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ABSTRACT: Self-ordering degree of anodic alumina nanopores is related to the
volume expansion of the aluminum oxide. However, little is known about how the ionic
species derived from electrolyte affect parameters inducing self-ordering of the
nanopores. The influence of sulfur incorporation into nanoporous anodic aluminum
oxide (AAO) films on volume expansion and self-ordering degree has been investigated
under potentiostatic conditions (14−25 V) in different sulfuric acid electrolytes (3−20
wt %), the average current densities of each anodization being in the range of 0.1−10
mA cm−2. Rutherford backscattering spectroscopy (RBS) reveals that the incorporation
of sulfur species into AAO, as well as the volume expansion factor (VEF), follows a
logarithmic dependence on the average current density regardless of the applied voltage
and sulfuric acid concentration. The relationship between volume expansion and the S/
Al ratio is linear for each concentration of acid in the electrolyte. Furthermore, self-ordering regimes are also revealed for each
acid concentration at VEF in the range of 1.50−1.66. We suggest that plasticity, enhanced by sulfur incorporation,
counterbalances the high mechanical stress generated by volume expansion, thus inducing new self-ordering regimes. These new
regimes are dependent not only on VEF but also on a subtle equilibrium between stress and plasticity of the nanoporous AAO
films.

1. INTRODUCTION

Nanostructured metal oxides are abundant and low-cost
materials that find applications in various field such as
electronics, catalysis, batteries, supercapacitors, and solar energy
conversion.1−3 The most common materials used for these
applications are based on transition metal oxides.4−6 Anodiza-
tion is a cost-efficient method to grow nanostructures based on
these materials for energy applications.7−9 Recent studies on
the formation of nanostructured anodic aluminum oxide
(AAO) films underpin the importance, variety, and complexity
of the growth mechanism when a wide range of experimental
conditions are available.10 Nanostructured AAO films are being
applied in multiple fields as biosensors,11,12 optical sensors,13,14

magneto-thermoelectric and magneto-caloric materials,15,16 and
the study of magnetic properties of nanowires.17−19 Therefore,
it is of utmost importance to develop new methods to design
novel forms of nanostructured AAO films by controlling their
growth mechanism.20−22

As-grown anodic alumina possesses an amorphous structure.
Nanoporous AAO is composed by barrier layer, cylindrical

nanochannels perpendicularly oriented to the surface and
parallel among them with, ideally, an hexagonal arrangement.23

Alumina formation takes place under different elementary
reactions at the metal-oxide and oxide-electrolyte interfaces by
ion migration (Al3+ outward and O2− or OH− inward) within
the barrier layer.24,25 Ion migration, together with the formation
of pores, is governed by the electric field generated through the
barrier layer.26,27 Anion incorporation coming from different
electrolytes into the alumina matrices has long been the focus
of intense research.28,29 More recently, the growth mechanisms
of anodic alumina have been investigated by Garciá-Vergara et
al. in a series of publications.30−32 It has been shown that
anodization parameters such as current density, anodizing
voltage, and temperature affect the quantity of incorporated
anions coming from the electrolyte.33−35 The incorporation of
anionic species influences macroscopic properties such as
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photoluminescence36,37 or elasticity.38 On the other hand,
volume expansion during anodization plays a crucial role in the
growth and morphology of nanoporous AAO films. Ideally,
volume expansion can be quantified by the Pilling-Bedworth
ratio (PBR). The PBR is the ratio between the volume of oxide
and the volume of metal (here aluminum) from which the
oxide is grown, taking into account the oxide density and its
molecular weight. These values are difficult to determine
precisely due to impurities incorporated into the nanoporous
AAO films. Therefore, the volume expansion is determined by
the ratio between the thickness of the nanoporous AAO film
and the thickness of aluminum necessary for the film formation.
In addition, some works have studied the evolution of the
volume expansion factor regarding current density, anodization
temperature, and electrolytic solutions.39−44 Volume expansion
of nanoporous AAO films has been studied as a determining
factor for nanoporous self-ordering conditions.45 The value of
the volume expansion factor required for achieving self-ordered
nanoporous has been reported to be between 1.2 and 1.4
independently on the acidic electrolyte.46,47 Quantification of
the self-ordering degree is a very important task in order to
understand the formation mechanism of hexagonal ordered
structures. The quantification of the self-ordering degree is
possible by using tools to evaluate self-ordering of nanopores
based on pair distribution and self-correlation functions.48−53

Recently, several works have studied the formation of ordered
nanopore arrays in anodic alumina.54,55

In this work, we have focused our attention to the influence
of sulfuric acid solutions with different concentration (3−20 wt
%) as electrolytes under different applied voltages (14−25 V)
in the growth of nanoporous AAO films. Thus, we start
reporting a detailed study of sulfur incorporation in the bulk
alumina. We also have calculated the growth rate, volume
expansion behavior, and formation efficiency in the fabrication
of these porous materials under different experimental
conditions. The results achieved about the control of several
significant fabrication parameters will allow us to evaluate some
features such as self-ordering arrangements, which are nowa-
days not discussed enough in the literature.

2. EXPERIMENTAL SECTION
Aluminum discs (99.999%, Goodfellow) of 2.5 cm diameter are
degreased by sonicating during 5 min in acetone, ethanol, and
diwater in sequential order. Right after, aluminum discs are
electropolished in a 25% HClO4 and 75% EtOH mixture under
20 V of applied voltage, during 3 min at temperature around 10
°C and vigorous stirring. Aluminum discs are anodized by
means of a two-step potentiostatic anodization process
described elsewhere.56 These processes are carried out in a
homemade Teflon electrochemical cell. This cell is provided
with a cooling chamber allowing continuous flow of cooling
liquid at constant temperature of 0 °C in order to keep a
uniform temperature during the anodization processes. The
cathode is constituted by a net of platinum wire placed at 1 cm
from the anode. This setup ensures a uniform electric field on
the surface of the substrate. Aluminum discs are anodized in
different sulfuric acid, H2SO4, electrolytes with concentrations
of 3, 10, and 20 wt % (A, B, and C series, respectively). The
applied anodization voltages are 25, 20, 17, and 14 V for each
electrolyte during 16 h for the first anodization. Next, the
resulting nanoporous AAO film is chemically removed as
described elsewhere.57 The second anodization is carried out
during 150 min for A series and 20 min for B and C series. The

same constant stirring rate is applied during all the anodization
processes. These experimental parameters and sample labels are
summarized in Table 1. The current densities are registered for

each sample. The top surfaces of the different samples are
analyzed by high-resolution scanning electron microscopy
(Philips XL-30, FEG-HRSEM).
Rutherford backscattering spectrometry (RBS) experiments

were carried out in the 5 MV tandem accelerator at the
Microanalysis Centre of Materials (CMAM).58 Helium ions,
He+, at 3035 eV are used to receive the RBS spectra (oxygen
resonance conditions). The spectra are simulated with
SIMNRA.59

3. RESULTS AND DISCUSSION
3.1. Current Density Analysis. The evolution of the

current densities for each given anodization voltage reaches a
steady state. The steady state is associated with homogeneous
growth in mild anodization conditions.60 However, the current
densities evolution for samples B25 and C25 are nonuniform
and very high. These behaviors of the current densities leads to
an effect called “white burning”,61 which induces mechanical
instabilities in the nanoporous AAO films. The average current
densities (jAVG) registered for the A, B, and C series have been
plotted in Figure S1. The average current densities for each
anodization process are always below 10 mA/cm2. The typical
exponential dependende of the current density under high-field
conditions on the applied voltage can be observed (Figure
S1).62 This behavior is associated with the transfer of ions and
the potential drop through the barrier layer following the
equation associated with high-field conduction theory,26 j = j0
exp (βΔU/dBL), where j0 and β are constants which depend on
the material, j represents current density, ΔU is the anodizing
voltage, and dBL is the thickness of the barrier layer. At the same
time, the average current densities increase for each electrolyte
concentration (3, 10, and 20 wt %) at a given applied voltage.

3.2. RBS Analysis. The signals of sulfur, oxygen, and
aluminum elements are identified in all spectra. Wide spectrum
from sample A25 is shown in Figure 1a. The edges found at
1840, 1700, and 1100 eV correspond to sulfur, aluminum, and
oxygen elements, respectively.
A magnification of the RBS signal on the region of the S edge

shows the detected quantity for samples anodized at 25 V in
electrolytes with sulfuric acid concentration of 3, 10, and 20 wt
% (Figure 1b). The same magnification of RBS signal for
samples anodized at 20, 17, and 14 V, respectively, are
presented in Figure S2. For each given anodization voltage (25,
20, 17, or 14 V), the concentration of sulfur atoms embedded
into the nanoporous AAO film increase with the concentration
of sulfuric acid used in the anodization process (3, 10, and 20
wt % H2SO4). On the other hand, there are no significant
variations on the concentration of Al and O nuclei detected. If
the sulfur signals are compared among them as a function of the

Table 1. Sample Labels as a Function of Acid Concentration
of the Electrolyte and Applied Voltages during the
Anodization Process

applied voltages (V)

sample series [H2SO4] (wt %) 25 20 17 14

A 3 A25 A20 A17 A14
B 10 B25 B20 B17 B14
C 20 C25 C20 C17 C14
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applied voltages (i.e., for a given electrolyte concentration used
during anodization) then the quantity of nuclei detected
decreases together with the anodization voltage. It is well-
known that the anionic species coming from the electrolyte are
not homogeneously incorporated to the alumina matrix.26,63

Patermarakis et al. also showed a bell-like distribution of
anionic impurities in the barrier layer, wall cell, and along the
thickness of the film.64,65 The RBS spectra shown in Figure 1b
is possible to observe an abrupt increase of the sulfur nuclei as
an energy decrease from 1850 to 1825 keV, which is attributed
to the ions backscattered on the very surface of the sample. In
addition, a slight increase of sulfur nuclei concentration could
be possible to interpret as an energy decrease from 1825 to
1775 keV. In this range of energies, we also have to take into
account the roughness of the surface with the ridges of the
pores on the surface. However, the scope of the RBS analysis of
this work is to calculate an average quantity of sulfur nuclei
concentration for each sample. Therefore, we can assume a
uniform distribution of sulfur nuclei throughout the thickness
of the sample for the simulation of the RBS spectra.
The ratio between normalized concentration of sulfur and

aluminum embedded in the nanoporous AAO films and its
dependence on the applied voltage and average current
densities of the anodization processes is shown in Figure 2.
The ratio [S]/[Al] has a linear dependence on the applied
voltage during the anodization Figure 2a. The incorporation of
sulfur to nanoporous AAO films regarding aluminum content
increases linearly with the applied voltage. The linear

dependence of anion incorporation with the applied voltage
is also confirmed for oxalic electrolytes in other works.66 It is
also observed that the ratio [S]/[Al] increases as a function of
sulfuric acid concentration of the electrolyte. These results can
be explained by the increase of current density, and it is related
to the high-field conduction theory. The ratio [S]/[Al] has a
linear dependence with the voltage, hence also with the electric
field. Therefore, following the equation of high-field conduction
theory, the current density would have an exponential
dependence on the [S]/[Al] ratio. However, from the
thermodynamical point of view, the incorporation of sulfur
into the nanoporous AAO film is a consequence of the current
density (i.e., actually the [S]/[Al] ratio depends on the current
density). In Figure 2b, the [S]/[Al] ratio is presented as a
function of the current density. The evolution of the [S]/[Al]
ratio with the current density shows a dependence which is
proportional to the logarithm of the current density and
satisfies the general relation y = a + b × ln (x + c), where in this
case, y is [S]/[Al], x is current density (j), a and b are material
dependent constants, and c is a constant current density (j0).
From the fitting of the curve, it is possible to say that the sulfur
incorporation regarding aluminum atoms in the alumina follows
this equation: [S]/[Al] = 0.05 + 0.026 × ln (j + 0.97). The
anion incorporation derived from the electrolyte (in this case,
SO4

−), as well as oxygen containing anions (O2− and OH−),
moves inward through the electrolyte/oxide and oxide/metal
interface. This anion migration is governed by the electric field
generated at the barrier layer of the nanoporous AAO.67

The above result agrees with other studies where the
incorporation of SO4

−2 anions occur mainly in the linked
form.29 This incorporation has its origin in the barrier layer

Figure 1. Rutherford backscattering spectroscopy (RBS) spectra for
(a) nanoporous AAO from sample A25 and its simulated signal (blue
line). The signals from sulfur, aluminum, and oxygen arising from the
nanoporous AAO film are indicated as SAAO, AlAAO, and OAAO,
respectively. (b) Close-up representation in the 1700−1850 keV
energy range of the RBS spectra of S nuclei embedded in the
nanoporous AAO films from the A, B, and C sample series (blue, red,
and green, respectively) and their corresponding simulated spectra
(plain lines). The nanoporous AAO films are grown under anodization
voltages of 25 V.

Figure 2. Ratio of normalized sulfur and aluminum concentrations
embedded into the nanoporous AAO films for 3 (blue), 10 (red), and
20 (green) wt % H2SO4 and their dependence upon (a) the applied
voltage and (b) the average current density (inset: scheme of top view
and cross section of S/Al content and distribution in the alumina
cells).
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conversion to the porous alumina formation. During the steady
state growth, the anionic species derived from the electrolyte
are incorporated to the outer layer of the alumina matrix at the
electrolyte/oxide interface, as shown in the inset of Figure 2b.
Step̨niowsky et al. also observed that the mentioned areas of
alumina depend on the region and the interface where different
reactions take place during the formation of alumina allowing
the incorporation of sulfate ions.68

3.3. Growth Rates. Growth rates of nanoporous AAO films
are calculated by direct measurement of the thickness of each
film from SEM cross sectional view images (Table S1) and
dividing by a second anodization time. The growth process for
samples B25 and C25 is not uniform, so it is not possible to
establish the growth rates for them. Growth rates are presented
as a function of the applied voltage during the anodization and
their respective average current densities (Figure S3).
The growth rates of nanoporous AAO increase together with

the electrolyte concentration and applied voltages. More
specifically, there is an exponential dependence of the growth
rate with the applied voltage (Figure S3a). On the other hand, a
linear dependence of the growth rates on the average current
densities of each sample is observed (Figure S3b). The same
exponential dependence on the applied voltage is observed for
the growth rates (Figure S3a) and the average current densities
(Figure S1). Therefore, there must be a linear dependence
between the growth rates and the average current densities as
shown in Figure S3b. Consequently, the incorporation of
sulfate ions to nanoporous AAO films has exactly the same
dependence on the growth rate than on the average current
density as shown in Figure 2b. The slopes of the linear fit of the
three segments correspond to the three different electrolyte
concentrations (Figure S3b). The increase of the slope for each
segment belonging to each electrolyte concentration implies a
higher alumina yield during the anodization processes. Hence,
it would be possible to infer that there is an increasing tendency
on the volume expansion factor of the nanoporous AAO films
and efficiency on the anodization process.
3.4. Volume Expansion Factor. The volume expansion

factor is evaluated as the ratio between the thickness of the
nanoporous AAO film generated from the anodized aluminum
atoms and the thickness of consumed aluminum film during the
process. In order to calculate the thickness of consumed Al
during the anodization process we use the Faraday’s Law for
electrolysis in terms of thickness (eq 1).

σ ρ× =
F z

h
At W

Al
Al

(1)

where σ is the charge density, F is the Faraday’s constant, AtWAl

is the atomic weight of aluminum, z is the valence number, ρAl
is the aluminum density, and h is the thickness of consumed
aluminum. It can be assumed that on the aluminum electrode
only aluminum ions (Al3+) are generated during the
anodization process. The values of the charge density and
thickness of consumed aluminum and nanoporous AAO films
are presented in Table S1. Volume expansion factor values
obtained from the calculations are presented in Figure 3.
The volume expansion factor of the prepared nanoporous

AAO films range from 1.29 up to 1.66. The volume expansion
factor has a linear dependence with the applied voltage (Figure
3a). This behavior is supported by other results obtained in
sulfuric and oxalic acid by Vrublevsky et al.39,40 Figure 3a also
shows that the volume expansion factor increases with the

sulfuric acid electrolyte concentration (3, 10, and 20 wt %).
The linear increase of the volume expansion factor is common
to all the electrolyte concentrations, and the slope values of the
linear fits decrease as the electrolyte concentration increases
(Table 2). In order to have a general view of the volume
expansion factor in sulfuric acid based electrolytes, our results
are compared with other values obtained in different works
under both potentiostatic and galvanostatic conditions (Table
2).
It is well-known that the temperature of the anodization

process is a key factor to achieve self-ordering conditions.69−72

However, we have observed that temperature has a slight effect
on the volume expansion of alumina independently whether the
process is in self-ordering conditions or not. This observation is
based on the comparison of our results and the results
presented in other works mentioned right after. The slight
effect of temperature in the volume expansion factor has been
observed for different temperature variations in sulfuric acid
based electrolytes (ΔT = 20 °C)41,43 and negligible effects for
small variations (ΔT = 4 °C) for sulfuric and oxalic-based
electrolytes.39,40 Particularly, our results in the B series (10 wt
% H2SO4) (y = 0.0196x + 1.2 at 0 °C) are in good agreement
with those obtained for similar experimental conditions but
anodization temperature (y = 0.017x + 1.15 at room
temperature).44 These two facts are compatible since volume
expansion of alumina is not a key factor to achieve self-ordering
conditions. This is because volume expansion is a consequence
of other parameters like voltage, current density, electrolyte, or
temperature. On the other hand, we have compared our results
obtained in potentiostatic conditions to others in galvanostatic
conditions.39,41 We find that the relation between the volume
expansion factor and the applied voltage are quite similar and
the differences can be attributed to different anodization
temperatures (ΔT = 20 °C) and different current density

Figure 3. Volume expansion factor of nanoporous AAO films grown in
3 (blue), 10 (red), and 20 (green) wt % H2SO4 for the A, B, and C
sample series, respectively. The volume expansion factor is represented
as a function of (a) the applied voltage and (b) the average current
density.
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ranges of study. This similar behavior between galvanostatic
and potentiostatic anodization conditions is due to the fact that
during potentiostatic conditions, the current density reaches a
steady-state (i.e., the current density is very stable).
Consequently, anodization conditions under potentiostatic
steady-state growth can be comparable to those of galvanostatic
anodization. The volume expansion factor is also represented as
a function of the average current density (Figure 3b). We could
differentiate two regions in the evolution of volume expansion
factor: one region of abrupt increase for low average current
densities (0−5 mA cm−2) and another region of linear increase
for intermedium average current densities (>5 mA cm−2).
Figure 3b importantly shows that the tendency of the volume
expansion factor is nearly independent of the concentration of
the electrolyte. Therefore, for a given anodization temperature,
the volume expansion factor of nanoporous AAO films on
sulfuric acid based electrolytes strongly depends on the current
density (Figure 3b). While Zhou et al.41 show a study in the
range of current densities under galvanostatic conditions from 5
to 50 mA cm−2, our work focuses on lower average current
densities from 0 to 10 mA cm−2, both at 0 °C. These two works
overlap and show clearly the two different trends for high and
low current densities. The evolution of the volume expansion
factor with the current density is proportional to the logarithm
of the current density (i.e., inversely); the current density is
proportional to an increasing exponential function of the
volume expansion factor. Figure 3a shows that the volume
expansion factor is linearly proportional to the voltage, which
means that the volume expansion would be related to the
electric field.73 Therefore, an increase of the electric field would
imply an increase of the volume expansion factor.40 The
increase of the sulfuric acid concentration in the electrolyte
increases the field-assisted flow at the barrier layer for a given
voltage. Therefore, the barrier layer thickness decreases, which
implies that the current density increases. As we have already
mentioned, the high-field conduction theory shows that the
current density has an exponential dependence on the electric
field. In consequence, the electric field at the barrier layer also
increases with the average current density. This behavior is
confirmed by the logarithmic dependence of the volume
expansion factor with the current density (Figure 3b).
Figure 4 represents the evolution of the volume expansion

factor with the sulfur incorporation from the electrolyte to the
nanoporous AAO films. It is worth noting that the values of
volume expansion and sulfur incorporation are values

consequent of the applied experimental conditions. Therefore,
volume expansion is not only a function of the S/Al ratio and
vice versa. The ratio [S]/[Al] increases linearly with the volume
expansion factor for each sulfuric acid concentration of the
electrolyte. Figure 4 shows slopes of 3.6, 5.7, and 12.6 for 3, 10,
and 20 wt % concentration of sulfuric acid in the electrolyte.
From the trend of the slopes, we can infer that the volume
expansion is self-limited independently on the increase of sulfur
incorporation in the nanoporous AAO. The linear increase of
the volume expansion factor with the sulfur incorporation was
expected since both of them have similar linear dependence on
the applied voltage (Figure 2a and Figure 3a) and are
proportional to the logarithm of the current density (Figure
2b and Figure 3b). Therefore, the incorporation rate of sulfur
into nanoporous AAO films depends substantially on the
applied voltage for each sulfuric acid concentration, and it is
related to the electric field across the barrier layer. This fact is
supported by the behavior of the variation of the barrier layer
thickness with the electric field. As we mentioned before, the
field-assisted flow increases for higher sulfuric acid concen-
tration of the electrolyte for a given anodization voltage. This
implies that the barrier layer is thinner for higher sulfuric acid
concentrations for a given voltage. Following this statement and
referring to our previous article, we can confirm this point since
the interpore distance decreases for a given voltage as the
sulfuric acid concentration increases.49 Since the thickness of
the barrier layer can be considered as half of the interpore

Table 2. Volume Expansion Factor (VEF) of Nanoporous AAO Grown in Electrolytes Containing Various H2SO4
Concentrations under Different Experimental Conditions such as Temperature (T), Applied Voltage (V), and Current Density
(j)a

[H2SO4] T (°C) V (V) j (mA cm−2) VEF [vs V (V)] ref

20 wt % 0 14−20* 2.33−9.00 0.0136V + 1.39 this work
10 wt % 0 14−20* 1.14−2.93 0.0196V + 1.20 this work
3 wt % 0 14−25* 0.41−2.24 0.0217V + 0.98 this work
1 M (9.4 wt %) RT 5−22* NA 0.017V + 1.15 44
10 wt % 18−22 13−25 6−20* 0.0217V + 1.1 39
2.55 mol dm−3 (22.45 wt %) 0 17−40.8 5−50* 1.58−1.88 41
2.55 mol dm−3 (22.45 wt %) 20 8.1−29.7 5−50* 1.45−1.66 41
20 wt % 1 18−25* NA 0.86−1.62 47
20 wt % 1 19* NA 1.41 46
1.7 wt % 1 25* NA 1.36 46
1.7 wt % 10 25* NA 1.40 46

aOur results (see the three first lines of this table) are compared with values found in literature.

Figure 4. Volume expansion factor of nanoporous AAO films as a
function of the S/Al ratio. Nanoporous AAO films are grown in 3
(blue), 10 (red), and 20 (green) wt % H2SO4 (A, B, and C series,
respectively).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b06928
J. Phys. Chem. C 2015, 119, 27392−27400

27396

http://dx.doi.org/10.1021/acs.jpcc.5b06928


distance,45 we can evaluate the barrier layer of our samples from
the evolution of the interpore distances with the applied
voltage. The barrier layer thickness decreases as the
concentration of the sulfuric acid increases for a given applied
voltage. Therefore, the current density increases, which implies
that the volume expansion and the incorporation of sulfur
atoms also increase.
3.5. Self-Ordering Degree. The dependence between the

volume expansion factor and the self-ordering degree of the
nanoporous AAO films is also studied (Figure 5). The self-

ordering degree can be explained by means of mechanical stress
due to the volume expansion.46,47 Volume expansion causes
mechanical stress at the metal/oxide interface as a consequence
of repulsive forces.45 Depending on the magnitude of the stress,
it may lead to self-order or disorder, as well as macroscopic
fractures across the alumina films. When the relation between
applied voltage, current density, and acid concentration induces
moderate volume expansion, stress is also moderate. Then,
equilibrium exists among repulsive forces inducing self-
ordering.45 The plastic flow of the anodic alumina during the
growth has been insightfully studied.27,31 It is clear that the
porous formation is associated with plastic deformation and
flow of the oxide through the walls of the cells. Herbert et al.
pointed out that self-ordering may be assisted by the stress
distribution due to viscous flow of the oxide.74 More recently,

self-ordering has been attributed to the driving force of the
asymmetrical distribution of the electric field.55

In this case, the samples with the best self-ordering degree
achieved is for samples A25 (Figure 5a), B20 (Figure 5b), and
C20 (Figure 5c). The self-ordering of the nanopores is
qualitatively evaluated by means of self-correlation images.49

The images presented in Figure 5 [panels a−c (i)] correspond
to small areas in order to help to visualize the qualitative
evaluation of the self-ordering degree by means of self-
correlation images [Figure 5, panels a−c (ii)]. For example,
sample A25 (Figure 5a) shows a perfect hexagonal pattern;
however, the whole sample is actually composed by different
domains delimited by imperfections and defects on the
hexagonal pattern. Self-correlation images from samples B20
(Figure 5b (ii) and C20 (Figure 5c (ii) also show hexagonal
patterns, although slight defects in the hexagonal arrangement
of the pores, as well as small defects on the surface, leads to
lower quality on the hexagonal pattern of their respective self-
correlation images. The quantitative evaluation of the self-
ordering degree is represented in (Figure 5d). This evaluation
has been carried out on images with approximately the same
number of pores involving different domains in order to get a
realistic normalized self-ordering factor.49 The inset of Figure
5d shows the central spot of the self-correlation image. The
amplitude of the maxima and full width at half-maximum for
the central spot and the nearest neighbors are the parameters
used for calculating the normalized self-ordering factor.49 The
samples with the best self-ordering factors have volume
expansion factors ranging between 1.50 and 1.66 (Figure 5d).
Other studies estimate that for self-ordering conditions the
volume expansion factor should be between 1.2 and 1.4,
independent of the electrolyte.45−47 This difference could be
explained taking into account that the calculations were carried
out on the basis of stoichiometric alumina. However, especially
in nanoporous AAO films grown in sulfuric acid based
electrolytes, the incorporation of derived sulfur species from
the electrolyte is very high,26 therefore, the composition of the
anodic alumina is different and the density of the nanoporous
AAO is lower. This implies that the volume expansion factor for
self-ordering should be higher. Figure 5d also shows that a
determined volume expansion factor is not a decisive condition
for achieving self-ordering in the nanoporous of nanoporous
AAO films. For instance, maximum self-ordering is achieved for
sample A25 with a value of the volume expansion factor of 1.51.
Similar value of volume expansion factor is obtained for
samples B14 and B17; however, their self-ordering degree is
almost inexistent. These results agree with those presented by
Ono et al.61 That work shows that the optimal conditions for
self-ordering are obtained at the highest electric fields possible
while maintaining a uniform growth of alumina and avoiding
the burning of the sample or electric breakdown. Therefore, the
best self-ordering factors are obtained for the samples anodized
at higher voltages under stable growth conditions. It is well-
known that the mechanical stress is dependent on the
formation rates.75 The mechanical stress in samples B14 and
B17 may not be high enough due to low formation rates of
anodic alumina in comparison with A25 or B20 (Figure 5d).
On the other hand, an increasing tendency of the self-ordering
degree is observed in the B and C series as the volume
expansion factor increases. We have observed a high self-
ordering degree for samples B20 and C20 with volume
expansion factors of 1.6 and 1.65, respectively. At this point, the
plasticity of the nanoporous cells plays a key role in the self-

Figure 5. Top view of the SEM images (left) and their respective self-
correlation images (right) for samples (a) A25, (b) B20, and (b) C20.
(d) Normalized self-ordering factor of AAO nanopores as a function of
the volume expansion factor (inset: 3D representation of the central
spot of self-correlation image indicating the hexagonal pattern,
amplitude, and full width at half-maximum).
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ordering arrangement. Plasticity in nanoporous AAO films can
be defined as the tolerance or capacity of deformation under
stress and adjustment among the cells of neighbor nanopores.
The stress at the volume expansion factor of 1.6−1.65 is high,
which may have led to disordered arrangement of nanopores.
However, the sulfur incorporation is also high for samples B20
and C20 (Figure 5). The sulfur incorporation may enhance the
plasticity of the nanoporous AAO films and facilitate the flow of
the oxide toward the walls of the cells. Therefore, the formation
of self-ordered nanopores under higher stress generated by the
high volume expansion may be explained by an enhanced
plasticity of the nanoporous AAO films. Our previous study
shows that although there is a maximum self-ordering degree
for each acid concentration that maximum is not the same for
each one of them.49 Therefore, it can be concluded that self-
ordering regimes are not exclusively dependent on the volume
expansion factor. However, there is a compromise between
stress generated by volume expansion and plasticity of the
nanoporous AAO film.

4. CONCLUSIONS
Three series of nanoporous AAO films are grown in sulfuric-
based electrolytes at 3, 10, and 20 wt % concentration of
sulfuric acid under potentiostatic conditions under 14−25 V.
The analysis of RBS signal for these samples show an increase
of the sulfur atoms incorporation within the nanoporous AAO
films with the applied voltage and sulfuric acid concentration of
the electrolyte. The S/Al ratio varies from 0.062 for the sample
A14 up to 0.13 for sample C25. The values of volume
expansion factor for the present anodic alumina films range
between 1.29 and 1.66. On the one hand, there is a linear
relation of sulfur incorporation and volume expansion with the
applied voltage. On the other hand, there is a logarithmic
dependence of sulfur atoms incorporation and the volume
expansion factor on the average current density of the
anodization processes (i.e, an exponential dependence of the
current density on the incorporation of sulfur and the volume
expansion), similar to the dependence on the applied voltage.
These two facts suggest that both sulfur incorporation and
volume expansion are governed by the electric field generated
across the barrier layer. By the comparison of the results
obtained in the present work with previous reports, we could
conclude that the volume expansion factor evolution only
depends on the current density, regardless if the nanoporous
AAO films are grown under galvanostatic or potentiostatic
conditions during a steady-state growth. Volume expansion and
sulfur incorporation shows linear proportionality and depends
on the concentration of the acid in the electrolyte. The slopes
for each acid concentration in the electrolyte (3, 10, and 20 wt
%) are 3.6, 5.7, and 12.3, respectively. Importantly, it has also
been revealed that self-ordering conditions are obtained for
high volume expansion factors. Moreover, the concentration of
the electrolyte is another variable with which it is possible to
look for improvement of self-ordering by optimizing the
applied voltage during the anodization. High applied voltages
with stable current densities and homogeneous growth avoiding
burning or electrical breakdown also help to promote self-
ordering. Sulfur incorporation increases the plastic flow of the
oxide in the barrier layer and consequently the plasticity of the
nanoporous AAO films under high stress values generated at
high volume expansion factor values. The enhanced plasticity of
the nanoporous AAO allows the formation of new self-ordering
regimes at a high volume expansion factor. Therefore, we

conclude that self-ordering conditions are obtained under
balance of stress generated by volume expansion and the
expected enhanced plasticity of the nanoporous AAO due to
sulfur incorporation.
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