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Chapter 1 

General introduction 

 

Corrosion causes huge economic losses in many countries every year 1. The global cost 

of corrosion is estimated to be 2.5 trillion US dollars, which is equivalent to 3.4 % of the 

global GDP in 2013 2. Therefore, the corrosion control of metallic materials provides cost 

benefits. To develop corrosion control, an understanding of the corrosion-induced 

degradation of materials is required. Passive films are well-known as oxide-based ultra-thin 

films formed at the surface of metallic materials to prevent direct contact with corrosive 

environments. The structure of passive films is thus crucial to suppress general corrosion and 

has been extensively studied. In addition, since the 1980s, the semiconductive nature and 

electronic structure of passive films have been considered to be related to their protective 

ability. In this chapter, the author first describes the passivity of metals and alloys, and the 

surface analytical techniques that have often been utilized to examine the structure of passive 

films. Then, the author explains the basis of semiconductor electrochemistry, which can be 

helpful to understand the semiconductive nature of passive films, followed by a summary of 

the research history of the semiconductive nature of passive films. 

 

1.1 Passivation and passive film 

1.1.1 Passivation 

Passivation is a phenomenon that leads to the formation of an ultra-thin oxide-based 

film on metal and alloy surfaces in aqueous environments. This is the origin of the high 

corrosion resistance of metals and alloys such as Ti-based and Cr-containing alloys. One of 

the most frequently observed examples of passivity is the active–passive transition in the 

potentiodynamic polarization curve. Figure 1.1 shows a typical polarization curve exhibiting 
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an active–passive transition period. As shown in the figure, the current density increases with 

increasing applied potential from the corrosion potential. Subsequently, when the potential 

increases above Epp (the primary passive potential), the current density drastically decreases 

by 10−4 – 10−6 times compared to the maximum value in the active state, icrit (the critical 

anodic current density). This rapid current drop is attributed to the formation of a passive film 

that prevents the direct contact between the underlying substrate and the corrosive 

environment. The potential range where the low current density is maintained is called the 

passive state. The passive film deteriorates at higher potentials owing to the transpassive 

dissolution, which again increases the anodic current density. 

 

 

 

 

Figure 1.1 Schematic polarization behavior of a metal 3. 
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Fe–Cr, Ni–Cr, and Ti-based alloys are well-known to exhibit superior corrosion 

resistance in various corrosive environments. Therefore, the structure of passive films on 

these alloys has been extensively studied by X-ray photoelectron spectroscopy (XPS). Details 

regarding this surface analytical technique are described in Section 1.2. Common conclusions 

drawn from XPS studies of passive films on the alloys are as follows: (i) the passive films 

mainly consist of an inner oxide layer and a covering hydroxide layer, (ii) alloying elements 

are unevenly distributed in the passive films, and (iii) such distribution varies depending on 

the environment. When the semiconductive nature of passive films is examined and 

considered by the undermentioned photoelectrochemical response and electrochemical 

impedance spectroscopy, the analysis and interpretation of the results become complex. 

Therefore, in the present thesis, the author has focused on passive films formed on Ti and Cr 

to exclude the latter two of the three aforementioned factors, and on the electronic structure 

of passive films. In the following sections, general information regarding passive films on Ti 

and Cr is described. 

 

1.1.2 Passive films formed on Ti and its alloys 

The potential–pH diagram, also known as the Pourbaix diagram, demonstrates the 

thermodynamic stability of metals in aqueous environments. Figure 1.2 shows the Pourbaix 

diagram of the Ti–H2O system 4. The diagram indicates that it is thermodynamically 

favorable for Ti to dissolve at low potentials of approximately −1.7 V. However, Ti forms 

stable TiO2 on the surface over a wide range of pHs, resulting in high corrosion resistance. In 

the case of Ti alloys such as Ti–6Al–4V and Ti–Ni alloys, passive films consisting mainly of 

TiO2 also form on the surface 5-8. It has been reported that passive films formed on Ti consist 

not only of stoichiometric TiO2, but also of other titanium compounds. Pouilleau et al. 

explained that passive films on Ti were composed of the inner TiO and the outer TiO2 
9. 

Additionally, when Ti is exposed to an aqueous environment, hydroxide of Ti could be 
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formed by the reaction of the inner oxide layer with other OH− or water 10. Furthermore, the 

passive film on Ti and its alloys may have a porous structure in the outer layer. This porous 

structure is solely related to its biocompatibility 11, and the relatively high density of the inner 

layer has been reported to directly contribute to the corrosion resistance 12, 13. Consequently, 

the passive films on Ti are composed of various oxides and hydroxides, and it is important to 

analyze their structures and characteristics. 

 

 

 

 

Figure 1.2 Pourbaix diagram of titanium (VSHE vs. pH) 4. 
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1.1.3 Passive films formed on Cr and its alloys 

Cr is also a representative metal that is spontaneously passivated to form a thin oxide or 

hydroxide layer on its surface. Passive films formed on Cr are very dense and prevent 

corrosive agents from penetrating to the metal surface, providing excellent corrosion 

resistance. 

Figure 1.3 presents the Pourbaix diagram of Cr and the various types of oxides and 

hydroxides of Cr that are thermodynamically formed 14. Cr belongs to the sixth group of 

transition metals and generally exhibits different oxidation states of +2, +3, and +6, as oxides 

or hydroxides. The most stable oxidation state of Cr is reported to be +3. Therefore, Cr2O3 

and/or Cr(OH)3 are essentially formed on the surface of Cr. Seo et al. has reported that the 

composition of the passive film on Cr was the same as Cr2O3 through depth profiling analysis, 

and that the upper part of the film was in the hydrated state 15. Li et al. has also reported that 

the passive film of Cr, formed in aqueous sulfuric acid solution, was composed of Cr2O3 and 

Cr(OH)3 
16. These oxide and hydroxide forms of Cr are proposed to play an important role in 

the passivity of Cr. However, Cr is brittle and is therefore often used as an alloying element to 

provide corrosion resistance to high-strength alloys such as Fe- and Ni-based alloys. These 

Cr-containing alloys also form a passive film mainly composed of Cr. Marcus et al. described 

that the passive films of Fe–Cr alloys, i.e., stainless steels, possess a duplex structure with a 

mixed Cr3+ and Fe3+ oxide inner layer and a hydroxide outer layer of Cr 17. Furthermore, they 

reported that passive films of Ni–Cr–Fe alloys formed in 0.05 M H2SO4 consisted of an inner 

oxide layer composed of Cr2O3 (96 %) and Fe2O3 (4 %) along with an outer hydroxide layer 

of Cr(OH)3 
18.  
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Figure 1.3 Pourbaix diagram for the (a) Cr–O–H system and (b) Cr–O–H2O system. Eh values are in 

volts (VSHE) 14.  
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1.2 Structural analysis of passive film 

1.2.1 X-ray photoelectron spectroscopy 

Among surface analytical techniques, X-ray photoelectron spectroscopy (XPS) is the 

most widely used for analyzing the chemical structure (thickness, chemical composition etc.) 

of passive films. This spectroscopic technique is based on the photoelectric effect first 

discovered by Hertz in 1887 19, and its details were explained later by Einstein in 1905 20. In 

1907, Innes successfully recorded an XPS spectrum for the first time using a spectrometer 

consisting of a magnetic field hemisphere (the kinetic energy analyzer of photoelectrons) and 

a photographic detector 21. Owing to several significant improvements in the equipment, and 

a comprehensive study using the XPS equipment by Siegbahn, the utility of XPS has been 

recognized as a powerful surface analytical technique since the 1960s 22.  

Because XPS is a highly sensitive surface analytical technique, it has been utilized in 

the passivity study to evaluate the chemical composition, thickness, and structure of passive 

films. XPS was first applied to the analysis of passive films on metals and alloys in the 1970s 

23-29. Since then, many researchers have applied XPS to analyze passive films on Ti-based and 

Cr-containing alloys, which exhibit excellent corrosion resistance. Pan et al. examined the 

effect of hydrogen peroxide on the passivity of Ti in a phosphate-buffered saline solution and 

confirmed the presence of peaks for Ti and O on passivated Ti in the XPS spectrum. The 

asymmetry of the Ti 2p spectrum was attributed to the presence of an outer hydroxide layer 

such as TiOOH 30. Milošev analyzed the passive film of the Ti–Al–V alloy formed by 

electrochemical oxidation in a physiological solution using XPS 31 and revealed that TiO and 

Ti2O3 were formed at the film / alloy substrate interface, although the passive film mainly 

consisted of TiO2. 

In addition to the XPS studies related to passive films on Ti and Ti-based alloys, some 

XPS studies on the passivity of Cr and Cr-containing alloys are briefly described below. 

Stypula et al. reported that the XPS spectrum measured on a passive film of Cr formed in 
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sulfuric acid solution could be decomposed into peaks derived from Cr3+ oxide and hydroxide 

32. Asami et al. used XPS to quantitatively analyze the composition and structure of the 

passive films formed on Fe–Cr alloys in 1 M H2SO4. The structure of the passive films 

differed depending on the Cr content of the alloys, and it was reported that at a Cr content of 

13 %, the main component of the passive films changed to hydrated chromium oxyhydroxide 

26. Lim et al. investigated the passive film formed on an Ni–Cr alloy in a 0.1 M NaCl solution. 

They reported that the passive film formed on the Ni–Cr alloy contained only Cr oxide owing 

to selective oxidation of Cr 33. 

 

1.2.2 Auger electron spectroscopy 

Auger electron spectroscopy (AES) has also been used for the analysis of passive films. 

In this analytical technique, the surface of a solid material is irradiated by an electron beam 

ejecting Auger electrons, and their kinetic energy is measured. Because the kinetic energy of 

Auger electrons is an intrinsic value depending on the element, the chemical composition of 

the material surface can be analyzed from the kinetic energy and intensity of Auger peaks; 

thus, the elements contained in the passive films can be quantified. Yaniv et al. used AES to 

investigate the effects of pH, Cl− addition, and potential on the composition of passive films 

formed on ferritic stainless steel 34. Bouyssoux et al. examined the passive films of Cr 

anodically polarized in sulfuric acid solutions and reported that the films consisted of 1.3 – 

1.6 nm thick oxide layer with a composition close to Cr2O3 
28. Solar et al. confirmed the 

changes in passive films on a Ti–6Al–4V alloy by polarization in a physiological chloride 

solution and compared the films with those obtained before polarization 35. Boudin et al. 

investigated the passive films formed on an Ni–Cr alloy in borate buffer solutions and 

reported that the passive films were less than 2.5 nm in thickness and were composed of an 

inner layer of mainly Cr oxides and a few outer Ni oxyhydroxide layers 36.  

These XPS and AES studies demonstrated that the chemical composition and structure 
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of passive films vary depending on the composition of metallic materials and the aqueous 

environments. As the chemical composition and structure of passive films can affect their 

electronic structures and resulting electronic properties, in particular the semiconductive 

properties which are relevant for the present thesis, the basis of semiconductor properties and 

the characteristics of the semiconductor / electrolyte interface are reviewed in the next 

section. 

 

1.3 Semiconductor electrochemistry 

As mentioned in the previous sections, the surfaces of most engineering metals and 

alloys are covered with an ultra-thin oxide-based film that possesses a protective ability 

against corrosion. Because many of the oxide-based films behave as semiconductors, the 

properties of the semiconductor / electrolyte interface are of considerable importance for the 

corrosion of metals and alloys. 

 

1.3.1 Basic concepts of semiconductor 

Semiconductors can be characterized by the energy levels of the valence band (VB) and 

the conduction band (CB), where the former is entirely occupied by electrons and the latter is 

vacant, and the Fermi level, EF. A band gap separates the two energy bands, that is, the band 

gap energy, Eg, which is defined as the energy difference between the highest energy of the 

VB and the lowest energy of the CB. The Fermi level of a semiconductor is located within 

the band gap, as illustrated in Fig. 1.4. For intrinsic semiconductors, the concentration of 

electrons in the CB is equal to that of holes in the VB, and therefore the Fermi level is located 

at the center of the band gap. By contrast, semiconductors containing impurities are classified 

into the following two types: n-type and p-type. In such extrinsic semiconductors, the 

concentration of electrons and holes differ. In n-type semiconductors, the concentration of 
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electrons is significantly larger than that of holes, and the localized donor level is close to the 

CB. This alters the Fermi level to be closer to the CB. In the case of p-type semiconductors, 

the opposite situation is generated. Thus, the concentration of holes is significantly larger 

than that of electrons and therefore, the Fermi level is located closer to the VB as illustrated 

in Fig. 1.4 (c). These situations are realized by doping with an electron acceptor such as B or 

electron donor such as P, in silicon semiconductors. A similar situation is observed in oxide 

semiconductors as well. An excess or deficiency of oxygen ions provides a p-type or n-type 

semiconductive nature, respectively, in oxides. For example, CuO 37 and NiO 38 behave like 

p-type semiconductors whereas TiO2 
39 and ZnO 40 behave like n-type semiconductors. 

 

 

 

Figure 1.4 Schematic illustration of (a) an intrinsic semiconductor, (b) an n-type semiconductor, and 

(c) a p-type semiconductor 41. 

 

 

1.3.2 Interface between semiconductor and electrolyte  

Similar to the Fermi level in semiconductors, the Fermi level of redox electrons for the 

redox species in an electrolyte can also be defined. The electron state densities of reduced and 

oxidized species in a redox system are expressed as the product of the probability densities of 

the reduced and oxidized species, and the concentrations of the species, respectively. The 
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total state density is defined as the sum of the electron state densities of reduced and oxidized 

species as illustrated in Fig. 1.5 (a). In the figure, the level Eo
redox, where the electron density 

of the reduced species equals that of the oxidized species, is called the Fermi level of the 

redox electron. At this level, the total state density of the redox species is half occupied by 

electrons which provide the occupied state density of the reduced species, and the remaining 

half is vacant for the unoccupied state density of the oxidized species. When the 

semiconductor, with an EF which is distinct from Eo
redox comes into contact with the 

electrolyte, a charge transfer takes place and continues until both Fermi levels are balanced, 

as illustrated in Figs. 1.5 (b) and (c) for n-type and p-type semiconductors, respectively. The 

charge transfer induces a space charge layer, where the concentration of the majority carriers 

is different from that in the bulk. When the concentration of the majority carriers in the space 

charge layer is lower than that in the bulk, the space charge layer is called a depletion layer. 

In the depleted state for n-type semiconductors, the space charge layer exhibits an upward 

band bending to the electrolyte as illustrated in Fig. 1.6 (b). By contrast, when the 

concentration near the surface is higher than that in the bulk for n-type semiconductors, the 

space charge layer is called an accumulation layer. In this case, the space charge layer 

exhibits a downward band bending. The space charge layer affects the separation of 

photo-excited charge carriers which are generated by the absorption of energy that is larger 

than the band gap energy. In the depletion layer for n-type semiconductors, photo-excited 

electrons in the CB travel to the substrate, whereas holes in the VB move to the interface with 

the electrolyte and are consumed by reduced species in the electrolyte. On the contrary, 

charge carriers in the accumulation layer move in the opposite direction to the depletion layer, 

that is, electrons are consumed by oxidized species in the electrolyte at the interface. This 

indicates that the direction of the photo-induced current strongly depends on the potential 

gradient within the space charge layer. Once the space charge layer is formed at the interface 

with the electrolyte, it can be varied with an applied potential. For instance, when the applied 
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potential is shifted in the less noble direction from the potential at which the depletion layer is 

formed, as shown in the center column of Fig. 1.6, and finally reaches the one shown in the 

left column, the space charge layer near the interface disappears and instead, the bottom of 

the CB and the top of the VB become flat, which is known as the flat-band state. In this state, 

no photo-induced current change is obtained. When the applied potential is shifted more in 

the less noble direction, the space charge layer becomes the accumulation layer, as shown in 

the right column of Fig. 1.6. 

 

 

 

Figure 1.5 (a) Energy levels in a semiconductor (left-hand side) and a redox electrolyte (right-hand 

side) shown on a common vacuum reference scale. χ and φ are the semiconductor electron affinity and 

work function, respectively. (b) The semiconductor-electrolyte interface before (left) and after (right) 

equilibration (i.e., contact of the two phases) shown for an n-type semiconductor. (c) is the same as (b) 

but for a p-type semiconductor 41. 
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Figure 1.6 Space charge layers in an n-type semiconductor in contact with electrolytes. Above: 

distribution of charge carriers; middle: course of band edges; below: course of electric potential (E) 42. 
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1.4 Analytical techniques to evaluate the electronic structures of 

semiconductor materials and their properties 

As mentioned above, most of the oxides (including hydroxides) behave as 

semiconductors although the specific semiconductor characteristics, such as the type of 

conduction, VB and CB edges, and band gap energy, differ depending on the oxides and 

hydroxides. This indicates that passive films can be also considered as semiconductors 

because they consist of oxides and hydroxides. The present section describes the analytical 

techniques often used to evaluate the electronic structures of semiconductor materials and 

their properties.  

 

1.4.1 Valence band spectrum of XPS 

XPS is based on photoionization; the surface of the specimen is excited by 

monochromatic X-ray photons and the emitted photoelectrons are separated according to 

their energy and then analyzed. The photon energy is large enough to extract electrons even 

from the inner atoms, thus ionizing the atoms. The penetration depth of photons is reported to 

be between 1 and 10 µm; however, photoelectrons can leave the surface only from several to 

tens of nm owing to their large inelastic scattering cross-section. Therefore, as previously 

described, XPS is a powerful analytical technique to investigate the chemical structure and 

characteristics of surfaces. Electrons in the valence level do not take a specific value, unlike 

the energy levels of an isolated inner shell which are well defined but exist in a wide energy 

range called the valence band. When valence electrons are excited by X-rays, the kinetic 

energy of the emitted photoelectrons increase as the energy of the X-ray is large and the 

distribution of the density of states can be considered as free electrons with a gentle 

distribution. It represents the density of state of valence electrons. In the case of metals, the 

bands overlap significantly, and there is no energy gap up to the highest energy level filled 
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with electrons (the Fermi level). Therefore, when measuring the valence band of the metal, 

the electron density rapidly increases at the Fermi level. As the Fermi level of transition 

metals is, in general, sharply observed, the energy is used for calibration. As the density of 

states is very sensitive to the bonding between atoms, and the passivation of metals affects 

the density of states of the valence band, the passivation of metal surfaces (the bonding 

between metal and oxygen) is evaluated from the valence band spectrum of XPS. 

 

1.4.2 Electrochemical impedance spectroscopy 

The history of electrochemical impedance spectroscopy (EIS) began with the basic 

knowledge established by Heaviside between 1880 and 1900 43. Warburg extended the 

concept of impedance to electrochemical systems and suggested that the interface could be 

expressed as a connection series of a polarization resistance and a capacitor 44. Since the 

application of impedance to electrochemical systems, various electrochemical analyses have 

been performed on oxide films. Consequently, it was suggested that oxide films can be 

treated as dielectric. In the 1970s, Stimming et al. suggested that the space charge layer inside 

the passive film formed on an iron electrode is dielectric and discussed the dynamics of metal 

surface reactions on the metal and the electronic structure of the film 45.  

The space charge layer formed in the semiconductor electrode in contact with the 

electrolyte changes its thickness and capacitance with an applied potential. The capacitances 

obtained from EIS measurements are often analyzed based on the theoretical Mott–Schottky 

equation which expresses the relationship between the capacitance of the space charge layer 

(the depletion layer) and the applied potential, that is, for depleted n-type semiconductors, the 

equation is described as Eq. (1.1) whereas for depleted p-type semiconductors, the equation is 

defined as Eq. (1.2). 
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1

𝐶𝑆𝐶
2 =

2

𝜀𝜀0𝑞𝑁𝐷
(𝐸𝑚 − 𝐸𝑓𝑏 −

𝑘𝑇

𝑞
),                     (1.1) 

1

𝐶𝑆𝐶
2 =

−2

𝜀𝜀0𝑞𝑁𝐴
(𝐸𝑚 − 𝐸𝑓𝑏 +

𝑘𝑇

𝑞
),                     (1.2) 

 

where CSC represents the space charge capacitance in the semiconductor, ε and ε0 represent 

the relative permittivity of the passive film and the vacuum permittivity (8.85  10−14 F/cm), 

respectively. q is the electric charge (1.602  10−19 C), and Em and Efb are the measuring 

potential and the flatband potential, respectively. In addition, ND and NA represent the donor 

and acceptor densities, respectively. The kT/q term is very small and therefore can be 

neglected. From the equations, it is found that the type of semiconductor and the 

concentration of carrier can be discussed from the slope of the Mott–Schottky plot. Figure 1.7 

shows the Mott–Schottky plots of n-type and p-type semiconductors measured in an 

AlCl3/n-butylpyridinium chloride molten-salt electrolyte 46. 

 

 

 

Figure 1.7 Mott–Schottky plots for n-type and p-type GaAs electrodes in an AlCl3/n-butylpyridinium 

chloride molten-salt electrolyte 46. 
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1.4.3 Photoelectrochemical response 

The effect of light on electrochemistry was discovered by Becquerel in 1839 47. In the 

field of corrosion science, Kruger reported the effect of light irradiation on Cu in a neutral 

solution 48. In the 1950s and 1960s, photoelectrochemical responses were applied to 

compound semiconductors and oxide semiconductors in aqueous solutions 49-54. Cronemeyer 

examined the photo transition effect of single crystal rutile at various temperatures and 

confirmed that the optical band energy of the crystal was about 3.05 eV 49. Applications of 

the photo effects to characterize the electronic structure of passive films formed on metals 

and alloys have also been reported since the 1950s. Oshe et al. measured the photo potential 

of a passive film formed on Fe and reported that the film could function as a semiconductor 55. 

Since the 1970s, the photoelectrochemical response has been extensively used to evaluate the 

semiconductive properties of various passive films 56-62. In the 1990s, Gerischer led the 

relevant field of photoelectrochemistry through various pioneering works on oxide 

semiconductors as well as oxide films on metals 42, 63-65.  

Photocurrent is generated by the transport of photo-excited charge carriers. Reactions 

that are induced by photo-excited carriers are illustrated in Fig. 1.8. In the case of p-type 

semiconductors, electrons are transported to the electrolyte and consumed by oxidants in the 

electrolyte while holes are transported towards the substrate, causing a negative photocurrent. 

In the case of n-type semiconductors, as shown in Fig. 1.8 (b), electrons travel to the substrate 

whereas holes move to the electrolyte and react with reductants in the electrolyte, causing a 

positive photocurrent. The photocurrents increase with a decreasing electrode potential for a 

p-type semiconductor and an increasing electrode potential for an n-type semiconductor, as 

shown in Fig. 1.9, because the width of the space charge layer increases according to the 

potential variations. Therefore, it can be concluded that the direction of the photocurrent and 

its potential dependence, can be used to characterize the type of semiconductor.  
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Figure 1.8 Photo-excited reaction current (photocurrent) at semiconductor electrodes: (a) 

photo-excited reaction of a cathodic electron transfer (OX + e → RED) at a p-type semiconductor 

electrode, (b) photo-excited reaction of an anodic hole transfer (RED → OX + e) at an n-type 

semiconductor electrode, iph : photocurrent 66. 

 

 

 

 

Figure 1.9 Polarization curves for electrode reactions at (a) n-type and (b) p-type semiconductor 

electrodes in the dark and in a photo-excited state: dashed curve = dark; solid curve = photo-excited; 

i+ (i−) = anodic (cathodic) current in the dark; i+
ph (i

−
ph) = anodic (cathodic) current in a photo-excited 

state 66.  
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With regards to the photocurrents generated on compound semiconductors and passive 

films on metals and alloys, one of the most well-recognized characteristics is the photocurrent 

transient, which indicates the variations of photocurrent with time as illustrated in Fig. 1.10 67. 

The photocurrent transient was reported by Hardee in the 1970s for various metal oxides in 

polycrystals 57. Later, in the 1980s, the photocurrent transient of passive films on Fe was 

examined by Peter, and the influence of surface recombination and band edge unpinning were 

discussed 68. Azumi also explained the photocurrent transient by assuming an equivalent 

circuit for the passive film with an n-type semiconductive nature 69. Numerous studies have 

been conducted to clarify the correlation between photocurrent transients and the electronic 

structure of passive films.  

 

 

 

 

Figure 1.10 Various patterns of photocurrent transients for oxidation films formed on metal surfaces 

67. 
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1.5 Semiconductor characteristics of passive films 

Passive films formed on most metals such as Ti, Cr, Fe, and Ni, exhibit semiconductive 

behavior, because passive films are composed of oxides and hydroxides, both of which 

behave as semiconductors. The band gap energy of passive films on metals and alloys can be 

compared with the band gap energies for the oxides and hydroxides of the constituent 

elements which are included in the metallic materials. For instance, the band gap energies of 

NiO and Ni(OH)2 are reported as 3.6 and 3.05 eV, respectively 70-72, whereas a passive film 

formed on Ni is reported to be a p-type semiconductor with a band gap energy of 2.9 – 3.1 eV 

73, 74, implying that the passive film is mainly composed of Ni(OH)2. In the case of Cr, 

although the band gap energies of Cr2O3 and Cr(OH)3 are estimated as 3.5 – 3.6 eV and 2.5 – 

2.7 eV, respectively, the band gap energy of passive films on Cr varies depending on where 

the films were formed 75-78, strongly indicating that the chemical composition of passive films 

on Cr varies. Furthermore, passive films on Cr were often reported to exhibit a typical p-type 

semiconductive behavior, but depending on the experimental environment, an n-type 

behavior is also found. By contrast, passive films formed on Ti, have often been reported to 

be an n-type semiconductor, with the band gap energy of 3.0 – 3.2 eV, which is in the range 

of anatase (Eg: 3.2 eV) 79-81, independent of the experimental environment. 

Passive films are reported to have a multi-layered structure composed of oxides and 

hydroxides, which is supported by the results obtained from the photoelectrochemical 

response, as well as the electrochemical impedance spectroscopy. For instance, in the 

photoelectrochemical response, Tsuchiya et al. measured current changes induced by 

light-irradiation, so-called photocurrent, and found that positive and negative photocurrents 

appeared in a photocurrent spectrum. If the photocurrent was generated from a single 

semiconductive layer, the direction of the photocurrent should not have changed. Therefore, 

they concluded that the photocurrent spectrum, consisting of positive and negative 

photocurrents, reflected a multi-layered structure in the passive film 78. Furthermore, they 
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proposed a duplex electronic band structure model for the passive film, which is an extension 

of the model proposed by Sato 82.  

The electronic band structure model proposed by Tsuchiya et al. for passive films 

formed on Fe-Cr alloys in an acidic solution is presented in Fig. 1.11 (a). The corresponding 

model for a neutral solution is presented in Fig. 1.11 (b) 83. In the models, the passive film in 

the acidic solution consists of inner p-type oxide and outer n-type hydroxide layers, whereas 

in the neutral solution, the model consists of inner n-type oxide and outer n-type hydroxide 

layers. The protectiveness and growth of passive films can be explained based on these 

models. It is well-known that passive films thicken more in neutral solutions but the 

protectiveness of the films is weaker, such that corrosion is more likely to occur in neutral 

solutions compared to acidic solutions. By contrast, passive films formed in acidic solutions 

are very thin, but highly protective against corrosion. In the proposed electronic band 

structure model for passive films formed in neutral solutions, metallic cations generated from 

the underlying metallic substrate and oxygen anions from the solution can travel outwards 

and inwards, respectively, along the potential gradient which is built within the passive films, 

resulting in its continuous growth. However, harmful anions such as chloride ions also 

penetrate the passive films, causing deterioration. By contrast, in the model for the passive 

films in acidic solutions, the outward movement of metallic cations and the inward movement 

of the anions are effectively suppressed. Therefore, the passive films in acidic solutions are 

very thin compared to the ones in neutral solutions, but highly protective due to the 

suppressed inward movement of harmful anions. Furthermore, one of the semiconductive 

properties of passive films, i.e., carrier density, is also reported to be related to the localized 

corrosion resistance 84, 85. From this, one can conclude that understanding the electronic 

structure and semiconductive properties of passive films is of great importance. 
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Figure 1.11 Schematic illustrations of the electronic band structure models of passive films on 

Fe-18Cr in (a) a sulfuric acid solution and (b) a borate buffer solution 83. 
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Cr-containing alloys are usually corrosion-resistant in various environments due to the 

protective nature of the passive films where Cr is highly enriched. As the electronic structure 

and semiconductive properties of passive films on Cr-containing alloys such as Fe–Cr, Ni–Cr, 

and Co–Cr alloys vary depending on the alloy composition and on the pH of the environment 

83, 86, 87, largely different conclusions have been suggested, including from Tsuchiya et al. To 

develop a unified consensus on the passive films on Cr-containing alloys, the role of Cr oxide 

and hydroxide, which are constituents of the passive films, should be more precisely 

understood. Therefore, in the present thesis, the author has examined the electronic structures 

and semiconductive properties of passive films on Cr using photoelectrochemical response 

and electrochemical impedance spectroscopy. To further support the discussions regarding the 

data obtained by the electrochemical measurements, valence band spectrum of XPS was also 

introduced to reveal the valence band edge of the passive films on Cr. The electronic 

structures and semiconductive properties of passive films on Cr were compared with those of 

passive films on Ti. Furthermore, a numerical simulation model for the photocurrent 

transients, which are explained in Fig. 1.10, was also developed to realize a deeper 

understanding of the electronic structures and semiconductive properties of passive films. 
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1.6 The purpose and structure of this thesis 

The purpose of this thesis is to reveal the electronic band structure of passive films 

formed on Cr and Ti by electrochemical measurements and surface analytical techniques. In 

addition, the development of a simulation model of the photocurrent transient, which has 

often been observed in the photocurrent measurements in literature and in this PhD work, is 

also presented. The present thesis consists of the following 5 chapters. 

 

Chapter 1 introduces several concepts for the passivity of metals, passive films, and 

semiconductor electrochemistry. The purpose of this thesis is also described. 

Chapter 2 deals with the electronic band structure of passive films formed on Ti in the 

simulated biological solutions. Furthermore, the superior biocompatibility of Ti is discussed 

in terms of the electronic band structure of its passive films.  

Chapter 3 presents a comparative analysis of the electronic structure of passive films 

formed on Cr and Ti in a phosphate buffer solution of pH 7.  

Chapter 4 provides a numerical simulation model for photocurrent transients, which is 

based on the generation and recombination of photo-excited charge carriers, and their 

transport by drift and diffusion. Through the screening of parameters, several properties of 

passive and anodic films, such as electron mobility, donor density, recombination coefficient, 

and interfacial reaction coefficient, were acquired.  

Chapter 5 summarizes the findings of this thesis.  
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Chapter 2  

Band structures of passive films on titanium in simulated 

bioliquids determined by photoelectrochemical response: 

Principle governing the biocompatibility 

 

2.1 Introduction 

Titanium (Ti) and its alloys are widely used as implant devices in medicine and dentistry 

due to 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 compatibility of Ti have been 

performed, and detailed information can be found in the literature 1, 3. The initial reaction at the 

interface directly influences the biocompatibility of the material. Therefore, biocompatibility 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 surface of metallic Ti is covered by a passive film, which contributes to its excellent 

corrosion resistance. The passive film on Ti is mainly an extremely thin amorphous TiO2 

containing small amounts of Ti2O3 and TiO, along with water and hydroxyl groups 4-7. In 

addition, as the composition is graded in the passive film, more Ti4+ and OH− ions appear near 

the surface of the film 6. The formation process of the passive film has been discussed 

elsewhere 8 and the chemical state of the passive film has also been precisely investigated 9. It 
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has been established that the composition, structure, and chemical state of the passive film on 

Ti are different from those of the crystalline TiO2 ceramics. For example, the adsorption 

kinetics of calcium and phosphate ions onto the passive films differ from those onto TiO2 

ceramics 10. 

In this regard, the bandgap energy, Eg, which is equivalent to the energy difference 

between the valence and conduction bands of TiO2 crystalline ceramics 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 photocatalyst 

performance 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 nonstoichiometric composition. Therefore, the difference in the surface 

properties between the passive films on Ti and TiO2 ceramics is probably due to the difference 

in their Egs. The Eg of passive films on Ti after anodic oxidation and thermal oxidation has been 

investigated by the photoelectrochemical response in borate buffer solution, artificial sea water, 

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 

chemical composition and chemical state of the passive films on the photoelectrochemical 

properties. This research will lead to deeper understanding of the properties of passive films on 

Ti in the human body. 
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2.2 Experimental 

2.2.1 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 ultrasonically 

cleaned twice in acetone and once in isopropanol 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 welding. The 

disks and connected parts were embedded in epoxy resin, and the surface was polished with 

SiC paper, followed by mirror finishing with a 0.25 μm diamond suspension. After polishing, 

the specimens were ultrasonically cleaned sequentially in acetone, ethanol, and deionized 

water for 10 min each and immediately used for subsequent experiments. 

 

2.2.2 Electrolytes 

Hanks’ solution without glucose (Hanks) was prepared using reagent-grade chemicals 

and ultrapure water. The composition of the Hanks was similar to that of extracellular fluid 

which contains the following ions in the stated concentrations: 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 experiments at 37 ℃. A 0.9 

mass% NaCl solution (saline) was also used for comparison. The pH of saline is 6.4 just after 

preparation at 37 ℃. 
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2.2.3 Electrochemical measurements 

In the present study, two different types of electrochemical measurements were 

performed: the open circuit potential (OCP) measurement and the photoelectrochemical 

response. These measurements were conducted using a conventional three-electrode 

configuration cell equipped with a Ag/AgCl reference electrode and a Pt counter electrode. In 

the OCP measurement, the variations in the OCP of the specimens with time were monitored 

for 72 h in Hanks and saline solutions at 37 ℃. In the photoelectrochemical response, the 

specimens were immersed in Hanks and saline solutions for 10 min and then passivated by 

polarizing the specimens at the film formation potentials, Efs, of −0.2, −0.1 and 0 VAg/AgCl for 1 

h to form a stable passive film. After the passive film was formed, monochromatic light from a 

150 W xenon arc lamp and a grating monochromator was irradiated to the passivated specimen 

surfaces in the electrochemical cell through a quartz window. Current changes during light 

irradiation of 20 s were recorded as photocurrents and the photocurrent measurement was 

performed at the Ef by changing the wavelength of the incident light from 250 to 450 nm with 

the step of 10 nm. Then the applied potential was stepwisely changed with the interval of 0.1 V 

in the less noble direction and the measurements were repeated at each measuring potential, Em. 

Both solutions used in this study were deaerated with N2 gas for at least 2 h in the 

electrochemical cell prior to all the electrochemical measurements and the deaeration was 

continued during measurements. 
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Figure 2.1 Schematic diagram of a three-electrode cell for the photoelectrochemical response. 

 

 

2.2.4 X-ray photoelectron spectroscopy 

After polarization at each Ef in both Hanks and saline for 1 h, the specimens were rinsed 

with ultrapure water to remove all chemical species that are incorporated out the specimen 

surfaces, and dried by a stream of N2 gas. Immediately after the 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 electron energy of C1s peak (285.0 eV) originating from so-called 

contamination hydrocarbon. The background of peaks was subtracted with Shirley's method 19. 

The composition and thickness of the passive films formed by the polarization were calculated 

according to literature 7, 20-23. The results were statistically evaluated using one-way ANOVA 

with a significance of p < 0.05. 
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2.3 Results 

2.3.1 Variations in open circuit potential 

Figure 2.2 presents variations in the OCP of Ti in Hanks and saline over time. Noted that 

the pH of Hanks remained at 7.4, and no precipitation was observed during the OCP 

measurement, whereas the pH of saline gradually decreased to 5.7 after 6 h and 5.8 after 72 h. 

Immediately after the measurements commenced, the OCP drastically decreased in both 

solutions, followed by a gradual increase with time. After 72 h, the OCP was approximately 

−0.2 V in Hanks whereas −0.1 V in saline. The OCP in saline was always more noble than that 

in Hanks during the monitoring, because the pH of saline was lower than that of Hanks. 

 

 

 

 

Figure 2.2 Variations in open circuit potential (OCP) of Ti in Hanks and saline for 72 h. 
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2.3.2 Photoelectrochemical response 

A typical photocurrent transient observed for passive films formed on Ti in Hanks and 

saline is illustrated in Fig. 2.3. The shape of all the photocurrent transients observed in the 

present study was similar to the one in this figure, that is, the current rapidly increases 

immediately after light irradiation, reaches a peak, and then drastically decreases. After the 

drastic decrease, the current gradually converges to a steady-state value. When the irradiation 

is terminated, the current rapidly drops once and then recovers back to the original value. The 

steady-state current was defined as photocurrent, Iph, and used for analysis in the present work.  

 

 

 

 

Figure 2.3 An example of photocurrent transient generated with the light on and off for a passive film 

on Ti. 
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Figure 2.4 shows the photocurrent spectra of the passive films formed on Ti in Hanks and 

saline solutions. The photocurrent varied depending on the Em and the wavelength of the 

incident light, in both cases. The photocurrent spectra were normalized for further analysis 

because the intensity of the light is not constant for each wavelength. Assuming that the 

photoexcitation takes place as an indirect transition, the photocurrent spectra were normalized 

as photoelectrochemical action spectra using the following equation 15-18. 

 

(𝐼𝑝ℎ ∙ ℎ𝑣/𝐼0)
1/2

= 𝑆(ℎ𝑣 − 𝐸𝐺),           (2.1) 

 

where I0 and hv are the intensity and photon energy of the incident light, respectively, S is 

constant which exhibits the slope of the photoelectrochemical action spectrum and reflects the 

amplitude and direction of photocurrent, and h is Planck’s constant. Band gap energy (Eg) can 

be estimated as the photon energy value where the (Iph ·hv/I0)
1/2 equals zero. By replotting the 

photocurrent spectra in Fig. 2.4, photoelectrochemical action spectra, Eph, were obtained, as 

shown in Figs. 2.5 and 2.6, corresponding to the spectra in Hanks and saline solutions, 

respectively. The bottom figures show enlarged views of the lower photon energy region. In the 

case of Hanks solution, the photoelectrochemical action spectra did not exhibit a straight line 

with a constant Sk, instead gradually changed. When the photocurrent is generated from a 

uniform composition layer, the direction of the photocurrent does not change at a fixed 

potential, even if the photon energy of the incident light is changed.  
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Figure 2.4 Photocurrent spectra of the passive films formed on Ti in Hanks and saline solutions. 

 

 

Figure 2.5 Photoelectrochemical action spectra calculated from the steady-state photocurrent in 

Hanks shown in Fig. 2.4. 
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Figure 2.6 Photoelectrochemical action spectra calculated from the steady-state photocurrent in saline 

shown in Fig. 2.4. 

 

 

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 represents a 

larger Eg component. For Hanks solution, the larger component of Eg was in the range of 3.3 – 

3.4 eV, whereas the smaller component of Eg was estimated from the bottom figures in Fig. 2.5. 

This value was identical for all the examined specimens in Hanks solution. In the case of saline, 

the Egs were determined to be 3.3 eV and 2.7 eV. The band gap values in Hanks were slightly 

larger than those in the saline. 
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2.3.3 X-ray photoelectron spectroscopy 

Titanium and oxygen were detected in all the specimens. 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 spectra obtained from 

passivated Ti at 0 V are organized in Fig. 2.7. In the following, the characteristics of each 

spectrum is briefly described and the effect of polarization on the chemical structure of surface 

film is also discussed by comparing bare Ti where a native oxide is present and the passivated 

specimens where a passive film is formed. Figure 2.7 (a) shows the deconvolution of the Ti 2p 

spectrum. As indicated, the Ti 2p spectrum consists of four doublets corresponding to the 

metallic state of Ti0 and the oxidized states of Ti2+, Ti3+, and Ti4+. The binding energy of each 

valence state of titanium was determined from the data previously reported 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 obtained from the titanium surfaces before and after polarization, which 

was calculated from the integrated peak intensity of each component, was almost constant in 

the range from 0.78 to 0.82 in Hanks and saline solutions. As presented in Fig. 2.7 (b), the O 1s 

spectrum is composed of three peaks originating from oxide (O2–), hydroxyl groups or 

hydroxide (OH–), and adsorbed water or hydrate (H2O) 25. Noted that a peak from the 

phosphate oxygen overlaps with the OH− peak, but the proportion of the former was small. 

Figure 2.8 summarizes the [OH−]/[O2−] ratios on titanium surfaces after polarization at 

different Efs in Hanks and saline solutions. The ratio before the polarization is also included as 

comparison. The ratios increased after polarization in both solutions. Although the ratios 

obtained at −0.2 V were same for both solutions, the ratio for Hanks solution significantly 

decreased with increasing the Ef, whereas that for saline solution was almost constant 

independent of the Ef, indicating that the ratio for saline solution was significantly larger than 
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that for Hanks at 0 V. The peak at the binding energy of 347.6 – 347.7 eV was found in the Ca 

2p3/2 spectrum (Fig. 2.7 (c)), indicating that calcium existed as Ca2+ in the passive film formed 

in Hanks 26. Whereas the peak at 133.9 – 134.2 eV in the P 2p spectrum revealed that 

phosphorus was also present as phosphate (Fig. 2.7 (d)) in the passive film formed in Hanks 22, 

27. The adsorption process of Ca and P on the passive film formed in Hanks' solution was 

reported by Hanawa 28. Ca ions in Hanks' solution modify the Ti surface and cause the 

adsorption of phosphate ions. Ca and P ions adsorbed on the surface can be incorporated into 

the passive film. At the same time, Ca ions can react with P ions in the near-surface solution 

to precipitate calcium phosphate on the surface. Therefore, it can be concluded that the 

calcium and phosphorus are in the passive film as Ca and P ions and sometimes form calcium 

phosphate on the passive film. The effects of Ca and P on the Ti passive film are discussed later. 

 

 

 

Figure 2.7 (a) Ti 2p, (b) O 1s, (c) Ca 2p, and (d) P 2p spectra obtained from Ti after polarization at 0 

V in Hanks solution for 1 h. 
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Figure 2.8 [OH−]/[O2−] ratios calculated form O 1s spectra of Ti before and after polarization at each 

film formation potential, Ef (Mean±SD, n = 3). 

 

 

The relative concentrations of Ti, O, Ca, and P in the passive film formed at the Egs were 

calculated by assuming that the total amount of these elements was 100 at.%, as presented in 

Table 2.1. It is evident that after polarization in Hanks solution, as described above, calcium 

and phosphate ions were incorporated into the passive film, but their amounts did not 

significantly change with increasing the Ef. The ratios of calcium concentration to phosphorus 

concentration, [Ca]/[P] slightly increased with the Ef, although there is no significant 

difference. The thickness of the passive films increased slightly after polarization, and the 

thickness in Hanks solution was comparable to or smaller than that in saline solution, despite 

the incorporation of calcium and phosphate ions or the formation of calcium phosphate. 
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Table 2.1 Relative concentrations of elements, [Ca]/[P] ratios, and thickness of the passive films 

formed on Ti (Mean±SD, n = 3). 

Electrolyte 

Film formation 

potential, Ef / V 

Relative concentration (at.%) 

[Ca]/[P] 

Thickness,  

d / nm Ti 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 

 

 

The valence-band energy-region spectrum obtained from the passivated Ti at 0 V (the 

valence-band XPS spectrum) is presented in Fig. 2.9. The spectrum appears due to the 

superimposition of those derived from the passive film and the Ti substrate. It is reported that 

in anatase, the valence-band spectrum consists of two peaks at ~ 6 and ~ 8 eV, which 

correspond mainly to π (non-bonding) and σ (bonding) of O 2p orbitals, respectively 29. In 

addition, the 3σ orbital of OH− appears at a binding energy of ~ 10.8 eV 30. The water molecule 

and 3σ orbital of the dissociated water lie at approximately 13 and 11 eV, respectively 31. The 

highest energy of the valence-band, Ev, for the passive film against Fermi energy, EF, was 

determined by linearly extrapolating the fermi-level-side slope of the valence-band spectrum to 

the baseline 32. The Evs were estimated as 2.8 – 2.9 eV in Hanks and 2.8 – 3.0 eV in saline, 

whereas that for the polished Ti without polarization was 2.8 eV. 
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Figure 2.9 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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2.4 Discussion 

XPS results revealed that the passive films on Ti consisted mainly of very thin TiO2 

containing small amounts of Ti2O3 and TiO, along with hydroxyl groups and water (Fig. 2.7). 

These results are in accordance with those of previous studies 4-7. The passive films on Ti is 

considered to be non-stoichiometric TiO2 containing Ti2O3 and TiO that are 

electro-conductive materials. However, the effect of Ti2O3 and TiO on the resultant Egs is 

unclear in this study. On the other hand, the composition is probably graded; more Ti4+ and 

OH− exist near the surface of the film 6, and a large number of hydroxyl groups were detected 

using XPS. Therefore, similar to the passive film formed on Fe-Cr alloys, the passive films on 

Ti are assumed to consist of two layers 33: inner oxide and outer hydroxide. After polarization, 

the [OH−]/[O2−] ratios increased in the passive films formed in both Hanks and saline solutions 

(Figure 2.8). The ratio in Hanks solution significantly decreased with Ef, probably caused by 

the formation of calcium phosphate. As a result, the relative concentration of O at 0 V in Hanks 

solution was significantly smaller than those under other conditions (Table 2.1) 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 stainless steel were 2.9, 2.7, and 1.93, 

respectively, even before polarization 34-36. Therefore, the [OH−]/[O2−] ratio in the passive 

films on Ti was much smaller than those on the Co-Cr alloys and 316L stainless steel. Although 

the thickness of the passive films on Ti is much larger than those on Co-Cr alloys and 316L 

stainless steel, the relative thickness of the hydroxide layer to the entire thickness of the passive 

films and the relative amount of hydroxyl groups are found to be smaller. The thickness of the 

passive film was increased by 0.4 – 1.0 nm by polarization (Table 2.1). As the concentrations 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 can be the incorporation of calcium and phosphate ions or the formation 

of calcium phosphate in Hanks. 
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The Egs of the inner layer in the passive films formed in Hanks were comparable or 

slightly larger than that in saline, independent of the Ef and Em (Figs. 2.5 and 2.6). Interestingly, 

the Egs of the outer layer were identical in each solution: for all the Ef and Em, 2.9 eV in Hanks 

and 2.7 eV in saline, that is, the Eg of the hydroxide layers formed in Hanks was also larger than 

that in saline. It has been reported that the Eg of hydroxyapatite was determined experimentally 

as > 6 eV and theoretically as 4.95 eV 36, whereas other studies reported 5.4 eV 38 and 4.51 eV 

39. In addition to hydroxyapatite, the Egs of α-tricalcium phosphate (TCP) and that of β-TCP are 

reported as 4.89 and 5.25 eV, respectively 39. These values are much larger than those of TiO2. 

Therefore, it is found that the formation of calcium phosphate in Hanks probably increases Eg 

of the inner and outer layers. 

As mentioned above, the Eg of the outer layer is much smaller than that of the inner layer 

in the passive films. The passive films on Ti behaved as an n-type semiconductor. However, the 

photocurrents in the lower photon energy region obtained for the passive films formed in both 

solutions showed negative values when the photocurrent spectrum measured at the Em of −0.2 

V (Figs. 2.5 and 2.6). The author assumes that the outer layer, the Eg of which is smaller 

compared to that of the inner layer, is an n-type semiconductor, and that the outer layer 

generates space charge layers at both the film / electrolyte interface and the outer layer / inner 

layer interface. The change in the direction of the photocurrents from positive to negative 

shown in Figs. 2.5 and 2.6 can be attributed to opposite slopes of the two space charge layers. 

This has been reported in the passive films on 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 discussion is required for comprehension of this 

observation. 

The Eg of the passive film on Ti formed in H2SO4 is reported as 3.25 ± 0.05 eV 12, 

whereas that of the film formed in artificial seawater is 3.4 – 3.7 eV and that in borate buffer 

solution is 3.1 eV. Meanwhile, the Eg values of the passive films formed in Hanks and saline in 
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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 by polarization 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 electronic band structures of the passive films 

formed on Ti in Hanks and saline solutions are proposed in Fig. 2.10. The band structure of the 

outer hydroxide layer was based on the previous studies of Fujimoto et al. 16-18. Considering the 

results that the Egs of the inner oxide layer formed in Hanks and saline solutions were 3.3 – 3.4 

eV and 3.3 eV, respectively, and that the energy differences between the Fermi level of the Ti 

substrate and the highest energy of the valence-band of the inner oxide layers, Ev, were 2.8 – 

2.9 eV in Hanks and 2.8 – 3.0 eV in saline. Therefore, the lowest energy of the conduction band, 

Ec, against EF in Hanks was higher than that in saline. 

Zirconium (Zr) forms a highly stable and protective passive film, and the reactivity of Zr 

is much lower than that of Ti 40. The passive film on Zr consists mainly of ZrO2 with hydroxyl 

groups. In the case of the passive film on Zr, the Eg is 3.01 – 3.47 eV in the outer hydroxide 

layer and 4.44 – 4.91 eV in the inner oxide layer 41. The Egs of Zr oxide are estimated as 4.27 – 

4.93 eV by theory and 5.78 – 6.1 eV by experiment that vary according to the crystal systems 42. 

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. A very thin 

and non-stoichiometric composition probably reduces the Eg. Therefore, differences in the 

composition, structure, and chemical state of passive films influence Eg, and their thinness and 

non-stoichiometric composition decrease Eg. The decrease in the Eg of a material activates its 

reactivity. The excellent biocompatibility of Ti among the metals may be induced by the low Eg 

of the outermost surface layer in the passive film. Calcium phosphate is regularly formed on Ti, 
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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), and anatase (Eg = 3.2). Therefore, 

the Ti surface is more reactive with the surrounding environment than the TiO2 ceramic surface. 

This reactivity is probably one factor contributing to the excellent biocompatibility of Ti. 

 

 

 

Figure 2.10 Electronic band structures of passive films formed on Ti in Hanks and saline.  
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2.5 Conclusion 

Passive films formed on mainly 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 influenced the band structure. The passive films on Ti behaved 

as an n-type semiconductor consisting of 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, Egs were 

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. 
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Chapter 3  

Electronic structures of passive film formed on Ti 

and Cr in a phosphate buffer solution of pH 7 

 

3.1 Introduction 

Ti-based and Cr-containing alloys are widely used in various fields that require high 

corrosion resistance 1-8. These materials commonly form passive films on their surfaces, 

providing excellent corrosion resistance. The surfaces of Ti-based alloys, such as Ti-6Al-4V 

and Ti-Ni, are mainly covered with a Ti dioxide 3-5. Meanwhile, passive films on 

Cr-containing alloys such as, Fe-Cr, Ni-Cr, and Co-Cr-Mo alloys consist of oxides and 

hydroxides, including large amounts of Cr 6-11. 

Passive films on Ti 12 and Cr 13 are known to exhibit semiconductive behavior. Ti 

oxides are widely used as functional materials in light-energy conversion devices, such as 

solar cells, and their semiconductive behavior has been investigated in various studies, 

including the pioneering work of Bard 14, 15. Passive films on Ti have been reported to 

generate a positive photocurrent, which is a characteristic of n-type semiconductors, regardless 

of the film-formation environment 16, 17. Mott-Schottky plots measured for the passive films 

showed a clear positive slope, also indicating n-type semiconductive behavior 18, 19. Kwon et 

al. compared the photoelectrochemical behavior of the passive film formed on Ti in a pH8.5 

buffer solution with that of the thermally grown oxide layer on Ti at 673 K. They reported 

that the optical band gap energy of 3.36 eV was obtained for the passive film, which was 

relatively larger than that for the thermal oxide layer (3.1 eV). The larger band gap energy 

was attributed to the less crystallinity or more disordered structure of the passive film 

compared to that of the thermal oxide layer 20. Semiconductive behavior of passive and 

anodic films has been studied not only for Ti but also for Ti alloys. Santamaria et al. 
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measured and analyzed photocurrent spectra for anodic films formed on Ti-Zr alloys with 

different Zr content ranging from 10 at. % to 100 at. % (pure Zr) and found that the optical 

band gap energy increased with increasing Zr content. They discussed that the correlation 

between the band gap of the oxides and the electronegativity difference of their constituents 

21. Piazza also examined anodic films formed on cast Ti-Mo alloys with different Mo contents 

(6 – 20 wt.%). They reported for thick anodic films grown at higher potentials on Ti-Mo 

alloys with higher Mo contents that the direction of photocurrent changed depending on the 

applied potential where the photocurrent measurements were carried out, that is, positive 

photocurrents were generated at the higher applied potential whereas negative ones were 

found at the lower potential 22. 

The semiconductor properties of passive films on Cr-containing alloys have also been 

extensively studied. Tsuchiya et al. revealed using the photoelectrochemical response that the 

passive films on stainless steel consisted of a p-n junction or an n-n junction depending on the 

pH of the solution 13, 23. Kim et al. reported that the photocurrent generated on passive films of 

Ni-Cr alloys depended on the Cr content inside the films 11. In electrochemical impedance 

spectroscopy, which is commonly used to determine the type of semiconductor, the 

Mott–Schottky plots did not necessarily show a straight line due to the duplex structure of 

passive films on the Cr-containing alloy 23, 24. Santamaria et al. considered passive films 

formed on type 304L, 316L and duplex stainless steels in various solutions with different pHs. 

They described that passive films grown on 316L and duplex stainless steels in a neutral 

aqueous solution were doped with Mo during the growth of passive films, resulting in the 

changes in their electronic properties such as band gap energy and flat band potential from 

those of passive films on 304L stainless steel 25. Furthermore, they examined passive films on 

the stainless steels and pure Cr in acidic and alkaline solutions and described that the passive 

films on the stainless steels behaved as n-type semiconductors while passive films on pure Cr 

behaved as p-type semiconductors. In addition, band gap energies of passive films on the 304L 
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and 316L stainless steels and pure Cr were reported to vary depending on the pH of the 

solutions whereas band gap energy of those on the duplex stainless steel was independent of the 

pH 26. As described above, the semiconductive properties of passive films on Fe-Cr and Ni-Cr 

alloys vary depending not only on the alloy composition, but also on environmental factors 

such as pH. Therefore, largely different conclusions have been drawn depending on the 

measurements used for the analysis. Therefore, the semiconductive properties of passive films 

are not consistently understood yet. It is well known that Cr is enriched in passive films on 

highly corrosion-resistant Cr-containing alloys, such as Fe-Cr and Ni-Cr alloys (i.e., these 

alloys exhibit the excellent corrosion resistance when their surfaces are covered with a thin 

layer mainly consisting of Cr oxide). The properties of the passive films on Cr should be 

revealed to understand the role of Cr oxide with respect to the high corrosion resistance of 

Cr-containing alloys.  

In this work, the author examined the semiconductive behavior of passive films on Cr 

formed in a phosphate buffer solution (PBS) using photoelectrochemical response and 

electrochemical impedance spectroscopy. In addition, valence-band X-ray photoelectron 

spectroscopy (XPS) was also used to obtain further details on the electronic structures of the 

passive films on Cr. The electronic structures of the passive films on Cr were compared with 

those of the passive films on Ti, the structures of which are relatively clear. 

 

3.2 Experimental 

Materials examined were CP Ti (purity: 99.9 %) and commercially available pure Cr 

(purity: 99.95 %) sheets with a thickness of 2 mm were examined. Several coupons of both 

metals were cut from each sheet to the dimensions of 10  10 mm2. For electrical conduction, 

a wire was welded to the coupons and then, each coupon was embedded in epoxy resin to 

prepare the specimens. The surfaces of the specimens were mechanically polished with SiC 

abrasive paper up to #2000, followed by mirror-finishing with a submicron diamond paste. 



Chapter 3 

   

 

54 

After polishing, the specimens were sequentially cleaned with acetone, ethanol, and distilled 

water. The surface was covered with polytetrafluoroethylene (PTFE) adhesive tape, leaving 

an exposed area of 28.3 mm2 to the solution. A conventional three-electrode configuration 

cell equipped with a Ag/AgCl reference electrode and a platinum counter was used for all 

electrochemical measurements. A PBS of pH 7 was deaerated with N2 gas for at least 2 h in 

an electrochemical cell prior to the electrochemical measurements. 

For the photoelectrochemical response, the Ti and Cr specimens were passivated for 2 

and 24 h at the desired film formation potentials (Ef), respectively, before commencing the 

measurements. Monochromatic light obtained using a 150-W xenon arc lamp and a grating 

monochromator was irradiated onto the passivated specimen surfaces in the electrochemical 

cell through a quartz window. The current change during light irradiation of 20 s was 

recorded as the photocurrent, and the measurement was performed at Ef by changing the 

wavelength of the incident light from 250 nm to 500 nm. The applied potential was then 

changed stepwise at an interval of 0.1 V in the less noble (less positive) direction and the 

measurement of the photocurrent spectrum was repeated at each measuring potential (Em). 

The author carefully shielded the electrochemical cell to avoid noise and also used a low-pass 

filter with a cut-off frequency of 4 Hz to measure extremely small photocurrents generated 

from passive films. 

In the electrochemical impedance measurement, the capacitance of the passive film 

formed on Cr and Ti was obtained from the impedance measured at 1 Hz, where the Bode 

plot represents the capacitive region. The measurement was performed at each Em, which was 

the same as for the photoelectrochemical response.  

XPS was used to characterize the chemical structures of the passive films on Ti and Cr. 

The surfaces of the Ti and Cr specimens were passivated under the same conditions as those 

used for the photoelectrochemical response, rinsed with ultrapure water, and dried in air. 

After drying, the specimens were placed in the chamber of an XPS apparatus (JPS-9010MC; 
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JEOL, Japan). All XPS spectra were obtained using the Mg Kα line (1253.6 eV). After the 

measurements the electron energy of the C 1s peak (285.0 eV) derived from the surface 

contamination hydrocarbon was used to calibrate the binding energy. The background of the 

obtained XPS spectra was subtracted, as required, using the Shirley's method 27. The structure 

of the passive film was qualitatively evaluated based on the deconvoluted photoelectron 

spectra of Ti 2p 3/2, Cr 2p 3/2, O 1s and C 1s. 

 

3.3 Results 

Figure 3.1 shows polarization curves of Cr and Ti in the PBS of pH 7. Cr shows a 

passive region from −0.6 VAg/AgCl to 0.6 VAg/AgCl in the solution whereas Ti exhibits a passive 

region in the wide potential range from −0.5 VAg/AgCl. In the present work, the author 

determined several potentials for the film formation potential to examine the semiconductive 

behavior of passive films on Cr and Ti at the potentials. Figure 3.2 (a) presents the 

photocurrent spectra of the passive films formed on Cr at 0.4 VAg/AgCl in the PBS of pH 7. 

Photocurrent measurements were performed at various measuring potentials (Em). The 

spectra in the red solid square of Fig. 3.2 (a) are enlarged and re-plotted in Fig. 3.2 (b). From 

Figs. 3.2 (a) and (b), it is obvious that the photocurrent depends not only on the wavelength 

of the incident light but also on Em. In addition, positive and negative photocurrents are found 

depending on the wavelength in one single photocurrent spectrum, which is obtained at the 

Em of 0.3 VAg/AgCl as apparent from Fig. 3.2 (b). Note that the photocurrent spectra must be 

normalized for further analysis because the light intensity is not constant for each wavelength. 

Assuming that photoexcitation occurs as an indirect transition, the photocurrent spectra are 

expressed as photoelectrochemical action spectra using Eq. (2.1), as in Chapter 2. 

Figure 3.2 (c) shows the photoelectrochemical action spectra obtained from the passive 

films on Cr. All spectra deviate from a single linear trend, and instead exhibit two regions 

with different slopes. This indicates that the photocurrents reflect a duplex structure of 
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passive films (i.e., an uppermost hydroxide layer and an underlying oxide layer), as reported 

previously by Fujimoto et al. 13, 28, that is, the photocurrents generated individually from the 

hydroxide layer as well as the oxide layer. Therefore, the two bandgap energies, Egs, can be 

estimated from Figs. 3.2 (c) and (d). This approach is similar to the duplex-structure analysis 

in previous studies on passive films of Fe-Cr alloys, Ni-Cr alloys and pure Cr 11, 13, 23, 28, 29. 

The Egs of the passive film on Cr were estimated at approximately 2.5 and 3.6 eV. Referring 

to Eg reported for Cr oxide and hydroxide,13, 25 it is found that Egs of 2.5 and 3.6 eV obtained 

from the photoelectrochemical response were attributed to the outer Cr(OH)3 and inner Cr2O3 

layers, respectively.  

 

 

 

Figure 3.1 Potentiodynamic polarization curves of Cr and Ti in a phosphate buffer solution with a 

sweep rate of 1 mV/s. 
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Figure 3.2 (a) Example of photocurrent spectrum for the passive film of Cr formed at 0.4 V and (c) 

the photoelectrochemical action spectra obtained from the photocurrent spectra shown in (a). Figures 

(b) and (d) are enlarged figures of the red solid square regions in (a) and (c), respectively. 
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The results obtained for the passive film formed on Ti at 0 VAg/AgCl in the PBS of pH 7 

are displayed in Fig. 3.3 in the same manner as Cr. Similar to Cr, the photoelectrochemical 

action spectra of the passive film also exhibited two distinct regions with different slopes. As 

shown in Figs. 3.3 (c) and (d), the Egs of the passive film on Ti were estimated to be 

approximately 2.4 – 2.5 eV and 3.2 eV. The Eg of 3.2 eV coincides with the value reported for 

anatase 21. The other Eg of 2.4 – 2.5 eV, which is narrower than that of Ti dioxide, may be 

attributed to Ti hydroxide. Nogueira et al. reported that the Eg of Ti(OH)4 is 0.7 eV narrower 

than that of TiO2 
32. Therefore, the smaller Eg obtained for the passive film is considered to be 

related to the adsorption of hydroxyl groups or the formation of Ti hydroxides such as 

Ti(OH)4. This indicates that the passive film on Ti also consists of inner oxide and outer 

hydroxide layers. 
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Figure 3.3 (a) Example of photocurrent spectrum for the passive film of Ti formed at 0 V and (c) the 

photoelectrochemical action spectra obtained from the photocurrent spectra shown in (a). Figures (b) 

and (d) are enlarged figures of the red solid square regions in (a) and (c), respectively. 
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Figure 3.4 shows the variation in the slope of the photoelectrochemical action spectra, S, 

of the passive films on Cr and Ti formed at various Efs in the PBS. From the results obtained 

for Cr shown in Fig. 3.4 (a), it is found that the S values obtained for the inner Cr2O3 layers 

are negative, and the absolute values of S increase with decreasing Em. This is typical p-type 

semiconductive behavior, indicating that the inner oxide layer behaves as a p-type 

semiconductor with an Eg of 3.6 eV. On the other hand, the S values for the outer Cr(OH)3 

layers are relatively small compared to those of the oxide layer. However, it is clear that most 

of the S values for the hydroxide layers (Eg = 2.5 eV) are negative and the absolute values 

increase as Em decreases. This indicates p-type semiconductive behavior, which will be 

discussed later.  

For the passive film formed on Ti, the photocurrent response of the component with the 

Eg of 3.2 eV, which is attributed to the inner oxide layer, exhibits a positive S value at most 

potentials, which increases with increasing Em, as shown in Fig. 3.4 (b). This is a typical 

n-type semiconductive behavior. In contrast, the photocurrents generated on the hydroxide 

layer (Eg = 2.5 eV) are significantly smaller than those derived from the oxide layer. The S 

value for the hydroxide layer is negative at lower Ems, but increases with increasing Em and 

then changes to positive at –0.05 VAg/AgCl. It is difficult to determine the type of 

semiconductor for the hydroxide layer based only on the potential dependence of S value. 
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Figure 3.4 Variations in the slope of the action spectrum, Sk, of the passive film for (a) Cr and (b) Ti 

formed at different potentials in phosphate buffer solutions. 
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Figure 3.5 (a) shows the Mott-Schottky plots obtained for the passivated Cr surfaces at 

various Efs. As shown in Fig. 3.5 (a), two straight lines with negative and positive slopes 

were obtained at potentials higher than about 0 VAg/AgCl and at potentials lower than 0 VAg/AgCl, 

respectively. This implies that two or more space-charge layers are present in the passive 

films on Cr, assuming that the capacitance of the Helmholtz layer is greater than those of 

space-charge layers in the passive films. For Cr, Mott–Schottky plots exhibit behaviors 

different from those in the photoelectrochemical response, which is discussed later. As shown 

in Fig. 3.5 (b), by contrast, the straight lines with positive slopes in the Mott-Schottky plots 

of the passivated Ti indicate that the passive films on Ti formed in the PBS behave as n-type 

semiconductors. 

 

 

 

 

Figure 3.5 Mott-Schottky plots for passive films formed on (a) Cr and (b) Ti at various potentials in 

phosphate buffer solution. 
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Figure 3.6 shows the XPS spectra obtained for the passive film formed on Cr at 0.4 

VAg/AgCl in the PBS. The XPS spectra were deconvoluted into some chemical states, 

according to the procedure reported in previous studies 33, 34. In the Cr 2p spectrum, the peaks 

from hydroxide and oxide of Cr3+ are identified in addition to the peak derived from metallic 

Cr, while the O 1s spectrum consists of peaks from OH−, O2−, and H2O. Therefore, the 

passive film formed on Cr is concluded to be composed of Cr(OH)3, Cr2O3, and bonding 

water. The XPS spectra obtained for the passive film formed on Ti at 0 VAg/AgCl in the PBS 

are presented in Fig. 3.7. The Ti 2p spectrum consists of four doublets corresponding to the 

metallic state of Ti0 and the oxidized states of Ti2+, Ti3+ and Ti4+ whereas the O 1s spectrum 

consists of three peaks derived from OH−, O2− and H2O, similar to Cr. The passive film 

formed on Ti is composed mainly of TiO2 and a covering layer containing some hydroxyl 

groups and water, because the area ratio of the Ti4+ peak is relatively large compared to those 

of the other oxidized states. The structures of the passive films on Cr and Ti agree well with 

those discussed for the photoelectrochemical response. 
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Figure 3.6 (a) Cr 2p, (b) O 1s, and (c) C 1s electron energy region spectra obtained from Cr after 

polarization at 0.4 VAg/AgCl in phosphate buffer solution for 24 h. 

 

 

 

 

Figure 3.7 (a) Ti 2p, (b) O 1s, and (c) C 1s electron energy region spectra obtained from Ti after 

polarization at 0 VAg/AgCl in phosphate buffer solution for 2 h. 
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Understanding the valence-band position in a passive film provides valuable insights 

into its electronic band structure. Therefore, the XPS spectra near the valence-band region, 

that is, the valence-band XPS spectra for Cr and Ti, were also acquired, as shown in Figs. 3.8 

(a) and (b), respectively. In the figures, 0 eV of the binding energy was calibrated using the 

Fermi energy, EF, of gold (Au). These valence-band XPS spectra might be composed of the 

spectra attributed to the passive film and that of substrate metal. The author recently 

evaluated the valence-band positions of passive films on Ti in Hanks’ and saline solutions 35. 

As in the present study, a similar valence-band spectrum was obtained for passivated Ti in the 

PBS of pH 7, thus the author similarly analyzed the spectrum displayed in Fig. 3.8 (b). A 

large peak is observed in the binding energy range from 3 eV to 10 eV, whereas the other 

broad but low-intensity peak arises from 0 eV and then overlaps with the large peak in the 

binding energy region larger than 3 eV. This large peak may have originated from the passive 

film on Ti. As shown in Fig. 3.8 (b), the energy difference between the Fermi level of 

substrate metal and the highest energy of the valence-band in the passive film, Ev, was 

determined by linearly extrapolating the Fermi-level-side slope of the spectrum to the 

baseline 36, which was calculated to be 2.7 eV. As the peak of metallic Ti corresponding to the 

Ti 3d orbital is reported to be at 0 – 2 eV 37, the broad but small peak at 0 eV can be attributed 

to the Fermi energy of the Ti substrate. 

 

 

Figure 3.8 XPS spectra of the valence-band region: (a) Cr after polarization at 0.4 VAg/AgCl in PBS for 

24 h and (b) Ti after polarization at 0 VAg/AgCl in PBS for 2 h. 
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As shown in Fig. 3.8 (a), on the other hand, two large peaks are observed around 0 – 12 

eV in the valence-band XPS spectrum of the passivated Cr at 0.4 VAg/AgCl in the PBS. 

According to literature, the photo-electron peaks of metallic Cr corresponding to Cr 3d orbital 

and the peak of Cr oxide corresponding to the O 2p orbital are located at 0 – 3 eV and 4 – 8 

eV, respectively 38. Therefore, the peaks in the 0 – 12 eV region can be interpreted to be 

derived from the passive film and Cr substrate. Because the peak of metallic Cr is 

considerably high, the spectra of the Cr metal and the passive film on Cr cannot be separated 

by simple linear extrapolation. Therefore, in the present study, the passive film was 

successively removed by Ar ion sputtering, and the valence-band XPS spectra were then 

acquired. Core-level photoelectron spectra were also acquired to confirm how the passive 

film was sputtered. Figure 3.9 (a) and (b) show the Cr 2p and O 1s spectra of the passive film 

formed on Cr in the PBS of pH 7 at 0.4 VAg/AgCl before Ar ion sputtering. After sputtering for 

200 s, the Cr 2p spectrum in Fig. 3.9 (c) still consists of three peaks derived from Cr3+ oxide, 

Cr3+ hydroxide, and metallic Cr, although the intensities of oxide and hydroxide drastically 

decrease. After sputtering for 7200 s, the peak of Cr3+ hydroxide completely disappears, but 

the peak of Cr3+ oxide remains. In the O1s spectrum in Fig. 3.9 (d), the peak derived from 

H2O completely disappears, and the peak from hydroxide remains to a slight extent after 

sputtering for 200 s. Even after sputtering for 7200 s, the oxygen-related peaks, that is, 

Cr3+(ox) and O2−, are still evident, as shown in Figs. 3.9 (e) and (f). This is due to the 

re-oxidation of Cr surface after the sputtering because the sputtering was conducted in the 

pre-chamber of the XPS apparatus where the vacuum level is a bit lower compared to the 

main chamber where XPS measurements are performed. Figure 3.10 shows the 

sputtering-induced changes in the valence-band spectrum of the passivated Cr in the PBS of 

pH 7. Note that deconvoluted spectra are also displayed in the figures. Through Ar-ion 

sputtering, distinct changes are observed in the binding energy range of 3 – 12 eV. 

Considering the changes in the core-level spectra induced by sputtering, shown in Fig. 3.9, a 
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decrease in the peak intensity between 6 and 10 eV in the spectrum after 200 s of sputtering 

can be attributed to the removal of the hydroxide species. Further sputtering for 7200 s 

reduces the peak intensity in the binding energy range of approximately 5 eV, owing to the 

partial removal of the oxide species. These results suggest that the peaks observed within the 

binding energy range of 3 – 12 eV in the spectrum originate from the hydroxide and oxide of 

Cr. On the other hand, the peak observed around the binding energy of 2 eV can be derived 

from the Cr substrate, and the binding energy where the peak appears remains unchanged 

throughout the sputtering process. The Evs for the oxide and hydroxide on Cr can be obtained 

by extrapolating line of the deconvolved peaks in the same manner as for Ti, as shown in Fig. 

3.8 (b). The Fermi level of the Cr substrate was assumed to be locate at the energy at which 

the intensity of the metallic Cr peak increased. As discussed above, the area ratio of the peaks 

related to the oxide and hydroxide of Cr decreases after sputtering for 200 s. Further 

sputtering for 7200 s completely removed the hydroxide, and thereby, Ev for the oxide was 

easily estimated as 0.3 eV. This is in accordance with those estimated from the original 

spectrum and the spectrum sputtered for 200 s based on the deconvoluted spectra. The Ev for 

the hydroxide was also estimated as 0.4 eV from the spectra. 
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Figure 3.9 (a) and (b) represent the spectrum of Cr 2p and O 1s without sputtering. (c) Cr 2p and (d) 

O 1s electron energy region spectra obtained after 200 s of Ar sputtering, and (e) Cr 2p and (f) O 1s 

electron energy region spectra were obtained after 7200 s of Ar sputtering. 
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Figure 3.10 Deconvoluted valence-band spectra of passivated Cr at 0.4 VAg/AgCl for 24 h. 
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3.4 Discussion 

3.4.1 Electronic structure of passive films on Ti in the PBS of pH 7 

In the case of Ti, typical n-type semiconductive behavior is observed in the 

Mott–Schottky plot, as well as in the potential dependence of the S value obtained from the 

photoelectrochemical action spectra for the oxide layer with a large Eg of 3.2 eV. In addition, 

the resutls obtained from valence-band XPS of the passivated Ti indicate that the passive film 

can be an n-type semiconductor as the highest energy of the valence-band of the passive film is 

estimated to be located 2.5 eV lower than the Fermi energy of the metallic substrate. 

In the present work, the photoelectrochemical response was carried out for the passive films 

formed at various, Efs, ranging from −0.2 VAg/AgCl to 0.6 VAg/AgCl. As presented in Fig. 3.4 (b), 

the photoelectrochemical response for the component with larger Eg of 3.2 eV, that is, the oxide 

layer in the passive films, is independent of Efs. This implies that except for the thickness of the 

passive films, which is well known to linearly increase with the Ef 
39, the other properties of the 

passive films as well as the width of the space charge layer in the passive films are similar 

independent of the Efs. The author of the present work deduces that in the potential range in 

which the photoelectrochemical response of the passive films on Ti is measured, the thickness 

of the passive films increases with increasing the Efs; however, the width of the space-charge 

layer, which is one of the dominant factors for the generation of photocurrent, is independent of 

Efs. Therefore, the S value for the inner oxide layer with the Eg of 3.2 eV is independent of the 

film-formation potential as well. 

In contrast, for the hydroxide layer with the Eg of 2.5 eV, positive and negative 

photocurrents were generated in the photocurrent spectrum; therefore, it is difficult to 

determine whether the hydroxide layer is an n-type or a p-type semiconductor. Furthermore, 

the amplitude of the photocurrent depends on the film-formation potential. The author 

previously examined passive films formed on Fe-Cr alloys in an acidic solution and found that 

the photocurrents generated in the outer hydroxide layer of the passive films changed direction 
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from negative to positive with increasing the Em 
13, similar to those observed for the hydroxide 

layers in the passive films on Ti. In the duplex structure of the passive films, the outer 

hydroxide layer could build space-charge layers at both interfaces: the outer hydroxide 

layer/inner oxide layer and the outer hydroxide layer/aqueous solution. The author suggested 

that the outer hydroxide layer in the passive films on Ti is an n-type semiconductor, and at 

lower Ems, the space-charge layer at the interface between the outer hydroxide layer and inner 

oxide layer is dominant, whereas at higher Ems, the space-charge layer at the interface between 

the outer hydroxide layer and solution is dominant (see Fig. 3.11 (b)), resulting in negative 

photocurrent and positive photocurrents, respectively. As discussed above, the present results 

for the photoelectrochemical response can be explained, even if the outer hydroxide layer is an 

n-type semiconductor. Furthermore the Mott–Shockky plots of the passivated Ti reflect the 

n-type semiconductive behavior of the passive films. The valence-band XPS results also 

indicate that the outer hydroxide layer can be considered as an n-type semiconductor. 

Therefore, the author determined that the outer hydroxide layer in the passive films formed on 

Ti in the PBS of pH 7 behaves as an n-type semiconductor, similar to the passive films formed 

on Fe-Cr alloys in an acidic solution 13. Based on the above discussion, it can be concluded that 

the electronic structure of the passive films formed on Ti in the PBS of pH 7 consists of an 

n-type inner oxide layer with an Eg of 3.2 eV and an n-type outer hydroxide layer with an Eg of 

2.5 eV. 

 

3.4.2 Electronic structure of passive films on Cr in the PBS of pH 7 

In the case of Cr, the inner oxide layer exhibits typical p-type semiconductive behavior, 

whereas the outer hydroxide layer is assumed to be a p-type semiconductor because negative 

photocurrents are observed for most Ems. As explained above, the valence-band XPS indicates 

that the highest energy of the valence-band of the inner oxide layer and outer hydroxide layer 

are located 0.3 and 0.4 eV lower than the Fermi level of the substrate Cr, respectively, whereas 
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the Egs of the layers are estimated as 3.6 and 2.5 eV, respectively, in the photoelectrochemical 

response, demonstrating that both the layers are p-type semiconductors. In contrast, the 

Mott–Schottky plots of the passivated Cr exhibit negative slopes at noble potentials and 

positive slopes at less noble potentials than 0 VAg/AgCl. The differential capacitance of the 

hydroxide layer is found to be smaller than that of the oxide layer because the outer hydroxide 

layer is not as dense as the inner oxide layer. Therefore, the outer hydroxide layer is assumed to 

be responsible for the series capacitance of the passive film, where space-charge layers are 

formed at several interfaces in the film. Figure 3.11 (a) illustrates an electronic band structure 

model of the passive films formed on Cr based on the results obtained in the present study and 

the aforementioned assumptions. In the electronic band structure, negative photocurrents are 

generated in the inner oxide layer at most Ems, whereas the direction of the photocurrent in the 

outer hydroxide layer varies depending on the correlation of the space-charge layers built at the 

interface with the inner oxide layer, as well as at the interface with the solution, as discussed in 

the previous section. This can explain why a positive photocurrent is generated at a higher 

potential of 0.4 VAg/AgCl. With decreasing the measuring potential, the width of the 

space-charge layer at the interface between the outer hydroxide layer and solution increases, 

resulting in negative slopes in the Mott–Schottky plots, as presented in Fig. 3.5 (a). However, 

the Fermi level at the interface between the outer hydroxide layer and solution approaches the 

conduction band of the layer with a further decrease in the potential. In such a situation, the 

depletion layer turns into an inversion layer, where minority charge carriers (i.e., electrons in 

this case) accumulate. The differential capacitance of the inversion layer in the p-type 

hydroxide layer is considered to increase with decreasing potential, resulting in a positive slope 

in the Mott–Schottky plots. Thus, it can concluded that the electronic structure of the passive 

films formed on Cr in the PBS of pH7 consists of a p-type inner oxide layer with an Eg of 3.6 

eV and a p-type outer hydroxide layer with an Eg of 2.5 eV. 
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Figure 3.11 The schematic diagrams of electronic band structure according to the potential for 

passive film on (a) Cr and (b) Ti. 
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3.4.3 Electronic structure of passivated Ti and Cr 

Through the present work, the author evaluated several properties that characterize the 

semiconductive nature of passive films formed on Cr and Ti using photoelectrochemical 

response and valence-band XPS. Based on these results, the electronic structures of the 

passivated Cr and the passivated Ti are schematically illustrated in Figs. 3.12 (a) and (b), 

respectively. In the right part of each figure, the (partial) density of states for the passive films 

is presented, whereas in the left part, the counterpart for the underlying metal substrate is 

displayed. Note that although passive films possess a layered structure consisting of an inner 

oxide layer and an outer hydroxide layer as mentioned above, the oxide and hydroxide layers 

cannot be distinguished in the figures for simplicity. As mentioned above, the band structure of 

the passive film can be discussed in more detail by using the valence-band XPS with the 

photoelectrochemical response, which helps in further understanding of the passive film. 
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Figure 3.12 Occupation density of the valence and conduction bands for (a) Cr passive film and (b) 

Ti passive film. 
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3.5 Conclusions 

In the present work, passive films formed on Cr and Ti in a PBS of pH 7 were 

examined using photoelectrochemical response, electrochemical impedance spectroscopy and 

XPS. The photoelectrochemical action spectra of the passive films on both metals consist of 

two straight regions with different slopes, reflecting the duplex structure of the passive films. 

Considering the potential dependence of the slopes of the photoelectrochemical action spectra 

and the valence-band edges of the passive films, it is concluded that the passive film on Cr 

consists of a p-type outer hydroxide layer with an Eg of 2.5 eV and a p-type inner oxide layer 

with an Eg of 3.6 eV, whereas the passive film on Ti is composed of an n-type outer 

hydroxide layer with an Eg of 2.5 eV and an n-type inner oxide layer with an Eg of 3.2 eV. In 

the Mott–Schottky plots of the passivated Ti, only a positive slope is observed, which is 

attributed to the outer hydroxide layer. In contrast, positive and negative slopes are found for 

the passivated Cr at less noble potentials than 0 VAg/AgCl and at higher potentials than 0 

VAg/AgCl, respectively. At higher potentials, the space-charge layer built at the interface 

between the outer hydroxide layer and solution can be in the depleted state, wherein negative 

slopes are obtained for the p-type semiconductor, whereas at lower potentials, the 

space-charge layer can be in the inversed state because the Fermi level at the interface 

approaches the conduction band of the hydroxide layer, in which positive slopes are observed. 

Based on these results, a partial density of states for passivated metal surfaces was proposed 

and discussed. 
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Chapter 4  

Numerical simulation of photocurrent transients 

generated from passive films and anodic films on Ti 

 

4.1 Introduction 

Passive films formed on many metals and alloys have been reported to exhibit 

semiconductive behavior that is considered to be closely related to the corrosion resistance of 

the metallic substrates 1, 2. The photoelectrochemical response, in some case called as 

photocurrent measurements/photocurrent spectroscopy, is one of the most widely used 

techniques to investigate the semiconductive properties of passive films, based on the 

generation, annihilation and transport of photo-excited carriers within passive films. However, 

the analysis frequently performed on photocurrent spectra only reveals the band gap energy 

and flat-band potential of passive films and the type of semiconductor (n-type or p-type) on 

one hand 3-5, but further information on physical properties of passive films is required to 

discuss the protectiveness of passive films in corrosive environments on the other hand. 

Therefore, supplementary experiments such as electrochemical impedance spectroscopy have 

been utilized to reach more accurate understanding on the electronic structure of passive 

films.  

 Photocurrents generated from passive films and anodic films exhibit some transients 

during photoirradiation, that is, current changes with time. In particular, passive and anodic 

films on Fe-based alloys including pure Fe 6-9 and Ti alloys including pure Ti 10-12 have been 

extensively studied, revealing that the shape of the transients varies depending on the 

composition of passive and anodic films and electrode potential. Furthermore, photocurrent 

transients are reported to vary depending on the morphology of TiO2 for examples, flat, 

nanotubular, nanoporous or nanoflake layers 13-16.  
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Azumi et al. attributed the photocurrent transients generated from anodic oxide film on 

TiN coating layer to the accumulation of photo-excited carriers at the interface between the 

oxide film and the electrolyte 17. Peter suggested that the unpinning of the band edge should 

be considered to interpret the photocurrent transient and that the concentration of 

accumulated holes at the surface causes the unpinning of the band edge 18. Furthermore, 

surface states where charge carriers are recombined and/or are trapped, followed by reacting 

redox species, have also been reported to affect photocurrent transients 19, 20. Zhang et al. 

applied numerical simulations to discuss photocurrent transients generated from oxide films 

on 304L stainless steel 21. As properties of passive films are associated with photocurrent 

transient, the numerical analysis of photocurrent transients can provide various properties of 

passive films. To the best of our knowledge, there have been no studies in which various 

properties of passive and anodic films on Ti have been estimated based on numerical 

simulation of photocurrent transient.  

 In the present work, the author reports a numerical simulation of photocurrent 

transients generated from passive films and anodic films formed on pure Ti to obtain various 

semiconductive properties by considering the generation, recombination and transports of 

photo-excited carriers. The fitting of simulated photocurrent transients with experimentally 

obtained ones provided semiconductive properties such as electron mobility, donor density, 

recombination coefficient and interfacial reaction rate coefficient. 

 

4.2 Experimental 

4.2.1 Preparation of samples 

Specimens used in the present work were prepared from a sheet of CP Ti. A coupon of 

Ti was connected with a wire for electrical conduction and then embedded in an epoxy resin 

to prepare a specimen. The specimen surface was successively polished with SiC papers up to 

2000 grit and finally mirror finished with 0.25 µm diamond paste. Afterwards, ultrasonic 
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cleaning was performed in the order of acetone, ethanol, and distilled water. The area of the 

specimen surface exposed to a solution was 28.3 mm2 and the rest was covered with a 

polytetrafluoroethylene (PTFE) adhesive tape. The solution used in this work was a 

phosphate buffer solution (pH = 7) deaerated with high-purity N2 gas for at least 2 h prior to 

electrochemical measurements. For all electrochemical measurements, a conventional 

electrochemical cell equipped with an Ag/AgCl reference electrode, and a platinum counter 

electrode was used. The specimen was anodically polarized for 2 h at various film formation 

potentials (Ef): low potentials of −0.2, 0, and 0.2 VAg/AgCl and high potentials of 3, 5, and 7 

VAg/AgCl.  

 

4.2.2 Photoelectrochemical response 

Photocurrent transients were recorded for the passive films prepared according to the 

above-mentioned procedure. Monochromated light with a wavelength of 300 nm (4.13 eV) 

generated by a 150 W xenon arc lamp was irradiated to a passive film at the Ef, causing the 

change in current during the photoirradiation for 20 s, that is photocurrent transient. Note that 

the photocurrent measurements were performed after the dark current became very low down 

to a negligible level. Then the measuring potential (Em) was shifted stepwisely in the less 

noble direction with the internal of 0.1 V and a photocurrent transient was recorded again. 

This process was repeated as long as a photocurrent transient can be obtained. The 

measurements were performed using a low-pass filter with a cut off frequency of 4 Hz and a 

differential amplifier. 

 

4.3 Numerical simulation model 

Passive films on Ti are known to consist of an inner oxide layer and an outer hydroxide 

layer; however, the author recently revealed that the photoelectrochemical responses from the 

outer hydroxide layer were relatively small compared with those from the inner oxide layer 5. 
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Therefore, in the present work, the contribution from the outer hydroxide layer was not 

considered, that is, photocurrent transients were assumed to be generated in the inner oxide 

layer and were analyzed based on the schematic diagram shown in Fig. 4.1. In this model, the 

space charge layer in contact with the electrolyte exhibits upward bending. The outermost 

surface of the oxide layer (TiO2) was taken as the origin, and the x-axis was set in the 

direction toward the metal substrate. In addition, photo-excitation which contributes to 

generate charge carriers in the valence band as well as the conduction band was assumed to 

occur only in the space charge layer. Electrons that reach the outside of the space charge layer 

(x = W) are transported to the metal substrate whereas the transport of holes to the substrate is 

assumed to be ignored following two reasons: i) carrier transport by concentration gradient is 

less than transport by electric field, ii) the amount of holes transported to the metal substrate 

is significantly less than electrons, which are the majority carriers in an n-type semiconductor. 

In contrast, holes that reach the other edge (x = 0) react with some redox species in the 

electrolyte, but electrons at the surface are assumed not to react with any redox species due to 

the Schottky barrier. This interfacial reaction will be explained later. Based on these 

assumptions, equations for the generation of charge carriers by light absorption, carriers 

transport in the conduction band and valence band, and the annihilation of carriers by 

recombination were established. The one-dimensional drift-diffusion model provides a 

theoretical analysis of the transport of the carriers in semiconductor 22. Based on the model, 

the generation of photocurrent due to the transport of charge carriers in passive film on Ti 

with an n-type semiconductive nature was considered according to the following procedure. 

 

 

 

 

 



  Chapter 4 

 

 

83 

 

 

 

 

 

Figure 4.1 Schematic illustration on the energy diagram of an n-type semiconductor and some 

phenomena occurred by photoexcitation. L and W indicate the thickness of the n-type 

semiconductor and the width of a space charge layer, respectively. EVB and ECB represent the 

valence and conduction bands of the semiconductor and EF is the Fermi level. 
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4.3.1 Changes in the concentration of charge carriers 

As the light intensity along the x-axis attenuates depending on the position x, the 

intensity of the incident light at x is described as follows. 

 

𝐼𝑖𝑛(𝑥) = 𝐼0𝑒𝑥𝑝(−𝛼𝑥)                         (4.1) 

 

In addition, light is reflected at the interface between the metal substrate and the oxide layer, 

and the intensity of the reflected light at x is also expressed as follows. 

 

𝐼𝑟𝑒𝑓(𝑥) = 𝐼0𝑒𝑥𝑝{−𝛼(2𝐿 − 𝑥)}                      (4.2) 

 

where I0 is the light intensity at x = 0, α is the absorption coefficient of the film, and L is the 

film thickness. As the light absorption rate is converted into the number of photons using the 

Eqs. (4.1) and (4.2), and the number of absorbed photons can be assumed to be equal to the 

number of photo-generated carriers, the number of photo-generated carriers at the position x, 

nG (x) and pG(x), can be expressed, according to the following equation. 

 

𝑛𝐺(𝑥) = 𝑝𝐺(𝑥) =
𝜆

ℎ𝑐
𝐼0𝛼[𝑒𝑥𝑝(−𝛼𝑥) + 𝑒𝑥𝑝{−𝛼(2𝐿 − 𝑥)}]          (4.3) 

 

where λ, h and c express the wavelength of light, the Planck’s constant, and the light speed 

within the film, respectively. 

Not only photo-induced generation of charge carriers but also the annihilation of photo-

excited charge carriers by recombination should be considered. As the recombination rate is 

proportional to the photo-excited electron concentration and the hole concentration, the 

recombination rate of electrons and holes, at the position x, nR(x) and pR(x), can be expressed 

as follows. 
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𝑛𝑅(𝑥) = 𝑝𝑅(𝑥) = 𝑘𝑛𝑥𝑝𝑥                        (4.4) 

 

where nx and px represent the electron concentration in the conduction band and the hole 

concentration in the valence band at the position x, respectively, and k is the recombination 

coefficient.  

The transport of charge carriers at the position x due to the electric field built in the film 

can be described as the product of carrier concentration, mobility, and electric field. 

 

𝑛𝑑𝑟𝑖𝑓𝑡(𝑥) = 𝜇𝑛𝑛𝑥𝐹𝑥                        (4.5 a) 

𝑝𝑑𝑟𝑖𝑓𝑡(𝑥) = 𝜇𝑝𝑝𝑥𝐹𝑥                         (4.5 b) 

 

In the equations described above, µn and µp are the mobility of electron and hole, respectively, 

and Fx is the internal electric field at the position x in the film. On the other hand, the 

transport of charge carriers at the position x due to the concentration gradient within the film 

can be presented as the product of diffusion coefficient of charge carriers (electron or hole) 

and the concentration gradient of the carriers. 

 

𝑛𝑑𝑖𝑓𝑓(𝑥) = 𝐷𝑛
𝑑𝑛𝑥

𝑑𝑥
                         (4.6 a) 

𝑝𝑑𝑖𝑓𝑓(𝑥) = 𝐷𝑝
𝑑𝑝𝑥

𝑑𝑥
                         (4.6 b) 

 

where Dn and Dp are the diffusion coefficients of electron and hole, respectively. Therefore, 

based on the Eqs. (4.5) and (4.6), the flux of electrons and holes at position x can be 

expressed by considering the drift in the electric field Fx and the diffusion under the carrier 

concentration gradient. 
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𝑑𝑛𝑥

𝑑𝑥
= −𝜇𝑛𝑛𝑥𝐹𝑥 −𝐷𝑛

𝑑𝑛𝑥

𝑑𝑥
                      (4.7 a) 

𝑑𝑝𝑥

𝑑𝑥
= −𝜇𝑝𝑝𝑥𝐹𝑥 + 𝐷𝑝

𝑑𝑝𝑥

𝑑𝑥
                       (4.7 b) 

 

where μn and μp are the mobility of electron and hole whereas Dn and Dp are the diffusion 

coefficient of electron and hole, respectively. The continuity equations for the electron and 

hole concentrations with position x and time t under light irradiation can be defined as 

follows 23. 

 

𝜕𝑛𝑥,𝑡

𝜕𝑡
= 𝜇𝑛

𝜕𝑛𝑥,𝑡𝐹𝑥,𝑡

𝜕𝑥
+𝐷𝑛

𝜕2𝑛𝑥,𝑡

𝜕𝑥2
+

𝜆

ℎ𝑐
𝐼0𝛼[𝑒𝑥𝑝(−𝛼𝑥) + 𝑒𝑥𝑝{−𝛼(2𝐿 − 𝑥)}] − 𝑘𝑛𝑥,𝑡𝑝𝑥,𝑡  (4.8 a) 

𝜕𝑝𝑥,𝑡

𝜕𝑡
= −𝜇𝑝

𝜕𝑝𝑥,𝑡𝐹𝑥,𝑡

𝜕𝑥
+ 𝐷𝑝

𝜕2𝑝𝑥,𝑡

𝜕𝑥2
+

𝜆

ℎ𝑐
𝐼0𝛼[𝑒𝑥 𝑝(−𝛼𝑥) + 𝑒𝑥𝑝{−𝛼(2𝐿 − 𝑥)}] − 𝑘𝑛𝑥,𝑡𝑝𝑥,𝑡 (4.8 b) 

 

where Fx,t is the electric field as a function of the position, x, and the time, t. The calculation 

method for these equations is described below. 

 

4.3.2 Potential distribution in the film 

Photo-excited carriers in the space charge layer in n-type semiconductor are transported 

either toward the metal substrate or to the interface with the electrolyte along the electron 

gradient and the concentration gradient, resulting in a significant change in the distribution of 

carriers. As a result, the potential distribution changes every moment, which in turn affects 

the transport of carriers. The following Poisson's equation is used to derive the relationship 

between charge concentration ρ the electron potential ϕ. 

 

                       −
𝑑2𝜙

𝑑𝑥2
=

𝑑𝐹

𝑑𝑥
=

𝜌𝑥

𝜀0𝜀𝑟
                            (4.9) 
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where ε0 and εr express the vacuum permittivity and the relative permittivity of TiO2, 

respectively. The charge concentration in the semiconductor ρ can be described as follows: 

 

                     𝜌𝑥 = 𝑞(𝑁𝐷,𝑥 − 𝑁𝐴,𝑥 + 𝑝𝑥 − 𝑛𝑥)                    (4.10) 

 

where ND and NA denote the donor and the acceptor densities, respectively. In the case of n-

type semiconductor, NA is considered zero. Therefore, from the Eqs. (4.9) and (4.10), the 

following equation was obtained. 

 

                       
𝑑𝐹

𝑑𝑥
=

𝑞

𝜀0𝜀𝑟
(𝑁𝐷,𝑥 + 𝑝𝑥 − 𝑛𝑥)                      (4.11 a) 

 

The electric field Fx at position x was obtained by integrating Eq. (4.11 a). 

 

             𝐹𝑥 = 𝐹0 +
𝑞

𝜀0𝜀𝑟
∫ (𝑁𝐷,𝑥 + 𝑝𝑥 − 𝑛𝑥)𝑑𝑥
𝑥

0
                   (4.11 b) 

 

where F0 is the electric field at the interface between the semiconductor layer and the 

electrolyte (x = 0). 

 

4.3.3 Interfacial reaction at the TiO2 / electrolyte interface 

Photocurrents generated in n-type semiconductor are affected not only by the transport 

of electrons to the metal substrate but also by the consumption of holes at the semiconductor 

film/electrolyte interface, mostly the water oxidation to generate oxygen. As a plenty amount 

of water is present in this system, the consumption of holes can be assumed to be 

proportional to the concentration of accumulated holes at the TiO2 /
 electrolyte interface. 

Therefore, the interface reaction rate can be calculated, according to the following equation. 
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                         𝜌𝑖𝑛𝑡𝑒𝑟 = 𝑝0𝑙                            (4.12) 

 

where p0 is the concentration of holes at x = 0, and l is the interface reaction rate coefficient. 

 

4.3.4 Calculation method of the proposed numerical model 

To perform numerical analysis on photocurrent transients, the partial differential 

equations (the Eqs. (4.8 a) and (4.8 b)) were discretized using a finite difference method (the 

explicit scheme). The algebraic equations obtained are described below.  

 

𝑛𝑥,𝑡+1−𝑛𝑥,𝑡

∆𝑡
= 𝜇𝑛

𝑛𝑥,𝑡𝐹𝑥,𝑡−𝑛𝑥−1,𝑡𝐹𝑥−1,𝑡

∆𝑥
+ 𝐷𝑛

𝑛𝑥+1,𝑡𝐹𝑥+1,𝑡−2𝑛𝑥,𝑡𝐹𝑥,𝑡+𝑛𝑥−1,𝑡𝐹𝑥−1,𝑡

∆𝑥2
+

𝜆

ℎ𝑐
𝐼0𝛼[𝑒𝑥𝑝(−𝛼𝑥) +

𝑒𝑥𝑝{−𝛼(2𝐿 − 𝑥)}] − 𝑘𝑛𝑥,𝑡𝑝𝑥,𝑡                                           (4.13 a) 

𝑝𝑥,𝑡+1−𝑝𝑥,𝑡

∆𝑡
= −𝜇𝑝

𝑝𝑥+1,𝑡𝐹𝑥+1,𝑡−𝑝𝑥,𝑡𝐹𝑥,𝑡

∆𝑥
+ 𝐷𝑝

𝑝𝑥+1,𝑡𝐹𝑥+1,𝑡−2𝑝𝑥,𝑡𝐹𝑥,𝑡+𝑝𝑥−1,𝑡𝐹𝑥−1,𝑡

∆𝑥2
+

𝜆

ℎ𝑐
𝐼0𝛼[𝑒𝑥𝑝(−𝛼𝑥) +

𝑒𝑥𝑝{−𝛼(2𝐿 − 𝑥)}] − 𝑘𝑛𝑥,𝑡𝑝𝑥,𝑡                                           (4.13 b) 

 

The forward difference method was similarly applied to Eq. (4.11 b) a to calculate the 

electric field in the semiconductor and thus Eq. (4.14) was obtained. 

 

𝐹𝑥 = 𝐹0 +
𝑞∆𝑥

𝜀0𝜀𝑟
∑ (𝑁𝐷,𝑥 + 𝑝𝑥 − 𝑛𝑥)

𝑛−1
𝑥=0                   (4.14) 

 

The initial value of F0 was estimated, based on the assumption that the electric field at the 

position x = W equals 0. This assumption led to the following equation. 

 

    𝐹𝑤 = 0 = 𝐹0 +
𝑞∆𝑥

𝜀0𝜀𝑟
∑ (𝑁𝐷,𝑥 + 𝑝𝑥 − 𝑛𝑥)
𝑊
𝑥=0                 (4.15 a) 
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As the concentrations of electrons and holes, i.e., nx and px, respectively, were quite small 

compared to that of the donor density ND, they were ignored in the initial state before 

photoirradiation. Therefore, the initial F0 was estimated using the donor density ND and the 

width of the space charge layer W in the n-type film, both of which were calculated using the 

Mott-Schottky plot for the film. 

 

𝐹0 = −
𝑞∆𝑥

𝜀0𝜀𝑟
∑ 𝑁𝐷,𝑥
𝑊
𝑥=0                       (4.15 b) 

 

All electrons that passed through the end of the space charge layer by drift and 

diffusion were assumed to have reached the semiconductor-metal interface, after which they 

were then transported to the metal substrate. Therefore, the photocurrent caused by the 

electron transport can be obtained as follows. 

 

𝐼𝑝ℎ = 𝐴 (−𝑞𝜇𝑛𝑛𝑊𝐹𝑊−1 − 𝑞𝐷𝑛
𝑛𝑊−𝑛𝑊−1

∆𝑥
)                (4.16) 

 

where Iph is the photocurrent and A is the area of the electrode. 

In this work, the position x inside the space charge layer was finely divided into 0.05 

nm (Δx), and the concentrations of n and p were calculated every 1 ms (Δt). 

 

4.4 Results and discussion 

4.4.1 Photocurrent transients on passive films and anodic films 

In this work, although both were formed by anodic polarization, the films formed on 

pure Ti at potentials lower than 1 VAg/AgCl are called passive films, whereas those formed at 

potentials higher than 1 VAg/AgCl are called anodic films. Figure 4.2 shows the photocurrent 

transients of passive films and anodic films formed on Ti. As apparent from the figures, 
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positive photocurrents were observed at all the Ems and the photocurrents increased with 

increasing the Em, indicating that the passive and anodic films formed on Ti exhibited typical 

n-type semiconductive behavior. As shown in the figure, the photocurrent transients can be 

classified into two types. The photocurrent exhibited an initial increase in the anodic current, 

followed by a drastic decrease and a subsequent gradual decrease to a steady state value 

during irradiation. Immediately after the irradiation was terminated, the photocurrent rapidly 

dropped to a negative value and then increased again to its original value. This type of 

transient (defined as spike-type) was observed for passive films regardless of the Em and for 

anodic films at lower Ems. In contrast, the others exhibited an almost constant value just after 

an initial rapid increase during irradiation. After the termination of irradiation, it rapidly 

attenuated to its original value. This flat-type transient appeared in the anodic films at higher 

Ems. The variation in the shape of photocurrent transient has been also found in 

nanostructured TiO2 layers 13-16. In addition, interestingly, the amplitude of steady-state 

photocurrent in the flat-type transient is comparable to the one reported for as-formed 

amorphous nanotubular TiO2 layer consisting of individual tubes with a length of 

approximately 2.5 μm and a diameter of approximately 100 nm 13. 
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Figure 4.2 Photocurrent transients observed for passive films and anodic films formed at various film 

formation potentials, Efs, on pure Ti. 
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4.4.2 Numerical simulation of photocurrent transient 

In the present work, numerical simulation on photocurrent transient was performed for 

3 s from the beginning of irradiation. The specific values and variables used in the numerical 

simulation of photocurrent transient are listed in Table 4.1. Screening the variables was 

repeated until the best fit of simulated transient to experimentally obtained one was achieved. 

The variables used in optimization of fitting are later organized and their characteristics will 

be explained. Figure 4.3 compares the measured transients with the simulated ones obtained 

after screening for spike-type and flat-type transients. In Figs. 4.3 (a – f), the photocurrent 

transients obtained at the Em of −0.2 VAg/AgCl not only for the passive films but also the anodic 

films roughly matched the simulated ones. However, the deviation of the simulated transient 

from the experimentally obtained one could be recognized for the films formed at the 

potentials higher than 0 VAg/AgCl. The deviation between the simulated transients and the 

experimentally obtained ones became larger with increasing the Ef. In contrast, as shown in 

Fig. 4.3 (g – i), the simulated transients were in good accordance with the experimentally 

obtained ones measured at 1 VAg/AgCl for the anodic films. 
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Table 4.1 Specific values and variables used in the simulation. The marks, *, indicate 

variables in the study. 

Parameter Symbol Numerical value or equation 

Planck’s constant (J s) ℎ 6.63 × 10−34 

Boltzmann’s constant (J K−1) 𝑘𝐵 1.38 × 10−23 

Electric charge (C) 𝑞 1.6 × 10−19 

Vacuum permittivity (F m−1) 𝜀0 8.85 × 10−12 

Relative permittivity of TiO2 𝜀𝑟 83 

Thermodynamic temperature (K) 𝑇 300 

Light speed in oxide (m s−1) 𝑐 8.82 × 107 

Irradiated light intensity (W) 𝐼0 2.80 × 10−3 

Irradiated light wavelength (m) 𝜆 300 × 10−9 

Absorption coefficient (m−1) 𝛼 3.13 × 107 

Electron diffusion coefficient (m2 s−1) 𝐷𝑛 𝜇𝑛𝑘𝐵𝑇/𝑞 

Hole diffusion coefficient (m2 s−1) 𝐷𝑝 𝜇𝑝𝑘𝐵𝑇/𝑞 

 

Electric field (V m−1) 
 

𝐹 
𝑞𝑁𝐷
𝜀0𝜀𝑟

(𝑥 −𝑊) 

 

Space charge layer width (m) 

 

𝑊 √
2𝜀0𝜀𝑟∆𝜙

𝑞𝑁𝐷
 

Schottky Barrier Height (V) ∆𝜙 𝜙𝑚 − 𝜙𝑓𝑏 

Measuring potential (V vs. Ag/AgCl) 𝜙𝑚 – 

Flat band potential (V vs. Ag/AgCl) 𝜙𝑓𝑏  −0.5 

Charge density (C m−3) 𝜌 𝑞𝑁𝐷 (Before light irradiation) 

Hole mobility (m2 V−1 s−1) 𝜇𝑝 0.957𝜇𝑛 

Electron mobility (m2 V−1 s−1) 𝜇𝑛 * 

Donor density (m−3) 𝑁𝐷 * 

Recombination coefficient 𝑘 * 

Interfacial reaction rate coefficient 𝑙 * 

Electron concentration (m−3) 𝑛 – 

Hole concentration (m−3) 𝑝 – 
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Figure 4.3 Comparison of photocurrent transients with simulated ones. The spike-type transients were 

observed at −0.2 VAg/AgCl for passive and anodic films (a – f) whereas the flat-type transients were 

observed at 1 VAg/AgCl for anodic films (g – i). 
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Figure 4.4 summarizes several properties of the passive and anodic films by the fitting 

of in the numerical simulation, several properties of the passive and anodic films were 

obtained, and the results are summarized in Fig. 4.4. These properties are classified into two 

categories: the ones which are almost constant independent of the Em, and the others which 

present drastic decrease at lower potentials. The electron mobility and the interfacial reaction 

rate coefficient belong to the former, that is, both slightly increase with increasing the Em as 

shown in Figs. 4.4 (a) and (b). These properties are considered inherent to the films. In 

addition, the electron mobility and the interfacial reaction rate coefficient are largely 

dependent on the Ef, that is, those of the anodic films formed at potentials higher than 3 

VAg/AgCl are larger than those of the passive films formed at lower potentials than 0.2 VAg/AgCl. 

This is also reasonable as the Ef causes some changes in other properties that may affect the 

electron mobility and the interfacial reaction rate coefficient, such as donor density. On the 

other hand, as shown in Figs 4.4 (c) and (d), the donor density and recombination coefficient 

belong to the latter, that is, they drastically decrease with increasing the Em in the lower 

potential region and then gradually decrease. These results may imply that donor and 

recombination sites are not uniformly distributed in the films, that is, they are relatively 

higher near the outermost surface compared to those in the bulk, and they decrease with 

increasing distance from the surface. In the present work, the simulation was carried out 

based on the changes of concentration in charge carriers which are generated within the space 

charge layer by light-irradiation, that is, the calculation targets a limited region of the 

electronic band structure within the films. Therefore, in the lower Em region, the estimated 

donor density and recombination coefficient at a Em are determined by the higher number of 

donor and recombination site distributed within the space charge layer that is built near the 

surface. As the width of the space charge layer increases with increasing the Em, the estimated 

donor density and recombination coefficient are likely to be determined not only by the 

higher number of donor and recombination sites near the surface but also by the lower 
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number of them which are distributed in the inner region of the space charge layer built at a 

higher Em. Therefore, the estimated donor density and recombination coefficient were 

considered to decrease, as shown in Figs. 4(c) and (d). The proposed numerical model was 

useful for quantitative analysis by deriving the semiconductive physical properties inside the 

film through photocurrent transient fitting. The potential dependence of physical properties 

could be confirmed, and the recombination rate and interfacial reaction rate could be derived 

as coefficient values. In addition, the derived electron mobility and donor density are within 

the range of values obtained experimentally and computationally in previous studies 24, 25.  

 

 

 

Figure 4.4 Estimated properties of passive and anodic films by the fitting of simulated 

photocurrent transients with measured ones.  
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4.5 Conclusion 

In this study, a numerical simulation model on photocurrent transients generated on 

passive films and anodic films on Ti was proposed. The photoelectrochemical experiments 

were carried out to obtain the references of photocurrent transient for the fitting. In the 

experiment, positive photocurrents were observed for all the films examined, and increased 

with increasing the Em, indicating that the films behaved as n-type semiconductor. The shape 

of the photocurrent transients was classified into two types: the spike-type transient and the 

flat-type transient. The spike-type transients were obtained for the passive films as well as the 

anodic films at the lower Ems whereas the flat-type ones were observed only for the anodic 

films at the higher Ems. The partial differential equations that express the change in the 

concentrations of carries with the time and the position in the films were introduced to 

simulate the photocurrent transients, based on the generation and annihilation of carriers and 

their transports by the drift and diffusion and the equations were discretized using a finite 

difference method (the explicit scheme) to conduct the numerical simulation. The fitting of 

the photocurrent transients obtained by the simulation to the experimentally obtained ones led 

to the estimation of several properties of the films such as the electron mobility, the donor 

density, the recombination coefficient, and the interfacial reaction rate coefficient. The 

electron mobility and interfacial reaction are considered intrinsic characteristics of the film. 

These two factors were not significantly related to the photocurrent transient. On the other 

hand, the donor density and recombination rate had a clear dependence on the Em. 
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Chapter 5 

General conclusions 

 

In the present study, the author investigated semiconductive properties of passive films 

on Cr and Ti using photoelectrochemical response, electrochemical impedance spectroscopy 

and X-ray photoelectron spectroscopy. In addition, a simulation model on photocurrent 

transients was developed. As a result, the following conclusions have been drawn. 

Chapter 1 introduced several bases on the passivity of metallic materials and the 

semiconductor electrochemistry to help the readership understand the contents of the present 

thesis. In particular, Cr and Ti are focused. In this chapter, the principles of electrochemical 

measurements and surface analytical techniques used in the present work are briefly described, 

and findings in literature are summarized. Finally, the purpose of the present work is mentioned.  

Chapter 2 has shown the electric band structures and band gap energies (Eg) of passive 

films formed on Ti passivated for 1 h in simulated bioliquids, such as Hanks and saline 

solutions. The surface of the passive films was characterized using X-ray photoelectron 

spectroscopy (XPS), and their semiconductor properties were evaluated by 

photoelectrochemical response. It was found from XPS that 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. The photoelectrochemical response revealed that the passive films 

on Ti consist of two n-type semiconductors: an inner oxide layer with a large Eg and an outer 

hydroxide layer with a small Eg. In Hanks, the Egs were 3.3 – 3.4 eV for the inner oxide layer 

and 2.9 eV for the outer hydroxide layer whereas in saline, the Egs were 3.3 eV for the inner 

layer and 2.7 eV for the outer layer. 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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Chapter 3 reports that the electronic band structures, including semiconductive properties, 

of passive films formed on Cr and Ti in a phosphate buffer solution of pH 7 were evaluated 

using photoelectrochemical response, electrochemical impedance spectroscopy and X-ray 

photoelectron spectroscopy. Based on the results obtained in the photoelectrochemical response 

and the electrochemical impedance spectroscopy, the electronic structure models of the passive 

films were proposed: the passive films on Cr consisted of the inner p-type oxide layer with the 

band gap energy, Eg, of 3.6 eV and the outer p-type hydroxide layer with the Eg of 2.5 eV 

whereas those on Ti consisted of the inner n-type oxide layer with the Eg of 3.2 eV and the 

outer n-type hydroxide layer with the Eg of 2.5 eV. The type as semiconductor evaluated for 

the oxide and hydroxide layers was strongly supported by the valence-band XPS which 

provides the energy difference between the Fermi energy of underlying metal and the highest 

energy of the valence bands of the oxide and hydroxide layers in the passive films. 

In Chapter 4, a numerical simulation model on photocurrent transients for n-type passive 

films and anodic films on Ti was developed. The partial differential equations were built by 

considering the change in the concentration of carriers with the time and the position in the 

films, based on the generation and annihilation of charge carriers as well as their transports by 

the drift and diffusion. Simulations were performed by screening several parameters after the 

discretization of the equations. By fitting the simulated photocurrent transient to the 

experimentally obtained transient, the electron mobility, the donor density, the recombination 

coefficient and the interfacial reaction coefficient were estimated. Among the properties, the 

recombination rate and the donor density clearly exhibited the potential dependence, similar to 

the experimentally obtained photocurrent transients, and were found to contribute more to the 

photocurrent transient. Meanwhile, the electron mobility and the interfacial reaction retained 

almost constant even as the potential changed; these values are considered as intrinsic 

properties of the film. 

Above-mentioned findings are expected to be useful guidelines for improving the 

corrosion resistance of the passive film. 
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