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Abstract
A directionally solidified eutectic NiAl–W alloy was employed as a source for NiAl nanopore arrays, W-nanowire arrays and W-nanowires. The
NiAl–W eutectic alloy containing 1.5 at.% W. A growth rate of 30 mm h−1 was used at a temperature gradient of 40 K cm−1 in a Bridgman-type
directional solidification furnace. A combined stability diagram was derived from the Pourbaix diagrams of the three elements involved (Ni, Al,
W). It allowed predicting proper conditions for the selective dissolution of either of the phases. Etching in a mixture of HCl:H2 O2 released parallel
aligned W-nanowires with a wire diameter of ∼200 nm. The aspect ratio observed in these measurements was over 400. Selective electrodissolution
of the W minor phase was possible in a neutral buffer at 0.5 V versus SHE. This procedure yielded regular nanopore arrays with pore diameters
of ∼200 nm. The pore density obtained was 8 × 1010 m−2 . The relative coverage of the wires or the corresponding pores in a cross section was
0.3%. For the material employed in this study a 12 m2 area corresponds to a single nanowire electrode. The potential of this material and the
processing developed is discussed in terms of the production of nanofilters, nanoelectrode sensors, nanowire arrays and quantitative amounts of
single crystalline tungsten nanowires.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Nanotechnology is of interest as devices can show unusual
properties due to quantum confinement if the feature size falls
below a certain value. Metallic nanowires show this behaviour
only in the lower nm range (below 10 nm). But also mesoscale
structures from 100 to 1000 nm can have favourable properties.
Their link to electrochemistry can be either through an electrochemical step involved in the production method or through their
potential use in electrochemistry.
Metallic nanowires can be produced by template-directed
synthesis, involving either chemical or electrochemical deposition of the wires [1–4]. Gold nanowires for example have been
fabricated on polycarbonate templates by pulsed-laser deposition combined with electrochemical plating [1], generating
nanowire arrays with a high aspect ratio and a diameter between
100 and 600 nm after dissolution of the carbonate template.
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Arrays of Ni nanowires with a diameter of 30 nm have been
electrodeposited in alumina membranes [2,3]. A large number
of studies have been directed towards the use of anodic alumina
oxide as a template. The procedures for preparing highly ordered
alumina membranes were extensively described in the literature
[5–8]. Both chemical and electrochemical deposition into the
pores with a subsequent dissolution of the matrix and thus a
release of the wires is possible [8,9]. These wires are usually
polycrystalline, which can be a drawback for their application.
The advantages of ultramicroelectrodes or nanoelectrodes
(nanodes) have been demonstrated for example for SECM
[10,11] and stripping voltammetry [12].
When organised in an array, the resulting electrodes could
combine the advantages of both the nanoelectrode and the signal
intensity from a macroscopic electrode.
Directional solidification of a eutectic alloy is a method that
can facilitate the nanostructuring of a material [13]. From here
on this material will be referred to as DS–NiAl-X were DS indicates directionally processed material and NiAl-X indicates the
quasibinary system consisting of the B2 NiAl phase and the
minor phase X.
This method has several advantage. It produces arrays
of single crystalline wires embedded in a single crystalline
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formly shifted upwards to allow unidirectional heat extraction.
This operation was controlled by a servomotor enabling a speed
range between 1 and 200 mm h−1 . This solidification was conducted at a temperature of 1700 ± 10 ◦ C, a thermal gradient
of approximately 40 K cm−1 and a growth rate of 30 mm h−1 .
The microstructure of the obtained unidirectionally solidified
NiAl–W eutectic exhibited fully eutectic morphology consisting of a cell structure with a mean cell diameter of 500 m and a
length covering the entire length of the rod-like sample. A diameter of 200 nm was found for the tungsten wires and the mean
inter fibre spacing was 3 m. The fibre orientation was 1 0 0
referring to the rod axis of the directionally solidified sample.
2.2. Chemicals and electrodes
Digestion of the matrix was performed in a mixture of HCl
(32%):H2 O2 (30%):H2 O, 10:10:80. A self made Hg/Hg2 SO4
reference electrode was used for the polarization experiments.
The counter electrode was a strip of Pt foil with a surface area
of 2 cm2 . Polarization was performed in acetate buffer with a
pH of 6.0. All chemicals were of p.a. grade and purchased from
Merck, Darmstadt.
2.3. Electronics

Fig. 1. Roadmap for the processing of DS–NiAl–W for the production of Wnanowire arrays, W-nanowires and NiAl nanopore arrays.

matrix. Wire diameter and spacing show a narrow distribution, and can be controlled by the processing parameters
[13].
Digestion of the DS–NiAl–Re eutectic in an appropriate oxidising solution, and without application of an external voltage,
resulted in the dissolution of both Ni and Al elements as Al (III)
and Ni (II) ions, whereas Re stayed intact in that potential range
[14,15]. Contrariwise the selective dissolution of the rhenium
to perrhenate was achieved in a neutral buffer where the nickel
aluminium major phase passivates [16]. The roadmap in Fig. 1
shows the processing of the corresponding DS–NiAl–W system,
which is the topic of this paper.
2. Experimental
2.1. Preparation of the eutectic
Pre alloys were prepared from nickel (99.97 wt.%), electrolytic aluminium (99.99 wt.%) and tungsten (99.9 wt.%) by
induction melting under an inert atmosphere. They were drop
cast into a cylindrical copper mould and subsequently fitted into
alumina crucibles. Directional solidification was performed in
a Bridgman type crystal growing facility, consisting of the crucible support, cooling ring and heating element (tungsten net).
The alumina crucible with the as-cast ingot was positioned in
the furnace and heated up to ∼1700 ◦ C for initial melting. The
upper part with the heating element was then slowly and uni-

Electrochemical investigations of the samples were conducted with a PAR 283 potentiostat/galvanostat manufactured
by EG & G.
Chemical analysis of the solutions was performed by
inductively-coupled plasma optical emission spectrometry
(ICP-OES).
Scanning electron microscopy was performed using a
Leo 1550 VP apparatus (Leo Elektronenmikroskopie GmbH,
Oberkochen, Germany) fitted with an INCA Energy Dispersive
System (EDS) (Oxford Instruments, Oxford, UK).
3. Results and discussion
3.1. Construction of a combined stability diagram
In order to derive the optimum conditions for selectively etching the matrix as well as the optimum conditions for the selective
formation of nanopores or nanochannels through removal of the
wires the thermodynamic stability diagrams [17] of the elements
in question were combined in Fig. 2.
The lines in the diagram depict the areas of relative predominance of the different species involved. For instance: at any given
potential (above −1.7 V SHE) Al2 O3 will corrode to Al3+ if the
pH is reduced to values under 4.0 or it will corrode to AlO2 −
if the pH is increased to values greater than 9.0. The dashed
lines indicate the thermodynamic range of the “electrochemical
window”—the range in which electrochemical measurements
can be performed without (equilibrium) evolution of H2 (at
potentials lower then the bottom dashed line) or O2 (at potentials higher than the top dashed line). Further reactions which are
essential for the intended procedures are given in the following
two sections.
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Fig. 2. Combined simplified pH-potential stability diagram derived from Pourbaix diagrams of the three elements Ni, Al, W. Matrix dissolution under etching
conditions with simultaneous W passivation as well as selective electrodissolution of W with NiAl passivation are given in the diagrams.

3.2. Selective dissolution of the nickel–aluminium matrix
Based on the combined Ni–Al–W Pourbaix diagram reaction
conditions were chosen under which both matrix elements nickel
and aluminium should corrode whereas the tungsten would
passivate. Acidic conditions were chosen (3.2% HCl) and the
potential was chemically increased by an oxidising agent (3%
H2 O2 ). The DS–NiAl–W sample was immersed into an etching solution while monitoring the potential. As shown in Fig. 3
the potential oscillates between 0.150 and −0.025 V SHE while
etching the matrix. The pH of this highly acidic solution was
slightly below 0. The results of Fig. 3 are marked by a vertical
bar in Fig. 2. As intended, this region lays well within the corrosion range of both nickel and aluminium. The horizontal line
at approx. −0.5 V SHE marks the transition
Ni → Ni2+ + 2e−

(1)

which lays significantly higher than the corresponding and thus
parallel line for the less noble aluminium
Al → Al3+ + 3e−

(2)

the vertical line at pH 4.0 marks the dissolution of the aluminiumoxide
Al2 O3 + 6H+ → 2Al3+ + 3H2 O.

(3)

Fig. 3. Potential transient of matrix dissolution of DS–NiAl–W during 1 h in a
mixture of 3.2% HCl and 3% H2 O2 .

Fig. 4. (a) Long tungsten fibres observed on DS–NiAl–W after digestion for 1 h
in a mixture of 3.2% HCl and 3% H2 O2 . (b) Side view of a tungsten nanowire
array after digestion of NiAl matrix in 3.2% HCl and 3% H2 O2 for 1 h.

For very anodic potentials nickel can passivate even in acidic
solutions but these potentials, which would allow strong oxygen evolution are not reached by far in this solution. The
combined Pourbaix diagram also displays that tungsten should
exist as WO3 under these conditions, preventing the dissolution of tungsten. A slightly more negative potential under
which metallic tungsten is immune might work as well. However, a significant hydrogen evolution must be expected. Even
under the chosen conditions bubbles formed on the surface and
broke away continuously. These variations in the active wetted surface area are probably responsible for the fluctuations of
the measured potential. A higher potential on the other hand
would favor the WO3 formation resulting in a larger oxide
thickness.
Fig. 4a shows a top view of the DS–NiAl–W sample after
1 h of etching. It shows that a large number of nanowires with a
length of several 100 m are released from the matrix. Fig. 4b
is a side view of the same sample. It clearly shows that these
fibres are standing upright and parallel. Some broken wires are
caught in this array. Fig. 5 shows an example of the extreme
aspect ratio of these wires. The wire has a length of 87 m and
diameter of 200 nm from which an aspect ratio of more than 400
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Fig. 6. Current transient of the electrodissolution of DS–NiAl–W eutectic alloy
after selective electrodissolution of the W-minor phase in acetate buffer (pH 6.0)
at 0.5 V (SHE) for 30 h.

Fig. 5. Separated W wire resulting from the etching DS–NiAl–W.

is calculated. It is also important to keep in mind that these wires
are single crystals.
Chemical analysis of the etching solution revealed
concentrations of cAl = 178 mg L−1 , cNi = 397 mg L−1 and
cW = 2.09 mg L−1 . Taking into account the atomic weights
of the elements MAl = 26.98 g mol−1 , MNi = 58.68 g mol−1 and
MW = 183.84 g mol−1 , contents of 49.28% (Al), 50.63% (Ni)
and 0.07% are determined. To which extent the deviations
from 50% for the two matrix elements are of relevance shall
be evaluated in a later study. The small tungsten content in
the etching solution may have two origins. It can either be
the result of a very minor attack of the tungsten wires in the
etching solution or it represents the tungsten that remained dissolved in the matrix during directional solidification. When
etching the matrix the tip of a wire is released first and is in
contact with the etching solution from then on. This would
decrease the wire diameter as a function of exposure time.
Since no such effect was observed in the SEM images, it is
more likely that the W found in the solution results from the
matrix.
3.3. Selective dissolution of the tungsten wires
The selective dissolution of the wires and thus the fabrication
of nanopores were achieved by electrochemical processing of
the material. The sample was immersed in acetate buffer with
a pH of 6.0. After leaving the sample at open circuit potential
(0.035 V SHE) for 10 min the potential was stepped to 0.5 V SHE
and held for 30 h. The given pH provides optimum conditions
for the passivation of Al
Al + 3H2 O → Al2 O3 + 6H+ + 6e−

(4)

whereas nickel, the second matrix element, would still corrode
according to Eq. (1). Aluminium is a valve metal that can form
very thick oxide layers. Under these conditions one would expect
a dealloying that causes an enrichment of the aluminium on the
surface which finally results in an aluminiumoxide film on top
of the equiatomic NiAl alloy.

At the same time tungsten and tungsten oxide are dissolved
according to
W + 4H2 O → WO4 2− + 8H+ + 6e−

(5)

and
WO3 + H2 O → WO4 2− + 2H+

(6)

respectively.
Fig. 6 shows the current transient recorded during polarization. The potential jump causes simultaneous dissolution of
nickel and tungsten according to Eqs. (1) and (5) in parallel to the
passivation of aluminium (Eq. (4)). This is indicated as region
A in Fig. 6. Aluminium oxide is known to grow according to the
highfield model. This implies a −1 slope in a double logarithmic current over time plot. Such a slope is not observed since
all three processes occur simultaneously and the time resolution
is insufficient to see the very early stages, which are probably
dominated by the passivation current. A direct comparison to a
high resolution current transient of pure aluminium in an acetate
buffer from the literature gives important information [18]. It
shows that Debye charging of the oxide, dielectric relaxation of
the oxide, charge carrier emission from the interfaces and initial
highfield oxide growth take place already during the first second
after stepping the potential. As a result of this self inhibiting process the current density is in the range of 1 mA cm−2 and must
be expected to further decrease with a −1 slope. It thus falls
below the current observed for the DS–NiAl–W alloy in section
B. This means that the alloy is already significantly passivated
at the very beginning of the transient shown in Fig. 6. In region
B of the transient the slope of the curve is almost exactly −0.5
indicating a diffusion controlled process. It is most likely that W
is initially dissolved according to Eq. (5). This will create pores
and a significant acidification in these pores, thus a shift in the
equilibrium of Eq. (6) to the left side. For anodic potentials the
Pourbaix diagram in Fig. 2 shows a vertical equilibrium line for
Eq. (6) at pH = 4. The diffusion of protons into the bulk solution
is linked to an increase of the pH within the pore. This shifts the
equilibrium in Eq. (6) towards the soluble WO4 2− . With increasing pore depth the diffusion length increases as well. This leads
to a further decreasing current. After 1000 s the slope becomes
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3.4. Strategic relevance of electrochemical processing of
directionally solidiﬁed eutectics

Fig. 7. (a) Nanopore array in a DS–NiAl–W eutectic alloy after selective electrodissolution of the W-minor phase in acetate buffer (pH 6.0) at 0.5 V (SHE) for
30 h. (b) Close view of a single nanopore in a DS–NiAl–W eutectic alloy after
selective electrodissolution of the W-minor phase in acetate buffer (pH 6.0) at
0.5 V (SHE) for 30 h.

flatter and flatter in region C indicating that the current density of the stationary aluminiumoxide corrosion becomes more
and more predominant. Finally in region D the current becomes
constant—a phenomenon well known from pure aluminium.
Fig. 7a shows a SEM image of the DS–NiAl–W sample after
this treatment. Pores are formed in the channels of the embedded tungsten wires. The pores are evenly distributed across the
surface. The surface shown has a size of 511 m2 . This allows
computing a wire density of 8 × 1010 m−2 . Small scratches on
the matrix resulting from the grinding are still visible demonstrating that the matrix does not dissolve.
A closer view into one of these pores is shown in Fig. 7b. The
cross section shows that the hole is slightly elongated in one
direction; the longer pore diameter is 245 nm and the shorter
170 nm. The two longer walls appear parallel; a strong hint on
the faceted nature of the wires matrix interface.
A surface ratio of 0.3% W is calculated from these results.
In average an area of 12 m2 can be attributed to each pore. All
these values are important geometrical factors for the application
of these electrodes as sensors in electroanalytical chemistry.

A number of aspects have to be taken into account when
electrochemical processing of directionally solidified material
is considered for the preparation of nano or microstructured
devices. If nanopore arrays shall be generated with or without
redeposition of a metal into the pores, the nature of the minor
alloying phase plays only a minor role. If on the other hand
rods, wires or wire arrays of a certain metal shall be produced
the major phase is of lesser importance. In both cases a significantly different chemistry or electrochemistry is required to
allow selective dissolution. The phase diagram of the eutectic
would ideally consist of pure phases rather than involving any
intermetallic phase. It is desirable to have an asymmetric composition so that wires (guest phase) form in a matrix (host phase)
and that the solubility of the pure phases in each other is as low
as possible.
Governing the geometrical parameters namely wire diameter
or pore diameter, respectively and inter fiber or inter pore spacing
is straightforward. They can be controlled by the growth rate and
the temperature gradient during directional solidification [19].
Higher growth rates yield both, smaller nanowire diameters and
smaller interwire spacings.
It does not make much sense to compare directional solidification to methods that grow semiconductor wires from the gas
phase. The method introduced here should rather be compared to
methods that produce metallic nanowires in particular by chemical or electrochemical growth. Usually material with an array of
nanochannels is employed. These materials can be produced by
ion track etching into e.g. polymers, by hole (h+ ) assisted photoetching of Si or by the fabrication of porous anodic aluminium
oxide (AAO). The last method is by far the most important one.
It is well established, can be handled at room temperature or
at slightly elevated temperatures to produce metals or semiconductors or even alloys. Its production always requires a soluble
precursor species, which is on the other hand responsible for
some of the contaminations. The chemistry must be compatible
with that of the solvent, e.g. the metal should not decompose
or convert to its oxide. The method usually generates polycrystalline wires embedded in an isolating matrix. Processing of
directionally solidified materials on the other hand is a self organizing process that does not require a template, even though the
use of a template might be beneficial to increase the degree of
order. The wires that form are single crystalline all having the
same crystallographic orientation, even with the same azimuthal
angle. This feature is of major importance for some applications,
e.g. as field emitters. The composition of the wires is essentially
that of the phase itself, presuming that sufficiently pure metals
are employed for making the prealloy. Macroscopic cutting of
the DS-material allows choosing the orientation in the sample
and thus the application. Horizontal cuts allow the production
of nanowire arrays while vertical cuts will produce nanowires
aligned parallel to the surface. This cutting is relatively simple
for the all metallic samples while it must be expected to be much
more difficult for a system in which metal wires are embedded
in ceramic matrix.
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4. Conclusions
Directional solidification of a quasibinary NiAl–W eutectic alloy produced unidirectional nanostructured material. A
strategy for selective removal of either of the two phases has
been derived from a combined Pourbaix diagram of the three
elements. A slightly oxidising acid dissolved the matrix and
released an array of long and uniform tungsten wires. The high
aspect ratio of these wires was demonstrated to be at least 435.
Electrodissolution of the W to soluble WO4 2− with a simultaneous passivation of the NiAl matrix yielded nanopore arrays
with slightly elongated pores having a diameter of 170 nm in
one direction and 245 nm in the other.
Electrodeposition of nobel metals such as gold into the pores
as it was already demonstrated for the DS–NiAl–Re system is a
promising route for the preparation of sensors [20]. The advantages of the DS–NiAl–W system over the DS–NiAl–Re system
are the smaller wire diameters for identical solidification parameters and the smaller refractory metal content that increases the
pore diameter to interspacing ratio. Dissolution of W through
the entire sample thickness would yield a metallic nanofilter, a
system with a number of advantages over ceramic filters.
Production of tungsten wires and even tungsten wire arrays
becomes possible with the method shown here. The wire length
can easily be controlled by the etching duration. Harvesting
a decent amount of nanowires requires just the corresponding
amount of alloy and a modification of the etching time. Last but
not least it should be emphasized that quite a number of possible applications can be envisioned for single crystalline tungsten
nanowires, which can hardly all be listed here.
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