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Abstract. In this study, we synthesized nanostructured anodic aluminum oxide (AAO) membranes through the 
two-step anodization process using oxalic acid as the electrolyte. The main objective was to investigate how 
the electrolyte temperature influences the formation of pores in the AAO membranes. Key parameters, 
including pore diameter, interpore distance, thickness, and porosity, were measured and subjected to 
statistical analysis. The experimental results clearly demonstrated that under specified conditions involving 
temperatures at 5, 15 and 25 ºC, an oxalic acid concentration of 0.3 M, and applied voltage of 55 V, we 
achieved the successful fabrication of well-ordered nanoporous aluminum oxide membranes. The scanning 
electron microscopy (SEM) technique was used to examine both the surface morphology and cross-sectional 
views of the anodic membranes. Additionally, we explored the catalytic properties of nickel and molybdenum-
impregnated AAO in the hydrogenation reaction of certain alkenes (C6-C8) across a range of temperatures. 
In the process of converting alkenes to alkanes, our research demonstrated that the Ni/AAO catalyst exhibited 
activity at 200 °C, while the Ni-Mo/AAO catalyst began to activate at around 250 °C. 
Keywords: anodic aluminum oxide (AAO), oxalic acid, porosity, pore diameter, interpore distance, 
hydrogenation. 
DOI: 10.32737/2221-8688-2025-4-533-541 

Introduction 
 

Anodic aluminum oxide (AAO) has 
emerged as a compelling nanomaterial that has 
attracted significant research interest. The 
fabrication of porous alumina on silicon 
substrates for the synthesis of nanoengineered 
structures integrated with electronic and 
optoelectronic devices has been the subject of 
numerous investigations [1-3]. Previous studies 
have attempted to create nano-porous aluminum 
oxide films through anodic oxidation processes 
involving both acidic and alkaline solutions. 
However, these studies encountered challenges, 

resulting in films with notable irregularities in 
their porosity [4]. 

In 1998, Masuda et al. achieved a 
breakthrough by generating a highly ordered 
hexagonal pore structure using a two-step 
anodization process based on pre-arranged 
macroscopic parameters [5, 6]. Two types of 
membranes were employed in their research, one 
fabricated in-house and the other commercially 
available, both with an average pore diameter of 
100 nm but varying in interpore spacing and 
surface roughness [7]. To improve the 
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anodization process, researchers often use 
electrolytes at low temperatures (typically in the 
range of 0–5 ºC) to mitigate the high current 
density resulting from oxide dissolution [8]. 
Systematic testing of aluminum anodization was 
performed varying current density, electrolyte 
temperature, concentration and mixing 
conditions in citric acid solutions [9]. Notably, 
one of the critical concerns was related to 
corrosion resistance, particularly in the surface 
layer of aluminum alloys used in these processes 
[10]. Additionally, the temperature difference 
between the aluminum substrate and the 
electrolyte plays a pivotal role by affecting the 
formation of well-ordered pore structures within 
nanoporous anodic alumina [11]. However, 
temperature and time changes do not affect the  

interpore distance [12]. 
The primary objective of this study is to 

emphasize the significance of carefully tailoring 
synthesis parameters to suit specific application 
requirements. Our analysis delves into the 
interrelation among synthesis variables including 
electrolyte concentration, temperature, and 
anodization voltage. We closely examine the 
time-dependent behavior of current density, and 
its impact on structural properties of AAO 
membranes. These characteristics predominantly 
encompass pore size, interpore spacing, pore 
density, and membrane thickness. Additionally, 
we investigate the catalytic activity of AAO 
membranes infused with nickel and molybdenum 
in the hydrogenation of certain alkenes (С6-С8) 
at various temperatures.

 
Experimental part 

 
Materials. In this study, we employed 

commercially available 99.995% pure aluminum 
sheets (Beantown Chemical) as our substrate 
material. These samples were prepared with 
dimensions of approximately 3 cm2 in width and 
0.2 mm in thickness. To protect the edges and 
preserve one of the surfaces, the samples were 
encased in commercial acrylic adhesive, leaving 
an exact 2 cm2 area exposed for testing. 

Synthesis of AAO Coatings. A 2×2 cm 
plate in size was cut out and subjected to 
electropolishing in a solution composed of 
HClO4 and ethanol mixed in a 1:4 volume ratio. 
The electropolishing process was carried out at 
15 V for a duration of 1 minute, with the 
temperature maintained at 5 °C. Subsequently, 
the two-step anodization was performed in a 0.3 
M oxalic acid solution at 5-25 °C. In order to 
reduce the Joule heating effect, the anodizing 
process is carried out at a relatively low 
temperature (-5 ~ 15 °C) [13]. A.A. Ayalew et al. 
[14] also investigated the influence of control 
electrode temperature in the range of 5–65°C on 
porous alumina layer growth on Al. The 
thickness of the porous AAO membrane film 
formed in oxalic acid electrolyte increased from 
32.2 μm to 52.5 μm, and from 3.4 to 33 μm [8]. 
AAO formation was achieved through the 
utilization of potentiostat (Corrtest CS 350M, 
China) and a three-electrode electrochemical 
cell. In this setup, a platinum mesh was served as 
the counter electrode, the aluminum acted as the 

working electrode, and Ag/AgCl functioned as 
the reference electrode. To gain the deeper 
insight into the anodizing process, 
chronoamperometric curves were recorded. 

Anodic Oxidation. The membranes were 
made using a two-step anodic oxidation process, 
one/two/multi-step anodization [15], with the 
precise conditions depending on the chosen 
electrolyte, in this case, a 0.3 M oxalic acid 
solution. During the initial anodization step, the 
membrane was subjected to 50 V for a duration 
of 15 minutes. Subsequently, the oxide layer 
produced during the initial step was chemically 
etched by immersing the test piece in a solution 
consisting of 6 wt% phosphoric acid and 1.8 wt% 
chromic acid. This etching process lasted for 2 
hours at a temperature of 60 °C. The second 
anodization step was carried out on the same 
substrate at 55 V continuing for 4 hours. In J. 
Kim's work, the optimal time for AAO removal 
was determined to be 6 hours [16]. A platinum 
mesh was used as cathode during this phase of 
the process. 

Morphological Characterization of 
Coatings. The morphology and pore 
characteristics of the AAO membranes were 
examined using high-resolution field emission 
scanning electron microscopy (JSM-7001, 
JEOL, Japan) and scanning electron microscopy 
(SEM SUPRA 40, Carl Zeiss). Parameters such 
as the arrangement of porous structures, average 
pore diameter (𝑑𝑝തതതത), interpore distance (𝑑𝚤ഥ ), oxide 
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film thickness (𝑒̅), and porosity (𝑃ത) were 
determined from SEM micrographs using Image 
J software [17-19]. 

Catalytic Activity. Catalysts based on AAO 
were prepared, and the hydrogenation of certain 
alkenes (C6-C8) was conducted following 
procedures outlined in our previous work [20]. In 
brief, to obtain Ni/AAO and Ni-Mo/AAO 
catalysts, AAO was dipped in solutions 
containing Ni(NO3)2∙6H2O and 

(NH4)6Mo7O24·4H2O at room temperature. After 
each impregnation cycle, the plate was washed in 
water, dried, and immersed in the solution once 
more. Subsequently, the plate was then annealed 
in air at 550 °C for 5 hours. Hydrogen for the 
hydrogenation reaction was generated using a 
hydrogen generator from the "Chromatek" 
company, and the hydrogenation process was 
analyzed via gas chromatography utilizing an 
HP-5MS column. 

 
Results and discussion 

 
The nanostructured oxide membranes 

synthesized through a two-stage anodic 
oxidation in a 0.3 M oxalic acid solution at 

different temperatures were examined by SEM 
(Fig. 1). 

 

 
Fig. 1. SEM images of two-steps anodized porous AAO membranes. 

a) at 5 °C; b) at 15 °C and c) at 25 °C 
 

The porosity of the AAO membrane 
synthesized through the two-stage anodic 
oxidation process, exhibits a temperature-
dependent variation, as indicated in Figure 2. 
Specifically, the average pore diameter 

𝑑𝑝തതതത changes from 104 to 98 nm, while the pore-
to-pore distance extends to 𝑑𝚤ഥ െ 115 nm. The 
thickness of the oxide layer 𝑒̅ െ varies between 
14.4 and 30.2 μm and the degree of porosity 𝑃ത െ
 fluctuates from 26.8 to 32.2%. 

 

a b c 
Fig. 2. Average values of the morphological parameters of nanostructured anodic aluminum oxide 

coatings obtained in oxalic acid as a function of temperature (a-5, b-15 and c-25 °C). 
 

The optimal parameters of the AAO 
membranes obtained through the two-stage 
anodizing process are indicated by a special 
code, where "C0.3" represents the electrolyte 
concentration, "T15" signifies the electrolyte 
temperature, and "V55" corresponds to the 
anodizing voltage. Following the two-steps 

anodizing, the pores in the porous AAO 
membrane were organized, resulting in porous 
membranes with expanded dimensions and a flat 
surface. 

AAO pore diameter. The pore diameter of 
aluminum oxide during the anodization is mainly 
influenced by the choice of electrolyte and the 
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anodizing voltage, with minimal dependence on 
the duration of the oxidation time [21]. The pore 
diameter of the resulting from the anodic 
oxidation of aluminum was assessed in relation 
to the anodizing process parameters, including 
anode voltage, electrolyte concentration and 
temperature (Fig. 3). The experimental findings 
from anodic oxidation of aluminum in 0.3 M 
oxalic acid electrolytes showed that pore 
diameter of the AAO membrane remained 
unaffected by variations in the electrolyte 

temperature had almost no effect on the pore 
diameter of the AAO membrane. 

It was also found that the anodizing 
temperature had a negligible effect on the pore 
diameter of the AAO membrane. Conversely, the 
study indicated that the anodizing temperature 
showed only a slight influence on the interpore 
distance. Over a temperature range from 5 to 25 
°C, researchers observed a reduction in pore 
distance from 104 to 98 nm. 

 

 
Fig. 3. Relationship between the average pore distance of nanostructured aluminum oxide 

membranes and the temperature of the electrolyte during the anodization process. 
 

Thickness of the oxide layer. The thickness 
of the oxide layer was examined for sample T5 

using both optical microscopy and SEM, as 
shown in Fig. 4. 

 

 

 

Fig. 4. Cross-sectional SEM image of the AAO film synthesized in two anodization steps at 5 ºC 
and 55 V for 4 h. 

 
To understand the effect of anodization 

process parameters on the thickness of the AAO 
surface, additional investigations were 
conducted. The findings revealed a clear 
relationship between higher electrolyte 
temperatures and increased thickness of the 
oxide layer. In particular, when the anodization 
was carried out at 5 °C, the oxide layer thickness 

measured around 14.4 μm, whereas at 25 °C, it 
expanded to approximately 30.2 μm. 

Additionally, the average porosity level of 
the AAO membrane formed through the anodic 
oxidation of aluminum was studied in relation to 
temperature variations. The anodization process 
yielded porous AAO membranes with an average 
porosity ranging from 26.8 to 32.2%. A 
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maximum in the average porosity was observed 
at 15 ºC. 

According to Nielsch et al. [19], it is stated 
that a porosity of approximately 10% is essential 
to achieve a self-ordering regulation of the 
porous matrix, regardless of anodization 
conditions. However, our anodization conditions 
did not result in a 10% porosity, a 25% porosity 
[22-24] as illustrated in Fig. 2. 

In accordance with K. Chernyakova et al. 
[9], the rate of chemical dissolution of the barrier 
layer and pore walls did not depend on the anode 
temperature, however at an anodization 

temperature 60 °С, the diameter of the holes 
increased by 1.7 times. 

An equally important parameter during the 
anodization of aluminum film is temperature. 
Elevated temperature can lead to inhomogeneous 
and intense surface etching (Fig. 5 a). In this 
regard, the capability to regulate temperature 
during electrochemical processes holds 
significant importance. The higher voltage is 
needed to obtain a porous structure, maintaining 
a lower the electrolyte temperature becomes 
crucial. This approach enhances the selectivity of 
the electrochemical etching process. 

 

 
Fig. 5. Optical and SEM images of AAO (a) without and (b) with cooling 

 
Comparing the results of AAO formation 

without cooling and with cooling under 
otherwise identical conditions, it becomes 
evident that the porous layers obtained with 
controlled low temperatures exhibit uniformity 
and clear boundaries, as shown in Fig. 5b. 

Catalytic activity. Catalytic activity is a 
critical factor in determining the efficiency of 
nanoparticle containing catalysts. The size, 
texture, structural properties, and electronic state 
of atoms all exert significant influence on their 
catalytic performance and selectivity. It is worth 
noting that the size-dependent selectivity in the 
hydrogenation of monosubstituted over 
disubstituted double bonds is prominently 
affected by the diameter of catalytic 
nanoparticles. This applies whether these 
nanoparticles are suspended or deposited onto 
micrometer-sized alumina substrates. A highly 
promising catalyst support is AAO, designed as 
platelets that can be easily immersed in and 
extracted from reaction mixtures. The uniform 
tubular pores, falling within the mesoporous 
range, facilitate the smooth diffusion of reactants 
and products, which makes AAO a potential 
candidate for catalyst support [2, 23]. Ni-based 
catalysts were found to be very active for the 

reaction in the work of M.N Gebresillase et al. 
[13]. This research team reported that [2:1] Ni-
Cu/Al2O3 catalyst was 100.0% to λ-valerolactone 
of levulinic acid with >99.0% selectivity, and 
[2:1] Ni-Co/Al2O3 was 83.0% selectivity to λ-
valerolactone of levulinic acid found a 
conversion rate of 100.0%. In another study [24, 
25], the catalytic properties of aluminum oxide 
were also studied in the conversion reactions of 
isopropyl alcohol. According to the results, it was 
found that the introduction of heteropolyacid into 
γ-Al2O3 increases the conversion level by 1.5 
times, while its introduction into η-Al2O3, on the 
contrary, reduces the conversion level by 10%. 

In the works of A.Sh. Aliyev and et al. [26] 
the deposition of CdS using cadmium ions on a 
nickel electrode was studied. The results of the 
study made it possible to determine the potential 
range at which the deposition of cadmium with 
sulfur occurs, as well as the influence of the 
composition of the electrolyte and electrolysis 
conditions on the process. 

In this section, we focused on evaluating 
the activity of nickel and bimetallic (nickel and 
molybdenum) nanocomposites in the 
hydrogenation of unsaturated hydrocarbons at 
various temperatures. Nanoparticles were 
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prepared by impregnating nickel and nickel-
molybdenum on the surface and into the pores of 
AAO. The catalyst was subsequently evaluated 
for its effectiveness in converting hexene to 
hexane. The mass of the nickel nanoparticles 
deposited on an inert AAO substrate was about 
21 wt%. The catalyst was loaded into a flow-type 
reactor in a wet state and then dried in a stream 
of hydrogen at 250-300 °C for 30 minutes. In the 
reactor, a catalyst layer was positioned between 

inert silica glass packing layers. Following the 
drying process, unsaturated compound and 
hydrogen were introduced directly to the catalyst 
from top to bottom at appropriate temperatures. 
Hydrogenation was carried out for 2-12 hours at 
200 °C, 250 °C, 300 °C and 350 °C under a 
pressure of 1 atm. The hydrogenation process 
conditions and the results comparison with a 
conventional Ni/SiO2-containing catalyst are 
presented in Table 1.

 
Table 1. Temperature dependence of conversion rate of hexane 

Catalyst 
H2 flow rate -1000 ml/h, pressure 1 atm 

Hexane conversion rate; % 
200°С 250°С 300°С 350°С 

Ni/AAO 32 45 73 90 
Ni/SiO2 - 39 60 78 

 
The data in Table 1 indicates that the 

conventional Ni/SiO2-containing catalyst 
showed no activity at 200 °C and its catalytic 
activity was only observed at temperatures above 
250 °C. Furthermore, the catalyst's activity 
increased with the rise in temperature during the 

hydrogenation of hexene. The mixture of gases 
passing through the catalytic system during the 
hexene-hexane hydrogenation was analyzed 
chromatographically, and the results are depicted 
in Figs. 6 and 7. 

 

 
Fig. 6. Ni/AAO-containing catalyst conversion of Hexene- (a) and a mixture of hexane-hexene (b-

e) chromatograms. Hexene and hexane peaks are denoted by numbers 1 and 2 accordingly. 
 

A chromatogram of hexane-1 was obtained 
to determine the conversion rate of hexane. 
Since, hexane-1 is chemically pure (99%), 
chromatography revealed only one distinct peak, 
observed at 11.40 minutes as shown in Fig. 6a. 
However, with the synthesized Ni/AAO-
containing catalyst, the conversion of hexane was 
32% at 200 °C (Fig. 6b), and it increased with 
rising temperatures - reaching 45% at 250 °C 
(Fig. 6c), 73% at 300 °C (Fig. 6d), and 90% at 
350 °C (Fig. 6e). There was only a marginal 
increase in conversion rates (1-2%) at higher 
temperatures. 

Hexene-hexane hydrogenation was also 
carried out in the presence of a catalyst 
containing Ni-Mo/AAO. To do this, the catalyst 

was placed into a catalytic column in a layer-by-
layer manner with silicates. A mixture of hexene 
and hydrogen gases was passed from top to 
bottom through the catalytic reactor. The 
chromatographic analysis results of the of the gas 
mixture flowing through the catalytic column are 
shown in Fig. 7. 

Similarly, the Ni-Mo/AAO catalyst did not 
show activity at 200 °C (Fig. 7a) but became 
active at 250 °C, achieving a hexane conversion 
rate of 41% (Fig. 7b). The conversion rate further 
increased to 69% at 300 °C (Fig. 7c) and 84% at 
350 °C (Fig. 7d). As observed with the Ni/AAO 
catalyst, there was a slight increase (1-2%) in 
conversion rate at temperatures above 400 °C. 
The results of the chromatographic analysis 
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indicate that the hexane-hexene conversion rate 
also rose with increasing temperature during the 

hydrogenation of hexene. Details of the 
hydrogenation process are provided in Table 2. 

 

 
Fig. 7. Ni-Mo/AAO -containing catalyst conversion of Hexene- (a) and a mixture of hexane-hexene 

(b-d) chromatograms. Hexene and hexane peaks denoted by numbers 1 and 2 accordingly. 
 

The catalytic activity of the porous 
nanostructured Ni/AAO and Ni-Mo/AAO 
catalysts in the process of hydrogenation of other 
unsaturated hydrocarbons as a function of 

temperature is summarized in Table 2. It was 
found that the conversion rate of the product 
increased proportionally with rising 
temperatures. 

 
Table 2. Temperature dependence of conversion rate at hydrogen flow rate - 1000 ml/h, and 

pressure of 1 atm. 
 
 
 
 
 
 
 
 
 
 
 
 

Furthermore, it was observed that the 
conversion rate decreased with an increase in the 
molecular weight of unsaturated hydrocarbons 
(C6 to C8) when using the Ni/AAO catalyst. 
Conversely, the Ni-Mo/AAO catalyst showed 
activity at 250 °C for all unsaturated 

hydrocarbons but displayed a decreasing 
conversion rate from C6 to C8. Overall, the 
Ni/AAO catalyst demonstrated its highest 
catalytic activity at 200 °C and proved to be the 
most effective catalyst for hydrogenation 
processes. 

 
Conclusion 

 
Nanostructured anodic aluminum oxide 

membranes were successfully synthesized using 
commercial aluminum film and their 
characteristics were systematically studied by 
varying the oxalic acid temperature. These AAO 
membranes presented a short-range pore 
arrangement, with changes in pore diameters and 
interpore distances primarily influenced by the 

anodizing temperature. Catalytic testing 
demonstrated the efficacy of the Ni/AAO 
catalyst in hydrocarbon conversion reactions, 
highlighting its potential to use various oil 
refining processes. The findings of this study 
hold practical significance in the field of catalyst 
development for processes such as cracking, 
isomerization, and aromatization of n-paraffins. 

AlkeneAlkane 
Conversion rate, %. 

200ºС 250ºС 300ºС 350ºС 
Ni/AАО 

C6H12С6Н14 32 45 73 90 
C7H14С7Н16 29 40 68 85 
C8H16С8Н18 24 37 66 82 

Ni-Мо/AAO 
C6H12С6Н14 - 40 69 84 
C7H14С7Н16 - 37 67 81 
C8H16С8Н18 - 32 61 74 
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