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Abstract: The effect of voltage on nanopores formed via electrochemical anodization of high purity Aluminum was investigated. The 
electrochemical bath consisted of a 0.3 M oxalic acid electrolyte. A platinum electrode was used as the counter-electrode, and an 
aluminum sheet as the anode. The anodization process was carried out at a temperature of 7 °C at various voltages ranging from 30 to 
55V. It was observed that during the anodizing process, both the current density and the nanopore size increase as the applied voltage 
increases. The morphology and the distribution of nanopores were analyzed by SEM (Scanning electron microscope). It was found that 
mean pore diameter increased from 43 to 100 nm as the voltage is increased from 30 to 55 V. the polydispersity of the pore size was 
found to be minimum at 40 V. 
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1. Introduction  

Nanoporous anodic aluminum oxide membranes 
have attracted considerable attention due to their 
multiple potential uses. These membranes offer 
nanochannels of high regularity and a high 
diameter-to-length aspect ratios through their 
thicknesses [1, 2]. Numerous synthetic techniques 
were used to prepare highly ordered nanostructured 
matrices such as e-beam lithography [3], nanoimprint 
lithography [4], soft lithography [5], NSL (Nanosphere 
lithography) [6], MBE (Molecular beam epitaxy) [7], 
laser ablation [8], sol-gel method [9], and various 
template methods [10-14], electrochemical anodization 
[15]. 

The electrochemical method using two-step 
anodization for the fabrication of nanoporous 
aluminum oxide with regular structure in oxalic acid 
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was first reported by H. Masuda in 1995 [16]. The pore 
formation is affected by several parameters, such as the 
anodization voltage, the concentrationand the nature of 
acid solutions, the electrolyte temperature and the first 
anodization time. It was reported that sulphuric acid 
solution is suitable for the formation of smaller pores 
with diameter between 10 and 30 nm [17-19]; whereas 
oxalic acid solution is used for the formations of 
medium size pores (~30-100 nm) [16, 20-22]. 

The porous anodic alumina membranes were used 
for fabrication of various nanomateriels, such as 
polymeric nanowires, metallic nanowires [23], 3D 
nanodots [24], metallic nanotubes [25]. Other 
applications of these nanoporous membranes such as 
gas separation [26], drug delivery [27], solar cells [28] 
and membrane in solid acid fuel cells [29] were also 
been reported.  

In all of these studies, it was observed that the 
growth rate of the pore is highly correlated with the 
concentration and nature of acid solutions and the 
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anodic voltage. The aim of this work is to study the 
effect of the anodic voltages, on the fabrication of 
highly ordered pore arrays in aluminum thin sheets in 
oxalic acid. 

2. Materials and Methods 

The samples (aluminum sheets of 2 mm in thickness) 
were ultrasonically cleaned in acetone, rinsed with 
deionized water and then annealed at 400 °C for 3 h in 
vacuum to reduce mechanical stress in these substrates. 
They were subsequently electropoliched in a mixture 
of perchloric acid and ethanol (1:4 v/v HClO4: C2H5OH) 
at constant voltage of 15 V for approximately 3 min at 
room temperature. The cleaned aluminum sheets were 
then used as the anode and Pt foil as the cathode in the 
anodization cell. The first anodization was carried out 
in 0.3 M oxalic acid at a temperature of 7 °C and a fixed 
voltage of 40 V. After the first anodization, the sample 
was dipped in a mixture solution (0.4 M H3PO4 + 0.2 M 
H2CrO4) at 60 °C for 5 h to remove the formed porous 
film. The second anodization was then carried at 
various voltages 30, 40 and 55 V at 7 °C in 0.3 M oxalic 
acid. The pores were then enlarged using a 5% H3PO4 
at 30.0 °C for 30 min. The first and second anodization 
lasted respectively 3 h and 8 h. 

The Current-Time curves of the 2nd anodizing at 
different voltages were recorded by a computer 
-controlled ammeter. These curves were used to 
monitor the anodization process as well as to analyze 
the growth mechanism.  

The morphology of the formed membranes was 
observed by a scanning electron microscope (SEM 
JEOL JSM5500). The imageJ software [30] was used 
for estimation of the interpore spacing, pore-size 
distribution and mean pore diameter. FFT (Fast Fourier 
transforms) of SEM (Scanning electron microscope) 
images were calculated by using the scanning probe 
image processor Image J. 

3. Results and Discussion 

Fig. 1 shows the SEM images of the surface of the 

porous anodic alumina membranes anodized at a 
temperature, 7 °C and for three different voltages 30, 
40 and 55 V in 0.3 M oxalic acid solution. 

 

b

 

 
Fig. 1  SEM images of the top surface of nanoporous 
alumina prepared by two-step anodizing in 0.3 Moxalic acid 
at 7 ºC. The inset in (a)-(c) corresponding tothe FFT images 
at different voltages: (a) 30 V, (b) 40 V and (c) 55 V. 

a
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As shown in Fig. 1a for an anodization of 30 V, the 
pores are randomly distributed and their size is not 
uniform. For an anodization voltage of 40 V (Fig. 1b) 
the pores are regularly distributed in a honey-comb 
array which is in agreement with the results reported in 
the literature [16-22]. At a high voltage of 55 V, the 
pore size distribution is not perfectly uniform, and the 
average pore size increased (Fig. 1c). These trends can 
be clearly seen in the FFT of these images shown in the 
upper part of Fig. 1. The FFT of the images 
corresponding to an anodization voltage of 30 V show 
a halo-type structure which is typical of randomly 
distributed pores (or structures). For samples anodized 
at 40 V, a hexagonal arrangement can be clearly seen in 
the FFT of the images (Fig. 1b). At 55 V anodization 
voltages, the hexagonal distribution starts to be 
degraded Fig. 1c. This qualitative arrangement analysis 
made by FFT shows the anodizing 40 V leads to the 
best pores organization.  

The SEM photograph in Fig. 2 shows the 
cross-section of the porous anodic alumina membranes. 
The pores are parallel to each other and perpendicular 
to the surface of the membrane. 

The pore size distributions, depicted in the 
histograms of Fig. 3, was evaluated from the 
measurement of the pore sizes in the three images. The 
distribution is rather sharp in the case of 40 V.       
In addition,  the mean  pore diameter  increases as  the 
 

 
Fig. 2  Cross-sectional SEM images of nanoporous alumina 
prepared by two-step anodizing in 0.3 M oxalic acid at 7 ºC 
and 40 V.  

anodization voltage. These trends can be clearly seen in 
table 1, where the mean pore sizes (xc), the standard 
deviation and the polydispersity ((σ/xc) × 100%) are 
given. 
 

 
 

 
 

 
Fig. 3  Distribution histogram of the pore diameter for 
various anodizing potentials Anodizing of aluminum was 
conducted in 0.3 M oxalic acid at7 ºC for three different 
anodization voltages: (a) 30, (b) 40 and (c) 55 V.  
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Table 1  Pore size of nanoporous alumina produced by two-step anodizing in 0.3 M oxalic acid at 30, 40 and 55 V at 7 °C. 

 30 V 40 V 55 V 
Average pore size xc (nm) 40.71 52.49 99.87 
W (nm) 33.36 8.44 23.97 
Standard deviation (σ) = W/2 (nm) 16.69 4.22 11.98 
Average pore size with error = xc ± σ (nm) 40.71 ± 16.69 52.49 ± 4.22 99.87 ± 11.98 
Polydispersity = (σ/xc) × 100% 41% 8% 12% 
 

 
 

 
Fig. 4  (a) Current-time (I-t) curves of nanoporous alumina prepared by two-step anodizing in 0.3 M oxalic acid at7 ºC for 
three different anodization voltages of 30, 40 and 55 V; (b) and (c) are I-t curves of region A1 and region A2 respectively; (d) 
I−t curves of region A3. 
 

For 30 V the polydispersity of this structure is 41% 
while the average pore size is 41 nm and the interpore 
distance is in the range of 74 nm. For 40 V, an average 
pore diameter of ~ 52 nm is obtained while the 
Polydispersity of this structure is 8% and the interpore 
distance is in the range of 100 nm. On the other hand, 
for samples anodized at 55 V the polydispersity of this 
structure increased to about 12%, while the average 
pore size is 100 nm and the interpore distance is in the 

range of 150 nm. These results show that the process of 
self-ordering nanopores in alumina occurs in a solution 
of oxalic acid at 40V. 

Fig. 4 shows the current-time (I-t) curves measured 
for three different anodization voltages of 30, 40 and 
55 V during the second anodization in oxalic acid. 
Three different regions (noted A1, A2 and A3) can be 
clearly distinguished in this figure. These regions are 
shown in more details in Fig. 4d. In region A1, there is 
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a sharp decrease in the current density for all the 
applied voltages as shown in Fig. 4b. It is well known 
that at this initial stage (region A1), an oxide barrier 
layer is formed on the aluminum surface. The surface 
oxidation takes place for a period of 5 to 10 s. The 
similarity of the I-t curves in this region is an indication 
that the oxide growth mechanism is similar at this 
initial stage of the anodization for the three anodization 
voltages.  

In the region A2 (Fig. 4c), the shapes of the I-t 
curves are also similar for all voltages, except for the 
positions and the heights of the peaks. In the beginning 
of this region, there is an increase in the current density 
which indicates that the dissolution of the barrier layer 
is initiated. When the current density reaches the 
maximum, regular pores with a constant wall thickness 
are formed [31]. The differences in the position and the 
height of the peaks (Fig. 4c) can be explained by 
localized dissolution of Al2O3 at the oxide/electrolyte 
interface, which leads to the formation of vertical 
pores [32]. The increase in the current density for 
higher voltages suggest a higher dissolution rate 
compared to the oxide growth rate. In other words, the 
pore formation process is faster at greater anodizing 
voltages 

In region A3 (Fig. 4d), the current density is rather 
constant during the anodization at 30 and 40 V while an 
oscillation is observed for 55 V (increase and then a 
decrease). Thus, for high anodization voltages, it is 
hard to form ordered pore arrangements due to the 
unstable current density as can be seen in Fig. 1c. 

However, for the anodization voltage of 30 V, 
although the current density is very stable, disordered 
pore arrangements were obtained (Fig. 1a). The 
anodization voltage of 40 V is an optimum voltage 
since the current stable and the pores are well ordered 
(Fig. 1b). 

4. Conclusion 

Porous anodic alumina membranes were 
successfully fabricated at 7 °C in 0.3 M oxalic acid in a 

voltage range of 30 to 55 V using a two steps 
anodization. The different applied voltages were found 
to produce pores. The SEM results showed the effect of 
voltage on the arrangement of the pores and pore size. 
It was observed that during the anodizing process, the 
current density and the pore size increase as the applied 
voltage is increased. An anodization voltage of 40 V is 
the optimal voltage to obtain a perfectly hexagonal 
nanoporous structure during anodization of aluminum 
in 0.3 M oxalic acid at 7 °C.  
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