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Abstract A series of porous anodic alumina has been
prepared by anodizing aluminum surface in 0.3 M oxalic
acid at different voltages. Prior to anodizing, the surface
was pretreated in two different electropolishing electrolytes.
One was Brytal solution (15% Na,CO5 and 5% Na;PO,) at
80 °C in which the electropolishing was performed at 2 V.
This resulted in about 100150 nm apart random features of
4-5 nm height. The other was the commonly employed
perchloric acid—alcohol solution (1:4 ratio by volume), in
which the electropolishing was performed at 20 V. The
resulting surface comprised nanostripes of 1-2 nm ampli-
tude with a wavelength of about 50 nm. The former
pretreatment proved better for self-ordering of the pores at
the anodizing voltage of 50-60 V, while the latter
pretreatment was found better at the anodizing voltage of
40 V. The improved pore ordering at a given voltage was
attributed to the higher pore density as associated with
greater repulsive interactions among the pores.

Introduction

Nanostructured materials exhibit interesting properties in a
wide range of spectrum including catalytic activity [1],
corrosion resistance [2], optical properties [3] and magnetic
properties [4]. One of the important nanostructures which
has tremendous applications in nanotechnology is self-
organized hexagonally ordered anodic alumina [5]. Anodic
oxidation of aluminum can result in the formation of
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compact barrier oxide [6-9], porous oxide [10-21], or
dissolution or electropolishing of aluminum [22, 23],
depending on the electrolyte, temperature, and applied
voltage. An explosion of porous alumina research was
ignited once the capability of producing a nanohole array
with excellent regularity was established by Masuda et al.
[11]. Self-organization of anodic alumina has been mostly
achieved by the two-step anodizing the aluminum surface
after electropolishing in perchloric acid—-alcohol solution.
The best self-ordering voltages have been found to be 25,
40, and 195 V when anodizing is performed in sulfuric,
oxalic, and phosphoric acids, respectively, within a range of
concentration and temperature of the electrolytes [12-21].
There is a specific cell size or lattice parameter of the
hexagonal order corresponding to the anodizing voltage
[11-13, 21]. The hexagonality is lost, or its quality
deteriorates as the anodizing voltage deviates from the
optimum one in a given electrolyte [12—14].

With a narrow distribution of pore diameters and interpore
distances of the self-organized anodic alumina, it could be
used in a variety of applications, particularly as a template to
form nanowires, nanotubes, nanodots, and composites for
catalysis, emitters, rechargeable batteries, magnetic storage
devices, etc [24-28]. The superlattice of pores and nano-
wires in anodic alumina has also been found extremely
useful to exploit and study magnetic interactions, dielectric
properties, and optical interference [5, 29, 30]. The
applications are further being extended due to the possibil-
ities of forming multiple layers of the anodic alumina. For
instance, two or more layers with different diameters can be
formed over each other, giving Y-type nanopores at the joint
(Rauf A, Yuan ZH, Mehmood M (to be submitted))[31, 32].
Formation of two porous layers with same diameter
separated by a barrier layer has also been explored by
anodic oxidation of aluminum sheet from both sides [33].
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Table 1 The details of the experimental parameters for the preparation of anodic alumina

Experimental sets Electropolishing details Electrolyte and temperature Anodizing Samples sets
conditions (V)

1 Perchloric acid and alcohol (4:1 ratio by volumes) 0.3 M oxalic acid at 1+£1 °C 40 Set A
solution (stirring) at 20 V and temperature 50
below 10 °C 60
70
2 Brytal solution (Stirring) at 2 V and temperature 0.3 M oxalic acid at 1£1 °C 30 Set B
of 80 °C 40
50
60
70

Fig. 1 Typical AFM images of
aluminum surfaces after electro-
polishing in a perchloric acid—

alcohol solution at 20 V (Set A) I %
and b Brytal solution at i
2 V (Set B) _ ! !
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Pretexturing the surfaces by different physical tech-
niques has been found to widen the range of ordering
voltages in a given electrolyte [14, 18, 34-36]. This plays
its role at the nucleation stage of pore formation as the
pores are formed directly on the troughs of pretextured
surfaces. This has been useful to extend the cell sizes for
long range ordering, however, with limited aspect ratio
[18]. This suggests that the nanoscale surface morphology
or nanotexture of the aluminum surface before anodizing is
important for ordering at a given voltage [18, 35, 36].

Atomic force microscopic (AFM) studies have revealed
that electropolishing of aluminum results in a variety of
nanoscale surface morphologies, including self-patterned
regular pits and stripes [37-39]. In addition, the nano-
morphology strongly depends on the electropolishing
conditions [37] and chemistry of the electrolyte [23] used
for the electropolishing.

In most of the cases for self-organized anodic alumina,
the electropolishing of aluminum has been carried out in the
solution containing perchloric acid, presuming it to be the
most appropriate electropolishing solution due to its ability
to provide extraordinary smooth surfaces. However, varia-
tion in nanoscale features, depending on the electropolish-
ing treatment or electrolyte, may affect the pore ordering
similar to the other pretexturing treatments, which change
the nucleation density and, thus, influence the interpore
interactions. This may influence the ordering phenomenon
and, thus, the quality of ordering. This aspect has been
focused upon in the present work.

Experimental

C,H,04.2H,0 (Riedel, 97.5%), Na,CO3 (Panreac, 99.5%),
Na;PO, 12H,0 (Riedel, 98%), CrO;.2H,0 (Merk, 99%),
and H3PO, (BDH, 98%) were purchased from commercial
resources and used without further processing. High purity
aluminum sheet (99.99%, 0.5 mm thick) was used as a
starting material. The samples were heat treated at 500 °C
for 5 days and degreased ultrasonically in acetone for about
15 min. The long heat treatment time was meant for
ensuring a significant crystal growth. Two sets of experi-
ments were performed as shown in Table 1. For Set A, the
samples were electropolished in perchloric acid—alcohol
(20%HCIO,4 and 80%C,HsOH by volume) solution at 20 V
with the bath temperature below 10 °C. While for Set B, the
samples were electropolished in Brytal solution (15%
Na,COj3; and 5% NazPO,) at 80 °C and 2 V. For anodizing,
the electrolyte was 0.3 M oxalic acid. Temperature during
anodizing was maintained at 1 °C (1 °C), unless
mentioned otherwise in the results. The anodizing was
performed in two steps, namely first anodizing and second
anodizing. First anodizing of different samples was carried

out at 30 to 70 V for 12 to 3 h; the higher the voltages, the
shorter the anodizing time. The anodic alumina was, then,
dissolved in a solution containing 0.2 M CrO; H,O and
0.4 M H;PO,4 at 80 °C for more than 3 h. Then, second
anodizing was performed under the same conditions as that
of the first anodizing for several hours.

Electropolishing and anodizing were performed using
Stabilized Power Supply (FARNELL, TSV70 MK.2) with
two electrode configuration; the counter electrode being a
platinum plate. The current vs. time (/-f) curves were
obtained using Function Generator (AMEL Mod-7800-
Interface) and Potentiostat or Galvanostat (AMEL Model
2053) in combination with a Programmable Power Supply
(GW INSTEK, PSP-603). The samples were characterized
using Scanning Electron Microscope (SEM; LEO-441-1),
Field Emission SEM (FESEM, LEO 1550), and AFM
(QUESANT (Ambios) USPM).

Results
Electropolishing

Figure la and b show typical AFM images of aluminum
surfaces after electropolishing in perchloric acid—alcohol
solution at 20 V (Set A) and in Brytal solution at 2 V (Set B),
respectively. (From here onwards, the samples prepared by
electropolishing in Perchloric acid—alcohol solution will be
called as Set A samples and the samples prepared by
electropolishing in Brytal solution will be called as Set B
samples.) An ordered structure composed of typical nano-
stripes is formed on the surface of the Set A samples, as

4 . Prior electropolisihng
1404 - 0oV in perchloric acid-alcohol solution
: Prior electropolisihng - - - - - «

6oV in brytal solution

120

€
< 1004
é ]
2 8o
] .
a b
© 604 .
5 | 3
3 : \
wlk
1 4(<‘V
0 1 T T T T T i T
0 200 400 600 800
Time, t/s

Fig. 2 Typical current vs. time (/-f) curves during first anodizing in
0.3 M oxalic acid at 1 °C, as a function of anodizing voltage and prior
electropolishing conditions
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typically shown in Fig. la. The peak-to-peak distance is of
the order of 50 nm, while the trough depth is of the order of
2 nm. On the other hand, the surface of Set B samples
exhibits a cellular structure composed of randomly located
nanopits or depressions with an average distance of more
than 100 nm, as typically shown in Fig. 1b. The average
depth of these depressions is of the order of 5 nm that is
greater than the trough depth of the nanostripes observed in
Set A samples.

First anodizing

After electropolishing, the samples were anodized in 0.3 M
oxalic acid at different voltages. Figure 2 shows typical I-¢
curves during first anodizing as a function of anodizing

Fig. 3 Typical AFM images
after first anodizing and subse-
quent dissolution to reveal the
underlying aluminum surface;
the anodizing conditions were: a
40 V for 12 min, Set A; b 40 V
for 7 h, Set A; ¢ 50 V for 3 h,
Set A; d 50 V for 3 h, Set B
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voltage and prior electropolishing conditions. The shape of
the curves is typical for anodizing in oxalic acid, whereas
initial decrease in current corresponds to the formation of
barrier oxide, and then, a rise is associated with localized
thinning of the barrier layer that ultimately leads to the
formation of vertical pores. This results in a typical two-
layer structure of anodic alumina comprising a continuously
growing porous layer lying over a barrier layer [15]. The
time required for rise in current, after following its
minimum value, is clearly longer in case of the Set A
samples in comparison with the Set B samples. This seems
to be associated with the difference in smoothness and
nanoscopic features (Fig. 1) of the surfaces; the relatively
rougher features or deeper etch pits on the surface of the Set
B samples may be responsible for a relatively rapid
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Fig. 3 (continued)
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localized thinning of the barrier layer resulting in an earlier
rise in current. The anodizing current density remains
higher in case of Set B samples even after 900 s (15 min).
This may be due to a comparatively higher pore density
resulting from ease in their nucleation. Although not shown
here, the current density of the Set B samples remain higher
after long time anodizing, except for 40 V at which the
current density exhibited by the Set A samples exceeds that
of the Set B samples after about 2-3 h anodizing.

Figure 3a and b shows typical AFM images of aluminum
surfaces of Set A samples after first anodizing at 40 V for
12 min and 7 h, respectively, followed by dissolution of
oxide. The dissolution of oxide was carried out in order to
reveal the order, if any, at the end of first anodizing for a
specified time interval. The several nanometers deep nano-
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pits created by this treatment correspond to the protrusions
formed by oxide at the pore tips. Accordingly, these pits
indicate the locations of pore tips at the end of first
anodizing. In spite of the fact that a regular pattern of
nanostripes existed after electropolishing, an ordered
pattern of the pores is not seen after 12 min anodizing as
revealed by Fig. 3a. This indicates that a regular patterned
surface obtained by this popular electropolishing treatment
(Set A) has not been responsible for nucleating any ordered
domains. Accordingly, the hexagonal arrangement (Fig. 3b)
must owe to the spontaneous adjustment of the pores during
their growth. As shown in Fig. 3¢ and d, the hexagonal
order has also been obtained successfully after long time
anodizing at 50 V both in case of Set A (Fig. 3c) and Set B
(Fig. 3d).
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AFM images were subjected to Fast Fourier Transform
(FFT) analysis. In order to cover larger number of domains
with varying ordering orientations and for improved
statistics, larger AFM images of about 5x5 micron size
were selected for this analysis. The FFT images obtained by
this analysis are shown in Fig. 4. The formation of regular
pattern and periodicity (Fig. 3b) has resulted in the
formation of a ring (Fig. 4b) in case of the sample anodized
at 40 V for long time, and a diffused FFT image is obtained
after 12 min anodizing (Fig. 4a) in agreement with the
AFM image of the same sample (Fig. 3a). A more
significant aspect is the formation of sharper rings or spots
in Fig. 4d, as compared with Fig. 4c, suggesting that a
relatively better order or periodicity can be achieved at

50 V if prior electropolishing is performed in Brytal
solution (Set B) instead of Perchloric acid—alcohol solution
(Set A).

Second anodizing

The samples after first anodizing and subsequent dissolu-
tion of the oxide were subjected to second anodizing. The
I-t curves obtained during the second anodizing are shown
in Fig. 5. It may be noticed that the minima with a sub-
sequent rise in current appear at an early stage, in
comparison with the first anodizing for all the samples
(Fig. 2). This seems to be attributable to the deeper nanopits
on aluminum surface, as it is clearly evident from

Fig. 4 Fast Fourier Transform images obtained by analysis of the
AFM images of 5% 5 micron size; the samples were prepared by first
anodizing and subsequent dissolution to reveal the underlying

@ Springer

aluminum surface; the anodizing conditions were: a 40 V for
12 min, Set A; b 40 V for 7 h, Set A; ¢ 50 V for 3 h, Set A; d
50 V for 3 h, Set B
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Fig. 5 Typical current vs. time (I-f) curves during second anodizing in
0.3 M oxalic acid at about 1 °C, as a function of anodizing voltage and
prior electropolishing conditions

comparison between the Figs. 1 and 3. These nanopits must
have effectively provided the nucleation sites for the pores
during second anodizing. During growth of oxide at
anodizing voltage of 50 V and above, the current density
is higher in case of the Set B samples in comparison with
the Set A samples. On the other hand, the current density is
higher in case of Set A sample in comparison with Set B
sample when anodizing is performed at 40 V. This suggests
a comparatively higher pore density or lower barrier layer

Fig. 6 Typical SEM images of
the top surface of the anodic
alumina prepared by the two-
step anodizing in 0.3 M oxalic
acid at 1 °C with prior electro-
polishing in Perchloric acid—
alcohol solution (Set A); the
anodizing voltages was a 40 V,
bS50V, c¢60V,andd 70 V

thickness in case of Set B sample when the second
anodizing was performed at 50 V and above, and vice
versa at the anodizing voltage of 40 V.

Figures 6 and 7 show typical SEM images of the top
surfaces of the anodic alumina, after second anodizing of
the Set A and Set B samples, respectively. Hexagonal
ordering is observed at the top surface in case of the
samples prepared at 40 and 50 V irrespective of the
electropolishing pretreatment. On comparing the second
anodizing voltages, the best regular nanohole arrays in the
Set A have been observed in the sample prepared at 40 V
with substantially larger ordered domains (Fig. 6), which is
in agreement with other authors who used perchloric acid—
alcohol solution for electropolishing and found 40 V to be
the best ordering voltage in oxalic acid [11, 14, 15].
Dissimilar from the Set A samples, the best ordering
voltage during second anodizing is observed to be 50 V
in case of the Set B samples (Fig. 7). It may also be noticed
that the Set B sample anodized at 60 V (Fig. 7c) exhibits
mixed regions of ordered domains and disordered regions,
i.e., some order still persists, in contrast to Fig. 6¢c.

The defects in periodicity, as defined by the missing pore
sites surrounded by six or five pores (white dots) and the
pores surrounded by seven pores, are indicated on Fig. 7b
as X, Y, and Z, respectively. The pores with six surrounding
pores have not been included in defects even if a true
hexagon is not formed, as in the case of samples that do not
exhibit hexagonal order. It is quite evident from Figs. 6 and
7 that the defects are mostly located at domain boundaries,
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Fig. 7 Typical SEM images of
the top surface of the anodic
alumina prepared by the two-
step anodizing in 0.3 M oxalic
acid at 1 °C with prior electro-
polishing in Brytal solution

(Set B); the anodizing voltages
were a40 V, b 50V, ¢ 60V,
and d 70 V

which are at the junctions of differently orientated ordered
nanohole-arrayed domains, in case of self-ordering. Quan-
titatively, it has been shown in Fig. 8 that the percent
defects vary with the anodizing voltages. For the samples
electropolished in Brytal solution (Set B), the minimum is
found at 50 V. More specifically, the sample anodized at

40 -

— SetA,1°C
| -@ SetB,1°C
30 --A-- SetB, 10°C
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Anodizing Voltage (V)
Fig. 8 Variation of percent defects (defined as hundred times the total
number of defects divided by the total number of pores of the SEM
image) with the anodizing voltage and prior electropolishing
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50 V proves to be better in ordering than 40 V in case of
Set B samples, as observed at a different temperature, i.e.,
10 °C. By contrast, the sample anodized at 40 V exhibits
better ordering as compared to the higher anodizing voltage
in case of Set A samples.

Further investigation on hexagonality was performed by
Fast Fourier Transforms of the SEM images of the anodic
films formed by second anodizing. A typical FFT image for
the Set B sample anodized at 50 V is shown in Fig. 9a. The
intensity vs. radial distance from the center of the FFT
image as a function of anodizing voltage has been shown in
Fig. 9b. It may be noticed that the peak width, as usually
determined in terms of Full Width at Half Maximum
(FWHM), varies with the anodizing conditions. The
FWHM or peak position (Fig. 9c), which is a measure of
the scatter of the interpore distance (or wave vectors) with
respect to their mean value, exhibits minimum at 50 V
indicating a more uniform interpore spacing with respect to
the other anodizing voltages for Set B samples. This
confirms the visual impression obtained from the
corresponding SEM images (Fig. 7).

The peak position (7,,) in the FFT curve (Fig. 9b) should
be proportional to the wave vector of periodic wave formed
by the pores. Hence, its reciprocal (1/r,) should be
proportional to the interpore distance or the cell size. On
the other hand, the anodizing voltage may be considered
proportional to the barrier layer thickness [40]. This implies
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Fig. 9 Results of FFT analysis
of SEM images of about 5x5
micron size. The samples were
prepared by second anodizing; a
a typical FFT image, 50 V
anodizing, Set B, b Integrated
intensity of the FFT image, as a
function of radial distance (a
measure of wave vector) from
center (zero wave vector posi-
tion), Set B, ¢ FWHM or peak
position vs. anodizing voltage,
Set B, d (1/rp)/Vynoq as a func-
tion of anodizing voltage
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that (1/7,)/Vanoa should be proportional to the ratio of cell
size to barrier layer thickness, which is considered to be an
important parameter for pore ordering [41]. It can be seen
in Fig. 9d that the values of (1/r,)/Vinoq is lowest at the
anodizing voltage of 50 V for the Set B samples, while this
is higher for 50 than for 40 V in case of the Set A samples.
It may be said that the smaller ratio of the interpore distance
(or the wall thickness) to the barrier layer thickness favors
the hexagonal ordering by providing the strongest repulsive
interactions among the pore tips [42].

Non-ordering voltages

In order to understand the phenomenon at non-ordering
voltages, some of the samples were examined at high
magnification using FESEM as typically shown in Fig. 10.
It may be noticed, by comparing Figs. 10a and 3D, that
almost each nanopit leads to the formation of a nanopore in
the porous oxide during second anodizing in case of the
ordering voltages. By contrast, most of the nanopits present
prior to second anodizing lead to the nucleation of two to
four pores in case of non-ordering voltages as typically
revealed by comparison between Fig. 10b and c. This may
be attributable to the irregular shape of the nanopits prior to

Anodizing Voltage (V, )

second anodizing, as formed by first anodizing and
subsequent dissolution of the oxide (Fig. 10c).

The cross-sectional FESEM images of the anodic
alumina prepared at 40, 50, and 60 V in the Set B are
shown in Fig. 11. The pores tend to grow perfectly parallel
to each other, maintaining a constant interpore distance in
case of the ordering voltage, as shown in Fig. 11a and b. On
the other hand, some of the pores cease to grow or undergo
branching when the anodizing conditions are not sufficient-
ly suitable for ordering, e.g., anodizing at 60 V, as typically
shown in Fig. 11c. The pore branching is in agreement with
the formation of more than one pore at a given nanopit
(Fig. 10b). Hence, the metal—oxide interface at the pore tip
seems to facilitate pore branching during the growth of
oxide, possibly due to its irregular shape.

Discussion

It has been shown that best ordering voltage is 40 V when
anodizing is performed in 0.3 M oxalic acid after electro-
polishing in Perchloric acid—alcohol solution, which is in
agreement with other researchers [11-13]. This electro-
polishing resulted in the formation of nanostripes (Fig. 1a).
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Fig. 10 Typical FESEM obtained for higher resolution, a second
anodizing at 40 V, Set A; b second anodizing at 70 V, Set A; c first
anodizing at 70 V, followed by dissolution of oxide, the surface prior
to second anodizing, Set A
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Fig. 11 Typical Cross-sectional FESEM images of anodic alumina
after second anodizing at a 40 V, b 50 V, and ¢ 60 V; Set B

Although the troughs would provide seeds for the forma-
tion of pores in rows [15], the samples anodized for shorter
time did not exhibit any ordered domains (Fig. 3a). The
ordering was, however, possible after long time anodizing
(Fig. 3b) by self-ordering phenomenon.

Electropolishing was successfully accomplished in Brytal
solution as well, although the features were slightly rougher




J Solid State Electrochem (2009) 13:321-332

331

(deeper) than obtained in Perchloric acid—alcohol solution.
This pretreatment resulted in the best pore ordering after
anodizing at 50 V (Fig. 7), instead of 40 V. This
observation covers uniform pore sizes and shapes, mini-
mum defect density (Fig. 8), and maximum uniformity of
the interpore distance or cell size (Fig. 9b) obtained at 50 V.
Greater depth of nanopits or troughs after electropolishing
in Brytal solution (instead of perchloric acid—alcohol
solution) effected an ease in nucleation of the pores, as
manifested by an earlier rise in current associated with
localized thinning of barrier layer (Fig. 2).

Higher pore density should provide larger effective
surface area or smaller barrier layer (or wall) thickness to
allow larger nominal current density at a given voltage. The
current density of the samples pretreated in Brytal solution
during second anodizing was higher at 50 V and above,
suggesting a larger pore density in comparison with the
samples pretreated in Perchloric acid—alcohol solution.
However, this trend was reversed at 40 V. This was
accompanied by comparatively improved ordering at 50 V
(and above) in case of the samples with prior electro-
polishing in Brytal solution, while the vice versa was true at
40 V where the ordering was better in case of the sample
electropolished in perchloric acid—alcohol solution. These
observations reveal that higher pore density during the
growth of nanoporous oxide at a given anodizing voltage
results in a comparative improvement in ordering.

We consider that difference in density of aluminum and
its oxide results in a stress state at the metal-oxide
interface. The stress field associated with one pore may
overlap with the other neighboring pores. In order to lower
the excess strain energy associated with this overlap, the
pores tend to remain apart by repelling each other. The
smaller the interpore distance, the higher the repulsive force
among the pores and better would be the hexagonal
ordering.

As far as non-ordering voltages are concerned, it has
been noticed by FESEM at high magnification (Fig. 10)
that oxide—metal interface at the pore tips (as revealed by
dissolution of overlying oxide) is irregular. This seems to
be responsible for continual branching (and an accompa-
nied annihilation) of pores at different locations. As a
result, the pores do not find sufficient time to interact
among themselves through repulsive forces in order to
attain an equilibrium hexagonal configuration.

Conclusions

1. This study reveals that different nanoscale morpholo-
gies obtained by specific electropolishing pretreatments
may have a significant effect on the self-ordering of
pores in anodic alumina.

2. The best ordering is obtained at 50 V in 0.3 M oxalic
acid at 1 °C when prior electropolishing is performed in
Brytal solution, although the best ordering voltage
remains the usually known voltage of 40 V after
electropolishing in Perchloric acid—alcohol solution.

3. The nanoscale morphology obtained by electropolish-
ing affects the initial stages of anodizing by facilitating
the pore nucleation in case of deeper nanopits or
troughs. This, in turn, affects the pore density.

4. The higher pore density at a given anodizing voltage
improves the self-ordering, which may be attributed to
the enhanced repulsive interactions with decrease in
interpore spacing or cell size.

5. At non-ordering voltages, pore branching occurs due to
irregular shape of the pore tips. This is also accompa-
nied by pore annihilation. These factors do not allow
the pore tips to interact with each other for a sufficient
time so that they could arrange themselves in a
hexagonal pattern.
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