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Abstract Porous anodic alumina layers were obtained by a
simple two-step anodization of low purity aluminum (99.5 %
Al, AA1050 alloy) in a 0.3 M oxalic acid electrolyte at 45 V
and 20 °C. The effect of anode surface area on structural
features of nanoporous oxide and process of oxide formation
was investigated. An ordered structure composed of nano-
stripes or nanopores was formed on the Al surface during
electrochemical polishing in a mixture of perchloric acid and
ethanol. This nanopattern is then replicated during the anodic
oxide formation. It was found that the pore diameter, interpore
distance, and porosity increase slightly with increasing surface
area of the aluminum sample exposed to the anodizing elec-
trolyte. On the other hand, a slight decrease in pore density
and cell wall thickness was observed with increasing surface
area of the sample. The detailed inspection of current density
vs. time curves was also performed. The obtained results
revealed that the higher surface area of the anode, the local
current density minimum, was reached faster during first step
of anodization and the increase in current density correspond-
ing to the pore rearrangement process was observed earlier.
Finally, a dense array of Pd nanowires (∼90 nm in diameter)
was synthesized by simple electrodeposition of metal inside
the channels of through-hole nanoporous anodic alumina
templates with relatively large surface areas (4 cm2).
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Introduction

During the recent years, fabrication of 1D nanostructures such
as nanowires and nanotubes has become a subject of great
scientific interest due to extremely promising properties of these
materials and their potential applications inmany different areas
[1]. A considerable attention has been also paid to development
a simple and inexpensive method of nanofabrication that can be
used not only in a laboratory scale but also could have some
potential for a commercial-scale implementation [2]. Among
numerous strategies reported in the literature, the use of porous
anodic aluminum oxide (AAO) seems to be one of the most
popular and easiest ways for a template-assisted synthesis of
metallic, semiconductor, oxide, or even polymer nanowire ar-
rays [3]. Nanoporous alumina templates can be synthesized by
a simple and cost-effective two-step anodic oxidation of alumi-
num in acidic electrolytes [4]. This process, which does not
require any sophisticated and expensive equipment, results in
formation of aluminum oxide layers with a regular, dense
structure of hexagonally arranged nanopores. Moreover, struc-
tural features of nanoporous alumina membranes such as pore
diameter, pore-to-pore distance, thickness of the oxide layer,
etc. can be controlled by adjusting anodizing conditions, espe-
cially type of electrolyte and applied potential of electrolysis
[4]. Some detailed information on the fabrication of anodic
alumina membranes and influence of anodizing conditions on
structural features and nanopore arrangement of anodic alumina
can be found in our previous works [5–8].

Recently, some attention has been also put on the use of low
purity aluminum alloys with the Al content of about 99.5 %
(e.g., AA1050 alloy) as a starting material for anodization
[9–19]. This kind of substrate is very interesting from an
economical point of view due to its reasonable price and
availability. On the other hand, fabrication of anodic alumina
membranes with a high surface area (up to several square
centimeters) can be a key factor in the template-assisted syn-
thesis of nanowires in a large scale.
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The main aim of this work was to find out if there is any
correlation between the anode surface area and structural
features and nanopore arrangement of anodic alumina layers
formed by two-step anodizing of low purity aluminum in an
oxalic acid electrolyte. Each step of nanoporous oxide forma-
tion (from Al electropolishing to second anodizing) was
discussed in detail. Moreover, we demonstrated a successful
fabrication of Pd nanowire arrays using nanoporous anodic
alumina membranes with relatively large surface areas.

Experimental

Synthesis of nanoporous alumina layers

Nanoporous alumina layers were fabricated by two-step an-
odization of the commercially available aluminum foil
(99.5 %, type AA1050). Before anodizing, all samples were
degreased in ethanol and acetone. Then, electrochemical
polishing was performed in a mixture of perchloric acid
(60 wt.%) and ethanol (1:4 vol.) at 20 V for 1 min. Pt grid
was used as a cathode during electropolishing. After that, the
working surface areas of all samples were precisely defined by
using an acid-resistant paint. In order to study the influence of
surface area on structural features of alumina layers, samples
with four different surface areas were used (see Table 1).

All samples were anodized under constant potential of
45 V for 1 h at 20 °C in a 0.3 M oxalic acid solution. Anodic
oxide layers were then removed by chemical etching in a
mixture of 6 wt.% H3PO4 and 1.8 wt.% H2CrO4 at 60 °C for
2 h. As-prepared samples were re-anodized at the same ex-
perimental conditions (anodizing potential, electrolyte, and
temperature) and the duration of the process was 4 h. After
anodizing, samples were rinsed with deionized water and
dried. All anodizations were carried out in thermostated
double-walled electrochemical cells. Pb plates served as cath-
odes and aluminum samples as anodes. The distance between
both electrodes was about 2 cm.

Fabrication of free-standing alumina membranes with a
high-surface area

The remaining Al substrate was removed in a saturated solu-
tion of CuSO4 containing 4 wt.% of HCl. After that, the

chemical etching of the barrier layer from the bottom side of
the membrane was performed by immersing the membrane in
a 5 wt.% H3PO4 solution at 45 °C for 15 min.

Synthesis of Pd nanowires

Pd nanowires were synthesized via DC galvanostatic electro-
deposition inside the nanochannels of AAO templates. All
experiments were carried out in a typical three-electrode cell
powered by a Reference 3000 potentiostat (Gamry Instru-
ments). Before electrodeposition, a thin Au layer was sputtered
on the bottom side of AAO templates to ensure good electric
contact. The prepared membranes served as working electrodes
and Pt plates were used as both reference and counter elec-
trodes. Electrodepositions were performed under a galva-
nostatic regime at the constant current density of 2 mA/cm2

for 60 min. Solution of Pd(NO3)2 (1 mg/l) in 0.5 M HNO3 was
used as an electrolyte. After electrodepositions, samples were
rinsed with water and ethanol and remaining AAO templates
were removed by chemical etching in a 1MNaOH solution for
60 min. Finally, the samples were carefully rinsed with deion-
ized water then with ethanol and dried.

Characterization of samples

Structural features of anodic alumina layers and nanowire
arrays were examined with a field-emission scanning electron
microscope (FE-SEM/Energy-dispersive X-ray spectroscopy
(EDS), Hitachi S-4700 with a Noran System 7). The composi-
tion of nanowires was confirmed by EDS analyses. Character-
istic parameters of AAO membranes were determined from
SEM images by using the scanning probe image processor
WSxM v. 12.0 [20] and ImageJ software [21] combined with
the dedicated computational experiment and corresponding
executable publication [22, 23] powered by the GridSpace2
platform and Collage Authoring Environment [24].

Results and discussion

SEM images of aluminum surface before and after electro-
polishing are shown in Fig. 1a,b (low magnification) and
Fig. 1c (high magnification), respectively. It is clearly visible
that after electropolishing, Al has an almost flat surface
(Fig. 1b) with some pits and bumps which could be attributed
to the local allocation of impurities [17]. As can be seen in the
high magnification image (Fig. 1c), an ordered structure is
composed of nanostripes or nanopores formed during electro-
chemical polishing. The formation of this kind of nanopatterns,
reported and characterized previously for high purity aluminum
[25–33], is probably a result of the preferential adsorption of
alcohol molecules on surface ridges [28, 34]. The local cross-
section profile along the line in Fig. 1c (Fig. 1d) indicates that

Table 1 Dimensions of samples used for anodization

Sample type Size Surface area (cm2)

A 0.5×0.5 cm 0.25

B 1.0×1.0 cm 1.00

C 1.5×1.5 cm 2.25

D 2.0×2.0 cm 4.00
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the wavelength of the created stripe pattern is between 60 and
70 nm. This finding is in perfect agreement with results
obtained by Kong et al. [28]. Besides the typical stripe pattern,
a cellular patter can be found in some areas of electropolished
aluminum, especially near pits or dislocations (see Fig. 1c).
Some recent works [28, 34] claim that the kind of nanostruc-
tures obtained during electropolishing depends not only on
applied voltage but also on duration of the process. Moreover,
the size of nanosized patterns formed on the Al surface during

electropolishing increases with the applied potential [33]. The
detailed investigation on this phenomenon is now in progress.

The SEM image of aluminum oxide layer after first anod-
ization is shown in Fig. 2b. The irregular, nanoporous struc-
ture with randomly distributed pores of 20–30 nm in diameter
can be easily recognized. A brief comparison of images shown
in Fig. 2a,b indicates that the nanopattern created on the
aluminum surface by electropolishing is then replicated dur-
ing the anodic oxide formation. To confirm this, a nanopore/

Fig. 1 SEM images of aluminum
surface before (a) and after
electropolishing (b ,c) together
with an intensity profile along the
blue line in c (d). The surface
area of the sample was 0.25 cm2

Fig. 2 SEM images of Al surface
after electropolishing (a),
aluminum oxide after the first step
of anodizing (b), metal surface
after oxide removal (c), and
porous alumina after second step
of anodization (d). The surface
area of the samples was 2.25 cm2.
Anodization was carried out in
0.3 M oxalic acid at 20 °C under
45 V. The duration of first and
second anodizing step was 1 and
4 h, respectively
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nanostripe spacing was calculated for all samples before and
after first anodizing (Fig. 3). The results prove that the mor-
phology of initial nanoporous oxide is strongly determined by
the morphology of aluminum substrate used as a starting
material. In our experiments, after the first anodizing step,
we observed initial growth of pores along the linear
nanopattern formed during electropolishing. Below this linear
pore structure, the hexagonally arranged pores are visible.
This suggest that, according to the mechanism proposed by
Jessensky et al. [35], re-arrangement of pores occurs with
anodizing time and repulsive forces between the neighboring
pores play a crucial role in the porous oxide growth.

According to the point defect model (well describing the
pore initiation during anodization) [36, 37] and generally
accepted the field-assisted dissolution model, the growth of
porous oxide occurs at the metal/oxide interface or very close
to this interface [26, 38, 39]. During the pore rearrangement
process (see below), the size of pores formed near the metal
surface increases, while the pore density decreases, mainly
due to the merging of adjacent pores. In consequence, the
oxide structure found underneath exhibits much larger pore
diameters and interpore distances than that initially formed at
the beginning of anodization. The thickness of outer layer,
with the structure determined by the nanopattern formed dur-
ing electropolishing, is then reduced during anodizing due to a
field-assisted dissolution of Al2O3 at the oxide/electrolyte
interface occurring in the acidic electrolyte. This fact is well
illustrated in Fig. 3b where beneath the surface, a fragment of
an inner oxide layer with much larger pores and pore spacing
unveiled during anodizing can be easily seen.

A typical morphology of aluminum surface after oxide
removal is shown in Fig. 2c. As can be seen, a dense array
of hexagonally arranged concaves is formed during the first
anodizing step. These shallow concaves serve as initiation
points for the pore formation during second anodizing. An

average spacing between these nanoholes was calculated for
all anodized samples. It was found that the average distance
between concaves, which depends mainly on the applied
potential [4], equals to 115±10 nm for 45 V independently
of surface area of the sample. The potential of 45 V was
chosen as a potential at which the best hexagonal nanopore
arrangement is observed [4].

The SEM image of nanoporous oxide after the second
anodization is shown in Fig. 2d. As can be easily seen, pore
diameter and interpore distance are larger than those observed
just after the first anodizing step; that can be proved by
comparison of values from Figs. 3a and 4a. Moreover, a much
better hexagonal arrangement is observed for the oxide struc-
ture after the second anodizing step. This is obviously a direct
result of the fact that nanoconcaves formed on the Al surface
during the first anodization initiate pore nucleation during the
second anodization. For the anodized samples with different
surface areas, all structural features of as-obtained porous
anodic alumina layers were determined directly from SEM
images. Firstly, all nanopores were identified by ImageJ soft-
ware [21] and such parameters as area and center of mass
coordinates were determined for each pore. These raw data
were next preceded by the dedicated executable publication
[22, 23] in order to obtain the average pore diameter (Dp),
interpore distance (D c), pore density (ρ ), porosity (σ ), and
degree of pore order. The effect of anode surface area on
structural features of anodic alumina is shown in Fig. 4. The
results indicate that pore diameter increases with increasing
surface area of the aluminum sample exposed to the anodizing
electrolyte. Moreover, a slight increase in interpore distance
can be observed. As a consequence, thinner cell walls are
observed for samples with large surface areas (see Fig. 4a).

Due to the lack of regular, hexagonal arrangement of pores,
pore density, defined as number of pores per 1 cm2 surface
area, and porosity, defined as a ratio of the surface area

Fig. 3 A comparison between pore to pore distance after electropolishing and after the first step of anodizing (a). SEM image of nanoporous oxide
formed at the sample with a surface area of 2.25 cm2 after the first anodizing step (b)
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occupied by pores to the whole surface area of the sample,
were calculated directly from SEM images. The results are
shown in Fig. 4b.With increasing surface area of the sample, a
slight decrease in pore density was observed; however, this
dependence is not statistically significant. It is an obvious
consequence of increasing pore spacing. On the other hand,
structures with higher porosities were obtained when samples
with large surface areas were used for anodization.

A degree of nanopore order was also investigated. The
nanopore arrangement for samples with the lowest and highest
surface areas was visualized by applying a color coding algo-
rithm proposed byHillebrand et al. [40]. This approach is based
on assigning colors to pores which differ in the relative angular
orientation of their basic pattern. As a result, any transition
between domains is indicated as a change in the colors of
individual pores. Defect maps, known as Delaunay triangula-
tions, were constructed on the basis of pore centers coordinates
by using dedicated executable paper powered by GridSpace 2
Virtual Laboratory [22, 23] (Fig. 5). The pores not sixfold
coordinated by neighboring pores were recognized as defects

and marked in black. As can be seen, nanostructures with a
quite poor hexagonal arrangement are obtained when a low
purity aluminum is used as a starting material and this is in
agreement with our previous findings [17]. The percentage of
defects, defined as a ratio between the number of defective
pores and the number of all pores on the analyzed surface was
found to be about 40% for all studied samples independently of
the anode surface area.

Typical dependences between current density and time
recorded during anodizations are shown in Fig. 6. In all cases,
a rapid decrease in current density is observed during the initial
period of anodization as a result of the compact and high-
resistant oxide layer growth on the Al surface. After reaching
the local minimum, an increase in current density, being a direct
consequence of transformation of the continuous oxide layer
into porous layer, is observed. Then, the curve shows the
desired value which is the evidence of the pore rearrangement
process. Finally, the current density does not change signifi-
cantly with time and a steady-state formation of porous oxide
occurs. As can be seen in Fig. 6a, there is a significant

Fig. 4 Values of interpore distance, pore diameter, and wall thickness (a), porosity and pore density (b) for samples with different surface areas after the
second step of anodization

Fig. 5 Maps of pores after applying the color coding algorithm for samples with surface area of 0.25 cm2 (a) and 4 cm2 (b) after the second step of
anodization
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difference in the current density vs. time dependence for first
and second anodizing steps. When the anodic alumina film
grows, the current density minimum observed during the first
anodization is deeper than in the case when the aluminum
surface is pretextured and used for the second anodization. This
can be attributed to the fact that at the bottom of each concave,
the lowest resistance and highest electric field are observed.
Therefore, the pore nucleation occurs much easier on the
pretextured surface. In consequence, the lower rate of barrier
oxide growth and the more rapid increase in current density are

observed. It should be mentioned that the current–time curve
recorded for the AA1050 foil is very similar to those obtained
by Li et al. [26] andWang et al. [41] for high-purity aluminum.
For initial 10 min of first anodizations, current vs. time depen-
dences were recorded for all samples with different surface
areas. As can be seen in Fig. 6b, the higher surface area of the
anode, the local current density minimum is reached faster and
the increase in current density corresponding to the pore
rearrangement process is observed earlier. This could be attrib-
uted to the fact that the higher surface area of the anode is the

Fig. 6 Current density vs. time curves recorded during the AA1050 alloy
anodization. Comparison between the first and second anodizing step (a),
curves recorded during the first anodization of samples with different

surface areas (b), curves recorded during the second anodization of
samples with different surface areas (c)

Fig. 7 FE-SEM image of Pd nanowires (a) together with their EDX spectrum (b). The DC electrochemical deposition was performed at 2 mA cm−2 for
60 min
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more defects, like bumps, holes etc., on the metal surface exists.
Obviously, the density of defects, i.e., number of defects per
surface area unit, is expected to be the same but for large surface
areas, mechanical integrity of the barrier oxide layer is more
difficult to be maintained and breaking of the continuous di-
electric layer can occur earlier. On the other hand, an opposite
trend was found when current vs. time curves recorded during
the second anodizing step were compared. As can be seen in
Fig. 6c, the minimum in current density is reached faster for
samples with a low surface area. Moreover, not only the time
after which the current density minimum is observed but also
the depth of this minimum increase with increasing surface area
of the anode. It would indicate that the sample with the smallest
surface area was pretextured more effectively during the first
step of anodization.

The AAO templates with a surface area of 4 cm2 were used
as templates for the fabrication of dense array of Pd nanowires.
As it wasmentioned above, just after the second anodizing step,
the remaining aluminum was chemically removed by immer-
sion in the solution of HCl+CuSO4. Then, the continuous
oxide layer at the pore bottoms was etched in a phosphoric
acid solution (for details see “Experimental” section) and
through-hole AAO templates were obtained. After sputtering
of the thin Au layer on AAO, Pd was electrochemically depos-
ited inside the pores of alumina template. A typical SEM image
of the Pd nanowire array released from the alumina template
together with the EDS analysis is shown in Fig. 7. The dense
array of continuous, homogenous in shape, and parallel Pd
nanowires with an average diameter of about 90 nm can be
easily recognized. The recorded EDS spectrum confirmed the
composition of nanowires; however, the Au and C peaks
resulting from the thin layer sputtered before electrodeposition
on the bottom side of the alumina template and from the
conductive carbon paste used during SEM imaging are also
noticeable. This kind of Pd electrodes can be a very promising
material for many potential applications, e.g., sensors [42, 43]
and catalysis [44]; however, some problems with uniform
filling of nanopores with metal still should be solved.

Conclusions

The effect of anode surface area on the nanoporous oxide
formation during anodic oxidation of low-purity aluminum
was studied in detail. It was confirmed that an ordered
nanostripe or nanopore structure is formed on the Al surface
during electrochemical polishing and the wavelength of the
created stripe pattern was found to be between 60 and 70 nm.
It was revealed that the nanopattern created on the aluminum
surface by electropolishing is then replicated during the anodic
oxide formation. During the pore rearrangement process, the
size of pores formed near the metal surface increases, while the
pore density decreases due to the merging of adjacent pores. A

comparison of morphology of nanoporous oxide layers formed
after the second step of anodizing indicated that the pore
diameter, interpore distance, and porosity increase slightly with
increasing surface area of the aluminum sample exposed to the
anodizing electrolyte. On the other hand, with increasing sur-
face area of the sample, a slight decrease in pore density and
cell wall thickness was observed. Current–time behavior was
also investigated for all anodized samples. It was found that the
higher surface area of the anode during the first step of anod-
ization, the local current density minimum is reached faster and
the increase in current density corresponding to the pore
rearrangement process is observed earlier. An opposite trend
was found when current vs. time curves recorded during the
second anodizing step were compared. Finally, we demonstrat-
ed a successful fabrication of Pd nanowire arrays (∼90 nm in
diameter) using nanoporous anodic alumina membranes with
relatively large surface areas (4 cm2).
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