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Abstract Galvanostatically and potentiostatically formed

surface oxide films on titanium in H2O2 free and H2O2

containing H2SO4 solutions were investigated. Conventional

electrochemical techniques, electrochemical impedance

spectroscopy (EIS) and scanning electron microscopy, were

used. In the absence of H2O2, the impedance response indi-

cated a stable thin oxide film which depends on the mode of

anodization of the metal. However, in the presence of H2O2

the film characteristics were changed. A significant decrease

in the corrosion resistance of the surface film was recorded.

The film characteristics were also found to be affected by the

mode of oxide film growth and polarization time. The EIS

results and the impedance data fitting to equivalent circuit

models have shown that the oxide film consists of two layers.

The electrochemical characteristics of the anodic films

formed under different conditions have been discussed.

Keywords Anodic oxide films � Hydrogen peroxide �
Impedance � Polarization � Passive films � Sulfuric acid

1 Introduction

Titanium and its alloys represent an important category of

materials that have been used for many years in different

industrial applications and as implant materials. This is

partly due to the stable passive oxide films that could be

formed on the material surface. In general, passive films

compete with other techniques of surface protection, like

phosphating, electro deposition of paints and others [1]. In

high-tech systems, especially in micro and nanotechno-

logy, passivation is competing with other micro structuring

techniques, like PVD. The superior corrosion resistance of

titanium and its alloys in comparison to stainless steels has

been widely reported [2, 3]. Titanium oxide thin films with

nanoporous structures are desirable due to their large sur-

face area and high compatibility as clinical implant

materials [4]. The good biocompatibility and osteointeg-

rability of titanium are due to the presence of a very thin

and adherent film, which is spontaneously formed on the

metal surface. This so called passive condition of titanium,

when placed in a physiological environment, gives good

corrosion resistance. On the other hand, the presence of the

oxide layer on the surface plays an important role in the

favorable tissue response to titanium implants [4]. The

biocompatibility is determined by the chemical processes

occurring at the interface between prostheses and organic

tissue which in the case of titanium, consists of a TiO2

layer [4, 5]. It is possible to increase the range of bioma-

terial applications by depositing a thicker layer of TiO2 on

the metal surface [6] or by covering it with another

biocompatible material, e.g., hydroxyapatite Ca10 (PO4)6

(OH)2 [7]. Titanium oxide surfaces show a wide range of

structural and chemical properties, depending on their

preparation and handling. The biocompatibility of titanium

implants can be improved through oxide layer growth by

several surface techniques like heat treatment, sol–gel

preparations or anodic oxidation [8, 9]. The anodic oxi-

dation of titanium alloys is a favorable procedure that has

been proposed to improve the wear resistance and the

adhesive properties of these materials [10]. The improve-

ment has been extended to the biocompatibility of their

surfaces [11, 12]. The biological performance of titanium

oxide films was attributed to the morphology and structure
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of the films [13]. The approach of anodic oxidation to form

porous titanium oxide films of controllable pore size, good

uniformity and conformability over large areas at low cost

constitutes a great challenge.

Various electrochemical techniques, including ac-

impedance spectroscopy, photo-electrochemistry, scanning

electron microscopy (SEM) and ellipsometric studies have

demonstrated the changes in the growth rate and film

properties with anodizing conditions [14–22]. During the

last decades, anodic oxide films on titanium have been

characterized by electrochemical impedance spectroscopy

(EIS) [23–25].

The aim of this work was the optimization of the

preparation conditions of porous TiO2 films on Ti for

biomedical applications. In this respect, Ti was anodized in

H2O2 free and H2O2 containing H2SO4 solutions. The

formed oxide films were investigated by conventional

electrochemical techniques and EIS. A comparison was

made between the oxide films formed galvanostatically and

those formed potentiostatically under the same conditions.

The porous films were examined by scanning electron

microscope.

2 Experimental

The substrate material used was commercially pure Ti. The

exposed circular surface area of the investigated material

was 1.0 cm2. Prior to immersion in the electrolyte, the

electrodes were abraded using successive grades of emery

paper down to 2,000 girt, then rubbed with a soft cloth until

they acquired a mirror bright surface and washed with

triple distilled water. The electrochemical set-up, electro-

chemical cell and methodology were as previously reported

[26].

For oxide film preparation, two sets of experiments were

performed in parallel. In One set, passive films on titanium

were formed galvanostatically in H2O2 free and H2O2

containing 0.5 M H2SO4 at different current densities

between 10 and 100 mA cm-2 for 30 min. In the second

set of experiments, the passive films were formed poten-

tiostatically at different anodization potentials between 1

and 10 V in the same electrolyte and also for 30 min. After

anodization, the electrode impedance was followed as a

function of time. In order to reduce phase shift errors at

high frequencies a low impedance reference system was

established connecting a platinum probe in parallel to the

reference electrode by a 10-lF capacitance. The Haber-

Luggin capillary of the reference electrode and the plati-

num probe were adjusted at nearly the same distance to the

working electrode surface. All measurements were carried

out in naturally aerated solutions at a constant room tem-

perature of 303 ± 2 K. All potentials were measured

against and referred to the Hg/Hg2SO4/Na2SO4 reference

electrode (Enhe
� = 0.64 V).

The EIS experiments were performed by the use of the

IM6d.AMOS system (Zahner Elektrik GMBH & Co.,

Kronach, Germany). The input signal was usually 10 mV

peak to peak in the frequency domain 0.1 to 1 9 105 Hz.

Before each experiment, the working electrode was

immersed in the test solution until a steady-state potential

was reached and then the impedance data were recorded.

The data were fitted to a theoretical data obtained

according to an equivalent circuit model using a complex

non-linear least squares circuit fitting software [27].

Scanning electron micrographs were obtained using a

JEOL-840 Electron probe micro analyzer.

3 Results and discussion

3.1 Oxide film formation and characterization

The titanium electrodes were anodized galvanostatically or

potentiostatically in naturally aerated H2O2 free 0.5 M

H2SO4 solutions. Characterization of the formed oxide

films under different conditions was carried out by EIS.

The Bode impedance plots of galvanostatically formed

oxide films on Ti for 30 min in H2O2 free 0.5 M H2SO4 at

different current densities recorded after 2 h immersion are

presented in Fig. 1. The impedance spectra represent the

typical behavior of passivated titanium [24, 28, 29]. For

comparison, the impedance data of potentiostatically pas-

sivated Ti under the same conditions is presented in Fig. 2.

The passive film acquires an interference color, starting

from light gold, deep gold, light blue, dark blue to violet

depending on the anodization potential, which is in good

agreement with previously reported data [8].
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Fig. 1 Bode plots of oxide films formed galvanostatically for 30 min

at different current densities in H2O2 free 0.5 M H2SO4 after 120 min

of electrode immersion

1460 J Appl Electrochem (2008) 38:1459–1466

123



The general features of the impedance plots are con-

sistent with passive film behavior, which shows a phase

angle approaching 90 �C over a wide frequency range [8,

24, 28–30].

As can be seen from the phase shift vs. log f presenta-

tion, in both Figs. 1 and 2, the electrochemical impedance

responses display two time constants. This may be taken as

evidence that the passive film formed on Ti, which was

always described as a continuous single layer of TiO2, is

more likely to consist of two layers, a dense inner layer and

a porous outer layer [31].

The experimental impedance data were fitted to theo-

retical data according to different equivalent circuits

representing the electrode/electrolyte interface. The best fit

was obtained using the equivalent circuit presented in

Fig. 3a, where the duplex nature of the passive film was

considered. In this model, the electrolyte resistance, Rs, is

in series to two parallel combinations, Rb and Cb repre-

senting the barrier film resistance and capacitance, and Rp

and Cp, representing the porous film resistance and

capacitance, respectively. The results of data fitting

according to this model for both the galvanostatically and

potentiostatically formed oxide films are presented in

Fig. 4a, b, respectively. There is excellent agreement

between the experimental and theoretical data according to

the proposed model. The slight deviation observed in

Fig. 4a can be attributed to the fact that the oxide films

formed galvanostatically are less homogeneous than those

formed potentiostatically [32]. The values of the equivalent

circuit parameters for the galvanostatically formed TiO2

films at different current densities are presented in Table 1,

and those of potentiostatically formed oxide at different

potentials are presented in Table 2. It is clear that the

values of the barrier film resistance, Rb, of films formed

potentiostatically are relatively high and decrease with

increase in anodization potential. For galvanostatically

formed oxide films the value of Cb decreases and that of
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Fig. 2 Bode plots of oxide films formed potentiostatically for 30 min

at different potentials in H2O2 free 0.5 M H2SO4 after 120 min of

electrode immersion

Fig. 3 Equivalent circuits models used for impedance data fitting of

the oxide films formed on Ti under different formation conditions
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Fig. 4 (a) Bode plots of oxide films formed galvanostatically at

100 mA cm-2 in H2O2 free 0.5 M H2SO4 after different times of

electrode immersion. Continuous lines represent simulated data. (b)

Bode plots of oxide films formed potentiostatically at 5 V in H2O2

free 0.5 M H2SO4 after different times of electrode immersion.

Continuous lines represent simulated data
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Rp increases with immersion time; this is attributable to

slow oxide film growth that indicates long term stability of

the oxide formed in H2O2 free H2SO4 solutions [23]. The

increase in porous film capacitance, Cp, with increase in

immersion time indicates porous film thinning. These

results are in good agreement with the XPS investigations

and independent optical measurements which suggest a

small total thickness with a very thin outer porous layer [8].

The anodization technique affects both the mode of

oxide film growth and the mechanism of film formation.

Figure 5 shows a comparison between oxide films grown

potentiostatically (Fig. 5a) and those formed galvanostati-

cally (Fig. 5b). In both cases, a capacitive behavior of the

passive film over a wide frequency range is recorded. For

the films grown galvanostatically a single time constant

controls the film formation kinetics, which implies that the

compact inner layer is dominating. On the other hand, the

films formed potentiostatically show a splitting in the log f

vs. phase diagram (Fig. 5a) which means that the kinetics

of film growth are controlled by two time constants, i.e.,

both the inner compact layer and the outer porous layer are

contributing to the film growth kinetics.

3.2 Effect of H2O2 on passive film characterization

In this series of experiments the films were formed under

the same conditions described in Sect. 3.1 in the presence of

different concentrations of H2O2 in the anodizing solution.

The impedance spectra of films formed galvanostatically at

100 mA cm-2 are presented in Fig. 6 and those of films

formed potentiostatically at 5 V are presented in Fig. 7.

Comparison between the data presented in Figs. 6 and 7

and those presented in Figs. 1 and 2 indicates that the

presence of H2O2 changes the passive film properties. At

low H2O2 concentration (B0.1 M) two phase maxima in the

impedance spectra were recorded. The impedance data of

these measurements were also fitted to the equivalent circuit

model presented in Fig. 3a. The data fitting indicates that

the passive film consists of a dense inner layer of high

Table 1 Equivalent circuit

parameters for galvanostatically

anodized Ti at different

immersion times in H2O2 free

0.5 M H2SO4 at 25 �C

CD

(mA cm-2)

Time

(min)

Rp

(kX cm2)

Rb

(MX cm2)

Cp

(lF cm-2)

Cb

(lF cm-2)

10 5 0.5 3.9 6.4 0.76

120 192.3 0.8 9 103 23.6 3.2 9 10-3

50 5 1.1 9 103 5.5 9 103 14.8 0.012

120 0.65 9 103 3.5 9 103 20.8 0.012

100 5 17.7 9 10-3 6.7 9 103 9.6 6.8

120 6.7 9 10-3 3.2 9 103 15.2 5.6

Table 2 Equivalent circuit parameters for potentiostatically anodized

Ti after 120 min of immersion in H2O2 free 0.5 M H2SO4 at 25 �C

Cell-voltage

(V)

Rp

(kX cm2)

Rb

(MX cm2)

Cp

(lF cm-2)

Cb

(lF cm-2)

1 1.25 37 9 104 5.2 5.2

2 0.6 217 9 103 6.8 2.2

5 4.1 18.1 9 103 8.8 5.0

10 10.0 17.8 9 103 14.8 10.8

Log(F/Hz)

P
ha

se
 a

ng
le

/D
eg

re
e

30

40

50

60

70

80

90

After 5 min

After 120 min

Log(F/Hz)

P
ha

se
 a

ng
le

/D
eg

re
e

10
-1 0 1 2 3 4

-1 0 1 2 3 4

5

20

30

40

50

60

70

80

90

After 5 min
After 120 min

(a)

(b)

Fig. 5 Electrochemical impedance response of oxide film formed for

30 min (a) potentiostatically at 5 V, (b) galvanostatically at

100 mA cm-2 on Ti in H2O2 free 0.5 M H2SO4 after (1) 5 min and

(2) 120 min time of electrode immersion
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corrosion resistance and an outer porous layer of relatively

low resistance. The whole film thickness is small as inferred

from the values of the capacitance.

At higher H2O2 concentrations ([0.5 M) in the anod-

izing solution a single phase maximum was recorded. This

is characteristic for corroding systems governed by the

simple Randles equivalent circuit presented in Fig. 3b [24,

30]. In this model Rp represents the charge transfer (cor-

rosion) resistance of the passive film, Cp its capacitance

and Rs is the ohmic drop in the electrolyte [23, 26].

The results of impedance data fitting are presented in

Table 3. These results reveal that the increase in H2O2

concentration in the formation medium above 0.5 M leads

to a decrease in barrier film resistance Rb, which means that

the barrier film becomes defective and starts to dissolve.

The presence of H2O2 leads to an increased rate of disso-

lution and the oxide film becomes thinner as reflected from

the increased Cb values. It should be mentioned that the

effect of H2O2 is the same, whether the oxidation process is

carried out galvanostatically or potentiostatically (cf.

Figs. 6, 7). The reason could be the partial reduction of the

oxide by H2O2.

The effect of electrode immersion time before the

impedance measurements on the equivalent circuit

parameters is presented in Fig. 8a, b. The figure shows also

the effect of the presence of H2O2. It is clear that the film

formed in H2O2 free 0.5 M H2SO4 always has constant Rp

and Cb values. Increase in H2O2 concentration above 0.5 M

leads to passivity breakdown due to an immediate increase

in the local conductivity [24, 33]. The passivity breakdown

depends mainly on the electrolyte composition, its con-

centration, and to less extent on the current density,

temperature and roughness factors [33].

To emphasize the effect of anodization potential in the

potentiostatic formation mode, some oxide films were

formed in H2O2 free H2SO4 solutions at 10 V under the

same conditions. The impedance data were fitted to the

theoretical models presented in Fig. 3. The results of these

measurements are presented in Fig. 9. The addition of a

small concentration of H2O2 leads to the disappearance of

one of the two phase maxima, and only a single phase

maximum is recorded. Deviation from the data fitting of

oxide films formed at 5 V, especially in the presence of

H2O2 can be observed. The deviation of the fitted experi-

mental impedance values obtained with the passive films

formed at 10 V compared to those films formed at 5 V

leads to the conclusion that increase in formation voltage

produces less homogeneous films of more defective nature

[24, 32].

3.3 Film morphology

To obtain insight into the morphology of the surface film

and the structural changes and also the effect of the pres-

ence of H2O2 in the electrolyte, the electrode surface was

investigated by SEM as shown in Figs. 10 and 11.

The SE micrograph of the mechanically polished Ti

surface represents the typical morphology of mechanically

polished polycrystalline metallic surface (not shown).

Figure 10 shows the micrographs of the potentiostatically

anodized surface at 5 V in 0.5 M H2SO4 after immersion in

H2O2 free 0.5 M H2SO4 for 30 min (Fig. 10a), after

immersion in 0.1 M H2O2 containing 0.5 M H2SO4 for the

same time (Fig. 10b) and after 30 min immersion in 1.0 M

H2O2 containing 0.5 M H2SO4 solution (Fig. 10c). The

surface treated in H2O2 free H2SO4 solutions is covered

with a thin homogeneous compact film of uneven nano-

crystals of TiO2 [34]. The presence of such a homogeneous

film is also confirmed by the electrochemical characteris-

tics presented in Fig. 4.
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Fig. 6 Bode plots of oxide films formed galvanostatically at

100 mA cm-2 for 30 min on Ti in 0.5 M H2SO4 containing different

concentrations of H2O2 after 120 min electrode immersion
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The presence of low concentrations of H2O2 (B0.1 M)

leads to the formation of dissolution patterns in the nano

range which gives the nanoporous structure assigned to the

outer layer (cf. Fig. 10b). Increase in the concentration of

H2O2 ([0.5 M) leads to a continuous dissolution of the

passive film and damage to the compact film is recorded

(cf. Fig. 10c). Damage to this passive film is reflected in

the passivity breakdown observed electrochemically [32].

The inhomogeneity assigned to passive films formed at

10 V was also confirmed by SEM. Figure 11 shows the

micrograph of the film formed at 10 V after 30 min

Table 3 Equivalent circuit

parameters for galvanostatically

anodized Ti at 100 mA cm-2

after different immersion times

in 0.5 M H2SO4 containing

different H2O2 concentrations at

25 �C

[H2O2]

(M)

Time

(min)

Rp

(kX cm2)

Rb

(MX cm2)

Cp

(lF cm-2)

Cb

(lF cm-2)

0 5 17.7 9 10-3 6.7 9 103 9.6 6.8

15 12.8 9 10-3 7.0 9 103 10.8 6.4

60 8 9 10-3 4.8 9 103 14.0 6.0

120 6.7 9 10-3 3.2 9 103 15.2 5.6

0.1 5 1.55 20.5 9 103 5.8 5.2

15 1.15 25.0 9 103 6.8 4.4

60 0.43 18.8 9 103 8.8 3.5

120 0.28 14.6 9 103 10.4 3.3

0.5 5 1.7 9 10-3 68 9 103 5.6 12.8

15 1.2 9 10-3 0.5 9 103 8.8 12.0

60 2.7 9 10-3 90 9 103 17.6 9.6

120 2.2 9 10-3 29.3 24.8 10.0

1 5 1.5 29.7 20.0 4.8

15 0.25 9.6 27.6 4.8
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120 2.9 – 54.0 –
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immersion in 0.5 M H2SO4. Comparison of this micro-

graph with that of the film formed at 5 V under the same

conditions (Fig. 11a) clearly shows that the use of a higher

formation voltage leads to heterogeneous passive films

with microstructures as an outer layer which covers a dense

compact film. The SEM results confirm the conclusions

made from the experimental results of EIS.

4 Conclusions

The anodic oxide films formed on Ti surfaces in sulfuric

acid solutions consist of two layers, an inner compact and

an outer porous layer. The oxide film growth kinetics of the

galvanostatically formed films are controlled by the com-

pact layer, whereas those formed potentiostatically are

controlled by both layers. The anodic oxide films formed

galvanostatically at any current density or potentiostati-

cally at higher voltages (C10 V) are less homogeneous and

with more defective nature. Low concentrations of H2O2

(B0.1 M) in the anodizing solution lead to the formation of

oxide films with nanoporous structure. The increase in

H2O2 concentration leads to oxide film dissolution and

passivity breakdown.
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