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Abstract

The electronic properties of barrier and porous layers on Ti and Ti6Al4V were studied. Barrier anodic
oxides grown to 40 V on Ti and on Ti6Al4V are both n-type semiconductors with a band gap of 3.3
eV and 3.4 eV respectively, in agreement with the formation of amorphous TiO». Anodizing to 200
V at 20 mA cm in calcium acetate and B-glycerol phosphate disodium pentahydrate leads to the
formation of Ca and P containing porous films with a photoelectrochemical behaviour dependent on
the metallic substrate. A band gap of 3.2 eV and the flat band potential of -0.5 V vs. Ag/AgCI were
measured for the porous oxide on Ti, while optical transitions at 2.15 eV and a significantly more
positive flat band potential were revealed for the porous oxide on the alloy. The different electronic
properties were rationalized by taking into account the presence of localized states inside the gap,
induced by incorporation of Al and V from the underlaying alloy during the hard anodizing process.
These electronic properties are responsible of the reactivity of porous layer grown on Ti6Al4V alloy

in simulated body fluid.

Keywords: Passive films; Ti alloys; Anodizing; Corrosion resistance; Simulated body fluid;

Photoelectrochemistry



1 - Introduction

Titanium and its alloys are widely used in several technological applications, e.g. aerospace
engineering 12 and biomedicine 34, due to their peculiar mechanical and physico-chemical properties
in addition to a high corrosion resistance. Indeed, they are characterized by the spontaneous formation,
as soon as they come in contact with oxygen, of a thin passive film whose composition is essentially
titanium oxide. This passive film is very efficient, blocking both generalized and localized corrosion
phenomena. Therefore, the loss of passivity of Ti and its alloys in body fluid environments and/or
tissue systems is very difficult, unless the passive film is damaged by fretting/erosion action. However,
in the case of biomedical applications, the high corrosion resistance of Ti and its alloys can
significantly hinder the reactivity (bioactivity) of these materials with surrounding human body
environment, making them bioinert hampering the chemical connection between materials and bones
578l

It is well known that the presence of hydroxyapatite (HA) improves the biocompatibility and thus the
osteointegration of Ti alloys. The growth of HA on the surface of Ti and its alloys is promoted by a
local alkalinization according to the following reaction °:

10Ca?* + 80H" + 6HPO4Z = Caio(PO4)s(OH)2 + 6H20 1)

A decrease in Oz reduction or H evolution reaction rates should slow down HA growth because of a
decrease in OH" concentration (see eqg. (1)), thus passive films properties have a strong impact on the
bio-inertness of Ti and Ti alloys. The blocking behaviour of the passive film toward electrochemical
processes strongly depends on its solid state properties. In the case of Ti and Ti alloys such passive
film is usually an amorphous TiO2 layer with n-type semiconducting properties, i.e. blocking toward
electrochemical reactions if positively polarized with respect to its flat band potential (reverse bias)
and not blocking if negatively polarized with respect to its flat band potential (forward bias) 1.
Some authors focused their work on the study of semiconducting properties of thin passive/native
oxides by using Mott-Schottky approach 1214, Nevertheless, to have information about the electronic
properties of (thin and/or thick anodic) layers, photocurrent spectroscopy (PCS) is a more suitable
technique, since it is able to provide information about the energetics of passive film/electrolyte
interface (flat band potential estimate, valence and conduction band edges energy levels) and,
indirectly (through the band gap values), about the chemical composition of anodic oxides™®.

As reported in literature, in order to improve the bioactivity of Ti and Ti alloys, and thus the HA
growth, a possible strategy is to grow a thick porous anodic layer on the metal surface, using an

electrolyte consisting of calcium acetate and B-glycerophosphate disodium salt pentahydrate 6-1°,



Anodizing of Ti and Ti alloys has been widely studied on special interest on anodic layers
composition and microstructure 1”222 put there is no information about electronic properties of such
films. Since it sounds counterintuitive that the presence of thick ceramic material on the metal surface
improves the bioactivity, in this work we want to study the electronic properties of TiO2 layers grown
by anodizing or hard anodizing on Ti and Ti6AIl4V alloys with the aim to understand how they affect
the corrosion resistance and thus the reactivity of these materials. Porous layers were grown in
calcium acetate (CA, (CH3COO).Ca-H>0) and B-glycerol phosphate disodium pentahydrate (-
GPDS) aqueous solution at room temperature (25 + 2 °C) up to formation voltages of 200 V while
barrier layers were grown to 40 V in phosphoric acid aqueous solution. Photoelectrochemical
measurements were carried out to study the effect of the anodizing conditions and alloying elements
(namely Al and V) on the optical band gap and flat band potential of the investigated oxide layers.
Polarization curves were recorded in Simulated Body Fluid at 37°C in order to evaluate the reactivity

of the samples as function of metal composition and anodizing conditions.

2 — Materials and methods

Materials

Titanium foils (Aldrich, purity > 99.7 %) with a dimension of 45 x 10 mm? and a thickness of 0.127
mm were etched in a mixture of hydrofluoric acid (39.5 %), nitric acid (69.0 %) and deionized water
(1:4:5 vol.) for 30 seconds then ultrasonically cleaned in deionized water for 10 minutes. Samples
were used immediately after being dried in air.

Ti6AI4V (Goodfellow) titanium alloy with a dimension of 45 x 20 mm? and a thickness of 2 mm was
used. The samples were mechanically polished using SiC abrasive papers with P800, P1200 and
P2400 grit. Subsequently, the samples were degreased using acetone in an ultrasonic bath and then

were rinsed with deionized water.

Barrier and porous oxide layer growth

A two-electrode configuration was used, where the metal (Ti6Al4V alloys or Ti) was the anode
(working electrode) and a Pt net having a very high specific area the cathode (counter electrode).
Growth of the barrier-type anodic film was carried out in 0.1 M HsPOs aqueous solution 242,
Anodizing was performed galvanostatically at 5 mA cm, reaching the final voltage (i.e. formation
voltage) of 40 V. Then, a stabilization process was carried out keeping the final voltage for 30 min.
To grow porous oxide layers, Ti6Al4V alloys and Ti were anodized in an aqueous solution 0.2 M in

calcium acetate (CA, (CHsCOO).Ca:H20) and 0.04 M in p-glycerol phosphate disodium



pentahydrate (3-GPDS, CsH7Na,0OgP-5H20). Anodic oxide growth was carried out galvanostatically

at 20 mA cm and the voltage compliance was set to 200 V.

SEM and XRD analysis

Samples morphology was investigated with a FEI Quanta 200 FEG SEM microscope coupled with
Energy-Dispersive X-ray Spectrum (EDAX Genesis XM 4) facility. SEM operated in High Vacuum
mode with a voltage of 20 kV. The software used to fit EDX spectra is EDX Genesis. Each sample
was covered with a thin Au film deposited by sputtering before any investigation. X-ray diffraction
(XRD) measurements were performed using a Pan Analytical Empyrean diffractometer with a Cu
anode (Cu Ka radiation, A = 0.15405 nm) equipped with PIXCel1D detector (voltage: 40 kV, current:
40 mA). The XRD patterns were collected over the 20 angle range: 10° - 90°.

Photoelectrochemical characterization

The experimental setup used for the photoelectrochemical investigations consists of a 450 W UV-
VIS xenon lamp coupled with a monochromator (Kratos), which allows monochromatic irradiation
of the specimen surface through the photoelectrochemical cell quartz windows. The cell volume for
the photoelectrochemical measurements was 50 mL. A two-phase lock-in amplifier (EG&G) was
used in connection with a mechanical chopper (frequency: 13 Hz) to separate the photocurrent from
the total current circulating in the cell due to the potentiostatic control. Photocurrent spectra reported
below are corrected for the relative photon flux of the light source at each wavelength, so that the
photocurrent yield in arbitrary current units is represented in the y axis. The samples were
characterized in 0.1 M ABE ((NHa4)2B40O7-4 H20, pH ~ 8.5) aqueous solution.

The experiments were conducted at least on three different samples with an uncertainty on the band
gap value of £ 0.05 eV. This is a type B uncertainty since is due to the monochromator resolution that
is in the order of + 3 nm.

All the experiments were performed in air at room temperature (25 = 2 °C). For all the experiments,
a Pt net having a very high surface area was used as counter electrode and a silver/silver chloride

electrode (SSC) was employed as reference electrode for all photoelectrochemical experiments.

Polarization Curves

Polarization curves were recorded using a Parstat 2263 (PAR), with a scan rate of 2 mV-s™. The
three-electrode configuration was the same used for the photoelectrochemical experiments. The cell
volume of the electrochemical cell was 100 mL. The samples were characterized in Simulated Body
Fluid solution (see composition in Table 1) at 37°C. OCP (Open Circuit Potential) was recorded for



at least 1 hour and then a polarization curve was recorded starting to sweep the electrode potential
toward anodic direction from -150 mV vs OCP. Ecor and icor Were estimated by using Tafel
Extrapolation Method.

Results and discussion

Air formed passive film

Fig. 1 shows photocurrent spectra recorded at open circuit potential relating to the air formed passive
films grown on Ti and Ti6AI4V.

Assuming indirect optical transitions, it is possible to estimate the band gap values according to the

following equation:

(Qpn hv)"® ~ (hv - Eg) )

where, for photon energy in the vicinity of band gap, Qpn, the photocurrent yield, is proportional to
the light absorption coefficient, hv is the photon energy and Eg is the optical band gap 24%. Eq = 3.76
eV is estimated for air formed film on Ti while an Eq = 3.62 eV is estimated for air formed film on
Ti6Al4V. These values are higher than optical band gap reported for anatase (i.e. 3.20 eV) and rutile
(i.e. 3.05eV) TiO2 polymorphs, and it is usually attributed to the formation of a not crystalline and/or
defective titanium oxide. Indeed, a not perfect stoichiometry and/or the lack of long range order can
induce the formation of localized states close to the band edges 2°. In this case optical band gap is
more properly called mobility gap 2’. Current vs time curves, recorded at the open circuit potential
by manually chopping monochromatic irradiation for air formed films grown on Ti and Ti6AIl4V, are
shown in Fig. S1. In both cases the measured photocurrent is anodic as expected for n-type

semiconductors but, notably, a lower Ipn was measured for the oxide grown on the alloy.

Barrier oxide layer growth

In Fig. 2 the cell voltage vs time curves recorded during the anodizing process in phosphoric acid
solution on Ti and Ti6AIl4V alloys are reported. In both cases the voltage raises linearly up to the
compliance of 40 V (maintained for 30 min to allow the formation of a less defective film) in
agreement with the formation of a barrier anodic oxide.

According to the high field mechanism 262, the slope of the V vs time curve, dV/dt, is given by the

following equation:



av iXM
E - zFp (3)

where i is the current density (kept constant in this case during the anodizing process), M is the
molecular weight of the growing oxide, z the number of electrons circulating per mole of formed
oxide, F the Faraday constant, p the film density, X is the electric field strength across the growing
layer and n) is the growth efficiency. For both Ti and Ti6AI4V alloys a dV/dt of ~ 1.6 V s is estimated.
Assuming the formation of TiO as anodic film on both samples, from eq. (3), with prio» = 3.7 g cm™
30 X =5.7 MV cm™ can be estimated, corresponding to an anodizing ratio (i.e. the reciprocal of the
electric field strength) of ~ 17 A V-1 2°, Thus, assuming an equilibrium potential for Ti oxidation to
TiO, of ~ -1.2 V vs SHE 3!, formation voltages of 40 V (vs. cathode) correspond to anodic layer
thickness of ~ 70 nm. This barrier layer thickness has been estimated considering the anodizing ratio
derived from eq. (3), that is valid for valve metals and assuming a unitary growth efficiency. The
estimated anodizing ratio is in agreement with other values reported in the literature 2°, and published
TEM pictures of anodic film cross sections?* confirm this estimate. It is also noteworthy to mention
that, during anodizing of Ti and Ti alloys, cations (produced by metal oxidation) migrate toward the
oxide/electrolyte interface while oxygen ions produced by water deprotonation migrate toward the
metal/oxide interface with other anions present in the electrolyte (namely phosphate). Thus, the latter
are concentrated in the outer part of the film.

In order to estimate the optical band gap of oxide layers, photocurrent spectra (photocurrent vs
irradiating wavelength curves) were recorded in 0.1 M ABE at 2 V vs Ag/AgCI (see Fig. 3a and
Fig.3b).

By assuming non direct optical transitions, an Eq = 3.30 eV is estimated for anodic film on Ti (see
inset Fig. 3a) in agreement with previous results reported in the literature for not crystalline or
defective titanium oxide 2. In the case of anodic film grown on Ti6Al4V, a band gap of ~ 3.40 eV is
estimated (see inset Fig. 3b), slightly higher with respect to that estimated for anodic film on Ti,
suggesting an even lower crystalline character. The following is the primary cause of the differences
between the photocurrent response of less crystalline/amorphous and crystalline thin films: the
presence of various types of defects might change the DOS distribution, thus the optical band gap of
an amorphous material may coincide or not with that of its crystalline counterpart. This is also
confirmed by the lower photocurrent measured for the anodic film on the alloy. In fact in less
crystalline/amorphous anodic oxide, the presence of geminate recombination effect involving
generated photocarriers, can reduce the recorded photocurrent signal®.

Figure S2 shows the current vs time curves recorded at 2 V vs. Ag/AgCIl by manually chopping

monochromatic irradiation for 40 V anodic films grown on Ti and Ti6Al4V. In both cases the



measured photocurrent is anodic as expected for n-type semiconductors but, notably, a lower Ipn was
measured for the oxide grown on the alloy.

In Figure 4 the Ipn vs potential curves recorded at different wavelengths are reported. Ipn decreases
shifting the potential toward the negative (i.e. cathodic) direction, as expected for n-type
semiconducting materials.

Zero photocurrent potential can provide an estimate of the flat band potential (Erg) of the oxides,
which is in turn linked to the oxide Fermi level, Eox", according to the following relationship 2°:

Eo =— le|Ers + e|Erer 4)

where e is the electron charge and Ees is the potential of the reference electrode (Ag/AgCl) with
respect to the vacuum scale. For anodic films on Ti and Ti6Al4V Ers are ~-0.5 V vs Ag/AgCl and -
0.6 V vs Ag/AgCI, respectively. The latter is slightly more negative suggesting that the Fermi level
of anodic film on the alloy is closer to the conduction band edge than for the anodic film on Ti.

The photocharacteristics were fitted (see Figures S3) according to the following power law:

Iphn o« E (5)

The best fitting exponent n was 1.7 for the anodic film on Ti for both the irradiating wavelengths (see
Table 2). According to Gartner-Butler model, valid for crystalline SC/electrolyte junction, the
dependence of photocurrent on electrode potential should be quadratic, and n slightly lower than 2
can be explained by the lack of long range order in the thin amorphous TiO2 and a consequent lower
mobility of the photogenerated charge 2. In the case of the photocharacteristics recorded for the
anodic layer grown on Ti6Al4V alloy (see Figure 4b), the best fitting exponent nis 1, i.e. photocurrent
has a linear dependency on electrode potential indicating an even lower mobility of the
photogenerated carriers in localized states.

During anodizing Ti, Al and V have very similar transport number, thus they are incorporated from
the base alloy into the anodic layer roughly proportionally to their percentage in the alloy. According
to the experimental photoelectrochemical findings, such incorporation phenomena do not

significantly affect the electronic properties of the barrier layers.

Porous oxide layer growth
Fig. 5 shows the growth curve (cell voltage vs. time) for Ti and Ti6AlI4V anodized in CA and -

GPDS-containing solution at 20 mA cm,



A linear dependence of cell potential on time is observed during the early stages of the anodizing
process, as typical of the growth of barrier anodic oxide, i.e. compact and uniform oxide film 3. For
cell potential higher than ~ 50 V, oxygen evolution reaction occurs with a change in the slope of the
growth curve, decreasing the efficiency of the whole anodizing process. Higher cell potential leads
to the dielectric breakdown on the oxide film causing the formation of an outer porous structure in a
hard anodizing regime, as also demonstrated by the oscillations in the growth curve for cell potential
values higher than ~ 165 V. Under hard anodizing conditions the imposed electric field is so high that
the film breaks and repairs continuously and the results is a porous oxide whose composition depends
not only on the employed electrolyte but also on the metallic substrate composition 3. Under these
anodizing conditions, porous layer thickness is estimated to be ~2.5 um, according to what reported
by Ishizawa and Ogino®’.

Fig. 6 shows SEM micrographs of Ti and Ti6AIl4V after anodizing to 200 V, disclosing a multiscale
porous structure with a wide distribution of pores diameter. In contrast with previous results reported
in the literature for anodic layers grown in more concentrated CA and -GPDS-containing solutions
19 the oxide is cracks free. EDX analysis (reported in Table 3) reveals that the anodic layers contain
Tiand O, but also Ca and P. For films grown on Ti6Al4V, EDX analysis (reported in Table 3) reveals
also the presence of Al and V incorporated into the oxide during the anodizing process 2.

Figure 7 shows the X ray diffraction patterns recorded for Ti and Ti6Al4V after anodizing to 200 V.
Apart from the reflections of the substrates (namely bare Ti and Ti6Al4V), reflections (101) and (200)
of anatase, corresponding to 26 = 25.3° and 48.05° respectively (see inset of Figure 7a), are present
for the anodic oxides grown on Ti, suggesting the formation of this TiO2 polymorph *°. For the anodic
oxide grown on Ti6Al4V, only reflection (101) is present (see inset of Figure 7b) and, even, less
intense suggesting a lower crystallinity degree.

Photocurrent spectra recorded in 0.1 M ABE for Ti and Ti6Al4V after anodizing to 200 V are reported
in Figure 8. They show two main differences: the photocurrent is lower for the anodic oxide grown
on the alloy with respect to that measured for the anodic oxide grown on Ti; the light absorption
threshold of the anodic film on Ti6AIl4V is shifted toward low photon energy with respect to the oxide
on Ti. The optical band gap, estimated according to eq. (2), is 3.20 eV for 200 V anodic film on Ti,
thus coincident with the value reported in the literature for anatase °, in agreement with the XRD
pattern. A significantly lower value (i.e. 2.15 eV) was estimated for 200 V anodic film on Ti6AlI4V
(see inset of Figure 8).

For both films the photocurrent is anodic, as confirmed by the current transients reported in Fig. S4.
Notably, for the oxide grown on Ti6Al4V, stationary anodic photocurrent was measured under 420

nm irradiation (see Fig. 8c).



Other relevant experimental findings arise from the photocharacteristics (see Figure 9). The shape of
the photocharacteristics is completely different depending on the metallic substrate. In fact,
photocurrent vs electrode potential curves for anodic oxide grown on Ti to 200 V (see Figure 9a) can
be fitted according to eq. (5) with an exponent n close to 2 (see fitting in Figures S5), due to the higher
crystalline degree with respect to the corresponding oxide grown to 40 V. Photocharacteristics for
anodic layer grown on Ti6Al4V alloy (see Figure 9b) can be fitted with eq. (5) (see fitting in Figures
S5) with exponent n much lower than 1 (supralinear curves), indicating the occurrence of strong
recombination phenomena (see Table 2). Moreover, zero photocurrent potential for 200 V anodic
film on Ti6AI4V (0.5 V vs. Ag/AgCl) is significantly more positive than that measured for 40 V
barrier film thus shifting Eox™ toward mid gap according to eq. (4). This is not the case of 200 V
anodic oxide on Ti, whose zero photocurrent potential (-0.5 V vs. Ag/AgCI) is close to that measured
for the 40 V barrier layer.

The photoelectrochemical findings can be explained by the changes in the electronic properties of the
oxide induced by incorporation of AI** and V®* ions during the anodizing process of Ti6AI4V causing
a doping of the titanium oxide. Anodic TiO> is a n-type semiconductor due to its self-doping, since it
is usually substoichiometric (TiO2-x) and thus donor levels are usually present close to the conduction
band due to oxygen vacancies (i.e. Ti®*). AI** ions incorporated into TiO, matrix behave like Ti*
leading to the formation of oxygen vacancies (donor states close to the conduction band). Conversely,
the presence of V°* ions into TiO> crystalline matrix can cause the formation of acceptor states (close
to the valence band) inside the mobility gap (see scheme of Figure 10), responsible for the shift of
Ers toward more positive values. These doping mechanisms, due to the incorporation of AI** and V°*

ions into TiO, matrix, can be also expressed according to the Kroger—Vink notation!34:

Ti0, , X .

Al,03s — 2 Al +3 0% +V; (6)
Ti0; . x 4 L

V205 — 2 Vy; +5 05 + - Vi (7

Moreover, these states can be responsible for optical transitions under photon energies lower than
TiO2 band gap explaining the lower absorption threshold. And since these states are localized, the
mobility of photogenerated charges is very low explaining the low best fitting exponent n found for

the photocharacteristics. This does not imply a change in conduction band edge energy level, that is



reported to happen when a mixed oxide is prepared with two or more cations present in comparable

concentration %.

Characterization in Simulated Body Fluid

Fig. 11 shows polarization curves recorded at 2 mV s? in Simulated Body Fluid at 37°C. For all
samples the cathodic branch of the polarization curves is related to the oxygen reduction reaction. In
the case of the bare samples the current in the anodic branch is due to passivation of the metals while
for the anodized samples, it is due the re-passivation reactions occurring in the oxide.

In Table 4 Ecor and icorr estimated from polarization curves are reported. For both Ti and Ti6Al4V,
barrier type anodic oxide shows the lowest corrosion current density. In the case of porous type anodic
oxides, icorr value (~102 pA/cm?) estimated for the oxide grown on Ti is lower with respect to icorr
estimated for bare sample (~5 x 102 pA/cm?). For the oxides grown on Ti alloy, icorr estimated for
the porous type anodic oxide and for bare sample are almost equal (~6 x 102 puA/cm?) and higher
with respect to that estimated for porous type anodic layer grown on Ti. This result is directly related
to the electronic properties of the anodic oxides. In fact, in the case of 200 V oxide grown on Ti, Ecorr
(~ -0.27 V vs. Ag/AgCl, see Table 4) is more anodic than flat band potential estimated from the
photocharacteristic curve (~ -0.5 V vs. Ag/AgCl). The anodic layer is polarized in reverse bias regime
and, therefore, the oxide behaves as insulating material, hindering oxidation and/or reduction
reactions.

In the case of 200 V oxide grown on Ti6Al4V, Ecor (~ 0.01 V vs. Ag/AgCI, see Table 4) is more
cathodic than flat band potential estimated from the photocharacteristic curve (~ 0.5 V vs. Ag/AgCl),
therefore the anodic layer is polarized in forward bias regime leading to a less blocking behaviour
toward oxidation/reduction reactions. Moreover, according to the photoelectrochemical
characterization, 200 V anodic oxide grown on Ti6Al4V alloy has localized electronic states inside
the mobility gap that can increase the electronic conduction through the anodic layer.

The less blocking character of the porous anodic oxide grown on Ti6Al4V alloy leads to oxygen
reduction reaction, that occurs in a confined environment (the pore of the anodic layer) inducing a
local alkalinization. This, together with the release of Ca?* ions incorporated into the oxide during the
anodizing process, leads to the growth of HA (see eg. 1), improving the bioactivity of the TAV alloy.
It is noteworthy to mention that the growth of a thick anodic layer hinders the release of V ions into

the human body environment 2,

Conclusions



Here we studied the electronic properties of TiO> layers grown by anodizing or hard anodizing on Ti
and Ti6AIl4V alloys with the aim to understand how they affect the corrosion resistance and thus the
reactivity of these materials in simulated body fluid environment. Ti and Ti6Al4V alloy were
anodized at 5 mA cmto 40 V in 0.1 M HsPOq to induce the formation of barrier type oxide and to
compare their electronic properties. Photoelectrochemical characterization revealed that both barrier
layers are n-type semiconductors with a band gap of 3.3 eV and 3.4 eV for anodic films on Ti and on
Ti6AI4V respectively, thus slightly higher than that reported for crystalline TiO2 in agreement with
the formation of amorphous oxides. The flat band potential of the barrier anodic films on Ti and
Ti6Al4V are close to each other, with a slightly more negative value measured for the oxide grown
on the alloy.

Ti and Ti6AI4V alloy were also anodized to 200 V at 20 mA cm in calcium acetate and B-glycerol
phosphate disodium pentahydrate aqueous solution to induce the formation of porous oxide, as
confirmed by SEM micrographs. EDX analysis revealed that calcium and phosphorus are
incorporated during the anodizing process. Notably, porous layers on Ti6Al4V also contain Al and V
incorporated from the underlaying alloy. According to photoelectrochemical characterization, a band
gap of 3.2 eV is estimated for porous film on Ti, thus coincident with that reported for anatase (in
agreement with the reflections in the corresponding XRD pattern), and with a flat band potential very
close to that estimated for the barrier layer. Conversely, optical transitions at energy significantly
lower (2.15 eV) were recorded for the porous film on Ti6Al4V, that can be explained by incorporation
of AIP* and V®* ions into TiO2 matrix during the hard anodizing process. The incorporation of such
aliovalent ions with respect to Ti** induces the formation of allowed localized states inside the gap of
TiO2 and accounts for the relevant shift toward more positive value of the oxide flat band potential.
This strong change of the electronic properties of the porous oxide on Ti6Al4V can explain the
comparable (or even higher) corrosion current density in simulated body fluid of the alloy after hard
anodizing to 200 V with respect to bare and 40 V anodized Ti6Al4V. Therefore, the hard anodizing
process does not compromise the reactivity of the alloy in biological environment.
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Figure 1. Photocurrent spectra recorded in 0.1 M ABE at OCP (~ - 0V vs. Ag/AgCl and ~ - 0.2V vs.
Ag/AgCl for Ti and Ti6Al4V respectively) for air formed film grown on a) Ti and b) Ti6Al4V alloy.
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Figure 2. Growth curve of Ti and Ti6AI4V alloy in 0.1 M H3POg4 anodized galvanostatically at 5 mA
cm2.
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Figure 3. Photocurrent spectra recorded in 0.1 M ABE at 2 V vs Ag/AgCI for anodic oxides grown
to 40 V on a) Ti and b) Ti6Al4V alloy.
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Figure 4. Photocharacteristics recorded in 0.1 M ABE at different wavelengths for anodic oxides

grown to 40 V on a) Ti and b) Ti6Al4V alloy. The lines are drawn to guide the eyes, fitted

photocharacteristics are reported in Fig. S3.
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Figure 5. Growth curve of Ti and Ti6Al4V alloy in 0.2 M CA and 0.04 M B-GPDS, anodized

galvanostatically at 20 mA cm™.




Figure 6. SEM micrographs of surface of anodic layers grown in 0.2 M CA and 0.04 M B-GPDS at
20 mA cm™ to 200 V on a,b) Ti and c,d) Ti6Al4V alloy.
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Figure 7. XRD patterns of anodic layers grown in 0.2 M CA and 0.04 M B-GPDS at 20 mA cm™ to
200 V on a) Tiand b) Ti6Al4V alloy.
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Figure 8. Photocurrent spectra recorded in 0.1 M ABE at 2 V vs Ag/AgCI for anodic oxides grown

to 200 V on a) Ti and b) Ti6Al4V alloy. c) Current vs time curves recorded, by manually chopping

the irradiation, under A = 420 nm for anodic oxides grown to 200 V on Ti6Al4V alloy. L: light, D:
dark.
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Figure 9. Photocharacteristics recorded in 0.1 M ABE at different wavelengths for anodic oxides

grown to 200 V on a) Ti and b) Ti6Al4V alloy. The lines are drawn to guide the eyes, fitted

photocharacteristics are given in Fig. S5.
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Figure 10. Scheme of band structure of 200 V anodic film grown on Ti and Ti6Al4V.
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Figure 11. Polarization curves recorded in SBF for air formed and anodized samples on a) Ti and b)

Ti6AI4V alloy.
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Tables

Table 1. Composition of Hanks’ solution (pH = 7.3).

Component  Concentration [g I]

NaCl 8
KCI 0.4
NaHCO3 0.35
NaH.PO4-H,0O 0.25
Na2HPQO4-H20 0.06
CaCl2-2H20 0.19
MgCl> 0.19
MgSO4-7H20 0.06

Glucose 1

Table 2. Comparison between the exponent n estimated from the best fitting according to Eq. (5) of

the photocharacteristics relating to anodic films on Ti and Ti6AIl4V alloy.

Sample A/nm n
330 1.7
Ti40V
360 1.7
330 1
Ti6AI4V 40 V
360 1
300 2
Ti 200 V 330 2
360 2
320 0.85
Ti6Al4V 200 V 360 0.5
400 0.5

Table 3. Results from EDX analysis for anodic oxides grown on Ti and Ti6Al4V to 200 V.

Ti Ti6Al4V
Element Wt % At % Wt % At %
O 29.5 55.1 32.6 57.1
Ti 67.4 42.1 54.1 31.7

Al / / 3.5 3.7



Ca 1.1

0.9
1.9

1.8
3.5
4.5

2.5

Table 4. Ecorrand icorr estimated from polarization curves of Figure 11.

Metal Sample Soor ot
[V] vs. Ag/AgCI [wA/cm?]

Bare -0.22 +0.03 (5+2) x 102

Ti 40V -0.34+ 0.05 (8 +5)x 1073
200 V -0.27+0.1 (1+1)x10?

Bare -0.20 + 0.05 (6 + 3) x 102

Ti6AI4V 40 V 0.02 + 0.08 (3+2) %1072
200 V 0.01+0.1 (6 +2) x 1072




