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Understanding of pore formation in porous anodic alumina is prerequisite for realizing its potential applications
in the field of nanofabrication. Here, we explored the impurity-driven pore formation of porous anodic alumina
via a two-step anodization process in acid solution with various applied voltages. We varied the purity of Al foil,
and found that the branching and bending of pores displayed by low-purity Al foils are originated from an elec-
tric-field imbalance that results from the presence of impurities. Also, the pore formation mechanism and char-
acteristic geometry induced by the impurities within the Al foil were investigated using experimental and

© 2016 Elsevier B.V. All rights reserved.

Owing to the unique self-ordering properties in nanometer scale,
porous anodic aluminum oxide (AAO), typically formed by the electro-
chemical oxidation of Al in acidic solutions, has been extensively inves-
tigated for application in the field of nanofabrication [1-3]. It is
generally believed that the anodization current during the steady-
state growth of the porous film is mainly related to the movement of
ionic species (AI**, 0%, and OH") through the oxide layer at the bottom
of the pores for the pore formation. While A> ™ ions are directly injected
into the electrolyte, the oxide film is formed at the metal/oxide inter-
face, due to the migration of OH/0? species. As a result of the incorpo-
ration of the electrolyte species, an anion-contaminated layer is formed
[4-7]. This field-assisted dissolution model suggests that the develop-
ment of a porous film results from the equilibrium established between
the formation of the oxide at the metal/oxide interface and the field-en-
hanced dissolution at the oxide/electrolyte interface [8,9]. The evolution
and development of porous films arise from the viscous flow of alumina
from the bottom of the pores toward the cell walls, which is driven by
film growth [4,5].

A porous anodic alumina film with hexagonally close-packed pores
is typically obtained through a self-organized two-step anodization pro-
cess [10]. The stress placed on the anodic film during pore formation is
evenly distributed over the entire film area [11,12]; consequently, the
resulting porous film exhibits a self-ordered, hexagonal close packing
of the pores. And, the characteristic parameters of porous anodic alumi-
na, such as pore diameter (D,), inter-pore distance, and oxide-film
thickness can be controlled by adjusting the anodizing conditions,
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including the type of electrolyte, temperature, applied potential, current
density, and duration of the first anodization process [13-18]. Addition-
ally, the anodization response is highly dependent on the purity of the
Al foil employed; impurities contained within the Al foil can change
the flow of ions during the electrochemical reactions that lead to pore
formation [19-24]. Recent studies have investigated the migration of
anion species into the oxide film formed on the surface of the Al sub-
strate during anodization that leads to a considerable accumulation of
impurities in the barrier layer [21]. The local accumulation of alloying el-
ements in a given region of the metal/oxide interface can change the
local rates of pore formation [19,20]. Moreover, it has been reported
that impurities at the metal/oxide interface—the primary location of
oxide growth—may inhibit the formation of the aluminum oxide [21,
22]. Consequently, changes in the oxidation reactions due to impurities
can ultimately result in the formation of non-uniform oxidation cracks
and flaws on the film surface [24].

In this work, we present a comparative study of the characteristic ge-
ometry of porous anodic alumina films prepared from three Al foils of
different purity (99.999%, 99.5%, and 99.0%) via a two-step anodization
process in oxalic acid solution at various applied voltages. To explore the
effect of impurities in low-purity Al foil on the electrochemical reaction
rates, oxidation, and dissolution, we investigated the structural features
of the anodic alumina films using experiments and simulation models to
confirm the growth mechanism induced by the impurities within the Al
foil.

To fabricate a porous alumina membrane, three types of Al foils of
different purity (99999% (A]gg.ggg), 99.5% (A199_5), and 99.0% (Algg_o))
were anodized via a two-step process in 0.3 M oxalic acid solution at
an applied voltage of 40 V and a temperature of 10 °C (see the experi-
mental details in supplementary information). The scanning electron
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microscopy (SEM) images in Fig. 1a-c show that the anodized alumina
film obtained from Algg 999 has a hexagonally ordered pore array with
most of the pores being circular in shape, but, when the Al purity is re-
duced, the array regularity and the circularity of the pores are degraded.
In particular, anodized alumina film using Algg o exhibits a disordered
pore array featuring distinctly non-circular pore shapes; these appear
to overlap with adjacent pores, resulting in a sub-pore structure along-
side the main pore array.

Previous studies have shown that the presence of impurities can in-
fluence the local rates of oxidation and consequently affect the oxide
morphology [19,20]. Interestingly, even a tiny amount of impurities in
the Al foil can exert a strong effect on the alumina film morphology, in-
cluding defects, Dy, and film thickness. Here, we define defects as the ir-
regular pores, which are not circular. As the purity of the Al foil
decreased, the defect percentage increased (Fig. S1a) and the D, values
decreased (Fig. S1b). The alumina film resulting from the anodization of
Algg o showed a high defect percentage of ~60%, a slightly smaller pore
diameter of ~41 nm, and a relatively large standard deviation as a con-
sequence of a greater number of elliptical pores. Generally, for anodiza-
tion with a conventional potentiostatic system, the D, values of an
anodic alumina film increase linearly with the applied potential, at a
rate of ~0.9 nm V~! [25]. However, the present study indicates that
the Dy, values can be also affected by the purity of the employed Al
foil. The final morphology of the alumina films depends on the impuri-
ties, which introduce disordered pore arrays and non-uniform pore
shapes, resulting in an irregular D, The occluded impurities in the Al
foil induce an unbalanced local chemical reaction rate [19,20], which
triggers disordered pore formation and causes the formation of defects
in the alumina film; this in turn reduces its growth rate. The side-view
SEM images of the alumina films with different impurity (insets of Fig.
1a-c) confirm the changes in film thickness, which shows the alumina
film thickness after anodization as a function of the purity of the Al
foil. In particular, the thickness of the anodized film decreased from
2.07 pum for Algg 999 to 1.78 pum for Algg o (Fig. S1c). Therefore, it supports
that the presence of impurities at the metal/oxide interface can effec-
tively retard the growth of the oxide. Impurities in the Al foils may not
be evenly distributed, and can aggregate to form “islands of impurities”.

In order to confirm this hypothesis, low-magnification SEM images
of the anodized alumina samples were analyzed. In particular, the top-
view image of the anodized alumina film obtained with Algg o reveals
a large number of defects as well as a putative lump of impurity (Figs.
1d and S2). Energy-dispersive X-ray spectroscopy (EDX) mapping
data shows that the main impurity components of this “island of impu-
rities” are Si and Fe, which are concentrated in the tubular island; this
suggests that the occluded impurities can block the electrochemical re-
actions related to the pore formation. These findings indicate that impu-
rities are locally distributed and can trigger a change in the anodic
alumina formation [24].

In the side-view image of the alumina film displayed in Fig. 1f, a very
large void (white arrow), which corresponds to a defect, can be ob-
served. We can thus assume that the impurities are degraded on the an-
odic alumina film and have a significant effect on local pore
morphologies, thereby inducing transformations in the pore structure.
Moreover, if located inside the bulk Al, the impurities can affect the for-
mation of a straight pore channel. Fig. 1e-f shows the directions along
which pores were formed on porous alumina films prepared with Al
foils of different purity. Anodized films derived from the low-purity
Algg o foils exhibited tilted arrays of pore channels progressed along a
specific direction to avoid the impurity [26], while the high-purity
Algg 909 foil showed an upright pore channel perpendicular to the bulk
Al; this behavior may be due to the local position of the impurities. In
this study, these impurity driven branching and transformation of
pore arrays have often been observed at the pore bottom even after an-
odizing for 10 h.

Based on our initial results and preliminary hypotheses, we then in-
vestigated the effect of the electric field as the main driving force on the
pore growth during anodization as well as the effect of the impurities on
the direction of the electric field. The branched pore-growth mechanism
in the impurity-laden film was investigated with an ion-current simula-
tion model [4,24,27]. Anodization during the steady-state growth of the
porous alumina involves a cross transport of ionic species for pore for-
mation. Fig. 2a-c shows the simulated electric-field distribution and
ionic-current density, based on the geometric parameter of produced
pore channel (Fig. S3). It is seen that a small lump of impurities (circle)

Fig. 1. SEM images of porous anodic alumina anodized using Al foils of different purity: (a) 99.999%, (b) 99.5%, and (c) 99.0%. Insets show side-view SEM images of the corresponding
alumina films. (d) Top-view SEM image of the porous alumina anodized using 99.0% Al foils. Inset shows EDX analysis of the impurity composition in the area outlined by the white
square. (e, f) Side-view SEM images of porous anodic alumina anodized using (e) 99.999% and (f) 99.0% Al foil, respectively. White arrows indicate the direction of pore arrays.
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Fig. 2. (a)-(c): Time-dependent electric field (color) and current-density (black arrows) distribution in the aluminum oxide with the Si impurity (red circle). (d) Side-view SEM image of a
branched pore induced by impurities during anodization. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

in the Al film significantly affects the nearby electric field and ion cur-
rents because the impurity blocks the ionic movement, and the ions
must therefore detour around the impurity. Interestingly, the oxide for-
mation rate, which is related to the current density, changes locally near
the impurity. That is to say, the rate is reduced immediately in front of
the impurity, while it is enhanced at the pore center. The Al oxide for-
mation (i.e., the volume expansion) is enhanced in the region with a
higher electric field, while the oxide dissolution is predominant in the
region in front of the impurity, because the ion flow is blocked by the
impurity. Thus, the simulation results in Fig. 2a suggest an intermediate
geometry as shown in Fig. 2b. As the oxide solvates in front of the impu-
rity, the thickness of the oxide film is reduced. Indeed, the SEM image in
Fig. 1f shows that when the large impurity is exposed to the electrolyte,
it quickly dissolves due to the electric field. This leads to the formation of
branched-pore geometries (Fig. 2¢). The final shape is consistent with
the SEM images of the porous alumina in Fig. 2d. The present simulation

confirms that the branched pores are formed alongside the main pore
channel because of the imbalanced electric field induced by the
impurity.

The local variation of the electric field induced by impurities can af-
fect the pore formation during anodization. Furthermore, the electric
field can be adjusted according to the applied potential [28,29]. To ex-
plore the local variation of the electric field depended on applied voltage
during anodization, different voltages were applied to the Al foils of dif-
ferent purity. The size of the hexagonal cells and thus D,, increased when
the applied voltage was increased (Fig. S4). For instance, the D, values at
an applied voltage of 50 V were larger than those at 30 V (Fig. 3a). As ob-
served in the porous alumina obtained at an applied voltage of 40 V (Fig.
S1), impurities have a strong influence on pore geometries and diame-
ter. For instance, D, in the anodized Algoo was relatively small
(~30 nm at 30 V, and ~50 nm at 50 V), with a large standard deviation
due to the high degree of defect percentage (~61% at 30 V, and ~52% at
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Fig. 3. Characteristic parameters of porous anodic alumina anodized using Al foils of different purity: (a) pore diameter, (b) defect (%), and (c) current density. (d) Electric-field distribution
in the oxide with Si impurities. Electric-field distribution as a function of position along the (e) x-direction and (f) y-direction in (d), plotted for three different voltage.
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50 V; Fig. 3a and b, respectively). Fig. 3c shows the current density as a
function of time under a constant voltage (30 and 50 V) for the Al foils of
different purity. Typically, the current density increases linearly with
the applied voltage under the same experimental conditions; thus, the
alumina films anodized at 50 V have a larger value. According to recent
studies, the alloying elements can strongly affect the field-assisted dis-
solution of the oxide and the ionic resistivity of the oxide film; thus,
the recorded steady-state current density is lower than that of pure Al
[20]. The minimum of the current-density curve (at the beginning of
the process) shows the growth of the compact and highly resistant
oxide layer on Al, while the maximum (local increase after the mini-
mum value) is a consequence of the rapid transformation of the com-
pact layer to porous alumina, followed by a rearrangement of the
pores on the surface [20]. Anodic alumina prepared from Algg 5 and
Algg o at 50 V showed a shoulder at the maximum value (~2 min), indi-
cating that impurities interrupt the rearrangement of pores during self-
ordering. As a result, disordered-pore arrays were obtained in anodic
films prepared from Algg 5 and Algg . The minimum current density re-
quired for Algg g is lower because the impurities hinder the growth of
the highly resistant oxide layer.

Furthermore, the defect-percentage trend can be explained in terms
of current density. Significant differences in the current density did not
clearly depend on the Al purity at 30 V; in contrast, drastic changes in
the current density appeared at 50 V for Algg o. The difference in defect
percentage between Algg 999 and Algg ¢ at 30 V was ~31%; this increased
to ~39% at 50 V. This behavior may be caused by the difference in the
electric potentials between 30 and 50 V. We thus suggest that impuri-
ties can exert a greater effect at lower electric field, because the driving
force for a straight-pore formation is lacking. Accordingly, the effect of
the impurities on Al anodized at 30 V was stronger. We suggest that
the defect percentage observed at 30 V is higher in all anodic alumina
films (Fig. 3b), indicating that even a lower applied voltage may have
a significant influence on the effect of the impurities. However, the larg-
est difference between Algg 5 and Algg g at 50 V is caused by the low cur-
rent density in Algg o; this indicates that the anodic alumina anodized at
50 V is less sensitive to impurities and its critical purity is in-between
Algg 5 and Algg o. Hence, impurities in the anodized alumina prepared
from Algg 5 exert a milder effect due to the high critical point at 50 V. No-
tably, the dependence of the electric-field distribution on the potential
observed in the simulation supports the experimental results (Fig. 3d-
f). In particular, we compared the electric-field distributions under var-
ious voltages along the x-direction (Fig. 3e) and y-direction (Fig. 3f). The
different field distribution of the electric field is larger at 50 V than at
30V, which is consistent with the experimental results. Considering
the electric field requested for a straight-pore formation, these simula-
tion data support that the straight-pore formation is limited at lower
electric fields or lower voltages. Thus, our data, obtained from Algg 5
and Algg g at low applied voltage, confirm that pore formation is strongly
affected by the impurities included in bulk Al. The impurities can affect
the electric-field distribution, thereby inducing a branched-pore
formation.

In summary, porous anodic alumina membranes fabricated from
three types of Al foils with different purities (99.999%, 99.5%, and
99.0%) have been investigated using SEM imaging, EDX analysis, and
simulations. The impurities in the Al foil have been shown to affect
the process of pore formation; the percentage of defective pores in-
creases proportionally with the impurity ratio. In addition, D, values
were smaller in lower-purity Al foils, and the standard deviation of D,
was larger. Moreover, impurities were confirmed to prevent pore for-
mation; as a result, a reduced film thickness was obtained when using
low-purity foils. The EDX analysis confirmed that the main components
of the impurities are Si and Fe. The occluded impurities, which are

located both on the surface and in the interior of the anodic alumina
films, were observed to alter the original Al anodization flow pathway;
moreover, impurities located inside the foil induced changes in the
pore-formation process, resulting in the formation of more tilted
pores. Finally, we showed that the purity of Al foils exerts a significant
influence on the morphology of the alumina film, resulting in the forma-
tion of branched and tilted pores in the membrane. We believe that our
impurity-driven pore formation approach provides important insights
into the role of electric-field distribution in the fabrication of porous an-
odic alumina and a conceptual framework for the design and engineer-
ing the contact interface between biological cells and nanostructured
materials.
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ages, and EDX data for the impurity-driven pore formation in porous an-
odic alumina. Supplementary data related to this article can be found at
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