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Titanium is an interesting metallic material for nuclear applications. This is due to its passivity ensured
by a compact and chemically stable oxide film that spontaneously covers the metal surface. This work
aims at studying the electrochemical behavior of titanium in the presence of tritiated water at pH 4
and containing hydrogen peroxide generated by radiolytic reaction. Tritium in tritiated water always
causes difficulties in corrosion. The corrosion potential can be either in the active or prepassive regions
depending on the concentration of radiolytic oxidizing species and intermediate species formed on the
surface in the active region. Therefore, the behavior of titanium was studied by cyclic voltammetry
and electrochemical noise in situ to provide an indication of mechanisms, transient formation and insta-
bilities of oxide in active region. In the prepassivity and passivity, according to the results of electrochem-
ical impedance spectroscopy and coulometric curves, titanium is protected by a semiconductor layer
essentially formed of TiO2. Between the region of first and second passivity, oxide consists of a dielectric
layer and a semiconductor layer. These two layers protect the titanium against corrosion.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

It is essential in highly concentrated tritiated water ð3H2OÞ
reprocessing facilities that there is no leakage from the processing
circuit to the environment. As an example, industrial accidents
were arisen in 1994–1998 with tritiated water released in a rein-
forced concrete shell for retention of doubtful effluents then in
the sewage water treatment plant. To avoid corrosion, the equip-
ment must be completely metallic. Since all the equipment in the
facility is metallic, the selection of metals depends on their corro-
sion resistance. Engineers and designers use two types of materials
as bearing in mechanical equipment, these being soft and hard
bearing to protect from excessive wear in both sliding and rotating
applications. Coatings are applied because it will be too costly to
manufacture large parts from solid casting of the bearing material.
But, it is difficult to find materials that exhibit large lifetime perfor-
mance characteristics. Titanium is a material of choice for lifetime
performance and anticorrosion reasons, and this why this metal
has been selected. Tritium decays with the emission of 5.7 keV
b� particles and me antineutrino. The energy is high enough to
decompose water molecules locally along the path of the b� parti-
cle with formation of free electrons and radiolytic hydrogen perox-
ide ð3H2O2Þ as reported by Bruggeman et al. [1], Burns and Moore
[2], Linacre and Marsh [3] and Wright et al. [4].
ll rights reserved.
Decay:
3H2O! 23Heþ O� þ 2b� þ me: ð1Þ

Radiolyse:

23H2Oþ b� ! 3H�; 3HO�2 . . .! 3H2O2 þ 23H�: ð2Þ

Depending on the storage conditions of tritiated water, in an open
or closed container, the concentration of radiolytic oxidizing species
and oxygen varies over a wide range, which modifies the corrosion
and free potentials of titanium. The 3HO�2 radical is an ionic inter-
mediate species produced in water radiolysis and diffusing in
3H2O with an electrokinetic field. This species is not stable at acid
pH. With a concentration of 10�2 mol dm�3 for 3H2O2, the corrosion
potential is in the prepassive region (�0.5 V/SCE at pH 4). If tritiated
water is not stored for long periods in closed containers, the con-
centration of 3H2O2 is low, which leads the corrosion potential
(�1.3 V/SCE at the same pH) in the active region. The effects of
3H2O2 and energy released by the b� particle were reported previ-
ously for others materials [5,6].

An acid medium was selected since relatively concentrated ni-
tric acid solutions are produced in tritiated water reprocessing
installations during the catalytic gaseous tritium oxidation cycles
at 450 �C by air and finely divided palladium. This can be explained
by the effect of b� particles on nitrogen in the air used for oxidation
in tritiated water; the reactions are from [1–4]:
N2 þ b� ! 2N�; ð3Þ

N� þ 33HO�2 ! 3HNO3 þ 3H2Oþ 2O�: ð4Þ
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The effects of NO3
� on corrosion and passivity have been reported

previously [6]. Passivity and corrosion depend on the radioactive
medium, therefore, the behavior of titanium was studied in the ac-
tive and passive regions at acid pH and in presence of 3H2O2 by
means of cyclic voltammetry, electrochemical noise and electro-
chemical impedance spectroscopy. The formation of transient spe-
cies and their modification at the electrode surface have not been
previously studied extensively. Most of these investigations were
realized by potentiostatic and potentiodynamic electrochemical
methods at low scan rates. In the present work, one of aim very of-
ten taken into account is to know the effects of these species
through the oxide layer to contribute to the new scientific knowl-
edge. This is explained besides by cyclic voltammetry at high scan
rates, electrochemical noise and electrochemical impedance
spectroscopy.
Fig. 1. Voltammetric curves of titanium surface: 0.2 cm2, scan rate: 200 mV s�1, pH:
4, 3H2O2: (1) 10; (2) 20; (3) 30; (4) 40; (5) 50; (6) 60; (7) 70; (8) 80; (9) 90; (10)
100 mmol dm�3, (a) view in the active, prepassive and first passive regions, and (b)
view in the two passive regions.
2. Experimental equipment with procedures for objective

The voltammetric equipment consisted of a Tacussel bipoten-
tiostat and signal generator (PRT 20 and GSTP 3) connected to a
Tektronix 2230 digital oscilloscope. The impedance diagrams were
drawn by a Tacussel ZCP 130T controlled by a Hewlett–Packard
computer, and using a Hewlett–Packard HP 7440 AXY plotter.
Curves were plotted using a titanium disk electrode of 0.2 cm2 sur-
face. The disk consisted of an industrial titanium rod of 99.5% pur-
ity and of commercial availability. The titanium rod was annealed
in air at 650 �C for 15 min to remove possible stress in surface.
After treatment, titanium was embedded in a Teflon cylinder. In or-
der to avoid infiltration of electrolyte at the titanium/holder inter-
face that often causes random errors in the low frequency data,
particular care was taken to make a suitable electrode for imped-
ance and noise measurements. Prior to each use, the disk electrode
was mechanically polished using 2000 mesh grade silicon carbide
sheets and washed with deionized water. In these conditions, the
roughness factor for titanium is estimated to be 1.3. A saturated
calomel electrode (SCE) and a platinum electrode were used as ref-
erence and counter electrodes, respectively. To avoid capacitive
and inductive interferences, a platinum wire was added to the ref-
erence electrode with a 0.1 lF capacitance. The sequence in imped-
ance measurements was made in the potentiostatic mode from the
lower potentials in the prepassivity to in the first passivity at con-
stant hydrogen peroxide concentration. The frequency range for
impedance measurements was from 10 kHz to 10 mHz with a con-
stant AC voltage amplitude of ±10 mV. At high frequency, passive
oxide is characterized with surface pH, whereas at low frequency,
reactant diffusion into oxide is reached. The frequency was
scanned step by step with five steps per decade on a logarithmic
scale. Two measurements of AC impedance with Fourier trans-
forms were carried out at each step. A standard procedure was
adopted in acquiring the cyclic voltammograms until reproducible
values as in the case of the impedance diagrams. The potentials
were swept cyclically at a scan rate of 200 mV s�1 from the lower
potentials in the active region to the end of the first passive region
at different hydrogen peroxide concentrations. This method en-
ables to show the dependence of oxide and its different oxidation
degrees with local pH on the concentration of hydrogen peroxide
and potential. A standard procedure was also adopted in acquiring
the electrochemical noise. The data were obtained until reproduc-
ible values at different active and prepassive potentials and at dif-
ferent hydrogen peroxide concentrations. Then, electrochemical
noise data were computed by spectral method to obtain the phase
space portrait for stress organization, by chaotic electrical analyzer
to obtain the equivalent electrical circuit, and by surface structure
activity analyzer to obtain atomic arrangements. By varying hydro-
gen peroxide concentration and potential between the active and
prepassive regions, instabilities illustrate transitory oxides and
stress. Solution pH was measured using a Radiometer Minisis
5000 pH meter. The hydrogen peroxide concentration was con-
trolled by potentiometric measurements.

3. Results and discussion

3.1. Voltammograms and coulometry curves

The use of relatively fast voltammetric scan rates is unusual in
corrosion testing, and the justification for this technique is given
by Morris and Scarberry [7]. The rapid-scan curves reveal tran-
sients peaks where inflections in the slow-scan curves suggest they
might exist [8]. Therefore, we have drawn the cyclic voltammo-
grams at a scan rate of 200 mV s�1 to demonstrate the behavior
of titanium. In the forward scan in Fig. 1(a), the potential is swept
over the range of reduction of hydrogen peroxide, in active, prepas-
sive and passive regions up to the second passivity of titanium
(Fig. 1(b)) before the return scan. For details, it should be noted
that there is no pitting or crevice event in any case after testing
in the domain of potentials studied in the Fig. 1(a). In the mean-
time, it is worth to note there is also no intergranular corrosion
in the active region. It was important to verify since we study
the behavior of titanium in the active region. For example, it is
not the case for a sample sensitized where anodic and cathodic
double-loop electrochemical potentiokinetic reactivation tests
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were applied [9]. In this case, intergranular corrosion is increasing
with the time and the corrosion products during the successive cy-
cles obtained in voltammograms curves (Fig. 2). In this Figure, by
integrating the anodic and cathodic active peaks (Pa), it is possible
to calculate the ratio of the charges for generalized corrosion and
passivation (Cp) and for reactivation corresponding to intergranular
corrosion (Ca). In the Fig. 1, interpretation of the voltammetric
curves is not simple, and will contribute to scientific knowledge
about modifications of oxide, formation of transients in the active
peaks and prepassivity. Under these conditions, it can be seen
Fig. 2. (a) Voltammetric curves with successive cycles of sensitized metal, surface:
0.2 cm2, scan rate: 200 mV s�1, pH: 4, and (b) micrography showing intergranular
attack.
there are two small peaks (a, b) at lower potentials due to forma-
tion of intermediate oxides in the active region and finally a major
peak (c) corresponding to a passivating oxide layer essentially
formed of TiO2 which spreads across the surface until at the higher
potentials (Eqs. (5)–(15)). Examining the voltammetric curves, the
corrosion potential is in the two small peaks indicating instabilities
in the active region where the current can be either negative or po-
sitive. At the first-second passivity limit (Fig. 1(a) and (b)), the ano-
dic current increases before obtaining the plateau of second
passivity in Fig. 1(b). The scan in Fig. 1(a) depends on the concen-
tration of hydrogen peroxide, e.g., on the intermediate species and
oxidation mechanisms in the active to passive regions. The anodic
peaks (a, b) of around �1.3 and �0.8 V/SCE correspond to the for-
mation of intermediate layer of TiIIO3H+ and TiIIIOO3H with TiIIIO+.
McCafferty et al. [10] explained the peaks in terms of uppermost
oxide monolayer. The formation of hydroxide (Eqs. 6, 8, 9, and
12) may also be related to form an outermost layer. Expanded
scans giving current vs. time (Fig. 3) obtained by loading PeakFitTM

program and taking account the current of hydrogen peroxide
reduction show that the peaks a and b vary inversely and indicate
transients are dependent of the oxidizing radiolytic media. Table 1
gives the corresponding electric charges (Q) under each peak of
transients. Using this potentiodynamic method, charges depend
on the hydrogen peroxide concentration showing a catalytic effect
of the media aiding the formation of TiIII then TiO2.

Titanium is assumed to form intermediates, and processes are
discussed by Newman et al. [11] and Galland et al. [12]. From
the investigations of these authors, the proposed anodic reaction
scheme at acid pH is:

Active range
First step- formation of TiII:

Ti! Ti2þ þ 2e�; ð5Þ

Ti2þ þ 23H2O! TiIIO3Hþ þ 3H3Oþ; ð6Þ

TiIIO3Hþ þ 3H2O! TiOþ 3H3Oþ; ð7Þ

TiIIO3Hþ þ 23H2O! TiðO3HÞ2 þ 3H3Oþ: ð8Þ

Second step- TiII is oxidized in TiIII:

TiIIO3Hþ þ 33H2O! TiIIIOO3Hþ 23H3Oþ þ e�; ð9Þ

2TiOO3H! Ti2O3 þ 3H2O; ð10Þ

TiIIIOO3H! TiIIIOþ þ O3H�: ð11Þ

Prepassive and passive layer formation range:

TiIIIOþ þ 43H2O! TiIVOðO3HÞ2 þ 23H3Oþ þ e�; ð12Þ

TiIVOðO3HÞ2 þ 23H3Oþ $ TiIVOðO3HÞ223Hþ þ 23H2O; ð13Þ

TiIVOðO3HÞ223Hþ þ 3H2O2 ! TiO2 þ 23H3Oþ; ð14Þ

TiO2 þ 23H3Oþ $ ðTiO2Þ23Hþ þ þ23H2O: ð15Þ

In these equations, TiII and TiIII are unstable in hydrated medium,
only TiIV is stable [10]. Eqs. (13) and (15) show that there is interca-
lation of local protons at the surface TiIV sites. It is of interest to
comment the passivity where the current is limited by O2� diffusion
within the passive oxide. Some oxygen atoms may be adsorbed on
the oxide, and then these atoms diffuse into oxide via O2� ions (Eq.
(16)) or are reduced in 3H2O at the surface of oxide as indicated by
Pleskow [13] and Randin [14]. Ion diffusion in the electrochemical
interface is assisted by the local electrical field.



Fig. 3. Expanded voltammetric curves of titanium in active region surface: 0.2 cm2, scan rate: 200 mV s�1, pH: 4, 3H2O2: (a) 10; (b) 30; (c) 70; and (d) 100 mmol dm�3.

Table 1
Values of the electric charges during anodic oxidation under the peaks a and b as a
function of hydrogen peroxide concentration.

3H2O2 (mmol dm�3) 10 30 70 100
Q (mC cm�2 TiII) 1.23 1.07 0.93 0.75
Q (mC cm�2 TiIII) 0.25 0.36 0.58 0.89
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Oads þ 2 e� ! O2�: ð16Þ

The reactions in Eqs. (5), (9), and (12) are successive electrochemi-
cal systems with a mono or multi-layer formation. The active peak
potential (b) corresponds to the position of a shoulder at lower
hydrogen peroxide concentration (curve 1). According to Eqs. (6),
(7), (8), (9), (12), (13), (15) where hydroxonium ions are produced
for the production of TiII–IV, and also the slight shift of potential in
the peak c in Fig. 1, local pH is more acidic. This is more easily evi-
denced by controlling variation of the acid pH in the electrode sur-
face. Therefore the tritiated water–titanium interface is acidified
during the scan in activity, prepassivity and passivity. These results
indicate that passivity is dependent on the species and the precur-
sor oxides on the surface of titanium in the active region, the local
increase in 3H3Oþ, and the presence of hydrogen peroxide. These
modify the electrochemical activity in the tritiated water–titanium
interface for prepassivity and passivity. This also indicates that the
processes at the surface are highly dependent upon diffusion
through the oxide interface by Eq. (16). The 3H3Oþ concentration,
precursor oxides, hydrogen peroxide and hydrated oxide are
responsible for the characteristics of passive oxide. Integrating the
current in the expanded scans, the coverage rate by transitory oxi-
des as calculated by MacDonald and Roberts [15] and Calandra et al.
[16] and MacDonald and Roberts [15] is 0.85, whereas recovery is
total when integrating all passive current for TiO2. The partially hy-
drated precursor oxides (Eqs. (5)–(11)) undergo a structural rear-
rangement along with an electron transfer. These adsorb in the
form of monomolecular layers on the surface. Instead of just molec-
ular adsorption, the precursor species often also anchor to the sur-
face by reacting with the surface group. The adsorbed layer will be
converted to an oxide via successive surface reactions between the
metal and with the hydrogen peroxide. SIMS and XPS examinations
realized by E. McCafferty, et al. [10] show that the outermost oxide
is essentially formed of TiO2, but it also contains the transients
TiIIOH+ and TiIIIO+. The signal of TiIIOH+ is more intense than that
of TiIIIO+, indicating that the surface retains OH� species for a con-
centration of 10 OH� nm�2 and a depth of a few nanometers. In
the inner oxide, the ratio (TiIIOH+)/(TiIIIO+) decreases with depth,
indicating that hydroxyl species are the constituent of the outer
oxide layer. In the more inner oxide, the TiIIIO+ signal is about ten
higher than the TiIIOH+ signal, indicating that this region does not
contain hydroxyl groups. The orientational plane might be visual-
ized by looking the atomic arrangement in Fig. 4 based on the oxide
film. Films of TiO2 have interesting properties such as good chemi-
cal resistance and relatively high dielectric constant. It exist several
polymorphs, but the more stable phases are the rutile and anatase
phases with tetragonal structures (Fig. 4(a)). The TiO2 film grows
with a strong texture and an electron transfer very low.



Fig. 4. (a) Tetragonal structure of TiO2, and (b) simulation of the atomic arrangement for stable and unstable oxides (TiII, TiIII and TiIV).

Table 2
Bond lengths and angles of unstable and stable species for TiII, TiIII and TiIV.

TiII TiIII TiIV

Bond lengths (Å)
Ti–O 31.9 116.4–121 29.6
O–3H 0.94 0.96 0.94

Bond angles (�)
O–Ti–O 2.5 141.6 119.4
Ti–O–3H 162–174 174.4 158–172
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In order to modeling the adsorbed precursor oxides, we have
numerically analyzed and carried out calculations to obtain the
characteristics, the size and the structural aspect of these species
in presence of hydrogen peroxide and hydroxonium ions using
the Chem-OfficeTM program. During the last years, considerable ef-
fort has been spent on solving the structure of adsorbed layers.
Achievement in this matter is well illustrated by a handbook con-
taining a catalogue of these structures [17] and database can be ob-
tained using a graphic program [18]. As an example, structures of
TiII, TiIII and TiIV are shown in Fig. 4(b). This Figure schematizes
the adsorbed main species and the oxide layer. These species pro-
duce orbitals, and the considered surface and volume have been
modeled lying in parallel the adsorbed layer to the oxide surface
in order to get a reasonable coverage. TiO2 overlaps the adjacent
adsorbed titanium hydroxides and fills the different orbitals for
transients. Calculations using the MerckIndexTM database give the
bond lengths and angles for these different species in minimizing
energy and taking into account the 3H3Oþ ions. Results are re-
ported in Table 2. In this Table, it can be seen that the bond angles
and the bond lengths of TiII and TiIII differ to these obtained with
TiO2. TiII and TiIII have the tendency to increase the bond length
of Ti–O whereas the bond length is constant for the hydroxide rad-
ical in any case. Increasing the bond length, decreases the bond and
adsorption strengths, and consequently the corresponding driving
force is less important than this obtained with TiIV linked to O2� in
the form TiO2. It can be deducted from the results that TiIIO3H+ is
limiting adsorption of hydroxide ion in TiIIIOO3H at low 3H2O2 con-
centration (Tables 1 and 2), and TiII with TiIII are less stable than
TiO2 favoring diffusion of O2�. Diffusion of O2� favors oxide
growth. According to the Chem3D software, the lattice size of the
TiII and TiIII species undergoes expansion in regard to that of TiO2

so that texture in the interface is adjusted with constraint and
stress depending on transitory oxides. Consequently, the strong
texture within oxide will be an important parameter.

The currents observed in the active, prepassive and passive re-
gions are attributed to the double layer, the capacitive oxide charg-
ing current and the faradaic current. The double layer capacitance
obtained by impedance measurements in the subsequent part is
about 50 lF cm�2 over the potential range, thus the double layer
charging current should be no greater than 2 lA at 200 mV s�1.
Therefore the currents observed in the voltammetric curves are
principally due to the intermediates and passive oxide formation.
It is known that the anodic oxide films on titanium have n-type
semiconductive properties in the first region of passivity, whereas
in secondary passivity, oxide is a dielectric layer. Between the two
regions, property of the oxide film is a n-type semiconductor with



Fig. 5. Linear relationship between the electrical charge and potential at the end of
the first passivity for oxide, 3H2O2: (1) 10; (2) 25; (3) 50; (4) 75; and (5)
100 mmol dm�3.

Table 3
Values of the electric field strength and of stress as a function of hydrogen peroxide
concentration during anodic oxidation in the end of the first passive region (DU) and
in the prepassive–passive region (Dv).

3H2O2 (mmol dm�3) 10 25 50 75 100
DU (MV cm�1) 0.4 0.32 0.2 0.15 1
Dv (Pa) 7.8 5.6 3.2 2.4 1.6
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an outer dielectric layer [19]. Using the potentiostatic mode until
the steady-state current by coulometry technique to obtain the
electrical charges during oxide growth from the higher potentials
in the first passivity, it is found that the sum of charge increases
with the hydrogen peroxide concentration and potentials (Fig. 5)
until the passive state on titanium (TiO2) could be regarded as a
steady-state. This Figure showing a linear part between the charge
(Q) and the potential with hydrogen peroxide concentration en-
ables to write:

Q ¼ KEþ b ð17Þ

where K is the slope, b the intercept of the linear part and E the ap-
plied potential during thickening determined from the intercept.
According to Faraday’s law, the steady-state film thickness, d, can
be represented by:

dsc=di ¼ QM=nFq ð18Þ

where M is the considered oxide molecular weight (79), n the mean
number of electrons required to form one molar of oxide at the
oxide/tritiated water interface (4), the subscript sc/di indicates the
probable semiconductor and dielectric behavior and q the density
of oxide (3.2 g cm�3). Thus, the linear correlation between the stea-
dy-state oxide thickness and potential can be obtained by substitut-
ing Q and expressed as:

dsc=di
MðEK þ bÞ

nFq
: ð19Þ

Consequently, @d/@E is equal to KM/nFq. In application, variation of
oxide thickness in the end of first passivity and with high 3H2O2

concentration is about 12 nm V�1, whereas at low concentration,
variation is 5 nm V�1. As an example, thickness at high 3H2O2 con-
centration is about 25 nm. These results enable us to show the
influence of hydrogen peroxide concentration in this region of
potential.

When the anodic oxide film is of mixed properties, a high elec-
tric field across the space charge layer. According to the point de-
fect model theory as proposed by MacDonald [20] and Bessone
et al. [21] to describe the characteristics of passive films on metals,
the electric field strength within the film is constant during film
growth, but will depend on the hydrogen peroxide concentration
and weakly vary on depth of thickness due to the mixed charges.
The variation of field strength in V cm�1 may be calculated from
the following equation [22]:
DUsc=di ¼
1� RT@ log I

nF@E
KM
nFq

( )
3H2O2

: ð20Þ

where I is the steady-state current in the higher potentials for the
first passivity obtained during integrating the charges in the poten-
tiostatic mode (Fig. 5). Table 3 gives the values of the electric field
strength across the oxide film, calculated by using Eq. (20). The
electric field strength exhibits an increasing tendency with increas-
ing hydrogen peroxide concentration. This behavior and high values
signify that electron transfer is very low and TiO2 grows with a
strong texture and probably with a marked dielectric behavior in
the higher potentials. Considering oxide as a parallel-plate capaci-
tor, capacitance is about 5 � 10�8 F cm�2. This very low value
would signify presence of semiconductor and dielectric layers.
When the part of the dielectric layer is reconverted to a semicon-
ductor layer at lower potentials, positive charge donor states be-
come available to form the space charge layer in the film. In this
case, the donor density (nd) can be determined from equation:

nd ¼
2ee0DUsc=di

ed
: ð21Þ

where e is the relative dielectric constant of oxide (75), e0 the per-
mittivity of free space (8.9 � 10�14 F cm�1), e the electron charge
(1.6 � 10�19 C) and considering a thickness of 25 nm. The donor
density is 9 � 1018 carrier cm�3. This result confirms that transfer
is very low in TiO2 when the potential is at the limit of the first
and second passivity. These results and subsequent values will indi-
cate the presence of semiconductor and dielectric layers.

3.2. Impedance diagrams

This section is concerned with the analysis of impedance spec-
tra obtained at the higher 3H2O2 concentration and at different
potentials in the range of lower passive potentials in the first pas-
sivity. These potentials were swept in a nobler direction step by
step after the titanium was passivated in the first applied potential.
In the passive domain, the semicircles in the experimental Nyquist
plots are too incomplete over all the frequency range to be easily
interpreted, therefore the Bode plots were drawn. Comparative
measurements (Fig. 6) show changes in log |Z| and phase angle
vs. log (f). In this figure, f is the frequency, |Z| the impedance mod-
ule and h the phase angle. The Bode plots are characterized essen-
tially by two distinct regions. In the higher frequency region (10–
100 kHz), the Bode plot exhibits a constant (horizontal line) log
|Z| value vs. log (f) with phase angle values near 0�. This is the re-
sponse of the electrolyte resistance Rel (resistive region), which can
be neglected with respect to the interfacial impedance. The region
in less high frequency corresponds to the double layer charging
current. The double layer capacitance (Cdl) stands for the interfacial
capacitance with the transfer charge resistance (Rct). In the broad
low and middle frequency range, the diagrams display a linear
slope of about �0.8 in log |Z| as log (f) decreases, while phase angle
values approach �75�. This characterizes the response of a passive
oxide capacitance. Dispersion in impedance module and phase an-
gle is obtained below 10�1 Hz. This can be attributed to the possi-
ble presence of TiII and TiIII in the TiO2 layer.

Based on this description of the system, the electrochemical
impedance spectra were simulated, and the equivalent electric cir-



Table 4
Dependence of oxide capacitance on the prepassive–passive potentials and at high
hydrogen peroxide concentration.

E (V/SCE) �0.400 �0.380 �0.360 �0.340 �0.320 �0.300
Cox (lF cm�2) 8.6 8.0 7.6 7.1 6.7 6.0

Fig. 6. Bode diagrams for titanium in prepassive–passive region. surface: 0.2 cm2,
pH: 4, potential effect: (1) �0.36; (2) �0.34; (3) �0.32; (4) �0.30; (5) �0.28; (6)
�0.26; (7) �0.24; (8) �0.22; (9) �0.20 V/SCE, 100 mmol dm�3 3H2O2.
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cuit is depicted in Fig. 7 according to [23]. From the equivalent cir-
cuit, the calculated parameters were analysed. The middle two
branches of the electrical circuit correspond to the electronic trans-
fer at the interface, which is considered to be dominated by the
electric properties of the oxide layer in means of an oxide resis-
tance (Rox) with a diffusion impedance (W) and an oxide capaci-
tance represented by the constant phase element (CPE). The CPE
impedance is defined as:

ZCPE ¼ Að2jpf Þ�a ð22Þ

in which, a is a parameter between 0 and 1 for the experimental
and simulated diagrams, j =

ffiffiffiffiffiffiffi
�1
p

, and A the frequency-independent
constant related to the oxide layer capacitance. When a is near 1,
the impedance of constant phase element corresponds to a pure
oxide capacitance. The Warburg diffusion impedance (W) is due
to the possible diffusion of species in micro-pinholes in the surface
of oxide, diffusion is represented by the coefficient r [24], as repre-
sented in Eq. (23).

jWj ¼ rx�0:5ð1� jÞ ð23Þ

where x is the angular frequency. High value of r, corresponds to a
blocking character of oxide. On this basis, the calculated values of
Cox are given as a function of potentials in Table 4. The spectra dis-
plays a high corrosion resistance in high 3H2O2 concentration and in
passive potentials as it was expected by the high values of Rox
Fig. 7. Equivalent electric circuit to simulate the results obtained by electrochem-
ical impedance spectroscopy. Rel, Rct and Rox: electrolytic, charge transfer and oxide
resistances with a diffusion impedance (W), Cdl, CPE: double layer capacitance and
constant phase element representing the oxide capacitance (Cox), L and Cins:
elements of the electrical circuit introducing instabilities (in the dashed part).
(0.2 MX cm2) and the capacitive value of Cox (about
6 � 10�6 F cm�2). Thickness is about 11 nm. The variation of Cox

indicates that the oxide layer formation obeys a law depending on
the potentials as indicated by Schmuki and Böhni [25]. A ‘critical
capacitance’ corresponding to its lower value denotes the perfect
semiconductor oxide layer. Calculation obtained by the simulation
program for the equivalent circuit, showed that both the a param-
eter and the Warburg diffusion coefficient are lower when oxide
growns at lower potentials. While the lower Warburg coefficient
indicates less insulating oxide, the a values should be related with
the formation of metastable oxides [26] with presence of transients
as TiIII/IV in the outer layer when potential decreases. It is also pos-
sible in this case that the electrical circuit takes account of the
undetermined circuit elements (dashed lines) related to the electro-
chemical chaos processes occurring at the interface. The oxide has a
significantly lower blocking character than this obtained at the end
of the first passivity, such results can be explained by a less stable
nature.

The Bode plots (Fig. 6) allow us to calculate the flatband poten-
tial (Vfb) and the donor density (nd) for this region following the
Mott–Schottky equation:

C�2
ox ¼

2DE
endee0

þ dsc=di

ee0
: ð24Þ

Assuming that additional capacitive elements such as the Helm-
holtz layer capacitance and the dielectric layer (dsc/di) can be ne-
glected in this potential region, a linear slope is observed between
�0.4 and �0.3 V/SCE (Fig. 8). The donor density which corresponds
Fig. 8. Change in capacitance C�2 during a potential sweep with 100 mmol dm�3

3H2O2.
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to Ti4+ and Ti3+ cations in oxide is 2 � 1020 carriers cm�3. Deviation
in value of donor density and capacitance in the prepassive–passive
region in comparison to this in the transition region before the sec-
ond passivity can be explained in term of a semiconductor layer
with continuous transformation followed of partial annihilation
during polarization if scanned at the higher potentials towards
the end of first passivity in forming a dielectric layer and a semicon-
ductor layer. Therefore, formation of the dielectric layer is essen-
tially accompanied by the high electric field applied in the film at
the higher potentials. The conversion of the pure n-type semicon-
ductor to dielectric layer causes a change in the potential distribu-
tion in the film, as shown in Fig. 9. The electric field in the dielectric
layer is uniform, whereas it varies with depth in the semiconductor
layer [19]. According to Azumi and Seo [19], the donor states in the
n-type TiO2 are thought essentially to be Ti3+ states which emit free
electrons with intercation of local protons at the surface. Under the
electric field applied in the oxide, free electrons and charged Ti3+,
Ti4+ donors are spatially separated to form the space charge in the
film. The flatband potential extrapolated to the potential axis is
close to �0.38 V/SCE as estimated from Fig. 8. It appears to be
120 mV above the corrosion potential at high hydrogen peroxide
concentration, it will be strongly depending on pH according to
Eqs. (6)–(15) and in [6]:

V fb ¼ b� 0:06c pH: ð25Þ

Therefore it is depending on the local proton adsorption–desorption
equilibrium at the oxide-tritiated water interface. On going from
positive to negative potentials in the flatband region, no reversal
of the electric field was observed as might be expected from deple-
tion to an accumulation layer in electron in the conduction-band
filling state [19]. The observed result is consistent with charge com-
pensation by intercalation of local protons to compensate the elec-
tron trapped at the surface TiIV sites as represented by Eqs. (12)–
(15), (27)–(29):

TiIVOðO3HÞ223Hþ þ 2e� ! TiIVOðO3HÞ32H2

n o
oxide

; ð26Þ

ðTiO2Þ23Hþ þ 2e� ! ðTiO3
2H2Þoxide; ð27Þ

ðO2� þ 23HþÞoxide $ ðO
3H�Þoxide þ 3Hþ $ ðO� 3H2Þoxide: ð28Þ

O3H� formed by Eq. (29) and free electrons (Eqs. (27), (28)) com-
pensate the positive charge of the donor state (Ti3+ and Ti4+) and
annihilate the space charge causing dehydration of oxide (Eq.
(29)) by pulling out hydroxyl ion and proton under the high electric
field, this process leads to dielectric layer formation [19]. Moreover,
as Vfb depends on the surface charge, these equilibria determine the
onset potential with pH for charge accumulation in TiO2. In this
context as showed by Boschloo and Fitzmaurice [27], calculation
indicates that the total density of titanium atoms in surface is about
5 � 1014 atom cm�2, and titanium atoms acting as trap for electron
is 2 � 1013 atom cm�2, in short 4% of titanium atoms acts in this
Fig. 9. Simplified elementary steps involved in transformation of oxide layers in functio
trapping process and the oxide film should contain bound water
in the outermost part.

3.3. Electrochemical noise

Unstable oxide will induce compressive or tensile strength in
the film. If strength exceeds a value, stress is created in the oxide.
Ueno et al. [28] reported that the stress of anodic oxide films de-
pends on the potential of film formation, the nature of film and
the kind of electrolyte used during anodic oxidation of metal.
The other factors influencing the stress of anodic oxide films are
texture, crystallization of film and dehydration of a hydrous film
during anodic oxidation as showed by the 4% Ti atoms in Eqs.
(27)–(29) [29–31]. Tensile and compressive molar volume can also
explain stress, considering the molar volumes of oxides TiIV

(24.7 cm3 mol�1) and of TiII/III (53.1 cm3 mol�1), fineness ratio is
2.15 between the region of transients and TiO2 formation. It can
be expected that changes in volume by transients contribute to
stress in oxide. Stress, Dv, generated during anodic formation of
the oxide film can quantitatively be measured by the Butler’ meth-
od [32]. In order to have access to valuable information on the
stress fluctuation in surface corresponding to elastic deformation,
computer programs have been devised. The compressive stress to
the plane of a oxide film can be calculated by using a simple paral-
lel-plate capacitor model as follows.

Dv ¼ ee0ðDUÞ2sc

2d2 ð29Þ

where DUsc is the difference of potential in the space charge layer,
which is equivalent to the difference between the corrosion poten-
tial and the flatband potential. Values calculated as a function of the
hydrogen peroxide concentration are shown in Table 3. Dv de-
creases with increasing the hydrogen peroxide concentration in
the prepassive to passive region. This decrease means stress release
in presence of stable TiO2 and hydrogen peroxide, and may be as-
cribed to a stable activity with less transients at high 3H2O2

concentration.
The changes in stress of oxide can also be measured qualita-

tively by electrochemical noise method. The study of processes of
unstable oxide by electrochemical noise involves the monitoring
and analysis of spontaneous current or potential fluctuations re-
corded as a function of time [1–3]. In this technique, oxidation of
titanium was performed from the active region to the prepassive
region letting the potential free to vary within an amplitude of
10 mV. The fluctuations in the potential obtained for TiII, TiIII and
TiO2 formation are shown in Fig. 10. Graphs in this figure depicts
three types of signal: (i) random and chaotic for TiII and TiIII and
illustrate stress and instability in oxide layer ((a)–(b)). This is con-
firmed by the corrosion potential which cannot correctly defined in
the voltammetric curves. Species of TiII and TiIII types are not sta-
ble. (ii) in the case of TiO2, oscillations are periodic ((c)–(d)). In pas-
sivity, oscillations disappear, this indicates stabilization in the TiO2
n of species in different regions of passivity and in presence of hydrogen peroxide.



Fig. 10. Plot of data acquired during fast growth events in presence of hydrogen peroxide in the active region showing instabilities in potential. (a)–(b) Random signal
(�1.0 V/SCE), (c)–(d) periodic signal (�0.65 V/SCE), (e)–(f): semi-periodic signal (�0.75 V/SCE).
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form. (iii) both random and chaotic behavior with periodic signal
illustrate electrostress and stability coupled in oxide ((e)–(f)).

Another procedure for the mathematical treatment of electro-
chemical noise measurement has been implemented using the
spectral method and the phase space portrait [33]. In this case,
noise has been monitored using ChaoticMapperTM and Cha-
osDataAnalyzerTM programs. The spectral analysis estimates the
power spectral density for the potential fluctuations, that is, the
distribution of the power of the signal in the frequency domain.
Spectral analysis using the fast Fourier method transforms the time
series of noise signal into a frequency range dependent on the sam-
pling rate and the number of analyzed data records. This analysis
offers an interpretation of the electrochemical noise based on esti-
mating the stochastic (non periodic and chaotic systems) and
deterministic features of the system. The shapes of the noise can
be used to discriminate between passivity and stress. In this case,
the probability of unstable oxide should increase with the presence
of the inclusions of TiII and TiIII at lower potentials and decrease
with the addition of hydrogen peroxide aiding the TiIV formation.
The aim of this present part is therefore to measure the noise gen-
erated by these inclusions and to analyze the data utilizing power
spectral densities with a stochastic method. In this objective, the
electrochemical noise analysis is achieved by transforming the
individual positive and negative fluctuations into basic events to
give peak duration times.

With decreasing potential and hydrogen peroxide concentra-
tion, the chaotic oscillation frequency and stress increase (Fig. 10
and Table 3). These oscillations are due to the nucleation of unsta-
ble species in active and prepassive regions and repair process
associated with the propagating stress [28,34] and changes in the
composition of the oxide surface. Stress of the oxide layer is caused
by non stable TiII and TiIII presence in oxide [10], whereas stable
oxide layer is caused by total TiIV formation. The initiation of stress
occurs only for sufficient amounts of TiII and TiIII. Also, it is recog-
nized that the ability to produce a passive layer depends on the
concentration of hydrogen peroxide. At high concentration of
hydrogen peroxide, it has been remarked that the events are cyclic
and periodic before to disappear, this indicates stabilization in the
passivation process. In this perspective, the phase space portrait
obtained by intelligent instrumentation depicts three types of
signal characterized by random or chaotic, semi-chaotic and peri-
odic noise depending on birth and death of stress or passivity,
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suggesting that the system is driven by two dimensional dynamics.
Starting at zero, successive segments of about 1500 data points
were extracted from the time series for analysis in steps of poten-
tials and hydrogen peroxide concentration. In the random behav-
ior, there is a short number of time sequences, and in the semi-
periodic or periodic behavior, the time sequences are larger. Using
the chaos programs, the phase space portrait was constructed
using its derivative. The periodogram in Fig. 11, is the frequency
representation of the information displayed in the time domain
determined by an autocorrelation function where s is an arbitrary
time constant whose practical choice is not trivial. Each point in
this space represents a state of the system. Joining the successive
state points by a continuous curve gives the trajectory filling the
phase space. Physically, the autocorrelation function quantifies
how regular a random process is. The two cases are the noise
Fig. 11. Graphs of data of phase space plots for potential instability analysis given
for V(s) versus the time-decay and the derivative V’(s). V(s) is the potential
according to Fig. 10. (a)–(d) elongated core toroids obtained for �1.0 V/SCE, (a) high
3H2O2 concentration; (e)–(g) converging orbits obtained for �0.65 V/SCE, (e) high
3H2O2 concentration; (h)–(j) core toroids with rolled orbits obtained for �0.75 V/
SCE, (h) high 3H2O2 concentration.
and the sinusoid. Each value of a noise sequence is completely
independent of all others. Contrarily, a sinusoid is perfectly regular
with a period. Graph of derivative versus time-delay (Fig. 11(a–d))
for random oscillations produces a plot with discernible structure
in form of elongated core toroid indicating an unstable system
[34]. In Fig. 11(e–g), the trajectory of system spirals into the orbits
and converges to the center of toroid then turns back in the exter-
nal rolled orbit indicating that process leads to a stable system. In
Fig. 11(h–j), the portrait of derivative suggests two types of mixed-
mode oscillations: chaotic and periodic systems which are repre-
sented by centered orbits consisting of a core toroid and rolled or-
bit where aspect has been reported by various authors [35–37]. In
this case, graphs represent repair process associated with the prop-
agating stress. These orbits can topologically be regarded as a pat-
tern reinforcing the idea that topological analysis of the phase
space is fruitful to reveal the level of organization of unstable
and stable systems and to interpret the dynamic implied in unsta-
ble oxide formation [38]. In fractal measurements, the Lyapunov
exponent is a measure of the rate at which trajectories in phase
space converge. Chaotic orbits have positive Lyapunov exponents
(Fig. 11(a–d)). In periodic orbits, Lyapunov exponents are negative
(Fig. 11(e–g)). Convergence of the toroid and rolled orbit
(Fig. 11(h–j)) reveals the Lyapunov exponents values of �0.95
Fig. 12. Graphs of data of the power spectrum versus the frequency for potential
instability analysis in Fig. 10. (a) Uniform distribution indicating chaos, (b)
dominant peaks indicating a periodic system, and (c) broken line indicating a
semi-periodic system.
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and 1.27. The oscillations obtained for the Fig. 11(h–j) are thus
classified as semi-chaotic and periodic owing to the positive and
negative exponents [39]. This is confirmed in analyzing the power
spectra of the noise records and the sinusoid which are character-
istically quite different in giving a broken straight line or not bro-
ken or a few dominant peaks. Power spectra, describing the
distribution of the power of a random process in the frequency do-
main, can be related to on the kinetic mode of unstable oxide layer
formation when potential and hydrogen peroxide interact since
the bond strength of Ti–O can be weak in regard to the stability
of oxide. For the noise record corresponding to series in an uncor-
related stochastic signal (random and chaotic data), the power
spectra is uniformly distributed over the frequency range
(Fig. 12(a)) and is consistent with the phase space portrait.
Whereas, the sinusoid record is in a stochastic process (periodic
and quasi-periodic data) where the signal at any instant is depen-
dent upon the immediately preceding event, the power spectra
produces a few dominant peaks or a broken line (Fig. 12(b) and
(c)). The loss of stochastic behavior with in a electrochemical noise
record for unstable oxide processes would thus indicate the pres-
ence of deterministic behavior. For example, metastable oxide
growth events associated with the passivity result in characteristic
current transients and have subsequently been modeled. Fig. 7
shows the dynamic behavior of an under damped series electrical
LC circuit. Analysis of the simulated time series in the line of the
electrical circuit indicates a purely deterministic behavior, as indi-
cated by the power spectra and the phase space portrait. TiII and
Fig. 13. Bifurcation diagrams. (a)–(e) chaos, (f)–(i) pseudo-stability and stability, (j
MathematicaTM.
TiIII oxide is considered to nucleate randomly in time, with subse-
quent unstability in a deterministic mechanism. The analysis tech-
nique utilizing the chaotic test is therefore specifically designed to
highlight the reduction in the stochastic behavior (e.g. any deter-
ministic feature) in a time series, thereby revealing the presence
of events such as TiII and TiIII oxide growth. TiII and TiIII oxide tran-
sients are more apparent for low hydrogen peroxide concentration,
as indicated by the potential fluctuations, Dv and the phase space
portrait. This is characteristic of continued metastable oxide for-
mation, and possibly indicates the development of generalized cor-
rosion where the corrosion potential cannot be defined in the
active region. Active corrosion event is active and, metastable
oxide continues to take place. After the initial period of transients,
a progressive termination event of the time signals is observed. The
noise disappears to be associated with periodic then stable poten-
tial variations with the hydrogen peroxide concentration or poten-
tials increasing indicating a stable activity. Finally, the dependency
of phase space portrait and the power spectra on the semi-chaotic
and semi-periodic fluctuations in potential with hydrogen perox-
ide means possible rearrangement and stability of oxide. Instabili-
ties can also be analyzed from the dashed part in the equivalent
circuit (Fig. 7). In this equivalent circuit, the dashed part can have
several inductances and capacitances in parallel. Modeling with
MathematicaTM program, values of capacitance and inductance are
about 1–10�4 lF cm�2 and 10�4 H and frequency in this region is
5 � 105 Hz. Results are in the bifurcation diagrams in Fig. 13.
Diagrams for instabilities (divergence) are in the graphs of
)–(k) pseudo-stability (from Figs. 10 and 11), equivalent electrical circuit and
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(a)–(e), stability are in (f)–(i) and pseudo-stability in graphs of (j)–
(k). In these diagrams, the region in (a) (convergence) shows how is
large the stability potential, region in (b) with a fork bifurcation
represents the pseudo-stability with several stationary states
(metastable chaos). The region in (c) shows hysteresis with strange
attractor common with the region in (b). Region in (c) is the chaotic
state. The diagram in (a) shows a bifurcation cascade. In the dia-
gram in (h), the plot corresponds to the stationary state, the dia-
gram in (i) shows divergence, and in (k), the plot shows two
subcritical bifurcations of Hapf leading to pseudo-stability. Thus,
these methods are easy and invaluable tools for interpreting the
stability of the oxide layer in low-energy radioactive water.

4. Conclusions

The simulated and the experimental analysis allowed monitor-
ing the passivity of titanium in tritiated water containing radiolytic
hydrogen peroxide at different concentrations. Electrochemical
parameters indicate that the oxide (TiIV) formed in the tritiated
water is limiting the charge transfer in the region of passivity un-
der the influence of the high interfacial field after oxidation of tran-
sients (TiII and TiIII) formed in the active region. This is in line with
the increase of the hydrogen peroxide concentration, that can also
be explained in terms of the formation of a more compact and
insulating oxide. This oxide is formed of a hydroxylated outer layer
and an inner layer with an insulating character. This insulating
layer is responsible for the potential drop in the oxide. Once
formed, the total thickness of oxide creates a strong electric field.
In the case where the free potential is between the first and the
second passivity, oxide is formed of two protective layers: a semi-
conductor and a dielectric layers leading to evidence that titanium
is more protected. Consequently, when titanium is brought into
contact with tritiated water, three phenomena will take place at
the metal interface: (i) transients formation in active region where
the corrosion potential is free at lower hydrogen peroxide concen-
tration, (ii) passivity of the metal with formation of semiconductor
TiO2 at intermediate hydrogen peroxide concentration, and (iii)
passivity with a dielectric layer formed by dehydration, coupled
with a semiconductor layer at the upper passive potentials and
high hydrogen peroxide concentration. In a perspective of applica-
tion of titanium in the nuclear industry for a closed storage of tri-
tiated water where the hydrogen peroxide and oxygen
concentrations are large, the corrosion potential is easily in this
passive region leading to evidence that protection with the semi-
conductor and dielectric layers is effective.
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