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Abstract

The correlation between the defect structure, the crystalline structure and the charge
carrier transfer through titanium dioxide(titania) were evaluated by in-situ X-ray diffrac-
tion, in-situ resistivity characterisation, quasi-in-situ X-ray photoelectron spectroscopy
and paramagnetic resonance spectroscopy in order to improve the photocatalytic effi-
ciency of a newly invented water purification reactor.

Annealing titanium dioxide in vacuum at temperatures below the phase transition
temperature while an external electrical field was applied resulted in the observation
of structural, morphological and electrical anomalies. These anomalies occur in thin
films, as well as, in powder samples. However, treating titanium dioxide in vacuum
leads to a redistribution of lattice defects. The diffusion of these lattice defects from
the centre of the lattice to the line defect area forms charge carrier trapping sites and
permanent dipoles with a significant dipole strength. The alignment of these dipoles
leads to the formation of anisotropic conductive channels.

The activation of a resistive switching mechanism is possible since these conductive
channels can be open or closed depending on the external electrical field strength.
Hence, a quasi-para-electric material is synthesised.

Furthermore, the redistribution of lattice defects driven by an external electrical field
results in a new density distribution and the formation of a new highly textured crys-
talline phase, the arminiase, which is correlated with the conductive configuration of

titanium dioxide.
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Chapter 1
Motivation

In recent years, the development of applications based on renewable energies and
new energy storage applications is of an high importance. The change from fossil en-
ergy sources to COs-neutral energy sources is propelled by political and economical
interests. Furthermore, applications based on renewable energies provide the opportu-
nity to cover basic requirements such as power, heat or clean water in underdeveloped
areas [1-6].

Nevertheless, there are many possibilities to improve the state of the art applications,
especially, with respect to their (cost) efficiencies. This causes a need of fundamen-
tal research on new materials which should have enhanced efficiencies, low production
costs and easy availabilities. One possibility is to use transition-metal-oxides, e.g.
nickel oxide, iron oxides or titanium dioxide. For example, nickel oxide is commercially
used as solid state membrane in new fuel cells [7, 8] despite the process of the charge
carrier transfer through the material is not understood in detail, yet. This means that
fundamental research could provide a significant enhancement for important future ap-
plications of mobility.

Additionally, transition-metal-oxides in perovskite structure, e.g. calcium titanite,
strontium titanite or calcium manganite are crucial materials for future photovoltaic
or even medical applications [9-13]. These materials are studied with respect to their
electrical and dielectric properties, especially, when they are highly defective. The in-
fluence of structural defects can cause a dielectric behaviour which is not typical for
these materials. For example, defective calcium titanite shows quasi-piezoelectric be-
haviour [14]. These cases show the wide range of usage possibilities of transition metal
oxides.

In this work, the focus will be on titanium dioxide. This transition-metal-oxide is
known for its high photocatalytic activity which allows the use of titanium dioxide in
water cleaning processes, as well as, for hydrogen production [15-19]. There are many
scientific publications about titanium dioxide and the enhancement of its photocat-

alytic efficiency which is based on three parameters: the band gap energy of titanium
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Figure 1.1: Schematic draw (left) and photography(right) of the photocatalytic reactor
for water purification [17].

dioxide, the surface area of the material and the charge carrier separation inside the
material. Defect chemistry, as well as, defect physics is used to manipulate these pa-
rameters. Nevertheless, the commercial titanium dioxide Degussa P25 powder is still
one of the most efficient photocatalysts despite it includes a relatively high amount
of a photocatalitic non-active phase. This case shows, that, although, the influencing
parameters are widely studied separately as well as their synergy [20-24], for example
by a detailed surface science approach in understanding heterogeneous photocataly-
sis [25], the direct relation of these parameters and the enhancement of the efficiency
is still not well established. Probably, this is caused by the complexity of the whole
photocatalytic process. The aim of this work is the analysis of the influencing param-
eters on the photocatalytic activity of different titanium dioxide systems with respect
to a newly designed water purification application.

During this work, a new photocatalytic reactor for water purification from pharmaceu-
tical drugs and agricultural pesticides is designed and patented in collaboration with
the work group ’Ciencas dos materias’ at the Universado do Algarve in Faro [17]. The
installation is shown in figure 1.1. This reactor features a stationary photocatalytic
active thin film prepared by chemical vapour deposition which provides the possibility
of long term use. Additionally, the purification process is controllable through the air
flow system giving the opportunity to reduce the pesticides in water nearly completely.
However, an overall improvement of the photocatalytic activity of the water purifi-
cation reactor is still of an high interest. Whereas, the surface area of the titanium

dioxide thin film is hard to extend due to the design and the preparation of the re-



actor system. Additionally, the installed UV-light source has enough energy to create
electron-hole-pairs inside the titanium dioxide thin film so that a decrease of the band
gap energy by heterogeneous doping is not necessary. Hence, to improve the water
purification reactor an improvement of the charge carrier separation inside the active
thin film is crucial to avoid the electron-hole-recombination and increase the efficiency
of the setup.

The purpose of this work is to study the charge carrier transfer characteristics inside
titanium dioxide and their correlation with changes in its defect structure, as well as,
with changes in its crystal structure. Therefore, titanium dioxide thin films, similar to
the photocatalytic active thin film inside the water purification reactor, as well as, self
synthesised powders and Degussa P25 powder samples are prepared, manipulated and
analysed. The treatment of the samples is done in different atmospheres at tempera-
tures lower than 600°C to avoid the phase transition from the more active titanium
dioxide (anatase) to the less active titanium dioxide (rutile) [26-28]. The central idea
is to perform in-situ experiments in this mild temperature range because of the com-
plexity of the photocatalytic process. To characterise the charge carrier transfer inside
the titanium dioxide samples separately, new in-situ resistivity measurements are per-
formed [29]. Additionally, the setup is also used to prepare new titanium dioxide
samples with the possibility to synthesis the samples with the assistance of an external
electrical field.

Furthermore, in-situ X-ray diffraction measurements are performed at the DESY, Ham-
burg where the structure and the resistivity are analysed simultaneously. This should
lead to a better understanding of the correlation of structural changes and mild temper-
ature anomalies of the different samples. Moreover, well established methods are used
to study the chemical composition, e.g. energy dispersive X-ray measurements(EDX)
and X-ray photo-electron spectroscopy(XPS), the defect structure, e.g. paramagnetic
resonance spectroscopy (EPR) and XPS and the morphology, e.g. nitrogen adsorption,

of the samples.
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Chapter 2

Ti0O, - Basic principles and

problems

Titanium dioxide, titania, is a transition metal oxide semiconductor which is widely
used in current applications. Especially, its high photocatalytic activity is for interests
in water cleaning industries, as well as, in many research facilities [26-28,30]. But
also in new memory technologies, the usage rate of titania is rather high, since it is
considered that high defective titanium dioxide is a feasible material for new Metal-
insulator-Metal nano-devices in future resistive memory cells(tRRAM) [31,32].

In the first application, the efficiency is characterised by the synergetic effect of surface
properties, charge carrier excitations and charge carrier transfers. The last ones are
also crucial for the resistive memory applications.

Because of this, the properties of titanium dioxide, its phases, the basic principles
of photocatalysis and resistive switching as well as the influence of defects will be

explained in the following chapter.

2.1 DEFECT PHYSICS

Independent of its occurrence, its phase and its modification (powder, thin film or

bulk), titania is a non-stoichiometric compound which can be described as [33-39]:

TiysOsy x> % (2.1.1)
with an homogeneous p-type doping x and an homogeneous n-type doping .
This means that titania always include natural defects which have to be carefully
defined. Figure 2.1.1 shows a schematic draw of possible lattice defects. They are

distinguished as:

e Ti?%: interstitial titanium cation characterised by a high mobility
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Figure 2.1.1: Schematic draw of a titanium dioxide 2D-lattice with the different types
of defects [29,33].

e Ti3T: lattice titanium with a reduced oxidation state of 3+ because of an un-
paired electron. This can be caused by heterogeneous doping with a cation, by
homogeneous doping by titanium interstitials, by line defects or by oxygen va-
cancies V. All cases are leading to a different amount of lattice defects. A T43"

lattice defect can be seen as a quasi-free-electron.
e Vp: Oxygen lattice vacancy which will result in a reduced titanium state T%3%.

e O : interstitial oxygen anion in analogy to T "

e O7: lattice oxygen defect with an oxidised oxidation state of 1—. This can be
caused by heterogeneous doping with a foreigner anion, by homogeneous doping
by oxygen interstitials or by a titanium lattice vacancy. Analogous to the T%3%,

the O~ can be seen as an quasi-free-hole.

e Vp;: Titanium lattice vacancy which will result in oxygen with higher oxidation
state O~.

In this work, homogeneous doping is of high interest, especially the n-type doping.
Therefore, T3 and oxygen vacancies need to be carefully studied. These defects can
be secondarily characterised by their localisations inside the crystal lattice. Either
Ti%" and Vp 1, can be well localised on defined lattice positions or 7% and Vo p are
de-localised and the possibility is nearly equal for all lattice positions to occupy such

a quasi-free-electron [40].
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Figure 2.1.2: Perfect titania octahedron(a), octahedron with a top defect(b), octahe-
dron with a plane defect(c), plotted by [41], modified from [42].

2.1.1 POINT DEFECTS

Independent of the phase (anatase, rutile, brookite), a titania crystal structure is
always constructed out of 7iOg octahedrons, like it is shown in figure 2.1.2a) [26]. The
crystal structures differ of how this octahedrons are connected inside the unit cell.
An oxygen defect, Ti%" or Vp, can be created either on the top of the octahedron or
in the central plane. A perfect TiOg octahedron has no resulting dipole moment in
contrast to defective ones. The position of the vacancy determine the resulting dipole
moment of the octahedron.

Generally, these lattice defects can be formed by calcination in an oxygen-poor atmo-
sphere at elevated temperatures. Using the standard Kroger-Vink notation for defects
in transition metal oxides [43], this process can be described by the following equilib-
ria [35,40]:

Op «— Vo + %Og + 2e” (2.1.2)

200 + Tir; +— Ti¥" + 3e™ + O, (2.1.3)

with lattice oxygen Op, lattice titanium T'i7;, lattice oxygen vacancies Vo and titanium
interstitials 77

The transformation of each equilibrium constant of these reactions Ky, s+ leads to
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the concentration of lattice defects inside the titanium dioxide systems [35,40]:

VI

Vo] = Kyyn*p(02)~ (2.1.4)

[Ti57] = Kpissnp (02) ™ (2.1.5)

with the surrounding oxygen pressure p (Oz) and the concentration of electrons n.
Additionally, the kinetic constants of these reactions are also depending on the tem-

perature:
E

K ~ e 5T (2.1.6)
with the formation energy of each defect E; where j = Vo, Ti**. The theoretical cal-
culated formation energies and the diffusion energies for the lattice oxygen vacancies
for various titanium dioxide phases can be found in table 2.1.1 [44].

The literature data shows that the anatase phase prefers to form bulk vacancies while
in the rutile configuration the formation of surface vacancies is more probable. More-
over, it is more likely to create oxygen vacancies in the top-to-top axis of the TiOg-
octahedrons than oxygen vacancies inside the plane independently of the crystal phase.
Nevertheless, the formation energies are relatively high compared to the oxygen vacancy
diffusion energies. This diffusion energies vary from 1.10eV to 2.65eV. Furthermore,
the diffusion energy of a lattice oxygen vacancy from a bulk state to the bridging oxygen
state which connects the surface with the bulk is given with Ey; 4 = 0.3 eV [44]. There-
fore, the diffusion of lattice defects can be an important parameter in mild temperature

range.

Table 2.1.1: Lattice oxygen vacancies formation energies calculated by DFT-method
from [44].

Formation Energy, eV Surface Bulk

Top-Top Plane | Top-Top Plane

Anatase (101) 4.25 5.40 3.65 4.03
Anatase (001) 4.72 5.52 4.34 5.08

Rutile (110) 401 456 | 4.8 523
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Figure 2.1.3: Schematic representation of the band structure of a semiconductor with
lattice defects resulting in a conduction band with charge carrier traps, from [29]. It
shows the difference between a low defective n-type semiconductor(left) and a high
defective n-type semiconductor(right).

2.1.2 CHARGE TRAPPING

As mentioned in the last section, lattice defects of a semiconductor can be seen as
dopants. Figure 2.1.3 shows a schematic of the band structure of such a self-doped
semiconductor with [29,45,46]:

e Fo: energy of the conduction band
e Fy: energy of the valence band
e [ gap energy, Fo — Ey

e [y intrinsic Fermi-energy

E;: Fermi energy
e F: barrier energy, defined by the energy level of the charge carrier trap

The trapping current can be expressed as the conductivity ¢ of a semiconductor in

dependency of the temperature 7' [29,45]:

1 B

o~ T 2eFsT (2.1.7)

with the energy barrier Fj, and the Boltzmann constant kg.

Resistivity measurements over the temperature for the semiconductor can be used to

determine the barrier energies of the traps due to this correlation. For linear sections

the following equations are valid for low doped material according to [45,47]:
d(log(R)) 1

— _FE¢—FE; LN<Q (2.1.8)

d(zp) 2
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d(log(R))
d(57)

with grain size L, defect concentration N and the traps per grain boundary ;. Strongly

=E, LN>Q, (2.1.9)

reduced titanium dioxide will result in a Fermi-energy closer to the conduction band
which implicates a lower energy barrier compared to moderately reduced titania. This
means, a strong decrease of resistivity at higher temperatures represents the trapping
current of a low doped semiconductor and a small decrease in resistivity represents the

trapping current of a highly doped semiconductor.

2.1.3 SURFACE CHANGING PROCESSES

Heat treatment of titanium dioxide samples does not only change the defect struc-
ture of the samples it also changes the morphology significantly even in mild temper-
ature range. The manipulation of the morphology influences the surface area as well
as the pore structure of a sample. During the calcination of titanium dioxide powders
and titanium dioxide thin films below the phase transitions temperature four different
surface changing processes may occur.

Firstly, a strong pore formation during the reduction of absorbed organic materials
and water [48-50]. Depending on the oxygen content of the surrounding atmosphere
new pores are formed by burning or evaporating these absorbed contents, respectively.
For heat treatment in vacuum evaporation is favourable and will proceed during the
calcination up to 180°C. It will result in the formation of non-uniform micro- and
meso-pores probably in ink-bottle or cylindrical shape. The overall surface area will
increase [29,51].

Secondly, aggregation took place in the temperature range from 180°C to 500 °C [50].
In this case, particles are formed based on van-der-Waals-interaction between the mate-
rial. It is characteristic for titanium dioxide powders and leads to a increase of specific
surface area due to an enhanced micro-pore formation [50,51]. The aggregation process
is favourable for powders heat treated in oxygen rich atmosphere.

Thirdly, agglomeration took place in the temperature range from 180°C to 500°C
[50,52]. In contrary to the aggregation, grains are formed based on chemical bonds,
such as ionic bonds or covalent bonds. Grains are characteristic for bulk samples or
thin films but could also be observed in powders [50-52]. Since the grain formation is
connected with closing micro-pores it will lead to a significant decrease of surface area.
Furthermore, the pore size distribution of agglomerated samples shows a dominant
meso-pore regime of uniform-shape. Titanium dioxide is known for a strong agglom-
eration during heat treatment in reducing atmosphere with a maximum of meso-pores
of uniform shape at 430°C [48,49].

Fourthly, the morphology of the samples is significantly changed by crystallite growth
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and phase transition. Both processes affected the pore size distribution, aggregation
and agglomeration of the samples. It could cause a minimization of pores and decrease
the surface area, but it could also cause a minimization of agglomeration decrease
the interface area and increase the surface area of the samples [49,51]. Nevertheless,
the crystallite growth, G(t,T), can be estimated with the normal crystallite growth
model [53-55]:

G? — Gt = 85 you(T) (2.1.10)

with the initial crystallite size G, the average atomic jumping distance ¢, the interfa-
cial energy v and the grain boundary mobility (7).

For titanium dioxide equation 2.1.10 predicts a significantly increase of the crystal-
lite for temperatures higher than 500°C [55,56]. Furthermore, the phase transition
temperature from anatase-to-rutile of around 600°C is also relatively high [26]. This
means, differences in surface area and pore size distribution of different titanium diox-
ide samples should be connected with well defined processes which are dominant at the

calcination temperature of each sample.

2.2 CRYSTAL STRUCTURE

Titanium dioxide is able to crystallise in different crystal structures. The most com-
mon crystal structures are anatase and rutile, shown in figure 2.2.1, but also brookite
or reduced titania phases in monoclinic structure are known [26,48 57, 58].
Nevertheless, every titania structure in the literature is based on TiOg-octahedrons
with covalent Ti-O-bonds. The top-top-axis of the basis octahedron in the unit cell is
defined as the O-Ti-O bond with the maximum length which is important for the lattice
position of possible defects. The unit cells with the basic octaherdon are represented

in figure 2.2.1.

2.2.1 ANATASE

Anatase is described as the most photocatalytic active but thermodynamically
metastable phase of titanium dioxide. It is possible to synthesise pure anatase in
form of nanoparticles with different bottom-up-methods, e.g. the sol-gel-method, be-
cause of its lower free surface energy compared to rutile. This means stable anatase
nanoparticles can be produced under normal pressure up to the crystallisation temper-
ature of 450°C [59-62].

Anatase is a wide gap semiconductor with a band gap energy of 3.2eV and is the
major phase inside the Evonik Degussa P25 powder, the reference powder for every

experiment in this work, with about 83 % weight fraction [63].
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Figure 2.2.1: Ideal crystallite unit cells of anatase (left) and rutile (right) plotted
by [41]. The blue bullets are representing Ti*" atoms and the red bullets are rep-
resenting O?~ atoms. The green vector represents the top-to-top axis of the basic
TiOg-octaheron. The figure is modified from [42].

2.2.2 RUTILE

The thermodynamically stable phase of titanium dioxide is the rutile phase. Anatase,
as well as brookite, a third titanium dioxide crystal structure, will be transferred
to rutile after reaching the phase transition temperature. This transition is irre-
versible which limits rutile to be the only usable phase for high temperature appli-
cations [5, 26, 28].

The band gap energy is 3.0eV, but rutile is not as photocatalyticly efficient than
anatase [51]. It is considered that the electron-hole-recombination time is shorter than
in anatase which limits the efficiency of rutile [5,26,30]. This theory is not confirmed,
yet. More simple reasons could be the higher surface area of anatase because of the
smaller particle size. Therefore the photocatalytic efficiency should be normalised to
the surface area [51]. Another reason can be that the energy level of the conduction
band of rutile is smaller than the necessary dissociation energy of the aimed chemical

process which will avoid a photocatalytic degradation [64,65].

2.2.3 PHASE TRANSITION

As mentioned before, the anatase to rutile phase transition is irreversible. Impor-

tant for the phase stability is the Gibbs free energy, a thermodynamic potential defined
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as [66]:
G=H-T-S+{p+p)-V+y-A+09 (2.2.1)

with the Gibbs free energy G, the enthalpy H, entropy S, temperature 7', surrounding
atmospheric pressure p, internal pressure of the material pr, volume V', free surface
energy 7, surface area A and remaining factor for shape or porosity ¢.

Every system tries to minimize this Gibbs free energy. So a phase transition from

anatase, A, to rutile, R, will be performed when the following equation is fulfilled [62]:
AGA7R(T vy = AGAN(T,r) — AGE(T,r) = 0 (2.2.2)

with the crystallite radius r. It is obvious that there is a critical crystallite size for
the phase transition which explains why the transition temperature for the anatase to
rutile transformation varies from 550 °C to 700°C in the literature [67].

In the beginning of the phase transition, covalent bonds of the bridging oxygen between
the TiOg-octahedrals from the titania structure are broken, then getting re-organized
from the anatase to the rutile crystal structure, ending in forming new bridging oxygen
covalent bonds. This results in new unit cells, plotted in figure 2.2.1, where octahedrons
share only two edges with their neighbour in case of the rutile phase instead of three

edges in case of the anatase phase. This leads to a more stable crystal structure [68].
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Figure 2.3.1: schematic draw of the charge carrier formation and charge carrier diffusion
inside the semiconductor during the photocatalytic process modified from [19], the
green paths leads to electron-hole-recombination and avoids any photocatalytic process.

2.3 PHOTOCATALYSIS

A light driven support of a chemical reaction is called photocatalysis. This effect is

the basis of important future applications such as water cleaning processes or hydrogen
generation by supporting the hydrolysis of water. Titanium dioxide is the most used
metal-oxide-semiconductors in photocatalysis because of its high efficiency compared
to other oxide-semiconductors [15,19,26, 28, 30,34,51,69-71].
Figure 2.3.1 shows a summary of the charge carrier formation and charge carrier diffu-
sion inside a semiconductor material during the photocatalysis. Starting with a photon
which excite an electron-hole-pair (e ~-h™-pair) inside the semiconductor bulk material,
this electron-hole-pair needs to be separated and the charge carriers start to diffuse.
When these charge carriers are able to diffuse to the surface (green paths) without any
bulk or surface recombination (red paths) they can react with adsorbed molecules on
the surface of the semiconductor. There is a radical formation following the equation
2.3.1 for the anodic site (donor site) or 2.3.2 and 2.3.3 for the cathodic site (acceptor
site) [34,69, 71]:

(HyO) + bt — (H"), + (OH®), (2.3.1)
Oy +e™ — (0*7), (2.3.2)
(O* )+ H" — (HO3), (2.3.3)

The formed radicals can force degradation of organic pollutants in water or support

the electrolysis of water in hydrogen and oxygen. For example, the degradation of a
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organic pollutant R — H supported indirectly by the donor site [69]:
R— H+ OH®* - R* + H,0 — Degradation products (2.3.4)

leads to the formation of new radicals in water R'® which are important for the further
degradation.

In many research projects the influence on the efficiency of this photocatalytic process
is of a high interest. There are three major parameters that can be changed to enhance

the photocatalytic performance, which will be shortly introduced:

BAND GAP

Many active photocatalysts such as zinc oxide or titanium dioxide have a band gap
energy larger than 3.0 eV which is in the UV-range of the solar spectrum. It is obvious,
that shifting the band gap energy to a lower value in the visible light range could be
an easy way to increase the efficiency. In many studies, this had been done by doping
the metal-oxide-semiconductor with metals (e.g. iron [25], silver [25,72]) or non-metals
(e.g. nitrogen [25,73]). While this will lower the band gap it is not increasing the
overall efficiency for titanium dioxide by using solar light [25,71,74].

SURFACE

Another idea of improving the photocatalytic process is to increase the pure surface
area of the support material. Because a larger surface area will allow to adsorb a higher
amount of molecules, water and oxygen which will react with the charge carriers to
create the crucial radicals [18,30,75,76].

Good adhesive properties and a high hydrophily of the material are also surface prop-

erties which will influence the overall efficiency.

CHARGE CARRIER TRANSPORT

The last parameter is the possibility to transfer the charge carriers from the bulk to
the surface by avoiding the electron-hole-recombination since this process will lead to
a loss of charge carriers that can support the degradation of organic pollutants or the
electrolysis of water. In this case, diffusion centres inside the material are necessary to
apply an enhanced electron-hole-separation and to form locally separated anodic and

cathodic sites [27,30,39,77,78].
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2.3.1 SYNERGETIC EFFECT

There is a synergetic effect between two phases during photocatalysis when the

following equation is fulfilled:
k(a.1+5.2) >a -k + ﬁ - ko (235)

with phases 1 and 2, the weight ratios o and (8 of the phases and the kinetic constant
of the photocatalytic degradation k. This means that the photocatalytic efficiency of
the mixture of two phases is larger than the sum of the single phases.

The synergetic effect between anatase and rutile is often part of the discussion why the
Evonik Degussa P25 powder has a high photocatalytic efficiency. Studies show that
there is no synergetic effect between the two titania phases, because there is no exciton
transfer from one phase to the other [63]. This means that the whole photocatalytic
process takes place in a single phase for itself.

Although, some special photocatalytic processes, e.g. oxidation of naphthalene, are
fulfilling equation 2.3.5 [63,79]. In this case it is considered that molecules are attracted
to anatase because of its larger surface area forming radicals with charge carriers of the
rutile phase. By performing a similar experiment with pure rutile the surface area is to
small to attract the same amount of molecules and decrease the overall kinetic constant
of the degradation [79]. Tt is necessary to distinguish between these two principles of a

synergism between the titania phases.



Chapter 3

Methods

The following section focuses on the methods that are used during this thesis to
characterise and synthesis the titanium dioxide samples. On one hand, there are well
established characterisation techniques which will be shortly introduced. On the other
hand, unique own build setups are designed and used, especially, the in-situ resistivity

measurements. These setups will be explained in more detail.

3.1 CHARACTERISATION

3.1.1 X-RAY-DIFFRACTION

Structural differences between the analysed samples are determined using X-Ray-
diffraction experiments. On one hand, the XRD facility of the 'Faculdade de Ciencias
Technologia’ of the "Universidade do Algarve’ in Faro, Portugal is used to analyse the
crystal structure of the heat treated Degussa P25 powder samples. A high-resolution
PANanalytical x’PertPRO XRD setup is used which works with Cu-Ka-radiation,
A = 0.154184 nm and in § — 260-configuration [51].

On the other hand, high energy synchrotron radiation at the P07 beam line at HA-
SYLAB, DESY in Hamburg, Germany, is used to study various titanium dioxide sam-
ples. Firstly, titanium dioxide thin films and Degussa P25 pellet samples are anal-
ysed at room temperature. The experiments are performed in transmission geometry
and the diffraction patterns are collected with an 2D-area detector characteristics of
short read-out time. The beam energy is 87 keV which corresponds to a wavelength of
A = 0.01425 nm.

Secondly, in-situ experiments are performed to study the structural dynamics of se-
lected titanium dioxide samples. These experiments performed in vacuum during
heating and additionally, with and without an external electrical field applied. The
setup is explained in detail in section 3.1.1.

Each XRD-pattern is evaluated by Rietveld refinement procedure either using FullProf
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program or using MAUD program [80,81]. This procedure is based on the minimization
of the weighted sum of squares and fulfil the equations [82,83]:

1
[ — ptheo? (3.1.1)

y =27 (1

with the measured intensity of the XRD experiment I;™ and the theoretical calculated

intensity I/

e = C NN L | F P S(20, - 26;) - Py A+ by (3.1.2)
k=1 3

This equation includes the background intensity b;, the absorption coefficient of the

sample A; and for every phase k = 1..n and its correlated peaks j the factors for [59,82]:

e the beam intensity C'

the polarisation of the beam L

the structure factor of the crystals F

the profile factor of the reflex, normally a Pseudo-Voigt, S

the texture factor P

It is obvious that the Rietveld refinement provides detailed information about the
phase composition, the crystallite size, the unit cell parameters, the micro-strain and
the textural properties of the titanium dioxide samples.

In the last step, the program VESTA [41] is used to visualise the crystal structure of
the titanium dioxide samples and calculate the dimensions of titanium dioxide octahe-
drons by plotting a titanium dioxide unit cell using the theoretical calculated Rietveld
parameters from the refinement procedure which includes the unit cell parameters and
the atomic position parameters for selected titanium dioxide samples.

The detailed Rietveld refinement procedure and its adaption for VESTA are described
in [41,80,82].

IN-SITU-EXPERIMENTS

The photocatalytic mechanism is highly complex which means a detailed knowledge
of the dynamics during the material manipulation is crucial. It is necessary to study
the structural dynamics of the titanium dioxide samples by in-situ measurements to
analyse the influence of the heat treatment on the charge carrier transfer ability of
titanium dioxide. This means, that the whole treatment process needs to be done

during the XRD experiments. Therefore, a unique furnace is designed which offers the
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Cooling system Guard slits Syncrotron radiation beam source

Measurement chamber
with kapton windows

Vacuum pump

Connections for the heating system, thermocouples and
external electrical field

Hexapod

Figure 3.1.1: Photography of the own build furnace for in-situ XRD experiments at
the P07 beamline at the HASYLAB of the DESY ,Hamburg.

possibility to anneal the samples in an oxygen poor atmosphere with and without an
external electrical field. Additionally, this furnace needs to be transportable.
Figure 3.1.1 shows the resulting furnace which was designed during this work with the
help of the mechanical workshop of the Institut of Physics of the Universitat Rostock,
Germany. It is based on a small recipient with three kapton windows to be able to mea-
sure the crystal structure in transmission geometry. Two independent water cooling
systems are installed in the top part and in the bottom part of the furnace. Through
the bottom of the setup, there are six electrical penetrations and two thermocouple
penetrations installed which are sealed with epoxy resin.
The heating unit is a copper coil, figure 3.1.2, which includes a heating wire that oper-
ates at a current of 4 A. The wire is fixed with two stainless steal rings. It is necessary
to use identical rings at the top and at the bottom to ensure that the calcination of the
sample, fixed on a sample holder in the central window, is homogenized and without
strong temperature gradients.
The sample holder are made from copper which means the titanium dioxide samples
needs a dielectric screening. This is realised by using mica foil with a window for
screening from the sample holder and by using glass for fixation. The mica foil is a
high temperature dielectric material [84].

A photography of the sample holder from the front and from the rear after the
alignment of the setup at the P07 beamline is shown in figure 3.1.2. This was the

measurement of a Degussa P25 pellet heated in vacuum with an external electrical
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Figure 3.1.2: Photography of the heating coil and the sample holder of the own build
furnace for in-situ XRD experiments after the alignment and before the measurement
of a Degussa P25 pellet with an applied external electrical field.

field applied tangential to the surface. It can be seen that the measurement spot is
close to the silver electrode but it is not penetrating the mica foil.

The in-situ experiments are carried out with a beam diameter of 600 pm with a beam
energy of 100 keV which is corresponds to a wavelength of A = 0.012 nm. The electrical

circuit is similar to the measurement circuit in chapter 3.1.4.
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3.1.2 SURFACE AREA AND POROSITY

The deposition of gas molecules on solid surfaces is called adsorption and offers the
determination of the morphology of nanostructured powders. Adsorption processes
are distinguished into chemisorption and physisorption based on the nature of the gas
to solid bonding type. For morphology determination physisorption experiments are
preferred, because the long ranged van-der-Waals interaction between gas molecules
and the surface allows a multilayer adsorption. This leads to the possibility of a

qualitative and quantitative analysis [85-87].

Ny-ISOTHERM

In principle, any gas can be physisorbed on any solid surface. In experiments the

adsorption of nitrogen gas at a surrounding temperature of 77 K is preferred. The
amount of adsorbed molecules at a constant temperature depends on the surrounding
pressure. During nitrogen adsorption experiments a nadsvspo;’ﬁ—isotherm is measured
with the amount of adsorbed gas molecules n,qs, the surrounding pressure p and the
saturation pressure of nitrogen at 77K po.77x = 1bar.
An experimental setup for measuring nitrogen adsorption-desorption isotherms consists
of a sample tube with a known volume Vj., a gas inlet and a pressure gauge. The
whole system is place in a liquid nitrogen bath to guarantee a constant temperature.
During a measurement step for a defined pressure-ratio T% the sample tube is filled
with nitrogen up to the aimed pressure of pj,e;. The system is then closed. The
nitrogen will adsorb on the material and the pressure inside the tube is controlled
until it reaches a constant value peg,;. At this point the adsorption and desorption of
nitrogen is in an equilibrium. The amount of adsorbed molecules can be calculated by
the ideal gas law [85,88]:

R-T
Dinlet — pequi) : ‘/;fube

Nads = (

By measuring n,gs over the pressure-ratio ]fifl;; from 0.005 to 1 one obtains the ad-

sorption branch of the isotherm and the pressure ratio from 1 to 0.2 the desorption

branch. The complete isotherm is the basis for both analyses.

QUALITATIVE ANALYSIS

For a qualitative analysis of the morphology the shape of the isotherm is crucial.
It is classified by IUPAC [50,89] and determine the average particle shape, pore shape
and pore types.
The classification of pores by its size d is defined by the IUPAC [89]:
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Figure 3.1.3: Examples of isotherms of a mesoporous catalysts material with open
pores(left) and closed pores(right) from [89].

e micropores : d < 2nm
e mesopores : 2nm < d < 20nm
e macropores : 20nm < d

Typical isotherms for mesoporous materials are shown in figure 3.1.3. They are charac-

terized by a steady slope of adsorbed gas, especially between 0.05 < pofm < 0.8. The
presence of a hysteresis means the presence of open pores. Inside open pores capillary
effects leads to locally higher pressure compared to the outside and to capillary con-
densation. Therefore, the amount of gas molecules layers on the surface is not uniform
and the desorption branch is not equal to the adsorption branch. The shape of the
hysteresis defines the shape of the open pores, whether they are cylindrical, ink bottled,
or slit shaped [50]. The given example in figure 3.1.3 shows a type IV-isotherm with

an H2-hysteresis characteristic for photocatalytic transition-metal-oxide powders.

QUANTITATIVE ANALYSIS

The isotherms can also be used for a quantitative analysis which includes the cal-
culation of the surface area by BET-method.
The BET-method is a widely used method to calculate the surface area of a mate-
rial [50,87,88]. It is assumed that the formation of multilayer adsorption is possible
while there is no direct interaction between these layers. This leads to a simplified

equation 3.1.3:
p

o — = (110[0_1]%) (3.1.3)

with the coverage f = —+¢= the maximum amount of molecules for one layer n,,,, and
max

the velocity constant c.
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In the pressure range of

005 < <0.35

Do

a linear behaviour of nggs vs p% is observable resulting in the linear BET-equation:
1 c—1

p _ N P

= — 3.1.4
Nads (pO - p) NmaxC NmazC  Po ( )

The critical assumptions can be made, because the monolayer formation is completed
at 0.05 < p% and the pore effects are negligible at p% < 0.35 which result in the linear
behaviour and the possibility to calculate the monolayer coverage and the specific

surface area [88].

EXPERIMENT

To determine the specific surface area and the pore size distribution, a Micromeritics
ASAP 2020 is used. Before the measurement the samples where degased at 323,15 K for
10 h at a pressure of 50 mmHg. The weight of the sample is determined before and after
the measurement. A isothermal adsorption of nitrogen is done at 77 K. The specific
surface area is calculated by the BET equation in the range of 0,05 < p% < 0,25.
The pore size distribution and pore area is calculated by the BJH theory with Halsey
correction in the range of 0,42 < L <1 of the adsorption branch [51].
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Figure 3.1.4: Example of binding energies depending on the Fermi-energy(left) of Ura-
nium and scheme of photoelectron emission process(right) from [91].

3.1.3 CHEMICAL COMPOSITION

There is a strong interest to determine the purity of a material to be sure that
there are no foreigner atoms inside and that there is the exact stoichiometric relation
of a metal-oxide-ratio to discuss the influence of self-doping on physical and chemical
properties [40,90]. Therefore, measurements of the chemical composition of a material
depending on the chosen system, powders, thin films or bulk materials depending
on the surface sensitivity of the method is necessary. In this work a high surface
sensitive method, X-ray-photoelectron-spectroscopy (XPS), a bulk sensitive method,
Energy-dispersive-X-Ray-measurements (EDX), and a temperature depending method
to characterize the nature of defects in powders, Electron-paramagnetic-spin-resonance-

spectroscopy (EPR), are performed.

X-RAY-PHOTOELECTRON-SPECTROSCOPY

Investigating the chemical composition as well as the stoichiometric relation of a
material, X-ray-photoelectron-spectroscopy is widely used. It is based on determining
the binding energy of electrons emitted by soft X-rays.

Figure 3.1.4 shows the theoretical principle of binding energies related to the Fermi-
energy and the emission of a photoelectron. An incoming X-Ray-photon hits an electron
on a shell of an atom and this electron is emitted and can be detected. With an
energy dispersive detector the binding energy(BE) of such an electron can be calculated
with [91]:

BE =hv — KE — ¢4 (3.1.5)

with the wavelength of the X-rays v, the Planck’s constant h, the measured kinetic

energy of the electron K FE and the working function of the detector ¢,.
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To determine the chemical composition of different elements of a material the peak-area

of one orbital of every detected element A; is used with:

-1

at%, = ———
0 EjAj . O'j_l

(3.1.6)
with the sum over all detected elements, the atom weight ratio of a specific element
at%;, and the cross-section of the analysed orbital o;. This is cross-section can be un-
derstood as the possibility of a photon to hit an electron of this specific orbital relative
to electrons of the 1s-orbital of the Flour atom [91,92]. In 3.1.4 the cross-section is
illustrated as the length of the line for a energy level.

While the survey measurement mode is used to investigate the chemical composition,
chosen detailed measurements analysing the binding state of an element are done. De-
pending on the covalent bond and on the oxidation state of an element, the binding
energy of the electrons are changed for hundreds of mEV up to several eV. A care-
fully study with high resolution allows the calculation of the atom ratio between two
different species of an element by calculating the simple specific peak area ratios. A
cross-section conversion factor is not necessary, because only different bonding and ox-

idation states of one element are compared [92].

EXPERIMENTAL SETUP

In this work a PHI-5600-spectrometer with monochromated Al-K,-X-Ray source
is used. The setup, figure 3.1.5, is located at the IFW Dresden supervised by Prof.
Knupfer. A monochromated Al-Ka X-Ray source operating at 1486.7 eV is used in com-
bination with an electron energy analyser model 10-360 single channel analyser [91].
This analyser operates at 20 eV pass energy and 0.5eV step width for the survey spec-
tra and at 5.85eV pass energy and a 0.05eV step width for the detailed spectra.

Two different XPS experiments were performed. On one hand, selected heat treated
powder samples are studied. They are kept in a floodgate at p ~ 10~" mbar at room
temperature for 2h before each measurement in order to clean the surface from ph-
ysisorbed water and organic compounds [29].

On the other hand, Degussa P25 pellets are studied by a quasi-in-situ measurements to
determine the defect dynamics in mild temperature regime. Quasi-in-situ means that
the pellet samples are annealed in a preparation chamber which is directly connected
with the measurement chamber to avoid any oxygen contact. The pellet samples are
annealed in ultra high vacuum of p ~ 1072 mbar for 2h at each temperature step
between 100 °C and 350 °C. The annealed samples are analysed at room temperature

after their transfer into the measurement chamber [29].
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Figure 3.1.5: XPS-setup at the IFW Dresden, including a preparation chamber with
an external heating system for quasi-in-situ measurements.

The chemical composition is calculated using equation 3.1.6 with the sensitivity factors
o of op; = 1.798 for Ti2p, 0o = 0.711 for O 1s and o = 0.296 for C 1s from the survey
spectra [29,91]. The determination of the defect dynamics are explained in detail in

chapter 2.1.

ENERGY-DISPERSIVE-X-RAY-MEASUREMENTS

Energy dispersive X-ray measurements, EDX, are a well established method to
determine the atomic species inside a material. In contrary to the XPS-analysis, this
method provides a increased information depth. This means, that the chemical compo-
sition of a specific bulk area can be determined instead of the surface composition [93].
Whereas, a detailed defect analysis is not possible because of high specific errors for so
called light atom species, e.g. oxygen or carbon, the method is used to determine the
influence of the silver glue and the copper furnace. The aim is to prove that inside the
different titanium dioxide samples are no foreign atoms detectable and a silver diffusion
can be neglected.

Detailed information about the EDX-principles are published elsewhere [93].
A Zeiss Supra 25 field emission SEM microscope with high resolution, equipped with a
liquid nitrogen free, Peltier cooled EDX detector X-Flash 3001 with Quantax was used

with the help from Regina Lange of the institute of computer science and electrical
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engineering, IEF, of the Universitat Rostock, Germany [94]. Depending on the nature
of the samples, selected titanium dioxides are coated with carbon via sputtering to
avoid any charging effects during the measurements. The microscope operates with an

acceleration voltage of 16,0kV.

ELECTRON-PARAMAGNETIC-SPIN-RESONANCE-SPECTROSCOPY

Whereas the chemical composition of the titanium dioxide bulks are analysed
by EDX, the bulk defect states inside selected samples are analysed using electron-
paramagnetic-spin-resonance-spectroscopy(EPR). This is a well established method in
case of determining the nature of the lattice defects in different titanium dioxide sys-
tems [23,95,96].

The samples are placed in a external magnetic field. Microwave radiation is used to
excite unpaired electrons inside the material. Unpaired electrons are a result of lattice
defects. By changing the magnetic field strength a resonance frequency can be ob-
served due to the paramagnetic spin of the excited unpaired electrons. This resonance
frequency depends of the Landé-factor, g, of the different defect species. The g-values
can be calculated by [29]: ,

7

= 3.1.7
9= "5 (3.1.7)

with the Planck constant h, the microwave frequency v, the Bohr magneton up and
the magnetic flux density B.

In this thesis, X-Band EPR measurements are performed using a Bruker EMX CW-
microspectrometer with the help from Dr.Hollmann from the LIKAT Rostock, Ger-
many. Approximately 15 mg of the powders or mauled pellets are filled in a commer-
cial X-band EPR tube. These samples are analysed at room temperature and at 100 K
using a liquid nitrogen stream. During each experiment the magnetic field is varied

between 3100 G and 3600 G while the microwave frequency is constant [24,29].
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Figure 3.1.6: Schematic draw of the circuit diagram for the resistivity measurement
setup, with reference resistance R,, sample resistance R [29].

3.1.4 RESISTIVITY

Knowledge about the charge carrier transport inside different titanium dioxide sys-
tems is crucial to enhance the charge carrier separation during photocatalytic processes.
Though, the ohmic resistivity of these titanium dioxide systems is analysed.

Firstly, cold pressed pellets were used with silver electrodes attached symmetrically in
the centre of both sites of the titanium dioxide disks. The electrodes had a diameter
of around 1.5mm and were connected to the setup by gold wires [29]. It is assumed
that the electrical field is directed normal to the surface of the pellet and the charge
carrier transport is located through the volume of the material.
Secondly, titanium dioxide thin films prepared by CVD-method were studied with sil-
ver electrodes attached on the end of the sample at the titanium dioxide side. The
electrodes had dimensions of around 1.5 mm x 1.5 mm and were connected to the setup
by gold wires. It is assumed that the electrical field is directed tangential to the surface
of the sample and the charge carrier transport is located in the titanium dioxide thin
film, because of the non-conductive substrate material.
Figure 3.1.6 shows the applied resistive setup. Ensuring a wide range of resistivity
measurable as well as a high resolution during the annealing, the resistance of the
P25 sample, R,, was measured indirectly via a reference resistance Rr. The sample
resistance, R, was calculated by [29]:

Uy—Ur

Ry, = R, ——— 3.1.8
. (5.18)

R,=2xR.+Ri (3.1.9)
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with the contact resistance R, intrinsic sample resistance R;, original voltage U, and
voltage over the reference resistance U,. Assuming that the contact resistance between
the silver electrodes and the titanium dioxide is negligible compared to the intrinsic
sample resistance and using equation 2.1, the resistivity p of pellets is:

A
p= Rsl* (3.1.10)

with the thickness of a titanium dioxide disk [ and the area of an electrode A.

And the resistivity p of thin films is:

_ Ryxtxe

y (3.1.11)

p

with the electrode-to-electrode distance d,the thickness of a titanium dioxide film ¢ and
the dimension of an electrode e.

The samples were measured in-situ in vacuum as well as in air in different temperature
ranges up to Tj,., = 800°C.

For the vacuum measurement, the titanium dioxide samples were placed in a copper
furnace inside a vacuum chamber of ~ 5.0 - 10~% mbar. They were dielectricly screened
by a quartz glass and a mica foil. Inside the furnace, two halogen lamps (1kW) are
installed as external heat sources [29].

The setup is also used to measure the I-V-characteristics of the titanium dioxide sys-
tems in different atmospheres as well as at different temperatures.

Further informations about the correlation between defect structure and ohmic resis-

tance is explained in chapter 2.1.2.
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Figure 3.1.7: Schematic sketch of the photocatalytic reactor cell used in this work [97].

3.1.5 PHOTOCATALYTIC ACTIVITY

The photocatalytic process is explained in section 2.3. The determination of the
photocatalytic activity of a material system is measured in an photocatalytic reac-
tor. The reactor used in this work is shown in figure 3.1.7. It consists of a light source
(Xenon-lamp), the water bath with the water-organic-pollutant-solution, a quartz-glass
window, the active surface where the catalyser material is adhered, a water outlet to
exclude small probes and an air inlet to cause air bubbling in the solution. This is
necessary to achieve a stirring of the water and to ensure the oxygen supply during the
photocatalytic reaction. Additionally, a water filter is included to prevent the photo-
catalytic reactor from overheating because of the Xenon lamp [51,94,98]. The setup is
build in the chemistry department of the Universidado do Algarve supervised by Prof.
Mateus.

DEGRADATION OF THE ORGANIC POLLUTANT
As organic pollutant fenarimol is chosen. The photocatalytic degradation of fena-
rimol is [98]:
n-Fm ﬁ mi 'C'10H7C'ZN2—|—m2~C'OQ+m3~HQO (3112)
with the fenarimol (Cy7Hy1CloNy — OH) Fm, the overall kinetic constant of this reac-

tion k and the stoichiometric factors n, m, my and ms.

The fenarimol degradation follows a first order kinetic [51,94]:

[F'm] (t) = [F'm]o - e ¥ (3.1.13)
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with the concentration of fenarimol in water [F'm] and the starting concentration [F'm],.
By measuring the concentration of fenarimol in water over the time it is possible to

calculate the overall kinetic constant of the degradation k which is the sum:
k=k.+ ko (3.1.14)

of the degradation by the catalyser k. and the photolysis by UV-light k3. The kinetic
constant of the chemical reaction k. is determined for the different titanium dioxide
systems [51,94].

DETERMINATION OF THE FENARIMOL CONCENTRATION

The determination of the fenarimol concentration at each measurement step is cru-
cial to calculated the photocatalytic activity of a sample. The concentration of fenari-
mol in water is carried out by using high-performance-liquid-chromatography (HPLC).
This liquid chromatography is based on the interaction between the different monomers
in the sample solution and a stationary phase inside the experimental setup. The sam-
ple solution is mixed with an mobile phase and flows along the stationary phase. The
monomers inside the sample solution are now separated and the flowing time for each
monomer is depending on the interaction with the stationary phase due to capillary
effects [99,100].

After that the flowing liquid is analysed by an UV-VIS-spectroscopy, because every
monomer has different light absorption properties [98]. The exact composition of the
sample solution can be determined by measuring the UV-adsorption over the time and
the fenarimol concentration can be calculated at each time step of the photocatalytic
measurement.

The sample solutions are taken out of the photocatalytic reactor and immediately
analysed by a HPLC system. This is a Agilent Technologies 1220 LC Infinity system
with UV detector. The liquid chromatography is carried out under the following con-
ditions: LichroCART 125-4 column; Lichrospher 100 RP-18; 5 um; eluent; acetonitle
65%, MilliQ water 35 %; 1.0ml/min flow; UV detection at 220 nm [51].
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3.2 SYNTHESIS AND SAMPLE PREPARATION

In this thesis the focus is on titanium dioxide nanopowders and nanostructured
thin films. The thin film preparation is similar to the preparation of the titanium
dioxide photocatalyst in the water purification reactor designed during this work [17].
Additionally, there are two different powders chosen. Firstly, the commercial Degussa
P25 powder which will be the reference material and secondly, a powder series based
on sol-gel-synthesis. This synthesis method is chosen because it is comparable to the
thin film samples since they are both based on the same precursor [17,59,101].

All sample series will be heat treated at various temperatures in various atmospheres

and with various external electrical fields.

3.2.1 POWDER SAMPLES

SOL-GEL-SYNTHESIS

The sol-gel-synthesis is a wet chemical method which is widely used in industries
and science to synthesis inorganic nanostructures, because it proceeds under mild
conditions and offers the possibility to create nanostructured powders, fibres or thin
films [59,60, 102]. Basically, it is the series of the hydrolysis and condensation of an
organic metal-pre-cursor, resulting in a solid network of nanoparticles. That means

this is a bottom-up synthesis method [60].

M(OR), + 4 H,O S M(OH), + 4 ROH (3.2.1)

Equation 3.2.1 shows the beginning of the hydrolysis process where a organic metal-pre-
cursor M(OR),4, with M for metal and R for organic rest, reacts with water to a metal-
hydroxide molecule M (OH ), and organic products ROH. The solid metal-hydroxides
are dispersed in a solution of water and organic products. This dispersive solution is
called sol. The solid particles have no interaction with each other which results in a
stabilisation of the nanoparticles and avoid any aggregation or agglomeration [59,103]
of the particles. The metal-hydroxides are called homogeneous condensation cores and
are important for the following condensation and poly-condensation process which will
transform the sol into a gel.

In an ideal system the condensation leads to the formation of pure metal-oxide-particles

MOy in water and organic products:
M(OH)y = MOy + 2 HyO (3.2.2)

M(OH)4+ M(OR)4 = AMO, + 4 ROH (3.2.3)
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Figure 3.2.1: Flow chart of the sol-gel-synthesis of amorphous titanium dioxide powder.

In a real system monomers with hydroxide- and alkoxide-bondings are formed following

equation 3.2.4:
(RO),M(OH)+ (OH)M(OR),, = (RO),MOM(OR),, + HyO (3.2.4)

with the monomer MOM and the alkoxide-bondings (RO),. Due to growth pro-
cesses such as agglomeration or Ostwald-rippening polymer like chains and networks
are formed inside the water. The type of growing can be influences by the parameters
of pH-value, synthesis temperature or water-to-pre-cursor-ratio. The high viscose mix-
ture of solid particle networks and liquids is called gel [61,103-105].

Out of this gel powders(drying), films(dip coating) or fibers(spinning) can be produced
depending on the further processes which shows the wide usage range of this synthesis
method.

To produce nanostructured amorphous titanium dioxide powder which can be trans-
formed to a single phase anatase powder the sol-gel-method is chosen. A flow chart of
the detailed synthesis is given figure 3.2.1. As metal-pre-cursor tetratitanisopropoxid,
TTIP or Ti{(OCH (CHjs)s2)4 was used. This pre-cursor is known for a preferred anatase

crystallisation [59,61,106]. The reagent-ratios in ml are given in equation 3.2.5:
TTIP : HyO : Ethanol =5 : 50 : 200 (3.2.5)

The then formed gel is dried by a spray drying process with a maximum temperature
of Thar = 180°C'". The synthesis parameter are chosen with the motivation to produce
uniform spherical particles [105, 106].

In this thesis powders synthesised by this very sol-gel-method will be label ’sol-gel-

based powder’.
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HEAT TREATMENT

Each powder system, sol-gel based powder and commercial Degussa P25 powder,
are heat treated in air as well as in vacuum. The vacuum is characterised by a pressure
of p ~ 2.5-107° mbar. Each powder samples are treated without an external electrical
field and are annealed at their maximum temperature between 200 °C and 700 °C for
4h. During the heat treatment the powders are placed in titanium foil crucibles within
a stainless steel furnace with a copper cylinder for temperature homogenization [51].
As heaters, two halogen lamps (1 kW) were used, similar to the heaters in the resis-
tivity setup.

The samples heat treated with an external electrical field are powders which are pressed
to a pellet of a diameter of 1 cm by using a hydraulic press at room temperature. The
pressure is approximately 50 kPa and it is applied for approximately 5min [29]. The
pellets are heated in various atmospheres with an external electrical field applied with
a ramping rate during the heating process and the cooling process of 200 % Therefore,

the overall treatment time of powders and pellets is comparable.

3.2.2 'THIN FILM SAMPLES

The formation of uniform nanostructured thin films is of a high interest because
it combines the properties of nanostructured powders with a long lasting static con-
struction especially when it comes to photocatalytic applications [17,107]. Although a
comparison of thin films and powders with respect to their electrical or photocatalytic
properties can help to distinguish between internal effects or external effects, such as
pore- or surface-caused changes.

To prepare uniform thin films vapour deposition methods are widely used. During these
processes atoms and molecules from a source are deposit on a substrate. Depending
on how the gas molecules are provided a distinction is made between physical vapour
deposition, PVD, or chemical vapour deposition, CVD. The first method is often pre-
ferred for pure metal thin film preparation while the CVD method is commonly used

to prepare metaloxide or metalsulfide thin films [108].

COMPLEX-COMPOUND-CHEMICAL-VAPOUR-DEPOSITION

During chemical-vapour-deposition a chemical reaction inside the preparation cham-

ber took place where the aimed metaloxide is one of the reaction products:

precursor(A) + precursor(B) — AB(+IR + OR) (3.2.6)
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Figure 3.2.2: Schematic draw (left) and photography (right) of the used CC-CVD
setup.

with a precursor for a metal A, a precursor for oxygen or sulphur B, an possible inor-
ganic rest IR and a possible organic rest OR.
On one hand this require more than one precursor and on the other hand interfering
secondary products can be present which will lead to a contamination of the metal-
oxide thin film.
A possible solution for this problem is the complex-compound-chemical-vapour-deposition,
CC-CVD:

precursor(AB) — AB(+OR) (3.2.7)

with the complex-compound-precursor AB and a possible organic rest OR [108]. The
advantage of this method is that the aimed metal oxide is already present inside one
organic precursor. Inside the preparation chamber is no critical chemical reaction nec-
essary. The precursor is evaporated which will lead to the elimination of organic rests
and will left a pure metal oxide molecule flow which will be deposited on the substrate.
Due to this advantage titanium dioxide thin films are prepared by CC-CVD method
during this work. A schematic draw and a photography of the preparation chamber is
shown in figure 3.2.2.

For the preparation of TiOs thin films, TTIP is used as precursor to be able to com-
pare the thin films with the sol-gel-based powder. The precursor is filled inside the
evaporator at the bottom of the chamber while the substrate is placed above the evapo-
rator at the top of the chamber. The evaporator is connected with the cooling system.
Before the thermal treatment of the precursor, the chamber is evacuated to a pres-
sure of py. &~ 1-107°mbar and the substrate is heated with halogen lamps(1kW)
up to a temperature of Tyupsirate = 420°C' to ensure the crystallisation of anatase on

the quartz glass substrate [17,101,107]. When the substrate temperature is reached
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the chamber is flooded by an argon oxygen mixture of g—; = % up to a pressure of

Pdep = 1 - 107 mbar. This argon oxygen atmosphere should provide enough oxygen to
guarantee the formation of TiOs molecules and the burning of organic rests to avoid
contamination of the film. Following the flooding of the chamber the evaporator is
heated up to Teyaporator = 90 °C' and the substrate shutter is opened to start the chem-
ical process. During this deposition process the pressure inside the chamber increase.
When the value of pge, is restored the precursor is completely evaporated and the

deposition process is finished.
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Results

4.1 PHOTOCATALYTIC ACTIVITY

The overall photocatalytic constants of the Degussa P25 powder series annealed in
vacuum and in air are shown in figure 4.1.1.
The vacuum curve, red, begins with a significant increase of the photocatalytic degra-
dation of fenarimol in water from 3.02h~! for the initial powder up to 5.28 h=! for
powders annealed at 400 °C. After that a local minimum at 600 °C is reached, followed
by a short increase at 620 °C which is below the initial powder. At higher temperatures
a strong drop down to 0.39 A~! which is very close to the natural degradation rate of
0.26 h~1, is observed.
In contrary, the samples annealed in air, blue curve, show a significant decrease at lower
temperatures, resulting in a minimum between 200 °C and 400 °C. The curve itself has
two local maxima at 550 °C and 620 °C, while the strong drop down occur at 670°C
which is 20 K higher compared to the vacuum samples.
There are several points that need to be investigated. Firstly, the gap at 400 °C, where
a maximum is reached in vacuum and a local minimum occurs in air. Secondly, the
material properties at 620 °C, because at this point always a local maximum can be
observed. And thirdly, the temperature of the photocatalytic drop down when a value
in the range of the natural decomposition is reached, because this temperature is about
20 K higher in air than in vacuum.
The photocatalytic efficiency can be influenced by the three major parameters: band
gap energy, surface area and charge carrier transfer, as it is explained in section 2.3.
While a change in band gap energy can be neglected, the phase composition of the
Degussa P25 powders annealed at higher temperatures needs to be carefully studied.
Rutile is considered as a non active phase compared to anatase [26,51] which is also
demonstrated by the photocatalytic kinetic constant at 700 °C in vacuum. This powder
is pure rutile powder and it has the lowest kinetic constant close to pure photolysis.

The higher temperature for the drop down of the kinetic constant can be explained by
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Figure 4.1.1: Overall photocatalytic kinetic constant of Degussa P25 powder series
annealed in vacuum and air (bottom) and photocatalytic kinetic constant of the anatase
phase of Degussa P25 powder series annealed in vacuum and air (top), modified from
[51].

the strong increase of the rutile fraction inside the Degussa P25 composition, showed in
table 4.7.1. The drop down is connected with a rutile fraction of more than 75%. By
neglecting the amount of the rutile fraction it is possible to calculate the photocatalytic
kinetic constant of the anatase phase k4 with the following equation, considering that

there is no synergetic effect between anatase and rutile [51,63]:

k—(mR-kR—i—kO)
ma

ka= (4.1.1)
with the kinetic constant of the rutile phase kg, the kinetic constant of the photolysis
by UV-light kp and the mass of the titanium dioxide phases calculated by XRD m 4
and mg.

The results are shown in figure 4.1.1.

The vacuum curve shows again two maxima at 400°C and 620°C with a minimum
at 600°C. But compared to the overall kinetic constant, there is no drop down to
the range of the photolysis, at higher temperatures a value of around 500 (h - g)~! is
stabilized which is in the range of the initial not annealed anatase phase inside the
Degussa P25 powder.

The air treated powder series show a similar behaviour. The minima at 400°C and
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600 °C also occur like the maxima at 620 °C. The increase up to 650 °C and 536 (h-g)~*
is not significant. At high temperatures, the value of 394 (h - g)~! is very close to the
initial value of 421 (h - g)~! but a short dip at 670°C is observed.

The first and second observation at the overall kinetic constant, the gap at 400°C
between the vacuum treated powder and the air treated powder and the maxima at
620 °C are still established. So, they are independent of the anatase-to-rutile-ratio and
they have to be connected to the surface area and the charge carrier transport inside
the material. The drop downs at higher temperatures are in strong dependency of the
rutile fraction. This is the reason why this observation is neutralized and values close
to the initial anatase phase of the untreated powder are reached.

Further discussions to the gap at 400 °C and the maxima at 620°C are in section 4.2.

4.2 SURFACE AREA AND POROSITY

The results of the nitrogen adsorption will be distinguished into results of the shape
of the particles and shape of the pores by a quantitative analysis and results of the

surface area and the pore size distribution by a qualitative analysis.

QUALITATIVE ANALYSIS

Figure 4.2.1 shows the typical nitrogen adsorption-desorption isotherms for Degussa
P25 titanium dioxide powder samples annealed in different atmospheres compared to
Degussa P25 pellet samples. The powders are showing a type II isotherm with a H3-
hysteresis. In contrary, the pellet samples are showing a type IV isotherm with a
characteristic type H2-hysteresis [89]. Both isotherms include a small slope from the
B-point, at p% = 0.05, up to p% = 0.60 which is characteristic for meso-porous material.
The slope in the adsorption branch of the pellet samples is stronger pronounced than in
the adsorption branch of the heat treated Degussa P25 powders. Following p% = 0.60
the slope drastically increases until the adsorbed quantity reaches a maximum value
at p% = 0.94. The maximum value of the adsorbed nitrogen gas is smaller than for
the powder samples, which shows that the macro-pore volume between the powder
particles is larger than the external surface area of the pellet [50, 87].

During the desorption, a quantity of adsorbed nitrogen gas molecules stays constant
on the surface of the pellet samples until a strong decrease at p% = (.82 is observed,
followed by a slightly decrease until the formed hysteresis is closed at pﬂo = 0.58. The
desorption branch of the powder samples decreases directly with the decreasing of the
surrounding pressure forming a slim hysteresis which is closed at pﬁo ~ 0.80. This indi-

cates that there are open macro- and meso-pores inside the pellet which is different to
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Figure 4.2.1: Examples of typically nitrogen adsorption isotherms of Degussa P25
powder samples annealed in different atmospheres (bottom) and examples of typically
nitrogen adsorption isotherms of Degussa P25 pellet samples treated in vacuum with
and without an applied electrical field (top), modified from [42].

the closed meso-porous structure inside the powder samples.

The formed H2-hysteresis implies that the Degussa P25 pellets are consisting of aggre-
gated spheroidal particles forming cylindrical channels. The pores are in non-uniform
size and shape and they vary from cylindrical shape to ink-bottled shape. The H3-
hysteresis of the powders is characteristic for plate like shaped particles forming slit
shaped pores of non-uniform size. [50].

It could be assumed that this difference in morphology between Degussa P25 pellets
and powders is caused by the cold pressing during the pellet formation which induces
a mechanical stress to the material. This stress will lead to changes in the shape and
size of particles and pores. In contrary, the morphology of sol-gel based pellets derived
by nitrogen adsorption isotherm is significantly different after the heat treatment in
vacuum despite they are cold pressed similar like the Degussa P25 pellets. This can
be explained by structural changes in the mild temperature region. While the initial
sol-gel based pellet is highly amorphous and containing organic rests from the syn-
thesis, during heat treatment in vacuum the evaporation of this organic rests and the
amorphous to anatase phase transition took place. The latter leads to more spherical
particles and weakens the mechanical stress induced by the cold pressing procedure.

This leads to the more powder like morphology. In contrary, during the treatment of
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Degussa P25 pellets, a structure containing two crystallite phases, only aggregation
took place in mild temperature regime and this process benefits from mechanical in-
duced stress.

To determine the influence of an applied electrical field on the Degussa P25 pellet
samples, a Degussa P25 pellet after the resistivity measurement and its satellite pellet
(without electrical field) is studied. The satellite pellet was installed in the copper
furnace next to the measured sample, so it was treated in the exact same way except
that there was no electrical field applied.

Figure 4.2.1 shows the results of the nitrogen adsorption experiments for these Degussa
P25 pellets. They both showed the same isotherm type II and hysteresis type H2 which
is typical for all Degussa P25 pellet samples [89]. The satellite sample shows a slightly
higher amount of nitrogen gas adsorbed than the sample with an electrical field ap-
plied. Which shows that the surface area should be larger for the satellite sample than
for the other one. From pﬂo = 0.01 to p% = 0.60, the isotherms are parallel and show the
exact same behaviour. After this the quantity adsorbed at the surface of the satellite
sample rises stronger than the one of the sample with electrical field leading to a higher
maximum value. The satellite sample has a larger pore volume compared to the other
sample. Another difference is that the hysteresis of the satellite sample is slimmer than
the hysteresis of the sample with an electrical field applied. That implies a more uni-
form shape and size of the pores of the satellite pellet compared to the other pellet [89].
The smaller surface area, the lower pore volume and the less uniform size and shape
of the pores of the sample with an electrical field applied indicate that the aggrega-
tion of the particles to is stronger than in the satellite. Applying an electrical field in
vacuum favours the formation of covalent bonds between titanium dioxide particles at
mild temperatures. This process is probably localised on the conducting path of the
electron current. Hence, there are positions inside the sample where a formation of a
covalent bond has a higher possibility which explains the less uniform size and shape of

the pores inside the material compared to the sample without an electrical field applied.

QUANTITATIVE ANALYSIS

The measured samples are analysed using BET-method to determine the specific
surface are of different treated powders and pellets and using BJH-method to determine
the pore size distribution of this titania systems. The quantitative analysis is crucial
to understand the surface changing processes during mild temperature treatments in
different atmospheres as well as with or without an electrical field applied. Further-
more it made a discussion of the influence of the surface area on the photocatalytic

activity accessible [29,51].
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Figure 4.2.2: Specific surface area of Degussa P25 powders and pellets treated at
various temperatures and various atmospheres, modified from [42,51]. The errors are
numerical errors from BET- and BJH-calculations and are in the range of the size of
the symbols.

Firstly, the Degussa P25 powders treated in air and vacuum for 4h are analysed.
These are the titanium dioxide powders, where their photocatalytic activity is already
discussed in figure 4.1.1. The results of the specific surface area analysis is presented
in figure 4.2.2. Like for the photocatalytic activity a gap between the different atmo-
spheres with its maximum spread at 400 °C and a neutralisation at 550 °C is observable
in this measurement, but in contrary to the overall photocatalytic constant the powder
treated in vacuum shows the decrease of specific surface area down to a minimum of
29.0 %2 at 400 °C while the powder treated in air shows a increase of specific surface
area up to maximum of 57.3 m?Q at 400 °C. This means that during heat treatment in
air a strong gain of surface area took place. There are two processes which favourable
this growth. Firstly, the exothermic burning of water and organics adsorbed inside the
material in oxygen rich atmosphere which leads to a pore formation and secondly, the
aggregation of particles [48,49,51].

The treatment in vacuum under mild conditions, below the anatase to rutile phase
transition temperature, leads to a significant loss of surface area. On one hand, this is
due to the endothermic evaporation of water and organics adsorbed inside the material
in oxygen poor atmosphere where the pore formation is not as strong as during burning
processes. And on the other hand, in vacuum the aggregation of grains is preferred
instead of particle agglomeration following a loss of surface area [51]. XRD results
show that under this mild conditions, no crystallite growth can be detected. So, this
surface losing process can be neglected for powders heat treated up 400°C in both
atmospheres.

At 550°C in both atmospheres the surface area changes are neutralised and the specific
surface area is restored at a value of 41.0 ’”72 which is nearly the value of the original

untreated Degussa P25 powder. This means that morphology changes during mild
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temperature treatment are lost with the beginning of the phase transition and the
start of crystallite growth at 550 °C leading to a loss in specific surface are [67,109].
The formed particles in air are growing and pores are closed due to the crystallite
growth and in vacuum the formed grains are destroyed because the phase transitions
from anatase to rutile start at lattice defect points. The covalent bonds broke and the
new pores are formed leading to a significant strong gain in specific surface area [51].
During treatment under high temperature conditions, above 600 °C, the specific surface
area decreases independently of the surrounding atmosphere to a minimum due to a
strong crystallite growth and a high rutile fraction formation. Both processes cause an
high loss in pore volume and in surface area.

During the resistivity measurements the white titanium dioxide Degussa P25 pellets
are turning either black in high vacuum (p & 6 - 107% mbar) or getting a black surface
and a blue coloured bulk in slightly lower vacuum (p ~ 1-10~*mbar). The specific
surface area of these now black titania called samples are analysed and presented in
figure 4.2.2, blue curve, and in table 4.2.1.

The Degussa P25 pellets treated in mild temperature range in vacuum with an electri-
cal field applied showing in principle a similar behaviour like the Degussa P25 powders
treated in vacuum. The specific surface is decreasing slightly from the untreated pel-
let to a pellet treated at 300°C followed by a minimum at 450 °C. The results shows
that the agglomeration of grains significantly rises at temperatures above 300 °C and
is strengthened with applying an electrical field. It is possible that the electron flow
inside the material induced by the electrical current through the titanium dioxide pellet
improves the possibility of the formation of short ranged strong chemical bonds such
as covalent or ionic bonds due to a reduction of the titanium atoms [29,110].

At temperatures close to the phase transition temperature, the surface area increases
significantly because of pore closing processes. The original specific surface area is
again restored at 590°C with 42.3 %2 which shows that the phase transition starts
again at the lattice defects induced by reduction of titanium atoms and neutralises
surface area losses due to agglomeration. Overall, the surface area of the pellets fol-
lows the same trend like the Degussa P25 powders, but the agglomeration of grains is
stronger pronounced with a electrical field applied.

As last step of the morphology analysis of different titania powder systems the pore
size distribution of the samples is determined by the BJH-method. The results of the
pore volume shows that the Degussa P25 powders includes a higher pore volume than
the Degussa P25 pellet samples. This is caused by the different sample shape and the
mechanical induced stress due to the pressing of the pellets.

A detailed comparison between pellets and powders is presented in figure 4.2.3. On one
hand, it is observable that pressing Degussa P25 and applying an electrical field dur-

ing heat treatment in vacuum leads to a more dominant meso-porous structure than
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Figure 4.2.3: Pore size distribution of selected Degussa P25 powders treated in vacuum
and air and Degussa P25 pellets treated in vacuum with an electrical field applied
(bottom). Pore size distribution of sol-gel based pellets treated in vacuum with and
without an electrical field applied (top), modiefied from [42,51].

the simple heat treatment in vacuum of the pure unpressed powder. This supports
the assumptions that with an electrical field applied the material enhance the grain
formation in this samples and leading to a loss of micro-pores but gain meso-pores.
On the other hand, it is shown that in mild temperature regime no micro-pores with
a diameter smaller than 2nm are detectable because of strong agglomeration, while in
phase transition temperature range smallest micro-pores can be observed for both sam-
ples. This is caused by the starting anatase to rutile phase transition, which is located
close to lattice defects and so the agglomeration is partly destroyed and micro-pores
are formed [51].

The difference between the sol-gel-based pellets and the Degussa P25 pellet at the point
of neutralisation, 590 °C, is shown in figure 4.2.3. While the Degussa P25 based pellet
includes a wide range of pores with diameters from 2 nm up to 50 nm, the sol-gel-based
pellets are dominated by micro-pores. During the heating the grain formation process
in the sol-gel-based samples is suppressed by the amorphous to anatase crystallisa-
tion [67]. Which caused the more uniform pore size distribution and the lower pore
volume despite the larger specific surface area compared to Degussa P25 pellets. The
measurement of the sol-gel based samples also shows that a slightly higher amount of

pores is present when an electrical field is applied during material manipulation, while
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the specific surface area is lower. This could indicate a structural difference, such as a

second crystalline phase, which influences the morphology significantly.

Nevertheless, the results of the specific surface area analysis and the pore size distri-

bution are consistent with the qualitative analysis of the nitrogen adsorption isotherms.

Table 4.2.1: Calculated results of specific surface area and pore volume analysis of
different titanium dioxide systems. The errors are numerical errors from BET- and

BJH-calculations [42,51].

T /°C E-field surface area / %2 pore volume / %
powder P25 air 25 no 41.3 + 1.3 0.179 £ 0.007
200 no 55.5 + 1.7 0.280 £ 0.010
400 no 57.2 £ 1.8 0.289 £ 0.011
550 no 44.9 + 1.4 0.214 £ 0.008
600 no 38.2 £ 1.2 0.201 + 0.008
620 no 29.8 £ 0.9 0.169 £ 0.006
650 no 22.3 £ 0.7 0.125 £ 0.005
670 no 20.3 £ 0.7 0.097 £ 0.004
700 no 13.3 £ 0.4 0.058 £ 0.004
vacuum 200 no 36.0 £ 1.1 0.189 £ 0.007
400 no 29.0 £ 0.9 0.231 £ 0.009
550 no 41.0 + 1.3 0.196 £ 0.007
600 no 39.9 +£ 1.2 0.204 £ 0.008
620 no 31.4 + 1.0 0.176 £+ 0.007
650 no 19.9 + 0.6 0.093 £ 0.004
670 no 15.5 £ 0.5 0.073 £ 0.003
700 no 11.0 £ 0.4 0.035 £ 0.002
pellet P25 vacuum 300 yes 37.1 £ 1.5 0.143 £ 0.007
300 no 43.3 + 1.8 0.169 £ 0.007
450 yes 21.1 £ 0.9 0.111 + 0.005
550 yes 33.8 £ 1.4 0.153 £ 0.006
570 no 35.0 £ 1.4 0.162 £ 0.007
590 yes 42.3 + 1.7 0.171 £ 0.007
Sol-gel vacuum 590 yes 49.5 + 2.0 0.087 + 0.004
590 no 56.5 £ 2.3 0.073 £ 0.003
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Figure 4.3.1: Survey measurements of Degussa P25 pellets and anatase thin films with
and without an applied electrical field during heat treatment in vacuum.

4.3 X-RAY PHOTOELECTRON SPECTROSCOPY

X-ray photoelectron spectroscopy is used to analyse the surfaces of the Degussa
P25 pellets as well as the anatase thin films prepared by CVD. Firstly, the chemical
composition of the as prepared samples and the black samples, titania systems treated
in vacuum with an electrical field applied, are investigated to study whether silver
diffusion is the basis of the black colour. Secondly, the titanium defects close to the

surface are analysed by measuring detailed spectra of the Ti2p-peak and the O 1s-peak.

4.3.1 CHEMICAL COMPOSITION

Table 4.3.1 presents the calculated results for all measured titania systems using
CasaXPS [111] and fityk [112] as fitting routines. The chemical composition of the
black titania samples is of an high interest to study the colour centres which will lead
to the drastic change. In figure 4.3.1 the survey measurements of a black samples and
their references are shown. The survey of the black pellet is measured in centre position
after carefully scratching of the silver electrode. The survey of the black thin film is
measured between two electrodes.

In Degussa P25 pellets only oxygen, carbon and titanium is detected. The carbon
value in the black sample is significantly higher than in the original powder but the
amount is not big enough to explain the change in colour. The Degussa P25 pellet
sample treated in the preparation chamber at 350 °C contains more carbon atoms on
the surface than the black pellet but it is still white. The higher carbon amount in the
black sample could indicate a better adhesion of organic material on the surface of the

titanium dioxide.
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The anatase thin film on quartz glass is the only sample in this work, where a charging
of the titanium dioxide during XPS-measurements is observed. To avoid the use of
an electron gun, silver glue is used to bring electrical contacts on the sample and the
survey is measured close to the silver spot. This explains the silver edge at 378 eV in
this sample, green curve, which is the only new species compared to Degussa P25 [91].
So the measured area was to close to the silver glue added to avoid charging effects
during the measurement. Nevertheless, in the black anatase film there is no silver
detectable. Proofing that there is no silver diffusion during heat treatment in vacuum
with an electrical field applied. Although, this sample contains the highest amount
of carbon species of every measured samples. Showing that there was such a strong
adsorption of molecules on the surface that the dominant carbon species avoid a useful
defect analysis. It is not clear whether the carbon species are adsorbed during the heat
treatment under mild temperature conditions in high vacuum or they are adsorbed
after exposing the sample to air and storing the sample in air filled boxes.

The quasi-in-situ treated anatase thin films deposited on Si-B-substrate are not show-
ing any anomalies concerning the chemical composition. As it can be seen in table 4.3.1
the carbon species stays nearly constant at low temperatures and decreases for sam-
ples treated at temperatures above 250 °C. The titanium content stays nearly constant
and the oxygen content is slightly increasing with higher temperature. This could be
correlated with cleaning the surface from carbon species and a crystallisation process
of amorphous structures at temperatures above 400 °C .

In contrast, in the Degussa P25 pellet samples measured with quasi-in-situ method
a anomaly at 350°C is observed with an significant increase of the carbon species.
The temperature corresponds to strong morphology change in Degussa P25 pellets,
observed in the analysis of the surface area. The decrease in porous structure could
lead to a release of absorbed organic rests from the centre of the pellet to the surface,
but this process is not finished yet. Resulting in carbon species still adsorbed in sub-
surface bulk layers or adsorbed directly on the surface due to a better adhesion ability
due to higher titanium defect states [33,113,114].

4.3.2 SURFACE DEFECT ANALYSIS

The surface defect analysis is done by analysing the Ti2p 3 -peak and the O 1s inside
the detailed spectrum of each sample. The experimental results are used in a fitting
procedure using CasaXPS-program [111] and fityk [112].

The fitting procedure is analogous to [29] where the Ti**-states are detected in the lower
energy shoulder of the Ti2p-peak. The titanium species are fitted using a pseudo-Voigt
line shape in product form. As fixed fitting parameters the binding energy of the Ti**-
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and the Ti'*"-states and the full-width-half-maximum (fwhm) are chosen as:
BE7s+ centre = 457.8 €V (£0.2€V) fwhmpse = 0.95eV(£0.02€V)

BEris contre = 459.4 €V (£0.2¢V)  fwhmpue = 0.95 eV (40.02¢V)

Additionally, the fixed parameters for fitting the oxygen O 1s-peak are chosen as:

BEo.,,, .curacentre = 930.5eV (£0.1eV) fwhmo = 1.08eV(£0.02¢V)

structural

The amount of Ti** defect sites are estimated by the calculating the area ratios of the

fitted titanium species using:

ATi3+

T3 (%) = 100 - ——L20
#r) =10 Ari+ + Apiat

(4.3.1)
with Ap;s+,Apja+ are the calculated areas of the titanium species from the fitting pro-
cedure of the Ti2p-peak.

The amount of oxygen vacancies are estimated by the ratio of structural oxygen to
titanium:

Ostructu'rul AO c 0Ty
= : Ostructural (432)

K orT; * ATi
with the area of the oxygen O 1s peak Ap and the area of the titanium Ti2p peak Ap;

in the survey measurement of the sample, the sensitivity factors op; and oo [91] and
the relative amount of the structural oxygen,Ogiryetural, in the O 1s band. The value
is underestimated because there is no distinction between structural and interstitial
titanium species [29].

The results in table 4.3.1 show that the defect structure in anatase thin-films on silicon-
substrates is not changing significantly during the quasi-in-situ treatment. This can
be explained by a highly stoichiometric synthesis process in argon-oxygen atmosphere.
Furthermore, the missing of a high amount of line defects exceeds the formation energy
for oxygen defects and the pure anatase phase prefers the formation of bulk defects
[33,44,115]. The information depth of the XPS-setup is not deep enough to observe

these bulk defects. As a result the analysis is focussed on the Degussa P25 samples.

DEGUSSA P25 PELLETS AND POWDERS

Figure 4.3.2 presents the results from the defect structure calculations based on the
XPS-measurements. It shows a slightly increase of Ti%*-sites and a slightly decrease
of oxygen vacancies with increasing temperature.

The first decrease in the structural oxygen between room temperature and 100°C

can be neglected because it is correlated with a cleaning process of the surface. The
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Figure 4.3.2: Calculated results from the XPS-analysis of Degussa P25 pellets quasi-
in-situ treated in ultra-high vacuum (p =~ 1- 1072 mbar) for 2h, presenting the Ti*"

percentage and the Ogyyerurar/Ti relation, modified from [29].
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Figure 4.3.3: XPS detailed spectra of Ti2p-peaks (left) of a Degussa P25 pellet dur-
ing quasi-in-situ heat treatment for two different temperatures and the difference of
these Ti2p-spectras (right). The spectra are normalised in intensity and shifted in the
binding energy achieve the difference plot [29].

information depth is increased and the organic layers with a various oxygen states is
removed. After that, the structural oxygen stays constant until a increase of structural
oxygen is measured between 250 °C and 350 °C. This means a decrease of lattice oxygen
defects close to the surface at elevated temperatures is caused by oxygen diffusion
processes and defect redistribution in this mild temperature range [29,116].
The Ti%*-states shows a steady increase with an anomaly at 220 °C. At this temperature
the calculated Ti**-states are significantly lower. A further investigation is done to
proof the significant loss of Ti**-states. A difference plot between the samples treated
at 220°C and 250°C is shown in figure 4.3.3. The original spectra of the samples is
shown and is subtracted from each other [117].

As a result, a peak is observed at a binding energy of 457.8 eV which is the binding
energy of Ti*"-states [117-119]. This proofs that more Ti**-sites are present in the
sample treated at 250°C compared to the sample treated at 220°C and the observed

minimum is a real material effect.
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Table 4.3.1: Results of the XPS analysis for selected powders and for quasi-in-situ
experiments of different titanium dioxide systems, based on Degussa P25 or anatase
thin film (A-tf). The samples are either treated in air, in high vacuum (HV, p ~
1-107° mbar) or in ultra high vacuum (UHV, p &~ 1 - 1072 mbar).

T, °C Ti,% 0,% C,% O/Ti C/Ti O-struc,% O-struc/Ti Ti3+,%
P25 powder original 25 30.51 62.75 6.73 2.06 0.22 85.08 1.75 2.12
HV, 4h 200 28.27 64.90 6.83 2.30 0.24 86.87 1.99 2.14
400 28.02 64.94 7.04 2.32 0.25 86.72 2.01 2.33
600 20.09 74.09 5.81 3.69 0.29 87.20 3.22 1.73
air, 4h 400 29.29 64.78 6.97 2.21 0.24 86.34 1.91 1.84
P25 pellet black 450 23.78 57.41 18.81 2.41 0.79 84.10 2.03 1.41
In-situ UHV, 2h 25 28.96 64.82 6.22 2.24 0.22 86.59 1.94 2.01
100 30.32 62.39 6.46 2.06 0.21 86.32 1.78 1.65
140 29.63 62.9 7.47 2.12 0.25 85.94 1.82 1.95
170 29.84 62.48 7.69 2.09 0.26 86.73 1.81 2.20
200 30.88 63.08 6.04 2.04 0.20 87.48 1.78 1.97
220 30.46 61.70 7.84 2.03 0.26 87.62 1.78 1.08
250 29.86 61.64 8.50 2.06 0.29 87.10 1.79 2.25
350 23.54 51.33 25.13 2.18 1.07 89.26 1.95 2.97
A-tf on glass original 25 22.83 55.17 22.00 2.42 0.96 81.39 1.97 2.83
black 550 2.67 15.24 82.08 5.71 30.74 39.51 2.26 0.68
A-tf on Si-B In-situ UHV, 2h 25 22.39 68.89 8.72 3.08 0.39 85.56 2.63 2.70
200 21.99 68.97 9.04 3.14 0.41 86.07 2.70 3.27
250 22.01 69.31 8.69 3.15 0.39 85.64 2.70 2.42
300 22.85 70.27 6.92 3.08 0.30 85.77 2.64 2.97
350 22.64 70.94 6.42 3.13 0.28 86.86 2.72 2.57
450 22.69 73.02 4.28 3.22 0.19 81.34 2.62 2.95

The results of the black titanium dioxide samples, especially, their defective structure

is discussed in more detail in chapter 5.4.

4.4 EDX - CHEMICAL COMPOSITION

The EDX-analysis is done to determine the chemical composition of the black tita-
nium dioxide pellets. The advantage compared to the XPS-method is a informations
depth which is deeper than the first atomic layers.

The silver electrode is removed and the analysed area is chosen on the spot of the
former electrode. It is not necessary to coat the black pellets with a conducting layer,
because there is no charging effect observable during the experiment which is in con-
trary to original Degussa P25 titanium dioxide powders.

The EDX-spectrum of the black titanium dioxide pellet, figure 4.4.1, shows the pres-
ence of titanium, oxygen and carbon atoms. There are no further foreigner atoms
detectable, neither silver nor copper. This proofs that there is no significant diffusion
of silver atoms from the electrode into the titanium dioxide lattice, which is consistent
with the XPS-analysis.

The atom percentage of every included element is given in table 4.4. It shows there is
only a minority of carbon present compared to oxygen and titanium. It could be as-

sumed that the carbon atoms detected are organic substances adsorbed to the surface
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Figure 4.4.1: SEM image of the analysed area(left) and EDX spectrum(right) of the
black titanium dioxide pellet.

of the titanium dioxide after getting in contact with air. So, the significant change in
conductivity as well as the the change in colour from white to black is not connected
with an drastically increase of carbon inside the titanium dioxide lattice. Furthermore,
it is not connected with a possible formation of titanium carbonates. Both is consistent
with XPS and XRD results.

Table 4.4.1: Results from the EDX measurements of the black titanium dioxide pellet
calcinated in vacuum with an applied external field normal to the surface at 450°C.
The errors are absolute errors.

Atom-% | 35.16 = 1.9 59.04 + 27.1 4.98 + 0.4
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Figure 4.5.1: Measurement of the resistivity over temperature of Degussa P25 titanium

dioxide pellet samples in vacuum and in air. The reference resistance is Rgp = 1 M.
Modified from [29,42].

4.5 RESISTIVITY

Characterisation of the ability of a titanium dioxide system to transfer free charge
carriers through the material is done by using resistivity measurements with a direct
current setup. The measurements will be performed in the mild temperature range,
below the anatase to rutile phase transition temperature of 600°C in air and in vac-
uum.

In the following section the different titania systems will be distinguished in powder
pellets which will include a high amount of pores and in thin film systems which will
be interpreted as quasi fully densified material. This divide is important to analyse
whether a change in the resistivity is due to internal effects, such as structural or de-

fective changes, or due to external effects such as leaking currents through pores.

4.5.1 P25 - POWDER

As reference material Degussa P25 titanium dioxide powder is analysed. The results
for Degussa P25 pellets in vacuum, top, and in air, bottom, measured with a high
applied voltage are shown in figure 4.5.1.

The heating of the first sample in vacuum, red curve, starts with a high resistivity of

several MQ*cm at room temperature. The influence of water and absorbed organics
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can be seen as noise in the beginning of the measurement. Overall the Degussa P25
pellet is in an insulating state. At 200 °C there is a sharp break down effect where the
resitivity decreases immediately about 5 orders of magnitude.

Following this break down effect a slower decrease of the resistivity is observable from
210°C up to 420°C. The Degussa P25 pellet changes its nature from an insulting mode
to a conductive mode with a resistivity of several hundred Ohms. The reason could be
a possible leaking current though the pores or a change in conductive mode due to a
high defective structure [39,116,120]. This resistive switching effect is known for high
defective SrTiO3 ultra thin films with a high electrical field applied (=10 MV /cm) [121].
The detailed internal changes during this switches are not clear yet. The applied
electrical field during the presented measurement is about E,,., =~ 1kV/cm which is
4 orders of magnitude smaller than in the literature. A detailed discussion of this
switching effect can be found in section 5.2.

From this temperature up to the final temperature of 520°C the resistivity shows a
steady small linear decrease which is due to the trap filling current [45,122].

During the cooling the stays in conductive configuration, even in oxygen contact and
at room temperature. Although, the Degussa P25 pellet is turned from white to black.
Because, the morphology analysis showed a dominance of meso-pores inside the sample
and all noise in the signal at temperatures higher than 200°C can be correlated with
temperature ramping artefacts leaking current flow can be neglected. So the resistive
switching is connected with a change in the defect structure of the material. It is
considered that dipole moments are created similar to SrTiOgs. It can be assumed that
a dipole-electrical field interaction process will lead to conducting channels inside the
material. Applying a higher voltage triggers a stronger interaction and could open
more conducting channels which will lead to a lower overall resistivity. The idea of the
conducting channels is discussed in chapter 5.4.

To combine the resistive switching in mild temperature range with the presence of
oxygen defects, the titania systems are also analysed in a non-reducing atmosphere, in
this case in air. The results for Degussa P25 pellets are shown in figure 4.5.1.
Heating the Degussa P25 pellet, red curve, in air shows a high initial resistivity, slightly
higher than in vacuum. At 225°C a strong peak is observed reaching its minimum of
1kQ*em at 250°C until an immediate re-storage of the initial resistivity values at
265°C can be observed. This peak is corresponding with the resistive break down in
vacuum. Redistribution of natural lattice defects due to diffusion driven by thermal
energy leads to the formation of permanent dipole moments and opens conductive
channels analogous to the sample treated in vacuum [29]. The higher possibility of
defect healing in oxygen rich atmosphere, air, should cause the restoring of the initial
insulating configuration [35,40]. This proofs that stable conductive channels in Degussa

P25 are correlated with oxygen defects inside the crystal structure. Although the
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aggregation of particles during the heating in air leads to a higher external surface
area and lower interface area inside the material which will avoid the formation of
stable conductive channels.

At 550 °C a second hard breakdown is measured, where the Degussa P25 pellet changed
its resistivity by four orders of magnitude. The temperature is in the range of the
phase transition temperature from anatase to rutile. The sample remains in conductive
configuration at high temperatures and during the complete cooling. The results shows
that at elevated temperatures in air a feasible charge carrier transport is possible. It
can be connected with the phase transition temperature, because the formation of rutile
triggers a agglomeration of grains. This process lowers the external surface area while
the interface area between single particles starts growing which allows an enhanced
charge carrier transfer through the metal-oxide pellet. It can be considered that the
agglomeration of grains during morphology changes in mild temperature conditions are
crucial for the formation of conducting channels.

The measured Degussa P25 pellet stays in a conductive configuration during the cooling
but showing a noisy signal between 700°C and 250 °C. The noise can be connected
with leaking current through newly formed micro-pores. This current is not stable
when morphology changing processes are not finished yet. Steady changes in the pore
size distribution inside the material during the cooling influences directly the leaking
current. After the air treatment the sample stays white and did not turn into a black
pellet.

The measurements in air show a strong influence of external effects, especially leaking

current due to changes in the pore size distribution.

4.5.2 SOL-GEL-BASED-POWDER

The sol-gel-based sample is characterised by an amorphous structure which includes
high amounts of organic rests despite the spray-drying process at 180 °C. The resistivity
shows a significant differences compared to crystalline titanium dioxide measured in
vacuum. The results are presented in figure 4.5.2.

A strong decrease of resistivity can be observed at low temperatures which is caused
by the pyrolysis of organic rests from a non-complete polycondensation [59,123]. This
strong decrease up to 180°C can be determined as ionic current during this pyrolysis.
This proofs that high slopes during the measurement are characteristic for ionic current
flow instead of trapping current flow. Furthermore, there is no hard break down effect
observed at around 220°C despite the high external electrical voltage. The loss of
resistivity is observed in a wider temperature range with three different steps up to a
temperature of 300 °C. After that the sample stays in a conductive configuration with

a constant resistivity value during the further heating process and the following cooling
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Figure 4.5.2: Measurement of the resistivity over temperature of sol-gel-based-sample
in high vacuum. The reference resistance is Rp = 1 M.

process. It could be assumed that the formed anatase crystals at temperatures higher
than 400°C are highly defective [40]. This results in a titanium dioxide configuration
which should show electrical properties that are significantly different compared to the

electrical properties of the Degussa P25 pellets and the anatase thin film samples.

4.5.3 THIN FILMS

The characterisation of the charge carrier transfer in titanium dioxide thin films
will be done analogous to the characterisation of the charge carrier transfer in tita-
nium dioxide pellets. The main advantage of the thin films is that external effects
caused by pores can be neglected because the anatase thin films synthesised by CVD-
method are assumed as quasi-fully densified.

The results of the thin film analysis are presented in figure 4.5.3 top. The applied

external voltage is smaller than for Degussa P25 pellet samples because of the thinner
titanium dioxide structure ( thickness < 1 pum).
At 180 °C a hard resistivity breakdown is observable which lead to a change in resistivity
of five orders of magnitude. The breakdown can be distinguished into two parts. First,
a strong decrease from 180°C to 210 °C and second, a slighter decrease from 210°C to
400°C. The heating curve shows that even in fully densified pure anatase thin films
the permanent resistive switching from insulating to conducting configuration can be
observed in vacuum which is also stable during the cooling process. In contrary to the
pressed pellet systems a minimum in resistivity can be reached at 400°C. Although,
an instantaneous rise of resistivity can be measured when the valve is opened and the
sample is exposed to air. The insulating state of titanium dioxide is restored.

The anatase thin films are monocrystalline and quasi-fully densified, so the influence of
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Figure 4.5.3: Measurement of the resistivity over temperature of thin film anatase
samples in vacuum and air. The reference resistance is Rr = 1 M ). Between the first
run and the second run of the second sample an I-V-characteristic was performed. The
reference resistance is Rg = 1 k€2 during the 2nd run of the second sample. Modified
from [42].

external effects and morphology changes can be neglected, so the results are showing
that a change in the crystalline structure of titanium dioxide could be the actuator of
the conducting configuration of titania. It is assumed that oxygen vacancies formed
by electron flow and heat treatment in vacuum leads to defective titania octahedrons
with a permanent dipole moment [110,124]. The alignment of these dipoles in an ex-
ternal electrical field could open conducting channels. The minimum of resistivity at
400°C can be explained by reaching a maximum of defect formation and the growth
of the resistivity at the end of the heating is due to a polarisation field inside the tita-
nium dioxide thin film which reaches a significant strength. With the exposition to air
oxygen atoms relaxed in lattice vacancies and the initial insulating state is restored.
Because there are not enough line defects, such as grain boundaries between two dif-
ferent phases, the lattice defects are highly de-localised and oxygen atoms can easily
diffuse through the material and heal lattice defects and restore insulating configura-
tion of the sample.

In the last step the resistivity of a pure anatase quasi-fully densified thin film is char-
acterised in air. The measurement is presented in figure 4.5.3 bottom. An error during
the cooling causes an different way of presentation. The orange curve presents the
original resistivity measurement. Followed by a second run on the exact same sample

which is presented in red and green curves.
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During the 1st heating of the thin film sample, orange curve, a similar behaviour com-
pared to the Degussa P25 pellet in air is observed in mild temperature regime. This
is characterised by a short break down in resistivity followed by the re-storage of the
insulating configuration at elevated temperatures.

The second heating process, red curve, starts at high resistivity, proofing during the
initial resistivity level was formed during the first cooling process. At 330°C a hard
breakdown into a conductive state is observable. The titanium dioxide stays in the
conductive configuration during the further heating as well as during the cooling down
to 190°C. At this temperature a hard re-switching in insulating state is observable.
The second run shows that because of the lattice changing processes below 350°C in
the first run and the formation of a two crystalline phase system, a rutile formation
during the first heating process, a titania thin film with an increased amount of line
defects is designed so that dipoles are stable even in air. These dipoles can be aligned
by applying an electrical field and heat the sample up to 330 °C. Conductive channels
are opened and these channels stays accessible till 190 °C where the dipoles are in ar-
bitrary orientation again and the insulating state of the titanium dioxide is restored at
the exact same value like during the heating. A hysteresis curve can be observed.

In summary, the resistivity measurements are showing that a structural change dur-
ing a heating process causes a resistive switching. This switching is connected with
oxygen defects, newly formed or redistributed, because in vacuum a permanent con-
ductive configuration is observed. Permanent dipole moments are induced due to this
new oxygen defect structure. The alignment of the dipoles opens conductive channels
causing the resistive switching. The presence of line defects, grain boundaries or phase
boundaries, pins special oxygen defects and the permanent dipole moments. This leads
to a permanent conductive configuration even in air and at room temperature in De-

gussa P25 pellets until the alignment is nullified.

4.5.4 BARRIER ENERGY OF THE CHARGE CARRIER TRAPS

The resistivity measurements are the basis of the calculation of the barrier energy
of charge carrier traps inside the titanium dioxide systems. The method of analysis
is explained in chapter 2.1.2. An example of the analysing procedure is given in fig-
ure 4.5.4. The slope of the linear parts are calculated by a linear fit. The aim is to
analyse the energy barrier for a temperature range before the resistive switching and
after the resistive switching. Additionally, a third calculation for the cooling system is
performed.

The results of the energy barrier calculation is presented in table 4.5.1 for each tita-

nium dioxide system. Firstly, the energy barrier in anatase thin films calculated during
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Figure 4.5.4: Measurement of the resistivity over temperature of a Degussa P25 tita-
nium dioxide pellet in vacuum including linear fits to calculate the barrier energy of
the charge carrier traps during the resistive switching process. The reference resistance
is Rp =1 M.

the heating process is naturally higher than the energy barrier in Degussa P25 pellets.
This means that less trapping sites are included in anatase thin films than in Degussa
P25 pellets. Furthermore, the high values in anatase thin films, Fg > 0.2eV, shows
that the method reaches its limits. It is assumed that a low dotated semi-conductor is
measured which shows no thermoelectric current flow [45]. But the anatase thin films
are not fully crystallised and included an amorphous fraction which could lead to ionic
based current flow and influencing the measurement results. Nevertheless, the second
heating process of a anatase thin film sample shows similar behaviour like Degussa P25
pellets. The sample is fully crystallised and shows no significant change in trapping
sites structure before and after the resistive switching in vacuum.

The Degussa P25 pellets are characterised by a energy barrier of Eg ~ 0.055(£0.011) eV’
before and after resistive switching in vacuum. This shows that the defect structure
could be redistributed but the pure amount of trapping sites inside the sample is not
changing significantly. The high error is caused by the unique setup and by the assump-
tion of a low doped semiconductor with constant doping concentration. In vacuum a
shallow reduction process as well as a redistribution process of defects could lead to
new formation or loss of trapping sites [29]. This will influence the measured trapping
current.

The barrier energies calculated from the cooling measurements are slightly smaller than
during the heating process and a similar to low temperature energy barriers (from 65°C
to 100 °C) which shows that the current flow during cooling could be influenced by ionic
current or other neglected processes.

Finally, the measured sol-gel-based pellets shows a significant change in energy barrier.
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But this can be explained because of the pure amorphous structure before the switch-
ing. The sample itself is crystallising during the measurement, leading to a highly
defective conductive titanium dioxide structure which reaches the limits of the used
method. The assumptions are not working for highly doped semiconductors.

In summary, the results are showing that the resistive switching is not directly con-
nected with a significantly increase of charge trapping sites and oxygen defects inside
titanium dioxide. Furthermore, it could be considered that the resistive switching is
caused by a structural change which will lead to dielectric phase transition which can

trigger anisotropically conductive channels.

Table 4.5.1: Calculated energy barrier of charge carrier traps for various titanium
dioxide systems under different measurement conditions. The energy barrier calculation
is based on the slope of the in-situ resistivity measurements [29, 42].

Sample run Temperature range / °C energy barrier / eV

Degussa P25 pellet, vacuum, 80V 1st heating 65 - 95 0.023
110 - 175 0.045
420 - 520 0.064
1st cooling 175 - 95 0.021
Degussa P25 pellet, vacuum, 30 V 1st heating 117 - 160 0.048
290 - 500 0.045
1st cooling 500 - 280 0.029
160 - 110 0.025
2nd heating, after I-V 15 - 60 0.170
310 - 500 0.086
2nd cooling 500 - 330 0.009
190 - 85 0.007
Degussa P25 pellet, air, 50V 1st heating 160 - 220 0.068
315 - 375 0.101
Sol-gel based pellet, vacuum, 100 V 1st heating 145 - 175 0.216
325 - 455 0.005

1st cooling 185 - 60 < 0.001
TiO2 thin film, vac, 10V 1st heating 125 - 170 0.222
280 - 395 0.283
1st cooling 475 - 305 0.021
205 - 80 0.010
TiO2 thin film, vac, 100 V 1st heating 105 - 175 0.087
365 - 430 0.339
1st cooling 455 - 365 0.113
115 - 25 0.028
2nd heating 115 - 170 0.077
330 - 520 0.077
520 - 725 0.067
2nd cooling 500 - 185 0.112
125 - 40 0.085
TiO2 thin film, air, 100V 1st heating 130 - 175 0.420
380 - 750 0.330
2nd heating, after I-V 130 - 190 0.357
380 - 515 0.400
2nd cooling 495 - 240 0.137
190 - 130 0.404
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Figure 4.6.1: Photography of the mauled black titania pellet treated at 450°C be-
fore(left) and after(right) healing process. This healing process includes a heat treat-
ment in air at 400 °C for 2 h.

4.6 DEFECT ANALYSIS - EPR

While using XPS and resistivity measurements only small changes in defect struc-

ture can be determined. Therefore the bulk sensitive method of electron spin param-
agnetic resonance spectroscopy is done. The aim is to specify the black colour centres
in titanium dioxide pellets after the resistivity measurement in vacuum.
According to [125] titanium dioxide turns black when either a hydrogenation took place
or the transition metal oxide is heavily reduced. The first process means the coverage
of the T'iO, surface with hydrogen molecules forming an amorphous outside layer [126].
The second process assumes the formation of monoclinic 7701 ¢¢. The strong reduc-
tion is based on an electron flow due to an electrical current in the conducting state of
titanium dioxide after the break down effect which will lead to [110]:

Ti*t + e — T3t (4.6.1)

It is possible that during the heat treatment in vacuum the increasing current during
the resistivity measurement benefits the reduction of the titanium atoms or forming
and stabilizing oxygen vacancies. Therefore the reversibility of this process is analysed
by performing a healing process to the black pellet sample. In this case the pellet is
mauled and then tempered for 2h in air at 400 °C. The aim is to oxidise the titanium
dioxide and heal possible defects.
Figure 4.6.1 shows the powder before and after the healing process. It is obvious that
the powder restore the white colour, which works with both systems, the Degussa P25
powder as well as the sol-gel-based powder.

To characterise the defect structure during the changes from white powder to black
powder back to white powder EPR experiments are performed. Starting with the
original Degussa P25 powder, the most photocatalytic efficient powder (Degussa P25

powder treated at 400°C in vacuum) and a intermediate sample(Degussa P25 pellet
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Figure 4.6.2: EPR-spectrum of selected Degussa P25 powder or pellet samples mea-
sured at 100 K [29].

treated in the XPS preparation chamber at 220 °C). The results for these very samples
are shown in figure 4.6.2 measured at 100 K. The focus is on the g-factors of the titanium

or oxygen resonance lines, namely [127-129]:
e the Ti**-lattice states in anatase and rutile at g = 1.981
e the lattice oxygen vacancies Vp at g = 2.002 - the quasi free electron

e adsorbed O, -states at g = 2.012 and g = 2.028 - which are indirectly proofs of
former oxygen defects which adsorbing this oxygen species after the powder was

exposed to the air

e surface hole trapping sites at g > 2.000

electron trapping sites at g < 2.000

Inside the original Degussa P25 powder only Ti3T-states can be detected which are nat-
ural defects in Degussa P25 titanium dioxide powder. The powder treated at 400°C in
vacuum as well as the pellet treated at 220°C in the XPS preparation chamber shows
a higher response at this g-value, so the amount of Ti** defects has risen during mild
temperature treatment in high vacuum, but there is no significant difference between
400°C and 220°C.

The sample treated at 220°C shows resonances that indicates oxygen vacancies, be-
cause in this sample resonances at g = 2.002 as well as at g = 2.012 and g = 2.028 can

be measured. This could mean that the highest amount of oxygen lattice vacancies was
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Figure 4.6.3: EPR-spectrum of selected Degussa P25 powder or black pellet samples
measured at 100 K, the Degussa P25 powder heat treated at 400 °C in vacuum is chosen
as a reference powder.

formed during the treatment of this sample. That means, despite the higher tempera-
ture the amount of oxygen vacancies is lower in powder treated at 400 °C compared to
Degussa P25 pellets treated at 220 °C.

Furthermore the Degussa P25 powder heated at 400 °C is the only powder that shows
the clear presence of charge carrier traps indicated by a broad resonance around
g = 2.050. It can be assumed that during the tempering process in an reduced at-
mosphere a formation and redistribution of TiO4 defects took place. Starting with the
formation of oxygen vacancies and Ti*-states at temperatures between room temper-
ature and 220 °C, a redistribution of the lattice oxygen defects into charge carrier traps
between 220°C and 400 °C is observed [29].

In the following step the black pellet designed by applying an electrical field and
electrical current during the heat treatment in vacuum is analysed and compared with
Degussa P25 powder treated in vacuum at 400 °C. Because, on one hand a black P25
pellet treated up to 450 °C is chosen, so the maximum temperatures for both samples
are close to each other and on the other hand the reference powder is the photocatalytic
improved powder.

In figure 4.6.3 the results for the black pellet as prepared, the black pellet after the
healing process and the Degussa P25 powder treated at 400 °C in vacuum as reference
sample measured at 100 K is presented. It is obvious that the most defective sample
is the black Degussa P25 pellet sample. The resonances for the Ti*T-states as well as

for the lattice oxygen vacancies are an order of magnitude higher than in the reference
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powder. For a better comparison of the charge trapping sites, the high resonances were
cut in this presentation. The complete EPR-spectra are presented in figure C.1. The
significant stronger intensities indicating a strong reduction inside the black sample.
Oxygen lattice vacancies as well as Ti**-lattice sites are formed which are highly de-
localised.

The signal correlated with charge trapping sites is also pronounced in the black Degussa
P25 pellet and is significantly stronger for electron trapping sites, g = 1.908, compared
to the reference powder. The signal resonance for hole trapping sites, g = 2.050, is
similar with the signal resonance for this g-values in the Degussa P25 powder treated
at 400 °C. So this kind of metal oxide defect is not directly connected with the strong
reduction of the metal oxide lattice by using an electron overflow.

Inside the healed sample, a white powder, Ti*t-sites are detected comparable with other
white samples. It seems that oxygen lattice vacancies are not present in this sample.
The tempering in air even at a temperature lower than the maximum temperature
during the reduction process leads to the healing of the oxygen defects. Nevertheless,
a resonance for hole trapping sites can be measured for this sample. This shows on one
hand that the black colour is correlated with a strong reduction of the TiOs-crystals.
On the other hand, the presence of hole trapping sites did not depending on the pres-
ence of oxygen lattice vacancies. It is possible that the hole trapping sites are localised
defects, formed in the interface area [29]. That means that grain boundaries, especially
between two different crystalline phases, are preferred areas for oxygen defects acting
as hole trapping sites. These defects are showing a high stability and can not be healed
by heating the sample air.
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Figure 4.7.1: Sketch of the measured Degussa P25 pellet, with a measurement
spot(red)or channel, respectively, outside of the silver electrode and an external elec-
trical field normal to the surface (green).
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Figure 4.7.2: Sketch of the measured Degussa P25 pellet, with a measurement
spot(red)or channel, respectively, on the edge of the silver electrode and an external
electrical field tangential to the surface (green).

4.7 STRUCTURAL ANALYSIS - XRD

4.7.1 IN-SITU-MEASUREMENTS

At the PO7 beam line at the DESY in Hamburg in-situ experiments are performed

to determine structural changes in the titanium dioxide crystal structure during the
resistive switching effect. The unique setup is explained in chapter 3.1.1.
For this investigation the structure is measured while the Degussa P25 pellets are
heated in a vacuum chamber (p ~ 10~ mbar) with three different external electrical
field configurations. Firstly, without any external electrical field(E0) applied to mea-
sure a reference pellet. Secondly, with an external electrical field orientated normal
to the surface(En) and a measurement spot outside of the silver electrode. A detailed
sketch is shown in figure 4.7.1. Thirdly, with an external electrical field orientated tan-
gential to the surface(Et) and a measurement spot on the edge of the silver electrode.
A detailed sketch is shown in figure 4.7.2.
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Figure 4.7.3: Intensity mapping of in-situ X-ray diffraction measurements in vacuum
(p =~ 1-10"*mbar) with different external electrical field orientation and different
measurement, positions on Degussa P25 pellets. The intensity is standardised to the
intensity of the anatase (101)-reflex of each measurement and is plotted in logarithmic
scale in the range of [0.02 - Taqo1) : 6.00 - IA(101)}, modified from [42].

The overall results of the in-situ X-ray diffraction measurement are shown in figure
4.7.3. In this graphical presentation the 2D-X-ray patterns of every measurement step
is integrated over the whole y-angle and will not show any texture characteristics. The
resistivity measurements during the in-situ X-ray diffraction are presented in figure
A.1 and proof that a resistive switching from insulating to conducting can be achieved
for the samples with an applied external field. The breakdown is more shallow than
during resistivity measurements in higher vacuum. This can be explained by the lower
vacuum as well as by the smaller applied external voltage of 5V.

The intensity mapping shows no anomalies for the sample without the external elec-
trical field. Only anatase and rutile crystal phase can be detected.
The intensity mapping for the Degussa P25 pellets with an external electrical field
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Figure 4.7.4: Experimental data of the integrated XRD-pattern of a Degussa P25 pellet
measured in-situ in vacuum (p ~ 10~*mbar) with an external electrical field normal
to the surface at 500°C [42]. The peak positions of every possible phase included are
given according to [57,58,130-134].

applied shows more reflexes than only anatase and rutile. While in the Et-sample the
additional reflexes are detected at every temperature during heating and cooling the
En-sample shows a temperature dependency of this new reflexes. In the following para-
graph the focus will be on the En-sample due to the strongly pronounced temperature
dependency of this new reflexes, but it will be shown that this evaluation is analogous
in the Et-sample.

The measurement spot and the EDX-analysis indicates that the new phase is not
directly connected with silver. Additionally, the intensity mapping evaluates a tem-
perature dependency, which shows the absence of this phase between 180 °C and 300°C
and during cooling after reaching the anatase-to-rutile phase transition temperature of
550°C [26,67]. That proofs a direct coupling of the new reflexes on the present titanium
dioxide structure. A silver phase would be independent. Furthermore, graphic 4.7.4
shows a selected XRD-spectrum of the En-sample at 500 °C during heating after whole
integration of the pattern. The considered peak positions of possible phases accord-
ing to literature including silver [132], silver oxide [133], brookite [134] and defective
titanium dioxide [57,58] are also presented. It shows clearly that it is still unknown
Even a combination of them will not solve

which structure causes the new reflexes.

this problem, respectively. The reflex at 20 = 3.80° is never matched by any phase.
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Figure 4.7.5: 2D map-plot of Degussa P25 pellet samples measured at 500 °C during the
heating process in vacuum. The external electrical field is applied normal to the surface
and the measurement spot is outside of the electrode(left) or the external electrical field
is applied tangential to the surface and the measurement spot is on the edge of the
electrode(right). The intensity is in square-root scale [42].

It is possible to consider the presence of a superstructure due to induced lattice de-
fects. But the number of the new reflexes and their different intensity evaluation would
imply a minimum of four different superstructures due to periodical orientation and
reorganisation of lattice defects which is not probable.

The position dependency of the presence of the new reflexes are presented by a in-
tensity mapping over the y-angle in figure 4.7.5. A strong curvature in the unknown
reflexes compared to anatase reflexes indicates a strong mechanical stress inside the
material. It also demonstrates a significant texture for the unknown reflexes.

While the reflexes with strong intensity in the Et-sample could be connected with
silver, because the measurement spot is on the edge of the electrode these three
(20 = 2.89°; 3.32°; 4.28°) reflexes are neglected. Then the new reflexes in the
Et-samples are equal to the En-sample which is demonstrated in figure 4.7.6. The
integration over selected y-angles and for characteristic temperatures shows in both
cases, En and Et, a different orientation dependency especially for the reflexes at
[20 = 2.54° ; 3.29° ; 3.58° ; 3.80°].

Furthermore, the texture characteristic, figure 4.7.5, is stronger pronounced. This can
be explained by the different evaluation of the homogenisation of the internal electrical
field during the heating and resistive switching process. Close to the outside edge of
the electrode for a external electrical field tangential to the surface, the orientation of
the internal electrical field stays constant. While the internal electrical field for the En
sample shows a non-homogeneous orientation after the conductive switching.

All these factors leading to the possibility that a new titanium dioxide phase was
formed during the vacuum calcination with an electrical field applied. The idea of this

new phase is discussed in the following chapter.



68 CHAPTER 4. RESULTS

PN
S o
o o

250
= 450

< Kggggk
é | g g I g
Temperature / °C

1
=550 %
400 =550 5
220 = 400 aé,

220
S0 100 "

2 25 3 35 4
20/

-//‘ = 400 250
J_ = 550 g\) = 450 o
- = 400 g =550 3
J ~220 § 400 g
- 100 = 220 E

100

n
n
o
w-
w
(9]
IS

20/°

Figure 4.7.6: Orientation dependency of the X-ray diffraction in-situ measurements
in vacuum (p ~ 10~*mbar) for Degussa P25 pellets at selected temperatures. Left:
external electrical field normal to the surface and the measurement spot in 1.5 mm
distance to the electrode integrated in y = 20° (top), x = 110°(bottom). Right:
external electrical field tangential to the surface and the measurement spot on the
edge of the electrode integrated in y = 20° (top), x = 110°(bottom) [42].

4.7.2 PSEUDO TITANIUM DIOXIDE PHASE - ARMINIASE

Titanium dioxide phase formation processes are based on the thermodynamic po-

tential of the Gibbs free energy [66]. The equation 2.2.1 can be written as:

G:H—T-S+p~Vm+27ﬂ~Vm+fy-Am+¢

with the Gibbs free energy G, the enthalpy H, entropy S, temperature 7', surrounding
atmospheric pressure p, internal pressure of the material p = % including the surface
tension f,; and the particle radius r, molar volume V,,, free surface energy =, molar
surface area A,,, and remaining factor for shape or porosity ¢.

It is known that anatase formation is preferred for small crystallite sizes due to the
smaller free surface energy compared to rutile [26,62]. Nevertheless, rutile is the ther-
modynamic stable configuration of titanium dioxide, which is caused by its smallest
volume free energy compared to other titanium dioxide crystal configurations.

Additionally, brookite is known as the third stable titanium dioxide configuration. It
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is a orthorhombic crystal structure which can be synthesised by a bottom up method
including a high mechanical stress during the tempering process of amorphous titanium

dioxide [26,135]. It follows that:

2fs
G:H—T-S+p-vm+i-vm+ v A+ B(fs 9) (4.7.1)
N r B N—— ~——
N~ anatase term brookite term

rutile term

the Gibbs free energy includes a rutile term, an anatase term and a brookite term,
respectively. This brookite term includes a shape factor and a factor of high mechan-
ical internal stress. Considering a system where the brookite term is most dominant
compared to the other an orthorhombic crystal system is formed instead of a tetragonal
one. An anatase to brookite phase transition is probable [136].

Analogous to the brookite formation process it seems likely that inside an external
electrical field the Gibbs free energy of the titanium dioxide systems is changed. Ad-
ditionally, the presence of lattice defects which can cause permanent dipole moments
will change the internal stress depending on the orientation of the external electrical
field. Hence, equation 4.7.1 is extended by a factor depending on an external potential:
G:H—T‘S+p~Vm+2—fs-Vm—|— v-A, + B(fs,0) +  a(Ee,) (4.7.2)

N T S—— N—— ——

o
N anatase term  brookite term  new defective phase
rutile term

with a term of a new phase o depending on an external potential E. and an ionic
structure ¢ defined by the defective structure of the material.

According to [137] theoretical calculations predicting that TiOs is based on covalent
titanium-oxygen-bonds while TiO; is based on ionic titanium-oxygen-bonds. It pre-
dicts also that the defective configuration Ti,O3 or TiOq 46 is an intermediate state
between covalent and ionic bonding which is characterised by an extension of the Ti-O
bond length up to 18 % compared to TiOs.

That means a change in the defective structure of titanium dioxide will lead to a
possible extension of the titanium-oxygen-bond length and give the titanium dioxide
system a more ionic character. So, highly localised oxygen defects can change the
properties from titanium dioxide to a similar configuration of e.g. strontium titanate,
SrTiOg [138]. Strontium titanite can also be in orthorhombic crystal structure [139].
The determination of the chemical composition of the Degussa P25 pellets by vari-
ous methods revealed that assuming TiO g¢ overestimates the true amount of oxygen
defects. Nevertheless, it can be considered that there is a non-isotropic defect distribu-
tion. It is probable that highly defective areas are present inside the samples especially
close to line defects such as grain boundaries.

Hence, for the overall sample it might be possible to write the stoichiometry of the
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Figure 4.7.7: Graphical representation of the unit cell of the arminiase phase with the
lattice plane (411) which defines the characteristic titanium-oxygen-bond (left) and of
the crystal shape of the arminiase phase represented by the characteristic lattice planes
defined by the reflections which could not be dedicated to real titanium dioxide phases
(right) [42]. Plotted by [41].

analysed titanium dioxide system in the following way [42]:
T’il_zOg_y — [TZO]L -+ [TiOQ]l_L (473)

with a factor of possible ionic bond formation ¢ which depends on the defective struc-
ture.

The combination of equation 4.7.3 and the Gibbs free energy equation 4.7.2 will be used
to design a theoretical pseudo titania phase that could explain the unknown reflexes
measured during the in-situ experiments. An orthorhombic crystal structure with a
oxygen-to-titanium ratio of % < 2 is assumed. The titanium positions are based on
the brookite system and the oxygen positions are refined for the measured unknown
phase. The bonding length of Ti-O bonds is limited to:

16A<1<280A

with the lower limit as covalent bond length in TiOy [137] and the upper limit as
metal-oxygen bond length in SrTiOz [140].

The result of this refinement is an auxiliary titania phase which is presented in figure
4.7.7. Tt needs to be mentioned that the occupancy of the titanium lattice spots is

0.5. It depends on the orientation of the electrical field which titanium lattice site is
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Figure 4.7.8: Experimental data(points) and theoretical calculated curve(line) of the
integrated XRD-pattern of a Degussa P25 pellet measured in-situ in vacuum (p ~
1 - 10~*mbar) with an external electrical field normal to the surface at 500°C. The
refinement includes the arminiase-phase [42].

occupied. The new phase is characterised by a reduction of the TiOg-octahedron into
TiOs5-polyhedra. These polyhedra causes a permanent dipole moment. The stoichio-
metric composition of this phase would be TigO1; or TiO; g33, which is consistent to
the chemical composition measurements. The calculated maximum Ti-O bond length
isl = 2.78121, showing that an ionic bonding character is necessary to form this phase.
In the following chapters this theoretical pseudo titania phase will be called based on
its properties 'Auxiliary-metastable-interfacial-nearly-ionic-phase’ or ’arminiase’.

A refinement of the XRD-results is shown in figure 4.7.8. It can be observed that
the new constructed phase is not fitting the experimental data completely but it is
sufficient to enable the analysis of each sample with the refinement parameters of
Ry < 10. The discrepancies of the new phase and the measured unknown peaks can
be explained by the mechanical induced stress inside the titanium dioxide pellets and
the non-homogeneous external electrical field which causes a complex texture while the
constructed auxiliary phase is as simple as possible. These discrepancies are presented
in detail in figure 4.7.9.

Nevertheless, the implementation of arminiase leads to the possibility of a quantitative

analysis of the in-situ-XRD diffraction patterns. The results shown in table 4.7.1 based



72 CHAPTER 4. RESULTS

315 |
270
225
180
135

90

45

315
270
225
180
135

90

45

1.949 2.530 2.882 3.349 3.801

Figure 4.7.9: 2D experimental data(bottom) and 2D theoretical calculated data (top) of
the integrated XRD-spectra of a Degussa P25 pellet measured in-situ in vacuum (p ~ 1-
10~*mbar) with an external electrical field normal to the surface at 500 °C. Refinement
includes the arminiase-phase. The intensity is in square-root scale. Modified from [42].

on the assumption of the existence of an arminiase phase with the cell parameters:

o

a =9.31(+0.04) A

o

b = 4.69(+0.06) A

¢ = 3.54(40.03) A

and an arbitrary texture characteristic.

It can be observed that the crystallite growth and the phase transition from anatase
to rutile depend on the presence of an external electrical field and on the measurement
position on the Degussa P25 pellets. The sample with an electrical field normal to the
surface shows a stronger crystallite growth for anatase and rutile crystals compared
to the sample without any electrical field and the sample with an electrical field tan-
gential to the surface. Furthermore, a significant increase in the anatase-to-rutile ratio
can be determined during the annealing in vacuum. In this case amorphous material
crystallises because of the influence of the external field.

It can be assumed, that the electrical field enhances the agglomeration of grains and
this supports the crystallisation process [109, 141]. This leads to larger average crys-

tallite sizes and a higher anatase fraction.
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Furthermore, the results for samples annealed at 550 °C show that the phase transi-
tion from anatase-to-rutile is declined. This indicates, that a third crystalline phase,
arminiase, is present. The grain growth of such a third phase can suppress the anatase-
to-rutile transition [56, 142-145].

Table 4.7.1: XRD results of selected titanium dioxide samples from XRD measurements
calculated by Rietveld refinement [42,51].

Sample atmosphere Anatase (A) Rutile (R) A/R
% cryst. size, nm % cryst. size, nm

powder vacuum E(0) 25°C 83.3 25.0 16.7 42.3 5.0

200°C 83.6 25.4 16.4 42.4 5.1

400°C 83.8 25.6 16.2 43.3 5.2

550 °C 7.7 26.8 22.3 43.5 3.5

600°C 67.0 28.4 33.0 51.7 2.0

620°C 40.3 27.7 59.7 54.5 0.7

650°C 10.0 33.9 90.0 68.4 0.1

670°C 8.5 39.1 91.5 75.5 0.1

700°C 0.0 - 100.0 86.0 0.0

air () E(0)  25°C 83.3 25.0 16.7 42.3 5.0

200°C 83.5 25.2 16.5 42.6 5.1

400°C 83.4 25.7 16.6 44.5 5.0

550°C 78.2 28.6 21.8 48.5 3.6

600°C 67.7 28.4 32.3 50.0 2.1

620°C 53.4 32.6 46.6 61.0 1.2

650°C 36.6 32.4 63.4 66.5 0.6

670°C 23.0 35.2 77.0 75.9 0.3

700°C 6.6 45.8 93.4 97.8 0.1

pellet vacuum E(n) 450°C 78.7 36.5 16.0 60.7 4.9

pellet vacuum E(0) 25°C 85.7 39.4 14.3 55.7 6.0

in-situ XRD 180°C 86.6 40.0 13.4 56.8 6.5

heating 220°C 87.0 40.7 13.0 58.3 6.7

300°C 87.3 42.4 12.7 68.0 6.9

450°C 87.0 43.7 13.0 70.2 6.7

550°C 82.8 52.5 17.2 83.0 4.8

pellet vacuum E(n) 25°C 85.5 41.9 12.7 63.0 6.7

in-situ XRD 180°C 87.3 39.8 12.7 56.8 6.9

heating 220°C 87.4 41.2 12.6 63.6 6.9

300°C 86.3 44.3 11.7 75.1 7.4

450°C 84.2 53.3 10.3 90.6 8.2

550°C 84.4 50.5 14.8 130.2 5.7

pellet vacuum E(t) 25°C 81.3 39.0 12.3 62.1 6.6

in-situ XRD 180°C 81.5 46.6 12.0 62.6 6.8

heating 220°C 84.0 47.1 11.1 70.1 7.6

300°C 80.0 49.3 11.7 70.4 6.8

450°C 78.1 43.8 12.9 67.8 6.1

550°C 78.3 45.7 11.87 72.8 6.6
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Chapter 5
Discussion

Treating different titanium dioxide systems, such as titanium dioxide thin films, De-
gussa P25 powder and sol-gel based powders in reducing atmosphere various anomalies
are observed in the temperature range between 200°C and 450°C. These anomalies
will be discussed in the following way:

Firstly, the photocatalytic efficiency for powders is analysed with the focus on the im-
provement at 400 °C and on the neutralisation at 600 °C. It is necessary to understand
the correlation between these results and the evaluation of the morphologies.
Secondly, the charge carrier transfer as major parameter on influencing the photocat-
alytic efficiency will be discussed, separately. In order to isolate the charge carrier
transfer through titanium dioxide, single phase systems are preferred for the study of
connections between the structural changes and the dielectric properties.

Thirdly, a detailed defect analysis will be linked with the in-situ X-Ray diffraction
measurements for the study of the temperature dependency of the structural changes
triggered by the defect distributions.

Fourthly, the validity of the correlation between the defect distribution and the struc-
tural changes for single-phase crystalline systems, multi-phase crystalline systems and
amorphous phase systems will be studied to open a new manipulation method of tran-

sition metal oxides for specific applications.

5.1 SURFACE AREA AND THE PHOTOCATALYTIC ACTIVITY

As mentioned in chapter 2.3, the photocatalytic efficiency of a semiconductor can be
influenced by three parameters, the charge carrier formation, the charge carrier transfer
and the surface area of the material. In this work, the charge carrier transfer and the
surface area are of high interest. Whereas the change in charge carrier formation
ability of titanium dioxide is neglected in this work. It is necessary to find a method
to distinguish between the influence of the charge carrier transfer and of the surface

area during changes in the photocatalytic efficiencies of titanium dioxide. One possible
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Figure 5.1.1: photocatalytic kinetic constant normed on the specific surface area of the
sample, from [51].

way is to normalize the photocatalytic kinetic constant of a sample to its own specific

surface area [51]. The normalized photocatalytic constant will be defined by:

ka

ABET

kas (5.1.1)

with the photocatalytic kinetic constant of the anatase phase k4 and the specific sur-
face area Aggpr.

Adapting equation 5.1.1 on the results of figure 4.2.2 will lead to the normalized pho-
tocatalytic constant of the heat treated powders shown in figure 5.1.1. A strong
pronounced gap between air and vacuum treated powders at 400°C followed by a
neutralisation at 600 °C is observed. After that the photocatalytic activity increases
significantly independently of the surrounding atmosphere. While the improvement of
photocatalytic efficiency for powders treated above 620 °C is correlated with a very low
amount of anatase phase and a high possibility of newly formed oxygen defects, the
strong pronounced gap at 400 °C is considered as mild temperature anomaly [29,40,51].
Focussing on the result achieved for powders treated below 620 °C, the sample with the
smallest surface area showed the highest photocatalytic activity. This could mean that
the surface area is a minor parameter when it comes to influencing the photocatalytic
efficiency of a semiconductor material. So, the major parameter is the charge carrier

transfer through the material which is responsible for a low electron-hole recombination
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possibility [23,29]. Nevertheless, the surface changing processes in mild temperature
regime are still linked with the photocatalytic efficiency which can be concluded due
to the neutralisation at 600 °C in the photocatalytic activity as well as in the surface
area.

It could be considered that the strong agglomeration of grains by covalent bonds in
reducing atmosphere at 400 °C triggers an high interface formation. These line defects
are influencing the lattice point defects, such as oxygen vacancies, and significantly
change the charge carrier transfer inside the titanium dioxide.

A second morphology changing process, the anatase to rutile phase transition, prefers
to start close to the interfaces, and it will break the covalent bonds [26,62]. As a result,
a gain in surface area is observed leading to the neutralisation of the material and to
restore the original photocatalytic properties.

In order to study the influence of the charge carrier transfer in more detail, the resistiv-
ity of titanium dioxide is analysed. It is necessary to study the thin-film-system that
represents a single-phase system where grain agglomeration is negligible to ensure that
changes in the charge carrier transfer can be correlated with the structural changes of

the titanium dioxide.

5.2 CHARGE CARRIER TRANSFER ANALYSIS

In order to achieve the requirement of neglecting morphology changes, the analysed
titanium dioxide system is a pure anatase thin film. This thin film is prepared by the
CC-CVD-method.

In order to understand the changes of the charge carrier transfer ability, the resistivity

of the samples is measured in-situ in vacuum for temperatures up to 520 °C. The re-
sults are shown in figure 5.2.1. In different titania systems the same anomalies can be
observed. The thin film and the pellet sample show resistive switching from insulating
configuration to conducting configuration at around 200 °C. Therefore, this breakdown
is not correlated with leaking currents because the thin film sample is considered as
fully densified. Since the same behaviour is measured in thin films and pellets it is
possible to focus on thin films measurements in the following section.
The resistivities of the thin films show a breakdown at 200°C and a minimum of the
resistivity at around 400 °C which could mean that at this temperature the charge car-
rier transfer proceeds under most probable conditions. The resistivity is close to the
resistivity of a metal system and it could be still overestimated because it is assumed
that the current flow proceeds through the whole thin film and not only through single
channels.

The slope of the resistivity measurement in dependence of the temperature is con-

nected with a large error due to the unique setup used, as it is explained in chapter 4.5.4.
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Figure 5.2.1: Resistivity of Degussa P25 pellets and anatase thin films in vacuum(p ~
1-107° mbar).

So, it could be valuable to analyse the changes in I-V-characteristics at the anomaly
temperatures, directly. Figure 5.2.2 presents these results for the anatase thin film
sample. Hysteresis loops with different shapes and slopes can be observed for all sam-
ples. The smaller the slope is, the higher the resistivity of the sample is [146,147]. The
advantage of the setup is that the [-V-characteristics in the sample can be calculated.
As it can be seen in figure 5.2.2, the maximum applied voltage of the source is never
measured over the sample because of the reference resistance. So it is possible to study
the resistivity switching of the sample and the formation of a polarisation field inside
the titanium dioxide, in more detail.

The polarisation field strength inside a solid material is [146]:

P =cX.E = eoﬁ%é’ (5.2.1)
with polarisation field P which is orientated in the opposite direction of the initial
electrical field, applied voltage U, distance between the electrodes d, unit vector of the
electrical field € and the permittivity of the vacuum e.

The electric susceptibility ¥, tensor can be expressed in an homogeneous electrical field

by the dielectric constant €, as y. = €, — 1 and it depends on the material. The change
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Figure 5.2.2: I-V-characteristics of the anatase thin film at anomaly temperatures in
vacuum (p ~ 1-107° mbar) and a reference resistance of 1k{. The red dots marking
the limits of applied source voltage Usouree = £100V, 0V . The black arrows marks the
direction of the hysteresis, which is from insulating state to conducting state in every
measurement.

of this parameter is expressed by:
A€, = A¢; + Ae, (5.2.2)

with intrinsic effects that changes the permittivity such as creating permanent dipoles
Ag; and external effects such as breakdown effects through pores Ae, [148,149]. Exter-
nal effects in changing the susceptibility are neglected because of the chosen analysed
system.

It is possible to understand the voltage over the sample Usgppie in the I-V-characteristics
as:

%5: coF — P = 60%(1 — )€ (5.2.3)
with the applied voltage Uy = Usopuree — Ug including the voltage of the power supply
Usource and the voltage measured over the reference resistance Ug. Derived from equa-
tion 5.2.3, the change of the applied voltage over the sample for every measurement
step is:

AUsampie€ = €0AUy(1 — AXe)€ (5.2.4)

Adapting equation 5.2.4 on the measurement curve will result in the following behaviour

of the I-V-characteristics:

ATz 0E=0— 0 < AUsumpie = AU,
AUy >0 — S AYc0é < 1 — 0 < AUsgmpre < AU (5.2.5)
AGoe>1—  AUsmpie <0
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In the measured curve the different cases are presented as linear curve for Ay, oé& = 0,
as curvature with positive slope for AY. o € < 1 and as curvature with negative slope
for A, o &> 1. There is no time left between each measurement step for relaxation.
This means, the dynamic process behaviour is analysed.

According to this theory, two different structural changes can be observed during the
measurement of the I-V-curve. Firstly, the formation of dipole moments inside the ma-
terial which is indicated by the transition from a linear I-V-curve to a curvature with
positive slope. In this case, the initial dielectric material is changed into a material
with para-electric properties. From the classical point of view, the crystal structure of
para-electric materials is well defined. It is necessary to be in a non-point-symmetrical
crystal structure [150-152]. Since this is not defined for titanium dioxide crystal struc-
tures, the para-electric properties are caused by the defect structure. Therefore, the
material will be called quasi-para-electric material in the following discussion.
Secondly, the alignment of these dipoles due to the applied external electrical field
which leads to an enlarged polarisation field inside the titanium dioxide thin film. This
process could be triggered by structural properties. For example it could require a
minimum external electrical field to overcome mechanical limits during the alignment
of the dipoles.

Inside the anatase thin film prepared by CVD method, a dependency of temperature
and external field strength can be observed, presented in figure 5.2.2. While at 100°C
an insulating state could be considered, there are no further anomalies observable.
There is no strong resistive switching and no strong change in the susceptibility indi-
cated. Furthermore, the measured hysteresis is symmetric showing a reversibility of all
processes, such as forming of non-permanent dipoles [32,121,124].

The I-V-characteristics in the temperature range of the resistive anomalies show non-
symmetrical hystereses. A 'negative’ resistance can be observed in the sample at 200 °C
and 300 °C. In this case, the voltage over the sample decreases with increasing overall
voltage and an increasing current is measured. These are the areas with negative slope.
In this case, the change in the polarisation field strength inside the titanium dioxide
is larger than the change of the external electrical field strength. It can be suggested
that at temperatures above 200°C, dipoles can be formed leading to a quasi-para-
electric defective titanium dioxide. The alignment of these dipoles triggers a structural
transition which opens conductive channels inside the thin film. In this moment, the
anatase has a significantly lower resistance. The I-V-loop at negative applied external
voltages begins with a stronger slope compared to the positive loop. This means that
the original resistance is not restored and the formed dipoles are permanent and the
material is still quasi-para-electric. This also explains the stronger curvature of the
starting negative loop compared to the positive one.

At elevated temperatures, these asymmetrical hystereses are still present but the part
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Figure 5.2.3: Photography of a titanium dioxide thin film sample after the resistivity
measurement in vacuum from the front (left) and the rear (right). The electrical field
was applied tangential to the surface between two electrodes. The third electrode is a
blind electrode which was not connected.

with the negative slope due to the high initial conductivity of the material is missing.

The analysis of the I-V-characteristics in dependency of the temperature shows that
the measured anomalies in the resistivity at 200°C are correlated with permanent
dipole formation and alignment that trigger structural changes inside the anatase film
causing highly conductive channels. A photography of an analysed film is shown in
figure 5.2.3. The anatase thin film was prepared with three silver electrode while one
of those is a blind electrode. The photography proofs that the conductive channels are
highly orientated because the colour change of the anatase thin film is only between
the contacted electrodes. Furthermore, a change to black colour can only be observed

below the connected electrodes.

5.3 QUASI-PARA-ELECTRIC T105 AND ITS CRYSTAL STRUCTURE

The analysis of the surface near states of titanium dioxide showed that neither
the chemical composition nor the surface near defect structure explains the conduc-
tive switching inside titanium dioxide thin films during vacuum heat treatment. The
chemical composition presented in figure 4.3.1 and in table 4.3.1 proofs that no for-
eign elements are included inside the film. Only titanium, oxygen and carbon can be
detected. The detected carbon can be explained by adsorbing organic molecules after
the sample is exposed to air which would mean that the thin film after the resistivity
measurement shows an improved adsorption ability.

The determination of the defect structures close to the surface is presented in table
4.3.1. No significant changes can be observed. This indicates a low amount of oxygen
lattice vacancies and a low amount of Ti**-species in the anatase black film on quartz,
but this can be explained by the lower information depth because of the thicker organic

layer on the surface. Nevertheless, it seems unlikely that a significant amount of surface
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Figure 5.3.1: 2D-detector image of titanium dioxide thin film samples prepared by
CVD method. The thin films are treated in vacuum (p ~ 1 - 10~ mbar) up to 550°C.
The conductive sample (left) and its insulating satellite sample, (right).

oxygen vacancies is created because of the high ratio of structural oxygen to titanium
% > 2 in the thin film samples. This confirms the known statement that anatase
prefers to form bulk defect states instead of surface defect states [44].

Therefore, structural changes have to trigger the resistive switching and the formation
of a quasi-para-electric state of titanium dioxide. The domain of this structural change
can be in the crystallite range as well as in the grain range. The crystallite range is
analysed by X-ray-diffraction experiments at the PO7 beamline in DESY, Hamburg.

The 2D-detector images of anatase thin film in insulating state and in a stable con-

ductive state are presented in figure 5.3.1. Significant structural differences can be
observed in these detector images. While the insulating titanium dioxide thin film
data shows peaks at the positions of the anatase main peaks [130], the intensity of
these peaks is low and a strong amorphous background from the silica glass is de-
tected. Nevertheless, a pure anatase phase is included with a strong texture due to the
growth process during the CVD-syntheses.
The black thin film shows a stronger crystallisation which is indicated by the higher
signal to noise ratio. On one hand, this crystallisation can be explained by the expos-
ing temperature of 550 °C. On the other hand, it is influenced by the applied external
electrical field. The anatase main peak in (110)-direction did not change its texture
properties compared to the original thin film. But there are rings with higher intensity
observed. For example the anatase (004)-reflection. This ring has a high intensity and
is also strongly textured which can be seen in more intensive parts, indicating a single
crystallite.

More details can be seen in figure 5.3.2. The rings are showing strong deviations
over the whole integrated area. These deviations indicate that a strong mechanical
stress is induced inside the crystal structure via applying an external electrical field.
Although, the main anatase crystallites are symmetrically placed on the intensity ring
whereas the (004)-crystallites are shifted to larger angles. It could be considered that

the lattice parameters of these crystallites are smaller than the ones for the original
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Figure 5.3.2: Integration over the y-angle of the 2D-images conductive titanium dioxide
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Figure 5.3.3: 2D-detector image (left) of black Degussa P25 pellet and the map plot as
Integration over the y-angle (right) of the 2D-images of the black Degussa P25 pellet
with the focus on anatase-(004)-reflex and the rutile-(210)-reflex (left). The position
of rutile-(210)-reflex is similar to the position of the reflex of the new phase in the
conductive anatase thin film.

anatase phase. Smaller lattice parameters are caused by lattice vacancies. So the
(004)-crystallites could include oxygen lattice vacancies.

Additionally, some new reflections are observed. They are not linked with brookite or
rutile [131, 134] which means there could be a new titanium dioxide phase occurring
which causes the conducting state. Because of the strong amorphous background of
the quartz glass a quantitative analysis is omitted.

Therefore, the analysed system is again changed. Instead of anatase thin films Degussa
P25 is studied. The results of activated P25 I-V-characteristics, figure 5.4.2, prove
that this very titanium dioxide system shows the same transition to a para-electric-
configuration which also improves the conductivity, drastically. Due to its powder
shape, it is possible to analyse the structure as well as the morphology which allows a
distinction between the effects in the crystallite domains and in the grain domains.

The 2D-Detector image of the conducting Degussa P25 pellet shows the same anoma-
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lies like the black thin film samples. The insulating sample is characterised by typical
powder diffraction patterns of non textured intensity rings. In contrary, the conduct-
ing sample shows strong texture in the anatase-(004)-, the rutile-(210)- and the rutile-
(310)-reflex. The textured crystallites are non-symmetrical placed on the original ring
with the tendency to higher angles which means that the lattice parameters are smaller
in this textured titanium dioxide.

The calculation of the lattice parameters via Rietveld Refinement for the original tita-
nium dioxide phase and the textured titanium dioxide phase after integration over the

whole ring, shown in figure B.2, yields the following averaged changing vectors in:

0 —0.0264
A= 0 A R=] —00264 | A
—0.0624 0.0031

with the changing vector of anatase unit cell A und rutile unit cell F. Calculated by
VESTA [41], these changing vectors cause an average shrinking of 0.026 A in the top-
to-top axis and no change in the diagonal plane length of the anatase octahedron and
a average shrinking of 0.023 A in the top-to-top axis and 0.009 A in the diagonal plane
length of the rutile octahedron. So the main direction of the change is in the top-to-
top oxygen axis which means that it is possible that mainly such a top-site contains a
lattice oxygen vacancy inducing a dipole moment. Theoretical calculations predict a
minimum in the formation energy for a lattice oxygen vacancy at top-sites in titanium
dioxide octahedrons [44, 153].

In order to study the temperature dependency of the formation of textured defective
titanium dioxide phases, an in-situ study is performed. The structure of Degussa P25
pellets is evaluated by measuring XRD-patterns during heating the pellet in vacuum
atmosphere while applying an external electrical field.

The results are shown in figure 4.7.3 in the results section and they present an intensity
mapping of Degussa P25 pellets measured with and without an applied electrical field,
on the edge and on outside of the electrode and with different field distribution. In
both cases with an external electrical field, newly formed crystalline phases could be
detected compared to the sample measured without an applied electrical field. Rietveld
refinement, figure 4.7.4, showed that neither silver(-oxide) nor brookite could explain
these new phases.

The focus now will be on the structural evaluation of the Degussa P25 pellet with an
electrical field normal to the surface. For this sample, the measurement spot was in
approximately 1.5 mm distance to the edge of the silver electrode. In this sample, the
new foreign phase is characterised by four new reflections, with one reflection close to

the rutile (210)-reflex in the measurement pattern. They appeared with shallow inten-
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Figure 5.3.4: Difference plot between XRD 2D-detector image of a Degussa P25 pellet
with an external electrical field applied normal to the surface(En) and a Degussa P25
pellet without an external electrical field (EQ) measured in vacuum p ~ 1 - 10~* mbar
at 220°C during heating. The intensity is in logarithmic scale. The limits of the
intensity of the difference 47 in dependency of the maximum intensity of the original
measurement Ip,q, is: 0.002 + ey < Igirf < 0.2 - Iyg,, modified from [42].

sity at room temperature in vacuum of p ~ 1-10~*mbar and disappeared at 180 °C.
At 300 °C this same phase crystallises again at slightly lower angles and start growing
significantly with increasing temperatures. The peaks disappear again during heating
at 550 °C and were never observed during cooling.

In order to proof that this new phase is correlated with the measured textured defec-
tive anatase and measured textured defective rutile phase in the black titanium dioxide
samples, the 2D-patterns are studied in more detail. The intensities of the reflections
of the new formed phase inside the sample treated in vacuum with an electrical field
normal to the surface seem to be similar over the whole ring which means that the
crystallites have no preferred orientation. In order to see more details of the X-ray
patterns, the data is analysed by subtracting an 2D-pattern from a reference measure-
ment. In this way, smallest differences inside the high intensed rings can be observed.
An example is shown in figure 5.3.4. It contains the 2D detector image of a Degussa
P25 pellet during in-situ measurements in vacuum at 220°C. As reference material

the Degussa P25 pellet without an electrical field applied at the same temperature is
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Figure 5.3.5: Difference plot between XRD 2D-detector image of a Degussa P25 pellet
with an external electrical field applied normal to the surface(En) and a Degussa P25
pellet without an external electrical field (EQ) measured in vacuum p ~ 1 - 10~* mbar
at 400°C during heating. The intensity is in logarithmic scale. The limits of the
intensity of the difference /47 in dependency of the maximum intensity of the original
measurement Ip,q, is: 0.02 + Iyey < Lgiff < 0.2+ Iyg,, modified from [42].

chosen. The difference plot proofs that these two samples show no significant differ-
ence between each other. At this temperature, close to the on-set temperature of the
resistive switching in titanium dioxide systems, no structural changes can be observed
when an external electrical field is applied.

Therefore, difference plots between P25 pellet measured in-situ in vacuum with an
external electrical field applied and a P25 pellet measured in-situ in vacuum without
an external electrical field are analysed in order study the correlation between charge
transfer anomalies and structural changes.

A resistivity minimum could be observed at 400 °C, therefore, the difference plot at
this temperature during the heating process is presented in figure 5.3.5. In the map-
ping, figure 4.7.3, this measurement shows high intensities for the arminiase phase, a
defective pseudo titania phase. This phase can be identified by newly occurring X-ray
diffraction rings which are strongly pronounced in the 400 °C difference plot. The rings
are observable over the whole y-angle but they indicate the beginning of a texture

due to the higher difference intensity on the right side of the plot. Additionally, small
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Figure 5.3.6: Difference plot between XRD 2D-detector image of a Degussa P25 pellet
with an external electrical field applied normal to the surface(En) and a Degussa P25
pellet without an external electrical field (EQ) measured in vacuum p ~ 1 - 10~* mbar
at 450°C during cooling. The intensity is in logarithmic scale. The limits of the
intensity of the difference 47 in dependency of the maximum intensity of the original
measurement Ipq, is: 0.02 « Iyay < Lgiff < 0.2 - Ijyg,, modified from [42].

crystallites are included in this sample which leads to the dotted structure in the X-ray
diffraction rings at 260 = 2.89° and 260 = 3.24°. They are identified as the anatase
(004)-reflection and the rutile (210)-reflection [130,131]. This could support the theory
that permanent dipoles are formed, preferentially in anatase (004)-direction, leading
to defective crystallites. They are aligned in an external electrical field and when the
defect density and the dipole density exceed up to a critical value a new pseudo titania
phase, arminiase, can be detected.

While the new titania phase seems to disappear with the beginning of the phase
transition from anatase to rutile at 550°C in these samples, the Degussa P25 pellet
stays in a conductive configuration. The difference plot at 450°C during the cooling,
presented in figure 5.3.6, examines that the dipole centres are still detectable. On
one hand, the non-textured diffraction rings are without exception identified as rutile
reflections which can be explained by the starting anatase to rutile transition at the
maximum temperature [26,62]. On the other hand, the anatase (004)-reflection with

textured structure is also detectable, however, much weaker than during the heating
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Figure 5.3.7: Difference plot between XRD 2D-detector image of a Degussa P25 pellet
with an external electrical field applied normal to the surface(En) and a Degussa P25
pellet without an external electrical field (EQ) measured in vacuum p ~ 1 - 10~* mbar
at 200°C during cooling. The intensity is in logarithmic scale. The limits of the
intensity of the difference 47 in dependency of the maximum intensity of the original
measurement Ip,q, is: 0.02 + Iey < Lgiff < 0.2 - Iyq,, modified from [42].

and the rutile (210)-reflection is strongly textured. Therefore, defective crystallites are
still included inside the material.

Because of the lower vacuum and the low electrical field applied, a re-switching in
insulating configuration below 250 °C is observed. The difference plot for the samples
at 200°C during cooling shows that there is no texture detectable anymore in any
diffraction ring. The observed rings are identified as anatase and rutile reflexes, no
further phases are detected. This means that the conductive configuration of titanium
dioxide is correlated directly with the presence of defective crystallites which will form
electrical dipoles.

In the last step, the crystallite growth is analysed by comparing a higher temperature
sample with a lower temperature one with the same electrical field configuration. The
difference between 400 °C and 300 °C for the sample with an external electrical field is
shown in figure 5.3.8. In both cases, the sample is already in the conductive config-
uration. The difference plot shows that in the anatase-(004) and rutile-(210) reflexes

there are nearly no changes, whereas the arminiase phase is growing. Comparing the
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Figure 5.3.8: Difference plot between XRD 2D-detector image of a Degussa P25 pel-
let with an external electrical field applied normal to the surface(En) at 400°C and
at 300 °C during heating. The intensity is in logarithmic scale. The limits of the in-
tensity of the difference Iy4¢ in dependency of the maximum intensity of the original
measurement I,,q, is: 0.02 « Iyey < Lgiff < 0.2 - Iy4,, modified from [42].

arminiase distribution in the original 2D-plots illustrates that the growth of the armini-
ase phase from 300°C to 400°C leads to a more statistically distribution of the new
phase. That means that a more inhomogeneous electrical field distribution inside the
titanium dioxide pellet occurs and supports a wider spread of the new pseudo titania
phase.

In summary, XRD measurements underline a significant structural difference between
insulating and conducting titanium dioxide thin films as well as in titanium dioxide
powders. This demonstrates the formation of a quasi-para-electric configuration in
crystal domain size by crystallisation of defective anatase and defective rutile crys-
tallites. Furthermore, the in-situ experiment illustrates that the alignment of newly
formed dipoles opens conductive channels and could form a new titanium dioxide phase.
The defective anatase and defective rutile crystallites acting as crystallisation centres
for this new arminiase phase by changing the density distribution close to the dis-
cussed lattice planes [154,155]. An inhomogeneous electrical field distribution inside
the material due to a better conductivity leads to a reduction of the arminiase texture

characteristic.
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5.4 DEFECT STRUCTURE AND CRYSTAL STRUCTURE

While photocatalytic activity measurements and resistivity measurements illustrate
the consequences of the defective crystal structure, XPS analysis and EPR measure-
ments should characterise the nature of the defects being necessary for mild tempera-
ture anomalies.

The XPS results, presented in figure 4.3.2 and in table 4.3.1, make clear that no strong
reduction could be observed in any sample, neither in quasi in-situ treated pellets nor

in black titanium dioxide systems. Especially, the black system includes low Ti**-sites

as well as a ratio of Os”ﬁ?ml ~ 2 which demonstrates that the equation 5.4.1 [33,34,38]:
Ti1-,09—, , <2y , y<0.1 (5.4.1)

is valid for the black samples.
Despite the surface sensitivity of the XPS method, it can be stated that there is no
strong reduction in the black powder sample due to the statistical distribution of crys-
tals inside powder samples.
The EPR method provides the opportunity to distinguish between lattice vacancy de-
fects Vo and reductions caused by interstitial defects Ti** due to the different Lande-
factors g of these defect sites. Furthermore, measurements at different temperatures
can indicate the localisation of the lattice position of a defect. Highly de-localised lat-
tice defects can be characterised by a small FWHM of the signal peak and by a missing
signal at room temperature because of the fast relaxation ability of this defects.
The EPR results of simply heat treated Degussa P25 powders at 100 K, presented in
figure 4.6.2, revealed a redistribution of the present defects. They change from de-
localised lattice defects in the powder treated at 220 °C in vacuum to localised electron
and hole trapping sites [29] in powder treated at 400°C in vacuum. Furthermore,
after this treatment lattice oxygen vacancies could not be detected. The defects in
the sample treated at 400 °C are localised on interfaces, especially, the hole trapping
sites. In connection with the surface area measurements, it can be stated that the
loss in surface area due to grain agglomeration leads to a high amount of interfaces.
Crystalline-crystalline-interfaces of different phases are described as a rigid amorphous
fraction which links the two different crystals. The covalent bonded oxygen inside this
rigid amorphous fraction is called bridging oxygen and has the highest possibility of
forming an oxygen vacancy [44]. This vacancy is also highly localised cause it is placed
inside this interface. The EPR results unveil that at 400°C the reduction of the tita-
nium dioxide is characterised by such oxygen vacancies acting as hole trapping sites.
The spectra of different titanium dioxide systems presented in figure 5.4.1 underline

this theory because the resonance in the hole trapping area is detected for black pow-
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Figure 5.4.1: EPR spectra of Degussa P25 powder and black titania powders before
and after calcination in air at room temperature with focus on the hole trapping sites
close to interfaces.

ders and powders treated at 400 °C to be like the in measurements at 100 K.

If the bridging oxygen of the rigid amorphous fraction is also an oxygen atom at the top-
to-top axis of a titania octahedron, then a periodical alignment along the grain bound-
ary is possible. There is a probability of the formation of defective mono-crystallites
which could be the defective anatase-(004) and rutile-(210) crystallites documented in
the X-ray diffraction measurements. Furthermore, the localisation on grain boundaries
would also lead to a high mechanical stress for these mono-crystallites causing a dis-
placement along the y-angle of the diffraction pattern as it is shown in figure 5.3.2.
The electron overflow during the resistivity measurements which lead to the black
colour also causes a significant increase of lattice oxygen vacancies and Ti*-sites com-
pared to simply heat treated powders.

Each one of these described effects, especially, the possible formation of defective mono-
crystals are based on oxygen vacancies. This is proven by air calcination of the black
titania powder. On one hand, this powder turned white on the other hand, the EPR
results at 100 K as well as at room temperatures show a significant lower amount of
cach defective site. Lattice oxygen vacancies and Ti**-sites and hole trapping sites
localised at interfaces are hardly observable.

In summary, the heat treatment in vacuum of titanium dioxide samples in combina-
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Figure 5.4.2: I-V-characteristics of activated Degussa P25 pellets in vacuum(p ~ 1 -
1075 mbar) and a reference resistance of 1k for different maximum external applied
voltage. The symbols marking 10V steps of applied source voltage. The black arrows
marks the direction of the hysteresis, which is from insulating state to conducting state
in each measurement [42].

tion with an external electrical field causes a highly defective structure and a colour
change from white to black. The defective structure is characterised by oxygen vacan-
cies in the top-to-top positions inside the original octaherons. EPR measurements at
room temperature proves that these lattice defects can act as charge carrier trapping
sites and are highly localised. The possibility to pin the charge carrier trapping sites is
maximised in the rigid amorphous fraction close to line defects. Therefore, the pinning
of such trapping sites is probable in Degussa P25 powders due to the two phase system
and the grain agglomeration during vacuum treatment. Furthermore, a new crystalline
phase, arminiase, is observed during in-situ measurement since the density distribu-
tion in the (004)- and (210)-direction is changed due to lattice defects and form a new
periodical structure with para-electric characteristics. The crystallisation temperature
is approximately 300 °C.

A Degussa P25 pellet is activated by calcination in vacuum with an external electrical
field applied up to 300°C followed by the measurement of the I-V-characteristics at
room temperature to examine this very working hypothesis. The results are shown
in figure 5.4.2. Similar to the anatase thin film samples the resistive switching due
to conductive channels caused by the alignment of dipoles is observable. Moreover,
this process is completely reversible. This means the conductive configuration is only
depending on the absolute voltage of the external electrical field but independently
of the direction of the electrical field. The quasi-para-electric configuration based on
the arminiase-centres is stable at room temperature in reducing atmosphere and can
be aligned in both directions. Since arminiases ionic properties the enhanced charge

carrier transfer could be caused by an improved polaron based conductivity [156,157].
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Conclusion

Several titanium dioxide systems were characterised by unique in-situ methods. A
commercial titanium dioxide powder, a sol-gel-based titanium dioxide powder and a
CVD-based titanium dioxide thin film were analysed in oxygen rich and oxygen poor
atmospheres with respect to their surface area, resistivity, crystal structure, chemical
composition and lattice defect distribution. While they were all consisting of differ-
ent initial crystal structures, such as anatase, rutile and amorphous structure, similar
anomalies could be observed in their electrical properties and their morphology changes
at temperatures below the phase transition temperatures. A correlation of these mild
temperature anomalies and the lattice defect distribution was discussed.

Degussa P25 powder, a commercial titanium dioxide powder was used as reference
material. The heat treatment of this samples in various atmospheres and at various
temperatures revealed an anomalous behaviour of its morphology which highly influ-
ences the photocatalytic activity of the material. Despite a significantly lower surface
area, the sample treated at 400 °C in vacuum improves its overall photocatalytic activ-
ity by nearly 20 % compared to the reference material. On one hand, it could be proven
that the external surface area is a minority parameter while improving the photocat-
alytic activity. On the other hand, the charge carrier transfer through the material,
the major parameter, showed a maximum in photocatalytic efficiency for Degussa P25
powders treated between 200°C and 400°C in vacuum. That layed the focus of this
work at the charge carrier transfer ability of several titanium dioxide systems.
Nitrogen adsorption was used to investigate the surface area of each powder sam-
ples. EDX, XPS and EPR-measurements were performed to characterise the chemical
composition and defect structure, respectively. Additionally, the charge carrier transfer
characteristics and its correlation to structural changes of each titanium dioxide system
were analysed by performing in-situ resistivity measurements on a own build experi-
mental setup as well as I-V-characteristics performed by a slightly modified setup.
While the mild temperature anomalies of the resistive behaviour was neutralised in

oxygen rich atmosphere, a conductive switching was observable in vacuum for each
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titanium dioxide system.

The XPS-analysis showed that the pure amount of defects inside the titanium dioxides
was not increased drastically. Although, natural defects are always present and the
heat treatment triggers a diffusion process.

The diffusion of lattice defects during calcination in a reducing atmosphere lead to
the redistribution of such defects and the formation of charge carrier trapping sites
localised at grain boundaries, shearing lines or other interfaces confirmed by EPR-
measurements. The alignment of such trapping sites caused anisotropically conductive
channels and the conductive switching behaviour between 200°C and 300 °C.
[-V-characteristics showed that these channels are caused by the alignment of newly
formed dipoles. Moreover, in two-crystalline-phase titanium dioxide systems these
channels are stable at room temperature and can be opened or closed by an external
electrical field with high reversibility. This confirmed that significant dipole moments
are formed due to a new defect distribution and changed the titanium dioxide systems
from a dielectric configuration to a quasi-para-electric configuration.

Furthermore, during the in-situ synchrotron experiments the presence of unknown re-
flexes was observed with the beginning of the resistive switching process. The analysis
of phase transition behaviour, chemical composition and electrical properties confirmed
the formation of a new titanium dioxide based para-electric phase. An auxiliary phase,
arminiase, was constructed to make a quantitative analysis possible. The arminiase-
centres could be understand as defective titanium-oxide-polyhedra localised in a rigid
amorphous interface area which were aligned in an external electrical field forming a
periodical highly textured structure.

Lattice defects allows inter-gap-states inside the band structure of the semiconduc-
tor and leads to an overlap of the defective states inside the conduction band(n-type
doping) and the defective states inside the valence band(p-type doping). The redistri-
bution of lattice defects in vacuum during annealing causes the formation of conductive
channels, possibly, due to this band structure overlapping.

A density redistribution caused by the alignment of the dipoles and the formation of
anisotropic conductive channels is understand as arminiase-crystallisation-centres. The
crystallisation of arminiase itself stabilises these conductive channels during further an-
nealing in vacuum. The ionic nature of the auxiliary phase provides the possibility of
a polaronic effect. In this case, the electron-phonon interaction inside a ionic crystal
lattice leads to a strongly enhanced conductivity through the bulk material.

As a result, the polaronic active titanium dioxides with a higher density of states in-
side the band gap are expected to show tremendous changes in their photocatalytic
properties. The new density of states will allow to use a wider spectrum of the inci-
dent light. Considering these photo-induced charge carriers interacting with natural

phonons of the crystalline lattice, the charge carrier transfer will be enhanced and a
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significantly higher amount of charge carriers can diffuse to the surface and improve
the photocatalytic efficiency.

It is important to mention that a significant higher amount of free charge carriers
formed arbitrary inside the titanium dioxide also leads to a higher recombination pos-
sibility and decreases the photocatalytic efficiency. Hence, it is not clear yet, how the
new titanium dioxide phase will influence the water purification process of the photo-
catalytic reactor now.

It is expected that it is probable to benefit from the enhanced charge carrier transfer
of the titanium dioxides and eliminate the parasitic effects.

For example, the fact that it is possible to create a titanium dioxide system which
shows polaronic effects will make this newly invented system feasible for further ap-
plication, especially in combination with the patented reactor design. The design of
functional gradient materials from titanium dioxide thin films with improved polaronic
effects to originally used titanium dioxide thin films can provide a more controllable
charge carrier trapping and cause localised plasmonic behaviour. This will not only
improve the water purification process it will also be an alternative to non-metal plas-
monic TiO9-MoSs-systems currently used for hydrogen generation from photocatalytic
driven hydrolysis of water [158].

That means, that during this work it was possible to increase the charge carrier trans-
fer ability of titanium dioxide thin films prepared by chemical vapour deposition by
forming a new density distribution inside the titanium dioxide crystalline lattice due
to a redistribution and new formation of lattice defects.

The arminiase-phase is an auxiliary-construction and needed further investigation. On
one hand, it needs to be evaluated how the arminiase-centres cause the electrical and
dielectric anomalies observed in each titanium dioxide system. On the other hand,
further investigation is needed to understand the exact preparation conditions for the
formation of the defective titanium-oxide-polyhedra and their alignment inside an ex-
ternal potential.

Finally, it is necessary to study how the stabilisation of the permanent dipoles and
their alignment at room temperature in normal atmosphere can be provided. This
might be of an high interest for the development of new quasi-para-electric materials
initially based on TiOg-octahedral such as photocatalytic active titanium dioxide or

pseudo-piezoelectric calcium titanite.
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Appendix A
Resistivity

RESISTIVITY MEASUREMENTS DURING IN-SITU XRD EXPERIMENTS
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Figure A.1: Resistivity of the measured Degussa P25 pellets during in-situ XRD mea-
surement at the P07 beamline. The reference resistance is R = 1 M) and the applied
voltage is Uspuree =~ 10 V.
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Appendix B

Structure

Figure B.1: Arminiase unit cells with lattice occupancies of the titanium atoms lattice
spots of 100 %. The occupied lattice spots depend on the orientation of the electrical
field. It is assumed, that the electrical field orientation on the left side is in the opposite
direction compared to the right side.
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Figure B.2: Rietveld refinement of the black Degussa P25 pellet sample. The experi-
mental data is represented as points and the theoretical calculated curve is represented
as red line. It is assumed that defective anatase and defective rutile is included. These
two defective phases are representing the density distribution changes inside the origi-
nal phases and are the basis of the arminiase phase crystallisation.
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EPR

COMPLETE EPR-MEASUREMENTS FOR FIELD ASSISTED SAMPLES
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Figure C.1: Complete EPR-measurements of the the field assisted prepared samples
and the powder annealed at 400°C in vacuum. Left: Measured at 100 K. Right:
Measured at room temperature.
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