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ABSTRACT 

 
Anodic aluminum oxide (AAO) has been investigated, in terms of influence of the process time, anodizing potential and methanol 
addition on the structural features of porous anodic alumina formed in 0.1M H3PO4 solution by two-step self-organized anodizing 
for potentials ranging from 100-150 V.  The structural features of the porous structures, including pore diameter and interpore 
distance, were evaluated from FE-SEM top-view images for samples anodized in the presence and absence of methanol. 
 
For the highest anodizing time and methanol volume fraction studied, an excellent agreement between experimental values of 
the interpore distance and theoretical predictions was observed.  The pore arrangement regularity was analyzed for various 
electrolyte compositions and anodizing potentials.  It was found than the regularity ratio of porous alumina increased linearly with 
increasing anodizing potential and time.  The addition of methanol improved the quality of the nanostructures.  In particular, 
improved uniformity of pore sizes was observed in the presence of the highest methanol content studied.  
 
Introduction 
 
Anodization of aluminum has become one of the most popular processing methods to form porous structures with pore 
diameters ranging from about 10 to over 200 nm.  The aluminum anodization process leading to a porous structure is usually 
performed in electrolytes containing sulfuric, oxalic or phosphoric acid.  The structural features of the porous alumina film include 
pore diameters, interpore distance and porosity and they strongly depend on the chosen electrolyte and anodizing potential. 
               
Porous alumina membranes of anodic aluminum oxide (AAO) are widely used for the fabrication of various nanostructures and 
nanodevices.  Over the last decade many materials, including nanowires, nanotubes and nanodot arrays have been fabricated 
by the deposition of various metals, semiconductors, oxides and polymers inside the pores of AAO membranes (Fig. 1).  
 
It is widely recognized that the anodization of aluminum in phosphoric acid results in nanoporous structures, but the best pore 
arrangement is obtained only at anodizing potentials very close to 185-205 V.  Frequently, raising the potential above 170 V 
causes burning of the oxide layer and promotes active dissolution of aluminum instead of the desired anodic growth of porous 
oxide. 
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Experimental process 
 
High purity aluminum (99.999%), was used as a substrate 
for anodization.  Prior to anodizing samples were 
degreased in ethanol and electropolished in a mixture of 
HClO2 and ethanol at constant current density of 400 
mA/cm2 at 8ºC for 40 sec. 
 
A two-step anodization procedure was employed to obtain 
the porous alumina structures.  During the procedure, an 
alumina layer formed during the first anodization was 
chemically removed and the second anodization was then 
performed under same conditions used in the first step. 
 
After the first anodization step, the oxide layer was 
chemically removed in a mixture of 1.5 wt% H2CrO4 and 5 
wt% H3PO4 at 40ºC for 100 min. 
             
 

Results and discussion 
 
The effect of anodizing potential 
 
The regularity of the nanopore arrangement and 
the structural features of porous anodic alumina 
were investigated for samples anodized at different 
cell potentials ranging from 90-150 V.  Two-step 
anodizing of alumina was carried out in a 0.1M 
H3PO4 aqueous solution or a methanol-water 
mixture (1:3 volume ratio) at temperatures of 0 and 
-5°C.  
              
A random arrangement of pores and lack of 
uniformity in the pore diameter and pore shape 
were observed for all anodizing potentials studied.  
This fact was qualitatively confirmed by the wide 
ring shapes observed in via fast Fourier transform 
(FFT) analysis.  
              
In order to get a deeper insight into the regularity 
of pore arrangement, a regularity ratio Ri, defined 
as the ratio of the maximum intensity of the peak in 
the FFT profile to the width of the peak at half-
maximum divided by the square of the interpore 
distance, was calculated from FFT profiles for various anodizing potentials.  Determining the dependence between an average 
regularity ratio and the anodizing potential for anodizing carried out in water and methanol-water systems. 
 
That interpore distance D in porous anodic alumina increased linearly with increasing anodizing potential U, according to the 
following equation: 
 
    D = λ U    (1) 
 

 
Figure 1 - Schematic diagram showing the typical AAO struc- 
ture and the major applications for this nanostructured material. 

 
Figure 2 - (a) Schematic drawing of an anodic aluminum oxide (AAO) 
structure prepared by electrochemical anodization of aluminum; (b)  
summary of self-ordering voltage and corresponding interpore distance 
of AAO produced within three well-known regimes of electrolytes (sul- 
furic, oxalic and phosphoric); (c) (top) SEM cross-sectional view of AAO 
membrane formed by MA (0.3M H2C2O4, 1°C, 40 V) and (bottom) by HA 
(at 140 V) for 2 hr (insets: SEM top view of pore structures). 
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where λ = 2.5 nm/V.  An average interpore distance of the nanostructure can be easily calculated from the radius of the FFT 
pattern.  The average interpore distance calculated for all samples examined and the theoretical values predicted are shown in 
Fig. 2(b).  A strong linear relationship between interpore distance and anodizing potential was observed to be independent of the 
electrolyte composition and duration of the process, as shown for samples studied in Table 1. 
 
Table 1 - The proportionality constant between interpore distance and anodizing potential for various processing times of both 
anodizing steps. 

Time of both 
anodizing steps 

Temp. (°C) Electrolyte Proportionality 
constant λi (nm/V) 

8 0 0.3M H3PO4 3.1 ± 0.1 
14 0 0.3M H3PO4 3.1 ± 0.2 
8 -5 0.3M H3PO4 in 1:4 vol methanol-water mixture 2.8 ± 0.1 
Theoretical value 2.5 

 
Once again, excellent agreement between the experimental proportionality constant and the theoretical value was observed for 
samples anodized in a methanol-water mixture (1:4 volume ratio).  This suggests that anodization of aluminum performed in a 
methanol-water system could lead to porous structures with a better regularity of pore arrangement. 
 
Because porous anodic alumina films obtained by the anodizing of aluminum in phosphoric acid exhibited a complex structure 
with subpores formed underneath the surface (clearly visible in Fig. 3), the average pore diameter was not estimated and the 
analysis of the influence of potential on the pore diameter was not performed. 
 

 
Figure 3 - SEM top-view photomicrographs with FFT images and FFT intensity profiles for samples analyzed at (a) 100 V and 
(b) 160 V.  The anodization was carried out in 0.3M H3PO4 at 0°C.  The duration of the first and second anodizing steps were 
both 14 hr. 

 
The effect of anodizing time 
 
The effect of the anodization time on the arrangement of pores and structural features of porous anodic alumina films formed in 
0.1M H3PO4 at 150 V and 1ºC, was investigated in detail.  Typical FE-SEM top view micrographs with FFT images and FFT 
intensity profiles are shown in Fig. 4 for anodizing times of 8 and 40 hr. 
 
However, the qualitative analysis of the pore arrangement performed on the basis of the FFT images, does not give a clear 
picture of the effect.  The quantitative inspection, exploiting the calculated average values of regularity ratio (Table 2), shows that 
increasing the processing time of both anodizing steps improves the regularity of pore arrangement and uniformity of pore 
shapes (Fig. 5). 
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Figure 4 - FE-SEM top-view photomicrographs with FFT images and intensity profiles of FFT images for samples anodized in 
0.3M H3PO4 at 160 V and 0°C.  The durations of the first and second anodizing steps were (a) 8 and (b) 40 hr, respectively. 
 
Table 2 - The influence of anodizing time on the average regularity ratio (Ri) for samples anodized in 0.3M H3PO4 at 160 V / 0°C.  

Duration of both anodizing steps (hr) 8 14 20 40 
Ri, (a.u.) 5.21 5.14 7.84 9.61 

 

 
Figure 5 - The effect of the duration of both anodizing steps on (A) the average pore diameter and (B) the interpore distance of 
anodic porous alumina formed in 0.3M H3PO4 at 160 V and 0°C. 
 
The effect of methanol addition 
 
The influence of methanol addition on the regularity of the pore arrangement and structural features of porous anodic alumina 
was studied.  The presence of methanol in the electrolyte allowed a decrease in the anodizing temperature.  For the methanol 
addition amounts studied, the duration of both anodizing steps was 8 hr.  Typical FE-SEM top-views with FFT images and 
intensity profiles are shown in Fig. 6 for samples anodized in a methanol-water mixture (1:4), and (1:1), containing 0.1M H3PO4. 
 
The presence of methanol in the anodizing electrolyte influenced the structural features of porous anodic alumina.  A linear 
decrease in the interpore distance was observed with increasing methanol content.  For the highest methanol content studied, 
the average interpore distance observed was consistent with the predicted theoretical value from Equation 1.  The effect of the 
methanol volume fraction on the regulatory ratio (Ri) is shown in Table 3. 
 
Table 3 - The effect of methanol volume fraction on the regularity ratio (Ri) for samples anodized in a methanol-water mixture 
containing 0.3M H3PO4 at 160 V.  The anodizing temperature was -5°C and the time of both anodizing steps was 8 hr.  
 

Volume fraction of methanol 0 0.20 0.33 0.50 
Ri, (a.u.) 5.21 5.42 7.55 7.77 
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Figure 6 - FE-SEM top-view photomicrographs with FFT images and intensity profiles of FFT images for samples anodized in a 
methanol-water mixture (a,c)(1:4 by volume) and (b) (1:1 by volume) at (a,b) 160 V and (c) 170 V.  The durations of the first and 
second anodizing steps were both 8 hr.  The two-step anodization was carried out at -5°C. 
 
Further studies are required to establish the optimal methanol addition for the typical temperature used for anodizing in 
phosphoric acid, i.e., 1ºC.  Moreover, our attention is also focused on identifying the effect of different solvent additions with low 
boiling points on the structural features of AAO and the uniformity of the porous structure. 
 
Summary and conclusions 
 
Over the past several years, significant progress has been made with regard to structural engineering and surface modification of 
nanoporous AAO material.  Much of this progress has been application-driven.  In this review, we have drawn together 
innovative approaches on controlling and designing the structural growth of AAO with different sizes, arrangements, structures, 
geometries and pore architectures. 
 
Access to these structures is achieved by changing the anodization conditions, such as current, voltage and type of electrolyte 
during electrochemically self-ordering of AAO.  Researchers are also pushing the boundaries of molecular separations using 
AAO with pores of controlled shape and size, internal surface modification and studies of the effects of external parameters such 
as pH, flux concentration gradient and ionic strength. 
 
Increasing anodizing potential and process time, as well as increasing the methanol content in the anodizing electrolyte 
considerably improve the arrangement of pores in AAO.  Excellent consistency between experimental results and theoretical 
predictions of the interpore distance was observed for the longest anodizing time and the highest methanol content studied in the 
anodizing electrolyte.   
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