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Formation of dense alumina nanowires from anodic alumina membranes
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Dense alumina nanowire arrays were formed by a method that consists in a partial dissolution of the

anodized aluminium oxide (AAO) membrane by chemical attack in 2 M H3PO4 during 45 minutes, as a

step immediately following the second anodizing. During this procedure the pore walls are partially

dissolved by a controlled acid attack and the alumina nanowires arise as a consequence of this process,

being the vertices of the hexagonal pores the origin of them. The thickness of them (E40 nm) is slightly

smaller than the diameter corresponding to the triple junction point of the membrane. By controlling

the dissolution time it is possible to obtain alumina nanowires covering virtually the entire surface with

lengths similar to the thickness of the AAO membrane that exceeding 10 mm. The steps of nanowires

formation are discussed as follows.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

In the last years, nanostructures such as nanodots, nanowires
and nanotubes have been of considerable attention due to their
chemical and physical properties and its various applications.

In particular, one-dimensional nanostructures (1-D) of
alumina are of special interest due to their dielectric and catalytic
properties. They offer promising technological applications, which
are attributed to their high strength, corrosion resistance, chemi-
cal stability, low thermal conductivity and good electrical insula-
tion [1]. Moreover, alumina nanowires have become a thrilling
field of study because they are useful for water purification filter
technology owing to their large surface area and highly electro-
positive surface [2,3].

The chemical etching of a porous anodic alumina membrane is
considered as an easy and cost effective way to fabricate uniform
diameter alumina nanowires [2]. In this sense, several groups of
authors reported different alumina nanostructures that were
fabricated via a simple etching method in NaOH [4–7] or in a
chromic and phosphoric acid solution [1,7]. Alternatively, Mei
et al. [8] produced alumina nanotube and nanowire arrays by
etching the AAO in 5%w phosphoric acid solution and subsequent
thermal treatment. The diameter of the nanowires is about
30–40 nm, which corresponds to the thickness of the wall
between the nanopores. These authors concluded that the
All rights reserved.
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of this paper.
formation of one individual nanowire can be attributed to the
splitting of walls surrounding three nanopores.

On the other hand, McGrath et al. [9] formed alumina nano-
wires in a one-step anodization process using a 0.1 M phosphoric
acid solution. These authors proposed that while the pores grow
by the anodization, the pore walls are slowly attacked by
chemical dissolution, thus widening the pores and generating
nanowires of about 50 nm in diameter.

All the previously mentioned authors agree on the steps of
alumina nanowires formation. The dissolution starts in the
thinnest parts of the alumina membrane walls causing nanorods
formed by three adjacent pores. In other words, by etching the
alumina membrane, the pore walls are first dissolved because
they are the thinnest regions but the vertices remain on the
surface resulting in alumina nanowires.

In our previous work [10], we demonstrated that a complete
dissolution of the AAO template can be achieved by immersing
the membrane in a 2 M H3PO4 acid solution. During this study we
observed that prior to the complete dissolution, alumina nano-
wires were formed. The main objective of this paper is to present
a simplified and virtually free of pollutants method for the
formation of alumina nanowires. The time required to form these
nanostructures is considerably shorter than the reported by other
authors. The morphologies obtained were observed by Scanning
Electron Microscopy (SEM).
2. Experimental procedure

The templates were fabricated from high purity (99.99%)
aluminium foils by applying a two-step anodizing process
[1,10,11]. Anodization was conducted under constant cell
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potential of 40 V in a 0.3 M oxalic acid electrolyte. A platinum
mesh was used as counter electrode. The alumina nanowires were
formed by chemical attack in a 2 M H3PO4. All the electrolytes
were prepared from supra-pure chemicals (E. Merck, Darmstadt)
and fourfold quartz-distilled water. Also, they were deaerated by
bubbling highly purified nitrogen prior to each experiment. This
procedure was performed at a temperature T¼25 1C. SEM studies
were carried out using an EVO 40 XVP (LEO) microscope, with an
accelerating voltage of 20 keV. The surface was coated with a thin
conducting Au film.
3. Results and discussion

The alumina membrane surface morphology, generated by two
anodizing steps [1,10,12], shows the typical regular and uniform
structure, constituted by an array of highly ordered hexagonal
Fig. 1. SEM topographical images of the AAO obtained after chemical attack, in a

2 M H3PO4 at 25 1C during: (a) 5 min. (b) 10 min. (c) 15 min. Inset: schematic

diagram of the corresponding step of the alumina nanowires formation process.
pore domains with columnar channels in the cell centre (Fig. 1a).
The hexagonal shape of the pores can be perfectly distinguished,
being the pore diameter between 60 and 75 nm, while the wall
thickness is about 30–40 nm.

Fig. 1b shows a SEM image of the first step of the alumina
nanowires formation after the chemical attack in a 2 M H3PO4 for
a period of approximately 5 min. During the dissolution of
alumina membranes, the thinnest regions are the first to be
dissolved. It is important to highlight that the pore walls linking
three neighbouring cells are thinner than the other regions. After
10 min of dissolution (Fig. 1c), the thinnest walls are broken and
the triple-junction points are separated. This process starts from
top to bottom of the membrane. Thirty minutes later, the walls
are completely dissolved, only the triple-junction points which
generate the nanowires remaining. This procedure is illustrated in
Fig. 2a, which shows that nanowires are going out from the triple-
junction points of the AAO. Finally, after 45 min of dissolution, the
alumina membrane is completely dissolved and nanowires
collapse under gravity, forming groups with the same orientation
(Fig. 2b). The nanowires have uniform diameter with a typical
thickness of 40 nm and their length exceeds 10 mm, which is
proportional to the original thickness of the alumina membrane.

It is known that the AAO template is composed by amorphous
alumina and during the alumina etching process the lateral
dissolution of pores is faster than the vertical dissolution. This
lateral dissolution is possibly due to a pH gradient along the pores
that favours the dissolution from top to bottom. When the acid
solution diffuses into the channels, the pore walls are dissolved by
the active etching component Hþ . The thinnest part of the wall
between two neighbouring pores is etched away at first and, as a
consequence, the acid attack produces alumina nanowires. The
triple junction points may have a different crystal structure, less
soluble, more resistant to attack than the rest of the porous AAO
layer. This may be due to compressive stresses at the triple
junction during the membrane formation [9,13,14]. The pH
gradient quickly changes along the pores because the acid
Fig. 2. SEM topographical images of the alumina nanowires: (a) coming out the

triple-junction points of the AAO, (b) dense arrays after 45 min of dissolution.
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solution can penetrate inside the pores while their walls dis-
appear, forming the nanowires. This pH gradient permits the
dissolution until it reaches the bottom of the membrane. The
vertical dissolution of the nanowires cannot be discarded, but its
rate is slower than the lateral dissolution. By controlling the
dissolution time it is possible to obtain alumina nanowires with
lengths similar to the thickness of the AAO membrane and
slightly thinner than the one corresponding to the triple points.

This study has several advantages compared with what is
already known in the literature. We can show that it is not
necessary to apply annealed [14–16] for several hours to achieve
membranes with highly ordered pores and nanowires with a
relatively uniform size distribution [10]. To generate the AAO
membrane we operate at room temperature unlike many authors
who work at different temperatures [1,7,16–18] or/and higher
constant cell potential [1]. Furthermore, relatively short periods
of times are used both to obtain the AAO membrane and the
nanowires.
4. Conclusions

This paper presents an alternative method to obtain both the
AAO membrane and the nanowires in a relatively short period of
time. The method used is simpler, milder and with low environ-
mental impact. This technique consists in a partial dissolution of
the membrane by chemical attack in 2 M H3PO4 during 45 min. It
was found that controlling the dissolution time it is possible to
obtain alumina nanowires with lengths similar to the thickness of
the AAO membrane and slightly thinner than the one correspond-
ing to the triple points. Alumina nanowires, of about 40 nm in
diameter and with lengths exceeding 10 mm, cover virtually the
entire surface, being the vertices of the hexagonal pores the origin
of them.

The main advantages of this work can be summarized as
follows:
�
 Not need to apply annealed for several hours (temperature
range: 350–500 1C) as were used by other authors.

�
 The AAO membrane can be obtained working at room tem-

perature and relatively low constant cell potential.
�
 Relatively short period of times are spent both to obtain the
AAO membrane and the nanowires.

�
 A more clean, free of heavy metals method is used both to

obtain the AAO membrane and the alumina nanowires.

�
 It is possible to obtain membranes with highly ordered pores

and nanowires with a relatively uniform size distribution.

�
 We reported a much milder wet etching of AAO membrane

using only the common H3PO4 solution instead of NaOH
solution.
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