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Abstract
Nanoporous anodic alumina were fabricated by using aqueous oxalic acid electrolyte via the simple and convenient elec-
trochemical anodization method. The pore formation resulted from the interaction of surface aluminum with the prepared 
electrolyte of 0.3M oxalic acid having pH value less than 5. The phase purity and the morphology of the prepared porous 
alumina were studied by using X-ray diffraction and scanning electron microscopy respectively. Before pore widening, 
aluminum oxide nanopores of average pore size ~ 40 nm were obtained. However, after pore widening, nanopores of aver-
age pore size ~ 64 nm were obtained. For proper understanding of the formation of porous alumina nanopores, formation 
mechanism was discussed in detail by using current density–time spectra.

Keywords  Aluminum oxide · Oxalic acid · Anodization · Current density–time spectra

1  Introduction

Nanostructures of aluminum oxide show various applica-
tions in different areas due to their remarkable properties by 
virtue of their versatile morphology like nanopores, nano-
tubes, nanorods, and nanowires. In particular, anodic alu-
minum oxide has attracted great attention because of its reg-
ular and self-organized arrangement into nanopore structures 
(Chen et al. 2008; Wang et al. 2013; Zaraska et al. 2014; Lee 
and Park 2014). To fabricate ordered porous structures of 
aluminum and aluminum oxide, the electrochemical anodi-
zation method is one of the convenient and suitable methods. 
The anodic aluminum oxide (AAO) structures fabricated 
by this method find applications in advanced research areas 
such as enhancement in fluid permeation (Kasi et al. 2018), 
photocatalytic disinfection of contaminated water (Najma 
et al. 2018), biosensor (Macias et al. 2013), enhancement of 
fluorescence (Song et al. 2018), solar cells (Wu et al. 2017), 
enhancement of photoluminescence (An et al. 2018), corro-
sion resistance (Diggle et al. 1969), surface and structural 

engineering (Jani et al. 2013), and cancer therapy (Vorozht-
sova et al. 2011).

As a result of controllable pore diameter and periodic-
ity, the anodic aluminum oxide (AAO) acts as a template 
(Bocchetta et al. 2008) and, hence, plays an important role 
in fabrication of various nanostructures. The structural char-
acteristics of AAO template are determined by anodizing 
parameters like voltage, anodizing time, anodizing tempera-
ture, inter-electrode separation, etc. (Chahrour et al. 2015; 
Zaraska et al. 2013; Domanska et al. 2018). The homogene-
ity of the resulting nanostructures depends upon the degree 
of ordering in nanopores of AAO and thus provides path to 
synthesize highly ordered nanostructures with high aspect 
ratio, which is difficult to fabricate through conventional 
lithographic process (Sulka 2008). Further, the control in 
the shape and geometry of the nanostructures is important 
and can be obtained by controlled anodization of aluminum 
surfaces in aqueous acids like oxalic acid (Lillo and Losic 
2009a, b; Romero et al. 2012; Stępniowski and Bojar 2011; 
Ding et al. 2005; Zhao et al. 2005; Ateş and Baran 2018), 
sulfuric acid (Lillo and Losic 2009a; Romero et al. 2012; 
Ono and Masuko 2003), phosphoric acid (Brevnov et al. 
2004; Zhang et al. 2010; Zaraska et al. 2010a), etc. Masuda 
and Fukuda reported the two-step anodization of aluminum 
which allowed the fabrication of self-ordered AAO struc-
tures (Masuda and Fukuda 1995; Masuda and Satoh 1996). 
In this process, the disordered AAO formed during first ano-
dization was removed to leave periodic concave features on 
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the surface of aluminum. This nanoconcave structure acts as 
nucleation sites for pore initiation to obtain highly ordered 
arrays in the second step of anodization.

The origin and exact mechanism of pore nucleation is not 
completely known, and to provide deep understanding of the 
formation mechanism, some models have been put forward. 
One model explains the formation of pores in aluminum 
substrate in an electrolyte with pH less than 5, and these 
pores arise from electric field-assisted chemical dissolution 
at the electrolyte/oxide interface and oxide generation at the 
metal/oxide interface (Vrublevsky et al. 2007). Patermara-
kis (2009) reported that pore formation in aluminum arises 
on account of recrystallization of the unstable rare lattice 
of oxide into stable denser nanocrystalline oxide present in 
the oxide layer. Zaraska et al. (2010b) proposed that rate of 
oxide growth slows down due to the presence of Al alloy in 
the sample and also affects structural features like porosity, 
barrier layer thickness, pore diameter, and pore density of 
the forming oxide layer. Further, upward growth of the pore 
wall has recently been explained by Garcia-Vergara et al. 
(2006), where tungsten tracer was placed in oxide layer 
formed by the first step of anodization and motion of tracer 
was monitored, during the second step of anodization, from 
the metal/oxide interface toward the growing wall structure.

In the present work, anodic aluminum oxide nanopores 
are fabricated through a mild anodization method in 0.3M 
oxalic acid at the optimized value of voltage, i.e., 40 V, 
at room temperature. The structures show well-organized 
morphology with an average pore diameter of 40 nm. How-
ever, after pore widening the average diameter is found to 
be 64 nm. The formation mechanism of porous structures 
is analyzed through current density–time spectra. Further, 
the possible formation mechanism of AAO through dissolu-
tion of aluminum, which is governing the growth of porous 
structure, has been described briefly.

2 � Materials

Aluminum foil (99.8% purity), ethanol (C2H6O), acetone 
(C3H6O), oxalic acid (C2H2O4), phosphoric acid (H3PO4), 
chromic acid (H2CrO4), perchloric acid (HClO4), and 
graphite foil (counter electrode) were brought from Sigma-
Aldrich. Further, all the items were of analytical grade 
and these items were directly used without any further 
purification.

3 � Experiment

Porous structures of aluminum were fabricated by a two-
step electrochemical mild anodization technique. The Al foil 
acted as anode, and graphite foil of the same size was used as 

a counter electrode (cathode). The annealed aluminum foil 
having thickness of 0.25 cm was cut into rectangular pieces 
with dimensions (1 cm × 2 cm). Prior to anodization, the 
aluminum foil was subsequently degreased ultrasonically in 
ethanol, acetone, and then in distilled water for 15 min. After 
sonication, the sonicated aluminum foil was dried for 12 h 
at room temperature and electrochemically polished under 
the constant voltage of 10 V in an electrolyte containing 
mixture of perchloric acid (60 wt%) and ethanol for 1 min. 
Electro-polished foils were cleaned in de-ionized water and 
acetone and then allowed to dry at room temperature. The 
first step of anodization was carried by mounting aluminum 
foil (sample) in an electrolyte containing 0.3M oxalic acid 
(C2H2O4) under constant stirring and potentiostatic condi-
tions of 40 V at the room temperature for 1 h. An irregular 
oxide layer on aluminum substrate was removed by immers-
ing the sample in the mixture of 5 wt% phosphoric acid and 
2 wt% chromic acid for 1 h at 60 °C. After removal of the 
irregular oxide layer, Al sample was washed with de-ionized 
water and acetone and then dried to perform the second step 
of anodization. The second step of anodization was carried 
out under the same conditions as in the first step for 30 min. 
After the second step of anodization, the prepared aluminum 
sample was immersed in 5 wt% phosphoric acid for widen-
ing of nanopores at 30 °C.

The morphology and structural properties of porous 
anodic alumina were confirmed by using scanning electron 
microscopy (SEM, HITACHI S-3600N, Japan) and X-ray 
diffraction techniques (Aeris, Panalytical XRD, using Cu-Kα 
radiation of wavelength, λ = 0.154 nm).

4 � Results and Discussion

Figure 1 shows X-ray diffraction (XRD) of prepared ano-
dized AAO sample and plane aluminum foil. The XRD 
spectra of both anodized aluminum and plane aluminum 
show diffraction peaks at the same value of 2θ; however, 
intensity of peaks decreases due to anodization.XRD spec-
tra show four characteristic peaks with 2θ values 38.26°, 
44.38°, 64.80°, and 77.92° which correspond to (111), (200), 
(220), and (311) planes of aluminum, respectively, pointing 
no diffraction peaks of aluminum oxide but only peaks of 
aluminum. Hence, it is concluded that due to electrochemi-
cal anodization, the aluminum foil retains its initial state and 
did not go through phase transformation.

The first step of anodization in 0.3M oxalic acid for 1 h at 
room temperature results in the formation of unsymmetrical 
nanopores. These unsymmetrical nanopores are removed by 
mounting the anodized aluminum substrate in a mixture of 
phosphoric acid and chromic acid at 60 °C. The purpose to 
remove yellowish layer from the first anodized foil is the 
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formation of nanoconcave structure on foil which in turn 
acts as template for the second step.

Figure 2a shows top view of the SEM images of AAO 
surface after the second step of anodization and Fig. 2b 
shows top view of AAO after pore widening at different 
resolution values. Well-defined nanopores with an average 
pore diameter of nearly 40 nm are obtained through two-
step electrochemical mild anodization, and pore widening 

in phosphoric acid results in the formation of nanopores of 
average diameter of nearly 64 nm.

During anodization of aluminum, two boundaries are 
formed. The first boundary is between aluminum metal and 
oxide formed, and the second boundary is between oxide 
and electrolyte, i.e., oxide/electrolyte interface (Patermarakis 
2009). Initially, when potential difference is created between 
electrodes the movement of Al3+ takes place from the metal 
through the aluminum/oxide interface (Patermarakis 1998). 
Simultaneously, movement of O2

− from water into oxide layer 
takes place through oxide/electrolyte interface. Most of the 
Al3+ and O2

− ions combine, which leads to the formation of 
barrier oxide layer, and the remaining Al3+ ions are dissolved 
into the electrolyte (Shawaqfeh and Baltus 1999). The barrier 
layer continuously develops, which results in growth of semi-
spherical oxide layer of constant thickness which in turn forms 
the pore bottom.

The anodic aluminum dissolution, which leads to the for-
mation of porous oxide layer, can be written as (Poinern et al. 
2011; Naikoo et al. 2015; Naikoo et al. 2014; Dar and Shah 
2018a, b):

Similarly, the reaction that takes place at the cathode is 
given as:

2Al → 2Al
3+

+ 6e
−

6H
+
+ 6e

−
→ 3H

2

Fig. 1   XRD pattern of plane aluminum foil and anodic aluminum foil

Fig. 2   Top view of AAO: a second step of anodization and b pore widening
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At the aluminum/oxide interface, oxygen anions react 
with aluminum through the reaction:

Similarly, aluminum ions react with water at the oxide/
electrolyte interface as:

Overall reactions of the anodization process can be rep-
resented as:

Hence, pore base oxide layer is formed on account of 
balance between field-assisted oxide dissolution at the 
oxide/electrolyte interface and the oxide growth at the 
aluminum/oxide interface.

The formation of porous alumina takes various stages that 
are observed by monitoring the dependence of current on 
time under potentiostatic conditions. Graphically, these stages 
are shown in Fig. 3, and the corresponding possible formation 
mechanism at different stages is described schematically in 
Fig. 4. In Stage-1, when bias voltage is switched on, cur-
rent starts decreasing with time until minima are reached and 
growth of oxide layer takes place on the surface of Al foil. 
In Stage-2, current increases and some cracks are exposed, 
which leads to the formation of pores. In Stage-3, current 
decreases again and enlargement of cracks is observed 
through barrier oxide. In Stage-4, current remains almost 
constant and further anodization results self-assembled and 
highly ordered porous structure having cylindrical cells and 
pores at the centers.  

2Al + 3O
−

2
→ Al

2
O

3
+ 6e

−

2Al
3+

+ 3H
2
O → Al

2
O

3
+ 6H

+

2Al + 3H
2
O → Al

2
O

3
+ 3H

2

5 � Conclusion

Anodic aluminum oxide (AAO) porous structures were suc-
cessfully fabricated through electrochemical anodization 
method. The following conclusion were drawn: (1) Main-
taining pH value of oxalic acid electrolyte less than 5 played 
a favorable role in the fabrication of porous alumina. (2) The 
first step of anodization led to the formation of unsymmetri-
cal porous structures of aluminum which acted as template 
for the second step of anodization. (3) The second step of 
anodization led to the formation of self-assembled and self-
ordered anodic alumina of average pore size of  ~ 40 nm. (4) 
XRD spectra reveal that aluminum substrate did not experi-
ence any phase transformation due to anodization although 
the intensity of peaks decreases on account of anodization. 
(5) Current density–time spectra indicate at the final stage 
current remains constant and is consistent with the theoreti-
cal models of mild anodization of aluminum.
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