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Sputter-deposited titanium substrates were anodically treated in sulfuric acid solution both in potentiostatic and potential-sweep
modes. The morphology, crystallization, chemical compositions and electrochemical properties of anodic titanium oxide films were
detected by AFM, SE, Raman spectra, XPS and EIS. The formed anodic films are smooth and homogeneously crystallized, and
that the potentiostatically grown film is slightly thicker and less crystalline than the potentiodynamically formed film. Moreover, a
comparison of the structure and properties of the anodic oxides films formed on the mechanical-chemical polished bulk titanium
and the sputter-deposited titanium substrates is also presented. The titanium substrates can largely influence the properties of the
formed anodic films. A more smooth and compact titanium oxide film could grow on the sputter-deposited titanium substrate, which
is unfavorable to the ionic migration through the film and delays the film growth and crystallization.
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Thin anodic oxide films on titanium are well-known for their high
corrosion resistance,1 good biomedical compatibility2,3 and excellent
photocatalytic activity.4,5 The crystalline structure, surface morphol-
ogy, chemical compositions and electrochemical properties of anodic
films on titanium are influenced by various anodization parameters.6–8

In general, the growth and crystallization of anodic titanium oxide
films can be promoted by raising the applied voltage,7,9,10 prolong-
ing the anodizing time,10–13 enhancing the solution temperature,7,14

increasing the electrolyte concentration12,13 or decreasing the film
growth rate.15,16 With the incorporation of impurity ions (anions from
the electrolytic solution17 or cations from the titanium alloy)18–20 in
the anodic titanium oxide layers, the film crystallization is suppressed
to relatively high voltages. Besides, as compared to the slow-grown
anodic titanium oxide films (in potential-sweep mode or galvanostatic
mode), the fast-grown films (in potentiostatic mode) are much thicker
and more crystalline.8,21–23

The preparation and surface pretreatment of titanium substrates
can also influence the formation and crystallizing process of anodic
titanium oxide films. Generally speaking, commercial pure titanium
sheets or highly pure titanium plates are the most common specimens
used for titanium anodization, and the samples are usually pretreated
by mechanical polishing and (or) chemical polishing before electro-
chemical treatments. As compared to the anodic films produced on
unpolished titanium substrates, the films grown on mechanical pol-
ished titanium surface are smoother and more compact and have a
better corrosion resistance.11 The chemical polishing of titanium sub-
strates prior to anodization also plays an important role in the anodic
film formation. For instance, Kozlowski et al. revealed that crystalline
titanium oxides could be only obtained after the naturally formed
oxide film on the titanium surface (with the thickness of about 5
nm) was removed by chemical etching.24,25 However, for the titanium
samples etched by strong acid solutions (HNO3 or HF), Prusi et al.
proposed that it would dissolve fast during the anodizing process,
hence this treatment is unfavorable for the growth of anodic titanium
oxide films.12

Even for the mechanical-chemical polished titanium samples, their
surface still contains numerous local defects. Therefore, others have
used deposited titanium thin film samples, prepared by ion-beam sput-
tering methods, as the working electrode.26–29 The titanium films de-
posited on silicon wafer substrates are very smooth, with the average
roughness usually smaller than 1 nm, depending on the preparation
conditions. There are at least three advantages of using atomically
flat sputter-deposited titanium substrates for the preparation of titania
anodic films. Firstly, the anodic films grown on deposited titanium
samples are much more smooth and compact, which makes them
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more suitable for use in many application areas, such as corrosion
protection30 and photocatalytic engineering.31,32 Secondly, with the
homogeneous and smooth anodic films grown on deposited titanium,
the film growth and crystallization behavior can be studied by charac-
terization techniques that are sensitive to the film uniformity and sur-
face roughness, such as scanning tunneling microscopy (STM, used to
detect the atom arrangement of titanium oxides),26,33,34 spectroscopic
ellipsometry (SE, used to determine the film optical properties)26,35

and in situ curvature measurements (used to estimate the film internal
stresses).28,36 Specific titanium alloys, which can be easily obtained
by sputtering deposition methods, can be used for the fabrication
of functional materials37,38 and for some special studies in titanium
anodization (such as the ionic transport behavior).19,39

Since the sputter-deposited titanium specimens play an important
role in the preparation of functional anodic titanium oxide films, it is
necessary to study the growth and crystallization behavior of anodic
films on deposited titanium in different anodization modes. However,
up to now, this subject has been seldom addressed.21 Moreover, it is
obvious that the titanium substrate morphology can largely influence
the structure and properties of anodic oxide layers.11,40,41 Therefore, a
comparison of the properties of the formed anodic films between the
common mechanical-chemical polished titanium substrates and the
smooth sputter-deposited titanium samples will be beneficial to
the understanding of titanium anodization.

In previous work,8 we reported the influence of anodization modes
on the structure and properties of anodic films grown on mechanical-
chemical polished highly pure titanium substrates, and we also pro-
posed a model about the formation and crystallizing mechanisms of
titanium oxide films under different conditions. It was revealed that
the local defects of titanium substrates played a key role on the forma-
tion of “flower-like” titania crystalline grains in potentiostatic mode.
In the present study, the atomically flat sputter-deposited titanium
samples are anodically treated in potentiostatic and potential-sweep
modes. The influence of film growth modes on the properties of anodic
titanium oxide films is studied, the growth and crystallizing mecha-
nisms of anodic oxide films on sputter-deposited titanium in different
anodization modes are proposed. Moreover, a comparison of the sur-
face features, crystalline behavior, chemical compositions and elec-
trochemical properties of the formed titanium oxide films between
the mechanical-chemical polished titanium samples and the sputter-
deposited titanium substrates is presented, and the effect of titanium
substrates on the growth and crystallization of anodic titanium oxide
films is also discussed.

Experimental

Sample preparation.— Titanium films with a thickness of about
500 nm were deposited onto silicon wafer substrates by the magnetron
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Figure 1. AFM images of (a) sputter-deposited titanium substrate and anodic films on titanium formed in (b) potentiostatic and (c) potential-sweep modes.

sputtering method. The sputter target was a disk-shaped titanium plate
(99.99%) with the diameter of 60 mm and the thickness of 3 mm. The
deposited specimens were then diced into small sheets of 10 × 10 mm
in size and used as a working electrode. Before anodization treatments,
the as-deposited titanium substrates were ultrasonically cleaned with
acetone for 20 min and later with deionized water for 20 min.

Anodization procedure.— The sputter-deposited titanium sam-
ples were electrochemically treated in a two-electrode electrochem-
ical cell. A platinum plate was used as the counter electrode, and
0.1 M H2SO4, prepared by analytical reagent and high purity water,
was used as the electrolyte. An electrochemical workstation (Metrohm
Autolab PGSTAT100, Switzerland) equipped with a Voltage Multi-
plier module was used to maintain the anodization procedure. The
sulfuric acid solution was stirred with purified nitrogen gas before
and during the anodic films formation, and all experiments were car-
ried out at a constant temperature of 25◦C. The titanium anodization
was performed both in potentiostatic and potential-sweep modes. For
the potentiostatic mode, the applied voltage of 30 V was used and the
anodizing time was set as 60 min. In the case of the potential-sweep
mode, the potential was swept from 0 to 30 V with a potential scan-
ning rate of 0.01 V/s. After anodization treatments, the samples were
immediately removed from the solution, rinsed with distilled water for
several times, dried by air blowing, and then conserved in a vacuum
drying oven before further characterization.

Film characterization.— Atomic force microscopy (AFM,
Benyuan CSPM 4000, China) was used to determine the surface
morphology of anodic films on titanium. SE (HORIBA Jobin Yvon
Auto SE, France) was used to detect the thickness and optical prop-
erties of anodic titanium oxide films, and a two layer model (Si
substrate/sputter-deposited Ti layer/TiO2 film) was used in the model-
ing procedure. The Raman spectra and optical microscopy images of
the anodized samples were recorded by a LabRAM Aramis (HORIBA
Jobin Yvon, France) instrument which was equipped with an Olympus
microscope (Japan). X-ray photoelectron spectrometry (XPS, Kratos
Axis Ultra DLD, UK) was use to detect the chemical compositions
of anodic oxide films. The electrochemical properties of anodic ti-
tanium oxide films were measured by electrochemical impedance
spectroscopy (EIS) which were performed in 50 g/L NaCl by po-
tentiostatic mode at open-circuit potentials, with single amplitude of
10 mV and the frequency range of 10−2 to 105 Hz. All of the measure-
ments were performed more than five times on different locations of
the anodized titanium specimens, and the results showed good repro-
ducibility (with the error less than 30%). More detailed information
about the characterization methods of anodic oxide films on titanium
could be seen from our previous works.8,10

Results

Surface topography.— Fig. 1 presents the AFM images of the
sputter-deposited titanium substrate and the anodic titanium ox-

ide films obtained in potentiostatic and potential-sweep anodization
modes. As shown in Fig. 1a, the as-deposited titanium sample is very
flat. In contrast, after the anodizing treatment, the samples become
rougher and nonuniform due to the formation of titanium oxides.
The surface appearance of anodic titanium oxide films formed in dif-
ferent anodization modes has some differences. The surface of the
titanium oxide film grown in potentiostatic mode is covered with nu-
merous small grains with the size ranging from 100 nm to 300 nm
(Fig. 1b), and as revealed in the literature, these grains could be mainly
composed of titania microcrystals.26,33 In the case of potential-sweep
mode, the formed anodic film is also filled with many titania micro-
crystals. Unlike the potentiostatically grown film, the small grains
on potentiodynamically treated sample surface have a homogeneous
size of about 100 nm (Fig. 1c). Moreover, the titanium oxide layer
formed in potential-sweep mode is more undulating as compared to
the potentiostatically grown film (Fig. 1b and 1c). This phenomenon
may imply that for the titanium oxide film formed in potential-sweep
mode, the titania microcrystals aggregate to form large semispheri-
cal clusters. Similar findings have been also reported by Delplancke
et al.42

Table I summarizes the thickness and surface roughness of the
as-deposited titanium substrate and the anodic oxide films grown in
different modes. The average roughness (Ra) and the root mean square
roughness (Rms) of the samples were obtained from the AFM results,
and the thickness of the anodic films was detected by SE. As can
be seen, the potentiostatically grown film is slightly thicker than the
anodic film produced in potential-sweep mode. In addition, although
the AFM images show that the surface features of the titanium oxide
films formed in different anodization modes have some differences,
their surface roughness is very close to each other. Therefore, it can be
concluded from Table I that the thickness and surface roughness are
mainly determined by the applied maximum potentials for the anodic
oxide films grown on sputter-deposited titanium substrates.

Crystallization.— The Raman spectra and optical microscopy im-
ages of titanium samples anodically oxidized in different modes are
displayed in Fig. 2. Both the fast-grown film and the slow-grown film
are crystalline (Fig. 2a). Similar to the surface features, the crystalline
behavior of the anodic films formed under different conditions also
has some differences. For the potentiostatically grown film, four Ra-
man bands at about 144 cm−1, 399 cm−1, 516 cm−1 and 639 cm−1,
corresponding to anatase type of titanium oxides, can be found. Except

Table I. Thickness and surface roughness of sputter-deposited
titanium substrate and anodic titanium oxide films formed in
potentiostatic and potential-sweep anodization modes.

Anodization modes d (nm) Ra (nm) Rms (nm)

Titanium substrate − 0.54 0.67
Potentiostatic 36.5 3.00 3.84
Potential-sweep 32.5 2.95 3.77
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Figure 2. (a) Raman spectra and (b) optical microscopy images of anodic oxide films on sputter-deposited titanium formed in potentiostatic and potential-sweep
modes.

for the Raman peak at 144 cm−1 (gives indication of the long-range
order of anatase phase), the other three Raman peaks (indicate the
short-range order of anatase phase) are weak and broad, which may
imply that the formed anodic film is weakly crystallized. By contrast,
in the case of the potentiodynamically grown film, four Raman bands
of anatase can be clearly detected, which means that the anodic film is
well crystallized. Moreover, the Raman spectra were taken from dif-
ferent locations of the anodic film surface more than seven times for
each anodized specimen, and the results showed good reproducibility
within an error limit of about 15% for both the fast-grown film and
the slow-grown film. This suggests that the anodic films on sputter-
deposited titanium formed in two different anodization modes are
both homogeneously crystallized. These findings are in accordance
with the optical microscopy pictures, in which both the fast-grown
film and the slow-grown film are uniform (Fig. 2b).

It is reported that for very smooth anodic titanium oxide films,
the refractive index (n) value is determined by the film structure.26

For amorphous titania, the n value at the wavelength of 632.8 nm
is reported as 2.2, while for anatase titania, n is about 2.55.43

Table II displays the n value (detected by SE) of anodic oxide films
on sputter-deposited titanium formed in different modes. The n value
of the formed anodic films is larger than that of the amorphous film
but smaller than that of the anatase titanium oxides, indicating that
the films are composed of anatase and amorphous titanium oxides. As
mentioned by Nanjo et al., if the percentage content of the amorphous
oxides is set as x, the crystallinity of the anodic films on sputter-
deposited titanium can be calculated from:26

x = nanatase − nfilm

nanatase − namorphous
[1]

The crystallinity of anodic oxide films formed in different modes
is shown in Table II, from which it is clearly that the crystallinity of
the slow-grown film is higher than that of the fast-grown film. It is
worth noting that the measured optical constant of titanium oxide films
can be also influenced by the film surface roughness (or porosity).35

Therefore, considering the rough anodic films formed in this work

Table II. Refractive index (at the wavelength of 632.8 nm) and
crystallization degree of anodic films on sputter-deposited titanium
formed in different modes.

Anodization modes n Amorphous (%) Anatase (%)

Potentiostatic 2.427 35.14 64.86
Potential-sweep 2.479 20.29 79.71

(compared to the smooth films grown at very low voltages),26 the
crystallinity of titanium oxide films shown in Table II should be lower
than it actually is.

Chemical compositions.— The XPS spectra of anodic films on
sputter-deposited titanium obtained under potentiostatic and potential-
sweep conditions are displayed in Fig. 3. For the potentiostatically
grown film, the Ti 2p spectrum can be resolved into 8 peaks, corre-
sponding to Ti, Ti2+, Ti3+ and Ti4+, respectively (Fig. 3a). By contrast,
the Ti 2p spectrum of the potentiodynamically grown film can be only
disintegrated into 2 peaks, both attributed to Ti4+ (Fig. 3b). In contrast
to the Ti 2p spectra, the O 1s spectra of the anodic films formed in
two different modes can be both fitted with 3 peaks, corresponding to
O2−, OH− and H2O, respectively (Fig. 3c and 3d). The percentages
of each species from the Ti 2p and O 1s spectra of anodic films on
sputter-deposited titanium formed by different modes are summarized
in Table III. The concentrations of the Ti4+ and O2− species are much
higher for the film grown in potential-sweep mode. This implies that
for the anodic film on sputter-deposited titanium, the slow growth
process is beneficial to the conversion of titanium suboxides (TiO and
Ti2O3) into titania and also promotes the film dehydration. The tita-
nium suboxides and absorbed water (OH− and H2O) in the film are
both unfavorable for the crystallization of anodic titanium oxides.26,44

Table III. Peak position and percentage contents of the surface
species from Ti 2p and O 1s spectra of anodic films on sputter-
deposited titanium formed in potentiostatic and potential-sweep
modes.

Peak area (%)

Surface Peak Potential-
Spectrum species position (eV) Potentiostatic sweep

Ti 2p 3/2 Ti 453.58 3.29 −
Ti2+ 454.72 3.09 −
Ti3+ 456.37 5.03 −
Ti4+ 458.31 61.63 65.89

Ti 2p 1/2 Ti 459.86 0.65 −
Ti2+ 460.38 2.32 −
Ti3+ 462.09 2.75 −
Ti4+ 464.05 21.34 34.11

O 1s O2− 529.54 59.90 68.20
OH− 531.13 24.63 19.63
H2O 532.46 15.47 12.17

  ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 210.72.158.175Downloaded on 2013-08-27 to IP 

www.sp
m.co

m.cn

http://ecsdl.org/site/terms_use


C506 Journal of The Electrochemical Society, 160 (10) C503-C510 (2013)

Figure 3. Ti 2p and O 1s XPS spectra of anodic films on sputter-deposited titanium produced in (a, c) potentiostatic and (b, d) potential-sweep modes.

That could be one reason why the crystallinity of the slow-grown film
is higher than that of the fast-grown film (see Fig. 2a and Table II).

EIS.— The Bode plot of the electrochemical impedance data of
anodic films on sputter-deposited titanium formed by different modes
is shown in Fig. 4a and 4b. The equivalent circuit model, which is
shown in Fig. 4c, is used to simulate the obtained experimental data,
and the fitting curves can also be found in Fig. 4a and 4b. Very good
agreement between the fitting curves and the experimental data can be
seen, which means that the produced anodic films on sputter-deposited
titanium contain two layers: an outer porous layer and an inner barrier
layer. Table IV displays the equivalent circuit parameters for anodic
oxide films on sputter-deposited titanium formed by different modes.
The porous layer resistance (Rpr) of the fast-grown film is slightly
lower than that of the slow-grown film, which means that the porosity
should be a little higher for the potentiostatically grown film. By
contrast, the barrier layer resistance (Rb) is slightly higher for the
anodic oxide film produced in potentiostatic mode, which is probably
because that the crystallinity of the fast-grown film is lower than that
of the slow-grown film (see Table II).

The capacitance (C) and thickness of the porous layer and barrier
layer of the formed anodic titanium oxide films can be calculated by
using the methods presented in previous works,8,45 and the results
are shown in Table V. It is found that the porous layer capacitance
(Cpr) is lower for the anodic film formed by potentiostatic mode. This
fact could be an indication that, compared to the potentiodynamically
grown film, the porous layer is thicker and the film crystallinity is
lower for the potentiostatically formed film. By contrast, because the

Table V. Outer and inner layer capacitance and barrier layer
thickness for titanium oxide films anodically grown in different
modes.

Anodization modes Cpr (μF/cm2) Cb (μF/cm2) d of inner layer (nm)

Potentiostatic 21.72 3.371 12.6
Potential-sweep 36.01 2.822 15.05

film crystallinity is slightly lower and the inner layer is much thinner
for the fast-grown film, its barrier layer capacitance (Cb) is a little
larger than the slow-grown film. The dielectric constant (ε) of anodic
films on titanium was considered to be 48 (i.e. the ε value of anatase)
in the previous work,8 while in the present study, the produced anodic
films on sputter-deposited titanium are proved to be composed of
anatase and amorphous oxides (especially for the fast-grown film, see
Fig. 2 and Table II). Therefore, the actual thickness of the barrier layer
of the anodic films should be a little thinner than the values presented
in Table V.

Discussion

Growth and crystallization of anodic films on sputter-deposited
Ti.— The evolution of current density with anodizing time (or poten-
tial) for anodization of sputter-deposited titanium in different modes
is presented in Fig. 5. The current evolution of films growth on
sputter-deposited samples is similar to that of high purity titanium

Table IV. Equivalent circuit parameters for anodic films on sputter-deposited titanium formed in different anodization modes.

Anodization modes Rs (�) Rpr (k�cm2) Qpr (sn/�cm2) n1 Rb(k�cm2) Qb (sn/�cm2) n2

Potentiostatic 16.05 18.3 1.645 × 10−5 0.9049 126.2 2.958 × 10−6 0.9553
Potential-sweep 12.4 29.1 2.682 × 10−5 0.9125 108.1 2.506 × 10−6 0.9647
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Figure 4. Bode diagram of impedance data and fitting curves of anodic films
on sputter-deposited titanium formed under (a) potentiostatic and (b) potential-
sweep conditions, and (c) equivalent circuit model used for simulating EIS
results.

anodization.8 Under potentiostatic condition, the current density is
very large at the very beginning stage of anodizing process. As a
result, a layer of titanium oxide quickly forms in milliseconds, and
meanwhile TiO2 nanocrystals with various sizes randomly emerge.
With increasing time, these nanocrystals grow up to microcrystals
and distribute throughout the film surface (see Fig. 1b). Because the
formation of these microcrystals is independent of each other, the bulk
film is not well crystallized (see Fig. 2a).

For titanium anodization in potential-sweep mode, the current den-
sity starts at about zero and increases with potential. The growth and
crystallization of anodic films is a relatively slow process. The titania
microcrystals homogeneously emerge, and some of them are more
likely to aggregate to form large semispherical crystalline clusters
(see Fig. 1c), making the formed film more crystallized than the fast-
grown film (see Fig. 2a). It is worth noting that a peak current can
be seen at about 16 V, and this is a result of the oxygen evolution
reaction (OER).17 Moreover, as revealed by XPS, the slow growth
process is beneficial to the film dehydration (see Table III). In other
words, the slow-grown film is more compact,23 and this could be the

Figure 5. Evolution of current density with anodizing time (or oxidation po-
tentials) for anodic films formed on sputter-deposited titanium in (a) poten-
tiosatic and (b) potential-sweep modes.

main reason why the anodic film formed in potential-sweep mode is
slightly thinner than the potentiostatically grown film.

Comparison of film properties for two different Ti substrates.— As
stated above, we present the structure and properties of anodic films
on sputter-deposited titanium formed in potentiostatic and potential-
sweep modes, and the properties of the oxide films grown on
mechanical-chemical polished highly pure titanium bulk substrates
by different anodization modes can be found in our previous study.8

Therefore, a comparison of the structure, morphology and composi-
tion of the formed anodic films is made between the two different
titanium substrates.

As revealed by Raman spectroscopy and SE measurements, what-
ever anodization mode is performed, the anodic films grown on pol-
ished bulk titanium are all thicker and more crystalline than the ones
grown on sputter-deposited titanium substrates.

For the mechanical-chemical polished titanium specimens, the
crystallization behavior is different for the films formed in different an-
odization modes: the potentiostatically grown film is heterogeneously
crystallized, while crystallization of the potentiodynamically formed
film is homogeneous. For the sputter-deposited titanium samples, the
formed anodic films in two different modes are both homogeneously
crystallized. Moreover, the fast-grown film is more crystalline than
the slow-grown film for the highly pure titanium samples, while in
the case of sputter-deposited titanium specimens, the crystallinity is
higher for the anodic film formed in potential-sweep mode.

The anodization mode has a great influence on the growth of
the anodic films on mechanical-chemical polished titanium; the fast-
grown film is much thicker than the slow-grown film. By contrast,
for the sputter-deposited titanium samples, the anodic films thickness
is mainly determined by the maximum voltage; the potentiostatically
grown film is only slightly thicker than the film produced by the
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Figure 6. Comparison of porous layer and barrier layer thickness for anodic
films produced on different titanium substrates by potentiostatic and potential-
sweep modes.

potential-sweep mode. Moreover, as can be seen from Fig. 6, under
a given anodization condition, the percentage thickness of the barrier
layer, obtained from the ratio of the barrier layer thickness to the total
film thickness, is much higher for the anodic film grown on sputter-
deposited titanium. In addition, for the oxide films grown on the same
titanium substrate, the percentage thickness of the barrier layer of the
slow-grown film is much higher than that of the fast-grown film.

In the case of the polished bulk titanium substrates, the surface
topography of the formed oxide films is influenced by the film prepa-
ration modes; many randomly distributed “flower-like” grains can be
seen on the potentiostatically grown film, while the film produced in
potential-sweep mode is smoother and more compact. For the sputter-
deposited titanium samples, although the morphology of the anodic
films formed in different modes shows some differences, their surface
roughness is very close to each other.

The anodic films grown on highly pure titanium substrates are
mainly composed of TiO2, while for the film potentiostatically grown
on sputter-deposited titanium, a small amount of Ti, Ti2+ and Ti3+

species can be also detected. Similarly, the oxide films formed on
mechanical-chemical polished titanium substrates contain larger con-
tents of O2− species as compared to the anodic films grown on sputter-
deposited titanium with the same preparation conditions.

The resistance values (Rpr or Rb) of the anodic films on sputter-
deposited titanium are higher than that of the films grown on highly
pure titanium. The Cpr of the anodic film potentiostatically formed
on mechanically-chemically polished titanium is much larger than the
other three films.

Influence of Ti substrates on growth and crystallization of Ti oxide
films.— The main difference between the mechanical-chemical pol-
ished high purity titanium samples and the sputter-deposited titanium
samples is the surface appearance. The latter (with the Rms of 0.67
nm, see Table I) are much smoother than the former (with the Rms of
37.0 nm).8 As a result, the anodic films grown on sputter-deposited
titanium substrates are much more uniform and compact and have a
thicker barrier layer (see Fig. 6), which is unfavorable to the ionic
migration through the films during titanium anodization. This is in
agreement with the anodization curves: for anodic films grown on two
different titanium substrates (in potentiostatic mode or in potential-
sweep mode), the final current density is much higher for the anodizing
of polished bulk titanium samples (see Fig. 5 and Ref. 8). In addition,
for titanium anodization under potential-sweep condition, the peak
current emerges at about 10 V for highly pure titanium8 and at about
16 V for sputter-deposited titanium samples (see Fig. 5b), indicating
that the OER is delayed for the anodic films grown on smooth titanium
substrates.

The ionic migration plays a key role on the growth and crystalliza-
tion of anodic titanium oxide films.17 As reported by Habazaki et al.,
the titanium oxides are formed at the oxide/solution interface by the
migration of titanium ions outward and at the metal/oxide interface by
the migration of anions (O2− and OH−) inward, and the cationic trans-
port number is about 0.38.19,39 In addition, the crystallization of anodic
films on titanium is mainly promoted by local heating (i.e. the local
current density) and mechanical energy (i.e. the internal compressive
stresses), which are both influenced by the ionic transport through the
films.8,16,46,47 In other words, the film growth and crystallization can be
promoted by enhancing the ionic conductivity of anodic films. Based
on the above discussion, the differences of film properties between
two different titanium substrates which are presented above can be
explained.

As mentioned above, the smooth and compact layers formed on
deposited titanium are unfavorable to the ionic transport during tita-
nium anodization. This could be the main reason why the anodic films
grown on sputter-deposited titanium substrates are thinner and less
crystallized as compared to the films formed on mechanical-chemical
polished titanium.

A comparison of the growth and crystallization of potentiostati-
cally formed anodic films between two different titanium samples is
shown in Fig. 7. For the anodization of the polished bulk titanium
substrates in potentiostatic mode, the titania microcrystals initially
emerge at the local defect sites due to very high local current density.
With increasing anodizing time, these microcrystals act as ionic con-
duction channels and grow to “flower-like” TiO2 crystalline grains.
By contrast, for the anodic films grown on sputter-deposited titanium
in potentiostatic mode, there is no high local current density for the
reason that the samples are very smooth (i.e. have no apparent de-
fects, see Fig. 1a). Instead, titania nanocrytals are randomly formed
due to the large current density in the beginning stage of anodizing
process (see Fig. 5a). Furthermore, because of the formed compact
titanium oxide layers, these nanocrytals do not act as ionic conduction
channel, and hence will not grow to large titania crystalline grains.
In contrast to the anodic film potentiostatically grown on mechanical-
chemical polished titanium, the crystallization of the fast-grown film
on deposited titanium is mainly induced by the compressive stresses.
However, for titanium anodization in potentiodynamic mode, the dif-
ferences between two different titanium substrates are not so evident.
Because the growth and crystallization of anodic films go through a
very slow process, the films grown on two different titanium substrates
are both homogeneously crystallized. Moreover, as presented above,
the crystalline clusters are generated for anodic films produced on
sputter-deposited titanium in potential-sweep mode. This is why the
slow-grown film is more crystalline than the fast-grown film. By con-
trast, for the polished bulk titanium specimens, due to the formation
of large titania crystalline grains, the potentiostatically formed film is
more crystalline than the film grown in potential-sweep mode.

For the polished bulk titanium samples, the large crystalline grains
formed in potentiostatic mode (and perhaps the porous region between
the large grains) can act as excellent electronic and ionic conduction
channels, and then promote the growth of titanium oxide films. There-
fore, the fast-grown film is much thicker than the slow-grown film.
By contrast, in the case of sputter-deposited samples, although similar
TiO2 nanocrystals emerge at the beginning stage of the potentiostatic
anodization process, these nanocrystals cannot act as good ionic con-
duction channels due to the formed smooth and compact anodic film
(see Fig. 7). As a result, the film growth is less affected by the an-
odization mode. Moreover, the surface features of titanium substrates
can influence the structure of the formed anodic films. As compared to
the mechanical-chemical polished titanium substrates, the deposited
titanium samples are much smoother, hence the formed anodic films
are more compact (i.e. have a much higher percentage thickness of
the barrier layer). Similarly, the anodization mode can also affect
the structure of the formed films; the slow-grown film is much more
compact than the fast-grown film.

In the case of highly pure titanium samples, “flower-like” crys-
talline grains are produced due to very high local current density at
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Figure 7. Schematic illustration of formation and crystallizing mechanisms of anodic oxide films on mechanical-chemical polished titanium and sputter-deposited
titanium substrates under potentiostatic condition.

the defect sites. The very smooth deposited titanium samples have
no apparent local defects, hence cannot form large titania crystalline
grains.

It has been reported that the initially formed anodic oxides on
titanium are mainly composed of TiO2, and also contain a number
of titanium suboxides and hydrated titanium oxides.26,48 Generally
speaking, high oxidation voltages are beneficial to the conversion
of titanium suboxides and hydrated titanium oxides into TiO2. For
example, for the final voltage of 30 V, the anodic films grown on
high purity titanium samples largely consist of TiO2.8 By contrast, in
the case of smooth sputter-deposited titanium samples, the conversion
of titanium suboxides and hydrate TiO2 into TiO2 is affected by the
formed compact anodic layer (because the ionic migration is resisted
by the compact anodic film). This is why the species of Ti2+ and Ti3+

and the larger percentage content of OH− and H2O are detected for
the anodic films grown on deposited titanium substrates (especially
for the fast-grown film). As to the small amount of metallic titanium
found in the potentiostatically grown film, a possible explanation
could be that the sputter-deposited titanium has less local uniformity
or stability than the bulk samples. Also, in the very beginning stage of
potentiostatic anodization, the chemical reaction is very strong due to
very high local current density. As a result, at the metal surface, some
metallic titanium may peel off and be incorporated in the oxide film.

As compared to the anodic films produced on mechanical-chemical
polished titanium substrates, the films grown on sputter-deposited ti-
tanium are much more compact and have a thicker barrier layer (see
Figs. 1 and 6). Therefore it is not difficult to imagine that their resis-
tance values (Rpr or Rb) are much higher because the film resistance
is proportional to the film thickness and inversely proportional to the
film porosity. Similarly, the Cpr value of the potentiostatically grown
film on high purity titanium is much higher because the porous layer
of this film is much thicker than the other three (see Fig. 6).

Conclusions

Anodization of sputter-deposited titanium samples was performed
in 0.1 M H2SO4 solution both in potentiostatic and potential-sweep
modes with the final voltage of 30 V. The anodic films grown on

sputter-deposited titanium substrates are smooth, compact and homo-
geneously crystallized. The slow-grown film is slightly thinner and
more crystalline than the fast-grown film, and as revealed by XPS,
the slow-grown process promotes film dehydration. The EIS results
show that the grown anodic films contain an outer porous layer and
an inner barrier layer, and the barrier layer of the anodic film formed
by potential-sweep mode is thicker than that of the film produced in
potentiostatic mode.

The titanium substrates also have a great influence on the prop-
erties of the formed anodic films. Because the compact barrier layer
grown on smooth sputter-deposited titanium is unfavorable to the ionic
transport across the oxide films, the film growth and crystallization
process is much different for the deposited samples as compared to
the mechanical-chemical polished titanium samples, especially un-
der potentiostatic conditions. As a result, the anodic films grown on
sputter-deposited titanium are much thinner and less crystalline than
the films formed on highly pure titanium substrates.
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