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Abstract
In this work, a tracer study on pore initiation in anodic alumina in oxalic acid was performed.
Effects of some experimental parameters such as applied electrical potential, electrolyte composition and heat pretreatment were evaluated. Electrochemical and morphological experiments
were performed using potentiostatic anodizing and scanning electron microscopy (SEM) techniques, respectively. Effect of electrolyte composition on current density was discussed. In various electrical potentials, electrolyte composition had different effects on current density. Addition of sulfuric acid into oxalic acid increased porosity. Also, distribution of pore size and pore
diameter were influenced by presence of sulfuric acid. Effect of electrolyte composition on the
morphology of aluminum surface layer depended on the electric potential. Current density and
porosity of aluminum surface layer was decreased by heat pretreatment.
Keywords: Thin films, anodized aluminum oxide, porosity, electrolyte composition
Introduction

al in an electrolytic solution and simultane-

Aluminium anodizing is an electrochemical

ous electric field-assisted chemical etching of

process in which a porous oxide layer is pro-

the resultant oxide. Anodization of aluminum

duced by anodic oxidation of aluminum met-

surfaces for protection or decoration has been
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employed commercially for at least 80 years

densely arranged anodic alumina nanoporous

[1]. The interest in these porous structures

structures with a periodicity constant ranging

has been recently increased to the emerging

from about 50 to 500 nm can be fabricated by

field of nanotechnology. The nanoporous ma-

anodization of aluminum carried out in sul-

terials provide an ideal structure for the poss-

furic, oxalic and phosphoric acids [9-16].

ible growth of nanowires and thus provide

Typical dimensions of the anodic aluminum

order and structure in an otherwise chaotic

oxide nanohole array under self-organization

regular nanowire growth pattern [2]. Besides,

conditions depend on the electrolyte and ap-

current density, electrical potential, sample

plied anodizing potential. Moreover, the ano-

surface condition and electrolyte composition

dizing electrolyte is related to a specific

are also important factors that deeply influ-

range of anodizing potential and correspond-

ence the film morphology. For example, two

ing inter-pore distance of the porous anodic

or more different electrolytes are often mixed

alumina film. For aluminum anodizing, per-

to serve as a new electrolyte, by which the

formed in oxalic acid, applicable potential

morphology and property of the produced

range should be between 30 and 100 volts.

film can be improved [3-6]. As for the acidic

Highly regular pore structures can be formed

electrolytes, they can be classified into two

only in a quite narrow processing window,

sorts: one is inorganic acid solution such as

different for each anodizing electrolyte. For

sulfuric, phosphoric as well as chromic acid;

example, the optimal potential for long-range

the other is organic carboxylic acid solution

ordering is 25 volt in sulfuric acid, 40–45

including oxalic, malonic, tartaric and citric

volts in oxalic acid, and 195 volt in phos-

acid, etc. Compared to the inorganic acid

phoric acid electrolyte [9]. In recent years,

electrolyte, the acidity of organic carboxylic

mixed electrolytes such as oxalic/chromic

acid electrolyte is relatively weak. Moreover,

acid [17], nitric/sulfuric acid and bor-

the

usually

ic/sulfuric acid [18,19], instead of single

presents evident viscosity that can additional-

electrolytes, were investigated. The improved

ly influence the anodization to a large extent

mechanical properties of oxide layer obtained

[7,8]. So, the anodization in organic acid

on aluminum in mixed oxalic/sulfuric acid

electrolyte differs greatly from that carried

electrolyte were studied using experimental

out in inorganic acid electrolyte exhibiting its

design [20-23]. Based on author's knowledge,

own particular characters.

pore initiation study for anodic alumina oxide

carboxylic

acid

electrolyte

Triangular and
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nanoporous structure formation in mixture of

oxalic acid solution was also performed. The

oxalic/sulfuric acid electrolyte was not re-

applied potentials are set at 5 - 40 volts. Heat

ported. Pore initiation stage has a critical role

pretreatment of aluminum sheets was carried

in characteristics of anodic alumina nanopor-

out in air for 1 h at 200 ◦C. The film structure

ous structure [24]. Therefore، the effect of

was evaluated with a field-emission scanning

sulfuric acid on pore initiation stage in oxalic

electron microscope (Oxford، ZEISS). The

acid was presented in this work.

film was made conductive by deposition with

Experimental

sputtering of an extremely thin layer of gold

General

on its surface.

Aluminium sheets (99.99% purity, 300 µm

Results and discussion

thick) were used in order to grow anodic por-

Anodizing of aluminum samples was per-

ous layers. High purity metal was preferred

formed in oxalic acid bath at different expe-

in order to minimize breakdown phenomena

rimental conditions to analyze their influ-

and the formation of flaws or cracks in the

ence. Since the aim of this study is to obtain

porous matrix. Prior to anodizing, the sam-

the relationship between pore initiation stage

ples were degreased with acetone and then

and experimental parameters, effectiveness

washed with deionized water. Anodization

of these variables was assessed by analyzing

was performed in a two-electrode cell with

current transients and alumina layers mor-

an aluminum sheet as the cathode. The elec-

phology at different experimental conditions.

trolyte was agitated at constant rate in all ex-

Electrochemical studies

periments. The exposed sample surface area

Anodizing aluminum samples in 0.3 M oxal-

was 2 cm2 and the rest sample surface was

ic acid solution can lead to a well-ordered

coated with insulting glue. Anodization was

nanopore structure even at room temperature.

performed under a potentiostatic mode in

Therefore, potentiostatic anodizing was per-

oxalic acid solutions with different concen-

formed at room tempetature.

trations. The electrolytes were prepared with

Effect of potential

analytical grade oxalic acid and deionized

To investigate the influence of applied poten-

water. The current response was recorded

tial on characteristics of current transients,

against the anodizing time. For the purpose

four series of anodizations were performed at

of comparison, the anodization in presence of

20, 30, 40 and 50 volts. At each potential, the

different concentrations of sulfuric acid in

four stages of the porous structure develop-
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ment under anodizing potentials are shown
from the current density–time curves in Figure 1. A high electric field at the commencement of anodizing at constant potential
leads to a relatively large current surge. This
increasing current falls to a low value (imin)
when the barrier layer is formed. Pores have
been considered [25] to be initiation in this
decreasing current stage and their growth is

Figure 1. Anodizing current density– time transients

believed to take place in the next stage, i.e.

at, a (20), b (30), c (40) and d (50) V in a solution containing 0.3 M oxalic acid

by the time the current has risen and steadied
out. As shown in Figure 1, the current densi-

The effect of electrolyte composition

ties at 40 and 50 volts were higher than the

The most influential factor in the perfor-

current densities at 20 and 30 volts. As men-

mance of inorganic acids during anodizing

tioned above, highly regular pore structures

process is their acidity that depends on their

can be formed only in a quite narrow

concentration. In the case of organic acids,

processing window of applied electrical po-

their viscosity has critical role [27]. The ef-

tentials. In oxalic acid electrolyte, these po-

fect of electrolyte composition was studied at

tentials are greater than 40 volts. Therefore, it

20, 30 and 40 volts. At higher electrical po-

was expected that pore initiation stage was

tentials than these voltages, due to the addi-

accrued in these potentials. On the other

tion of sulfuric acid to the electrolyte, the

hand, high current densities, high electrode

surface of electrode burns. On the other case

and electrolyte temperatures, long duration of

at lower potentials, we did not observe any

anodizing and electrolyte composition may

effect. In each potential, anodizing was per-

be caused burning at the surface of aluminum

formed in solutions containing various

[26]. Therefore, anodizing at lower potentials

amounts of oxalic and sulfuric acids. Figure 2

with appropriate current densities can be

shows the current densities transients at 40

achieved by using mixing electrolytes.

volts in three different composition electrolytes. It was concluded from Figure 2 that in
presence of sulfuric acid (Figure 2(c)), current density increased about 160.87%. Dilu-
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tion, with increasing of deionized water, de-

sulfuric acid increased the current density to

creased the current density (Figure 2(b)). Di-

about 191% at 30 volts (Figure 3(c)). Similar

lution has two outcomes, decreasing of con-

behaviors were observed at 30 volts. The on-

centration of sulfuric/oxalic acids and viscos-

ly difference was the amount of sulfuric acid.

ities of oxalic acid, these effects have different influences on the current density. With
the decrease of viscosity of oxalic acid, it is
expected that current density would increase
[27]. On the other hand, current density may
decrease due to the decrease of acidity. It
seems that the decrease of acidity was our
influential parameter. The effect of electro-

Figure 3. Anodizing current density– time transients
at 30 V in solutions containing: a (0.3 M oxalic acid),

lyte composition on the surface layer mor-

b( 0.15 M oxalic acid + 0.017 M sulfuric acid ), c (0.3

phology will be discussed in the following

M oxalic acid + 0.034 M sulfuric acid)

sections.

Figure 4 shows the current densities
transients at 20 volts in different electrolytes.
With the increase of sulfuric acid, the current
densities will increase to about 387.5% (Figure 4(b)). Unlike what was observed at 30
and 40 volts, the current density was increased due to dilution (Figure 4(c)). Furthermore, in the absence of oxalic acid, the
current density increased (Figure 4(d)). According to our observations, it was concluded

Figure 2. Anodizing current density– time transients
at 40 V in solutions containing: a (0.3 M oxalic acid),
b( 0.15 M oxalic acid + 0.011 M sulfuric acid ), c (0.3

that viscosity of oxalic acid decrease was the
most significant parameter at 20 volts. On the
other hand, aluminum anodizing process

M oxalic acid + 0.022 M sulfuric acid)

The effect of electrolyte composition on
the current density at 30 volts was presented
in Figure 3. It was revealed that addition of

analysis at 20, 30 and 40 volts revealed that
in these potentials, electric field-assisted
chemical etching has different rates. At 20
volts, due to low rate of electric field-assisted
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chemical etching, decreasing of viscosity of

retard the growth of film thickness during

oxalic acid could increase the current density.

anodizing. Thermal-induced phase transfor-

However, at 30 and 40 volts, due to the high

mation from amorphous to crystalline oxide

rate of electric field-assisted chemical etch-

of the anodized film, due to post-heat- treat-

ing, dilution could decrease the current densi-

ment, could leave some defects and substan-

ty. Accordingly, it was concluded that with

tially decrease the electrical resistance of the

mixing of electrolyte, appropriate current

oxide layer [28]. The effect of heat pretreat-

densities in relative low potentials could be

ment on morphology and porosity of surface

achieved.

layer will be discussed in the next section.

The effect of heat pretreatment
In pore initiation studies, the characteristics
of surface layer has critical role. Therefore,
the effect of electrolyte composition was studied at heated pretreatment surfaces. Figure 5
shows the current density transients at heated
pretreatment surfaces in experimental conditions similar to Figure 2. Considerable de-

Figure 4. Anodizing current density– time transients

crease in current densities was observed. It

at 20 V in solutions containing: a (0.3 M oxalic acid),

seems clear that this decrease is caused by

b (0.3 M oxalic acid + 0.727 M sulfuric acid), c( 0.15
M oxalic acid + 0.363 M sulfuric acid ), d(0.727 M

changes in the surface structures. Both pre-

sulfuric acid)

and post-heat-treatment at temperatures could
induce the formation of crystalline γ ′ Al 2O3 in the outer layer of anodized oxide
and consequently it will increase the relative
dielectric constant of the film. The differences in the morphology and crystalline characteristics between the anodized oxide sub-

Figure 5. Anodizing current density– time transients

jected to pre- and/or post-heat-treatments led

at heated pretreatment surfaces in solutions contain-

to variations in the electrochemical proper-

ing: a (0.3 M oxalic acid), b( 0.15 M oxalic acid +

ties. The pre-heat-treatment could economize

0.011 M sulfuric acid ), c (0.3 M oxalic acid + 0.022

the required charge to anodize the oxide and

M sulfuric acid) at 40 V
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Morphological studies
The structure of anodic aluminum oxide can
be described as a close-packed hexagonal
array of parallel cylindrical nanopores perpendicular to the surface on top of the underlying Al substrates. The pore structures are
characterized by parameters such as: pore
organization (hexagonal), pore diameter, interpore distance (cell diameter), wall thickness, and pore length and barrier layer thick-

(a)

ness. All these properties are influenced by
formation of pores. The effect of sulfuric acid
on pore initiation stage at surface of aluminum at 40 volts was presented in Figure 6.
The increase in porosity was considerable.
Growth of these initial pores during the anodizing process could be significant. Figure 7
shows pore size distribution diagrams calculated from FE-SEM top-view images (Figure

(b)

6). It was concluded from Figure 7 that distribution of pore size and pore diameter were
influenced by the presence of sulfuric acid. It

Figure 6. Top-view FE-SEM images of aluminum
surfaces anodized in solutions containing: a (0.3 M
oxalic acid), b (0.3 M oxalic acid + 0.022 M sulfuric

is noticeable that adding sulfuric acid has
similar effect on the pore size distribution at
30 volts.
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(a)

(b)

Figure 7. Pore size distribution diagrams of anodized
aluminum in: a (0.3 M oxalic acid), b (0.3 M oxalic

Figure 8. Top-view FE-SEM images of aluminum

acid + 0.022 M sulfuric acid) at 40 V

surfaces anodized in solutions containing: a (0.3 M

In order to investigate the effect of po-

oxalic acid), b (0.3 M oxalic acid + 0.727 M sulfuric
acid) at 20 V

tential on the morphology of aluminum surface, top-view FE-SEM images of aluminum
surfaces anodized at 20 volts was shown in
Figure 8. In this case, the pores were smaller
than the case of 40 volt. It seems that pores
are formed in the initial stages. Therefore, it
can be concluded that pore size distribution
was not affected by the addition of sulfuric
acid at 20 volts. It seems that performance of
the electrolyte was depended on the electric

Figure 9. Top-view FE-SEM images of heated pre-

potential. The effect of heat pretreatment on

treatment surfaces in solutions containing (0.3 M oxal-

the morphology of surface layer was shown

ic acid + 0.022 M sulfuric acid) at 40 V

in Figure 9. Comparison of Figure 9 and Figure 6(b) revealed that the porosity of surface
layer was decreased by heat pretreatment.
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