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The titania (TiO2) coatings containing Ca and P was successfully deposited on titanium substrate by plasma electrolytic 
oxidation (PEO) technique. The electrolyte was a mixture consisting of β-glycerophosphate disodium salt pentahydrate and 
calcium acetate monohydrate. The obtained surfaces were characterized using SEM, XRD, AFM, FTIR and contact angle 
measurements in order to obtain morphological, topographical, compositional features and wettability of the surface. The 
electrochemical behavior of the Ti/TiO2 coating was tested in buffer solution. The corrosion parameters obtained from linear 
polarisation measurements, electrical parameters from electrochemical impedance spectroscopy and cyclic 
potentiodynamic polarisation were obtained. The antibacterial activity of the TiO2 coatings against Escherichia coli was 
examined by bacterial counting method. Percentage inhibition of bacteria growth was determined by streak method. The 
results showed a good electrochemical stability, combined with positive results regarding their antibacterial activity and in 
vitro cytotoxicity. 
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1. Introduction 
 

Titanium and its alloys are still the most used valve 

metal in medical applications. Although it possesses the 

appropriate mechanical, physical and chemical 

characteristics to accomplish the functions of an implant, 

titanium is gradually affected by body fluids, thus 

corrosion resistance become critical for the overall success 

of the treatment procedure [1, 2]. The corrosion products 

formed as a result of metal-biological fluids interactions 

have a significant connection with the biocompatibility 

and implant long term stability [3]. Moreover, titanium 

and its thin naturally formed oxide films are known to be 

bio-inert [4, 5].  

In order to diminish these two important drawbacks, 

surface engineering developed solutions that involved the 

use of different treatments: chemical (etching, sol-gel 

deposition), electrochemical (anodic oxidation, micro-arc 

oxidation), physical (physical vapor deposition, thermal 

spray, plasma spraying), mechanical (machining, grinding, 

polishing), thermal (thermal oxidation, sintering) [6, 7]. 

Regarding the applied treatments for Ti surface, improving 

the corrosion response of Ti with TiO2 layers are well-

known to provide a better protection [8-10]. The most 

accepted technique for the surface modification of Ti with 

TiO2 is oxidation that can be produced through various 

methods: in furnace at high temperature [11, 12], 

electrochemically anodization [13, 14], plasma-enhanced 

atomic layer deposition [15, 16], plasma electrolytic 

oxidation (PEO) [17-19]. 

Among all electrochemical techniques applied for 

changing the surface properties of metals, PEO is 

considered one of the most useful methods for surface 

modification of titanium or titanium alloys implants 

surface [20]. PEO is a non-expensive, simple, controllable 

and efficient method for formation of oxide layers with a 

coarse and porous structure and high cohesivity on the 

surface of titanium and its alloys, providing a better 

corrosion resistance for bulk metallic substrate and an 

enhanced implant fixation to the bone [21]. The PEO 

process has several advantages, such as a possibility to 

control thickness and morphology of the surface layer, 

ability to form coatings on complex shapes, and higher 

growth rates compared to conventional anodizing [17-19]. 

The coatings are obtained by applying high voltages to 

generate a sequence of short-lived microdischarges on the 

metal surface. When the applied voltage to a Ti substrate 

immersed in an electrolyte is increased to a certain point a 

micro-arc occurs and a TiO2 layer on the surface is formed 

[22]. 

On the other hand, in order to minimize the bio-

inertness and to improve the bioactivity of titanium 

implants, different solutions for enhancing their 

osseointegration with the bone tissue were proposed. 

Considering that the capability of an implant to create a 

strong bond with a living tissue is highly dependent on the 

surface physical and chemical characteristics, one of the 

most appropriate method is bonding bioactive substances 

on the surface [23-25]. In this way, bioactive materials can 

be incorporated into the surface layer during the PEO 

process by tailoring the composition of the electrolyte 
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solution [26, 27]. Among them, bioglasses or calcium 

phosphate bioactive phases such as hydroxyapatite (HAp, 

Ca10(PO4)6(OH)2) are often used, providing bioactivity and 

osteoconductivity at the interface titanium-tissue [28-32]. 

HAp coated titanium implants have attracted much 

more attention during recent decades, due to the 

crystallographic structure and chemical composition of 

Hap, similar with hard tissues. It has been proven that 

HAp has the advantage to induce bone regeneration and 

also provides better bone cells reproduction [33]. 

Although different methods like plasma spray, sol–

gel, electrophoretic deposition, cathode deposition, laser 

forming and hydrothermal process were used to fabricate 

HAp layers with various structures [34], PEO is an 

advanced technique of HAp layer production that has 

multiple advantages. Therefore, PEO-based surface 

engineering methods are attractive for the formation of HA 

coatings on titanium substrates, including hybrid TiO2:n-

HA coatings [28]. 

In addition, PEO can introduce Ca and P ions into Ti 

surface by controlling the processing parameters such as 

the composition of the electrolyte, applied voltage, current 

density, and treatment times. A correlation between 

current density and electrolyte concentration used during 

the PEO process on titanium and proportions of anatase 

and rutile phases, surface morphologies, coating 

thicknesses was observed [35].  

This study is intended to be a comprehensive 

approach treating all aspects regarding future use of titania 

coatings containing Ca and P in medical applications. 

These are related to morphology, topography, chemical 

structure, wettability, adhesion, electrochemical behavior 

in simulated bioliquids correlated with microbial activity 

and aspects related to cytotoxicity.  

 

 

2. Experimental  
 

2.1 Preparation of substrate 

 

Titanium rectangular samples (with dimensions of             

12 mm × 12 mm × 3 mm) cut from a sheet of 

commercially pure titanium (grade 2) were used as 

substrate. The chemical composition of the raw material 

is: Fe 0.105 %; C 0.011 %; O 0.175 %; N 0.006 %; H 

0.0005 % and 99.7% Ti. The sample plates were polished 

gradually using #200 – #4000 SiC sandpaper, degreased 

and successively cleaned in an ultrasonic bath with ethanol 

and distilled water. 

 

2.2 Synthesis of TiO2 films using PEO technique 

 

The PEO equipment was design and manufactured at 

the University of Pitesti. The experimental set-up consists 

of an insulated stainless steel electrolyte cell and a pulsed 

bipolar DC power supply. The titanium plate was used as 

anode, while a stainless steel cell was used as cathode. The 

electrolyte in the electrolyte cell was an aqueous solution 

containing 0.04 mol/l β-glycerophosphate disodium salt 

pentahydrate (C3H7Na2O6P∙5H2O) and 0.4 mol/l calcium 

acetate monohydrate ((CH3COO)2Ca∙H2O) in distilled 

water. 

A 15 kW PEO coating deposition equipment of unit 

designed was used for the coating deposition. The 

oxidation parameters were: voltage (250V, 350V, 450V) 

and the oxidation time (3 min). The PEO treatments were 

obtained using a pulsed current regime. After the 

treatment, the samples were washed with distilled water 

and dried at room temperature. 

 

2.3 Methods for TiO2 ceramic coatings  

      characterization 

 

2.3.1. Surface characterization 

 

Scanning electron microscopy (SEM) - The 

morphology of treated surfaces was observed on a 

Scanning Electron Microscope (SEM, Low-vacuum 

INSPECT S – FEI Company). The SEM equipment was 

operated at 15 kV.  

Energy-dispersive X-ray spectroscopy (EDX) - The 

elemental composition was studied with energy dispersive 

X-ray spectrometer (EDX, Genesis-XM2) incorporated 

into the scanning electron microscope. EDX was 

performed at an acceleration voltage of 20 kV. 

X-ray diffraction (XRD) – The crystalline nature of 

the TiO2 coatings was analysed using a Rigaku Ultima IV 

wih CuKα radiation, with Parallel Beam optics, in grazing 

incidence geometry (angle of incidence was kept constant 

at 1°). The measurements were conducted in the 2θ range 

20
0
-80

0
, step width 0.05

0
 and 2s as counting time. 

Atomic force microscopy (AFM) - Topographical and 

morphological analyses were performed with an AFM 

equipment A.P.E Research A100-SGS, using an ultra-

sharp cantilever tip. 

The Fourier transform infrared spectroscopy (FTIR) - 

Infrared spectra were obtained using a Spectrum 100 FT-

IR spectrophotometer (Perkin Elmer) in the attenuated 

total transmittance mode (ATR). Spectra covering the 

range from 4000 to 600 cm
−1

 and 4 scans at a resolution of 

4 cm
−1

 were used. 

The contact angle - The surface hydrophilicity of TiO2 

films was determined with a KSV Instruments CAM 100, 

by measuring the static contact angle of a drop of distilled 

water deposited on the sample surface. The volume of the 

liquid was kept constant (10 μL). Each contact angle value 

is the average of the minimum 3 measurements. The 

investigation was carried out with an accuracy of ±1° at a 

temperature of 25 °C. 

Adherence test - The experiments regarding the 

adherence of TiO2 films were per-formed with a PosiTest 

Adhesion Tester (DeFelsko Corporation). 

 

2.3.2 Electrochemical characterization  

 

All electrochemical measurements were performed 

using one compartment cell with three electrodes: a 

working electrode, a platinum counter-electrode and an 

Ag/AgCl, KCl reference electrode connected to Autolab 

PGSTAT 302N potentiostat with NOVA general-purpose 
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electrochemical system software. The titanium with an 

exposed surface area of 1 cm
2
 was used as the working 

electrode. 

The electrochemical stability was determined in a 

buffer solution, at room temperature. The chemical 

composition of the solution was: NaCl 8.74 g/L; NaHCO3 

0.35 g/L; Na2HPO4∙12H2O 0.06 g/L; NaH2PO4 0.06 g/L. 

The following electrochemical techniques were 

employed: 

Polarization curves were registered at ±150 mV vs. 

OCP, at a scan rate of 2 mV/s and corrosion parameters 

were computed based on Tafel plots: icor (corrosion current 

density), Rp (polarization resistance), Ecor (corrosion 

potential) and vcor (corrosion rate). 

Electrochemical impedance spectroscopy (EIS) 

studies were carried out at an open circuit potential. The 

EIS spectra were acquired in the frequency range of 0.1 − 

10
5
 Hz in order to obtain Nyquist plots by applying a small 

excitation amplitude of 10 mV.  

The cyclic potentiodynamic polarisation - Cyclic 

curves were recorded. The electrode potential was cycled 

between –0.6 and + 4V, at a scan rate of 20 mV/s. 

 

2.3.3 Antibacterial activity of TiO2 ceramic coatings  

 

Escherichia coli (K 12-MG1655) were cultured in a 

tube containing Luria Bertani (LB) medium at 37 
o
C (L.B. 

medium composition: peptone, 10 g/L; yeast extract 5 g/L, 

NaCl 5 g/L).  

Sterile samples were incubated 18 hours of test tubes 

containing 10 mL culture of Escherichia coli. Culture was 

obtained from a volume of 10 mL sterile culture medium. 

The sterile medium was inoculated with 100 μL of 

Escherichia coli (1 %). Once obtained 10 mL of culture 

were placed over the samples. Optical density was 

determined after 18 hours of incubation. Incubation was 

performed in the incubator Laboshake Gerhardt. 

The bacterial growth was determined by measuring 

optical density for the four samples and control 

(Escherichia coli without Ti sample) at 600 nm using UV-

VIS spectrophotometer (Jenway Spectrophotometer). 

 

2.3.4 Cytotoxicity of TiO2 ceramic coatings 

 

L929 mouse fibroblast cells (kindly provided by Dr. 

Ronald Doyle, University of Louisville School of 

Medicine, Louisville, KY, USA) were cultured overnight 

(37
o
C, humidified atmosphere with 5% CO2) in flat-

bottom 96-well tissue culture plates at a concentration of 

10
5
 cells/mL in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Sigma-Aldrich, Inc. St. Louis, MO) 

supplemented with 10% fetal bovine serum (FBS) 

(BIOCHROM AG, Berlin, Germany) and 100 U/mL 

penicillin-streptomycin (Lonza, Verviers, Belgium). When 

cells reached 85–90% confluence they were detached by 

trypsin (Sigma–Aldrich), collected and used for 

cytotoxicity assay. In vitro cytotoxicity assay was 

described in previous study [36]. Control samples optical 

density was considered as 100% viability. Experiments 

were performed in triplicate. 

3. Results and discussion 
 

3.1. Surface characterization  

 

3.1.1. Scanning electron microscopy analysis 

 

Fig. 1 (a-c) shows SEM micrographs of the surfaces 

of titanium substrates modified by PEO at 250V, 350V, 

450V for 3 minutes, in the Ca and P containing solution. 

Due to a high temperature in discharge channels during the 

PEO process a porous and rough surface with micropores 

is formed.  

The TiO2 coatings obtained at 250 V exhibited a 

porous microstructure with small pores which are well 

distributed homogeneously over the samples. It can be 

observed that the pore became larger with increasing 

applied voltage, due to the electrical sparks, which are 

responsible for pores formation. These are weaker at low 

voltages due to low current passing through the 

electrochemical cell. In contrast, the electrical sparks 

become stronger at higher applied voltages, determining 

the apparition of larger pores on the surface. These results 

are consistent with those obtained by other researchers 

[37-39]. 

 

 
 

Fig. 1 SEM surface morphologies of titanium samples  

modified by PEO at: a) 250V; b) 350V; c) 450V 
 

 

Consequently, the highest voltage values used for 

PEO treatment leads to the formation of oxide films on Ti, 

the surfaces becoming irregular and rough with voltage 

increasing (Fig. 1c). 

 

3.1.2 AFM analysis 

 

The 2D and 3D AFM images of the treated and 

untreated titanium surfaces are presented in the Fig. 2. The 

samples modified by PEO show an important increase of 
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roughnes up to 303 nm for sample treated at 250V, 502 nm 

for sample treated at 350V and 565 nm for sample treated 

at 450V compared with untreated Ti surface which 

presents a roughness of only 59 nm (Table 1). 
 
 

Table 1. The roughness of titanium surfaces treated and 

untreated with PEO 

 

Sample Rms (nm) 

Ti untreated 

250 V 

350 V 

450 V 

59,8 

303 

502 

565 

 

 
 

Fig. 2 2D and 3D AFM images of the untreated Ti surface 

 and PEO modified Ti at 250V, 350 V, 450 V 

 

 

The surface topography is also changed after PEO 

treatment showing a microporous structure with different 

pore dimension depending on applied voltage.  

The pore shape also differs depending on the 

treatment, varying from a porous structure in the form of 

circular nest with diameters less than 1 µm, for the sample 

obtained at 250 V to a porous structure in the form of 

larger cavities for higher voltage treatments. The treatment 

performed at 450 V leads to the changing of the pore 

shape from the circular to elongate with one dimension of 

2 – 4 µm. 

 

 

3.1.3 EDX measurements 

 

The bioactivity of coverage depends on some 

physicochemical parameters such as hardness, porosity, 

phase and elemental composition and bond strength [5]. 

The elemental composition for titanium substrate PEO 

modified was identified with the EDX characterization 

technique (Fig. 3). 

 
 

Fig. 3 EDX spectra of TiO2 films prepared at 250V,  

350V and 450V 
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In the composition of films were identified titanium, 

oxygen, calcium and phosphorus. From Table 2, showing 

the EDX analysis performed on the coatings described 

above, can be observed that while the voltage increased, 

the oxygen and titanium content is reduced, favoring the 

increasing of calcium and phosphorus percentage. 

 

 
Table 2. Relative content of O, Ca, P for the PEO treated 

titanium 

 

Sample 
Relative content 

 O (at.%)     Ca (at.%)        P(at.%)       Ca/P 

250 V 

350 V 

450 V 

57,46            8,81              4,79              1,83 

56,94           12,90             5,87              2,19 

50,15           18,88             7,65              2,46 

 

The Ti coatings that have an appropriate Ca and P 

content are recommended to be used as biomimetic 

implant materials in bone tissue applications because Ca 

and P element introduced during PEO could increase the 

opportunity to form hydroxyapatite. In particular, the 

phase composition and the ratio Ca / P of the formed layer 

should be near the hydroxyapatite (Ca / P = 1.67), which is 

a main component of bone tissue. The study of Yang et al. 

[40] revealed that the bioactivity of the coatings was 

improved as the Ca/P ratio overcome those of existing in 

HA. Furthermore, Mohedano et al. [41] stated that the 

presence of Ca and P in TiO2 coating with a Ca/P ratio 

exceeding that of any stoichiometric Ca–P–O and Ca–P–

O–H compounds, facilitates faster osteoblast cell adhesion. 

This finding has important significance for developing the 

bioactivity of Ti implant materials.  

 

 

3.1.4 XRD measurements 

 

Ca and P elements determined using EDX analyze 

enter in the composition of different compounds formed 

during the PEO process. In the study of Abbasi et al. [42], 

after a PEO process applied for Ti substrate, CaTiO3 and 

Ca3(PO4)2 are supposed to be by-products of the chemical 

reactions which occurred in high temperature resulted due 

to electrical discharges on the surface, during formation of 

TiO2 coating. These two products could be generated 

through the reaction between HAp and TiO2.  

In Fig. 4 are presented the XRD diagrams (θ / 2θ) of 

coatings 250 V, 350 V and 450 V of the titanium treated 

substrates. The intensity is represented in arbitrary units. 

For the TiO2 obtained at 250 V, only peaks of anatase 

phase could be observed. The content in rutile phase is 

insignificant. For the coating obtained at 350 V is 

observed an increase in rutile phase. The anatase and rutile 

peaks have almost the same intensity. 

As EDX analyze confirmed, Ca and P are present in 

all samples but the degree of crystallinity of calcium 

containing compounds increase with applied voltage. The 

peaks corresponding to HAp, α - Ca3(PO4)2 and CaTiO3 

are hardly visible at 250 V, begin to rise at 350V and are 

more evident at 450 V when the crystalizing process is 

more intense. 

 

 
 

Fig. 4 XRD patterns of the PEO coatings deposited  

at different voltages. 

  

Therefore, the composition of the coatings obtained 

by PEO at 450 V contains a mixture of crystalline phases: 

rutile, anatase, CaTiO3, the α - of Ca3(PO4)2 and HAp. 

The CaTiO3 phase appears due to the increase in 

reaction energy. One interesting characteristic from X-ray 

diffraction analyze results is the formation of tricalcium 

phosphate at  higher voltage (450 V), which is a well-

known bioresorbable phase of calcium phosphate [43].  

In another study, after the heat-treatment of the PEO 

coating, a CaTiO3/TiO2 composite (CTC) coating was also 

reported [44]. In recent years, CaTiO3 compound has 

attracted much attention in the field of biomedical 

materials. The formation of CaTiO3 was also reported 

during the preparation of HAp coating on titanium and it 

has been proposed as an intermediate layer to improve the 

adhesion between HAp and substrate, thus generating an 

important potential application in the biomedical field. 

[44-46]. 

 

3.1.5 FTIR analysis 

 

The FT-IR spectra of the PEO coating are shown in 

Fig. 5. The vibration band of phosphate (P–O) was 

observed for all PEO coatings. This band became more 

intense at higher voltage, when more Ca and P coatings 

are entrapped.   

In the FT-IR spectrum, absorption peaks of PO4 bands 

were observed including the triply degenerated 

asymmetric stretching mode of PO4 band at 1033 cm
−1

. 

Moreover, the weak OH
-
 stretch band in the spectrum at 

around 3550 cm
-1

 may be due to the presence of apatite in 

the coatings.  

The FTIR analyse confirm the observation from XRD 

studies, revealing the presence of PO4 containing 

compounds.  
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Fig. 5 FTIR spectra for Ti and the Ti samples modified 

 by PEO at 250V, 350V, 450V 
 

 

3.1.6 Surface wettability  

 

On a textured surface, the equilibrium state of a water 

droplet is strongly dependent on the surface chemistry and 

on the topography. However, when the surface chemistry 

favors partial wetting, topography can result in a droplet 

spreading completely. Considering this aspect, the water 

contact angles measured for PEO deposited coatings was 

discussed in terms of the Cassie–Baxter and Wenzel 

models [47]. Normally, a liquid droplet deposited on a 

solid surface establishes a defined equilibrium contact 

angle. Particularly, in the case of textured surfaces, the 

ideal Young’s relation is not fulfilled. If the droplet 

remains on top of the textured surface, with trapped air 

underneath, it is Cassie–Baxter model. In this model, for 

hydrophobic substrate (contact angle > 90°), contact angle 

increases with the average roughness. If the liquid is in 

contact with the entire exposed surface, it is the Wenzel 

state. In this state, hydrophilic substrate (contact angle < 

90°), becomes more hydrophilic with a higher average 

roughness. The samples discussed in this study fits in this 

Wenzel state, since the contact angle values for TiO2 

coatings varied around the hydrophobic/moderate 

hydrophylic limit, from 98° to 71° showing an increase in 

hydrophilicity of surfaces after the PEO treatment: the 

water contact angle decreased once the applied voltages 

increased, as can be observed in Table 3. This effect is 

based mostly on the modifications produced in surface 

topography, the Ti surface becoming rougher as TiO2 was 

grown on the surface at higher voltage. The anatase/rutile 

content may affect, also, the hydrophobicity of the 

coatings. Moreover, a decrease in the contact angle values, 

from 98.44 to 70.99 is associated with a more hydroxyl 

rich surface, resulted after the formation of 

hydroxyapatite. 

 
Table 3. The values water contact angle for the  

PEO treated samples 

 

Sample 250V 350V 450V 

Contact angle 

() 

98.44 92.43 70.99 

3.1.7 Adherence test  

 

The adhesion of a bioactive film on a substrate is an 

important aspect to be considering, since it is subjected to 

mechanical stress, specially - friction. If analysed 

separately: hydroxyapatite, despite its good bioactivity, is 

not suitable for load-bearing conditions because of its poor 

mechanical properties. As compared to these fragile 

ceramics, metal materials exhibit excellent mechanical 

toughness and strength. However, they exhibit poor 

bioactivity. Thus, the ideal solution comes from 

combining this two materials: deposition/inclusion of 

bioactive coatings on titanium as an approach to solve the 

disadvantages of ceramic and metal biomaterials. 

Moreover, in the case of this study, the ceramic material 

was included in the TiO2 coating deposited on Ti substrate, 

thus, obtaining an adherent coating. The adherence 

strength of the coating containing TiO2, Ca and P was 

appreciated using an adherence test.  

Three TiO2 films were deposited on Ti substrate, in 

the conditions mentioned in the experimental section. The 

results presented in Fig. 6 reveal that the most adherent 

coating is that obtained at 350V. These results are very 

promising since improving the adherence of 

hydroxyapatite on a substrate represented until now a 

difficult issue to solve [48]. 

 

 
 

Fig. 6 Adherence test for TiO2 films deposited onTi substrate 

using PEO technique. 

 

3.2. Electrochemical characterization 

 

In the case of a medical device, the corrosion 

resistance is one of crucial factors that influences the 

future success of the implant, assuring its role for a long 

period of time.  

 

Cyclic voltammetry  

 

The electrochemical behavior was tested in buffer 

solution for the Ti/TiO2 samples obtained at 250, 350 and 

450V. The cyclic voltammetry curves for all four samples 

are comparatively presented in Fig. 7. The current density 

low values of for all Ti/TiO2 samples compared with those 

of Ti substrate, denote the protective roll of TiO2 films. 

The appearing peak at 2V for Ti and  250V samples 

indicates the presence of a transition state from Ti
3+

 to 

Ti
4+

. Then, the current plateau of about 150 µA/cm
2
 for Ti 
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and 20 µA/cm
2
 for 250V, highlights the continuing 

consolidation of the oxide layer. 

 

 
  

Fig. 7 Cyclic voltametry curves for Ti substrate and  

Ti/TiO2 films obtained at 250V, 350V and 450V 

 

For other samples, obtained at 350V and 450V, this 

transition is not observed, and any other oxidative 

processes are not visible in the potential range 0 – 3 V, 

suggesting a better stability of TiO2 films obtained at 

higher voltage. For sample 350V the current remains 

almost constant even up to 4 V. 

 

Tafel plots 

 

The results from Tafel plots, obtained at initial 

immersion time in buffer solution, for Ti substrate sample, 

and 250V, 350V and 450V samples are presented in Fig. 8 

and Table 4.  

 
 

Fig. 8 Tafel plots for Ti and Ti/TiO2 samples obtained at  

250V, 350V and 450V. 
 

 

The growth of TiO2 films on the titanium substrate 

obtained by PEO leads to an important improving of the 

corrosion parameters. The corrosion potential for the 

samples covered with TiO2 was slightly displaced to more 

electropositive values and the current densities values 

were reduced from 8 µA/cm
2
 to current densities that are 

in nanometric range.  

 

Table 4. Electrochemical parameters for the Ti and Ti/TiO2  

films from Tafel plots 

 

Sample 
Ecorr, 

(V) 

Jcorr 

(nA/cm²

) 

Polarizatio

n 

resistance  

(MΩ) 

Corrosion 

rate 

(mm/year) 

Ti -0.0865 8208 0.0348 714·10-4 

250V -0.0721 56.16 2.5949 4.88·10-4 

350V 
+0.008

9 
54.94 1.0996 4.78·10-4 

450V -0.0593 187.96 0.6768  16.3·10-4 

 

 

Another important parameter is the corrosion rate that 

decreases considerably from 7.1410
-2 

mm/year for Ti 

substrate to values that are two order of magnitude lower, 

between 4.88 and 16.310
-4 

mm/year for Ti/TiO2 samples. 

Thus, these TiO2 films improve the corrosion parameters 

by better isolating the metal from the corrosive 

environment, suppressing the anodic dissolution of the 

metal. 

Nevertheless, if the corrosion parameters of the three 

Ti/TiO2 samples are compared, the most corrosion 

resistant are the samples obtained at 250 and 350V. The 

third sample, obtained at 450V is probably less resistant 

than the other two TiO2 samples because of the bigger 

dimensions of the pores in the TiO2 film, that leads also to 

a decrease in polarization resistance.  

All the samples have a lower corrosion rate compared 

with untreated Ti substrate, strengthening the observations 

drawn from cyclic voltammetry. 

 

Electrochemical impedance spectroscopy 

 

The impedance spectra of the untreated Ti and 

Ti/TiO2 samples modified surface by PEO are used to 

determine some electrochemical parameters at the 

interface Ti/TiO2 - electrolyte. 

The Nyquist diagrams for untreated Ti and Ti/TiO2 

samples are presented in Fig. 9. The equivalent circuits 

proposed according to the impedance spectra are also 

presented in Fig. 9, for each sample.  

The electrolyte solution resistance was noted as Rs in 

all proposed circuit. For the Ti surface the observed 

incomplete charge-transfer semicircle corresponds to RQ 

parallel combination, and is associated with the resistance 

of native oxide TiO2 thin film (R1), in parallel to the first 

constant phase element (Q1). For all Ti/TiO2 surfaces, 

other RQ parallel combination (R2 in parallel to the 

second constant phase element, Q2), was added in circuit 

corresponding to TiO2 film formed after the PEO treatment  

Electrical parameters of the proposed equivalents 

circuits obtained after results fitting are presented in the 

Table 5. 
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Fig. 9 Nyquist spectra for uncoated Ti and modified Ti  

with PEO at 250V, 350V and 450V 

 

The resistance R1 which was associated, for Ti 

sample, with the native oxide film formed instantly on its 

surface, is about 1.06 MΩ. For Ti/TiO2 sample obtained 

by PEO treatment, R1 is associated with the inner oxide 

layer from the titanium – oxide interface which is expected 

to be more compact (less porous). The values of R1 

increase, after PEO treatment, reaching at 5.6 MΩ for 

250V, 60 MΩ for 350V and 25.9 MΩ for 450V, 

respectively.  

The resistance R2 which is associated, for Ti/TiO2 

sample, with the outer oxide layer, is three orders of 

magnitude lower comparing with R1. This difference is 

due to outer porous oxide layer as was highlighted from 

SEM and AFM analysis. The order of R2 resistances is 

similar with that observed for R1, R250V < R450V < R350V. 

 

Table 5. Electrical parameters of the proposed equivalents circuits. 

 

Parameters Rs R1 CPE1 R2 CPE2 

Units  k Mho n M Mho n 

Ti 135 - - - 1.060 19.8 0.876 

Ti-250V 128 5.45 0.401 0.829 5.64 6.10 0.819 

Ti-350V 148 60.3 0.203 0.881 60 5.81 0.765 

Ti-450V 120 15.6 2.68 0.655 25.9 4.41 0.734 

 

 

Thus, the higher resistance values were obtained for 

350V, beeing in a good correlation with the Tafel results, 

which revealed the lowest corrosion rate, and CV curves, 

which also revealed lowest anodic current for this sample. 

For 450V sample, obtained at highest voltage, the 

TiO2 film resistance is lower comparing 350V showing 

that the increasing in pore dimension can facilitate the 

liquid penetration affecting the corrosion resistance. 

The values of CPE2 coefficient, n, sustain this 

observation, beeing closer toward the diffusive behavior 

for 450V (0.65) and pseudocapacitive behaviour for 350V 

(0.88). 

 

3.3. Antibacterial activity 

 

The bacteriological experiments performed in vitro 

demonstrated the effectiveness of TiO2, Ca and P 

containing coatings in inhibiting the growth of Escherichia 

coli bacteria (Table. 6). The antibacterial activities of 

coatings were determined by calculating the percentage 

inhibition of growth using the formula [49]: 

 

I % = [(B18 − B0) − (C18 − C0)]/ (B18 − B0) ∙100         (1) 

 

where I is the percentage inhibition of growth , B18 is the 

blank- compensated optical density at 600 nm                        

OD600 = 3.36 of the positive control of the organism at 18 

h, B0 is the blank-compensated OD600 of the positive 

control of the organism at 0 h (OD600 = 0.049), C18 is the 

negative control-compensated OD600 of the organism in 

the presence of test sample at18 h and C0 is the negative 

control-compensated OD600 of the organism in the 

presence of test sample at 0 h (OD600 = 0.049).  

Table 6 shows the average optical density in three 

experiments conducted according to the above description 

and the percentage inhibition of growth for the four 

samples. 

 

 
Table 6. Percentage inhibition of bacteria growth, % 

 

 

Sample 

 

C18 

 

I, % 

250V 0.93 83 

350V 0.96 82 

450V 0.95 82 

Ti control 2.68 20 

 

  

The results indicated that the samples prepared in this 

study possess strong antibacterial activity. 

This is attributed to the increase in amount of 

crystalline titanium dioxide available to participate in the 

photocatalytic reaction as well as to the increase of high 

photocatalytic crystalline phase of anatase and rutile.  

It was demonstrated that the killing mechanism of 

TiO2 to microorganism is caused by the oxidizing reaction 

of the reactive oxygen species. Therefore, it is reasonable 

that TiO2 producing a larger amount of hydroxyl radicals 

showed greater antibacterial activity.  
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However, among these reactive oxygen species, 

which species are directly involved in the damage of 

bacterial cells or which species contribute more to the 

oxidative reactions with organic compounds is still subject 

to investigation. The endotoxin is a component of the outer 

membrane of gram negative bacteria and is released only 

when the cellular structure is destroyed. The results 

indicated that the TiO2 destroys the outer membrane of the 

E. coli cell and causes the death of the bacteria. 

The researchers believe the cell death was caused by 

the decomposition of the cell wall first, and then 

subsequent decomposition of cell membrane. Damage of 

the cell membrane directly leads to leakage of minerals, 

proteins, and genetic materials, causing cell death [50]. 

 

3.4. Cells cultivation 

 

In vitro biocompatibility of samples was assessed by 

measuring L929 cells viability through the MTT assay. 

Samples were incubated for 24 h in Phosphate Buffer 

Saline (PBS) to allow leakage of potential cytotoxic 

compounds and, subsequently, supernatants were brought 

into contact with the adhered cells overnight. MTT assay 

was performed on test samples, each determination 

representing three replicates. Cells response to PBS was 

considered as positive control (100% cell viability). 

Results show no noticeable difference between 

samples and, moreover, there is no sign of cytotoxicity of 

either sample in terms of leaked components, as observed 

in Fig. 10. Further studies are needed to certify the in vivo 

biocompatibility of these formulations.  

  

 
 

Fig. 10 Cytotoxic effect of untreated Ti and Ti  

samples modified with PEO 

 

Correlating the results from cytotoxic test with those from 

surface characterisation, it can be concluded that the new 

coatings based on PEO sinthesized TiO2 have a good 

electrochemical behaviour in terms of corrosion resistance 

and the appropriate topography and wettability to be used 

as a coating for titanium, in biomedical applications.   

 

 

4. Conclusions 
 
The titania coatings containing Ca and P was 

successfully prepared on titanium substrat using plasma 

electrolytic oxidation technique. The highest voltage 

values used for PEO treatment leads to the formation of a 

porous oxide films on Ti. The surface topography presents 

a microporous structure with different roughness and pore 

dimension, depending on applied voltage.  

An increase in calcium and phosphorus percentage 

was favored by high voltage values. The composition of 

the coatings obtained by PEO at 450 V contains a mixture 

of crystalline phases: rutile, anatase, CaTiO3, the alpha 

phase of Ca3(PO4)2 and HAp. The characteristics of the 

FTIR spectra confirmed the presence of PO4
3-

 containing 

compounds on the TiO2 coatings. The contact angle values 

for TiO2 coatings varied around the hydrophobic to 

moderate hydrophylic limit, from 98° to 71°. The most 

adherent coating on Ti substrate was obtained at 350V.  

The low values of current density for all Ti/TiO2 

samples compared with those of Ti substrate, denote the 

protective roll of TiO2 films. The growth of TiO2 films on 

the Ti substrate obtained through the PEO leads to an 

important improving of the corrosion parameters. The 

most corrosion resistant are the samples obtained at 350V.  

The results indicated that the samples prepared in this 

study possess strong antibacterial activity and there is no 

sign of cytotoxicity of either sample in terms of leaked 

components, conferring them an important potential 

application in the biomedical field.  
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