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I.INTRODUCTION

Titanium(I'V) oxide (TiO,, titania) and chromium(IIl) oxide (Cr,O;, chromia)
attract great attention for numerous advanced applications. Many research
groups investigate TiO, as a photocatalyst [1], a solar cell material [2], a
material for anti-fogging coating and self-cleaning coating [3,4] and a sensor
material [5]. If titania’s photocatalytic and light-induced hydrophilic charac-
teristics (anti-fogging property) are combined, self-cleaning windows can be
prepared. Cr,O; has potential applications in catalysis [6], sensorics [7], solar
cells [8] and wear protective coatings [9]. Furthermore, a thin chromium-rich
oxide film on the surface of stainless steel is responsible for the alloy’s
durability to rust [10]. Stainless steel has applications in a number of fields, for
example, in tableware, food industry, medicine, chemistry, automotive techno-
logy, etc. In addition, custom grade stainless steels with modified composition
are prepared for specific applications.

Pure titania in the applications using sunlight has some drawbacks, which
limit its usage. In the applications where sunlight is collected, an effective
electron-hole pair generation and a long lifetime of electron-hole pairs are
required. Unfortunately, titania absorbs only a fraction of sunlight. Its band gap
depends on the crystal structure and is typically 3.2 eV in case of anatase and
3.0 eV in case of rutile [11]. Therefore, it would be technologically and
economically advantageous to enhance titania absorption of sunlight.

Under ambient conditions spontaneously formed chromium-rich oxide film
(i.e. protective oxide layer) on the surface of stainless steel is responsible for the
alloy’s good corrosion resistance in oxidizing environments. Nevertheless, in
some specific applications, a more enhanced passive oxide film on the surface
of stainless steel is needed, for example, in nuclear applications [12, 13].

Several difficulties can be overcome by introducing additives to the structure
of materials (doping). Impurities modify the electronic structure of material,
which can enhance its physical and chemical properties. Previously it has been
reported, that cobalt and nickel addition to titania has improved its catalytic
properties and the absorption edge has shifted towards the visible light maxi-
mum of solar radiation [14—16]. It has been demonstrated that the corrosion
resistance of stainless steel has been improved by adding such elements as Si,
N, Tior Nb [12, 13, 17].

To introduce impurity into the virgin material, different methods are used.
For practical applications the sol-gel deposition has become widely used
because of the numerous advantages it has over other fabrication techniques. In
certain cases important aspects of film preparation, such as flexibility in intro-
ducing impurity in large concentrations, homogeneity, stoichiometry, ability to
coat large and complex surfaces, and cost-effectiveness, can be enhanced by
using the sol-gel deposition [11]. However, to obtain the crystal structure of
films after sol-gel deposition, annealing has to be carried out.
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Additives are introduced to steel materials in the process of material pre-
paration. To achieve certain compound segregation thermal treatment is carried
out.

Whenever impurities are introduced to a pure material, a possibility of some
element or compound segregation to the surface or the bulk arises. Special
attention should be paid to these processes when doped materials are annealed.
The most common method of determining the formation of material crystallite
phases is x-ray diffraction (XRD). Besides XRD the Raman spectroscopy can
also provide information concerning crystal phases. To enhance knowledge
about additives distribution in material, x-ray fluorescence mapping of certain
elements could be beneficial [Papers I1I-1V].

Cobalt addition to titania has received attention in literature [14, 18, 19].
Less attention has been paid to nickel incorporation to titania [16]. In the case of
each specific stainless steel, additives segregation to grain boundary, surface,
bulk or interface region should be studied in order to understand the additives
effect on alloy properties and corrosion resistance.

To gain better knowledge about the elements and compounds in the surface
region of pristine titania, doped titania and stainless steel, surface-sensitive
methods have to be applied. A common technique for obtaining information
about the electronic structure and the chemical state of a solid surface is x-ray
photoelectron spectroscopy (XPS). XPS is based on a photoelectric effect,
where absorbed photons liberate photoelectrons, which are analysed with res-
pect to their kinetic energy. XPS is a surface-sensitive method thanks to a small
electron mean free path of the excited-electrons in solids, which is typically in
the range of 520 A [20]. Besides XPS, x-ray absorption spectroscopy (XAS) is
also a surface-sensitive method. XAS is known as a highly versatile tool for
determining the local electronic structure and the chemical state of matter. This
method is based on a local nature of x-ray absorption process, where an electron
is excited from a core state to an unoccupied state. In a total electron yield
(TEY) mode, the absorption cross section is measured by detecting and
counting electrons with all kinds of kinetic energies, which escape from the
surface after the decay of the core hole. XAS in TEY mode has the probing
depth of 50 A and a deeper for transition metal 2p edges [21]. To carry out XPS
and XAS experiments ultra-high vacuum (UHV) conditions are needed.

The surface and bulk properties of sol-gel deposited undoped and doped tita-
nia powders and thick films (much more than 100 nm thick) have been exten-
sively studied. However, it is clear that the film thickness has influence on its
properties. Therefore, more knowledge is needed about the properties of titania
thin films and it is necessary to study the effects of additives and annealing
temperature upon the properties of these systems. In addition, little attention has
been paid in literature to the effect of Si substrate upon the properties of thin
sol-gel deposited films. Since the chemical and physical properties of the
substrate surface can influence the deposited film structure [22], studies of the
films prepared comparably on SiO,/Si(100) (i.e. with native oxide layer) and on
HF-etched Si(100) (i.e. without native oxide layer) are needed.
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A passive chromium-rich oxide film (i.e. protective oxide layer) is sponta-
neously formed on the surface of stainless steel. It is typically 1-3 nm thick and
it protects the alloy from further oxidation. To achieve a better understanding of
the passive oxide layer formation and the dependence of its properties on the
additives, detailed studies with surface-sensitive methods in well-defined
experimental conditions are needed. One possibility is to carry out measure-
ments in situ in UHV conditions by using XPS and XAS. Predominantly the
surface analytical studies of the oxidation of stainless steel materials have been
made ex situ, there are only a few exceptions, where the onset of the oxidation
process of stainless steel alloys has been studied in situ [23, 24].

Although the impurity addition to titania films and the formation of a thin
chromium-rich oxide film on the surface of stainless steel with additives are in
focus of many research groups and the number of publications in these fields is
growing every year, a number of questions remain unsolved and need to be
studied. In particular, the segregation of additives in films, the influence of
films thickness and the effect of substrates on the properties of films are not
fully understood yet. In order to gain better knowledge about the formation of a
protective chromium-rich oxide layer on the surface of stainless steel, alloy
oxidation studies in a controlled environment by using defined oxygen expo-
sures are needed.

In order to give the reader a better overview, the thesis is built up as follows:
in Chapter 2 motivation and aim of the work is defined, Chapter 3 gives an
overview of the materials studied in Papers [-IV; Chapter 4 gives an overview
of the materials preparation techniques used in Papers I-IV; in Chapter 5 the
principles of XAS and XPS are described; Chapter 6 is focused on the
characterization of the techniques mostly used in the papers included; Chapter 7
is dedicated to the experimental results and discussion.

12



2. MOTIVATION AND AIM OF THE WORK

Titania is a material that has several important properties. It is a well-known

photocatalyst and its surface has a light-induced super-hydrophilic property. This

enables, besides other applications, the preparation of self-cleaning windows.

Unfortunately, TiO, absorbs only a fraction of sunlight, which limits its usage.

Therefore, it would be technologically and economically advantageous to shrink

the titania band gap. One widely proposed method to enhance the absorption pro-

perties of titania is to introduce additives. It is expected, that by using an impu-
rity-containing material a more efficient self-cleaning window can be prepared.

Stainless steel is widely used in numerous applications. Although stainless
steel is highly resistant to corrosion, in some specific applications even a more
advanced passive oxide layer on the surface of austenitic stainless steel is needed.
One possibility to achieve enhanced resistance to inter-granular corrosion is to
introduce the elements to stainless steel, which form corrosion-durable carbides
(e.g. TiC). In this way custom grade stainless steel with an enhanced passive layer
can be prepared. To gain deeper knowledge about the passive layer formation on
stainless steel, surface studies in a controlled environment are needed.

The original contribution of the work is divided into two main parts. In the
first part pristine, cobalt- and nickel-containing titania films are investigated
with the aim to clarify the following points:

1) Phase composition of pristine, cobalt- and nickel-containing titania films as
a function of annealing temperature;

2) The influence of cobalt and nickel addition on the properties of titania
grains, crystallites, film surface roughness and light-induced hydrophilic
properties;

3) Cobalt and nickel incorporation/segregation in doped titania as a function
of annealing temperature;

4) Oxidation state of cobalt, nickel and titanium in films;

5) The influence of the substrate (SiO,/Si(100) (i.e. with native oxide layer)
and HF-etched Si(100) (i.e. without native oxide layer)) upon the pro-
perties of nickel- containing titania films.

A future perspective is to prepare more efficient self-cleaning windows.

The second part of the work covers the investigation of thin chromium-rich

oxide film (i.e. protective oxide layer) on the surface of stainless steel obtained

by surface oxidation. The aim of this study was to clarify the following points:

1) Comparably to apply XAS and XPS to investigate the 2p edges of metal in
order to determine the chromium-rich oxide formation on the surface of
stainless steel after different degree of surface oxidation;

1) To study the oxidation states of major and minor elements on the surface of
stainless steel after using different oxygen exposures in ultra-high vacuum;

2) To investigate titanium carbide formation in the surface layer.

A future perspective is to prepare custom-grade stainless steel with higher cor-

rosion resistance.
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3. OVERVIEW OF TITANIA AND
STAINLESS STEEL

3.1. Titania
3.1.1. General remarks about titania

Titanium is a transition metal and it is one of the world’s most common metals
and ninth most common element [11]. It can form different oxides, usually TiO,
Ti,05 and TiO,. Thermodynamically most stable one is TiO, [25]. Titania has
many practical applications. Most of produced TiO, is used as pigment in white
paints, plastics and papers. TiO, has also been applied in textiles, food co-
louring (E171) and pharmaceutics (e.g. UV absorber in sunscreens, tablet
coatings, toothpastes).

TiO, has three main polymorphs: rutile (tetragonal), anatase (tetragonal) and
brookite (orthorombic). The unit cells of rutile, anatase and brookite are
demonstrated in Figure 1 and some properties of bulk titania three polymorphs
are shown in Table 1. In Figure 1 crystal lattices are shown in the term of TiOs
octahedra. Black atoms are titanium atoms and gray ones belong to oxygen.
Light lines, which connect oxygen atoms, demonstrate octahedra edges. Three
crystal structures differ by the distortion of each octahedron and by the as-
sembly patterns of octahedral chains.

Anatase Rutile Brookite
v Ny, C
F“I"—’
JJ L g‘! \ 0‘) N @ Q ‘ e
.\‘)— _'!“; @ “y 2 QD /]
] e o MR il Il z. B
\ N A\ l 2=
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$ ¥ » ) \‘ D ‘\)‘N d \ J ®
9 o 3 /[
Q) N 3 @ )l, 9
b & ) N \) (/]
% R RN
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A= < 4 9 i N
K N L & 9
9 9

Figure 1. Crystal structure of anatase, rutile, and brookite. Black atoms are titanium
atoms and gray ones belong to oxygen. Black narrow lines are unit cell edges and light
lines present TiOg octahedron in each lattice.

Rutile is the most stable phase of titania [25]. The difference between the Gibbs
free energy of TiO, phases exists, but it is small. This suggests that anatase and
brookite are almost as stable as rutile at normal pressure and temperature.
However, it has been demonstrated that the anatase is most thermodynamically
stable when small TiO, crystallites are formed and rutile is most stable when
large TiO; crystallites are formed [11].
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In further discussion the focus will be on the properties of anatase and rutile,
since pure brookite is not simply producible and it has not found much use in
applications. Controversial results are reported concerning the properties of
bulk brookite, therefore, some of them are marked in Table 1 with NA (not
available). It is also important to note that many controversial results were
reported concerning titania with metal impurities (see e.g. review paper [11]).

Tabel 1. Physical parameters of titania three polymorphs [26-28].

Phase Rutile Anatase Brookite
Crystal structure Tetragonal Tetragonal Orthorombic
a=9.18
. a=4.584 a=3.784 _
Lattice parameters, A c=2953 c=9514 b = 5.44
c=5.14
Density, g/cm’ 427 3.89 4.12
ne=2.58
. _ n,=2.61 n,=2.56 ¢
Refractive index (4 = 589.3 nm) 1. = 2.90 1. = 2.49 ng = 2.58
n,=2.70
Dielectric constant 89 48 78
Calculated indirect band gap (eV) 3.02-3.24 3.23-3.59 NA
Experimental band gap (eV) ~3.0 ~3.2 NA
Hardness (Mohs) 6-6.5 55-6 NA

Anatase-to-rutile phase transition occurs in a considerable degree above 600 °C
[11]. However, phase transition temperature depends on factors such as particle
size, additives and lattice defects [11, 26]. The rutile is thermodynamically
favoured over the anatase when the crystal size is larger. Therefore, anatase
crystallite adhesion to larger particles leads to overcoming a critical nucleus size
for rutile formation [11]. Additives could inhibit or promote anatase-to-rutile
phase transition through the increasing or decreasing amount of oxygen vacancies
in the structure. Interstitial cations decrease the concentration of oxygen vacancies
and inhibit the phase transition [11]. Substitutional cations can promote or inhibit
the phase transition depending on their oxidation state [11, 26]. Cations with
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lower oxidation state than 4+ promote anatase-to-rutile phase transition through
increasing the amount of oxygen vacancies in the lattice. Cations with higher
oxidation state than 4+ are assumed to decrease the amount of oxygen vacancies.
This inhibits anatase-to-rutile phase transition [26].

As can be seen in Table 1, titania’s three polymorphs have several remark-
able physical properties, such as high dielectric constant, high refractive index
and the ability to absorb UV light. Also, titania is a chemically stable, non-toxic
and low-cost material. Thanks to these properties titania (mainly anatase and
rutile) has been used and studied for several high-technology applications. This
covers the areas related to using titania, such as gas sensors, anti-reflection
coatings, photocatalysts, anti-fogging coatings, self-cleaning coatings and bio-
materials [11].

In the applications, where sunlight is collected, an effective electron-hole
pair generation and a long lifetime of electron-hole pairs are required [11].
Unfortunately, titania absorbs only a fraction of sunlight. As can be seen in
Table 1, its band gap depends on the crystal structure and is typically 3.2 eV in
the case of anatase and 3.0 eV in the case of rutile. Therefore, it would be
technologically and economically advantageous to shrink the titania band gap.
However, it is important at the same time to retain the properties of titania
important for the particular applications (viz. photocatalytical, light-induced
hydrophilical, etc.). This is especially needed in the applications using sunlight,
for example, photocatalysis and self-cleaning coatings.

An effective method for enhancing the absorption properties of titania is to
dope it with anions or cations [29-32]. Impurities modify the electronic
structure of the material, which can lead to more effective electron-hole pair
generation and can extend the lifetime of electron-hole pairs. However, if an
impurity is introduced to the material, it could also cause changes, which can
reduce the material’s performance, for example, its catalytic properties.

Previously it has been reported, that cobalt and nickel addition to titania has
improved its catalytic properties and the absorption edge has shifted towards the
visible light maximum of the solar radiation [14—16]. It has also been found that
highly hydrophilic nickel-doped titania can be prepared [16]. However, cobalt
and nickel additions could lead to their compounds formation and segregation.
There are a number of studies related to cobalt-doped titania, where different
dopant concentrations are used, but only a few works about nickel-doped
titania. Very few attention has been paid to the effect of different annealing
temperatures on the properties of nickel-doped films. In these investigations
mainly thick films have been studied. It has been reported that doping titania
with less than 4 atomic % of cobalt and annealing films below 600 °C leads to
cobalt incorporation to anatase [14, 18]. When cobalt content is increased to
more than 5 atomic % and annealing is still carried out below 600 °C, Co;0; is
formed besides anatase [18, 19]. More than 1.5 atomic % of cobalt in titania and
annealing at 800 °C leads to the formation of CoTiO; besides rutile [14, 18].
CoTiO; formation besides rutile/anatase is shifted to lower temperatures when
cobalt concentration is increased (above 1.5 atomic %). In the case of titania
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doped with nickel, a possibility of NiO and NiTiO; formation besides crystal
phases of titania has to be considered. NiO is a stable phase and could appear
besides anatase when lower annealing temperatures are used. The formation of
NiTiO; is favoured, when higher annealing temperatures are used. It has been
demonstrated that up to 10 mole % of nickel can substitute titanium in a titania
lattice when films are annealed below 500 °C [16]. However, NiTiO; can be
formed beside titania after adding about 10 atomic % of nickel and annealing at
600 °C [33]. Nickel compound formation in films is strongly promoted with the
increase of impurity concentration. When 22 atomic % of nickel is introduced to
titania, NiO is formed in the films annealed at 400 °C and NiTiO; in the films
annealed at 550 °C [34].

Ti
0O

Total .

L [

VB Lower Upper CB
' N CB ( \

DOS

0 5 10 15
Energy (eV)

Figure 2. Total and partial DOS of rutile single crystal, DOS is divided into two parts,
Ti (black line) and O (grey line) components [35].

Impurities can cause changes in the light absorption properties of titania, which
have also been reported in literature [14—16]. In pristine titania UV-visible light
absorption occurs, when photon excites an electron from the valence band (VB)
to the conduction band (CB). VB of titania is composed of filled O 2p orbital
interacting with Ti 3d. CB contains unfilled Ti 3d interacting with O 2p. Ti 3d
band is split into two parts t,, and e,. In Figure 2 TiO, (rutile) density of states
(DOS) is demonstrated. VB and CB both contain Ti 3d and O 2p orbitals. Due
to Ti 3d splitting, CB is split into two parts (upper and lower CB) [35].

When cobalt and nickel impurities are introduced to titania, additional
energy levels are created. Cobalt addition creates an additional energy level (t5)
at the top of VB. Cobalt e, is split into two parts and it positions in the band
gap. In the case of nickel, Ni 3d band t,, orbital has been found to be
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delocalized and being in VB. The energy levels due to Ni e, state are localized
in the band gap [35].

3.1.2. Photocatalysis

Photocatalysis is one of the most important light-induced processes. Photo-
catalytic activity of titania was discovered in 1960-s by Fujishima and Honda
[36]. They demonstrated that water could be split into hydrogen and oxygen by
using a photoelectrochemical cell. Their studies were followed by Frank and
Bard investigations of possibilities how to use titania photocatalyst to de-
compose cyanide in water [37]. Since then titania has achieved a lot of attention
as a most important photocatalyst.

Red’

D
ads xidation

ads

Reduction

Ox Red
(Oxidizing agent) (Reducing agent)

Figure 3. General processes occurring after photoabsorption: (a) electron (e¢°) and hole
(h") generation; (b) electron and hole recombination in the bulk or on the surface; (c)
electron transportation to the surface, electron transfer to adsorbed acceptor (A,qs) and
reduction (oxidizing agent electron acceptation demonstrated as Ox — Ox); and (d)
hole transportation to the surface, hole interaction with adsorbed donor (D,s) and
oxidation (reducing agent oxidation demonstrated as Red — Red"). The Figure has been
prepared on the basis of reference [11].

In general photocatalysis is a phenomenon, where both light and catalyst are ne-
cessary to carry out or to accelerate chemical transformations [38]. The pro-
cesses occurring in a semiconductor after photoabsorption are demonstrated in
Figure 3. Photocatalysis is activated by the absorption of a photon (hv) the
energy of which is larger than the band gap of the semiconductor (in our case
titania). As a result, the electron (¢") is excited to CB, and a hole (electronic
vacancy, h") is left to VB. This process is demonstrated in Figure 3 (a). It could
occur that the generated electrons and holes recombine, and cannot be used to
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promote chemical transformations (Figure 3 (b)). However, if the lifetimes of
electrons and holes are sufficiently long, they can diffuse to the surface and can
be used to carry out redox reactions (Figure 3 (c¢) and (d)). Another crucial
factor for a semiconductor photocatalyst is the position of CB and VB relative
to the Fermi level. This determines the oxidizing power of holes and the
reducing power of electrons. In the case of titania, the band positions have been
found to be suitable for photocatalysis. On the surface of TiO, photogenerated
holes can oxidize H,O molecules or surface hydroxyl groups (OH") to produce
hydroxyl radicals ("OH) according to the following reactions [39, 40]:

TiO, + hv — TiO, (h™ + &) (a)
h"+H,0 > OH+H" (b)
h'+OH — "OH (c)
h+ + Dads i D+ads (d)

In the presence of oxygen, electrons are utilized to reduce oxygen (O;) and form
superoxide ("O,") ions. These species subsequently can react with protons and
adsorbed H,O and produce hydroperoxide radicals ("HO,). Hydroperoxide
radicals can form hydrogen peroxide (H,O,). Hydrogen peroxide can react with
‘0, to produce more “OH radicals. The formations of these groups can occur
according to the following reactions [39, 40]:

02 +e > .027 (C)
‘0, + H - ‘HO, ®
2°HO, = O, + H,0, ()
H,0, + "0, — OH + "OH + O, (h)

After photoabsorption, reduction and oxidation can lead to the formation of
such species on surface as holes, H,O,, ‘O, ", "HO, and “OH. These are highly
reactive and can oxidize a large variety of organic compounds [39, 40].

On comparing the photocatalytic activity of anatase and rutile it has been
proposed that anatase has higher activity than rutile. It has been suggested that
this is due to anatase’s higher ability to adsorb oxygen, lower rate of electron-
hole pair recombination and higher number of hydroxyl groups on the surface
[39].

3.1.3. Light-induced hydrophilicity

Light-induced hydrophilicity is another important property of titania. This
process appears relatively independent of photocatalysis, however the first step
(electron-hole creation) is the same. The light-induced hydrophilic titania
surface was first reported in literature by Fujishima in 1997, when he and his
colleagues published their findings in Nature [3]. This has been followed by an
intensive study of undoped and doped titania surfaces with the purpose to
prepare anti-fogging coatings on transparent substrates, for example, on glass.
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The mechanism of light-induced hydrophilicity is demonstrated in Figure 4.
Light-induced hydrophilicity is activated by a photon the energy of which is
larger than the band gap of a semiconductor. As a result of photon absorption,
an electron is excited to CB, which leaves a hole into VB [11]. It is crucially
important that the recombination rate of electrons and holes should be small and
that they could diffuse to surface. Then photogenerated electrons reduce Ti*"
cations to Ti*" and simultaneously holes are trapped at lattice sites or close to
the surface of titania. Trapped holes weaken the bond between the associated
titanium and the lattice oxygen, allowing oxygen to liberate, and through this
create oxygen vacancies. Then, on these surface vacancies dissociative water
absorption occurs: as a result the surface becomes more hydroxylated.

vacancies
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e+Tidr—Ti3*

44207 —= 0,

Figure 4. Simplified mechanism of light-induced hydrophilicity [11].

An increased amount of "OH groups on the surface leads to the increase of van
der Waals forces and hydrogen bond interactions between the adsorbed H,O
and surface hydroxyl groups. As a result, water droplets spread over the surface
[11]. Usually it occurs in the way that the longer the surface under UV light is,
the smaller is the contact angle of the water droplet. The surface is called
superhydrophilic when, after placing water droplet on the surface, it takes an
irregular shape and the contact angle between the droplet and the surface is
close to zero degree. In Figure 5 a water droplet on the surface of nickel con-
taining titania before and after 6 min under UV illumination is demonstrated.
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Water droplet on nickel-containing titania,
no UV illumination

Water droplet on nickel-containing titania,
6 minutes under UV illumination

Figure 5. Water droplet on nickel containing titania prepared on SiO,/Si(100) substrate
before and after 6 min under UV illumination. Contact angle is marked with alpha.

Light-induced hydrophilicity can be accompanied by photocatalyic activity,
which makes it possible to prepare self-cleaning windows. It is important to
note that the self-cleaning of windows works as a two-step process: (i)
photocatalytic degradation of organic and inorganic pollutants, and (ii) washing
away the products of degradation (even through naturally occurring rain). Due
to the light-induced superhydrophilicity the washing is very effective.

3.2. Stainless steel

Since the discovery of stainless steel in the beginning of 20™ century it has
widely been used in a number of applications, for example, tableware pro-
duction, food industry, medicine, chemistry, automotive technology, etc. It is all
due to its excellent corrosion resistance in oxidizing environments, good
physical and mechanical properties.

Steel is made stainless by adding more than 11 weight % of chromium to
iron. However, when impurities are introduced to the alloy (for example nickel),
it is necessary to increase the chromium content significantly above 11 weight
%. Maximum chromium content in alloys could be even 30 weight %. Yet, to
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call this alloy steel, the iron content beside all additives and chromium has to
remain over 50 weight % [10].

Stainless steels can be divided into many categories, each containing a
number of specific types with its own characteristics. Most common stainless
steels are ferritic and austenitic. Ferritic stainless steel has a body-centered
cubic (bcc) structure, bee unit cell is demonstrated in Figure 6 (a). In principle,
ferritic stainless steel is a binary alloy containing a little bit more than 11 weight
% of chromium besides iron. This alloy is magnetic [10, 41]. Austenitic stain-
less steel has a face-centered cubic (fcc) structure, fcc unit cell is demonstrated
in Figure 6 (b). To achieve the austenitic structure (fcc), the elements called
austenitizers have to be added, most commonly nickel. However, manganese
and nitrogen are also known as austenitizers. Most common austenitic stainless
steel contains 18 weight % of chromium and 8 weight % of nickel. Austenitic
stainless steel has good corrosion resistance, good mechanical properties and it
is non-magnetic [10, 41]. Other common stainless steels are martensitic and
duplex.

Figure 6. Unit cells: (a) bee (e.g. ferritic) and (b) fcc (e.g. austenitic).

The key issue related to stainless steel corrosion resistance is the protective
chromium-rich surface oxide layer. This suppresses the ion diffusion between
the alloy and the ambient environment and protects the alloy from further
corrosion. Typical thickness of the protective oxide layer is 1 — 3 nm [42]. This
thin layer, under appropriate conditions, is also self-repairing. In some specific
applications even more advanced passive oxide layer on the surface of
austenitic stainless steel is needed. High-temperature corrosion resistance has
improved, when Si and Mo are added to stainless steel [17].

Stainless steel materials are composed of crystallites. Usually, crystallites are
in size of tens of micrometers. Between crystallites grain-boundaries are
formed. It has been widely known that there occurs chromium carbide
segregation to grain-boundaries. Since chromium carbides are not durable to
oxidation, a cracking of stainless steel could appear in the grain boundary
region. One possibility to reduce chromium carbide formation is the adding of
other elements to stainless steel, which form oxidation-resistant carbides. It has
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been demonstrated that titanium is one of such elements [12, 13]. Titanium
carbides, which are more oxidation-resistant, preferably replace chromium
carbides on grain boundaries. However, to obtain titanium carbides the alloy has
to be annealed. In this way custom-grade stainless steel with an enhanced
passive layer can be prepared.
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4. THIN FILM PREPARATION
4.1. Sol-gel method

The sol-gel method is a well-established technique for preparing films,
powders, etc. Often the sol-gel method has a number of advantages over other
preparation techniques, such as flexibility in introducing impurities in large
concentrations, homogeneity, stoichiometry, ability to coat large and complex
surfaces, and cost-effectiveness [11].

The sol-gel method is a wet-chemical technique. In a very simplified
scheme, the process starts with solving a precursor (in our case titanium(IV)
butoxide) in a solvent. The precursor is partially hydrolysed by adding a water-
solution, which initiates hydrolysis and condensation reactions. Condensation
results in the formation of colloidal particles or macromolecules. Further
condensation leads to the formation of porous 3-dimensionally interconnected
solid networks (gels). Gels can be colloidal (formed from colloidal sol) or
polymeric (formed from subcolloidal units). The next step is drying, where the
solvent is mostly evaporated and removed. To obtain a crystal structure and
remove the last of organics from the material usually annealing is used [43, 44].

Many types of precursors can be used for sol-gel deposition. However,
usually non-alkoxides (for example inorganic salts) or metal alkoxides are
utilized. In order to prepare titania, Ti(O-E);, Ti(I-OP); and Ti(O-nBu), are
most commonly used [11].

Films are made by the sol-gel method, mainly by using dip-coating or spin-
coating techniques. Dip-coating involves an immersing the substrate into the
precursor solution and pulling out the substrate. Thereat gravitational force
removes the redundant material. Spin-coating is a method, where sol is coated
onto the rotating substrate. Centrifugal force removes the redundant material
and thin precursor films are formed.

4.1.1. Preparation of undoped, cobalt- and
nickel-containing titania films

In this work, the characterization of samples was in the focus, not the film
preparation. Therefore, the film preparation is described briefly. For the current
investigations pristine, cobalt- and nickel-containing sol-gel titania films were
prepared by Urmas Joost.

Pristine, cobalt- and nickel-containing titania thin films were prepared by
sol-gel method by using commercially available titanium(IV) butoxide (Vertec,
purity 98 %), cobalt nitrate hexahydrate (Co(NOs), 6H,0, Alfa Aesar, purity
99.95 %) and nickel chloride hexahydrate (NiCl,-6H,0O, Alfa Aesar, purity
99.95 %). Since the compounds are sensitive to water, the solvent (butanol) was
dried by using CaH, and distilled prior to utilization.
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The precursor material for pristine titania was prepared by partial poly-
merisation of titanium(IV) butoxide. The molar ratio of water to titanium(IV)
butoxide was chosen 1.4. The precursor material for cobalt- and nickel-
containing titania was prepared by a partial polymerization of titanium(I'V)
butoxide, where nickel chloride hexahydrate or cobalt nitrate hexahydrate was
introduced together with water/butanol mixture. Water in NiCl,-6H,O or
Co(NO;),"6H,O0 was taken into account when calculating the water/
titanium(IV) butoxide ratio. PH was adjusted with hydrochloric acid to catalyse
polymerisation. The atomic ratio of Ni and Ti (Co and Ti) in the precursor was
1:24. Although the average atomic ratio for whole sample did not change during
the subsequent annealing, it was possible that spatial redistribution of impurity
atoms occurred during the heating. The annealed films contained approximately
4.2 atomic % of nickel or cobalt relative to titanium.

The polymerized alkoxide solution was concentrated at a lowered pressure
of 500 Pa at 60 °C. Evaporation procedures were conducted on the Biichi R-114
Rotavapor installation equipped with a two-stage membrane vacuum pump and
an electronic vacuum controller. A solution containing 11.0 mass % of the
concentrate in butanol was used as a precursor for the film deposition.

Thin films were prepared by spin-coating on methanol-cleaned Si(100) (i.e.
with native oxide layer) and quartz substrates in the ambient atmosphere.
Nickel-containing titania films were also prepared on HF-etched Si(100) (i.e.
without native oxide layer).

The rotation frequency during the spin-coating was 5000 rpm and the
coating time was 0.5 min. The obtained precursor films were aged at room
temperature in ambient conditions for 4 days. The purpose of such aging was to
allow the remaining solvent to evaporate at a lowered pace in order to prevent
the cracking of the films.

The remaining organic solvent was evaporated from the material and
crystallites were formed during the heating of the samples in a furnace (in air).
For annealing the furnace Nabertherm HTR70-150/13 was used. Annealing
regimes are demonstrated in Figure 7. At the beginning all eight samples were
put into the furnace, then the temperature was increased to the first set value of
450 (or 500) °C by using the ramping rate 2.4 (or 2.6) °C/min. In order to obtain
a good reproducibility the samples were annealed for one hour at a constant
temperature. It was assumed that during that time the equilibrium was reached
in the phase composition and crystallite growth. After a one-hour dwelling time,
one sample was removed from the furnace and then the temperature was
increased to the next desired value (550 °C or 600 °C) by using a ramping rate
1.7 °C/min. This was followed by the annealing for one hour at that temperature
and the removal of the sample from the furnace. The procedure was repeated
until the last sample was removed from the furnace after a one-hour annealing
at 1150 (1200) °C.
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Figure 7. Annealing regimes of the samples. Each arrow marks the time moment when
one sample was removed from the furnace.

4.2. TiC-enriched austenitic stainless steel preparation
and surface oxidation

An austenitic stainless steel sample was studied together with colleagues from
Tampere University of Technology. In collaboration, surface pre-treatment and
oxidation experiments were carried out.

The stainless steel sample was produced in Outokumpu Stainless Oy
(Tornio, Finland). The chemical composition of the bulk alloy used, resembles
closely (but not fully) grade UNS S33400 [45] and consists of: 60.1 at.% Fe,
19.4 at.% Cr, 17.5 at.% Ni, 1.0 at.% Al, 0.5 at.% Mn, 0.7 at.% Si, 0.4 at.% Ti
and 0.24 at.% C. Furthermore, the alloy contains a very low concentration of
non-metals and traces of metals typical of industrial melts (mainly O, N, S, P, K
and W).

The TiC-enriched surface was prepared by annealing the bulk alloy to
727 °C. After this treatment the amount of TiC remained constant throughout
several cleaning cycles. The relative atomic surface concentrations of minor
alloy constituents after each cleaning were 12 — 20 % Al, 8 — 18 % O, 7 % C,
7 % Ti and 1 — 2% Si within the XPS analysis depth when using a photon
energy of 400 eV.

Oxidation experiments were performed by backfilling the UHV chamber
(base pressure 1 x 107'° mbar) with 2.7 x 10" mbar of O, (99.9999 %), while
maintaining the sample temperature 50 °C throughout the exposure duration.
The investigated O, exposure range was 0 — 3000 L (1 L = 10"° Torr-s).

26



5. X-RAY ABSORPTION
5.1. X-ray absorption spectroscopy

X-ray photons interaction with matter leads to absorption and scattering pro-
cesses. The strength of these interactions can be quantified in terms of cross-
sections. The cross-sections of different processes occurring during x-ray
photons interaction with matter (in copper) are demonstrated in Figure 8. In the
case of soft x-rays (photon energy < 2 keV) the photoelectric absorption leading
to the emission of photoelectrons dominates by orders of magnitude over all
other interactions of soft x-ray photons and matter such as elastic and inelastic
scattering [21, 46].
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Figure 8. Contribution of atomic photoeffect (t), elastic scattering (o astic), inelastic
scattering (ongLastic) and pair production (k) to total cross-section in copper over
photon energy range of 10 eV to 100 GeV. Cross-section is given in barns/atom (barn =
1072* m?). Figure is prepared on the bases of reference [47].

In x-ray absorption spectroscopy (XAS) the measurable physical quantity is an
x-ray absorption coefficient, also called a linear absorption coefficient. It
describes how strongly x-ray photons are absorbed as a function of x-ray photon
energy. The absorption coefficient is related to the x-ray absorption cross-
section linearly by the atomic volume density of the sample. Generally, the x-
ray absorption coefficient decreases when the x-ray photon energy increases.
However, in certain x-ray photon energies the x-ray absorption coefficient
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increases abruptly. This occurs when the x-ray photon energy becomes equal to
a specific energy (binding energy of some core level) and electron liberates
from atom. This sudden increase of the absorption coefficient is called
absorption edge [21, 46]. Figure 8 demonstrates the change of the cross-section
of x-ray absorption in copper as a function of photon energy. A generally
smooth decrease of x-ray absorption and sharp increases at photoabsorption
edges are well observable.

The absorption of x-ray photons leads to the formation of photoelectrons
when the x-ray photon energy is higher than the electron binding energy in an
atom (relative to Fermi level). After photoionization a hole is left in that
electron energy level. This hole can be filled with an electron from the upper
energy level simultaneously by the ejection of another electron (Auger effect).
Alternatively, the hole can be filled by an electron and an x-ray photon is
emitted. The radiative and the Auger decay processes compete with each other.
The strength of the radiative decay or the Auger decay depends strongly on the
atomic number. For the K-shell excitation of low-Z atoms (Z < 30) and L-shell
excitation of all atoms (Z < 90) the Auger decay is faster and hence dominates
[21].

Photoionization and relaxation of the core hole through the Auger effect is
demonstrated in Figure 9 (a). Although the emission of x-ray photon or the
ejection of Auger electron (Auger electron decay) are followed by
photoionization, similar processes occur when an electron is excited to localized
unocccupied energy level (photoexcitation). In that case no primary electron
ejection occurs — the excited electron is localized at the absorption site. Thus,
XAS probes both the localized and the unlocalized unoccupied states. The
photoexcitation followed by the Auger decay is demonstrated in Figure 9 (b).
The Auger decay can happen in two ways: the excited electron participates in
the relaxation process (participator Auger transition) or it retains its state
(spectator Auger transition).

Two regions in x-ray absorption spectra can be separated: the edge and the
extended edge. This gives also names to the two main techniques in XAS. The
edge region is studied with near edge x-ray absorption fine structure spectro-
scopy (NEXAFS), also called as x-ray absorption near edge spectroscopy
(XANES). It involves the energy region from about 10-20 eV below the edge to
about 30-40 eV above the edge, where the rapid changes of absorption
coefficient (cross section) can be observed. It probes directly unoccupied states.
The photon energy region 100 — 1000 eV above the edge is called extended x-
ray absorption fine structure (EXAFS). EXAFS structure is formed from the
destructive and non-destructive interference of scattered electrons from
neighbouring atoms. By using numerical methods it is possible to calculate
interatomic distances from EXAFS spectra.
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Figure 9. Processes occurring in x-ray absorption: (a) photoionization leading to the
emission of photoelectron and relaxation of created core hole by normal Auger
transition, (b) photoexcitation, which leads to the participator or spectator Auger
transition.

Typically x-ray absorption can be measured in several modes: transmission,
fluorescence yield and electron yield. Transmission mode is most straight-
forward: it simply involves the measuring of the x-ray photon flux before and
after the beam is passed through the sample. However, it can be used only in the
case of hard x-rays, because of the small penetration depth of soft x-rays in
matter. X-rays with photon energy between 100 and 1000 eV have penetration
depths from tens of nanometers to a couple of microns, depending on the
material. For example, in the case of iron it is 22 nm for x-rays with photon
energy of 100 eV and 140 nm for x-rays with the energy of 1000 eV [48]. The
preparation of freestanding samples with such a small thicknesses is very
difficult and, therefore, in a soft x-ray region fluorescence and electron
detection is feasible. In fluorescence yield measurements the x-ray photons
emitted after photoabsorption are detected and in the electron yield the electrons
emitted after photoabsorption are measured [46]. The use of these yields for x-
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ray absorption measurements is based on the circumstance that the electron and
fluorescence yields are proportional with x-ray photoabsorption cross-section.

Electrons can be measured in different modes: total electron yield (TEY),
partial electron yield (PEY) and Auger electron yield (AEY) mode. In TEY
mode electrons with all kinds of kinetic energies are detected [21]. In PEY
mode, only these electrons are detected, which have their kinetic energy in the
region defined by the experimenter. As a special case of PEY mode, often the
AEY is used, when the energy window is adjusted so that only Auger electrons
are detected.
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Figure 10. Typical electron mean free path in solids as a function of the electron kinetic
energy above the Fermi level. The shaded area represents the distribution typically
found for different materials [21].

X-ray absorption leads to the creation of photoelectrons and Auger electrons.
The electron mean free path as a function of electron kinetic energy follows a
“universal curve”, demonstrated in Figure 10. There the shaded area represents
the distribution, which is typically found for different elements. The smallest
electron mean free path in solids, less than 10 A, is for the electrons the kinetic
energy of which is around 50 eV. On their way to the surface electrons scatter
inelastically, creating new electrons with lower energies and leading to the
formation of an electron cascade. When new electrons have energies below the
band gap, they cannot create new electrons and will lose energy in the case of
scattering on phonons. As these electrons will lose small amounts of energy in
scattering, they can travel long distances before reaching the surface. Thus the
measuring of low-energy secondary electrons will give the largest probing
depths.
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5.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is based on a photoelectric effect. The
sample is irradiated by using x-rays with fixed photon energy, this causes an
emission of photoelectrons from the sample surface. In the case of solids the
kinetic energy of an excited electron has also to overcome the surface energy
potential (work function) in order to emit. The process of photoemission is
shown schematically in Figure 9 (a) left. When the number of emitted electrons
is measured as a function of their kinetic energy (Ex), then photoelectron
spectra are obtained. Knowing the photon energy (hv) and the work function of
a solid (@), one can determine the electron binding energy (Ep) in the sample
according to following equation [49]:

EB:hV—EK—CD

XPS is known as a surface-sensitive technique. Surface sensitivity of XPS
comes from a small electron mean free path in materials. The electron mean free
path in solids as a function of the electron kinetic energy above the Fermi level
is demonstrated in Figure 10. The shaded area represents the distribution
typically found for different elements. As one can see, when using soft x-rays
(photon energy < 2 keV), the electron mean free path in solids is mostly less
than 2 nm for majority of elements [49].

XPS is a good tool to identify elements on the surface layer, since all
elements have their core levels at specific energies as compared to each other.
Also, XPS is a good tool to determine the chemical state of surface atoms. For
example, electrons in metal have certain Columbic interaction between the
nucleus and electrons. When oxide is formed, metal transfers its electron to
oxygen due to its larger electronegativity. This results as a stronger Columbic
interaction between the nucleus and electrons. Therefore, the binding energy of
electron is larger in metal oxide than in metal and a “chemical shift” between
two compounds is observed [49].

In photoelectron spectra also other structures, besides photoelectron peaks,
are present. Usually, the bands related to Auger structures, but also to shake-up
satellites, shake-off satellites and multiplet splitting can arise. The Auger
electron decay mechanism was introduced in the previous section. However, it
should be added that Auger transition is an inner atomic process and the Auger
electron kinetic energy does not depend on photon energy as does the
photoelectron kinetic energy. Shake-up satellites are formed, when the outgoing
photoelectron simultaneously interacts with a valence electron and excites it to a
higher-energy level. This process leads to the decrease of the energy of the
ejected core electron and satellites appear in photoelectron spectra. Shake-up
satellites are few electron volts below the core level position. This process can
be accompanied by the formation of a shake-off satellite. The shake-off satellite
is formed in the way that a valence electron is ejected from the ion [20]. A
multiplet splitting may arise in a compound that has an unpaired electron in the
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valence band. When a core hole is created through photoionization, there can be
coupling between the unpaired electron in the core shell with an unpaired
electron in the outer shell. This can create a number of final states, which arise
in the photoelectron spectrum as a multipeak structure [20].
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6. EXPERIMENTAL

6.1. Synchrotron radiation

Large scale facilities, where relativistic electrons are moving in a circular orbit
and emit synchrotron radiation, are called synchrotrons. This light (synchrotron
radiation) is very bright, polarized and emitted in a wide spectral range [50]. A
schematic of synchrotron ring with one beamline is shown in Figure 11.
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Figure 11. Schematic of a synchrotron ring with one beamline. Bunches of charged
particles circulate in the storage ring. The ring is designed with straight sections, where
an insertion device is placed (bending magnet is placed in the curvature part of the
machine). When an electron bunch passes through the insertion device (or bending
magnet) magnetic field, it is accelerated and radiation is produced. This radiation then
passes through a number of optical elements, such as monochromator, focusing devices,
etc., so that a beam with desired properties is delivered to the sample. Typical distances
are indicated [51].

In synchrotron, radiation is produced by using two types of devices: dipole
(bending) magnets or insertion devices. Dipole magnets are devices where
homogeneous magnetic field is created between two poles, due to that a
relativistic electron bunch is tilted. In synchrotron, bending magnets create the
curved part of electron trajectories. Bending magnet radiation has a broad
spectrum. Insertion devices can be divided into two main groups by the strength
of their magnetic field: wigglers and undulators. In wigglers the magnetic field
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is strong. In general, the wiggler acts like a sequence of bending magnets with
alternating polarities. Wiggler spectrum is more intense than the bending mag-
net one. Undulator is also a multiperiod magnetic system. In undulator magnetic
field is weak and beam deflections are small. This results in radiation inter-
action with itself, producing destructive and constructive interference. The
undulator spectrum includes intense peaks. Insertion devices are placed to
straight sections of the storage ring [50].

To bring synchrotron radiation to experimental stations, beamlines are
constructed. A beamline contains a monochromator and its associated pre-
focusing and post-focusing optics. A schematic of a beamline at a synchrotron
is demonstrated in Figure 11.

In this work, experiments were carried out at beamline D1011 of the MAX-
IT storage ring in MAX-lab (National Laboratory for Synchrotron Radiation,
Lund University, Sweden). Additional measurements were carried out at
beamline I511-3 of the MAX-II storage ring and in the home laboratory
(Laboratory of X-ray Spectroscopy, Institute of Physics, University of Tartu)
with the conventional XPS apparatus.

6.2. XPS and XAS measurement systems

6.2.1. Beamline D101 |

Beamline D1011 is dipole magnet beamline in the synchrotron facility MAX-
lab. It has two end stations, one to measure magnetic circular diachroism and
the other one to carry out photoemission and photoabsorption experiments by
using linearly polarized light. Beamline D1011 is equipped with a SX-700
plane-grating monochromator. The available energy range is between 30 and
1500 eV. Photon flux on the sample is about 10'° — 10" ph/s. The photo-
emission and photoabsorption experimental system consists of separate analysis
and preparation chambers accessible via a long-travel manipulator. The analysis
chamber is equipped with an electron energy analyser (Scienta SES-200) and a
microchannel plate detector (MCP) for electron yield measurements. It has also
a possibility to measure the sample’s photocurrent during XAS measurements.
The preparation chamber is equipped with low-energy electron diffraction, ion
sputtering guns and a gas-inlet system [52].

6.2.2. Beamline 1511

Beamline 1511 is undulator-based beamline in MAX-lab. It has two end
stations: one is constructed for high-pressure XPS and XAS measurements
(I511-1), and the other one for XAS and x-ray emission spectroscopy (XES)
measurements (I511-3). Beamline 1511 is equipped with a SX-700 plane-
grating monochromator. The available energy range is between 50 and 1500 eV.
Photon flux on the sample is about 10'' — 10" ph/s. I511-3 has a soft X-ray
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emission spectrometer (Scienta XES-350) for soft XES studies of non-UHV
compatible systems. XAS can be measured by using the electron yield
(detecting sample current or electrons by using on-site channeltron) or the
photon yield (using the XES detector or a photodiode) [53].

6.2.3. Surface station at Institute of Physics University of Tartu

The XPS system in the laboratory of x-ray spectroscopy (University of Tartu,
Institute of Physics) consists of three vacuum chambers (load-lock, preparation
chamber and analysis chamber). Load-lock is used to insert ex situ samples into
the vacuum system. The preparation chamber offers possibilities to heat
samples and to clean the sample surface with Ar ion sputtering. Photoemission
experiments are carried out in the analysis chamber. Excitation sources are a
twin-anode x-ray tube (Thermo XR3E2) and a helium lamp. The X-ray tube
offers possibilities of using non-monochromatized Al Ka radiation (hv =
1486.6 ¢V) and Mg Ka radiation (hv = 1253.6 e¢V). A helium lamp is used as
vacuum ultraviolet source, it enables us to use radiation with the energy of
21.2 eV (He I) and 40.8 eV (He II). For the detection of electron kinetic energy
distribution an electron energy analyser (Scienta SES-100) was used.

6.3. XPS and XAS experimental details

6.3.1. Undoped, cobalt- and nickel-containing titania

Mainly XPS and XAS measurements were carried out at beamline D1011. XPS
spectra were measured by using Scienta SES-200 in a fixed analyser
transmission (FAT) mode with 200 eV pass energy. The XPS spectra were
normalized to the synchrotron ring current, the binding energy scales were
referenced to the binding energies of the Ti 2p;» (458.6 ¢V) and the O 1s
(529.9 eV) photoemission lines. The XAS spectra (Ti 2p) were measured in the
PEY mode by using a MCP detector with a retention voltage of 200 V. The
photon energy resolution was about 0.1 eV. All the spectra were measured near
the normal (4°) incidence. The XAS spectra were normalized to the gold mesh
current to keep account of the variations in the x-ray photon energy flux to the
sample. The photon energy scale was calibrated by measuring the kinetic
energy of Au 4f photoelectrons excited by 400 eV in the first and the second
order of the monochromator.

Additional XAS measurements were carried out at beamline 1511-3 (Ti and
Ni 2p) in TEY mode by measuring the sample current. The incidence angle for
XAS measurements was 35° from the surface normal. The XAS spectra were
normalized in the same way as described in the previous paragraph.

The XPS measurements of the nickel-containing titania on a HF-etched
Si(100) substrate were carried out at the home lab (Laboratory of X-ray
Spectroscopy). In the measurements a Scienta SES-100 electron energy
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analyser was used with 200 eV pass energy (exciting photon energy was
1486.6 e¢V). The angle between the incoming photon beam and the axis of the
electron energy analyser was 45° and the sample normal was parallel to the axis
of the electron energy analyser. SES-100 was calibrated by using Au 4f
photolines. The photon energy resolution of the x-ray source was about 0.8 eV
(full width at half maximum) and the resolution of the electron energy analyser
was about 0.3 eV.

6.3.2. TiC-enriched stainless steel

XPS spectra were measured at beamline D1011 by using Scienta SES-200 in a
FAT mode with 200 eV pass energy. XAS spectra were measured in the TEY
mode by using a MCP detector. The photon energy resolution was about 0.1—
0.2 eV. The sample was positioned at a normal emission with 40° incident angle
for the incoming photon beam.

XPS and XAS spectra were normalized to the synchrotron ring current to
keep account of the variations in the photon beam intensity. The binding energy
scales for XPS experiments were referenced to the Ni 3p;» (66.3 eV), 3s
(110.7 eV) and 2p;, (852.7 €V) transitions. The photon energy scale for XAS
experiments was calibrated by measuring the kinetic energy of Fe 3p (52.8 eV)
and Ni 3ps,; (66.3 eV) photoelectrons excited by photon energy of 400 eV in the
first and the second order of the monochromator. The XAS spectra of metal 2p
edges were normalized by a reference signal from a gold mesh. O 1s edge
spectra were normalized by a cleaned alloy spectrum. For reference, cleaned Fe,
Cr, Ni foils and oxidized Fe, Cr foils XAS spectra were measured.

Changes in XPS peak areas of the main alloy components were determined
from XPS spectra (excitation energy 1486.6 eV). Fe 2p, Cr 2p, Ni 2p, Ti 2p and
O 1s photopeaks were fitted by asymmetric Gaussian-Lorentzian lineshapes
after subtracting a Shirley background. An analysis was carried out by using a
CasaXPS software (version 2.3.13) [54].

6.4. X-ray diffraction

X-ray diffraction (XRD) is a straightforward method for determining the crystal
structure, the orientation of crystallites and the crystallite mean size. The
method is based on the elastic scattering of x-rays from a regular array of atoms.

The crystal can be considered as three-dimensional repetition of some unit of
atoms. The scheme of repetition is defined through the crystal axes. In a
crystalline structure it is important to indicate the magnitude and the direction
of the displacement. The smallest unit which can be repeated to describe the
whole crystal is called unit cell [55].

Atoms in crystalline structure may be considered as being situated on planes.
By repeating these planes parallel equidistant planes are formed. These planes
are characterized by using the Miller indices. By using the Bragg law, we
consider diffractions in terms of a set of crystallographic planes [55]. A
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schematic of x-rays scattering from crystal planes is presented in Figure 12. An
x-ray with the wavelenght of A falls upon a crystal at the angle of & with planes
with the spacing d. The beam goes to the atom A in the first plane and to the
atom B in the next plane, each of the atoms in the plane scatters a part of x-rays
in a random direction. A constructive interference appears only between these
scattered x-rays that are parallel and whose path differs exactly A, 24, 31 times,
etc. [56].

incident x-ray
with wavelenght A scattered x-ray

AN
~." path difference
2dsin®
[ o
d
o o

Figure 12. X-ray scattering from a crystal [56].

The Bragg law describes the occurrence of diffraction and is given as:
2dsin6=nA n=123..,

where d is the distance between diffraction planes, n is integer and A is the
wavelength. Diffraction can occur only when the wavelenght is smaller than 2d
(A< d).

6.4.1. Experimental details of x-ray diffraction

The crystalline phases of thin films were investigated by using XRD. XRD
experiments were conducted by using a Bragg-Brentano x-ray diffractometer
DRON-1 (Nauchpribor) operating in a symmetrical coupled &2¢scanning
mode, by using Cu K radiation. Diffracted x-rays were measured by a
scintillation detector. The scanning step was 0.02° and the measuring time for
each step was 20 s. The average crystallite size was estimated from the XRD
peak broadening by using the Scherrer equation [57].
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6.5. Other film characterization techniques

Atomic force microscopy
Atomic force microscopy (AFM) is a good tool to obtain information about
morphological properties of surfaces. By AFM the forces between the sharp tip
and the surface are measured. The greatest advantage of AFM is that it gives a
possibility to observe a three-dimensional surface profile. Measurements are
usually carried out in atmospheric conditions (it does not need vacuum) and
sample conductivity is not a crucial factor like in scanning electron microscopy.
The surface morphological changes of pristine, cobalt- and nickel-containing
titania thin films were investigated by using SMENA-B (NT-MDT) AFM.
Typically, the tapping mode was used in order to provide an optimal perfor-
mance in such cases. From AFM images root mean square (RMS) roughness
but also grain mean size were evaluated by using the Gwyddion 2.19 software
[58].

Raman spectroscopy

Raman spectroscopy is a tool for studying lattice vibrations in the system. It
relies on the inelastic scattering of monochromatic light from matter. In the
current investigations, Raman spectroscopy was additionally applied to study
lattice vibrations with a purpose to investigate the phase composition of films.
The room-temperature Raman spectra of the thin films prepared on a SiO,/
Si(100) and HF-etched Si(100) substrate were measured by using the Renishaw
inVia Raman microspectrometer. The wavelength of the exciting light was
488 nm.

X-ray reflection

X-ray reflection (XRR) is a method, where reflected x-rays from the sample
surface are measured at small angles. It is a good method to obtain information
about the film density, RMS roughness and thickness. In the present investi-
gations the thickness of the pristine, cobalt- and nickel-containing titania films
was estimated from XRR measurements by means of a modified URT-1 (Nauch-
pribor) diffractometer and by using Cu K« radiation. The reflection patterns were
recorded in 6/260 scanning mode for the angular range 260 = 0.2 — 2.5°.

Scanning electron microscopy and energy dispersive x-ray analysis

SEM is a good method for studying surface morphology. It is based on
accelerated electrons interaction with matter where the signal of secondary or
backscattered electrons is detected as a function of position. Method requires a
partially conductive sample (also substrate) and gives a two-dimensional image
of the surface. Additionally, SEM equipment may contain an EDX detector.
EDX is based on the detection of characteristic x-ray fluorescence, which is
emitted after electron excitations. It gives possibilities to study the elements
distribution in the sample and the sample composition.
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SEM images were measured and the elemental distributions were determined
by using an FIB-SEM instrument (FEI Helios 600 focused ion beam — scanning
electron microscope (FIB - SEM) setup equipped with an EDX detector, Oxford
Instruments). SEM images, in order to demonstrate the surface morphology of
cobalt- and nickel-containing titania films, were measured at normal incidence
before each EDX measurement by using an electron beam energy corres-
ponding to 5-7 kV high voltage. SEM images, in order to demonstrate surface
morphology and cross-section of the nickel containing titania films, were
measured at a 50-degree angle from the film’s surface by using an electron
beam energy corresponding to 10 kV high voltage. In SEM measurements
secondary electrons were detected.

The EDX measurements were carried out by using a primary electron beam
with an acceleration voltage of 5 kV (in some cases 7 kV) to detect Ni L, 1 X-
ray fluorescence (Ni L,; 0.851 and Ni Ly, 0.869 keV), Co L, 1 x-ray fluore-
scence (Co L,;0.776 and Co Lg; 0.791 keV) and Si Ko x-ray fluorescence
(1.740 keV)

With the purpose to detect the distribution of oxygen and titanium in the
cross-section of the nickel-containing titania films, EDX measurements were
carried out. Firstly, the cross-section of the cut films was cleaned either with
FIB (using gallium ions) or a rectangular hole was etched into the films by FIB.
Then, from the cleaned areas oxygen Ka (0.525 keV) and titanium Ko
(4.511 keV) x-ray fluorescence were measured. The excitation energy of the
electron beam corresponded to 10 kV high voltage.

Optical absorption

To evaluate the optical absorption of pristine and cobalt- and nickel-containing
titania, optical transmission and reflection measurements were conducted with a
Jasco V-570 (UV/VIS/NIR) spectrometer equipped with a tungsten lamp and a
photomultiplier. Resolution in UV-Vis region was 0.1 nm. The optical absorp-
tion coefficient o was calculated from the measured transmittance and reflecti-
vity by using the evaluated thickness [59] obtained from XRR measurements.
The optical band gap was deduced from the intersection of the extrapolated
linear parts with the energy axes. Based on literature [60], it was assumed that
films have an indirect optical band gap.

Light-induced hydrophilicity

The degree of the light-induced hydrophilicity was estimated by measuring the
contact angle of a water droplet on the films (prepared on SiO,/Si(100)
substrate), i.e. the angle at which the liquid vapour interface meets the solid
liquid interface. The contact angle measurements were carried through by
means of a sessile drop method and by using a self-made setup. The volume of
the water droplets was 1.0 pL. The light source was a mercury lamp (253.7 nm,
4.89 eV). During UV light illumination the relative air humidity was kept
around 90 %.
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7. RESULTS AND DISCUSSION

7.1. Effect of cobalt and nickel addition to titania
(Papers 11-1V)

00um 0.5 1.0 1.5 0.0um 0.5 1.0 1.5
I 16.0 nm 0.0 57.0
a) uindoped 02 " " RN 1) Undoped TiO, nm
on Si03/Si{f00)" on Si0,(Si(100)
| “annéaled at’550 annealed at 950 °C
0.0 nm

128 nm

Eab s DRk i — 0.0 nm
s isT e 3 | = = ' = / 62.6 nm
e) nickef-¢8hiaining TiOp ) nickel-containing Wo3
** on SiQp/Si(100): %' =¢ mon §i02/ 00) 4 %
. aled at5508C @néaled affaso.-¢c
: s : ",
BRI . s o

| X '\' 5| ’ . ~> .

" ..7“ W : . 3 1 ) g _ &

0.0 nm

87.2 nm

0.0nm 1.5 — - — 0.0 nm

Figure 13. AFM images (1.5 x 1.5 um®) of undoped titania films (a, b), cobalt-
containing titania films (c, d) and nickel-containing titania films (e, f) on SiO,/Si(100)
substrate annealed at 550 °C (a, c, €) and 950 °C (b, d, f). Nickel-containing titania films
on HF-etched Si(100) substrate annealed at 600 °C (g) and 900 °C (h) are comparably
demonstrated. The altitude scale is shown at the right of the each image.
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The AFM images (size 1.5 x 1.5 um?®) of the pristine (undoped), cobalt- and
nickel- containing TiO, thin films prepared on SiO,/Si(100) substrate and
nickel-containing titania films on HF-etched Si(100) substrate are shown in
Figure 13. The films prepared on SiO,/Si(100) substrate annealed at 450 and
550 °C were rather smooth and consisted of nanometer scale grains. The grain
size was about three times larger when the films were annealed at 950 °C (in the
case of nickel-containing titania on HF-etched SiO,/Si(100) at 1000 °C).
Further increase of the annealing temperature up to 1150 °C led gradually to the
formation of films, which composed of large crystallites. Similarly to the films
on Si0,/Si(100) substrate, nickel-containing titania films on HF-etched Si(100)
substrate consisted of nanometer scale grains after annealing at 500 and 600 °C.
However, these films contained pores between crystallites when the annealing
temperatures between 500 and 800 °C were used. When the annealing
temperature was increased above 900 °C, these pores collapsed. In general, the
films containing nickel and especially cobalt demonstrated larger grain size as
compared to undoped titania films.
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Figure 14. (a) RMS roughness of undoped, cobalt- and nickel-containing titania films
on Si0,/Si(100) substrate as a function of annealing temperature. (b) RMS roughness of
nickel- containing titania on SiO,/Si(100) and HF-etched Si(100) substrate as a function
of annealing temperature.

In Figure 14 (a), the RMS roughness of undoped, cobalt- and nickel-containing
titania on SiO,/Si(100) substrate are demonstrated. A clear dependence of RMS
roughness as a function of the annealing temperature can be observed. An
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increase of the annealing temperature predisposes the grain growth and the
formation of a rougher surface. It was found that nickel addition leads to the
formation of a smoother surface as compared to pristine and cobalt- containing
titania films on SiO,/Si(100) substrate, when films were annealed at 450 and
550 °C. With the increasing of the annealing temperature above 650 °C cobalt
and nickel addition led to the formation of a rougher surface than undoped
titania. Nickel-containing titania on SiO,/Si(100) and HF-etched Si(100)
substrate is demonstrated and compared in Figure 14 (b). The RMS roughness
of nickel-containing titania films on SiO,/Si(100) substrate differed from the
similar films on HF-etched Si(100) substrate, when films were annealed below
900 °C. This was due the pores, which were formed between nickel-containing
titania crystallites. When the annealing temperature was increased above
900 °C, RMS roughness of nickel-containing films on different substrates
became similar.

The XRD patterns of undoped, cobalt- and nickel-containing TiO, thin films
prepared on SiO,/Si(100) substrate and nickel-containing titania on HF-etched
Si(100) substrate annealed at different temperatures are shown in Figure 15
(260 =24 — 29° is demonstrated). The film aged only at room temperature did
not show any reflexes in XRD pattern (not presented in Figure 15). The main
reason is that an aged precursor film is not yet crystalline titania, it has an
amorphous nature and it still contains traces of organic compounds (alcoxo
groups and butanol). In the case of films that are crystallized after a thermal
treatment at 450 °C or higher, the presence of some amorphous content cannot
still be excluded. It has been shown previously that when films are prepared by
the soft chemical synthesis method, they contain amorphous content even when
relatively high annealing temperatures are used [61]. The XRD patterns of
pristine, cobalt- and nickel-containing TiO, films on SiO,/Si(100) substrate
annealed at 450 and 550 °C during one hour contained a weak reflex at 25.3°.
The obtained peaks are attributed to the anatase phase of titania. The reflex at
25.3° became stronger and the anatase crystallites grew when the film was
annealed at 650 °C. The anatase phase dominates in the films annealed below
750 °C in cobalt- and nickel-containing titania on Si0O,/Si(100) substrate. At
and above 750 °C the rutile phase dominates. A noticeable amount of rutile
phase appeared in the pristine titania XRD spectrum when the film was
annealed at 850 °C. This indicates that cobalt and nickel addition lowers anatase
to the rutile phase transition temperature. Nickel-containing titania on HF-
etched Si(100) substrate demonstrated different temperature for the anatase-to-
rutile phase transition as compared to nickel containing titania on SiO,/Si(100)
substrate. It was found that the anatase phase dominated in the films that had
been annealed below 900 °C, at higher temperatures rutile was the dominant
phase.

Additionally to different phase transition temperature, nickel-containing
titania films on the SiO,/Si(100) substrate demonstrated also stronger peaks and
larger XRD peak areas as compared to the ones prepared on HF-etched Si(100)
substrate, Figure 15. This indicates that nickel-containing titania films on the
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Si0,/Si(100) substrate were more crystalline than on the HF-etched Si(100)
substrate.

We attribute these effects to be due to the different substrate, since every-
thing else in our preparation protocol was the same. Although the influence of
the annealing temperature on the properties of sol-gel films prepared com-
parably on SiO,/Si(100) (i.e. with native oxide layer) and HF-etched Si(100)
(i.e. without native oxide layer) substrate are interesting, no respective
investigation has to our best knowledge been reported for titania yet.
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Figure 15. XRD patterns of sol-gel prepared undoped, cobalt- and nickel-containing
TiO, films on Si0O,/Si(100) substrate (a, b, ¢) and nickel containing TiO, films on HF-
etched Si(100) substrate (d) after thermal treatment at different temperatures.
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However, Chen et al. [62] studied the influence of substrates on the characte-
ristics of sol-gel prepared Bi,VOss thin films. In these films sharper and
stronger XRD peaks also in the case of Si0,/Si(100) substrate were observed as
compared to the case of Si(100) substrate. In this work better crystallinity of
Bi,VOs s thin films in the case of SiO,/Si(100) substrate was explained by the
presence of an SiO, buffer layer, which decreases the mismatch of lattice
constant between the film and a Si monocrystal [62]. In the case of nickel-
containing TiO, we can speculate about a similar reason, but the mechanism of
substrate influence clearly needs further investigations.

In Figure 16 (a), the calculated anatase and rutile crystallite mean sizes of
undoped, cobalt- and nickel-containing titania films on Si0O,/Si(100) substrate
are demonstrated. Undoped, cobalt- and nickel-containing titania films com-
posed of a nanocrystalline anatase when annealing temperature below 700 °C
were used. Although, at fixed temperatures anatase crystallites were larger in
the case of cobalt-containing titania films than pristine or nickel-containing
titania films. Thus, the cobalt addition predisposed the crystallization of titania.
An increase of the annealing temperature led gradually to the formation of
larger crystallites in the case of all films. Rutile, the phase of which dominated
in cobalt- and nickel-containing titania films annealed above 750 °C, formed
crystallites of about 40 to 60 nm in mean size, depending on the annealing tem-
perature. Pristine titania contained similar size rutile crystallites when annealed
above 900 °C. The further increase of the annealing temperature above 1100 °C
led to the formation of even larger crystallites in films (larger than 64 nm).

In Figure 16 (b), the calculated anatase and rutile crystallite mean sizes of
nickel-containing titania films on SiO,/Si(100) and HF-etched Si(100)
substrates are compared. Both kinds of films contained a nanocrystalline ana-
tase when the annealing temperature below 700 °C was used; however, anatase
crystallites were larger in the films prepared on SiO,/Si(100) substrate at a fixed
temperature. Rutile, the phase of which dominated in both films annealed above
850 °C, formed crystallites of about the same size on both substrates at a fixed
temperature. The formation of larger anatase crystallites on SiO,/Si(100)
substrate at a fixed temperature is due to the native SiO, interlayer, which
induces crystallization. In the case of HF-etched Si(100) substrate a rather thick
interlayer is formed when films are annealed at relatively high temperatures
(around 800 °C). Our cross-sectional EDX measurements also demonstrated
such an effect: an observable (more than 20 nm thick) interface formed between
the films and substrate when they were annealed at 850 °C (in the case of
nickel-containing titania on HF-etched SiO,/Si(100) at 900 °C) [Paper IV].
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Figure 16. (a) The calculated crystallite mean sizes of undoped, cobalt- and nickel-
containing titania films on SiO,/Si(100) substrate after a thermal treatment at different
temperatures. (b) The calculated crystallite mean sizes of nickel-containing titania films
on Si0,/Si(100) substrate and HF-etched Si(100) substrate after a thermal treatment at
different temperatures. The lines are but eye guides.

The thicknesses of the pristine, cobalt- and nickel-containing titania films pre-
pared on SiO,/Si(100) substrate were determined from XRR measurements.
Since XRR is sensitive to the surface roughness, more precise values could only
be measured for the films annealed at lower temperatures (these films had small
RMS roughness). Since all the films were spin-coated in the same regime and
the organic ingredients were removed from the films during the thermal
treatment, the thickness of the films annealed at 450, 550 and 650 °C (all in
anatase phase) were evaluated to be similar. From XRR measurements we
derived that the undoped, cobalt- and nickel-containing TiO, films annealed at
550 °C were about 70 nm thick. Such values correlated well with the values
observed from SEM images.

In addition to XRD, the Raman spectroscopy was used to analyse the phase
composition of undoped, cobalt- and nickel-containing TiO, films prepared on
Si0,/Si(100) substrate and nickel-containing TiO, films prepared on HF-etched
Si(100) substrate. The results of Raman spectroscopy were generally in good
accordance with XRD measurement. In addition to the crystal phases identified
from XRD measurements (TiO, anatase and/or rutile), CoTiO; and NiTiO;
bands also appeared in the Raman spectra of cobalt- and nickel-containing
titania films. When the annealing temperature was increased, CoTiO; band at
696 cm ' and NiTiO; band at 705 cm™ strengthened and other bands related to
CoTiO; and NiTiO; appeared. Undoped, cobalt- and nickel-containing titania
films on Si0,/Si(100) substrate annealed at 950 °C and nickel-containing titania
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films on HF-etched Si(100) substrate annealed at 1000 °C are demonstrated in
Figure 17A. In the Raman spectra bands related to TiO, (anatase and/or rutile)
are observed in case of all films. In the case of cobalt- and nickel-containing
titania films on Si0,/Si(100) substrate CoTiOs and NiTiO; bands are observed.
A weak NiTiO; band at 705 cm™' is observed in the Raman spectra of a nickel-
containing titania film on HF-etched Si(100) substrate. The absence of CoTiO;
and NiTiO; phases in XRD diffraction patterns can be explained by the limited
sensitivity of our XRD setup, which did not allow us to detect any small amount
of these phases. It should also be added that in the Raman spectra no bands
related to NiO, CoO or Cos;0,4 were observed.
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Figure 17A. The Raman spectra of the undoped, cobalt- and nickel-containing TiO,
films prepared on SiO,/Si(100) substrate and annealed at 950 °C. Also, the Raman
spectrum of nickel- containing titania on HF-etched Si(100) substrate annealed at 1000
°C is demonstrated. Capital letters demonstrate the positions of TiO, anatase (A), TiO,
rutile (R), CoTiO; (C) or NiTiO; (N) bands. Si(100) substrate bands are marked with Si
and arrows.

The EDX and SEM images were recorded with a purpose to investigate the
cobalt and nickel segregation and additionally the surface morphology. For
analyses, EDX and SEM images of the cobalt- and nickel-containing TiO,
films, prepared on SiO,/Si(100) substrate annealed at 550, 850 and 950 °C,
were measured. The Co and Ni EDX images are based on the Co L,;, g and Ni
L1, 1 fluorescence. Additionally, Si K, fluorescence was detected. Note that
the EDX is a less surface-sensitive technique, the depth of investigations
depends strongly on the primary electron beam energy. To obtain a better lateral
and depth resolution in EDX measurements, a low primary-electron beam
energy was applied. However, usually in investigations electron beam energy
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corresponding to 15-20 kV accelerating voltage is used, but the excited volume
by the electron beam at this energy would be enormous as compared to the
thickness and the structure features of films.

The SEM images were in good accordance with AFM images. The increase
of the annealing temperature caused a formation of larger grains. It was found
that the gaps between crystallites got larger when the annealing temperature was
increased.

Our EDX measurements demonstrated that the annealing of cobalt- (or
nickel) containing films causes a formation of regions with increased Ni and Co
concentrations: strong Co L, (demonstrated in Figure 17B) or Ni Ly,
fluorescence (demonstrated in Paper IV) was detected from certain areas. In
addition, weak Co L, g1 (or Ni L, 1) fluorescence was measured all over the
sample. When the intensity of Si K fluorescence was mapped from the film
annealed at 950 °C (Figure 17B (b)), it was found that Si signal is mostly
detected from the narrow irregular areas between the grains, confirming that Si
substrate surface is revealed between the grains.

b) cobalt=containing
Ti®, annealed at

.

950 °C

a) cobalt-containing TiO,
annealed at 950 °C " ",

600 nm|y

Si Ka

Figure 17B. The SEM and EDX images (the full image and the inset, respectively) of
cobalt- containing TiO, films annealed at 950 °C. Solid box on SEM image (a) shows
the area where the EDX image mapping for cobalt was measured. Figure (b) represents
SEM image (upper part) and EDX map of Si Ko x-ray fluorescence (lower part)
measured from cobalt-containing TiO, films annealed at 950 °C.
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The Ti 2p and O 1s photoelectron spectra of undoped, cobalt- and nickel-
containing TiO, thin films on SiO,/Si(100) substrate annealed at 550, 750 and
950 °C are shown in Figure 18 (a-c). The respective spectra of non-heated
precursor films (marked as 25 °C) are demonstrated as well. Spectral intensities
are normalized to equal to Ti 2p;,, peak height. Ti 2p;, and Ti 2py,, bands (right
side of Figure 18 (a-c)) are located at 458.6 eV and 464.3 eV and the separation
of the Ti 2p spin-orbit components was 5.7 eV. In the Ti 2p XPS spectra only
the Ti*" photoemission bands were observed, whereas no clear Ti*" bands
appeared. Namely, the Ti 2ps; of Ti,O; should be located at about 2 eV lower
binding energy than Ti 2ps, of TiO, [63, 64]. The XPS data of the present work
are in good agreement with other TiO, studies [65].

In the O 1s photoelectron spectra (left side of Figure 18 (a—c)), there is a
strong peak located at about 529.9 eV, which corresponds to oxygen bonded to
titanium. The strong photoelectron peak was bordered with a small shoulder at
531.8 eV. The latter is related to the hydroxyl groups at the surface of films
[66]. Another shoulder at 532.8 eV appeared in the spectra when the films were
annealed at 750 °C and higher. This shoulder was increased in the films
annealed at 950 °C and is related to silicon dioxide [67] at the top of the
substrate. The band related to the silicon dioxide increased when the annealing
temperature was raised. This is explained by the formation of larger grains,
more substrate surface is revealed between them. Note that the precursor films
prepared at room temperature did not contain cracks.

/L /i JL
undoped TiO, " a) cobalt-containing TiO,,  b) nickel-containing TiO, c)
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Figure 18. Ti 2p and O 1s photoelectron spectra (a) undoped TiO,, (b) cobalt-
containing TiO, and (c) nickel-containing TiO, films after a thermal treatment at
different temperatures. XPS spectra of the respective non-heated aged precursor films
(marked as 25 °C) are shown as well.
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Figure 19 (a) displays the Co 2p photoelectron spectra of the cobalt-containing
TiO; films annealed at different temperatures. The spectra (i. e., the long scans
including both the Co 2p and Ti 2p peaks) are normalized to the Ti 2psp,
photoemission peak heights. The observed photoelectron lines are not typical of
metallic cobalt where the spectrum should contain two separated peaks of Co
2ps2 at 7773 eV and Co 2p, at 7924 eV with the energy separation
15.1 eV and no satellites [68]. In our case the films, which were annealed at
550 °C, had the Co 2p;, and Co 2p;, peaks at 781 eV and 796.5 eV with the
energy separation of 15.5 eV. Strong satellites were located at 786.2 eV and
802.2 eV. In the case of the films annealed at 950 °C the peaks were located at
781.2 eV and 797.1 eV (15.9 eV energy separation between the photoelectron
lines). The satellites in the spectra of these samples were located at 785.9 eV
and 802.8 eV.

cobalt-containing TiO, a) nickel-containing TiO, b)
on SiO,/Si(100) on Si0,/Si(100)
XPS, hv = 1486.6 eV XPS, hv = 1050 eV

Co 2py, Ni 2p,,

NiZp,,
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Figure 19. (a) Photoelectron spectra of Co 2p of cobalt-containing TiO, films on
Si0,/Si(100) annealed at different temperatures. (b) Photoelectron spectra of Ni 2p of
nickel-containing TiO, films on SiO,/Si(100) annealed at different temperatures. XPS
spectra of non-heated aged precursor films (marked 25 °C) are displayed at the bottom.

On the basis of XPS binding energy data the presence of CoO (Co*"), CoTiO;
(Co*"), C0,05 (Co®") or mixed valence Cos0,4 (Co*" and Co®") in the surface can
be considered, since it is hard to distinguish between these compounds by just
relying on their binding energy. However, the Co 2p;, photoelectron line of
CoTiO; spectrum is shifted to a higher binding energy as compared to CoO,
C0,0; and Co304 spectrum [69]. It can be distinguished between these oxides
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by observing the satellites. The compounds containing high spin Co** (like CoO
or CoTiOs) have a strong satellite, but the compounds containing low spin Co*"
or Co* (Co,03 and Co30,4) have weak satellites or no satellites in their
photoelectron spectra [68, 69]. The presence of strong satellites in the Co 2p
photoelectron spectra indicates that the Co atoms in a cobalt-containing TiO,
film are in 2+ oxidation state, which refers to CoO or CoTiOjs. The value of the
binding energy suggests that, probably CoTiO; is present in the cobalt-
containing titania films annealed above 650 °C. Below 650 °C probably the
cobalt compounds containing high-spin Co®" are present. It should be added that
some Co*" incorporated into titania could be considered. In that case also
intense satellites are present and Co 2ps;, binding energy is close to CoTiO;
[69]. In conclusion, on the basis of XPS data cobalt was found to be in Co*"
oxidation state on the surface of the films.

Figure 19 (b) displays the Ni 2p photoelectron spectra of nickel-containing
TiO, films annealed at 550, 750 and 950 °C. The observed photoelectron lines
are not typical of a metallic nickel where the spectrum should contain two
separated peaks of Ni 2p;,, at 852.3 eV and Ni 2p,; at 869.7 eV with the energy
separation 17.3 eV and no satellites [70, 71]. In our case, the films annealed at
different temperatures had the Ni 2ps;, photoelectron peak between 855.7 and
855.9 eV and Ni 2p,, photoelectron peak between 873.3 and 873.5 eV. The
energy separation of these two peaks was 17.5 — 17.7 eV. Strong satellites were
located between 5.7 and 6.1 eV higher binding energy than Ni 2p;, and
between 6.3 and 6.8 eV higher binding energy than Ni 2p;,. Such a picture is
most similar to NiTiO; (Ni*") [72], but also another Ni compounds such as NiO
may exist as well [73]. Thus, it is reasonable to conclude that in the case of the
present sol-gel samples the compounds containing Ni*" dominate on the surface
of the annealed films. Ti 2p and Ni 2p photoelectron spectra of a nickel-
containing titania film on HF-etched Si(100) substrate demonstrated also that
titanium was in 4+ and Ni in 2+ oxidation state on the surface (Paper II).

The cobalt (or nickel) compounds diffusion and relative concentrations of
the Co>" and the Ti*" (or Ni*" and the Ti*") on the surface were estimated by
investigating the XPS spectral bands area ratios of Ti 2p vs. Co 2p (or Ti 2p vs.
Ni 2p). Firstly, the Shirley background was removed by using the CasaXPS
software [54] and consecutively the band areas were measured. The Co 2p band
area was taken between 772 eV and 818 eV (binding energy), the Ni 2p band
area was taken between 845 eV and 890 eV (binding energy) and the Ti 2p band
area between 455 eV and 469 eV.

The ratio of the Co 2p and the Ti 2p spectral band areas (integrated inten-
sities) of the cobalt-containing TiO, films annealed at different temperatures are
displayed in Figure 20 (a). The Figure shows that the relative amount of cobalt
compounds at a thin film surface increases when the annealing temperature is
increased, especially when temperatures above 650 °C are used. The same
happened, when the ratio of the Ni 2p and the Ti 2p spectral band areas (inte-
grated intensities) of nickel-containing TiO, films on SiO,/Si(100) annealed at
different temperatures were studied (Figure 20 (b)). The XPS results are in good

50



agreement with the present work EDX results. Since the surface sensitivity of
XPS (2-3 nm) is significantly higher than that of EDX, it can be argued that the
dramatic increase in Co 2p / Ti 2p ratio (or Ni 2p / Ti 2p ratio) is a strong
indication of the formation of cobalt (or nickel) compounds on top of the film
and not merely in the bulk region.

Nickel-containing titania films on HF-etched Si(100) demonstrated similarly
a drastic nickel compound segregation to the surface of titania during annealing,
for comparison also demonstrated in Figure 20 (b). However, a rapid change
appeared after annealing above 800 °C not above 650 °C, as observed in the
case of titania films prepared on SiO,/Si(100) substrate.
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Figure 20. (a) The XPS intensity ratio of the Co 2p vs. Ti 2p band for the cobalt-
containing TiO, films annealed at different temperatures on SiO,/Si(100) substrate. (b)
The XPS intensity ratio of the Ni 2p vs Ti 2p band for the nickel-containing TiO, films
on Si0,/Si(100) and HF etched Si(100) substrates annealed at different temperatures.
The corresponding ratio for the non-heated aged precursor film (marked 25 °C) is
demonstrated as well. The solid lines are but eye guides.

The difference of cobalt (and nickel) diffusion to the surface of films, annealed
at different temperature, is in good correlation with anatase-to-rutile phase
transition. The cobalt- and nickel-containing titania films on SiO,/Si(100),
composed of rutile when annealed at and above 750 °C. The nickel-containing
titania films on HF-etched Si(100), composed of rutile, when annealed at and
above 800 °C. It can be argued that the reason for this behaviour is the different
cobalt (or nickel) incorporation to anatase and rutile. It is in good agreement
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with literature, where it has been demonstrated that the amount of cobalt that
replaces titanium in titania lattice depends on the TiO; crystal structure [14, 18].

The XAS spectra of the Ti 2p edge, measured from pristine and cobalt-
containing TiO, films prepared on SiO,/Si(100) substrate after thermal
treatment at different temperatures, are shown in Figure 21 (a). The XAS
spectra of the Ti 2p edge measured from the nickel-containing TiO, films
prepared on SiO,/Si(100) and, comparably, on the HF-etched Si(100) substrate
after thermal treatment at different temperatures, are shown in Figure 21 (b).
The respective spectra of non-heated aged precursor films (marked as 25 °C)
are shown as well. The XAS spectra consist of four main features (B, C, D, E),
which arise from the spin-orbit splitting of Ti 2p level and crystal field splitting
of Ti 3d levels. The peaks B and D (C and E) have previously [74] been
assigned to the t,, (e,) components of the octahedral crystal field split 3d orbital
in one electron picture. The asymmetry of the peak C (e,) is due to the distortion
of Ti*" octahedron [75]. The pre-peaks A, and A, have a triplet character and
are the crystal field split components of a minor (pre-) peak that is present
already in full spherical symmetry and has been interpreted in the multiplet
approach including j-j coupling considerations [76]. This complicated structure
of Ti 2p XAS spectra is a fingerprint of Ti*" octahedral co-ordinated by oxygen
atoms, which is the case of TiO,. The Ti 2p XAS spectra measured from
annealed pristine, cobalt- and nickel- containing titania films on SiO,/Si(100)
substrate and nickel-containing titania on HF-etched Si(100) substrates (Figure
21) were in good accordance to XAS spectra of TiO,. Thus, it was concluded
that on the surface and inside the film titanium is in the same Ti*" oxidation
state in the case of all films.

Ti 2p XAS spectra also carry out the basic fingerprint of the bulk material
crystal structure: in the case of anatase the intensity of the peak C; is stronger
than the peak C,, while in the case of rutile the intensity of C, is stronger than
C; [74]. The spectral structure of the undoped TiO, films annealed at 450 - 850
°C belongs to anatase. When the pristine TiO, film was annealed at 1050 °C,
the feature C, got almost as strong as C;, which indicates the formation of a
rutile component in the film. In the cobalt-containing TiO, films annealed at
450 to 650 °C, the spectral peak C; was stronger than C,. This is related to the
formation of anatase in the film. In the films annealed above 750 °C the spectral
peak C, was stronger than C;, which shows that rutile has formed in the films.
The spectral structure of the nickel-containing titania films on SiO,/Si(100)
substrate, annealed at 450 to 650 °C, belongs to anatase, the above annealed
ones belong to rutile. Comparably, the spectral structure of the films on HF-
etched Si(100) substrate annealed lower than 900 °C belongs to anatase, the
above annealed ones belong to rutile. The phase transition determined from the
XAS data is in good accordance with the XRD measurements.
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Figure 21. (a) The Ti 2p XAS spectra of cobalt-containing TiO, (upper thick line) and
undoped TiO, (lower thin line) thin films on SiO,/Si(100) after thermal treatment at
different temperatures. (b) The Ti 2p XAS spectra of nickel-containing TiO, on
Si0,/Si(100) substrate (upper thick line) and nickel-containing TiO, on HF-etched
Si(100) substrate (lower thin line) after thermal treatment at different temperatures. The
bottom curves (marked as 25 °C) are the spectra of the aged precursor films.

XAS spectra of Co 2p of cobalt-containing TiO, thin films annealed at different
temperatures are shown in Figure 22 (a). Co 2p XAS spectra, which are formed
from the Co 2p to Co 3d dipole transitions, consist due to the spin-orbit splitting
of two bands with the initial state holes at 2ps;, and 2p, levels. The Co 2p
absorption edge is located above 779 eV. The structure of this edge is in good
accordance with other studies of the cobalt compounds containing Co" cations,
which are octahedrally coordinated by oxygen ions [77-79]. Thus, XAS spectra
confirm the results from XPS measurements that cobalt is mainly in 2+
oxidation state in films.

The XAS spectra of Ni 2p region of nickel-containing TiO, thin films on
Si0,/Si(100) and on HF-etched Si(100), annealed at different temperatures, are
shown in Figure 22 (b). Due to the spin-orbit splitting the Ni 2p XAS spectra,
which are formed from the Ni 2p to Ni 3d dipole transitions, consist of two
bands with the initial state holes at 2p;, and 2p;,, levels. The Ni 2p absorption
edge was found to be located above 852 eV. The observed Ni 2p absorption
edge matches well with the other studies of nickel compounds containing Ni*"
cations, which are octahedrally co-ordinated by oxygen ions (like NiO, NiTiO;)
[78, 80]. Ni’" cations, which are octahedrically co-ordinated by oxygen ions
were not observed [80]. Thus the XAS confirmed the results of XPS
measurements — in the case of films on both substrates nickel was mainly in 2+
oxidation state.
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Figure 22. (a) XAS spectra of Co 2p region of cobalt-containing TiO, films on
Si0,/Si(100) annealed at different temperatures. (b) XAS spectra of Ni 2p region of
nickel-containing TiO, on SiO,/Si(100) substrate (upper thick line) and nickel-
containing TiO, on HF-etched Si(100) substrate (lower thin line) after thermal treatment
at different temperatures. The respective spectra for aged precursor films (marked
25 °C) are also demonstrated.

To evaluate the UV-Vis absorption properties of the films, the optical trans-
mission and reflection measurements were carried out. When the absorption
properties of the cobalt- and nickel-containing titania thin films are compared to
the pristine titania thin films, the effect of the dopant can be seen — cobalt and
nickel addition shift the titania absorption edge towards the visible spectral
range. The respective spectra are demonstrated in Papers III and I'V. The shift of
the absorption edge is due to the cobalt (nickel) addition, however, three
possible mechanisms can be responsible for that: (i) cobalt (nickel) impurity
affects titania crystallite growth and lowers anatase-to-rutile phase transition
temperature. Since rutile has smaller band gap than anatase, it may modify the
absorption edge. (ii) The electron structure of CoTiO; (NiTiO3) may affect the
absorption edge. Since CoTiO; (NiTiOs) has also smaller band gap than anatase
TiO,, it may modify the absorption edge. (iii) Cobalt (nickel) may substitute
titanium in the titania lattice and thus additional energy levels are created in the
band gap above the valence band [35].
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Figure 23. The change of the contact angle as a function of UV illumination time for
the nickel-containing samples prepared on SiO,/Si(100) and annealed at different
temperatures. Each point in the Figure represents the time of UV illumination before
one water droplet was placed on the surface and the contact angle was measured. The
illumination source was an Hg-lamp (photon energy 4.89 eV). Solid lines are but eye
guides.

The light-induced hydrophilicity is one of the important applications of TiO,
films (e.g. self-cleaning windows). A mechanism of the photo-induced hydro-
philicity of TiO, has been discussed in detail in [11].

Light-induced hydrophilicity was effectively achieved on the pristine TiO,
surface when the films were annealed at 550, 650 and 750 °C and had
crystalline anatase structures, (Figure demonstrated in Paper III). Cobalt
addition did not enhance the light-induced hydrophilicity, on the contrary, the
contact angle of the water droplet did not change much even after being an hour
under UV illumination (respective Figure demonstrated in Paper III). Nickel-
containing titania films on Si0O,/Si(100) substrate demonstrated good (surface
becomes super-hydrophilic when it was less than 20 minutes under UV illumi-
nation) light-induced hydrophilic properties when annealed at 550 and 650 °C,
Figure 23. Nickel-containing titania films on HF-etched Si(100) substrate also
demonstrated good light-induced hydrophilic properties, although these were
observed when films were annealed at 700 and 800 °C (respective Figure is
demonstrated in Paper II). When comparing the results of light-induced surface
hydrophilicity measurements, a tendency can be observed: good surface light-
induced hydrophilic properties can be achieved when the films are composed of
a well-crystallized anatase.

Conclusive results of investigations of undoped, cobalt- and nickel-
containing titania films are demonstrated in Papers [1-1V.

55



7.2. XPS and XAS study of stainless steel surface
oxidation (Paper I)

Figure 24 represents the Fe 2p XPS and XAS spectra of cleaned and to a
different extent oxidized Fe-19Cr-18Ni-1Al-TiC alloy and Fe 2p XAS spectra
of a cleaned and oxidized Fe foil. The cleaned alloy Fe 2p XPS spectrum
(Figure 24 (a), 0 L) was similar to a metallic iron, the spectrum of which
consists of two separate peaks Fe 2p;, and Fe 2p,, (spin-orbit splitting) [81].
The XPS peaks related to non-oxidized iron (marked as Fe” in Figure 24 (a))
were located at 707.3 eV and 720.2 eV. A cleaned Fe-19Cr-18Ni-1AIl-TiC Fe
2p XAS spectrum (Figure 24 (b), 0 L) was similar to the metallic Fe foil XAS
spectrum (spectrum of cleaned Fe foil in Figure 24. (b)). The absorption
maxima were located at 706.5 eV and 719.3 eV in the alloy XAS spectrum and
at 706.6 eV and 719.4 eV in the cleaned Fe foil XAS spectrum.
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Figure 24. (a) Fe 2p XPS spectra of cleaned and to a different extent oxidized stainless
steel alloy, iron oxidation states are marked as Fe’, Fe*" and Fe"; (b) Fe 2p XAS spectra
of cleaned and to a different extent oxidized stainless steel alloy and the reference
spectra of cleaned and oxidized Fe foil, dashed line marks the feature related to metallic
iron. Oxygen exposure in Langmuirs is demonstrated besides each curve.

A change in Fe 2p XPS spectrum was detectable after 40 L of oxygen exposure,
when a higher background at 709.4 eV, related to the formation of FeO (marked
as Fe’" in Figure 24 (a)) in the oxidation process, was observed. Another
structure appeared in the XPS spectrum at 710.7 eV after 500 L of oxygen
exposure. This was due to the formation of Fe,O; (marked as Fe*" in Figure 24
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(a)) in the surface layer of the alloy. Since the iron oxides were formed, the
characteristic satellite peaks, related to Fe** and Fe’" cations, at the higher
binding energy side of the main peaks were observed as well [81]. Comparably,
the XAS spectra of the alloy showed a significant change after 500 L of oxygen
exposure, when a clear shoulder appeared at 707.8 eV. This shoulder was
related to the iron oxides formed in the alloy surface. The observable changes in
Fe 2p XAS were due to the formation of a relatively high amount of iron oxides
in the surface of the alloy.

Figure 25 shows the Cr 2p XPS and XAS spectra of cleaned and to a
different extent oxidized Fe-19Cr-18Ni-1AI-TiC alloy and the reference XAS
spectra of a cleaned and oxidized Cr foil. Due to the spin-orbit splitting Cr 2p
XPS and XAS spectra consist of two bands, 2ps;» and 2p;». A cleaned alloy
XPS spectrum is typical of metallic chromium (marked as Cr° in Figure 25 (a))
[70]. The photopeaks of Cr 2p;, and Cr 2pi, are located at 574.3 eV and
583.5 eV. XPS spectra show small changes after 5 L of oxygen exposure. The
appearance of the features at 576.6 eV and 586.3 eV are related to the Cr,0;
formation in the alloy surface layer (marked as Cr’" in Figure 25 (a)).

The Cr 2p XAS spectrum of cleaned Fe-19Cr-18Ni-1AI-TiC alloy (Figure
25 (b)) was similar to a cleaned metallic chromium spectrum [82]. The
absorption structures at 575.4 eV and 584 eV were related to the x-ray
absorption of metallic chromium (Figure 25 (b)). After 5 L of oxygen exposure
a shoulder appeared at 576.5 eV in the Cr 2p;, band. This demonstrates high
sensitivity of XAS to Cr oxidation in the alloy. When the oxygen exposure was
increased, the shoulder in XPS and XAS spectra became stronger, having the
maximum after 500 L of oxygen exposure. On a further increase of oxygen
exposure the shoulders in XPS and XAS spectra slightly decreased.

The Ni 2p XAS and XPS spectra of cleaned and to a different extent
oxidized Fe-19Cr-18Ni-1Al-TiC are demonstrated in Paper 1. For reference, an
XAS spectrum of Ni 2p of a cleaned Ni foil was measured. Before oxidation the
Fe-19Cr-18Ni-1AI-TiC Ni 2p XPS spectrum consisted of two separate peaks Ni
2ps3, and Ni 2py, (due to the spin-orbit splitting), which were separated by 17.2
eV. Also, weak broad structures on the higher binding energy side of Ni 2p
peaks were observed. This is typical of metallic nickel. After oxidation Fe-
19Cr-18Ni-1AI-TiC XPS spectra had the same structure as the XPS spectrum of
a cleaned alloy. In the cleaned Fe-19Cr-18Ni-1AIl-TiC XAS spectrum two spin-
orbit-split components were also observed. The Ni 2p XAS spectra of a cleaned
and oxidized alloy had the same structure as the spectrum measured from a
cleaned Ni foil. This confirms that nickel does not oxidize.
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Figure 25. (a) Cr 2p XPS spectra of cleaned and to a different extent oxidized stainless
steel alloy where chromium oxidation states are marked as Cr” and Cr’"; (b) Cr 2p XAS
spectra of cleaned and to a different extent oxidized stainless steel alloy and reference
spectra of cleaned and oxidized Cr foil. Dashed line marks the feature related to metallic
chromium.

For a better understanding how titanium acted as an additive, the XPS and XAS
spectra of Ti 2p were measured from cleaned and to a different extent oxidized
Fe-19Cr-18Ni-1Al-TiC (Figure 26). Due to Ti 2p spin-orbit coupling, two
bands were observed in XPS and XAS spectra, Ti 2ps;, and Ti 2py,. The XPS
spectra of a cleaned and oxidized sample had the same structure and no new
features were monitored during the oxidation. However, the Ti 2p;, photoline
was located at 454.9 eV. This value is typical on the formation of TiC [83].

TiC in the sample was identified from Ti 2p XAS spectra, the observed
structure of this edge (Figure 26 (b)) fits well with the respective XAS structure
for TiC from literature [84]. The XAS spectra did not show any change through
the oxidation. This confirms that Ti stayed in the same stable compound, like it
was before oxidation experiments. The XPS spectrum of C 1s (measured with
the excitation energy of 400 eV) confirmed also that TiC was formed as C 1s
band has the binding energy value at 281.9 eV, which is close to the respective
typical value in the case of TiC [85].

The alloy Ti 2p XPS and the XAS spectra did not show any change
throughout the oxidation process. This confirmed that TiC, which was identified
from Ti 2p XAS and XPS spectra, did not oxidize. A XPS peak area analysis
confirmed that the amount of TiC was the same throughout the oxidation.
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Figure 26. (a) Ti 2p XPS spectra of cleaned and to a different extent oxidized stainless
steel alloy, (b) XAS spectra of Ti 2p edge of cleaned and to a different extent oxidized
stainless steel alloy. Oxygen exposure in Langemuirs is demonstrated besides each
curve.

The O 1s XAS spectra of 5 and 3000 L oxidized Fe-19Cr-18Ni-1AIl-TiC with
the spectra of oxidized Fe and Cr foils are shown in Figure 27. The spectra
originate from the electronic transitions into unoccupied states with an O 2p
character hybridised with metal states [86]. The interpretation of the O 1s XAS
is only qualitative due to the presence of different oxides, which cause the XAS
peaks overlap. O 1s XAS spectra can be divided into two parts. The first part at
527 to 533 eV corresponds to the oxygen 2p states hybridised with 3d transition
metal states. The second part at 533 to 545 eV is attributed to the oxygen 2p
states hybridised with metal 4s and 4p states [86].

The O 1s XAS spectrum of oxidized Fe-19Cr-18Ni-1AI-TiC alloy has
similarities with the oxidized Cr foil and the oxidized Fe foil spectrum in 3d
related band. As can be seen, the peak of the oxygen 2p state hybridised with a
Fe 3d band is located at lower photon energies as compared to the oxygen 2p
state hybridised with a Cr 3d band. This suggests that the observed structures in
the alloy spectrum at 529.3 eV and 531.3 eV are related to the formed Fe;0,
and Cr,0s, respectively, confirming that the oxide layer consists of both Fe and
Cr oxides.
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Figure 27. O 1s edge XAS spectra of 5 L and 3000 L oxidized stainless steel alloy. The
measured spectra of oxidized Fe and Cr foil are also shown.

For a better understanding of the oxidation kinetics, the changes of Fe 2p, Cr
2p, Ni 2p, Ti 2p and O 1s peak areas (which are proportional to the respective
changes of relative concentrations in the surface layer) were evaluated. The
changes in peak areas were determined from XPS spectra measured with the
excitation energy of 1486.6 eV. Fe 2p, Cr 2p, Ni 2p, Ti 2p and O 1s photopeaks
were fitted by asymmetric Gaussian-Lorentzian lineshapes after subtracting a
Shirley-type background.

The changes of Fe 2p (Fe”), Cr 2p (Cr”), Ni2p (Ni’), Ti 2p and O 1s peak
areas (marked as Fe(met.), Cr(met.), Ni(met.), Ti(carb.), Oxygen) as a function
of oxygen exposure are shown on Figure 28 (a). The changes were significant
already after 5 L of oxygen exposure — as the oxygen proportion in the surface
increased, the Fe’, Cr” and Ni’ proportion decreased. The alloy surface
oxidation slowed down after 100 L of oxygen exposure. After 500 L of oxygen
exposure a stable protective layer in the surface of the alloy was formed. No
further significant changes in the composition of the alloy surface were
observed. It should be noticed that the amount of TiC stayed mostly unchanged
during oxidation.

The changes of Fe 2p (Fe*'/Fe’) and Cr 2p (Cr’") peak areas (marked as
Cr(ox.) and Fe(ox.)) as a function of oxygen exposure are shown on Figure 28
(b). A rapid oxidation of Cr was observed after 5 L of oxygen exposure, a
significant amount of Cr,O; was formed. After 100 L of oxygen exposure the
further oxidation of Cr was suppressed. Fe acted differently — at the beginning
of oxidation there was only a small amount of iron oxides in the alloy surface
layer. The increasing rate of the peak area related to Fe 2p (Fe*'/Fe’") was rather
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balanced as compared to the increasing rate of the peak area of Cr 2p (Cr'")
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Figure 28. (a) changes of Fe 2p (Fe’), Cr 2p (Cr°), Ni2p (Ni”), Ti 2p and O Is peak
areas (marked as Fe(met.), Cr(met.), Ni(met.), Ti(carb.), Oxygen) as a function of
oxygen exposure. (b) change of Fe 2p (Fe*'/Fe’") and Cr 2p (Cr’") peak areas (marked
as Cr(ox.) and Fe(ox.)) as a function of oxygen exposure. The lines are only eye guides.

In order to examine the lower binding energy region up to 120 eV in details,
XPS with the excitation energy of 400 eV was used. In Figure 29, the XPS
spectra of a cleaned and to a different extent oxidized Fe-19Cr-18Ni-1AI-TiC is
shown. A broad valence band structure, Fe, Cr, Ni, Ti 3p and 3s, Al 2p, Al 2s
and Si 2p photolines were observed. Also, a small peak related to K 3p impurity
was observed at 17.3 eV.

In Fe 3p transition (demonstrated in large scale on the right of Figure 29), a
shoulder appeared at 54.1 eV after 5 L of oxygen exposure. This is related to the
FeO formation during the oxidation. When a 500 L dosage of oxygen was used,
the peak maximum was shifted to higher energies at 55.1 eV and was
broadened. It could be explained by the formation of Fe,O5 besides FeO in the
surface of the alloy. It was also observed that the Cr 3p peak broadened after 40
L of oxygen exposure (demonstrated in a large scale on the right of Figure 29).
The appearance of the shoulder at 43.2 eV was explained by the formation of
Cr,0;. In the case of Ni 3p peak only a change of intensity, but no new features
were observed. Neither the position nor the intensity of Ti 3p changed, which
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shows that Ti stays on the surface in the same chemical state. The Al 2p
photoline changed only slightly after oxidations, no major changes in the peak
position were observed. This indicated that Al was in the form of AL,O; even
before the oxidation experiments. After cleaning, Si was in the oxidation state
of Si’ (binding energy 99 eV). When oxygen was exposed to the surface, Si got
oxidized quite rapidly (binding energy 101.6 eV).
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Figure 29. On the left: photoelectron spectra of cleaned and to a different extent
oxidized stainless steel alloy measured by 400 eV exciting photons. On the right: Cr 2p
and Fe 2p photoelectron spectra of cleaned and to a different extent oxidized stainless
steel alloy measured by 400 eV exciting photons. Dotted lines demonstrate the positions
of Cr’, Cr**, Fe’, Fe*" and Fe’*. Oxygen exposure in Langemuirs is demonstrated beside
each curve.

The results of the XPS and XAS study of titanium carbide-enriched austenitic
stainless steel, oxidized to a different degree, are demonstrated in Paper 1.
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SUMMARY

In this thesis, sol-gel-prepared thin (70 nm thick) undoped, cobalt- and nickel-
containing titanium(IV) oxide (TiO,, titania) films on SiO,/Si(100) substrate
(i.e. with native oxide layer), nickel-containing titania films on HF-etched
Si(100) substrate (i.e. without native oxide layer) and thin chromium-rich oxide
layers on the surface of stainless steel have been studied.

Titania films were studied with the aim to enhance their sunlight absorption.
Effective sunlight absorption in titanium(IV) oxide is especially important in
applications, such as photocatalysis, anti-fogging coatings and self-cleaning
coatings. One possibility to enhance sunlight absorption in titania is to modify
its electronic structure, primarily shrink the band gap. To achieve this, cobalt
and nickel were added to films through the sol-gel process. In this work, the
effect of annealing on the surface and the structural properties of films has been
studied. Additionally, nickel-containing titania films were studied on
Si0,/Si(100)- and HF-etched Si(100) substrate to better understand the substrate
effects on the properties of films.

In-situ in vacuum to a different degree oxidized custom-grade austenitic
stainless steel was studied with a purpose to get better knowledge about the
formation of chromium-rich surface oxide layer on the alloy. To enhance the
inter-granular corrosion resistance of alloy, the latter was annealed to promote
titanium carbide segregation to grain boundaries.

In this study, mainly surface-sensitive x-ray photoelectron spectroscopy
(XPS) and x-ray absorption spectroscopy (XAS) were used to characterize
pristine, cobalt- (or nickel) containing titania films and to a different degree
oxidized titanium carbide-enriched austenitic stainless steel surface. In addition,
such methods as atomic force microscopy (AFM), x-ray diffraction (XRD), x-
ray reflection (XRR), Raman spectroscopy, energy-dispersive x-ray analysis
(EDX), UV-Vis spectroscopy and hydrophilicity measurements were used.

From the studies of undoped, cobalt- and nickel-containing titania films the
following conclusions were drawn. The morphological changes observed by
using AFM suggested that cobalt (or nickel) addition to titania led to the
formation of a rougher surface as compared to pristine titania films. On the
basis of XRD it was concluded that cobalt (or nickel) addition promotes an
anatase-to-rutile phase transition, which was shifted to lower annealing
temperature as compared to undoped titania. It was observed that cobalt
addition promotes the TiO, crystallite growth as compared to undoped TiO,.
CoTiO; (or NiTiO3) were observed in the Raman spectra of cobalt- (or nickel)
containing titania films annealed at and above 650 °C. Below 650 °C the cobalt
(or nickel) compounds containing Co®" (or Ni*") were present. The EDX
measurements showed that the annealing of a cobalt- (or nickel) containing
TiO, films causes a formation of regions with increased Ni and Co
concentrations. An analysis of the ratio of Ti 2p and Co 2p (or Ti 2p and Ni 2p)
XPS spectral band areas showed that the concentration of cobalt (or nickel)
compounds increased on the surface during annealing, especially when
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temperatures above 650 °C were used. Cobalt (or nickel) in films was in 2+ and
titanium in 4+ oxidation state, as confirmed by XPS and XAS measurements.

Cobalt and nickel addition induced a red shift in UV-Vis absorption spectra,
which was observable when films were annealed at 750 and 950 °C. There are
three possible mechanisms that can be responsible for this phenomenon: (i)
cobalt (or nickel) impurity affects the growth of titania crystallite and lowers the
anatase-to-rutile phase transition temperature. As rutile has a smaller band gap
than anatase, it may modify the absorption edge; (ii) the formation of CoTiO;
(or NiTiOs) in the films, the electron structure of which affects the absorption
edge of titania. Since CoTiO; (or NiTiO;) has smaller band gap than TiO,
anatase, it may modify the absorption edge. (iii) Small amount of cobalt (or
nickel) substituted titanium in titania lattice and additional energy levels were
created in the band gap.

Good light-induced hydrophilicity (the surface becomes super-hydrophilic
when it is less than 20 minutes under UV illumination) was effectively achieved
when pristine titania films were annealed at 550, 650 or 750 °C. In such case the
film consisted of anatase with average crystallite sizes of 20, 28 or 36 nm,
respectively. Also, nickel-containing titania films had good light-induced
hydrophilic properties when annealed at 550 and 650 °C on SiO,/Si(100)
substrate and 700 and 800 °C on HF-etched Si(100) substrate. It was found that
a well-crystallized anatase phase (with average crystallite size of 21 to 28 nm)
was crucial to obtain a good light-induced hydrophilic nickel containing titania.
Contrary to undoped and nickel containing titania films, cobalt-containing
titania films did not have light-induced hydrophilic properties.

In addition, the effects of the substrate on the properties of nickel-containing
titania films were investigated. For these investigations nickel-containing titania
films were prepared on SiO,/Si(100) substrate (i.e. with native oxide layer) and
on HF-etched Si(100) substrate (i.e. without native oxide layer). The results
demonstrated that nickel-containing titania films on SiO,/Si(100) were more
uniform, had smaller RMS roughness, were better crystallized, anatase
crystallites were larger and an anatase-to-rutile phase transition occurred at 150
°C lower temperature. These effects were considered to be due to the different
substrate, since everything else in our preparation protocol was the same. The
films prepared on both substrates demonstrated a formation of an interlayer
(between films and substrates) of a couple of tens of nanometers thickness after
annealing at 850 and 900 °C.

Interesting results were also obtained from the studies of titanium carbide-
enriched (TiC-enriched) stainless steel surface oxidized to a different degree.
When studying the alloy Fe 2p states, it was found that XPS is more sensitive to
small changes in the oxide layer than XAS. Both methods were similarly
sensitive concerning the study of Cr 2p, Ni 2p and Ti 2p states. Very sensitive
to the formation of oxides in the alloy surface were O 1s XAS spectra, where
changes were observed already after 5 L (1 L = 10° Torr's) of oxygen
exposure.
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It was demonstrated that the formation of a chromium-rich passive oxide
layer (i.e. protective oxide layer) on the surface of austenitic stainless steel
starts already in the case of very small oxygen exposures (5 L). When the
changes of Fe 2p (Fe*"/Fe’™) and Cr 2p (Cr’") photoelectronpeak areas were
compared, it was found that at the beginning of surface oxidation Cr 2p (Cr’")
photoelectronpeak area increased faster than Fe 2p (Fe®"/Fe’™) photo-
electronpeak area. After 100 L of oxygen exposure the increase of Cr 2p (Cr’")
photoelectronpeak area slowed down. When the oxygen exposure was further
increased (more than 100 L), Fe 2p (Fe*'/Fe’"), the photoelectronpeak area
increased. This can be explained by a greater mobility of iron cations, which
move to the surface when the larger amount of oxygen is exposed to the surface.
Further oxidation of the alloy is impeded after 500 L of oxygen exposure. Then
a relatively stable protective oxide layer had been formed.

In the alloy nickel did not oxidize. No changes in Ni 2p states were ob-
served, which should indicate nickel oxidation. The only change was the
decrease of Ni 3p and Ni 3s photoelectronpeak areas. This indicates that the
amount of Ni decreased on the surface layer.

After the alloy oxidation, titanium was in the same stable carbide form, as it
was in a cleaned (not oxidized) alloy. No TiC oxidation was observed. The
amount of TiC in the surface layer stayed mostly same throughout the
oxidation.

It was also found that minor elements in the alloy (Al and Si) formed oxides
(Al,O; and SiOy), which were also present in the passive chromium-rich surface
oxide layer. However, aluminium was mostly in an oxidic form already before
the alloy surface oxidation. Si oxidized when a small amount of oxygen was
exposed to the surface.
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SUMMARY IN ESTONIAN

“Moningate ohukeste kilede pinnauuringud”

Antud doktoritods uuriti dhukesi (70 nm paksuseid) sool-geel meetodil valmis-
tatud lisandita, koobalti ja nikli lisandiga titaan(IV)oksiid (TiO,) kilesid SiOy/
Si(100) kasvualusel (loomuliku oksiidikihiga monokristall), nikli lisandiga
titaan(IV)oksiid kilesid vesinikfluoriidhappega (HF) s66vitatud Si(100) kasvu-
alusel (ilma loomuliku oksiidikihita monokristall) ning dhukesi kroomirikkaid
oksiidikihte austeniitse roostevaba terase pinnal.

TiO, kilesid uuriti eesmirgiga parandada selles materjalis pdikesevalguse
neeldumist. Efektiivne pédikesevalguse neeldumine titaan(IV)oksiidis on eriti
oluline rakendustes nagu néiteks fotokataliiiis, uduvastased pinnakatted ja ise-
puhastuvad pinnakatted. Uheks titaan(IV)oksiidi piikesevalguse neeldumise
parandamise voimaluseks on tema elektronstruktuuri modifitseerimine, eelkdige
keelutsooni laiuse vdhendamine. Selle saavutamiseks lisati TiO, kiledele koo-
baltit ja niklit, kasutades sool-geel meetodit. T66s on uuritud 16dmutustempe-
ratuuri moju kilede pinnale ja struktuurile. Lisaks uuriti niklit sisaldavaid TiO,
kilesid SiO,/Si(100) ja HF sodvitatud Si(100) kasvualusel, et paremini mdista
kasvualuse mdju kile omadustele.

In-situ vaakumsiisteemis erineval médral oksiideeritud spetsiaalselt valmis-
tatud austeniitset roostevaba terast uuriti eesmérgiga, et paremini moista
kroomirikka (passiivse) oksiidikihi moodustumist sulami pinnal. Selle konk-
reetse austeniitse roostevaba terase teradevahelist korrosioonikindlust tosteti
160mutamise teel. See viis titaankarbiidi moodustumiseni teradevahelistele piir-
pindadele.

Antud doktoritods kasutati pohiliselt rontgenfotoelektronspektroskoopia ja
rontgenneeldumisspektroskoopia meetodeid, et karakteriseerida lisandita, koo-
balti (v4i nikli) lisandiga titaan(IV)oksiid kilesid ja pinna erineval mééral oksii-
deerimisega saadud kroomirikast pinnaoksiidi titaankarbiidiga rikastatud rooste-
vabal terasel. Lisaks kasutati jairgmiseid metoodikaid: aatomjoumikroskoopia,
rontgendifraktsioon, rontgenpeegeldus, Raman spektroskoopia, energiadisper-
siivne rontgenanaliiiis, UV-Vis spektroskoopia ja hiidrofiilsuse modtmine.

Lisandita ja koobalti (voi nikli) lisandiga TiO, kilede uuringutest saab vilja
tuua jargmisi tulemusi. Pinnakareduse uuringud aatomjoumikroskoobiga néita-
sid, et koobalti (v0i nikli) lisand viis karedama pinna moodustumiseni, vorrel-
des lisandita titaan(IV)oksiid kiledega. Rontgendifraktsiooni pohjal saab viita,
et koobalti (vdi nikli) lisand soodustab anataasi iileminekut rutiiliks, anataas-
rutiil faasisiire oli nihutatud madalamale 160murustemperatuurile vorreldes
lisandita titaan(IV)oksiid kiledega. Koobalti lisand soodustas kristalliitide kasvu
vorreldes lisandita TiO, kilega. Lisandiga kiledes, mis olid 166mutatud 650 °C
juures ja korgemal temperatuuril, tuvastati CoTiO; (v6i NiTiO;), kasutades
Raman spektroskoopiat. Kiled, mis olid 160mutatud madalamal temperatuuril
kui 650 °C, sisaldasid Co 2+ (vdi Ni 2+) iithendeid. Energiadispersiivne
rontgenanaliilis nditas, et koobalti (voi nikli) lisandiga kilede 166mutamine viib
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piirkondade moodustumiseni, kus on suurenenud koobalti (voi nikli) kontsent-
ratsioon. Ti 2p ja Co 2p (voi Ti 2p ja Ni 2p) rontgenfotoelektronpiikide pind-
alade suhte analiilis nditas, et koobalti (voi nikli) iihendite kontsentratsioon suu-
renes pinnakihis 160mutamise kéigus, eriti kui kasutati 160mutustemperatuure
ile 650 °C. Rontgenfotoelektronspektroskoopia ja rontgenneeldumisspektro-
skoopia modtmised néitasid, et koobalt (voi nikkel) olid kiledes 2+ oksiidat-
siooniastmes ning titaan 4+ oksiidatsiooniastmes.

Koobalti (voi nikli) lisand pohjustas UV-Vis neeldumisspektrites punanihke,
see oli mérgatav, kui kiled olid 160mutatud temperatuuridel 750 ja 950 °C.
Sellel efektil voib olla kolm pdhjust: (i) koobalti (voi nikli) lisand mdjutas
titaan(I'V)oksiidi kristalliitide kasvu ja viis anataas-rutiil faasisiirde madalamale
temperatuurile. Kuna rutiil on véiksema keelutsooni laiusega kui anataas, siis
muutis see materjali neeldumisairt, (ii) CoTiO; (vdi NiTiOs) teke kiledes, mille
elektronstruktuur mojutas valguse neeldumist titaan(IV)oksiidis. Nimelt on
CoTiOs-1 (voi NiTiOs-1) vdiksem keelutsooni laius kui TiO, anataasil. (iii)
Viike kogus koobaltit (v0i niklit) vahetab vilja titaani TiO, vores ja tekkivad
lisandinivood keelutsooni.

Head valguse poolt indutseeritud hiidrofiilsed omadused (pind muutub
super-hiidrofiilseks olles UV valguse all vihem kui 20 minutit) olid lisandita
TiO, kiledel, mis olid l6dmutatud 550, 650 vdi 750 °C juures. Sellisel juhul
koosnes kile anataasi kristalliitidest keskmiste diameetritega 20, 28 vdi 36 nm.
Samuti head valguse poolt indutseeritud hiidrofiilsed omadused olid nikli lisan-
diga TiO; kiledel SiO,/Si(100) kasvualustel, mis olid 160mutatud 550 ja 650 °C
juures ning HF-iga s66vitatud Si(100) kasvualustel, mis olid 166mutatud 700 ja
800 °C juures. Leiti, et head valguse poolt indutseeritud hiidrofiilsed omadused
olid nikli lisandiga titaan(IV)oksiidi kiledel, kui need koosnesid anataasist,
mille keskmine kristalliidi suurus oli 21 kuni 28 nm. Vastupidiselt lisandita ja
nikli lisandiga TiO, kiledele ei olnud héid valguse poolt indutseeritud hiidro-
fiilseid omadusi koobalti lisandiga kiledel.

Lisaks uuriti kasvualuse moju nikli lisandiga titaan(IV)oksiidi kilede oma-
dustele. Nendeks uuringuteks valmistati niklit sisaldavad titaan(IV)oksiidi kiled
Si0,/Si(100) (loomuliku oksiidikihiga) ja HF sdovitatud Si(100) (ilma loomu-
liku oksiidikihita) kasvualustele. Tulemused néitasid, et nikli lisandiga
titaani(IV)oksiidi kiled, mis olid valmistatud SiO,/Si(100) kasvualusele, olid
palju iihtlasemad — neil oli vdiksem pinnakaredus, nad olid rohkem kristallisee-
runud, anataasi kristalliidid olid suuremad ja anataas-rutiil faasisiire oli 150 °C
madalamal temperatuuril. Need efektid omistati erinevustele kasvualustes, kuna
k&ik muu eksperimendi protokollis oli sama. Kilede puhul, mis olid valmistatud
mdlemat tiitipi kasvualusele, mdddeti monekiimne nanomeetri paksune vahekiht
(kile ja kasvualuse vahel) alles parast 850 and 900 °C juures 160mutamist.

Huvitavaid tulemusi saadi ka titaankarbiidiga (TiC) rikastatud austeniitse
roostevaba terase erineval mééral oksiideeritud pinna uuringutest. Kui uuriti
sulami Fe 2p seisundeid, siis leiti, et rontgenfotoelektronspektroskoopia on
tundlikum véiksematele muutustele oksiidikihis, kui rontgenneeldumisspektro-
skoopia. Molemad meetodid néitasid sarnast tundlikkust, kui uuriti Ni, Cr ja Ti
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2p seisundeid. Viga suurt tundlikkust oksiidide moodustumise suhtes sulami
pinnakihis néitas O 1s ddre rontgenneeldumisspektroskoopia, kus juba peale 5 L
(1 L =107 Torr-s) hapniku ekspositsiooni olid muutused jilgitavad.

Naéidati, et passiivse kroomirikka oksiidikihi (kaitsva oksiidikihi) moodus-
tumine austeniitse roostevaba terase pinnale algab juba sulami oksiideerimisel
véga viikese koguse hapnikuga (ekspositsioon 5 L). Kui vorreldi muutusi Fe 2p
(Fe*'/Fe’™) ja Cr 2p (Cr’") rontgenfotoelektronpiikide pindalades, leiti, et pinna
oksiideerumise alguses suurenes Cr 2p (Cr >*) rontgenfotoelektronjoonte pindala
kiiremini kui Fe 2p (Fe’"/Fe’”) rontgenfotoelektronpiigi pindala. Peale 100 L
hapniku ekspositsiooni pidurdus Cr 2p (Cr’") réntgenfotoelektronpiigi pindala
juurdekasv. Padrast edasist hapniku ekspositsiooni suurendamist (iile 100 L), Fe
2p (Fe*'/Fe’") rontgenfotoelektronpiigi pindala jitkas kasvamist. See oli sele-
tatav raua katioonide suurema mobiilsusega, mis liikusid pinnale, kui suurem
kogus hapnikku oli pinnale juhitud. Sulami edasine oksiideerumine pidurdus
parast seda, kui oli kasutatud hapniku ekspositsiooni 500 L. Siis oli moodus-
tunud suhteliselt stabiilne kaitsev oksiidikiht.

Sulamis nikkel ei oksiideerunud. Ni 2p seisundites muutusi, mis viitaksid
nikli oksiideerumisele ei tuvastatud. Ainsaks muutuseks oli Ni 3p ja Ni 3s
rontgenfotoelektronpiikide pindala vihenemine. See viitas nikli koguse vihene-
misele sulami pinnal.

Peale sulami oksiideerumist oli titaan samas karbiidses olekus, nagu puhas-
tatud (oksiideerimata) sulamis. Titaankarbiid ei oksiideerunud. Titaankarbiidi
kogus pinnakihis ei muutunud sulami oksiideerumise kéigus.

Lisaks leiti, et alumiinium ja rdni, mida oli sulamis vdikeses koguses, moo-
dustasid oksiide (Al,O; ja SiOy), mis olid samuti olemas passiivses kroomirik-
kas pinnaoksiidikihis. Tuleb lisada, et alumiinium oli enamjaolt oksiidses ole-
kus juba enne sulami oksiideerimist. Réni oksiideerus juba védikese koguse
hapniku kasutamisel.
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