes the shear planes causing the formation
of pentagonal columns (PC) with equatorial edge-sharing WOg¢
octahedra. Two such oxides have been identified: W;gOy49 and
W,40¢s. Monoclinic W1gOy49 with the largest oxygen deficiency
in the WO, ,—~WOs; region is reported as the only oxide that
can be isolated in a pure form, which is not the case for other
tungsten sub-oxides.

W50,,4 belongs to the W, 05, series, in which the higher
members are represented by mixed tungsten oxides. Monopha-
sic W5s0O14 was only obtained in the presence of very small con-
centrations of iron,["” so small that it was not clear whether
iron is incorporated into the structure or not. The phase con-
sisted of purple-blue fibers that appeared after a relatively
long heating period (one week) at 1373 K. Longer heating pe-
riods (4 weeks) led to more fine fibers of the same phase. The
unit cell was determined as tetragonal with parameters:
a=2.33310.001 nm, ¢=0.3797+£0.0001 nm and with a P4£2m
space group. The phase contains pentagonal and hexagonal
tunnels at the peripheries of WOg4 pentagonal columns and is
isostructural with MosO14, although without the superlattice
cell that is typical for MosOq4. Furthermore, both compounds
differ in thermal stability. While MosOy4 decomposes at tem-
peratures above 803 K, the Ws0O,4 compound continues to
grow even at more than double that temperature. The WsO14
phase was reported as one of the sub-stoichiometric tungsten
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oxides formed in fluidized bed reactions and was successfully
converted into WS, nanotubes.'*!

In this work, we report on a synthesis, where a mostly pure
quasi-1D W50, phase is formed from the vapor phase at the
relatively low temperature of 1009 K using Nil, as a growth
promoter. Scanning electron microscopy (SEM) and transmis-
sion electron diffraction data are correlated with details of
crystal growth revealing the possible mechanism of the forma-
tion of this rarely synthesized phase, which was reported as a
homogeneous phase only in 1978 by McColm et al., and in the
meantime has been declared as very rare, especially in thin
layers.'>! It has also been reported as a possible oxygen-defi-
cient phase formed during laser deposition of polycrystalline
WO3.I"! Photoelectron spectroscopy revealed metallic conduc-
tivity of the W50O14 nanowires, which was confirmed also with
direct transport measurements on a double stranded nanowire,
which is important for their use in nanoelectronics.

2. Results

2.1. Scanning Electron Microscopy

The light-blue fibers representing only a few weight percent-
age of the transported material grew on the top of WS, platelets
(Fig. 1a). The size distribution of the fibers with average diame-
ter of 100 nm and lengths extending up to several hundreds of

100 pm

A

Figure 1. SEM images of a) the WsO14 nanowires grown on the WS, plate-
lets. b) Very rigid WsO4, wires of an average diameter of 100 nm.

micrometers and even up to a few millimeters, depends on the
growth conditions, namely, on the dynamic partial pressures of
sulfur, water, iodine, nickel, and oxygen. There is a very narrow
range of these parameters that are suitable for the successful
growth of pure W50, nanowires. This together with the right se-
lection of the transition metal promoting the growth at relatively
low temperatures, explain why this phase was not synthesized as
a homogeneous material until now. The wires grow in a rigid
straightforward way (Fig. 1b) and show a large stability against
tensile forces in accordance with the report of Frey et al.'*l

2.2. X-ray Diffraction

The nanowires were examined by X-ray diffraction (XRD)
and the positions of the diffraction peaks are in good agree-
ment with the JCPDS-71-0292 file for WsO14 (Fig. 2). Because
of the high aspect ratio of the fibers and the preferential orien-

Adv. Funct. Mater. 2007, 17, 1974-1978

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a1

5

) B30 g4

=

[ip)

E E00 540 E31

E 2200 33g 5zgl540?m B

GE1
W l It )

— T — T T T
5 10 15 20 25 30 35 40 45

2 8 (degrees)

Figure 2. X-ray diffraction pattern of the tungsten oxide nanowires. Miller
indices of the tetragonal WsO;, phase (JCPDS 71-0292, unit cell:
a=2.333 nm, ¢=0.3797 nm) are indicated.

tation because of self-assembly in the sample, which was in-
serted into a 0.3 mm capillary, the relative intensities can not
be used as an accurate reference for comparison. Nevertheless,
the strongest peaks corresponding to the 0.379 nm and
0.363 nm interlayer distances accurately match the most inten-
sive (001) and (540) peaks for the reported WsO,4 phase.!

2.3. Transmission Electron Microscopy and Diffraction

Figure 3 shows high-resolution transmission electron micros-
copy (TEM) images and diffraction patterns of a single WsO14
fiber. The needle crystals grow in the longitudinal direction

Figure 3. High-resolution TEM and electron diffraction of the WsO;,4 nano-
wires: a) the (001) planes perpendicular to the needle axis with the inter-
layer distance of 0.366(1£0.05) nm; b) the [010] zone with the intensity
modulation with periodicity of 1.14(1£0.02) nm, marked with white lines;
c) a schematic representation of WsOy,4 in the [001] direction with a net-
work of hexagonal and pentagonal columns [15], the transmission electron
diffraction of the [010] zone of the WsO;,4 wires with the [001] direction
parallel to the wire’s longitudinal axis.
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along the [001] crystallographic axis. The (001) planes are
distributed in defect-free order (Fig. 3a) with an interlayer
distance of 0.366(1+0.05) nm, which corresponds to the
(001) interlayer distance of the WsO4 phase (0.3797 nm,
JCPDS-71-0292).%1 The intensity modulation along the fiber
length superimposes and blurs the (100) fringes separated by
0.4(1£0.03) nm, which corresponds to the (600) planes of the
Ws0;4 compound (0.38883 nm). The [010] zone of the WsOq4
crystal (Fig. 3b) reveals the origin of the intensity modulation
in the peculiar structure of the lattice. The modulation with pe-
riodicity of 1.14(1£0.02) nm (marked with white lines) agrees
perfectly with half the unit cell parameter along the [100] axis
(2.233 nm), which confirms the regular modulation of the elec-
tron density in accordance with the model structure of WsO14
(Fig. 3c)."¥

The transmission electron diffraction by a single nanowire
(Fig. 3d) shows the [010] zone of WsO14 with the [001] direc-
tion parallel to the longitudinal axis of the wire, and the [100]
one that is perpendicular to it. Contrary to the inaccuracy of
the X-ray diffraction intensities, the relative intensities of the
(200), (400), (600), and (800) electron-diffraction spots agree
well with the intensities reported for the WsOq4 phasem] as
well as with the intensity modulation observed by HRTEM

(Fig. 3b). The strongest (600) peak corresponds to the size of
the unit cell in the [100] direction.

2.4. Photoelectron Spectroscopy

The photoelectron spectra of the WsO14 nanowires (Fig. 4)
were measured using an analytical surface of 0.4 mm in diame-
ter and a depth sensitivity of 3-5 nm. In this way large numbers
of nanowires could be analyzed at the same time. The mono-
chromatic Al X-ray source used for excitation and pass energy
of the electron analyzer yielded an overall energy resolution in
the XPS spectra of 0.6 eV measured at the Ag 3ds, peak. The
binding-energy scale was checked by the C 1s peak at 284.6 eV
originating from adsorbed molecules. It is worth to note that
no charging was observed in the XPS spectra suggesting a con-
ductive nature of the analyzed nanowires. In addition, we did
not find any indication of iodine presence in the nanowires.

For tungsten a complex energy distribution of W 4f photo-
electrons was obtained as shown in Figure 4a. The W 4f spec-
trum was fitted with six components, associated with two differ-
ent oxidation states of the W atoms. The peaks at 36.1 eV,
38.2 eV and 42.0 eV represent emission from W 4f;,, 4f5,,, and
Spssz core levels from the W atoms in the 6+ oxidation state.

Intensity (a.u.)
i
a
G
N

1 L L -
48 46 44 42 40 38 36 34 32 30 28
Binding Energy (eV)

Intensity (a.u.)

540 535 530 525
b Binding Energy (eV)

| Valence band

Intensity (a.u.)

1 1 L 1 i 1 I

Intensity (a.u.)

18 16 14 12 1‘0 8
Binding Energy (eV)

6 4 2 0 -2 -4

895 890 885 880 875 870 865 860 855 850 845
Binding Energy (eV)

1976 www.afm-journal.de

Figure 4. XPS spectra of the WsO;,4 nanowires: a) high-energy resolution W 4f core-level spectrum with peaks corresponding to 6+ and 5+ oxidation num-
bers; b) spectrum of O 1s photoelectrons revealing the contribution from bonds with tungsten in an oxidation state lower than 6+; c) the W 5d conduc-
tion band with states at the Fermi level revealing the metallic conductivity of the nanowires; d) the Ni 2p core-level spectrum associated with the
Ni(OH), compound.
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The peaks at 34.4 eV, 36.6 eV, and 40.2 eV result from emission
from the W 4f;,, 4f5,, and 5p3/; core levels from the W atoms in
the oxidation state that has been attributed to the 5+ or to the
W-suboxide state in the literature on flat tungsten oxides.!'!”
No W 4f peaks that can be attributed to W** (33.3 and 35.5 eV)
or metallic tungsten (31.2 eV, 33.4 eV)!"*l were observed.

The two oxidation numbers (6+ and 5+) evidence that be-
sides the tungsten coordination that is typical for the ReO;
structural type (WO; with W®) there is also a non-negligible
number of tungsten atoms coordinated by shared oxygen atoms
as it is typical for the CS and PC structures. Each W atom in
the CS plane has the oxidation number 5+, while the W atoms
of the PC structure have an average oxidation number of
5.34+. One unit cell of the W504 structure contains 4 PC and
15 corner-shared WO; octahedra, which on average corre-
sponds to the oxidation number of 5.6+.

The photoelectrons from O 1s (Fig. 4b) form a relatively
wide and asymmetric peak with the highest point at 530.6 eV,
which corresponds to the oxygen bond with W** (0% in WO..
The other two peaks at the higher photoelectron energies of
532.0 eV and 533.2 eV and can be attributed to the bonds with
tungsten in lower oxidation states and/or to C-O bonds origi-
nating from adsorbed molecules.

The valence-band spectrum (Fig. 4c) shows the structure be-
neath the Fermi energy with a maximum at about 0.5 eV. We
relate this structure to the W 5d orbitals. Its position means
that a conduction band is formed in the WsO;4 nanowires
which results in metallic behavior. The W 5d peak is superim-
posed onto the broad peak associated with the O 2p—-W 5d or-
bitals with its maximum around 7 eV.

A weak Ni 2p signal was also detected in the XPS spectrum
(Fig. 4d). We believe that it originates from nickel that is
trapped between bundles or on the surface of the WsOq4 nano-
wires, especially at their longitudinal terminations. The binding
energy of the Ni 2pz, peak at 857.3 eV and the pronounced
satellite structure at 862.5 eV indicate that the Ni 2p signal can
be related to a Ni(OH), compound.!"™!

2.5. Transport in a Single W50,4 Nanowire

Two and three-terminal devices were fabricated from WsO14
nanowires. The wires were placed on a thermally oxidized, heav-
ily doped p-Si substrate. Aluminum contacts 1 um in thickness
were formed by electron-beam evaporation through stencil
masks with approximately 150 pm diameter apertures. Two-ter-
minal measurements showed metallic (ohmic) conduction in the
nanowires. No photoconductivity was observed between mea-
surements made in the dark and under strong microscope illumi-
nation using a halogen lamp. The wire conductivity could not be
modulated when backgated through the p+ Si substrate in the
range from -2 to +2 V with a tube bias ranging from 0 to 2 V,
consistent with a metallic tube. Placement of three contacts along
a double-stranded nanowire with a length exceeding 600 pm has
allowed the measuring of the specific resistivity of the WsOq4.
Shown in Figure 5 is a measurement of the double-stranded wire
resistance obtained by ramping the current through the nano-
wires end-to-end while measuring the potential difference at two
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Figure 5. Transport measurement in a single WsOq4 nanowire: a) Sche-
matic cross section of a three-terminal nanowire. b) Potential versus tube
current for a 600 um long double-stranded nanowire (120 nm and
155 nm in radius) with two 150 um diameter Al contacts connecting the
tube at either end and another contact touching the tube along its length.

places along the tube as shown schematically in the inset of
Figure 5. The voltage at Vp is the sum of the potential drop
across the tube plus the voltage drop across the contacts at
either end. The measurement at Vp eliminates one of these
contact resistances and allows the characterization of the maxi-
mum resistivity of the wire given the measured wire length and
diameters (by scanning electron microscopy). The nanowire re-
sistivity obtained in this way is 25 Q cm.

3. Discussion

The dynamic and complex growth conditions, especially the
hydrogen and H,S partial pressures, which both have a reduc-
ing effect at high-temperature annealing, and the role of nickel
and iodine in the process, all these parameters make the under-
standing of the growth mechanism difficult. It was experimen-
tally confirmed that the W5014 nanowires did not grow in the
absence of nickel. At the hot zone (1123 K) WS, was decom-
posed and tungsten reacting with iodine was transported to the
growth zone (1010 K) of the ampoule. Nil, with melting and
boiling temperatures at 1053 K and 1070 K, respectively, was
found in the vapor phase. Intermediate nickel, sulfur, and/or
water reactive products, such as Ni(OH),, NiSO,, or different
NiS, compounds, are expected, but when the reaction was fin-
ished, only the Ni(OH), phase was confirmed by XPS. Water
vapor is the obvious oxygen source, but it is not a question of a
simple exchange from the starting material as there is also a
need for hydrogen in the reaction, which reacts with sulfur to
reduce WOj3; to W5014. The rare brittle crystals of the W;gOy9
phase, which has the largest oxygen deficit with regard to stoi-
chiometric WO3, terminate the growth process of the oxides.
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Sulfur is left as the reduction product and is used in the
growth of some quasi-spherical groups of WS, platelets nu-
cleated on the surface of the W50, nanowires. We postulate
the following reaction schemes for the formation of the WsO14
nanowires:

W + 5H20 + N1J2 — WO3 + 4H2 + NI(OH)Z + Jz (1)
40WO3 + Sst 4 8W5014 + 8H20 + Sg (2)
4W + Sg — 4WS, ®)

One can speculate about the role of nickel, but we have evi-
denced that the homogeneous Ws0O14 phase did not grow in di-
minishing nickel atmosphere. Compared to the report of the
iron-promoted growth of W5014,[13] where the concentration of
iron in Ws04 was below the detection limit, we propose a
rheotaxy role of nickel hydroxide in the growth process, most
probably at the interface between the WS, plate-like base and
the sub-oxide needles or at the terminations of the oxide nee-
dles. It is known that nickel efficiently anneals pentagonal de-
fects during the growth of carbon nanotubes and in such a way
prevents the dome closure of the tubes, which stops their longi-
tudinal growth.[m] In the WS,—nickel system it was found that
nickel delivers the nucleation seeds for the WS, crystallites re-
sulting in better WS, orientation and adhesion on the SiO,/
Si(100) substrate in the sputtered thin films. The formed NiS,
interfacial layer promotes film crystallization at temperatures
above its melting point through enhanced mobility in a rheo-
taxy process.[zo]

It is reasonable to predict a similar role in the growth mecha-
nism of W50y, crystals. In this case the formed Ni(OH), inter-
facial layer with its melting temperature of 503 K serves as the
growth promoter. The enhanced mobility of tungsten atoms
through the Ni(OH), phase from the WS, base or transported
by the gas phase explain the very fast longitudinal growth after
the initial nucleation, as well as the observation that the nee-
dles were always found on the top surface of the transported
layered crystals. The same mechanism (with a Fe(OH), en-
hanced diffusion layer) can also be used to interpret the growth
of the iron-promoted W50y, phase synthesized nearly 30 years
ago.

4. Conclusions

W501, nanowires have been synthesized by a chemical-
transport technique using nickel as a growth promoter. The
crystals show a high mechanical strength and grow up to sever-
al millimeters in lengths and up to 200 nm in width. We have
managed to prepare this rarely synthesized phase as a highly
homogeneous and chemically stable material. The transport
measured in a single nanowire revealed metallic conductivity
with a specific resistivity of 25 pQ cm. The XPS measurements
confirmed metallic conductivity of the nanowires and revealed
different oxidation states of tungsten in accordance with the
model structure containing pentagonal columns. The growth

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mechanism is proposed explaining the importance of sulfur
and water in the process. The presence of nickel was found to
be crucial for the formation of the W50;4 nanowires, because
the Ni(OH), phase situated at the interface between the WS,
plate-like base and the sub-oxide needles enables fast tungsten
diffusion, which leads to a highly anisotropic growth. The well-
ordered nanoporous structure with hexagonal tunnels, which
can serve as diffusion paths for foreign intercalated species
make this material technologically very promising.

5. Experimental

We have prepared the WsOy4 nanowires by an iodine (99.8 %, Sig-
ma-Aldrich) transport method from 0.60 g WS, (powder, 99 %, Sigma-
Aldrich) adding 0.0678 g of Nil, (powder, nickel(II) iodide, Sigma-
Aldrich), and 20 pL of distilled H,O. The transport reaction was
running for 2-3 weeks in an evacuated silica ampoule at a pressure of
5x 10 Pa. The material was transported from the source (hot zone at
1123 K) to the growth zone (1009 K), with a temperature gradient of
5.7 Kem™, by iodine in a volume fraction of 3.2 mgcm™ that was used
as the transport agent. The so-produced nanowires were studied using
transmission electron microscopy (200 keV Jeol 2010F), scanning elec-
tron microscopy (FE-SEM, Supra 35 VP, Carl Zeiss), X-ray diffraction
(Siemens D-5000), and photoelectron spectroscopy (XPS, Physical
Electronics Inc, TFA XPS), while the transport in the nanowires was
measured using an Agilent 4155 semiconductor parameter analyzer.
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