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Abstract
The thickness of the anodic titanium oxide film formed on titanium in 0.5 M H2SO4 at 22 °C was measured by ellipsometry, and
the Forouhi interband single-layer model was used to analyze the data. The anodizing constant was determined experimentally to
be 2.75 nm/V, which is in good agreement with literature data, and indicates that the anodizing constants for barrier layers of
anodic oxide films formed on a wide variety of metals and alloys lie within the range of 2.2–3.0 nm/V. Using a value for the
polarizability of the barrier layer/solution interface obtained via electrochemical impedance spectroscopy (EIS) together with the
anodizing constant, the electric field is estimated to be a voltage-independent 1.82 × 106 V/cm. For the anodic oxide film formed
on titanium in 0.5 M H2SO4 solution by galvanostatic polarization, the thickness was maintained to be virtually constant even
though the oxygen vacancy concentration (donor density) analyzed by the Mott-Schottky relation varied over a wide range, as a
function of the film formation rate (current density), with higher donor densities being found for lower current densities. The
increase in the donor density leads to a decrease in the modulus of the impedance.
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Introduction

A number of studies [1–18] of the properties, on the structure,
defect type, and thickness of the anodic oxide film grown on
titanium over a wide potential interval have been reported
over the past years. For example, with regard to the structure
of the anodic titanium oxide film, some studies [7, 18] report
that the passive titanium oxide film is multi-layered and has an
outermost layer of stoichiometric TiO2 and an inner oxide
comprising a mixture of TiO2, Ti2O3, and TiO, or it is highly
oxygen deficient (TiO2 − x). However, Ohtsuka [2] reports that

the single-layer model should be adopted in the study of an-
odic titanium oxide. One of the most effective, indirect ways
of characterizing the structure of an anodic oxide is to analyze
the oxide film thickness using ellipsometry, with which we
can model the structure of the film in terms of single- or
multi-layered model by optimization upon the ellipsometry
data [2, 19]. This is the principal reason for using ellipsometry
in the present work, in addition to the fact that it is an accurate,
quick, and non-destructive method for measuring film thick-
ness [20].

In the present work, potentiostatic and galvanostatic
methods were used for growing the anodic titanium oxide
film. In order to investigate the semi-conductive properties
of the anodic oxide film on titanium and to ascertain the con-
centration of the point defects, Mott-Schottky analysis was
adopted, where the donor or acceptor concentration is obtain-
ed from the slope of 1/C2 versus potential, where C is the
interphasial capacitance.

The results of this work are analyzed upon the basis of the
point defect model [21–24], which was developed to describe
the growth and breakdown of passive films in terms of the
generation and annihilation of point defects (metal and oxy-
gen vacancies and metal interstitials) in the barrier layer of a
bi-layer passive film.

Passivity of titanium, part 1: film growth model diagnostics was
published in (2014) J Solid State Electrochem 18:1485-1493; part 2: the
defect structure of the anodic oxide film was published in (2019) J Solid
State Electrochem https://doi.org/10.1007/s10008-019-04254-0.
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Experimental

The working electrode was a flat disc of titanium (Aldrich,
99.99%) of 0.635-cm diameter. One face of the specimen was
mechanically polished through 1200-grit emery papers, and
then, successively, with 9-, 3-, and 1-μm diamond powders,
and then finally rinsed with D.I. water. All electrochemical
experiments were carried out in a flat cell (EG&G PARC) at
ambient temperature (20 ± 2 °C). A PTFE O-ring was used to
form a seal between the edge of the sample and the cell.

The electrolyte used was an aqueous solution of 0.5 M
H2SO4 prepared from analytical-grade sulfuric acid and
deionized-distilled water. The electrolyte was deoxygenated
by sparging with pure nitrogen gas (99.99%), before initiating
the growth of the passive film. To avoid back diffusion of O2,
and to minimize contamination of the solution with oxygen or
hydrogen that might be evolved at the counter electrode, a
slow nitrogen flow was continued during the experiment.
The electrode potential was measured against a saturated cal-
omel electrode (SCE) and the cell contained a platinum coun-
ter electrode. All potentials were converted onto the standard
hydrogen electrode (SHE) scale.

The anodic oxide films were grown under either
potentiostatic or galvanostatic conditions, which were chosen
according to the requirements of the experiments. The
potentiostatic method was used to grow the oxide film on
titanium for at least 8 h, prior to investigating the film thick-
ness and the film structure using ellipsometry. Also, in order to
explore the donor density behavior, anodic oxide films were
grown galvanostatically at various current densities, ranging
from 10 to 100 mA/cm2, until a potential of 20.0 VSHE was
achieved, at which point the sample was maintained
potentiostatically for 2 min. The oxide grows quickly if the
voltage is increased in the positive direction from the forma-
tion voltage, but it thins very slowly if the voltage is displaced
in the negative direction, due to the very low rate of dissolu-
tion. Accordingly, a film formed at a higher voltage is dimen-
sionally stable under excursions to lower potentials but not
under excursions to higher potentials.

A vertical type of ellipsometer (SOPRA, Model: GES 5)
was used to measure the anodic oxide film thickness. The ex
situ thickness was measured in air by the highly collimated
multiple-monochromatic incidence light. The polarizer and
compensator were placed in the incidence light path, and the
analyzer and detector were placed in the reflected light path.

The impedance was measured at a frequency of 1.0 kHz,
from which capacitance data were extracted for Mott-
Schottky analysis. A Solartron 1268 potentiostat connected
to a Solartron 1250 frequency response analyzer was used
for the impedance measurement with a sinusoidal voltage per-
turbation having a peak-to-peak excitation amplitude of
10 mV superimposed on the desired, constant polarization
voltage. During the capacitance measurements, the voltage

was swept in the negative direction from the voltage of 1.74
to 0.24 VSHE at 75 mV/s in order to maintain the film thickness
and defect concentration approximately constant and hence to
ensure better confluence between theory and experiment.

Results and discussion

Ellipsometry results

The anodic oxide film on titanium comprises TiO2 − x with the
principal defect being the oxygen vacancy, as previously re-
ported [3, 5, 25, 26] and further discussed in part II of this
series [27]. The oxide films have colors ranging from yellow
to dark blue as the thickness increases, indicating a high opti-
cal absorbance, which is typical of a highly defective phase.
Notably absent was the white, TiO2 stoichiometric phase that
normally comprises the outer layer, and this fact is discussed
below in association with the ellipsometry analysis.

The anodic titanium oxide film was formed by the
potentiostatic method, and the thickness was determined by
ellipsometry. Ellipsometry is an optical analysis technique ca-
pable of measuring film thickness based on the optical con-
stants (refractive index (n) and extinction coefficient (k)) of
the substrate and the film. It is a non-destructive technique and
canmeasure changes in film thickness in the angstrom range if
the optical constants are known with great accuracy and if the
surface is highly planar at the nanoscale. As noted above, the
structure of uni- or multi-layered film is modeled to fit with
the ellipsometry data [2, 19], and in the present work, a
Bsimpler-better^ rule was followed. Thus, a single-layer mod-
el was used to analyze ellipsometry data, which is consistent
with the lack of any white, stoichiometric TiO2 being detected
on the surface. Use of a multi-layer model did not improve the
optimization.

Ellipsometry [20] involves the measurement of the change
in the state of polarization of light upon reflection from the
sample surface. The state of polarization is defined by the
phase and amplitude relationships between the two compo-
nent plane waves, the p wave perpendicular to the reflective
surface and s wave parallel to the plane of incidence. In gen-
eral, reflection causes a change in relative phases of the p and s
waves and a change in the ratio of their amplitudes, because
the two components travel different path lengths with the p
wave being reflected at the metal/film interface and the s wave
being reflected at the film/solution interface. The change in
relative phase difference between the p and s waves before and
after reflection is characterized by cos(Δ):

cosΔ ¼ ∂1−∂2 ð1Þ
while the amplitude ratio change before and after reflection is
characterized by tan(Ψ) in Eq. (2).
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tanΨ ¼ jRpj=jRsj ð2Þ

When the two waves recombine after reflection, and as a
result of having traveled slightly different distances, the light
is elliptically polarized (hence, the name Bellipsometry^).
Accordingly, an ellipsometric measurement essentially in-
volves the determination of cos(Δ) and tan(Ψ). These two
parameters are a function of the complex index of refraction,
N = n − ik, and film thickness, d. Therefore, if the optical con-
stants are known, the film thickness can be determined. In the
present work, in order to determine the complex index of
refraction, the interband transition dispersion formula devel-
oped by Forouhi and Bloomer [28, 29] was applied. This is a
single-layer model based on the quantum theory of absorp-
tion. An expression for the imaginary part, k, of the complex
index of refraction is derived as a function of photon energyE,
and then n, the real part of the complex index of refraction, is
determined by using Kramers-Kronig transformation [20].

Spectroscopic ellipsometry, in which the wavelength is
scanned, was used in this work. The wavelength range of
the experiments was 250 to 800 nm. The ellipsometric mea-
surement resulted in tan(Ψ) and cos(Δ) loci as a function of the
wavelength of the incident monochromatic light that were in
good agreement with the theoretical lines for an anodic titani-
um oxide film potentiostatically formed at 3.24, 4.24, 5.24,
and 7.24 VSHE. Since the film was found to grow coincidently
with the theoretical curve for a single-layer model, the results
provide convincing evidence that the use of the single-layer
model to describe the thickness and impedance properties of
the anodic titanium oxide film is justified.

The measured thickness versus film formation potential is
shown in Fig. 1, where the measured oxide film thickness is
compared with the experimental data reported by Ohtsuka [2].
From these plots, the anodizing constants for film growth
were determined to be 2.75 nm/V from this work and
2.50 nm/V from the work of Ohtsuka [2] within the respective
potential ranges. Both of these experimental anodizing con-
stants are in good agreement with literature data reporting that
the anodizing constant for barrier layers of anodic oxide films
is ubiquitously 2.2–3.0 nm/V [2, 22, 30]. Accordingly, we
conclude that the surface exposed to the solution is that of
the single-layered, defective barrier oxide. This experimental
result of thickness is compared with the calculated anodic
oxide film thickness from the PDM with EIS data in future
Part IV [31] of this series.

In order to vary the donor density without changing the
film thickness, the anodic oxide films were grown
galvanostatically at various current densities ranging from
10 to 100 mA/cm2, until a potential of 20.0 VSHE was
achieved. After attaining that potential, the sample was main-
tained at that voltage potentiostatically for 2 min. This is an
empirically derived method, but it is consistent with the ex-
perimental results of Ohtsuka and Otsuki [32]. This method

was devised to control the oxygen vacancy concentration
without changing the film thickness. Specimens prepared this
way were used to previously demonstrate [33] that the rate of
the oxygen electrode reaction on passive Ti depends upon the
surface oxygen vacancy concentration, with the vacancies act-
ing as catalytic species. To our knowledge, this previous work
of Roh and Macdonald [33] provides the first demonstration
of the catalytic role of surface oxygen vacancies in the oxygen
electrode reaction, forming an unequivocal link between the
kinetics of this important reaction on an oxide and the defect
structure of the substrate. This relationship may be exploited
in designing new non-platinum group electrocatalysts.
Figure 2 shows the oxide film thickness as a function of cur-
rent density, measured after growth using the ellipsometer.
The thickness decreases slightly with increasing film forma-
tion current density, but the thickness is virtually constant
within the range of 42–47 nm.

We take the standard potential for the formation of TiO2 on
titanium, as calculated from thermodynamics [34], as

TiO2 þ 4Hþ þ 4e− ¼ Tiþ 2H2O E0 ¼ −0:86VSHE ð3Þ

Note that, for a 0.5 M H2SO4 solution of pH = 0, this value
is virtually the same as the equilibrium potential, which is to
be compared with the potential of 20.86 VSHE at which the
film was grown. Thus, the thickness of the barrier layer is
expected to be (20.86 V) × (2.2 to 2.5 nm/V) = 45.9 to
52.2 nm, which is in good agreement with the 44.7 ± 2.0 nm
measured by ellipsometry. This is also strong evidence that the
passive film formed on titanium under the conditions
employed in this work comprises the barrier layer alone.
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Fig. 1 Thickness as a function of potential for the anodic oxide film
formed on titanium by potentiostatic oxidation, ■ measured in this
study in 0.5 M H2SO4 solution, ● measured by Ohtsuka [2] in 0.1 M
H2SO4 solution
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Accordingly, the outer surface of the passive film is that of the
defective barrier layer.

The linear dependence of the film thickness on the forma-
tion voltage is in accordance with the predictions of the point
defect model [22–25,], which yields the following equation
for the barrier layer thickness for the case where no change in
the oxidation state of the cation in the barrier layer occurs
upon ejection at the barrier layer/solution (bl/s) interface or
upon dissolution of the film.

Lss ¼ 1−α
ε

� �
V þ 2:303n

α3εχγ
−
β
ε

� �
pH þ 1

α3εχγ
ln

k03
k07

 !
ð4Þ

where α, β, and ε are the polarizability of the bl/s interface
(i.e., the dependence of the voltage drop across this interface
on the applied voltage); the dependence of the same voltage
drop on pH; and the electric field strength in the barrier layer,
respectively, n is the kinetic order of the barrier layer dissolu-
tion rate with respect to H+, γ = F/RT, χ is the oxidation state

of the cation in the barrier layer, k03 andα3 are the standard rate
constant and transfer coefficient of the film growth reaction at

the metal/barrier layer (m/bl) interface, respectively, and k07 is
the standard rate constant for the barrier layer dissolution re-
action at the bl/s interface. The anodizing constant is (∂Lss/
∂V)pH = (1 −α)/ε.

Figure 1 shows that the steady-state barrier layer thickness
varies linearly with formation voltage from which we calculate
dLss/dV = 2.75 nm/V, which is in good agreement with literature
data, which indicate that the anodizing constants for barrier
layers of anodic oxide films formed on a wide variety of metals
and alloys lie within the range of 2.2–3.0 nm/V, as noted previ-
ously. From part IV [31] of this series, we find, from

electrochemical impedance spectroscopy (EIS), that α = 0.498.
Thus, from the definition of the anodizing constant, given above,
and the value of α, we find that the electric field strength is
1.82 × 106 V/cm. This value is within the range of 1 × 106 to
3 × 106 V/cm that is normally found for passive metals [22–24].

EIS and Mott-Schottky analysis results

The growth of thin, anodic oxide layers on titanium at voltages
within the range employed in this work (2.1 to 7.2 VSHE) is
known to take place irreversibly according to the following
reaction:

Tiþ 2−xð ÞH2O→TiO2−x þ 2 2−xð ÞHþ þ 2 2−xð Þe− ð5Þ
where we write the oxide in a form emphasizing that the bar-
rier layer forms as an oxygen-deficient phase.

As mentioned previously, in order to obtain the donor den-
sity (oxygen vacancy concentration), and hence the non-
stoichiometry of the passive film, as a function of the forma-
tion conditions, the anodic oxide films were grown
galvanostatically at different current densities and the oxygen
vacancy concentration was analyzed with the Mott-Schottky
plots. Mott-Schottky plots [35] ofC−2 vs. Vwere derived from
the capacitance C obtained from C = − 1/(ωZ″), where Z″ is
the imaginary component of the impedance measured at a
frequency of 1.0 kHz. However, measurements were also
made at 10 kHz and are reported in part II [27]. Little frequen-
cy dispersion was found in the measured capacitance, as noted
below. In using the Mott-Schottky equation, it is assumed that
the capacitance of the double layer (Cdl) on the solution side of
the interface is much larger than the space charge capacitance
(Csc) of the oxide film, and that these capacitances exist in
series. Bondarenko and Ragoisha [8] have used potentiody-
namic electrochemical impedance spectroscopy (PDEIS) to
measure the space charge capacitance of anodic TiO2 in
1.0 M H2SO4 at potentials up to 600 mV vs Ag/AgCl/
KCl(sat). The value for the space charge capacitance is calcu-
lated from their Mott-Schottky plots to be about 5 μF/cm2.
Because the double layer capacitance is of the order of 20–
50 μF/cm2, the condition that Cdl > >Csc is fulfilled and the
measured capacitance can be equated to Csc. Plots of C

−2 vs.
VSHE display a positive slope that is characteristic of an n-type
semiconductor (see below), and the value of the slope may be
used to estimate the donor density. The defect structure of a
passive film on titanium is well accounted for in terms of the
point defect model (PDM) [21–24], and evidence for this de-
fect assignment can be found elsewhere [3, 36–38].

The space charge capacitance of an n-type semiconductor
is given by Mott-Schottky theory [35] as Eq. 6:

C−2 ¼ 2

eε0εrNDA2 V−Vb−kT=eð Þ ð6Þ
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Fig. 2 Variation of anodic oxide film thickness on titanium formed with
various formation current densities, with the final stage of growth being
carried out potentiostatically at 20.0 VSHE
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where A, ε0, εr, and Nd are, respectively, the geometrical
surface area, the vacuum permittivity, the dielectric con-
stant of the oxide, and the donor concentration. V is the
applied potential, Vfb is the flat band potential, and e is the
charge of the electron (1.6 × 10−19 C). The value of the
dielectric constant used to calculate the donor density was
chosen to be 45 as in the work of Marsh et al. [39] and
Kudelka and co-workers [40].

Typical Bode plots of the real and imaginary compo-
nents of the impedance of passive titanium versus fre-
quency are shown in Fig. 3. The spectra were recorded
at a potential of 1.24 VSHE, with a sinusoidal voltage
amplitude of 10 mV peak-to-peak. In this figure, it is
shown that at frequencies higher than ~ 600 Hz the real
part of the impedance displays little dependence on fre-
quency and approaches a constant value. Accordingly, at
sufficiently high frequency, the frequency dependence of
the impedance is governed by the imaginary component,
from which the capacitance was calculated by Mott-
Schottky analysis. Thus, Mott-Schottky analysis was per-
formed using the capacitance calculated from the imagi-
nary component measured at a frequency of 1.0 kHz.

Figure 4 shows the Mott-Schottky plot, and the evalu-
ated donor density, Nd, is plotted in Fig. 5 as a function of
the film formation current density. These data show that
the donor density decreases with increasing film forma-
tion current density, from 9.15 × 1019cm−3 at a film for-
mation current density of 10 mA/cm2 to about 6.38 ×
1018cm−3 at a current density of 100 mA/cm2. This result
is in general agreement with the findings of previous stud-
ies [32, 41, 42]. The donor concentration measured in this
work indicates that the extent of non-stoichiometry, x,
varies from 0.000192 to 0.00171, for formation current

densities of 100 to 10 mA/cm2, based upon a tetragonal
unit cell having an oxygen sublattice site concentration of
1.071 × 1023/cm3 (average of the unit cell volumes of ru-
tile and anatase) and the donor (oxygen vacancy) concen-
trations given below. This may be compared with oxygen
deficiencies (value of x) of 0.32 to 0 reported by Triana,
Granqvist, and Niklasson [9]. Thus, the anodic oxide on
Ti appears to possess a relatively low non-stoichiometry
compared with the range that is possible in this material.

Figures 6 and 7 show electrochemical impedance spectra
for passive titanium prepared at the various donor
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concentration (and hence formation current densities), as de-
scribed above. Figure 6 displays typical Nyquist plots obtain-
ed under potentiostatic control at 1.24 VSHE and measured
over the frequency range of 0.05 to 5000 Hz. The form of
the plots is typical of that observed on valve metals with the
loci being almost vertical in the complex plane, because of the
dominance of the capacitance. We observe, however, that the
modulus of the impedance, |Z|, is a sensitive function of the
donor density, with |Z| becoming lower as Nd increases, as
shown in Fig. 7. The gradients of the log ∣ Z∣ versus log( f )
plots in Fig. 7 are almost unity, as expected for an essentially

capacitive interface, and the lack of any tendency for |Z| to
attain a constant value at either limitingly high or low frequen-
cy indicates that the film is dominated by this capacitance in
its electrical characteristics, as expected, with the capacitance
increasing with an increase in the donor concentration.
However, it is also evident that the amplitude of the imped-
ance decreases with increasing donor concentration (Fig. 7),
which demonstrates that the resistivity decreases in like man-
ner, consistent with the donors facilitating charge transfer
through the film. Also, the observed, imaginary component
behavior is consistent with the fact that the higher donor den-
sity implies a higher space charge capacitance, according to
Eq. (6), with the assumption being that the change of the flat
band potential does not have much impact upon the relation-
ship between C−2 and Nd.

Summary and conclusions

The passive state on titanium in 0.5 M H2SO4 at ambient
temperature (22 °C) has been explored using a combination
of ellipsometry, Mott-Schottky analysis, and electrochemical
impedance spectroscopy. The findings of this study are as
follows:

& The thickness of the anodic titanium oxide film formed
was measured by the ellipsometry, and the Forouhi
interband uni-layer model was used to analyze the results.
The results show that the experimental data from
ellipsometry are well described by the calculated theoret-
ical line for a single-layer oxide structure, from which we
conclude that a single-layer model for the anodic titanium
oxide barrier layer is appropriate.

& The thickness of the single (Bbarrier^) layer increases lin-
early with increasing formation voltage, in accordance
with the prediction of the point defect model. The thick-
ness data determined in this study are in good agreement
with those reported in the literature.

& The passive current density is found to be independent
of film formation voltage, which is also in accordance
with the prediction of the point defect model for the
case of an n-type film where no change in oxidation
state occurs upon ejection of a cation at the barrier
layer/solution interface or upon dissolution of the film.

& The anodizing constant was determined experimentally to
be 2.75 nm/V, which is in good agreement with literature
data, indicating that the anodizing constants for barrier
layers of anodic oxide films formed on a wide variety of
metals and alloys lie within the range of 2.2–3.0 nm/V.
Using a value for the polarizability of the barrier layer/
solution interface reported elsewhere, the electric field
strength was calculated to be 1.82 × 106 V/cm. This value
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is within the range of 1 × 106 to 4 × 106 V/cm that is nor-
mally found for passive metals.

& For the anodic oxide film formed on titanium in 0.5 M
H2SO4 solution by galvanostatic polarization, the thick-
ness was maintained to be virtually constant even though
the oxygen vacancy concentration (donor density) ana-
lyzed by the Mott-Schottky relation varied widely as a
function of the film formation rate. This experimental re-
sult allows the investigation of the kinetics of the oxygen
electrode reaction with respect to the oxygen vacancy con-
centration with the same thickness oxide film.

& Passive titanium displays an almost purely capacitive be-
havior, which is attributed to the thigh parallel impedance
for electron leakage across the barrier layer.

& The donor concentration measured in this work indicates
that the extent of non-stoichiometry, x, varies from
0.000192 to 0.00171, for formation current densities of
100 to 10 mA/cm2, based upon a tetragonal unit cell hav-
ing an oxygen sublattice site concentration of 1.071 ×
1023/cm3 (average of the unit cell volumes of rutile and
anatase) and the donor (oxygen vacancy) concentrations
given below.
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