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Abstract: TiO2 nanotubes were successfully synthesized by electrochemical method. A fluoride 

salt mixture was used as an electrolyte for synthesizing TiO2 nanotubes on titanium substrates. In 

this work, we have reported the synthesis procedure of TiO2 nanotubes and investigated the 

corrosion resistance of TiO2 nanotubes coated on the Ti substrate. FE-SEM was used to observe 

the morphology and determine the size of the TiO2 nanotubes. The phase formation and crystal 

quality of TiO2 nanotubes were studied by XRD measurements. One-microliter distilled water 

droplets were used to define the wettability of the TiO2 nanotube surfaces by measuring the 

contact angle. The corrosion resistance behavior of specimens was analyzed in the simulated body 

fluid solution (SBF) using potentiodynamic polarization tests for potential application as implants. 
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1. Introduction  

Titanium and its alloys have been extensively utilized as implant materials in the biomedical field 

thanks to their mechanical and chemical features such as excellent fatigue and tensile strength, 

superior corrosion and wear resistance, low modulus of elasticity, good hardness, low density, and 

especially, they are not cytotoxic when they bonded to bone and surrounding tissues [1, 2]. Their 
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biocompatibility is due to the formation of an oxide film on the surface of the material. The 1.5 to 10 

nm-thicked films are chemically stable.they can be formed by exposure to the air or moisture at room 

temperature, protecting these material surfaces from environmental influences [3]. However, this 

oxide layer was limited due to low surface hardness, wear resistance, and a high coefficient of friction, 

so they are easy dissolved, when put into the human body [4]. This dissolution of titanium substances 

into the human body not only adversely affects bone and surrounding tissue healing but also enhances 

cytokines release, sometimes leading to acute coating or chronic effects [5, 6]. Therefore, the 

improvement of the corrosion resistance of the coating has been of significant research interest. In this 

work, we have developed TiO2 nanotube coatings formed on Ti substrate by electrochemical method. 

The research results show that the outermost TiO2 nanotubes can directly bond with titanium substrate 

with excellent corrosion resistance which can effectively inhibit the dissolution of Ti into the human 

body, strongly increasing the adhesion strength. The electrochemical method provides simple and 

inexpensive routes for the synthesis of ceramic thin films and coatings [7]. Therefore, the aim of the 

work is to investigate the effect of TiO2 nanotube formation on corrosion resistance properties in 

simulated body fluid (SBF) for potential application in implants. 

2. Experimental Procedure 

The commercial titanium plates (10 × 10 × 0.1 mm3, Merck, 99.9 %) were used for substrates. The 

Ti plates were first washed ultrasonically with acetone for about 20 min, then completely washed with 

redistilled water, and finally dried in a vacuum oven at 40 °C for 2 h. Ti plates are used as Ti 

electrodes after completely washing. The electrolytes of the electrochemical method were prepared 

using ammonium fluoride (NH4F, Sigma, 99,9 %), ethylene glycol solution (C2H6O2- Sigma, 99,9 %), 

and H2O. The electrochemical process was carried out at 50 voltages for 1 h using a DC power supply. 

Later, the TiO2 layer was followed by heat treatment at 550 °C for 2 h.  

The microstructure was determined by field emission scanning electron microscopy FE-SEM 

(JEOL, JSM-6700F, JEOL Techniques, Tokyo, Japan). The crystalline structures of the TiO2 

nanotubes were characterized by X-ray diffraction (XRD, D8 Advance, Bruker, Germany). One-

microliter distilled water droplets were used to define the wettability of the TiO2 nanotube surfaces by 

measuring the contact angle. Simulated body fluid (SBF) (SBF: 8.035 g NaCl; 0.355 g NaHCO3; 0.225 

g KCl; 0.231 g K2HPO4.3H2O; 0.311 g MgCl2.6H2O; 0.292 g CaCl2; 0.072 g Na2SO4; 6.118 g 

((HOCH2)3CNH2 and HCl with an appropriate amount for adjusting the pH ~ 7.4 [8]) was used as the 

biological electrolyte for the corrosion test. Potentiodynamic polarization tests were carried out by 

suspending the samples in SBF solution (pH ≈ 7) at room temperature (298K) at a scan rate of 2 

mV.s-1 from −300 to 300 mV using a Zahner Zennium electrochemical workstation. The corrosion 

potential (Ecorr), corrosion current density (icorr), and polarization resistance (Rcorr) were determined 

using the Tafel extrapolation method [9, 10]: 

𝑅𝑐𝑜𝑟𝑟 = 
𝛽𝑎𝛽𝑏

2.303𝑖𝑐𝑜𝑟𝑟(𝛽𝑎+𝛽𝑏)
                                                            (1) 

where 𝛽𝑎 and 𝛽𝑏 are the anodic and cathodic Tafel slope of the sample.  

The corrosion rate (C.R) can be determined from the corrosion current density using Faraday’s law 

[11, 12]: 

C.R = 
𝑀

𝑛𝐹𝜌
 𝑖𝑐𝑜𝑟𝑟 = 3.73×10-4 

𝑀

𝑛𝜌
 𝑖𝑐𝑜𝑟𝑟 (g/m2h)                                   (2) 

where M is the atomic weight of the metal, ρ is the density, n is the number of electrons transferred per 

metal atom and F is the Faraday constant (F= 96.485 C/mol). 
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3. Results and Discussions 

The electrochemical method often leads to poorly ordered products making unequivocal structural 

characterization difficult and the product comes with X-ray amorphous impurities, although 

occasionally crystalline features are observed [6]. Therefore, high-temperature annealing is necessary 

to convert amorphous to crystalline forms [13]. 

The XRD patterns of the bare Ti and the TiO2 nanotubes on Ti substrate fabricated by the 

electrochemical method after heat treatment at 550 °C are displayed in Figure 1. The coating primarily 

consisted of the anatase phase, while the peak of the rutile phase was also detected in the XRD pattern 

of the TiO2 nanotube sample. In addition to the characteristic peaks of Ti (JCPDS 44-1294), the 

synthesized TiO2 nanotubes showed a relatively strong peak at 2θ ~ 25.7 o; 38.3 o; 48.64 o; 54.37 o 

corresponding to the (101) (112) (200) (105). All of the peaks can be indexed to the crystalline TiO2 

(anatase) structure (JCPDS 21-1272). Peak was located at 56.4 o along with miller indices value (220) 

in agreement with TiO2 (rutile) structure (JCPDS 21-1276) [14]. Based on these findings, the TiO2 

nanotubes on the Ti substrates were synthesized successfully. 

 

Figure 1. XRD patterns of Ti (a) and TiO2 nanotubes (b) on Ti substrate after heat treatment at 550 °C for 2 h. 

The electrochemical method on Ti substrate forms a structure of TiO2 nanotubes. This has been 

proven in many previous publications [15-16]. At the beginning of the electrochemical process, 

amorphous TiOx formed on the Ti substrates by contact with the electrolyte solution [17]. 

         Ti + xH2O → TiOx + 2xH+ + 2xe                                                     (3) 

Meanwhile, ionization of electrolyte components including fluoride salt and water can lead to the 

formation of F-, H+, and OH-, respectively. Such ions may also lead to the formation and growth of the 

TiO2 layer. The proposed reaction mechanism through the following reactions [18, 19]: 

At anode: 

Ti → Ti4+ + 4e     (4)                                                   

4OH- → O2 + 2H2O +4e                                                          (5) 

At cathode:   

                        2H2O + 2e → 2OH- + H2 ↑     (6) 

The reactions are following:   
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                                      Ti4+ + 4OH- → TiO2.H2O                                                     (7) 

                                                     Ti4+ + 2O2-   → TiO2                                                      (8) 

Ti4+ +  6𝐹−  →  [TiF6]2-                                                    (9) 

The formation (8) and the dissolution (9) of TiO2 that happened continuously is the basis for the 

porous structure of the TiO2 nanotube layer. In the electrolyte solution, the presence of Ti4+ led to the 

adsorption of the [TiF6]2- ions on the oxide surface, decreasing the surface energy, and increasing 

surface perturbation. 

 

Figure 2. FE-SEM images of Ti (a), TiO2 nanotubes (b, c),  

and schematic of the formation of the TiO2 nanotubes on Ti substrates (d). 

The TiO2 nanotube growth morphology was observed by FE-SEM. The coating layer appeared to 

be highly dense and uniform, with an average inner diameter of 70 nm and outer diameter of 140 nm 

(Figure 2b). The thicknesses of the TiO2 layers were approximately of 16 μm (Figure 2c). Wang et al., 

studied the effects of TiO2 nanotubes with different diameters of 30 nm, 70 nm and 100 nm on 

biological bone responses around the implants [20]. They found that 70 nm in diameter is the optimum 

size for TiO2 nanotube coated on titanium implants to obtain favorable osseointegration. The model of 

the TiO2 nanotube structure formed on the Ti substrate is built as shown in Figure 2d. 

The contact angle, which tends to decrease as the roughness increases for TiO2 nanotubes, 

represents the degree of hydrophilicity. The shape of water drops on the titanium and TiO2 nanotube 

surfaces is presented in Figure 3. The results showed that anodizing of titanium increased the 

hydrophilicity of the titanium surface. This might be because of the increase in the surface roughness, 

as above mentioned. The surface wettability of biomaterials has been found to be an important 

factor for cell-biomaterial interaction and more hydrophilic surfaces are able to improve cellular 

properties [21]. 

https://www.sciencedirect.com/topics/chemical-engineering/nanotube
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Figure 3. Measurement of wettability of Ti (a) and TiO2 nanotubes (b). 

The free corrosion potential (FCP) plots and potentiodynamic polarization curves of the bare Ti 

substrate and TiO2 nanotubes on the Ti substrate are shown in Figure 4. The extracted parameters from 

the polarization plots including the corrosion potential (Ecorr) and corrosion current density (icorr) are 

given in Table 1.  

Table 1. The results of corrosion parameters 

 

Sample 
Ecorr (V) 

icorr x10-7 

(A/cm2) 
𝛽𝑎 (V) 𝛽𝑐 (V) Rcorr (kΩ) 

Corrosion rate 

(mg/m2h) 

Ti -0.608 0.217 0.1482 0.2706 1916 0.971 

TiO2 

nanotubes 
-0.411 0.050 0.0740 0.1029 3738 0.224 

 

Potentiostatic polarization experiments used to observe anodic and cathodic behaviors allow the 

controlled polarization of a metal surface in an electrolyte [22]. Measurements of the current vs time 

relationship under a constant applied potential are obtained from the experiment. Cathode polarization: 

the potential shifts in the negative direction (below Ecorr), and the electrons accumulate in the metal 

surface and forcing the working electrode to become more negative. Anode polarization: the potential 

is changed in the anodic (on Ecorr) causing the electrons to be removed from the metal surface and the 

working electrode to become the anode. 

 

Figure 4. Free corrosion potential (a) and potentiodynamic polarization plots  

of Ti and TiO2 nanotubes on Ti substrates (b). 
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The corrosion potential, corrosion current density (corrosion rate), and polarization resistance of 

the coatings were used to characterize the corrosion protective property of the coatings. The high 

corrosion potential, polarization resistance, and low corrosion current density (low corrosion rate) of 

the coatings suggested a high corrosion resistance performance [23]. Figure 4a demonstrated the free 

corrosion potential (FCP) as a function of time. The FCP increased with time, and it was almost 200 

mV higher in the presence of TiO2 nanotube coating. The rise of FCP values towards the positive 

direction indicates that on the investigated surface is formed a passive layer which indicates a better 

corrosion resistance, this was also confirmed by FE-SEM studies [24, 25], The rise in potential is the 

indication of the formation as well as thickening of the surface film with immersion time. 

As shown in Figure 4b and Table 1, TiO2 nanotube coatings on the Ti substrate was superior 

corrosion resistance compared to the bare Ti substrates, with a relatively low corrosion rate. While 

Ecorr represents the thermodynamic tendency for corrosion, icorr shows the corrosion rate [3]. The 

electrochemical samples observed the dynamic potential polarization graph tended to shift toward the 

region of the lower corrosion current density and the higher corrosion potential of the TiO2 nanotube 

coating, confirming an improvement in the corrosion resistance [26]. The corrosion rate of titanium 

was found 0.971 (mg/m2h). TiO2 nanotube layer formed outside, and the corrosion rate decreased to 

0.224 (mg/m2h). This indicated that the electrochemical process significantly improved the corrosion 

resistance of the bare titanium. 

4. Conclusions 

TiO2 nanotubes formation on the Ti substrates has been synthesized successfully by the 

electrochemical process. The obtained TiO2 nanotubes were of 70 nm in inner diameter and of 

approximately 16 μm in thickness. This coating exhibited higher hydrophilicity than that of the bare Ti 

substrates, which is attributed to better roughness and porosity. Compared with the bare Ti substrates, 

the presence of TiO2 nanotube coatings increased the corrosion potential and clearly decreased its 

corrosion current density in the SBF solution, thus improving the corrosion resistance. These results 

suggest that the utility of a TiO2 nanotubes coating opens up more opportunities for wide-range 

applications from medical implants to anticorrosive engineering materials after simple surface 

modification using electrochemical synthesis.  
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