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1. Introduction

Titanium dioxide (TiO,) nanotubes have garnered
significant scientific and technological interest in recent
years due to their unique combination of chemical,
electrical, and physical properties. These nanostructures
exhibit high surface area, favorable biocompatibility,
photocatalytic efficiency, and semiconducting behavior.
As a result, they are considered suitable candidates for a
broad range of applications, including orthopedic and
dental implants, biosensors, dye-sensitized solar cells, and
environmental remediation systems. Among various
synthesis techniques, electrochemical anodization has
emerged as an efficient, cost-effective, and scalable
method to fabricate vertically aligned TiO, nanotubes
directly on the surface of titanium substrates. Despite the
simplicity of the anodization process, the resulting
nanotube morphology is highly sensitive to several
operational parameters. These include the anodizing
voltage, electrolyte composition, temperature, time, type
of cathode material, surface pre-treatment of the titanium
substrate, and post-treatment conditions. A nuanced
understanding of the interplay among these factors is
essential to achieve tailored morphologies for specific
applications. This study provides a comprehensive
examination of how each of these parameters influences
the morphology, order, and integrity of TiO, nanotube
arrays grown on commercially pure titanium (Grade 2).

2. Experimental
Commercially pure titanium foils (Grade 2) with

thicknesses of 0.1 mm, 0.5 mm, and 1.0 mm were utilized

as anode materials. The samples were mechanically
ground using SiC abrasive papers up to 2000 grit, then
ultrasonically cleaned in acetone and ethanol to remove
surface contaminants. Further chemical etching was
performed using a solution of HF, HNO3, and H,O in a
1:4:5 volumetric ratio to enhance surface activation.
Anodization was conducted in a two-electrode cell using
either platinum or stainless steel as the cathode. A DC
power supply delivered a constant voltage ranging from 30
V to 60 V. Electrolyte formulations were categorized as
follows:
e Aqueous systems: 1.5 wt.% HF in DI water
and/or with H;PO,
e Organic systems: ethylene glycol (97.63 wt.%) +
NH.F (0.37 wt.%) + H20 (2 wt.%)
e Oxidizing systems: same organic base with
additions of 6 wt.% or more H,0O,
Anodization durations varied between 60 and 360 minutes.
Post-treatment included thermal annealing at 450°C for 2
hours in air to induce crystallization and evaluate
morphological stability. Morphological observations were
conducted using field emission scanning electron
microscopy (FESEM), while elemental composition and
tube integrity were assessed using energy-dispersive X-ray
spectroscopy (EDS).
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Table (1): Anodization conditions of titanium samples under potentiostatic mode using a DC power supply.

Sample Electrolyte Type Vaoltage Time Substrate Cathode Temperature
Code W) (min) Thickness (mm) Type ¢
T1 10wt DWW+ &0 150 0.l Platinum 30
T2 + 97.63%wt Ethylene Glyeol 110 40
T3 +{.37% 0wt NHEF 170 £0
El 10%wt HaS50u+ 90%wt DW 60 240 0l Platinum 15
El 300
E3 1% wt DW 240
+ 97.63%wt Fthylene Clyeol
E4 +0.37%wit NHEF 300
Cl L.5%wt HF +0.5%wt H:PO«+ 95%wt 20 120 0.l Stainlezz 15
oW
c1 140 steel
c3 300
L1 6% wt H20: + 93.63%wt Ethylene Glycol 60 180 0.s Platinum 25
+1.3TNH.F
L3 £10
2%wt DW = 97.63%wt Ethylens Clyeol &0 &0 0.1 Platinum 15
+0.37%wit NHEF
H? 120
H3 180
H4 360
M 1% wt DW 60 240 0.s Platinum 15
+57.63%wt Ethylene Glycol +0.37%wi
NHEF
M2 1
tl 10wt DW &0 &0 0.1 Platinum 15
+97.63%wt Ethylene Glycol +0.37%wi 120
NHEF
180
t4 240
t5 300
th 3e0

Figure 1. Schematic diagram of the electrochemical anodization process.
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Figure 2 FESEM images of anodized titanium samples with 0.1 mm thickness at different durations: (a) t1 = 60 minutes, (b)
t2 =120 minutes, (c) t3 = 180 minutes.

3. Results and Discussion

3.1 Effect of Anodizing Time and Temperature
Increasing anodizing time had a marked influence on both
the length and diameter of the nanotubes. At 60 minutes,
nanotubes with 12 pm length and 50 nm diameter were
observed. These dimensions increased progressively with
time, reaching 47 um in length and 120 nm in diameter at
360 minutes (Figures 2). Higher temperatures, especially
50°C, promoted excessive chemical dissolution, leading to
thinning and eventual collapse of the nanotube walls after
prolonged anodizing (>270 min). Moderate temperatures
(30°C) yielded more stable and well-defined tubes.

3.2 Influence of Electrolyte Composition

The composition of the electrolyte critically influenced
tube formation. Fluoride ions (F~) were indispensable for
initiating field-assisted chemical dissolution required for
tube development. Electrolytes devoid of F~ produced
compact and featureless oxide layers, whereas NH,F-
containing electrolytes promoted well-ordered, vertically
aligned nanotubes (Figures 3). The presence of H,O,
enhanced wall thinning, promoting better alignment and
uniformity, particularly at lower water content levels in the
electrolyte.

3.3 Effect of Cathode Material

The choice of cathode significantly influences the quality
of TiO, nanotube formation. Platinum, due to its high
electrochemical stability and low electrical resistance,
enabled the growth of uniform and well-aligned
nanotubes. In contrast, stainless steel resulted in irregular

and collapsed structures. FESEM analysis confirmed the
superiority of platinum over stainless steel for anodization.

3.4 Impact of Foil Thickness

The thickness of the titanium substrate affected electric
field distribution and current density. Thinner foils (0.1
mm) provided lower resistance paths for electron flow and
facilitated uniform anodization. These samples showed
denser and more uniform tube arrays, while thicker foils
(>0.5 mm) exhibited increased structural variability and
discontinuities.

3.5 Effect of Annealing
Post-anodization annealing at 450°C induced partial
recrystallization and phase transformation from

amorphous TiO, to anatase. However, morphological
changes were also noted. Tube walls experienced partial
sintering and inter-tube fusion, resulting in the formation
of nanowires or spikes on the surface. Although these
features may enhance photocatalytic activity, they may
also compromise mechanical integrity for load-bearing
applications.

3.6 Role of Surface Preparation

Mechanical and chemical pre-treatment significantly
influenced tube initiation and growth. Samples that
underwent thorough polishing, degreasing, and chemical
activation exhibited more consistent and vertically
oriented nanotubes. In contrast, insufficiently prepared
surfaces led to partial tube formation, collapsed structures,
or non-uniform oxide films.
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Figure 3 FESEM images of anodized titanium samples with 0.1 mm thickness in different electrolytes: (a) H,SO, for 240
minutes, (b) H;SO, for 300 minutes, (¢) NH4F for 240 minutes, (d) NH4F for 300 minutes.

3.7 Elemental Analysis via EDS

EDS analysis confirmed the presence of titanium and
oxygen as the principal elements. In samples processed in
fluoride-based electrolytes, F signals were also detected.
The Ti/O atomic ratio was observed to decrease with
increasing anodization duration, reflecting the thickening
and densification of the oxide layer. EDS data further
supported the formation of well-oxidized TiO, nanotubes
across different conditions.

4. Conclusion
This investigation demonstrates that anodizing parameters
must be meticulously optimized to fabricate high-quality
TiO, nanotubes tailored for advanced applications.
Among the studied conditions, the following were found
to be optimal:

e Voltage: 60 V, Temperature: 25°C, Time: 240
min, Electrolyte: Ethylene glycol + NH,4F + low
water + 6 wt% H,0,, Cathode: Platinum,
Titanium foil thickness: 0.1 mm.

Well-defined, vertically aligned nanotubes with controlled
dimensions were achieved under these conditions.
Furthermore, annealing treatments and substrate
preparation steps were shown to significantly affect tube
integrity and surface morphology. The findings offer a
reproducible route to engineer TiO, nanotubes for

biomedical, catalytic, and sensing applications. Future
work may explore pulse-voltage anodization, pH tuning,
and electrolyte doping to further enhance nanotube
performance and application-specific properties.
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The Effect of Pure Titanium Anodizing Process Parameters on the Morphology of Titanium
Dioxide Nanotubes
Nazanin Yazdanparast Faezeh Darvishian Haghighi  Mohsen Haddad Sabzevar ~ Sahar Mollazadeh Beidokhti

Abstract Nanoscale structures have recently attracted considerable attention due to their unique properties, particularly
their excellent biocompatibility. Among these, titania nanotubes (TiO; NTs) are notable for their wide-ranging
applications in fields such as biomedicine, catalysis, and energy. A highly effective method for fabricating these
nanostructures is electrochemical anodization, which enables the direct in-situ formation of TiO, nanotubes on the
titanium substrate. This technique offers the advantage of controlling nanotube morphology, including length and
diameter, through simple adjustments of anodization parameters, making it both cost-effective and time-efficient. In this
study, commercially pure titanium (Grade 2) was anodized using a standard two-electrode setup to investigate the
influence of various parameters on nanotube formation. The effects of temperature, anodization time, surface preparation,
cathode material, and electrolyte composition were systematically examined. Morphological analysis was performed
using field emission scanning electron microscopy (FESEM), while elemental composition was determined using energy-
dispersive X-ray spectroscopy (EDS). Results indicate that anodization conditions significantly impact the final
morphology of the TiOl] nanotubes. At 6011V, increasing the temperature accelerated nanotube dissolution, with severe
degradation observed at 5001°C after 270 minutes. Fluoride ions in the electrolyte were identified as essential for
nanotube formation. Additionally, extending the anodization time from 60 to 360 minutes increased the nanotube length
Srom 1200um to 471" um and diameter from 50 1nm to 1200 nm. Overall, understanding the influence of these parameters
provides a pathway for optimizing the anodization process to tailor TiO[ nanotube structures for specific applications.

Keywords Electrochemical anodizing, Effect of temperature and time, Type of cathode and electrolyte, Pure titanium

(grade2), Effect of voltage, Morpholog.
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