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An anodized Al2O3 (AAO) membrane with apertures about 72 nm in diameter was prepared by two-step
anodic oxidation. The appearance and pore arrangement of the AAO membrane were characterized by
energy dispersive x-ray spectroscopy and scanning electron microscopy. It was confirmed that the pores
with high pore aspect ratio were parallel, well-ordered, and uniform. The kinetics of pores growth in the
AAO membrane was derived, and the kinetic models showed that pores stopped developing when the
pressure (σ) trended to equal the surface tension at the end of anodic oxidation. During pore expansion,
the effects of the oxalic acid concentration and expansion time on the pore size were investigated, and the
kinetic behaviors were explained with two kinetic models derived in this study. They showed that the pore
size increased with extended time (r=G·t+G’), but decreased with increased concentration (r = −K·lnc-K’)
through the derived mathematic formula. Also, the values of G, G’, K, and K’ were derived from our
experimental data.
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1. INTRODUCTION

The process of aluminum anodization has received grow-
ing attention because anodic porous alumina templates are
widely used for fabrication of various nanostructured materi-
als. In the last decade, nanoporous anodic aluminum oxide
(AAO) has become the object of much attention in various
fields of research. Anodic oxidation of aluminum in various
acid solutions causes a layer of aluminum oxide to form on
the metal surface. This layer is characterized by parallel
pores with orientations perpendicular to the sheet surface,
and the pore aspect ratio (pore diameter vs. pore length) can
reach values of 1:1 000 and more [1-5]. 

Porous anodic aluminum oxide is predominantly used as
an important material in the fabrication of nanostructures. A
number of studies have been performed in which the nanop-
orous structure is used as a template in the production of
nanowires or nanotubes from various materials, such as
carbon, metals, or polymers [6-10]. In addition, the porous
membrane is used as a filter [11,12]. The adhesion of sub-
stances to the pore walls has also been used in some bio-
sensor applications [13,14]. Another approach is to use
the filtration capacities of nanoporous aluminum oxide for

purification of DNA or whole cells from blood [15,16].
Furthermore, alumina is already a well-known material in
orthopedic surgery and dentistry. Here, it is normally used
with smoothed surfaces and has already proven biocompat-
ible [17].

There has been a great deal of work investigating the
structure, nature, and properties of AAOs in recent decades
[18-23]. Takhistov and Biosens [24] studied mass-transfer at
the nanoporous substrate by electrochemical impedance
spectroscopy. Patermarakis and Moussoutzanis [25] devel-
oped a kinetic model obtained at different bath temperatures
and current densities of Al anodization. Sullivan and Wood
[26] presented a model of self-organizing pore growth which
was based on the electric field distribution at the pore tips.
Together with other models proposed by the previous
researchers [27], Singaraju et al. [28,29] developed a model
for porous AAO formation under constant current conditions
and a model under constant voltage anodization. Parkhutik
and Shershulsky [30] explained the dependence of pore diam-
eters and pore distances on applied voltage and electrolyte
composition. However, little work on investigating the
kinetics of pore growth (the specific mathematic relation of
pore size vs. electrolyte concentration and pore size vs.
expansion time) was reported. In our work, kinetics models
were obtained by investigating the pore growth process in
an AAO membrane and the specific mathematic relation of
pore size to expansion time and electrolyte concentration. 
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2. EXPERIMENTAL PROCEDURES

2.1. Preparation of AAO membrane
A nanoporous aluminum membrane was prepared by

anodization of aluminum. Aluminum sheets (99.999%, size
of 100 mm × 50 mm × 0.5 mm) were annealed at 500 °C for
2 h in a high-purity N2 atmosphere and then cooled in a fur-
nace. To remove surface oil from the specimens, they were
rinsed with absolute acetone and ethanol, respectively, and
then dried after twice washing with deionized water. The
samples were immersed in 4 wt% H2SO4 and 7 wt% H2CrO4

mixed solution (by volume of 1:1) at 70 °C for 2 min to
remove the natural oxide membrane, and then immersed in
10 wt% NaOH at 20 °C for 15 s to neutralize acid substance
residues on the surface of the Al sheets. The samples were
dried after twice washing with deionized water, immersed in
absolute ethanol at 25 °C for 3 min, and subsequently put
into 60 wt% HCLO4 ethanol solution (HClO4: C2H5OH: H2O
=4:4:2, v/v/v) at 30 °C to carry out electrochemical polishing
at voltage of 2 to 3 V for 2 to 3 min. The polished samples
were immersed in a 0.3 M oxalic acid solution under a cur-
rent density of 4.0 mA/cm2 for 2 h (first step of anodic oxida-
tion). To remove the first oxide membrane, the samples were
immersed in a mixed solution with a 1:1 volume ratio of 6
wt% H3PO4 and 1.8 wt% H2CrO4 at 40 °C for 15 h and then
dried after washing with deionized water. The samples were
immersed in oxalic acid solutions with various concentra-
tions of oxalic acid at 40 °C under a constant voltage of 40.0 V
for 9 h (second step of anodic oxidation). Finally, the samples
were immersed in 5% H3PO4 (v/v) solution at 30 °C to make
the pores broaden for a period of time, dried after washing
with deionized water, and then annealed with a muffle at
900 °C for 1 h. Thus, the AAO membrane was obtained. 

2.2. Characterization of AAO membrane
Scanning electron micrography (SEM) was carried out

with a JEOL JSM-6700F instrument and energy dispersive
x-ray spectroscopy (EDS) analysis was performed with a
Noran SystemSix instrument. EDS was used to determine
the elemental composition of the AAO membrane. The
SEM photographs were analyzed by the software Image
Pro. following the procedure reported by Xing [31]. The
distribution of pore diameters could be obtained with the
analysis. 

3. RESULTS AND DISCUSSION

3.1 SEM/EDS analysis of nanoporous AAO membrane
The composition of the nanoporous AAO membrane was

determined by EDS (Table 1 and Fig. 1). The results showed
that Al and O elements in the membrane had an Al/O molar
ratio of about 3/2 and mass ratio of about 8/9, indicating the
sample composition was Al2O3. To determine the morphol-

ogy and pore-size distribution of the AAO membrane, the
surface of the AAO membrane was observed by SEM
(Fig. 2). The pores in the AAO membrane were well-reg-
ulated hexagonal modules (Fig. 2A), well parallel (Fig.
2B) and perpendicular to the barrier layer (Fig. 2C),
which is similar to the results obtained previously by Sui
and Saniger [32]. Therefore, the membrane with regu-
lated pores can be used for the preparation of highly
ordered nanoarrays or nanotubes.

Table 1. Analysis of elements composing the AAO membrane
Elements Mass (%) Atom (%)

O 47.81 60.71
Al 52.19 39.29

Total 100.00 100.00

Fig. 1. EDS image of the AAO membrane.

Fig. 2. SEM images of the AAO membrane A: top view; B: parallel
nanopores; C: profile view (oxalic acid concentration of 0.3 M, volt-
age of 40 V, oxidation of 9 h and pore expansion time of 1 h).
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3.2. Growth kinetics of AAO membrane
3.2.1. Growth process of pore in the AAO membrane

Under a high electric field, no electron but ions were con-
ducted in the aluminum sheet, Therefore, the relation between
the applied voltage and current density may be expressed as
in [27] as

J=A·exp(B ), (1)

where J is the current density (mA/cm2), A and B are
parameters dependent on temperature which is determined
by material physical property, U is the applied voltage (V),
and d is the thickness of the barrier layer (nm).

In this process, the change of the electric charge distribu-
tion was much faster than that of the geometric size of the
AAO membrane pores, so the process could be considered
to be a state of quasi-static electric field. The pores on the
AAO membrane grew lengthways, while they developed
along the aperture under force of the electric field parallel to
the aperture. The transverse electric field intensity is denoted
as Ex (Ex<<E, E was total electric field intensity). The theory
of electromagnetic field is given as

, (2)

where ω is the density of the electrostatic field, and ε is the
dielectric constant of the membrane. Assuming that there is
a small volume-element where the depth is l and the area is
dS=2πrdr, its electric field energy is

dA= ·2πrdr·l= ·rdr·l . (3)

Therefore, the electrostatic force (F) along the aperture is

F= = ·r·l , (4)

and the pressure (σ) of the electrostatic field per depth is

σ = = ·r. (5)

The value of the pressure increased linearly with increase
in the square of Ex and the instant pore diameter, while Ex

decreased with the increase of the pore diameter. The rate of
Ex decrease was higher than that of the pore diameter
increase, so that σ decreased with increase in the pore diam-
eter. The pores stopped growing, and the pore size and the
surface tension were dependent when the value of σ was
equal to the surface tension of the membrane. Hence, a large
number of rounded pores with a similar diameter were

formed (Figs. 4B and 7B), which was confirmed in the SEM
and AFM images (Figs. 2A, 3Band 6B). 

3.2.2. Kinetics of pore diameter to electrolyte concentration
The growth of the pores in the AAO membrane was not

only related to the applied voltage, but also with electrolyte
concentration and the time of pore expansion [33]. To exam-
ine the change of the pore diameter in various oxalic acid
concentrations, an AAO membrane sample was prepared at
40 °C and 40 V after 9 h oxidation, and the pores in the
membrane were un-expanded (Fig. 3). The pore size distri-
bution curves for various concentrations of oxalic acid elec-
trolyte are shown in Fig. 4. It was found that the pore diameter
decreased with increasing oxalic acid concentrations. The
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Fig. 3. SEM images of the AAO membrane under various oxalic acid
concentrations, ×30,000, 40.0 V, 40.0 °C, 9 h, 0 h. A: 0.2 M; B: 0.3 M;
C: 0.4 M.

Fig. 4. Pore diameter distributions of the AAO membrane under vari-
ous oxalic acid concentrations. A: 0.2 M; B: 0.3 M; C: 0.4 M.



436 Yan Huang et al.

AAO membrane in 0.3 M oxalic acid electrolyte showed the
narrowest pore size distribution of about 39 nm (Fig. 4B),
but the AAO membrane in 0.2 and 0.4 M oxalic acid electro-
lyte solutions had broader pore size distributions of about 45
nm (Fig. 4A) and 35 nm (Fig. 4C), respectively. The results
were in agreement with SEM data (Fig. 5) calculated from
SEM images (Fig. 3). It was likely because the current den-
sity was enhanced with increased oxalic acid concentrations,
and the higher the current density, the smaller the aperture at
the same voltage. When the concentration was 0.2 M, the
pores of the AAO membrane were the largest but disordered
(Fig. 3A). At 0.3 M, the pores grew smaller but were ordered
and uniform (Fig. 3B). At 0.4 M, the aperture was the small-
est and the pores were disordered, while there appeared to be
some mergence between pores in the AAO membrane (Fig.
3C). The results showed that the pores were the most ordered
and uniform at the concentration of 0.3 M. In addition, the
effect of oxalic acid concentrations on aperture size was
investigated at five concentrations, i.e. 0.1, 0.2, 0.3, 0.4, and
0.5 M. The data were plotted lnX (X was the oxalic acid con-
centration) versus aperture size to give a straight line with a
high correlation coefficient (R2=0.9973) (Fig. 5).

The pore size distribution curves for various pore expan-
sion times for the AAO membrane are displayed in Fig. 7.
The average pore size distributions in the AAO membrane
with expansion times of 0, 1.0 and 1.5 h were 39, 72, and 89
nm, respectively. The pore size distribution in the AAO
membrane for 1.0 h pore expansion was the narrowest at
about 72 nm, but those for 0 and 1.5 h were broader from 20 nm
to 80 nm and 50 nm to 110 nm, respectively. The results were
similar to those in the SEM images (Fig. 6). Fig. 6 shows SEM
images of the AAO membrane after various pore expansion
times. The pores of the AAO membrane with un-expanded
pores were oval, sparse, irregular, and small compared to

those with expanded pore for 1 h (Figs. 6A and 6B). After
1.0 h of pore expansion, the pores were the most ordered and
uniform, and almost round (Fig. 6B). After 1.5 h, the aper-
ture was the largest and melting appeared on the surface of
the AAO membrane (Fig. 6C). On the other hand, the effect
of pore expansion time on aperture size was investigated for
six periods of time, i.e. 0, 0.25, 0.5, 0.75, 1.0, and 1.5 h. The
relation of aperture size to pore expansion time was linearly
and significantly correlative (R2=0.9996) (Fig. 8). 

Generally, the pore size increased linearly with increase in
the applied voltage within certain premises. To study other

Fig. 5. Effect of oxalic acid concentrations on aperture size. Y=
−30.316lnX+23.09, Y: aperture size; X: oxalic acid concentration.

Fig. 6. SEM images of the AAO membrane with various pore expan-
sion times. A: 0 h, ×100,000; B: 1.0 h, ×50,000; C: 1.5 h, ×50,000.

Fig. 7. Pore diameter distributions of the AAO membrane with var-
ious pore expansion times. A: 0 h, ×100,000; B: 1.0 h, ×50,000; C:
1.5 h, ×50,000.
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factors which could influence pore growth, a model (eq. (6))
was selected for studying the profile of pore growth under
pore expansion at 40 V constant voltage according to a pre-
vious study [33]: 

m1=k1·c·t, (6)

where m1 is the mass of aluminum oxide, c is the electro-
lyte concentration, t is pore expansion time, and k1 is a
parameter dependent on applied voltage and temperature.
According to the theorem of electrochemical reaction and
mass conservation, the mass of the aluminum element is
constant before and after oxidation of aluminum:

m=k2·m1=k3·c·t, (7)

=k3·c, (8)

where m is the mass of aluminum before anodic oxidation,
k2=2M(Al): M(Al2O3)=54/102, and k3=k1·k2 (M stands for
molar mass). It serves as the basis for fitting to the Arrhe-
nius equation:

= =M(Al) ·A1·exp( )=A·exp( ),

(9)

where Ea is the activation energy, R is the gas constant, and
T is the absolute temperature in Kelvin. Assuming the
pores are constant in depth but change in diameter, accord-
ing to the eq. (10) [34],

Ea=k4·r (10)

where r is the pore radius.
From eq. (8), (9) and (10),

k3·c=A·exp( ) (11)

is derived, and eq.(11) is simplified as

r = − ·ln(k3· )=− ·lnc- ·ln( )=−K· lnc-K’, (12)

where K= , K’ = ·ln( ).

It is obvious in Fig. 5 that the pore diameter decreased with
increase in oxalic acid concentrations in our experiment. A
similar result was obtained for pore diameters changing with
concentrations of a specific electrolyte in a previous study
[35]. It was mainly due to dissimilar surface tensions in dif-
ferent concentrations of a specific electrolyte. Also, the pore
size depended on the surface tension of the electrolyte during
anodic oxidation before pore expansion (eq. (5)). Therefore,
the pore size changed with different electrolytes as there
were different surface tensions in different electrolytes. The
kinetic model (eq. (12)) fitted to the experimental data (Fig.
5) for the relation between pore size and electrolyte concen-
tration. 

3.2.3. Kinetics of pore diameter vs. time
The following equation can be obtained according to the

mass law:

m=ρπr2·h (13)

=2ρπrh· +ρπr2· , (14)

where ρ is the density of aluminum, r is the pore radius,
and h is the pore depth. It was assumed that there was no
change in pore depth during pore expansion, =0. There-
fore, eq. (14) can be reduced as

=2ρπrh· , (15)

and it is obtained using eqs. (9), (10) and (15).

2ρπrh· =A·exp( ) (16)

Equation (16) is simplified as 

G1·dt=r·exp(G2·r)·dr, (17)

where G1=  and G2= .

G1·t = (18)

Moreover, exp(G2·r) trended to 1. Because the pore was a
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Fig. 8. Effect of pore expansion time on aperture size. Y=33.286T+
38.607, Y: aperture size; T: pore expansion time. 
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nanopore, (G2·r) trended zero. Eq. (18) can be simplified as

r=G1·G2·t. (19)

The pore size increased linearly with extended pore expan-
sion time from eq. (19) when the  was neglected (eq.
(14)). Further analyzing the dependence in detail, eq. (19)
was corrected to 

r=G·t+G’ (20)

where G’ was a modifier, while taking account of the effect
of time on pore depth during pore expansion. The kinetic
model (Eq. (20)) fitted to the experimental data (Fig. 8) for
the relation of pore size to expansion time. 

4. CONCLUSIONS

An AAO membrane with well-ordered and uniform pores
was obtained by anodizing aluminum in an oxalic acid elec-
trolyte by a two-step method. The kinetics of pore growth of
a porous AAO membrane on aluminum sheets was investi-
gated, and kinetic models based on electric-field-assisted
growth were derived, which were proposed to understand
the pore formation mechanism in the AAO membrane. The
kinetic model showed that pores stopped developing when
the pressure (σ) trended to equal the surface tension at the
end of anodic oxidation. In the anodizing process, the effects
of oxalic acid concentration and expansion time on the pore
size were investigated. The kinetic models of aperture growth
with various pore expansion times and oxalic acid concen-
trations were derived. They showed that pore size increased
with extended expansion time (r=G·t+G’), but decreased
with increased concentration (r=-K·lnc-K’) through derived
mathematic formula. Also, the values of G, G’, K, and K’
were derived from our experimental data.
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