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Abstract
Self-organized nano-porous anodic aluminium oxide (AAO) membranes with
small pore diameters were obtained by applying a low anodizing potential in
sulfuric acid solutions. The pore diameters of the as-prepared AAO
membranes were in the range of about 6–19 nm and the interpore distances
were about 20–58 nm. Low potentials (6–18 V) were applied in anodizing
processes to make such small pores. A linear relationship between the
anodizing potential (Ua) and the interpore distance (Dint) was also revealed.
By carefully monitoring the current density’s evolution as a function of time
with different Ua (2–18 V) during the anodizing processes, a new formula is
proposed to simulate the self-ordering anodizing process.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nano-porous anodic aluminium oxide (AAO) membranes
have been widely used as templates in the synthesis of
one-dimensional (1D) nanomaterials or quantum dot (QD)
arrays [1]. This low-cost membrane has attracted much
interest for its wide use and high efficiency. Various
nanostructures have been created within the membranes, such
as solar cells [2], carbon nanotubes [3], catalysts [4], metal
nanowires [5, 6] and heterojunctions [7]. However, all of the
AAO membranes previously reported were merely prepared
under high anodizing potentials (19–160 V). As a result,
the interpore distances were generally in the range of 50–
500 nm [8, 9]. Here, we report AAO membranes with pore
diameters varying from 6 to 19 nm synthesized by applying
comparatively lower anodizing potentials of 6–18 V. In this
case, the interpore distances are proportional to the applied

1 Author to whom any correspondence should be addressed.

anodizing potential and vary in the range of 20–58 nm, which
can be used to fabricate 1D nanomaterial arrays of high
density. Furthermore, a new formula is established based
on the current-density-monitoring experiments with varying
anodizing potentials ranging from 2 to 18 V. It helps us to
understand the self-ordered anodizing process. With increasing
time, the current density is observed to initially decrease
and start to increase within 20 s. As the anodizing process
proceeds, the current density stops growing and begins to re-
drop at a certain time (so-called ‘peak-time’), indicating that
the pores’ growth rate arrives at the highest level around the
peak-time. The peak-time becomes shorter with increasing
anodizing potential indicating that pores grow faster at higher
potentials.

2. Experimental details

The aluminium (Al) foil of high purity (99.99%) was firstly
cut into small pieces (3 × 4 cm2) and annealed in a furnace in
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air at 600 ◦C for 2 h. The Al plates were chemically polished
in a mixed acid solution (H3PO4:HNO3:H2O = 8:1:1, volume)
at 95 ◦C for 30 s, followed by electrochemical polishing in
a perchloric acid ethanol solution (HClO4:C2H5OH = 1:4,
volume). A two-step anodizing process was adopted
afterwards [10]. Anodizing was conducted under a constant
potential in H2SO4 aqueous solution (10 wt%). The potential
was respectively set at 6, 8, 9, 12, 16, and 18 V for the
pore diameter measuring experiments and set at 2, 4, 6, 9,
12, 14, 16, and 18 V for the current density monitoring
experiments. The Al plate was fixed in the acid solution,
at a distance of 10 cm from the cathode of a mechanically
polished copper (Cu) plate. The temperature was kept at
3 ◦C by using an icy water bath during the experiments.
The oxide layer produced by the first anodization of 12 h
was chemically removed by submerging the Al plate in a
chromic acid solution (H3PO4:CrO3:H2O = 3:1:41, weight).
The second anodization was applied under identical conditions
to the first anodization but with a shorter duration of 3 h [11].

3. Results and discussion

With a fixed 10 wt% H2SO4 aqueous solution, nanochannels
with different pore diameters can be obtained by applying
different anodizing potentials. In this series of experiments,
different pore diameters ranging from 6.8 to 19.34 nm were
obtained under various potentials ranging from 6 to 18 V.
Figures 1(a)–(e) show FE-SEM micrographs of the as-prepared
AAO membranes with average pore diameters of 6.8, 8.6,
11.12, 16.38 and 19.34 nm by applying anodizing voltages of
6, 8, 12, 16 and 18 V, respectively. The inset of figure 1(a)
shows that the AAO membrane’s hexagonal feature can always
be seen even when an ultra-low anodizing potential (6 V) is
used. Note that the AAO membrane’s growth is more sensitive
to outside disturbance at low anodizing potentials. Although
the pore arrays remain ordered, the pore diameter and shape
fluctuate more easily when the anodizing potential decreases.

Previous studies suggested that the anodizing potential has
a major effect on both pore diameter and interpore distance
when a high potential is applied. The relation can be expressed
as Dint = 2.81Ua − 1.7 [12], with Dint being the interpore
distance and Ua being the anodizing potential. However, the
relationship between pore diameters and the potential for lower
potentials remains unexplored. Based on our investigations
of the AAO membranes anodized under low potentials,
we find that in this regime, the pore diameter exhibits a
similar linear relationship with the anodizing potential but
a different proportionality factor of 0.9666 (figure 2). The
relation between interpore distance and the applied potential
is determined to be Dint = 2.97Ua + 2.49 following the 10%
porosity rules [13]. The porosity of the AAO structure is given
by P = 2π√

3
( r

Dint
)2 with P being the porosity and r being

the pore radium, in which P is a constant of 10%. Thus
we can work out r = 0.166Dint for our experiments. It can
be seen that the proportionality is almost the same for the
low-Ua synthesized AAO membranes as for the high-Ua ones.
The positive intercept shows that the acid resolution ability
significantly affects the small pores’ formation, in contrast
to the negative intercept for large pores formed under high
potentials.

Figure 1. Plan view SEM micrographs of the AAO membranes. The
periodic pore arrangements with pore diameters of (a) 6.8, (b) 8.6,
(c) 11.12, (d) 16.38 and (e) 19.34 nm are obtained under anodizing
potentials of 6, 8, 12, 16 and 18 V, respectively. The inset histograms
show the Gaussian distributions of the pore diameters for the five
samples. Two magnified figures are inset in (a) for clarity. The
images in (a) and (b) were taken using a HITACHI S-5500 FE-SEM
instrument and the others using a JOEL JSM-6301F.

Figure 2. Relationship of the interpore distance (Dint) and the
anodizing potential (Ua). Data from the present work are plotted in
the pink zone, fitting to a formula of Dint = 2.97Ua + 2.49, while
data from [8, 11, 18] are plotted in the blank zone with another fitting
formula of Dint = 2.81Ua − 1.7 for comparison. The inset shows a
magnified view of the rectangle-enclosed part. The interpore
diameters are 20.47, 25.89, 32.13, 33.49, 49.33, and 58.25 nm under
lower anodizing voltages of 6, 8, 9, 12, 16 and 18 V, respectively.
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Figure 3. Experimental results of the relationship between current
density and time. The inset shows the same results but with a
logarithmic vertical axis. It can be seen that the current drops fast at
the beginning and arrives at a low point in about 20 s. Then it rises a
little for a period depending on the anodizing voltage to the peak
before re-dropping. A new pore-growth model is set up to describe
such a process which corresponds well with the experimental results.

The interpore distances, Dint, are assumed to be related to
the anodizing potential as follows:

Dint = ξUa = (Cpore + Cwall)Ua (1)

where Cwall is the coefficient determining the wall thickness
and depends on the barrier thickness, τbarrier, through the
relation Cwall = ζwallτbarrier. Cpore is the coefficient on which
the pore diameter depends. Generally, the products of CporeUa

and CwallUa are the pore diameter and the wall thickness,
respectively [14]. Furthermore, according to Cabrera and
Mott’s theory on the electric properties of Al film [15], the
barrier thickness, the anodizing potential and the current
density ( j ) are related to one another by the following equation:

j = j0 exp(βUa/τbarrier) (2)

where j0 and β are both material and temperature dependent
parameters. It can be referred that the parameters j and Ua

play important roles in the anodizing process.
In order to gain a better understanding of the formation

mechanism of the AAO membranes, we further studied the
current density evolution with increasing time for different
anodizing potentials of 2–18 V. Our experimental results show
that the current density varies with the anodizing potential
as well as the anodizing time. The anodizing potential is
a dominant factor when the current density becomes stable,
while the anodizing time is a crucial parameter affecting the
current density largely at the very beginning. By monitoring
the current density evolution as a function of time, we
could understand the self-anodizing process in the anodizing
potential range. Figure 3 shows the experimental j–t curve
illustrating the current density evolution. Initially the current
density decays fast and reaches a minimum in a short duration
(within ∼20 s). Then it increases to a maximum at the so-called
peak-time. The higher the potential applied, the more quickly
the peak-time point appears. After the peak-time, the current

Figure 4. FE-SEM micrographs and a schematic diagram showing
the cross-section of an AAO membrane. (a) FE-SEM image
(HITACHI S-5500) showing a general cross-section view of the
membrane synthesized at 6 V; (b) and (c) magnified images of the
channels; (d) magnified image of the barrier layer; (e) schematic
diagram of AAO membrane’s cross-section.

density decreases slightly and eventually becomes stable at a
certain value, which depends on the anodizing potential.

These j–t curves in figure 3 give much useful information
on the growth process of the AAO membranes. It is well
known that an AAO membrane is a combination of two layers,
i.e. a barrier layer and a porous layer [16]. However, so far
no model has been set up to describe the whole AAO growth
process. Based on our experimental results we can obtain some
details about the AAO growth. In the first 20 s, the current
density drops quickly. This indicates that a barrier layer of
high resistance is formed during this period. After that, pores
begin to appear on the surface of the barrier and penetrate
the old barrier layer with a new barrier layer frontier in the
growth direction. Pores grow fastest at a certain time (the peak-
time) and the current density shows a peak, whose position
is dependent on the applied anodizing potential. It is for this
reason that small peaks are always seen in the j–t curves for
all experiments with varying anodizing potentials. Finally,
the breakdown of the old barrier layer and the growth of the
new barrier layer reach a balance as the porous layer grows
thicker with increasing time. Figure 4 shows a cross-section
of the final AAO membrane fabricated at 6 V. The pores, of
cylindrical cross-section, are separated from the macroscopic
aluminium surface by a relatively compact barrier layer of
scalloped appearance.

Hereafter, a new formula is established to describe such a
process which agrees well with the experimental results:

j = A exp(−t/B) + C

t
exp[−(t − τ)2/2ω2] + j0 (3)

where j, t and j0 are the current density, time, and the
residue current density, while A, B and C are the coefficients,
respectively. The first part of equation (3), A exp(−t/B),
describes the influence of the barrier layer on the current
density. The current density decays exponentially with the
time in such a process according to Zakgeim’s theory [17].
The second part of equation (3), C

t exp[−(t − τ)2/2ω2],
describes the porous layer’s influence on the current density.
The exponential part, exp[−(t − τ)2/2ω2], is a Gaussian
distribution which means the pores start to grow in a certain
time τ after the beginning of this anodizing process. In fact,
the pores cannot grow until the initially formed barrier is
penetrated and the current density increases as a result. More
pores form in the AAO, the higher the current density is. On
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Table 1. The fitting parameters for the j–t curves in figure 3.

Ua (V) A (A cm−2) B (s) C (A (cm2 s)−1) τ (s) ω (s) j0 (A cm−2)

2 0.05 800 0.6 150 20 0.053
4 0.07 300 0.9 100 20 0.128
6 0.2 5 1.05 80 20 0.42
9 0.35 4.5 2.8 70 20 0.914

12 0.4 3.8 3 60 15 1.34
14 0.55 3.65 3.2 55 15 1.68
16 0.75 3.2 4.5 55 15 2.38
18 0.8 3 6 50 15 3.39

the other hand, the porous layer’s thickness grows linearly with
time. As the layer becomes thicker, it becomes more difficult
for ions to pass through which causes the current density’s
decay. This phenomenon is expressed by C/t with C being
the coefficient proportional to the applied potential.

By fitting the experimental results with equation (3), the
parameters are retrieved and listed in table 1.

The experimental results show that with rising Ua the
parameters A, C and j0 increase whereas B and τ decrease.
The factor B increases when the anodizing potential drops.
When an extremely low anodizing potential (<5 V) is applied,
the barrier layer grows very slowly. The value of τ changes
from 150 to 50 s with the rising potential. It can be referred to
as a faster launch of the porous layer when a higher potential
is used. On the other hand, ω does not vary a lot, consistent
with the fact that the pores’ launch process usually lasts for
just ∼20 s and after that the porous layer becomes thicker but
the number of pores remains fixed.

4. Conclusions

A linear relationship between the anodizing potential (Ua) and
the interpore-distance (Dint) is found for the AAO membranes
synthesized under low-Ua (6–18 V) by a two-step method.
The proportionality of the Dint–Ua relation is about 3. The
current density evolution is monitored during the anodization
processes with potentials of 2–18 V, based on which a formula
is established to describe the self-ordered anodizing process

of AAO. Our results show that the AAOs formation initiates
with a porous layer launch process that usually lasts for ∼20 s.
The launch of the porous layer becomes quicker when a higher
anodizing potential is used. When an extremely low anodizing
potential (<5 V) is applied, the barrier layer grows much more
slowly than that with high potentials applied.
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