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Abstract
Porous anodic aluminum oxide (AAO) layers have been obtained by two-step anodization of high-purity Al in two types of 
acid mixtures, i.e., in H2C2O4–H3PO4 and, for the first time, in H2SO4–H3PO4 systems. The kinetics of oxide formation was 
examined by monitoring the current vs. time curves while the morphology of the resulting layers was carefully verified by 
scanning electron microscopy (SEM). A special emphasis was put on establishing correlations between electrolyte composi-
tion, the kinetics and effectiveness of oxide growth, and the morphological features of AAO layers (pore and cell diameter, 
porosity), as well as pore arrangement. It was confirmed that the addition of H3PO4 to both H2C2O4 and H2SO4 electrolytes 
results in a significant decrease in oxide growth rate, and worsening of pore arrangement, while the values of pore diameter 
and interpore distance are much less affected. Moreover, the presence of a small amount of phosphoric acid in the reaction 
mixture allowed for a noticeable increase in pore ordering if anodization was carried out beyond the self-ordering regime, 
or performing controlled anodization even at voltages at which the burning phenomenon is typically observed. It is strongly 
believed that manipulating the electrolyte composition by adding another acid may provide another degree of freedom to 
control the morphology of the resulting nanostructured alumina layers.
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Introduction

Porous anodic aluminum oxide (AAO) has been considered 
for several decades as a very promising and versatile mate-
rial for many important applications including template-
assisted fabrication of various types of nanostructures [1, 
2], decorative coatings [3], filtration systems [4], sensing 
devices [5], chromatography [6], biomedical applications 
[7], and many others [8].

Among many advantages of AAO, the possibility to con-
trol its morphology (including pore diameter and shape, 
pore-to-pore spacing, pore density, porosity, the overall 
oxide layer thickness, etc.) by simple adjusting conditions 
applied during the electrosynthesis process, seems to be 

especially important. Moreover, under appropriately selected 
anodization conditions, it is possible to obtain well-defined 
porous oxide films with hexagonally ordered channels [9, 
10].

Hundreds of papers describing the correlations between 
anodizing conditions and morphological parameters of AAO 
films have been already published [8–10]. It is well known 
that the most important factors affecting the morphology 
of nanostructured Al2O3 layers are the type of electrolyte 
used and the voltage applied during electrolysis [9, 11]. In 
addition, the type of electrolyte also determines the volt-
age range, in which the best hexagonal pore order can be 
achieved. These ranges are called self-ordering regimes and 
are specified for the particular electrolytes, e.g., 19–25 V for 
sulfuric acid, 35–45 V for oxalic acid, and 165–195 V for 
phosphoric acid to mention only those most commonly used 
[9–11]. However, when the voltage beyond the self-order-
ing regime is applied during the anodization, a less ordered 
porous structure is formed [12]. Moreover, when the process 
is carried out at too high voltage, electrochemical dissolution 
of the metallic Al is observed instead of controlled growth 
of oxide film on its surface. One of the strategies to extend 
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the voltage range at which porous AAO can be formed in 
particular acid is the addition of a nonaqueous solvent to 
the electrolyte to decrease the conductivity of the solution 
[10, 13].

In the vast majority of cases, the Al anodizing is car-
ried out in the electrolytes containing one type of acid 
[10]. However, several attempts to use mixtures of different 
acids as electrolytes for anodization have been also made 
to verify whether and how the combination of two differ-
ent acids affects the morphology and kinetics of growth of 
the AAO layer. The application of such electrolytes might 
make it possible to obtain layers showing self-ordering at 
voltages beyond the optimal ranges for pure acids, as well as 
to change the morphological features of the resulting oxide 
films. So far, among others, mixtures of malonic and sul-
furic acid [14, 15], oxalic and phosphoric acid [16–23], or 
citric and phosphoric acid [24–26] have been proposed as 
electrolytes for Al anodization. Moreover, much attention 
has been also paid to a mixture of oxalic and sulfuric acid 
[27–34]. Nevertheless, systematic studies on the effect of 
the composition of the acid mixture on the morphological 
features and, especially, the kinetics of the entire oxide layer 
growth and degree of pore order have not been performed 
so far. Finally, Yanagishita et al. [35] reported that the addi-
tion of a small amount of H3PO4 to the electrolyte results 
in better uniformity of the thickness of AAO films obtained 
in extremely dilute H2SO4. However, surprisingly, no other 
research has systematically investigated the use of a mix-
ture of sulfuric and phosphoric acid as an electrolyte for Al 
anodization.

Therefore, herein we tried to fill the aforementioned gaps 
by performing a series of anodizations of high-purity Al 
substrate in two types of acid mixtures: (i) H2C2O4 – H3PO4 
(series A) and (ii) H2SO4 – H3PO4 (series B). Special atten-
tion was focused on the effect of electrolyte composition (the 
ratio of the concentrations of individual acids) on the kinet-
ics and effectiveness of the oxide growth, morphological 
parameters of the resulting layers, and pore arrangement. It 
has been proven that manipulating the electrolyte composi-
tion by adding another acid may provide another degree of 
freedom to control the morphology of the resulting nano-
structured alumina layers.

Experimental

Samples pre‑treatment

High-purity aluminum foil (purity: 99.999%, Goodfellow, 
thickness: 0.5 mm) was used as a starting material. First, the 
Al foil was cut into specimens with a size of  1 × 3 cm which 
were cleaned with ethanol and air-dried. In the next step, 
the samples were electrochemically polished in a mixture 

of perchloric acid (60%) and ethanol (1:4 vol.) at the con-
stant voltage of 20 V for 30 s at a temperature of 0 °C. The 
platinum mesh was used as a cathode. After polishing, the 
plates were rinsed in distilled water and ethanol and air-
dried. Finally, the working surface of the electrode (approx. 
1 cm2) was defined by an acid-resistant paint.

Two‑step anodization

Al samples were subjected to two-step anodization. The pro-
cess was carried out in a double-walled electrochemical cell 
placed on a magnetic stirrer and connected to a thermostat 
(Thermo Haake, DC10-K14). A lead plate with a working 
surface area of 6 cm2 was used as the cathode. The distance 
between the electrodes was approximately 2 cm. The pro-
cess was carried out in 0.3 M H2C2O4, 0.3 M H2SO4, 0.3 M 
H3PO4, and mixtures of these acids of various compositions. 
Different sets of anodizing conditions (temperature, voltage, 
and duration of the process) were applied depending on the 
electrolyte used. All anodizing conditions were collected in 
Tables S1 and S2 in the Supplementary Information. Details 
are also provided in the following sections. Oxide layers 
formed during the 1st step of anodization were removed in 
a mixture of 6 wt% phosphoric acid and 1.8 wt% of chromic 
acid at a temperature of 60 °C for 2 h. The current-time 
curves were recorded using an APPA207 multimeter.

Samples characterization

The morphology of the obtained layers was verified by 
a field-assisted scanning electron microscope (Hitachi 
S-4700). The morphological parameters of the oxide films 
were determined directly from the SEM images by using 
ImageJ v. 1.37 [36], WSxM v. 12.0 [37] software, and dedi-
cated executable software according to the methodology 
developed in our group [12, 38, 39].

Results and discussion

Anodization of Al in H2C2O4 – H3PO4 mixtures

In the first step of the research, various electrolytes with dif-
ferent contents of oxalic acid and phosphoric acid were used 
for Al anodizing. Current density vs. time curves recorded 
during anodizations at all studied conditions are collected 
in Fig. 1.

As can be seen, no matter which voltage was applied dur-
ing the anodization, the same tendency is maintained. The 
more phosphoric acid in the mixture, the lower the current 
flowing through the sample and, in consequence, the lower 
charge passing through the system during the whole process 
(see Fig. S1 in the Supplementary Information). Moreover, 
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the shape of the curve changes drastically when the electro-
lyte composition is altered. It is generally accepted [8–10] 
that the initial rapid current drop during the first few seconds 
of the process is related to the formation and gradual thick-
ening of the compact oxide layer on the metal surface. After 
some time, the local minimum of the current is achieved and 
a noticeable current increase is observed as evidence of the 
generation of pore embryos in the compact oxide film (pos-
sible mechanisms of pore formation have been already dis-
cussed by other authors [8–10]). Subsequently, the current 
reaches a stable value which indicates that the steady-state 
oxide growth was attained.

As can be seen, in the case of using pure phosphoric acid 
as an electrolyte, the shape of the curve rather resembles 
those observed for the formation of passive oxide layers. A 
small minimum of current density is indeed noticeable, but 
it is very wide and difficult to isolate as a separate point. It 
means that the process of pore formation is very slow, which 
is in line with expectations since the studied potentials are 
far away from the self-ordering regime for pure H3PO4. On 
the other hand, the addition of oxalic acid to the electrolyte 
causes a local minimum to gradually appear on the current 
curve. The more oxalic acid in the electrolyte and the higher 
the anodizing voltage, the earlier this minimum is achieved, 
indicating the faster formation of the pores (note that the 
steady-state oxide growth is also attained faster). What is 
interesting, the shape of the current vs. time curve as well as 
the values of currents observed for the electrolyte containing 
0.15 M H2C2O4 and 0.15 M H3PO4 and pure 0.3 M H3PO4 
are almost the same, especially when the process is carried 
out at 40 V. It means that the excess of oxalic acid is required 
to significantly affect the anodic formation of AAO layers 
(see also below). Finally, when pure H2C2O4 was used as an 
electrolyte, the local current maximum was also observed on 
the current vs. time curve. This phenomenon is commonly 
attributed to the reorganization of the pores, i.e., merging 
of the initially formed channels into larger ones that result 
in a gradual decrease of the current before the steady-stade 

growth is achieved [8–10]. The observed trends are strongly 
in line with the previous works [40] showing that changing 
any anodizing parameter (e.g., potential, temperature) that 
results in an increase of the current density (i.e., the reac-
tion rates) leads to the faster formation of the nanochannels 
within the oxide layer.

Figure 2 shows SEM images of the surfaces and cross-
sections of selected layers obtained in different electrolytes 
based on both acids. The differences between the layers 
obtained in different electrolytes are clearly visible. Firstly, 
the more phosphoric acid in the electrolyte, the thinner the 
layers formed, which of course correlates well with the lower 
values ​​of the charge flowing through the system (Fig. S1 
in the Supplementary Information). Importantly, even the 
presence of 0.05 M phosphoric acid in the mixture results in 
a decrease in the oxide growth rate by more than half com-
pared to pure oxalic acid. Additionally, if the electrolyte con-
tains an equimolar mixture of acids, the differences between 
the layers obtained in this electrolyte and those grown in 
pure phosphoric acid are very small (see Fig. 3a). The oxide 
growth ratio defined as the ratio of the layer thickness to 
the total charge density was also calculated for all studied 
samples. It was generally found that the higher the H3PO4 
content in the electrolyte, the lower the oxide growth ratio 
(except for the sample for 60 V for an equimolar acid mix-
ture) (Fig. 3a), but it must be remembered that this parameter 
is not identical with the growth efficiency, because it does 
not take into account the morphological differences between 
the layers, in particular the porosity of the films obtained 
under different conditions. It should be also noticed that the 
channels formed in pure H2C2O4 are oriented perpendicu-
larly to the Al surface, however, those generated in AAO 
layers formed in H3PO4 are slightly tilted as can be seen in 
Fig. 2f (see inset). Moreover, some small branches within 
the channels can be also recognized. The process of the for-
mation of such kind of tilted and serrated channels in phos-
phoric acid electrolytes has been described in our previous 
work [41] as well by other authors [42, 43]. 

Fig. 1   Current density vs. time curves recorded during the first 2000 s of 2nd anodization steps carried out in electrolytes based on H2C2O4 and 
H3PO4 of different compositions at the potential of 40 V (a), 60 V (b), and 80 V (c)
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A brief analysis of SEM images indicates that the higher 
the phosphoric acid content in the electrolyte, the larger 
and more inhomogeneous the pores within the anodic film, 
which is confirmed by the larger standard deviations (see 
Fig. 3b). Similarly, the more phosphoric acid, the slightly 
larger the distances between pores (cell sizes – Dc). While 
it is generally known that the main anodization parameter 
determining Dc is the voltage applied during the process, 
the increase in Dc with the change in the electrolyte com-
position can be explained by the lower degree of pore order 
(see below) and the decrease in pore distribution uniform-
ity. However, it should be emphasized that while the rate 
of growth is significantly dependent on the phosphoric 
acid content, the Dp and Dc values determined for AAO 
films grown at 40 V and 60 V in all electrolytes containing 

H2C2O4 are relatively similar (see Fig. 3b). The result of the 
trends described above (especially changes in the Dp value) 
is the observed increase in the porosity of the layers with the 
increase in the phosphoric acid content (see Fig. 3c).

The degree of hexagonal pore order was estimated by 
calculation of the percentage of defective pores, defined 
as a ratio between the number of non-six-fold coordinated 
pores to the total number of pores on the analyzed surface 
(details of the methodology were presented in our earlier 
works [12, 39, 44]). As expected, the best hexagonal pore 
arrangement was observed for the AAO layer obtained in 
pure H2C2O4 at 40 V (self-ordering regime). With the addi-
tion of phosphoric acid to the electrolyte, a dramatic increase 
in the defectiveness was observed (see Fig. 3c), however, the 
differences were less pronounced for samples anodized at 

Fig. 2   FE-SEM images of AAO layers grown by two-step anodization in various electrolytes and different applied voltages (cross-sectional 
views shown as insets)

Fig. 3   The values of oxide growth rate and oxide growth ratio (a), 
average pore diameter and interpore distance (b), average porosity 
and percentage of defective pores (c) calculated for porous AAO lay-

ers grown in electrolytes of different content of H2C2O4 and H3PO4 at 
40 V and 60 V
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60 V (i.e., beyond the self-ordering regime). The observed 
trend is consistent with the expectations (the self-ordering 
regime for phosphoric acid is about 195 V). The degree of 
pore order was also assessed on the basis of FFT transforms 
according to the methodology developed in our group [45, 
46]. The obtained results (not shown here) confirmed the 
trend described above.

Since the potential of 40 V is the self-ordering regime 
for oxalic acid, and 60 V is quite close to the self-ordering 
regime [9], it was decided to carry out anodization at 80 V, 
i.e. at the potential when a noticeably worse degree of pore 
order is typically achieved in pure oxalic acid [12]. Figure 4 
shows SEM images of the surfaces and cross-sections of 
films obtained at 80 V in electrolytes with different contents 

of both acids. It is clearly visible that the trends observed 
for voltages of 40 and 60 V are also preserved, i.e. the more 
phosphoric acid in the electrolyte, the slower the oxide 
growth, the lower the growth efficiency, and the larger the 
distances between pores as shown in Fig. 5 (note that the 
Dc values obtained for layers anodized in H3PO4 solution 
are strongly in line in the previous works [10]). However, 
neither the pore diameters nor the porosity changed signifi-
cantly after the addition of 0.1 M phosphoric acid to the 
electrolyte. Moreover, the analysis of the degree of pore 
order allows us to state that slightly less defective (however 
within the uncertainty) channels were observed for the sam-
ple anodized in mixtures containing 0.05 M and even 0.1 M 
phosphoric acid compared to this formed in pure H2C2O4 

Fig. 4   FE-SEM images of 
AAO layers grown by two-step 
anodization in the electrolyte 
containing 0.3 M H2C2O4 (a), 
0.25 M H2C2O4 and 0.05 M 
H3PO4 (b), 0.2 M H2C2O4 and 
0.1 M H3PO4 (c), and 0.3 M 
H3PO4 (d) at the potential of 
80 V (cross-sectional views 
shown as insets)

Fig. 5   The values of oxide growth rate and oxide growth ratio (a), average pore diameter and interpore distance (b), average porosity and per-
centage of defective pores (c) calculated for porous AAO layers grown in electrolytes of different content of H2C2O4 and H3PO4 at 80 V
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(Fig. 5c). Similarly, such an addition of phosphoric acid did 
not affect the values ​​of channel diameters and porosity.

The morphology of the bottom sides of the AAO layers 
grown at selected conditions was also evaluated (see Fig. S2 
in the Supplementary Information). As can be seen, a notice-
able higher degree of pore order (lower defectiveness) is 
observed at the bottom side of the anodic film (Fig. S2e) 
independently of the conditions applied. This is in line with 
expectations, since the outer oxide film, grown at the begin-
ning of the process is susceptible to mechanical deformation 
and mostly, field-assisted etching by the electrolyte over a 
longer time. Moreover, similar values of Dint were observed 
on the top and the bottom side of the AAO layers grown at 
the potential of 40 V in pure H2C2O4 (Fig. S2f) since hexag-
onally ordered and vertically aligned channels are obtained 
at these conditions. On the contrary, larger cell sizes are 
observed from the bottom side of the anodic films obtained 
at 80 V which can be explained by the lower regularity of 
the outer layer and, sometimes, the formation of smaller sub-
pores [47], as can be seen in Fig. 4.

Anodization of Al in H2SO4 – H3PO4 mixtures

The second mixture tested was a mixture of sulfuric and 
oxalic acids. As already mentioned, to the best of our knowl-
edge, the use of this kind of electrolyte for Al anodizing has 
not been reported so far. First, 25 V was selected as the ano-
dizing voltage, since it is well-known to be the self-order-
ing regime for pure H2SO4. Figure S3a (see Supplementary 

Information) shows the current curves recorded in elec-
trolyte solutions of different compositions based on these 
acids. The observed trends are similar to those in the case 
of anodization in solutions based on oxalic acid. The pres-
ence of phosphoric acid significantly reduces the current 
density and causes the local minimum and maximum indi-
cating the moment of the beginning of pore formation and 
their reorganization, respectively to appear later. Moreover, 
in the case of pure phosphoric acid and solutions with the 
lowest tested sulfuric acid content, the current curves do not 
exhibit any local extremes.

SEM images of AAO layers obtained in different electro-
lytes containing H2SO4 and/or H3PO4 at 25 V are collected 
in Fig. 6. The consequences of lower current density values ​​
observed when using electrolytes with a higher phosphoric 
acid content (Fig. S3a) are lower rates of oxide layer growth 
(Fig. 7a). Similarly, for higher phosphoric acid concentra-
tions, a gradual increase in pore diameters, inter-pore dis-
tances and porosity is observed (Fig. 7b and c). Considering 
that the growth efficiency decreases with increasing H3PO4 
concentration (Fig. 7a) with a simultaneous increase in 
porosity (decrease in oxide layer density) (Fig. 7c), it may 
suggest more effective oxide etching by electrolytes contain-
ing phosphoric acid, as well as the possibility of competitive 
processes occurring at the same potential, such as oxygen 
co-evolution, as already suggested by some previous works 
[42, 43].

Similarly to the previous mixture, also in this case a 
clear deterioration of the degree of pore order was observed 

Fig. 6   FE-SEM images of 
AAO layers grown by two-step 
anodization in the electrolyte 
containing 0.3 M H2SO4 (a), 0.2 
M H2SO4 and 0.1 M H3PO4 (b), 
0.1 M H2SO4 and 0.2 M H3PO4 
(c), and 0.3 M H3PO4 (d) at the 
potential of 25 V (cross-sec-
tional views shown as insets)
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(higher percentage of defective pores, greater inhomoge-
neities of diameters and distances between pores) after the 
addition of phosphoric acid, which is of course in line with 
expectations. When pure H2SO4 was applied as an elec-
trolyte, ordered hexagonal domains with clear boundaries 
between them were clearly visible (Fig. 6a), similar to those 
observed in previous works [46, 48]. The same trends were 
observed comparing the morphologies of the bottom sides of 
the AAO layers (Fig. S4 in the Supplementary Information).

Anodization was also carried out at 30 V, i.e. at a volt-
age that is hard to apply for pure H2SO4 in most cases due 
to uncontrolled dissolution of the metal. SEM images of 
layers obtained in electrolytes with different phosphoric 
acid contents are shown in Fig. 8. It is clearly visible that 
slightly thicker layers were obtained than for a potential of 
25 V for the same electrolytes, which is in line with expec-
tations (Fig. S5 in the Supplementary Information). Also 
in this case, the more phosphoric acid in the electrolyte, 
the lower the oxide growth rates, but the growth efficiency 
is higher (Fig. 9a), which may suggest that going beyond 
the self-ordering regime to higher voltages for higher sul-
furic acid contents may result in more effective dissolution 
of the oxide layer. Similarly, the distance between channels 
decreases with the addition of phosphoric acid, but the chan-
nel diameter and porosity increase (Fig. 9b and c). Also for 

a voltage of 30 V, the highest degree of pore ordering was 
observed when using an electrolyte with the highest sulfuric 
acid content (Fig. 9c).

Finally, the exact reasons behind the trends observed in 
both H2C2O4 and H2SO4-based electrolytes after introduc-
ing H3PO4 are not fully clear, and several aspects should 
be considered to explain the observed phenomena. Firstly, 
the barrier layer thickness formed at the pore bottoms is 
thinner when anodization is carried out in phosphoric acid 
compared to the oxalic and sulfuric acid electrolytes [11]. 
Secondly, the presence of phosphate ions in the electrolyte 
results in different efficiencies of the incorporation of ani-
onic species to alumina structure leading to the formation 
of duplex or even triplex structure of cell wall within the 
anodic layer [49]. In consequence, the field-assisted disso-
lution of the oxide film is enhanced in the electrolyte con-
taining phosphoric acid [35]. However, it should be also 
remembered that all geometrical features of anodic layers 
(including barrier layer thickness), the amount of anionic 
species incorporated, and properties of the AAO layers 
also strongly depend on other anodizing conditions such as 
applied voltage, temperature, and electrolyte concentration 
to mention only the most important ones [11]. Moreover, it 
was also postulated that the formation of characteristic ser-
rated nanopores during Al anodization in H3PO4 electrolytes 

Fig. 7   The values of oxide growth rate and oxide growth ratio (a), average pore diameter and interpore distance (b), average porosity and per-
centage of defective pores (c) calculated for porous AAO layers grown in electrolytes of different content of H2SO4 and H3PO4 at 25 V

Fig. 8   FE-SEM images of AAO layers grown by two-step anodization in the electrolyte containing 0.15 M H2SO4 and 0.15 M H3PO4 (a), 0.1 M 
H2SO4 and 0.2 M H3PO4 (b) and 0.3 M H3PO4 at the potential of 30 V (cross-sectional views shown as insets)
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is a result of O2 bubble evolution and plastic deformation of 
the anodic film [43]. Nevertheless, some further studies are 
still mandatory to unravel the influence of various factors 
and fully understand the mechanisms behind the effect of 
phosphoric acid content on the growth and morphology of 
porous AAO layers.

Conclusions

In summary, it can be stated that the use of a mixture of 
different acids instead of a solution of single acid as an 
electrolyte for Al anodization provides another degree of 
freedom to control both the kinetics of oxide layer growth 
as well as the geometrical features of the resulting AAO 
films. In particular, when the anodization is carried out in 
oxalic acid-based electrolytes at voltages close to the self-
ordering regime (relatively close to 40 V), the addition of 
H3PO4 results in a significant decrease in oxide growth rate, 
while the values of pore diameter and interpore distance 
are not as much affected if only the H2C2O4 is present in 
the electrolyte. Nevertheless, the degree of pore order and 
uniformity of the pore distribution and size increase signifi-
cantly with increasing H3PO4 content in the electrolyte. On 
the contrary, when a higher voltage is applied (far from the 
self-ordering regime) a noticeable increase in pore ordering 
can be achieved by the addition of a small amount of H3PO4 
to H2C2O4. Finally, as was proved, an addition of H3PO4 to 
H2SO4 makes it possible to successfully perform anodiza-
tion of Al even at 30 V without burning phenomena, and 
the morphology of AAO film is also strongly dependent on 
the composition of H3PO4–H2SO4 electrolyte. It is strongly 
believed that careful adjustment of the composition of acid 
mixtures can be another valuable tool for fine-tuning the 
geometry of porous alumina layers.
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