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One gram of tungsten nanowires – equivalent to 5 billion single
wires – was produced by electrochemically processing a
directionally solidified eutectic NiAl-W alloy. Their release is
realised by selective dissolution of the matrix with a yield
beyond 98%. The nanowires are single crystals, homogeneous
in diameter, and have extremely high aspect-ratios (>1000!). A
multitude of potential applications are feasible – including
sensing, probing, and high temperature nanotechnology.
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1 Introduction Metal nanowires with their unprecedented physical and mechanical properties are attracting
intense research interest. The use of single crystalline
nanowires allows reaching the theoretical limits in mechanical strength, electrical, and heat conductivity. Various
methods have been developed to fabricate tungsten nanowires. Thong et al. [1] obtained single tungsten nanowires by
field-emission induced growth in the presence of tungsten
carbonyl as a precursor. Electron emission from the newly
grown nanowire tip continued the growth and gave rise to
nanowires that are tens of microns long. Nanowires have
been grown on carbon nanotubes [2], AFM tips [3], and
between two microtip electrodes [4]. Li et al. [5] used
pyrolysis and carbothermal reduction of lamellar composites
of tungsten oxide with cetyltrimethylammonium bromide
(CTAB) in vacuum between 500 and 850 8C to produce
metallic W nanowires with diameters in the range of 20–
80 nm and lengths 5–30 mm. Hydrothermal treatment of
lamellar surfactant/inorganic composite precursors also
yielded crystalline metal nanowires [6]. Liu et al. [7, 8]
investigated features and growth behavior of self-supporting
tungsten nanowire fabricated by electron-beam-induced
deposition using 200 keV electrons. Wang et al. [9]
synthesized single crystalline tungsten nanowires by a

nickel-catalyzed vapor-phase method controlled by vapor–
solid–solid mechanism. Also, Lee et al. [10] reported on the
field emission properties of nanosized straight tungsten wires
fabricated by annealing of W film which behaves as selfcatalytic layer. Finally, Ross et al. [11] fabricated amorphous
tungsten nanowires by electron and ion beam induced chemical
vapor deposition. However, all these methods fail to enable
large scale synthesis of single crystalline tungsten nanowires.
High aspect ratio, single crystalline nanowires with
homogenous diameters can be obtained in large amounts by
utilizing directional solidification of eutectic alloys yielding
self-organized nanostructured material. This is typically
performed using a Bridgman type oven. The oven consists of
two zones – a hot zone and a cold zone. The sample is placed
in the hot zone and the alloy is allowed to melt completely.
Then the sample is lowered into the cold zone with a welldefined, constant speed. Segregation of the phases during
solidification is diffusion controlled and yields single
crystalline nanoscopic metal wires embedded in a single
crystalline metal matrix. The diameter and spacing of the
wires can be influenced by controlling the pulling speed and
the temperature gradient between the hot and cold zones [12–
15]. The alloy used in this work was NiAl-W yielding
tungsten wires inside a nickel–aluminium matrix.
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2 Experiments The pre-alloy was prepared by induction melting and casting of metal powders in a water
cooled copper mold. Nickel and aluminium were always
used in equiatomic amounts. The amount of tungsten was
1.5 at.%. Nickel was obtained from Gesellschaft für
Elektrometallurgie, Nürnberg, Germany, aluminium from
VAW Aluminium AG, Bonn, Germany, and tungsten from
Goodfellow GmbH, Friedberg, Germany. It was subsequently processed in a Bridgman-type crystal growth oven
at a temperature gradient of 40 K cm1 and growth rate of
30 mm h1.
In order to access the nanowires it is necessary to
selectively dissolve the matrix phase. Studying the Pourbaix
diagrams for the involved elements allowed determining
the proper chemical and electrochemical conditions for
dissolving nickel and aluminium while simultaneously
passivating tungsten [16]. The chosen conditions were 1 M
hydrochloric acid and an applied potential of 200 mV (SHE).
Electrochemical measurements were performed using an
IviumStat potentiostat (Ivium Technologies, Eindhoven,
The Netherlands) in combination with a commercial Ag j
AgCl j 3 M KCl reference electrode (Deutsche Metrohm
GmbH & Co, Filderstadt, Germany).
Handling of the nanowires was performed using
Kleindiek manipulation system consisting of piezo driven
manipulator (MM3A-EM) and a piezo driven gripper
(MGS2-EM) – each with sub-nanometer precision –
manufactured by Kleindiek Nanotechnik GmbH. The
manipulators were equipped with standard tool tip, so-called
picoprobes. These probes consist of a tinned copper shaft
(0.51 mm) to which a 10 mm tungsten wire is attached. The
tungsten wire has a pointed tip with a nominal diameter
<0.1 mm (GGB Industries, Inc., Naples, FL, USA).
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method retain their cylindrical shape. The diameter was
homogeneous along the wire, whereas the scattering for the
different wires was quite narrow [17]. Therefore, this method
was employed for scaling up the process in order to mass
produce W nanowires, as shown schematically in Fig. 2. The
initial goal was to produce the benchmark value of 1 g of
tungsten nanowires.
Considering that the alloy contains 6.1 wt% of W, it was
calculated that 21.3 g of alloy is necessary to yield
approximately 1 g of W nanowires. Assuming the following
anodic reactions:
Al ! Al3þ þ 3e

and

Ni ! Ni2þ þ 2e ;

(1)

as well as cathodic reaction:
2Hþ þ 2e ! H2 ;

(2)

it is obvious that for each mole of NiAl that is to be dissolved
five electrons are produced and therefore 5 mol of Hþ-ions
are consumed.
A calculation of the amount of hydrochloric acid
required in order to process 20 g of NiAl contained in
21.3 g of ds-NiAl-W was performed.

3 Results and discussion
3.1 Large scale synthesis Processing the samples
electrochemically proved to be highly selective as can be
seen from Fig. 1 in which the nanowires exposed by this

Figure 1 SEM image of tungsten nanowire array. Partially exposed
wires protrude from the NiAl matrix. The nanowires’ diameter is
200 nm, exposed length is 20 mm.
www.pss-a.com

Figure 2 (online color at: www.pss-a.com) Schematic of the process steps for producing either nanowire arrays (Fig. 1) or free wires as
shown in Fig. 4.
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The molar mass of NiAl is the sum of the molar masses of
Ni and Al [18]:
MðNiAlÞ ¼ MðNiÞ þ MðAlÞ;

(3)

MðNiAlÞ ¼ 58:69 þ 26:98 g mol1 :

(4)

The number of moles of NiAl, Ni, and Al is given by:
nðNiAlÞ ¼

mðNiAlÞ
;
MðNiAlÞ

(5)

nðNiAlÞ ¼

20 g
¼ 0:2334 mol;
85:68 g mol1

(6)

nðNiAlÞ ¼ nðNi2þ Þ ¼ nðAl3þ Þ;

(7)

nðNi2þ ; Al3þ Þ ¼ nðNi2þ Þ þ nðAl3þ Þ ¼ 0:4668 mol:
(8)
Equation (8) shows that the total number of moles of
cations that are produced when processing this amount of
material is 0.4668 mol. Due to the stoichiometry of the
reactions mentioned above this number must be multiplied
by a factor of 5 resulting in 2.334 mol of Hþ. From that
number the amount of 1 M hydrochloric acid necessary for
dissolving the matrix completely was calculated to be
2.334 l. In order to accommodate this amount of electrolyte a
temperature controlled electrochemical cell with a total
volume of 2.5 l was employed as depicted in Fig. 3.
It was fitted with a gas inlet to allow purging the
electrolyte with argon. Since processing these large amounts
of material required many hours of polarization, the Luggincapillary which connected the commercial Ag j AgCl j 3 M
KCl – reference electrode to the cell was filled with an electrolyte (sat. KCl), which was solidified with agar [19]. This
prevented blockage of the Luggin-capillary by hydrogen
bubbles. A large Pt net was employed as a counter electrode.
The pieces of directionally solidified NiAl-W were placed in
a Pt basket and processed individually. Initial currents of
approximately 500 mA were measured. The dissolution
current diminished gradually, as the amount of residual
NiAl decreased. After approximately 12 h the current
dropped to half the initial value; after approximately 38 h
the current dropped to one tenth of the initial value. These
values correspond to a nearly linear decrease in current over
time. After approximately 55 h the current decay was
complete – no further charge was consumed. The experiment
was continued for several hours to ensure complete matrix
dissolution. Finally, the solution was filtered using an ultra
filtration unit and cellulose acetate filter papers with a
nominal pore size of 200 nm (Sartorius AG, Göttingen,
Germany).
An illustration of the number of wires that can be
obtained was done by calculating the length of a virtual wire
weighing 1 g. First the corresponding volume of tungsten V,
considering the material’ density of 19,250 kg m3 [18] is
ß 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3 (online color at: www.pss-a.com) Schematic of the electrochemical cell applied in this work.

calculated to be 5.19  108 m3. Assuming an average wire
diameter of 200 nm and the respective cross-sectional
surface of 3.14  1014 m2, the length of a single wire with
a diameter of 200 nm, weighing 1 g is 1653.5 km. Further,
taking an average wire length of 300 mm the number of wires
in 1 g is approximately 5.5 billion.
In order to verify the selectiveness of the dissolution
process, analytical chemistry experiments were performed.
Aliquot samples of the hydrochloric acid electrolyte were
taken and analyzed using inductively coupled plasma optical
emission spectrometry (ICP-OES). ICP-OES analyses were
performed using a THERMO Iris Intrepid Duo HR. The
filtrate showed small amounts of W (0.04 at.%). This value is
well within the expected range of the solid solubility of W in
NiAl, which is according to the phase diagram 0.2 at.%
[20]. Similarly, a significant amount of filtered W wires was
investigated after alkaline pulping yielding residual contents
of 0.17 and 1.38 at.% for Ni and Al, respectively. These
relatively high values are assumed to result from residual
matrix pieces within the filtrate, as can be seen in Fig. 4B (on
the left, above the scale marker).
3.2 TEM analysis Using the Kleindiek manipulators,
single wires were transferred to transmission electron
microscopic (TEM) grid substrates for further investigation
of the material properties. Due to their relatively high density
the refractory metal nanowires were not suited for TEM;
even the thinnest tungsten nanowires with diameters under
200 nm were not transmissive for the electron beam.
In order to overcome this problem another attempt was
launched using the Kleindiek manipulators in combination
with the focused ion beam (FIB) and gallium ion sputtering
(GIS) systems. Wires were taken from a filter paper substrate
using a Picoprobe needle mounted to a Kleindiek manipulator. The Zeiss/Leo 1540 XB is only equipped with one
Kleindiek manipulator, therefore the wires had to be ‘‘glued’’
www.pss-a.com
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Figure 4 Large amounts of extreme aspect-ratio W nanowires. (A)
A surface of approximately 1 mm2 covered by nanowires. (B) Closeup view of W nanowires.

Figure 5 Tungsten wire placed on a copper TEM grid substrate
using a Kleindiek nanomanipulator. (A) The wire was fixed in place
by depositing platinum ‘‘pads.’’ (B) Milling the wire with the FIB
yielded thinned sections of the wire.

to the needle by depositing platinum. Next, the needle was
lifted up and the substrate replaced with a copper grid. After
placing the wire on the grid it was ‘‘glued’’ to this new
substrate by depositing platinum. Then the wire was cut
away from the needle using the ion beam. The adjacent end
of the wire was ‘‘glued’’ to the substrate by depositing more
platinum (Fig. 5A). Finally the GIS nozzle was retracted and
the ion beam was used to thin the sample (Fig. 5B).
After mounting the tungsten nanowire to the copper grid,
the sample was transferred to the TEM. A close-up view of
the wire is shown in Fig. 6A. At first glance it is clear that the
wire has a phase boundary along the middle – a white stripe
along the entire sample. Energy dispersive X-ray (EDX)
measurements were performed in order to ascertain the
composition of both phases. The results of the EDX
measurements are shown in Fig. 6B. From these results it
is very clear that the upper part of the sample in Fig. 6A is
tungsten, while the lower part consists of a mixture of copper,
carbon, gallium, and platinum. The latter three elements can
all be attributed to the FIB treatment: gallium ions are used to
mill the samples and to decompose the carbon-containing
precursor materials for depositing platinum. While thinning
the wire, the ion beam was pointed at the copper substrate.

Therefore, it is very likely that milled copper redeposited on
the sample.
The crystallinity of the sample was determined using
selected area diffraction (SAD). The selected area is shown
in Fig. 7 (‘‘spot’’ size 300 nm). Therefore, the result shown in
Fig. 7C reflects both phases: the single crystalline tungsten
yields a diffraction pattern consisting of an array of bright
dots, while the deposited phase is polycrystalline and yields
ring shaped diffraction patterns. In order to determine the
crystallographic orientation of the wire convergent beam
electron diffraction (CBED) was applied.
This technique utilizes a much smaller spot than SAD.
The spot size in these experiments was 70 nm. CBED
measurements were performed at four separate places along
a 20 mm section of the tungsten wire under investigation. All
recorded diffraction patterns indicate that the wire has an
orientation close to h001i along the wire’s growth direction.
It should be mentioned here that applying electron
backscatter diffraction (EBSD) to polished cross-sections of
directionally solidified samples is a more convenient way of
determining the wires crystallographic orientation [21]. Of
course, this is only possible prior to releasing the wires from
the matrix. The TEM results showed that the tungsten wire is

www.pss-a.com
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depths of up to 2–3 mm. Due to depth dependent probing
probability the bulk signal can be assumed to result from an
interaction depth of 1 mm. The oxide thickness comprises
only 0.6% of that depth. When considering the stochiometry
of the oxide (WO3) and the fact that the heavier tungsten
atoms will interact more strongly with the electron beam,
50% of the signal might be attributed to oxygen.
Consequently, the amount of detectable oxygen is approximately 0.3% of the probed volume, while the detection limit
of the EDX is above 1%. Therefore, it is plausible that the
amount of oxygen probed is too small to be detected by the
EDX detector.
The EDX-spectra show no nickel or aluminium from the
matrix phase present in the wires. Again, the probes sample
volume must be compared to the (expected) amount of
material. Theoretical considerations based on the phase
diagram of the system as well as chemical trace analysis
show that the amount of matrix material in the wire phase is
very small. Thus, no traces of nickel or aluminum were found
in the tungsten wires using EDX.

Figure 6 (online color at: www.pss-a.com) High resolution TEM
image of the tungsten nanowire. (A) A close-up view and (B) EDX
spot measurements.

single crystalline. The wire is covered by a very thin oxide
layer, visible as the light colored layer in Fig. 6A (thickness
approximately 6 nm), although no oxygen was found in the
EDX spectra, which is in good agreement with passivation
studies of nanoscopic tungsten. This is not surprising, as the
EDX typically probes a relatively large volume. The
interaction of the electron beam with the material reaches

4 Summary Single crystalline tungsten nanowires
were successfully synthesized at a large scale in laboratory
conditions. Directional solidification and electrochemical
processing of 21.3 g of NiAl-W eutectic alloy yielded 1 g of
tungsten nanowires. This amount is equivalent to 5.5 billion
of 300 mm long and 200 nm in diameter nanowires. Beside
being monocrystalline, the nanowires exhibit extreme aspect
ratios >1000 as well. High resolution TEM analysis proved
their crystallinity, whereas EDX measurements showed that
the nanowires consist of pure tungsten. In addition, it was
observed that they are covered with a thin oxide layer with an
estimated thickness of 6 nm. However, such a thin oxide
layer could not be identified with EDX and further studies
using Auger spectroscopy are being carried out to confirm
the layer thickness.
Possible applications for these high aspect ratio, single
crystal nanowires include pH-sensing [22], gas sensing
[23–25], STM-probing [26, 27], as components in composite
materials with low percolation thresholds, as electrode
materials [28, 29], as field emitters [30–32] and for
fabricating NEMS [21]. Finally, high temperature nanotechnology is possible as well (sources for polarized infra red
light).
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