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Alumina oxide nanowires were grown via a two-step anodization of aluminum foil. A growth mechanism is proposed for these 
nanowires which is different from that of those formed using chemical etching methods. An electric field and stress are necessary 
to grow these nanowires, and the nano-imprinted metal surface of the aluminum foil has an important role. 
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One-dimensional nanostructures have become the focus of 
intensive research because of their unique properties and 
potential applications in high density nanoscale devices 
including sensors [1], optoelectronics [2], and magnetic 
memory [3]. In the early 1990s, Brumlik et al. [4] and Mar-
tin [5] pioneered the use of hard templates in the synthesis 
of metal and polymer tubes, rods and wires. This was 
achieved through either electrochemical or electroless dep-
osition onto a porous anodic alumina oxide (PAAO) mem-
brane followed by dissolution of the membrane. Subse-
quently, this approach was widely employed to synthesize 
metal [3], semiconductor [1,2] and polymer [6] nanoarrays. 
Further research has yielded methods for producing ideally 
ordered-hole configurations in PAAO [7,8]. Because of this, 
the fabrication of carbon nanotubes with specific cross-  
sections [9] and the spatially controlled periodic deposition 
of two kinds of materials [10] have been achieved. This 
kind of substrate can also be fabricated using polymer pre-
cursors for industrial applications [11], and used in the 
preparation of smart surfaces [12].  

Nanoscale alumina oxide structures have been obtained 
using electrochemical methods. Alumina oxide nanotubes 
with many branches were fabricated via the anodization of 
aluminum on a silicon substrate in dilute sulfuric acid [13]. 
Alumina oxide nanotubes and nanowires were produced by 
chemically etching PAAO membranes either in sodium hy-
droxide solution [14,15] or in phosphoric acid solution 
[15–20]. However, to the best of our knowledge, there are 
few reports of the formation of alumina oxide nanowires in 
organic acid solution. Moreover, there have been no com-
parisons between the growth of nanowires in an etching 
process and that in anodization. In this work, alumina oxide 
nanowires are obtained after a two-step anodization of an 
aluminum foil. A growth mechanism is proposed for these 
nanowires. This proposal should be conducive to studies on 
the self-ordering mechanism of cells during the anodization 
of porous aluminum. 

1  Experimental 

A piece of high-purity aluminum foil was flattened under an 
even pressure of 10 MPa. Then the foil was annealed for 5 h 
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to release residual stress. The annealing temperature was 
between 400–600°C. Prior to the electrochemical process, 
the aluminum foil was ultrasonically degreased with ace-
tone and rinsed in ethanol. The prepared foil served as an 
anode, and two slices of graphite acted as cathodes. They 
were then electropolished in a mixture of 6.2 vol% perchlo-
ric acid, 70.1 vol% ethanol, 10 vol% butyl cellosolve and 
13.7 vol% distilled water under a voltage of 30 V for no 
more than 30 s. A specially designed polytetrafluoroeth-
ylene device that uses two hollow cylindrical components 
was used to secure the electropolished foil with a pair of 
O-rings functioning as padding. Subsequently, the device 
was horizontally attached to a vessel, which contained an 
oxalic acid solution to serve as an electrolyte. Also, it con-
tained a slice of graphite vertically positioned face-to-face 
with the foil. A space, which was delimited by the cylindri-
cal polytetrafluoroethylene shell, was left between them, 
and was occupied by the oxalic acid solution. The electro-
lyte only makes contact with one side of the foil; thus sin-
gle-sided anodization is possible. Two electric wires were 
employed for anodization: one to bridge the foil and posi-
tive terminal of the direct current source, and the other to 
bridge the graphite and negative terminal. 

Anodization was performed using a two-step scheme in 
which the aluminum foil undergoes anodization and subse-
quent removal of its outer oxide layer leaving a nano-  
imprinted metal surface. The second anodization step facil-
itates the self-organized growth of regular and ordered pores 
in the alumina oxide layer, which results in better PAAO. In 
our experiment, the first step lasts 4 h, and the second one 
lasts 8 h. Both steps feature an electrolyte of 0.4 mol/L ox-
alic acid solution and an anodizing voltage of 40 V. Be-
tween the two anodization steps the polytetrafluoroethylene 
device securing the foil was removed from the vessel and 
put into an 80°C constant temperature water bath for 1.5 h 
to remove oxide layer that formed during the first step of 
anodization. To efface the device we used a 1:1 vol mixture 
of 1.8 wt% chromic acid solution and 6 wt% phosphoric 
acid solution. The voltage was gradually reduced to 0 V in 
the last stage of the second anodization step to extend the 
barrier alumina oxide layer beneath the porous one [21]. A 
1:1 vol mixture of 5 wt% CuCl2 solution and 20 wt% HCl 
solution was used to expunge the unanodized side of the 
aluminum. Finally, the exposed barrier layer, which was 
previously sandwiched between the porous layer and the 
metal aluminum one, was corroded using 5 wt% phosphoric 
acid in a 60°C constant temperature water bath for 1.5 h. 

2  Results and discussions 

A scanning electron microscopy (SEM) study of the sam-
ples after the second oxidization step showed that nanowires 
reside on top of the porous alumina oxide layer in the pe-
ripheral zones of the sample. Their roots extend into the 

porous layer and morph into nexuses, which each bridge 
three adjacent pore walls. This is shown in Figure 1, whose 
inset shows a clear line between the porous and nanowire 
abundant areas. Figure 2 shows the nanowires at a lower 
magnification, in which one can see that they lie in a 
stretching and cascading pattern. The upper right inset of 
Figure 2 displays the nanowires in a magnified view. These 
nanowires are about tens of nanometers in diameter and tens 
of microns in length, which yields a length/diameter ratio 
above one hundred. An energy-dispersive X-ray spectros-
copy analysis in the upper left inset of Figure 2 shows that 
these nanowires consist of Al and O in an atomic ratio of 
27.63:68.15. There are some impurity elements mixed into 
the sample, such as Pt, which was sputtered on the sample 
to improve its conductivity. 

Previous studies confirm the formation of alumina oxide 
nanowires via the immersion of PAAO into various kinds of 
acid or alkaline solutions [14,16]. Nanowires, which grew 
as a consequence of the treatment using 10 wt% sulfuric 

 

 

Figure 1  Nanowires with their roots extending into the porous layer on 
the porous anodic alumina oxide, which was anodized in an oxalic acid 
solution. Inset: Nanowires lying prostrate on the porous anodic alumina 
oxide. 

 

Figure 2  Nanowires in a stretching and cascading pattern obtained after 
anodization of the porous anodic alumina oxide in oxalic acid solution. 
Upper right inset: The nanowires in a magnified view. Upper left inset: 
Energy-dispersive X-ray spectroscopy analysis of the nanowires. 
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acid solution, were concentrated on top of the undissolved 
porous alumina oxide layers. This shaped a plateau through 
the fissures in which a portion of the nanowires are exposed. 
This is shown in Figure 3. A magnified image of the ex-
posed nanowires is shown in the inset of Figure 3. From this 
image, it can be seen that the fiber-like matter aggregated 
forming a spongy plateau. 

Two intermediate samples were examined using SEM: 
one after the first oxidization step, and the other after the 
removal of the first oxide layer. These results show that 
there are no nanowires on the first sample. Also, a small 
amount of nanowires formed in the peripheral zones of the 
second sample. These nanowires are similar in irregularity 
and arrangement to those formed by the immersion of 
PAAO in sulfuric acid solution. These facts are indicative of 
the significance of the electric field and nano-imprinted 
metal surface of the aluminum foil, which resulted from the 
first oxidization step and the subsequent removal of the 
outer oxide layer formed during the second oxidization step. 
However, these two conditions are insufficient to ensure the 
growth of the nanowires, which also requires the stress in 
aluminum foil created by the pair of O-rings.  

At the beginning of the second anodization step, the stress 
gives rise to many crevasses along certain depressions in the 
surface of the aluminum foil. From these crevasses, mounds 
of alumina oxide material emerge. In trough sites, which are 
each lined by two neighboring mounds, dissolution is facili-
tated because of the increased intensity of the electric field, 
but dissolution of the mounds is comparatively moderate. 
Therefore, the mounds are further elevated compared with the 
trough sites. This makes the long nanowires possible. Pores 
grow everywhere on the metal surface, which is typical of 
anodizing processes. This works in tandem with the dissolu-
tion in the trough sites. Also, the mild dissolution of the 
mounds takes place chiefly in a counter-radial pattern be-
cause of the comparatively strong activity of the oxalic acid 
solution at the brink of the mounds. Hence, a mound with 
pores inside can transform into a bunch of nanowires. 

 

 

Figure 3  Overview of porous anodic alumina oxide etched using a 10 wt% 
sulfuric acid solution. Inset: Magnified image of the spongy etched porous 
anodic alumina oxide. 

The pore walls flake and thicker nexuses, which each 
bridge three adjacent pore walls, remain. This is unlike the 
central zones where dissolution proceeds in a uniform 
manner rather than forming pores. The remains of the 
mounds can be seen as clusters of nanowires in Figure 4, in 
which the nanowires are not long enough to mask the clus-
ter profiles. The nanowires in the inset of Figure 4 are in an 
embryotic state, in which trough sites are still visible. Stress 
exists mainly in the peripheral zones. Therefore, it is rea-
sonable to expect that nanowires would only grow in these 
zones. This flaking dissolution may result in nanowires of 
diameters independent of the pore size of the PAAO and the 
growth of nanotubes [14] of the same inner diameter as the 
pores. It is possible that these nanotubes form given the 
variation in the pore size and the distance between pores. 

The electric field is not present in the case [16] of etching 
PAAO using a phosphoric acid solution, and a nonuniform 
electric field develops in the peripheral zones of the sample 
in this paper. This indicates that pores and nanowires can 
form when corrosive solutions make contact with aluminum 
or alumina oxide. However, the presence of an adequate 
uniform electric field can make the formation of pores fa-
vorable. The reason why we found few nanowires in the 
central zones of alumina oxide material is that they are 
preferentially dissolved there. An electric field may be in-
centive for relatively uniform dissolution of alumina oxide 
material, but cracks on the surface of PAAO disrupt this 
process. In particular, this can occur when the electric field 
is not uniform. For example, stress in the metal in this study 
can lead to the growth of nanowires in peripheral zones. 

The formation of the nanowires during the removal of the 
first oxide layer is primarily the result of the etching of a 
comparatively thin layer of nonuniform PAAO on an alu-
minum substrate in the presence of stress. This explains the 
small differences between this kind of nanowire and the 
kind formed by treating PAAO with acid or alkaline solu-
tions. These nanowires have no effect on the nanowires 
formed after the second step of oxidization because an  

 

 

Figure 4  Clusters of nanowires in the early stages of growth on porous 
anodic alumina oxide anodized in oxalic acid solution. Inset: Nanowires in 
an even earlier stage. 
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identical result could be observed in an experiment per-
formed on a sample devoid of nanowires prior to the second 
oxidization step.  

3  Conclusions 

The growth of alumina oxide nanowires was observed in a 
two-step anodizing process. SEM was employed to charac-
terize these nanowires. An electric field develops in the de-
limited cylindrical space between the graphite slice and the 
aluminum foil. This field works in tandem with the stress 
within the foil created by the O-ring device to guarantee the 
stable growth of these nanowires. 
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