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Titanium (Ti) is always covered by thin passive films. Thus, valence band (VB) spectra,

obtained using X-ray photoelectron spectroscopy (XPS), are superpositions of the VB

spectra of passive films and that of the metallic Ti substrate. In this study, to obtain

the VB spectra only of passive films, angular resolution (for eliminating the substrate

Ti contribution) and argon ion sputtering (for removing passive films) were used along

with XPS. The passive film on Ti was determined to consist of a very thin TiO2layer

with small amounts of Ti2O3, TiO, hydroxyl groups, and water with a thickness of

5.9 nm. The VB spectra of Ti were deconvoluted into four peak components: a peak

at �1 eV, attributed to the Ti metal substrate; a broad peak in the 3–10 eV range,

mainly attributed to O 2p (�6 eV) and O 2p-Ti 3d hybridized states (�8 eV), owing to

the π (non-bonding) and σ (bonding) orbitals in the passive oxide film; and a peak at

�13 eV, attributed to the 3σ orbital of O 2p as OH�or H2O. The VB region spectrum

between approximately 3 and 14 eV from Ti is originating from the passive film on

Ti. In particular, characterization of VB spectrum obtained with a takeoff angle of less

than 24� is effective to obtain VB spectrum only from the passive film on Ti. The

property as n-type semiconductor of the passive film on Ti is probably higher than

that of rutile TiO2ceramics.

K E YWORD S

passive film, titanium, valence band, X-ray photoelectron spectroscopy

1 | INTRODUCTION

Titanium (Ti) is always covered by surface oxide in the form of

passive films, which contributes to the excellent corrosion resistance

of Ti. A typical passive film covering a Ti consists mainly of a very thin

amorphous TiO2 layer with small amounts of Ti2O3, TiO, water, and

hydroxyl groups.1–4 In addition, the composition is graded: More Ti4+

and OH� are found near the film's surface.3 This oxidation process of

the formation of the passive film has been discussed in a previous

study.5 The chemical state of the passive film has been precisely

characterized, and its local fine structure has been clarified.6 The

composition, structure, and chemical state of the passive film were

reported to differ from those of crystalline TiO2 ceramics; the surface

properties of the passive film were reported to differ from those of
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TiO2 ceramics.7 Most of the above studies were conducted for

core-level electron binding energy region spectra obtained using

X-ray photoelectron spectroscopy (XPS).

On the other hand, as is well known, the reactivity of TiO2

ceramics is governed by the band gap, Eg, between the valence band

(VB) and the conduction band (CB), and the effort to decrease Eg

continues.8 The Eg value of the photocatalyst decreases as its optical

response shifts toward longer excitation wavelengths. There are

several methods for minimizing the photocatalyst Eg. The basic

strategy is to create impurity/defect states in the bulk to enable

low-energy photoexcitation. From this viewpoint, a passive film on Ti

naturally contains oxygen defects because the composition is non-

stoichiometric, as mentioned earlier. Therefore, differences between

the surface properties of passive films on Ti and bulk TiO2 ceramics

may be owing to the difference between their Eg values. The Eg value

for a passive film on Ti after anodic and thermal oxidation was

determined using the photo-electrochemical technique,9–11 because

conventional techniques for oxide ceramics (such as ultraviolet

absorption) cannot be applied to thin oxide films.

In any case, the VB structure near the Fermi energy level, EF, is

important for understanding the reactivity of passive films on

Ti. However, as mentioned previously, Ti is always covered by thin

passive films, so the XPS spectrum in the VB range is a superposition

of the spectrum attributed to the passive film and that of the sub-

strate metallic Ti. A lot of studies on VB structure of TiO2 ceramics

are performed both by theoretical calculation and experimental char-

acterization, whereas there is no study on that of the passive films on

metal substrate by theoretical calculation because the composition

and chemical state are complicated. The composition and chemical

states are graded to depth direction, and hydroxyl groups and water

are contained. The passive films on Ti are different from defect-

containing simple oxides such as TiO2 ceramics. Therefore, to charac-

terize VB structure of the passive film on Ti, XPS characterization was

attempted in this study. To obtain the VB spectra only for passive

films, angular resolution was used for eliminating the Ti substrate

contribution. In addition, for comparison, a spectrum only owing to

the Ti substrate was obtained after argon ion-based sputtering for

removing the passive film. These spectra were then compared with

those of TiO2 ceramics to obtain the VB spectrum only attributed to

the passive film on Ti. The precise investigation of the VB XPS spectra

is likely to improve our understanding of the electron structure of the

passive film on Ti.

2 | EXPERIMENTAL PROCEDURE

2.1 | Preparation of commercially pure Ti and TiO2

specimens

A commercially pure Ti (99.5%; Grade 2; Test Materials, Tokyo, Japan)

rod (diameter, 8 mm) was cut into disks (thickness, 1.5 mm). The

disks were mechanically polished and cleaned ultrasonically, as

described previously.4 In addition, polycrystalline rutile TiO2 disks

were prepared by sintering the TiO2 powder compact. The details

have been described elsewhere.7

2.2 | XPS

XPS was performed using an electron spectrometer (JPS-9010MC,

JEOL, Tokyo, Japan). All binding energies reported in the present work

are relative to EF, and all of the spectra were excited using the Mg Kα

line (1253.6 eV). Pass energy was 50 and 20 eV for wide scan and

narrow scan, respectively. Under this condition, the full width at half

maximum (FWHM) of a peak originating from Ag 3d5/2 electron was

0.9 eV. The spectrometer was calibrated against Au 4f7/2 (binding

energy, 84.07 eV) and Au 4f5/2 (binding energy, 87.74 eV) of pure Au,

as well as Cu 2p3/2 (kinetic energy, 932.53 eV), Cu 2p1/2 (kinetic energy,

952.35 eV), and the Cu Auger L3M4,5M4,5 line (kinetic energy,

918.65 eV) of pure Cu. These energy values were based on published

data.12 The binding energies were calibrated with respect to a peak

(285.0 eV) owing to an apparent contaminant in the C 1s electron

energy region. To estimate the photoelectron peak intensities, back-

grounds were subtracted from the measured spectra using Shirley's

method.13 The composition and thickness of the surface oxide film were

simultaneously calculated as previously reported14,15 and explained

elsewhere.4,16,17 The angle-resolved technique for XPS was applied to

Ti at the photoelectron takeoff angles of 12�, 24�, 37�, 53�, and 90�,

corresponding to the detection depths of 0.2λ, 0.4λ, 0.6λ, 0.8λ, and

1.0λ, where λ was the photoelectrons' effective mean free path. The

effective escape depth was estimated as λ times the sine of the takeoff

angle. The takeoff angle was defined as the angle between the direction

of the photoelectron path to the electron spectrometer and the speci-

men surface. Argon ion sputtering was performed under appropriate

conditions (500 V and mA cm�2 in 8 � 10�2 Pa for 1800 s) for remov-

ing the passive film. This argon ion sputtering condition was determined

after several trials. In the case of the argon ion sputtering, the binding

energies were calibrated with respect to a peak (454.0 eV) in the Ti 2p

electron energy region, owing to metallic Ti, because C 1s region peak

from surface contamination was unclear. For argon-ion-sputtered Ti and

rutile TiO2, the detection angle was 90� (1.0λ). In addition, polycrystal-

line rutile TiO2 ceramics were characterized for comparison.

3 | RESULTS

3.1 | Core-level spectra using the angle-resolved
technique

Carbon, nitrogen, oxygen, and Ti were detected in all of the analyzed

specimens. The spectra of the Ti 2p electron energy regions obtained

from Ti detected at 90� from the specimens' surfaces are shown in

Figure 1A. The peaks were deconvoluted to reveal the component

peaks attributed to the different chemical states. The Ti 2p spectrum

exhibited four doublets, according to valence: the metallic state of Ti0

and the oxide states of Ti2+, Ti3+, and Ti4+. Published data2 were used
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for determining the binding energies of the different Ti valence states.

The proportions of [Ti0], [Ti2+], [Ti3+], and [Ti4+] obtained for the

takeoff angle of 90� (1.0λ) were 0.06, 0.07, 0.15, and 0.72, respec-

tively (mean values, n = 3); the proportions of [Ti2+], [Ti3+], and [Ti4+]

were 0.07, 0.16, and 0.77, respectively (mean values, n = 3). As shown

in Figure 1B, the O 1s region spectrum contained three peaks origi-

nating from O2�, hydroxide or hydroxyl groups, OH�, and hydrate or

adsorbed water, H2O.18 The proportions of [O2�], [OH�], and [H2O]

obtained for 90� were 0.86, 0.09, and 0.05, respectively (mean values,

n = 3). The relative concentrations of Ti and oxygen obtained for 90�

were 28.8 ± 1.1 at.% and 71.2 ± 1.1 at.% (n = 3), respectively. The

calculated thickness of the passive film was 5.9 ± 0.1 nm (n = 3),

similar to a previously reported value.4 Therefore, the passive film on

Ti consisted of a very thin TiO2 layer with small amounts of Ti2O3,

TiO, hydroxyl groups, and water, consistent with previous reports.1–4

As shown in Figure 1C, the C 1s region spectrum in all specimens was

deconvoluted into three peaks, originating from C–C and C–H

(285.0 eV), C–O and C–N (�287 eV), and C–O (�289 eV) as so-called

contamination layer.19 The thickness of the contamination layer was

calculated as 0.4–0.7 nm that was almost one-tenth that of the

passive film (5.9 nm). Therefore, the influence of contamination layer

on VB region spectra is small.

Regarding the average effective escape depth of photoelectrons

as assessed by angle-resolved XPS measurements, λ was the average

mean free path of Ti 2p and O 1s photoelectrons, and the effective

escape depth was estimated as λ times the sine of the takeoff angle.

Figure 2A shows the ratio of the relative concentration of oxygen to

that of Ti, [O]/[Ti], against the average escape depth of the photoelec-

trons. Oxygen was more abundant in the outer layer, whereas Ti was

more abundant in the inner layer of the passive film. The proportion

of the integrated intensity of the peak attributed to Ti4+ relative to all

of the oxide states of Ti, [Ti4+]/([Ti4+] + [Ti3+] + [Ti2+]), obtained

using the angle-resolved technique, is shown in Figure 2B. At small

takeoff angles, the proportion of Ti4+ was high, suggesting that Ti4+

was distributed more in the outer layer than in the inner layer of the

passive film. In addition, the depth profiles of the [OH�]/[O2�] ratios

are shown in Figure 2c, revealing that OH� was more abundant in the

outer layer of the passive film.

3.2 | Core-level spectra obtained using argon ion
sputtering

After several trials, it was recognized that it is impossible to remove

oxygen completely by argon ion sputtering, because sputtered oxygen

atoms were immediately adsorbed and started to form oxides owing

to the high chemical activity of Ti atoms, even in a high-vacuum envi-

ronment. Figure 3 shows the Ti 2p and O 1s electron energy region

F IGURE 1 Ti 2p (A), O 1s (B), and C
1s (c) electron energy region spectra of Ti,
for the takeoff angle of 90�, and their
deconvolutions into component peaks

F IGURE 2 The ratios of [O]/[Ti] (A),
[Ti4+]/([Ti4+] + [Ti3+] + [Ti2+]) (B), and
[OH�]/[O2�] (C), plotted against the
average escape depth of photoelectrons
(n = 3)

F IGURE 3 Ti 2p (A) and O 1s (B) electron
energy region spectra of Ti, after argon sputtering,
and their deconvolutions into component peaks
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spectra of Ti, obtained following argon ion sputtering. The Ti 2p

region spectrum exhibited three doublets, according to valence: the

metallic state of Ti0 and the oxide states of Ti2+ and Ti3+. The propor-

tions of [Ti0], [Ti2+], and [Ti3+] were 0.72, 0.18, and 0.10, respectively

(mean values, n = 3), and the proportions of [Ti2+] and [Ti3+] were

0.65 and 0.35, respectively (mean values, n = 3). On the other hand,

the O 1s electron energy region spectrum was deconvoluted into two

peaks. The peak at approximately 530 eV originated from O2� com-

bined with Ti2+ and Ti3+. The other peak at approximately 531 eV is

usually originated from OH�. However, it is hard to exist as OH� for

oxygen after argon ion sputtering, although binding energy of O 1s

electron form adsorbed oxygen, O2, is approximately 531 eV.20

Assuming that only the integrated intensity of the peak at approxi-

mately 530 eV contributed to the passive oxide film, the relative con-

centration of oxygen was 54.4 at.%, in a good agreement with the

concentration of 54.3 at.% that was calculated based on the concen-

tration of Ti and proportions of Ti2+ and Ti3+. Therefore, the peak at

approximately 531 eV was not attributed to hydroxide or hydroxyl

groups, but to adsorbed O2. Then, the O 1s region peak was deco-

nvoluted into two peaks, attributed to O2� and adsorbed O2. The

thickness of the oxide layer was 0.6 nm after argon ion sputtering.

3.3 | VB region spectra

Typical VB region spectra of Ti for the angular-resolved technique and

for argon ion sputtering are shown in Figure 4. This figure also shows

the VB region spectrum of polycrystalline rutile TiO2. The major peak

at VB energy region is located between 3 and 10 eV relative to EF.

This peak is sometimes deconvoluted into three21–23 and five24–26

component peaks without physical meaning attached to the modelled

components, although the VB spectrum consists of two distinct

maxima separated in binding energy by approximately 2.5 eV based

on physical orbitals in most of previous studies.27–33 Therefore, the

major peak between 3- and 10-eV peak was deconvoluted into two

peaks. In other words, VB region spectra were deconvoluted into four

peak components: Peak A at approximately 1 eV, continuous beyond

0 eV (EF), broad Peak B at approximately 5 eV, Peak C at approxi-

mately 8 eV, and Peak D in the 11–14 eV window. Component Peaks

B and C were detected in all of the analyzed specimens. Component

Peak A was detected for the takeoff angles of 90� and 53�, but not

for the takeoff angles of 35�, 24�, and 12�. Peak A was also absent in

rutile TiO2. The integrated intensity of Peak A was the highest for

90�. In addition, the integrated intensity of Peak A was significantly

higher after argon ion sputtering.

4 | DISCUSSION

Using the angular-resolved technique, as shown in Figure 2, the

relative concentration of oxygen was found to be higher at the

surface of the passive film, compared with the bulk region. At

the surface, the fraction of Ti4+ was higher than those of Ti3+ and

Ti2+. More OH� was present at the surface. For the takeoff angles of

24� and 12�, metallic Ti substrate was not detected (Figure 4),

indicating that the only contribution to the VB spectrum at these

angles was from the passive film.

Chemical state of the oxide layer is changed by argon ion

sputtering, because the sputtering efficiency of oxygen is much larger

than that of titanium. As a result, the preferential sputtering of oxygen

atom, thereby decreasing the oxygen to titanium ratio, and the surface

F IGURE 4 VB region spectra of Ti, for the takeoff angles of 90�,
53�, 37�, 24�, and 12�, argon ion sputtered Ti, and rutile TiO2

F IGURE 5 VB region spectra of Ti, for the detection angle of 90�,
with its deconvolution into component peaks, originating orbits, and
the determination of the maximal energy of the VB, Ev
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oxide will be reduced and more Ti3+ and Ti2+ appeared. Thus, spec-

tra obtained from the argon-ion-sputtered surface is not an original

spectrum of a deeper surface region. During argon ion sputtering,

sputtered oxygen immediately readsorbed by titanium to regenerate

oxide because of high chemical activity of titanium atom. The spec-

tra shown in this study are obtained at a certain moment during the

above ongoing process. Therefore, the adsorbed O2 was detected.

Sputtering and regeneration of oxide are repeated during argon ion

sputtering, and complete removal of oxide from titanium substrate is

impossible, although the thickness of the oxide is decreased by

argon ion sputtering with change in the chemical state. However,

the purpose of argon ion sputtering is reducing the influence of sur-

face oxide from a resultant VB spectrum, in other words, the

strengthening the influence of metal Ti substrate on the resultant

VB spectrum. We attempted to decrease the thickness of the pas-

sive film on Ti substrate as possible. In this regard, the thickness

was actually decreased. Therefore, this purpose is achieved by argon

ion sputtering in this study. Therefore, after argon ion sputtering,

the passive film contributed less to the VB spectrum, compared with

the substrate metallic Ti.

The VB region spectra were deconvoluted into Peaks A, B, C,

and D, as shown in Figure 5. VB spectra have been investigated in

many studies from the viewpoint of the photocatalysis of TiO2

ceramics. In nanocrystalline and amorphous TiO2, VB spectra

exhibited resonance enhancement for binding energies in the

2–10 eV range, populated by the O 2p and hybridized Ti 3d states.34

In the case of anatase, the VB spectrum exhibited two peaks, a rather

broad one at approximately 6 eV, and a narrower one at approxi-

mately 8 eV; these corresponded mainly to π (non-bonding) and σ

(bonding) O 2p orbitals, respectively.27,28 The same result was

reported for rutile.29 The Ti 3d contribution to the 8-eV peak must be

higher than that to the 5.7-eV peak, because the 8.0-eV peak

resonated stronger than the 5.7-eV peak. The VB spectrum in the

3–10 eV range mostly reflected the presence of O 2p (approximately

5.5 eV) and O 2p-Ti 3d hybridized states (approximately 7.5 eV) in

the oxide layer, but the Ti 3d partial density of states spreads all

VB.21–23,30,35 The oxygen VB is composed of a variety of orbitals: t1g,

t2u, 3t1u, 1t2g, 2t1u, 2eg, and 2a1g. Among these, the 1t2g and 2eg

orbitals are π and σ bonding to the Ti 3d states, with 12% and 21%

charge density at each Ti site, respectively. The hybridization between

Ti and O 2p states extends over the whole VB, and the Ti 3d contribu-

tion dominates in the lower two-thirds of the VB.36,37 On the other

hand, the VB is mainly of O 2p origin (80%), but it also contains 13%

Ti 3d and 7% of the other symmetries.33 Therefore, Peaks B and C

were attributed to the π (non-bonding) and σ (bonding) O 2p orbitals,

respectively, hybridized with Ti 3d states. The above discussion is

reflected to orbitals shown in Figure 5.

The presence of a peak at approximately 1 eV below EF is in

general attributed to sub-stoichiometric Ti3+ ions.11 Ti3+ defect states

are located in the band gap at 0.7–0.9 eV below EF, and the peak at

approximately 1.3 eV has already been attributed to oxygen vacancies

at the surface, which give rise to Ti3+ species.27,38 Owing to defect-

induced Ti 3d states just below EF, argon-ion bombardment of TiO2

(110) reduced the emission intensity from O 2p non-bonding

orbitals,22 although the 0–3 eV region corresponds to the metallic Ti

3d character of the sub-stoichiometric oxides at the interface and the

metallic Ti substrate below.21 On the other hand, a peak originating

from adsorbed hydroxyl groups locates at approximately

1.4 eV.25,34,38–40 A peak located at 0.8 eV is also observed to rise

monotonically with increasing H2O exposure.40 However, in this

study, this peak was not present for 35�, 24�, and 12�, though it

became more prominent following argon ion sputtering. Therefore,

Peak A detected in this study was mainly attributed to the Ti metal

substrate; the influence of the Ti3+ defect or H2O exposure on peak

A was small. Relatively large peak at 0–3 eV is observed from Ti.24 In

addition, peaks originated from metallic Ti locate at 0.5, 1.25, and

1.6 eV.41 The Ti VB is composed of 3d orbitals: t2g and eg. Therefore,

Peak A was straddled from the VB to EF in the CB, because it

originated from the metallic state.

The 3σ orbital of OH� was responsible for the VB spectral feature

at the binding energy of approximately 10.8 eV, and organic contami-

nants could introduce an extra feature at approximately 11 eV.31 The

1b2 molecular orbital of H2O is aligned with the peak at 13.2 eV and

the 1b2 feature of molecular water and the 3σ orbital of dissociated

water to lie at around 13 and 11 eV, respectively.39 The binding

energy of the 3σ state of OH� is close to that of the 3a1 state of

molecular water. The 3σ OH� feature at 11.4 eV is higher in intensity

than the 1b2 state of the molecular water located at 13.2 eV,

suggesting the presence of hydroxyls. Peak D was detected in all

angular-resolved specimens as well as rutile TiO2, but was not

detected for argon-ion-sputtered Ti. Therefore, Peak D originated

from the 3σ orbital of O 2p as OH� or H2O.

VB region spectrum between approximately 3 and 14 eV from Ti,

Peaks B, C, and D in Figures 4 and 5, is originating only from the

passive film on Ti, whereas peak at 0–3 eV, Peak A, is not originating

from the passive film but from metallic Ti substrate. In particular,

characterization of VB spectrum obtained with a takeoff angle of less

than 24� is effective to obtain VB spectrum only from the passive film

on Ti.

F IGURE 6 Difference in Evagainst EFbetween band structures of
the passive film on Ti and rutile TiO2 ceramics
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The maximal energy of the VB, Ev, was determined by linearly

extrapolating the peak to the baseline,34 as shown in Figure 5. The

value of Ev was almost constant, at 2.8–2.9 eV, for the different

takeoff angles; this value was higher than that for rutile, which was

at 2.5 eV. The Ev value for the as-deposited TiO2 film was observed

at 1.86 eV.34 Therefore, the Ev value for the passive film on Ti was

higher than that for TiO2 ceramics. Difference in Ev against EF

between the passive film on Ti and rutile TiO2, as shown in Figure 6.

In other words, the energy between minimum energy of CB, Ec, and

EF of the passive film on Ti is smaller than that of rutile TiO2. There-

fore, the property as n-type semiconductor of the passive film on Ti is

probably higher than that of rutile TiO2 ceramics if their Egs are

identical as approximately 3 eV.

5 | CONCLUSIONS

The passive film on Ti was determined to consist of a very thin

TiO2 layer with small amounts of Ti2O3, TiO, hydroxyl groups, and

water, and its thickness was 5.9 nm. Oxygen, Ti4+, and OH� were

more abundant in the outer layer than in the inner layer of the pas-

sive film. It was impossible to remove oxygen completely by argon

ion sputtering, but residual O2� combined with Ti2+ and Ti3+ and

adsorbed O2 were detected after argon ion sputtering. The VB

spectra were deconvoluted into four peak components: a peak at

approximately 1 eV continuing beyond 0 eV (EF), a broad peak at

approximately 6 eV, a peak at approximately 8 eV, and a peak at

approximately 13 eV. The peak at approximately 1 eV, detected in

this study, was attributed to the Ti metal substrate. The peaks in

the 3–10 eV region corresponded mainly to the O 2p

(at approximately 6 eV) and O 2p-Ti 3d hybridized states

(at approximately 8 eV) and were attributed to the π (non-bonding)

and σ (bonding) orbitals in the passive oxide film. The peak at

approximately 11–14 eV was attributed to the 3σ orbital of O 2p as

OH� or H2O. Therefore, the peak in the 3–14 eV range, detected

from Ti, was attributed to the passive film on Ti. More π (non-bond-

ing) O 2p orbitals existed at the surface of the passive film. The VB

region spectrum between approximately 3 and 14 eV from Ti is

originating only from the passive film on Ti. In particular, characteri-

zation of VB spectrum obtained with a takeoff angle of less than

24� is effective to obtain VB spectrum only from the passive film

on Ti. The property as n-type semiconductor of the passive film on

Ti is probably higher than that of rutile TiO2 ceramics if their Egs

are identical. The findings of the present study can be used for

characterizing reactions of Ti with surrounding environments, such

as biological tissues.
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