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Abstract: This study aimed to investigate the effect of two-
step electrochemical anodization on the physical and
chemical properties of titanium dioxide nanotubes grown on
a titanium substrate. For this purpose, a two-step
electrochemical anodization process was conducted in an
electrolyte solution containing fluoride ions. Raman results
of the coating showed characteristic peaks of titanium oxide.
X-ray diffraction (XRD) analysis also indicated that
nanocrystalline nanotubes were formed as the primary
crystalline the anatase phase. Field emission scanning
electron microscopy (FESEM) revealed that the two-step
anodization process, compared to the one-step process,
improved the microstructural orientation. Moreover,
according to the results of the contact angle test, the
hydrophilicity of the oxide nanotubes after the two-step
anodizing route was significantly increased compared with
that of the Ti substrate. This could be due to the increase in
surface roughness in the presence of regular oxide
nanotubes. The results of atomic force microscopy (AFM)
analysis also confirmed that the roughness of the Ti substrate
surface increased from 69.8 to 2853 nm after the
electrochemical process. Therefore, it can be concluded that
the two-step anodization process is a key process in the
surface engineering of titanium nanostructures.
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1- Introduction

Titanium and its alloys are used in various fields such as
medical implants, aerospace equipment, energy
technologies, and chemical industries due to their superior
properties, such as a high strength-to-weight ratio,
corrosion resistance, and excellent biocompatibility.

However, the surface properties of titanium play a crucial
role in the final performance of the metal [1]. In recent
years, titanium surface engineering has become
increasingly important to improve features such as
bioactivity, antibacterial properties, photocatalytic
capacity, and efficiency in chemical sensors. One of the
key strategies to improve the physical, mechanical, and
chemical properties of the Ti substrate is the
electrochemical anodization process that promotes the
formation of the nanostructured oxide layers on the surface
of titanium [2], [3]. Among different structures of titanium
oxide, nanotubes have attracted special attention in
advanced applications due to their high specific surface
area, permeability to fluids and ions, as well as unique
electrical and optical properties [4]-[6]. The formation of
the titanium dioxide nanotubes during the electrochemical
process occurs in the presence of an electrolyte containing
fluoride (F-) ions. By applying a voltage, the surface of
titanium is simultaneously affected by two key
phenomena: (1) anodic oxidation and (2) chemical oxide
film dissolution [7]. While one-step anodization is capable
of producing titanium oxide nanotubes, there are some
limitations, such as low structural order, lack of uniform
tube diameter, and the presence of structural defects [8].
For this reason, researchers have investigated a novel and
innovative method called two-step anodization, which is
derived from successful techniques in the formation of
completely ordered nanotube structures [9].

The main aim of this study is to synthesize titanium
oxide nanotubes using a two-step electrochemical
anodization process. Furthermore, the physical and

* Manuscript received September 22, 2025, Revised October 25, 2025, Accepted January 25, 2026.
' PhD Candidate in Metallurgical and Materials Engineering, Department of Materials Science and Metallurgical Engineering, Faculty

of Engineering, Ferdowsi University of Mashhad, Mashhad, Iran.

2 PhD Candidate in Metallurgical and Materials Engineering, Department of Materials Science and Metallurgical Engineering, Faculty

of Engineering, Ferdowsi University of Mashhad, Mashhad, Iran.

3Assistant Professor, Department of Materials Science and Metallurgical Engineering, Faculty of Engineering, Ferdowsi University of

Mashhad, Mashhad, Iran.

4 Corresponding Author: Professor, Department of Materials Science and Metallurgical Engineering, Faculty of Engineering,
Ferdowsi University of Mashhad, Mashhad, Iran. Email: haddadm@um.ac.ir



https://jmme.um.ac.ir/article_47813.html?lang=en
https://jmme.um.ac.ir/article_47813.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://jmme.um.ac.ir/
https://jmme.um.ac.ir/article_47813.html
https://jmme.um.ac.ir/article_47813.html
mailto:haddadm@um.ac.ir
https://orcid.org/0000-0003-3787-5663

Faezeh Darvishian Haghighi, Nazanin Yazdan Parast, Sahar Mollazadeh Beidokhti, Mohsen Haddad Sabzevar 70

chemical properties of the created oxide layer have been
thoroughly discussed.

2- Materials and Methods

To perform the electrochemical anodization process,
platinum foil was used as a cathode, and pure titanium
grade 2 with 99.99 % purity and 0.1 mm thickness was
utilized as an anode with dimensions of 15 x 15 mm. The
electrolyte solution contained ammonium fluoride,
ethylene glycol, and deionized water. Before starting the
anodization process, the surface of Ti foils as substrates
was completely polished. Chemical etching was carried
out using an etchant solution containing HNO3-H20-HF.
The distance between the cathode and the anode electrodes
was considered 20 mm. Both electrodes were connected to
a DC voltage source, and the anodization voltage was
applied as shown in Fig.1. The anodization process was
done for 4 h under a voltage of 60 V. During the
experiment, the electrolyte was stirred continuously using
a magnetic stirrer.

After the first-step anodization process, the samples
were placed in the ultrasonic bath for 30 minutes in order
to separate the primary coating from the surface. Then,
after removing the primary layer, the second step of the
anodizing process was repeated under the same conditions
as the first step. To characterize the created anodized
structures, various metallurgical analyses such as field
emission scanning electron microscopy (FESEM), x-ray
diffraction patterns (XRD), Raman spectroscopy analysis,
contact angle test, and atomic force microscopy (AFM)
were used.

Fig 1. The schematic illustration of the electrochemical
anodization process

3- Results and Discussion

The formation mechanism of nanotubes on the titanium
substrate during the initial stage of anodization is assisted
by an electric field. The F" ions are the main cause of pore
formation. These pores are transformed into cylindrical
nanotubes during the process. Fig. 2 (a and b) shows the
obtained morphology of nanotubes after a one and two-
step anodizing process. Although a tubular structure has
been successfully formed after the one-step anodization,
the nonuniform and irregular formation of nanotubes is
observed (Fig.2a). Moreover, in some areas, breakage of
nanotubes due to their growth in different directions has

been observed. The aim of synthesizing nanotubes via a
two-step anodizing process is to modify the disordered
structure. Therefore, in the second step, the creation and
growth of nanotubes in two-step anodization start from the
remaining pattern of the nanotubes after the first step. The
above-mentioned procedure causes a higher degree of
order and formation of completely parallel nanotubes. The
morphology of the created nanotubes after the two-step
anodizing process is depicted in Fig.2(b).

The morphology of nanotubes after one and two steps
of the process via the cross-section view is also illustrated
in Fig.3 (a and b), respectively. As is clearly seen, the
process of two-step electrochemical anodization has an
impressive effect in creating a noticeable order in the
morphology of the nanotubes.

(a)

One-step
anodization process

(b)

Two-step
anodization process

Fig 2. The FESEM images of the samples after (a) one-step
and (b) two-step anodizing process

Two-step
anodization process

One-step
anodization process

Fig 3. The cross-section FESEM images of the formed
nanotubes after (a) one-step and (b) two-step anodizing
process.

The results of Raman spectroscopy of the formed
nanotubes after a two-step anodizing process are shown in
Fig.4. The presence of the titanium oxide structure is
confirmed by the appearance of sharp bands at 144, 197,
399, 513, and 639 cm™? regions. The mentioned bands are
acceptable evidence for the presence of the TiO; film in
the form of the anatase phase. The main band at 144 cm?
has a high intensity and has a low width, which could
imply high crystallinity and a suitable network
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arrangement for nanotubular structure [10]-[15].
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Fig.4. The Raman spectroscopy of the sample after a two-
step anodizing process.

Fig.5 shows the plot of X-ray diffraction analysis of the
two- step anodized sample. As depicted in the diffraction
pattern, a relatively wide and low intensity peak was
observed at the angle 26 equal to 25.3 degrees, which
corresponds to the formation of the anatase TiO, phase
(PDF#21-1272). In addition, a relatively low peak was
found at 28 equal to 35.3°, which was consistent with the
(100) titanium metal (Ti) substrate (PDF # 44 — 1294).
Generally, the XRD results indicate that TiO, nanotubes
are created as a nanocrystalline structure with the
dominant anatase phase. However, the crystallinity of the
coating is at the initial stage due to the low intensity of the
TiOz peaks. Indeed, the final structure remains between an
amorphous and a crystalline state.
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Fig 5. The XRD pattern of the sample after the two-step
anodization process

In order to investigate the effect of the anodization process
on Ti substrate, contact angle analysis was performed. For
this purpose, two samples were studied. The first sample
was the Ti substrate before the anodizing process, Fig.6(a).

The second sample is the sample that was subjected to a
two-step anodization process, Fig.6(b). As compared to
the obtained results, the contact angle decreased from 98
to 60 degrees after synthesizing TiO, nanotubes via a two-
step anodizing process. It could be due to the presence of
nanoscale roughness and the uniformity created during the
electrochemical process.

Fig 6. The contact angle test of the samples: (a) Ti substrate,
(b) two-step anodized sample

To estimate the surface roughness of the samples, AFM
was performed. Fig.7 (a and b) depicts the obtained results
of the pure titanium substrate and the surface of the sample
after a two-step anodizing process. The increase in surface
roughness from 69.8 to 285.3 nm during electrochemical
anodization is a reason for the observed increase in the
hydrophilicity of the anodized surface covered by the
oxide nanotubes. The results also shows that the
electrochemical anodization process increased the amount
of surface roughness significantly. This phenomenon is
also well correlated with the results of the contact angle
test.

(a)
Ti substrate

Roughness(Ra)
69.87 nm

Two-step
anodized sample

Roughness(Ra)
285.32 nm

[——

Fig 7. AFM microscopy results of the samples (a) Ti
substrate, (b) the sample after the two-step anodization
process

4-  Conclusion

e In the present study, titanium dioxide was coated on
Ti substrate via an electrochemical anodization
process. This study aimed to investigate the effect of
a two-step electrochemical anodizing route on the
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physical and chemical properties of titanium dioxide
nanotubes.

e FESEM analysis depicted that the two-step
anodization process has a significant effect on
microstructural evolution and nanotubular orientation
and growth as compared with the one-step process.
This means that the nanotubes after the completion of
the two-step anodization process are fully parallel and
ordered in comparison with the one-step anodized
sample.

e The results of the Raman analysis of the coating
revealed the bands of TiO; in anatase phase, which
shows the crystallinity and good network order in the
structure of nanotubes. X-ray diffraction (XRD)
analysis also revealed that nano-crystalline nanotubes
were formed as the primary crystalline anatase phase.

e Based on the investigation through microscopic
analysis of AFM and contact angle test, the process of
electrochemical anodization has increased both
roughness and surface hydrophilicity significantly.

e In conclusion, it can be claimed that the two-step
anodization process can be considered as a key
process in the surface engineering of the Ti substrate,
especially for the surface modification of the titanium
implants.
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Surface Engineering of Titanium via a Two-Step Electrochemical Anodization Process: Mechanism of
Nucleation and Growth of Titanium Oxide Nanotubes
Faezeh Darvishian Haghighi Nazanin Yazdanparast Sahar Mollazadeh Beidokhti Mohsen Haddad Sabzevar*

Abstract In recent years, titanium oxide nanotubes (TiO, NTs) grown on titanium metallic substrates have attracted
significant attention due to their wide applications in biomedical and energy-related fields. Electrochemical anodization
is considered one of the most effective methods for producing these nanotubular structures. The present study aims to
investigate the influence of a two-step electrochemical anodization process on the physicochemical properties of titanium
oxide nanotubes. Following anodization, the fabricated coatings were characterized using various metallurgical
techniques. Raman spectroscopy confirmed the presence of characteristic peaks of titanium oxide in the developed layer.
Phase analysis using X-ray diffraction (XRD) revealed that the formed nanotubes consisted of TiO, nanocrystallites with
anatase as the dominant phase. Moreover, field-emission scanning electron microscopy (FESEM) observations
demonstrated that two-step anodization remarkably improves the nanotube structural order compared to single-step
anodization, as the nanotubes grow during the second stage based on a pre-formed template, resulting in highly parallel
and well-aligned structures. Contact angle measurements indicated a 38.78% reduction in wettability angle, signifying
enhanced surface hydrophilicity after two-step anodization. Additionally, atomic force microscopy (AFM) analyses
revealed an increase in surface roughness from 69.8 to 285.3 nm, which improves the specific surface area. Such
enhancement in surface roughness is considered beneficial for biomedical applications, particularly in implant
technology. Therefore, it can be concluded that two-step anodization is a key process for engineering and optimizing
titanium-based nanotubular structures.

Keywords Titanium Oxide Nanotubes, Electrochemical Anodization Process, Nucleation Mechanism.
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