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Anodic alumina oxide (AAO), a self-ordered hexagonal array, has various applications in nanofabrication such
as the fabrication of nanotemplates and other nanostructures. In order to obtain highly ordered porous alumina
membranes, a two-step anodization or prepatterning of aluminum are mainly conducted with straight electric
field. Electric field is the main driving force for pore growth during anodization. However, impurities in aluminum
can disturb the direction of the electric field. To confirm this, we anodized two different aluminum foil samples
with high purity (99.999%) and relatively low purity (99.8%), and compared the differences in the surface
morphologies of the respective aluminum oxide membranes produced in different electric fields. Branched
pores observed in porous alumina surface which was anodized in low-purity aluminum and the size; dimensions
of the pores were found to be usually smaller than those obtained from high-purity aluminum. Moreover,
anodization at high voltage proceeds to a significant level of conversion because of the high speed of the directional
electric field. Consequently, anodic alumina membrane of a specific morphology, i.e., meshed pore, was produced.
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Introduction

Recently, porous anodic aluminum oxide (AAO), a highly
ordered nano-pore array, has attracted considerable attention
as a nanotemplate for the synthesis of various nanostruc-
tures,1 such as nanowires,2-4 nanotubes,5 nanodots,6,7 semi-
conductors,4,8 and superconductors.9 These applications
involve electrochemical deposition,2,3 atomic layer deposi-
tion,6,7 and chemical vapor deposition.10 Porous alumina
membrane formed by the anodization of aluminum consists
of a close-packed array of hexagonal cells, each containing a
cylindrical central pore. These pores are extended down to
the barrier layer, which is a continuous, non-porous dielectric
oxide layer between the pore bottom and the aluminum.11

Moreover, pore diameter (Dp) and interpore distance (Dint)
can be adjusted by anodization conditions such as the type of
the electrolyte,12-16 anodizing potential,13,16 current density,17

and temperature,18 The most important factors affecting Dint

are the chemical composition of the electrolyte and anodi-
zing potential. Sulfuric acid,12,13 oxalic acid,12,18 and phos-
phoric acid12,14 are most commonly used electrolytes, each
of which is used with a specific applied potential.12-18 In
general, anodic alumina membranes can be obtained within
three well-known growth regimes: sulfuric acid at 25 V for
Dint of 63 nm,12,13,19 oxalic acid at 40 V for Dint of 100
nm,12,18,20 and phosphoric acid at 195 V for Dint of 500
nm.12,14 Moreover, Dp can be modified with pore widening
process after anodization. The configuration of pores affect-
ed porosity and pore density, which are characteristic of
anodic alumina membranes.

However, these characteristic factors were distinguished at
anodization using a high purity aluminum foil (99.999%).
Most reports on the anodizing of aluminum use high-purity
aluminum for improving the quality of porous alumina
membranes.1-19 However, few studies have been conducted
on the anodization of low-purity aluminum.21-29 Fabrication
of anodic alumina membranes from low-purity aluminum
foil is not trivial and often requires specific conditions,
different from those typically applied to the anodization of
high-purity aluminum.29 

Herein, we use two different aluminum foils which are
high purity (99.999%) and relatively low purity (99.8%) to
fabricate a porous alumina membrane. The anodization was
preceded by two-step process20 under same conditions in
oxalic acid with 40 V. In phosphoric acid condition, aluminum
was anodized at 190 V for the distinct divisions of two types
of purity. We think that impurities of aluminum can disturb
the direction of the electric field, the main driving force for
the pore formation during anodization. We compare surface
morphologies of aluminum oxide to demonstrate the effect
of changed electric field due to impurity of aluminum, and
describe the effect of aluminum purity on the formation of
anodic alumina pores during anodization. Furthermore, we
provide the possibility of fabricating a novel nanostructure
using low-purity aluminum.

Experimental

A high purity aluminum foil (99.999%, Good fellow) and
relatively low purity aluminum foil (99.8%, Sigma Aldrich)
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were cut into specimens (2 × 3 cm) with the working area of
4 cm2. Aluminum foil was degreased in acetone and washed
in deionized water. Then, the sheet was annealed under
argon atmosphere at 500 °C in order to enhance the grain
size in the metal and to obtain homogenous conditions for
pore growth.30 After this, the foil was electropolished in a
mixture of perchloric acid (HClO4) and ethyl alcohol
(C2H5OH) (volume ratio 1:4) at constant potential of 10 V
for 3 min to diminish the roughness of the aluminum
surface.31 The sample was anodized in a 0.3 M oxalic acid
solution at 40 V for 1 h, under constant temperature at 10 °C.
The other sample was anodized under 0.1 M phosphoric acid
solution at 190 V and 1 °C. After anodization, random and
disordered pores were obtained. Formed anodic aluminum
oxide layer was chemically removed by a mixture of 6 wt %
H3PO4 and 1.8 wt % CrO3 at 50 °C for 30 min. The second
anodization was carried out under the same condition as
were used during the first anodization step for 30 min. After
this, the pores were opened in a same mixture of etching
solution at 30 °C for 10 min. During experimental, in order
to keep the constant electrolyte temperature, a double walled
bath with a refrigerated circuiting system is used. The
morphology of porous alumina film was evaluated by a field
emission scanning electron microscope (FE-SEM).

Results and Discussion

We proposed that electric field is the main driving force
for the pore growth during anodization and impurities in the
aluminum disturb the direction of electric field. Therefore,
we carefully compared the morphologies of anodized alumina
membranes and the changes in the electric field as a function
of aluminum purity.

To fabricate a porous alumina membrane, we used two
different aluminum foil samples with high purity (99.999%,
Alhigh) and relatively low purity (99.8%, Allow), respectively.
The anodization process was preceded by a two-step process20

in oxalic acid at 40 V and phosphoric acid at 190 V for high-

and low-purity aluminum samples, respectively. 
Figure 1 shows the scanning electron microscopy (SEM)

images of Allow (Figures 1(a) and 1(b)) and Alhigh (Figures
1(c) and 1(d)) anodized by a two-step process in 0.3 M
oxalic acid solution at 10 °C. The applied potential was 40 V
and the anodization duration was 1 h. The surface of
anodized Allow exhibits a disordered array of nanopores with
different pore sizes (Figure 1(a)). Longer first-anodizing
duration results in better ordering of the pores array in the
two-step anodizing process.32 Hence, we expected to obtain
higher regularity ratio, circularity, and lower concentration
of defects in the resulting anodic alumina. However, we
observed that the surface of anodized Allow unfavorably
influences the regularity ratio, circularity, and defects, which
had been also observed by others.29 Interestingly, the majority
of nanopores of anodized Allow were found to consist of
branched pores that had additional pores located near the
main pore, which we attribute to defects formed during pore
formation. Figure 1(b) shows a low-magnified SEM image
of anodized Allow, with the branched pores shown in red.
Most pores appear highly disordered and branched. Because
using Allow for anodization increases the defects, we consider
Allow unsuitable for fabricating a highly ordered pore array. 

Therefore, we conducted the two-step anodization process
of Alhigh under the conditions used for Allow in order to
investigate the effect of aluminum purity on the geometry of
anodized pores. As shown in Figure 1(c), the surface of
anodized Alhigh exhibits fewer pore defects and better
circularity of pores than the surface of anodized Allow. The
majority of pores which are anodized at Alhigh is straight and
single (not double or triple). Accordingly, the degree of
branched pore for Alhigh is less than that of Allow (Figures
1(b) and 1(d)). Based on these observations, we confirmed
that the purity of aluminum foil strongly affects the pore
geometry.

The effect of aluminum purity on the geometry of anodi-
zed pores can be more accurately observed by investigating
the size of Dp and Dint. Figure 2 shows Dp and Dint for pores

Figure 1. SEM images of Allow (a, b) and Alhigh (c, d) anodized in a
two-step process in 0.3 M oxalic acid solution at 10 °C and 40 V
for 1 h. Branched pores are represented as red in (b) and (d).

Figure 2. The histogram of average size of pore diameter (Dp) and
interpore distance (Dint) in anodized Allow and Alhigh, respectively.
Standard deviations are shown in parentheses.
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formed by anodization in 0.3 M oxalic acid solution at 10 °C
and 40 V for 1 h. It was well known that Dint of anodic
alumina under ordinary anodizing conditions linearly increases
on increasing the applied anodizing voltage. The voltage
dependence of Dint is given as

Dint = U

where  is approximate at 2.5 nm/V and U is the applied
potential.33 From this relationship, Dint for anodization at
40 V is calculated to be 100 nm, similar aspect for both
Alhigh and Allow. However, nanopores in anodized Allow have
larger standard deviation in Dint compared to those in
anodized Alhigh. Similar tendency is appeared in Dp. The size
of Dp is influenced by the pore-widening duration after
anodization.34 Therefore, we used a fixed pore-widening
duration of 10 min in a mixture of 6 wt % phosphoric acid
and 1.8 wt % chromium(VI) oxide at 30 °C in order to
investigate the effect of aluminum purity on Dp. As shown in
Figure 2, the Dp of anodized Allow is small relative to
anodized Alhigh. Aluminum ions originating from the foil
dissolve and form aluminum oxide after oxidation during
anodization.28 It is expected that impurities in Allow limit the
oxidation reaction, albeit to a small degree. During the
anodization of Allow, the formation of aluminum oxide is
prevented by the impurities and nonuniformly progresses on
the aluminum foil surface. Therefore, nanopores of anodized
Allow have smaller Dp and large standard deviation compared
to those of anodized Alhigh.

To confirm an effect of aluminum purity on anodization,
we conducted the two-step anodization process with Allow

and Alhigh in 0.1 M phosphoric acid solution at 1 °C.14 The
applied potential was 190 V and the anodization duration
was 3 h. Figure 3 shows the SEM images of anodized Allow

(Figures 3(a) and 3(b)) and anodized Alhigh (Figures 3(c) and
3(d)). Interestingly, the surface of anodized Allow show uni-
que, mesh-like pore geometry. The phenomenon of branched
pores is more pronounced in phosphoric acid compared to

anodization in oxalic acid at 40 V. Figure 3(b) shows the
degree of defects (in red), including meshed and branched
pores. The majority of nanopores exhibit double or triple
pores on the surface of anodized Allow. To compare pore
geometry, we also conducted the anodization of Alhigh under
the same conditions as those of anodized Allow. The surface
of anodized Alhigh exhibited fewer pore defects and straight
nanopores compared to that of anodized Allow (Figure 3(c)).
The above difference in the anodized surface of Alhigh and
Allow further supports that the effect of aluminum purity on
the geometry of pores could be enhanced by increasing the
applied potential. 

We attribute the above differences in pore geometry to the
process of pore formation during the anodization of Alhigh

and Allow with different acidic solutions and applied potentials
(Figure 4). The pore nucleation theory, which is based on the
field-enhanced oxide dissolution, explained that pores grow
perpendicular to the aluminum substrate with equilibrium of
field-enhanced oxide dissolution at the oxide/electrolyte
interface and oxide growth at the metal/oxide interface.30

According to recent studies, anion species migrate into the
oxide film formed on the surface of the aluminum substrate
during anodization, leading to considerable accumulation of
impurities in the barrier layer.35 Moreover, it has been report-
ed that if some impurities exist at the metal/oxide interface,
where the oxide grows primarily, the growth of aluminum
oxide can be blocked.35,36 The local accumulation of alloy-
ing elements in a given region of the metal/oxide interface
changes the local rates of oxidation. This difference of
oxidation rate, which is originated from impurities, can
result in nonuniformity thickness of the aluminum oxide
layer. Thus, irregular directions of electric field have also
been shown to be induced by impurities.28,29 Based on the
fact that the direction of electric field applied to aluminum
substrate affects the geometry of pores,37 pores with branch-
ed and meshed geometries found on the surface of anodized
Allow could result from the irregular directions of the electric
field (Figures 4(b) and 4(d), respectively). Moreover, irregular
formation of pores on the surface of Allow could accelerate
on increasing the applied potential as the strength of the
electric field is increased. This observation explains the
extremely disordered pore array (meshed pores; Figure 4(d))
formed on the surface of Allow in phosphoric acid at 190 V.

Figure 3. SEM images of Allow (a, b) and Alhigh (c, d) anodized in
0.1 M phosphoric acid solution at 1 °C. Applied potential and
anodization time were 190 V and 3 h, respectively. Meshed and
branched pores are represented to red color in (b). 

Figure 4. Schematic illustration of the pore formation on Alhigh (a,
c) and Allow (b, d) in oxalic acid solution at 40 V (a, b) and in
phosphoric acid solution at 190 V (c, d).
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Conclusion

We investigated the effect of aluminum purity (Alhigh,
99.999% and Allow, 99.8%) on the pore formation of porous
anodic alumina membranes. The specific morphology para-
meters Dp and Dint were estimated from the SEM images.
The Dint values of these two porous alumina surfaces were
found to be similar because Dint is directly proportional to
the applied anodizing potential. The Dp of alumina membranes
formed by two-step anodizing of Allow was smaller than that
of Alhigh in oxalic acid condition, thus confirming that
aluminum impurities influenced aluminum oxidation. More-
over, more branched pore defects were produced during the
anodization of Allow than that of Alhigh. Likewise, the purity
of the aluminum foil samples influenced the morphologies
of alumina films after anodization, resulting in the formation
of branched pores in the membrane. Furthermore, during the
anodization of Allow at 190 V, electric fields dramatically
changed their direction, leading to a characteristic morpho-
logymeshed pores; in contrast, standard pores exhibit
straight channels in the oxide film. Anodic alumina anodized
in phosphoric acid has large superficial dimension, although
the mesh pore array is not highly ordered. This array is can
be useful for the fabrication of specific substrates. The high
surface area of meshed pores can be advantageous in many
applications such as gas adsorption.
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