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Summary

Our consumption of energy has drastically increased since the industrial revolu-
tion. Fossil fuels are a limited resource and will eventually be depleted. Further-
more, the combustion of fossil fuels has increased the atmospheric concentration
of long-lived greenhouse gases (e.g. CO,) and short-lived compounds (e.g. par-
ticulate matter, NO, and SO,). It is well noted that many of the combustion
products are harmful towards health and the environment. Moreover, these emis-
sions have led to the observation of global warming. To this end, sustainable en-
ergy resources must be developed and promoted in order to become independent

of fossil fuels and preserve a sound environment.

Solar energy is one of the most promising sources of renewable and emission-
free energy. While photovoltaic systems are already well established on the global
energy market, they require adequate energy storage systems due to the intermit-
tent nature of the sun. Thus, chemical fuels such as hydrogen offer an attract-
ive alternative due to their transportability and accessibility. Hydrogen can be
generated through so-called “artificial photosynthesis” whereby semiconducting
materials act as photocatalysts that directly trigger the necessary water splitting

reactions: namely hydrogen and oxygen evolution.

Since the 1970s, research into photocatalytic materials has been predomin-
antly focused on oxide materials. The disadvantage of conventional oxide ma-
terials is the typically wide band gap, which requires photons with energies at
least in the ultraviolet (UV) range to trigger water splitting reactions. The UV
portion of the solar spectrum accounts for a small fraction of the solar spectrum
(roughly 5%). Thus, only a small amount of the total available energy is actually

utilized.

Oxynitride materials offer high band gap tunability towards the visible light
range, whereby oxygen may be partly substituted with nitrogen in the pristine
oxide. In this thesis the lanthanum titanium oxynitride (LaTiO,N) is investig-
ated as a representative oxynitride material, where the nitrogen incorporation
into the oxide (La,Ti,0;) shifts the band gap energy from 3.8eV to 2.1eV. It is
hypothesized that this is due to a hybridization of the oxygen and nitrogen or-

1X



Summary

bitals forming energetically higher lying nitrogen states, thus shifting the valance
band edge upwards in energy. It is widely accepted and confirmed with theor-
etical calculations that the nitrogen incorporation only affects the valence band,
while the conduction band remains unchanged. However, experimental evidence

to support this theoretical model remains elusive.

The first part of this thesis concentrates on determining how the incorpor-
ation of nitrogen into the oxide influences its electronic and optical properties.
Samples with tunable nitrogen content were fabricated using a modified pulsed
laser deposition technique, namely pulsed reactive crossed-beam laser ablation.
To study the differences in electronic structure of the oxide and oxynitride,
samples with the same crystalline structure were fabricated for X-ray absorp-
tion and emission spectroscopy measurements. In agreement with theoretical
calculations, it was confirmed that additional states are formed at higher energy,
which can be assigned to a hybridization of O 2p and N 2p orbitals resulting in an
energetically upward shift of the valence band edge. However, an additional shift
of the conduction band edge to lower energies was also observed, which was not
predicted by theoretical calculations. This emphasizes the need to complement

theoretical predictions with experimental observations.

An additional advantage of growing an oxynitride as a thin film is that both
its nitrogen content and its crystalline properties may be controlled. Hitherto,
investigating the relation between crystallographic surface orientation and pho-
toelectrochemical activity has not been investigated in detail since this cannot

be addressed by using conventional powder oxynitride samples.

However for photoelectrochemical investigations of oxynitride thin films to
be possible a new sample design with stringent material properties has to be
engineered. Lanthanum titanium oxynitrides, as with all oxynitride materials,
are n-type semiconductors. Thus, they act as the photoanode and oxidize water
by consuming photo-generated holes at the semiconductor surface. Therefore,
this new model system requires a current collector that efficiently collects photo-
generated electrons and transfers them to the counter electrode for the water
reduction reactions. Besides being a good conductor, the current collector needs
to be stable in a strongly reducing environment and at high temperatures (>

800°C) required for the oxynitride deposition. Furthermore, in order to grow



thin films with high crystalline quality and to control the crystallographic surface
orientation, the current collector needs to exhibit proper lattice matching with the
oxynitride material. TiN-coated substrates fulfill all these requirements imposed

for a suitable current collector.

Initial photoelectrochemical experiments revealed a decrease of the measured
photocurrent with the number of measurements. To elucidate the origin of this
initial degradation we studied the material and found that the bulk remains
unchanged, indicating a good stability of this material in the operando chemical
environment. However, we observed that the surface changed during operation
which resulted in a stronger oxidation of the top surface layers as determined by
XPS. It should be noted that this surface evolution influences the photoresponse
with time of operation and therefore a stabilization of the photocurrent of each
sample is required for a further investigation. Thus, through our photocurrent
stabilized measurements a strong influence of both the crystalline quality and
crystallographic surface orientation on the photoresponse could indeed be found.
Samples with higher crystalline quality generate a higher photocurrent and the
choice of out-of-plane orientation of the oxynitride thin film samples could alter

the performance of the system.

The application of X-ray spectroscopy to elucidate electronic structure and
the development of a new model system to enable photoelectrochemical invest-
igations has advanced our current understanding of oxynitrides. These newly
developed competencies and investigatory frameworks can be used to further ex-
amine other photocatalytic-active oxynitride compounds, which may lead to the

development of better photocatalysts.
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Zusammenfassung

Seit der industriellen Revolution hat der globale Energiekonsum drastisch zuge-
nommen. Der grosste Teil der Energie wird immer noch aus fossilen Brennstoffen
gewonnen, die jedoch nur begrenzt auf der Erde vorhanden sind und stark kli-
maschédlich sind. Thre Verbrennung fithrt zu einem weiteren Anstieg von langle-
bigen Treibhausgasen (zB. CO,) und kurzlebigen Verbindungen (z. B. Feinstaub,
NO,, SO,), welche schédlich fiir Gesundheit und Umwelt sind. Zusétzlich tragen
sie massgeblich zu der heute beobachteten globalen Erderwédrmung bei. Um eine
gesunde Umwelt zu erhalten und unabhéngig von fossilen Brennstoffen zu werden

ist es deshalb wichtig, erneuerbare Energien zu entwickeln und zu fordern.

Solarenergie ist eine der vielversprechendsten alternativen Energiequellen,
die sowohl erneuerbar als auch emissionsfrei ist. Wahrend Photovoltaikanla-
gen sich bereits gut auf dem globalen Energiemarkt etabliert haben, bedarf
es zusédtzlich noch angemessene Energiespeichersysteme, die die unregelméssige
Verfiigbarkeit der Sonne kompensieren. Chemische Brennstoffe wie Wasserstoff
sind leicht transportierbar und allgemein zugénglich. Aufgrund dieser Vorteile,
stellen sie eine attraktive Alternative zu fossilen Brennstoffen dar. Wasserstoff
kann mittels der sogenannten “kiinstlichen Photosynthese” aus Wasser hergestellt
werden. Ein Halbleitermaterial fungiert dabei als Fotokatalysator der die beiden
benotigten Reaktionen zur Wasserspaltung - die Freisetzung von Wasserstoff und

Sauerstoff - steuert.

Seit den 1970er Jahren befasst sich die Forschung mit Strategien zur Entwick-
lung von geeigneten fotokatalytischen Materialen, wobei der Fokus {iberwiegend
auf Oxiden liegt. Der Nachteil von herkémmlichen Oxiden ist die iiblicherweise
grosse Bandliicke, die es nur Lichtenergien im ultravioletten (UV) Bereich er-
laubt, die Wasserspaltung auszulosen. Der Anteil an UV Strahlung ist allerdings
nur ein Bruchteil des gesamten zur Verfiigung stehenden Sonnenspektrums (circa
5%). Daher kann nur ein kleiner Teil der verfiigharen Sonnenenergie von Oxiden

genutzt werden.

Die Gruppe der Oxynitride verfiigt {iber eine besondere Eigenschaft: Thre

Bandliicke ist variabel und kann in Richtung sichtbaren Lichtbereich verscho-
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Zusammenfassung

ben werden. Dies kann durch die Substitution von Stickstoff durch Sauerstoff
erreicht werden. Diese Eigenschaft wird in der hier vorgelegten Dissertation an
einem repréasentativen Oxynitrid, dem Lanthan Titan Oxynitrid mit der chemi-
schen Formel LaTiO,N, untersucht, dessen Bandliicke durch Einbau von Stick-
stoff von 3.8eV zu 2.1eV verringert wird. Es wird angenommen, dass durch die
Hybridisierung der Sauerstoff- und neu eingebauten energetisch héher liegenden
Stickstofforbitale zusétzliche elektronische Zusténde gebildet werden, welche eine
Verschiebung der Valenzbandgrenze hin zu hoheren Energien bewirken. Es ist
allgemein anerkannt, dass der Einbau von Stickstoff nur das Valenzband beein-
flusst, wiahrend das Leitungsband unverédndert bleibt. Diese Annahme wurden
zudem durch theoretische Berechnungen untermauert. Allerdings steht eine ex-

perimentelle Bestitigung dieses theoretischen Models noch aus.

Im ersten Teil dieser Dissertation wird der Einfluss der Sauerstoffsubstitution
durch Stickstoff auf die elektronischen und optischen Eigenschaften von Oxynitri-
den untersucht. Mittels eines modifizierten Verfahren des Laserstrahlverdampfens
(englische Bezeichnung: Pulsed Reactive Crossed-beam Laser Ablation) kénnen
Oxynitrid Diinnschichtfilme produziert werden, deren Stickstoffanteil genau ein-
gestellt werden kann. Um die Unterschiede in der elektronischen Struktur der
Oxide und Oxynitride zu untersuchen, wurden Proben mit derselben kristallinen
Struktur fiir die Rontgenabsorptions- und Rontgenemissionsspektroskopie herge-
stellt. Es konnte gezeigt werden dass durch die Hybridisierung von O 2p und N 2p
Orbitalen tatséchlich zusétzliche elektronische Energiezustéinde oberhalb des Va-
lenzbandes gebildet werden, die zu einer Verschiebung der Valenzbandkante hin
zu hoheren Energien fithren. Durch diese Erkenntnis wurden die theoretischen
Vorhersagen erfolgreich bestétigt. Jedoch wurde eine zusétzliche Verschiebung
des Leitungsbandes zu niedrigeren Energien beobachtet, welche bisher noch nicht
theoretisch vorausberechnet wurde. Dies unterstreicht die Notwendigkeit, theore-

tische Prognosen mit experimentellen Beobachtungen zu ergénzen.

Ein weiterer Vorteil dieser Oxynitriddiinnschichtfilme besteht darin, dass
sowohl der Stickstoffanteil als auch die kristallinen Eigenschaften einfach kon-
trolliert werden konnen. Bisher konnte die Beziehung zwischen Orientierung der
Kristalloberfliche und der fotoelektrochemischen Aktivitét nicht im Detail unter-
sucht werden, da dies mit konventionellen Oxynitridpulverproben nicht moglich

ist. Um diese Untersuchungen zu ermoglichen, musste ein neues Design fiir die
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Oxynitridproben mit strikten Materialeigenschaften entwickelt werden. LaTiO,N,
wie alle Oxynitride, sind n-Typ-Halbleiter und konnen daher als Fotoanode fun-
gieren, die das Wasser durch den Verbrauch von Lochern an der Halbleiterober-
fliche oxidieren. Das neue Modellsystem benétigt daher einen Stromabnehmer,
der die durch Lichtenergie erzeugten Elektronen effizient einsammelt und zur Ge-
genelektrode transferiert, damit diese dort die Reaktionen fiir die Reduktion von
Wasser durchfithren kénnen. Neben der guten Leitfdhigkeit, muss der Stromab-
nehmer in der stark reduzierenden Umgebung und bei den hohen Temperaturen
(> 800°C), die wahrend der Abscheidung des Oxynitriddiinnschichtfilms herr-
schen, stabil sein. Ausserdem, um Diinnschichtfilme mit hoher kristalliner Qua-
litdt und bestimmter Orientierung der Kristalloberfliche herzustellen, miissen
die Kristallgitter des Oxynitrid und des Stromabnehmer angepasst sein. TiN-
beschichtete Substrate erfiillen alle vorher genannten Erfordernisse und eignen

sich daher hervorragend als Stromabnehmer.

Erste fotoelektrochemische Experimente zeigten eine Abnahme des gemes-
senen Fotostroms mit zunehmender Anzahl von Messungen. Um den Ursprung
dieser Verringerung zu erkléren, wurden die Oxynitriddiinnschichtfilme genauer
untersucht. Es wurde festgestellt, dass das Zusammensetzungen der Gesamtpro-
be an sich unverdandert blieb und damit das Material hochstwahrscheinlich stabil
in der chemischen Umgebung ist. Mittels XPS wurde allerdings gezeigt, dass die
oberen Materialschichten durch die fotoelektrochemischen Experimente oxidiert
wurden, was wiederum den Fotostrom stark beeinflusst. Da sich dieser Einfluss
aber mit Dauer der Messung minimalisiert, muss vor jeder Messung der Fotostrom
stabilisiert werden. Durch die Messungen unter Verwendung des stabilisierten Fo-
tostroms konnte sowohl ein starker Einfluss der kristallinen Qualitéit als auch der
Oberflachenorientierung auf den Fotostrom festgestellt werden. Es wurde gezeigt,
dass Proben mit hoher kristalliner Qualitédt einen héheren Fotostrom produzie-
ren kénnen. Ebenso konnte mit der Wahl der Oberflachenorientierung des Oxy-

nitriddiinnschichtfilms die Aktivitdt des Materials positiv beeinflusst werden.

Unser gegenwirtiges Verstéandnis von Oxynitriden konnte durch die Kombi-
nation von Rontgenspektroskopie zur Aufklarung elektronischer Strukturen und
der Entwicklung eines neuen Model Systems zur Messung fotoelektrochemischer
Eigenschaften stark vorangebracht werden. Diese neu entwickelten Kompetenzen

und Fahigkeiten ermdoglichen weitergehende Untersuchungen von anderen Mate-
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Zusammenfassung

rialen aus der Familie der Oxynitriden, welche fotokatalytisch aktiv sind, was wie-
derum zur Entwicklung und Entdeckung von besseren Fotokatalysatoren fithren

kann.
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Introduction

1.1. Motivation

Since the beginning of the industrial revolution (about 1850), the global energy
demand has increased exponentially (Fig. 1.1). This increase is on one hand due
to the increase in population and on the other due to the improved living stand-
ards enabled by accessibility of fossil fuels. Currently about 80% of the world’s
energy economy rely on fossil fuels, which will be depleted eventually™. The
increased combustion of these energy resources has caused the increase of green-
house gases in the atmosphere (see CO, concentrations in Fig. 1.1) leading to the
observed increase in global mean temperature, also known as global warming!?.
Besides the long-lived greenhouse gases influencing the Earth’s climate (such as
CO,), short-lived gases and particles are also emitted by the same sources such
as soot, NOy, SO, and particulate matter which influence not only the climate,
but also cause adverse health effects for the environment and mankind?. The
possible and dramatic consequences of this anthropogenic influence is summar-
ized in the fifth assessment report of the United Nations Intergovernmental Panel
on Climate Change (IPCC)!?l. Nevertheless, the demand of energy will further
increase in the future and therefore Earth’s atmosphere will be continuously in-
fluenced if we do not become independent from fossil fuels. Thus, alternative
energy sources to replace the extensively used fossil fuels are needed in order to

supply the energy demand and to maintain a sound environment.

Several sustainable energy sources offer an alternative to hydrocarbon fuels.
Wind turbines, solar panels or hydroelectric systems which convert the kinetic
energy from wind, solar energy or the energy of flowing or falling water into elec-

trical power, respectively, are renewable resources already available on the energy
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Figure 1.1.: Estimated world population (left axis): historical estimation until 1950
(dark blue)®) actual recorded population from 1950 to 2015 (bluc),

global primary energy consumption (right axis): estimation from 1965 to 2014
( )[4 estimation from 1800 to 1995 (dark green) ),

CO, concentration (second right axis): CO, concentration from West Antarctic Ice
Sheet Divide ice cores (dark gray)[® CO, annual mean data from Mauna Loa ( )17]

market. Even though renewable and sustainable energy sources will not cover the
energy demand in the near future, it is highly desirable to strongly increase their
contribution to the total energy generation in the long term. This is only possible
if society and politics are willing to undergo the necessary changes. Science is in
charge of pushing forward the development of renewable and sustainable energies.
Efficient and economical techniques are required not only to improve the output

and increase the usability, but also for the acceptance in the world’s society.

Among the available renewable energy sources, only solar energy has the
potential to provide energy to supply the global energy needs without the emission
of additional greenhouses gases after production!®. The technology with the
currently highest impact that uses solar energy is photovoltaic for the generation

of electricity. Even though photovoltaic technologies have the potential to supply
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H, Chemical Energy

Figure 1.2.: Two ways of hydrogen production by using solar energy: Combination
of photovoltaic and electrolysis or directly with photocatalytic water splitting

the global energy demand, they are not able to do so yet. Assuming a future
energy demand of 20 TW, and a solar cell with 10% conversion efficiency solar
cells, an area of about 816 000 km? is required, which is approximately the area of
France and Germany combined[®. A 24/7 production during 365 days per year of
650 m? of solar cell panels per second for the next 40 years would be necessary to
realize such an undertaking[®. Additionally it is necessary to store the produced

energy due to the intermittent nature of solar radiation.

How to store solar energy will be a key question in future renewable energy
economy. Several storage methods are available such as batteries, pumped wa-
ter reservoirs and chemical fuels (hydrogen, methane, methanol and other liquid
hydrocarbon fuels). The advantage of the latter is the transportability and ac-
cessibility. Especially hydrogen is of large interest. The energy stored in the
hydrogen bonds is easily released via the reaction with oxygen and only produces
water as reaction product!®. Hydrogen fuel production currently relies to a major
extent on fossil fuels (> 95 %®!). Using non-renewable energy, hydrogen is either
refined via steam reforming and subsequent solid fuel gasification or (to a minor

extent) via water electrolysis[¥.

There are sustainable alternatives to produce hydrogen. In a first step elec-
tricity from fossil fuels can be replaced by electricity originating from renewable
energy sources such as photovoltaic. Photovoltaic-electrolysis is the second step
process, which then generates the chemical fuel via electrolysis (Fig. 1.2). Altern-

atively, solar light could be directly used to split water. The idea of photoelectro-
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chemical (PEC) decomposition of water into hydrogen and oxygen was concieved
in 1972 using TiO, as photcatalyst '’ which induced numerous studies on this
topic proofing and discussing the possibility of heterogeneous photocatalytic wa-
ter splitting!''~'%. However, solar water splitting still remains a challenging task
as the photocatalytic material needs to fulfill various requirements such as low
costs, low or no toxicity, efficient light absorption and high photoconversion effi-

ciency.

Besides conventional semiconductors "7 wide band gap semiconductor ox-
ides are the most studied solar water splitting systems, however their band gap
only absorbs solar light in the UV range, which only comprises a few percentage
of the total solar spectrum 013181 By replacing oxygen ions in the crystal lattice
of metal oxides partially (or fully) with nitrogen ions, oxynitrides (or nitrides)
can be produced which can absorb solar light in the visible light range!%2% This
is because the N 2p orbitals have a higher energy than the O 2p orbitals, thus
shifting the valence band upwards in energy and reducing the band gap. First

successful tests with oxynitrides were only reported in 20022122
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1.2. Solar water splitting

1.2.1. Basics of the photoelectrochemical water splitting

process

Water splitting is the decomposition of water to molecular hydrogen and oxygen,
which is an endothermic reaction, i.e. it requires additional energy to take place,

as can be seen from the positive change in Gibbs free energy AG® 32324,

2H,0 —> O, + 2H, (1.1)

AG® = +237.2kJ mol ™" (1.2)

Water splitting can be achieved via electrolysis (see Fig. 1.3a). During this
process two electrodes are brought in contact with water while an electric po-
tential is applied between anode and cathode resulting in an electric current.
The theoretical minimum potential difference to split water is 1.23 V. However,
an excess energy is always needed (so-called overpotential) to overcome certain
energy barriers and thus to enable the electrochemical water splitting reactions.
Therefore, cell voltages of usually more than 1.6 V are required *” to oxidize H,0O
to O, at the anode and reduce H,O to H, at the cathode. To drive these chemical
reactions, the energy of the Fermi level of the anode has to be lower than the
highest occupied molecular orbital (HOMO) of the species to be oxidized. By
consuming a hole A" in the anode (transferring an electron e~ from the adsorbed

species to the anode) the oxidation is performed ®23,

1
H,O + 2ht — 2H* + 3 0, (1.3)

In the same way, the energy of the Fermi Level of the cathode has to be
higher than the lowest unoccupied molecular orbital (LUMO) of the species to
be reduced. Here, the electron is transferred from the cathode to the adsorbed

species to perform the reduction process!®23).



Chapter 1. Introduction

g
g
&
CBM
VBM
(a) Basics electrolysis (b) Photo-excitation of electron-hole

pairs

ua1In)

spoyien ™

10323]|0d
10303]|0d

H,

H,0

(c) Separation of photo-generated charge (d) Redox reactions at the two electrodes
carriers

Figure 1.3.: (a) Schematic of the principle of electrolysis. A minimum applied voltage
of 1.23V (usually > 1.6V due to overpotentials!®!) between the two electrodes is
needed to split HyO into its constituents, thus Hy and O,. (b) In PEC water splitting, at
least one of the electrode is replaced by a semiconducting material, which is illuminated
to generate electron-hole pairs. (¢) Adsorption of ions (here anions) from the solution
on the photoelectrode forms a space-charge layer at the surface of the semiconductor
needed for charge separation. For a proper transfer of the the charge carriers (here
electrons) to the counter electrode, a current collector is needed. (d) Oxidation of HyO
to O, with the holes at the photoanode and reduction of H,O to H, with the electrons
at the cathode.

2H" +2e¢” — H, (1.4)

The photoelectrochemical water splitting process is basically electrolysis
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driven by light. To perform water splitting with light, at least one electrode
is replaced by a semiconducting material, where the incident light has enough
energy to excite electrons from the valence band (VB) to the conduction band

(CB) forming electron-hole pairs (Figure 1.3b):

2hy —» 2e” +2h* (1.5)

with A the Planck’s constant and v the frequency of the photon. To avoid
unwanted recombination of the photo-generated charge carriers, electrons and
holes have to be separated. The charge carrier separation is driven by the built-
in electric field formed in the semiconductor close to the semiconductor/liquid

interface.

Figure 1.3c shows an example of using a n-type semiconductor with mainly
adsorbed anions from the solution. This forms a depletion of the majority charge
carriers (electrons) at the surface of the semiconductor resulting in an excess of
positive charges, the space-charge layer. The effect of this space-charge layer is the
upward bending of the CB and VB close to the interface semiconductor/liquid and
the consequent separation of the photo-generated charge carriers. While the holes
are driven to the surface of the semiconductor, the electrons are transferred via
the external circuit to the counter electrode (CE). This defines the semiconductor
as the photoanode and the CE as the cathode. Analogous considerations can be

done for a p-type semiconductor.

In theory, using a semiconductor with a band gap (E,) larger or equal to
1.23eV as indicated in Figure 1.3b (ES“e™" = 1.23eV), the excited electron
would have enough energy to perform the water reduction process (neglecting
overpotentials). However, in the same way as for electrolysis, the highest energy
state in the VB (VB maximum - VBM) has to be lower than the oxidation
potential of water (E°(H,0/0,)), which allows the transfer of the holes into the
solution. Further, the lowest energy state in the CB (CB minimum - CBM) has to
be higher than the reduction potential of water (E°(H,/H,0)), which allows the
transfer of the electrons into the solution (Figure 1.3d). In other words, the band
gap has to straddle the reduction and oxidation potentials of water as visualized
in fig. 1.4.
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Potential [V] vs. NHE at pH 0

Figure 1.4.: Valence and conduction band position for straddling the reduction and
oxidation potentials of water.

With the fact that a perfect matching of the energy state of the semicon-
ductor’s VBM and CBM with the oxidation and reduction potential, respectively,
is not possible and that overpotentials are inevitable, the required band gap for

the photoelectrochemical water splitting process increases (F, > 1.70 eV [526:27),

1.2.2. Water Splitting Systems

Above we considered the photoelectrochemical water splitting system used in
this thesis where hydrogen and oxygen evolution take place on spatially separate
electrodes. In this section I will shortly introduce alternative water splitting

systems (Fig. 1.5).

Fig. 1.5a schematically shows a photoelectrochemical water splitting system
using a photoanode as introduced above. An alternative version is depicted in
Fig. 1.5b, where the photoanode is replaced by a photocathode. For this, a p-
type semiconductor such as Cu,O, Cu(InGa)S, or GalnP, 7 is required for the

hydrogen evolution, while oxygen evolution occurs at the counter electrode.

Fig. 1.5c shows a system in the so-called tandem configuration, which consists
of a photoanode for the oxygen and a photocathode for the hydrogen evolution.
In contrast to the systems depicted in Fig. 1.5a and Fig. 1.5b, which show a
single step excitation system, the tandem configuration system is a two step
excitation system. I.e., for the same number of photoelectrochemical reactions,

twice as many photons are required in the tandem configuration system compared
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to the single photoelectrode systems. In the case of the single photoelectrode
system the band gap of the semiconductor has to straddle the redox potentials of
hydrogen and oxygen evolution; by contrast, for the tandem configuration setup
this is not required for each photocatalyst. One photocatalyst aims for hydrogen
evolution and the other of oxygen evolution. For the photoanode the VBM has
to be energetically lower compared to the oxygen evolution potential. For the
photocathode the CBM has to be energetically higher compared to the hydrogen
evolution potential. Many semiconductors do not straddle the redox potentials of
hydrogen and oxygen evolution and cannot be used for the single photoelectrode
system. These semiconductors can instead be used in a tandem configuration
setup. Furthermore these semiconductors used in a tandem configuration setup
can have a smaller band gap, since an ideal matching of the VBM and CBM is not
required and the overpotentials of hydrogen and oxygen evolution are distributed

to the corresponding photoelectrode.

In photocatalytic (PC) systems using one-step excitation (Fig. 1.5d), the
semiconducting material has to fulfill the same requirements as for PEC systems,
thus efficient charge carrier separation and the band gap has to straddle the
oxidation and reduction potential of water (see section 1.2.1). In contrast to
PEC systems, in PC systems the semiconductor photocatalyst is suspended in
form of powder in the electrolyte and each particulate act as a microelectrode.
That means, hydrogen and oxygen evolution take place on the surface of the same
particle, while for PEC systems the hydrogen and oxygen evolution evolves at
different and separated electrodes. This makes the charge separation easier in
a PEC system, but in a PC system the charge carriers reach the surface faster

since there is no external circuit.

Accordingly, the water splitting reaction products can be separated in a PEC
system due to a spatially separated production, but not in a single excitation PC
system. This separation in a PEC system can be achieved with a membrane (e.g.

a porous glass filter) located between the two photoelectrodes.

A separation is possible with a two excitation step PC system, the so-called
Z-scheme (see Fig. 1.5), where two photocatalysts are suspended in an electro-
lyte!?”). One photocatalyst is again used for hydrogen evolution and the other for

oxygen evolution. These two semiconducting materials are connected via an elec-
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Figure 1.5.: To summarize alternative water splitting systems. (a) photoelectro-
chemical water splitting system using a photoanode (b) photoelectrochemical water
splitting system using a photocathode (c) photoelectrochemical water splitting system
using a photoanode and photocathode in tandem configuration. (d) photocatalytic
water splitting system based on one-step excitation (e) photocatalytic water splitting
system based on two-step excitation (Z-scheme). The tandem cell configuration (c) and
the Z-scheme (e) allow the usage of semiconductors with smaller band gaps. (Figure
modified from [28).

tron transfer mediator. The electron transfer mediator is a redox couple, which
is reduced at the oxygen evolution photocatalyst and oxidized at the hydrogen

evolution photocatalyst.

Similar to the tandem configuration PEC system, the Z-scheme requires

twice as many photons compared to single excitation PC systems.

0], The favored co-

For all these systems typically co-catalysts were used
catalysts are typically based on noble metals such as Ir®!), Rul®?, Rh[3 PdB4,
Pt Aul%l and Agl¥. While Pt is mainly loaded as metal, noble metal oxides

such as Ru0, ", Rh,0,P" and IrO, ! are used as well as co-catalysts. How-

10
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ever, noble metals are not abundant and too expensive for a large-scale hydrogen
generation. Promising earth-abundant and inexpensive co-catalysts for O, evol-
ution are NiO, P71 Co,0,B8, CoO, B cobalt phosphate (Co-Pi) %, MnO, #1
FeO, ") and Cul*l.

1.2.3. Material requirements

The requirements on photoelectrode materials are high. In the following we shall

discuss the most important factors in more detail:

1.2.3.1. Light absorbtion

The maximum of the solar light spectrum lies in the visible and infrared light
range (see Fig. 1.6). Convential photocatalysts are mainly oxides of transition
metals. These materials have a rather large band gap due to their high ionic
character ®"l. This leads to a large distance between the valence band composed
of O 2p orbitals and the conduction band composed of empty d bands (d° cations),
making these materials inefficient for the use of visible light. Thus, only a small
fraction of the total solar energy can be harvested. To increase the usability
additional states have to be inserted above the valence band edge for an energetic
upwards shift of the valance band, thus reducing the band gap and increasing the
harvestable portion of the solar spectrum. This is done via doping of the native

oxides, which will be discussed in more detail in section 1.2.4.

Additionally, light absorption does strongly depend on the wavelength A
which can be described by the Lambert-Beer law[*%!

I(\) = Tye W (1.6)

with Iy the incident light intensity, d the penetration depth of the photons
in the material and a the wavelength and material dependent absorption coeffi-
cient. The latter defines where the photons are absorbed and produce electron-
hole pairs. The amount of charge carriers participating in the electrochemical
reactions, will depend on the location of the excitation, and the charge transport

and separation, as will be discussed in the following section.

11
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Figure 1.6.: Reference Solar Spectral Irradiance: Air Mass 1.5 from Ref.[*4 showing
the direct and circumsolar radiation.

1.2.3.2. Charge transport and separation

Before the produced electron-hole pairs can participate in the electrochemical
reactions, they need to be separated and transported to the reaction site before
they recombine. As described in section 1.2.1, the charge carriers can be separated

via the built-in electric field to reach to surface.

In the case of an n-type semiconductor, the majority charger carriers are
electrons and the minority charge carriers are holes. In such a photoanode the
holes drive the oxygen evolution reactions. For this they have to diffuse to the

surface. The minority carrier diffusion length L, is expressed as!*’]

[k Tr2
L= VDr= /" q“T :,/km: (1.7)

with D the diffusivity of the free carrier, 7 the carrier lifetime, k the

Boltzmann constant, T" the temperature, p the carrier mobility, ¢ the elementary

charge and m* the effective mass of the minority charge carrier. The diffusion

12
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length also depends on impurities and crystal defects. These introduce favorable

6]

energy levels for recombination Thus, the reported diffusion length in metal

oxides are shorter compared to high purity semiconductors such as silicon[*".

The charge-carrier separation depends on the band bending (the built-in
electric field described in section 1.2.1). The band bending occurs in the so-

called space-charge width Lgc, which can be estimated as follows!*’)

2l V) Vﬂ’)] " (1)

Lsc = Lp [ ™

with Lp the Debye length, V' the applied potential, Vy;, the flat band poten-
tial. Lp is defined as:

eockT

Lp=4{/——
P q? (no + po)

(1.9)

with €y and e the vacuum and the relative dielectric constant, respectively,
and ng and py are the electron and hole concentration in the semiconductor,
respectively. In an n-type semiconductor ng > pg, whereby ng =~ np, with np

the donor concentration [®l.

As a consequence Lgc depends on the donor concentration as well as on
the applied potential, whereby high charge carrier concentrations lead to a small

Lsc. Lge typically ranges from several nanometres to micrometres 449,

Depending on where the electron-hole pairs are produced they will recombine
or be able to participate in the water splitting process. If the photon penetrates
deep within the material and produces charge carries there, it is very unlikely that
the minority carrier will reach the surface before recombination. If the electron-
hole pairs are produced within the space-charge layer, the charge carriers will be
efficiently separated and the minority charge carrier transported to the surface
enabling the corresponding electrochemical reactions. Here the diffusion length
L, plays a role. Even if electron-hole pairs are produced away from the space-
charge layer but within the diffusion length L,, a fraction of those will reach
the space-charge layer via diffusion. Summarizing, high crystalline quality and

purity allows for a high diffusion length, which enables the charge carriers to

13
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diffuse to the space-charge layer, where space separation and transport to the
surface is possible, allowing for the relevant reactions at the surface. Still, the

photoelectrode should be thick enough to absorb all photons.

1.2.3.3. Stability

During photoelectrochemical water splitting, the photocatalyst has to be chem-
ically and structurally stable in the aqueous solution. Photocorrosion can take
place if the produced charge carriers are not used for the water splitting re-
actions, but to oxidize or reduce the photocatalyst itself. This happens if the
chemical reaction of the (anodic or cathodic) decomposition is energetically fa-
vorable compared to the chemical decomposition of water. However, large band
gap photocatalysts (band gap > 3eV) have been found to be very stable in terms

(50,51 Further, the decomposition of the photocatalyst can be

of photocorrosion
minimized if the kinetics of the decomposition reactions are slower than the hy-
drogen and oxygen evolution reactions. As examples, TiO, and Fe,O, are stable
materials for water oxidation, even though their anodic decomposition poten-
tials are energetically higher!®°2. For other materials prone to photocorrosion,

co-catalysts or protection layers can be used to overcome the stability issuel®>4.

1.2.3.4. Efficiency

The efficiency of the photoelectrochemical activity is closely related to the con-
version of the photon energy to chemical energy. The band gap determines which
fraction of the incident photons can be absorbed. This inevitably defines the up-
per limit of efficiency. Photons with energies below the band gap (hv < E,) are
not absorbed, photons with energies above the band gap energy (hv > E,) create
electron-hole pairs, which may contribute to the electrochemical reactions. As
mentioned in section 1.2.1, the theoretical minimum energy that is required for
solar water splitting is Eg“lcv’”m = 1.23eV. This energy corresponds to a photon
with the wavelength of approximately 1000 nm according to Fig. 1.6. Photons
with a higher wavelength do not allow for solar water splitting due to the too
low energy. This applies to about 24.5% of the solar spectrum, which cannot

produce enough energy to enable the required chemical reactions. Accounting

14
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Figure 1.7.: Measurements used for efficiency calculations (Figure modified from
Ref.?7).

for the overpotentials for hydrogen and oxygen evolution reactions (about 0.3 eV
to 0.4eVDP?), the required energy increases to about 1.70eV. Thus, the solar
energy that cannot be used further increases to about 49.0%. Considering a
minimum band gap value of 2.03eV according to Ref. [56] increases the solar
energy loss up to 64.7%. Having a band gap in the UV range, e.g. 3.20eV of
TiO,, only 3.7 % of the solar spectrum can be used. These considerations high-
lights the need of reducing the band gap of the photocatalyst to target higher
efficiencies. Due to thermodynamic and kinetic limitations, the band gap of the
photocatalyst for one-step excitation is significantly higher compared to the the-
oretical minimum. Therefore, the previously described Z-scheme and tandem
cells configurations are very attractive alternatives to achieve high efficiencies for

solar water splitting[®36-°7,

In PEC, different definitions of efficiency are used (see Fig. 1.7)5:23:27,

The overall efficiency of a PEC system is described by the solar-to-hydrogen
efficiency (STH) measured in a two-electrode configuration. This term relates

the converted chemical energy to the input solar energy (Fig. 1.7¢):
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Jse X 1.23V X np

STH =
P’i

(1.10)

with J. the short-circuit photocurrent density, nr the faradaic efficiency, P,
the total light intensity and the value 1.23 V from the Gibbs free energy AG° of

the reaction.

When applying an external potential £,,,, the STH value does not reflect the
true solar-to-hydrogen efficiency anymore, as the photocurrent typically increases
with the applied potential. Instead the applied-bias photon-to-current efficiency
(ABPCE) can be used as follows:

Jph X (EH20/02 B Eapp)

ABPCE =
P;

(1.11)

where Jp, is the measured photocurrent density at the applied potential £,
in a three-electrode configuration (Fig. 1.7a), E20/02 is the water oxidation
potential (1.23V vs. reversible hydrogen electrode (RHE)) and P, is the power
density of the used illumination. This efficiency is mainly used as diagnostic
measurements during material development. However, increasing the potential
to values higher than the thermodynamic water splitting potential (1.23V vs.
RHE), one needs to be careful if the PEC system is still more advantageous

compared to a standard electrolysis system without light.

For PEC, the incident-photon-to-current (IPCE) efficiency is a useful meas-
ure. It relates the produced current to the number of incident photons in de-

pendence of the wavelength \:

Jon (V) < (1.12)

IPCE() = B0 5

with Jp;, (A) the photocurrent density at wavelength A and P, (A) the mono-
chromatic intensity, h the Planck constant, ¢ the speed of light and e the ele-
mentary charge (%C = 1240 Vnm). At constant applied potential, the photocur-
rent is measured by varying the wavelength of the monocromatic incident light
(Fig. 1.7b). The minimum wavelength, where a photocurrent can still be meas-

ured is closely related to the band gap of the semiconductor.
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The absorbed-photon-to-current (APCE) efficiency can be easily determined
by dividing the IPCE value with the absorbance A:

_IPCE  Jpm (M) x

APCEN) = == = 5 ) < A x A

(1.13)

1.2.3.5. Low costs

To allow for a feasible and sustainable production of the photocatalyst the ne-
cessary elements have to be readily available, non-toxic, but also relatively cheap
and abundant. Similar to photovoltaics where the most used technologies are not
based on materials with the highest performance (too expensive), also for solar
water splitting a good balance between high efficiency and low costs should be

desirable?7,

1.2.4. Progress review of solar water splitting applications
1.2.4.1. Oxide materials for solar water splitting

Since the discovery of splitting water into molecular oxygen and hydrogen us-

[10.58] " the field of photoelectrochemistry assumed

ing TiO, as a photoelectrode
the challenge of finding materials for efficient and sustainable hydrogen pro-
duction using solar radiation. A plethora of oxide materials were found to be
active for solar water splitting and were subject of further investigations, both
experimentally (e.g. FeO,P" 01 BivO,263 WQ,04 and other7%>67) and

(6574 " These metal oxides are very stable materials due to the high

11120,27]

theoretically
electronegativity of oxyge However, also non-oxide compounds e.g. typic-
ally used for photovoltaic application were tested towards their activity for solar

water splitting!!*1727 (see Fig. 1.8).

For the oxide compounds, the valence band position depends on the
filling of the metal d band. For d° materials with an empty d band
(Ti**", Zr*T Vo NbF Tat WO+)[26.27.66] and for d'° materials with a filled d band
(Ga®*,In**,Ge**,Sn?*,Sb? 1) [26:66]  the valence band is composed of O 2p states.

The high ionic character of such compounds leads to a large separation of the
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Figure 1.8.: Valence and conduction band positions (including uncertainties) of some
semiconductors used in photoelectrochemistry. Figure also shows some important redox
potentials at pH 14. (Figure modified from Ref. [8]).

conduction band and the valence band*”), resulting in a large band gap (> 3eV)
with their photo-responds in the UV range. Overall water splitting (ratio of
2:1 for the evolution of hydrogen and oxygen, respectively) could be achieved
for large band gap semiconductors, such as Ga,0,™ and the perovskite oxides
SrTiO4 [76], KTaO,4 [ and lanthanum-doped NaTaOg4 (78],

Like TiO,, WO, is another example of such binary compounds of transition
metal oxides, where the valence band is composed of O 2p states. WO, has a band
gap in the visible light range (2.8 eV ?77) which would increase the amount of
solar light that can be used, but it has a conduction band that is energetically too
low for hydrogen evolution. However, in a Z-scheme or tandem cell configuration,
WO, can be used as photoanode!™. Further, WO, doped with hafnium shifts
both, the valence and conduction band, upwards in energy with no effect on the

band gap value™. This makes hydrogen and oxygen evolution again possible.

Another metal oxide photocatalyst that straddles only the oxidation poten-

tial is Fe,O4, a very stable compound and composed of abundant elements. Fe,O,
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1.2. Solar water splitting

is not one of the d° or d'° transition metal oxides. For Fe,O, the d band is neither
full nor empty (d" electronic configuration) and excitation of electrons from the
valence band to the conduction band are influenced by d-d transitions*”. For
this kind of material, the charge separation and transport is problematic 2780,
Further, Fe,O, reveals a relatively positive flat-band potential and a high onset
potential for the photocurrent. Heavily doped Fe,O, forming ternary compounds
(such as ZnFe,O,) have been investigated to improve the photoelectrochemical

properties but with little success!®.

Ternary compounds, such as the mentioned ZnFe,O, and Hf W,  O,, and
quaternary compounds have recently attracted attention due to the limitations
of the binary oxides®”. A promising strategy to find compounds with a proper
engineered band gap is the mixing of s? (Sn*" Bi*") cations with d° cations[%?7),
The coupling of the s states and the O p states forms additional energy levels by

shifting the valence band upwards in energy[*%.

One of the most successful ternary compound is BiVO, with a band gap of
2.4eV 384 where the valence band is composed of Bi 6s and O 2p states. By
nanostructuring, this compound used as photoanode reaches photocurrents up
to 6.72mA cm™? (1.23V vs. RHE and AM1.5 simulated solar light) and, by a
combination of photovoltaic cells, BiVO, based devices can reach STH efficiencies
up to 8.1 %[B! (for definition see section 1.2.3.4).

1.2.4.2. Oxynitrides - shifting the response to visible light by anodic doping

General considerations: As mentioned in the previous section, oxides have,
with some exceptions, a large band gap of more than 3 eV, therefore only absorb-

36] " A greater portion of the

ing UV radiation (about 5% of the solar spectrum)
solar spectrum can be captured by narrowing the band gap, thus expanding the
absorption window. Cation-doping (e.g. WO, doped with hafnium[™ or TiO,
doped with iron®7) and the formation of more complex compounds (ternary and
quaternary compounds such as BiVO,, ZnFe,O, and the perovskite oxides) as
described in the previous section, are typically used for oxides to modify the elec-
tronic structure and the optical properties of the oxide compound. A band gap
reduction is mainly achieved by shifting the valence band edge upwards in energy,

as realized for example for BiVO, with a coupling of occupied Bi 6s states with
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the O 2p states. The reason for this strategy of valence band modification is the

energetically low O 2p orbital compared to the oxidation potential of water.

Besides these strategies, other successful strategies are the formation of solid
solutions (e.g. (1-x)GaN:xZnO as described at the end of this section), anion-
doping (e.g. nitrogen-doped TiO,) and anion-incorporation (described in the
following), where for example oxygen is partly or fully substituted with nitrogen

20,26,88-92] ' TTe gmaller band gap 1s

forming oxynitrides or nitrides, respectively
the result of the hybridization of the O 2p and N 2p orbitals which is most likely
to create additional available energy levels above the valence band of the original
oxide, while leaving the conduction band unaffected. Density functional theory
calculations for BaTaO,N support this hypothesis®. TiO,, as the most studied
photocatalyst, was investigated towards band gap reduction by nitrogen doping

and improvements towards solar water splitting were reported9* 99

An example of how nitrogen incorporation into the native oxide influences
the electronic structure is shown in Fig. 1.9 for Ta,O5, TaON and TasN;. The
band gap value decreases continuously by increasing the nitrogen content from
3.9eV for Ta,O5 to 2.4eV for TaON and to 2.1eV for TasN; by shifting the
valence band edge upwards in energy, while the conduction band remains almost
the same. More details about the change of the electronic structure will be given

later in section 1.2.6.

d® materials: TaON was one of the first oxynitride investigated towards solar

water splitting??

. TaON and TasN; are promising materials for photooxidation
of water with band gap values of 2.4eV and 2.1 eV, respectively. Photoactivity in
the visible light has been demonstrated [?%93:100-195] ' T9ON showed a remarkable
O, evolution rate of 660 1mol h~! in the first 30 min 22/, Using an aqueous AgNO,
solution as sacrificial reagent, the rate decreases with increasing operation time
due to covering of Ag particles on the surface of the photocatalyst and due to
a degradation of the photocatalyst. This degradation yields an oxidation of the
photocatalyst as N, evolution was observed during operation. However, N, evol-
ution was mainly observed at the beginning of the measurements, indicating a

proper stability of this material after the initial nitrogen loss.

Further nitridation of TaON leads to Ta;N; (Fig. 1.9). TasN; decorated with
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Figure 1.9.: Valence and conduction band positions of Ta;O5, TaON and TazNjy to
visualize the effect of the nitrogen incorporation. (Figure modified from Ref.[%3).

2 wt % CoO, revealed an initial oxygen evolution rate of about 142 pmol h—[100)
using Na,S,0y as sacrificial reagent. With increasing time the activity decreased
but could be stabilized at a value of 100 pmolh~! for 10 h.

As described above, both materials, TaON and Ta;N;, can be used for wa-
ter oxidation reactions. Theoretically, these two materials would also have a
suitable conduction band for hydrogen evolution, but photoreduction of water
using these compounds was suppressed, showing only small hydrogen evolution

22,105]

rates using methanol as sacrificial reagent (=~ 10 pmol h~1)! It is commonly

assumed that surface imperfection causes this low activity for hydrogen evolu-
tion'%2. A modification by introducing ZrO, into the TAaON compound (ZrO,-
TaON) improved the H, evolution significantly with H, generation rates up to

445 pmol h—* g=1[102,

Both materials, TaON and Ta;N;, qualify for the use in Z-scheme applica-
tions. Already in 2005, TaON could be used for stoichiometric water splitting
for the first timel”. This was achieved with a photocatalytic Z-scheme water

splitting system, by using Pt loaded TaON for hydrogen evolution and Pt loaded
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WO, for oxygen evolution. The photocatalytic reactions were performed un-
der irradiation with visible light (cut-off filter at A\ = 420nm and 105 /I as
redox mediator. Initial hydrogen and oxygen evolution rates of 24 pmolh~! and

12 pmol h=!, respectively, were achieved.

TaON as hydrogen evolution catalyst was also combined with Ta;N; in a
Z-scheme system using 105 /I" as redox mediator and visible light irradiation
(A > 420nm)BY. The former was modified as described above using ZrO, and
additional Pt, the latter with nanoparticulate Ir and rutile TiO,. Such a modi-
fication using rutile TiO, suppresses the adsorption of I on the surface of the
photocatalyst allowing for improved oxygen evolution reactions. This highlights
the possibility of using different photocatalyst for Z-scheme applications by con-

trolling the adsorption of redox mediators at the surface.

For application in a PEC system, Ref. [106] showed that a Tay;N; photo-
electrode can be fabricated by nitridation of Ta foils. Additional loading with
Co(OH), yields photocurrents of up to 5.5mAcm=2 at 1.23V vs. RHE using
I-sun AM 1.5G illumination!*°®l. This photocurrent can be further increased by
doping Ta;N; with Ba and modified with Cobalt phosphate (Co-Pi)[**7 yield-
ing a photocurrent of up to 6.7mA cm=2 at 1.23V vs. RHE using again 1-sun
AM 1.5G illumination was measured. Overall water splitting was achieved with

a 1.5 % conversion efficiency from solar to chemical energy.

Except for TaON and TazN;, most of the promising oxynitride pho-
tocatalysts have a perovskite structure. The general composition of the
perovskite-like oxynitrides can be written as ABX,. For the A-side, cations
like Ca*", Sr?", Ba?" and La®*", and for the B-side, cations like Ti'",
Nb*" and Ta’"t are used. Depending on the valence states of the A-side
and B-side cation, the nitrogen-to-oxygen ratio is changed, e.g. LaTaON,
and LaTiO,N. For the ABO,N-type perovskite oxynitride, candidates for
solar water splitting are ANbO,N (with A=Cal'%l Sr[10)  ATaO,N (with
A=Call10-12] Gp[110,112] Ba[110,112-114]y a5 LaTiO,NP0115-117 For the ABON,-
type perovskite oxynitride, LaTaON, 21819 and LaNbON, 2% are promising

candidates.

Together with TaON, LaTiO,N, the investigated oxynitride compound in

this thesis, was one of the first studied oxynitrides for solar water splitting?!l.
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Figure 1.10.: Schematically shown particle transfer method. (Figure modified from
Ref. [116]),

This oxynitride has a band gap of about 2.1eV and is composed of relatively
abundant elements. The band gap of LaTiO,N also straddles the oxygen and
hydrogen evolution potential 7% and therefore this oxynitride compound is the-
oretically capable of generating both, hydrogen and oxygen, individually from

water.

A standard deposition technique of LaTiO,N (and also other oxynitrides)

121] * since

for photoelectrochemical measurements is electrophoretic deposition
the investigation of oxynitride materials is mainly done using powder samples.
For electrophoretic deposition a solution with the oxynitride powder, iodine and
acetone is prepared. Two electrodes coated with a current collector (typically a
transparent conducting oxide, i.e. FTO) are immersed into this solution and by
applying an electric field the positively charged LaTiO,N particles are deposited
on the cathode. By varying deposition time and voltage, the sample thickness
can be optimized. In Ref. [116] a particle transfer method is introduced for
the preparation of LaTiO,N photoanodes with better electrical contact to the
conducting substrate for PEC characterization (see Fig. 1.10). For this technique,
a glass substrate is coated with LaTiO,N powder followed by a deposition of a

“contact layer” by sputtering. Again by sputtering, the “conductor layer” (here
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SC-LTO SS-LTO
La,Ti,O; (LTO) synthesis via

Soft-chemistry (SC) or Solid-state (SS) route

no flux |

ey

SC-LTON SC-LTON-Fx SS-LTON SS-LTON-Fx

Agglomerates of Dense particles Platelets Cuboids

200 nm particles 200 nm 300x1500 nm 300x1500 nm
213 eV 2.16 eV 2.09 eV 217 eV

1.2 m2g-! 8.3m2 g 142 m2 g1 85m2 g1

Figure 1.11.: Different powder synthesis routes for LaTiO,N: the soft-chemistry (SC)
route and the solid-state (SS) route with and without NaCl/KCl flux (Fx). Typical
characteristics (shape, particle size, band gap, BET surface area) are reported in the
figure. (Figure modified from Ref.[121),

a metal) is deposited on top of the contact layer where a second glass plate
was connected using epoxy resin. The primary glass plate was then peeled off
carefully and, by ultrasonication in water, excess LaTiO,N particles, that are

piled up, were removed.

LaTiO,N powder is obtained by ammonolysis of the La,Ti,O, precursor,

which is mainly prepared as powder using two techniques (see Fig. 1.11):
e soft-chemistry or polymerized complex routes
e solid-state or ceramic routes

The influence of the synthetic route of the oxides and the flux, used during the
ammonolysis, on the PEC performance for LaTiO,N powder samples, with a-
TiO, as necking material and CoO, as co-catalyst, can be seen in Fig. 1.12.
Using the solid-state or ceramic route, the particle size becomes typically larger.
Larger particle sizes are preferred due to the smaller number of grain boundaries
for a certain thickness. Since grain boundaries are possible recombination centers
of the photo-generated charge carriers the previously described particle transfer
method is advantageous. Nitridation is performed under an ammonia flow and
usually at relatively high temperature (typically above 850°C) to obtain oxyni-

tride powders 19122 This ammonolysis can be done with and without NaCl/KCl
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Figure 1.12.: Photocurrents LaTiOyN photoanodes with CoO, loading: soft-
chemistry synthesis without flux (black), soft-chemistry synthesis with flux (red), solid-
state synthesis without flux (blue), solid-state synthesis with flux (magenta). The
measurements are performed in 0.1 moldm~3 aqueous solution of Na,SO, (NaOH ad-
justed pH to 13.40), with a scan rate of 10mVs~! and with chopped illumination
(100 mW cm~2, cut-off filter at A = 420nm). (Figure modified from Ref.[121).

flux.

Ref. [121] introduces five rules that are required to obtain high-efficient

powder photoanodes:

1. The necking procedure is important for a better inter-particle charge carrier
transfer. But the so-called necking is only required at the inter-particle
boundaries. The hole injection into the electrolyte could be blocked by a

total coating of the particle surface with the necking material.

2. As already discussed above the use of large particles in the micrometer range
allows the fabrication of powder samples with less inter-particle boundar-
ies at constant thickness. This also means that by increasing the sample
thickness a higher light absorption with a simultaneous low number of re-

combination centers can be achieved.

3. To increase the photocatalytic output, a large surface area is required. This
can be achieved by powder samples with a high porosity. This increases
the active surface area, which provides an increased number of active sites
for hole injection into the electrolyte. However, high porosity is desirable

if the hole injection into the electrolyte is the limiting factor and not the
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electron transport in the oxynitride material.

4. Increasing the size of the CoO, nanoparticles loaded on the oxynitride semi-
conductor particles improves the photocurrent. Further a cathodic shift of

the onset potential is observed with the use of larger CoO, nanoparticles.

5. To enable good conductivity of the photo-generated electrons and holes,
the particles used for the powder sample needs to be a dense film. Powder
samples in form of close-packed spheres or layered plate-like structures are

mentioned as examples.

In Ref. [121], CoO, was used as co-catalyst for the photoelectrochemical
investigation of LaTiO,N. Another co-catalyst often used is IrO,M7 but
the disadvantage of IrO, is the price. While the price for Iridium is about
$16 700 /kg 1231241 Cobalt only costs about $23 /kg['?>126] Co-catalysts are es-
sential for high-performance and therefore cheap materials should be readily avail-

able and of low cost to be competitive compared to state-of-the-art technologies.

Generally, LaTiO,N is a very promising compound for solar water splitting.
However, LaTiO,N suffers from relatively large number of defect states!'?”). These
defects originates from reduced titanium (Ti*"), excess of oxygen (O®7) and
deficiency of nitrogen (N*). Nitrogen deficiency can be corrected by prolonging
the ammonolysis, but it does not increase the efficiency of LaTiO,N. To reduce
the amount of Ti*" deficiencies, the A-site cation (La’") can be partly substituted
with an ion with a lower valence state (Ca®" or Sr*") to oxidize Ti*t to Ti**

without changing the anion composition 27128,

Ref. [127] reported two different methods for the synthesis of Ca*"-modified
LaTiO,N:

e A soft-chemistry route to add Ca*" to the precursor (Ca*"-substitution)

e Preparing a lanthanum deficient precursor (La; TiOj53, /) for a

post-treatment in Ca(NO,), - 4 H,O-containing aqueous solution (Ca®'-

backfilled).

The synthesis method was essential for the photoactivity of Ca®T-modified
LaTiO,N (see Fig. 1.13). The Ca®'-substituted LaTiO,N sample yielded a re-
duced photocurrent, while the Ca®*-backfilled LaTiO,N sample yielded a signi-

ficantly improved photoactivity compared to the untreated sample. In contrast
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Figure 1.13.: O, gas evolution measured over time for (a) untreated LaTiOyN,
(b) LaTiO,N with 5% Ca?*-backfilled, (c¢) LaTiO,N with 5% Ca?T-substituted, (d)
LaTiO,N with 5% Ca’T-excess as reference sample prepared using stoichiometric
LayTiy O, (backfilling synthesis method) and (e) TiO, reference (Degussa P25). N,
evolution was approximately the same for all samples (including TiO,). (Figure mod-
ified from Ref.['27).

to the Ca*"-substituted LaTiO,N sample, the Ca*"-backfilled LaTiO,N sample
preserved the crystalline structure of the native oxide, but also revealed a better
crystalline quality and larger particles size. For all the investigated samples in
Ref. [127] (including TiO,), N, evolution was observed together with O, evolu-
tion. Therefore it was concluded that the nitrogen loss could originated from air
dissolved in the electrolyte (solution containing N, originating from air and not
from the oxynitride sample) or from a leakage in the photocatalytic system (N,

diffused from outside into the system).

Even though the detected nitrogen loss in Ref. [127] probably did not ori-
ginate from a decomposition of the LaTiO,N samples, nitrogen loss is an of-
ten observed and unwanted side-effect and is explained by an oxidation of the

89,90,109,116,129.130] " For (oxy)nitrides, an oxidation of the material is

(oxy)nitride!
usually more favorable than performing the water oxidation reactions?”. The in-
corporated nitrogen of the (oxy)nitrides is oxidized by holes, which are not used

up for water oxidation or not lost due to recombination. The reaction occurs
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according to
2N*" 4 6ht — N, (1.14)

and is followed by an evolution of molecular nitrogen (N,) 3.

Another example of cation co-substitution is the complex perovskite oxyn-
tride LaMg, Ta, , O, 5N, 5 (z > 3), where Ta is partly substituted with Mg
starting from the oxynitride perovskite LaTaON,. LaTaON, is not able to per-
form oxygen evolution under sacrificial conditions!?%). After incorporation of Mg
into LaTaON, to form LaMg, Ta, O, 3 N, s , overall water splitting using vis-
ible light up to 600 nm was achieved 3], Both examples of cation co-substitution
in the A-side!"?" and B-side!"*!) show that with proper material engineering the

material properties can be improved.

Another very promising tantalum-based perovskite oxynitride photocatalyst
is BaTaO,N with a visible light absorption up to 660nm (1.8eV)[M%132  Ag
suming an [PCE value of 100 % for wavelengths smaller than 660 nm, BaTaO,N
would be able to generate photocurrents of about 18 mA cm =24, This theoret-
ical limit of 18 mA cm™2 cannot be achieved yet, still BaTaO,N with its low band
gap of 1.8eV 12132 is one of the most promising compounds among the studied

oxynitrides for solar water splitting.

Thus, several studies aimed to improve the performance of the BaTaO,N
photocatalyst. Ref. [132] reported an IPCE value of 10% at A = 600nm
by co-loading of CoO, and RhO, to facilitate the hole transfer and pretreat-
ing the BaTaO,N powder samples with H, to decrease electrical resistance.
BaTaO,N/Ta/Ti samples prepared by particle transfer method also showed an
IPCE value of 10 % at A = 600 nm. Photocurrents of about 4.2mA cm=2 at 1.2V

vs. RHE and H, and O, evolution with unity faradaic efficiency was reported 14,

An additional approach includes BaTaO,N in Z-scheme water splitting ap-
plications!'*3. By modifying BaTaO,N with BaZrO; for H, evolution and by
using PtO,-loaded WO, as photocatalyst for O, evolution (I0*" /I~ redox couple
as mediator), 67.4 umol of H, and 27.9 pmol of O, was generated in 3h. The ob-
served hydrogen and oxygen evolution was only possible using Pt as co-catatlyst.
However, a 2:1 ratio for H, and O, was not achieved (no overall water split-

ting), due to undesirable backward reactions and poor quality of the material.
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Figure 1.14.: Cations used for solar water splitting: in red materials of the d’-group
and in green the materials of the d'°-group. (Figure modified from Ref.[93]).

Overcoming these drawbacks by improving the material quality and refining the

preparation of the catalyst could further enable nonsacrificial water splitting.

d'® materials: Up until this point, the reported oxynitride photocatalysts are
composed of d” materials. As mentioned in the previous section, promising pho-
tocatalysts can be found also among the d'’-type materials. d'%-type oxynitride
compounds such as (1-x)GaN:xZnO and (1-x)ZnGeN,:2xZnO have been invest-
igated 134, Metals used for d° and d'-type photocatalysts are shown in Fig. 1.14.

Solid solutions of (1-x)GaN:xZnO usually have an absorption edge around
2.50eV to 2.75eV and are thus not able to make use of a large portion of the
solar spectrum %!, However, it is not clear, why a solid solution fabricated by
mixing two compounds with band gaps in the UV (3.4eV for GaN and 3.2eV

134]  Theoretical cal-

for ZnO) results in a compound with visible light response!
culations were performed using density functional theory3>138 but the reason
for the band gap reduction is not yet fully understood. Experimental invest-
igations were carried out to systematically investigate the effect of the x-value
in (1-x)GaN:xZnO on the optical properties, whereby an increase of the x-value

shifts the absorption edge towards larger wavelength, thus reducing the band gap.

Ref. [139] observed a decreasing x-content with increased temperature

(650°C to 850°C) during ammonolysis of a gallium zinc oxide precursor (sol-
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Figure 1.15.: Optical and photocatalytical investigation of (1-x)GaN:xZnO: (a)
Quantum efficiency and absorbance vs. wavelength, and (b) 35h time course of the H,
and O, gas evolution with evacuation of the system every 5 h showing a ratio of almost
2:1, respectively, indicating overall water splitting. (Figure modified from Ref. [92]).

gel method). The minimum band gap of about 2.21eV (& 560 nm) was observed
for x = 0.482 and the largest band gap of about 2.65eV (= 470 nm) was observed
for the x = 0.088.

Ref. [140] used a mixture of ZnO and ZnGa,O, as precursor with a following
nitridation at 650 °C under NH; gas flow for 10h. By varying the ratio between
Zn0O and ZnGa,0O,, (1-x)GaN:xZnO compounds with 0.30 < =z < 0.87 were
achieved. The band gap value shifted almost linearly with the x-value from
x = 0.30 (2.70eV=460nm) to = = 0.87 (2.20eV=565nm). Since the band gap
of pure ZnO (z = 1) is about 3.2eV, a sharp increase is expected between an
x-value of 0.87 and 1.

These low band gap (1-x)GaN:xZnO compounds described above were not
yet investigated towards their photocatalytic activity. However, literature reports
overall water splitting using (1-x)GaN:xZnO compounds with a typical absorption
edge around 2.50eV to 2.75eV [26:92],

Fig. 1.15 shows the photocatalytic performance of this oxynitride by load-
ing with a mixture of rhodium and chromium oxides. The measurement was
performed under visible light illumination (A > 400 nm) and showed a linear in-

crease of the evolved gases over time. Further more, the ratio of hydrogen and
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1.2. Solar water splitting

oxygen was about 2:1, indicating overall water splitting.

1.2.5. Photocatalysts as thin films

Photocatalysts are usually characterized using powder samples!t3115:121,141]
However, with powders it is difficult to probe specific material properties, such
as the crystalline quality and/or crystallographic surface orientation. Moreover,
in the specific case of oxynitride powders, the amount of incorporated nitrogen is
usually set by the fabrication procedure which hampers the possibility of probing
the effect of different nitrogen contents on the performance of the photocatalysts.
Highly textured or epitaxial thin films can be used as model system to address

these challenges.

Different experimental approaches are used to probe the photocatalytic activ-
ity of materials. Using powders one can measure directly the amount of gas
produced as a consequence of specific photo-induced chemical reactions®%142].
Alternatively, the powders can be dispersed in aqueous solution with an organic
dye that decomposes changing its absorbance as a result of the chemical reac-

[143-145] " These techniques

tions occurring at the photocatalyst under illumination
generally belong to the family of so-called photocatalytic characterizations as
introduced in section 1.2.2. However, for the same illuminated area of the pho-
tocatalyst, the active surface area is orders of magnitudes smaller using thin films
compared to powders. As a consequence, the yield per unit area is much smaller
for thin films than for powders hindering a direct photocatalytic characteriza-
tion since the effect of the photo-induced reactions could be difficult to follow.
On the other hand, a photoelectrochemical study (see section 1.2.1) is a suitable
technique to investigate thin film photocatalysts towards solar water splitting.
Since relatively small current densities can be measured with high accuracy, a
photoelectrochemical characterization is very useful for thin films studies if an
appropriate conducting substrate or buffer layer for the growth of the photocata-

lyst is available.

In the literature only a few studies using thin films for PEC measurements
have been reported, for example Bi,FeCrOg4 to investigate the effect of the fer-

roelectric polarization on the photoelectrochemical performance® and BiFeO,
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[147]

to test towards photoelectrochemical activity Further, TiO,, was investig-

ated towards the dependence of the crystallographic surface orientation on the

photochemical reactions #3151,

Thin film samples of (100), (001), (101), (110) and (111) oriented rutile TiO,
were fabricated with sputtering and tested towards their ability to reduce Ag*t
to Agl'®l. It was concluded that (001), (101) and (111) orientations revealed an
order of magnitude higher photoactivity compared to (100) and (110) orienta-
tions. Ref. [149] further concluded that the most active surfaces of rutile TiO,
are close to the (101) orientation. Similar investigation was performed using
TiO, powder . In Ref. [151] PbO, was photocatalytically deposited on differ-
ent surfaces of Pt-loaded TiO, by oxidizing Pb*" in a Pb(NOs,), solution. They
concluded that the (101) orientation provides holes for the oxidation, while the

(110) orientation provides electrons for the reduction.

(152 Since

Also photoetching with H,SO, was performed on TiO, surfaces
photoetching is competitive to photooxidation of water, both occurs on the sur-
faces of TiO,, but with different probabilities for different surface orientations.
Surface orientations such as (001) and (110) were strongly affected by photoetch-
ing and gradually changed to other faces. Photoetching of (100) surfaces was
much slower compared to photooxidation of water. It was concluded that (001)
and (110) orientations are changed to (100) orientation with time of photoetching
resulting in the formation of rectangular holes and grooves. Thermodynamically
speaking, the (100) orientation is not the most stable surface and is exposed only

by photoetching.

Concerning oxynitrides, thin films can be grown using different de-
position methods, for example sputtering (TaOXNy[153], TiOXNy[154’155]
and LaTiO N 1) pulsed laser deposition (LaTiON M7 TiO N, ],
BaTaO,N!"%) and chemical vapor deposition (TiO,N, 159160,

However, the reported studies on their photocatalytic activity are quite rare.
PEC measurements of polycrystalline titanium oxynitride films were performed

[155] " The influence of the crys-

using transparent conducting glasses as substrates
talline quality on the photo-activity of LaTiO.N, was studied using Nb-doped
SrTiO, as a substrate and IrO, as co-catalyst [, In both cases, reactive magnet-

ron sputtering was applied to grow the oxynitride films. It was concluded that the

32



1.2. Solar water splitting

crystalline quality is important [0

. Polycrystalline samples showed lower photo-
currents compared to highly oriented samples using a Xe lamp for illumination
with a cut-off filter at 420 nm, even though the polycrystalline samples had a
higher nitrogen content (determined with EDS), thus lower band gap and higher

absorption (confirmed with UV-Vis spectroscopy).

This work further investigates the effect of the nitrogen content and different
surface orientations on the PEC performance. Based on previous studies>7-161],
highly ordered oxynitride thin films with different nitrogen content can be grown
using a modified pulsed laser deposition method called Pulsed Reactive Crossed-
beam Laser Ablation (PRCLA) (see section 2.1). PRCLA enables growth from a
target of the native oxide, thus making this method potentially applicable to any
oxynitride material circumventing the need of an oxynitride target whose pre-
paration is often difficult due to the high temperatures required for the sintering
process and the potential for fragmentation. Additionally, this technique allows
a systematic variation of the nitrogen content in the films, which was quantitat-
ively investigated to minimize the presence of potential anionic vacancies. It is
worth mentioning that the so-called native oxide used as target in Ref. [157] and
in this work for the deposition of the orthorhombic perovskite LaTiO,N, is the
monoclinic pyrochlore-type La,Ti,O, and not the orthorhombic perovskite-type
LaTiO4 due to the difficulty of fabricating a stoichiometric LaTiO4 target.

However, using PRCLA, the strongly reducing environment and the high
temperatures needed for a sufficient incorporation of nitrogen into the oxyni-
tride thin films°%157 precludes the use of several materials as current collector.
Therefore it is important to identify a stable and conducting material that allows
the epitaxial growth of oxynitride photocatalyst thin films for PEC characteriz-

ation.

1.2.6. Investigation of the electronic structure of oxynitrides

As mentioned in the previous sections, the relatively large band gaps of con-
ventional oxide photocatalysts (typically > 3eV) limit the efficiency for solar
water splitting and encourages the use of oxynitride materials due to their photo-
response towards the visible light range of the solar spectrum. The main mechan-

ism that explains the narrowing of the band gap as a consequence of the nitrogen
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incorporation is the creation of additional electronic states just above the valence
band due to the hybridization of N 2p orbitals at higher energy level with O 2p
orbitals at lower energy level?®20l. Thus, the VBM is shifted upwards in en-
ergy, while the CBM is considered to be only slightly affected by the nitrogen

incorporation. This results in a reduced overall band gap.

A representative example is given in Ref. [162] where the valence and conduc-
tion band positions of Ta,O5, TaON, and Taz;N; were determined (see Fig. 1.9).
Large upward energy shifts of the VB maxima were measured from the oxide
to the nitride, while the CB minima of the three materials, mainly composed by
empty Ta 5d orbitals, remained at similar potentials, between —0.3 V and —0.5V
vs. NHE. However, it must be highlighted here that the nitrogen substitution in
metal oxides like Ta,O; and TiO, affects not only the electronic (and optical)
properties, but also the crystalline structure. It is thus difficult to distinguish

only the effect of the nitrogen substitution on the electronic band structure.

Also in perovskite oxynitrides with the typical composition ABO,N the par-
tial nitrogen substitution in the oxygen site of the pristine oxide typically leads
to a change of the crystalline structure. The VBM significantly shifts upward in
energy reducing the band gap, while the width and the energetic position of the
CB can be tuned by changing the A and the B cation respectively'%%l. Concern-
ing the A cation, it has been shown that in BaTaO,N, Sr'TaO,N, and CaTaO,N
the width of the CB progressively decreases with decreasing the ionic radius of
the A cation from Ba to Ca, leaving the energetic center of the CB unchanged.
This results in an overall increase of the band gap induced by the size mismatch
of the A cation, which is explained by considering the distortion of the unit cell
(cubic for A=Ba, tetragonal for A=Sr, and orthorhombic for A-Ca) affecting the
Ta-(O,N)-Ta bond angle!!53164  On the other hand, different electronegativity
of the B cation can alter the band structure in oxynitride perovskites. By com-
paring the band structure of Ba and Sr tantalates with the respective niobates,
the energetic position of the CB increases with decreasing the electronegativity
of the B cation from Nb to Ta. Since the B cation has a minor effect on the
width of the CB, the overall result is a significant decrease of the band gap with

increasing the electronegativity of the B cation %3],

To the best of our knowledge no experimental investigation has reported
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on the modification of the electronic properties solely induced by the oxygen
to nitrogen substitution comparing the shifts of the VB and CB of oxide and

oxynitride with the same crystalline structure and cationic composition.

Using thin films fabricated by PRCLA and adjusting the deposition para-
meters not only the crystallographic properties, but also the nitrogen content of
the film can be carefully controlled"11:16%5 In particular, the nitrogen content
can be almost continuously tuned up to a nitrogen-to-oxygen ratio of about 0.4.
As mentioned in the previous section, it is difficult to achieve this with powder
samples. Using thin films allows the investigation of the changes of the elec-
tronic structure and, as a consequence, of the optical properties, as a function
of a different nitrogen content of the sample. Therefore the use of thin films is

particularly suited for this investigation.

Therefore, the electronic structure of oxides and oxynitrides with the same
crystalline structure and cationic composition around the Ti-centers can be
probed using thin films by non-resonant X-ray emission spectroscopy (XES) and

[166-170]

X-ray absorption spectroscopy (XAS) Both techniques are commonly

used for sample characterization in many scientific areas providing detailed elec-

171175] - By using hard

tronic and structural information with element selectivity!
X-rays, the materials can be studied at ambient environment conditions to obtain
the electronic properties of the bulk material. XAS provides information about
the unoccupied density of states of an atom, whereas XES reflects the occupied
density of states, and when applied together, detailed information of the elec-
tronic orbitals can be achieved, giving insight into the oxidation state, spin state,

and chemical environment around a specific absorbing atom (see Chapter 2.2.7).

The investigation of the samples can be performed according to the
Szlachetko & S& methodology for resonant XES data interpretation aiming at
a rational design of photo-catalytic materials'™ ™! The experimental XES and
XAS data can then be compared with theoretical calculations of electronic dens-
ity of states'8-181 for a detailed interpretation of spectral features as well as to

determine the effects of nitrogen-doping in the oxide thin film samples.
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1.3. Research questions and thesis outline

Despite recent efforts, no material was found to fulfill all the requirements for pho-
tocatalytic water splitting. An improvement of our understanding of the material
properties is still needed to make photoelectrochemical and/or photocatalytic wa-
ter splitting more competitive compared to state-of-the-art technologies. Since
oxynitrides are one of the most promising class of materials, LaTiO,N is used as
representative compound for this thesis to introduce a new model system that
can be used for photoelectrochemical investigation of oxynitride materials. To
gain further insights into the solar water splitting process, the following questions

are targeted:

e What is the effect of the nitrogen incorporation on the electronic structure

of the oxynitride photocatalyst, and thus its optical properties?

o Which materials can be used as a suitable current collector using thin films
as model system for photoelectrochemical investigations to gain further

insight into the solar water splitting process?

e Using the model system, what is the effect of the crystalline quality and
crystallographic surface orientation on the performance of the oxynitride

photocatalyst?

To address these research questions, Chapter 3.1 focuses on the investiga-
tion of the electronic structure of the monoclinic pyrochlore-type La,Ti, O, thin
films as proof of concept for the use of lanthanum titanate compounds for the
Szlachetko & S& methodology and to test the suitability of using thin film samples
for X-ray spectroscopy. To further investigate the effect of nitrogen incorporation
into the oxide material, the electronic structure of LaTiO; thin films is compared
with the electronic structure of LaTiO,Ny thin films (both orthorhombic per-
ovskites) in Chapter 3.2. Using X-ray Absorption and non-resonant X-ray Emis-
sion Spectroscopy measurements at the Swiss Light Source (SLS), it is possible to
quantify the influence of the material changes caused by the nitrogen incorpora-
tion on the optical properties such as the position of the valence and conduction

band edge.

Chapter 4.1 investigates different materials as possible current collectors,

whereby TiN was the only feasible candidate. In the following a new model sys-
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tem was introduced. This model system consists of a LaTiO,N thin film with
a TiN-buffered substrate which were produced using Pulsed Reactive Crossed-
beam Laser Ablation (see Chapter 2). The new model system using this de-
position technique opens the possibility to investigate the photoelectrochemical
performance of oxynitride photocatalysts with different crystallographic surface

orientation and nitrogen content.

Using this model system, Chapter 4.2 further quantifies the effects of crys-
talline quality and crystallographic orientation of the active surface of LaTiO N,
photocatalysts on the photoelectrochemical performance. Further, the surface

changes caused by the photoelectrochemical measurements is investigated.

The fundamentals of the used sample preparation and measurement tech-

nique are described in Chapter 2.
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Methods

2.1. Thin Film Deposition

For this project two deposition techniques were used, the conventional Pulsed
Laser Deposition described in section 2.1.1 and a modified Pulsed Laser Depos-
ition technique called Pulsed Reactive Crossed-beam Laser Ablation as described

in section 2.1.2.

2.1.1. Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) is a well-established technique used for the growth
of thin films['®?. The working principle of PLD is schematically shown in Fig. 2.1
and, in terms of equipment, PLD is a fairly simple deposition technique. This
method requires a laser to ablate the target material, which is pressed as a rod
or as a pellet and mounted in a vacuum chamber. The laser is operated in pulsed
mode and focused on the target surface. The power of the laser pulse should be
sufficiently high to vaporize the target material forming a plasma plume, which is
dependent on the target material and morphology, and the laser pulse wavelength

and duration.

The high-energetic plasma species are transferred to a typically heated sub-
strate placed in the center of the plasma propagation. The transferred plasma
species condense on the substrate forming the thin film. By varying deposition
parameters, such as substrate temperature, target-to-substrate distance, laser
fluence and background pressure, thin film properties such as crystallographic

orientation, crystalline quality, composition can be modified. In contrast to the
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gas inlet

substrate
(background)

laser beam

vacuum chamber

Figure 2.1.: Schematically shown working principle of a pulsed laser deposition (PLD)
setup.

simplicity in hardware, the physicochemical processes occurring in PLD are com-
plex and are strongly dependent on the chosen laser parameters and the target

material.

PLD was used for the growth of buffer layers which were used as current
collectors. These buffer layers were essential for the photoelectrochemical (PEC)
measurements in chapter 4.1 and chapter 4.2 (section 2.1.1.1). Further, PLD was
performed for the growth of the samples used for the measurements at the Swiss
Light Source (SLS) and are reported in chapter 3 (section 2.1.1.2).

For all the following described depositions, a KrF excimer laser (A = 248 nm,
pulse width of 30ns) was used, the substrates were ultrasonically cleaned with
acetone and ethanol, the vacuum chamber was evacuated down to 5 x 107% mbar

and the substrate temperature was monitored by a pyrometer.
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2.1.1.1. Deposition of the current collector

For PEC characterization an electronic conducting substrate or buffer layer is
required for the growth of LaTiO,N,. Beside the conducting substrate Nb-doped
SrTiO; used in Ref. [156] for the growth of oxynitride films by sputtering, the
use of thin STRuO4 and TiN buffer layers was investigated (chapter 4.1).

SrRuOy thin films were grown by PLD on (100)-oriented SrTiO5. For the
deposition, an O, partial pressure of 0.1 mbar was set. A SrRuO, disc target
was ablated using the KrF excimer laser at a repetition rate of 4 Hz and a laser
fluence of about 1.8 Jcm™2. The target-to-substrate distance was 50 mm and the
substrate was heated up to 800 °C.

Initially to test feasibility, TiN thin films were grown by DC reactive sput-
tering (Mantis Deposition Ltd, UK, Model: QPrep) at the EMPA Laboratory for
Mechanics of Materials and Nanostructures (Swiss Federal Laboratories for Ma-
terials Science and Technology, Feuerwerkerstrasse 39, 3602 Thun, Switzerland).
For the deposition, a Ti target in an Ar/N, gas mixture was used. (100)-oriented
MgO substrates were used setting a temperature of 700 °C of the heating stage.
From a base pressure of 2.0 x 10~" mbar, gas flows of 35 and 15 sccm of Ar and
N, respectively were introduced into the vacuum chamber reaching a pressure of
2.9 x 1073 mbar. The sputtering process was performed by applying an acceler-

ating voltage of 446 V which set a current of about 300 mA.

For subsequent investigations, TiN thin films were grown in-situ on (001)-
oriented MgO and on (0001)-oriented Al,O4 substrates using PLD. The depos-
ition temperature was set to 800 °C. Pt paste was used to provide good thermal
contact between the substrate and the heater. No background gas was applied
during the deposition. A commercially available TiN rod target (Stanford Ad-
vanced Materials) was used as an ablation target. A laser fluence of about

3.5Jcm™?2 and a laser repetition rate of 10 Hz were applied.

2.1.1.2. Deposition of the Swiss Light Source samples

For the Resonant Inelastic X-ray Scattering measurements described in sec-

tion 2.2.7 and used for section 3.1, La,Ti,O, thin film samples were prepared.
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The La,Ti,O; thin films were prepared using the KrF excimer laser. The energy
density of the laser was about 2Jcm™! at a repetition rate of 10 Hz. The depos-
ition was performed in a background pressure of 0.05 mbar. The sintered pellet
of La,Ti,O; was used as target for the PLD process. The target to substrate
distance was set at 50 mm. The substrates were clamped on a Si plate with the
same size, which was then heated resistively up to 600 °C. Commercially available
(110)-oriented single crystalline wafers (Crystec GmbH) of YAIO,; were used as

deposition substrates.

PLD was also used to produce the LaTiO, sample needed for the non-
resonant X-ray Emission Spectroscopy and for X-ray Absorption Spectroscopy
measurements described in section 2.2.7 and used for section 3.2. Pt paste was
used to provide good thermal contact between the (0001)-oriented Al,O4 sub-
strate and the heater. The substrate temperature was set to 800°C. N, was
introduced as background gas with a partial pressure of 0.1 mbar. The KrF ex-
cimer laser with a repetition rate of 10 Hz and with a laser fluence of 2.0 J cm~2
was used for the ablation of the La,Ti,O; rod target. The target-to-substrate

distance was fixed to 45 mm.

2.1.2. Pulsed Reactive Crossed-beam Laser Ablation

Pulsed Reactive Crossed-beam Laser Ablation (PRCLA) is a modification of the
conventional PLD technique as shown in Fig. 2.2. During PRCLA gas jets are
injected into the vacuum chamber through a nozzle valve triggered by the laser
pulses and crossing the ablation plume near the surface of the target allowing
for a chemical modification of the ablated species. The specific features of this
technique are described in detailed elsewhere'®¥) as well as a comparative study

of the unique characteristics that distinguish PRCLA from conventional PLD 184,

Briefly, during PRCLA pulsed gas jets synchronized with the laser pulses are
injected through a piezoelectric nozzle valve into the deposition chamber near the
ablation spot at the target. Here the gas jets cross the ablation plume. By appro-
priately tuning the delay time (with respect to the laser pulse) and the opening
time of the nozzle valve, it is possible to create a temporary strong pressure gradi-

ent along the direction of the expansion of the ablated material. The relatively
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Figure 2.2.: Schematically shown working principle of a PRCLA setup.

high pressure at the very early stage of the propagation of the ablated species al-
lows efficient physicochemical interaction with the gaseous environment. Moving
away from the target toward the substrate the partial pressure rapidly decreases

hindering further physicochemical evolution of the plasma species.

Using an oxide target of La,Ti,O, and NHy for the pulsed gas jets, nitro-
gen can effectively be substituted into the oxygen sites allowing the growth of
LaTiO,N, thin films!**". For this work, a La,Ti,O; target for laser ablation was
prepared in our laboratory as a sintered ceramic rod. For all the depositions us-

ing PRCLA, the substrates were ultrasonically cleaned with acetone and ethanol.
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The vacuum chamber was evacuated to a base pressure of about 5 x 10~% mbar.
For LaTiO,Ny deposition a N, background partial pressure of 8.0 X 10~* mbar
was set and NH; was used for the pulsed gas jets. A delay time of 30 ps was set
between the opening of the nozzle valve and the laser pulse, while the opening
time of the nozzle valve was 400 ps for each laser pulse. The laser (KrF excimer
laser with A = 248 nm and pulse width of 30 ns) was operated at a repetition rate
of 10Hz. In this condition, the average pressure in the vacuum chamber raises

from the N, background pressure up to about 1.8 x 1073 mbar.

LaTiO,Ny thin films were fabricated using different laser fluences. Laser

2

fluences from 2Jecm™2 to 4 J cm =2 were applied for the work in chapter 4.1. The

applied laser fluences in chapter 4.2 were 2.2Jcm™2, 3.1 Jem ™2 and 3.8 Jem™2.

2 was used. The spot size of the

For chapter 3 only a laser fluence of 3.9Jcm™
laser at the target was about 1 mm? and the target-to-substrate distance was set

to 50 mm.

Single crystals of (001)-oriented SrTiO; and LaAlO,, (110)-oriented YAIO,,
and (0001)-oriented Al,O4 were used as transparent substrates, as well as TiN-
coated (001)-oriented MgO and (0001)-oriented Al,O4 substrates for photoelec-
trochemical characterization. Initially, the substrates were clamped on a Si plate

with the same size, which was then heated resistively up to 870°C (chapter 4.1).

During this project the heating system in the vacuum chamber was changed
(chapter 4.2 and chapter 3). The new system uses an inconel plate heated by
halogen bulb radiation. The change of the heating system had a minor impact
on the oxynitride deposition. The crystalline quality improved visibly as can be
seen in narrower reflexes of the X-Ray Diffraction spectra. Here, Pt paste was
used to provide good thermal contact between the used substrates and the heater
and a substrate temperature was set to 800°C. In both cases, the temperature

was controlled with a pyrometer.
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2.2. Thin Film Characterization

2.2.1. Chemical composition

The chemical composition of the thin films was determined by a combination of
Rutherford Backscattering (RBS) and Heavy-Ion Elastic Recoil Detection Ana-
lysis (ERDA) measurements. Due to the higher sensitivity to heavy elements, the
concentration ratio of the heavy cations and oxygen (for example La:Ti:0) was
determined by RBS and the nitrogen-to-oxygen ratio was determined by ERDA
due to the higher sensitivity to lighter elements.

For RBS measurements a 2 MeV *He beam and a silicon PIN diode detector
under an angle of 168° towards the incident beam is used. The measurements
were performed at the laboratory of Ion Beam Physics (ETH Zurich, 8093 Zurich,
Switzerland) and the collected data were analyzed using the RUMP program %,
The uncertainty of RBS is dependent on the obtained data. If a peak consists
of a single element (see Fig. 2.3), then the uncertainty is defined via the Poisson
statistics (\/LN with the number of counts N). Usually, the error of the composition
of elements determined via a free-standing peak is in the range of 0.5 %. If the
composition of an element has to be determined with a peak overlapping with
another signal in the RBS spectrum (e.g. oxygen peak on the substrate signal),

an error of about 3% to 5% is specified.

For ERDA measurements a 13 MeV 2T beam and a combination of a time-of-

186] ' To further increase

flight spectrometer with a gas ionization detector is used!
the sensitivity for hydrogen detection the beam is changed to 2MeV “He. In the
composition depth profile using ERDA a region between 20 nm and 100 nm was
chosen for integration of the oxygen and nitrogen signal. The surface and the
interface to the conducting substrate or buffer layer were carefully excluded. The
depth resolution of ERDA at the surface of the thin film is in the range of 5 nm.
With increasing depth the resolution decreases and at the depth of about 150 nm
the depth resolution is about 20 nm to 30 nm. Also ERDA was performed at the

laboratory of Ion Beam Physics.
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Figure 2.3.: Example of an RBS spectrum of a LaTiO, N, sample grown on TiN-coated
MgO substrate.

2.2.2. Surface chemical analysis

X-ray Photoelectron Spectroscopy (XPS) was performed at the Electrochemistry
Laboratory (LEC, PSI) to investigate the chemical environment and oxidation
state of the corresponding elements at the surface of LaTiO Ny . XPS was further
used to estimate the surface chemical composition of the LaTiO Ny thin films.
XPS measurements were performed using a VG ESCALAB 220iXL spectrometer
(Thermo Fischer Scientific) equipped with an Al K, monochromatic source and
a magnetic lens system. The binding energies of the acquired spectra were refer-
enced to the C 1s line at 284.6eV. Background subtraction has been performed
according to Shirley ['*”, and the atomic sensitivity factors (ASF) of Scofield were

applied to estimate the atomic composition 8.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analyzes were
performed at the International Institute for Carbon-Neutral Energy Research
(I2CNER, Electrochemical Energy Conversion Division, Kyushu University , Ja-
pan) on a ToF-SIMS V instrument (IonToF GmbH., Germany), using a bunched
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30keV Bit analytical beam. Depth profiling was performed by using a second ion
beam of 1keV Cs*t at 45° incidence. To compensate for charging of the samples
under the high currents of the sputter beam, low energy electrons were supplied
by a flood gun. The use of cesium to perform the sputtering affords the analysis
of Cs,M* clusters, which serves two purposes; firstly, it mitigates the difference in
secondary ion yields as the profile proceeds through different matrices (LaTiO N,
/ TiN / MgO), and secondly, Cs,N* and Cs,O" clusters can be monitored to
follow the depth distributions of oxygen and nitrogen. The latter is beneficial
in the present case, because of the complicated overlapping distribution of TiO"

and TiNT fragment ions corresponding to the isotope distribution of titanium.

Surface and near-surface characterization of the polycrystalline LaTiO Ny
thin film was performed at the International Institute for Carbon-Neutral En-
ergy Research (I2CNER, Electrochemical Energy Conversion Division, Kyushu
University , Japan) by Low-Energy Ion Scattering (LEIS) (Qtac100 spectrometer,
Ion-ToF GmbH., Germany). LEIS provides information of the elemental chem-
ical composition of the first atomic layer of the surface by analyzing the energy

[189,190]  After introduction of

distribution of the backscattered noble gas ions
samples into the LEIS instrument, they are exposed to a neutral flux of reactive
atomic oxygen at room temperature that removes any adventitious contamina-
tion that would hinder the detection of the elements present at the outer surface.
This cleaning method avoids any surface damage or atomic rearrangements that
could be induced by other standard cleaning procedures, such as ion sputtering

or annealing at high temperature!*1.

The primary ion beam is produced by a high brightness plasma source and
directed towards the surface at normal incidence, while the backscattered ions are
collected at a scattering angle of 145° from the entire azimuth by a double toroidal
analyzer. Different primary ion species were used for the characterization in order
to obtain information of light elements (e.g. light elements with a mass < 20u
are detected by 3keV He' primary ions) and good sensitivity and resolution for
the heavier cationic species (analysis by 6 keV Ne® primary ions). The analysis
areas were chosen to be rather large (1 mm?) in order to minimize the surface
damage during the analysis by keeping a low ion dose, while assuring that random
distribution of grain orientations in the polycrystalline LaTiO Ny surface was

probed. Nevertheless, some light species present at the outer surface (e.g. light
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species present at the surface or adsorbed molecules from the residual gas) might
be sputtered during the analysis using 6 keV Ne™ ions, leading to a background
signal that makes the detection of light cations difficult. In order to improve
the detection of Ti at the surface, the cation surface analysis was performed by
time-of-flight (ToF) filtering of the species arriving to the detector, allowing to
discriminate the secondary ion signal from the signal originated from Ne™t primary

ions scattered by Ti atoms at the surface'9%.

In addition to the surface characterization, the near-surface distribution of
the cations was investigated by LEIS depth profiling. In this case, a dual beam
analysis was performed by alternating the analysis with the 6 keV Ne® primary
ions and a sputter cycle using a second sputtering beam. The sputtering was
performed using a low-energy Art source (500eV) at an incidence angle of 59°.
To avoid edge effects during depth profiling, the sputter Ar™ beam was rastered

over a 1.3 x 1.3 mm? area.

2.2.3. Crystalline properties of thin films

The crystalline properties of thin films were obtained using a Bruker-Siemens
D500 X-Ray diffractometer (XRD) with a characteristic Cu K, radiation. XRD
measurements were performed using /260-scans and 26-scans in grazing incidence
mode (# = 1°). XRD patterns obtained using the first method provides details of
the out-of-plane orientation of the grown thin film. The latter method was used
to get information about the crystalline quality. An epitaxial grown thin film
measured in grazing incidence mode does not show any reflexes. On the other
hand, a polycrystalline thin film is composed of randomly oriented crystallites
and the XRD pattern in grazing incidence mode shows reflexes from all the con-
taining crystallographic planes. Such an XRD pattern can be used to confirm

the crystallographic phase of the thin film.

2.2.4. Optical properties

Transmittance data were collected with a Cary 500 Scan UV-Vis-NIR spectropho-
tometer in the wavelength range of 200 nm to 1000 nm (6.20eV to 1.24eV). The
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Figure 2.4.: Example of an UV-Vis spectrum of a LaTiO.N, sample grown on a
double-side polished Al,O5 substrate.

measurements were performed using the dual-beam configuration with a blank
substrate as reference. The thin film samples were grown on double-side polished
substrates to reduce scattering at the backside of the sample and to increase the
signal-to-noise ratio. Transmittance measurements were only performed using
transparent substrates and not TiN-coated substrates. Thin films of TiN in the
range of 10nm to 20nm can be used as transparent conducting nitride layers,
but transmittance reduces strongly with increasing thickness%31%! TiN layers
fabricated for this project are above 50 nm and therefore not transparent enough

for transmittance measurements.

Fig. 2.4 shows an example of an UV-Vis measurement using a LaTiO, Ny thin
film sample grown on a double-side polished Al,O, substrate. This transmittance
measurement also reveals the characteristic interference fringes typically visible

196]

for thin films with a smooth surface! These interference fringes are detri-

mental when determine the nature and the value of the band gap by the Tauc
plot1¥7. For the tauc plot, the transmittance data T has to be transformed to

absorbance A using the equation

A=—-InT (2.1)

The absorbance is then used in the tauc equation
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(Ahv)* = B (hv — E,) (2.2)

where hv is the photon energy, B is a proportionality factor and £ is the

1
2

2 (direct forbidden transitions), 2 (indirect allowed transitions) and 3 (indirect

optical band gap. The exponent r can be either = (direct allowed transitions),
forbidden transitions). Due to the interference fringes, it was not always possible
to determine the band gap value with the Tauc plot. Further, it was also possible
to clearly identify the nature of the transition as direct or indirect. The band
gap value can also be estimated using the transmittance data as indicated by the
blue dashed line in Fig. 2.4.

2.2.5. Thickness measurements

For the calibration of the deposition rates, the thicknesses of the samples were
measured by surface profilometry (Dektak 8, Veeco Instruments) or by X-Ray
Reflectometry (XRR) using the XRD instrument from section 2.2.3.

The profilometry measurements were performed in contact mode with a con-
stant (about 8 mg) force between the moving tip (tip diameter of 5pm) and sur-
face. The film thickness was determined by measuring the step height from the
bare substrate to the thin film covering the substrate with a constant scan speed

of about 1 mmmin~! (Fig. 2.5).

In XRR the constructive interference between X-rays reflected from the sur-
face and X-rays reflected at the interface film/substrate is utilized. Due to the
short wavelengths of X-rays, small angles have to be applied and 6/26-scans are
performed from about 0.5° to 3°. From the XRR pattern, the maxima with num-
ber m and the corresponding angle 8,, were collected. m? is then plotted over
0,, and fitted with a linear regression m? = k#,, + d. With k = (%)2, the film

thickness can then be determined by

A
Wk

with the wavelength A\ = 0.154 18 nm of the Cu K, radiation %%,

(2.3)
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Figure 2.5.: Example of a profilometry measurement of a LaTiO, N, sample grown on
a Al,O4 substrate. The data (red) was fitted with the function f (z) = yo + A

04
(black) to better estimate the thickness of the measured sample. A corresponds to the
thickness, xg is the x-value of the inflection point, ¢ defines the slope of the function

and yg is the offset.

exp

2.2.6. Surface morphology and topography

A Zeiss Supra VP55 Scanning Electron Microscope (SEM) was used to investigate
surface and cross sectional morphology of thin films. An in-lense detector was
used with a typical acceleration voltage of 5kV and a working distance of about

5mm.

An XE100 Atomic Force Microscope (AFM) from Park Systems was used
to determine the surface topography of the samples. The RMS of the height
distributions from the AFM images was taken as a measure of the roughness
of the surfaces. The scans were made in non-contact mode, using NCHR silicon
tips from Nanosensors (nominal force constant 42 N m~! and resonance frequency
330kHz). The AFM measurements were performed at the Photonic Processing of
Advanced Materials group (National Institute for Laser, Plasma and Radiation

Physics, Magurele, Bucharest, Romania).
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2.2.7. Electronic structure (Measurements at the Swiss Light

Source)

Traditional characterization methods, such as UV-Vis-NIR spectroscopy (see sec-
tion 2.2.4), allow an indirect estimation of the absorption coefficient and band

[199,200] " However, this technique does not provide inform-

gap of photo-catalysts
ation on the valence and conduction band electronic structure, which is essential
for the rationalization of the photo-catalytic activity. Szlachetko and S&['7% used
a combination of Resonant Inelastic X-ray Scattering (RIXS) and theoretical
calculations to determine the electronic structure of undoped anatase TiO, and
N-doped TiO,. This strategy allowed mapping the complete electronic structure
of occupied and unoccupied states, which, in semiconductor terminology, corres-
pond to valence and conduction band, respectively. In this work, the mapped
electronic structure of the investigated thin film samples will be reported, de-

termined by using the same strategy adopted by Szlachetko and S&!'™.

RIXS includes X-ray absorption and emission spectroscopy, where a core
electron (here Ti 1s) is excited to an unoccupied electronic state close to the
absorption threshold (CB) and an electron from a valence state decays to the

(201 This occurs

empty core state by emitting an X-ray photon (see Fig. 2.6a)
in resonance since the X-ray energy is tuned for the excitation of a core electron
to an unoccupied electronic state. RIXS maps were collected at the SuperXAS
beamline of the Swiss Light Source (SLS) by scanning with 0.5eV steps around
the absorption edge, and recording at each incident energy the emission spec-
trum with eV resolution using a wavelength dispersive spectrometer operated in

202] (see section 3.1). The complete electronic structure

the von Hamos geometry
of the film was determined by measuring simultaneously the Kg and valence-
to-core transitions around the Ti K-edge. We used a Ge(400) crystal in the
von Hamos spectrometer, which provides a relative experimental resolution of
2 x 107*. RIXS maps were compared to the theoretical results calculated using
the FEFF9.0 code?3-206] The code enables the retrieval of the orbital constitu-

tion of the La,Ti,O, valence and conduction bands.

Additional X-ray Absorption Spectroscopy (XAS) and non-resonant X-ray
Emission Spectroscopy (XES) experiments were also performed at the SuperXAS
beamline of the SLS (see section 3.2). For XAS and XES experiments, the core
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Figure 2.6.: Schematically shown working principle of the X-ray spectroscopy meas-
urements performed at the SuperXAS beamline of the Swiss Light Source at PSI20:

(a) Resonant Inelastic X-ray Scattering (RIXS) and (b) X-ray Absorption Spectroscopy
(XAS) and non-resonant X-ray Emission Spectroscopy (XES).

electron (Ti 1s) is excited to a high energy continuum (well above the threshold
for electronic excitation) and an electron from a valence state decays to the empty

(2011 This does not occur

core state by emitting an X-ray photon (see Fig. 2.6b)
in resonance since the X-ray energy is high enough for the excitation of a core
electron to the continuum. The X-rays, delivered by bending magnets, were
monochromatized with double Si(111) crystals, and focused down to a size of
100 x 100 pm? by a Pt mirror. The X-ray absorption spectra were measured
around the Ti K absorption edge at 4966eV by a Silicon Drift Detector. A
fixed incidence X-ray energy at 5000eV was used for measurements of the X-
ray emission spectra for Ti valence-to-core transitions and by a dispersive-type
von Hamos spectrometer?°? with curvature radius of 25cm. The spectrometer
was aligned in vertical scattering geometry with the Ge(400) reflection and the
Bragg angle around 62°. To preserve high energy resolution for X-ray detection,
we employed a segmented-type crystal consisting of 50 x 1 mm segments, with
a total crystal dimension of 50 x 100 mm (dispersion x focusing). The X-rays
diffracted by the crystal, were registered with a 2D Pilatus detector having a
pixel size of 175 ym. The sample was aligned in the grazing incidence geometry,
in order to enhance the XES signal recorded by the von Hamos spectrometer.
We would like to note that the so-obtained line-source does not influence the
overall energy resolution of the setup, but greatly increases the number of events

registered by the spectrometer 207,
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2.3. Photoelectrochemical Characterization

Within this project, two photoelectrochemical (PEC) setups were used:

e The PEC setup at the EMPA Laboratory Materials for Energy Conversion
(Swiss Federal Laboratories for Materials Science and Technology |, Uber-
landstrasse 129, 8600 Diibendorf, Switzerland) - introduced in chapter 2.3.1.

e The new PEC setup established in the Materials Group at PSI especially
for this project - introduced in chapter 2.3.2.

2.3.1. Photoelectrochemical test setup at EMPA

The PEC measurements at EMPA (Fig 2.7) were performed using LaTiO, N, thin
film grown on TiN-buffered MgO substrates in a three-electrode configuration.
The oxynitride film on TiN-buffered MgO was used as the working electrode,
while a Pt wire was the counter electrode. The third electrode was a Ag/AgCl
reference electrode in 3 M KCI aqueous solution. The TiN current collector was

electrically connected to the electronics using Cu wires and Ag paste.

The samples were placed in the PEC cell?%! for front-side illumination,
since TiN is not transparent. The cell was filled with an aqueous solution of
0.2M sodium borate (H;BO; and Na,B,0,-10H,0) buffered at a pH of 9 as
electrolyte. An insulating varnish was used to get the electrolyte in contact with
the sample under investigation only on a selected area of the LaTiONy film

surface.

The samples were illuminated with a 300 W Xe lamp (LOT-Oriel) equipped
with an UV cutoff filter (A = 420nm). The light intensity was adjusted to
100mW ecm~2. A rotating shutter was used to alternately measure the dark
current (no light on the sample) and the photocurrent. A Versastat 4 potentiostat
was used to measure the photocurrent and a scan rate of 10mV s~! was used for

linear scan voltammetry measurements.
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2.3. Photoelectrochemical Characterization

— 300W Xe-Lamp (UV-cutoff at 420nm)

RE = Reference electrode (Ag/AgCl)

WE = Working electrode (Photoanode)
CE = Counter electrode (Pt wire) \l' l
CE WE RE
= ﬂ

Cappuccino cell

Photoanode

Figure 2.7.: Photoelectrochemical test setup at EMPA using the so-called “cappuccino
cell” 298] The light intensity is adjusted to 100 mW cm~2 with a reference Si photodi-
ode.

2.3.2. Photoelectrochemical test setup at PSI

The PEC measurements at PSI (Fig 2.8) were performed using LaTiON, thin
films grown on TiN-buffered MgO and Al,O; substrates in a three-electrode con-
figuration. LaTiO,N thin films acted as the working electrode and a Pt wire
was the counter electrode. The third electrode was a Ag/AgCl reference electrode

immersed in saturated KCI electrolyte. TiN acted as the current collector.

TiN is not transparent, thus only front-side illumination was possible. The
PEC quartz cell and the Ag/AgCl reference electrode are commercially available
from Pine Research Instrumentation. An aqueous solution of 0.5M NaOH (pH
= 13) was used as electrolyte. At one edge of the sample, the LaTiO N layer
was carefully removed to expose the TiN layer. Silver paste was coated on the

exposed TiN to provide the electrical contact between the current collector and
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— 5mW laser diode with a wave length of 405nm.

RE = Reference electrode (Ag/AgCl)

WE = Working electrode (Photoanode)

CE = Counter electrode (Pt wire)

Figure 2.8.: The new photoelectrochemical test setup established for this project.
The light intensity is about 130 mW cm~2 (reflection losses corrected).

the read out electronics. The samples were cleaned by rinsing with de-ionized
water and only the LaTiO,N,-coated part of the sample was immersed into the
electrolyte. In this way the conducting elements of the sample were electrically

isolated from the electrolyte and no insulating varnish was required.

The samples were illuminated with a 405nm laser diode (Laser2000) with
5mW power output and a spot size of about 0.0308 cm?. The light intensity was
estimated to be about 130 mW cm~2 considering reflection losses at the quartz
cell and at the surface of the sample. To measure the dark current (no light on
the sample) and the photocurrent consecutively, an asymmetrical time lag relay

pulse generator was used to intermittently irradiate the sample.

A Solartron 1286 electrochemical interface was used to measure the current.

1

For potentiodynamic measurements, we chose a scan rate of 10mVs™ and a

potential range of 0.1V to 1.5V vs. RHE.
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X-ray spectroscopy experiments at

the Swiss Light Source

To address the open question of how the nitrogen content affects the electronic
structure in oxynitrides, thin film samples are prepared using conventional pulsed
laser deposition for the oxide (see Chapter 2.1.1) and modified pulsed laser de-
position technique for the oxynitride (see Chapter 2.1.2). The thin film samples
are investigated with X-ray spectroscopy as described in Chapter 2.2.7.

In Chapter 3.1, the Szlachetko & S& methodology is applied to La,Ti,O, thin
films to serve as the basis for future electronic structure studies and to verify the
suitability of thin film samples for X-ray spectroscopy. The effect of nitrogen
incorporation into the oxide material is investigated in Chapter 3.2, where the

electronic structures of LaTiO; and LaTiO.N, thin films is compared.
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3.1. Determination of conduction and valence band

electronic structure of La,Ti, 0, thin film

The results of this section have been adapted with permission of The Royal

Society of Chemistry:

J. Szlachetko, M. Pichler, D. Pergolesi, J. Sa, and T. Lippert. RSC Adv., 2014,
4, 11420-11422.

The samples were fabricated and characterized by Markus Pichler. X-ray
spectroscopy and data analysis was performed under the guidance of Jakub

Szlachetko. The manuscript!!” was written with contributions of all authors.

3.1.1. Results and discussion

The film diffraction pattern was found to be in agreement with the La,Ti,O,
crystal structure. Chemical analysis revealed a slightly smaller concentration of
Ti and O compared to stoichiometry (ca. less than 1%). This can be explained
by the thin film deposition process, where lighter elements are prone to get lost

during deposition [299210],

The measured Kz and v2c¢ (valence-to-core) RIXS (resonant inelastic X-ray
scattering) planes for La,Ti,O, are plotted in Fig. 3.1. For excitation energies
above 4980 ¢V, the RIXS plane consists of the Kz main emission line resulting
from the 3p — 1s transition at an emission energy around 4931eV. The di-
agonal spectral feature, crossing the RIXS plane at equal incoming and emitted
X-ray energies, relates to the elastically scattered X-rays in the sample. Since the
experiments were performed using a dispersive von Hamos spectrometer, which
has no moving optical components, the XES (X-ray emission spectroscopy) spec-
tra are measured at once on a shot-to-shot basis, and the elastically scattered
X-rays allow calibration of the RIXS plane with a precision of about 100 meV.
Before starting the discussion of the RIXS map, we would like to emphasize that
the experiments were carried out in grazing incidence geometry, which circum-
vents the problem of sample volume caused by thin films, i.e., grazing incident

geometry equals “infinitively” thick sample.
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3.1. Determination of CB and VB electronic structure of La,Ti,O, thin film
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Figure 3.1.: RIXS map of LayTi,O.

There are several parameters that can be extracted from the RIXS plane.
It should be mentioned that the presented RIXS experiments relate to the p-
projected density of states (DOS) of the Ti-sites around the Fermi level. Firstly,
one can determine the occupied electronic states (valence band) from the non-
resonant XES spectrum (valence-to-core XES (v2¢-XES)), shown in Fig. 3.2a.
Two peaks located at 4945 eV and 4960 eV dominate the v2¢-XES spectrum. The
spectral features can be interpreted based on DOS calculations with the FEFF9.0
codel2%3-206 (Fig. 3.2b). In order to compare the measured v2c structures with
calculations, the XES and HR-XAS spectra were scaled down in energy by a value
of 4963 eV. The latter was determined from the position of the high-energy side
of the v2¢ structure (half width) and is assigned as the Fermi energy (highest
occupied electronic orbitals). The v2¢-XES peak lying just below the Fermi
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Figure 3.2.: (a) extracted spectra of HR-XAS (red) and valence-to-core XES (blue);
(b) FEFF calculated orbital contribution.

energy (—3eV) consists mostly of Ti-d and O-p orbitals, with a small contribution
from La-p orbitals. The upper level of the valence band is primarily composed of
O-p orbitals, similar to TiO,[!7. The v2c-XES peak at —16¢eV is composed of
O-s and La-p orbitals. There is a very good overlap between the O-s and La-p
orbitals, which explains the pronounced peak detected experimentally, contrary
to what was observed with TiO, (Ref.['™®) where only a weak feature related to
the O-s states could be detected.

The second parameter that can be extracted is the material’s unoccupied
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3.1. Determination of CB and VB electronic structure of La,Ti,O, thin film

electronic states (conduction band) from the HR-XAS (high-resolution X-ray ab-
sorption spectroscopy) spectrum. HR-XAS relates to the cut across the maximum
of the K3 X-ray emission where the spectral features were assigned based on DOS
calculations with the FEFF9.0 code2%2%] The two peaks detected on HR-XAS
are associated to the Ti d-orbitals (at energies of around +4 eV and +8eV), which
are split by ca. +4eV according to the crystal field into ty, (lower energy) and e,

2121 "and by a broad contribution from

(higher energy) levels?'!! similar to TiO,
the La-d orbitals. FEFF calculations were performed using the crystal structure

of La,Ti,0O;, and a total of 100 atoms.

The measured occupied (red) and unoccupied (blue) p-projected DOS pro-
files are separated by ca. 2.8eV to 4.0eV, which encompasses the La,Ti,O,
band-gap energy®'). The result implies that the RIXS experiment provides
band gap-like information, which can be used to evaluate changes to the band
gap induced for example by doping. However, it should be mentioned that the
band gap values estimated with this method are slightly different from the ones
obtained by optical spectroscopy due to the electron-electron interaction between
the 1s-excited and valence decaying electrons as well as due to core-hole screening
effects. Nevertheless, the dependence on band gap narrowing or broadening by

means of v2¢-RIXS should be easy and straightforward to detect.

3.1.2. Conclusion

In conclusion, the presented method enabled the determination of La,Ti,O; con-
duction and valence band orbital composition for thin films with a thickness of
180 nm. The information can be used to rationally design doped materials with
enhanced visible light absorption since it is possible to determine what the orbit-
als contribution and the shift on the band structure edges are. The possibility to
carry out the experiments in grazing incidence geometry circumvents the problem
of sample volume, often a challenge performing high-resolution X-ray experiments
with thin films. Finally, since the measurements were performed with hard X-
rays, the experiments were carried out under atmospheric conditions, enabling in
the future measurements to follow changes in the orbitals during water splitting

under realistic in-situ conditions.
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Although RIXS was used for this investigation, inelastic scattering was not
considered in the discussion. However, this can be examined in future studies

(see chapter 5.2).
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3.2. Determination of conduction and valence band

electronic structure of LaTiO,N, thin film

The results of this section are currently in preparation for submission. Authors

are:

M. Pichler, J. Szlachetko, I. E. Castelli, M. Dobeli, A. Wokaun, D. Pergolesi, and
T. Lippert.

The samples were fabricated and characterized by Markus Pichler. Max
Débeli supervised RBS and ERDA measurements. X-ray spectroscopy and data
analysis was performed under the guidance of Jakub Szlachetko. DFT simulations
were performed by Ivano E. Castelli. The manuscript under preparation was

written with contributions of all authors.

3.2.1. Results and discussion

For this study, the electronic structure of thin films of the perovskite oxynitride
LaTiO,N, (LTON) was determined by combining X-ray absorption and non-
resonant emission spectroscopy (XAS and XES) and compared to lanthanum
titanate (LTO) thin films with the same crystal structure. The use of thin films
is particularly suited for this investigation, by selecting different deposition para-
meters not only the crystallographic properties, but also the nitrogen content of
the film could be carefully controlled'%® allowing the investigation of the changes
of the electronic structure (and optical properties) as a function of a different ni-

trogen content of the sample.

LTON thin films, about 350 nm thick, were deposited on (0001)-oriented
AL, O; substrates by Pulsed Reactive Crossed-beam Laser Ablation (PRCLA)
using ammonia for the reactive gas pulses and a target of La,Ti,O,. Due to the
different crystalline structure, the use of sapphire substrates is expected to lead
to polycrystalline thin films. X-Ray Diffractometry (XRD) was performed at
grazing incidence and the measured reflexes (Fig. 3.3a) confirm the orthorhombic

perovskite structure.

Using Rutherford Backscattering (RBS) and Heavy-lon Elastic Re-
coil Detection Analysis (ERDA), the composition was determined to be
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Figure 3.3.: X-Ray Diffraction pattern of (a) polycrystalline LaTiO, Ny and (b) poly-
crystalline LaTiOg, , thin film samples performed in grazing incidence mode.

La, 03Ti4970495Ng ¢6- In agreement with previous studies!!9%29%21% the ablation
process led to a slightly overstoichiometric content of the heavier cation (La) at
the expense of the lighter element (Ti). Slight shifts to smaller 20 angles of the
reflexes were measured compared to the stoichiometric composition of LaTiOyN
(ICSD Coll.Code: 168551). This was already observed for LTON samples pre-
pared by sputtering®® and PRCLA!'% and can be explained by the smaller
nitrogen content compared to the fully nitridated composition. A lower stoi-
chiometric nitrogen content is often observed also for powder samples due to the
competing mechanisms of nitrogen incorporation into the LTON structure and
the formation of secondary phases of TiO, N, and TiN during prolonged high
temperature ammonolysis processes. As a result of a nitrogen to oxygen ratio
< 0.5, in oxynitride titanates Ti can often be found in both the Ti** and Ti*"

oxidation states.

The same experimental set up was also used for conventional PLD to grow
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3.2. Determination of CB and VB electronic structure of LaTiO N, thin film

on the same kind of substrates the LTO thin films. The phase diagram of the
LaTiO, system has been investigated?'¥ in the range from LaTiO; to La,Ti,O,
(x = 3.5). The two extremes of the LTO phase diagram are not suitable to be
compared with LTON. In fact, on one side LTO with low oxygen content (x close
to 3) has the same crystal structure as LTON (orthorhombic perovskite), however
Ti is mainly in the Ti** oxidation state (3d') and the material shows metallic-like
electronic properties (no band gap). On the contrary, at high oxygen content we
have La,Ti,O, where Ti is only in the Ti*" oxidation state (3d°) and the crystal

structure (layered monoclinic perovskite) is different compared to LTON.

For the growth of suitable LT'O thin films the KrF excimer laser (A = 248 nm)

2 was used to

with a repetition rate of 10Hz and a laser fluence of 2.0Jcm™
ablate the La,Ti,O, target placed at 45mm distance from the substrate. The
deposition temperature was set to 800 °C. N, was introduced as background gas
at a partial pressure of 0.1 mbar with the intent to grow thin films with reduced
oxygen content compared to La,Ti,O,?"! ie. with Tiin mixed Ti** and Ti**
oxidation state, still preserving the semiconducting nature of the material but

with a crystal structure similar to LTON.

Fig. 3.3b shows the XRD pattern of the lanthanum titanium oxide film with
reflexes at very similar 26 values as observed for our LTON films indicating the
orthorhombic perovskite structure. However, the angular positions of the XRD
reflexes are shifted toward larger 26 values compared to the stoichiometric com-
position of LaTiO4 (ICSD Coll.Code: 63575), indicating an enlargement of the
unit cell volume. RBS and ERDA showed the film chemical composition to be
La, 09 Tig ;0544 According to the LaTiO, phase diagram proposed in?'* an oxy-
gen content of 3.44 should lead to a monoclinic layered perovskite of the family
A B, 0O, ., with n = 4.5 representing the well-ordered layered stacking sequence
n =5, 4,5, 4, etc'%. The growth of this material as thin film and/or the off-
stoichiometric La/Ti ratio observed also for this film2°??'% may have helped the

crystallization of the orthorhombic perovskite phase.

Moreover, the LTON and LTO films not only show very similar crystal
structure but comparing their compositions, La, 43Ti; 67,04 55N g6 for LTON and
Lay o Tip 9,05 44 for LTO, it can be seen that also the Ti*" and Ti** contents are

very similar in both samples.
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Figure 3.4.: Normalized UV-Vis transmittance spectra of LaTiO3z,, and LaTiONy
thin film samples grown on double-side polished Al,O5 substrates. Due to the thick-
nesses of the samples, interference fringes are observed during the UV-Vis measure-

ment 196, The dashed lines mark approximately the band gap values of the samples.
For the ease of comparison, the transmittance data is normalized to 100 %.

We will refer to these two samples as LTON and LTO.

Fig. 3.4 shows the normalized transmittance of the two samples measured

by UV-Vis spectrometry.

LTO has a band gap of about 3.26eV, i.e. transparent for the visible light
range (between 390 nm to 700 nm), whereas a shift in the absorption edge for the
oxynitride sample towards smaller photon energies of about 0.96 eV is observed.
This confirms the successful incorporation of nitrogen as observed by RBS and
ERDA, and its effect on the reduction of the band gap. The estimated band gap
value of LTON is about 2.30eV. This value is about 0.2eV to 0.3eV larger than
the literature values measured for LaTiO,N powder samples?'5%90:217 " which
is related to the smaller nitrogen content of our films compared to the fully

nitridated compound.

The electronic structure of the two films was probed by X-ray Ab-

sorption Spectroscopy (XAS) and non-resonant X-ray Emission Spectroscopy
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3.2. Determination of CB and VB electronic structure of LaTiO N, thin film

(XESI5-17] The experimental XES and XAS data are compared with theoret-

[180,181] 6 assign the different features

ical calculations of Density of States (DoS)
visible in the acquired spectra. The results of both, experiments and theoretical

calculations are shown in Fig. 3.5.

Fig. 3.5a shows the XES spectra (occupied states) representing the VB and
the XAS spectra (unoccupied states) representing the CB for LTO (blue) and
LTON (green). For both materials, the total XES and XAS spectrum is shifted
in energy by 4967.5eV, which is the energy value at the inflection point of the
CB edge of the LTO film. This allows a better comparison of the measured data
with the calculated orbital contributions. It is noteworthy that the measured
XES and XAS spectra represent the p-projected DoS because the measurements
are performed at Ti K-edge (i.e. s-type core-electron). The electronic transitions
involved in the experiment are dominated by selection rules with highest probab-

ilities for dipole transitions. Fig. 3.5b shows the calculated orbital contributions

(DoS).
Fig. 3.5 is further subdivided into 3 sections highlighted with light blue boxes:
e Section I (—22.5eV to —13.5¢eV) includes strongly bonded occupied states.

e Section II (—10.5¢V to —3.5¢V) includes the occupied states close to the
VB edge.

e Section III (—1eV to 7.5eV) includes the unoccupied states.

In section I of the LTO XES spectrum, two small features at about —17.5eV
and —21eV can be observed. Both features are identified with support of DoS
calculations as La-p and O-s states, respectively. In the LTON spectrum of
section I an additional feature at about —15eV is detected and assigned to N-s
states, while the feature at —17.5eV became stronger and is composed of La-p
and N-s states. On the other hand, the peak at —21 eV became smaller reflecting
the reduction of the LTON oxygen content compared to LTO.

section II of the LTO XES spectrum shows the superposition of O-p and Ti-d
states forming the distinctive peak at —6.5eV in Fig. 3.5a. Comparing to the
LTON XES spectrum, this peak shifts toward slightly lower energies while a rel-
atively large shift toward higher energies of the VBM can be observed (Fig. 3.5a,
section II). The extent of this energy shift is Ay p =~ 0.66 eV, determined at the
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Figure 3.5.: (a) Conduction and valence band electronic structure determined from

X-ray emission and absorption spectroscopy measurements of LaTiOg,, and LaTiON,

thin films. (b) Calculated orbital contributions. (The markers in (a) correspond to the
measured data and the lines act as a guide.)
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inflection point of the VBM of both samples. As mentioned above, according to
literature the observed shift of the VBM to higher energies, resulting in a reduced
band gap for the oxynitride material, is explained with the lower electronegativity
of the N 2p orbitals compared to O 2p orbitals[%176:218219] = A hybridization of
the energetically higher N 2p and lower O 2p orbitals takes place, forming new
electronic states just above the VB states of the native oxides thus shifting the
VBM upwards in energy. This explanation is confirmed by our results, where
additional electronic states, assigned to N 2p states by theoretical calculations,
can be measured experimentally with XES. Fig. 3.5b shows the calculated orbital
contributions: the N-p orbitals form additional states at about —5.5eV (about 1
eV higher in energy than the O 2p contribution).

However, the positive shift of 0.66eV observed for the VB is not enough to
explain the total reduction of the band gap from 3.26eV to 2.30eV (Apyy_yis &
0.96 eV) observed in the UV-Vis transmittance spectra (Fig. 3.4) as a consequence
of the nitrogen incorporation. In other words, the additional energy levels created
just above the VBM of the native oxide by the nitrogen substitution (preserving
the same crystal structure) only account for less than 70 % of the total band gap

reduction.

The analysis of the XAS spectra plotted in section III of Fig. 3.5a accounts

for this inconsistency.

The XAS spectrum of LTO in section III consists of two features located at
about 1eV and 4eV. The first is composed of Ti-d states, while the second arises
from the hybridization of the Ti-d and La-d states (Fig. 3.5b). The LTON XAS
spectrum shows that the oxygen to nitrogen substitution leads to no additional
features in the unoccupied electronic states. This is confirmed with theoretical
simulations that also do not show any significant orbital contribution of nitrogen
(Fig. 3.5b). However, a significant shift of the CBM of LTON to lower energies
compared to LTO is visible in Fig. 3.5a. The extent of such a shift can be
quantified in Agg =~ 0.28 eV at the inflection point of the CBM of both samples.
Together with the positive shift of 0.66 eV observed for the VBM, the total band
gap reduction measured by XES and XAS is with Ay — Agp = 0.94¢eV in very
good agreement with the UV-Vis result.

Since no additional orbital contributions arising from the nitrogen incorpora-
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tion were detected in the unoccupied electronic states, the origin of this downward
shift of the CBM is difficult to assign.

The shift of the CBM to lower energy may result from a stronger localization
of the lowest unoccupied d states of Ti due to the nitrogen incorporation. The
effects of localized and delocalized orbitals on the energy position of the CBM
were detected in the case of TiO, as additional pre-edge features visible in the
XAS spectrum acquired in total fluorescence yield ['76:220],

The lattice distortions may also justify the lower energy position of the CBM.
It has been reported that in BaTaO,N, SrTaO,N, and CaTaO,N the width of
the CB progressively decreases with decreasing the ionic radius of the A cation
from Ba to Ca, leaving the energetic center of the CB unchanged. The result is
an overall increase of the band gap induced by the size mismatch of the A cation.
This is explained by considering the distortion of the unit cell (cubic for A=Ba,
tetragonal for A=Sr, and orthorhombic for A=Ca) affecting the Ta-(O,N)-Ta
bond angle which is 180° for the cubic structure and progressively smaller in the

tetragonal and orthorhombic cells 193164,

We speculate that a similar mechanism could explain our experimental res-
ults. To support this hypothesis, we performed density functional theory simula-
tions of the LaTiO, 45N, -5 and LaTiO, , crystal structures in their orthorhombic
symmetry shown in Fig. 3.6. The relation between the distortions in the octa-
hedra of the two materials was investigated using the GPAW code[?*'2?2l and
PBEsol as exchange-correlation functional®?!. The calculations show that the
octahedral distortions lead to a Ti—(O,N)—Ti bond angle of 161.5° in LTON,
while 158° is the calculated value for the Ti—O—Ti bond angle in LTO. Thus, in
comparison to the ideal cubic perovskite structure, the orthorhombic distortion
of Lay 5T1).970495Npes 1S expected to be smaller than that of Lay ,Tij¢;Og5 44,
corroborating our hypothesis. Furthermore, LTON shows a continuous displace-
ment of the Ti(O,N)6 octahedra in the ¢ direction (Fig. 3.6a), while for the
layered LTO, we have alternating layers of 4 and 5 unit cells along the ¢ axis
with a shift of (% a, % b) between the layers. These periodic displacements create
a discontinuity in the TiO6 octahedra arrangement, as shown in Fig. 3.6b. It
has been shown [??¥ that this shift in the octahedra has the effect of making the

optical transition at the band gap weak or forbidden.
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Figure 3.6.: Representation of the crystal structures of (a) LaTiOq 95Ng 75 and (b)
La;TizO; (i.e., LaTiO3 ).

Beside the lattice distortion, also the electronegativity of the B cation influ-
ences the position of the CBM. Decreasing the electronegativity of the B cation
causes in fact an upward shift in energy of the center of the CB without affecting
the width, thus resulting in an overall wider band gap!'%. We consider the fact
that the smaller gap of LTON with respect to LTO could be caused by a change
in the electronegativity in the anions with the consequent change in the charge

transfer from the A and B cations as well as in their valence.

We calculate the charge transfer for LTO and LTON by means of the so-

 [225,226]

called Bader analysi For LTO, in average La releases 2.2 electrons and

Ti 2.0 electrons while O receives around 1.2 electrons. For LTON, in average
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La and Ti release 2.1 electrons, which gives again a total of 4.2 electrons that
are released from the cations. On the anion side, O and N receive 1.3 and
1.5 electrons, respectively, which makes them more negatively charged than in the
LTO case. However, further calculations are required to clarify why a negative
charge (0.1 electrons) is transferred from Ti to La for LTON and how the different

charge separation influences the electronic structure.

We thus conclude that the downward-shift of the CBM from LTO to LTON
could have two different origins, i.e. a weaker structural distortion of the nitrogen
substituted material or an influence of the possible change in the valence of the

cations and anions.

3.2.2. Conclusion

In summary, lanthanum titanium oxynitride and lanthanum titanium oxide thin
films with the same orthorhombic perovskite crystalline structure were fabricated
to investigate the effect of nitrogen incorporation on the electronic and optical
properties. Non-resonant X-ray emission and absorption spectroscopy were per-
formed to map the occupied and unoccupied electronic states. Density of state
calculations were used to assign the detected features in the X-ray spectra to
atomic orbitals. As expected, the X-ray emission spectrum of the oxynitride
clearly shows a shift of the valence band maximum to higher energies compare to
the oxide due to the hybridization of O 2p orbital with the energetically higher
N 2p orbital. However, the resulting band gap reduction does not match the
value measured by UV-Vis spectroscopy. Only by taking into account the X-ray
absorption spectroscopy measurement of a significant downward shift in energy
of the conduction band minimum, normally considered to be unaffected by the

nitrogen incorporation, the overall band gap reduction can be explained.

With the support of density functional theory simulations, we conclude that
in perovskite oxynitrides the nitrogen incorporation can also significantly shift the
energy position of the conduction band minimum compare to the oxide material
with the same crystal structure by affecting the distortions of the unit cell and/or

ordering of the lattice.
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Photoelectrochemical investigation

of oxynitride thin films

Photoelectrochemical investigation of different materials as possible current col-
lectors are discussed in Chapter 4.1 where a new model system is introduced.
The new model system using the modified pulsed laser deposition technique (see
Chapter 2.1.2) enables the photoelectrochemical activity of oxynitrides used as

photocatalysts with different nitrogen content to be investigated.

This model system is used in Chapter 4.2 to further quantify the effects
of crystalline quality and crystallographic surface orientation of the LaTiON,
photocatalysts on the photoelectrochemical performance. Additionally, surface

changes with the photoelectrochemical measurements are investigated.
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4.1. Titanium nitride buffered substrates for
photoelectrochemical measurements of

oxynitride thin films

The results of this section have been adapted with permission of Elsevier:

M. Pichler, D. Pergolesi, S. Landsmann, V. Chawla, J. Michler, M. Daobeli,
A. Wokaun, and T. Lippert. Applied Surface Science 369 (2016) 6775.

The oxynitride samples were fabricated and characterized by Markus Pichler.
The TiN-coated substrates were fabricated by Vipin Chawla. Max Ddobeli super-
vised RBS and ERDA measurements. Photoelectrochemical measurements were

[165]

performed under the guidance of Steve Landsmann. The manuscript was

written with contributions of all authors.

4.1.1. The current collector

To collect the photo-generated charge carriers, the photocatalyst has to be in
contact with an electronic conducting electrode. The material used for such a
current collector has to be chemically stable during the oxynitride film growth,
i.e. at temperatures as high as about 800 °C and in NH; environment. To enable
the investigation of the potential effects of the crystalline properties and surface
orientation on the PEC performance, the conducting material has to be lattice
matched for an epitaxial growth of the oxynitride thin film with good crystalline

quality.

Two different experimental approaches can be followed, either the use of a
conductive substrate or the use of a conducting thin film as seed layer for the

growth of the oxynitride photocatalyst.

Among the suitable electronic conducting substrates, single crystal Nb-doped
SrTiO; (STO) show very good lattice matching to LaTiO N, (the STO lattice
parameter is about 3.90 A (ICSD Coll.Code: 94573), while for LaTiO,N the
lattice constant is in the range of 3.95 A (ICSD Coll.Code: 168551), which can

vary depending on the nitrogen content). These substrates were successfully used
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in Ref. " for the growth and characterization of epitaxial LaTiO,N, films made
by sputtering using a target of the cold pressed oxynitride powders. With our
experimental conditions, it was not possible to obtain single phase LaTiO, N thin
films on Nb-doped or un-doped STO substrates by PRCLA. The thin films grown
on STO were (001) epitaxially oriented with the substrates, but the LaTiO N
diffraction reflexes appear as the result of the overlapping of multiple reflexes, as
can be seen for example in the (400) diffraction reflex of LaTiO Ny in Fig. 4.1,
This may be explained due to the presence of multiple phases of LaTiO N layers
with different nitrogen content in the thin film. It has been shown that STO
substrates can easily lose oxygen in reducing environment and exchange oxygen

with the film growing on its surface!?*7!

. The substrate itself can indeed provide
a large part of the oxygen content of the growing film. When an oxynitride film
grows on STO, this effect is particularly detrimental since oxygen atoms from the
substrate can be incorporated into the film hindering the nitrogen substitution.
In addition, the Nb-doped STO substrates showed strongly reduced conductivity
after the oxynitride deposition, suggesting a decomposition of this material under

the film growth conditions differently to what was observed for sputtering!*°%.

Concerning the use of conducting seed layers, for the conventional charac-
terization of powder samples glass substrates coated with transparent conducting
oxides are used to collect the photo-generated charge carriers. Typical coatings
are made of aluminum-doped zinc oxide, fluorine-doped tin oxide or indium tin
oxide. Polycrystalline TiON films were grown by sputtering at relatively low tem-

perature (> 250°C) on these kind of conducting glasses['>’)

. These commercially
available substrates are amorphous, thus only polycrystalline films can be ob-
tained. Moreover, at the high temperatures required for the growth of oxynitride
films with high crystalline quality (> 700 °C), transparent conducting oxides un-
dergo a thermal decomposition and their conductivity significantly decreases!®.
This makes these materials unsuitable for our purpose even if coatings with high

crystalline quality were used.

Thin films of non-transparent electronic conductive oxides could also be used
as current collectors. Unfortunately, most of the electronic conducting oxides
show suitable electronic conductivity only at relatively high temperatures. But
the main problem here is that we could not find any electronic conducting ox-

ide able to provide the required physicochemical stability during the oxynitride
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Figure 4.1.: XRD patterns of two representative LaTiO, Ny samples grown on SrTiOg
substrates by PRCLA with different laser fluences.

growth condition using PRCLA of the native oxide target, i.e. a strongly redu-
cing environment at high temperatures. Literature reports that StRuO,-buffered
substrates were used for the growth of BaTaO, N _[1°81. This was achieved by
conventional PLD using the oxynitride material as the target and an O,/N, gas
mixture, i.e. in oxygen-containing environment. For this work we also have at-
tempted the use of SrTRuO,. Thin films of this material were epitaxially grown

on STO substrates at > 800 °C in an oxygen partial pressure of 0.1 mbar. After
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XRD analysis, the as-grown films were heated up in vacuum at a temperature of
about 600 °C. Such a thermal treatment in vacuum was enough to decompose the
SrRuQ; film, as revealed by XRD analysis, confirming the poor stability of this
material in low oxygen-containing environment at high temperature, as already
reported in the literature??*22! " In the specific case of LaTiO,N,, a sufficient
nitogen substitution by PRCLA using the native oxide target requires a gaseous
environment with very low oxygen partial pressure (using N, and NH,). This

precludes the use of STRuQO; as seed layer.

Other possible alternative current collectors are thin films of noble metals,
such as Pt or Au, which also have the advantage of a cubic crystalline struc-
ture with lattice parameter similar to that of LaTiON, (3.92A for Pt (ICSD
Coll.Code: 180880), 4.08 A for Au (ICSD Coll.Code: 52700), and about 3.95 A
for LaTiO,N (ICSD Coll.Code: 168551), as an example). However, at the high
temperatures required for the oxynitride growth, noble metals show very poor
adhesion on the polished surface of single crystal substrates?*” and typically
dewet the substrate surface. The use of additional adhesion layers (typically Ti
or Cr are used) would be necessary. Beside the additional complication of the
growth of a further layer, the typical metals used to aids Pt or Au adhesion
show different crystalline structures compared to Pt and Au, thus precluding the
growth of current collectors with high crystalline quality which is a fundamental

prerequisite for the growth of high quality epitaxial oxynitride films.

In a different approach, the group of metal nitrides comprises electronically
conducting compounds that are known to be chemically very stable over a wide
range of chemical environments and temperatures. Within these materials TiN
was chosen. Besides being a good electronic conductor, this material has a lattice
parameter of about 4.24 A (ICSD Coll.Code: 656836) which is very similar to that
of single crystal MgO substrates (about 4.21 A, ICSD Coll.Code: 52026). Thus
in principle it is possible that TiN epitaxial layers could be grown on MgO with
very high crystalline quality and may become a suitable seed layer for the growth
of highly textured LaTiO N films.

The most important issue is the lattice mismatch between LaTiO Ny and
TiN which is (aLaTi%N — aTiN) Jarin &= —6.8 %. This is a very large value that

cannot be elastically accommodated at the interface between the two materials.
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However, the literature reports examples of high quality STO films (which have
similar crystal structure and lattice parameter to LaTiO,N) grown on MgO sub-
strates showing cube-on-cube epitaxial relation and small degree of misalignment

231,232]  Even examples of multilayered epitaxial

between adjacent crystallites!
heterostructures of TiN + MgO + STO grown on (100)-oriented Si wafers are
reported ?3323% showing that materials like MgO and TiN on one side and STO,
thus potentially also LaTiON,

ordered epitaxial heterostructures.

on the other side can indeed be coupled in highly

The large interfacial lattice mismatch can in fact be accommodated at the
interfaces in some cases by introducing misfit dislocations that fully relax the ex-
cess stress still preserving the epitaxial relation. Examples of such a mechanism
can be found in[?6237 where highly textured epitaxial films of ceria-based ma-
terials were grown on MgO substrates via an almost continuous line of interfacial

misfit dislocations capable of adjusting a lattice mismatch as large as 29 %.

4.1.2. The growth of the oxynitride photocatalyst on the

selected current collector

On the basis of these considerations, we attempted the growth of LaTiO,N; on
TiN-buffered MgO substrates. Fig. 4.2a shows the 20/6 scan of one samples.
As expected the TiN layer grew epitaxially oriented with the substrate. On the
contrary, under the selected growth parameters, the oxynitride film clearly shows
multiple crystallographic orientations. Further, small shifts toward smaller 26
angles of the LaTiO,N, peak positions can be measured in Fig. 4.2a compared to
the literature values of the stoichiometric LaTiO,N composition (ICSD Coll.Code:
168551). This difference indicates slightly larger out-of-plane lattice parameter

which could be explained by a lower nitrogen content (z < 1).

The cross sectional Scanning Electron Microscopy (SEM) micrograph in
Fig. 4.2b shows a well-defined interface between LaTiO, N, and TiN. At the ap-
plied magnification the morphology of the TiN layer looks uniform without evid-
ence of clear grain separation, while the oxynitride film shows the typical features
of polycrystalline morphology with columnar grains of about 50 nm in diameter

elongated along the substrate surface normal. This columnar micro-morphology
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Figure 4.2.: a) XRD pattern of a polycrystalline La; ¢, Tij 9O 5N g thin film depos-
ited on TiN-buffered MgO substrate using PRCLA with a laser fluence of 3.7.J cm™2.
The peak marked with an X is the Ky diffraction reflex from the MgO substrate.
b) Cross section micrograph (fractured surface). ¢) The corresponding RBS spectrum
(black points) analyzed with the RUMP program (red line) and using the N/O ratio
determined by ERDA.

is often observed for thin films grown by PLD. The thicknesses measured by SEM
for the two layers (about 230 nm for LaTiO N, and 65nm for TiN) are in good

agreement with the values expected from the calibration of the deposition rates.

Before addressing the issue of improving the crystallographic properties of
the oxynitride film, we focused on the analysis of its chemical composition per-
formed by Rutherford Backscattering Spectroscopy (RBS) and Elastic Recoil
Detection Analysis (ERDA).

Fig. 4.2c shows an RBS spectrum of a LaTiO, Ny film. At high energies, the
first peak corresponds to La, the heavy element, present in the oxynitride film.
At intermediate energies, signals from Ti were detected and since Ti is in both

layers, a double peak is formed, where the right part at higher energies belongs
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to the outer LaTiO N layer and the left part at lower energies belongs to the
buried TiN current collector. The different yields reflect the different Ti content

of the two materials.

The thicknesses of the two layers of LaTiO,N, and TiN as evaluated by the
La and Ti peaks shown in Fig. 4.2¢ are in good agreement with the SEM cross
section measurement of Fig. 4.2b. Finally, at low energies the lighter elements
are detected; Mg and O from the substrate, but also O and N from the current

collector and the oxynitride photocatalyst.

For a precise investigation of the composition of the oxynitride, ERDA meas-
urements are required to determine the nitrogen-to-oxygen ratio (N/O) which
turned out to be about 0.36. This value, compared to N/O = 0.5 of the fully
nitrated compound (x=1), indicates an under-stoichiometric nitrogen content in

this film, which is in agreement with the result of the XRD analysis of Fig. 4.2a.

For the specific sample described in Fig. 4.2, using the combination of both
techniques, RBS and ERDA, a chemical composition of La; j; Tij 99O 5N, g could
be very precisely determined with an error of < 3% to 5 %. Other phases originat-
ing from the oxide LaTiO4,, (0 < z < 0.5) were not detected by XRD (Fig. 4.2a).
Moreover, RBS and ERDA measurements show a uniform compositional depth
profile (Fig. 4.2c).

Further, literature reports hydrogen incorporation in form of NH_ species
into oxynitride samples as a consequence of the ammonolysis®). In Ref. [94]
the hydrogen incorporation in single-crystal TiO, substrates by measuring the N
1s spectra with X-ray Photoelectron Spectroscopy (XPS) after nitridation with
NH; was investigated. After removing a 60 A thick surface layer by Art sputter-
ing, the N 1s XPS spectra showed peaks at 396.7eV and at 399.6 eV. The peak at
396.7 eV is generally assigned to the “nitride” peak[®¥ thus correlated to nitro-
gen that replaced oxygen in the lattice of the native TiO,. The peak at 399.6eV
was assigned to interstitial NH_, thus indicating that nitrogen is chemically bon-
ded to hydrogen, but not incorporated into the lattice. Further it was concluded
that only interstitial nitrogen (NH, ) reduces the photon energy threshold needed
for generating electron-hole pairs, while substitutional nitrogen incorporated into
the lattice does not affect the band gap. Ref. [95] reports the investigation of the
mechanism of the visible-light responses in N-doped TiO,. The XPS N 1s spec-
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trum showed a peak around 400 eV binding energy after nitridation, which was
assigned to NH_. It was concluded that the presence of NH_ species is responsible
for the reduced oxidation power of the photo-generated holes in N-doped TiO,
using visible light radiation compared to UV radiation. This is explained by a
difference in the reactivity of the photo-generated holes originating from the UV
excitation of electrons from the valence band (O 2p states) and from the visible
light excitation of electrons from the mid-gap energy levels formed above the
valence band by NH,. ERDA was used here to investigate the potential hydro-
gen incorporation in the LaTiO,Ny films which may alter the material properties.
However, no hydrogen could be detected in our LaTiO,N thin films by ERDA
measurements. To increase the sensitivity for hydrogen during the ERDA meas-
urement a ‘He beam instead of a "I beam was used. In this case the detection

limit was =~ 0.3 at%.

4.1.3. Tuning the nitrogen content

The reason for the under-stoichiometric nitrogen content was investigated to un-
derstand up to which extent the nitrogen content could be tuned in our films.
Previous studies on LaTiO,N film growth by PRCLA showed that high laser
fluence and high deposition temperatures are required to achieve high nitrogen

(157 For this work we systematically investigated the effect of the

substitution
laser fluence and substrate material on the N/O ratio as determined by ERDA for
several LaTiO,N, films. For this investigation the laser fluence was varied from
2Jem™2to 4Jem ™2 and (100)-oriented SrTiO; (STO) and LaAlO, (LAO), (110)-
oriented YAIO; (YAO), as well as (100)-oriented TiN-coated MgO substrates
were used. Following this approach, the typical composition of the oxynitride
thin films determined by RBS and ERDA can be written as La,, /Ti; ;O; (N,
where 0 < y < 0.03 and 0.5 < z < 0.85, depending on deposition parameters.
Further, the sum of the oxygen and nitrogen content is close to 3 (z & z), thus

forming the LaTiO, N, perovskite with a very small amount of anionic vacancies.

In particular, Fig. 4.3 shows the measured N/O ratio as a function of laser
fluence for the different substrates. As a first observation, it appears clearly that
a TiN-buffered substrate allows a more reliable control of the nitrogen content by

only changing the laser fluence. The points corresponding to TiN-buffered MgO
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Figure 4.3.: N/O ratio of LaTiO.Ny thin films grown on different substrates as a
function of laser fluence. Used substrates are SrTiO5 (blue <), YAIO; (black V),
LaAlO; (light green A), TiN-coated MgO (red M). All thin films are grown at 870°C
and are ~ 200nm thick.

show an almost linear increase of the N/O ratio with increasing fluence (from
2.5Jcm™? to 4.1 Jem™?). The points corresponding to the oxide substrates are
more scattered. As mentioned previously, STO substrates do not preserve their
oxygen content at high temperatures and in reducing environment. Oxygen atoms
from the substrate can even migrate into the growing film hindering the nitrogen
substitution. In fact, a clear dependence of the N/O ratio on the laser fluence

using STO substrates is not visible, neither at low nor at high fluence.

Using the other oxide substrates, YAO and LAO, we observed a trend sim-
ilar to that observed for TiN-buffered MgO at lower fluences (2.0Jcm™ to
3.0Jem™?), but with increasing fluence the values of N/O ratio measured for
the LaTiO, N films are much more scattered. More importantly, the maximum
achievable nitrogen content is lower when the oxynitride films grow directly on the

oxide surfaces than on the TiN-coated substrates. The effect of oxygen diffusion
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Figure 4.4.: UV-Vis spectra of three LaTiO,Ny samples grown on LaAlOg substrates
with different nitrogen content showing the effect on the optical properties of nitrogen
substitution into the native oxide. All samples are about 200 nm thick and therefore
interference fringes are observed during the UV-Vis measurement 9. For comparison,
the transmittance spectrum of the LayTi, O, thin film of the same thickness is also
shown.

into the film as described before for STO, is also known for LAO substrates?*7.
This suggests that with YAO substrates such a mechanism may also be present,
but it is less significant when using YAO or LAO instead of STO. However, the
possible presence of a gradient in the nitrogen content of the film along the growth
direction should be taken into account. Fig. 4.3 shows that to achieve a better
control of the nitrogen content and a larger amount of nitrogen substitution in
the oxynitride film a nitride-coated substrate like TiN-buffered MgO is preferable
and underlines the advantage of the sample design proposed here for the PEC

characterization of oxynitride photocatalysts.

Fig. 4.4 shows the effect of different nitrogen contents on the optical prop-
erties of the LaTiO,Ny films. For this measurement double-side polished LAO

substrates were used to acquire UV-Vis spectra in transmission mode. The trans-
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mittance is plotted as a function of the incident wavelength showing a shift of
the band gap towards longer wavelengths with increasing nitrogen content, as
expected. Out of the UV-Vis spectra a band gap of about 2.35eV to 2.85eV
can be estimated for the oxynitride thin films!*®”). For comparison, the UV-Vis
spectrum of a thin film of La,Ti,O, grown on LAO by conventional PLD is also

shown.

4.1.4. Tuning the crystallographic properties

Concerning the crystalline quality and crystallographic orientation of the oxyni-
tride films grown on (100)-oriented TiN-buffered MgO we observed a remarkable
effect of the laser fluence. The polycrystalline film discussed in Fig. 4.2 were
grown using a laser fluence of about 3.7Jcm~2. By keeping all other deposition
parameters constant but lowering the fluence to 3.0Jcm™2, the LaTiO.N, thin
films grew epitaxially oriented with the substrate, as shown in Fig. 4.5. In this
case, it comes at the cost of a lower nitrogen content. As shown in Fig. 4.3, for a
laser fluence of about 3.0 Jem™2 the N/O ratio is about 0.30, while 0.36 was the
value measured for a laser fluence of about 3.7 Jcm™2, though in the second case

only polycrystalline samples could be grown.

This experimental observation could be explained in analogy with the equi-
valent effect often encountered during conventional PLD; by increasing the laser
fluence both the kinetic energy of the ablated species and the deposition rate
increase. Above a certain threshold this may hinder the ordered growth of the
film. Literature on PRCLA is scarce and we cannot refer to any specific examples

to support this speculation but it is likely that the same mechanism can occur
also for PRCLA.

While higher laser fluences favors the growth of polycrystalline thin films
with higher nitrogen content, reduced laser fluences lead to an epitaxial film
growth with lower nitrogen content. A similar effect was observed for LaTiO N,
films grown by reactive radio-frequency sputtering!'®), The N/O ratio was es-
timated by coupled energy-dispersive spectroscopy. Films with higher nitrogen
content were polycrystalline while those with lower nitrogen content were epi-

taxially grown.
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Figure 4.5.: XRD pattern of the epitaxial (001)-oriented La; g4 Tij 9504.96Ng.¢7 thin
film grown by PRCLA with a laser fluence of 3.0 Jcm™2. The peak marked with an X
is the Kz diffraction reflex from the MgO substrate.

A comparative investigation of the effect of the surface orientation and crys-
talline quality on PEC performance should be performed using films with similar
nitrogen content. This could be achieved by keeping the laser fluence within a
range that promotes the epitaxial highly ordered growth on TiN-buffered MgO
but changing the substrate material and/or deposition parameters, such as sub-

strate temperature, in order to grow TiN layers with different orientations or as
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polycrystalline seed layers for the growth of the oxynitride films. The oxynitride
films will thus show different crystallographic and morphological properties but
their nitrogen content will be comparable with that of the highly ordered epitaxial
film.

4.1.5. Proof of concept of the model system using

photoelectrochemical characterization

As a preliminary test experiment to validate our sample design, the polycrys-
talline La; o, Ti)¢9O44Nyg sample grown on TiN-buffered MgO substrate was
characterized in a PEC setup. The photocurrent generated under the effect of
Xenon lamp front-illumination was measured while sweeping the applied voltage
from 0.2V to 1.4V versus the reversible hydrogen electrode (RHE). A rotating
shutter was used to chop the light allowing the simultaneous measurement of the
so-called dark current (no illumination of the sample). ERDA analysis showed
that a small but measurable amount of oxygen is present in the TiN current
collector (N/O ratio > 6.5). In order to exclude any contribution to the photo-
current from the buried TiN layer, a PEC measurement was performed using a

bare TiN-buffered MgO sample. As expected no photoresponse was detected.

For an unoptimized system the result of our preliminary PEC measurements
for Lay 4, Tij 99O 5N g is promising, as shown with the linear voltammetry meas-
urements in Fig. 4.6. We note that the measured photocurrents are lower than
what has been reported for powder based oxynitrides. This is expected due to the
larger exposed area for powder samples compared to thin film samples. Further-
more, the specific morphology of this sample, which is characterized by extended
grain boundary regions where untimely recombination of the photo-generated
charge carriers is strongly favored, likely represents a possible loss channel. We
anticipate that by employing sacrificial reagents acting as hole scavengers or co-
catalysts instead of just the semiconductor in direct contact with the electrolyte,

156 " Finally, the very broad absorption edge of this

will improve the performance!
sample as shown in Fig. 4.4 may negatively influence the values of the photocur-

rent.
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Figure 4.6.: PEC measurement of the polycrystalline La, ¢, Tij g9O4 2N g sample pre-
pared on a TiN-buffered MgO substrate. The measurement was performed under
chopped illumination (100mW cm~2 with UV cutoff filter at A = 420nm) to simul-
taneously measure the dark current and the photocurrent. The cell was filled with
sodium borate electrolyte buffered at pH of 9 and a linear scan voltammetry was per-
formed at a scan rate of 10mVs™1.

4.1.6. Conclusion

In summary we report a new experimental approach which, starting from the ox-
ide material, enables the growth and the photo(electro)chemical characterization
of oxynitride thin films with tunable crystallographic, morphological and optical
(nitrogen content) properties, a goal that cannot be achieved with conventional
powder samples. As a proof of concept we have demonstrated photocatalytic
response of oxynitride thin films integrated into our model system. This work
establishes the foundation of an effective experimental approach for future invest-
igations into the oxynitride thin film class of photocatalyst. Gaining insight into
the relationship between crystallographic properties and electrochemical response
is expected to aid the development and design of better performing materials for

solar-driven water splitting.
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4.2. The role of the crystallographic surface
orientation and chemical evolution of
lanthanum titanium oxynitride in

photoelectrochemistry

The results of this section are currently in preparation for submission. Authors

are:

M. Pichler, D. Pergolesi, H. Téllez, J. Druce, E. Fabbri, M. El Kazzi, M. Dobeli,
A. Wokaun, T. Lippert.

The samples were fabricated and characterized by Markus Pichler. Max
Dobeli supervised RBS and ERDA measurements. LEIS and ToF-SIMS meas-
urements were carried out by Hellena Téllez and John Druce. XPS data was
collected by Emilliana Fabbri and Mario El Kazzi. The manuscript under pre-

paration was written with contributions of all authors.

4.2.1. Thin film characterization

We investigate four representative LaTiO Ny thin films with different crystallo-
graphic properties to probe the influence of the crystallographic surface orient-
ation and crystalline quality on the photoelectrochemical performance. Fig. 4.7
illustrates the X-Ray Diffraction (XRD) measurements of the four samples.
Fig. 4.7a shows the 0/20-scans and Fig. 4.7b the 26-scans in grazing incidence
mode (GI-XRD). The samples include one polycrystalline (LTON-poly) and three
oriented LaTiO Ny thin films grown on TiN-buffered substrates. The three ori-
ented films are labeled LTON-hkl, where hkl indicates the preferential orientation.

LTON-poly and LTON-001 were grown on TiN-buffered (001)-oriented MgO
and LTON-112 and LTON-011 were grown on TiN-buffered (0001)-oriented
Al,O;. The lattice parameters and crystal structures of MgO, Al,O4, TiN and
LaTiO,N are reported in Table 4.1. The TiN buffer layer was grown epitaxially
on both substrates and is used in this study as current collector for photoelecto-

chemical characterization of the oxynitride layers. Due to the relatively small
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Figure 4.7.: X-Ray Diffraction pattern of LTON-poly, LTON-112, LTON-001 and
LTON-011 shown by (a) the /26-scan and (b) in the grazing incidence mode. The
Al,O5 substrate is marked with a M, the MgO substrate is marked with a @ and the
Kj diffraction reflex from the MgO substrate is marked with a O.

lattice mismatch of about 0.56 %, TiN grows cube-on-cube epitaxially-oriented
on MgO 233239241 " while the epitaxial relation between the (111)-oriented TiN

surface and (0001)-oriented Al,O, surface is discussed in detail in Ref. 42,

LTON-poly has a polycrystalline structure. The 6/20-scan mainly shows the
(112) reflex (Fig. 4.7a), the crystallographic orientation with the largest relative
intensity for this material. The GI-XRD measurements reveals a strong peak of
the same reflex, but also the presence of the (022) and (004) reflexes confirming
the polycrystalline nature of this sample (Fig. 4.7b).

LTON-112 shows a strong (112) reflection peak and traces of a minor (022)
orientation. However, the GI-XRD measurement only shows one and very weak
reflex at the (112) position (Fig. 4.7b). This suggests a highly textured micro-
structure of this film, characterized by adjacent grains (112)-oriented parallel to

the substrate surface normal.
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lattice parameters A
compound crystal structure a b ¢
MgO fee 4.21130
Al,O4 hexagonal 4.76170 12.99900
TiN fce 4.23500
LaTiO,N orthorhombic perovskite 5.60279 5.57137 7.87900

Table 4.1.: Lattice parameters of the two substrates MgO (ICSD Coll.Code: 158103)
and Al,O5 (ICSD Coll.Code: 160604), the TiN buffer layer (ICSD Coll.Code: 152807)
and the oxynitride photocatalyst LaTiO,N (ICSD Coll.Code: 168551).

LTON-011 and LTON-001 grew epitaxially on (111)-oriented TiN-buffered
AL, O; and (001)-oriented MgO substrate, respectively. Neither sample shows
any reflexes in the GI-XRD measurements (Fig. 4.7b) confirming their epitaxial

relation.

Our previous study reports that the crystallographic properties and nitro-
gen content of LaTiO, N, grown on (001)-oriented TiN-buffered MgO substrate

depend on the laser fluence!6°)

. High laser fluence ensures a high nitrogen con-
tent, but also leads to a polycrystalline LaTiO,N thin film. Lowering the laser
fluence allows the epitaxial growth of LaTiO,Ny, but at the same time decreases
the nitrogen content. The same effect of an improved crystalline quality with
decreasing the nitrogen content has been reported also for LaTiO, N, films grown
by sputtering!!®®l. For this work, TiN-coated MgO and Al,O, substrates were
used to grow LaTiO,N, films at high laser fluence (above 3.Jcm™) and at lower

laser fluence (about 2 Jcm™2) keeping all other deposition parameters constant.

The result obtained on (001)-oriented TiN-coated MgO confirms our previous

finding concerning the crystallographic properties of the oxynitride films.

Concerning the films grown on TiN-coated sapphire substrates, the epitaxial
growth of (011)-oriented LaTiO N, films on (111)-oriented TiN surfaces can be
explained assuming a domain matching epitaxy where 2 unit cells of LaTiO Ny
match with 1 unit cell of TiN with a lattice misfit of about 6.5%. On the
contrary, no lattice matching between the (112)-oriented LaTiO N, surface and
the (111)-oriented TiN could be identified. We assume that the driving force for
the (112)-oriented growth of a textured film is in this case a combination between

the selected deposition parameters and the low Gibbs’ free energy of this surface.
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Figure 4.8.: SEM cross sections (fractured surface) of LTON-poly, LTON-112, LTON-
001 and LTON-011.

As previously mentioned, the (112) XRD reflex shows in fact the highest relative
intensity for this material.

Scanning Electron Microscopy (SEM) was used for morphological charac-
terization. Fig. 4.8a shows a representative example of cross section SEM mi-
crograph of one of the samples fabricated for this work. All films show good
thickness uniformity of the specific morphological features. No significant evid-

ence of microscopic defects, such as isolated micro particles, was observed.

Fig. 4.8b shows the acquired micrographs at higher magnification of the frac-
tured cross sections of the four samples. The SEM cross section of LTON-poly
shows a granular morphology without clear evidence of definite crystallographic
structural planes. Such morphological features can be ascribed to a polycrystal-

line film, as revealed by XRD analysis. Moreover, no clear cleavage fractures that
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N/O-
composition thickness laser
sample substrate ratio
by RBS by ERDA RBS SEM fluence
LTON- .
TiN/MgO  Lay ¢3Ti 9705 20Ng g7 0.40 175nm 175nm 3.8Jcm™2
poly
LTON-112 Lay ¢3Tip.9702.20No.90 0.41 155nm  170nm  3.1Jcm—2
TiN/Al,O4
LTON-001  TiN/MgO  Laj 1Tip9905.85N0 38 0.13 140 nm 140nm  2.2Jcm™?
LTON-011 Lay 04 Tig.0602.75No 53 0.19 140nm  140nm  2.2Jcm™2
TiN/Al,O4

Table 4.2.: Composition, nitrogen-to-oxygen ratio, thickness and used laser fluence of
the described samples.

range through the whole sample are observed suggesting a film growth crystallo-

graphically decoupled from the TiN-coated MgO substrate.

The SEM micrograph of the other three samples show the typical features
of a textured or highly ordered crystalline structure. In particular, in the epi-
taxial films continuous cleavage fractures are visible extending from the substrate
through the TiN/LaTiO N bi-layer. The films grown on sapphire show features
that can be ascribed to grain boundaries. Grain boundaries and cleavage planes
extend over the complete bi-layer in the LTON-011 film, while they look discon-
tinuous at the TiN/LaTiO Ny interface of the LTON-112 film. This observation
agrees with the previous discussion of the XRD results suggesting an epitaxial
growth of LTON-011 and a highly textured but not epitaxial growth of LTON-
112. LTON-001 shows a very homogeneous cross section, almost featureless with
the exception of continuous cleavage fractures. It is worth mentioning here that
due to the different crystalline structures of the two substrates the fractured
cross section of the samples grown on MgO look in general much more regular

and smooth.

Atomic-Force Microscopy (AFM) was performed to further investigate the
surface topography. For the oriented samples, AFM analysis shows a very smooth
surface with an RMS value of the height distribution of less than 1nm. The
polycrystalline sample has a slightly rougher surface with an RMS value of 1.5 nm.

The chemical composition of the four samples described above was investig-
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Figure 4.9.: (a) Normalized UV-Vis spectra of three LaTiO4Ny samples grown on
double-side polished YAIO; substrates with different nitrogen content to visualize the
shift of the band gap to higher energies with decreasing of the nitrogen content. (b)
X-ray diffraction pattern of one representative LaTiO, Ny sample grown epitaxially and
(001)-oriented on (110)-oriented YAIO4 substrate. The YAIO5 substrate is marked with
a@.

ated by Rutherford Backscattering (RBS) complemented by Elastic Recoil Detec-
tion Analysis (ERDA) used to determine the nitrogen-to-oxygen ratio (Table 4.2).
We have evidence of a lanthanum content that is slightly larger than the stoi-
chiometric composition at the expense of the titanium content. This over-
stoichiometric composition of lanthanum, the heaviest element in the compound,
can be explained as a result of the PLD process, where the chemical content of
the film of lighter elements are prone to get reduced during deposition 299210,
The thickness of the oxynitride thin films were estimated by SEM and RBS. The

two measurements are in quite good agreement (Table 4.2).

To investigate the optical properties of our films, UV-Vis measurements
were performed. Fig. 4.9a shows the UV-Vis spectra acquired for three differ-
ent LaTiO, Ny epitaxial films, about 150 nm-thick, grown on double-side polished
(110)-oriented YAIO, substrates with a nitrogen content comparable to that of
the samples grown on TiN-coated substrates from table 4.2. The LaTiO.N,
samples grown on the transparent YAIO, substrates were prepared using differ-
ent laser fluences following the same procedure used for the LaTiO,N, samples
described above. Fig. 4.9b shows the XRD analysis of one of these samples. As
shown in previous studies!'®™'%!  the reduction in laser fluence leads to a reduc-

tion of the nitrogen content and therefore also an increase in the band gap, as
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Figure 4.10.: Evolution of the photocurrent: (a) 1%, (b) 2°¢ and (c) 4*® chopped
potentiodynamic measurements with 10mV s~! of sample LTON-poly (4s light on and
45 light off). All measurements were performed in an electrolyte of 0.5 M NaOH (pH=
13) using a 405 nm laser diode with a light intensity of 130 mW cm~2. For the ease of
comparison, the dark current is subtracted from the data.

revealed by the shift of the absorption edge towards smaller wavelengths.

Nitrogen-to-oxygen ratios of 0.33, 0.20 and 0.18 were measured by ERDA for
the three films. The dashed line in Fig. 4.9a indicates the wavelength (405 nm)
of the monochromatic light source used in this study for photoelectrochemical
characterization. At this wavelength, a light absorption of 91 %, 57 % and 38 %
can be estimated (neglecting reflectance) for the three samples from higher to

lower nitrogen-to-oxygen ratios.

4.2.2. Photoelectrochemical characterization

The four described samples were used for photoelectrochemical (PEC) character-
ization to investigate the effect of the different crystallographic surface orienta-
tions on the visible light induced photocurrent using TiN-buffered substrates as
current collector. The commonly used method to report PEC activity are poten-
tiodynamic (PD) linear voltage scans using chopped illumination. In a PD scan
the current is measured while sweeping the applied potential and turning on/off

the light source.

Fig. 4.10a-c show the 1%, 2" and 4" PD voltage scans of a LTON-poly

94



4.2. The role of the surface orientation and chemical evolution of LaTiO,N in PEC

sample. A current density of more than 30pAcm=2 at 1.5V vs. RHE was
measured during the first measurement (Fig. 4.10a). For this study the light
source is a 405 nm laser diode with 5 mW power output focused on a spot area of
about 0.03 cm? at the film surface. The current density is calculated considering
the area of the laser spot. The surface area exposed to the electrolyte equals the
area of the laser spot due to the very smooth surfaces of the samples, as observed
by AFM, while for powder samples the exposed area can be about 50 times larger
than the illuminated area. The typical loading density for powder samples ranges

2[130,132,243]  Agsuming a typically surface area

from 0.40 mgcem ™2 to 0.45mgcm™
measured with the BET method of about 8.5 m? g~! and 15 m? g =1 [0:121,217.244] {5
LaTiO,N, it can be estimated that for powder samples the area exposed to the
electrolyte is about 35 to 60 times larger than the illuminated area. Considering
this, the measured photocurrent density in the range of few tens of pA cm™2 are
in line with those reported in literature for LaTiO,N powder samples!!*! as well
as for thin films!"% where no co-catalysts or redox couples acting as sacrificial

reagents were used.

The measured current density decreases, especially at higher applied po-
tentials, with increasing number of voltage scans (Fig. 4.10c¢) before stabilizing.
A current density of about 10 pA cm~2 was measured at 1.5V vs. RHE after

stabilization.

This reduction of the measured photocurrent within the first photoelectro-
chemical tests (about 4 — 6 voltage scans) is the symptom of an initial physico-
chemical modification of the oxynitride semiconductor, and stability issues are
well known for this class of materials [39:90:93:109,129.130] " Ty previous studies, nitro-
gen loss was observed for LaTiO.N, powder samples during O, evolution over

39,90,100,116,129,130]  This finding suggests

a wide range of experimental conditions!
that nitrogen loss at the semiconductor/electrolyte interface is the primary de-

gradation mechanism of oxynitride materials during PEC measurement.

For this work, to further investigate the reason of the initial degradation
of the PEC performance XRD, ERDA, Low-Energy Ion Scattering spectroscopy
(LEIS), and Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) were
applied.

For these investigations, two LaTiO Ny samples grown on TiN-buffered MgO
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substrates were prepared simultaneously (during the same deposition process).
One of these samples was used for PEC characterization. Hereinafter, we refer
to this sample as “after PEC”, while the other non-tested sample (the LaTiO.Ny
thin film as grown) is called “before PEC”.

The samples denominated “after PEC” underwent several voltage scans up
to at least 1.5V vs. RHE and showed stable (fully stabilized) photocurrents.
In our experimental setup, the area of the substrate into the electrolyte is about
5 x 5mm?. At the center of this area the light source used for PEC measurements
was focused on a circular spot of about 2mm in diameter. All the above listed
analyzes were performed in the central area of the part of the substrate immersed
into the electrolyte, i.e. within the area of the laser spot, where oxygen evolution

occurred under illumination.

XRD analysis yielded no significant differences (formation of secondary

phases, changes of lattice parameter) before and after PEC.

ERDA yielded no changes of the nitrogen and oxygen contents in the bulk of
the films, when comparing the samples before and after PEC. Only the surface,
within the limits of surface sensitivity of ERDA, for both samples (before and
after PEC) could a slight increased oxygen content and decreased nitrogen content

be observed.

The LEIS surface analyzes performed on the LTON-poly sample showed
the presence of several impurities after the PEC measurements, which were not
present on the thin films as deposited. From the He spectra (Fig. 4.11a), a peak
with an energy onset at 1580 eV was assigned to a Na impurity originating from
the used electrolyte (NaOH). An additional peak from a heavier impurity could
be also observed at ~2450eV although, due to the lower mass resolution of the
He beam for heavier species, could not be assigned to a specific element. The
surface of the LTON-poly films was predominantly LaO-terminated, as indicated
by the large surface peak at ~2700eV (La) and at ~1180eV (*°O). The presence
of Ti at the outer layer was difficult to observe in the He spectra (theoretical peak
position 2212eV). Nevertheless, in the LaTiO N, film after the deposition (black
solid line), there is a distinct step in the spectral background with a small peak
at the theoretical position for Ti species, indicating the presence of Ti atoms

at the surface. After the PEC measurements (blue dashed line), the step in
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Figure 4.11.: LEIS surface spectra of the LTON-poly samples before and after PEC
characterization obtained by probing with (a) 3keV He' and (b) 6keV Ne™ beams.
High energy offset of the species at the surface are indicated by arrows. Spectra have
been offset for clarity.

the background signal at ~2210eV is smoother and no surface peak could be
detected. This suggests that Ti atoms are not exposed to the outer surface, at
least to the limit of detection for the He primary species, but underneath the first
atomic layer. This can be an effect of the presence of the impurities after the PEC
measurements. The Ne analyzes (Fig. 4.11b) provided better limit of detection
and resolution for the detection of heavier species and showed that the Ti atoms
are present at the outer surface before and after the PEC measurements, although
the Ti surface coverage is slightly decreased after the PEC characterization. Two
different impurity peaks were observed at scattering energies at ~1530eV and
~1840eV, that could be attributed to Mn/Fe and Cu/Zn, respectively. The
unequivocal identification of the species is not possible with the Ne primary
species (the proper assignment of the impurities is later attempted by ToF-SIMS

analysis).

LEIS depth profiling was performed to investigate the distribution of cations
at the near-surface (Fig. 4.12). The cation peak areas, proportional to the sur-
face coverage, showed that the outer surface is La-rich compared to the bulk
composition for both LaTiO,Ny films. As observed in the depth profile after
PEC measurement (Fig. 4.12b), the surface impurity at ~1840eV is very quickly
sputtered by the Ar™ sputter beam, reaching the spectrum background level
at an estimated depth of 0.25nm (approximately a single atomic layer). From

these depth profiles, a comparison of the Ti/La cation ratios could be obtained
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poly film (a) as deposited and (b) after PEC measurements. The background signal
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Figure 4.13.: Ti/La cation ratio normalized to the bulk stoichiometry as obtained

from the LEIS depth profiles.

(Fig. 4.13). Please note that the ratios were normalized to the bulk cation stoi-

chiometry. Both films showed a similar Ti-depleted region at the near-surface
that is extended to the first 1.5nm.
of the Ti-depleted region might be limited to the first or second atomic layers,

It should be mentioned that the extend

even though the depth profile reveals a deeper length. This is explained with the

ionic mixing produced by the 500 eV Ar* sputtering (the projected range of the

sputter ions is around 1nm as estimated for other perovskite materials). Such
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Figure 4.14.: (a) depth profile and (b) N/O-ratio of LTON-poly before PEC using
ToF-SIMS.

an increased lanthanum content (titanium depletion) on the surface of our films
is in agreement with Ref. !, where a reduction of the Ti/La surface atomic ratio
for LaTiO,N nanoparticles was observed after nitridation (Ti/La= 0.7), while
the bulk remained unaffected (Ti/La= 1). However, literature also reports Ti-
enriched amorphous surface for LaTiO,N powder samples after nitridation 4],
After annealing this Ti-rich amorphous layer was removed by exhibiting a La-rich
layer. Further chemical etching in aqua regia removed the La-rich layer and the

nanoparticles showed a reconstructed surface.

ToF-SIMS chemical depth profiles shows remarkably well-defined interfaces
between the different layers (TiN/MgO and LaTiO N /TiN) and a uniform chem-
ical composition of each layer throughout the films in very good agreement with
RBS and ERDA measurements (see Fig 4.14a).

Incidentally, ToF-SIMS also indicates that the TiN buffer layer is not oxygen-
free (see Fig 4.14b), as observed in previous studies [165] where it has been proven
that this does not affect the PEC measurements. Interestingly, ToF-SIMS re-
veals that the nitrogen-to-oxygen ratio of the TiN layer is smaller at the MgO
side suggesting diffusion of oxygen from the substrate into the TiN layer during
deposition. This effect of oxygen diffusion into the deposited thin film is well

known in literature for substrates like SrTiO, and LaAlO, 2.

ToF-SIMS also detected traces of surface contamination in the sample after
PEC characterization not present in the bulk or at the surface of the sample before

PEC. These contaminants could be assigned to chromium, manganese and iron.
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Also hydrocarbon-derived contaminants were found on the PEC tested samples.

We assume that these contaminants originate from the electrolyte.

In summary, the structural and chemical composition of the samples did not
show any significant difference as a consequence of the PEC measurements high-
lighting the good physicochemical stability of the LaTiO Ny thin films. These
findings also suggest that the reason for the initial reduction of the measured
photocurrent has to be ascribed to changes of the local surface chemical envir-
onment of the constituent elements, rather than to changes in the bulk chemical

content or chemical profile (i.e. loss of nitrogen).

X-ray Photoelectron Spectroscopy (XPS) was applied to gain further insights
on this matter. The XPS results for Ti 2p and N 1s core levels are shown in
Fig. 4.15, while the results for La 3d and O 1s are shown in Fig. 4.16-4.17. The
LaTiO,N, sample before and after PEC were measured at normal incidence angle
(90°), while the sample before PEC was also measured at 45° incidence angle
to discriminate the components located at the surface. As a first observation,
comparing the XPS measurements before and after PEC (at normal incidence
angle), no significant changes of the Ti/La, N/La and N/Ti atomic ratios could be
detected, suggesting that the surface composition and therefore also the nitrogen

content remains unaffected by the PEC measurements (no nitrogen loss).

Concerning the nitrogen content comparing the samples before PEC at 90°
and 45° incidence angle, a smaller nitrogen content can be observed for the latter.
This is in agreement with the increased oxygen content due to the LaO-terminated
surface observed by LEIS (see Fig. 4.11a).

An increased lanthanum surface content can be observed for both samples
before and after PEC compared to bulk. This also confirms the preferential
LaO surface termination (and Ti depletion) observed by LEIS (see Fig. 4.13).
It is worth mentioning here that the XPS analyzes provide quantitative values
mediated over a surface layer of about 5nm thick. LEIS can assign this La-rich
layer to the first nm, thus this LaO-termination is limited to the first or second

atomic layer as mentioned above.

The analyzes of the shifts in the Ti binding energies finally shows remarkable

difference between the two samples before and after PEC.
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Figure 4.15.: XPS spectra of (a)-(c) Ti 2p, and (d)-(f) N 1s from LTON-poly before
PEC (incidence angle of 90° and 45°) and after PEC.

Fig. 4.15a-c shows the Ti 2p XPS spectra of the LaTiO, N, films before PEC
at 90° (Fig. 4.15a) and 45° incidence angle (Fig. 4.15b) as well as after PEC
(Fig. 4.15¢). Two main peaks can be identified at a binding energy of about
457eV and 463 eV and they can be assigned to Ti 2p3/, and Ti 2p, /3 spin orbit,
respectively. Each main peak can be fitted with two Gaussians, component 1
(orange) and 2 (blue) in Fig. 4.15a-c. The peak positions of the two components
are roughly the same for the three different measurements and are marked with

two vertical lines in Fig. 4.15a-c.

The main peak located at 457 eV suggests that titanium is present in both,
the Ti*" oxidation state (Ti 2p peak for TiO, is ~ 458 eV [246-249]) and in the Ti**
oxidation state (Ti 2p peak for TiN is ~ 455 eV [2472%0)) " This was expected due
to the under-stoichiometric nitrogen content of our LaTiO, N, samples compared
to LaTiO,N, which requires a mixture of Ti** and Ti** oxidation states. Also for
TiO.Ny the Ti 2p3/; peak was found between the Ti 2p peak positions of TiO,

and TiNP47249.251] © On the basis of these considerations, we ascribe the binding
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Figure 4.16.: XPS spectra of O 1s before PEC (incidence angle of 90° and 45°) and
after PEC from LTON-poly.

energy of the component 1 in Fig. 4.15a-c to a less oxidized chemical environment
(higher nitrogen content). Accordingly, the component 2 is assigned to a titanium

chemical environment containing more oxygen (lower nitrogen content).

By comparing the Ti 2p XPS measurement at 90° and 45° incidence angle
before PEC characterization in Fig. 4.15a and Fig. 4.15b, the binding energy of
component 2 (more oxidized chemical environment) at 457.6 eV can be assigned
to the titanium located closer to the LaO-terminated surface, since the peak
intensity increases at 45° incidence angle compared to the measurement at normal
incidence. Accordingly the binding energy of component 1 (less oxidized chemical

environment) at about 456.6eV can be assigned to the titanium mostly in the
bulk. Comparing now Fig. 4.15a-b with Fig. 4.15¢, we can see that the intensity
of component 2 further increases after PEC characterization even though the

XPS measurement was performed at normal incidence. This suggests that after

PEC measurements titanium is more oxidized at the surface compared to the
bulk.
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Figure 4.17.: XPS spectra of La 3d before PEC (incidence angle of 90° and 45°) and
after PEC from LTON-poly.

Concerning the N 1s XPS spectra (Fig. 4.15d-f), no significant changes could
be observed at 90° (Fig. 4.15d) and 45° (Fig. 4.15¢) incidence angle before PEC.
The peak at binding energy of about 395eV is thus assigned to nitrogen in the
chemical environment of LaTiON . On the contrary, the comparison of the
N 1s XPS spectra before PEC (Fig. 4.15d) and after PEC (Fig. 4.15f) exhibits
changes, which are manifested in additional peaks at higher binding energies.
The additional peaks are difficult to assign. In Ref.?®!] an additional peak of
the N 1s XPS spectra at very similar binding energy was found after thermal
annealing in air of TiN,O,. This peak was assigned to N-C bonds, which were
formed with carbon surface contamination. A very similar evolution of the N 1s
spectrum was observed in a study of the titanium nitride oxidation chemistry 233,
In this work the additional N 1s spectra features appearing after oxidation were

assigned to different types of bonding configuration for chemisorbed nitrogen.

Since the XPS results shown here indicate that the overall nitrogen content

of our films remains almost unchanged after PEC measurements, we speculate
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that in analogy to Ref.[?®?%1 the change of the N 1s XPS spectrum is due to
nitrogen atoms that leave the LaTiO,Ny structure replaced by oxygen and mi-
grate to the surface to bond with hydrocarbon-derived contaminants as observed
by ToF-SIMS. According to the NIST X-ray Photoelectron Spectroscopy Data-
base!? for N 1s, the peaks that appear at higher binding energies in the N 1s
spectrum (Fig. 4.15f) can be assigned to nitrogen bonded with hydrogen, carbon

and oxygen.

Literature reports that the nitrogen loss depends on the pH of the electrolyte
with the effect becoming more important reducing the pH from 9 down to 4.
To our best knowledge, no nitrogen loss was observed with a high pH (> 13)[116],
For this work an electrolyte with pH 13 was used thus making the nitrogen loss

negligible.

The observed oxidation of titanium and the suggested replacement of nitro-
gen with oxygen at the surface does not necessarily lead to changes in the O 1s
XPS spectra. However, the observed changes in the O 1s XPS spectra at higher
binding energies (Fig. 4.16) are related to the adsorbed species at the surface of
the measured samples as determined with ToF-SIMS. Whether or not the oxygen
content is increased within the 5nm of the XPS penetration depth cannot be

identified and further investigation is required.

Further, the discussed changes in Ti 2p and N 1s XPS spectra also lead to
changes in the chemical environment of lanthanum. Fig. 4.17 displays the La 3d
multiplet, where the peaks at smaller binding energies of both doublets shows

increased intensities after PEC.

To summarize, the reported characterizations suggest that the observed ini-
tial degradation of the PEC performance of our LaTiO,N, films may be due
to the presence of a La-rich LaTiO,N, surface layer, where titanium undergoes

further oxidation and nitrogen is partially depleted during operation.

4.2.3. Effect of the different crystallographic surface

orientations on the visible light induced photocurrent

As shown above, PEC measurements performed using LTON-poly showed that

the measured photocurrent gradually approaches a constant and reproducible
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Figure 4.18.: Potentiostatic measurements at 1.5V vs. RHE of sample LTON-001
and LTON-poly (24 s light on and 24 s light off). All measurements were performed in
an electrolyte of 0.5 M NaOH (pH= 13) using a 405 nm laser diode with a light intensity
of 130mW cm™2. For the ease of comparison, the dark current is subtracted from the
data.

value after few voltage scans probably as a result of the initial surface charac-
teristics and its evolution during operation. Moreover, PEC characterizations
performed after sample stabilization by holding the potential stable (potentio-
static or chronoamperometric measurements) show that the photocurrent further
decreases within the first few minutes before stabilizing. As an example, Fig. 4.18
shows the potentiostatic measurements of LTON-poly and LTON-001 performed
by holding the applied voltage at 1.5V vs. RHE for 200s. Besides the initial
spikes due to a charging and discharging of surface states or oxidation and reduc-
tion of surface species/? the photocurrents decrease from their initial values of
more than 10 1A cm ™2, similar to those measured by potentiodynamic measure-
ments at the same voltage after sample stabilization, down to about 6 A cm™2
and 4 A cm? for LTON-001 and LTON-poly, respectively. The extent of such a
decrease of photocurrent and the time required for stabilization depends on the
applied voltage and sample history (previously applied voltage, holding time, pos-
itive or negative voltage variation between two consecutive measurements). This
effect may depend on adsorbed oxygen blocking the active sites, which hinder the
electrochemical reaction. Of course, the use of appropriate co-catalysts may fur-
ther improve the performance but it would drive the present investigation toward

the study of the properties of different electrochemical systems.

The purpose of this investigation is the comparison of the electrochemical

properties of photo-anode surfaces with different crystallographic orientations and
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the establishment of an experimental approach that will enable the extension of
such a comparison to different materials. Previous considerations suggest that the
typical anodic (from low to high voltage scan) potentiodymanic characterization
widely used in the literature may be not the most reliable approach. Following
such an approach in fact, for different surface orientations or using different ma-
terials the questions would be: How many potentiodynamic scans are required
to achieve full surface stabilization? How a potentiodynamic measurement is in-
fluenced by the voltage history of the sample under investigation? How much
these effects of surface evolution differ for different crystallographic orientations?
In addition, since the measured photo-current is intrinsically small (in the range
of few A cm~2 due the much smaller electrochemically active area for thin films
compared to powder samples), how much does the capacitive current, which is
proportional to the voltage scan rate in a potentiondynamic measurement, affect

the measured photo-current?

These uncertainties have led us to select a different investigation approach,
that is the comparison between potentiostatic photocurrent measurements per-

formed during cathodic voltage scans (from high to low applied potential).

Fig. 4.19a shows the results of these measurements. For each sample 1.5V
vs. RHE was first applied for 200 s, which reveals that the photocurrent decays,
as shown in Fig. 4.18. The voltage was then reduced in steps of 25 mV holding
the potential constant for 200s and the steady state photocurrent values at the
different potentials are summarized in Fig. 4.19a. After the first 200s at the
highest voltage, at all lower voltages the photocurrent stabilizes in much shorter
times. Below 1.4V vs. RHE only few seconds are needed to achieve a steady
photocurrent density. The photocurrent measured at the highest voltage of 1.5V
vs. RHE was used as sample pre-conditioning but not taken into account in
Fig. 4.19a since, as shown in Fig. 4.18, the photocurrent seems to be not yet fully
stabilized after 200s. The difference between the anodic potentiodynamic meas-
urement and the cathodic potentiostatic measurement of LTON-001 is shown in
Fig. 4.19b as a representative example. The cathodic potentiostatic photocurrent
is significantly smaller (a factor of 5 at 1.4V vs. RHE, as an example) but we
do believe that this measurement is much less sensitive to spurious effects and /or

sample history.
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Figure 4.19.: (a) PEC characterization of the (001)-oriented sample LTON-001 (open
green squares), the (011)-oriented sample LTON-011 (open blue circles), the (112)-
oriented sample LTON-112 (full red squares), the polycrystalline sample LTON-poly
(full black circles). Every experimental value in this j-E curve was obtained from a
single potentiostatic measurement using the value of the stabilized and dark current
subtracted photocurrent. (b) 4*" potentiodynamic measurement in comparison with
potentiostatic measurement using sample LTON-001. The scan direction for the po-
tentiodynamic measurement is from low to high voltage (anodic scan) and the scan
direction for the potentiodynamic measurement is from high to low voltage (cathodic
scan).

Fig. 4.19a clearly shows that, in agreement with previous studies

, Crys-
talline quality matters. As an example, at 1.45V vs. RHE about 60 % larger

photocurrents were measured with the textured and epitaxial samples.

Fig. 4.19a also shows that similar photocurrent densities were measured for
the three different orientations. However, the different nitrogen content and, as a

consequence, the different light absorption properties must be taken into account.

As previously pointed out, the nitrogen content of the LaTiO N films in-
creases with increasing the laser fluence at the expense of the crystalline quality
of the films, as shown in Table 4.2. Epitaxial films have in fact lower nitrogen-to-
oxygen ratios (in the range of 0.13 to 0.20) than polycrystalline or textured films
(about 0.4). By comparison with the UV-vis measurements in Fig. 4.9a, in our
experimental condition we can estimate (neglecting reflectance) a light absorp-
tion of about 95 % for LTON-poly and LTON-112, 50 % for LTON-011 and 30 %
for LTON-001. The light absorbed in the underlying TiN layer does not affect

the photocurrent as confirmed in Ref.[16%,
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APCE [1079]
Absorp- Photocurrent density [pA cm_z}
Sample at 1.45V vs.
tion at 1.45V vs. RHE
RHE
LTON-poly 95 % 1.455 3.6
LTON-112 95 % 2.399 5.9
LTON-011 50 % 2.398 11.3
LTON-001 30% 2.138 16.8

Table 4.3.: Absorbed-photons-to-current efficiency values of the four described
samples using formula 4.1 with P;, = 130mWcm™2, A = 405nm and the obtained
photocurrent densities (Jpy, (A)) from Fig. 4.19a at an applied potential of 1.45V vs.
RHE.

Considering the absorbed-photons-to-current efficiency (APCE) defined as

he  Jop (A

(4.1)

where Jp,;, (M) is the measured current density at a specific applied potential,
Py, (M) is the power density of the monochromatic light source at the semicon-
ductor surface, A is the light absorption (in percent), h the Planck constant, ¢
the speed of light and e the elementary charge (2 = 1240V nm), we conclude
that while the measured photocurrent densities of the three crystallographically
ordered samples were similar, the respective APCE is indeed significantly dif-
ferent. As an example, Table 4.3 shows the APCE values of the four samples
evaluated at an applied potential of 1.45V vs. RHE.

It is interesting to note that the polycrystalline (LTON-poly) and the tex-
tured (LTON-112) samples are both mainly (112)-oriented and have very similar
nitrogen content and optical properties. By comparing the PEC measurements
of these two samples we most likely observe the effect of the different crystalline
quality. Instead, for the two epitaxial films (LTON-011 and LTON-001) the effect
of high crystalline quality is combined with the influence of the different surface

orientation.

We conclude that the crystalline quality of the semiconductor certainly af-
fects the PEC performance by increasing the mobility of the photo-generated

charge carriers. But also the crystallographic surface orientation plays an im-
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portant role, most probably by influencing the charge transfer at the semicon-

ductor/electrolyte interface.

The availability of different crystallographic surface orientations will allow
investigating the role of suitable co-catalysts with different interfaces with the
semiconducting photo-anode. This is of course essential to effectively make the

photo-generated charge carriers available for the electrochemical reaction.

4.2.4. Conclusion

We investigated the effect of the crystalline quality and crystallographic surface
orientation of LaTiO, N, thin films on the visible light induced photocurrent using

TiN-buffered substrates as current collectors.

The analysis of the chemical composition of the as prepared sample surfaces
revealed the presence of a La-terminated surface layer, where during the first elec-
trochemical tests titanium undergoes further oxidation and nitrogen is partially
depleted. No significant nitrogen loss was observed in the applied experimental

conditions.

We showed that such chemical evolution of the surface reduces the measured
current. A large part of the current measured during the first potentiodynamic
tests can possibly be ascribed to this electrochemical surface oxidation and is not
(or at least not only) the result of the water splitting process. After few poten-
tiodynamic scans the current reaches a stable and reproducible value which we

assign to the real photocurrent associated to visible light induced water splitting.

In order to characterize thin film photoanodes with different crystallographic
properties after chemical stabilization and minimizing the influence of spurious ef-
fects and/or voltage history we propose the use of potentiostatic cathodic voltage
scans, as alternative to the potentiodynamic anodic measurements typically ap-

plied in literature.

These measurements confirm that the crystalline quality of the sample has an
important influence on the PEC performance; better crystalline quality increases
the attainable photocurrent for semiconducting photoanode with comparable op-

tical properties. But we also show that the absorbed-photon-to-current efficiency
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can be tuned by selecting different crystallographic surface orientations. In par-
ticular, the (001)-oriented surface shows an APCE value almost five times higher
than the (112)-oriented surface. This is the XRD reflex with the largest rel-
ative intensity for this material, and possible the energetically favored surface

orientation for LaTiO, N, nanoparticles.

The results of this investigation point at new goals to achieve next: op-
timize the chemical composition of LaTiO N, films (bulk and surface), increase
the nitrogen content of highly ordered films, and a coupling of selected surface

orientations with suitable co-catalysts.

110



Final remarks

5.1. Conclusion

This thesis was dedicated towards gaining fundamental knowledge on oxynitride
photoelectrode materials particularly in the context of solar water splitting. This
includes open questions of how the nitrogen incorporation affects the electronic
and optical properties, how the crystalline quality and crystallographic surface

orientation affects the photoelectrochemical (PEC) activity.

To answer these research questions the sample needs to fulfill certain re-
quirements, such as tunable nitrogen content, controllable crystalline quality and
surface orientation. These requirements cannot be addressed with conventional
powder samples and therefore the goal was to find a suitable platform to invest-

igate certain properties of oxynitride materials.

The strategy used for this work was the deposition of oxynitride thin
films by a modified Pulsed Laser Deposition (PLD), namely Pulsed Reactive
Crossed-beam Laser Ablation (PRCLA). Using this sample preparation method
the sample requirements are fulfilled. As representative oxynitride compound

lanthanum titanium oxynitride (LaTiO,N) was chosen.

To investigate the influence of the nitrogen incorporation on the electronic
and optical properties, oxide and oxynitride samples (LaTiO,,, and LaTiO N
thin films) with the same crystalline structure were fabricated as confirmed with
X-Ray Diffraction (XRD). The optical properties were investigated with UV-
Vis spectroscopy, where a shift to larger wavelengths of the absorption edge was
observed for the oxynitride compared to the oxide. The oxynitride revealed a band

gap of about 2.30 eV, which is about 0.96 eV smaller compared to the oxide films.
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This reduction of the band gap of the oxynitride compared to the oxide could
be confirmed with X-ray Absorption Spectroscopy (XAS) and non-resonant X-
ray Emission Spectroscopy (XES) performed using the Swiss Light Source (SLS)
at PSI. However, not only a shift of the valence band edge of the oxynitride to
higher energies as predicted in the literature, but also an additional shift of the
conduction band edge to lower energies was observed. The shift at the valence
band of 0.66 eV was assigned to additional states formed due to a hybridization
of the O 2p and the energetically higher lying N 2p orbitals, as indicated by
theoretical calculations. The additional shift at the conduction band of 0.28 eV
(total shift of 0.94eV) was observed for the first time. Unfortunately, a clear
assignment of the origin of this shift cannot be found with the presented data
and for this set of samples having the same crystalline structure and cationic

composition.

As mentioned previously, using PRCLA the nitrogen content and the crys-
talline properties of oxynitride thin films can be controlled. This enables the
possibility to investigate the effect of crystallographic, morphological and optical
(nitrogen content) properties on the PEC activity of oxynitride thin films. The
introduced new model system using TiN-buffered substrates as current collector
was specially designed for such investigations. It was shown that TiN is stable
in the reducing environment and at high temperatures (> 800 °C) needed for the
LaTiO.Ny film growth. Further, TiN allows the growth of highly ordered thin
films needed for further investigations of how the crystalline quality and crys-
tallographic surface orientation affects the PEC activity. It was also observed
that TiN enables better control of the nitrogen content in the LaTiO,Ny thin
film where only the applied laser fluence needs to be changed. As a proof of
concept we have demonstrated the photocatalytic response of LaTiONy thin

films integrated into our model system.

Further PEC investigations using this model system revealed a reduction of
the photocurrent of the LaTiO N, thin films caused by changes at the surface dur-
ing operation. This surface evolution can be assigned to a stronger oxidation of
the titanium at the LaO-terminated surface compared to the bulk after PEC char-
acterization, as observed with X-ray Photoelectron Spectroscopy (XPS), which
mainly accounts for the initial measured photocurrent. Even though this could

indicate a loss of nitrogen, the nitrogen-to-titanium ratio determined from XPS
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data remained constant before and after the PEC measurements. Since the ni-
trogen is not leaving the sample it may migrate from the crystal to the surface
and segregates thereby also forming compounds with the adsorbed hydrocarbon-
derived contaminants as observed by Time-of-Flight Secondary Ion Mass Spectro-
metry (ToF-SIMS). Additionally, ToF-SIMS measurements, together with XRD
and heavy-ion Elastic Recoil Detection Analysis (ERDA), observed that the bulk
remains unchanged by performing PEC measurements indicating that only the

surface becomes modified.

For a subsequent investigation of the influence of the crystalline quality and
crystallographic surface orientation on the PEC activity, the samples were char-
acterized by potentiostatic measurements to ensure fully stabilized and from the
surface evolution uninfluenced samples. These investigations revealed a strong
dependence of the crystalline quality and crystallographic surface orientation on
the PEC activity. A 60 % gain was observed for highly ordered thin films by com-
paring with polycrystalline samples. The calculation of the absorbed-photons-to-
current efficiency gives additional information on the influence of the crystal-
lographic surface orientation on the photoelectrochemcial activity, showing the

highest efficiency for the sample with a (001) out-of-plane orientation.

This work establishes the foundation of an effective experimental approach
for investigations of LaTiO, Ny thin films as photocatalysts. The reported results
and investigations suggest that this experimental approach can be extended to

other oxynitride compounds.
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5.2. Outlook

It could be shown that the nitrogen incorporation affects not only the valence
band, but also the conduction band. A further systematically investigation of
how both shifts are correlated with the nitrogen content is of interest. For this
a set of LaTiO,Ny samples with different nitrogen contents needs to be prepared

and measured at the SLS by XAS and XES.

Another use of X-ray spectroscopy could be the investigation whether
LaTiO.N, thin film samples have a direct or indirect band gap. In literature
LaTiO,N is known as a direct band gap semiconductor%7 but measure-
ments using spectroscopic ellipsometry and UV-Vis spectroscopy indicate that
LaTiO,N, thin film samples fabricated for this work by PRCLA have an indir-
ect band gap. Certainty of the true nature of the band gap can be ensured by
performing Resonant Inelastic X-ray Scattering (RIXS) as shown for BiVO, in
Fig. 5.1. Also BiVO, was known in the literature as a direct band gap semicon-
ductor. However, in Ref. [254] RIXS is used to investigate the real nature of the
band gap of BiVO,. In the case of a direct band gap, the emission energy has
to decrease with increasing excitation energy as shown in Fig. 5.1a (assuming
momentum conservation, thus e.g. no photon-phonon interaction). Accordingly,
in the case of an indirect band gap, the emission energy has to increase with
increasing excitation energy. Fig. 5.1c shows an increase of the emission energy
with increasing excitation energy of the O K-edge, thus revealing an indirect band
gap for BiVO,.

RIXS was also applied to measure LaTiO, N thin film samples. An analysis
of the RIXS plot according to Ref. [254] was performed and the result is shown in
Fig. 5.2. Also here an increase of the emission energy with increasing excitation
energy can be observed between 4975 eV and 4995 eV indicating that LaTiO N,
thin film samples have an indirect band gap. However, the measurements were
influenced by an overlapping of the XES data with the corresponding elastic
scattering peak of the emitted X-rays (see Fig. 3.1), which leads to a difficult
analysis of the data and to data points not matching the trend (two points marked
with a blue circle in Fig. 5.2). It needs to be clarified whether measurements with
higher resolution are needed or required to better process the data for a reliable

investigation of the nature of the LaTiO,N, band gap. Further, a systematic
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Figure 5.1.: (a) Scheme of how the emission energy depends on the excitation energy
using Resonant Inelastic X-ray Scattering (assuming momentum conservation). Indir-
ect band gap (left): with increasing excitation energy (gray arrow) the emission energy
(colored arrows) increases as well indicating a blue-shift. Direct band gap (right): with
increasing excitation energy the emission energy decreases (red-shift). (b) XAS of the
O K-edge as an example for BiVO,. The vertical lines indicates the used excitation en-
ergies used in (c) to demonstrate with the XES data the blue-shift observed for BiVO,.
(Figure modified from [2°4).

investigation using LaTiO,N thin film samples with different nitrogen content

would help to better understand how the indirect band gap is formed.

X-ray spectroscopy can be further used to determine the electronic struc-
ture of LaTiO,Ny thin films in operating conditions by measuring XAS and XES

during PEC characterization. This could give further details of how the oxyni-
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Figure 5.2.: The determined energy of the valence band edge in dependence on the
excitation energy for a LaTiO Ny thin film sample using the X-ray Emission Spec-
troscopy data extracted from the Resonant Inelastic X-ray Scattering measurements
performed according to Ref. 24 to investigate the nature of the band gap. The positive
slope in the range between 4975eV and 4995 eV indicates a blue-shift, thus an indirect
band gap.

tride photoelectrode is behaving in operating conditions and how the electronic

structure is modified by the illumination of light.

The reported PEC results show a strong dependence of the crystalline quality
and crystallographic surface orientation on the PEC activity. However, XPS and
Low-Energy Ton Scattering (LEIS) spectroscopy further observed a lanthanum-
rich surface, which extends until about 1nm from the surface into the sample.
Thus, a closer investigation regarding the role of the lanthanum-rich surface on
the observed photocurrents needs to be targeted. This can be addressed by a
surface etching procedure specifically developed for our thin films to remove the
top layer and to expose the buried LaTiO Ny surface with the bulk composition
and crystallographic orientation. The thermal treatment and chemical etching as

suggested in Ref. [245] can be used as a starting point.

Apart from these topics, the investigation of how the crystallographic surface
orientation influences the charge transfer from the oxynitride photocatalyst to a

co-catalyst is an important topic. According to the literature, and also confirmed
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in this work, the use of a co-catalyst is essential for an efficient future application.
Therefore, it makes sense to extend future research on oxynitride materials with
the investigation on how the use of a co-catalyst improves the photocatalytic

output.

Further, an investigation of the spatially resolved transport of charge carriers
in the oxynitride is of great interest. A possibility of such an investigation can
be found in the use of Near-field Scanning Optical Microscopy (NSOM). Using
a Scanning Electron Microscope (SEM) the non-equilibrium charge carrier re-
combination can be imaged and allows the spatially resolved observation of the

(255 This investigation would give further details about

charge carrier motion
how the charge carriers are moving in the oxynitride, i.e. whether an anisotropic

charge transport in the holes or electrons is observed.

Finally, the competencies and investigatory frameworks developed and pro-
posed in this thesis can be used to further examine other photocatalytic active
oxynitride compounds beyond the representative oxynitride, LaTiO,N, such as
BaTaO,N and TaON.
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Appendix

A. Photocatalytic Characterization

This section summarizes the work done on the setup of a photocatalytic reactor
cell. This reactor cell was made to investigate the photocatalytic (PC) activ-
ity of thin inorganic films in converting CO, and H,O to CH,, H, and other
carbon containing products by mass spectrometry analysis. This idea was ini-
tially intended to be independent of the electrically conductive buffer layer, but
was then abandoned because of the too low sensitivity for the oxynitride thin
film samples acting as photocatalysts. Due to the very smooth surfaces of thin
film samples made by PLD, the active surface area is much smaller compared to

powder samples, which are mainly used for PEC and PC.

A.1l. Introduction

To evaluate the photocatalytic activity of inorganic thin films, an experimental
setup was assembled to detect and analyze gas phase photochemical products.
The considered reactions were the catalyzed reaction of water, CO, and light (of
certain wavelengths) at a photocatalyst surface to the products CH,, O, and other
possible species with C, O and H that could be used as “solar” fuels. Example

reactions follow below 256!

CO, 4+ 2H" +2¢~ — HCOOH (1)
CO, +2H" +2¢~ — CO + H,0 (2)
CO, +4H* +4¢~ — HCHO + H,0 (3)
CO, +6H" +6e~ — CH,0H + H,0O (4)
CO, +8H" +8e~ — CH, + 2H,0 (5)
2H +2¢ — H, (6)
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Figure 1.: Overview of reactor (from Saladin et al.[?>7]).

(1) windows, (2) main body, (3) flanges, (4) Viton seals, (5) passivated fused silica
capillaries, (6) polyimide fittings, (7) screws, (8) arc eroded channels, (9) gas inlet
and outlet, (10) female connections for polyimide fittings, (11) arc eroded grooves,
(12) thermocouple, (13) tip of the thermocouple to measure the gas temperature, (14)
heating wire.

This is similar to the overall reaction of the photosynthesis that occurs in

plants:

6 CO, + 6 H,0 + Light — C4H,,04 + 6 O, (7)

To do this in the gas-phase with samples of about 0.5 cm? to 1.0 cm? size it
is important to have a reactor cell with a small volume to maximize sensitivity. A
reactor cell for this purpose was obtained from Ivo Alxneit of the Solar Technology
group of PSI where similar experiments were performed between 1995 and 1999
and a custom-made cell reactor was designed and constructed at PSI. A depiction

of the reactor cell and a cross section is shown in Figure 1[257-260],

The reactor cell is connected to a mass spectrometer (MS) with capillary

IT



A. Photocatalytic Characterization

tubing so that the atmosphere inside the cell can be analyzed. The inlet of the cell
reactor is connected to a gas source by capillary tubing. The reactant gas (CO,)
that is led into the reactor cell is saturated with water vapor by passing it through
a bubbler filled with water. The important conditions for this measurement to

work are listed below:

(i) A small volume where the reaction takes place as compared to the volume
of the photo-catalyst to increase sensitivity — Reactor cell with a small

volume.

(ii) A suitable mixture of reactant gas (CO,, 99.998 % purity) saturated with
water vapor (H,O) by passing through a bubbler filled with water.

(iii) Small volume of the tubing to minimize dilution of products to be ana-

lyzed.
(iv) Heating of the tubing to avoid condensation of water in the narrow tubing.

In general a measurement consists of flushing the line with an inert carrier
gas (e.g. N,) that will not interfere too much with the analysis, then filling the
cell with the CO,/H,O mixture and followed by closing the cell and illuminating
it through the window. After a certain time the light is removed and the cell
is flushed with the gas from the cell being pushed through and analyzed for
photocatalytic products.

A.2. Experimental

The full photocatalytic setup is schematically shown in Figure 2 where the second
gas supply next to CO, is an inert carrier gas such as N,. Photographs of the

instrumentation are shown in Figure 3

The instruments and materials used in the final configuration of the setup

are shown in the list below:

e Reaction gas: CO, (4.5), purity 99.998 %, Messer (overpressure 0.2 bar to
0.5 bar)

e Carrier gas: N, (overpressure ~ 0.2 bar to 1.0 bar)

I1I
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Figure 2.: Schematic view of photocatalytic setup with both pathways for the gas line
shown as A- and B-line.

Figure 3.: Photographs of the photocatalytic reactor cell and the rest of the experi-
mental setup.

IV

e Flowmeter: Pneucleus Technologies MicroFlo Mass Flow Controller (1-1000
SCCM, mlmin~t.). Tt is calibrated for Ar so it needs to be calibrated for
CO, or N,.

e Sigma-Aldrich micro bubbler with deionized water at ~ 18°C (291K) —
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Partial pressure ~ 2058 Pa (~ 2% water at 1 bar) connected to Swagelok
tubing by 6 mm PVC.

e Swagelok connectors for stainless steel tubing (1.59mm X 0.51 mm) con-

necting gas line supply with capillary.
e Fused silica capillary (ID: 250 pm).
e Switch unit VICI AG.
e Hg(Xe) lamp (Miiller SVX-LAX 1530).
e Membrane pump.
e Pfeiffer needle valve UDV 046.

e Balzers mass spectrometer (Balzers QME200 / Analysator QMA200 quad-
rupole mass spectrometer) with a turbo molecular pump (Pfeiffer HiCube

80 Eco pumping station).

A.3. Short history of the preparation

The needle valve was purchased to fit with the vacuum/MS system from the
vacuum group at PSI and was attached to a capillary tube directly.Measurements
with this new inlet showed that the “dead” volume in the inlet dilutes the gas
to be analyzed and also yielded very long residence times in the sampling line.
To improve the situation an inlet was especially designed and constructed in the
workshop of PSI to get the capillary tubing closer to the needle valve hole, where
the gas species can be gathered if close enough. This was partially successful but
still gave long response times. The second modification was to add a t-shaped
chamber at the inlet and connect it to a membrane pump (capacity of ~ 1 mbar)
so that the inlet is always evacuated. Combining the vacuum pumped inlet with
a capillary tube that gets as close as possible to the needle valve “hole” gives a
much improved sensitivity and response time. The following measurements were

done with this configuration.
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Figure 4.: Ion current from m/Z ratio 44 when line B is opened after the cell was
filled with CO,.

A.4. Test measurements

To evaluate the system and determine the purging behavior of the system, the
reactor was filled with CO, and then closed off. Nitrogen was used as purging gas
to carry the gas from the reactor to the MS. In Figure 4 such a response curve
can be seen. This is done at a fixed pressure at the inlet valve (~ 1 x 1075 mbar)
and a controlled flow of the purging/carrier gas (~ Imlmin~' to 5mlmin~!).
The integration time of the CO, signal is about 4 s to 5s but ideally for a higher
sensitivity it should be longer or the sampling rate has to be higher. The optimum
sampling rate for a channel was found to be about once every 200 ms to 250 ms

(see Figure 5).

The gas mixture that was used for calibrating the current response was:
COy: 1%, CO: 1%, Hy: 1%, CH,: 1%, Oy 1%, Ny 1% and Ar is the rest. In
Figure 6 the reactor cell is filled with a gas mixture for calibration and purged
to be measured in the MS. The m/Z ratios can be compared to the relative

ion-currents in Table 1 for clarification.

The plot in Figure 7 shows the tendency for leakage in the cell reactor visible
in the signal increase of m/Z = 32 (O,). A leak detection was performed to find
the source of the leakage by blowing helium gas at different parts of the whole
instrument. As it is seen in Figure 8 the leak detection with Helium gas shows

the only leak coming from the cell reactor windows.

VI
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Figure 5.: The graph shows the maximum time resolution of the ion current with the
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Figure 6.: lon currents for a defined gas mixture with line B opened at 523.8s.

Preparation of TiO, solution and preparation of powder samples on cell

window:

Weigh 20 mg TiO, (P25, average particle size: 20 nm, 2:1 anatase to rutile)
per 50 ml solvent (deionized water). An alternative solid to TiO, can also

be used in a similar fashion.

Add deionized water and stir solution.

Sonicate solution for better dispersion.

Clean sapphire windows mechanically with water and tissue.

VII
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Table 1.: Relative ion-currents from fragments of ionized molecules are tabulated.
Taken from Balzers.

Mass

number H, He CH, H,O Ne N, CO CyHy O, Ar CO, C3Hg
1 3 135 24 9.6 )
2 100
4 100
12 3 6.3 0.7 9.7 0.6
13 7.8 1.2 0.9
14 16 14 08 303 2.3
15 85 4.7 7.2
16 100 1.8 2.8 18 16
17 1.2 23
18 100
20 100 22.6
22 10.2 2.1
25 3.8 0.8
26 22.2 9.8
27 33.4 43.5
28 100 100 100 13 61
29 0.7 1.2 20 100
30 22.2 21.7
31
32 100
34 0.4
36 0.34
37 4.6
38 0.06 6.7
39 20.2
40 100 2.6
41 15
42 4.8
43 22.8
44 100 24
45 1.2 0.8

e Put window in Ultrasonic bath: 5 minutes in water, 10 minutes in acetone

and 10 minutes in isopropanol.
e Blow dry with compressed N,.
e Insert window into sample holder and screw tight.

e Take a freshly sonicated TiO, solution (200 ul) and add into the sample
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holder (Fig. 9).

Figure 8.: Leak detection with He.

e Let solution settle overnight.

e To remove water increase evaporation by heating sample holder to ~ 50 °C

to 60°C.

e Replace window in reactor cell with the newly prepared ones.

Measurement of photocatalytic reactions:

e Switch on rough pump at inlet and open valve.

IX
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Figure 9.: (a) technical drawing of the sample holder (from Saladin et al.[?*7). (1) nut
made of Teflon with a 10 mm central hole, (2) window with 12.7 mm diameter and 1 mm
thickness, (3) Teflon sheet to protect the window and (4) stainless steel holder. (b)
separated and (c) assembled part (1) and (2) (recreated at the PSI workshop according

to (a))

e Switch on water flow for water filter placed in between lamp and reactor
cell. The water filter is needed to block IR radiation that should prevent

unintended heating of the sample.
e If needed a filter to remove UV light can be added in the beam path.

e Switch on Hg(Xe) lamp. It usually needs about 15 min to warm up. Meas-

ure the intensity of the radiation if possible.
e Mass spectrometer pump should already be on.

e Close needle valve to a pressure between 1 x 10~" mbar and 3 x 10~ mbar.
The lower pressure may reduce the pressure change when switching between

line A and B (Figure 2). This may be crucial detecting a weak ion current.
e Switch on flow-meter and set it (5mlmin~' to 100 mlmin™!).
e Switch on laptop, and then plug MS power.
e Open software and switch on MS and measurement.

e Flush line with N, with open needle valve (do not allow pressure to go
above 5 x 107% mbar unless MS is off!).

e Set the needle valve again to a pressure between 1 x 107" mbar to
3 x 10~% mbar.
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o Fill cell with water saturated CO, gas.

e [lluminate sample with lamp for certain time. A certain time is needed to
produce enough gaseous products to measure but at same time a longer time
will lead to more leakage. Testing with times between 1 min and 15 min is

a good rule.
e Toggle from line B (reactor cell) to line A.
e Switch off /block light.

e Let carrier gas on until steady signal. The carrier gas could also be the CO,

if the other carrier gas, e.g. N, gas feed, is suspected to have contamination.

A.5. Measurement

Several attempts at photocatalysis reactions were made with P25 Titania films
on the cell windows. By tuning the reaction time for an optimum combination
of reducing leakage and maximizing product yield, a weak signal at m/Z = 15
could be identified. The peak that is visible in Figure 10 is just about strong
enough to be distinguished from the noise. An estimate of the signal strength
that is needed is about 5 x 10712 A. If we compare this number with the current
magnitude for a 1% gas content (10000 ppm) in Figure 6, ~ 1 x 107 A, we can
see that the detection limit can be estimated very roughly to at least 50 ppm.

This detection sensitivity may not be enough.

The molar content of gas in the cell can be estimated to 2.5 pmol from the cell
volume 60 pl and the molar volume of gases in ambient conditions (~ 241mol~*
at room temperature). In Ref. [257] the production rate of CH, over TiO, is
about 4 pmol g~ TiO, / 10 min illumination. The cell has about 160 ug TiO, on
the windows and this equates to about 0.64 nmol per 10 min illumination in the
reactor cell. This would be equal about 250 ppm of CH, after 10 min illumination,
which should allow for a signal to be detected. Although with a detection limit
of > 50 ppm it will be a very weak signal as is indeed shown in Figure 10. The
illumination time in Figure 10 is 5min and longer times did not improve upon
signal strength. Unfortunately it was the leakage in the reactor cell that seemed

to make the measurements very inconsistent. An improvement of the detection
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Figure 10.: Plot of ion current of m/Z = 15 channel when cell reactor is opened and
the gas contents flushed into the MS.

limit to below 10 ppm would probably allow for a better and more reproducible
detection. Unfortunately the slight signal at m/Z = 15 was also observed in dark

reactions. The dark reaction signal is not yet explained.

In summary, independent on the shown results, thin films would always yield
a low amount of products. Therefore, the idea of using this photocatalytic reactor

cell was abandoned and we switched to photoelectrochemical investigations.
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