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A mi hijo Alexander...



"Yes, my friends, I believe that water will one day be employed as fuel, that
hydrogen and oxygen which constitute it will furnish an inexhaustible source of heat

and light. Water will be the coal of our future”.

Jules Verne, The Mysterious Island (1874)
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Kurzzusammenfassung

Um beunruhigende Energie- und Umweltprobleme der heutigen Zeit angehen zu konnen,
werden hochst effiziente Systeme zur Umwandlung und Speicherung von Sonnenenergie
benoétigt. Ein solches stellt die photokatalytische Spaltung von Wasser in Wasserstoff und
Sauerstoff mithilfe von Sonnenlicht dar. Als Katalysatoren fiir die dabei ablaufenden
Prozesse werden halbleitende Metalloxide benutzt. Die zukiinftige Herstellung solcher
Photokatalysatoren erfordert ein tiefes Verstdndnis der zugrundeliegenden Mechanismen.
Ein Ziel dieser Arbeit war es daher, die photodynamischen Prozesse von NaTaO; mithilfe
von Laser-Blitz-Photolyse-Experimenten und EPR Spektroskopie zu untersuchen. Das
Material wurde chemisch und physikalisch charakterisiert, um die Energieniveaus des
Leitungs- und Valenzbandes zu bestimmen. Der Einfluss einer Dotierung mit Lanthan auf
deren Position wurde mithilfe elektrochemischer Messungen untersucht. Hierbei wurde eine
photoelektrische Zelle mit einer Drei-Elektroden-Konfiguration verwendet. Die

Praparierung der Arbeitselektroden mit NaTaOs; wird beschrieben.

Bei den Laser-Blitz-Photolyse-Experimenten zeigten sich Signale, welche charakterisiert
werden mussten. Hierzu wurden Experimente mit verschiedenen Elektronen- und
Locherfangern durchgefithrt. Als Elektronenfanger dienten Luft, reiner Sauerstoff und
Platin, als Locherfinger verschiedene Alkohole. Alle Untersuchungen wurden sowohl fiir
undotiertes NaTaOs als auch fir unterschiedlich starke Dotierungen mit Lanthan (0.57,
0.83 und 1.11 wt. % La) durchgefiihrt.

Bei Bestrahlung mit einer Wellenlénge, die ausreichend zur Uberwindung der Bandliicke
bei 248 nm ist, konnte ein Signal bei 310 nm gemessen werden. Um die Ursachen dieses
Signals zu untersuchen, wurde eine Reihe von Experimenten durchgefiihrt, bei denen die
Proben mit einer Wellenlénge unterhalb der Bandliicke bei 351 nm bestrahlt wurden. Dabei
zeigten sich im Vergleich zu den vorherigen Messungen um den Faktor zehn schwachere

Signale.

Aus den Experimenten kann geschlossen werden, dass die Bestrahlung mit der Wellenlénge
248 nm photogenerierte Locher erzeugte, die Bestrahlung mit der Wellenldnge 351 nm
hingegen zur Bildung photogenerierter Elektronen fithrte. Diese Schlussfolgerungen werden
von den durchgefithrten EPR-Messungen gestiitzt, bei denen ebenfalls Ta¥ beobachtet

wurde.

Die Ho-Bildung unter Bestrahlung bei 350 nm wurde gemessen, um die Quantenausbeute

bestimmen zu kénnen (0.97%).

Stichworter: Natriumtantalat, Photokatalyse, Laser Blitz Photolyse, getrappe
Ladungsgtrager, EPR.



Abstract

In order to solve the most concerning global energy and environmental issues, highly
efficient systems for solar energy conversion and storage are needed. One of them is the
photocatalytic conversion of solar energy into molecular hydrogen and oxygen in a process
called water splitting. For this purpose, metal oxide semiconductors are used as catalysts
for this process.

In order to design and develop efficient photocatalysts that can split water, a deep
understanding of the mechanistical aspects is required. In this thesis, the photodynamics
of NaTaOs have been investigated by means of laser flash photolysis and EPR spectroscopy.
Some characterization of the material has been performed as well in order to establish the
energetic positions of the conduction and valence bands.

The influence of the lanthanum doping on the conduction band position was evaluated by
means of flatband potential measurements. A photoelectrochemical cell was employed with
a three-electrode configuration. The preparation of the working electrodes with NaTaOj is
explained as well.

The laser flash photolysis measurements and the EPR spectoroscopy delivered some signals
that needed to be characterized. For that purpose, experiments using different electron and
hole scavengers were carried out. As electron scavengers, air, Os, and Pt were used whilst
different alcohols were employed as hole scavengers. All investigations were performed for
undoped NaTaOs; and for the material with different lanthanum dopings (0.57, 0.83 and
1.11 wt.% of La).

When the material was irradiated with a band gap excitation wavelength of 248 nm a
signal at 310 nm was measured. In order to evaluate the nature of that signal, a series of
experiments were performed with a sub-band gap irradiation wavelength of 351 nm, which
delivered signals ten times lower in intensity.

From the experiments it can be concluded that the signal observed with the 248 nm
irradiation belongs to the photogenerated holes and when the 351 mn wavelength was used,
signals belonging to the photogenerated electrons can be measured.

These observations correlate with the performed EPR measurements where Talv species
could be detected as well.

The formation of molecular hydrogen using 350 nm was measured in order to calculate the

quantum yield (0.97%).

Keywords: sodium tantalate, photocatalysis, laser flash photolysis, trapped charge

carriers, EPR.
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1. Introduction and aim of the work

1. Introduction and aim of the work

1.1  General background

In the next decades an increase in the worldwide energy demand is projected, with the
developing countries being the largest group of energy consumers. Fossil fuels including
oil, coal and gas will remain the dominant energy sources being today responsible for
approximately 88 % of the world’s energy supply. However, combustion of fossil fuels
contributes to the so called greenhouse effect, increasing the air pollution by producing

CO; as can be seen in eq. 1.1 and eq. 1.2 1%

CH, + 20, - CO, + 2H, 1.1
C+ 0, > CO, 1.2

Due to the depletion of the world’s fossil fuel reserves, it becomes inevitable to search
for new energy sources that are clean, renewable, cheap and safe. Therefore, solar energy
conversion has been receiving more attention in the last decades. The sun provides the
earth with a staggering amount of energy but actually only a very small portion is used
to directly power human activities *. Many researchers have centered their investigation
into developing efficient systems to convert solar light into chemical energy. To reduce
air pollution and greenhouse gas emission, molecular hydrogen (Hs) is considered to be
an ideal energy alternative in the future *. Therefore, H, has received considerable
attention as a next-generation energy carrier being used in the industrial synthesis of
ammonia and other chemicals. The most common method of producing commercial bulk

hydrogen is the steam reforming of natural gas:

CH, + H,0 — CO + 3H, 13
CO+ H,0 > CO,+ H, 1.4

However, over the last few decades, photocatalytic overall water splitting using sunlight
has been studied as a potential method for hydrogen production from clean and

renewable sources °.

2H,0 - 2H, + 0, 15

Catalytic splitting of water into H, and O, is an uphill reaction, involving a positive

change in the Gibbs free energy (AGy = 238 kJ - mol™!). Molecular hydrogen produced

1
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from water splitting using a renewable energy source such as solar light can be

considered a green alternative capable of power everything from laptops to submarines
6

1.2 Photoelectrochemical Water Splitting
1.2.1 Photoelectrochemical Cells

Ever since the scientist Edmond Becquerel " discovered the photoelectric effect,
researchers and engineers have been trying to capture the energy that is freely available
from sunlight and turn it into electric power or use it to generate fuels such as hydrogen.
Thanks to the innovative work of Fujishima and Honda in 1972, it could be
demonstrated that overall water splitting can be achieved using a photoelectrochemical
cell (PEC) in which a single-crystal TiO, electrode under ultraviolet irradiation is
connected with a platinum electrode and an external power supply ® The main
component of the PEC cell is the semiconductor, which converts incident photons into
electron/hole pairs. These electron/hole pairs are spatially separated from each other
due to the presence of an electric field inside the semiconductor. The photogenerated
electrons are swept toward the conducting back-contact, and are transported to the
metal counter electrode via an external wire. At the metal, the electrons reduce water
to form hydrogen gas. The photogenerated holes are swept toward the
semiconductor /electrolyte interface, where they oxidize water to form oxygen gas  as it
is illustrated in Fig. 1.1. Since then, many PEC cells have been developed, many of
which are designed specifically for the efficient utilization of solar energy. The

requirements for solar water splitting materials can be summarized as follows:

- Good (visible) light absorption.

- High chemical stability in the dark and under illumination.

- Band edge positions that straddle the water reduction and oxidation potentials.
- Efficient charge transport in the semiconductor.

- Low overpotentials for reduction/oxidation of water.

- Abundant and cheap synthesis.

- Non-toxic.
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4H*+4e —> 2H,

1.23 eV
Light
/”2 H,0+4h' —> 4H +0,
n-type Semiconductor Electrolyte Metal

Figure 1.1: [Illustration of a photoelectrochemical cell that consists of a

semiconducting photoanode and a metal cathode.

In semiconductors, the orbitals are merged into a nearly filled valence band and a nearly
vacant conduction band separated by a band gap E,. When a semiconductor is immersed
in a solution, charge transfer occurs at the interface until the electrochemical potential
(pe) of the electron in both phases are equal. The net result is the formation of an
electrical field at the surface of the semiconductor. The direction of this electric field
depends on the relative electron affinities of the semiconductors and the solution. For
an n-type semiconductor, which is one that is doped with a donor species so that some
electrons are in the conduction band, the field frequently forms in the direction from

10

the bulk of the semiconductor toward the interface (see Fig. 1.1). A p-type
semiconductor is one that is doped with an acceptor impurity to produce holes in the
valence band. In this case equilibration occurs by electron transfer from the
semiconductor to the electrolyte, causing the semiconductor to become positively

charged with respect to the electrolyte .

The spectral region in which the semiconductor absorbs light is determined by the band
gap of the material. It is necessary for water splitting by semiconductor photocatalysis
that the conduction band levels of the material are more negative than the reduction
potential of H;O to produce Hs and their valence band levels are more positive than the
oxidation potential of H.O to produce O,. Therefore, the minimum band gap required
to split water is 1.23 eV plus the thermodynamic losses (0.3-0.4 eV) and the
overpotentials that are required at various points in the system to ensure sufficiently

12

fast reaction kinetics '*. Hence, the optimum band gap should be between 1.9 and 3.1

eV, which is within the visible range of the solar spectrum.
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The chemical stability is a requirement that limits the use of several semiconductor
materials. Most non-oxide semiconductors suffer from photocorrosion forming a thin
oxide layer that prevents charge transfer across the semiconductor/electrolyte interface.
Oxide semiconductors are more stable, but may be prone to anodic or cathodic
decomposition. The general trend is that the stability against (photo)corrosion increases
with increasing band gap . Although this conflicts with the requirement of visible light

absorption.

Titanium dioxide has been the semiconductor favored for the photoelectrochemical
studies. Unfortunately, because of its large band gap (3-3.2 eV), TiO; only absorbs the
ultraviolet part of the solar spectrum. However, due to the lack of suitable
photoelectrode materials with appropriate band gap structures and stability, the
systems proposed to date have been rather expensive and complicated . The work of
Bard and co-workers extended the concept of developing systems for overall water
splitting by using semiconductor particles or powders instead of PEC cells "1, In
comparison with PEC systems, these particulate systems have the advantage of being
much simpler and less expensive to construct and use. Moreover, the efficiency of light
absorption in suspensions can be very high. Another advantage is that a variety of
materials can be used in particulate systems that may not be available as single crystals
1. However, some challenges such as separation of the products and recombination of

the photogenerated charge carriers must be taken into account.

1.2.2 Photocatalytic Systems

As early as 1929 it became known that the pigment “titanium white” 7.e. TiO,, is
responsible for fading in paints, and major studies into the photosensitizing action of
TiO, followed '°. Since then, TiO, has been one of the most studied semiconductor
materials. Although, other n-type oxide semiconductors have been employed as
photocatalysts for water splitting, the inappropriate distribution of the conduction and
valence bands and / or a too large band gap makes these materials less than ideal for
use in photoelectrochemical cells or as particulate systems. Therefore, the need of further

investigation of suitable semiconductor photocatalysts is needed.
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Figure 1.2: Energy level diagram indicating the energy positions of the conduction and
valence bands of several semiconductors in aqueous media at pH 0 '".

Band levels of various semiconductor materials are shown in Fig. 1.2. Hereby the metal
oxides KTaO;, SrTaO; and TiO. possess suitable band structures for water splitting
under UV irradiation when they are suitably modified with co-catalysts. The two main
roles of an efficient co-catalyst are (a) to extract photogenerated electrons or holes from
the photocatalyst bulk and (b) to create reaction sites decreasing the activation of
energy for gas evolution . Although CdS seems to have an ideal band structure and a
band gap within the visible light response (2.4 eV), it is not active for water splitting
into Hy and O, since S*~ in CdS is oxidized by the photogenerated electrons rather than
H-,O. This is accompanied with the anodic dissolution of the semiconductor and the

formation of Cd** according to the following equations :

CdS+hv — hig+ ecp 1.6
CdS + 2hfy — Cd*t +S 1.7

In the presence of molecular oxygen, the overall process will be:

CdS + 20, — Cd** + SOzt 1.8

Semiconducting electrodes often have to be doped to improve their properties. In most
cases the aim is to enhance the n- or p-type conductivity. Certain dopants may enhance
the optical absorption of wide band gap semiconductors #, increase the minority carrier
diffusion length ??* or enhance the photocatalytic activity at the surface of the
semiconductor . Other dopants introduce mid gap states or can adversely react as
recombination centers *. In addition of foreign cation and anion dopants, native point
defects are also present in the material such as vacancies, interstitials or substituents °.
Furthermore, KTaOs, Sr'TaO; and TiO. are considered to be the most stable materials
for photocatalytic redox reactions since they do not undergo photocorrosion (which is

the case of CdS). WOs is a good photocatalyst for oxygen evolution under visible light
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irradiation in the presence of electron acceptors such as Ag* and Fe* but is not active
for hydrogen evolution because of its low conduction band level. The band edge position
is a thermodynamic requirement but not a sufficient condition. The band gap of a visible
light driven photocatalyst should be narrower than 3.0 eV (>415 nm). Therefore,
suitable band engineering is necessary for the design of photocatalysts with visible light

response.

1.3 Objectives

Due to the inherent complexity of the photoelectrochemical systems, details of the
underlying reaction mechanisms are still far from being understood. The reaction rate
of the overall process will be limited by the slowest reaction step, which in most cases
is not known. Therefore, a better understanding of the mechanistic details of the
photocatalytic process is required before several basic problems such as the preparation

of catalysts with improved photocatalytic activity can be addressed in a systematic way.

From the scientific point of view, the focus of this thesis is the elucidation of the
fundamental processes that take place during water splitting after light excitation using
laser flash photolysis as the chosen method. Based on the work of Kudo ef. al in 2003,
sodium tantalate NaTaOs, has been chosen as a model semiconductor for this work %.
To this day, lanthanum doped sodium tantalates modified with NiO as co-catalyst have
shown the highest apparent quantum yield for water splitting (56 %) when the material
was irradiated with a wavelength of 270 nm *. The sodium tantalate materials used in
this thesis have been synthesized by solid state reactions by the H.C. Starck Company
(Goslar) and delivered to the Leibniz University of Hannover. This took place within
the framework of a joint BMBF Project called “Neue Katalysatoren und Technologien
fir die solar-chemische Wasserstofferzeugung” (“Hycats”). Although these materials do
not receive special interest as photocatalysts for possible future solar energy applications
because of their wide band gap (4.0 eV), they constitute a suitable model for research.
In the first part of this work, characterization of the materials has been done using
different techniques such as scanning electron microscopy, specific surface area
measurements, Raman spectroscopy, diffuse reflectance, photocatalytic hydrogen

evolution and electron paramagnetic resonance.

The central objective of the present thesis, however, is to investigate the photogenerated
charge carrier dynamics of the sodium tantalate materials using laser flash photolysis
measurements. A deeper understanding of the mechanisms of these materials will lead
to optimization and a better design of novel semiconductor materials suitable for overall
water splitting. In this work different aspects are studied, i.e., lanthanum doping and
in particular, photodeposition or loading of sacrificial reagents in order to investigate
their impact on the charge carrier dynamics. As was reported from A. Kudo and H.
Kato 2, the activities of tantalates for water splitting were improved after doping with

18,27C

lanthanides, with lanthanum being the most effective dopant. Only few works an
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be found that study NaTaO; using laser flash photolysis. It has to be noted that some
laser flash studies done to date were performed with colloidal solutions whilst in this
thesis the measurements were done directly to the powders using a diffuse reflectance

accessory.

The photocatalytic activity can be improved by loading different co-catalysts on the
host surface due to the trapping of photogenerated charge carriers and / or creation of
active sites. In this work, the sodium tantalate powders were modified by
photodeposition of Pt nanoparticles on the surface of the photocatalyst, in order to
study the importance of the presence of small noble metal islands in the kinetics of the

photogenerated charge carriers.

Several alcohols have shown different photocatalytic activities for H, evolution using
different photocatalysts including TiO,. These alcohols act as electron donors, trapping
the photogenerated holes and hindering the recombination reaction. However,
systematic study of the effect of alcohols on the dynamics of the photogenerated charge
carriers using sodium tantalate materials has not been carried out yet. Only a few
mechanistic studies have been published (mainly on TiO,) dealing with the fundamental
understanding of the photocatalytical processes occcuring in the presence of such

sacrificial reagents.

It has to be noted that all measurements in this work have been performed employing
two different laser excitation wavelenghts (248 and 351 nm), in order to evaluate the
behavior of the different photogenerated charge carriers when light with sub-band gap

and super-band gap is used to excite the sample.
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2. Theoretical background

2.1 Band bending and formation of Schottky barriers

The properties of semiconductors depend strongly on their electronic structure. Due to the
essentially infinite number of atoms that must be considered, the electronic structure of
these solids is typically discussed in terms of energy bands. There are two atomic levels,
which are of considerable importance: the highest occupied and the lowest unoccupied by
electrons. These two atomic levels give rise to two different bands in the solid. The band
resulting from the lowest occupied level is called the valence band (Evg) and that resulting
from the unoccupied level is the conduction band (Ecg). Thus, the valence band will be
totally occupied by electrons, whereas the conduction band will be partially or totally free
of electrons. The metallic, semiconductor or dielectric properties of a solid are determined
by the factor how the two bands are filled by electrons. The difference between the top of
the valence band and the bottom of the conduction band is called the electronic band gap
(Eg). Usually if the band gap is in the range of 1 to 4 eV, the material is considered a

semiconductor %

. Thus, in the semiconductors, the band gap is not so large and the
electrons can be transferred from the valence band to the conduction band e.g. by thermal
excitation when the semiconductor is irradiated with light of an energy equal or greater
than the band gap. The excitation of electrons leaves positively charged vacancies in the
valence band of the semiconductor, that are mobile and usually called "holes”. A hole is
an empty level in the valence band, or in other words, a valence bond with a missing
electron. As a result, the current in semiconductors is made up by two components: the

mobile electrons in the conduction band and the mobile holes in the valence band .

It is clear that the positions of the band edges have a crucial influence on the photoactivity
of the semiconductors. This is due to the fact that the band edge positions will normally
depend on surface charging. This will be highly dependent not only on the ionic conditions
in a concrete electrolyte (pH, specific absorption of ions), but also on the surface structure
and composition of the material, which in turn, will depend on the particular synthetic
strategy used for the fabrication **. NaTaOjs is a n-type semiconductor. This means that its
Fermi level (Er) is typically right below the conduction band edge. From the
thermodynamic point of view, the Fermi level is the electrochemical potential of the
electron in the solid. Equivalently, from the statistical point of view, the Fermi level is the
energy at which the probability of an energy level of being occupied by an electron (the
Fermi function) is 0.5 (note, however, that this not implies that the level at the Fermi level
is populated by electrons because the population depends upon the product of the Fermi
function and the electron density of states). Hence, the Fermi level describes the occupation

0. However, the

of energy levels in a semiconductor in thermodynamic equilibrium
condition of thermodynamic equilibrium is not always fulfilled (particularly when excess

electrons and holes are photogenerated under illumination or injected under electric bias).
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Accordingly, the electron and hole densities in the conduction and valence bands are not
described by the same Fermi level but by a quasi-Fermi level of electrons (xEr,) and a
quasi-Fermi level of holes (xEg,) respectively *#*31. It should be also noted that the
generation of electron/hole pairs usually occurs near the semiconductor surface due to the
small penetration of light, which leads to variations in the quasi-Fermi level of holes with
the distance from the surface. Importantly, in case of n-doped semiconductors such as TiO»
and NaTaOs3, the lower conduction band edge practically merges with the quasi-Fermi level
of the electrons (Ecs - *Era < 0.1 V).

The determination of the conduction band edge often translates into the measurement of
the position of the quasi-Fermi level of the electrons. Once this is known, the position of
the valence band edge can be simply calculated by adding the value of the band gap energy,
that is, typically determined by optical 323! or photoelectrochemical methods **¢. Another
important concept is the flatband potential (Erg). After the contact of the semiconductor
surface with the electrolyte, the thermodynamic equilibrium of both sides must be
established »#37, This equilibration happens through electron transfer across the interface,
which results in the formation of a space charge layer (also called depletion layer since the
surface region of the semiconductor is depleted of its majority charge carriers). It is
important to realize that in the case of n-type semiconductors, this interfacial transfer
process produces an excess of positive charges in the semiconductor and an excess of
negative charges in the electrolyte. With more electrons exchanged, the electric field of the
negative charges on the solution side hinders further electron transfer so that the
equilibrium is established and no net charge flow occurs *. As a consequence the bands are
bent upwards, which can be understood in terms of a continuously growing barrier for
interfacial electron transfer when moving from the bulk of the semiconductor to the
interface due to the continuously less efficient screening of the negative charges in the
solution by the positive charges in the depletion layer *. The height of the barrier is the
energy difference between the conduction band edge in the bulk semiconductor and the
conduction band edge at the surface and correspond to the potential drop in the space

charge layer Us.

In Fig. 2.1 are illustrated two possibilities of the semiconductor/electrolyte contact (the
figure only illustrates the possibilities of an n-type semiconductor). When the Fermi level
of the semiconductor lies higher in energy than the redox potential of the electrolyte
solution Fig. 2.1(a), electrons will be transferred from the semiconductor to the electrolyte.
This is reflected in an upward bending of the band edges *. Since the majority charge
carriers of the semiconductor has been removed (electrons for an n-type semiconductor) a
region called depletion layer is formed. The Fig. 2.1 (b) shows a semiconductor with a
Fermi level lower in energy than the redox potential of the electrolyte. In this case, electrons
flow from the electrolyte solution to the semiconductor and an accumulation layer is
formed. This band bending phenomenon is by no means exclusively for the semiconductor/
electrolyte interface. Analogous electrostatic adjustments occur whenever two different

phases are in contact (e.g. semiconductor/gas, semiconductor/metal) *. An important
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distinction from the correspondent metal case now becomes apparent. For a metal, the
charge, and thus the associated potential drop, is concentrated at the surface penetrating
at most a few angstroms into the interior. The high conductivity of a metal cannot support
an electric field within it. Thus, when a metal electrode comes in contact with an
electrolyte, almost all the potential drop at the interface occurs at the Helmholtz region in

the electrolyte phase.

a)
Semiconductor Electrolyte Semiconductor Electrolyte
Ecs
P
Ecs
Eredox F Eredox
Evs
Eve Depletion Layer
Semiconductor Electrolyte g Semiconductor Electrolyte
b) E e E
 Fredox EF redox
Es
Ep oo
Eve
—\ Accumulation Layer
Evg

Figure 2.1: Scheme of the n-type semiconductor/electrolyte contact. (a) semiconductor
with a Fermi level higher in energy than the redox potential of the electrolyte. After
equilibrium a depletion layer is formed. (b) semiconductor with a Fermi level lower in
energy than the redox potential of the electrolyte. After contact, an accumulation layer is
formed.

In general, at a metal/semiconductor interface an ohmic contact and a Schottky contact
can be differentiated. At an ohmic contact, a metal/semiconductor contact with a low
electric resistance is formed. The main difference with the Schottky contact is that due to
the low resistance, a continuous flow of charge carriers between the metal and the
semiconductor as well as from the semiconductor to the metal is observed. Therefore, it is
considered a linear transition. The formation of an ohmic contact depends of the band gap
(E;) and the Fermi level (Er) of the metal and the semiconductor. If the difference between
the Fermi level of the semiconductor and the metal is small, the band bending will be small

as well. In Fig. 2.2 a current/voltage diagram of an ohmic contact is represented.
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Current (1)

Voltage (V)

Figure 2.2: Illustration of a current/voltage diagram of an ohmic contact.

In the case of a Schottky contact, the difference between the Fermi levels of the metal and
the semiconductor is higher than for an ohmic contact and therefore, the band bending is
more pronounced and a higher electric resistance is obtained. This resistance leads to a
potential barrier that forces the electric flow only in one direction through the
metal/semiconductor interface. In Fig. 2.3 a current/voltage curve of a Schottky contact
is illustrated. The red area in the figure corresponds to a blocking area where no transport
of charge carriers occurs. This is the main difference between ohmic and Schottky contact.
If a voltage higher than the potential barrier is applied an electric flow results, which is
represented in the green area from the Fig. 2.3. For illustrate completely the photocatalytic
process, the semiconductor/electrolyte interface has to be taken into account as well. In
Fig. 2.4 is represented a contact between metal/semiconductor/electrolyte under

semiconductor illumination.

Current (1)

T Schottky barrier

Voltage (V)

Figure 2.3: [llustration of a current/voltage diagram of a Schottky contact.
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Figure 2.4: Metal/semiconductor/electrolyte contact under semiconductor irradiation.

As it has already been explained, the Fermi levels and the redox potentials of the different
materials have to align. This results in a band bending in the semiconductor at the
metal/semiconductor and semiconductor/electrolyte interfaces. The potential barriers at
the metal /semiconductor and semiconductor/electrolyte interfaces are responsible for the
separation of the charge carriers. The barrier formed at the metal-semiconductor interface
is called the Schottky barrier and can serve as an efficient barrier to prevent the undesired
electron migration back to the semiconductor *. While the electrons are trapped at the
noble metal surface, the holes remain at the host photocatalyst and migrate to its free

surface ensuring an efficient charge separation *.

Before contact After contact

Depletion
Layer

CB by

——CB

77777777777777777 VB

Metal Semiconductor Metal Semiconductor

Figure 2.5: Scheme of the metal/semiconductor interface. E¢: vacuum level, Ep: Fermi
level, ¢m: work function of the metal, ¢s: work function of the semiconductor, ¢y: barrier
height.
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The effect of different metals like Pt, Au and Ag after the deposition on titanium dioxide
have been extensively studied *. The difference in their photocatalytic activity can be
related to their work function values (¢), which can be defined as the energy required to
promote an electron form the Fermi level into the level of energy where the electron can
move freely in the space (vacuum) *. The higher the work function value, the lower the
Fermi level and the bigger the difference between work function of metal and semiconductor
* (see Fig. 2.5). Therefore, the Schottky barrier will be increased leading to a more efficient
electron trapping by the loaded metal, an efficient charge separation and higher
photocatalytic activity for hydrogen evolution. There is a characteristic region near the
semiconductor surface from which the charge is removed by the equilibration process.
Beyond this boundary in the bulk of the semiconductor, the ionized donors (for an n-type
semiconductor) have their compensating charge (electrons), and the semiconductor as a
whole is electrically neutral. This layer near the surface is called space charge layer or
depletion layer, so termed because the layer is depleted of the majority charge carriers *.
The potential distribution in this interfacial region can be quantified by relating the charge
density and the electric field strength A¢ as embodied by the Poisson equation eq. (2.1) *:
qNp

2

Where ¢ is the electronic charge, £ and €, are the relative permittivity of the semiconductor
and the relative permittivity of vacuum respectively, Np is the semiconductor doping level
and W is the width of the space charge layer. The thickness of the space charge layer is
related to the potential drop between the bulk and the surface of the semiconductor, by

the following expression *:
w = =2, - ) 2.2

where Uj is the potential drop in the space charge layer. It is obvious that the magnitude
of W depends on the semiconductor doping level Np. Consider two cases of a semiconductor,
one that is lightly doped (Np ~ 10" ecm™) and another that is heavily doped (Np ~ 10*

%, Obviously, in the former case, the charge needed for Fermi level equilibration has

cm™)
to come from deeper inside the solid and so the magnitude of W will be larger *. Nominal
dimensions of W are in the 10-1000 nm range. This may be compared with the

28

correspondent Helmholtz layer width, typically 0.4-0.6 nm *. The value of U, can be

obtained as:

US = Eappl - EFB 23

where F,,, is the externally applied potential and Erg is the potential at which Us = 0 and
the bands in the semiconductor are flat (flatband potential). It is therefore clear that the
value of Erp is of fundamental significance since it gives a direct information of the position

of the conduction band edge at the n-type semiconductor’s surface, assuming that the
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difference between Epgand Ec is very small for doped semiconductors. In other words, the
determination of the conduction band edge often translates into the measurement of the

flatband potential.

The study of the band edge placement can be done through differential capacitance
measurements on the semiconductor/redox electrolyte interface. For this purpose, the

Mott-Schottky relation is employed *:

L2 gy M s
C3 Npeyesce FB7 g .

Where Cgce is the depletion layer capacitance and Erg is the so called flatband potential.
Therefore, a plot of 1/C? against E should yield a straight line from which Epg can be

determined from the intercept with the X-axis.

2.2 Photoelectrochemical water splitting

Although Bequerel with his measurement of photovoltaic effect an illuminated silver
chloride electrode ™ (ca. 1839) can be viewed as the founder of photoelectrocheistry, it is
the measurements by Honda and Fujishima published in 1972 that really showed the
potential of photoelectrochemical systems to harvest and store solar energy *. In the Honda-
Fujishima experiment, titanium dioxide (TiO.) was used as the photoanode material to

produce hydrogen from water using the energy of light.

The principle of a photoelectrochemical cell (PEC) is shown in Fig. 2.6, where a n-type
semiconductor is irradiated with light. The absorption of a photon creates an electron/hole
pair that can either recombine or separate through the semiconductor /electrolyte interface.
The photogenerated electrons on the conduction band wander to the counter electrode to
reduce water to form molecular hydrogen. The photogenerated holes oxidize water to form
molecular oxygen on the semiconductor electrode. This is possible only when the
elctron/hole pairs have the adequate redox potentials (including overpotentials). If that is
not the case, the reaction has to be supported by applying an external bias (as in the case

of the Honda-Fujishima experiment).
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Figure 2.6: Principle of the photoelectrochemical water splitting using n-type

semiconductors 7.

The photoelectrochemical water splitting reactions can be explained using the next half-

reactions:

Generation of an electron/hole pair:

2hv - 2e” + 2h* 25
Anodic reaction (oxidation):
H,0 + 2h* —>2H++%02 2.6
Cathodic reaction (reduction):
2H* + 2e~ > H, 2.7
Overall:
H,0 + 2hv - H, +%02 2.8

In order to initiate the redox reaction, the highest level of the valence band should be more
positive than the water oxidation level (E(O2/Hz0) = 1.23 V wvs. the normal hydrogen

electrode; NHE), while the lowest level of the conduction band should be more negative

than the hydrogen evolution potential (E(Ho/H.O) = 0 V vs. NHE).
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2.3 Photocatalytic water splitting

Photocatalytic water splitting has been extensively studied from a point of view of photon
energy conversion, for the production of molecular hydrogen and oxygen using particulate
photocatalyst systems *. The general principle of the conversion of light into chemical
energy is illustrated in Fig. 2.7. It is commonly accepted that the reaction progresses via a
multi-step route. The absorption of a photon (1) with an energy equal or greater than the

band gap energy leads to the formation of an electron/hole pair in the bulk.

Vv (VS. NHE) 2 H*
(pH=0)

H*/H,

3 = R N

0,/ H,0
+2 —

+3 —

H,0

Figure 2.7: Illustration of the overall water splitting processes at a heterogeneous
particulate system.

The photogenerated electrons are transferred to the conduction band (CB) whilst the
photogenerated holes remain in the valence band (VB) (2). Thereafter, the photogenerated
charge carriers migrate to the surface (3) without recombination, they are reduced and
oxidized by the electrons and holes to produce molecular Hy and O, (4). The first three
steps are strongly dependent on the structural and electronic properties of the
photocatalyst. In general, high crystallinity should have a positive effect on the activity
since the density of defects, which act as recombination centers between photogenerated
charge carriers (5) decreases with increasing crystallinity . The fourth step on the other
hand, is promoted by the presence of a solid co-catalyst. The co-catalyst is usually a noble
metal or a metal oxide and is loaded at the photocatalyst surface to produce active sites
and reduce the activation energy for gas evolution. To achieve overall water splitting, the
bottom of the conduction band must be more negative than the reduction potential of H*
to Hy (0 V vs. NHE), while the top of the valence band must be more positive than the
oxidation potential of HO to O, (1.23 V vs. NHE). Therefore, the positions of the band
edges are determined in this thesis for bare and La-doped NaTaQO; in order to evaluate if

the electron transfer in the system is possible. In contrast to a photoelectrochemical cell,
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the spatial separation beteween oxidative and reductive sites in a particulate system is
very low, thus increasing the undesired back reaction, i.e., water formation to a great

extent .

2.4 Photocatalyst surface modification

One of the most important challenges of the photocatalytic water splitting process is the
separation of the photogenerated charge carriers to inhibit the recombination reaction. One
of the used methods to achieve this purpose is the loading of different co-catalysts on the
semiconductor surface. Noble metals are widely used and are well known effective co-
catalysts for improving the efficiency of water splitting, particularly increasing molecular
hydrogen evolution **. Tt is known that in the presence of noble metal islands on the
surface of a semiconductor photocatalyst, a more efficient charge separation and transfer
can be achieved by suppressing the electron/hole recombination. Noble metal particles
loaded on the semiconductor surface are very effective electron traps due to the formation
of a Schottky barrier at the metal-semiconductor contact **. Tt is widely believed that
lattice defects in crystalline photocatalysts particles are responsible for the electron/hole
recombination, although no direct observation of the recombination has been performed .
However, one of the most significant problems may be the misconception that the
recombination centers must be crystal lattice defects *'. Most photocatalysts are categorized
as n-type semiconductors. It is known that metal oxides tend to release oxygen, leaving
electrons in the lattice that may be the origin of the n-type semiconductor property of
metal oxides. Actually, titania turns blue-black when heated under a reduced atmosphere
due to the release of oxygen and leading to the formation of reduced titanium species (Ti™).
In an electrochemical sense, this phenomenon corresponds to the formation of electron-
filled donor levels located below the conduction band. The Fermi level is located between

the conduction band and those donor levels *'.

2.5 Laser flash photolysis

The principle of the catalyzed reactions on semiconductor nanoparticles has been widely
investigated over the last years . Once electron/hole pairs are generated upon light
irradiation, the majority of them recombine, generating heat. Only a small fraction
transfers to the interface and takes place in successful redox reactions. The timescale of
the interfacial electron transfer and the lifetime of the photogenerated charge carriers
determine the efficiency of the photocatalytic process. Electron photogeneration and
recombination and electron transport are the elementary processes accounting for the
conversion of light into useful charge carriers. Hence, increasing the efficiency of charge
separation/transport in semiconductors nanoparticles is one of the major problems in

photocatalysis to be addressed.

The fundamental study of the dynamics of the charge transfer processes is very important
for designing new photocatalysts as well as for the industrialization process. The use of

time resolved spectroscopy covering different time scales and spectral ranges is a powerful
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tool to study the light induced electron transfer processes and provide valuable mechanistic
information *. Extensive investigations have been performed concerning the study of the
kinetics and of mechanistic information of the interfacial electron transfer processes at the
semiconductor /water interface using laser flash photolysis . It has to be noted that
transient absorption spectra of electrons and holes in TiO, are very broad, extending from
the UV to the IR region .

Most of the early research concerning the electron/hole dynamics in titanium dioxide by
transient absorption spectroscopy was performed with colloidal TiO; nanoparticle samples
#6163 The assignments of electrons and holes were made by measuring the transient
absorption spectra in the presence of electron and hole scavengers in the colloidal solution.
According to these studies, trapped holes absorb light at around 500 nm and electrons
around 700 nm %% However, the use of colloidal solutions can present some problems
because its stability is only achieved at certain pHs. Therefore, there is a difference between
the work done in colloidal solutions and in nanocrystalline TiOs films ®. The use of films
avoids the limitations of the colloidal solutions because they are prepared by fixing the

semiconductor powder directly onto a substrate.

2.5.1 Dynamics of charge carrier trapping and recombination

Exciting a semiconductor with any light source produces different transitions. If the photon
energy is equal or greater than the band gap, interband transitions dominate and the
electrons are excited from the valence band to the conduction band. This process takes
place in the femtosecond (fs) time scale % According to the work of Tamaki et al. ©; the
photogenerated electrons and holes migrate to the surface of the semiconductor and can
get trapped there, which is a process that occurs at the sub-ps time scale. At the same
time, the electrons and holes can be trapped in the bulk as well. At the surface of the
photocatalyst, the trapped electrons and holes can recombine or can be transferred to
acceptor or donor molecules, respectively, and react with them. Hoffmann et al.™

summarized a general mechanism of heterogeneous photocatalysis on TiO, as follows:

Charge carrier generation:

TiO, + hv — higp + ez (fs) 2.9

Charge carrier trapping:
ecp + Tigyrs — Titrs 2.10
hip + OHgyp — OHgyrp 2.11

Charge carrier recombination:
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ecp + OHgyrp — OHgyz 2.12
hig + Tisyrr — Tighyy 2.13
Interfacial charge transfer:
Tifyrs + 0x — Tif,r + 0%~ 2.14
OHgyrs + Red — OHg,, ¢ + Red* 2.15

where e¢p is a conduction band electron, h*yg is a valence band hole, Red is a reductant
(i.e., an electron donor) and Ox is an oxidant (i.e., an electron acceptor). According to the
previous mechanism the interfacial charge transfer efficiency is limited by two factors: the
competition between charge carrier recombination and trapping followed by the
competition between charge carrier recombination and interfacial charge transfer. The
overall quantum efficiency for interfacial charge transfer is determined by two critical
processes: the competition between charge carrier recombination and trapping (that
happens in the picoseconds to nanoseconds time scale), and the interfacial charge transfer
(that takes place in microseconds to milliseconds). An increase in either the lifetime of
charge carriers or the interfacial electron transfer rate constant is expected to result in
higher quantum efficiencies. Time resolved laser flash photolysis technique is one of the
most frequently employed methods for the measurement of the charge carrier transfer

55,57,58

dynamics at semiconductor nanoparticles . The basic approach is to excite the
semiconductor nanoparticles with short femtosecond to nanosecond laser pulses generated
from an ultrafast laser system. The excited charge carriers are then monitored with a
continuous light beam. The change in the absorption of the continuous light reflects the

change in the population of the excited charge carriers.

2.5.2 Trapped and free charge carriers in semiconductor particles

Heterogeneous photochemical charge transfer reactions are often performed with
semiconductor nanoparticles that have trapping sites in the bulk and at the surface. After
charge separation in absence of hole scavengers but in presence of oxygen which act as an
electron scavenger, the remaining photogenerated holes oxidize water to produce adsorbed
hydroxyl radicals that can take place in subsequent oxidation reactions. However, in
presence of hole scavengers such as alcohols and in the absence of oxygen (electron
scavenger), the fate of the photogenerated electrons is not clear. The work of Bahnemann
et al. *, showed that the excess of electrons are trapped close to the surface of colloidal

M which has a broad absorption spectra with maximum at 650 nm. On

particles forming Ti
the other hand, trapped holes oxidize the water at the surface producing the surface

hydroxyl radicals exhibit transient absorption signals at 430 nm.

20



2. Theoretical background

N 2| e
M

[ 200
— ,_2_00 HS - iV HS
1 | 1 1 1 1

350 450 550 650 400 500 600 700
A/Znm A/Znm

0.D. / arb. units
0.0. / arb. units

Figure 2.8: a) Optical absorption of a TiO; sol containing colloidal Pt and the time profile
of the absorption at 472 (inset). b) Optical absorption of polyvinyl alcohol containing TiO,
sol and the time profile of the absorption at 625 nm (inset). *

In Fig. 2.8 (a) the transient absorption spectrum of a TiO; sol containing colloidal Pt can
be observed. It has been reported that Pt loaded on titanium dioxide surfaces act as an
electron scavenger. In absence of platinum, the absorption with a maximum at 430 nm
could not be seen. This means that the spectrum showed belongs to positive holes which
are trapped close to the surface of the colloidal particles *. In the part b of the Fig. 2.8 the
transient absorption spectrum of a TiO: sol containing polyvinyl alcohol as electron donor
is observed. After irradiation, an absorption was present immediately after the laser pulse
which did not disappear in the time of observation of several milliseconds. This spectrum
is attributed to long-lived reducing intermediates from the photolysis of TiOs ™.

TiO, + hv — eip + hi’g 2.16

SCN~
hig + SCNys — SCN™ — (SCN)3* 2.17
egy + C(NOy), — C(NO,)3 + NO, 2.18

2.5.2.1 Hole trapping

Besides the recombination reaction, different possibilities for the charge carrier exist at the
semiconductor surface such as trapping (although the recombination process is very fast).
There have been studies that tried to identify the nature of the trapping sites for the
photogenerated holes in TiO, . Usually, it is assumed that holes can be trapped either at
bridging oxygens (O*) or can be transferred to “OH anions bound to the surface which will
lead the formation of O*~ and/or "OH centers respectively . To investigate if hydroxyl
groups superficially adsorbed onto the titanium dioxide can actually trap photogenerated
charge carriers, some groups have performed EPR studies that show that the oxidation of

water on the titanium dioxide surface through valence band holes, leads to the formation

21



2. Theoretical background

of *OH radicals *%. The standard redox potentials E°("OH,,/"OH.,) = 1.9 V (vs. NHE)
and Eg(H20.q/"OH.q + HY o) = 2.73 V (vs. NHE) are located at a less positive potential
than the valence band edge of TiO, and therefore the photogenerated holes are able to

produce such species ™.

The work of Bredow et al. ™ however, showed in their model calculations that the potential
barriers for the desorption of *OH radicals are too high, and therefore the formation of free
hydroxyl radicals on the surface of titanium dioxide is considered rather unlikely.
Nevertheless, Imanishi et al. ™ estimated the energy levels of the O 2p orbitals for HoO,
and “OH,, at the TiO,/water interface. These effective O 2p levels were found to be far
below the valence band of titanium dioxide; thus the oxidation of adsorbed water molecules
to *OH radicals through the photogenerated holes was excluded. The formation of *OH
radicals during the photocatalytic process cannot be excluded as it is shown in the
mechanism proposed by Salvador et al. ™ in which the *OH radicals are formed through

subsequent Osreductions:

0249 tecg — 03° 2.19
05;°+H* +e;z — HO; 2.20

HO; + H* — H,0, 2.21

Ti' + H,0, — Ti" + OH + OH~ 2.22
H,0,+ 0%~ — OH + OH™ + 0, 2.23
H,0, + hv — 20H 2.24

Although H-O, is a very poor UV radiation absorbent (absorption at A < 365 nm is

practically inexistent) ™.
02~ + H, + hijp — OHj 2.25

with O being lattice bound oxygen atoms. At room temperature, the holes will be trapped
at different locations and distributed over a certain radius within the surface layer.
Therefore, the trapped holes do not stay localized at certain surface sites but rather

delocalized over the entire surface region. Shapovalov and co-workers ™

suggest that the
holes can be delocalized over at least two oxygen atoms and both O —Ti(IV) —OH and
*OH can be formed. The concentration of these species however, will depend on the
surrounding. For example, hydroxyl radical scavengers would shift the equilibrium toward
*OH formation. On the other hand, strong acids and bases could shift the equilibrium away
from generation of hydroxyl radicals. These results are supported by theoretical

calculations performed by Ji et al. ™, in which they reported that in the presence of a water
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molecule the electron can be transferred from water to a bridging oxygen through the

formation of a hydroxyl radical.

The transient absorption spectroscopy is a very useful technique to study reaction dynamics
and the formation of trapped states at the surface. For example, free "OH and free O~
exhibit a transient absorption with a maximum at 260 nm . When these free radical
groups are however, located at superficial Ti sites, usually a substantial red shift of the
transient absorption measurements can be observed ™. The transient spectra of the trapped
holes can slightly change when comparing the results of different researchers. This can be
an indicator of the existence of different trapped states coexisting in the TiO, particles (or
different TiO, particles).

Bahnemann et al. %

performed a laser flash photolysis study using colloidal titanium dioxide
suspensions and found that at least two different types of holes have to be taken into
consideration. Holes which are trapped in energetically deep traps can be characterized by
their transient absorption at 450 nm and shallowly trapped holes, which exist in a thermally
activated equilibrium with free holes and possess a very high oxidation potential. Moreover,
these shallowly trapped holes do not exhibit any transient absorption between 450 and 600
nm. These differences of the transient absorption spectra can also be attributed to the fact
that the charge carriers are delocalized over different trapping sites resulting in a broad
transient spectrum. The analysis of the decay of these transient absorption signals allows
the determination of the trapped charge carrier lifetimes. It is a real challenge to assign
the optical transitions derived from the transient absorption spectra to individually excited
electronic states and to determine the individual chemical identity. This can be hindered
by different factors such as the broadness or the overlap of the transient absorption spectra,
the simultaneous generation and trapping of holes and electrons, the different trapping

sites and the sensitivity of transient absorption spectra to the experimental conditions.

However, some studies predict that the *OH,, radicals exhibit different transient absorption
features than the O°~ radicals 7, with the former absorbing primarily in the ultraviolet
range and the latter in the visible range. Therefore, the transient absorption in the visible
range (2.5 - 2.8 eV) can be attributed to the transition from a trapped state to the
conduction band forming unstable O atoms in the lattice. This would correspond to the
transition (Ti"V — O*~)—(Ti™ - - - O). Alternatively, the observed optical transition can
also be due to the electron transfer from the valence band to the trap state forming O*~
radicals. Henderson et al. reported, however, that the latter transition may not be allowed
6, Zawadzki calculated the transient absorption spectra of trapped holes in bulk anatase
TiO, and on its 001 and 101 surfaces ™. According to these calculations, the transient
absorption can be assigned to the (O*” —O7) transition. Depending on the distance of
neighboring O atoms, the transition energy will vary, with higher transition energies
corresponding to longer distances. As a result, the absorption spectra of trapped holes
extend from 300 to 800 nm. Bulk trapped holes exhibit longer wavelength transient
absorptions due to the fact that the difference between the strength of the hole trapping
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at oxygen lattice sites in the bulk is zero while on the surface it is high, because the surface
exhibits different oxygen lattice sites. Hence, no difference of the transient absorption

spectra of trapped holes can be expected for different metal oxide semiconductors.

2.5.2.2 Electron trapping

As explained before, on n-type TiO., the electrons are forced to move from the
semiconductor surface to the bulk, where they can be delocalized over different Ti sites.
There are many theoretical and experimental studies that favor bulk trapping over surface
trapping *+™ ™% However, alternative studies exist that demonstrate that Ti" OH groups
located on the surface can act as trapping centers for electrons and lead to the formation
of Ti™OH species, that can attract holes and behave as recombination centers “*. When
debating if the trapping of the electrons occurs in the bulk or at the surface, the particle
size must be taken into account. The upward band bending will decrease with the particle

size according to the following relation *:

v _kr 2 2.26
BE ™ 6e \Lp '

where 1y is the radius of the particle and Lyp is the Debye length.

ekT
enyq

In small particles, where 1 <« dsc (dsc: thickness of the space charge layer), no space charge
layer or band bending exist and both electrons and holes are readily available at the surface.
This results in a very broad transient absorption spectrum as can be observed in Fig. 2.9,
where the transient absorption bands of electrons and holes overlap. This broad transient
absorption spectrum with maximum at 650 nm is usually associated with the excitation of
a trapped electron from the trapping site to the conduction band ®. Peiro et al. studied
the lifetime of trapped electrons in nanocrystalline titanium dioxide films using transient
absorption spectroscopy and reported in the absence of ethanol (electron donor) and O,
(electron acceptor), a half-life of its absorption signal of aprox. 25 ps *. The corresponding

decay has been attributed to:

Ti'" + 0;7° — TilV + 0%~ 2.28
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Figure 2.9: Transient absorption spectra measured 20 ns after laser excitation (Ax=350
nm) in O, saturated and N, saturated solutions respectively: pH = 2.3-10* mol/L colloidal
TiO, particles, absorbed photon concentration per pulse 9-10 mol/L. %

In the presence of ethanol, the lifetime of the photogenerated electrons was found to
increase up to 500 ms. The remaining Ti"/e~ do not react with each other. The organic
radicals formed upon the oxidation of hole scavengers are also not likely to act as acceptor
for the electrons. The most likely fate of the B-hydroxyalkyl radicals is to inject an
additional electron into the conduction band forming the respective aldehyde as product
in a process called current-doubling effect (explained in detail in the discussion section).
Therefore, the slow decay of Ti(III) observed by Peiro et al. may be due to the reaction of
the trapped electrons with electron acceptors that might have been already present in the

TiO, matrix, such as impurities.
2.5.3 Photoinduced electron transfer processes

After the formation of electron and holes by light, they can be transferred to electron and
hole acceptors, provided that the energy requirements are fulfilled. The efficiency of these
reactions depends on the charge-transfer rate at the interface, the recombination rate in
the particle and on the transit time of the photogenerated charge carriers to the surface .
One of the firsts studies that dealt with the charge-transfer dynamics was performed by

¥ The respective time for the

Rothenberger et al. using colloidal TiO; nanoparticles
electron transfer to the respective surface trap was found to be > 30 ps, while the hole
trapping time was around 250 ns. There is, however, discrepancy concerning electron
trapping time. Furube et al. supposed the reason for this discrepancy to be that free
electrons generated upon 355 nm excitation still contain part of the excess energy and may
therefore have a higher diffusion coefficient . Tamaki et al. have also shown that after

reaching the surface, the photogenerated electrons migrate between surface and shallow
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60

bulk trap sites that are in equilibrium ®. These shallowly trapped electrons relax into

deeper sites within 500 ps through hopping processes.

2.5.3.1 Photoinduced reduction reactions

Photogenerated electrons are not directly available at the surface for the desired reactions,
but TiO, could be modified to activate the photogenerated electrons for reduction reactions.
This can be achieved by loading noble metal particles on the semiconductor using a
photodeposition method. Noble metal modified titanium dioxide exhibits enhanced
photocatalytic activity that results from an improved charge carrier separation. According
to the Schottky barrier model, this enhanced charge separation can be attributed to the
transfer of the photogenerated holes to the surface induced by the electric field in the space
charge layer. It has been observed, that the decay rate of the transient absorption at 600
nm increases with increasing Pt-loading, indicating that a higher Pt coverage on the surface
of TiO, enhances the probability of electron migration from TiOs to the surface *. These
results are in good agreement with the EPR measurements, evidencing the transfer of
electrons from titanium dioxide to Pt *. The electron transfer depends upon the
thermodynamic driving force because the electrons have to overcome the Schottky barrier.
However, it has to be said that not all electrons are transferred to the Pt and a certain

number of photogenerated electrons remain in the TiO, particle *.

2.5.3.2 Photoinduced oxidation reactions

Organic compounds such as alcohols (methanol, ethanol, etc.), organic acids (formic acid,
acetic acid, etc.) and aldehydes (formaldehyde, acetaldehyde, etc.) have been used as hole
scavengers, i.e., electron donors for enhancing the photocatalytic hydrogen formation °.
Among different alcohols, methanol is widely used as sacrificial reagent for the
photocatalytic Hs formation. Methanol reacts with the photogenerated holes located in the
valence band and undergoes relatively rapid and irreversible oxidation reactions ¥. To date,
there are, however, only few studies dealing with the mechanistic aspects of the
photocatalytic methanol oxidation pathway **®. Some authors describe the photocatalytic

90-92

H; evolution from aqueous methanol solutions as water splitting " **, while others qualify
the process as dehydrogenation of methanol to formaldehyde or as the reforming of
methanol to carbon dioxide ** . Tamaki et al. studied the reaction dynamics of the trapped
holes using transient absorption spectroscopy and found that in the presence of alcohols,
the transient absorption of the trapped holes presented a more rapid decay, evidencing
that the trapped holes can react with the alcohols *. The lifetime of the trapped holes was
found to increase with the alcohol chain length and the charge transfer rate was reported
to be affected by the adsorption behavior of the alcohol to the TiO, surface. Generally, it
is assumed that the hole or the *OH-induced alcohol oxidation process occurs via two

reaction steps according to the following mechanism °":

CH;0H — CH,0H + e~ — CH,0 + e~ 2.29
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CH3;CH,0H — CH3;CHOH + e~ — CH3CHO + e~ 2.30

(CH3),CHOH — (CH3),COH + e~ — (CH3),CO + e~ 2.31

The first step includes breaking a C-H bond and results in the formation of a o-
hydroxyalkyl radical, while the formation of the respective aldehyde occurs in the second
step through the injection of an electron into the conduction band of TiO; in a process

98-100

called current doubling Morris et al. proposed a mechanism for the overall

photooxidation of methanol '°!

in which methanol adsorbs predominantly via a dissociative
pathway at the surface of rutile TiO, to produce surface methoxy and hydroxyl groups.
These surface methoxy groups act as effective hole trapping sites upon irradiation with UV
light. The hole trapping by methoxy groups lead to an effective charge separation. A two-
electron transfer process involving the initial formation of a radical anion through the direct
hole oxidation of a methanol molecule, followed by an electron injection from this radical
anion into the TiO, is suggested as well (current doubling process). Furthermore, the

studies by Morris et al. ™

showed that the role of O, in promoting methanol
photodecomposition is to act as free electron scavenger, which opens acceptor sites for the

injection of new electrons during the methoxy group oxidation.

In conclusion, the photooxidation of methanol leads to the relocation of the trapped holes
and to the accumulation of electrons on the surface of TiO. causing a downward band
bending. In the absence of molecular oxygen as an effective electron scavenger, titanium

T centers . The

dioxide changes its color from white to blue, indicating the formation of Ti
photogenerated electrons are located in the respective traps located at the surface and are
available for different reduction reactions *>1%, While a fast reaction of the trapped holes
with different alcohol molecules on the time scale of several picoseconds has been observed,
it was shown that the holes that manage to survive until the nanosecond time scale exhibit
lower reactivity ¢. These deeply trapped holes exhibit a transient absorption maximum at
450 nm and are unable to oxidize dichloroacetate, DCA~, nor thiocyanate, SCN™ anions.
Bahnemann et al. concluded from these results, that only shallowly trapped holes in a

thermal equilibrium with free holes are able to initiate such oxidation reactions.

2.5.4 Laser flash photolysis studies on tantalates

Among the catalysts examined to date, NaTaO; doped with lanthanum exhibited the
highest quantum yield for water splitting, exceeding 50% when irradiated by UV light
2104105 - However, only little is known about the mechanisms concerning these types of
semiconductors. As shown in the sections before, the photodynamics of TiOs-based
catalysts have been widely studied. Although some of the knowledge accumulated for
titanium dioxide can be transferred to other catalysts, the dynamics of the photogenerated
charge carriers should be studied employing the catalyst itself to promote further

development towards designing and optimizing the systems.
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Yamakata %

studied the photodynamics of NaTaO; catalysts with different amounts of
Na/Ta ratio and doped with lanthanum. In this work, impregnation with NiO was
performed as well. Transient IR absorption was performed using a Q-switched Nd:YAG
laser with a 266 nm pulse. A transient absorption signal was observed as can be seen in

Fig. 2.10.
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Figure 2.10: Transient IR absorption of NaTaO; (Na/Ta = 1.05) irradiated by a 266 nm
UV pulse at 1 mJ.

This transient absorption signal was attributed to optical transitions of electrons excited
in the conduction band and then trapped in shallow mid-gap states. To evidence the
assignment to the electrons in NaTaOs, the decay of the IR absorption was investigated in
the presence of electron and hole scavengers, such as O, and methanol, respectively. Fig.

2.11 shows the decay of the transient absorbance at a fixed wavenumber, i.e., 2000 cm ™.

The decay observed in vacuum simply reflects the recombination of the electrons and
complementary holes. The decay was accelerated starting 1 ps after the laser pulse by
exposure to an O, atmosphere of 10 Torr. The accelerated decay was ascribed to the

electron capture by Oa.
Oy + €~ — 034 2.32

where (g) and (a) represent gas phase and adsorbed phase respectively.
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Figure 2.11: Temporal profiles of the transient IR absorption at 2000 ¢cm™' by the
irradiation of a 266 nm UV pulse at 1 mJ. These decay curves were obtained in vacuum
and in the presence of 10 Torr Osor 10 Torr CH;0H gas. '

When the catalyst was exposed to methanol vapor of 10 Torr, the decay was retarded.
Holes that could otherwise recombine with the electrons were captured by a methanol-

derived adsorbate (probably adsorbed methoxy).
CH50; + h* — CH50;, 2.33

The fact that the absorbance was nearly constant 10 ps after the laser pulse and later
indicated that the holes were exhausted within the first 10 ps. The IR absorption responded
to the composition of the reactant vapor as expected upon the assignment of the transition
at 2000 cm™ to the excited electrons. This assignment claimed, on the other hand, that
holes photogenerated in the valence band (VB) do not absorb mid-IR light. The absence
of any hole-induced transient absorption is rationalized when the mid-gap states trapping
the holes are energetically deep as in the case of TiO, catalysts. Holes trapped at such deep
mid-gap states can neither be thermally excited to the VB nor absorb mid-IR light via any
direct optical transitions. Therefore, the absorbance at 2000 cm™ is interpreted to be the

relative number of excited electrons in NaTaOs-based catalysts.

Another aspect investigated in this work was the doping of NaTaO; with lanthanum. When
the catalyst with a Na/Ta ratio = 1.05 was doped with La of 1 and 2 mol% its H, production
activity was improved by 3.3 and 2.6 times. Further doping reduced the activity to almost

the original value of the undoped photocatalyst.
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Figure 2.12: The decay of photogenerated electrons on NaTaO; (Na/Ta = 1.00), NaTaOs
(Na/Ta = 1.05) and La-doped NaTaOs; (Na/Ta = 1.05) in vacuum. A 266 nm UV pulse
was used to irradiate the photocatalyst and the transient absorption was observed at 2000
Cmil. 106

As Fig. 2.12 shows, the La doping with 1 and 2 mol% enhanced the IR absorption, while
doping with 5 mol% partially reduced the absorbance. The optimized doping of La hindered

the recombination and increased the population of excited electrons.
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Figure 2.13: Transient absorption spectra of pure NaTaOs taken at three different times
(t1=0.34 ps, to= 25 ps and t3=85 ps) after band-gap excitation at laser An=248 nm. The
inset shows the transient absorption measured at the absorption maximum at 310 nm
indicating t1, t2 and t;. The powder was purged for £ h with N, prior to the measurement
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¥ results of laser flash photolysis of undoped and

More recently in the work of Ivanova
0.83 wt.% La doped NaTaOs can be found. The inset of Fig. 2.13 illustrates the decay of
the transient absorption signal at 310 nm of bare NaTaO; after band gap excitation with
a laser irradiation wavelength of 248 nm. The signal at 310 nm does not reach zero within
measured period of time, indicating stable and long-lived species . Fig. 2.13 shows the
transient absorption spectra of bare NaTaOj; taken at three different times (t:=0.34 ps, to=

25 ps and t3=85 ps).

By analogy to the well-investigated TiO, the highest absorption value at 310 nm could be
attributed to the trapped holes of undoped NaTaOs;. In order to verify this assumption,
methanol acting as hole scavenger was added to the system. Fig. 2.14 shows the decay of
the signals at 310 nm after addition of different amounts of methanol. Obviously, with
increasing methanol amount in the system, the signals decay faster. After addition of 100
1l of methanol, the signal at 310 nm disappears after 40 ps. These results confirm the fact
that the detected signal at 310 nm can really be attributed to the trapped holes of bare
NaTaO; . Moreover, it is obvious that in the case of NaTaOs; the photogenerated holes
are first trapped and do not immediately react with adsorbed methanol molecules since the
initial intensity of the signal stays constant in the case of different amounts of methanol
added to the system (see Figure 2.14).
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Figure 2.14: Transient absorption of the photogenerated holes at A=310 nm of pure
NaTaOj; in the absence and presence of different amounts of methanol (20, 60 and 100 pl)
after laser irradiation at 248 nm. All powders were purged for “4h with Ns prior to the

measurement .

Fig 2.15 shows the transient absorption spectra of La-doped doped NaTaOj; (0.83 wt.% La)
at three different times (t1=0.34 ps, to= 25 ps and t3=85 ps) after band-gap excitation with
a laser irradiation wavelength of 248 nm. The inset of Fig. 2.15 demonstrates the transient

absorption signal at 310 nm indicating ti, t» and t3'.
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Figure 2.15: Transient absorption spectra of La-doped NaTaOs (0.83 wt% La) taken at
three different times (t;=0.34 ps, to= 25 ps and t3=85 ps) after band-gap excitation at laser
Aex=248 nm. The inset shows transient absorption measured at the absorption maximum
at 310 nm indicating ti, t> and ts. The powder was purged for % h with N, prior to the

measurement .

Both the transient absorption spectra and the decay of the signal at 310 nm are very
similar to those measured in the case of undoped NaTaQOs;. By analogy to the bare NaTaO;
the highest absorption value at 310 nm can also be attributed to the photogenerated holes.
The initial intensity of the transient absorption signals shown in Fig. 2.15 is higher as that
detected in the case of undoped NaTaO; under identical conditions. Apparently, the higher
intensity of the signals correlates with a higher density of the photogenerated charge

carriers (holes) in the system '

2.6 Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) is a widely used spectroscopic technique to study
paramagnetic centers on various oxide surfaces, which are frequently encountered in
heterogeneous catalysis. These observable paramagnetic centers may include surface
defects, inorganic or organic radicals, metal cations or supported metal complexes or
clusters. Each of these paramagnetic species will produce a characteristic EPR, signature
with well-defined spin Hamiltonian parameters. However, the magnetic properties, stability
and reactivity of these centers may vary dramatically depending on the nature of the
support or the measurement conditions . The existence of two Zeeman levels and the
possibility of inducing transitions from the lower energy level to the higher energy level is
the basis of EPR spectroscopy. The resonance experiment can be conducted in two ways;
either the magnetic field is kept constant and the applied frequency varied or the applied
frequency is held constant and the magnetic field is varied. In EPR spectroscopy, the latter
case is usually used since it is easier to vary the magnetic field over a wide range than the

frequency 7.
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Figure 2.16: Energy levels for an electron spin (S= =+ %) in an applied magnetic field B
107
At thermal equilibrium and under the influence of external applied magnetic field, the spin
population is split between the two Zeeman levels (see Fig. 2.16) according to the Maxwell-
Boltzmann law:
nq —AE
— — ¢ kT 2.34
ny
where £ is the Boltzmann constant, 7" the absolute temperature and n; and n, the spin
populations characterized by the M, values of +1/2 and -1/2 respectively. At 298 K in a
field of about 3000 G the distribution shows that:
nq —AE —YJelleB
— = e kT = e kT 2.35
n;
This gives a value of n;/n, = 0.9986. The populations of the two Zeeman levels are
therefore, almost equal, but the slight excess in the lower level gives rise to a net absorption.
However, this would very quickly lead to the disappearance of the EPR signal as the
absorption of energy would equalize these two states. Consequently, there has to be a
mechanism for energy to be lost from the system. Such mechanisms are known as relaxation

processes.
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3. Materials and methods

3.1 Materials

In this work NaTaOj; powders, bare and with different lanthanum doping (0.57, 0.83 and
1.11 wt.% La) were investigated. The materials were synthesized by the company H.C.
Starck located in Goslar (Germany). The chosen synthetic route was a solid-state reaction
as described by A. Kudo *. For preparing the bare material, Ta(OH); and Na;CO; were
mixed together and for the synthesis of the lanthanum doped powders, addition of
Las(COs)s - 5H2O was carried out. The products were dried at 105°C for 16h. Next, the
educts were thoroughly grinded and calcinated at 800°C for 3h and a second grinding was
performed. The delivered materials contained different amounts of lanthanum doping (0.57,
0.83 and 1.11 wt.% La). The lanthanum content in the powders was determined using a
fusion process with K>S,O-. The final determination of lanthanum doping was made by
means of inductively coupled plasma atomic emission spectroscopy (IPC-OES, Ultima 2,
Horiba Jobin Yvon) against a cross calibration. The solvents were all purchased from the

company Sigma-Aldrich and were used without further purification.

3.2 Photodeposition experiments

For the introduction of small noble metal islands in the system, the photodeposition
method described by Kato et al. in ® was employed. A 0.5 M aqueous suspension of NaTaOj
was prepared. The suspension was sonicated for approx. 20 min, until all the material was
homogeneously distributed. The solution was then transferred to a 100 cm?® double jacket
quartz glass reactor. Methanol (2 ml) and an aqueous solution of HyPtCls - H,O 0.01 M (7.7
ml) were added into the reactor. The inside of the reactor was purged with a continuous
flow of argon (35 ml / min) for 15 min. Subsequently, the Ar flow was reduced to 10 ml /
min while the suspension was magnetically stirred during 1 h in the dark to establish
adsorption equilibrium. The sample was irradiated afterwards for 3 h with a 1000 W xenon
arc lamp. To maintain the desired temperature of 25°C the double jacket quartz reactor
was cooled with water. The Pt-modified NaTaOs; was separated by centrifugation, washed
with distilled water repetitively and dried in a dry chamber overnight. The powders were
stored in closed glass containers at ambient conditions. The amount of Pt photodeposited
was 0.1 wt.% for all experiments showed in this work. Higher amounts of loading have
been investigated but as the powders became grey with increasing loading percentage, the

results cannot be compared with the bare powders which have a white color.

3.3 Material characterization methods
3.3.1 Specific surface area measurements (BET)

Single-point standard BET measurements were perfor