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Abstract: Alumina nanostructures were obtained by two-step anodization process. The porous anodic aluminum oxide(AAO) 
membranes were anodized in oxalic acid, which was subsequently treated with chemical etching process with 1.0 mol/L sodium 
hydroxide solution, or mixed solution of phosphoric acid (6.0%) and chromic acid (1.8%), respectively. Field emission scanning 
electron microscopy(FE-SEM) and transmission electron microscopy(TEM) were employed to character the morphology and 
structure of the obtained alumina nanostructure. It is found that alumina nanowires are generated in the acidic chemical etching 
solution, while nanotube structures are formed in the alkaline solution. The influence of acid and alkaline solution on alumina 
morphologies in the chemical etching process was discussed. 
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1 Introduction 
 

One-dimensional nanomaterials have recently been 
a hotspot due to their unique properties and potential 
application in the ultrahigh-density magnetic memories 
[1−3], optoeletronic devices[4] and microsensors[5]. A 
general approach of nano-fabrication that utilizes the 
self-organized, highly ordered porous anodic aluminum 
oxide(AAO) membrane as template[1−2], combined with 
electrodeposition or sol-gel method, is employed to 
synthesize vastly different nanoarrays, such as metal[1,3, 
6,7], semiconductor[4,5,8] and conducting polymer[9]. 

Many nanostructural alumina materials have been 
prepared by electrochemical methods. Individual and 
branchy alumina nanotubes have been fabricated by 
controlling the anodization process of silicon-based 
aluminum in dilute sulfuric acid[10−11]. Ordered 
alumina nanowire arrays were synthesized by direct 
electrodeposition in the nanopores of anodic alumina 
membranes[12]. Recently, regular alumina nanopillar 
arrays[13] and nanowire arrays[14] were produced in the 
novel way of chemical etching AAO membranes. Both 
alumina nanotubes and nanowires have been prepared in 
NaOH[15] and H3PO4[16] solution. 

Nevertheless, the comparison between acid and 

alkaline solution in the etching process has not yet been 
reported. Here we report the facile method for preparing 
alumina nanowires and nanotubes by chemical etching 
with 1.0 mol/L sodium hydroxide solution, and a mixture 
solution of phosphoric acid (6.0%) and chromic acid 
(1.8%), respectively. The study reveals two different 
etching mechanisms in the formation of the difference 
alumina nanostructures in acidic and alkaline etching 
solutions. 
 
2 Experimental 
 
2.1 Pretreatment 

The aluminum sheets with a purity of 99.9% were 
used in this work. Before anodizing, the samples were 
annealed at 420  for 3℃  h to remove the mechanical 
stress, and then cooled spontaneously. The natural oxide 
film on the aluminum sheet was degreased in 2.0 mol/L 
sodium hydroxide at 50  for 5℃  min and washed in 
deionized water. Then, the sheets were put into 1.5 
mol/L nitric acid for 3 min to counteract remnant lye. 
Subsequently, the samples were electropolished for    
3 min in a 15׃ (volume ratio) mixture of perchloric acid 
(HClO4) and absolute ethanol, with a current density of 
15 A/dm2. The surface of the well-polished Al sheet was 
shiny and mirror-like. 
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2.2 Fabrication of AAO template 
The ordered porous alumina membrane was 

prepared by two-step anodization process according to 
previous reports[1−2]. The anodization was carried out 
under a constant voltage of 40 V in a 0.3 mol/L oxalic 
acid, and the temperature was kept constant at 17 . ℃

After stripping away the original films at 80  for 30℃  
min in a mixture solution of phosphoric acid (6.0%, mass 
fraction) and chromic acid (1.8%, mass fraction), the 
anodization was performed again under the same 
conditions for 4 h and highly ordered AAO template was 
formed. 
 
2.3 Synthesis of alumina nanostructures 

After the first anodization, AAO membranes were 
immerged into the mixed solution of 6.0% phosphoric 
acid and 1.8% chromic acid at 80  for ℃ 10 min, and 
chemically etched to fabricate alumina nanowires. At the 
end of the second anodization, AAO membrane was 
separated from Al substrate by reversing the applied 
voltage of anodization to a negative bias. Drops of 1.0 
mol/L sodium hydroxide solution were then placed on 
the surface of AAO membranes at room temperature. 
The AAO templates were partly etched and alumina 
nanotubes formed. 
 
2.4 Characterization 

The morphology and structural properties of 
as-grown nanostructures were characterized by field 
emission scanning electron microscopy (FE-SEM, LEO- 
1530VP) and transmission electron microscopy (TEM, 
FEI Tecnai G2). For SEM observation, the surface of 
sample was coated with a thin conducting Au film. The 
samples for TEM was ultrasonic dispersed in alcohol. 
Then a small drop of the solution was placed on a carbon 
film supported by Cu grids. An energy dispersive X-ray 
spectrum (EDS, GENESIS 2000) installed in FEI Tecnai 
G2 system was also used to analyze the microzone 
composition of the nanostructures. 
 
3 Results and discussion 
 
3.1 Alumina nanowires 

After the first anodization at 40 V, the alumina 
membrane was etched for 10 min in the mixed solution 
of phosphoric acid and chromic acid. Fig.1 shows the 
typical SEM images of as-grown nanowire cluster. It is 
found that uniform alumina nanowires with a regular 
distribution are formed. On the right side in Fig.1(a), 
regular hexagonal cells are also arranged on the bare part 
of Al substrate. At higher magnification, as shown in 
Fig.1(b), the alumina nanowires with a white node on 
one tip are accumulated together. The SEM images 
reveal that the nanowires should come from the remains 

   

 
Fig.1 SEM images of alumina nanowires etched by H3PO4 and 
CrO3 solution: (a) Low-magnification; (b) high-magnification 

 
at the corners of hexagonal structural cells, the same as 
the junction formed by three neighboring cells[14−15]. 

TEM image in Fig.2 shows a single nanowire from 
AAO membrane after the first anodization. The nanowire 
exhibits a typical size of 50 nm in diameter and more 
than 1 μm in length. The chemical composition of the 
individual nanowire was analyzed using EDS. Fig.3 
indicates that the as-prepared nanowire is composed of 
Al and O elements, the atomic ratio is 57.7042.30׃, and 
the mass ratio is 69.7030.30׃. A little of Al substrate may 
be interfused into sample before TEM characterization, 
so that the content of Al element is somewhat higher 
than that of bulk Al2O3. After the etching process, 
phosphoric acid solution is incompletely rinsed out and 
the remnant P element appears in the spectrum, or it 
maybe results from remnant aluminum phosphate. The C 
peak comes from carbon film on the TEM grids. 

When the etching time in mixed acid solution is 
increased to 15 min, fewer nanowires in Fig.4 are located 
than that in Fig.1. Hexagonal structural cells are 
regularly arranged on the Al substrate, just like the 
honeycomb[1]. The alumina nanowires are also partly 
etched. In addition, the boundaries of hexagonal structure 
and the junctions of neighboring three hexagons can  
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Fig.2 TEM image of single alumina nanowire with diameter of 
about 50 nm 

 

 
Fig.3 EDS result of alumina nanowire 
 

 

Fig.4 SEM image of Al substrate after etched in H3PO4 and 
CrO3 solution 
 
evidently be observed in Fig.4. Some alumina nanowires 
still attach to the corners of hexagonal structural cells on 
the substrate. This further proves that alumina nanowires 
come from the junctions of cells. 

3.2 Alumina nanotubes 
Highly ordered porous alumina template was 

fabricated in the two-step anodization process. Drops of 
1.0 mol/L sodium hydroxide solution were then placed 
on the surface. The AAO templates were partly etched. 
SEM images (top-view and cross-section) of alumina 
nanotube structure are shown in Figs.5(a) and (b), 
respectively. It can be clearly seen that a high yield of 
alumina nanotubes with uniform length and highly 
ordered array are formed. Alumina nanotubes also 
exhibit well identical orientation, parallel with each other 
and perpendicular to the substrate. From the top-view in 
Fig.5(a), each one is open to the top side and evidently it 
is nanotube. The cross-section image of Fig.5(b) shows 
that the nanotubes are independently from each other. It 
may be assumed that the hexagonal structures are split 
into individual cell and then nanotubes structure forms. 

 

 
Fig.5 SEM images of alumina nanotubes etched by NaOH 
solution: (a) Top-view; (b) Cross-section 

 
The TEM image of a single nanotube is shown in 

Fig.6. The size of nanotube is about 100 nm in diameter. 
The outer tube wall is very thin after being etched by 
NaOH. The EDS analysis in Fig.7 reveals that the 
nanotube consists of Al and O, and the corresponding 
atomic ratio is 53.2046.80׃. There also are some impurity 
elements mixed into the sample for TEM, like Na, P and 
S in the spectrum. 
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Fig.6 TEM image of single alumina nanotube with diameter of 
about 70 nm 

 

 
Fig.7 EDS result of alumina nanotube 
 
3.3 Possible formation mechanism 

The structural models of alumina nanostructure 
based on porous anodic alumina membrane are shown in 
Fig.8. The as-prepared porous AAO membrane(Fig.8(a)) 
can be schematically represented as a honeycomb 
structure that is characterized by a densely packed array 
of columnar hexagonal cells with a central pore[2]. The 
interface region and the junction zone of the three 
neighboring cells contain pure alumina, while the inner 
pore wall consists of contaminated alumina with acid 
anions[15]. Fig.8(b) shows the schematic illustration of 
the from-inner-to-outer etching model corresponding to 
the formation of alumina nanowires in the mixed 
solution of phosphoric acid and chromic acid, and 
Fig.8(c) shows the from-outer-to-inner etching model for 
those nanotubes formed by NaOH, respectively. 

At the beginning, the AAO pores form almost at 
random positions, and hence are usually disorderedly 
arranged on Al surface. The nanopores in the porous 
layer are neither perpendicular to the Al substrate nor 
parallel with each other. After the first anodization for a 
certain time, the distribution of nanopores changes from 

 

 
Fig.8 Structural models of AAO membrane for: (a) As- 
prepared; (b) After being etched in H3PO4 and CrO3 solution;  
(c) After being etched in NaOH solution 
 
confused to ordered. Correspondingly, the hexagonal 
cells at the bottom are much more regular. After 
chemical etching, the ordered hexagonal concaves (Fig.4) 
form on the Al substrate. As-prepared alumina 
membrane in the first anodization is made up of low 
ordered nanopores with different thickness of pore walls. 
The pore walls at the junctions of three neighboring cells 
are much thicker than those at the other regions. During 
the etching, the thinner places are dissolved first. The 
alumina with acid anions at inner pore walls is partly 
etched with pores enlarged at the same time (Fig.8(b)). 
At the end, pores link up so that the pore wall remained 
at the junction forms single nanowire[15] (Fig.1). 

In general, the original alumina films of the first 
anodization can be chemically removed in the mixture 
solution of 6.0% phosphoric acid and 1.8% chromic acid 
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during two-step anodization process[1−2]. Highly 
ordered AAO membrane can be obtained by a 
subsequently re-anodization under appropriate conditions. 
Therefore, excessive attention should be put on the time 
of removing original alumina layer, because short time 
(less than 30 min) etching may result in alumina 
nanowires and prevent the self-organized growth of 
porous alumina layer. 

To obtain highly ordered AAO template, another 
anodization process should be carried out after etching 
for some time. Under the inducement of these 
honeycomb structure, porous alumina layer will be 
gradually organized to large-scale ordered cylindrical 
nanopore arrays during the second anodization, which 
can be used as template to fabricate nanomaterials. 
Obviously, the more ordered the hexagonal structure is, 
the higher the regularity of as-formed nanopore is. This 
is the fundamental of two-step anodization proposed by 
MASUDA et al[1]. While nanopores are well arranged 
with uniform thickness of pore walls, and the identical 
dissolution happens. Alumina nanotubes structure will be 
formed (Fig.5) because few drops of NaOH solution can 
be filled into the pores of the surface due to the surface 
tension, and the etch happened at interface region will 
result in detaching cells before the inner walls are etched 
as shown in Fig.8(c). 
 
4 Conclusions 
 

After the first anodization, alumina nanowires are 
successfully prepared by chemical etching porous anodic 
aluminum membrane in a mixture solution of 6% H3PO4 
and 1.8% CrO3. At the end of the second anodization, 
alumina nanotubes are formed by 1.0 mol/L NaOH 
solution. These alumina nanostructures may be expected 
to have potential applications in fabrication of 
nanodevices. 
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