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Abstract Ordered Al,O; nanowire arrays embedded in
the nanochannels of anodic alumina membranes (AAMs)
were synthesized by electrodepostion at room tempera-
ture. Our synthetic route yielded large quantities of Al,O5
nanowires of uniform size and shape that are ~40 umlong
with diameters of 70 nm. The Al,O5; nanowire structures
were characterized by scanning and transmission electron
microscopies, high-resolution transmission electron
microscopy, energy dispersive spectroscopy and X-ray
photoelectron spectroscopy.
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Introduction

In recent years there has been increasing interest in the
fabrication of one-dimensional nanostructures because of
their potential application in electronic, magnetic, optical,
and micromechanical devices. To obtain scaled-up func-
tional devices, highly ordered nanowire or nanotube ar-
rays are essential. The most common technique used to
fabricate such nanostructures is the so-called template
synthesis [1, 2, 3, 4]. This method has been used to prepare
tubules and fibrils composed of metals [5, 6], semicon-
ductors [7], and other materials such as carbon nanotubes
[8]. Electrodeposition is cheap and fast in comparison
with other methods, such as the sol-gel and CVD meth-
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ods. In addition, the anodic alumina membrane (AAM) is
a good choice for a template because the channel diame-
ters are easily adjusted (down to 9 nm) to sizes enabling
quantum confinement. Using AAM templates, well-
aligned oxide semiconductor nanowire arrays, such as
ZnO [7] and SnO, [9], have been fabricated by electrode-
position and oxidation.

Alumina whiskers and fibers are widely used in ad-
vanced materials such as metal matrix composites be-
cause of their higher temperature resistance and higher
modulus values [10, 11]. Additionally, high-performance
alumina fibers can be used as catalyst supports, radar-
transparent structures, and antenna windows [12]. Re-
cently, Al,Oj3 fibers [13] and nanopillars [14] have been
produced. However, a high temperature was needed for
both of these methods. Branched alumina nanotubes
(bANTS) [15] and individual alumina nanotubes (ANTS)
[16] were also reported for alumina oxide. Nevertheless,
little has been reported about the fabrication of Al,O3
nanowire arrays. In this communication, we report the
large-scale synthesis of ordered Al,O; nanowire arrays
embedded in the nanochannels of AAMs by electrode-
position at room temperature.

Experimental

Through-hole AAMs with ordered nanochannels was prepared via
a two-step anodization process as described in detail elsewhere [17,
18, 19, 20, 21, 22]. The first anodization was conducted under a
constant voltage of 40 V at 5 °C in 0.3 M oxalic acid solution, in a
thermally isolated electrochemical cell for 4 h, during which the
electrolyte was vigorously stirred using a pump system. Then the
alumina layer produced was removed by wet chemical etching in a
mixed solution of phosphoric acid (6 wt%) and chromic acid
(1.8 wt%) at 60 °C for 6 h. The second anodization was carried out
under the same conditions as those in the first one for 12 h. After
coating a protecting layer on the surface of the porous alumina
film, the central aluminum substrate was removed in a saturated
HgCl, solution, and the surrounding aluminum was retained as
support. A subsequent etching treatment was carried out in a
6 wt% phosphoric acid solution at 30 °C for 70 min to remove the
barrier layer on the bottom side of the AAM. A thin gold layer
(about 200 nm) was evaporated onto the upper side of the AAM by



using a JEE-4X vacuum evaporator in a vacuum of 2x10~> Torr to
serve as the working electrode in a two-electrode electrochemical
cell. The electrolyte contained 30 g/L AlCl3. The electrodeposition
was carried out at a constant current density (0.5 mA/cm?), with
graphite serving as the counter electrode, at room temperature for
40-48 h.

After electrodeposition, scanning electron microscopy (SEM;
JSM-6300), transmission electron microscopy (TEM; JEM-
200CX), high-resolution transmission electron microscopy
(HRTEM; JEOL-2010), energy dispersive spectroscopy (EDX;
Oxford, Link, ISIS), and X-ray photoelectron spectroscopy (XPS;
Escalab M K, Mg K, X-rays as the excitation sources) were used to
characterize the Al,O; nanowire arrays.

Results and discussion

After the AAM was etched away by using a mixed so-
lution of 6 wt% phosphoric acid and 1.8 wt% chromic
acid, the remaining product was cleaned in an ultrasonic
bath. SEM images (top view and cross-view) of the
Al,O3 nanowire arrays are shown in Fig. la and b,
respectively. It can be clearly seen that bulk quantities
of Al,O; nanowires with an equal height and a highly

Fig. 1 SEM images of the resulting ordered Al,O; nanowire arrays
after removing the AAMs: a cross-section view and b top view
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ordered tip array were formed. Figure 1a shows that the
lengths of the Al,O; nanowires are about 40 pm, which
is similar to the thickness of the AAM template used.
Figure 2a shows the TEM image of a bundle of
nanowires obtained after dissolving away part of the
alumina template. The dark areas are Al,O3 nanowires.
The nanowires are straight with relatively uniform di-
ameters of 70 nm, which is nearly equal to the diameter
of nanochannels in the AAM. Figure 2b shows the TEM
image of a single Al,O3 nanowire with a diameter of
60 nm. The surface of the nanowire is not smooth,
which could be caused by the rough surface of internal
pores of the AAM. It should be pointed out that the
dissolving rate is different between the alumina template
and the electrodeposited alumina nanowires in the acid
solution. The contact areas of the alumina template with
the acid solution are larger than those of the alumina
nanowires, so the dissolving rate of the alumina template
is higher than the alumina nanowires in acid solution.
When the alumina template was etched away by the acid

50 nm

Fig. 2 TEM images of typical Al,O; nanowires: a a bundle of
Al,O3 nanowires; b a single Al,O3; nanowire
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Fig. 3 a TEM image of a typ-
ical Al,O3 nanowire. Inset:
SAED pattern taken from the
nanowire showing some amor-
phous halo rings. b HRTEM
image of a typical Al,O3 nano-
wire, showing the absence of
crystal lattice planes, which
further confirms its amorphous
nature

solution, the outer surface of the alumina nanowires was
also partially etched simultaneously. Thus the diameter
of the Al,Oz; nanowire in Fig. 2b is smaller than in
Fig. 2a.

The selected area electron diffraction (SAED) pattern
(Fig. 3a, inset), taken from a representative Al,O;
nanowire, reveals some diffusive rings, but no diffraction
spots could be identified, indicating that the Al,O;
nanowire is amorphous. No crystalline fringes could be
identified in high-resolution TEM (Fig. 3b) at the lat-
tice-resolved scale, providing further confirmation of the
amorphous nature of the wires.

The chemical composition of the nanowires was an-
alyzed using EDX and XPS. EDX (attached to the
HRTEM, not shown here) measurements made on
representative nanowires detected only O, Al, and Cu
atoms. The atom ratio of Al to O calculated from the
quantitative analysis data is about 1:5, which is higher
than 2:3 in bulk alumina. This may be caused by oxygen
adsorption on the surface of the Al,O; nanowires. It is
obvious that Cu atoms were generated from the Cu grid.

The photoelectron spectra of Al, (Fig. 4a) and Oy
(Fig. 4b) are in good agreement with the data observed
for Al,O3, revealing that the products are composed of
Al,O3 nanowire arrays.

From the SEM images (Fig. 1), it is obvious that the
alumina nanowires grew out of the nanochannels of the
AAM. On the other hand, the TEM analysis reveals that
the uniform alumina nanowire diameters are nearly
equal to the diameter of nanochannels in the AAM. So,
our experimental results are different from the alumina
nanopillar arrays [14] fabricated by chemical etching
AAMs in dilute NaOH solution. However, the growth
mechanism of Al,O3 nanowires within the nanochannels
of the AAMs is not clear at present and further inves-
tigation is still needed.

In summary, we have demonstrated the fabrication of
dense, continuous Al,O3 nanowires, 40 um long and
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Fig. 4 a X-ray photoelectron spectrum for Al,, in the product.
b X-ray photoelectron spectrum for Oy in the product

with uniform diameters of 70 nm, by direct electrode-
position in the nanochannels of AAMs. Our experi-
mental results demonstrate that the novel, simple route
we used can produce bulk quantities of ordered amor-
phous Al,O3; nanowires and is likely to be of interest in
future applications.
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