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Abstract Anodic porous alumina layers were fabricated
by a two-step self-organized anodization in 0.3 M oxalic
acid under various anodizing potentials ranging from 30 to
60 V at two different temperatures (10 and 17 °C). The ef-
fect of anodizing conditions on structural features and pore
arrangement of AAO was investigated in detail by using
the dedicated executable publication combined with ImageJ
software. With increasing anodizing potential, a linear in-
crease of the average pore diameter, interpore distance, wall
thickness and barrier layer thickness, as well as a decrease of
the pore density, were observed. In addition, the higher pore
diameter and porosity values were obtained for samples an-
odized at the elevated temperature, independently of the an-
odizing potential. A degree of pore order was investigated on
the basis of Delaunay triangulations (defect maps) and cal-
culation of pair distribution or angle distribution functions
(PDF or ADF), respectively. All methods confirmed that in
order to obtain nanoporous alumina with the best, hexag-
onal pore arrangement, the potential of 40 V should be ap-
plied during anodization. It was confirmed that the dedicated
executable publication can be used to a fast and complex

L. Zaraska (X) - G.D. Sulka - M. Jaskuta

Department of Physical Chemistry and Electrochemistry, Faculty
of Chemistry, Jagiellonian University, Ingardena 3,

30-060 Krakow, Poland

e-mail: zaraska@chemia.uj.edu.pl

Fax: +48-12-6340515

W.J. Stepniowski

Department of Advanced Materials and Technologies, Faculty of
Advanced Technology and Chemistry, Military University of
Technology, Gen. Sylwestra Kaliskiego 2, 00-908 Warsaw, Poland

E. Ciepiela
Academic Computer Centre CYFRONET, AGH University of
Science and Technology, Nawojki 11, 30-950 Krakow, Poland

analysis of nanopore arrangement and structural features of
nanoporous oxide layers.

1 Introduction

Recently, anodic porous alumina attracted much attention
because of its numerous applications in materials of sci-
ence and nanotechnology [1]. To gain new properties of ma-
terials related to their nanometric size in at least one di-
mension, nanowires [2—11], nanotubes [12, 13] and nan-
odots [14, 15] made of various materials like metals and
alloys [2-5, 14, 15], semiconductors [6, 7], superconduc-
tors [8] and polymers [10-13] were obtained using vari-
ous techniques, including electrochemical deposition [2-5,
10-12], sol—gel technique [6, 8], atomic layer deposition
[14, 15], and chemical vapor deposition [9]. Recently, fab-
rication of many devices based on anodic aluminum oxide
(AAO) has been also reported [16—19]. Since a strict control
of nanopore geometry and arrangement is often crucial for
properties of final products based on AAO, much effort has
to be implemented to investigate this subject and to develop
novel methods and tools for materials characterization.

In general, anodic porous alumina for nanotechnology
applications can be obtained in two ways: by anodization
of pre-textured aluminum and by self-organized two-step
anodization [20]. Electropolished aluminum can be pre-
textured using various techniques, including atomic force
microscopy (AFM) [21] and scanning probe microscopy
(SPM) [22]. To save time and effort, molds usually made
of materials like SiC [23-26], SizN4 [27] or Ni [28], man-
ufactured by lithographic techniques, were applied for the
aluminum pre-texturation. Due to the pre-texturing process
one can obtain defect-free hexagonally arranged nanoporous
alumina [24], squarely arranged circular pores [25], and
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square or triangular nanopores [26]. The main disadvantage
of the pre-texturation is that it is based on expensive and
time consuming methods. The pre-textured alumina surface
limited up to few square millimeters is also a discourag-
ing drawback. On the other hand, self-organized anodization
eliminates these types of problems, but it does not provide a
defect-free arrangement of nanopores [20].

The most common electrolytes for self-organized an-
odization are sulfuric acid [29-31], oxalic acid [32-35] and
phosphoric acid [36-38]. Anodizing potential, a crucial fac-
tor that governs the arrangement of nanopores and their ge-
ometry is strictly related to the electrolyte. For example,
one can anodize aluminum in sulfuric acid up to 25 V [29].
At potentials above this, usually electrochemical dissolution
of the anode occurs; however, there are individual excep-
tions and aluminum can be anodized in sulfuric acid even at
32 V [39]. Anodization in oxalic acid is usually conducted at
40V, providing the best arrangement of the hexagonal array
of nanopores [33, 35]. However, anodization at higher po-
tentials, known as hard anodization, has been also reported
[34]. A mild anodization of aluminum in phosphoric acid
can be carried out at up to 195 V [20].

In the present study, the influence of operating condi-
tions (especially anodizing potential) on the structural fea-
tures of nanoporous alumina and degree of pore order has
been investigated by using the new, dedicated computa-
tional experiment [40] powered by the GridSpace2 Web-
based distributed computing platform [41], published as an
executable publication [42] using Collage Authoring Envi-
ronment [43]. The changes in pore diameter and interpore
distance of AAOs with applied potential during anodiza-
tion were investigated in detail. This study provides data
that might be useful for further fabrication of nanostructured
materials with defined diameters, spacing and arrangement.
Moreover, the nanopore arrangement was examined by var-
ious methods, including defect maps, known as Delaunay
triangulations, and quantitative analyses based on a pair dis-
tribution function (PDF) and angular distribution function
(ADF).

2 Experimental

A high purity (99.9995 %), annealed aluminum foil pur-
chased from Alfa-Aesar was cut into specimens (2.5 cm X
0.5 cm) with working area of 0.5 cm?. Then, aluminum was
degreased in acetone and ethyl alcohol and electropolished
in a 1:4 vol. mixture of HC104 and C,HsOH at constant cur-
rent density of 0.5 A cm™2 at 10 °C for 1 min. The samples
were anodized in a 0.3 M oxalic acid solution for 14 h, under
various anodizing potentials ranging from 30 to 60 V. Two
series of experiments were performed at different tempera-
tures (10 and 17 °C). After anodization, anodic aluminum
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oxide was chemically removed from the metal surface by
etching in a mixture of 6 wt.% H3PO4 and 1.8 wt.% H>CrO4
at 60 °C for 2 h. The second anodization was carried out un-
der the same experimental conditions as were used during
the first anodizing step. In order to keep the constant elec-
trolyte temperature, all anodization procedures were carried
out in a double-walled electrochemical cell combined with a
refrigerated circuiting system (Thermo Haake, DC10-K15).
A Pt grid was used as a cathode and a distance between
both electrodes was about 2 cm. The morphology of the
samples was evaluated by a field emission scanning elec-
tron microscope (FE-SEM, Hitachi S-4700). The structural
features of alumina layers and degree of pore order were es-
timated directly from SEM images by using ImageJ 1.37v
software [44], and the dedicated computational experiment
and corresponding executable publication powered by the
GridSpace? platform [41] and Collage Authoring Environ-
ment [43].

3 Results and discussion

In order to perform a detailed inspection of structural
features of as-obtained porous anodic alumina layers, all
nanopores in the SEM image were firstly identified by Im-
age] software [44]. During this step, such parameters as
area, circularity and center of mass coordinates were de-
termined for each pore. Next, the dedicated executable pub-
lication [40, 42] was employed to calculate the average pore
diameter (D)), interpore distance (D), circularity of pores
and a percentage of defective pores. The effect of anodizing
potential on pore diameter and interpore distance of anodic
porous alumina synthesized by anodization at different tem-
peratures is shown in Fig. 1a and b, respectively.

In general, pore diameter increases linearly with increas-
ing anodizing potential, and this fact is in excellent agree-
ment with the literature data [20]. The generally accepted
dependence between anodizing potential and pore diameter,
proposed by O’Sullivan and Wood, is shown in Fig. 1a by
a blue dashed line [45]. Slightly lower proportionality con-
stants, compared to this proposed by O’Sullivan and Wood
(see Table 1), could be attributed to the fact that an aver-
age pore diameter is affected not only by anodizing poten-
tial but also by other anodizing parameters such as elec-
trolyte concentration and temperature. The influence of an-
odizing temperature is clearly visible in Fig. la. For an-
odization carried out at the higher temperature, alumina lay-
ers with larger nanopores were obtained as a consequence
of enhanced field-assisted dissolution of aluminum oxide
and more effective chemical etching of outer oxide layer by
acidic electrolyte. A much lower average pore size observed
for the samples anodized at 17 °C and 60 V is a result of the
low degree of pore order (see below) and complex structure
of pores with formed sub-pores underneath the surface.
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As can be seen in Fig. 1b, the average interpore dis- F 354
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are also plotted in Fig. 1b respectively as green and pur-
ple dashed lines. As previously mentioned, the lower value
of the average interpore distance observed for 17 °C and
60 V is also a result of the complex structure of disordered
nanopores. As shown in Fig. 1b, the interpore distance was
found to be almost independent of the temperature of an-
odization, which is in general agreement with the data ob-
tained by Hwang et al. [47], and Stgpniowski and Bojar [48].

The effect of anodizing potential on wall thickness (W)
and thickness of dielectric oxide layer at the pore bottoms
called the barrier layer (B) is shown in Fig. 2. The wall
thickness was calculated from the well-known equation de-
rived for an ideal hexagonal pore arrangement [20].

W =(Dc— Dp)/2 ey

On the other hand, according to Ebihara et al., the barrier
layer thickness is related directly to the wall thickness and

Anodizing potential [V]

Fig.2 The dependence between wall thickness and barrier layer thick-
ness on potential applied during anodization

can be calculated from the empirical equation (2) estab-
lished for anodizations carried out in oxalic acid [46].

B=112-W @

It should be mentioned that the thickness of this continuous
dielectric oxide layer on the pore bottoms is a key factor that
affects further applications of anodic alumina membrane as
a template for nanofabrication. It can be seen in Fig. 2 that
the higher potential applied during anodization, the thicker
cell walls and barrier layer are formed. In addition, increas-
ing temperature of anodization results in a decrease of W
and B values. It can be attributed to the enhanced field-
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assisted dissolution of alumina at the oxide/electrolyte in-
terface at elevated temperatures.

Other two parameters often used for characterization of
nanoporous anodic alumina layers are pore density (n), de-
fined as number of pores on the surface area of 1 cm?, and
porosity (o), defined as a ratio of a surface area occupied
by pores to the total surface area of oxide. For all anodized
samples, values of these parameters were calculated from
well-known equations (3) and (4) established for hexago-
nally arranged nanoporous structures [20].

_2-10M
~J/3-D2

T (Dp>2 @
2v/3 \ D¢

The influence of anodizing potential on the pore density
and porosity is respectively illustrated in Fig. 3a and b. It
is clearly visible that the pore density decreases exponen-
tially with increasing anodizing potential (Fig. 3a) indepen-
dently of the anodizing temperature. This trend, as a direct
consequence of Eq. (3), is a result of the linear dependence
of interpore distance on potential applied during anodiza-
tion. The results in Fig. 3b show that the porosity of an-
odic alumina remains almost constant with increasing an-
odizing potential for anodization procedures carried out at
10 °C. For the anodizing temperature of 17 °C, a notice-
able increase in the porosity is observed when the anodizing
potential increases from 40 to 50 V. Moreover, the higher
porosity values were obtained for samples anodized at the
elevated temperature, independently of the anodizing po-
tential. This is obviously also a result of the temperature-
enhanced rate of effective etching of aluminum oxide by the
electrolyte.

The effect of anodizing potential on degree of pore order
and regularity of the nanoporous structures was also inves-
tigated in detail by using different methods. At first, pore
shape was analyzed by calculating a circularity coefficient
defined as

S
circ. =4m (7 2) 5)
perimeter

where S is a surface area occupied by a single pore. The
circularity value close to 0.0 indicates that the pore is an
elongated polygon, while value 1.0 is observed when the
pore is ideally circular. The average circularity coefficients
calculated for all studied samples are shown in Fig. 4a.
As can be seen, for both studied temperatures, the highest
pore circularity is observed for anodization procedures car-
ried out at 40 V. Moreover, on raising the temperature from
10 to 17 °C, the pore circularity increases independently
of the applied potential due to the more effective isotropic

n

(€)
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etching of aluminum oxide at the oxide/electrolyte inter-
face.

To construct defect maps known as Delaunay triangu-
lations, the dedicated executable publication [42] was em-
ployed. The pores that were not six-fold coordinated by
neighboring pores were recognized as defect and marked in
black. The SEM images of two different samples anodized
at 30 and 40 V, together with the corresponding defect maps
combined with visual pore representations constructed on
the basis of color coding algorithm described in our pre-
vious work [40], are shown in Fig. 5 and Fig. 6, respec-
tively.

As can be seen, much less defective pores can be found in
the sample anodized at 40 V. The defect percentage, defined
as a ratio between the number of defective pores and num-
ber of all pores on the analyzed surface, was also calculated
for all samples. The results (Fig. 4b) clearly indicate that
the optimal anodizing potential, at which the least defective
nanoporous structure can be formed, is 40 V.

The pore order in AAO layers was also investigated on
the basis of the pair distribution function (PDF), being the
distribution of distances between pairs of pores, and the an-
gular distribution function (ADF) [49]. For a long-range
hexagonal order of pores, the PDF consists of sharp and
well defined peaks and the position of the maximum of
the first peak indicates an average interpore distance in the
nanoporous lattice (Fig. 6d). On the contrary, when some
disturbances in hexagonal arrangement of pores are present,
peaks in the PDF profile become less intensive, wider and
sometimes overlap each other (see Fig. 5d). On the other
hand, for the hexagonal lattice the narrow ADF curve, cen-
tered around 60°, is observed (Fig. 6¢). A non-ideal arrange-
ment of pores provides a wider and asymmetrical ADF peak,
clearly seen in Fig. 5c. For all anodized samples, regular-
ity ratios based on the ADF and the first peak of the PDF,
defined as a ratio of the peak maximum to the full width
of the peak at half maximum, divided by the number of
pores, were calculated. The results for the ADF-based reg-
ularity ratio (Fig. 4c) and the PDF-based regularity ratio
(Fig. 4d) confirmed that the best hexagonal arrangement of
pores in nanoporous alumina can be obtained when the po-
tential of 40 V is applied during anodization. Our findings
are in excellent agreement with the literature data [20], ac-
cording to which the potential of 40 V is known as a self-
ordering regime for anodization carried out in oxalic acid
electrolytes.

4 Conclusions
In conclusion, the structural features and degree of pore

order in nanoporous alumina synthesized in oxalic acid
were analyzed by using the dedicated executable publication
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combined with ImagelJ software. It was found that parame-
ters of nanoporous structures such as average pore diameter,
interpore distance, wall thickness and barrier layer thick-
ness increase linearly with increasing anodizing potential.
The nanopore arrangement was investigated using various

methods, including the construction of defect maps known
as Delaunay triangulations and calculation of pair distribu-
tion or angle distribution functions (PDF or ADF, respec-
tively). It should be mentioned that the results based on pro-
posed ADF- and PDF-based regularity ratios were in excel-
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Fig. 5 SEM image (a) together
with the defect map (b), ADF
function (¢) and PDF

function (d) obtained for the
sample anodized at 30 V
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lent agreement with those obtained from the defect analysis.
It was confirmed that the optimal anodizing potential that al-
lows for the synthesis of almost ideal hexagonally arranged
nanoporous alumina in oxalic acid is 40 V. The dedicated
executable publication proposed in our previous works [40,
42] is a promising interactive tool that helps in fast and com-
plex analysis of nanopore arrangement and structural fea-
tures of nanoporous oxide layers. The toll can be success-
fully used for the analysis of order in nanoporous materials
and arranged layers of nanoparticles.

@ Springer
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