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Abstract: Highly ordered titania nanotubes (TNTs) were fabricated via electrochemical anodiza-

tion of titanium thin film in fluoride and water containing organic electrolyte. Titanium film was 

sputter-deposited on silicon wafer with thermal silicon dioxide layer. The effects of applied ano-

dization potential, electrolyte composition, anodization time on the formation of TNTs were dis-

cussed. The influence of anodization parameters on morphology of TNTs was observed by scan-

ning electron microscopy (SEM). The anodization time mainly influenced TNTs length, while ap-

plied potential and electrolyte composition strongly affected the morphology of TNTs during the 

anodization process where the removing of initial barrier layer plays a significant role.  
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1. INTRODUCTION 

Titanium dioxide (TiO2) is known to be environmentally friendly, and corrosion-resistant having its 

characteristic morphologies, unique physical and chemical properties. Therefore TiO2 is a versatile 

material used in many different research and application fields including paints [1], biomedicine 

[2], photocatalysis [3], photo-splitting of water [4], dye sensitized solar cells [5] and sensing [6]. 

For many of these applications, it is crucial to maximize the surface area to achieve a maximum 

overall efficiency, and therefore nanoparticulated forms of TiO2 are widely used. Over the last few 

years an extensive research effort has been dedicated to the development of novel nanomaterials, 

including nanostructured titania prepared via anodization [3,7], sol-gel [8], hydrothermal synthesis 

[9], inject printing [10], and vapour deposition techniques [11].  

The easiest way for obtaining self-organized TiO2 nanotubes or nanopores can be an anodization 

process of titanium foil or thin coatings [12]. Nanoporous and tubular titania layers are formed in 

fluoride containing electrolytes when a suitable anodization potential is applied. The titania layers 

growth perpendicular to the metal substrate which can be self-organized under controlled condi-

tions [13].  

The mechanism of TNTs growth is shown in Figure 1.During the first few seconds of anodization 

the Ti started to be oxidized to Ti
4+

 ions at the surface while releasing electrons into electrolyte so-

lution (Eq.1). The effect of electric field leads to the dissociation of water into OH
-
 and O

2-
 anions. 

Both of these ions recombine with Ti
4+

 and create either titanium hydroxide (Eq.2) or TiO2 (Eq.3) 

in simple single process. Titania is further produced when the titanium hydroxide releases water by 

condensation reaction (Eq.4) [13,14]. 
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In addition to oxidation, it is important to define the process of field-assisted dissolution of oxide 

preferentially at the tube base (bottom), where the electric field is stronger. Titanium dioxide are 

easily dissolved in fluoride based electrolytes. Fluoride anions attack the barrier oxide layer under 

the influence of the electric field generating the small dimples irregularly over the whole surface. 

This step results in the formation of F
-
 rich layer at the metal-oxide interface. In a fluoride contain-

ing electrolyte the oxide dissolves forming titanium hexafluoride complex [TiF6
2-

] (Eq.5), which is 

stable in water. The applied electric field may also weaken the bond between Ti and O in the oxide, 

effectively facilitating chemical dissolution of TiO2 and therefore the formation of [TiF6
2-

] (Eq.6) 

[13,15].  
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Figure 1: Schematic illustration of TNTs growth [15]. 

2. FABRICATION OF NANOTUBES 

2.1. MATERIAL 

Titanium (99.99%, Porexi, CZ), ethylene glycol (C2H6O2, p.a., Penta, CZ) and ammonium fluoride 

(NH4F, Reidel-de Haen, DE). All chemicals were used as purchased without any purification. De-

ionized water was obtained from Millipore RG system MilliQ (Milipore Corp., USA).   

2.2. EXPERIMENTAL 

The three-grid radio frequency-induced coupled plasma Kaufman ion beam source (Kaufman & 

Robinson–KRI
®
, Inc., USA) was employed to deposit titanium thin films with thickness of 500 nm 
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on 4-inch p-type silicon wafer (100) covered by 1 µm of thermal silicon dioxide. . The energy of 

Ar bombarding ions was set to 300 eV with corresponding deposition rate of 0.16 Å s
-1

. The pro-

cess pressure was 1.2 x 10
-2

 Pa.  

Before anodic oxidation, this substrate was consecutively immersed into acetone, isopropanol, and 

deionized water to remove the impurities and then dried by compressed nitrogen. The anodization 

was realized in the two-electrode configuration and using power supply controlled by LabView 

program. The substrate operated as a working electrode and the stainless steel mesh was used as a 

counter electrode. The potential was kept constant during the whole time and different values in the 

range of 10–20 V were tested. The electrolyte solution was prepared from ethylene glycol contain-

ing ammonium fluoride (0.7–1 wt%) and deionized water (0–1 vol %). The anodized titania was 

rinsed with deionized water and dried by compressed nitrogen. 

All TNTs samples were examined using scanning electron microscopy (FE Tescan Mira II LMU) 

under following conditions: work distance of 2.5 nm, high vacuum mode (10
-3

 Pa), voltage of 

15 kV, and spot size of 2.4 nm. 

3. RESULTS AND DISCUSSION 

3.1. THE INFLUENCE OF ANODIZATION VOLTAGE 

The oxidation potential is an important factor affecting the formation of TNTs. The highly ordered 

TiO2 can be formed using suitable potential range, which is strongly given by used electrolyte. Eve-

ry electrolyte has so called potential window. When the oxidation potential is lower than the poten-

tial window, only nanoporous structure is formed, however when the potential is too high, TNTs 

with residual oxide layer are formed (Figure 2b). For the selected electrolyte composed of 0.9 wt% 

NH4F and 0.5 vol% H2O,  the optimal value of potential was 10 V , see Figure 2a. 

 

Figure 2: SEM images of TNTs created at voltages a) 10V and b) 20V. 

3.2. THE INFLUENCE OF ELECTROLYTE COMPOSITION 

The electrolyte composition determines the final morphology of TNTs. Namely, the balance be-

tween oxidation of Ti (water content) and dissolution of TiO2 (amount of F
-
 anions) is very im-

portant. If the oxidation dominates in the process, water content is very high. This leads to disor-

dered porous oxide layer (Figure 3a). If the higher amount of F
-
 anions is presented, the dissolution 

rate is faster than oxidation and resulting structure is only irregularly etched surface (Figure 3b). 

The electrolyte containing 0.9 wt% NH4F and 0.5 vol% H2O in ethylene glycol was used for ano-

dization of 500 nm Ti thin film. 
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Figure 3: SEM images of TNTs created in electrolyte contaning high amount of a) water (1 vol%) 

and b) fluoride anions (1 wt%). 

3.3. THE INFLUENCE OF ANODIZATION TIME 

Another important factor for the nanotube formation is anodization time. If the time for oxidation is 

too short (tens of seconds), the electrochemical reaction has not reach the phase, when the fluoride 

anions diffuse into the pores and create F
-
 rich layer at the metal-oxide interface. Only few na-

nometers of oxide layer can be created (Figure 4a). If the anodization is stopped between 100–

300 s, the TNTs were created but with initial oxide in tube's top. The anodization time also influ-

enced the TNTs length (Figure 4b). According to our results, the appropriate anodization time for 

500 nm layer was 500 s. 

 

Figure 4: SEM images of anodization time about a) 50 s and b) 300 s. 

4. CONCLUSION 

The present work demonstrates a method for direct anodic transformation of Ti thin layer deposited 

on silicon wafer into nanotubular TiO2 array. Simple anodization in electrolyte containing ethylene 

glycol and NH4F allows the controlled fabrication of ordered and highly regular TiO2 NTs. The ex-

planation of anodization parameters, and SEM characterization of resulting nanostructures enables 

us to better understand how the NTs creation can be controlled. Fabricated TiO2 NTs have very 

good potential for future sensing, biomedical and especially photocatalytic applications, mainly in 

advanced degradation of persistent organic pollutants in drinking water, etc. 
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