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Abstract Titanium dissolution and passivation were
studied in NaOH aqueous solution using open-circuit
potential, potentiodynamic and potentiostatic techni-
ques. Potentiodynamic data showed that the active-
passive transition involves active metal dissolution
followed by formation of a poorly conducting passive
oxide film that passivates the electrode. The critical
current density varied with pH as d log j,/dpH =
—0.098 in the pH range 11.00-14.00, while the passiva-
tion potential is changed according to the following two
features: at pH 10.55-13.00, dE,,/dpH = —0.06 V'; and
at pH 13.50-14.00, dE,,/dpH = —0.40 V. The apparent
activation energy, E*, was calculated from the slope of
the Arrhenius plot and was found to be 12.6 kJ mol .
Current-time transients showed that the growth of tita-
nium oxide passive film is a diffusion-controlled process.
XPS measurements indicated that the passive oxide film
consists mainly of TiO, and a mixture of suboxides of
Ti203 and TiO.
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Introduction

Titanium and titanium alloys possess good mechanical
properties, a high strength-to-weight ratio and excellent
corrosion resistance as a result of the native oxide film
(~20 A thick) that spontaneously forms on the surface
of the metal in air and aqueous solutions. Hence, they
are increasingly used not only for industrial applications
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[1] but also for medical applications [2]. In recent years,
much research [3, 4, 5, 6] has been conducted on dif-
ferent kinds of NaOH-treated titanium substrates for
biomaterial applications. Therefore, it is interesting
to study the passivation as well as the electrochemical
behavior of Ti in NaOH solutions.

Few works have been published on the electrochem-
ical behavior and passivation of Ti in alkaline media [7,
8, 9, 10]. The corrosion behavior of Ti in carbonate-
bicarbonate buffer solution of pH 9.7 was studied by El
Sayed and Leach [7]. They found that the changes in the
impedance and corrosion rate with potential are both
due to change of cation valency and to oxide non-
stoichiometry. Prusi and Arsov [9] reported the growth
kinetics and optical properties of titanium oxide on a Ti
surface in KOH solutions under open-circuit potential
conditions.

The purpose of the present investigation is to study
the passivation behavior of a Ti electrode in NaOH
solutions as well as to characterize the passive oxide film.
The influence of various parameters, including sweep
rate, electrolyte concentration, solution temperature
and pH, on the anodic dissolution as well as on the
passivation of the Ti electrode was studied.

Experimental

The working electrode employed in the present study was made of
pure titanium (99.99%) sheets axially embedded in Araldite holders
to offer a Ti exposed surface area of 2.3 cm>. Prior to each ex-
periment, the working electrode was mechanically polished with
different grades of emery paper, i.e., 600, 800, 1000 and finally
1200, and then the polished electrode was rinsed with acetone and
distilled water. Finally, the electrode was activated in 1 M HF for
1 min followed by generous washing with double-distilled water,
and then dipped in a conventional three-electrode cell. The oxide
film was removed when necessary by gentle hand polishing on
0.05 pm alumina. A platinum plate (2.0 cm?) was used as a counter
electrode. All potentials were measured against a Ag/AgCl elec-
trode. To avoid contamination, the reference electrode was con-
nected to the working electrode through a bridge with a Luggin
capillary filled with the test solution. The capillary tip was put very
close to the electrode surface to minimize the ohmic drop of the



342

solution. Solutions were freshly prepared from doubly distilled
water and pure grade chemicals and purged with argon gas for 1 h
before the experiment. The electrolyte was exchanged after each
measurement in order to avoid build-up of soluble titanium species,
which are known to enhance the stability of the oxide under open-
circuit conditions. Solutions of different pH values were prepared
by mixing 1 M NaOH with appropriate amounts of 5 M H,SOy,.
All measurements were conducted at constant temperature with the
help of a water thermostat.

Electrochemical measurements were performed using a poten-
tiostat-galvanostat (EG&G model 273A) connected to a personal
computer. Potentiodynamic measurements were carried out by
sweeping the potential from —-1.5V to 2.0 V. Potentiostatic
anodization was carried out for 1 h at different applied potentials.
Potentiostatic current-time transients at constant potentials were
recorded in the following way. The Ti electrode was held at the
starting potential of —1.5 V for 60 s to attain a reproducible Ti
surface, and then the electrode was scanned potentiodynamically
from —1.5 V in the positive direction with a sweep rate of 5 mV s '
to a potential limit at which the current-time transients were
recorded for 100 s.

X-ray photoelectron spectroscopy (XPS) was carried out using
an ESCA-3200 (Shimadzu) operated at a chamber pressure less than
5x10°® Pa, using Mg K, radiation. The source was run at 6 kV and
30 mA from the magnesium anode. All measurements were con-
ducted at a take-off angle of 45° with respect to the sample surface.
The binding energy was calibrated with the line position of the C(1s)
peak at 284.6 eV. The surface morphology as well as the thickness
of the oxide film was examined using a scanning electron microscope
(SEM) (FE-SEM, model S-4500, Hitachi, Tokyo, Japan).

Results and discussion
Open-circuit potential

Titanium electrodes exposed to the atmosphere after
mechanical and chemical polishing are covered sponta-
neously by an oxide film, being predominately titanium
dioxide in a dense modification of rutile TiO, [10]. As
soon as a T1 electrode is immersed in NaOH solutions, at
open-circuit conditions, the process of dissolution of the
natural oxide film of TiO, begins first. Simultaneously,
self-passivated film formation also begins. These two
processes are recorded on the open-circuit potential
(OCP) versus time curves at various concentrations of
NaOH, as shown in Fig. 1. The results show that, firstly,
the corrosion potential slowly decreased, showing mini-
mum potential values at approximately —1070, —1310 and
—1350 mV in 0.5, 1.0 and 2.0 M NaOH, respectively.
This could be attributed to the slow dissolution of nat-
urally formed titanium oxide film as mentioned before.
After that, the corrosion potential gradually rose to more
noble potential values and finally achieved steady-state
potential values at approximately —715, —735 and
—-805 mV in 0.5, 1.0 and 2 M NaOH, respectively, as a
result of the self-passivation. The pseudo-like plateau
observed at about —1.3 V, when the concentration of
NaOH is increased, might be due to the high dissolution
power on the Ti oxide. When the solubility product of the
oxide is achieved, the potential starts to rise again. It is
worth noting that the stronger the NaOH, the longer the
time needed to achieve the steady-state potential and the
less noble the steady-state potentials, as shown in Fig. 1.
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Fig. 1 Corrosion potential versus time of a Ti electrode in different
concentrations of NaOH

The open-circuit stability of the passive film in alkaline
solution is investigated not only because of its obvious
relevance to practical corrosion but also because it allows
us to determine the formation rate of the passive film of
the Ti electrode. For example, the steady-state potential
of the Ti electrode is achieved after 1.9, 2.7 and 6.4 h in
0.5, 1.0 and 2.0 M NaOH, respectively. The broadening
in the curve at high NaOH concentrations indicates the
competition between dissolution and the formation of
the passive oxide film. Generally speaking, the data in
Fig. 1 reveal that a shorter time is required for the stea-
dy-state potentials to attain in NaOH when compared to
the reported data for Ti in acid medium [11].

Potentiodynamic polarization curves

Figures 2, 4, 7 and 10 illustrate the potentiodynamic E/j
anodic polarization curves for a Ti electrode in NaOH
solution at various NaOH concentrations, pH values,
sweep rates and solution temperatures, respectively. The
potential sweep was initiated at —1.5 V, where a con-
siderable cathodic current (point a in Fig. 2) is observed
and ended at 2.0 V. The cathodic current approaches
zero value, and thereafter several characteristic features
in the anodic region were observed. These features could
be defined as: (1) an active dissolution region between
points b and ¢, where the anodic current increases ex-
ponentially with potential; (2) a region where the current
increases linearly with potential between ¢ and d; (3) the
region of the anodic current peak d; (4) a region in which
the anodic current decreases towards a low value, d—e,
corresponding to the passivation of the electrode; and
(5) the passive range between e and f.
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Fig. 2 Potentiodynamic anodic polarization curves of a Ti elec-
trode in various NaOH concentrations at 25 °C and a sweep rate of
10 mV s curve 1, 0.1; curve 2, 0.5; curve 3, 1.0; curve 4, 1.5, curve
5, 2.0; and curve 6, 3.0 M NaOH

As the potential of the Ti electrode is made increas-
ingly positive, the anodic current density rises to a
maximum critical value j,, and then decreases as a result
of the formation of a protective oxide film, and conse-
quently the metal is transformed from the active to the
passive state [12]. The potential at which the critical
current density occurred is recorded as the value of the
passivation potential £y, [13]. At more positive potentials
(region e—f), OH ions are discharged on the Ti electrode,
and surface layers of a stable oxide are formed (passivi-
ty). In this potential region, the rate of Ti dissolution is
increasingly hindered and the dissolution rate (i.e., cor-
rosion rate) is independent of potential. Scanning the Ti
electrode to 8.0 Vin 1 M NaOH solution did not reveal
any breakdown potential (not shown). This clearly in-
dicates the thermodynamic stability of the passive film
forming spontaneously on the Ti surface [14], consistent
with a Pourbaix diagram where solid Ti oxides are
thermodynamically stable under such high pH values
[12]. The electrode appearance in the passive region was
yellowish due to the presence of the anodic oxide film.

It is generally accepted that the mechanism of anodic
film growth differs from that of metal deposition.
Electro-crystallization of metals is determined comple-
tely by the diffusion of metal ions to the surface and the
subsequent transfer reactions at the interface. The for-
mation of an anodic film by passivation from NaOH
solution requires transfer of titanium and hydroxyl ions
as follows:

Ti — Ti*" +2e” (1)

Ti®" is unstable and once it is formed it will react with
H,O to produce Ti*™:
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(2)
(3)

Transformation of Ti(OH); might be taking place to a
hydrated TiO, layer in a dynamic equilibrium reaction
as follows:

Ti(OH), = TiO, - H,O + 0.5H,

Ti2t + H,O — Ti*" + OH™ + 0.5H,
Ti** + 30H™ — Ti(OH),

(4)

Therefore, the TiO, is formed by migration and ad-
sorption of the OH ions through the structure defects
on the thinnest part of the oxide film. On the other hand,
Ti(OH); could be transformed to Ti,O5 as follows:

2Ti(OH), — Ti,03 + 3H,0 (5)

This suggested mechanism is confirmed (as shown later)
by the XPS measurements, which confirm the presence
of different Ti valences in the oxide passive film.

Effect of NaOH concentration

The effect of NaOH concentration (0.1-3.0 M) on the
potentiodynamic polarization curves of the Ti electrode
at 25 °C and a sweep rate of 10 mV s™' was examined
and the results are given in Fig. 2. Inspection of the data
reveals that the height of the maximum anodic current
density j,, is greatly increased and its corresponding
potential E,, (passivation potential) is shifted towards
more negative (active) potential values at increased
NaOH concentration, indicating a high rate of Ti
dissolution. Steady-state current densities of 64-92
nA cm 2 were achieved within the NaOH concentration
range studied, as shown in Table 1. Lower values of
steady-state current densities were reported for Ti in
acidic medium by Armstrong et al. [15]. The increase in
the maximum anodic current density j,, with increased
NaOH concentration can be seen from the relation
between log j,, and log ¢naon in Fig. 3. The relation
between log i;,, versus log Cnaon 1S not linear and shows
two slopes. This behavior seems to indicate the presence
of two different mechanisms regarding the effect of
NaOH (the chemical passivation and activation effect).
The former is the predominant factor in solutions
containing NaOH less than 0.75 M (Fig. 3), while the
latter is the predominant factor in solutions containing
higher concentrations than 0.75 M. The effects caused
by increasing NaOH concentration can be interpreted
on the basis of enhanced solubilities of Ti oxide on
increasing alkali concentration.

Effect of pH

Typical anodic polarization curves for a Ti electrode in
1.0 M NaOH having different pH values ranging from
11.00 to 14.00 are shown in Fig. 4. The curves demon-
strate that as the pH increases, j,, increases and FE,,
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Table 1 Tafel kinetic parameters obtained for a Ti electrode in different NaOH concentrations at 25 °C

NaOH conc. (M) Tafel slope, b Exchange current

Transfer coefficient, «  R,x10° (Q cm®)  Steady-state current

(V decade ™) density, j, (mA cm 2) density (uA cm?)
0.1 0.27 0.345 0.032 2.88 64
0.2 0.20 0.340 0.043 2.54 67
0.5 0.20 0.338 0.043 2.38 75
1.0 0.20 0.269 0.049 1.43 88
1.5 0.19 1.990 0.049 0.80 92
2.0 0.16 2.991 0.053 0.49 88
3.0 0.16 4.881 0.053 0.25 85
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Fig. 3 Dependence of the maximum anodic current density j,, on
the concentration of NaOH

becomes increasingly negative (active), indicating a high
dissolution rate. Moreover, the steady-state current
density is increased from about 51 to 85 uA cm * with
increasing pH from 11.00 to 14.00, as shown in Table 2.
The steady-state current density was obtained, all
through this work, as the current at a potential of +0.8 V.
This potential was selected since it was sufficiently noble
to permit the formation of a stable passive film.

The relationships between pH and both log j,, and
E,, are given in Figs. 5 and 6, respectively, and the data
show that, at pH 11.00-14.00, d log j,,/dpH = —0.098;
however, for the dependence of E,, on pH it shows two
features: at pH 11.00-13.50, dEy,/dpH = —0.06 V; and
at pH 13.50-14.00, dE,/dpH = —0.40V. Peters and
Myers [13] reported a value of d log j,,,/dpH = —0.77
and dE,/dpH = —0.06 V for Ti in sulfuric acid solu-
tions. Such treatment could be useful in establishing
quantitative relationships among j,, £, and pH. On the
other hand, an obvious negative shift for the cathodic
reaction was observed with increasing pH (see Fig. 4),
revealing the inhibition of the cathodic reaction, which is
mainly a hydrogen evolution reaction.

Fig. 4 Potentiodynamic anodic polarization curves of a Ti elec-
trode in 1.0 M NaOH at 25 °C, sweep rate 10 mV 57!, at different
pH values: curve 1, pH 10.55; curve 2, pH 11.50; curve 3, pH 12.50;
curve 4, pH 13.0, curve 5, pH 13.25; and curve 6, pH 13.50

Effect of potential sweep rate

The effect of the potential sweep rate v (2.0-120 mV s )
on the potentiodynamic polarization responses for a Ti
electrode in 1.0 M NaOH at 25 °C was determined and
the results are shown in Fig. 7. The data confirm the
strong dependence of not only the dissolution rate of Ti
but also the growth rate of the oxide film formed on the
potential sweep rate. The maximum anodic current
density j,, as well as the steady-state current density
(Table 3) are dramatically increased with increasing v.
On the other hand, the passivating potential E,, is
slightly shifted to more positive potentials, as shown
from the satisfactory linear fit of E,, versus log v, with a
slope of 0.24 s (Fig. 8). The plot of j,, against the square
root of v is a straight line passing through origin only at
low sweep rates (Fig. 9), in accordance with the fol-
lowing diffusion equation [16]:
jo = abn'2eDV/? y112

(6)
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Table 2 Tafel kinetic parameters obtained for a Ti electrode in 1.0 M NaOH solutions with different pH values at 25 °C

pH Tafel slope, b Exchange current Transfer coefficient, « Rp><103 (Q cm?) Steady-state current
(V decade™) density, jo (mA cm 2) density(uA cm?)
11.0 0.33 0.160 0.026 4.38 51
12.0 0.33 0.141 0.027 4.30 59
13.0 0.28 0.125 0.031 3.26 62
13.5 0.27 0.121 0.032 2.72 73
13.75 0.26 0.570 0.033 2.50 82
14.0 0.19 0.640 0.049 1.62 85
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where a and b are constants, n is the number of ex-
changed electrons, c¢ is the concentration, and D is the
diffusion coefficients of the diffusing species. This result
suggests that the formation of Ti oxide passive layersis a

Potential / V vs. Ag/AgCl

Fig. 7 Potentiodynamic anodic polarization curves of a Ti elec-
trode in 1.0 M NaOH at 25 °C at different sweep rates

diffusion-controlled process at low sweep rates. How-
ever, at high sweep rates, deviations from a straight line
are obtained, indicating that the process is not purely
diffusion controlled. At low sweep rates, the degree of
order in the films increases substantially when they are
grown slowly [17]. However, at high sweep rates, the rate
of dissolution of the oxide film may compete with the
rate of its formation (dissolution-passivation mechanism
[18]). Since the time allowed for forming the Ti oxide
film becomes shorter as v increases, simultaneous
chemical dissolution of Ti oxide is expected. The nature
of the oxide film formed at relatively high sweep rates
seems different from those formed at relatively low
sweep rates, probably due to the fact that the Ti anodic
oxide film formed at relatively high sweep rates might
have a higher hydration content and OH™ bridges [19].
Consequently, films formed at high sweep rate (more
hydrated oxide) are expected to have different properties
than those formed at low sweep rates, such as lower
density and high dielectric constant. In addition, it was
found recently that films formed at different sweep rates
present considerably different porosities [20]. It is
worthwhile to note that although the sweep rate is one of
the most effective parameters affecting the growth rate of
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Table 3 Tafel kinetic parameters obtained for a Ti electrode in 1.0 M NaOH with different sweep rates at 25 °C

Sweep rate, Tafel slope, b Exchange current Transfer coefficient, o Rx10% (Q cm?) Steady-state current
v (mV s (V decade™) density, j, (mA cm2) density (mA cm 2)
2 0.17 5.34 0.050 2.13 0.018
5 0.18 3.49 0.047 1.95 0.044
10 0.18 1.28 0.047 1.31 0.091
20 0.18 1.68 0.045 1.00 0.155
30 0.20 1.79 0.042 0.76 0.225
40 0.20 1.81 0.042 0.64 0.294
60 0.22 1.71 0.038 0.45 0.412
80 0.23 1.52 0.037 0.40 0.523
120 0.24 1.61 0.035 0.22 0.727
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Fig. 8 Dependence of E,, on logarithm of the sweep rate

the Ti anodic oxide film and, consequently affecting
many other properties, e.g., density, refractive index,
dielectric constant and porosity, there is not enough
attention given to this topic in the literature.

Effect of temperature

Figure 10 shows the influence of solution temperature on
the potentiodynamic anodic polarization curves of a Ti
electrode in 1.0 M NaOH at a sweep rate of 10 mV s .
The rise of solution temperature greatly enhances the
critical current density j,,,, while the passivating potential
E,, is shifted to a more negative potential value. This
indicates the high dissolution rate of Ti at higher solution
temperatures. In acid medium, E,, is independent of
temperature, while j,, is increased with rising temperature
[11, 13]. It is obvious that on increasing the solution
temperature in the range 35-65 °C, the b—c region in
Fig. 2 becomes shorter. However, at temperatures
>70 °C, the b—c region completely disappears owing to
the high dissolution rate of Ti at high temperature. On

vl/2 / (mvs-l)-l/2

Fig. 9 Dependence of the maximum anodic current density j,, on
the square root of the sweep rate of a Ti electrode in 1.0 M NaOH
at 25 °C (insert is the low sweep rate)

the other hand, raising the solution temperature has no
significant effect on the value of the steady-state current
density. The apparent activation energy, E*, was calcu-
lated from the slope of the Arrhenius plot (Fig. 11)
according to Eq. 7:

Jm = Aexp(—E"/RT) (7)

The data reveal that log j, is a function of 7'. The
slope, d 10g jm/d(T™"), leads to a calculated apparent
activation energy of 12.6 kJ mol . However, this value
is comparatively much lower than that usually reported
for Ti in 0.5 M H,SO, [21]. This indicates the high rate
of dissolution of Ti in alkaline media in comparison
with that in acidic media. The stimulating effect of
temperature for the formation of titanium oxide may
be attributed to the increase in solubility of the oxides
at elevated temperature. In addition, an increase
in temperature accelerates the diffusion rate of the
diffusing species [22].
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Current transients

In order to gain more information about the electro-
chemical behavior of Ti in NaOH solutions, potentio-
static current/time transients were recorded. The
electrode was first potentiodynamically polarized in the
positive direction with a sweep rate of SmVs' to a
certain potential (step potential) at which the current-
transient was recorded for 100 s. Figure 12 shows the
current-time relationship for different anodic step po-
tentials. The transient current decreases monotonically
with time to reach a steady-state value. As the anodic
step potential is made more positive, the values of the
instantaneous and steady-state current increase. At the
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start of each transient there is a charging current that
decays during nucleation and initial growth of the sur-
face oxide film followed by a steady-state value (due to
the poor conducting effect of the oxide layer formed).
Plotting the current density j versus ¢ /> for the de-
scending parts of the current transients shows straight
lines (Fig. 12 inset). The slopes of the lines depend on
the values of the step potentials. This linear relation
supports the suggestion that the growth of the Ti oxide

layer is a diffusion-controlled process, under this
condition, and obeys Eq. 8 [23]:

j=p/i" ®
where:

P = nFeD'? /112 )

where n is the number of exchanged electrons, ¢ is the
concentration and D is the diffusion coefficient of the
diffusing species. Therefore, it could be suggested that
the formation of Ti anodic oxide film proceeds via metal
dissolution followed by a nucleation and growth mech-
anism under diffusion control.

Tafel kinetic parameters of Ti dissolution
To clarify the effect of NaOH concentration, pH, solu-

tion temperature and the sweep rate on the electrode
kinetics, Tafel lines are derived from the corresponding

J-E curves in the active potential regions according to the

Tafel equation (Eq. 10):

n=a—blogj (10)
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Table 4 Tafel kinetic parameters obtained for a Ti electrode in 1.0 M NaOH with different solution temperatures

Temperature (°C) Tafel slope, b

Exchange current

Transfer coefficient, o Rp><103 (Q cm?)

(V decade™) density, j, (mA cm 2)

25 0.18 1.61 0.052 2.09

35 0.18 3.57 0.052 1.58

40 0.16 13.60 0.053 1.20

45 0.16 21.56 0.052 0.77

55 0.16 31.56 0.053 0.34

60 0.15 40.30 0.053 0.34

65 0.15 48.86 0.053 0.34

70 0.15 50.10 0.053 0.25

75 0.15 100.0 0.053 0.23

where: surface oxides, even the most superficial ones, generally
results in some deactivation of the electrodes. The de-

b= —RT/anF (11)

where b is the Tafel slope, « is the transfer coefficient, j is
the current density and » is the number of exchanged
electrons. Tafel lines are obtained by plotting the loga-
rithm of the current density versus the anodic polariza-
tion (y = E — E,), where E, is the equilibrium electrode
potential. A representative example for a Tafel plot is
given in Fig. 10 (insert); other data are included in
Tables 1, 2, 3, 4. The calculated values of Tafel slopes at
various conditions of NaOH concentration, pH, sweep
rate and solution temperature are also given in Tables 1,
2, 3, 4. The exchange current density, jj, was obtained by
extrapolating the Tafel line to zero overpotential.
Moreover, the transfer coefficient, «, and the polariza-
tion resistance, R, (Where R, =d#/dj [24]), are also
listed in Tables 1, 2, 3, 4. The value of n taken to cal-
culate « is 3.0. It is well known that, in aqueous solution,
Ti usually dissolves to Ti** in the active potential
regions [14, 25].

Data in Tables 1, 2, 3, 4 show that the Tafel slope
values represented high anomalous Tafel slopes. Ex-
perimentally, electrode reactions on oxide-covered elec-
trodes show Tafel slopes greater than 118 mV decade !
[26]. Several attempts have been made to explain these
experimental values, the most successful being that of
Meyer [27]. The explanations involve the basic as-
sumption that a fraction of the applied overvoltage op-
erates across the oxide and hence is not available to
assist the charge transport at the oxide/solution inter-
face. The same assumption may be expressed differently
by saying that an activation barrier exists within the
oxide film for the transport of electrons through it, and
this barrier must be negotiated by the application of a
high overvoltage in order for the reaction to occur. In-
vestigation of the data in Tables 1, 2, 3, 4 shows that
increasing either the NaOH concentration or the pH
gives decreasing values of the Tafel slopes and an in-
creasing effect on the transfer coefficient «, indicating
that the charge transfer reaction is affected strongly by
increasing any of them [28]. In contrast, increasing the
sweep rate has an increasing effect on the Tafel slope and
a decreasing effect on «. Generally, the exchange current
density value j, is increased when the electrochemical
reaction is catalyzed [23]. However, the presence of

activation may be defined as a decrease in the exchange
current density j,. Increasing the pH or concentration of
NaOH increased j, as a result of the high rate of dis-
solution of the oxide formed, opposite to the effect of
increasing the sweep rate. It is worth noting that j is, in
general, strongly dependent on temperature, as shown in
Table 4 [29]; however, the anodic transfer coefficient o is
invariant with temperature [30]. On the other hand, the
polarization resistance R, values decrease with increas-
ing any of the above-mentioned parameters, as shown in
Tables 1, 2, 3, 4. High anomalous Tafel slope values
ranging from 0.55 to 0.60 V were reported for Ti in al-
kaline media by Ammar et al. [31]. In acidic media, a
Tafel slope of 0.14 V for Ti electrodissolution was esti-
mated by Thomas et al. [24], who suggested the presence
of a thin oxide film on the Ti surface in the Tafel region
of the hydrogen evolution reaction.

Surface analysis of the passive oxide film using XPS

The Ti(2P3),) spectra after potentiostatic oxidation at
—0.5V and 1.2 Vin 1 M NaOH for 1 h are shown in
Fig. 13. The binding energy of the Ti(2P;/,) signals was
found to be 459 eV. This value is consistent with that
reported for TiO, [32, 33]. The Ti(2P3,) binding energies
for TiO,, Ti,O3 and TiO are 459, 457.5 and 455.1 eV,
respectively. As shown in Fig. 13, it can be seen that the
passive oxide film consists mainly of TiO, and suboxides
of Ti,05 and TiO. Increasing the potentiostatic potential
from —0.5 to 1.2 V (Fig. 13) increases the TiO, content
in the oxide film. However, the suboxides still coexist
with the TiO, but are not illuminated, revealing that the
oxide passive film consists of mixed oxides. The detected
O(1s) signals from the passive oxide film, which are not
shown here, are mainly due to the M-O of TiO,
(530.5 eV). Another small signal of a higher binding
energy (531.5 eV) was detected, suggesting the presence
of absorbed water and/or OH in the oxide film, as
reported by other researchers [33, 34].

A very small amount of sodium ions in the passive
film (less than 5%) was detected by quantitative analysis
of the XPS measurements. The calibration curve (data
not shown) was constructed using TiO, (anatase pow-



der) and Na,COs;. The pellets of TiO, at different molar
ratios of Na (in the range 5-95%) were uniaxially
pressed, calcined and sintered at 500 °C and 800 °C. The
X-ray diffraction pattern of the films formed after
potentiostatic oxidation at a potential range from —0.5 V
to 2 V cannot show any peaks for rutile or anatase TiO,.
The situation is similar to Raman spectra. No Raman
peaks appear, and the structure of the films formed at
the above-mentioned potential ranges are amorphous.

Surface morphology

SEM examinations were performed with a series of films
prepared potentiostatically at different applied poten-
tials. A representative example is shown in Fig. 14. It is
found that changing the applied potentials has no sig-
nificant effect on the structural morphology or on its
thickness, within the potential range studied (0.2-2.0 V).
The oxide film is formed in the form of patterns, which is
topographical in nature. The thickness (determined by
SEM) is thick enough and is about 30 pm.

Conclusion

The electrochemical behavior of a pure titanium
electrode in NaOH was studied using open-circuit
potential, potentiodynamic and potentiostatic tech-

-0.5V

Intensity/a.u.

455 460

Binding energy (eV)
TiO,

1.2V

Intensity/a.u.

Binding energy (eV)

Fig. 13 XPS spectra curve (dotted line) for Ti after potentiostatic
oxidation at 0.5V and 1.2V in 1 M NaOH for 1 h and the
deconvoluted curve (solid line)
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niques. Potentiodynamic anodic polarization E/j curves
show an active-passive transition. The maximum anodic
current density j,, increases with increasing NaOH con-
centration, increasing pH, increasing sweep rate or
raising the solution temperature. However, raising the
solution temperature, or increasing pH, or increasing the
NaOH concentration shows an increasing shifting effect
on E, towards more negative potentials. In contrast,
increasing the sweep rate has a reverse effect on E,,, es-
pecially at lower sweep rates. The steady-state current
density is not significantly affected by raising the solution
temperature. However, it is remarkably increased with
increasing either the sweep rate or the pH of the solution.
The potentiostatic current/time transients show that the

Fig. 14 SEM micrograph of a Ti substrate, b Ti oxide film
potentiostatically formed at 0.2 V in 1.0 M NaOH for 1 h, and
¢ cross section of the oxide film formed at 0.2 V in 1.0 M NaOH
for 1 h
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passive oxide film is formed under a diffusion-controlled
process. The apparent activation energy was calculated
using an Arrhenius plot and it was found to be
12.6 kJ mol-!. Anomalous high Tafel slopes were ob-
tained in the active potential region. The composition of
the passive oxide film consists of TiO, and a mixture of
suboxides of Ti,O3 and TiO, as shown by the XPS data.
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