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ABSTRACT
The band structures and band gap energies, Eg, of passive films formed on titanium (Ti) in 
simulated bioliquids, Hanks’ solution (Hanks) and saline, were evaluated. Ti was polarized at 0, 
−0.1, and −0.2 VAg/AgCl, Ef, for 1 h. After polarization, the surfaces were characterized using X-ray 
photoelectron spectroscopy, and the photoelectrochemical responses were evaluated. The 
current change during photoirradiation was recorded as a photocurrent transient at each 
measuring potential, Em, and by changing the wavelength of the incident light. Passive films 
consisted of a very thin TiO2 layer containing small amounts of Ti2O3 and TiO, hydroxyl groups, 
and water. During polarization in Hanks, calcium and phosphate ions were incorporated or 
formed calcium phosphate but not in saline. Calcium phosphate and hydroxyl groups influ-
enced the band structure. Eg was graded in Hanks but constant in saline, independent of Ef and 
Em. The passive film on Ti behaved as an n-type semiconductor containing two layers: an inner 
oxide layer with a large Eg and an outer hydroxide layer with a small Eg. In Hanks, Eg was 3.3–3.4  
eV in the inner oxide layer and 2.9 eV in the outer hydroxide layer. In saline, Eg was 3.3 eV in the 
inner layer and 2.7 eV in the outer layer. Calcium phosphate and hydroxyl groups influenced 
the band structure of the passive film. The Eg of the outermost surface was smaller than that of 
TiO2 ceramics, which is probably one of the principles of the excellent biocompatibility of Ti 
among metals.
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1. Introduction

Titanium (Ti) and its alloys are widely used as implant 
devices in medicine and dentistry because of their 
excellent corrosion resistance and high specific 
strength [1]. Their good tissue compatibility is well 
established through significant evidence from basic 
research and high clinical performance. For example, 
in orthopedics, bone screws and bone nails consisting 
of Ti alloys usually form calluses and assimilate into 
bone tissue after long-term implantation, inducing 
refracture of the bone during retrieval [2]. This is 
because of the good compatibility of Ti alloys with 
hard tissues. Many studies on the hard-tissue compat-
ibility of Ti have been performed, and detailed infor-
mation can be found in the literature [1,3]. The initial 
reaction at the interface directly influences the bio-
compatibility of the material. Therefore, biocompat-
ibility is governed by the surface properties of the 
material. However, the principle and mechanism of 
the good tissue compatibility of Ti among metals have 
not been completely elucidated, despite numerous 
studies conducted on biological reactions.

The Ti metal surface is covered by a passive oxide 
film, which contributes to its excellent corrosion resis-
tance. The passive film on Ti is mainly an extremely 
thin amorphous TiO2 containing small amounts of Ti2 

O3 and TiO, along with water and hydroxyl groups [4– 
7]. In addition, as the composition is graded, more Ti4 

+ and OH− ions appear near the surface of the film [6]. 
This passive film formation process has been discussed 
elsewhere [8], and the chemical state of the passive 
oxide film has also been precisely investigated [9]. It 
has been established that the composition, structure, 
and chemical state of the passive film are different 
from those of the crystalline TiO2 ceramics. For exam-
ple, the adsorption kinetics of calcium and phosphate 
ions in passive films on Ti differ from those in TiO2 

ceramics [10].
In this regard, the band gap energy, Eg, between the 

valence and conduction bands of TiO2 crystalline cera-
mics is usually evaluated by the optical absorption edge. 
It is well known that the reactivity of TiO2 ceramics is 
governed by Eg, and continuous efforts to decrease Eg 

have been made to activate their photocatalytic perfor-
mance [11]. The Eg of a photocatalyst decreases as its 
optical response shifts to longer excitation wavelengths. 
From this viewpoint, the passive film on Ti already 
contains oxygen defects because of its nonstoichio-
metric composition. Therefore, the difference in the 
surface properties of the passive films on Ti and TiO2 

ceramics is probably due to the difference in their Eg 

s. The Eg of passive films on Ti after anodic oxidation 
and thermal oxidation has been investigated by the 
photoelectrochemical response in borate buffer solu-
tion, artificial seawater, and sulfuric acid [12–14] 

because the conventional techniques employed for 
oxide ceramics, such as ultraviolet absorption, cannot 
be used for thin passive films on Ti.

In this study, the Eg values of passive films formed 
on Ti in simulated bioliquids, Hanks’ solution and 
0.9% NaCl aqueous solution, were evaluated using 
the photoelectrochemical response at potentials as 
close as possible to the open circuit potential (OCP). 
In addition, X-ray photoelectron spectroscopy (XPS) 
was performed to understand the effect of the chemi-
cal composition and chemical state of the passive films 
on the photoelectrochemical properties. This research 
will enhance our understanding of the properties of 
passive films on Ti in the human body.

2. Experimental procedure

2.1 Specimen

Commercially or industrially pure titanium (ISO 
grade 2; >99.5% Ti; Test Materials, Tokyo, Japan) 
rods (8 mm in diameter) were cut into disks (1.5  
mm in thickness). In the case of OCP measurement 
and XPS, the disks were polished with SiC paper, 
followed by mirror finishing with a 0.04 μm SiO2 

suspension. After polishing, the Ti disks were ultra-
sonically cleaned twice in acetone and once in iso-
propanol for 10 min each. The Ti disks were 
immersed in ultrapure water for 24 h to stabilize 
the passive films. The disks were then fixed in 
a polytetrafluoroethylene holder with an o-ring, 
exposing an area of 0.278 cm2 to the electrolyte. 
For photoelectrochemical measurements, Ti was 
connected to a lead wire by soldering. The disks 
and connected parts were embedded in epoxy resin, 
and the surface was polished with SiC paper, fol-
lowed by mirror finishing with a 0.25 µm diamond 
suspension. After polishing, the specimens were 
ultrasonically cleaned sequentially in acetone, etha-
nol, and deionized water for 10 min each and 
immediately used for subsequent experiments.

2.2 Electrolytes

Hanks’ solution without glucose (Hanks) was pre-
pared using reagent-grade chemicals in ultrapure 
water. The composition of the Hanks was similar to 
that of extracellular fluid which is as follows: Na+ 142, 
K+ 5.81, Mg2+ = 0.811, Ca2+ = 1.26, Cl– = 145, PO4

3– =  
0.778, SO4

2– = 0.811, and CO3
2– = 4.17 (mmol/L). The 

pH of Hanks was 7.4 after preparation and did not 
change during the experimental acquisition at 
37ºC. A 0.9 mass% NaCl solution (saline) was also 
prepared for comparison. The pH of saline is 6.4 just 
after preparation at 37ºC.
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2.3 Open circuit potential change with time

The changes in OCP with time in Hanks and saline 
were measured using a Pt counter electrode and an 
Ag/AgCl reference electrode. The OCP was measured 
after 72 h of immersing the specimens in the 
electrolyte.

2.4 Photoelectrochemical response

The specimens were immersed in Hanks and saline for 
10 min. The specimens were then polarized at film 
formation potentials, Ef, of −0.2, −0.1, and 0 V versus 
Ag/AgCl electrode in Hanks and saline for 1 h to form 
stable passive films. These potentials were determined 
according to the change in the OCP for 72 h. The 
potentials were as close as possible to the OCP. The 
pH of the saline after polarization was 5.3–5.8.

The photoelectrochemical response of the passive 
films was investigated using an experimental equip-
ment similar to that used in a previous study [15–18]. 
The photoelectrochemical responses were measured 
using a potentiostat connected to a low-pass filter 
with a threshold frequency of 4 Hz and a differential 
amplifier. Monochromatic light from a 150 W xenon 
arc lamp and a grating monochromator was irra-
diated onto Ti specimens in an electrochemical cell 
through a quartz window. Current changes during 
photoirradiation for 20 s were recorded as photocur-
rent transients at each Ef. The measurement was 
performed at each measuring potential, Em, by 
decreasing Ef at regular intervals of 0.1 V with the 
wavelength of the incident light varying from 250 to 
450 nm.

2.5 X-ray photoelectron spectroscopy

After polarization at each Ef in both Hanks and saline 
for 1 h, the Ti specimens were rinsed with ultrapure 
water to remove any chemical species not incorpo-
rated onto the surface and dried by a stream of N2 

gas. Immediately after drying, the specimens were 
inserted in the pre-evacuation chamber of the XPS 
machine (JPS-9010MC, JEOL, Tokyo, Japan). Mg Kα 
line (1253.6 eV) was employed as the X-ray source. 
The binding energies were calibrated with the electron 
energy region of C 1s peak (285.0 eV) originating from 
the so-called contamination. The background of peaks 
was subtracted with Shirley’s method [19]. The com-
position and thickness of the passive film were simul-
taneously calculated according to previous studies 
[20,21] that is outlined elsewhere [7,22,23]. The results 
were statistically evaluated using one-way ANOVA 
with a significance of p < .05.

3. Results

3.1 Change in open circuit potential

The pH of Hanks remained at 7.4 at 37ºC, and no 
precipitation was observed during the OCP measure-
ment; the pH of saline gradually decreased to 5.7 after 
6 h and 5.8 after 72 h at 37ºC. Changes in the OCP of 
Ti in Hanks and saline over time are shown in 
Figure 1. The OCP was between −0.2 V and −0.3 V 
in Hanks and saline just after starting the measure-
ment and immediately decreased after immersion, 
followed by a gradual increase with time. After 72 h, 
the OCP was approximately −0.2 V in Hanks and −0.1  
V in saline. The OCP in saline was always more noble 
than that in Hanks because the pH of saline was lower 
than that of Hanks.

3.2 Photoelectrochemical response

A typical photocurrent transient for passive films 
formed on Ti in Hanks and saline is shown in 
Figure 2. The shapes of the current transients in all 
the specimens were similar to that in this figure. The 
current varies during photoirradiation; therefore, the 
current recorded after 20 s was defined as the photo-
current, iph, for analysis in the present work.

Figure 3 shows the photocurrent responses of the 
passive films formed on Ti in Hanks and saline. The 
photocurrent varied depending on Em and the wave-
length of the incident light. The photocurrent spectra 
were normalized for further analysis because the 
intensity of the light is not constant for each wave-
length. Assuming that the photoexcitation is generated 
as an indirect transition, the photocurrent spectra 
were normalized as a photoelectrochemical action 
spectrum as follows [15–18]. 

Figure 1. Change in open circuit potentials (OCP) of Ti in 
Hanks and saline for 72 h.
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ðiph
:hv=I0Þ

1=2
¼ Cðhv � EgÞ; (1) 

where I0 and hν are the intensity and photon 
energy of the incident light, respectively, C is the 
slope of the photoelectrochemical action spectrum 
and reflects the amplitude of the generated photo-
current, and h is Planck’s constant. By replotting 
the photocurrent spectra in Figure 3, photoelectro-
chemical action spectra against the photon energy 
of irradiated light, Eph, were obtained, as shown in 
Figures 4 and 5, corresponding to the Hanks and 

saline, respectively. The bottom figures show 
enlarged views of the lower photon energy region. 
In the case of Hanks, the photoelectrochemical 
action spectra did not exhibit a straight line with 
a constant C, instead C gradually changed. When 
the photocurrent is generated from a uniform com-
position layer, the direction of the photocurrent 
does not change at a fixed potential, even if the 
photon energy of the incident light is changed. In 
other words, Eg of the passive film was not uniform 
in the Hanks.

On subtracting the photoelectrochemical response 
of a component with lower band gap energy from the 
original photoelectrochemical action spectra, the 
photoelectrochemical action spectra for the other 
component with higher band gap energy are obtained 
in the higher photon energy region. The extrapolation 
of the remaining spectra on the horizontal axis repre-
sents a larger Eg component. The intersection between 
the extrapolation of the mean gradient lines and the 
horizontal axis represents Eg. For Hanks, the larger 
component of Eg was in the range of 3.3–3.4 eV. 
C decreased near the lower photoelectrochemical 
action region, and the intersection shows that the Eg 

was 2.9 eV. This value was identical for all the exam-
ined specimens in Hanks. In addition, the value of 
C for the Ef of −0.2 V was negative. In the case of 
saline, the Eg was determined to be 3.3 eV. Near the 
lower photoelectrochemical action region, Eg was 2.7  
eV. The band gap values in Hanks were larger than 
those in the saline.

Figure 2. Example of photocurrent transient generated with 
the light on and off for passive films on Ti.

Figure 3. Photocurrent responses of the passive films formed on Ti in Hanks and saline.
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Figure 4. Photoelectrochemical action spectra calculated from the steady photocurrent in Hanks shown in Figure 3.

Figure 5. Photoelectrochemical action spectra calculated from the steady photocurrent in saline shown in Figure 3.
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3.3 X-ray photoelectron spectroscopy

Titanium and oxygen were detected in all the Ti speci-
mens. Carbon and nitrogen were also detected in the 
contaminated layer. In addition to the above elements, 
calcium and phosphorus were detected in specimens 
polarized in Hanks. No peak originating from CO3

2– 

was observed at approximately 289.6 eV [24]. The Ti 
2p, O 1s, Ca 2p, and P 2p electron energy region 
spectra obtained from Ti polarized at an Ef of 0 V are 
shown in Figure 6. Figure 6 shows the deconvolution 
of the spectrum in the Ti 2p electron energy region. 
The Ti 2p spectrum contains four doublets corre-
sponding to the metallic state of Ti0 and the oxide 
states of Ti2+, Ti3+, and Ti4+. The binding energy of 
each valence state of titanium was determined from 
the previously published data [5]. The binding energy 
of the peak originating from Ti4+ before polarization 
was 458.8 eV and after polarization, it was 458.8– 
459.0 eV in both Hanks and saline. In addition, the 
[Ti4+]/([Ti2+] + [Ti3+] + [Ti4+]) ratio, calculated from 
the integrated intensities of the component peaks, was 
almost constant at 0.78–0.82 before and after polariza-
tion in Hanks and saline. In Figure 6, the O 1s region 
spectrum contains three component peaks originating 
from oxide, O2–; hydroxyl groups or hydroxide, OH–; 
and adsorbed water or hydrate, H2O [25]. The OH– 

peak included a peak from the phosphate oxygen, but 
the proportion of the latter was small. The [OH–]/ 
[O2–] ratios are shown in Figure 7. The ratios 
increased after polarization and those were the same 
at −0.2 V both in Hanks and saline. The ratio in Hanks 

significantly decreased with the increase in Ef, while 
that in saline was almost constant independent of Ef. 
Therefore, the ratio in saline was significantly larger 
than that in Hanks at 0 V. The binding energy of the 
Ca 2p3/2 electron was 347.6–347.7 eV (Figure 6), indi-
cating that calcium existed as Ca2+ [26, 27]. The bind-
ing energy of the P 2p region peak was 133.9–134.2 eV, 
indicating that phosphorus existed as phosphate 
(Figure 6) [22,28]. Therefore, it can be concluded 
that the calcium and phosphorus ions exist in the 
passive film as calcium and phosphate ions and some-
times form calcium phosphate on the passive film.

The relative concentrations of Ti, O, Ca, and P in 
the passive film without the Ti substrate were calcu-
lated by assuming that the total amount of these ele-
ments was 100 at.%, as presented in Table 1. It is 
evident that after polarization in Hanks, calcium and 
phosphate ions were incorporated into the passive 
film, but their amounts did not significantly change 
with increasing Ef. This table also contains ratios of 
calcium concentration to phosphorus concentration, 
[Ca]/[P]. The [Ca]/[P] ratios slightly increased with Ef, 
while no significant difference was observed. The 
thickness of the passive film increased slightly after 
polarization. The thickness in Hanks was comparable 
to or smaller than that in saline, despite the incorpora-
tion of calcium and phosphate ions or the formation of 
calcium phosphate.

The valence-band energy-region spectra are shown 
in Figure 8. The spectra were superimposed on those 
from the passive film and Ti substrate. In anatase, the 

Figure 6. (a) Ti 2p, (b) O 1s, (c) Ca 2p, and (d) P 2p electron energy region spectra obtained from Ti after polarization at 0 V in Hanks 
for 1 h.
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valence band region contains two peaks at ~ 6 and ~8  
eV, which correspond mainly to π (non-bonding) and 
σ (bonding) of O 2p orbitals, respectively [28]. The 3σ 
orbital of OH− appears at a binding energy of ~10.8 eV 
[29]. The water molecule and 3σ orbital of the disso-
ciated water lie at approximately 13 and 11 eV, respec-
tively [30]. The maximum energy of the valence band, 
Ev, against the Fermi energy, EF, was determined by 
linearly extrapolating the fermi-level-side slope of the 
valence band peak on the baseline [31]. The Ev was 
found to be 2.8–2.9 eV in Hanks and 2.8–3.0 eV in 
saline, while that in the polished Ti without polariza-
tion was 2.8 eV.

4. Discussion

XPS results revealed that the passive film on Ti con-
sisted mainly of very thin TiO2 containing small 
amounts of Ti2O3 and TiO, along with hydroxyl groups 
and water (Figure 6). These results are in accordance 
with those of previous studies [5–7]. In addition, the 
composition is probably graded; more Ti4+ and OH− 

exist near the surface of the film [6]. The passive film on 
Ti is non-stoichiometric TiO2 containing Ti2O3 and 
TiO that are electro conductive materials. However, 
the effect of Ti2O3 and TiO on the resultant Eg is 
unclear in this study. On the other hand, a large num-
ber of hydroxyl groups were detected using XPS. 
Therefore, similar to the passive film formed on Fe-Cr 

alloys, the passive film on Ti is assumed to consist of 
two layers [32]: inner oxide and outer hydroxide. After 
polarization, the [OH−]/[O2−] ratios increased in the 
passive films of both the Hanks and saline (Figure 7). 
The ratio in Hanks significantly decreased with the 
increase of Ef, probably caused by the formation of 
calcium phosphate. As a result, relative concentration 
of O at 0 V in Hanks were significantly smaller than 
those under other conditions (Table 1) because of the 
decrease of OH−. The [OH−]/[O2−] ratios of the passive 
films on Co−28Cr−6Mo alloy (ASTM F799–95), Co– 
Ni–Cr–Mo alloy (ASTM F562), and 316 L-type stain-
less steel even before polarization were 2.9, 2.7, and 1.93 
in a detection angle of 37°, respectively [33–35]. 
Therefore, the [OH−]/[O2−] ratio in the surface oxide 
film on Ti was much smaller than that on the Co–Cr 
alloys and 316 L-type stainless steel. The thickness of 
the passive film on Ti is much larger than that on Co– 
Cr alloys and 316 L-type stainless steel; thus, the relative 
thickness of the hydroxide layer and the relative 
amount of hydroxyl groups decrease.

The thickness of the passive film was increased by 
0.4–1.0 nm by polarization (Table 1). As the concentra-
tions of Na+ and Cl− were almost the same in Hanks and 
saline, and other elements contained in Hanks were not 
contained in saline, the difference between the passive 
films formed in Hanks and those formed in saline may 
be due to the incorporation of calcium and phosphate 
ions or the formation of calcium phosphate in Hanks.

The Eg of the passive film formed in Hanks, 3.3–3.4  
eV, was comparable or slightly larger than that in 
saline, 3.3 eV, independent of Ef and Em (Figures 4 
and 5). Interestingly, the Egs of the outer layer were 
identical for all the Ef and Em in each solution: 2.9 eV 
in Hanks and 2.7 eV in saline. Even in the lower 
photon energy region, Eg in Hanks was larger than 
that in saline. The Eg of hydroxyapatite was deter-
mined experimentally as >6 eV and theoretically as 
4.95 eV [36], whereas other studies reported it as 5.4  
eV [37] and 4.51 eV [38]. The Eg of α-tricalcium phos-
phate (TCP) is 4.89 eV, and that of β-TCP is 5.25 eV 
[38]. These values are much larger than those of TiO2. 
The formation of calcium phosphate in Hanks prob-
ably increases Eg of the inner and outer layers.

The Eg values of the passive film and the slope C of 
the photoelectrochemical action spectrum were 
obtained, as shown in Figures 4 and 5. As mentioned 

Figure 7. [OH−]/[O2−] ratios calculated form O 1s electron 
energy region spectra of Ti before and after polarization at 
each film formation potential, Ef (n = 3).

Table 1. Relative concentrations of elements, [Ca]/[p] ratios, and thickness of the passive film formed on Ti (n = 3).

Electrolyte Film formation potential, Ef/V

Relative concentration (at.%)

[Ca]/[P] Thickness, d/nmTi O Ca P

Before polarization 28.8 ± 1.2 71.2 ± 1.0 – – – 5.9 ± 0.2
Hanks −0.2 13.2 ± 1.6 85.4 ± 2.1 0.5 ± 0.3 1.0 ± 0.4 0.5 ± 0.2 6.5 ± 0.2

−0.1 14.4 ± 2.2 84.1 ± 2.2 0.6 ± 0.2 1.0 ± 0.1 0.6 ± 0.3 6.4 ± 0.4
0 22.8 ± 1.5 76.1 ± 1.9 0.5 ± 0.1 0.7 ± 0.2 0.7 ± 0.2 6.3 ± 0.1

Saline −0.2 14.1 ± 2.4 85.9 ± 2.4 – – – 6.4 ± 0.4
0.1 11.0 ± 2.5 89.0 ± 2.5 – – – 6.9 ± 0.4
0 13.5 ± 6.5 86.5 ± 6.5 – – – 6.9 ± 0.6
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above, Eg of the outer layer is much smaller than that 
inside the passive film. The passive film on Ti 
behaved as an n-type semiconductor. However, the 
photocurrents at the lower photon energy region at 
the Ef of −0.2 V and −0.1 V showed negative values at 
low Em (Figures 4 and 5). We assume that the outer 
layer, where the band gap is small, is an n-type semi-
conductor and that the outer layer generates space 
charge layers at both the film–electrolyte interface 
and the outer layer–inner layer interface. The photo-
current changed from positive to negative with 
decreasing measurement potential, Em, because the 
gradients of the two space-charge layers were oppo-
site. This phenomenon has been observed in a passive 
film on an Fe–Cr alloy with a p-type inner layer and 
an n-type outer layer [18]. The same phenomenon 
was observed in this study, even though both the 
inner and outer layers were n-type. Further discus-
sion is necessary for the comprehension of this 
observation.

The Eg of the passive film on Ti anodized in H2SO4 

is 3.25 ± 0.05 eV [12], whereas that anodized in artifi-
cial seawater is 3.4–3.7 eV and that anodized in borate 
buffer solution is 3.1 eV. After thermal oxidation at 
400°C for 1 h, the Eg of the passive film on Ti is 3.4– 

3.7 eV [14]. Meanwhile, the Eg values of the passive 
films formed in Hanks and saline in this study, 3.2–3.4  
eV, were almost the same as those in previous studies. 
The Eg of TiO2 ceramics, rutile and anatase, are 3.0 eV 
and 3.2 eV, respectively. Therefore, Eg of the passive 
film formed during anodic oxidation is comparable to 
or larger than that of TiO2 ceramics, while in the 
outermost surface of the passive film, it is smaller 
than that of TiO2 ceramics.

From the above results and discussion, the electro-
nic band structures of the passive film formed on Ti in 
Hanks and saline are shown in Figure 9. The Eg of the 
inner layer in Hanks was not constant but changed 
with depth because slope C was not constant but 
gradually decreased with decreasing photon energy 
(Figure 4). The band structure of the outer hydroxide 
layer was based on our previous study [16–18]. In the 
case of Hanks, Eg in the inner oxide layer was 3.3–3.4  
eV. In the outermost surface layer, Eg was much lower 
(2.9 eV). In saline, Eg was 3.3 eV in the inner oxide 
layer and 2.7 eV in the outermost layer. In the inner 
oxide layer of Hanks, Eg was the same as or larger than 
that of saline, while Ev, the energy difference between 
EF, the Fermi energy of the Ti substrate, and that of the 
valence band of the inner oxide layer, was 2.8–2.9 eV 
in Hanks and 2.8–3.0 eV in saline. Therefore, the 
minimum energy of the conduction band, Ec, against 
EF in Hanks was larger than that in saline.

Zr forms a highly stable and protective passive film, 
and the reactivity of Zr is much smaller than that of Ti 
[39]. In the case of the passive film on Zr, Eg is 3.01– 
3.47 eV in the outer hydroxide layer and 4.44–4.91 eV 
in the inner oxide layer [40]. The passive film on Zr 
consists mainly of ZrO2 with hydroxyl groups. The Eg 

is 4.27–4.93 eV by theory and 5.78–6.1 eV by experi-
ment that varies according to the crystal systems [41]. 
These values are much larger than those for TiO2 and 
the passive film on Ti. Therefore, the reactivity of 
a material can be determined based on Eg. The Eg 

values in the outermost layer are much smaller than 
those of TiO2 crystalline ceramics, rutile, and anatase, 
whereas the values in the inner layer are slightly larger 
than or almost the same as those of TiO2 ceramics. 

Figure 9. Electronic band structures of passive films formed on Ti in Hanks and saline.

Figure 8. Valence band region spectra of Ti after polarization 
at 0 V in Hanks for 1 h and the determination of the maximum 
energy of valence band, Ev.
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A very thin and non-stoichiometric composition 
probably reduces the Eg. Therefore, differences in the 
composition, structure, and chemical state influence 
Eg, and thinness and non-stoichiometric composition 
decrease Eg. The decrease in the Eg of a material acti-
vates its reactivity, as is known for TiO2 photocata-
lysts. The excellent biocompatibility of Ti among the 
metals may be induced by the low Eg of the outermost 
surface layer in the passive film, which has a high 
corrosion resistance. Calcium phosphate is regularly 
formed on Ti, but not on TiO2. Calcium phosphate 
formation kinetics on Ti are distinct from those on 
TiO2 crystalline ceramics [10]. The Eg values of the 
outermost surface of the passive film formed on Ti are 
smaller than those of the TiO2 ceramics, rutile (Eg =  
3.0 eV), and anatase (Eg = 3.2 eV). Therefore, the Ti 
surface is more reactive with the surrounding envir-
onment than the TiO2 ceramic surface. This reactivity 
is probably one factor contributing to the excellent 
biocompatibility of Ti, in addition to its excellent 
corrosion resistance.

5. Conclusions

Passive films mainly consisted of a very thin TiO2 layer 
containing small amounts of Ti2O3 and TiO, hydroxyl 
groups, and water. During polarization in Hanks, cal-
cium and phosphate ions were incorporated or formed 
calcium phosphate but not in saline. Calcium phos-
phate and hydroxyl groups influenced the band struc-
ture. Eg was graded in Hanks but constant in saline, 
independent of Ef and Em. The passive film on Ti 
behaved as an n-type semiconductor containing two 
layers: an inner oxide layer with a large Eg and an 
outer hydroxide layer with a small Eg. In Hanks, the 
value of Eg in the inner layer was 3.3–3.4 eV, whereas it 
was much lower in the outermost surface layer (2.9 eV). 
In saline, Eg was 3.3 eV in the inner layer and 2.7 eV in 
the outermost layer. The Eg values of the outermost 
surfaces of the passive films formed on Ti were smaller 
than those of TiO2 ceramics. Therefore, the Ti surface is 
more reactive with the surrounding environment than 
the TiO2 ceramic surface. This is probably one of the 
reasons for the excellent biocompatibility of Ti among 
metals, in addition to its excellent corrosion resistance.
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