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Abstract

Solar water splitting is a promising approach to overcome the global energy demand through
converting solar energy into chemical energy in the form of hydrogen as a clean fuel. Despite
all the research devoted in this field, there is no photocatalyst to date capable of efficiently
splitting water under visible light irradiation for practical application without the use of
additives.
In this thesis, we study two types of photocatalysts for solar water splitting: oxynitrides and
BiFeO3. The latter is among the few oxides that have small band gaps, allowing therefore visible
light absorption. BiFeO3 is interesting because of its ferroelectric properties that can affect its
photoelectrochemical (PEC) performance. Oxynitrides are formed by the incorporation of
nitrogen into wide band-gap oxides causing a decrease in the band gap of the oxides and
therefore resulting in interesting optical and photocatalytic properties. These characteristics
make oxynitrides promising for the fabrication of efficient photoanodes for solar water splitting.
In the first part of this thesis, the PEC performance of photoanodes based on oxynitride particles
was investigated. Three oxynitrides were studied in this work: CaNbO2N, BaTaO2N and
LaTiO2N. The PEC activity of CaNbO2N is reported for the first time in this work. It was shown
that the photoactivity depends on the preparation route of the powders. The synthesis method
based on an excess of Nb resulted in a preferable morphology of the particles for PEC water
splitting with an increased surface area and improved visible-light absorption. As a result,
photoanodes based on particles synthesized by this method showed the highest photocurrent
values. The photocurrents were further enhanced by the deposition of co-catalysts and
passivation layers.
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Aiming to increase the performance of BaTaO2N photoanodes, the surface area of the
oxynitride particles was increased by using Pulsed Laser Fragmentation in Liquid (PLFL).
However, the increase of the surface area didn’t result in the expected enhanced photocurrents.
This observation was attributed mainly to the presence of defects in the oxynitrides after
fragmentation which act as recombination sites for the photogenerated carriers.
Moreover, the role of different co-catalysts in improving the PEC performance of LaTiO2N
powder-based photoanodes was explored. It was shown that CoOx works better than IrOx and
NiOx at high potentials, whereas at low potentials LaTiO2N loaded with IrOx outperforms the
photoanodes loaded by the other two co-catalysts.
In the second part, the PEC performance of oxynitride thin films was studied. Thin films of
CaNbO2N, LaTiO2N and BaTaO2N were fabricated by a modified pulsed laser deposition
method termed pulsed reactive crossed-beam laser ablation. For the three types of oxynitride
thin films, the change in the deposition conditions altered the composition of the films and
thereby had a significant effect on their photoactivity. Besides the effect of composition on the
performance of the thin film photoanodes, the photoactivity of LaTiO2N thin films was affected
by the crystalline quality and crystallographic orientation of the samples confirming previous
observation on LaTiO2N thin films. The obtained photocurrents for LaTiO2N thin films were
further improved by the deposition of co-catalysts and an Al2O3 passivation layer.
The comparison between the powder-based and thin film oxynitride photoanodes shows that
the higher photocurrents achieved with photoanodes based on particles are mainly due to their
higher electrochemical surface area and better visible light absorption properties. By
considering these factors, thin films are more efficient since they consist of well-connected
particles with lower number of grain boundaries. Hence, the PEC performance of thin films is
not limited by recombination losses and it resembles the real performance of the materials.
Accordingly, thin films can be used as a model system to investigate some properties of the
materials that can’t be investigated using powder-based photoanodes.
In addition to the oxynitride photoanodes, the PEC performance of BiFeO3 epitaxial thin films
was studied. Un-doped and Y-doped BFO films with variable thicknesses were deposited by
pulsed laser deposition. The effects of thickness and doping on the PEC activity of the BiFeO3
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electrodes were investigated. It was shown that thinner films exhibit a higher PEC performance
than thicker films. This observation was attributed to the increased strain in the thinner films.
Similarly, the higher strain in un-doped BiFeO3 films compared to doped films with similar
thicknesses resulted in higher PEC performance for the un-doped films.
At the end, a different approach for hydrogen evolution from oxynitrides was investigated. In
this approach, the oxynitride is combined with a biocatalyst. The latter uses the photogenerated
electrons by the oxynitride to generate hydrogen. The obtained preliminary results using
BaTaO2N and E-coli bacteria showed a hydrogen evolution rate of about 2 µmol.min-1, which
is higher than that obtained from the standard photocatalytic hydrogen production by the
oxynitride particles.
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Zusammenfassung

Die solare Wasserspaltung ist ein vielversprechender Ansatz zur Überwindung des globalen
Energiebedarfs durch die Umwandlung von Sonnenenergie in chemische Energie in Form von
Wasserstoff als sauberen Brennstoff. Trotz der gesamten auf diesem Gebiet durchgeführten
Forschung gibt es bislang keinen effizienten Photokatalysator ohne Zusätze, der für die
Spaltung von Wasser unter Bestrahlung mit sichtbarem Licht für praktische Anwendungen
geeignet ist.
In dieser Arbeit untersuchen wir zwei Arten von Photokatalysatoren für die solare
Wasserspaltung: Oxynitride und BiFeO3. Letzteres gehört zu den wenigen Oxiden, die kleine
Bandlücken aufweisen und somit die Absorption von sichtbarem Licht ermöglichen. BiFeO3 ist
wegen

seiner

interessanten

ferroelektrischen

Eigenschaften

interessant,

die

seine

photoelektrochemische (PEC) Leistung beeinflussen können. Oxynitride werden durch den
Einbau von Stickstoff in Oxide mit einer großen Bandlücke gebildet, was effektiv zu einer
Verringerung der Bandlücke führt und somit zu interessanten optischen und photokatalytischen
Eigenschaften. Diese vielversprechenden Eigenschaften machen Oxynitride interessant für die
Herstellung effizienter Photoanoden für die solare Wasserspaltung.
Im ersten Teil dieser Arbeit wurde die PEC-Leistung von Photoanoden auf der Basis von
Oxynitridpartikeln untersucht. Drei Oxynitride wurden in dieser Arbeit erforscht: CaNbO2N,
BaTaO2N und LaTiO2N. Die PEC-Aktivität von CaNbO2N wird erstmals in dieser Arbeit
beschrieben. Es wurde gezeigt, dass die Photoaktivität vom Herstellungsweg der Pulver
abhängt. Das auf einem Nb-Überschuß basierende Syntheseverfahren ergab eine bevorzugte
Morphologie der Partikel für die PEC-Wasserspaltung mit einer vergrößerten Oberfläche und
daher einer verbesserten Absorption von sichtbarem Licht. Als Ergebnis zeigten Photoanoden,
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die durch dieses Verfahren synthetisiert wurden, die höchsten Photoströme. Diese Photoströme
wurden durch die Abscheidung von Co-Katalysatoren und Passivierungs-schichten weiter
erhöht.
Mit dem Ziel, die Leistung von BaTaO2N-Photoanoden zu erhöhen, wurde die Oberfläche der
Oxynitridpartikel durch Verwendung von gepulster Laserfragmentierung in Flüssigkeiten
(PLFL) erhöht. Die Zunahme der Oberfläche führte jedoch nicht zu den erwarteten erhöhten
Photoströmen. Diese Beobachtung wurde hauptsächlich auf das Vorhandensein von Defekten
in den Oxynitriden nach der Fragmentierung zurückgeführt, die als Rekombinationsstellen für
die photogenerierten Träger dienen.
Darüber hinaus wurde die Rolle verschiedener Co-Katalysatoren bei der Verbesserung der
PEC-Leistung von photooxidbasierten LaTiO2N-Pulvern untersucht. Es wurde gezeigt, dass
CoOx bei hohen Potentialen besser wirkt als IrOx und NiOx, während bei niedrigen Potentialen
LaTiO2N, beladen mit IrOx, die Photoanoden übertrifft, im Vergleich mit den anderen CoKatalysatoren.
Im zweiten Teil der Arbeit wurde die PEC-Leistung von Oxynitrid-Dünnfilmen untersucht.
Dünne Schichten aus CaNbO2N, LaTiO2N und BaTaO2N wurden durch ein modifiziertes
gepulstes Laser-Abscheidungsverfahren hergestellt, das als gepulste reaktive gekreuzte
Laserabtragung bezeichnet wird. Bei den drei verschiedenen Oxynitridsystemen veränderten
unterschiedliche Abscheidungsbedingungen die Zusammensetzung der Filme und hatte
dadurch einen signifikanten Effekt auf deren Photoaktivität. Neben der Wirkung der
Zusammensetzung auf die Leistung der Dünnschicht-Photoanoden wurde die Photoaktivität
von LaTiO2N-Dünnfilmen durch die kristalline Qualität und die kristallographische
Orientierung der Proben beeinflusst. Diese Ergebnisse bestätigten frühere Beobachtungen an
LaTiO2N-Dünnfilmen. Die erhaltenen Photoströme für LaTiO2N-Dünnschichten wurden durch
Abscheidung von Co-Katalysatoren und einer Al2O3-Passivierungsschicht weiter verbessert.
Der Vergleich zwischen Pulver- und Dünnschicht-Oxynitridbasis Photoanoden zeigt, dass die
höheren Photoströme, die mit Photoanoden auf der Basis von Partikeln erzielt werden,
hauptsächlich

auf

ihre

höhere

elektrochemische

Oberfläche

und

bessere

Absorptionseigenschaften für sichtbares Licht zurückzuführen sind. Unter Berücksichtigung
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dieser Faktoren sind dünne Filme effizienter, da sie aus gut verbundenen Partikeln mit einer
geringeren Anzahl von Korngrenzen bestehen. Daher ist die PEC-Leistung von Dünnfilmen
nicht durch Rekombinationsverluste begrenzt und ähnelt der tatsächlichen Leistungsfähigkeit
der Materialien. Dementsprechend können dünne Filme als Modellsystem verwendet werden,
um einige Eigenschaften der Materialien zu untersuchen, die nicht mit Photoanoden auf
Puderbasis erfasst werden können.
Zusätzlich zu den Oxynitrid-Photoanoden wurde die PEC-Leistung von epitaktischenDünnschichten aus BiFeO3 untersucht. Undotierte und Y-dotierte BiFeO3-Filme mit
unterschiedlichen Schichtdicken wurden mittels gepulster Laserabscheidung präpariert. Es
wurde beobachtet, dass die PEC-Leistung für dünnere Filme höher war im Vergleich zu
dickeren Filmen. Dieser Effekt wurde einer Zunahme des wachstumsinduzierten Stresses für
dünnere Filme zugeschrieben. In ähnlicher Weise führte der höhere Stress in undotierten
BiFeO3-Filmen im Vergleich zu dotierten Filmen vergleichbarer Dicke zu einer höheren PECLeistung.
Zuletzt wurde ein anderer Ansatz zur Wasserstoffentwicklung aus Oxynitriden untersucht. Bei
diesem Ansatz wird das Oxynitrid mit einem biologischen Photokatalysator kombiniert, der die
durch den Oxynitrid-Photokatalysator photogenerierten Elektronen verbraucht. Der
Wasserstoff wird dann auf dem Biokatalysator entwickelt. Die erhaltenen vorläufigen
Ergebnisse

unter

Verwendung von

BaTaO2N

und

E.coli-Bakterien

zeigten

eine

Wasserstoffentwicklungsrate von etwa 2 µmol.min-1, die höher ist als diejenige, die aus der
photokatalytischen Standard-Wasserstoffproduktion durch die Oxynitridpartikel erhalten wird.
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Chapter 1. Introduction

1.1 Motivation of work
Due to the exponential increase in the world’s population over the last century, the worldwide
energy consumption has more than doubled in the last 60 years. For instance, as shown in Figure
1.1, the 14TW of energy production in the year 2015 must be doubled by the year 2050 to meet
the increase in global energy consumption.1 The majority of the energy demand is sustained by
non-renewable energy resources, such as fossil fuels which are unfavorable due to their
environmental impact and that they are also a finite resource.2 Therefore, it is important to
replace the present main source of energy, i.e. fossil fuels, by sustainable renewable energy
resources.
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Figure 1.1. Past, present and forecast of the world’s energy needs quantified by ton of oil equivalent (TOE). Figure
modified from ref.1

Among the different renewable energy resources, solar energy holds the largest potential. The
energy produced by the sun, which is assumed to be an infinite source of energy, is able to
supply earth in one hour with energy that is more than the annual global energy consumption.23

Several technologies have been developed to utilize the energy supplied by the sun, such as

solar cells, concentrating solar thermal power technologies, and solar water heaters.4
Solar cells convert the solar energy directly into electricity. They are based on semiconductors,
such as crystalline silicon or metal chalcogenide thin films. Solar cells have been of great
interest for decades as they are considered to be the most promising approach of utilizing solar
energy. In fact, covering 0.16% of the land on earth with solar cells that are only 10% efficient
would provide 20 TW of energy which is sufficient to cover the world energy demand.5 Solar
heaters and concentrating solar thermal power technologies utilize the energy of sun in the form
of heat. In the latter case, the sun’s heat energy is concentrated by reflective materials and is
then used to drive a water turbine generating electricity. For solar heaters, the solar energy is
used to heat water for individual and industrial use.4
These methods converting solar energy into electricity or heat are restricted to day time due to
the intermittent nature of sun. Therefore, it is important to store the solar energy to be able to
use it whenever needed. This can be achieved by a process known as solar water splitting or
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also termed artificial photosynthesis. This process mimics the photosynthesis occurring in
plants in which the solar energy is converted into chemical energy. In this biological process,
sun light is used to split water into oxygen and the produced protons and electrons are then
involved in a sequence of complex reactions to reduce CO2 to carbohydrates needed by the
plant.6
Similarly, in artificial photosynthesis, solar energy can be used to split water using
semiconductor materials producing oxygen and hydrogen as a promising energy carrier. Using
hydrogen as a chemical fuel has many advantages such as the ability to store, transport and
convert it, and in addition its low environmental impact, as it produces no emissions except
water vapor when used in fuel cells. Moreover, hydrogen can benefit from the existing
infrastructure of natural gas for distribution.
As shown in Figure 1.2, an alternative approach to solar water splitting can be utilized to
produce hydrogen from solar energy. In this approach, solar energy is first converted to
electricity using solar cells after which the generated electricity is consumed to produce
hydrogen from a water electrolyzer. This procedure involves more steps when compared to the
direct production of hydrogen from solar energy via solar water splitting. The presence of more
steps is expected to induce more energy losses and additional costs for the system.4 Indeed, it
was calculated that this multistep approach is associated with an energy loss of 75%.7 Therefore,
this thesis focuses on the solar water splitting process for hydrogen evolution.
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Figure 1.2. Schematics showing the two different approaches for producing hydrogen fuel from solar energy. The
figure is modified from ref.8

1.2 Water splitting
Water splitting into hydrogen and oxygen molecules is an endothermic reaction, to drive the
process an energy requirement of +237.2 KJ. mol−1 is needed. This energy can be supplied by
applying a voltage (1.23V) between two electrodes immersed in water as shown in Figure 1.3A.
This process, also known as electrolysis involves the production of hydrogen and oxygen on
the surfaces of a cathode and anode respectively, according to following reactions:

𝐴𝑡 𝑡ℎ𝑒 𝐴𝑛𝑜𝑑𝑒

1
𝐻2 𝑂 + ℎ+ → 2𝐻 + + 𝑂2
2

(1.1)

𝐴𝑡 𝑡ℎ𝑒 𝐶𝑎𝑡ℎ𝑜𝑑𝑒

2𝐻 + + 2𝑒 − → 𝐻2

(1.2)

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛

2𝐻2 𝑂 → 𝐻2 + 𝑂2

(1.3)

Usually, in addition to the theoretical minimum potential of 1.23V required to split water, an
overpotential is needed to overcome energy barriers which is related to thermodynamic losses
and the charge carrier transport. An overpotential of 0.46V is required in most cases, which
means a voltage of 1.6V is applied between the anode and cathode to drive the water oxidation
and reduction reactions.9
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Figure 1.3. Schematics of the basic principles of (A) Electrolysis and (B) Photoelectrochemical water splitting.

1.3 Photoelectrochemical water splitting
Driving these electrochemical reactions by light is one approach to reduce or even totally
replace the required overpotential. This can be achieved by using semiconductor (SC)
photocatalysts in a process known as photoelectrochemical (PEC) water splitting. As presented
in Figure 1.3B, when the semiconductor is illuminated, an electron is excited from the valence
band (VB) to the conduction band (CB) resulting in an electron-hole (e- - h+) pair (step 1).
Photogenerated electron and hole pairs contribute to the water reduction and oxidation reactions
respectively to produce hydrogen and oxygen (step 2). The formed built-in electric field in the
semiconductor close to the semiconductor/electrolyte interface leads to the separation of the
photogenerated carriers to minimize their recombination. In the case of an n-type
semiconductor as shown in Figure 1.4A, anions of the solution are adsorbed onto the surface of
the semiconductor resulting in the depletion of electrons, which are the majority charge carriers
for n-type SC. This depletion results in an excess of positive charge at the surface. This layer is
termed the space charge layer which leads to the upward bending of the CB and VB close to
the SC/electrolyte interface. As a result of the upward bending, the charge carriers are separated
where the holes are driven to the surface for the oxidation reaction and electrons are driven
backwards into the external circuit towards the counter electrode (CE) where reduction occurs.
Therefore, the n-type SC is used as the photoanode and the CE as the cathode for PEC water
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splitting. In analogy, for a p-type semiconductor (fig. 1.3B), reduction occurs on the SC,
denoted as a photocathode with oxidation taking place on the CE, the anode in this case. The
PEC water oxidation and reduction can be expressed by plotting the anodic (ia) and cathodic
(ic) photocurrents respectively, versus potential. An example of this photocurrent-potential
curve is shown in Figure 1.4D, where the onset potential for oxidation or reduction is the
potential at which the anodic or cathodic photocurrents start to appear. When a photoanode and
a photocathode are both used, water splitting is performed by the so-called tandem
configuration (Figure 1.4C). In this case, both n- and p-type semiconductors absorb photons to
drive the photoelectrochemical reactions. Unlike in the case of single photoelectrode systems,
it is not required, in tandem configurations, for each of the SCs to straddle both the water
oxidation and reduction potentials. It is only necessary to have the CB of the photocathode
higher than the hydrogen evolution redox potential and the VB of the photoanode lower than
the oxygen evolution redox potential. In addition, twice the number of photons that are required
for single photoelectrode systems are consumed in the tandem configuration.
The efficiency of a tandem cell is determined by the potential range and maximum photocurrent
(ioverlap) where the water oxidation and reduction reactions overlap. Therefore, to achieve
unassisted overall water splitting in a tandem cell, the onset potentials for both oxygen and
hydrogen evolution must be low, i.e. high photocurrents should be generated at low potentials,
as shown in Figure 1.4D.
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Figure 1.4. Schematics of photoelectrochemical (PEC) water splitting system with (A) n-type semiconductor
photoanode, (B) p-type semiconductor photocathode and (C) a tandem PEC system with a photocathode and
photoanode. (D) is a photocurrent-potential plot showing water splitting response for a photoanode (red curve) and
photocathode (blue curve) with ioverlap being the photocurrent during overall water splitting in a tandem PEC cell.
Figure (D) is modified from ref.10

1.4 Photocatalysis
Similar to PEC water splitting, photocatalytic (PC) water splitting with a one-step excitation
requires the use of a SC with CB and VB that straddle both redox potentials of the water
reduction and oxidation reactions. In this process SC photocatalysts are in powder form, which
are suspended into the electrolyte. Each particle acts as a microelectrode by itself where both
water oxidation and reduction occur on the same particle unlike PEC systems where water redox
reactions occur on different electrodes. This makes the charge separation in PC systems more
challenging compared to PEC systems. In addition, since water oxidation and reduction
reactions occur on separate electrodes in PEC water splitting systems, the products (O2 and H2)
can be collected separately by using porous glass filters as a membrane between the electrodes.
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These membranes are used to avoid the backwards reaction between O2 and H2 to reform water.
However, for PC systems with single excitation, the products are formed on the same particulate
and cannot be separated.
Figure 1.5A presents overall water splitting in these particle photocatalytic systems. As shown,
the first step in the process is the creation of electrons in the CB and holes in the VB due to the
absorption of light. The second step is then the separation of these photogenerated carriers and
their migration to the surface of the photocatalyst where they can contribute in the water
oxidation and reduction reactions. Usually, water oxidation is conducted in the presence of
oxidizing reagents such as Ag+ and persulfates (Figure 1.5B).Water reduction is achieved in the
presence of reducing reagents such as alcohols, sulfides, sulfites and ethylenediaminetetraacetic
acid (EDTA), as shown in Figure 1.5C. These reactions are not overall water splitting reactions;
they are half reactions that are used to test the capability of a photocatalyst to produce O2 or H2.
These photocatalytic half reactions don’t guarantee the activity of the photocatalyst for overall
water splitting in pure water without these reagents.
One possibility to separate O2 and H2 in PC systems is achieved by using a Z-scheme
configuration (Figure 1.5D).11 In this case, two SC photocatalysts are used, one for water
oxidation and one for water reduction. The two photocatalysts are suspended in an electrolyte
and are connected through an electron mediator. The mediator is a redox couple that gets
oxidized at the photocatalyst on which water reduction occurs, and reduced on the photocatalyst
where water oxidation occurs. Similar to the tandem PEC water splitting configuration, the Zscheme involves twice the number of photons required for single excitation PC water splitting.
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Figure 1.5. Overall water splitting shown schematically in (A) on a particulate photocatalyst. Schematics showing
water oxidation over a particulate photocatalyst in the presence of oxidizing agent (B) and water reduction over
the photocatalyst in the presence of reducing agent. (D) shows overall water splitting via Z-scheme configuration
with two photocatalysts, one for O2 evolution and one for H2 evolution, in the presence a redox couple (O/R) as
an electron mediator.

1.5 Photocatalysts for solar water splitting
1.5.1 Requirements of photocatalysts
An important condition for overall water splitting, already mentioned in the previous section,
is that the conduction band and valence band of the semiconductor photocatalyst should be well
positioned so that the band edges include the reduction and oxidation potentials of water. Figure
1.6A presents the band structures of a variety of photocatalysts used for water splitting.
According to the figure, the conduction bands of BiVO4, WO3 and α-Fe2O3 are lower than the
water reduction potential and are therefore suited only for water oxidation. In contrast, the other
photocatalysts can be used for both water oxidation and reduction reactions due to the matching
of their band edges with the water redox potentials.

9
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Figure 1.6. (A) Band edge diagram showing the CB and VB of representative semiconductors in comparison to
the redox potentials of water oxidation and reduction reactions. The figure is modified from ref. 10 (B) Solar
spectrum modified from ref.12 showing the band gap energy of selected photocatalysts from the materials shown
in (A).

Furthermore, since the maximum intensity of the solar spectrum is in the visible and IR light
range, a photocatalyst must have a bandgap in the visible range enabling efficient visible light
absorption. The light absorption of a photocatalysts is wavelength (𝜆)-dependent and can be
determined by the Lambert-Beer’s law:
𝐼(𝜆) = 𝐼0 𝑒 −𝛼(𝜆).𝑑

(1.4)

With 𝐼 the intensity of absorbed light at a specific 𝜆, 𝐼0 the incident light intensity, 𝛼(𝜆) the
materials absorption coefficient and 𝑑 the photon penetration depth.13
Only photons with energy greater than or equal to the materials band gap are absorbed and can
create the electron-hole pairs that contribute to the electrochemical reactions. As discussed in
the first section, the minimum energy required for solar water splitting taking into account the
overpotential for the water splitting redox reactions is 1.6 eV. Considering only materials with
a minimum band gap of 2.03 eV results in solar energy loss of about 64.7%.14 Therefore, in the
case of TiO2, for instance, with a band gap of 3.2eV, only 3.7% of the solar spectrum can be
utilized. Therefore, it is important to lower the band gap of photocatalysts to maximize the
fraction of solar light used. As can be seen in Figure 1.6B, BaTaO2N, LaTiO2N, α-Fe2O3 and
WO3 absorb photons in the visible light range and can therefore utilize a larger portion of solar
spectrum than TiO2.
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Another important property of a semiconductor is the charge transport and separation, since this
determines the amount of charge carriers participating in the water oxidation and reduction
reactions. If we consider an n-type semiconductor, the minority charge carriers are the holes
which diffuse to the surface to drive the oxidation of water. The minority carrier diffusion length
(𝐿𝑝 ) is the distance that the minority carriers move from the site where they were generated in
a semiconductor before recombining. It can be determined from the following expression:
𝑘𝑇𝜇𝜏
𝑘𝑇𝜏 2
𝐿𝑝 = √𝐷𝜏 = √
=√ ∗
𝑞
𝑚

(1.5)

Where 𝐷 is the diffusivity of the free charge carriers, 𝜏 the lifetime of the carriers, 𝑘 Boltzamnn
constant, 𝑇 the temperature, 𝜇 mobility of the carriers, 𝑞 the elementary charge and 𝑚∗ the
minority charge carrier’s effective mass.15
Impurities and defects affect significantly 𝐿𝑝 in a material since they act as recombination sites
of the photogenerated carriers and thereby reducing their diffusion length. This is why metal
oxides have shorter diffusion lengths when compared to silicon or other high purity
semiconductors.
The separation of the charge carriers depends on the band bending in the space-charge layer
which results from the built-in electric field. The width of the space charge layer (𝐿𝑆𝐶 ) is
estimated from equation (1.6):
1/2

𝐿𝑆𝐶

2𝑞(𝑉 − 𝑉𝑓𝑏 )
= 𝐿𝐷 [
]
𝑘𝑇

(1.6)

With 𝑉 being the applied potential, 𝑉𝑓𝑏 the flat band potential and 𝐿𝐷 the Debye length defined
as follows:
𝜖0 𝜖𝑘𝑇
𝐿𝐷 = √ 2
𝑞 (𝑛0 + 𝑝0 )

(1.7)
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𝜖0 and 𝜖 are the vacuum and relative dielectric constants, 𝑛0 and 𝑝0 are the concentrations of
electrons and holes in the semiconductor. In n-type semiconductors, the majority carriers are
the electrons and thus 𝑛0 >> 𝑝0 with 𝑛0 ≈ 𝑛𝐷 where 𝑛𝐷 is the donor concentration.16
Hence, the 𝐿𝑆𝐶 depends on the donor concentration; higher carrier concentrations result in a
smaller 𝐿𝑆𝐶 . The 𝐿𝑆𝐶 is typically in the range of several nanometers to micrometers.17,18 If the
carriers are produced within the space-charge layer, they will be efficiently separated and the
minority carriers would reach the surface and participate in the water redox reactions. If the
electron and hole are photogenerated in the semiconductor far from the space-charge layer but
within the diffusion path length, a fraction of the minority carriers would be able to reach the
surface via diffusion and react with the electrolyte. However, it is more likely that minority
carriers produced deep within the material would recombine before reaching the surface and
reacting. Therefore, a promising photoelectrode would be thick enough to absorb all photons
and with very high purity and crystalline quality to allow for a high diffusion length and less
recombination.
In addition to the previous requirements, the photocatalyst should be stable in aqueous solution
and resistant to chemical corrosion, photocorrosion, and dissolution.19 If the photocorrosion of
an n-type or p-type photocatalyst is more energetically favorable compared to water oxidation
or reduction, the produced carriers would respectively, oxidize or reduce the photocatalyst
itself. Large band gap materials (band gap > 3eV) such as TiO2, have been found to be
chemically stable and inert to photocorrosion. Visible light absorbing photocatalysts such as
CdS and GaP, are usually prone to photocorrosion because the anions of these materials are
susceptible to oxidation more than water, which results in their degradation.20-21 For the
unstable photocatalysts, protection layers and co-catalysts have been employed as means to
overcome this problem. This topic will be discussed in detail in 1.6.
For real applications and sustainable hydrogen production from a certain photocatalyst, it must
consist of elements that are readily available, relatively cheap and non-toxic. A balance between
high efficiency of a photocatalyst and low cost is important for solar water splitting.
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1.5.2 Efficiency
A key indicator of the performance of a certain photoelectrochemical system is its efficiency,
which relates the ratio of the chemical energy produced to the photon energy. The fraction of
absorbed photons, which depends on the band gap of a material, determines the upper limit for
efficiency. Different efficiency definitions are discussed in literature for PEC systems. Solarto-hydrogen efficiency (STH) is commonly used to determine the overall efficiency of a PEC
system. It is measured via a two-electrode configuration and relates the converted chemical
energy to the input solar energy as follows:

𝑆𝑇𝐻 =

𝑜𝑢𝑡
𝑖𝑛
𝐽𝑝ℎ (𝑉𝑟𝑒𝑑𝑜𝑥 − 𝑉𝑏𝑖𝑎𝑠 )
𝑃𝑒𝑙𝑒𝑐𝑡.
− 𝑃𝑒𝑙𝑒𝑐𝑡.
=
𝑃𝑙𝑖𝑔ℎ𝑡
𝑃𝑙𝑖𝑔ℎ𝑡

(1.8)

𝐽𝑝ℎ is the photocurrent density and 𝑉𝑟𝑒𝑑𝑜𝑥 is the redox voltage,1.23V, based on Gibbs free
energy ΔGo of water splitting reaction. 𝑉𝑏𝑖𝑎𝑠 is the voltage applied between working and
reference electrode in 3-electrode configuration and between working and counter in twoelectrode configuration.
If no bias is applied and assuming the standard Air Mass AM1.5G incident sun light
(P=100mW/cm2), the efficiency can be directly calculated from the photocurrent as:
𝑆𝑇𝐻 = 1.23 × 𝐽𝑝ℎ

(1.9)

STH is reported in % and the photocurrent in mA/cm2. Accordingly, to reach an efficiency of
at least 10% which is the requirement to ensure the PEC cells are economically viable, a
photocurrent of approximately 8mA/cm2 is needed.
The photocurrent-potential properties are similar in both 2-electrode and 3-electrode
configurations after correction for the reversible hydrogen electrode (RHE). The
photoconversion efficiency can be affected by the measurement configuration (two or three
electrode system), the counter electrode, the light source, the distance between electrodes, the
contact resistance, reflection of radiation, and band structure of the photoelectrode.14
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On the other hand, to determine the STH efficiency in a more direct method, the amount of
evolved hydrogen can be measured by mass spectrometry or gas chromatography; then the
following relation is applied:

𝑆𝑇𝐻 =

0
Φ𝐻2 × 𝐺𝑓,𝐻
2
𝑃𝑙𝑖𝑔ℎ𝑡

(1.10)

0
With Φ𝐻2 being the rate of H2 evolution at the irradiated area (mol.s-1.m-2) and 𝐺𝑓,𝐻
is the Gibbs
2

free energy of hydrogen formation (237 kJ.mol-1).
If a voltage is applied then the photocurrent is affected by the applied potential (Eapp ). In this
case, the efficiency is defined as ABPCE, the applied-bias photon-to-current efficiency and can
be calculated according to equation (1.11):
Jph × (E H2 O/O2 − Eapp )
ABPCE =
Pin

(1.11)

Where Jph is the photocurrent density measured at in a three-electrode PEC setup, E H2 O/O2 is
the water oxidation potential (1.23V vs RHE) and Pin is the power density of the illuminating
light. For potentials higher than 1.23V vs RHE, it is important to consider if PEC water splitting
is still more preferred compared to water electrolysis (without irradiation).
Another useful measurement to determine the efficiency of a PEC system is achieved by
correlating the photocurrent produced to the number of incident photons at different
wavelengths. This is known as the incident-photon-to-current conversion efficiency (IPCE).
The IPCE value is calculated at each wavelength as follows:
hc
e
IPCE(λ) =
Pin (λ) × λ
Jph (λ) ×

(1.12)

With Jph (λ) the photocurrent density at a wavelength λ, h is the Planck’s constant, c is the speed
of light, e is the elementary charge and Pin (λ) is the light intensity at λ. The term

hc
e

is constant

and equal to 1240 eV nm. The IPCE values are determined through measuring the photocurrent
at different wavelengths at a constant applied potential. This results in a photoaction spectrum,

14

Chapter 1

i.e. a plot of the IPCE values with respect to wavelength, which is usually related to the
absorbance spectrum of the material. The wavelength at which the IPCE starts to increase is
almost the same wavelength of the absorption edge of the material. In addition to the optical
absorption coefficient, the IPCE of a photoelectrode is affected by the width of the space charge
layer and the minority carrier diffusion length (𝐿𝑝 ).22
A two electrode or three electrode configurations can be used for measuring the IPCE of a
photoelectrode. In the former case, the photocurrent is affected by the type of the counter
electrode and the distance between the working and counter electrode. This results in errors in
the IPCE measurements. Therefore, a reference electrode is added in the case of three electrode
configuration, to exclude the effects of the counter electrode. This configuration is important
especially when comparing IPCE values at certain potentials with respect to RHE with literature
results.
Normalizing the IPCE values to the absorbance (A) of material results in the absorbed-photonto-current efficiency (APCE) which is determined as follows:
hc
Jph (λ) ×
IPCE(λ)
e
APCE(λ) =
=
A
Pin (λ) × λ × A

(1.13)

1.5.3 Overview of photocatalysts used for water splitting
After the first experimental evidence of water splitting on a TiO2 photoelectrode by Honda and
Fujishima,23 a lot of research was devoted into searching for other photocatalysts for efficient
water splitting into hydrogen and oxygen under sun light irradiation. Over 130 photocatalysts
for water oxidation or reduction have been investigated to date.
The main focus of the thesis will be on photoanodes for water splitting since photocathodes
with high current densities of 10mA.cm-2 have been reported. The lower photocurrents obtained
for photoanodes is due to the four electron reaction involved in the oxygen evolution reaction
which is usually the limiting step in water splitting.24 In this section, an overview of
photoanodes used for water splitting is presented.
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A variety of oxides were investigated, experimentally and theoretically, to be used as
photocatalysts for water oxidation. For metal oxide compounds, the position of the valence
band depends on the occupancy of the d band of the metal. For oxides with empty d band (d0
metal oxides formed from metals such as Ti4+, Nb5+, W6+, Zr4+ and Ta5+)25-27 and for those with
filled d band (d10 materials composed of metals such as Ge4+, Ga3+, In3+ and Sn4+)25, 27, the
valence band is formed from the 2p states of oxygen. Due to the high ionic character of these
materials, the conduction and valence band are widely separated which results in a large band
gap and light absorption limited to the UV region. Their band gap can be tuned by substitution
of the oxide cations by cations with lower electronegativity. Similarly, replacing oxygen with
the less electronegative nitrogen reduces the band gap significantly, as will be discussed in the
next section.
Among the most effective photocatalysts are perovskite and perovskite-related oxides with
metal cations having d0 electronic configuration due to their well aligned band edges with water
redox potentials and good (photo)-chemical stability. Some examples are tantalates such as
KTaO3,28 niobates such as Sr2Nb2O7 and titanates such as SrTiO329 . All these examples display
over all water splitting under UV irradiation when loaded with NiO co-catalyst.
Unlike TiO2 and most metal oxides, WO326, 30 has a small band gap in the visible light range.
The valence band of WO3 is composed of the O-2p states similar to other oxides, however its
conduction band is energetically too low for water reduction which results in a smaller band
gap compared to other oxides. Thus, WO3 straddles only the oxidation potential of water and is
hence used in Z-scheme or tandem cell configuration. An IPCE of ca. 80% was reported for
mesoporous WO3 photoanodes at 400-410nm. This is the highest IPCE ever reached among
photoelectrodes which absorb visible light.31 However, the theoretical STH of WO3 electrode
is only 4.8%, which is less than half of that required for practical PEC water splitting (10%).32
Besides WO3, a lot of research has been focused on studying and improving the photoactivity
of hematite (α-Fe2O3) towards water splitting due to its good stability, abundance, narrow band
gap and nontoxicity.1, 33-35 Fe2O3 which is neither a d0 or d10 material has a CB minimum
consisting of Fe-3d eg and a VB maximum composed of Fe-3d t2g and O-2p orbitals.33 The
photogeneration of holes results from the direct (O2--2p/Fe3+-3d) and indirect (Fe3+-3d/3d)
transitions.34 A larger absorption coefficient results from the direct transition compared to the
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indirect. α-Fe2O3 is expected theoretically to exhibit an STH of 12.9%.14,

36

However its

performance is limited by the charge separation and transport problems which are common for
materials with d-d transitions.26 In brief, Fe2O3 has a high onset potential and a relatively
positive flat band potential (Fb). The main problem with hematite is its short hole diffusion
length (2-4nm) compared to 1µm for TiO2 and 100nm for WO3. This leads to ultrafast
recombination of the photogenerated carriers. In addition, its low minority charge mobility
(0.2cm2V-1s-1) restricts its PEC performance.35,37-39 Hematite photoanodes prepared by
atmospheric pressure chemical vapor deposition (APCVD) and loaded with inorganic cobalt
phosphate (Co-Pi) co-catalyst showed a photocurrent of 3.3mA/cm2 at 1.43VRHE which
corresponds to a STH of 4.1%.40 Ternary oxides formed by heavily doping Fe2O3, such as
ZnFe2O4, have not resulted in any improvements in its PEC properties.41
In addition to these binary oxides, ternary oxides formed of s2 cations mixed with d0 cations
were investigated for water splitting. In these compounds, O-2p states are coupled with s states
adding energy levels above the valence band and shifting it upwards. An example of this class
of compounds is BiVO4 which has a band gap of 2.4eV. Monoclinic scheelite BiVO4 was first
investigated by Kudo’s group that reported high photoactivities for water oxidation under
visible light irradiation. The visible light absorption is due to the electron lone pairs of Bi-6s.42
The CB minimum and VB maximum of BiVO4 consist of V-3d orbitals and the hybridization
of O-2p and Bi-6s orbitals, respectively.43-44 However, the performance of BiVO4 is limited by
two factors. Firstly, the low IPCE values at low potentials are due to high recombination of the
photogenerated carriers at the surface of the photoelectrode. Therefore, a high voltage is
required to obtain a high IPCE which hinders its application in solar hydrogen production.
Secondly, a big challenge for BiVO4 is the photocurrent instability. For instance, 25% of its
initial photocurrent was measured after illumination for half an hour.45 This was explained by
the dissolution of V5+ into the solution and the covering of the surface of the photoanode by
oxidation products such as O2 and H2O2, which act as recombination centers. Another challenge
that limits the performance of BiVO4 is its low electroconductivity. This problem was tackled
by doping to increase the carrier density46 or through nanostructuring to enhance the carriers
separation and reduce their recombination.47
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Non-oxide semiconductors which possess small bandgaps such as Si, CdS, CdSe, CdTe and
GaInP2 were also investigated as water splitting photocatalysts. The main drawback of these
semiconductors is their instability, as they are susceptible to photochemical corrosion.48 For
instance, S2- ions in metal sulfides are more susceptible to oxidation than water, hence leading
to photocorrosion of the photocatalyst. The photodegradation of sulfides can be suppressed
effectively by using suitable sacrificial agents such as an electron donor composed of a salt
mixture of Na2S/Na2SO3.49

1.6

Approaches to improve water splitting efficiency

As shown in Figure 1.7, several loss mechanisms of the photogenerated carriers can occur
which reduce the overall performance of a photocatalyst. Hence, the photocurrent density of a
photoelectrode can be described by the following equation:
Jp = Jabs × Psep × Pinj

(1.14)

Jabs is photocurrent density for a 100% photoconversion efficiency of absorbed light, Psep is
the fraction of photogenerated holes or electrons that don’t recombine and reach the
semiconductor-electrolyte interface and Pinj is the fraction of photogenerated carriers that have
reached the semiconductor-electrolyte interface and are injected to the electrolyte to start water
oxidation or reduction reactions, that is the carriers that don’t recombine at surface states.
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Figure 1.7. Schematics showing the loss mechanisms of the photogenerated carriers which reduce the efficiency
of a photocatalyst: (1) recombination of the photogenerated carriers in the bulk, (2) recombination at surface states
and (3) slow kinetics of electron or hole injection from the photocatalyst to the electrolyte.

To tackle these problems and improve the PEC performance of photoelectrodes, several
strategies have been developed and used, which are discussed in the following sections:
1.6.1 Doping
In order to achieve water splitting under visible light, it is important to control the electronic
energy structure of photocatalysts. This can be done via cation or anion doping. Cation doping
has been investigated for enhancing the visible light response of wide band gap photocatalysts.
Visible light response was observed for photocatalysts doped with transition metals. For
example, TiO2 and SrTiO3 doped with Sb, Ta and Cr showed visible light absorption.50-51 This
visible light absorption is explained, as shown in Figure 1.8, by the creation of impurity energy
levels in the band gap of the photocatalyst after cation doping. However, these dopants also act
as recombination sites for the photogenerated carriers which lower the photoactivity of the
cation-doped photocatalysts despite their visible light absorption.52
Another way to enhance the visible light response of wide band gap photocatalysts is via anion
doping. This method has been well documented in literature by doping oxide semiconductors
with anions such as N. In these anion-doped photocatalysts, the O-2p states of the valence band
are mixed with the p states of the anions (N, C or S) resulting in an upward shift of the valence
band maximum and thus a reduction in the band gap of the photocatalyst, as depicted in Figure
1.8. Anion doping usually creates less recombination centers than cation doping, making it
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more efficient for water splitting. However, in this case the number of oxygen defects, resulting
from the difference in the oxidation states between oxygen and the dopant anions, should be
controlled.

Figure 1.8. Modifications of the band gap energy of a semiconductor upon cation and anion doping shown
schematically.

As already mentioned, although doping wide bandgap photoelectrodes with elements redshifts
their absorption, it also induces crystal defects. These defects increase the recombination
between the electron and hole pairs, reducing the IPCE in the UV region. So, codoping with
two non-isovalent elements is used to balance the charge of the wide bandgap photoelectrode.
For instance, codoping TiO2 nanowire arrays with H+ and N3- improves its water oxidation
performance under visible light irradiation.53 In another example, oxygen evolution was
reported on a TiO2 photocatalyst codoped with Sb5+ and Cr3+ under visible light illumination,
in the presence of AgNO3 as a sacrificial agent. Doping with Cr3+ ions resulted in an electron
donor level in the band gap resulting in the visible light absorption response of TiO2. To
maintain the charge balance, codoping with Sb5+ was essential in suppressing the formation of
oxygen defects and Cr6+ ions in the lattice.50
For narrow band gap materials i.e. BiVO4 and Fe2O3, doping with non-isovalent elements in
order to tune the band structure increases the carrier concentration, the minority carrier diffusion
length and then as a result, improves the photocurrent density.31, 46, 54-55 For example, the IPCE
of BiVO4 increases from 9% to 41% at 1.0V vs RHE and under illumination at 420nm when it
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was doped with 3% Mo.46 This is due to an 80% increase in carrier concentration by substitution
of V5+ by Mo6+, which acts as an electron donor, compared to pure BiVO4. The resulting high
conductivity improves the transfer of the photogenerated electrons to the substrate, improving
the PEC performance. Among the different non-isovalent cations, substitutional doping with W
leads to the highest enhancement in the photocurrent of BiVO4, as a result of the doubling in
carrier concentration.56 Codoping W and Mo into BiVO4 enhances significantly the electronhole separation by modifying the band gap.57
Due to the flexibility of the perovskite structure, the physical properties of perovskite oxides
can be varied by cationic and/or anionic substitutions. Substitution can be used to manipulate
the band gap, electronic structure and charge carrier density. Fluorine and nitrogen are anions
with similar ionic radii, electron configuration and electronegativity compared to oxygen. When
substituted into perovskite oxides one can produce the so-called oxyfluorides and oxynitrides,
respectively. Complete or partial substitution of oxygen by nitrogen yields nitrides or
oxynitrides, respectively.25, 58-63 By considering the difference in Pauling’s electronegativity
(3.07 for N and 3.50 for O), the bonding in oxynitrides has a more covalent character than
oxides, and thus it is expected that oxynitrides have smaller band gaps. According to studies
until now, the band gap of oxynitrides falls in the range between 1.8 and 3.3eV. Making
oxynitrides interesting for applications where they can be used as pigments or photocatalysts.
The band gap is reduced due to the hybridization of O-2p and N-2p orbitals resulting in the
upward shift of the valence band maximum. Although density functional theory (DFT)
calculations for BaTaO2N showed that the valence band is shifted upward with N substitution
while the conduction band is not affected,64 it was recently found that the conduction band
minimum of LaTiO2N is not intact and it shifts downwards due to the substitution.65
The band gap width is influenced by the difference in electronegativity between the cations and
anions as well as the extent of overlap of the valence orbitals. A structural distortion from the
cubic perovskite with a reduction in the B-(O,N)-B bond angle results from the substitution of
an A cation with another cation of smaller size. This change in the B-(O,N)-B angle modifies
the overlap between the metal d orbitals and the O/N p orbitals leading to a reduction in the
band width of the conduction band. The center of the conduction band remains the same and as
a result the band gap is increased. A better orbital overlap increases the covalency which would
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result in a smaller band gap.66 Moreover, modifying the electronegativity of the B cation also
affects the band gap. The energy of the conduction band decreases when the B cation is
substituted with a more electronegative metal cation and without changing the width of the
conduction band. This results in a reduction in the band gap.67 These two modifications in the
band gap are illustrated in the example of ABO2N oxynitride with A= Ba, Sr and Ca and B=Ta
and Nb.
1.6.2 Surface treatments and passivation
Two-dimensional localized levels are associated with semiconductors surfaces, known as
surface states or interfacial states. These are formed as a result of the distortion of the crystal
lattice of the semiconductor or due to the presence of adsorbed ions on the surface. Intrinsic
surface states possessing short relaxation times (10-6 to10-3 s) are a result of distortion of the
semiconductor lattice. Whereas, those resulting from adsorbed ions are extrinsic states and
exhibit longer relaxation times (~1s). In general, intrinsic surface states are more important than
extrinsic surface states.68 The role of surface states is of great interest since they can act as
recombination sites or trapping sites that assist the oxidation reaction.69-71 The efficiency of a
photoelectrode towards water splitting can be improved by surface treatments to remove, or
reduce segregation near the surface or surface states which act as recombination sites for the e-h+ pairs. The segregation or the enrichment of one of the elements of the material at the surface
usually occurs during the preparation procedure of the photoelectrode. For example, it was
shown that surface treatment of the In0.2Ga0.8N photoelectrode with indium-rich segregation,
resulted in a 3-fold increase in the IPCE values at 400nm. The surface treatment in this case
was electrochemically corroding the surface in 1M HBr aqueous solution to remove the
segregation.72 Similarly, electrochemical surface pretreatment of Mo-doped BiVO4
photoanodes improved the photocurrent significantly due to the dissolution of a MoOx
segregation phase at high bias and under irradiation.73 The IPCE of CdS photoelectrodes was
enhanced by photoetching in 1M Na2SO3 since it removes a thin layer enriched with oxygen
and S vacancies that are favorable sites for recombinations from the photoelectrodes surface.22
Another example is an increase in the IPCE of hematite photoelectrodes by a factor of 2.6 at
365nm and 1.23V vs RHE when passivating the surface states by acquiring amperometric
(photocurrent vs time) scans in a saturated NaCl electrolyte.69
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The onset potential of hematite can be decreased by passivating its surface. This can be achieved
by depositing a Al2O3 passivation layer71 or by impregnating hematite into a metal salt solution
followed by heating to form a metal oxide that passivate the surface states or reduce the back
reactions of electrons leaking at the hematite-electrolyte interface.74 Moreover, it was reported
that the atomic layer deposition of ZrO2 overlayers on TiO2 nanoparticles in dye-sensitized
solar cells (DSCs) passivates the surface trap states enhancing the current densities achieved by
the DSCs.75 The deposition of overlayers such as Al2O3 and Ga2O3 decreases the accumulation
of holes at the surface at low applied bias thereby decreasing the required overpotential. These
layers could also improve the performance of photoanodes by increasing the repulsion of
electrons from the surface.76 For instance, a TiOx layer deposited underneath Ta3N5 spatially
separated the holes at the surface from the back electrons improving therefore the photocurrents
of the photoanodes.77
1.6.3 Co-catalyst
As mentioned before, overpotential is usually needed in a PEC water splitting system to
overcome the kinetic limitations and drive the water splitting reactions. Electrocatalysts, also
known as co-catalysts, are usually used to reduce the bias voltage and enhance IPCE at low
bias. They can be divided into water oxidation catalysts (WOCs) and water reduction catalysts
(WRCs) based on their role as activation sites for O2 or H2 evolution respectively. An
electrocatalyst should first exhibit a low overpotential for water oxidation/reduction reactions
whereby O2 and H2 should evolve as soon as the electrocatalyst captures the photogenerated
holes or electrons from the underlying semiconductor. Secondly, it should be chemically and
photochemically stable.17
For both single and multiple excitation PC and PEC water splitting systems, co-catalysts are
used to improve the efficiency of oxygen and hydrogen evolution reactions. The most typically
favored co-catalysts for hydrogen evolution include noble metals such as Pt, Ru and Pd as well
as co-catalysts such as MoS2, W-Ni-P and W-Cu. WOCs that have been used so far include
those based on noble metals such as IrOx, Au, Ag, RuOx and Rh2O3. Another class of earth
abundant promising co-catalysts based on transition metals appeared to replace the rare and
expensive noble metal co-catalysts. Examples of these co-catalysts for the O2 evolution reaction
(OER) includes NiOx, CoOx; Co3O4, inorganic cobalt phosphate (Co-Pi); FeOx, MnOx and Fe1-
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yNiyOx.

Based on the study of the OER activities of IrOx, Co-Pi; CoOx, NiFeOx and NiCoOx

electrocatalysts in acidic and basic solutions,78 these compounds gain interest as co-catalysts
loaded on semiconductor photocatalysts for improved performance and stability.
The co-catalysts enhance the performance of the photocatalysts by first capturing the
conduction-band electrons or valence-band holes from the semiconductor photocatalyst which
reduces the electron-hole recombination.79 In addition, it facilitates the transfer of the carriers
to surface water molecules and thereby decreasing the activation energy for the water redox
reactions.80 For instance, the onset potential of the hematite photoanode synthesized by APCVD
decreased from 1.0 to 0.8 VRHE when modifying the surface with an IrOx catalyst.81 Even though
IrO2 is considered to be the best water oxidation catalyst (WOC) and to be efficient for water
oxidation independent of the pH used,82 IrOx-loaded TaON and Ta3N5 photoanodes suffered
from poor long term stability due to the loose adhesion and non-uniform distribution of IrO2 on
the surfaces of the photoelectrodes.83
On the other hand, loading Co3O4 as WOCs on the surface of Ta3N5 photoelectrodes in the form
of uniformly distributed nanoparticles improves significantly the PEC stability of the
photoelectrode due to the improved kinetics of water oxidation.84 Similarly, modifying TaON
photoanodes with CoOx as WOCs improved its stability considerably.85 However, to achieve a
long term stability, the (oxy)nitride surface must be totally covered with the co-catalyst to
prevent its photooxidation. Therefore, it is important to effectively modify the photocatalyst
surface with the co-catalyst through, for example, depositing an ultrathin interlayer of
transparent co-catalyst such as NiFe-LDH between the photoanode and the co-catalysts (Co-Pi
and Co(OH)x).86
Modifying Mo-doped BiVO4 photoanodes with a RhO2 electrocatalyst increased the IPCE
values from 41% to 49% at 1.0V vs RHE at 420nm by accelerating the hole transfer rate to the
electrolyte.46 In addition, RhO2 also improved the stability of BiVO4 photoelectrodes.46
Although its precise structure is not well identified, Co-Pi has shown to be a good
electrocatalyst for PEC on a variety of photoanodes such as ZnO, WO3, Si and hematite. A
photoassisted electrodeposition method provides a more uniform deposition of Co-Pi on
hematite. Modifying W-doped BiVO4 with Co-Pi co-catalyst yielded a cathodic shift of 0.44V
in the onset potential of water oxidation.87 The low onset potential of 0.3VRHE achieved in Co-
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Pi/W-doped BiVO4 makes it promising for overall water splitting and encourages the use of
this strategy for other photoanodes.87
1.6.4 Nanostructuring and morphology
For a photoelectrode to have a high PEC efficiency, it should have an optimized thickness that
allows high absorption of light and at the same time allowing the photogenerated carriers
produced deep within the photoelectrode to reach the surface where they are consumed in the
water splitting reactions.17 Accordingly, the minority charge carrier diffusion length is of great
importance in a PEC cell. The minority diffusion length should be longer than the particle
dimensions. Thus, decreasing the particle size increases the probability of charge carriers
reaching the surface during their lifetime.88 The efficiency of charge carrier transport is
influenced by the presence of structural defects. These defects may act as trapping centers if
present at the surface, that facilitate the water splitting reactions or as recombination centers,
especially if present in the bulk or at grain boundaries. Therefore, decreasing the density of
defects at the grain boundaries by improving the crystallinity of the photocatalyst improves the
transport of the photogenerated carriers.89-90 Three-dimensional nanowire networks have shown
to be promising structures for photoelectrodes due to their long optical path which enables
efficient light absorption. The large surface areas increase the semiconductor-electrolyte
interface and thereby the active sites for the reactions, whilst providing one-dimensional
channels for rapid electron conduction and e- and h+ separation.91 For instance, vertically
aligned TaON and Ta3N5 nanotube array films produced by the anodization of Ta foil followed
by nitridation were advantageous for PEC water splitting. This is because they facilitate the
separation between the photogenerated e- and h+ via their thin walls, reducing the hole transport
distance and providing continuous pathways for electron transportation. Since the hole transport
distance is reduced in this structure, the length of the nanotubes can be optimized to allow more
absorption of light. In addition, the nanotube structuring leads to an increased surface area and
improved access for the electrolyte, enhancing the interface between the electrolyte and the
photoelectrode.92 Nanostructuring TaON and Ta3N5 lessens the distances that minority charge
carriers have to travel to reach the surface and so it promotes hole consumption by water and
improves the separation between e- and h+.81 In another example, nanostructured BiVO4 showed
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very promising activity, i.e. a photocurrent of 6.72 mJ.cm-2 was reached at 1.23V vs RHE under
simulated solar light.
1.6.5 Band structure engineering, sensitization and other methods
Photosensitization of wide band gap semiconductors by chromophores, such as organic dyes,
has been used since the late 1960s as an effective strategy to activate these semiconductors
under visible light illumination. In this case, the photogenerated electrons in the sensitizer are
injected into the CB of the wide band gap SC. For example, TiO2 sensitized by a Ru(byp)32+
complex was shown to split water under visible light irradiation.93 Inorganic sensitization is
another approach for developing visible-light responsive photocatalysts. In this approach, a
wide band-gap SC is coupled to a narrow-band gap SC with a more negative CB. The electrons
are injected from the CB of the narrow-band gap SC to the wide-band gap SC producing a
mixed photocatalyst, known as a composite SC, with enhanced absorption capacity. In the
composite SC system, the CB of the narrow band gap SC must be more negative than that of
the wide band gap SC and that of the latter must be more negative than the water reduction
potential. These properties along with fast and efficient electron injection insure the beneficial
effects of the composite system for water splitting. An example of this method is the CdS-TiO2
composite.94-95
Heterojunction photoelectrodes consist usually of a narrow band gap semiconductor covered
by a wide band gap material. These photoelectrodes have shown to be effective for PEC water
splitting due to the improved light absorption of the photoelectrode which results in higher
IPCE.96 In addition, they offer a better photochemical durability since the contact between the
narrow band gap semiconductor and the electrolyte is avoided.15 The PEC properties of these
photoelectrodes are determined mainly by the outer electrode which is in contact with the
electrolyte.97 For example, the photocurrent of LaTiO2N was increased by a factor of 2-3 when
it was modified by an In2O3 overlayer. This was explained by the improved charge separation
and decrease in the recombination of the photogenerated carriers and/or by the improved
extraction of the charges due to a surface dipole.98
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An efficient and long lived charge separation can be accomplished using heterojunction
composites due to the step wise difference in the band potential energies of the two component
semiconductors, as shown in Figure 1.9.

Figure 1.9. A representation of a heterojunction composite formed of a narrow and a wide band gap semiconductor.

A composite electrode based on a WO3/BiVO4 heterojunction combines both: the good
absorption properties of BiVO4 and the excellent charge transport properties of WO3.99 An
increase of the IPCE values from 7.8% for FTO/BiVO4 to 82% for FTO/WO3/BiVO4 was
reported at 1.6 VRHE at 350nm.100 This is because the WO3 buffer layer improved the e--h+
separation and reduced their recombination.
Another method that has been used to improve the PEC activity of photoelectrodes is to adapt
the photonic crystal structure.101-102 In photonic crystals, the light undergoes strong, coherent
multiple scattering and travels with low group velocities at the stop band edge of the
photoelectrode. This results in an increased effective optical path length, or so-called trapping
of light at these wavelengths which enhances the IPCE of the photoelectrode. This effect was
manifested in, for example, WO3 where an improved performance was achieved under visible
light by adjusting the edges of the stop band close to the absorption edge of WO3.102
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1.7 Oxynitride photocatalysts
1.7.1 Oxynitride powders:
As already discussed in section 1.6.1, oxynitrides are promising for water splitting due to their
visible light absorption properties. Oxynitrides containing d10 transition metal cations such as
(Ga1-xZnx)(N1-xOx) and (Zn1+xGe)(N2Ox) have shown to be active for direct water splitting.103
The first investigated oxynitride for solar water splitting was a (Ga1-xZnx)(N1-xOx) solid
solution. Although GaN and ZnO are wide band gap semiconductors with band gaps larger than
3eV, (Ga1-xZnx)(N1-xOx) absorbs in the visible light range.104 The narrowing of the band gap
was explained by density functional calculations to be due to p-d repulsion of the Zn 3d and N
2p electrons in the upper valence band of this oxynitride. Experimental investigations have
shown that increasing x in (1-x)GaN:xZnO results in a red shift of the absorption edge and
thereby a decrease in the band gap of the material. Reaching a minimum band gap energy of
2.21eV for x=0.482.105 Overall water splitting was reported for (1-x)GaN:xZnO photocatalysts
with band gaps of 2.5eV to 2.75eV.25, 58 (Ga1-xZnx)(N1-XOx) impregnated with rhodium and
chromium mixed oxide nanoparticles was shown to be a good photocatalyst for the
stoichiometric release of hydrogen and oxygen gas from water under visible light irradiation.
The quantum efficiency for oxygen evolution was greatly enhanced to reach 51% at 420-440nm
by using silver nitrate as an electron acceptor.58 However, water splitting in these oxynitrides
was achieved at irradiation with wavelengths below 480nm. Thus, d0 metal cations have
become more promising since they can utilize a larger portion of the solar spectrum.
The first investigated (oxy)nitrides with d0 electronic configuration towards solar water splitting
were TaON and Ta3N5 because of their suitable band gaps in the visible region; 2.4 eV and 2.1
eV respectively.106 The photoactivity of these (oxy)nitrides under visible light has been
demonstrated in many studies. 64, 85, 106-111 For instance, oxygen evolution from TaON was
measured with a rate of 600µmol.h-1 during the first half hour. In addition, N2 evolution was
observed which is due to the degradation of the photocatalyst and its photooxidation. However,
this was observed mainly at the beginning of the experiments which shows that the material
stabilizes after the initial nitrogen loss.106 Theoretically, TaON and Ta3N5 should also be
capable of reducing water since their conduction band is suitable for the hydrogen evolution
reaction. However, hydrogen evolution was suppressed in these materials experimentally and
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was significant only when adding ZrO2 to TaON where a hydrogen evolution rate of 445µmol.h1

.g-1 was reached.109 This low activity for hydrogen evolution is considered to be due to surface

imperfections.109 TaON has been successfully used in a Z-scheme system for stoichiometric
overall water splitting by using Pt-loaded TaON and Pt-loaded WO3 for water reduction and
oxidation, respectively.112 Oxygen and hydrogen were evolved with initial rates of 24 µmol.h-1
and 12 µmol.h-1, respectively under visible light illumination with IO3-/I- as a redox mediator.
TaON particles loaded with Pt lead to the evolution of H2 gas when irradiated with an Xe lamp
in an aqueous solution containing I- as an electron donor. The rate of H2 evolution ceased when
IO3- reached a certain level and the reduction reaction of IO3- to I- started to proceed consuming
the electrons. Ta3N5 photocatalyst was prepared from Ta2O5 which were modified with different
alkaline metal salts. The results show an improvement in the O2 evolution due to improved
crystallinity and smaller particle size. Detailed characterization of the Na2CO3-modified Ta3N5
suggested partial dissolution of Ta2O5 and nucleation of NaTaO3 in the early stages of
nitridation, giving rise to the characteristic particle morphologies and improved crystallinity of
the nitridation products.113
Besides the photocatalytic measurements, photoelectrochemical water splitting measurements
were performed on TaON and Ta3N5 photoanodes. For PEC characterization, TaON and Ta3N5
photoanodes were deposited on FTO by electrophoretic deposition (EPD) followed by a post
necking treatment. This method is commonly used to prepare oxynitride photoanodes. In brief,
electrophoretic deposition is a standard deposition technique where two conducting substrates,
typically fluorine-doped tin oxide (FTO) are immersed in a suspension of the oxynitride powder
with iodine in acetone. Then, an external bias is applied which leads to the deposition of the
positively charged oxynitride particles on the negative electrode. The thickness of the deposited
material can be adjusted by varying the applied voltage and the deposition time. The advantages
of EPD are that it allows large scale application and usage of a variety of materials.
Nevertheless, because of the poor charge transfer between the particles and between the
particles and the substrate, the deposition of the oxynitride particles on the substrate is usually
followed by a post-necking procedure. This is done to connect the particles and enhance the
electron transfer through the photoanode. The post necking treatment consists of the deposition
of TaCl5, TiCl5, NbCl5 or chlorides of other transition metals followed by annealing in air and
then in ammonia. In this treatment, metal oxide bridges (e.g. TiO2) are formed between the
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particles acting as electron transfer media which improves the photocurrent. However, the
improvement is limited by the formation of a heterojunction interface between the oxynitride
particles and the metal oxide. Heating in ammonia leads to the formation of metal oxynitride or
nitride bridges enabling better electron transport pathways. This procedure was followed for
the preparation of the photoanodes from the oxynitride powders in this thesis and is described
in detail in the experimental section. The conditions of EPD and post necking treatment were
optimized for TaON and Ta3N5 photoanodes to achieve the best photocurrent. The postnecking
treatment increased the photocurrent and was further enhanced and stabilized by IrOx cocatalyst loading. The self-oxidation of TaON was not fully suppressed by IrOx which could be
due to the aggregation of IrOx on a small fraction of the TaON surface, leaving large portions
uncovered. O2 and H2 gases were evolved from the photoanode in almost stoichiometric
ratios.83 TaON loaded with co-catalyst showed the highest IPCE of 76% at 400nm and 1.15V
vs RHE. Ta3N5 showed lower values due to the grain boundary resistivity caused by the
presence of some TaON bridges after the post necking treatment and the crystal structure
discrepancy between TaON and Ta3N5. XPS and STEM showed that there is no modification
in IrOx after PEC.114
Ta3N5 prepared from the nitridation of Ta foils were used in a PEC system. When the
photoanodes were loaded with Co(OH)x, a photocurrent of 5.5mA.cm-1 at 1.23V vs RHE was
reached under 1-sun AM 1.5G illumination.115 Doping the photoanodes with Ba and loading
Co-Pi co-catalyst resulted in a further increase in the photocurrent of the Ta3N5 nanorod
photoanode up to 6.7mA.cm-2 at 1.23V vs RHE under the same illumination conditions.116 In
this system, although the band gap remained intact, the onset potential of the OER was
negatively shifted by 90mV due to the change in the interfacial energetics caused by the surface
modification and bonding between the Ba2+ ions at the surface with OH- in the electrolyte.
Moreover, the Ba doping increased the electron density in Ta3N5 and enhanced the photocurrent
at potentials lower than 1.23V vs RHE.
In addition to the previously mentioned oxynitrides, oxynitrides with perovskite structure are
among the most promising photocatalysts. Perovskite oxynitrides with the general formula
AB(O,N)3 consist for the A site of cations such as Ca2+, Ba2+, Sr2+ and La3+ and for the B site
of cations such as Ti4+, Ta5+ and Nb5+. X in the formula presents the total number of anions,
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oxygen and nitrogen, which are present in different ratios depending on the valency of A and
B sites. Figure 1.10 shows the absorption spectra for some of the perovskite oxynitrides that
have been studied for water splitting. Examples of perovskite oxynitrides with ABON2
composition are LaTaON224, 117-118 and LaNbON2.119 ABO2N oxynitrides consist of tantalates
(ATaO2N) and niobates (ANbO2N) with Ca,24, 120-122 Sr24, 120, 123 or Ba24, 120, 124-125 in the A site.
One of the most promising and studied ABO2N photocatalysts is LaTiO2N.

Figure 1.10. UV-Vis reflectance spectra of perovskite oxynitrides. Figure adapted from ref. 10

LaTiO2N (LTON) was one of the first studied and intensively investigated perovskite
oxynitrides for PC and PEC water splitting. It is composed of relatively abundant elements and
has a band gap of around 2.1eV. The band edges of LTON straddle both the water oxidation
and reduction potentials which make it capable of evolving both oxygen and hydrogen.
In most studies involving oxynitride powders, they are obtained by thermal ammonolysis of
their respective oxide precursors. In the case of LaTiO2N, thermal ammonolysis of La2Ti2O7
yields the oxynitride powder. Studies have shown that the preparation method of La2Ti2O7
influences the morphology and the photoactivity of LTON. La2Ti2O7 can be prepared by two
synthetic routes: the polymerized complex, known as sol-gel or soft chemistry method and the
solid state or ceramic method. It was shown that depending on which oxide precursor was used
and whether a flux was used or not during ammonolysis, four different LaTiO2N oxynitride
powders can be obtained: SC-LTON, SC-LTON-Fx; SS-LTON and SS-LTON-Fx with SC and
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SS referring to oxides prepared by soft-chemistry and solid state routes, respectively. Fx
corresponds to the use of a NaCl/KCl flux during ammonolysis. As shown in Figure 1.11A, the
four oxynitrides showed different morphologies with different particle size and surface area.
SS LTON particles produced by SS methods were larger than those produced by SC methods.126

Figure 1.11. (A) Scheme showing the characteristics of LaTiO2N (LTON) powders, in terms of shape, size, BET
surface area and band gap, as a result of their synthesis route. The black and white scale bars in the SEM images
correspond to 200nm and 1µm, respectively. (B) Photocurrent-Potential plot of CoOx loaded LTON
photoelectrodes acquired in 0.1M Na2SO4 (pH=13 by adding NaOH) under chopped light illumination
(100mW.cm-2) and with a scan rate of 10mV.s-1. SC-LTON, SC-LTON-Fx, SS-LTON and SS-LTON-Fx are
presented in black, red, blue and magenta curves respectively. The figures (A) and (B) are adapted from
reference126.

These differences in the properties of the SC-LTON, SC-LTON-Fx, SS-LTON and SS-LTONFx powders resulted in different PEC performances towards water splitting of their
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corresponding photoanodes. The photoanodes were prepared by electrophoretic deposition
(EPD) followed by the post necking treatment. As shown in Figure 1.11B, the PEC activity of
the four LTON photoanodes loaded with CoOx co-catalyst was investigated. Due to the larger
particle size of LTON prepared by the SS method compared to the SC method, the former
photoanodes are expected to have a smaller number of grain boundaries for a certain thickness.
Grain boundaries act as recombination centers of the photogenerated carriers, which reduce the
photoactivity of the corresponding photoanode. Another important conclusion was that the
photoactivity depends strongly on the active surface area. Hence, particles with high porosity
offer this advantage, resulting in an increased number of active sites for hole injection into the
electrolyte. Moreover, photoanodes loaded with large CoOx nanoparticles exhibited greater
improvements in the photocurrents compared to those loaded with smaller co-catalyst
nanoparticles.126 Other co-catalysts were used to improve the photoactivity of LTON, i.e.
IrOx.127 IrOx is one of the best performing electrocatalysts used, however, its high cost
compared to CoOx makes it less competitive for practical applications.
To improve the electrical contact of the particles with the conducting substrate in LTON
photoanodes, a particle transfer (PT) method was used to replace the standard EPD method in
the preparation of the LTON photoanodes. In this method, depicted in Figure 1.12, the LTON
powder is first coated on a glass substrate, followed by the deposition of a contact layer via
sputtering. Then, a conductor layer is deposited by sputtering on the contact layer and was
connected to another glass substrate by epoxy resin. The first glass plate was then peeled off.
Then, the excess LTON particles were removed by ultrasonication in water. An improved PEC
performance compared to photoanodes prepared by EPD was achieved where a photocurrent of
3mA.cm-2 at 1.23V vs RHE was obtained for IrO2-loaded LTON photoanodes prepared by PT
method.128
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Figure 1.12. (A) The particle transfer (PT) method shown schematically. (B) i-V curve of IrO2-loaded LTON
photoelectrode with Ta contact layer and Ti as conductor layer. The PEC measurement were conducted in 1M
Na2SO4 aqueous solution (pH=13.5 adjusted by adding NaOH) under chopped illumination with simulated
sunlight. (A) and (B) are modified from ref. 128

In another approach to improve the efficiency of LTON, La3+ was partly substituted with lower
valence cations such as Ca2+ and Sr2+. In this way, defects resulting from the reduced titanium
(Ti3+) can be minimized without changing the anion composition in LTON.129-130 Other defects
that lower the activity of LTON are the deficiency in nitrogen (N3-) and excess of oxygen (O2). Extending the ammonolysis time to increase the N content in the powders and reduce the
vacancies didn’t result so far in improvements in the performance of LTON photocatalysts.
Among the Ta-based perovskite oxynitrides, BaTaO2N is outstanding due to its small band gap
of 1.8eV which allows the absorption of light up to 660nm,24, 131 compared to band gaps of 2.4
and 2.1 for CaTaO2N122 and SrTaO2N132, respectively. Therefore, assuming a 100% IPCE value
for wavelengths smaller than 660nm for BaTaO2N, a photocurrent of 18mA.cm-2 is considered
to be the theoretical limit for this material.125 However, in practice the photocurrents generated
by BaTaO2N are still well below this value due to charge recombinations and low electron
mobility. In an attempt to improve its performance, BaTaO2N powders were pretreated with
H2 to decrease the electric resistance. The BaTaO2N photoanodes were then prepared by
electrophoretic deposition on a Ti substrate. Preloading with CoOx improved the photocurrent
density. Post treating the CoOx/ BaTaO2N(H2) samples with RhOx increased the performance
(IPCE of 10% at 600nm) and the stability of the photoanode in the whole potential region
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compared to post treatment with CoOx and IrOx. This was explained by a synergistic effect of
RhOx with CoOx where Rh3+ captures the holes generated in the bulk and then transfers them
to CoOx particles.131 A similar performance (10% IPCE at 600nm) was obtained using
BaTaO2N/Ta/Ti photoanodes prepared by the particle transfer method.125 A photocurrent of
4.2mA.cm-2 at 1.2V vs RHE was reported for BaTaO2N photoanodes prepared by this PT
method which is among the highest achieved photocurrents for BaTaO2N.125 The oxynitride
powders in this case were prepared from the nitridation of an amorphous oxide mixture with a
stoichiometric Ba/Ta ratio; unlike most studies where BaTaO2N is prepared by the nitridation
of Ba-rich oxide Ba5Ta4O15 which leads to the formation of a BaO byproduct.133
In addition, BaTaO2N was used in a Z-scheme water splitting system, whereby hydrogen was
evolved on BaTaO2N modified by BaZrO3 and oxygen was evolved on WO3 loaded with PtOx.
After 3 hours, 67.4µmol of hydrogen and 27.9µmol of oxygen were evolved whilst using a IO3/I- redox couple.134 The nonstoichiometric amounts of H2 and O2 evolved were attributed to the
poor quality of the material and to the undesired backward reaction of the photogenerated
carriers.
Indeed, the self-oxidation of the oxynitride itself by the photogenerated holes is one of the big
challenges that limit the performance of oxynitride photocatalysts.26 In this process, part of the
photogenerated holes would not be consumed in water oxidation and they would be rather
reacting as follows:
2𝑁 3− + 6ℎ+ → 𝑁2

(1.15)

Resulting in the evolution of 𝑁2 .114
The self-oxidation of the photoanode is affected by the rate of hole consumption in the water
oxidation reaction and therefore, the stability of the photoanodes are intrinsically determined
by the hole consumption.
While BaTaO2N is a cubic perovskite, CaTaO2N and SrTaO2N are slightly distorted due to the
smaller ionic radii of Ca2+ and Sr2+ compared to Ba2+.135 These oxynitrides were also
investigated as photocatalysts for water splitting. Overall water splitting with stoichiometric
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evolution of O2 and H2 was achieved on a CaTaO2N photocatalyst coated with Ti oxyhydroxide
and modified with Rh-Cr bimetallic oxide co-catalyst.122
Another oxynitride that has been investigated is LaTaON2. Due to the low performance of this
oxynitride, different strategies were employed, such as loading with co-catalysts and cation cosubstitution. In ref.136, the effect of different co-catalysts on the performance of LaTaON2
photoanodes was investigated. It was shown that Ni-based oxide co-catalysts resulted in a
higher improvement in the performance of the LaTaON2 photoanode compared to CoOx and
IrOx. This was ascribed to the inefficient utilization of the photogenerated holes in the latter
two co-catalysts and the partial consumption of holes by the oxidation of metal (Co and Ir) ions.
This was not observed for Ni oxide co-catalysts which were transformed into hydroxides upon
cycling. This resulted in the lowering of the performance after cycling, that was attributed to
the degradation of passivation centers at the LaTaON2/Ni-co-catalysts interface.136 Another
approach to improve the activity of LaTaON2 was through the partial substitution of Ta with
Mg. This resulted in overall water splitting under visible light (up to 600nm).137 These results
and the co-substitution at the A-side in LTON129 highlight the importance of proper material
engineering in the performance of photocatalysts.
Perovskite oxynitrides with Nb at the B-site usually possess smaller band gaps than those with
Ta or Ti. For example, CaNbO2N and SrNbO2N have band gaps of 2.0 and 1.8 eV, compared
to 2.4 and 2.1 eV for CaTaO2N and SrTaO2N. Even though it is expected from these values that
ANbO2N oxynitrides would have high efficiencies, these materials have been scarcely studied
for PEC water splitting. This is because of their low performance resulting from the reduction
of Nb5+ during ammonolysis, as will be discussed later. As a consequence, impurities such as
NbOxNy and anionic defects are formed reducing the crystalline quality of the oxynitrides. In
order to improve the crystallinity of Nb-based oxynitrides, a variety of alkali halide fluxes were
used and have proved to be effective. For example, a photocurrent of 1.5mA.cm-2 at 1.23V vs
RHE, under AM1.5G simulated sun light, was reached with a Co-Pi loaded SrNbO2N/Nb/Ti
photoanode prepared by PT method and using particles prepared from a solid-solution of
NaNbO3 and Sr4Nb2O9 treated with NaI flux.138
Ti4+ and Nb5+ cations at the B-site of perovskite oxynitrides are more easily reduced compared
to Ta5+ due to their higher electronegativity (Nb5+> Ti4+ > Ta5+). This reduction of the B-site

36

Chapter 1

cations is usually accompanied with the formation of impurities and anion defects on the
oxynitride surface to preserve its electroneutrality. These defects act as recombination centers
for the photogenerated carriers and thereby reducing the photoactivity and stability of the
oxynitride photoanode. Eliminating these defective surface layers was accomplished through
treating the surface with strong acids such as HF139 , aqua regia140 or mild polymeric acids such
as poly(4-styrenesulfonic acid) (PSS).141 The latter is beneficial as it dissolves the surface
defective layers without over-etching hence preserving the crystallinity and morphology of the
oxynitride. This treatment resulted in photocurrent of 8.9mA.cm-2 at 1.23V vs RHE under AM
1.5G illumination for CoOx/LaTiO2N/Ta/Ti photoanode prepared by PT method which is the
highest photocurrent reported to date for this oxynitride.141
1.7.2 Oxynitride thin films:
In the case of the previously discussed oxynitride powders, a study of the electrode-electrolyte
interface where the water splitting reactions are occurring cannot be achieved due to the illdefined surfaces of the powder-based photoanodes. In addition, the effect of crystallinity and
crystallographic surface orientations on the performance of the photocatalyst cannot be
investigated in these systems. The most appropriate approach for these investigations is the use
of oxynitride thin films as model systems. The deposition of oxynitride thin films allows the
growth and tuning of their composition and the control of their crystalline properties; i.e.
polycrystalline and epitaxially oriented. Therefore, a better understanding of the effect of
crystallinity and surface orientation on the photoelectrochemical activity of oxynitrides towards
water splitting can be addressed using these model systems.
Few studies have been done on investigating the performance of photocatalyst thin films
towards water splitting. For instance, the PEC activity of oxide thin films as BiFeO 3142 and
TiO2143-146 have been studied. Rutile TiO2 thin films with different crystallographic orientations
(100), (101); (001), (111) and (110) were deposited by sputtering. The effect of the film’s
orientation on its activity towards the reduction of Ag+ was investigated. The photoactivity of
(101), (001) and (111) was one order of magnitude higher than that of the films with the other
two orientations.143 In another study, lead oxide was photocatalytically deposited on different
surfaces of Pt-loaded TiO2. The (101) orientation was the best orientation in providing holes
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for the oxidation of Pb2+ into Pb(NO3)2 and (110) for providing electrons for the reduction
reaction.146
Thin films of oxynitrides have been grown by different deposition methods; such as chemical
vapor deposition (TiOxNy147-148), pulsed laser deposition (TiOxNy149, LaTiOxNy150 and
BaTaO2N151) and sputtering (TiOxNy152-153, LaTiOxNy154 and TiOxNy152-153). However, the
photoactivity of these oxynitrides was rarely investigated. The activity of films cannot be
determined by photocatalytic measurements that are common in powders where the amount of
evolved oxygen and hydrogen is measured. Since the surface area of thin films is orders of
magnitude smaller than powders, it is difficult to follow and measure the evolved gases.
Measuring the photoelectrochemical activity of thin films is more suitable for investigating the
performance of thin films towards solar water splitting since very small current densities can
be measured accurately.
For example, the photoactivity of polycrystalline TaOxNy films deposited via DC reactive
sputtering on transparent conducting glass was investigated by measuring their PEC
performance. The deposition was achieved using a Ta target in a mixture of Ar, O2 and N2 gases
in the chamber. The highest photocurrent achieved was 30µA.cm-2 at 0.7V vs RHE in a neutral
Na2SO4 electrolyte. This was obtained by a film grown under a partial O2 pressure of 1.9 × 104

mbar, which was an intermediate value resulting in a good balance between high stability (at

high O content) and high visible light absorption (at low O content).155 In another study,
LaTiOxNy was deposited by reactive magnetron sputtering on Nb-doped SrTiO3 and loaded
with IrO2 co-catalyst. The photoactivity of the deposited films was studied and it was shown
that for the films with better crystalline quality a higher performance is obtained. Even though
polycrystalline films had higher nitrogen content than highly oriented films, they resulted in
lower photocurrents, which confirms the importance of crystalline quality on the photoactivity
of the films.154
Previous studies have shown that highly ordered oxynitride thin films with different nitrogen
content can be grown using Pulsed Reactive Crossed-beam Laser Ablation (PRCLA), a
modified pulsed laser deposition method.65, 150, 156-158 Using this method, LaTiOxNy thin films
with different crystallinity and crystallographic orientations were deposited on TiN-buffered
MgO substrates.156 The PEC performances of films confirmed the results obtained in ref.154
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where polycrystalline films showed a lower performance even though they had the highest N
content. As presented in Figure 1.13, (001)-oriented films had the highest APCE values, which
is three times higher than that for LTON films oriented in the (112) direction that is the most
energetically favorable orientation of this material. This result was explained by DFT
calculations which showed that the (001)-oriented surface is terminated with LaN and the
termination with N-containing surface layer favors the migration of the photogenerated holes
to the photoanode/electrolyte interface to be involved in the water oxidation reaction. Moreover,
the chemical evolution of the LTON surface during the photoelectrochemical reaction was
investigated. It was shown that the surface of the as-prepared film is La-terminated, and then
during the electrochemical measurements, titanium becomes more oxidized and N is partially
depleted from the lattice sites.156

Figure 1.13. Plot of photocurrent density after stabilization versus potential for polycrystalline (black), (001)oriented (green), (112)-oriented (red) and (011)-oriented (blue) LTON thin films. The table shows the absorbed-
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photons-to-current efficiency (APCE) of the films calculated from the % of light absorption and photocurrent
density at 1.4V vs RHE. The figure is adapted from ref.156

1.8 Scope of this work
The concepts and results presented in this thesis are based on two photoanode systems; particle
and thin film photoanodes. In the former system, the photoanode is prepared by the deposition
of photocatalyst particles on a conductive substrate. In the second system, the photoanode is
fabricated by thin film technologies that allow the growth of well-defined surfaces with tunable
properties. Since oxynitrides have shown to be the best photocatalysts for visible-light overall
water splitting, these materials have been chosen for the investigations in the current project.
Two oxynitrides, LaTiO2N and BaTaO2N that are already known to be among the best
performing oxynitrides are selected for this investigation. In addition, CaNbO2N is studied for
the first time for photoelectrochemical (PEC) water splitting.
The samples fabrication procedures and characterizations are described in details in Chapter 2
along with the fundamentals of the used techniques.
Chapter 3 focuses on the PEC investigations of the particle-based photoanodes of the three
oxynitride systems. Different strategies to improve the performance of these photoanodes are
presented illustrating the factors that reduces their efficiencies. The following research
questions are targeted in this chapter:
1- How does the synthesis procedure affect the PEC performance of the photoanodes?
What morphology of the photocatalysts is preferable for an improved activity?
2- How does the surface area relate to the PEC activity of the material? Does a higher
surface area always guarantee a better performance?
3- What is the role of co-catalysts? How do different co-catalysts improve the PEC
performance of a photoanode? What is the best co-catalyst for a material?
The first question will be addressed in section 3.1 for CaNbO2N photoanodes. Section 3.2
targets the second question through laser fragmentation of BaTaO2N. The third question is
investigated in section 3.3 using LaTiO2N photoanodes as an example to understand the
behavior of different co-catalysts.
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The second sample design, thin film photoanodes, is investigated in Chapter 4. The thin films
are deposited by Pulsed Reactive Crossed-beam Laser Ablation (PRCLA) and their
photoactivity towards water splitting is studied by PEC measurements. In this chapter, the effect
of deposition conditions on the crystallographic properties and compositions of the films are
considered for LaTiO2N, BaTaO2N and CaNbO2N oxynitrides. Moreover, some approaches to
improve the PEC activity of LaTiO2N are presented.
Chapter 5 compares the two photoanode designs in terms of compositional, optical and
structural properties and shows their influence on the PEC performance of particulate and thin
film photoanodes.
In addition to the oxynitride photocatalysts, the PEC performance of BiFeO3 (BFO) towards
water splitting is investigated in Chapter 1. Thin films of un-doped and Y-doped BFO with
varying thicknesses are selected for this study. The effect of doping and strain on the
performance of the films is discussed in detail.
Finally, a different approach for water splitting by photocatalysts is shown in Chapter 7. In this
approach, a hybrid system composed of the photocatalysts combined with bacteria enables
hydrogen production in an environmentally friendly process. Oxynitrides are chosen for this
study as these materials hadn’t been studied before in a bio-hybrid system for hydrogen
production.
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Chapter 2. Experimental Methods

2.1

Preparation of powder-based photoanodes

For the preparation of oxynitride photoanodes, the oxynitride powders were first prepared by
ammonolysis as described in section 2.1.1 and then the photoanodes were fabricated as detailed
in section 2.1.2.
2.1.1 Preparation of oxynitride powders
The preparation of oxynitrides is usually carried out by a process, termed thermal ammonolysis,
where a solid oxide precursor reacts with gaseous ammonia NH3 at atmospheric pressure with
temperatures in the range of 600 to 1000 oC. Ammonia is used as the nitriding agent since it
promotes better nitridation of the oxides compared to N2. This is due to the strong triple bond
nature of the latter which would require high activation energies to break it and enable the direct
reaction between nitrogen and the oxide.59
Carbonates or mixtures of oxides and/or carbonates can be also used as precursor for the
synthesis of the oxynitrides. At the temperatures used for ammonolysis, ammonia dissociates
at the surface of the oxides forming H2 and active nitriding species as N, NH2 and NH. The
formed hydrogen reacts with the oxygen in the precursor producing water and the N is
introduced into the lattice, as expressed in the following reaction:
𝐴2 𝐵2 𝑂7 + 2𝑁𝐻3 → 2𝐴𝐵𝑂2 𝑁 + 3𝐻2 𝑂

(2.1)

The ammonolysis is mainly driven by the formation of thermodynamically stable water
molecules and by the increase in the overall entropy. However, the dissociation reaction of
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ammonia is slow and can be enhanced by increasing the flow of ammonia so that NH3 becomes
very reactive. The high flow also allows removing the formed water and CO 2 (in case of
carbonate precursors) from the reactor preventing the back reaction.
Thermal ammonolysis was done, using the setup shown in Figure 2.1, for the synthesis of the
oxynitride powders discussed in this thesis: CaNbO2N, LaTiO2N, and BaTaO2N.

Figure 2.1. Ammonolysis setup used for the preparation of the oxynitride powders.

CaNbO2N: The oxynitride powders were prepared by thermal ammonolysis at 800oC for 24
hours under ammonia flow (250ml/min) starting from different oxide precursors. The oxides
were prepared by either the solid state route or the polymerized complex method:
-

Ca2Nb2O7-SS was prepared by the solid-state reaction between CaCO3 and Nb2O5 in
stoichiometric amounts at 1000oC for 12hrs in the presence of a NaCl flux.

-

Ca2Nb2O7–PC oxide precursor prepared by polymerized complex route was done by
dissolving stoichiometric amounts of CaCO3 and NbCl5 in methanol. Then, citric acid
(CA) and ethylene glycol (EG) were added with a molar ratio of 1:1:6:2 for
Ca:Nb:CA:EG. The solution was left to polymerize at 200oC overnight. Then, the
obtained yellow resin was heated at 400oC for 2hrs followed by annealing at 650oC and
800oC for 2hrs each with grinding in between.

-

CaNb2O6-PC was prepared by the same polymerized complex method used for
Ca2Nb2O7–PC but starting with an excess of Nb with a ratio of 1:2 for Ca:Nb.
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The resulting oxynitrides from Ca2Nb2O7–SS, Ca2Nb2O7–PC and CaNb2O6–PC are designated
as CaNbO2N-SS, CaNbO2N-PC and CaNbO2N(Nb)-PC, respectively.
The ammonolysis temperature and time were optimized in order to have a single phase of the
oxynitride, since at lower temperatures the oxide coexist with the oxynitride and at higher
temperatures a NbOxNy phase is formed.
BaTaO2N: Thermal ammonolysis of Ba5Ta4O15 at 950oC for 10 hours resulted in BaTaO2N
powders. Ba5Ta4O15 was prepared by the solid-state route from BaCO3 and Ta2O5 without flux
followed by annealing at 1000oC for 10 hours.
LaTiO2N: La2Ti2O7 powders were prepared using the solid-state method by heating a
stoichiometric mixture of La2O3 and TiO2 at 1150oC in the presence of NaCl flux for 5 hours.
Thermal ammonolysis of the obtained oxide at 950oC for 11 hrs under ammonia flow
(250ml/min) resulted in LaTiO2N (LTON) oxynitride powders.
2.1.2 Preparation of photoanodes
The photoanodes were prepared via electrophoretic deposition (EPD) where 40mg of the
oxynitride powder (LaTiO2N, CaNbO2N or BaTaO2N) were mixed with 10mg of iodine in 50
ml of acetone followed by 1 hour sonication to obtain the dispersed oxynitride powders.
Electrophoretic deposition (EPD) was conducted between two parallel fluorine-doped tin oxide
(FTO) substrates (1×2 cm) placed in the oxynitride dispersion with a distance of 7 mm under a
bias of 20 V for 3 min, unless otherwise stated. The oxynitride powders were deposited on the
negative electrode. A post-necking treatment was done after the deposition of the oxynitride on
the FTO substrates by dropping 30 µL of 10 mM TaCl5 methanol solution on the photoanodes
followed by drying in air. After repeating this cycle three times, the photoanodes were annealed
at 300oC for 30min in air, followed by a heating cycle under ammonia flow for 1 hour at 450oC.

2.2 Thin film deposition
For the deposition of the thin films studied in this thesis, a conventional Pulsed Laser
Deposition (PLD) described in section 2.2.1 and a modified PLD technique called Pulsed
Reactive Crossed-beam Laser Ablation (PRCLA) described in section 2.2.2 were used.
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2.2.1 Pulsed Laser Deposition
Pulsed Laser Deposition (PLD) is a well-established fairly simple physical vapor deposition
technique used for the growth of high quality thin films. In this method, a laser is used to ablate
the target material mounted in a vacuum chamber. If the laser pulse power was high enough to
vaporize the target material, a plasma plume is formed. The obtained plume depends on many
factors e.g. the wavelength and duration of the laser pulse, the target material and its
morphology. The high energetic species in the plasma are then transferred and condensed on a
heated substrate positioned in the center of the plume propagation forming a thin film. The
properties of the produced thin film can vary significantly depending on the deposition
parameters such as the laser fluence, target to substrate distance, substrate temperature, and
background pressure.
The conventional PLD method was used in this work for the deposition of TiN buffer layers
used as current collectors to enable the photoelectrochemical measurements of the oxynitride
thin films as will be discussed later in Chapter 4.
A KrF excimer laser (Lambda Physik LPX 300 with 𝜆=248nm and pulse duration=30ns) was
used for both, PLD and PRCLA (that will be described in the next section). The substrates used
for the deposition were ultrasonically cleaned with acetone and isopropanol. The pressure in
the vacuum chamber was adjusted to around 5*10-6 mbar prior to any deposition.
For the deposition of TiN films, a commercial TiN rod target (Stanford Advanced Materials)
was ablated. The deposition was done in vacuum without applying any background gas and the
laser fluence was between 3 and 3.5 J.cm-2 with a laser repetition rate of 10Hz. A Gentec SOLO
PE power meter with a power sensor head QE50-SP-H-MB-D0 was used to measure the laser
energy. The spot size was determined by ablating a thermal paper wrapped around the target
and measuring the spot dimensions with an optical microscope.
The films were deposited on (001)-oriented MgO and on (0001)-oriented Al2O3 substrates. The
substrate-to-target distance was fixed at 50mm.The substrate temperature was set to 800oC and
was monitored by a pyrometer (IMPAC pyrometer IP 140, spectral range: 2 – 2.8 µm,
LumaSense Technologies Inc.) during the deposition. An Inconel plate heated by a halogen
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bulb radiation was used as the heating system. In order to provide good thermal contact, the
substrate was fixed on the substrate holder with Pt paste underneath and held by Ti clamps.
2.2.2 Pulsed Reactive Crossed-beam Laser Ablation
Pulsed Reactive Crossed-beam Laser Ablation (PRCLA) is a modification of the conventional
PLD technique as shown in Figure 2.2. This technique is described in details in ref.159 and
compared to conventional PLD in ref.160. In brief, pulsed gas jets are synchronized with the
laser pulses and injected through a piezoelectric nozzle valve into the chamber. The gas jets
cross the plume near the ablation spot at the target reacting and modifying chemically the
ablated species. A strong pressure gradient can be created temporarily along the direction of
plume expansion direction by tuning the delay time between the gas jet and laser pulses and by
modifying the opening time of the nozzle valve. This results in efficient physiochemical
interactions of the ablated species with the gaseous environment just in front of the target. These
interactions are reduced moving away from the target towards the substrate due to the rapid
decrease in the partial pressure.

Figure 2.2. Schematics of (A) pulsed laser deposition (PLD) and (B) pulsed reactive crossed-beam laser ablation
(PRCLA) processes.

In this work, for the preparation of the oxynitride films, oxide targets and NH3 pulsed gas jets
were used to incorporate N into the films. Sintered La2Ti2O7, Ba5Ta4O15 and Ca2Nb2O7 ceramic
rod targets were prepared in our laboratory and used for the deposition of LaTiOxNy, BaTaOxNy
and CaNbOxNy thin films, respectively. The deposition of oxynitrides was done in a N2
background at a pressure of 8*10-4 mbar and NH3 gas jets were then introduced increasing the
total pressure of the chamber to 1.8*10-3 mbar unless otherwise stated. The delay between the
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laser pulse and the opening of the nozzle valve was set to be 30µs with an opening time of
400µs of the nozzle valve for each laser pulse. The laser was operated at a repetition rate of
10Hz. The oxynitride films were fabricated using laser fluences ranging between 1 and 3 J.cm2

. The target-to-substrate distance was set to 50mm and the laser spot size at the target was

about 1.4 mm2. For PEC measurements, the oxynitride deposition was done after the deposition
of TiN on the 001-oriented MgO and the 0001-oriented Al2O3 substrates, described in the
previous section. Double side polished 001-oriented MgO were used as transparent substrates
for the absorbance measurements. The deposition temperature was set to 800oC.

2.3 Co-catalyst deposition
Different co-catalyst were used and compared to allow for a better performance of the
oxynitride powdered and thin film photoanodes.
2.3.1 Cobalt oxide (CoOx) and nickel oxide (NiOx)
CoOx and NiOx (2 wt%, calculated as metal) were preloaded on LTON particles by the
impregnation method85, 131, 136 starting from the cobalt and nickel aqueous nitrate solutions. This
procedure was followed by drying and heating at 150 oC in air for 30 min resulting in the dense
co-catalyst nanoparticles on the LTON powders.
2.3.2 Cobalt phosphate (Co-Pi)
The Co-Pi co-catalyst was loaded on the photoanodes by photodeposition or
photoelectrodeposition. A solution of 0.5mM CoCl2 was prepared and then 0.1M potassium
phosphate was added to adjust the pH to 7. Afterwards, for the photodeposition, the sample was
dipped in this solution and the Co-Pi co-catalyst was then deposited on the photoanode under
UV-light illumination for 30 min unless otherwise stated. For the photoelectrodeposition of CoPi, the co-catalyst was loaded on the photoanode under illumination by solar simulator and at a
constant current density of 6µA.cm-2 for different durations. Figure 2.3 illustrates the difference
between the photodeposition and photoelectron deposition of Co-Pi. When the photocatalyst is
irradiated, an e--h+ pair is generated. The hole is consumed by the Co2+ ions in the solution
producing Co3+ which forms the inorganic Co-Pi co-catalyst on the photocatalyst surface. The
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electron reduces the dissolved O2 either on the photocatalyst itself in the case of photodeposition
or on the counter electrode in photoelectrodeposition.
2.3.3 Iridium oxide (IrOx)
IrOx was post loaded on the as-prepared oxynitride photoanodes by dipping in a colloidal IrOx
aqueous solution. IrOx colloid was prepared by hydrolysis of Na2IrCl6.21 0.008 g Na2IrCl6·6H2O
was dissolved in 50 mL H2O, and the pH was adjusted to 11-12 with 1 M NaOH. The solution
was heated at 80 oC for 30 min and cooled to room temperature by immersion in an ice water
bath. The pH of the cooled solution was adjusted to 10 with HNO3. Subsequent heating at 80
o

C for 30 min resulted in a blue solution containing colloidal IrOx. The photoanodes were

immersed in the IrOx colloid for 30 min, heated at 300 oC for 30 min and then washed with
distilled water before PEC measurements.

Figure 2.3. Schematics showing the difference between Co-Pi photodeposition and photoelectrodeposition on the
oxynitride photoanode.

2.4 ALD deposition of passivation layers
Conformal layers of Al2O3 and TiO2 were deposited on the Co-Pi loaded CaNbO2N
photoanodes by atomic layer deposition (ALD). ALD is one of the most commonly used
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deposition techniques for very thin and homogeneous films. It is based on growing films on a
substrate by exposing it to different gaseous species. The precursors in ALD are inserted as
sequential pulses into the reactor and, unlike in Chemical Vapor Deposition (CVD), they are
never present simultaneously in the chamber. The precursors react with the surface alternatively
until one ALD cycle is completed which corresponds to a single exposure of the surface to all
precursors. This cycle is repeated until a specific thickness is reached. Figure 2.4 shows a basic
schematic for the specific case of Al2O3 deposition by ALD. For the atomic layer deposition of
Al2O3 layers, successive pulses of trimethylaluminum (TMA) and water vapor were performed
in a closed chamber at a temperature of 300oC with nitrogen as a carrier gas. 20 cycles
(TMA/vacuum/water/vacuum) were applied resulting in a thickness of around 2 nm for the
Al2O3 layer. This was done in the Laboratory for Micro- and Nanotechnology in PSI.
For the 2 nm TiO2 overlayers, the deposition was carried out at 120oC with 32 sequential pulses
of tetrakis(dimethylamino)titanium (TDMAT) and water. TiO2 deposition was done in the
group of Prof. David Tilley at the University of Zürich.
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Figure 2.4. ALD process for deposition of Al2O3 layer shown schematically.

2.5 Characterization of photoanodes
2.5.1 Chemical composition
The composition and N content of the oxynitride thin films was measured using Rutherford
Backscattering (RBS) and Heavy-Ion Elastic Recoil Detection Analysis (ERDA), as will be
elaborated in section 2.5.1.1. For the photoanodes prepared from oxynitride powders, the
particle-based photoanodes, the N content was determined using thermogravimetric analysis
measurements as presented in section 2.5.1.2.
2.5.1.1 RBS and ERDA
RBS and ERDA are ion beam analysis techniques used in material science to determine the
elemental composition of materials. These methods offer the advantages of high accuracy in
determining small variations in sample composition. RBS is a non-destructive technique based
on measuring the energy of an ion beam, typically alpha particles or protons, backscattered after
impinging a sample. The high energy particles are elastically scattered, when hitting the target
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(sample), due to Coulomb repulsion by the target nuclei. Due to the conservation of energy and
momentum, the mass of the target elements (𝑀2 ) can be calculated from the following equation:
√(𝑀22 − 𝑀12 (sin 𝜃)2 ) + 𝑀1 cos 𝜃
𝐸1
𝑘 =
=(
)
𝐸0
𝑀1 + 𝑀2

2

(2.2)

where 𝐸1 is the measured energy, 𝐸0 the energy of the primary ion beam, 𝑀1 the mass of the
projectile and 𝜃 is the scattering angle between the detector and the ion beam.
Hence, the type of elements in the sample can be determined and their amounts in an absolute
scale. Elements from Be to U can be detected by RBS with 1 to 10 nm depth resolution.161 Also,
due to energy loss of the backscattered ions within the sample, depth profiles of the elements
can be determined. The main limitations of RBS are that heavy elements can’t be distinguished
and light elements can’t be detected on substrates containing heavy elements.
ERDA is complimentary to RBS since it allows measuring light and heavy elements (from H
to U). It enables the detection of light elements on substrates containing heavy elelments and
thus the quantification of N and O in our oxynitride thin films. ERDA is based on measuring
the mass and energy of sample atoms displaced by a primary heavy ion beam with high energies
(10-100MeV) using a detector placed in forward direction. The mass of the recoiled atoms (𝑀2 )
can be determined from the measured energy (𝐸2 ) as follows:
𝐸2
4𝑀1 𝑀2
=
cos2 𝜃
𝐸0
(𝑀1 + 𝑀2 )2

(2.3)

With 𝐸0 being the energy of the primary ion beam, 𝜃 the scattering angle (the angle between
the ion beam and the detector) and 𝑀1 the mass of the projectile.
The accuracy of this measurement is 3-4% for composition determination and <5% for
thickness studies. The depth range that is accessible by ERDA is limited to 1µm with a
resolution of 1-10 nm.162 The combination of a detector for the total energy of ions with a ToF
(time of flight) spectrometer allows the simultaneous measurement of profiles of all elements
in the sample.
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In this work, a combination of RBS and ERDA was used for determining the chemical
composition of the oxynitride thin films. RBS has a higher sensitivity to heavy elements, so it
was used to determine the heavy cations and oxygen ratio; whereas, the N/O ratio was
determined by ERDA due to its higher sensitivity to lighter elements. The RBS and ERDA
measurements were performed at the laboratory of Ion Beam Physics in ETH Zürich. A 2MeV
4

He beam was used for RBS measurements and a Si PIN diode was used as the detector. A

13MeV 127I beam was used for ERDA measurements with a gas ionization detector and a timeof-flight spectrometer. The RUMP program was used to analyze the collected data.
2.5.1.2 Thermogravimetric analysis
The photoactivity of oxynitrides is sensitive to their N content, thus correct determination of
the N content of oxynitride powders is of extreme importance. The most commonly used
method for N content determination in oxynitrides is thermogravimetric (TG) analysis. TG is a
thermal method in which the change in sample weight is determined with respect to a
programmed change in temperature and time. Since the change in the sample weight is
accompanied with adsorption and/or evolution of gases, mass spectrometry is usually used to
identify the gases. For this method, the gas molecules are fragmented to ions and then they are
identified by measuring their mass-to-charge ratio.
In the case of oxynitrides, upon heating in synthetic air, they are oxidized according to the
following reaction:
ABOxNy + 3y/4 O2 ⇄ ABOx+3 y/2 + y/2 N2

(2.4)

From the weight gain (∆𝑚) during the reoxidation of the oxynitride, the value of N
stoichiometry (y) can be calculated as follows:

𝑦=

∆𝑚
3⁄ 𝑀(𝑂 ) − 𝑀(𝑁 )
2
2
2

×

𝑀 (𝐴𝐵𝑂𝑥+3𝑦 )
2

(2.5)

𝑚 (𝐴𝐵𝑂𝑥+3𝑦 )
2

Where 𝑀(𝑂2 ) and 𝑀(𝑁2 ) are the molar masses of oxygen and nitrogen, respectively.
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𝑀 (𝐴𝐵𝑂𝑥+3𝑦 ) and 𝑚 (𝐴𝐵𝑂𝑥+3𝑦 ) are the molar mass and the mass of the obtained oxide.
2

2

This calculation is valid under the assumptions that ∆𝑚 is only attributable to the exchange of
nitrogen with oxygen, the reactant (oxynitride) and the product (oxide) are stoichiometric, and
that the cations are in their highest oxidation states in both the oxide and oxynitride. However,
the oxide or the oxynitride powders prepared for the different studies shown in this thesis might
contain cationic or anionic vacancies and hence the cations have mixed valency and are not in
their highest oxidation states. Therefore, the calculated N content is just considered for
qualitative comparison between different samples and shouldn’t be taken as absolute values. A
typical TG curve for oxynitrides is shown in Figure 2.5. During heating and the reoxidation of
the oxynitride, an intermediate phase can be observed. This phase is formed as a result of the
nitrogen retention in the oxidized oxynitride.163-164
In this work, for the determination of the N content of LaTiOxNy, BaTaOxNy and CaNbOxNy
oxynitrides, TG measurements were acquired in Solid State Chemistry group in PSI using
NETZSCH STA 449C analyzer equipped with PFEIFFER VACUUM ThermoStar mass
spectrometer. Aliquots of 20-60 mg of the oxynitride powders were heated in alumina crucibles
to 1400oC with a heating rate of 10oC/min in synthetic air with 36.8 mL.min-1 He flow rate and
13.2 mL.min-1 O2 flow rate.
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Figure 2.5. Example of TG curve for oxynitride powders.

2.5.2 Surface chemical analysis
X-ray photoelectron spectroscopy (XPS) is a technique based on the photoelectric effect,
described by Einstein in 1905. The photoelectric effect is basically a photo-ionization process
where the electrons are emitted from a material due to the absorption of photons. The emitted
electrons have a binding energy that is characteristic for each atom and that can be determined
according to the Einstein equation:
Ekin = −E𝐵 + h𝜈0

(2.6)

With Ekin being the kinetic energy of the emitted electron, E𝐵 is the binding energy of the
electron before photoionization, and h𝜈0 is the energy of the exciting photon.
XPS detects only the electrons that can escape from the sample to the vacuum of the instrument
and then reach the detector. Thus, XPS is usually used to identify the elements present within
the top 1-12 nm of the sample surface. By comparing the experimentally observed peaks in the
obtained spectra with tabulated values of the binding energy of electrons in different atoms, an
elemental surface analysis can be made for the samples. The binding energy usually depends
on the oxidation state of the atom which makes it possible to identify the chemical environment
of the atoms.
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In the current work, XPS measurements were performed at the Electrochemistry Laboratory in
PSI. This measurement was used to investigate the effect of passivation layers on the chemical
composition and environment of the elements at the surface of the oxynitride photoanodes and
to study the surface changes during the PEC measurements. A VG ESCALAB 220iXL
spectrometer (Thermo Fischer Scientific) equipped with an Al Kα monochromatic source and a
magnetic lens system was used to perform the measurements. The binding energies of all
elements in the spectra were corrected according to the reference line of C1s at 284.6 eV.
2.5.3 Crystalline properties of thin films
X-ray diffraction (XRD) is an indispensable technique used in most research laboratories to
study the crystal structure of materials. A crystalline material is irradiated by a collimated
monochromatic X-ray beam. Then, by detecting the intensity and direction of the X-ray beam
scattered by a material, the lattice spacing can be calculated. This is done by applying Bragg’s
law which considers the interference of X-rays reflected by periodically aligned lattice planes:
𝑛𝜆 = 2𝑑 sin 𝜃

(2.7)

With 𝜆 being the wavelength of the X-ray beam, 𝑑 the lattice spacing, 2𝜃 the scattering angle
and 𝑛 an integer.
In this thesis, XRD was used for characterization of both powders and thin films. The
measurements were conducted by a Bruker–Siemens D500 X-ray Diffractometer with a
characteristic Cu Kα radiation. For the powders, Ѳ/2Ѳ scans were performed to confirm the
formation of a single phase of the oxides or oxynitrides.
In the case of thin films, Ѳ/2Ѳ scans were done in order to analyze the out-of-plane orientations
of the oxynitride thin films. The crystalline quality was determined via the grazing incidence
mode with Ѳ=1o. The growth of epitaxial films was confirmed by the absence of any reflexes
in the grazing incidence mode.
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2.5.4 Optical properties
To determine the band gap of the oxide and oxynitride powders, diffuse reflectance spectra
were measured with a Cary 500 Scan UV-Vis-NIR spectrophotometer using an integrating
sphere. From the reflectance values, the Kubelka-Munka function was calculated as follows:

𝐹(𝑅) =

(1 − 𝑅)2
𝑘
𝐴×𝐶
= =
2𝑅
𝑠
𝑠

(2.8)

Where 𝑅 is the reflectance, 𝑘 the absorption coefficient, 𝑠 the scattering coefficient, A the
absorbance and C the concentration of absorbing species.
For the thin films, transmittance was collected with the same spectrophotometer in a dual beam
configuration using a blank substrate as the reference. To reduce the scattering effects, the films
were deposited on double-side polished substrates. Since TiN reduces strongly the
transmittance and blocks the light from reaching the oxynitride films, the measurements were
acquired using oxynitride films without an underneath TiN layer.
2.5.5 Morphology
Scanning electron microscopy (SEM) is among the most commonly used instruments in
scientific and industrial applications. In principle, a focused electron beam interact with the
atoms in a material upon scanning its surface producing different signals that can be used for
analysis and imaging of the surface to get information about its composition and topography.
A resolution of better than 1 nm can be achieved by SEM. The produced signals result from the
interaction of the electron beam with atoms at different depths within the sample, which is
known as the interaction volume and is shown in Figure 2.6. In most cases, the imaging is done
using the secondary and back scattered electrons, SE and BSE, respectively. The secondary
electrons are those emitted by atoms very close to the sample’s surface when excited by the
electron beam. Detecting these electrons results in a topographical image of the surface with
resolution less than 1 nm. BSE are the electrons reflected from the specimen by elastic
scattering. Electrons at deeper locations within the sample can be detected which results in
images with lower resolution compared to SE images. BSE depends strongly on the atomic
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number of the elements in the sample, and thus it can be used to analyze the distribution of
different elements in the specimen.
When the atom gets ionized by the electron beam, an electron from high energy level replaces
the removed inner shell electron and fills the created vacancy. The excess energy of that electron
leads to the emission of X-rays or Auger electron. In the former case, the obtained characteristic
X-rays are detected by an energy dispersive X-ray (EDX) spectrometer and are used for
elemental mapping and identification of the sample composition. In the second case, the excess
energy of the electron is transferred to another electron that is then ejected to the vacuum and
is known as the Auger electron. Auger electrons are usually emitted from the first few nms of
the sample surface and are used in detection of elemental composition at the surface.
Another possibility offered by SEM is imaging through cathodoluminscence (CL) by detecting
the light generated when the electrons are applied to the surface. The light generated can be
also detected using a spectrometer to identify the materials. Additionally, an image can be
created by using the electric current flux (EBIC: Electron Beam Induced Current). Another
possibility offered by SEM is to measure the transmitted electrons if the samples are thin
enough. Thus, SEM allows to obtain a large amount of information and depending on what is
required, the signal to be detected is selected.
The surface and cross sectional morphologies of the thin films and powders were investigated
using a Zeiss Supra VP55 Scanning Electron Microscope. The SEM images were acquired
using an in-lens detector with a typical acceleration voltage of 5 kV and a working distance of
about 5 mm.
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Figure 2.6. Schematics showing the interaction volume of the electron beam with the sample in scanning electron
microscopy (SEM).

2.5.6 Thickness measurements
A profilometer is an instrument used to measure surface’s profile and thus determine its
roughness. Two types of measurements can be acquired: contact and the non-contact. In the
former mode, a diamond-tipped stylus is moved vertically in contact with the sample and then
moved laterally across it with a constant contact force. From the vertical stylus displacement,
the small surface variations can be measured. In the non-contact mode, an optical profilometer
is used where the stylus doesn’t touch the surface and the scanning is obtained by measuring
the light reflected from the surface.
Herein, the thicknesses of the oxynitride photoanodes were measured using a Veeco Dektak 8
stylus profilometer. The measurements were performed in contact mode with a scan speed of
1mm/min using a stylus with a tip diameter of 5µm and a force of 8mg between tip and the
sample. The thickness was determined by measuring the step between the bare substrate and
the deposited oxynitride sample. The accuracy of the profilometer is about 5 nm.
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2.5.7 Surface area
BET is an important analysis technique in surface science used for measuring the specific
surface area of solids. It is based on the Brunauer–Emmett–Teller (BET) theory which is an
extension of the monolayer molecular adsorption in Langmuir theory to a multilayer adsorption.
It explains the physical adsorption of inert gas molecules on the material’s surface. The used
gases shouldn’t chemically react with the material surface. Nitrogen is the most commonly used
gas and hence the BET measurements are conducted at 77K, the boiling temperature of N2. By
considering the following hypotheses:
-

Gas molecules physically adsorb in layers on a surface infinitely

-

No interaction between the adsorbed layers

-

Langmuir theory is applied to each layer

the BET isotherm equation is obtained:
𝑃
𝑐−1 𝑃
1
=
∗ +
𝑉(𝑃0 − 𝑃)
𝑐𝑉𝑚 𝑃0 𝑐𝑉𝑚

(2.9)

𝑃 and 𝑃0 are the equilibrium and saturation pressures of the adsorbed gas at the adsorption
temperature. 𝑉 is the quantity of the adsorbed gas, 𝑉𝑚 the volume of gas required to form a
monolayer over the surface and 𝑐 is the BET constant.
𝑃

A linear BET plot is obtained by plotting 𝑉(𝑃

𝑃

0 −𝑃)

versus 𝑃 , as can be seen in Figure 2.7. From
0

the slope and the y-intercept of the straight line, the values of 𝑉𝑚 and 𝑐 can be calculated. The
𝑃

linear BET relationship is only maintained for values of 𝑃 between 0.05 and 0.35.
0

Then, the total surface area is calculated as follows:
𝑆𝐵𝐸𝑇,𝑇 =

(𝑣𝑚 𝑁𝑠)
𝑉

𝑣𝑚 : molar volume of a monolayer of adsorbent gas
𝑠: adsorption cross section of the adsorbing species
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𝑁: Avogadro’s number
𝑉: molar volume of adsorbent gas
The specific surface area S can be then evaluated from the equation:
𝑆=

𝑆𝐵𝐸𝑇,𝑇
𝑎

(2.11)

With 𝑎 being the mass of adsorbent (in g).

Figure 2.7. Schematics of a linear BET plot.

For determining the surface area of the oxynitrides studied in this thesis, BET measurements
were conducted on a BEL-Mini device in the Center for Nanointegration Duisburg-Essen
(CENIDE) at the University of Duisburg-Essen.

2.6 Photoelectrochemical investigations of oxynitride photoanodes
In order to determine the activity of oxynitrides towards solar water splitting, PEC
measurements were performed using a three electrode configuration with the oxynitride
photoanode being the working electrode, a coiled Pt wire and Ag/AgCl (sat KCl) used as the
counter and reference electrodes, respectively. The measurements were done in a quartz cell
filled with 0.5 M NaOH electrolyte (pH=13) as shown in Figure 2.8. The electrolyte was purged
with Ar for about one hour prior to the measurements.
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Figure 2.8. Photoelectrochemical setup used for the characterization of the photoanodes.

The photoanodes prepared from oxynitride powders were irradiated from the front side in all
the experiments, unless otherwise stated, with a 150W Xe arc lamp (Newport 66477) equipped
with AM 1.5G filter and with an output intensity of 100 mW.cm-2 calibrated by a photodetector
(Gentec-EO). For the thin films, only front illumination was applied since TiN is not
transparent. The LaTiOxNy, BaTaOxNy and CaNbOxNy thin films grown on TiN-buffered MgO
substrates, studied in Chapter 5, were irradiated also by the AM 1.5G solar simulator for
comparison with the particle-based photoanodes. A 405nm laser diode (Laser2000) with 5mW
power output and spot size of about 0.0308 cm2 was used as the light source for PEC
measurements of the LTON thin films investigated in Chapter 4 and the BFO thin films
investigated in Chapter 1. The corresponding light intensity is about 130 mW.cm-2 if we
consider losses at the quartz cell and at the sample surface.
Potentiodynamic and potentiostatic measurements were acquired for all samples, using a
Solarton 1286 electrochemical interface, to measure, respectively, their performance at
different potentials and their stability with time. The photocurrent was measured as the
difference between the dark and light currents. For this purpose, the photoanodes were
alternatingly irradiated using a handmade chopper when the solar simulator was used and an
asymmetrical time lag relay pulse generator in the case of illumination by the laser. The
photocurrent density was determined by normalizing the photocurrent to the geometric area of
the sample which is the projected illuminated area. In the case of thin films, this is the same as
the electrochemical active surface area; however for the rough powder-based photoanodes, the
geometric area is much lower than the real area of the photoanode, as will be discussed in
Chapter 5.
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Chapter 3. Improving
Photoelectrochemical Water
Splitting Performance of Oxynitride
Photoanodes

In this chapter, different methods for improving the PEC water splitting activity of oxynitride
photoanodes are discussed. In section 3.1, the PEC characterization of CaNbO2N photoanode
is shown for the first time and the effect of the synthesis method and Nb addition on its
performance is elaborated. Moreover, the enhancement of the performance due to co-catalyst
and passivation layer deposition on the photoanodes is discussed. In section 3.2, a different
method is employed which is pulsed laser fragmentation in liquid (PLFL) in order to increase
the surface area of BaTaO2N powders aiming to an improved activity for the corresponding
photoanodes. This study was done in collaboration with Center for Nanointegration in
University of Duisburg-Essen. The third section shows a detailed study on understanding the
way different co-catalysts function in order to improve the PEC performance of LaTiO2N
photoanodes.
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3.1 Effect of Nb addition on PEC performance of CaNbO2N
For an efficient PEC water splitting, the design of powders with different morphologies is of
great importance as it alters the properties of the photocatalyst powders in terms of the active
surface area, light absorption, recombination, and charge transfer of the photogenerated
carriers.165 In general, different preparation methods of the precursor oxide powders lead to
different morphologies of the resulting oxides and their corresponding oxynitrides. For this
purpose, two synthesis routes were used for the preparation of the CaNbO2N oxynitrides: the
polymerized complex (PC) and solid state (SS) methods.
3.1.1 Characterization of CaNbO2N and its oxide precursors
The oxide precursors used for the synthesis of CaNbO2N oxynitride powders were prepared as
described in detail in the experimental section 2.1.1. Figure 3.1A shows the XRD patterns for
the different oxides. The oxide prepared by the SS route showed a monoclinic Ca2Nb2O7
structure. Similarly, the polymerized complex method starting from stoichiometric ratios of
CaCO3 and NbCl5 resulted in the monoclinic Ca2Nb2O7 single phase. Recently, it was reported
that an excess of Nb in the preparation of Ba and Sr niobium oxides was beneficial for the
crystallinity and thereby the photoactivity of their corresponding oxynitrides. This was
explained considering that the Nb-enriched precursor oxides are isostructural to the
corresponding oxynitrides, thus no structural changes occur during the ammonolysis process.166
Table 3.1. Lattice Parameters of Ca2Nb2O7 (ICSD Coll.Code: 26010), CaNb2O6 (ICSD Coll.Code:15208), and
CaNbO2N (ICSD Coll.Code: 55396).

Material

Crystal
Structure

Lattice Parameters (Å)
Space Group
a

b

c

Ca2Nb2O7

monoclinic

P1121

7.697(2)

13.385(6)

5.502(1)

CaNb2O6

orthorhombic

Pbcn

14.926

5.752

5.204

CaNbO2N

orthorhombic

Pnma

5.64051(7)

7.90711(11)

5.55508(7)
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For this purpose, we investigated the effect of an excess of Nb in the initial mixture of the oxide
synthesized by the polymerized complex route on the PEC activity of the oxynitride. The XRD
of the resulting oxide shows the formation of CaNb2O6 orthorhombic columbite structure.
CaNbO2N was then prepared by thermal ammonolysis at 800oC for 24 hours starting from
Ca2Nb2O7 and CaNb2O6 oxide precursors.

Figure 3.1B shows the XRD patterns of the

CaNbO2N photoanodes obtained from Ca2Nb2O7 –SS, Ca2Nb2O7 –PC, CaNb2O6 –PC denoted
as CaNbO2N-SS, CaNbO2N-PC, and CaNbO2N (Nb)-PC respectively. For all the oxynitrides,
an orthorhombic perovskite structure was observed for CaNbO2N, which is in good agreement
with the ICSD reference data, and with no evidence of secondary phases. The structures and
lattice parameters of the oxides and oxynitrides are presented in Table 3.1.

Figure 3.1. XRD patterns obtained from (A) the calcium niobium oxides and (B) their respective oxynitride
photoanodes. The peaks corresponding to the FTO substrate are marked with (●).

Although the addition of niobium did not result in an isostructural oxide to the oxynitride, the
transformation from the layered columbite CaNb2O6 to the perovskite CaNbO2N might be
preferable compared to the one starting from the monoclinic precursor. The mechanism
explaining this process is not well understood and needs further investigations. However, a
clear difference in the morphologies of the Nb-enriched oxide and oxynitride relative to the
other materials is visible in the SEM images. As shown in Figure 3.2A, Ca2Nb2O7-SS is
obtained in the form of platelets with few µm size. After ammonolysis, CaNbO2N-SS revealed
the same brick-like morphology as its original oxide but with a porous structure (Figure 3.2B).
The porosity of the oxynitride is attributed to the exchange of three O2- anions with two N3anions during the ammonolysis process. A similar morphology has been reported in many
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studies for LaTiO2N prepared by the solid state route.126, 167 Figure 3.2C shows a different
morphology for CaNb2O6-PC where highly aggregated foamy particles ranging from 0.5µm to
1.5µm are observed. After ammonolysis, agglomerates of dense particles are observed for
CaNbO2N(Nb)-PC with very high porosity (Figure 3.2D). However, as presented in Figure
3.2E, the irregularly shaped Ca2Nb2O7-PC particles, prepared without excess of Nb, showed a
broader size distribution compared to CaNb2O6-PC ranging between 0.1µm and 4µm. The
nitration of the Ca2Nb2O7-PC resulted in large irregular aggregated CaNbO2N-PC particles
(Figure 3.2F).

Figure 3.2. SEM images for (A) Ca2Nb2O7-SS (B) CaNbO2N-SS (C) CaNb2O6-PC (D) CaNbO2N(Nb)-PC (E)
Ca2Nb2O7-PC (F) CaNbO2N-PC powders.

The absorbance spectra of the three oxynitrides and their corresponding oxides are presented in
Figure 3.3A and B. It can be clearly seen in Figure 3.3A that CaNb2O6 has an absorption edge
at around 400nm, more red-shifted compared to Ca2Nb2O7 synthesized by the two different

66

Chapter 3

routes. In addition, Ca2Nb2O7 –PC shows a higher absorption background above the light
absorption edge compared to the other two oxides which might be attributed to increased defect
sites in this oxide.123 After ammonolysis, a red shift in the absorbance is observed for
CaNbO2N-SS and CaNbO2N (Nb)-PC compared to their precursor oxides, with band gaps of
about 2.26eV and 2eV respectively, whereas the absorption onset of CaNbO2N-PC is uncertain
because of the high background absorbance (Figure 3.3B). This high background absorbance
might be in part due to the initial defects inherited from the oxide precursor. In addition, the
easy reduction of Nb5+ during ammonolysis compared to other metal ions (as Ta5+ )127 leads to
the formation of reduced Nb (Nb3+ and Nb4+) species which causes an increase in the
absorbance background.168 This also signifies the observed high absorbance at wavelengths
longer than the absorption edge of CaNbO2N-SS. The lower background absorbance observed
for CaNbO2N (Nb)-PC might be due to the different reactivity of the starting oxide compared
to the other oxides during ammonolysis. Indeed, this can be confirmed by the dark brown color
of CaNbO2N-SS and CaNbO2N-PC deposited on FTO compared to the yellow-orange color of
CaNbO2N (Nb)-PC as can be seen in the photograph of Figure 3.3C.
However, from the absorbance measurement, a clear conclusive result about the nitrogen
content of the samples couldn’t be achieved. Therefore, thermogravimetric (TG) analysis was
used to determine the N content of the three different oxynitrides through the change of the
mass with respect to temperature. From the TG measurements shown in Figure 3.3D, it can be
observed that the three oxynitrides were stable up to a temperature of at least 200oC after which
the mass increased sharply due to the uptake of oxygen and then it starts to decrease due to the
release of nitrogen. The onset temperature of the oxygen uptake was lower for the Nb enriched
oxynitride with respect to the other two stoichiometric oxynitrides. The weight gain ∆m after
the complete oxidation of the oxynitride can be used to compare the N content of the three
oxynitrides. Thus, from Figure 3.3D, it can be clearly concluded that CaNbO2N(Nb)-PC has a
higher N content than CaNbO2N-SS and CaNbO2N-PC. The higher N amount in
CaNbO2N(Nb)-PC might be due to a higher reactivity of CaNb2O6 during thermal ammonolysis
compared to Ca2Nb2O7, the starting oxide for the other two oxynitrides. Similar results were
observed for La(Ti1-xNbx)O2N where increasing the Nb content lowered the temperature at
which oxygen uptake started and increased the N content in the oxynitrides.169
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Figure 3.3. The absorption spectra of (A) the oxides prepared from the solid state and polymerized complex routes
(with and without excess of Nb) and (B) their corresponding oxynitrides. The photograph in (C) shows the colors
of the photoanodes prepared from the three different oxynitrides after post-treatment. Thermogravimetric (TG)
curves of the calcium niobium oxynitrides powders.

3.1.2 Effect of morphology on the PEC performance of CaNbO2N
CaNbO2N photoanodes were prepared by electrophoretic deposition (EPD) of the oxynitride
powders. The EPD deposition was followed by a post necking treatment similar to that reported
in literature for other oxynitrides in order to interconnect the particles and enhance the charge
transport.126 In brief, the necking procedure consists of the following steps: first, TaCl5 is
dropped on the as-prepared photoanodes, then the photoanodes are annealed in air forming
Ta2O5 bridges between the particles. Finally, post annealing the samples in ammonia leads to
the formation of tantalum (oxy)nitride that interconnects the CaNbO2N particles. Figure 3.4
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presents the i-E curves of CaNbO2N(Nb)-PC photoanodes in 0.5 M NaOH solution under
chopped illumination with a Xe lamp.

Figure 3.4. Potentiodynamic scans of CaNbO2N(Nb)-PC photoanodes (a) before post-treatment, (b) after post
necking with TaCl5 and annealing in air, and (c) after annealing in NH3 following the post necking procedure in
0.5 M NaOH solution under chopped illumination with Xe lamp.

The as-prepared photoanode showed a negligible photocurrent due to the bad electrical contact
between the particles. After necking with Ta2O5, the photocurrent increased to 2µA.cm-2 at
1.23V vs RHE. A significant enhancement in the photocurrent was achieved by annealing in
NH3 reaching 11.3µA.cm-2 at 1.23V vs RHE. The post-necking treatment was also applied to
CaNbO2N-SS and CaNbO2N-PC photoanodes. Figure 3.5 shows the photoelectrochemical
behavior of the oxynitrides with different morphologies. CaNbO2N(Nb)-PC showed the highest
photocurrents in comparison to CaNbO2N-PC and CaNbO2N-SS. While photocurrents of about
10 and 14µA.cm-2 were achieved for CaNbO2N(Nb)-PC at 1.23 and 1.5V vs RHE, respectively;
CaNbO2N-SS resulted in much lower photocurrents ( 4 and 6µA.cm-2 at 1.23 and 1.5V vs RHE,
respectively). CaNbO2N-PC resulted in the lowest photocurrents among the three different
CaNbO2N photoanodes (≈1 and 3µA.cm-2 at 1.23 and 1.5V vs RHE, correspondingly).
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Figure 3.5. The potentiodynamic measurements of CaNbO 2N-PC, CaNbO2N-SS, CaNbO2N(Nb)-PC acquired in
NaOH (0.5M) solution under chopped light illumination with a Xe lamp.

The difference in morphology between the oxynitride powders, observed in the SEM images
(Figure 3.2), is considered for a better understanding of the obtained photoactivities. It was
reported that for LaTiO2N photoanodes with different morphologies, the surface area had the
highest effect on the photoactivity among the different parameters used to evaluate the particle
morphologies.126 Thus, the surface area of the oxynitrides was determined using BET. As
shown in Figure 3.6, a clear trend was observed between the photocurrent densities of the
CaNbO2N photoanodes and their BET surface areas. CaNbO2N(Nb)-PC had a surface area
more than two and six times higher than CaNbO2N-SS and CaNbO2N-PC respectively. The
larger surface would result in more sites for hole injection into the electrolyte, resulting in a
larger activity for oxygen evolution.
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Figure 3.6. The photocurrent density of CaNbO2N oxynitrides measured at 1.23V vs RHE (black squares) as a
function of the BET surface area and a line shows the linear fitting of the data with slope of 1.04µA.cm -2 and
R2=0.989.

Another advantage of the agglomerate structure of CaNbO2N(Nb)-PC is the low angle
interparticle boundaries which allow the formation of densely packed films that would result in
improved electron transfer. However, for CaNbO2N-SS particles, a packed film couldn’t be
formed due to the high angle interparticle boundaries as can be seen in the SEM image (Figure
3.2B). One of the main factors in the design of particle-based photoelectrodes is that the
particles which can assemble into dense films providing large interparticle interface area
enhance the efficacy of charge transfer characteristics of the photoanodes as a result of the low
angle grain boundaries between the particles.126 This, in addition to the higher surface area,
explain the improved performance of CaNbO2N(Nb)-PC electrodes compared to the others. In
comparison, the lower photoactivity of CaNbO2N-PC is attributed to the low surface area on
one hand, and to the large nonporous cuboid particles on the other hand which results in poor
hole transport as a result of the long migration distance.
An important factor that influences the photoactivity of the oxynitride photoanodes is related
to their visible light absorption properties and to the N content in the oxynitride. From the high
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absorption background of both CaNbO2N-SS and CaNbO2N-PC in the absorbance spectra in
Figure 3.3B, a greater amount of defects is expected for these two oxynitrides compared to
CaNbO2N(Nb)-PC. The defects act as recombination centers for the photogenerated e--h+ pairs,
thus reducing the photoactivity of the photoanodes. Additionally, the high N content of
CaNbO2N(Nb)-PC that was observed in the TG measurements improves its visible light
absorption and thereby increases its PEC performance in comparison to the other two
oxynitrides.
Indeed, it is expected that by a better adjustment of the Nb enrichment amount in the oxide
precursor, better performances would be observed. Since even if the Nb enriched phases were
not seen in the XRD of CaNbO2N(Nb)-PC, it is obvious that the unreacted excess Nb species
remained in the oxynitride which caused probably the collapse of the particles during
ammonolysis (as seen in SEM image in Figure 3.2). A similar observation was reported for
BaNbO2N photoanodes where although the PEC performance was improved after the addition
of more than 1.0 Nb molar amount to the starting oxide, the particles collapsed due to the excess
of unreacted Nb. In fact, the best performance of BaNbO2N was for an excess of 0.4 molar
amount of Nb, because this amount resulted in the best ratio of surface Ba/Nb (closer to 1).166
Therefore, in future studies of CaNbO2N photoanodes, the Nb enrichment level would be of
great interest aiming to achieve stoichiometry of Ca/Nb at the surface of the photoanode where
the water oxidation reaction is occurring.
3.1.3 Effect of co-catalyst and ALD layers on PEC of CaNbO2N:
The slow kinetics of the oxygen evolution and the surface recombination of the photogenerated
carriers usually limit the performance of photoanodes used for solar water splitting.3, 85, 114, 170
To tackle these issues, a co-catalyst is usually loaded on the semiconductor photoelectrode as
discussed in section 1.6.3. The co-catalyst first captures the photogenerated holes thereby
reducing the recombination of the photoinduced charge carriers. Then, the oxygen evolution
reaction proceeds on the co-catalyst surface.
Among the different co-catalysts used to improve the photoactivity of photoanodes, Co-Pi is
advantageous as it can be regenerated during the PEC experiments and also because of the ease
of incorporating it into complex morphologies.87 Studies have shown that different photoanodes
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such as WO3,171 ZnO,172 α-Fe2O3,40, 173 and W:BiVO487 reached improved photoactivity when
loaded with the Co-Pi co-catalyst. Co-Pi was loaded on CaNbO2N photoanodes via
photodeposition since this method allows the deposition of the co-catalyst in the sites where the
photogenerated holes are more readily accessible,172 thus, directly in the most active sites
leading to better performance with reduced amount of Co-Pi.174 For this study, the best
performing photoanode CaNbO2N(Nb)-PC was investigated. The photodeposition of Co-Pi was
confirmed by SEM images. As clearly seen in Figure 3.7 (Panels A and B), the co-catalyst
nanoparticles (10-15 nm) were homogeneously distributed on the CaNbO2N(Nb)-PC
photoanode after the photodeposition. The effect of Co-Pi on the photoactivity of the CaNbO2N
is assessed by comparing the PEC activity of bare CaNbO2N(Nb)-PC and CaNbO2N(Nb)PC/Co-Pi photoanodes (Figure 3.7, panel C). The photocurrent was enhanced with the
photodeposition of Co-Pi to reach 19 and 25µA.cm-2 at 1.23 and 1.5V vs RHE, respectively.
Furthermore, studies have shown that overlayers of oxides such as TiO2,175-176 Al2O371, 177-179
and Ga2O3180-181 have beneficial effects on the performance of photoanodes towards solar water
splitting. These overlayers passivate the surface of the photoanodes by reducing surface states.
The surface states, which are usually oxygen vacancies, act as recombination sites of the
photogenerated carriers and therefore lowering the PEC performance of the photoelectrodes.
Thus, to further improve the efficiency, overlayers of TiO2 and Al2O3 were deposited by ALD
on CaNbO2N(Nb)-PC/Co-Pi photoanodes.
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Figure 3.7. SEM images of CaNbO2N(Nb)-PC (A) before and (B) after loading of Co-Pi co-catalyst, respectively.
(C) The potentiodynamic measurements of (a) bare CaNbO2N(Nb)-PC, (b) CaNbO2N(Nb)-PC/Co-Pi, (c)
CaNbO2N(Nb)-PC/Co-Pi/TiO2 and (d) CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanodes.

As can be seen in Figure 3.7C, the PEC performance of CaNbO2N(Nb)-PC/Co-Pi photoanodes
remained almost the same after the deposition of TiO2 overlayers with photocurrents of 17 and
24µA.cm-2 at 1.23 and 1.5V vs RHE, respectively. However, after the deposition of Al2O3, an
enhancement in the photocurrent, up to 70 and 96µA.cm-2 at 1.23 and 1.5V vs RHE, was
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observed which presents a 7-fold increase in the photocurrent compared to the bare photoanode.
A similar observation was reported for hematite photoanodes whereby an increase by a factor
of three in the photocurrent of hematite was achieved when passivating the surface with an
alumina overlayer and no beneficial effect was observed with TiO2 layer.71 The improvement
in the photocurrent was shown to be due to the passivation of surface states by the Al2O3 layer
and not due to a catalytic effect. For CaNbO2N(Nb)-PC, these surface energetic traps can result
from defects and oxygen vacancies which can be observed in the form of reduced Nb (Nb4+)
ions as discussed earlier. The deposition of alumina overlayers may compensate these vacancies
at the surface of the photoanodes. In addition, the alumina layer with more O2- ions compared
to the oxynitride acts as an electron-rich layer which results in the repulsion of electrons from
the surface and thus reducing the extent of recombination with holes at the surface.182
The photoelectrochemical stability of CaNbO2N photoanodes in NaOH (0.5M) were studied by
measuring the photocurrent at an applied potential of 1.23V vs RHE for 30 min under
illumination. Figure 3.8A shows the results of the stability tests performed for the bare
CaNbO2N(Nb)-PC,

CaNbO2N(Nb)-PC/Co-Pi,

CaNbO2N(Nb)-PC/Co-Pi/TiO2

and

CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanodes. The rapid reduction in the photoactivity of the
bare CaNbO2N(Nb)-PC photoanode is attributed to photooxidation of CaNbO2N, whereby the
photogenerated holes, besides being used for the OER, promote the oxidation of N3- to N2. This
is a common problem reported for different oxynitrides.131 After the photodeposition of Co-Pi,
a decrease in the photocurrent is still observed; that is mainly due to the incomplete coverage
of the CaNbO2N surface by Co-Pi. However, after the modification of CaNbO2N surface with
the TiO2 layer, the photostability was improved. This shows that though the TiO2 layer didn’t
improve the photocurrent and reduce the recombination losses at the surface of the photoanode,
it can be used as a protective layer for oxynitrides.
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Figure 3.8. (A) Potentiostatic measurement showing the stability of bare CaNbO 2N(Nb)-PC, CaNbO2N(Nb)PC/Co-Pi, and CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanodes for 30 min. The inset shows an enlarged view for the
first 100sec of the stability measurement. (B) XPS spectra of CaNbO2N(Nb)-PC/Co-Pi before the stability test and
CaNbO2N(Nb)-PC/Co-Pi/Al2O3 after the stability test.

In comparison, the CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanode showed an initial fast
degradation in the photocurrent which is mainly due to the dissolution of Al2O3 in the NaOH
electrolyte with a pH of 13.6. This was confirmed via XPS measurements of 3 different
CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanodes: the as-prepared electrode, i.e. before performing
any PEC measurements, an electrode that is dipped for 30 min. in NaOH, and a photoanode
after the PEC stability test in NaOH. As shown in Figure 3.9, after acquiring the stability test,
or even just dipping the photoanode in NaOH for 30 min., the Al-2p peak has disappeared
totally. This observation is in agreement with the study of the selective etching of Al2O3 on
ZnO,183 where it is expected that the Al2O3 layer (2 nm thick) is completely dissolved after 3
min. in an alkaline (pH=13) solution, according to its etching rate. This is different to the study
of the effect of an alumina overlayer on the performance of hematite, where it was considered
that in a 1M NaOH electrolyte, the alumina overlayer is sufficiently stable to perform the
electrochemical impedance measurements for a duration of 30min.71 The different observations
could be due to different deposition conditions of the alumina overlayer where the deposition
was carried out at 200oC compared to the 300oC used in our study.
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Figure 3.9. XPS spectra of Al-2p for CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanode as-prepared, soaked in NaOH
for 30 min, and after the photostability test.

The beneficial effect of Al2O3 as a recombination barrier overlayer is therefore limited by its
reduced stability in the alkaline medium used for this study. However, even though this
overcoating has been totally dissolved during the PEC measurement, it can be clearly observed
in Figure 3.8A that CaNbO2N(Nb)-PC/Co-Pi/Al2O3 still maintained a photoactivity higher than
the CaNbO2N(Nb)-PC/Co-Pi photoanode without a passivation layer.
To gain more insights about the observed enhancement, XPS measurements were conducted to
investigate the surfaces of the CaNbO2N(Nb)-PC/Co-Pi photoanodes with and without a
passivation layer. As shown in Figure 3.8B, the surfaces of both photoanodes are similar, having
Ca, Nb, Ta, O, N and contaminations of C. However, a main difference can be observed by
comparing the intensities of Ca and Nb peaks in the two samples. The Ca/Nb ratio of the asprepared CaNbO2N(Nb)-PC/Co-Pi was 0.77 which shows that the surface of the photoanode is
enriched with Nb. The Ca/Nb ratio was even lower (Ca/Nb: 0.54) for the CaNbO2N(Nb)PC/Co-Pi/Al2O3 photoanode after the stability test. The difference in the Ca/Nb ratio can’t be
attributed to surface changes in the photoanode during the PEC stability measurement, since
the ratio was almost the same for the as-prepared CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanode,
after 5 and 30minutes of stability measurement (0.48, 0.53 and 0.54, respectively). The
observed effect can be attributed to the segregation of Nb to the surface of the photoanode.
Several studies have reported about the segregation of Nb in Nb-doped TiO2 upon different
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annealing conditions and the increase of electron concentration at the surface with the
segregation of Nb from bulk to surface.184-185 Both photoanodes were prepared by the EPD
method followed by annealing in air and ammonia which explains the Nb rich surfaces of both
samples. The lower Ca/Nb ratios in the alumina passivated samples could be due to the
annealing during the ALD process.
To understand if the Nb enrichment is the reason of the observed photocurrent enhancement, a
control CaNbO2N(Nb)-PC/Co-Pi photoanode was prepared by applying the same ALD
conditions used for the passivated samples but without the introduction of Al(CH3)3 pulses. For
this photoanode, no improvement in photocurrent was observed compared to CaNbO2N(Nb)PC/Co-Pi photoanode. This shows that the improvement observed in the photocurrent is not
due to the Nb enrichment at the surface of the Al2O3-modified photoanodes.
One possibility is that the presence of this O-rich layer at the surface would lead to an oxidation
of the Nb ions at the surface. By comparing the Nb 3d peaks of the photoanodes with and
without Al2O3 overlayer (Figure 3.10), the contributions from both the Nb4+ and Nb5+
components are similar in the peaks of both samples.

Figure 3.10. XPS spectra for Nb 3d peaks for (A) as-prepared CaNbO2N(Nb)-PC/Co-Pi and (B) CaNbO2N(Nb)PC/Co-Pi/Al2O3 after PEC photoanodes.

The observed prolonged improvement could be attributed to the increased roughness of the
surface after the dissolution of the passivation layer. This results in an increased surface area
and semiconductor/electrolyte interface that would improve the PEC performance of the
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photoanodes. For instance, it was shown that the leaching of Cr from outermost surface of Fe2O3
modified by a Fe20Cr40Ni40Ox layer increases the surface roughness.186 Therefore, the
electrochemical active surface area of the CaNbO2N(Nb)-PC/Co-Pi and CaNbO2N(Nb)-PC/CoPi/ Al2O3 after PEC experiments was evaluated. From the change of current in the non-Faradaic
region, which corresponds only to the charge and discharge of the electric double layer, with
respect to the scan rate, the electrochemical area can be estimated. Therefore, cyclic
voltammetry (CV) measurements were done at different scan rates for the two photoanodes.
Figure 3.11 shows the current values measured from the CV scans versus the scan rate for the
CaNbO2N(Nb)-PC/Co-Pi with and without Al2O3 overlayer after the stability test shown in
Figure 3.8A.

Figure 3.11. Plot of current as a function of scan rate for CaNbO 2N(Nb)-PC/Co-Pi and CaNbO2N(Nb)-PC/CoPi/Al2O3 photoanodes after the photostability measurement.

The slopes of the fitted lines correspond to the total Helmholtz capacitance (𝐶𝐻 ) of the
photoanodes where:
𝐶𝐻 = 𝐶𝐻,𝑠𝑝 × 𝐴

(3.1)

With 𝐶𝐻,𝑠𝑝 being the specific Helmholtz capacitance (F.cm-2) and 𝐴 is the electrochemical
active surface area (in cm2). There are no previous reports on the value of 𝐶𝐻,𝑠𝑝 for CaNbO2N,
however since it is the same for both photoanodes, the difference in 𝐶𝐻 (slope of the fitted lines

79

Chapter 3

in Figure 3.11) between the two photoanodes is due to the change in the surface area of the
photoanodes. The CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanode have a slope that is 2.3 times
higher than that of the CaNbO2N(Nb)-PC/Co-Pi photoanode. This means that after the stability
test, the dissolution of Al2O3 results in an increase in the surface area of the photoanode.
By comparing the photocurrent values for both photoanodes after the potentiostatic
measurements shown in Figure 3.8A, an enhancement in the photocurrent by a factor of 2.8 can
be observed for the Al2O3-modified photoanode compared to CaNbO2N(Nb)-PC/Co-Pi
photoanode (the photocurrent density is 2 and 5.7 µA.cm-2 for CaNbO2N(Nb)-PC/Co-Pi and
CaNbO2N(Nb)-PC/Co-Pi/Al2O3 photoanodes after PEC). This enhancement is similar to the
increase in the electrochemical active surface area. Therefore, it can be deduced that even when
the Al2O3 overlayer is dissolved, a prolonged photocurrent enhancement is observed mainly
due to increased surface area.
Further studies are required to investigate how each of the Co-Pi co-catalyst and the Al2O3 layer
modify the CaNbO2N(Nb)-PC photoanode to result in the observed enhancement in the
performance. In addition, it would be important to investigate other overlayers and to
understand why Al2O3 for instance act as a passivation layer and TiO2 doesn’t.
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3.2 Pulsed

laser

fragmentation

of

BaTaOxNy

for

improved

photoelectrochemical water splitting

BaTaO2N possesses the smallest band gap of 1.8eV among oxynitrides which allows visible
light absorption up to 660nm. This makes this material interesting as a potential photocatalyst
for water splitting with a theoretical photocurrent of 17 mA.cm-2 under AM 1.5G solar light
assuming a 100% IPCE value. In addition, this oxynitride has an outstanding photostability
compared to the other oxynitrides.125 In this section, we will show the effect of pulsed laser
fragmentation on the properties and PEC performance of BaTaOxNy photoanodes.
3.2.1 Preparation and characterization of laser fragmented BaTaOxNy powders
BaTaOxNy powders were first synthesized as detailed in the experimental section. Then, the
powders were subjected to pulsed laser fragmentation in liquid (PLFL). Briefly, in this process,
a suspension of the oxynitride powders (0.1 wt.-% of BaTaOxNy in water) was first prepared
and ultrasonicated. Then, the suspension was filled in the passage reactor. A liquid jet of 1.3mm
diameter is then allowed to leave the passage reactor through a capillary. The setup is adjusted
such that the liquid jet flows through the focal point of a focused laser beam (Figure 3.12). The
used laser is a pulsed Nd:YAG laser (Atlantic, Ekspla, Vilnius, Litauen) operated in the second
harmonic (532 nm) with an average power of 6.2 W and a pulse duration of 10 ps. A 100 kHz
repetition rate was used resulting in a pulse energy of 62 µJ and an average fluence of 89.7
mJ.cm−2. The irradiated colloid was collected in a beaker and then refilled into the reactor. This
is known as a passage and it was repeated several times. In our experiment, BaTaOxNy-zp
powders were prepared with z being the passages number varying between 0 (for the
unfragmented powders) to 15. More details about PLFL can be found in ref187.
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Figure 3.12. Schematics of the synthesis of BaTaOxNy powders and the laser fragmentation process. The
photographs show the BaTaOxNy-zp powders.

As shown in Figure 3.12, the unfragmented BaTaOxNy was reddish in color; then upon
fragmentation the color changed to orange and became brighter with increasing the number of
passages. The color change can be related either to the reduction of particle size which induces
more light scattering or to the loss of N during the fragmentation process. For a better
understanding of the observed color change, the Kubelka-Munk function of the BaTaOxNy-zp
powders was determined from their diffuse reflectance measurements. As shown in the
absorbance spectra in Figure 3.13, the BaTaOxNy-0p sample exhibited the highest absorbance
above its absorption edge. In addition, its absorption edge is at about 670nm which is close to
that reported in literature.188 With fragmentation, the absorption edge blue shifted indicating an
increase in the band gap. The band gap of BaTaOxNy is significantly affected by the N content,
since its valence band is composed of a hybridization of N2p and O2p orbitals. Thus, the shift
in the band edge can be attributed to the loss of N during the fragmentation process. This can
be explained by the oxidation of the oxynitride in the extremely hot zone at the focused point
of the laser on BaTaOxNy particles. In addition, from the absorbance spectra, it appears that the
back ground absorbance below the absorption edge is significantly increased after 5 passages.
The increase in the back ground absorbance is ascribed to the formation of defects in the crystal
structure and cation or anion vacancies.
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Figure 3.13. The absorbance spectra of BaTaOxNy-zp powders.

Thermogravimetry measurements were conducted to measure the N content of the samples.
However, no mass gain was observed after the oxidation of the BaTaOxNy-0p oxynitride and
the mass dropped by 0.88% (Figure 3.14A). This was accompanied by the detection of signals
corresponding to H2O and CO2 by the mass spectrometer. This result shows that the BaTaOxNy
is not totally pure and that there might be some BaCO3 remaining from the precursor oxide
which is unreacted and that releases CO2 upon heating. Similar results were obtained for
fragmented samples with a more pronounced decrease in the mass after annealing, suggesting
more trapped H2O and/or carbonate phases as shown for BaTaOxNy-20p in Figure 3.14B. In
addition, the peak at 650oC that corresponds to the mass gain as a result of the oxynitride
oxidation became insignificant for the highly fragmented sample. This suggests that the N
content has dropped with fragmentation which is consistent with the uncertain absorbance edge
observed above 10 passages.
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Figure 3.14. Thermogravimetric measurements of (A) BaTaOxNy-0p and (B) BaTaOxNy-20p. The signals obtained
by mass spectrometry corresponding to H2O and CO2 are shown for BaTaOxNy-20p.

The BET surface area of the BaTaOxNy-zp particles is shown in Figure 3.15. The surface area
of the unfragmented BaTaOxNy was 3.86 m2.g-1 which is similar to that reported in literature
for BaTaOxNy particles prepared from Ba2Ta2O7 oxide precursor.188 After 3 passages, the
surface area more than tripled to reach 14.76 m2.g-1. Then, the surface area continued to increase
with the passages number till a maximum of 32.43 m2.g-1, which is to our knowledge the highest
surface area reported to date for an oxynitride. After 10 passages, a plateau was reached with
the surface area being unchanged with more fragmentation.
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Figure 3.15. A plot of the BET surface area versus the number of passages in the fragmentation process.

The morphology of the BaTaOxNy-zp powders was investigated by SEM, as shown in Figure
3.16. Ba5Ta4O15 was observed in the form of large particles in the range of few µm. After
ammonolysis, the particles become porous (BaTaOxNy-0p) which is similar to what is observed
for other oxynitrides due to the exchange of 3 O2- with 2 N3- ions.189 After only 3 passages, the
particles become smaller, with a size smaller than 100 nm. Further fragmentation didn’t
decrease the size of the particles more, and the particles started to aggregate together. For the
BaTaOxNy-15p the particles became condensed together which explains the saturation in
surface area reached after 10 passages. For all the oxynitride powders, a few µm long
rectangular particles were observed, as depicted by the blue arrows in the SEM images which
correspond to a secondary phase present in all the powders.
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Figure 3.16. SEM images of Ba5Ta4O15 and BaTaOxNy-zp powders. The arrows show the BaCO3 secondary phase.

XRD of the different powders was then measured to investigate the changes in crystallinity and
structure of the BaTaOxNy particles with fragmentation. The XRD measurements, shown in
Figure 3.17, reveal that the oxide precursor used for the synthesis of BaTaOxNy consists of the
pure Ba5Ta4O15 phase. This Ba- enriched oxide was used because of the possible loss of Ba and
BaO evaporation during annealing. BaTaOxNy-0p exhibited the diffraction peaks of BaTaO2N
with a small impurity phase of BaCxOy.zH2O. Upon fragmentation, the crystallinity of the
powders dropped and the peaks related to BaCxOy.zH2O impurities increased until BaTaOxNy7p where the impurity phases became dominant. After 15 passages, the peaks related to
BaTaO2N structure was not any more the main phase. These observations explain the observed
increase in the background absorbance after the 7th passage. In addition, the uncertain
absorption edge for BaTaOxNy-10p can be attributed to the decrease in the BaTaO2N phase and
increase in impurities. The observed CO2 and H2O signals by mass spectrometry during
thermogravimetric measurements reveal that the BaCxOy.zH2O is present as a secondary phase
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in the oxynitride samples. Moreover, according to these results, the observed secondary phase
in the SEM images can be attributed to the BaCO3 compound.

Figure 3.17. XRD patterns of Ba5Ta4O15, BaTaOxNy-zp powders. The positions of pure Ba5Ta4O15 (black lines)
and BaTaO2N (red lines) are shown for comparison. The arrows show the impurity peaks of BaTaOxNy-zp powders
which correspond to BaCxOy.zH2O phases.

3.2.2 Photoelectrochemical characterization of BaTaOxNy photoanodes
In order to check the effect of laser fragmentation on the photoactivity of BaTaO xNy towards
water splitting, the photoelectrochemical performance of BaTaOxNy photoanodes was
examined. The photoanodes were prepared by electrophoretic deposition (EPD) of BaTaOxNyzp on FTO substrate followed by the post necking treatment. The deposition conditions, the
applied bias and the deposition time, were optimized for each of the fragmented BaTaO xNy
photoanodes. As shown in Figure 3.18A, the same deposition bias and time applied for the 0p
and 3p oxynitrides, for instance, resulted in a different coverage on the FTO. The photoanode
prepared from the unfragmented oxynitride didn’t reveal a complete coverage of the substrate
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due to the larger particle size of the particles compared to 3p powders. Therefore, the conditions
for the oxynitrides with different passage numbers were chosen to reach an optimal thickness.
At this thickness, the photocurrent density reaches a maximum after which it starts dropping.
A particular example is shown for the un-fragmented oxynitride in Figure 3.18B where a
thickness of 2.5µm resulted in the highest photoactivity of the oxynitride.

Figure 3.18. (A) SEM micrographs of BaTaOxNy-0p and 3p photoanodes deposited by EPD method on FTO under
a 20 V bias for 3min. (B) The photocurrent density versus thickness for BaTaO xNy-0p photoanode.

Figure 3.19 shows the potentiodynamic measurements for the BaTaOxNy photoanodes with
different fragmentation cycles. Contrary to what is expected, the photocurrent density values
were the highest for the unfragmented oxynitride photoanode. The photocurrent then started to
decrease with increasing fragmentation until 7 passages after which the performance started to
increase again. The photocurrent densities obtained are lower than those reported in literature
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for pure BaTaO2N photoanodes since no treatments such as pretreatments in H2 stream and cocatalyst deposition were applied in our study.

Figure 3.19. Potentiodynamic scans for the BaTaOxNy-zp photoanodes in NaOH electrolyte under chopped light
illumination.

For an effective study of the effect of fragmentation on the performance of BaTaOxNy samples,
the difference in absorbance, arising from the different chemical composition, surface
morphology and thickness of the photoanodes, must be taken into consideration. The
absorbance is determined by measuring the transmittance and reflectance of the photoanodes
and is presented in Figure 3.20.
All BaTaOxNy photoanodes exhibited high background with the unfragmented photoanode
showing the lowest background absorbance. This is a result of the high concentration of
structural defects and/or cation/anion vacancies and the presence of BaCxOy.zH2O phases
which explains the low performance of the photoanodes. The absorbance edge of the
unfragmented and 3p-fragmented BaTaOxNy photoanodes are at 650 and 630nm, respectively.
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For higher fragmentation, the absorbance edge became unclear similar to the observations on
the BaTaOxNy powders. Additional experiments were done to improve the absorbance of the
fragmented oxynitrides by post-annealing the powders under a high flow of NH3. However, this
procedure didn’t result in enhancement in the photocurrent values. Moreover, thermal
ammonolysis starting from fragmented oxide powders resulted in oxynitrides with low PEC
performance. This is possibly due to the sintering of the particles during annealing. Therefore,
the fragmented oxynitrides were used for the fabrication of the photoanodes without further
treatments.

Figure 3.20. Absorbance spectra of BaTaOxNy-zp photoanodes.

APCE values were then calculated for the differently fragmented samples. The photocurrent
density and APCE values of the BaTaOxNy-zp photoanodes are reported in Table 3.2 and are
presented in Figure 3.21. The APCE values followed the same trend as the photocurrent
densities with respect to the number of fragmentation cycles. This means that even though the
absorbance of the photoanodes is significantly different, it doesn’t have the main influence on
the observed performance of the photoanodes. After fragmentation, the surface area increased
significantly; however the performance didn’t increase. This can be understood by the presence
of more grain boundaries for the smaller oxynitrides obtained after 3, 5 and 7 passages. The
grain boundaries between the particles act as recombination sites for the photogenerated carriers
thereby decreasing the photoactivity. The observed increase in performance after 7
fragmentation cycles could be attributed to the aggregation of the small oxynitride particles and
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the formation of an “amorphous” layer. This can be inferred from the XRD patterns where after
7 passages, the crystalline quality of the powders deteriorates and the peaks become less sharp.
This might result in an enhanced charge mobility between the particles and thereby an increased
photocurrent density.

Figure 3.21. Photocurrent density and APCE values at 1.23V vs RHE as a function of the number of passages
applied for fragmentation.

Table 3.2. Photocurrent density at 1.23V vs RHE, % absorbance and APCE values at 400 nm for BaTaOxNy-zp
photoanodes.

Photoanode

Photocurrent

Absorbance at

APCE at 400nm

density at 1.23V vs

400nm (%)

(10-5)

BaTaOxNy-0p

RHE (µA.cm-2)
1.306

74.62

5.44

BaTaOxNy-3p

1.05

91.63

3.56

BaTaOxNy-5p

0.94

87.51

3.34

BaTaOxNy-7p

0.358

87.02

1.28

BaTaOxNy-10p

0.67

81.69

2.55

BaTaOxNy-15p

1.01

79.41

3.95
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3.3 Investigation of the effect of co-catalysts on improving the PEC
performance of LaTiO2N
LaTiO2N (LTON) is one of the most investigated oxynitrides towards water splitting. Different
strategies were applied to improve its performance including the morphological control of the
particles, the fabrication of the photoanodes, and the modification with co-catalysts. The latter
is of particular interest due to its great effect on the performance of the photocatalysts. However,
in order to gain the maximum potential of the co-catalysts, it is important to understand the
origin of the improved performance. In this section, the role of different co-catalysts to improve
the photocurrent of LTON photoanodes is investigated.
3.3.1 Preparation and characterization of LTON photoanodes
LTON was prepared by the ammonolysis of La2Ti2O7 particles synthesized by the flux-assisted
solid-state route. This method was used since it was reported that it results in LTON particles
with the most favorable morphology for PEC performance.126 As shown in the SEM images in
Figure 3.22A, LTON has the form of cuboid particles that are 0.5-1.5 µm in dimensions and
that are highly porous, which is consistent with previous observations on LTON prepared by
the same synthesis route. The porous structure is due to the transformation from the layered
perovskite La2Ti2O7 to the simple perovskite oxynitride with the exchange of 3 O2- ions with
2 N3- ions resulting in pore formation.189
The N content of the LTON powders was determined from thermogravimetric (TG) analysis as
shown in Figure 3.22B. The TG measurements were done by annealing about 20g of LTON
powders till 1400oC with a heating rate of 10oC/min in synthetic air (with oxygen flow rate of
13.2 mL.min-1 and He flow rate of 36.8 mL.min-1). The N content (y) was calculated from the
mass change (∆𝑚) after the oxidation of the oxynitride according to the equation:

𝑦=

∆𝑚
3
(2 𝑀𝑂2 − 𝑀𝑁2 )

×

𝑀𝐿𝑇𝑂
𝑚𝐿𝑇𝑂

With 𝑚𝐿𝑇𝑂 and 𝑀𝐿𝑇𝑂 being the mass and molar mass of La2Ti2O7.
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Figure 3.22. (A) SEM images and (B) thermogravimetric curve for LTON powders.

The obtained N content is 0.8. The BET surface area was determined to be 3.8m2.g-1. This
surface area is lower than that reported for LTON particles prepared by the same procedure in
literature where a surface area of 14.2 m2.g-1 was reached.126 The differences could originate
from the different used experimental setup.
3.3.2 Effect of co-catalyst on the PEC performance of LTON photoanodes
Three co-catalysts were chosen for this study: IrOx, CoOx and NiOx as these O2 evolution
electrocatalysts have been extensively studied on different photoanodes including oxynitrides.
For instance, IrOx resulted in an improved performance when loaded on SrNbOxNy,123 TaON
and Ta3N5114 photoanodes. The effect of CoOx on LTON particles with different morphologies
has been studied, and it was shown that the improvement in performance depends on the LTON
support.189 However, it is not clear yet how each of these co-catalysts improves the
performance: is it through improving the kinetics of the oxygen evolution reaction (OER), by
reducing the surface recombinations of the photogenerated carriers, by passivation of the
surface, or by elongating the lifetime of the holes or electrons. The effect of co-catalysts on the
behavior of photoinduced charge carriers is not fully clarified yet and it can differ from one
photocatalyst to another. Therefore, this study elucidates the role of each of the three cocatalysts on the photoactivity improvements of LTON electrodes.
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Among the co-catalysts investigated herein, the improvement of the PEC performance of LTON
by CoOx as co-catalyst has been thoroughly studied. For instance, studies have shown that CoOx
results in a prolonged electron lifetime167 by capturing the photogenerated holes rapidly within
picoseconds as revealed from time-resolved (TR) absorption spectroscopy measurements.
CoOx was also shown to play an additional role on which the electron traps in LTON become
shallower as a result of the bonding of CoOx to surface defects. The loading of CoOx on the
surface fills partially the O vacancies and coordinates Co with the unsaturated Ti atoms which
constitute the deep electron traps.190 However, IrOx and NiOx co-catalysts are still not well
investigated.
In this study, CoOx and NiOx were deposited on the LTON particles by impregnation136
whereas IrOx was postloaded on the LTON photoanodes. The bare LTON and CoOx and NiOxmodified LTON particles were deposited on FTO substrate by EPD. The photoanodes were
then postnecked with TaCl5 and annealed in air and NH3 resulting in the formation of Ta(O,N)
that bridges the particles and improves the electron transport in the photoanodes.
The amount of loaded co-catalyst can have a significant effect on the PEC enhancement of the
photoanodes. For instance, it was revealed that the activity of LTON is sensitive to the amount
of loading of the CoOx co-catalyst. In the case of 0.5wt% CoOx loading, holes are captured by
CoOx and are thus separated from the photogenerated electrons reducing recombination. At
higher loading, the CoOx co-catalyst captures more holes but also captures electrons which
results in undesired recombination with the captured holes. The balance between the increased
hole capture and the undesired electron capture by the co-catalyst determines the optimal
amount for increased photoactivity. 2wt% of CoOx was shown to be the optimized loading
amount on LTON and was therefore chosen for our investigation.190 The same loading percent
was used for NiOx deposition on LTON particles. The amount of loaded IrOx was determined
to be 3wt% from the decrease in the absorption of the IrOx colloidal solution after dipping the
photoanodes in the co-catalyst solution for 30min.
Figure 3.23 shows the SEM images of the co-catalyst-loaded LTON particles. As observed in
(A) the NiOx co-catalyst was in the form of small particles with dimensions in the range of 100200 nm. CoOx nanoparticles were with 2 size distributions: 10-20 nm and 40-70 nm (Figure
3.23C). The IrOx co-catalyst was deposited on the surface of LTON particles as 30-80 nm
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particles (Figure 3.23B). However, compared to the homogeneous distribution of CoOx and
NiOx co-catalysts on LTON, IrOx aggregates were formed on the edges of some LTON particles
as shown in Figure 3.23D. Aggregates of IrOx were also observed on TaON83 and Ta3N5114
photoanodes postloaded with IrOx. This is a result of the method employed for the deposition
of this co-catalyst compared to the impregnation method applied for the other two co-catalysts.

Figure 3.23. SEM images of (A) NiOx-LTON, (B) IrOx-LTON, (C) CoOx-LTON and (D) IrOx aggregates on
LTON. The insets of (A), (B) and (C) correspond to magnified images of the co-catalyst modified LTON particles.

The performance of the photoanodes was examined by PEC measurements. Figure 3.24A
shows the third potentiodynamic scan acquired for the photoanodes under chopped light
illumination. It can be observed that the three co-catalysts improved the photocurrent
significantly. At potentials less than 0.9V vs RHE, LTON-IrOx showed higher photocurrents
than CoOx- and NiOx- LTON photoanodes with very large photocurrent transients that result
from the accumulation of charges upon switching the light on and off. This suggests that at low
bias, IrOx is capable of extracting the photogenerated holes better than CoOx and NiOx. At high
potentials, above 0.9V vs RHE, CoOx exhibited the highest performance. In fact, the BaTaO2N
photoanode showed photocurrent improvements only above 0.6V vs RHE upon loading CoOx
and co-loading the photoanodes with CoOx and IrOx (or RhOx) was used to increase the
photocurrent in the whole potential range.131 The performance of oxynitrides has been shown
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to decay with time due to the self-oxidation of the oxynitrides by the photogenerated holes.
Therefore, the photocurrents after stabilizing the photoanodes were compared as shown in
Figure 3.24B. The stabilization was performed according to a previous study done on LTON
thin films156 where the potential was scanned in the cathodic direction starting from high
voltages (1.5V vs RHE) to low voltages (1.1V vs RHE) and fixing the potential at every voltage
for 300sec. The CoOx-modified LTON photoanode showed the highest photocurrents in the
potential range from 1.1 to 1.5V vs RHE with a photocurrent density of 0.13mA.cm-2 at 1.23V
vs RHE after stabilization that is double that of the IrOx-loaded LTON photoanode
(0.06mA.cm-2 at 1.23V vs RHE). The LTON photoanode modified with NiOx possessed the
lowest photocurrent among the three co-catalysts. This is opposite to the higher photocurrent
observed on a NiOx-LaTaON2 photoanode compared with the photoanode modified with IrOx
or CoOx co-catalyst,136 which suggests the different behavior of co-catalysts on different
supports.

Figure 3.24. (A) Potentiodynamic scans under chopped light illumination and (B) stabilized photocurrent density
values in the range of 1.1 to 1.5V vs RHE for LTON, LTON-NiOx, LTON-CoOx and LTON-IrOx photoanodes.
The inset in (A) shows an enlarged view for the potentiodynamic scan of the bare LTON photoanode.

The dark and light CV scans of LTON, CoOx-, NiOx- and IrOx-LTON photoanodes are
presented in Figure 3.25A. The higher dark current for CoOx-loaded electrodes is due to the
oxidation of Co ions in the potential range between 0.6 and 1.4V vs RHE. After reaching a
sufficient amount of Co4+, the oxidation reaction occurs. This is similar to the observations at
CoOx-modified LaTaON2 photoanode.136 It can be observed that the onset potential was shifted
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after loading the co-catalysts with the CoOx modified photoanode exhibiting the lowest onset
potential for the oxygen evolution reaction. The stability of the photoanodes was determined
by a potentiostatic measurement at 1.23V vs RHE for 30min as presented in Figure 3.25B. The
photocurrent stability was improved with co-catalyst deposition. This is because the improved
kinetics of water oxidation by loading co-catalysts suppresses the unfavorable photo-oxidation
of the oxynitrides. However, the LTON-IrOx was less stable than the NiOx- and CoOx- LTON
photoanodes which can be ascribed to the formation of IrOx aggregates and the incomplete
coverage of the photocatalyst surface by the co-catalysts.127

Figure 3.25. (A) Dark (dotted lines) and light (solid lines) cyclic voltammetry scans for bare LTON photoanode
and LTON photoanodes modifies with CoOx, IrOx or NiOx co-catalysts. (B) Photostability measurement at 1.23V
vs RHE for the bare and co-catalyst modified LTON electrodes.

The high dispersion of CoOx compared to IrOx results in a shorter hole diffusion path from the
excitation site to the co-catalyst which can explain the higher PEC activity of LTON-CoOx
photoanodes. In addition, the activity depends on the co-catalyst size where smaller particles
result in a larger electrochemical surface area.189 However, it was shown recently that the
smaller CoOx co-catalyst size improves the photocatalytic activity of LTON but not the PEC
activity. For PEC, the interfacial area between the co-catalyst and the LTON particle is
important. With larger co-catalysts, this area is minimized resulting in less charge
recombination at the interface between the particles and the co-catalyst. In addition, an
improved charge extraction due to enhanced band bending is predicted for larger co-catalysts
which make them preferable to small co-catalysts in PEC measurements.191 Therefore, for the
case of LTON-NiOx, the larger co-catalyst size doesn’t explain the lower performance
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compared to IrOx and CoOx and the difference in performance can be related to the functionality
of each co-catalyst.
For a more accurate investigation, the photocurrent was normalized to the electrochemical
surface area of the photoanodes and compared. For the LTON particles used herein, the BET
surface area is 3.8 m2.g-1. Assuming a loading of 0.4mg.cm-2,114, 131 a roughness factor of 15.2
can be calculated for the surface area. To estimate the electrochemical area of the co-catalyst
modified LTON photoanodes, cyclic voltamograms at different scan rates were acquired for
each photoanode. The LTON-CoOx photoanode showed the largest slope which is proportional
to the electrochemical surface area as can be observed in Figure 3.26A. This is expected for this
photoanode due to the small co-catalyst nanoparticles compared to the other two co-catalysts.
LTON-NiOx and LTON-IrOx had similar electrochemical surface areas that are 5 and 6 times
higher than that of the bare LTON electrode. The obtained surface area was considered for the
comparison of the photoanodes and the corrected photocurrents to the electrochemical surface
area at 1.23V vs RHE are presented in Figure 3.26B. The resulting photocurrent densities show
the same trend as before, with LTON-CoOx performing best and possessing photocurrents that
are two times higher than LTON-IrOx and LTON-NiOx. These results confirm the previous
discussion that the difference in PEC performance of the photoanodes doesn’t depend on the
size of the co-catalyst and the subsequent increased surface area.
The photocurrents shown previously were acquired by front-light illumination of the
photoanode that is from the photocatalyst side. Back-light illumination measurements were also
performed and the ratio between the front and back photocurrent densities was calculated. The
back-light illumination measurements were acquired using the same three-electrode system and
by irradiating the photoanodes form the backside through the FTO substrate. The front to back
ratio gives information on the recombination of the photogenerated carriers in the bulk and
surface of the photoelectrode. As the ratio becomes closer to 1.0, the recombination is less and
most of the photogenerated electrons in the photoanode are able to reach the back contact and
proceed to the Pt counter electrode to perform the water reduction reaction without being
recombined in the photoelectrode.
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Figure 3.26. (A) Current versus scan rate for the bare LTON, LTON-NiOx, LTON-IrOx and LTON-CoOx
photoanodes. (B) The photocurrent density of the photoanodes corrected to their electrochemical surface area at
1.23V vs RHE.

Figure 3.27 shows the front to back photocurrent density (J) ratios for the as-prepared and cocatalyst modified LTON electrodes from the photocurrents obtained at 0.8 and 1.23V vs RHE.
The bare LTON photoanode showed the lowest front to back ratio among the photoanodes at
both 1.23 and 0.8V vs RHE with values of 0.3 and 0.5, respectively. The low front/back values
of the as-prepared LTON photoanode are close to previously reported values for similarlyprepared LTON photoanodes and are attributed to the anisotropic nature of LTON particles
where high-angle inter-particle boundaries exist, as shown in the SEM image in Figure 3.22.
This prevents the fabrication of densely packed LTON photoanodes lowering therefore the
electron conductivity.126 With the addition of co-catalysts, the front-to-back photocurrent ratio
was increased at both 0.8 and 1.23V vs RHE. LTON-IrOx showed the highest front-to-back
photocurrent ratio at 0.8V vs RHE and the lowest at 1.23V vs RHE among the different cocatalysts which confirms that IrOx performs better at lower potentials and is able to extract more
holes reducing the recombination rate and improving the separation of the photogenerated
carriers. LTON-CoOx exhibited higher front/back photocurrent values at 0.8V vs RHE than
NiOx-loaded LTON. This shows that at this bias, CoOx is able to separate the carriers more
efficiently than NiOx. It is important to note here that the ratio of 1.04 and 1.0 observed for
IrOx- and CoOx-loaded LTON samples shows the outstanding properties of these two cocatalysts in reducing the recombination and ensuring almost a complete separation of the
photogenerated carriers. At 1.23V vs RHE, NiOx-loaded LTON exhibits slightly higher
front/back values than that of LTON-CoOx. However, its performance is inferior to that of
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LTON-CoOx which suggests that the higher photocurrents observed with the latter are not due
to better separation efficiencies of the photogenerated carriers but rather to better OER kinetics.
The similar photocurrent densities obtained for LTON-NiOx and LTON-IrOx at 1.23V vs RHE
even though the former photoanode shows higher front/back value can be explained by a better
OER kinetics of the IrOx co-catalyst compared to NiOx.

Figure 3.27. Front-to-back photocurrent ratio for LTON, LTON-CoOx, LTON-NiOx and LTON-IrOx photoanodes
at 0.8 and 1.23V vs RHE.

Open circuit voltage decay (OCVD) measurements were performed for the four photoanodes
as presented in Figure 3.28. In these plots, the variation of the open circuit potential (OCP) of
the electrode as a result of light illumination and termination is related to the accumulation
and/or consumption of charges. Upon illumination, the electrons become accumulated in the
semiconductor as the holes move to the surface and get consumed by the water oxidation
reaction. When the irradiation is terminated, the electrons are consumed, for instance by
recombination with trapped holes. Therefore, the decay profile of the OCP gives information
about the charge separation and recombination in the photoanodes. The as-prepared LTON and
NiOx-loaded LTON photoanodes (Figure 3.28A and C) restored their initial dark OCP directly
after light termination within less than 30sec. However, LTON-IrOx photoanodes restored its
initial OCP after 600sec of light termination. LTON-CoOx exhibited a long decay profile that
extended beyond the whole measurement period (900sec). Therefore, the life time of the
electrons was prolonged by the loading of IrOx and CoOx co-catalysts and was not affected by
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the NiOx co-catalyst. These results highlight the enhanced charge separation with CoOx and
IrOx with a better separation by the CoOx co-catalyst, explaining the superior performance of
the CoOx-loaded LTON photoanodes compared to the other photoanodes. In fact, it was
reported that the life time of electrons measured by time-resolved infrared absorption was
prolonged for IrOx- and CoOx-modified LTON with respect to the original LTON without cocatalysts. This results in a better separation of the photogenerated carriers in the case of cocatalysts with CoOx being more efficient and prolonging the lifetime of carriers more
significantly than IrOx.167

Figure 3.28. OCP time profiles of (A) LTON, (B) LTON-CoOx, (C) LTON-NiOx and (d) LTON-IrOx photoanodes.
The samples were illuminated after attaining a steady state OCP in the dark and then terminated after 30 sec.

The dark and light OCP values of the LTON photoanodes are shown in Figure 3.29. The dark
OCP, the quasi-Fermi level of holes EF,p, is positively shifted for the NiOx and CoOx loaded
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LTON photoanodes by about 80mV. Whereas for the LTON-IrOx photoanode, EF,p is slightly
shifted (by 10mV) to more negative values. The positive shift in the EF,p values results in the
increase of the oxidative power of the holes and thus they require less bias to compensate the
overpotential of the water oxidation reaction. The OCP values in light corresponding to the
quasi-Fermi level of electrons EF,n is negatively shifted for both CoOx- and IrOx-LTON samples
by 87mV and 66mV, respectively compared to the bare LTON sample. For the LTON-NiOx
photoanode, EF,n is shifted by 23mV to more positive values. As a result, the photovoltage Vph,
i.e. the difference between EF,n and EF,p is the highest for the CoOx-loaded LTON with a value
of 226.8mV. The NiOx- and IrOx-modified LTON had a similar photovoltage of 109 and
114mV which are 50mV larger than that of the bare LTON photoanode. The increase in the
photovoltage with the co-catalyst deposition contributes to the enhanced photocurrents
observed and the highest photovoltage for the LTON-CoOx photoanode contributes to its
superior PEC performance.

Figure 3.29. Dark and light OCP values of the bare and co-catalyst modified LTON photoanodes. The photovoltage
values of the photoanodes are shown as the difference between light and dark OCP.

In electrolysis, water oxidation in alkaline medium has been proposed to proceed through the
adsorption of the hydroxide ions on the catalyst followed by different steps and intermediates
to release oxygen.192 One of the possible mechanisms of OER reaction is as follows:
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𝑆 + 𝐻2 𝑂(𝑙) ⇌ 𝐻𝑂∗ + 𝐻 + + 𝑒 −
𝐻𝑂∗ ⇌ 𝑂∗ + 𝐻 + + 𝑒 −

(3.3)

(3.4)

𝑂∗ + 𝐻2 𝑂 ⇌ 𝐻𝑂𝑂∗ + 𝐻 + + 𝑒 −

(3.5)

𝐻𝑂𝑂∗ ⇌ 𝑆 + 𝑂2(𝑔) + 𝐻 + + 𝑒 −

(3.6)

If the catalyst surface (S) binds oxygen too weakly, the intermediates can’t react easily and the
oxidation of 𝐻𝑂∗ is the potential determining step. However, if the surface binds oxygen
strongly, the intermediate species are stable and the potential is limited by the formation of
𝐻𝑂𝑂∗ intermediate. This is known as the Sabatier principle.192 Theoretical calculations based
on the difference in energy between two intermediates has been considered to describe the
activity of different catalysts and was shown to follow a volcano relationship as shown in Figure
3.30 for OER oxide catalysts.193 The best catalysts are those that result in the optimal bonding
strength which are the ones present at the top of the volcano plot. Therefore, it is expected that
the catalytic activity follows the following trend: Co3O4>NiO>IrO2.
In our experiments, the loaded CoOx is expected to contain both CoO and Co3O4 according to
a previous study on LTON modified by CoOx by the same impregnation method.167 The
catalytic activity of the catalysts has been shown to depend on the method employed for their
synthesis and deposition, their composition, morphology and structure.192 Therefore, as the
structure and exact composition of the co-catalysts employed in this study weren’t determined,
their catalytic activity might not necessarily follow the trend in the volcano plot. Herein, the
catalytic activity of the co-catalysts towards OER was determined using the Tafel plot. The
Tafel slope is determined from the dependency of the overpotential on the current density. A
lower value of the Tafel slope corresponds to faster kinetics for the OER reaction. Figure 3.31
shows the Tafel plots of the bare LTON, LTON-NiOx, LTON-CoOx and LTON-IrOx. The
resulting Tafel slopes for the different photoanodes are one order of magnitude higher than that
obtained for the catalysts alone in electrocatalysis. This might be due to a combined effect from
the photocatalyst and co-catalyst which affect the total OER reaction. Hence, the values of the
Tafel slopes are not taken as absolute values and are just considered for the comparison of the
total OER kinetics between the different photoanodes.
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Figure 3.30. Volcano plot showing the theoretical overpotential for OER with respect to the difference in the
standard free energy of the intermediates (∆𝐺0𝑂∗ − ∆𝐺0𝐻𝑂∗ ). The figure is adapted from ref. 193

It can be observed from Figure 3.31 that in the case of LTON-NiOx, the Tafel slope
(0.623V/dec) didn’t change significantly compared to the bare LTON photoanode
(0.646V/dec). This shows that the total OER kinetics wasn’t modified by the NiOx co-catalyst.
However, compared to the bare photoanode, LTON-NiOx shows a lower overpotential as can
be inferred from its lower intercept (0.86V). The overpotential is related to the kinetics of the
OER and the separation efficiency of the photogenerated carriers. As the kinetics did’t change,
the overpotential of LTON-NiOx was lowered as a result of the better separation efficiency of
the photogenerated carriers in comparison to the un-modified LTON photoanode. This can be
explained by the positive shift in the EF,p when the photoanode is loaded by NiOx that results in
a higher oxidative power for the photogenerated holes reducing its recombination with the
electrons. Moreover, this result confirms the high front/back photocurrent value observed at
1.23V vs RHE.
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Figure 3.31. Tafel plot of LTON, LTON-CoOx, LTON-IrOx and LTON-NiOx. The plots are fitted linearly to
determine the Tafel slopes of the different photoanodes in the potential window between 1.1 and 1.5 V vs RHE.

In the case of LTON-IrOx and LTON-CoOx, the Tafel plots can be fitted linearly in two
equations depending on the potential range. For potentials lower than 1.23V (overpotential η ≤
0), both IrOx and CoOx modified samples possess lower slopes than the un-modified LTON
photoanode with IrOx-loaded LTON showing the lowest slope. These results suggest that the
LTON-IrOx photoanode shows better OER kinetics than the LTON-CoOx photoanode. In this
region, both photoanodes show at a certain current density lower overpotentials than bare
LTON and LTON-NiOx photoanodes with LTON-CoOx showing slightly lower overpotential
than LTON-IrOx photoanode. These results are consistent with the most positively shifted EF,p
and negatively shifted EF,n of LTON-CoOx which result in the best separation between the
photogenerated carriers. Moreover, the negative shift in EF,n for LTON-IrOx reduces the
recombination between the photogenerated carriers explaining its low overpotential. These
results also confirm the observations in Figure 3.28 where the LTON-IrOx and LTON-CoOx
were shown to elongate the lifetime of the electrons and improve the separation between the
photogenerated carriers.
At potentials above 1.23 V vs RHE, Figure 3.31 shows that the LTON-IrOx with a Tafel slope
of 0.53V/dec still shows improved OER kinetics, however LTON-CoOx possess the same Tafel
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slope as the bare LTON photoanode. In this potential range, LTON-CoOx photoanodes have
the lowest overpotentials compared to the bare, NiOx- and IrOx- modified LTON photoanodes
which can be attributed mainly to its superior separation efficiency.
Summarizing, at low potentials, both CoOx- and IrOx- modified LTON photoanodes show
improved kinetics for the OER reaction with LTON-IrOx showing the best reaction kinetics
resulting in the highest photocurrents at potentials lower than 0.9V vs RHE. At higher
potentials, even though the IrOx-loaded LTON photoanode results in the fastest oxygen
evolution reaction, the separation efficiency becomes the rate determining step for the overall
catalytic activity of the photoanodes. Hence, in this region CoOx-loaded LTON with the best
separation efficiency results in the highest photocurrents. The higher separation efficiency of
CoOx compared to IrOx can be depicted from the higher front/back photocurrent values at 1.23V
vs RHE which reveal that it captures the photoinduced holes more efficiently. Additional
investigations on the role of the three co-catalysts in improving the PEC performance of LTON
photoanodes using electrochemical impedance measurements are described in the Appendix
(Chapter 9).
Based on the measurements presented in this section, CoOx and IrOx are considered to be better
co-catalysts than NiOx for improving the performance of LTON photoanodes, with IrOx being
more efficient at low potentials and CoOx working the best at high potentials. Thus, it is
expected that for a LTON photoanode with a combination of IrOx and CoOx, a favorable
synergetic effect would be observed resulting in high performances. For an optimal
enhancement, the loading amounts of the two catalysts must be modified and their distribution
on the photocatalyst surface should be controlled so that they don’t counteract. Further studies
are also required to test the electocatalytic activity of NiOx, CoOx and IrOx co-catalysts prepared
by the same methods but without loading on LTON photoanode. This would enable the
comparison of the catalytic activities of the co-catalysts in the two systems, electrocatalysis and
photoelectrochemical water splitting which helps in a better understanding for the individual
processes and their effects on the total oxygen evolution reaction.
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3.4 Conclusion
In this chapter, powder-based photoanodes of three oxynitrides: CaNbO2N, BaTaO2N and
LaTiO2N were studied. For each of the photoanodes, different strategies were employed to
obtain a high PEC performance.
For the CaNbO2N photoanodes, the first method to enhance the PEC performance was through
modifying the synthesis method of the precursor oxides. Three different oxides were prepared
with two of the oxides starting from stoichiometric precursors and one using an excess of Nb.
As a result, different morphologies were obtained for the oxides produced by the different
synthesis routes and hence different morphologies for the resulting oxynitrides were obtained.
The oxynitride prepared from the Nb-enriched oxide showed the highest BET surface area and
highest N content along with a preferable morphology for the water splitting reactions. Hence,
this oxynitride showed the highest photocurrent density values. The performance of this
oxynitride was further improved by the addition of Co-Pi co-catalyst that improves the kinetics
of the oxygen evolution reaction and reduces the charge separation of the photogenerated
carriers. Overlayers of TiO2 and Al2O3 were investigated as possible passivation layers and the
obtained results showed that Al2O3 improves the photocurrents of the photoanodes by
passivating surface states that act as recombination sites for the photogenerated carriers. TiO2
didn’t improve the photocurrent, however it enhanced the stability of the samples which means
that it can work as a protective layer for the oxynitride photoanodes. On contrary, Al 2O3 is not
stable in the used alkaline electrolyte and it dissolves within a few minutes. The dissolution of
Al2O3 results in an increased electrochemical active surface area for the photoanode and hence
a prolonged enhanced performance compared to an un-passivated sample was observed.
For BaTaO2N photoanodes, the study aimed to improve the PEC performance by increasing the
surface area of the oxynitride powders. The surface area was increased by a new method which
is pulsed laser fragmentation in liquid. This approach resulted in a BET surface area of 32 m2.g1

for the BaTaO2N powders which is the highest reported value to date for oxynitride powders.

However, even though the surface area was improved, the PEC performance was the highest
for the unfragmented samples. This is attributed to the decrease in the N content of the powders
with fragmentation and to the presence of defects which act as recombination sites lowering the
photoactivity of the photoanodes. Interestingly, after a certain number of laser fragmentation
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cycles, the photocurrent starts to increase again which could be explained by the aggregation
of the small particles and the possible formation of an amorphous layer that improves the
mobility of the photogenerated carriers. However, a better understanding of the effect of the
fragmentation on the powders is still required.
Lastly, for the LaTiO2N photoanodes, three different co-catalysts: CoOx, NiOx and IrOx were
investigated for an improved PEC activity. The photocurrent measurements show that IrO x is
the best co-catalyst at potentials lower than 0.9V vs RHE. At higher potentials, CoOx results in
a greater enhancement in the photocurrent densities of the LaTiO2N photoanodes. Open-circuit
potential measurements show that for both IrOx and CoOx co-catalysts, the electron life time
was prolonged which shows that these two co-catalysts improve the separation of the
photogenerated carriers. Additionally, the ratio between front and back photocurrent densities
of the photoanodes show that at low potentials, IrOx reduces the recombination between the
photogenerated carriers more than CoOx and NiOx. At high potentials, NiOx and CoOx reduce
recombinations more efficiently than IrOx. Moreover, the Tafel slopes of the different
photoanodes show that the highest OER kinetics was achieved by the LTON photoanode
modified by IrOx. These results show the potential of each of the three co-catalysts and how
they improve the performance of the LTON photoanodes.
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Photoelectrochemical Water
Splitting

In this chapter, the deposition of oxynitride thin films using a modified PLD system is
summarized. The effect of the deposition conditions on the structural and optical properties of
the produced thin films is described. Three different oxynitrides are prepared: LaTiOxNy,
BaTaOxNy and CaNbOxNy. The influence of crystallinity and crystallographic properties of
LaTiOxNy thin films on their PEC performance is presented. In addition, improving the
photoactivity of the LaTiOxNy films is studied through the deposition of co-catalysts and
passivation layers. For BaTaOxNy and CaNbOxNy oxynitrides, the composition of the films
varied with the deposition conditions and consequently altered the photoactivity of the films.

109

Chapter 4

4.1 Pulsed Reactive Crossed-Beam Laser Ablation (PRCLA)
Oxynitride thin films were deposited using pulsed reactive crossed-beam laser ablation
(PRCLA). In this modified pulsed laser deposition (PLD) process, a gas jet is used which
interacts with the plasma plume species just in front of the target. This results in a change in the
composition of the grown thin film and it can be used to incorporate O into the films by using
O2, O3, or N2O gases or to incorporate N by using N2 or NH3. In previous studies in our group
for the deposition of oxynitride thin films, it was shown that an optimal N content can be
achieved with a N2 background and an NH3 gas pulse during the deposition. These conditions
were used for the deposition of LaTiOxNy, BaTaOxNy and CaNbOxNy thin films stating from
La2Ti2O7, Ba5Ta4O15 and Ca2Nb2O7 targets, respectively.
For the depositions of the oxynitrides shown in this chapter, a gas pulse was used that is
different from that used in previous reports of the group.65, 150, 156 The gas pulse geometry was
modified to result in the highest N content in the oxynitride thin films. This was done by moving
the gas pulse nozzle with respect to the target, i.e. changing the distance and angle between the
target and the nozzle both of which modify the point of intersection between the plasma plume
and the gas jets. Figure 4.1 shows the transmittance of LaTiOxNy (LTON) films deposited on
double-side polished MgO substrates with different geometries of the gas pulse. All the films
shown in Figure 4.1 were deposited using laser fluences in the range of 2.6-2.8J.cm-2. The
geometry resulting in the film with the most red shifted absorption edge is shown in the inset
of Figure 4.1 and was used in the work presented below.
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Figure 4.1. Transmittance spectra for LTON thin films deposited on double-side polished MgO substrate with
different gas pulse geometries. The inset picture shows the gas pulse geometry with respect to the target used in
this work.

Moreover, the delay between the gas pulse and the pulse was optimized for the new gas pulse
geometry. The absorption of LaTiOxNy film grown with a 30µs delay between the gas pulse and
the laser was more red-shifted and with higher absorbance than the other two films with 10µs
and 50µs delays (Figure 4.2). This is similar to the delay that has been used with the previous
gas pulse geometry.65, 150, 156-157 Therefore, this delay was used in the deposition of all oxynitride
thin films because it allowed a higher N incorporation into the films.
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Figure 4.2. Transmittance spectra of LTON films deposited on double-side polished MgO with different delay
times between the laser and the gas pulses.

The films were grown on a TiN film deposited by PLD on (001)-oriented MgO or (0001)oriented Al2O3 substrates. The TiN buffer layer served as a conductive layer to allow the
photoelectrochemical measurements of the oxynitride thin films. The TiN layer was grown
epitaxially in the (001) direction on the MgO substrate due to the small lattice mismatch of
0.56%.194-197 On Al2O3 substrates, TiN grew epitaxially along the (111) direction. This was
explained by the periodic arrangement of misfit dislocations that accommodate the large lattice
mismatch (8.46%) at the interface.198 As a result, highly ordered and fully relaxed epitaxial
(111)-oriented TiN films are grown. Depending on the deposition conditions, the oxynitrides
were grown with different crystalline properties and crystallographic orientations. The lattice
parameters of the three oxynitrides, their corresponding oxides, TiN, MgO and Al2O3 substrates
are shown in Table 4.1.
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Table 4.1. The crystal structure and lattice parameters of LaTiO2N, BaTaO2N and CaNbO2N oxynitrides, their
respective oxides, TiN, MgO and Al2O3 substrates.

Lattice Parameters (Å)
Compound

Crystal Structure
a

b

c

La2Ti2O7

Monoclinic

7.812

5.534

13.010

LaTiO2N

Orthorhombic

5.603

5.571

7.879

Ca2Nb2O7

Monoclinic

5.502

7.697

13.385

CaNbO2N

Orthorhombic

5.555

5.641

7.907

Ba5Ta4O15

Trigonal

5.776

5.776

11.82

BaTaO2N

Cubic Perovskite

4.113

-

-

TiN

fcc

4.235

-

-

MgO

fcc

4.2113

-

-

Al2O3

Hexagonal

4.7617

-

12.999
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4.2 LaTiOxNy thin films for photoelectrochemical water splitting
4.2.1 Effect of deposition conditions on the properties of LTON thin films
LTON thin films were deposited on MgO and Al2O3 substrates under different deposition
conditions. It was shown in previous studies that epitaxial LTON thin films exhibit a lower N
content than polycrystalline thin films. The lower N content is due to the decreased laser fluence
during the deposition.156 Based on this, two different approaches were used to grow epitaxial
thin films in this study using the new gas pulse geometry.
Table 4.2. The deposition conditions used (fluence, total pressure), the composition and the thickness of the LTON
films deposited on TiN-buffered MgO substrates. The experimental uncertainty on the composition of the thin
films measured from RBS and ERDA is ±3% for La and Ti and ±5% for O and N.

Film

Fluence (J.cm-2)

Total Pressure (mbar)

Composition

N/O

LTON-1

3.23

1.8*10-3

La1.02Ti0.98O2.05N0.78

0.39

LTON-2

1.6

1.8*10-3

La1.03Ti0.97O2.2N0.59

0.268

LTON-3

1.02

1.8*10-3

La1.00Ti1.00O2.65N0.14

0.053

LTON-4

3.92

1.4*10-3

La1.01Ti0.99O2.35N0.68

0.289

LTON-5

3.09

1.4*10-3

La1.02Ti0.98O2.39N0.45

0.188

LTON-6

2

1.4*10-3

La1.04Ti0.96O2.6N0.4

0.154

LTON-7

1.64

1.4*10-3

La1.04Ti0.96O2.4N0.46

0.23

LTON-8

2.87

1.2*10-3

La1.01Ti0.99O2.71N0.16

0.059

LTON-9

1.44

1.2*10-3

La1.03Ti0.97O2.55N0.49

0.192

In the first approach, LTON films were grown at different fluences similar to the previous work
reported for LTON films grown with the old gas pulse system. The deposition was done at a
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total pressure of 1.8*10-3 mbar using the NH3 gas pulse and N2 background gas. The N2 partial
pressure was kept constant for all experiments at a value of 8*10-4 mbar. In the second approach,
thin films were deposited at different total pressures by varying the pressure of NH3 introduced
by the gas pulse to the chamber. Table 4.2 reports the different deposition conditions used for
the growth of LTON thin films on TiN-buffered MgO substrate and their respective properties.
The crystal structure of the deposited films was identified by XRD measurements. Figure 4.3
shows the ϴ/2ϴ and the grazing incidence (GI) scans for thin films deposited at different
fluences under a total pressure of 1.8*10-3mbar.

Figure 4.3. XRD Ѳ/2Ѳ (in black) and grazing incidence (in red) scans for (a) LTON-1, (b) LTON-2 and (c) LTON3 thin films. The MgO substrate is marked by (●), TiN (002) peak is marked by (*) and the kβ reflex from the
MgO substrate is indicated by the symbol (◊).

For all the films, TiN is grown epitaxially on MgO substrates in the (001) direction. The LTON1 films show the (112) reflex in the ϴ/2ϴ scan which is the orientation of the largest intensity
for this material. LTON-2 shows in addition to the (112) peak in the ϴ/2ϴ scan, peaks
corresponding to the (001) orientation. The (112) peak is also present in the GI scan in addition
to the (114) and (312) peaks. Therefore, both LTON-1 and LTON-2 are polycrystalline thin
films. LTON-3 grew epitaxially on the (001)-oriented TiN-buffered MgO substrate. The
epitaxial growth was confirmed by the GI scan which didn’t show any reflexes. This is in
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agreement with the observations reported before where lowering the laser fluence results in the
growth of epitaxial LTON thin films.156
Rutherford back scattering (RBS) combined with heavy-ion elastic recoil detection analysis
(ERDA) measurements was used to determine the composition of the films. The composition
and N-to-O ratio are reported in Table 4.2 for all films. The N/O values decreased with lowering
the laser fluence in the deposition. These results are consistent with previous studies on LTON
films deposited under a total pressure of 1.8*10-3mbar where lowering the fluence resulted in a
decrease in the N content of the LTON films grown on several substrates.157
XRD measurements of LTON-4 to LTON-9 films are presented in Figure 4.4. Figure 4.4A
shows the ϴ/2ϴ and GI measurements for LTON films grown under a total pressure of 1.4*103

mbar. LTON-4 shows a polycrystalline structure with a main orientation in the (112) direction.

With decreasing the laser fluence, the contribution of the (112) peak decreased and peaks
corresponding to the (001) orientation become more evident. The films are polycrystalline until
the laser fluence was lowered to 1.64 J.cm-2 where the films become epitaxially (001) oriented.
Therefore, it can be observed that the (001)-oriented LTON film was obtained at a higher
fluence when the total pressure was decreased.

Figure 4.4. XRD Ѳ/2Ѳ (in black) and grazing incidence (in red) scans for LTON thin films grown under a total
pressure of (A) 1.4*10-3 mbar and (B) 1.2*10-3 mbar. In Panel A, (a) corresponds to LTON-4, (b) to LTON-5, (c)
to LTON-6 and (d) to LTON-7 thin films. In Panel B, (a) is for LTON-9 and (b) for LTON-8 films.

The ϴ/2ϴ and GI analysis (Figure 4.4B) revealed that for the LTON films grown under a
pressure of 1.2*10-3 mbar, (001)-oriented LTON thin films are obtained at a fluence of 2.87
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J.cm-2. A lower fluence resulted in the growth of the polycrystalline film. This is different to
the previous observations under total pressures of 1.8*10-3 and 1.4*10-3mbar. For a better
understanding of the observed results, the composition and N/O values were determined for the
LTON-4 to LTON-9 films. As reported in Table 4.2 and illustrated in Figure 4.5, the N/O values
follow a different trend when changing the total pressure in the deposition. For the lower
pressures, the N/O value increased with lowering the fluence. These results confirm that
epitaxial LTON-(001) films are produced when the N content of the films is low.

Figure 4.5. N to O ratio of LTON films deposited at different fluences. LTON thin films grown under a total
pressure of 1.8*10-3 mbar (black), 1.4*10-3 mbar (red) and 1.2*10-3mbar (blue).

Moreover, LTON films were deposited on TiN-buffered Al2O3 at different laser fluences and
at a total pressure of 1.8*10-3 mbar. LTON-10, LTON-11 and LTON-12 were deposited at laser
fluences of 3.64, 2.7 and 2.12 J.cm-2, respectively. XRD ϴ/2ϴ and GI analysis was conducted
for these films and is shown in Figure 4.6. LTON-10 shows the (112) peak in the ϴ/2ϴ scan in
addition to the (022) reflex. When the fluence was decreased, the intensity of the (112) peak
decreased and the (022) peak became more evident. Thus, the two LTON films, LTON-10 and
LTON-11 possess a polycrystalline structure. LTON-12, grown at a lower fluence, is epitaxially
grown in the (011) direction. This is confirmed by the absence of peaks in the GI scan.
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Figure 4.6. XRD Ѳ/2Ѳ (in black) and GI (in red) measurements for LTON films grown at 1.8*10-3mbar total
pressure with (a) LTON-10, (b) LTON-11 and (c) LTON-12.

4.2.2 Photoelectrochemical performance of LTON thin films
The photoactivity of the LTON films was assessed by measuring their photoelectrochemical
performance. The photocurrents dropped significantly within the first potentiodynamic
measurements, which is a typical observation for oxynitride photoanodes. This initial drop was
attributed to surface oxidation in the initial scans. For this reason, the photocurrent after
stabilization is considered. This was done by acquiring potentiostatic measurements at the
different potentials by holding the voltage constant for 300sec. The potentiostatic
measurements were acquired at high potentials first, and then the voltage was scanned to lower
values. For the thin films in this section and 4.2.3, a 405nm laser diode with a light intensity of
130 mW.cm-2 was used for illumination, and the comparison between the thin films was
achieved by considering the photocurrent densities at 1.23V vs RHE. This potential was chosen
since it is the theoretical minimum potential needed to split water. Figure 4.7 presents the
photocurrent densities of polycrystalline LTON, (001)-oriented and (011)-oriented LTON thin
films.

118

Chapter 4

Figure 4.7. The stabilized photocurrent density for LTON-poly, LTON-001 and LTON-011 thin films.

The obtained photocurrent densities are consistent with previous results where no significant
differences in the photocurrent values between LTON films with different orientations was
obtained. LTON-poly exhibits slightly lower photocurrent density in the whole potential range
compared to the epitaxial films.
The photocurrent densities at 1.23V vs RHE of the selected films, their N-to-O ratios, their %
absorption and their APCE values are shown in Table 4.3. The absorption and APCE values
considered here are at 405nm that is the wavelength of the monochromatic light source used in
the PEC measurements.
Table 4.3. The photocurrent density, N/O values, % absorption and APCE of LTON-poly, LTON-001 and LTON011.

Sample

J (µA.cm-2) at

N/O

1.23V vs RHE

Absorption

APCE at 1.23V

(%)

vs RHE (10-5)

LTON-poly

0.24

0.174

45

1.2

LTON-001

0.354

0.053

30

2.8

LTON-011

0.4

0.14

40

2.35
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The absorbance of the films was estimated from the absorbance values at 405nm of LTON
films deposited on double-side polished MgO with similar N/O from ref.s156-157. The APCE
values obtained follow the same trend as that reported in ref.156 with the highest APCE value
for LTON-001, followed by LTON-011 and then the LTON-poly film.
4.2.3 Improving PEC of LTON thin films
Different strategies were used to improve the PEC performance of LTON thin films. In the first
approach, after the deposition of the thin films by PRCLA, a post annealing procedure in NH 3
was done in an attempt to increase the N content of the films. Six polycrystalline LTON films
were deposited on TiN-MgO substrate under the same conditions with a fluence of 2.5-2.7 J.cm2

for 30min with a total pressure of 1.8×10-3mbar. Figure 4.8 shows the stabilized photocurrent

density of as-prepared thin film and thin films with different post annealing procedures.

Figure 4.8. Stabilized photocurrent densities of LTON thin films with/out postannealing in NH3 at different
conditions.

It can be observed that a small increase in photocurrent is observed when annealing at 450o for
one or two hours. The photocurrent increased further with increasing the annealing temperature
to 500o for 2 hours where the photocurrent was more than doubled with respect to the asprepared film. Increasing the post annealing time or the temperature decreased the performance.
The increased photocurrent with postannealing is attributed to the increase in the N content of
the films which was not significant until a temperature of 500o. This was confirmed by
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measuring the N content of the films by ERDA. The N/O ratio increased from 0.277 to 0.335
which supports the observed enhancement in the PEC performance.
The second approach for enhancing the performance of LTON thin films was through
depositing a passivation layer. A 2 nm Al2O3 layer was deposited by ALD on the surface of
LTON thin film under the same conditions used previously for the deposition of Al2O3 on
CaNbO2N powder-based photoanode. Figure 4.9 compares the stabilized photocurrents for the
as-prepared thin film with the passivated film.

Figure 4.9. Photocurrent density values after stabilization for LTON thin films with/out Al2O3 passivation layer in
the potential range between 1.1 and 1.5V vs RHE.

As was discussed before, the alumina layer dissolves in the NaOH electrolyte after 3min.
However, after stabilization measurement which takes about 40min., an enhancement in the
photocurrent is still observed where the photocurrent was four times higher for the passivated
film. This confirms the enhancement that was observed in the CaNbO2N photoanode after
30min of measurements although this is a different material. One explanation would be a
change in the roughness of the surface after depositing the Al2O3 layer.
The surface morphology of LTON film with and without a passivation layer is shown in Figure
4.10. The LTON film presents a smooth surface with fine round grains with a diameter less
than 100 nm. The passivated film shows the same surface morphology but with the grains and
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boundaries becoming more clear and smaller. This confirms the hypothesis that the dissolution
of the Al2O3 layer modifies the surface roughness.

Figure 4.10. SEM micrographs of (A) bare LTON thin film and (B) LTON film with a passivation layer after PEC
measurements.

AFM measurements were acquired for both the bare LTON film and the passivated film after
PEC measurements. As shown in Figure 4.11, the passivated film is rougher than the bare film
after PEC. These results confirm that the increased performance for the LTON/Al2O3 film after
the dissolution of the Al2O3 layer is due to its higher roughness compared to the film without
modification.
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Figure 4.11. AFM images for (A) bare LTON film and (B) Al2O3-modified LTON film after PEC measurements.

The third method employed for improving the photocurrent of LTON was the deposition of cocatalysts. IrOx and Co-Pi co-catalysts were chosen since they can be post-deposited on the
sample. Even though CoOx was shown to perform better than IrOx, it was not chosen for this
study because it was deposited using an impregnation method that is the co-catalyst was
preloaded on the particles before the fabrication of the photoanodes. It would be interesting to
deposit CoOx co-catalyst on the films by a different method, however this is out of the scope of
the present work since the deposition method has to be optimized to enable the maximum gain
from the co-catalyst.
For the IrOx loading, the film was dipped in a colloidal solution of IrOx for different times. The
photocurrent density after stabilization of the as-prepared and IrOx-modified LTON thin films
is presented in Figure 4.12. The photocurrent increased significantly after IrOx loading from
0.24µA.cm-2 at 1.23V vs RHE to 0.9 and 2.23µA.cm-2 at 1.23V vs RHE for the LTON films
immersed in IrOx for 4 hours and 30min., respectively. The 10 fold increase in the photocurrent
density after 30min. of deposition in the IrOx colloid is comparable to that observed with the
IrOx-loaded LTON powder-based photoanodes (section 3.3). In addition, increasing the
deposition time decreases the performance which means that, similar to powders, there is an
optimal amount of the co-catalyst to be loaded above which the co-catalyst can decrease the
contact between the semiconductor and the electrolyte or can act as a recombination site of the
capture photogenerated carriers.
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Figure 4.12. Photocurrent densities of bare LTON thin film (black squares), LTON film loaded with IrO x cocatalyst for 30min (red circles) and LTON film loaded with IrOx co-catalyst for 4hours (green triangles).

Another co-catalyst that have shown to be very efficient for improving the efficiency of
photocatalysts is Co-Pi. Co-Pi was loaded on the surface of the films by photodeposition (PD)
and by photoelectrodeposition (PED). In the former method, the thin film was dipped in a CoCl2
solution with a pH of 7 adjusted by potassium phosphate solution and irradiated by the solar
simulator. The photocurrent increased to 3.9µA.cm-2 at 1.23V vs RHE after 15 min of
photodeposition of Co-Pi co-catalyst as shown in Figure 4.13A. However, extending the
photodeposition time to 30 min showed a much smaller increase in the photocurrent with a
value of 1.15µA.cm-2 at 1.23V vs RHE which is 1.5 times higher than the un-loaded film. This
shows that there is also an optimal loading above which no enhancement is observed. Figure
4.13B shows the photocurrent densities of the LTON films modified by Co-Pi via
photoelectrodeposition at different times. The optimal photocurrent was obtained after 3min of
Co-Pi deposition where the photocurrent reached 2.1µA.cm-2 at 1.23V vs RHE. This
photocurrent is, however, less than that obtained by photodeposition. For a better
understanding, the Co-Pi loaded LTON films were investigated by SEM.
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Figure 4.13. Photocurrent densities of LTON thin films with/out Co-Pi deposited by (A) photodeposition and (B)
photoelectrodeposition for different times.

Fig. 4.17 shows the SEM micrographs of the Co-Pi loaded LTON films under different
conditions. As a first observation, it can be seen that the co-catalyst nanoparticles are smaller
in the case of photodeposition (Panel A and C in comparison to Panel B and D). Second, in the
case of photodeposition for 15min, more co-catalyst nanoparticles appear on the LTON thin
film than in the case of longer time. After 30min of photodeposition, the underlying structure
of the LTON film becomes less clear which suggests that a thin layer of the Co-Pi co-catalyst
is formed on the surface of LTON. This could explain the decrease in the performance after
30min. In the case of PED, the increase of deposition time results in more co-catalyst
nanoparticles on the surface and in the increase of the size of these nanoparticles. The increase
in the particle size is not preferable usually because of the possible recombinations of the
captured holes/electrons in the co-catalyst itself.
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Figure 4.14. Top-view SEM micrographs for LTON thin films loaded with Co-Pi co-catalyst by (A) PD for 15min,
(B) PED for 1min, (C) PD for 30min and (D) PED for 5min.

For comparison, Co-Pi was loaded on LTON powder-based photoanodes by PD and PED for
different deposition times. As shown in Figure 4.15, the photocurrent density was significantly
enhanced in both cases with a 10-fold increase in the case of photodeposited Co-Pi and slightly
lower increase for the photoelectrodeposited Co-Pi co-catalyst. These results are consistent
with the observation on Co-Pi modified LTON thin films where photodeposition of the cocatalyst resulted in better performance than in the case of photoelectrodeposition. For the LTON
powder-based photoanodes, there is no big difference in the performance of films loaded with
Co-Pi at different deposition times. Yet, the optimal times for PD and PED are at 15min and
5min., respectively. Increasing the deposition times slightly lowered the performances of the
photoanodes similar to what observed for the thin films modified with Co-Pi.
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Figure 4.15. Potentiodynamic scans for (A) Co-Pi photodeposited and (B) Co-Pi photoelectrodeposited on LTON
photoanodes with variable deposition times.

Based on these results, it would be interesting for future studies to combine the different
approaches for an enhanced PEC water splitting performance of the LTON thin films. First,
epitaxial (001) oriented LTON thin films would be fabricated since this orientation was shown
to result in the highest efficiency. Then, the post annealing procedure could be followed to
increase the N content. In the case of LTON-001 films, the effect of annealing conditions must
be considered and it would be important to check if the crystallinity and crystallographic
orientation would be preserved. Third, a passivation layer would be deposited on the film
surface. Even though Al2O3 was shown to have a prolonged effect in enhancing the
photoactivity after its dissolution, a passivation layer that is stable in the alkaline electrolyte
such as Ga2O3 would be more interesting. The alkaline conditions are usually preferable for the
PEC measurements. This is because at high pH values the higher electric conductivity of the
electrolyte reduces ohmic losses. Also, the adsorbed OH- ions on the photoanode surface trap
the photogenerated holes more efficiently than water.126 In addition to the previous
modifications, co-catalysts can be deposited on the films. In addition to Co-Pi and IrOx which
showed an enhancement in the PEC performance of LTON films, other co-catalysts such as
NiOx can be investigated.
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4.3 Photoactivity of epitaxial BaTaOxNy thin films with variable N content
towards solar water splitting
For this study, BaTaOxNy (BTON) films were deposited on TiN-buffered MgO substrates by
PRCLA under different deposition conditions, as shown in Table 4.4. For all the films N2 was
used a background gas with a pressure of 8*10-4 mbar and NH3 was introduced by the gas pulse
nozzle to reach a total pressure of 1.8*10-3 mbar.
Table 4.4. Deposition conditions (fluence, deposition time) of BTON thin films on TiN/MgO, their composition
and thickness.

Film

Fluence
(J.cm-2)

Deposition
time (min.)

Composition

Thickness from SEM
(nm)

TiN

Oxynitride

BTON-1

1.3

16

Ba1.11Ta0.89O2.2N0.46

90

200

BTON-2

2.1

16

Ba1.07Ta0.93O2.25N0.93

106

248

BTON-3

2.5

16

Ba1.06Ta0.94O2.25N0.71

100

315

BTON-4

2.1

30

Ba1.05Ta0.95O2.1N0.79

90

370

The crystalline structure of the BTON films was determined by XRD measurements. Figure
4.16 shows the XRD ϴ/2ϴ and grazing incidence (GI) scans. A peak at 21.1 and 43.1 appeared
for all samples in the ϴ/2ϴ scan which correspond to the 001 and 002 indices. No peaks were
observed in the grazing incidence measurements. This shows that all the films were grown
epitaxially in the 001 direction. The epitaxial growth is due to the similar lattice constants of
TiN, MgO and the cubic BaTaO2N oxynitride (Table 4.1) although a tensile stress is expected
because of the mismatch of about 2%.151
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Figure 4.16. XRD ϴ/2ϴ (in black) and grazing incidence (in red) for (a) BTON-1, (b) BTON-2, (c) BTON-3 and
(d) BTON-4.

The composition and N contents of the films was determined using RBS combined with ERDA
measurements and are reported in Table 4.4. Figure 4.17 shows an example of the RBS
spectrum for BTON-2 thin film.
The N-to-O and the Ba-to-Ta ratios are depicted in Figure 4.18. All the films were Ba-enriched
with the Ba/Ta ranging between 1.1 and 1.25. The Ba enrichment is considered to originate
from the oxide target which was Ba enriched. Increasing the laser fluence resulted in less Ba
enrichment and a more stoichiometric cation composition in the films. Concerning the N
content of the films, BTON-2 and BTON-4 had the highest N/O values. The higher N content
compared to BTON-1 can be explained by the increase of the laser fluence. A similar effect of
the laser fluence on the N content of LaTiOxNy films was observed where the increase of the
laser fluence increased the N content of the films. Higher laser fluences result in higher ablation
rates, kinetic energies, and plasma excitation degrees. These highly energetic species lead to
more collisions with N2 and NH3 molecules from the background and the gas pulse producing
more atomic N and thereby increasing the N concentration in the films.
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Figure 4.17. An example of RBS spectrum of BTON thin film on TiN/MgO.

However, above 2.1 J.cm-2 the N/O value decreased even though the Ba/Ta was not changed.
This may be attributed to the sputtering of N atoms from the surface of the film with increasing
the fluence.

Figure 4.18. N/O (red squares) and Ba/Ta (blue circles) values for BTON films with respect to the laser fluence
during deposition. The red and blue triangles correspond to N/O and Ba/Ta values of BTON-4 grown on TiN/MgO
at a longer deposition time (30min).
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The PEC performance of the films was measured to investigate the effect of the laser fluence
and the subsequent changes in composition and thickness of films on their photoactivity
towards water splitting. As shown in Figure 4.19A, the photocurrent of BTON films drops from
the first to the second and third potentiodynamic scans. For this reason, the stabilized
photocurrents that are acquired by holding the potential of the photoanode at a constant voltage
for 300sec were considered. The stabilized photocurrents of the BTON thin films are shown in
Figure 4.19B for the potential range between starting from 1.1 and 1.6V vs RHE.

Figure 4.19. Photoelectrochemical measurements of BTON thin films with (A) showing the first three
potentiodynamic scans of BTON-4 film and (B) showing the stabilized photocurrent densities of BTON-1, BTON2, BTON-3 and BTON-4 thin films in the potential range between 1.1 and 1.6V vs RHE.

BTON-2 exhibited the highest photocurrent density among the films with a value of 0.63µA.cm2

at 1.23V vs RHE. Since the films have very similar crystalline structure, the performance is

mainly affected by the thickness and the composition of the films. Therefore, the improved
photoactivity of BTON-2 is attributed to its highest N content in comparison to the others.
BTON-1 showed the lowest photocurrents which can be explained by its N content which is the
lowest among the films. This result confirms the importance of the N content on the activity of
the films. The low performance of BTON-1 can also be explained by its Ba enrichment. The
excess of Ba results in Ta vacancies and defects in the film which act as recombination sites of
the photogenerated e--h+ pairs and thereby reducing its performance. BTON-3 and BTON-4
showed a similar performance even though BTON-4 had a more stoichiometric Ba and Ta
content as well as higher N content than BTON-3. This can be explained by the increased
thickness of the film which leads to more recombination and thus lower the photoactivity.
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4.4 Investigations of the effect of deposition conditions on the properties and
PEC performance of CaNbOxNy thin films
CaNbOxNy thin films were deposited by PRCLA on a TiN-buffered MgO substrate. The
deposition was done under the same total pressure (with background pressure of 8*10 -4 mbar
and increased to 1.8*10-3 mbar with NH3). Table 4.5 reports the deposition conditions used for
the growth of CaNbOxNy (CNON) thin films along with their composition and thicknesses.
Table 4.5. Deposition conditions (fluence, deposition time) of CNON thin films on TiN/MgO, their composition
and thickness.

Film

Fluence
(J.cm-2)

Deposition
time (min.)

Composition

SEM
TiN

Oxynitride

CNON-1

1.2

16

Ca0.875Nb1.125O2.85N0.26

90

90

CNON-2

2.3

16

Ca0.93Nb1.07O2.7N0.23

90

140

CNON-3

2.6

16

Ca0.94Nb1.06O2.6N0.17

95

135

CNON-4

2.6

30

Ca0.95Nb1.05O2.2N0.65

70

215

XRD measurements were performed to investigate the crystalline properties of the films. As
shown in Figure 4.20, all the CNON films exhibited similar ϴ/2ϴ XRD scans where only the
reflex corresponding to the (112) orientation was observed. The grazing incidence (GI) scans
of the films showed 2 small peaks corresponding to (114) and (312) orientations. Thus, the
CNON films are polycrystalline with a preferable orientation in the (112) direction. This is the
reflex of highest intensity for the orthorhombic perovskites.

132

Chapter 4

Figure 4.20. XRD ϴ/2ϴ (black) and GI (red) scans for (a) CNON-1, (b) CNON-2, (c) CNON-3 and (d) CNON-4.

The composition of CNON films was determined from RBS measurements which enables
determining the cation and O content. Combining RBS with ERDA allows to determine the N
content of the films. An example of an RBS measurement of a CNON film is shown in Figure
4.21 and the compositions of the films are reported in Table 4.5.
All CNON films showed Ca deficiencies with CNON-1 being the most Ca-deficient film. The
Ca deficiency can be explained by the loss of Ca during the PLD process. The smaller mass of
Ca compared to Nb results in more scattering of Ca species during the plume expansion and
thus lowering its content in the films. Similar observations were reported for La1-xCaxMnO3 and
La1-xCaxCoO3 where the Ca content of the films was reduced and the La content was
enhanced.199-200 The Ca/Nb and N/O ratios as a function of the laser fluence are shown in Figure
4.22.
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Figure 4.21. RBS measurement for CNON-4 thin film on TiN/MgO.

The N/O ratio of the films deposited for 16min was less than 0.1 with a slight decrease when
increasing the fluence from 2.3 to 2.6 J.cm-2. The thicker film had more than three times the N
content of the thinner films.

Figure 4.22. N/O (red squares) and Ca/Nb (blue circles) ratio of CaNbOxNy films grown by 16min. deposition.
The triangles correspond to CaNbOxNy film grown by 30min. deposition.

The performance of the films was investigated via PEC measurements. Figure 4.23A presents
the third potentiodynamic scans of the CNON films. The photocurrent of the films dropped
significantly within the first scans similar to the observed behavior for LTON and BTON films.
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Therefore, for comparison of the performance of CNON films, the photocurrent after
stabilization was compared as presented in Figure 4.23B. CNON-4 showed the highest
performance with a photocurrent of 0.139µA.cm-2 at 1.23V vs RHE. The thinner films showed
similar performance with a photocurrent in the range of 0.06 to 0.1µA.cm-2 at 1.23V vs RHE.
These results can be attributed to the higher N content of CNON-4 compared to the other films.
The results also show that the Ca deficiency in the films affected slightly the performance since
CNON-1 with the lower Ca/Nb value exhibited the lowest photocurrent density.

Figure 4.23. Potentiodynamic scans in (A) for the CaNbOxNy thin films and in (B) the stabilized photocurrents.
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4.5 Conclusion
Three different oxynitride materials: LaTiOxNy, CaNbOxNy and BaTaOxNy were fabricated as
thin film photoanodes using PRCLA. The films were deposited on TiN-buffered substrates to
allow their PEC characterization. In the case of LaTiOxNy, the films were deposited on TiNbuffered MgO and Al2O3 substrates at variable fluences and different NH3 gas pulse pressures.
Lowering the laser fluence and NH3 gas pressure resulted in the growth of epitaxial thin films.
The PEC performance of the films was shown to be improved with the crystalline quality. In
addition, (001)-oriented films exhibited higher absorbed photon-to-current efficiency than the
(011)-oriented LTON films which confirms previous results obtained in our group showing the
dependence of the PEC performance on the crystallographic orientation of the film. Moreover,
different strategies were employed to improve the performance of LTON films, such as
increasing the N content of the films via postannealing procedure in NH3, passivation of the
surface and deposition of co-catalysts.
For the CaNbOxNy and BaTaOxNy thin films, the change in the laser fluence affected the
composition of the films significantly where increasing the laser fluence resulted in more
stoichiometric content of the cations. However, for both oxynitrides additional work is needed
to optimize the deposition conditions and allow stoichiometric Ca/Nb and Ba/Ta values in
CaNbOxNy and BaTaOxNy, respectively. This is important because it can influence the N
content of the films and their PEC performance. Additionally, it would be interesting to prepare
CaNbOxNy and BaTaOxNy thin films of different crystallinity and crystallographic orientations
and investigate their effect on the PEC performance of the films similar to the study done on
the LaTiOxNy thin films.
Based on the results reported in this chapter, CaNbOxNy thin films exhibited the lowest
photocurrent density values among the three oxynitrides. This can be related to the Ca
deficiency of the films, the low N content and the lower crystallinity compared to the epitaxial
LaTiOxNy and BaTaOxNy films or it can be due a lower intrinsic photoactivity of this oxynitride
compared to the other two oxynitrides. Therefore, additional investigations are required for a
good comparison between the PEC performances of the three oxynitrides.
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Chapter 5. Solar Water Splitting:
Oxynitride Thin Films versus
Powder-Based Photoanodes

Oxynitride photoanodes are typically assembled by depositing oxynitride particles on
conductive substrates (Chapter 3). As in many other fields of materials science, also for the
design and fabrication of materials for solar water splitting, thin films represent excellent model
systems for fundamental research. By growing thin films, in contrast to powder-based coatings,
the crystalline, crystallographic and morphological characteristics of the samples can be
carefully controlled making it possible to access physicochemical properties otherwise difficult
to probe.
This chapter reports a comparative investigation of powder and thin film based photoanodes
conducted using three different oxynitride materials: LaTiOxNy, CaNbOxNy and BaTaOxNy.
The analysis is based on the structural, optical and photoelectrochemical properties of the two
sample designs highlighting what specific insights must be considered for an efficient water
splitting system.
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5.1 Oxynitride powder-based photoanodes
For the preparation of the powder-based photoanodes, LaTiOxNy, CaNbOxNy and BaTaOxNy
powders were first prepared by thermal ammonolysis of La2Ti2O7, Ca2Nb2O7 and Ba5Ta4O15
powders. The XRD patterns of the powders of the three oxynitrides and corresponding
precursor oxides are presented in Figure 5.1. The XRD patterns match well with the expected
crystal structures of the oxides and oxynitrides and can be indexed to the perovskite LaTiO 2N
(ICSD Code: 168551), CaNbO2N (ICSD Code: 55396) and BaTaO2N (ICSD Code: 202763),
to the monoclinic La2Ti2O7 (ICSD Code: 5416) and Ca2Nb2O7 (ICSD Code: 26010) and to the
trigonal Ba5Ta4O15 (ICSD Code: 16028). In all the powder patterns, no secondary phases were
observed.

Figure 5.1. XRD patterns of LaTiOxNy, BaTaOxNy and CaNbOxNy oxynitride powders in black and their respective
precursor oxides in grey.

The N content of the oxynitride powders was determined by thermogravimetric analysis
(section 2.5.1.2) from the mass difference between the oxynitride and the resulting oxide after
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heating in synthetic air. Figure 5.2 shows the TG curves for each of the oxynitride powders.
LaTiOxNy and CaNbOxNy showed a mass increase starting at 400 oC due to the oxidation of the
oxynitrides. At 1000 oC and at 700 oC in the case of LaTiOxNy and CaNbOxNy, respectively, the
mass starts to decrease again as the oxynitrides lose all their N content. In the case of BaTaOxNy,
the mass increase starts at 600 oC and at 1200 oC it reaches a stabilized mass that corresponds
to a 0.095% increase. The temperatures at which the oxynitrides show an increase and a
decrease of the mass signal are in agreement with literature reports.163 The N content (y values)
of LaTiOxNy, BaTaOxNy and CaNbOxNy are reported in Table 5.1. BaTaOxNy had the highest
N content while CaNbOxNy showed the lowest value.

Figure 5.2. Thermogravimetric (TG) curves of (A) LaTiOxNy, (B) BaTaOxNy and (C) CaNbOxNy oxynitride
powders.

The absorbance of the oxynitrides was determined from the diffuse reflectance measurements
of the powders. As shown in Figure 5.3, BaTaOxNy showed the most red shifted absorption
edge among the three oxynitrides at 660nm which corresponds to a band gap of 1.91 eV.
CaNbOxNy and LaTiOxNy exhibited absorption edges of 560 and 600nm, correspondingly. The
band gap values obtained are close to the reported values in literature for these materials.13
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Figure 5.3. The absorbance spectra of LaTiOxNy, BaTaOxNy and CaNbOxNy powders. The arrows show the
absorption edge of the oxynitrides from which their band gap was determined.

Brunauer-Emmett-Teller (BET) measurements were used to determine the surface area of the
oxynitride powders. The surface area of the three oxynitrides is slightly smaller than that
obtained for similarly prepared oxynitrides and the difference could originate from the different
ammonolysis setup used.189 The resulting properties of the three oxynitrides are summarized in
Table 5.1. CaNbOxNy showed a BET surface area higher than that of BaTaOxNy and LaTiOxNy.
The difference in the surface area is related to the different reactivity of the oxide precursors
during ammonolysis and to the difference in the ammonolysis temperature used for each
oxynitride.
Table 5.1. The properties of LaTiOxNy, BaTaOxNy and CaNbOxNy oxynitrides in terms of band gap, N content and
BET surface area.

Oxynitride
LaTiOxNy
CaNbOxNy
BaTaOxNy

Band gap (eV)
2.07
2.21
1.91

N content from TG

BET surface area

0.8
0.62
0.99

(m2g-1)
3.8
5.31
3

The oxynitride photoanodes were then prepared by electrophoretic deposition on a fluorinedoped tin oxide (FTO) substrate. The deposition was followed by a post necking treatment to
improve the electrical contact between the oxynitride particles as well as between the particles
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and the substrate. Briefly, a TaCl5 film is deposited by drop-casting on the photoanodes. By
annealing in air and NH3, Ta(O,N) bridges are formed connecting the particles and enhancing
the long range mobility of the photogenerated charge carriers. This procedure is commonly
used in literature for the preparation of oxynitride photoanodes.123-124, 126
Top-view SEM micrographs of the obtained photoanodes are shown in Figure 5.4. The
LaTiOxNy photoanode consists of porous particles with grain sizes in the range of 0.6 to 1.8µm.
This is the typical morphology observed for LaTiOxNy particles prepared by the ammonolysis
of lanthanum titanium oxide produced via the solid-state route.126 The BaTaOxNy particles have
the form of dense agglomerates of much smaller particles with diameter in the range of 50-100
nm. Finally, the CaNbOxNy photoanode consists of highly porous rectangular grains that are a
few µm long and hundreds of nm wide. The porosity observed in these oxynitrides results from
the substitution of 3O2- by 2N3- during the nitration reaction.127

Figure 5.4. Top-view SEM images of LaTiOxNy, (B) BaTaOxNy and (C) CaNbOxNy powder-based photoanodes.
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5.2 Oxynitride thin film-based photoanodes
Pulsed reactive crossed-beam laser ablation (PRCLA) was used to grow oxynitride thin films
of LaTiOxNy, CaNbOxNy and BaTaOxNy. A detailed description of this technique is presented
in the experimental section. The films were deposited on TiN-buffered MgO substrates. The
TiN buffer layer, deposited by conventional pulsed laser deposition (PLD) is used for this work
as a current collector for the PEC measurements.156-157

Figure 5.5. (A) XRD patterns of LaTiOxNy, BaTaOxNy and CaNbOxNy thin films. For each material, the black line
shows the ϴ/2ϴ scan and the grey line shows the diffraction pattern acquired in grazing incidence mode. (B), (C)
and (D) show an enlarged view of the ϴ/2ϴ scan plots in the angular range between 42.6o and 43.2o for LaTiOxNy,
BaTaOxNy and CaNbOxNy thin films, respectively. The MgO substrate is marked by ●, TiN (002) diffraction peak
is marked by *. In the ϴ/2ϴ scans the symbol ◊ indicates the kβ reflex from the MgO substrate

Figure 5.5 shows the XRD patterns for the three oxynitride thin films. It is noteworthy that the
relatively small lattice mismatch between TiN and MgO drives the epitaxial growth of the
buffer layers on the (001)-oriented substrates. The lattice parameters of MgO, TiN and the three
oxynitrides are reported in Table 4.1.
As can be seen in Figure 5.5, LaTiOxNy film shows only the (112) reflex in the ϴ/2ϴ scan. This
reflex is also observed in the grazing incidence mode with a small peak corresponding to (312)
orientation of LaTiOxNy. These observations reveal the polycrystalline textured structure of the
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film. Similarly, a polycrystalline textured structure with preferential orientation along the (112)
direction is obtained for the CaNbOxNy film. The (112) reflex is the reflex with the largest
relative intensity for these orthorhombic perovskite structures (ICSD Code: 168551 for
LaTiO2N and ICSD Code: 55396 for CaNbO2N).
In the case of BaTaOxNy, the films grow (001) epitaxially oriented on TiN/MgO substrates. In
fact, the ϴ/2ϴ scan shows the (001) and (002) reflexes of the BaTaOxNy cubic perovskite
structure, whilst no diffraction peaks are visible in grazing incidence mode.
The morphology of the films was investigated by scanning electron microscopy (SEM). Figure
5.6A, B and C show cross-section SEM images of LaTiOxNy, BaTaOxNy and CaNbOxNy thin
films. The SEM images of LaTiOxNy and CaNbOxNy films show the expected granular
morphology of polycrystalline films. In the case of BaTaOxNy instead, well-defined cleavage
planes are visible with continuous fractures starting from MgO, passing through TiN and
extending to the BaTaOxNy film. These are the typical morphological features of ordered
epitaxial films.

Figure 5.6. Cross-sectional SEM images of fractured (A) LaTiOxNy, (B) BaTaOxNy and (C) CaNbOxNy thin films
grown on TiN-buffered MgO substrates.

Rutherford backscattering (RBS) was used to determine the cation and O stoichiometry in the
films with an experimental uncertainty of ±3% for cations and ±5% for oxygen. The nitrogen
content of the films was calculated from the RBS results combined with heavy-ion elastic recoil
detection analysis (ERDA) measurements from which the nitrogen-to-oxygen ratio was
obtained. The nitrogen content of the films was determined with an uncertainty of about ±5%.
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Figure 5.7 shows the RBS spectra of the investigated oxynitride thin films on TiN-buffered
MgO substrates.

Figure 5.7. RBS spectra of (A) LaTiOxNy, (B) BaTaOxNy and (C) CaNbOxNy thin films grown on TiN/MgO
substrate.

The (N+O) content of LaTiOxNy is 2.99 which is, within the uncertainty of the measurement,
equal to the ideal value of 3.0 for the perovskite phase. However, for CaNbOxNy film, the total
anion content is 2.85. The low anion content is accompanied with a slightly lower Ca to Nb
ratio than the stoichiometric value. This can be explained by the smaller atomic mass of Ca
compared to Nb resulting in more scattering of Ca species in the plasma plume during the
deposition. The RBS results suggest therefore that Ca vacancies might be formed in the film.
For BaTaOxNy film, a (N+O) amount above 3.0 is observed along with Ba enrichment at the
expense of Ta. A Ba-enriched oxide was used for the synthesis of the powders as well as for
the fabrication of the target for PLD due to the high volatility of Ba. The RBS measurements
of our films show that further optimization of the deposition conditions and/or the Ba content
of the target material is required to achieve the desired 1:1 ratio of the cation content. Overall
however, the XRD analysis in Figure 5.5 shows that for the three materials under investigation
the measured deviation of chemical compositions has no influence on the crystalline structures,
neither lead to the formation of secondary phases.
Table 5.2 reports the chemical composition and the thickness of the oxynitride thin films. The
thickness was determined by profilometry which gave the total thickness comprising the
oxynitride thin film and the underlying TiN film. In addition, the thickness for each, the
oxynitride and TiN, was estimated from cross-sectional SEM images. The total thickness
obtained from SEM images was in good agreement with that measured by the profilometer.
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Table 5.2. Composition, N/O ratio and the thickness of the LaTiOxNy, BaTaOxNy and CaNbOxNy oxynitride thin
films.

Thickness (nm)
Sample

Composition

SEM

Profilometry

TiN

Oxynitride

LaTiOxNy/TiN/MgO

La1.01Ti0.99O2.65N0.34

120

152

(TiN+Oxynitride)
270

CaNbOxNy/TiN/MgO

Ca0.95Nb1.05O2.2N0.65

70

215

280

BaTaOxNy/TiN/MgO

Ba1.07Ta0.93O2.25N0.93

106

248

350
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5.3 Photoelectrochemical characterization
To compare the photoactivity of oxynitride photoanodes based on thin films and powders,
photoelectrochemical measurements were performed by conducting current-voltage scans in
three-electrode configuration. For the three materials and for both powder- and film-based
photoanodes, the electronic current decreased to 50 – 30% of its initial value during the first
potentiodynamic scans. After a few (three to six) potentiodynamic tests the current reaches
stable and reproducible values. As reported in previous studies, this is largely due to the initial
oxidation of the surface of the samples driven by the electrochemical process.156 For this reason,
the photocurrents after the stabilization of the photoanodes, which correspond to their actual
photoactivity, were considered herein for the three investigated oxynitrides. The stabilized
photocurrents were obtained from the potentiostatic measurements where the potential was hold
constant for 300 sec at each voltage. The potentiostatic scans were first performed at high
potentials and then moved to lower voltages. Figure 5.8 shows the photocurrent density values
obtained for LaTiOxNy, BaTaOxNy and CaNbOxNy powder-based (A) and thin film (B)
photoanodes at potentials between 1.1 and 1.5 V vs RHE.

Figure 5.8. Photoelectrochemical performance of oxynitride (A) powder-based photoanodes and (B) thin films.
The yellow triangles correspond to CaNbOxNy, blue circles to BaTaOxNy and red squares to LaTiOxNy
photoanodes.

The literature on PEC characterization of oxynitride thin films is basically restricted to our
previous study156 and the study reported by Le Paven-Thivet and co-workers154, both on
LaTiOxNy films. These two studies are in agreement with the results presented here. Concerning
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BaTaOxNy and CaNbOxNy instead, to our knowledge the PEC characterizations in Figure 5.8B
for the thin films are the first reported in the literature.
Concerning the PEC characterizations of the powder-based photoanodes, the literature typically
reports potentiodynamic measurements of devices optimized for maximum performance by
thermal treatment in H2, surface passivation with additional coatings and decoration with cocatalyst nanoparticles acting as the electrochemically active sites. 98, 126, 131, 201 Such treatments
can improve the photoactivity by orders of magnitudes and in some cases these modifications
of the surface are essential to enable the functionality of the material which is otherwise inactive
or unstable. However, it has to be considered that the effects of the aforementioned treatments
are different for different materials and could be different for powder- and film-based
photoanodes. This would make more difficult the direct comparison of the two sample designs
to understand if and how the film-based electrodes can be used as investigation tools
complementary to particle samples. For these reasons, the bare semiconducting oxynitrides are
used herein.
Figure 5.8A shows the stabilized photocurrent densities measured for the three oxynitrides. At
1.5V vs RHE for example the current densities were about 30, 10 and 5 A cm-2 for LaTiOxNy,
BaTaOxNy and CaNbOxNy respectively. At 1.2V vs RHE the current densities decreased to
about 10, 5 and 3 A cm-2.
Using the bare LaTiOxNy semiconductor, Landsmann and coworkers126 reported values of
photocurrent densities ranging from 20 to 120 µA.cm-2 at 1.2 V vs. RHE depending on the
fabrication method of the powders that led to BET surface area ranging from about 8 to 14 m2.g1

. At the same voltage, our samples show a photocurrent density of about 10 µA.cm-2.

Considering that this is the result of potentiostatic characterizations (instead of
potentiodynamic) and taking into account the smaller BET surface area of about 4 m2.g-1
measured for our LaTiOxNy samples, we conclude that the photocurrent density measured for
our LaTiOxNy samples is in line with literature reports.
Regarding BaTaOxNy powders, the PEC characterization of the bare semiconductor is not
reported in the literature. Using BaTaOxNy particles, Higashi and colleagues131 studied the
combined effects of thermal treatments and co-catalysts. The optimized sample allowed
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achieving the very high value of photocurrent density of about 3.5 mA.cm-2 at 1.2 V vs. RHE.
In that study, however, current density values lower than about 100 µA.cm-2, as those attainable
using the base oxynitride, were not discussed.
Finally, concerning CaNbOxNy to our knowledge the present study reports the first PEC
characterizations of photoanodes based on this oxynitride. Computational studies have showed
that this oxynitride can be used for both water oxidation and reduction reactions.202 In addition,
oxygen and hydrogen gases were experimentally shown to evolve from CaNbOxNy particles
suspended in aqueous solution.121 It was shown that this material is active for both O2 and H2
evolution from aqueous AgNO3 and methanol, yet it is important to control its preparation
procedure because NbOxNy can be formed easily as a byproduct that is detrimental to its
photoactivity.121 For the CaNbOxNy samples prepared for this work, the XRD analysis shows
no evidence of formation of secondary phases.

Figure 5.9. Absorbance spectra of LaTiOxNy (in red), BaTaOxNy (in blue) and CaNbOxNy (in green)
photoanodes. The solid curves correspond to the absorbance of the powder-based photoanodes and the dotted
curves are for the thin films.

Among the three materials, CaNbOxNy exhibited the lowest performance for both thin film and
powder-based photoanode (Figure 5.8). This could be due to the higher density of defects
present in this material compared to the other two oxynitrides. This hypothesis is supported by
the higher background absorbance measured for the photoanodes composed of this oxynitride
in comparison to LaTiOxNy and BaTaOxNy as can be seen in Figure 5.9.
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Regarding the thin film samples of the three materials, the comparison of Figure 5.8A and B
clearly shows that the values of photocurrent densities measured with the thin films lay in a
range at least one order of magnitude lower than that for powders. This is due to the fact that
the photocurrent density is calculated considering the illuminated area of the sample under
investigation. While for thin films the illuminated area and the electrochemical area coincide,
for powder-based samples the latter can be much wider due to the higher roughness. Taking
into account a loading density of 0.4-0.45 mg.cm-2 that is typical for powder samples,114, 131 and
using the BET surface area of the oxynitride powders reported in Table 5.1, the electrochemical
area of powder-based photoelectrodes is estimated to be 15-17, 12-14 and 20-23 times larger
than that of thin films for LaTiOxNy, BaTaOxNy and CaNbOxNy, respectively. The higher
surface area per illuminated area of the powder-based photoanodes results in larger number of
active sites for hole injection to the electrolyte and thus more sites for oxygen evolution. This
geometrical factor explains the one order of magnitude higher absolute performance of particlebased photoanodes compared to films.
Another factor which explains the higher photocurrent achieved by the powder-based
photoanodes compared to thin films is the difference in absorbance. The absorbance spectra of
the oxynitride photoanodes are presented in Figure 5.9. The absorbance of the powder-based
photoanodes was calculated from the reflectance and transmittance measurements. For the thin
films, the diffuse reflectance was not considered due to the smoothness of the surfaces. For the
transmittance measurements, oxynitride thin films were deposited on double-side polished
MgO substrates without a TiN buffer layer underneath. All other deposition parameters were
the same as for the films used for the PEC characterizations.
Figure 5.9 shows that for the three oxynitrides, powder-based photoanodes have higher
absorption in the whole UV-Vis range compared to thin films. As mentioned, CaNbOxNy
photoanodes show high background absorption, possibly due to the higher defect density
leading to higher recombination rate. Further investigation are planned to verify this hypothesis
and understand whether it is possible to improve the performance of this material.
The higher light absorption of powders can be due to compositional or morphological reasons.
For example, by comparing Table 5.1 and Table 5.2 it can be observed that, while for CaNbOxNy
and BaTaOxNy the N content of powders and thin films is very similar, for LaTiOxNy the thin
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films have significantly lower N content than the powders. A lower than stoichiometric N
content widens the band gap, thus shifting the photoresponse toward the UV energy range, i.e.
the LaTiOxNy thin films absorb fewer photons than the powder-based samples in the visible.
On the other hand, even when the chemical composition is very similar, as in the case of
BaTaOxNy films and powders, the thickness of the oxynitride layer can affect the light
absorption properties. All powder-based photoanodes are a few µm thick compared to 150-250
nm that is the thickness for the thin films. Therefore, it is expected that more light is absorbed
with the powder-based samples even though this does not necessarily lead to better performance
since the recombination rate play a crucial role. The effect of thickness is clearly measurable
not only by comparing thin films and powder-based photoanodes but also particle-based
photoanodes with different thicknesses. As an example, CaNbOxNy powder-based photoanodes
prepared under different electrophoretic deposition times with thicknesses varying between
0.5µm to 4.9µm showed different absorbance. As presented in Figure 5.10, the transmittance
of the photoanodes decreased with increasing the thickness.

Figure 5.10. Transmittance spectra for CaNbOxNy powder-based photoanodes with different thicknesses.

Taking into account the respective light absorption properties and the morphological features,
thin films of the three oxynitrides are indeed at least as efficient as the particle-based
photoanodes for water splitting. For instance, by normalizing the photocurrent to the
electrochemical surface area, the BET factor, the photocurrent achieved by thin films matches
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that obtained with powder-based photoanodes in the case of LaTiOxNy and CaNbOxNy
oxynitrides (Table 5.3Table 5.3. The photocurrents of the oxynitride thin films and powder-based photoanodes
obtained from Figure 5.8 corrected to the BET factors.).

For BaTaOxNy, thin films resulted in higher

normalized photocurrent density. This is most probably due to a reduced charge carrier
recombination in the thin films, as the result of the better crystalline quality and denser
morphology.
Table 5.3. The photocurrents of the oxynitride thin films and powder-based photoanodes obtained from Figure 5.8
corrected to the BET factors.

Oxynitride

LaTiOxNy

BaTaOxNy

CaNbOxNy

Photoanode

BET
factor

J corrected to BET factor
(µA.cm-2)

Thin Film

1

0.6

Particle-based Photoanode

16.15

0.59

Thin Film

1

0.633

Particle-based Photoanode

12.75

0.43

Thin Film

1

0.139

Particle-based Photoanode

22.1

0.138

It is worth noticing that BaTaOxNy thin films showed similar performance to LaTiOxNy thin
films (Figure 5.8B), while BaTaOxNy powders showed photocurrent densities at least two-times
smaller than LaTiOxNy over the all range of applied potentials (Figure 5.8A). The comparison
of Figure 5.4 and Figure 5.6 shows that morphologically the two thin films are indeed very
similar, while the two powder samples looked very different, LaTiOxNy showing a much larger
average grain size. The larger average grain size of LaTiOxNy appears to be highly beneficial.
The use of thin film samples allows the comparison of PEC properties of materials with the
same morphology, thus independently on the specific synthesis properties.
The schematics of the two photoanode systems, thin film and powders, are shown in Figure
5.11. Thin films consist of relatively large grains in good contact with each other. Powder-based
photoanodes instead are composed of agglomerates of powders with smaller grains electrically

151

Chapter 5

not well connected and a post necking is needed to bridge them and enhance the mobility of the
photogenerated carriers.
The much higher surface roughness of the powder-based samples is crucial to increase
performance, not to mention the comparably inexpensive fabrication method. However, thin
film technologies allow the growth of samples with well-defined, atomically flat surface,
controlled crystallographic property and fully dense bulk morphology. Thin films are ideal tools
to achieve surface sensitivity for the characterization of the electrode-electrolyte interface. The
flat surface may allow the controlled decoration with co-catalyst nanoparticles. The epitaxial
growth allows probing the effect of different crystallographic surface orientations. The fully
dense morphology makes the PEC test independent on the synthesis process. These are some
of the most relevant applications of thin films as complementary investigation tools for the
development of oxynitride photoanodes for solar water splitting.

Figure 5.11. Schematics showing the differences between thin films and powder-based photoanodes in the
generation and transport of electron-hole pairs.
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5.4 Conclusion
The photoelectrochemical properties towards visible light-driven water splitting of different
oxynitride photoanodes based on thin films and particulates were compared in this chapter. For
a rational comparison of the two sample designs the intrinsic morphological differences such
as surface roughness and thickness were considered by normalizing the measured photocurrent
to the effective surface area and calculating the APCE values of the different photoanodes.
The results show that for the three oxynitrides, the particulate-based samples achieved the
higher absolute values of photocurrent densities, mainly due to the much larger surface area.
Nevertheless, the thin films attained about twice the APCE of the particulate photoanodes. This
is primarily due to the better crystalline quality and improved electrical connection between
grains. On one side, the lower density of crystalline defects reduces the recombination of the
photo-generated charge carriers. On the other, the denser bulk morphology improves the
electrical conductivity.
This study highlights the usefulness of coupling and properly comparing the results obtained
with these two complementary approaches. The large surface roughness of powder-based
photoanodes, highly desirable to maximize the photoelectrochemical response, largely
determines the properties of the device. This makes more difficult to investigate the properties
of the bulk that are instead directly accessible using dense films. Once understood how the thin
films relate to the respective particulates, the thin films with their well-defined surfaces become
ideal experimental platforms for surface studies, such as for example the coupling between the
semiconductor and the co-catalyst at the solid-liquid interface. Moreover, epitaxial films are
used to probe the effects of the crystallographic surface orientation on the interfacial charge
transfer. In addition, in case the fabrication of a device is required, thin films could be prepared
by cheap and large scale deposition techniques such as ALD and CVD in which the advantages
of the thin films could be utilized.
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Chapter 6. Un-doped and Y-doped
BiFeO3 Thin Films for
Photoelectrochemical Water
Splitting

In the previous chapters, oxynitride photoanodes were investigated for solar water splitting due
to their visible light absorption properties. However, the stability of the oxynitrides is inferior
to that of oxide photocatalysts. Most of the stable oxide photocatalysts have large band gaps
which limit their absorption to the UV range of the solar spectrum. Therefore, only few oxides
that have small band gaps remain interesting as photocatalysts for solar water splitting. Among
perovskite oxides, BiFeO3 gained a significant attention due to its unique properties. BiFeO3 is
a rhombohedrally distorted ferroelectric perovskite (R3c). This material has been interesting
for several applications, e.g. in ferroelectric solar cells, spintronic devices, and light emitting
diodes. BiFeO3 shows both outstanding antiferromagnetic and ferroelectric properties with a
Curie temperature of about Tc ~1103K and Néel temperature of TN ~643K.203 It exhibits
magnetic or ferroelectric ordering at high temperatures when an electric or magnetic field is
applied, respectively. In addition to these properties, BiFeO3 has a direct band gap of about
2.7eV, which made it recently interesting as an oxide photocatalyst capable of absorbing visible
light.204 The small bandgap of this oxide is due to the high-lying valence band which is formed
from the mixed O 2p orbital with the Bi3+ 5d106s2 shell.17 Moreover, the conduction and valence
band edges of BFO straddle both water reduction and oxidation potential, respectively.142
Ferroelectric materials are interesting as photocatalysts because of their inherent properties
related to charge carrier separation and chemical stability.205 The carrier separation is due to the
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electric field produced by the spontaneous polarization within ferroelectric domains. This
results in the accumulation of electrons and holes on opposite surfaces of BFO causing band
bending at the interface with the electrolyte. This inherent band bending induces efficient
charge separation and thus improves the photocatalytic reactions by the accumulated
charges.205-206 As shown in Figure 6.1, the band bending is affected by the polarization of
BiFeO3. In the absence of polarization, the photogenerated carriers are not efficiently separated
due to the slight energy band bending. In the downward polarization state, shown in Figure
6.1B, negative charges accumulate at the interface with the electrolyte resulting in an enhanced
upward band bending at the BFO/electrolyte interface. This results in a better separation of the
photogenerated carries and thereby an improved PEC performance. However, in the case of
upward polarization (Figure 6.1C), a downward band bending occurs which acts as a barrier for
the injection of holes (electrons) to the electrolyte (bottom electrode) and hence lowering the
PEC water splitting performance of BFO. The height of the band bending depends on the
ferroelectric spontaneous polarization, which is for instance affected by the crystallographic
orientation of BFO.207

Figure 6.1. Schematics illustrated from ref.207 showing the energy band diagrams for BFO photoanodes in PEC
cell in (a) the absence of polarization, (b) downward polarization and (c) upward polarization.

The ferroelectric properties of BFO can be utilized for spatial selective photochemical reactivity
on the surface via visible light irradiation, that is the separation of the oxidation and reduction
reactions on the surface of BFO photoanodes for an improved performance. This occurs through
the spontaneous polarization that leads to the transport of electrons and holes in opposite
directions. The electrons move to the positive domains at the surface and induce the reduction
reaction, whereas holes are transported to the negative domains where the oxidation occurs.208
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Hence, the intermediate species and the products are produced in separate areas reducing their
possible back reaction and enhancing thereby the efficiency of the reactions. This mechanism
has been investigated by the reduction of Ag on BiFeO3208 and on TiO2/ BiFeO3209. In both
cases, upon visible light irradiation, the Ag reduction occurred on ferroelectric domains with a
positive component of the polarization perpendicular to the surface. In addition, it was shown
that the spatially selective photochemical behavior is affected more by the domain orientation
than the crystal orientation.208
It has been reported that oxidation of organic compounds and water has been achieved using
BiFeO3 as photocatalyst under visible light irradiation. However, the performance of these
materials has been limited by the low surface area and high recombination of the photoinduced
electron-hole pairs. To overcome this problem, nanostructuring of BiFeO3 has been the focus
of several studies because of the short charge carrier diffusion length in these structures which
suppresses recombination of the photogenerated carriers. For instance, BFO nanoparticles
showed three times higher performance for water splitting than titania P25 Degussa which is
an industrial standard.210 Due to the difficulty of controlling the polarization in BFO
nanoparticles and thus investigating the effect of ferroelectric polarization on the water splitting
activity, BFO thin films are interesting systems for these studies. In addition, the urge to obtain
high conversion efficiency with low cost materials and without any back-up technologies for
recollecting the nanostructures used in the process makes thin films an interesting approach.
To tackle the problems related to the high leakage currents, chemical stability and small
photocurrent density of BFO, metal doping appeared as a possible method. Moreover, doping
is known to be effective for narrowing the band gap. A/B-site doping of BFO with elements
such as Gd,204, 211 La,212 Y, Ti203 and Mn213 can be used for narrowing its band gap. For example,
tuning of the band gap and improved photocatalytic activity were reported for Y-doped BFO
nanoparticles compared to the un-doped BFO.214-215
Pure and doped BFO thin films have been investigated for photoelectrochemical (PEC) water
splitting. For example, an incident photon to current conversion efficiency (IPCE) of 7% at
530nm has been reported for polycrystalline BFO films.216 Other studies have investigated the
PEC properties of epitaxial BFO films deposited by PLD on different substrates with (001)pc,
(110)pc and (111)pc crystallographic orientations (pc stands for pseudocubic indices). The higher
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spontaneous polarization in the (111)pc compared to the other orientations resulted in an
increase of the photocurrent density by 5.3 times at 0V vs Ag/AgCl and a decrease in the onset
potential by 0.18V in the downward polarization state. It was also shown that the ferroelectric
domain structures can induce a variation up to 8000% in the photocurrent and a 0.330V shift in
the onset potential, suggesting the use of domain engineering in ferroelectric materials for
effective charge separation and collection for efficient water splitting photoanodes.207
In spite of these arguments, the photoelectrochemical properties of Y-doped BiFeO3 epitaxial
films have not been reported yet. Therefore, the effect of Y doping level and epitaxial strain
relaxations of Y-doped BFO films on the PEC performance of BFO are investigated in this
study. This work has been done in collaboration with the National Institute for Laser, Plasma
and Radiation Physics (INFLPR) in Romania where the films deposition and characterization
was done. The PEC measurements of the samples have been done at PSI.

* Part of this work has been published as:
“Rolling dopant and strain in Y-doped BiFeO3 epitaxial thin films for photoelectrochemical
water splitting”.
F. Haydous, N. Scarisoreanu, R. Birjega, V. Ion, T. Lippert, N. Dumitrescu, A. Moldovan, A.
Andrei, V. Teodorescu, C. Ghica, R. Negrea and M. Dinescu. Sci. Rep. 2018, 8, 15826.
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6.1 Deposition and characterization of BiFeO3 thin films
The Pulsed Laser Deposition (PLD) method has been employed for the growth of BFO and YBFO thin films starting from ceramics targets of Bi1-xYxFeO3 with x corresponding to the
doping level. The films were deposited on (001) Nb:SrTiO3 (STON) conductive single-crystal
substrates. The deposition was performed in 13 Pa oxygen partial pressure, by using an ArF
excimer laser (193nm wavelength) with a repetition rate of 5 Hz. The laser pulse energy was
20 mJ and the substrate temperature was 700 oC. In these conditions the growth rate was about
0.1 Å/s. Spectrometric ellipsometry analyses, as well as transmission electron microscopy in
cross-section have been used to determine the thicknesses of the films. For this work, three
doping levels were selected: 3%, 5% and 10% and were compared to the un-doped BFO films.
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6.2 Photoelectrochemical performance of un-doped and Y-doped BiFeO3 thin
films
The photoelectrochemical behavior of the films was measured in a three electrode system. The
un-doped and Y-doped BiFeO3 (BFO) thin films grown on Nb-doped SrTiO3 were used as the
working electrodes, while Pt wire and Ag/AgCl were the counter and reference electrodes,
respectively. The samples were coated with insulating varnish keeping a selected area of the
film surface in contact with the NaOH (pH=13) electrolyte. A 405nm laser diode was used as
the illumination source with a light intensity of 130mW.cm-2.
Figure 6.2A shows the potentiodynamic scans of two un-doped BFO films with different
thicknesses under chopped front illumination. The thinner film (13 nm) exhibited a
photocurrent of 0.88mA.cm-2 at 1.4V vs RHE that is two times higher than for the 29 nm thick
film. In addition, a lower photocurrent onset was observed for the thinner film. The onset of the
anodic photocurrent appeared at 0.2V vs RHE for the 13 nm BFO film compared to 0.6V vs
RHE for the 29 nm thick film. The measured photocurrents are higher than the reported values
for BFO photoanodes in literature. For instance, a photocurrent of 0.1mA.cm-2 at 1.0V vs
Ag/AgCl in 0.2M Na2SO4 electrolyte (pH=6.5) was reported for BFO film deposited on FTO
glass by aerosol assisted chemical vapor deposition (AACVD) process.217 A similar
photocurrent of 0.09mA.cm-2 at 1.0V vs Ag/AgCl was reported for BFO thin films prepared by
PLD on a platinized silicon substrate.216 Lower photocurrent values of 10µA.cm-2 at 0.64V vs
Ag/AgCl were obtained with epitaxial BiFeO3 thin films deposited by sputtering on SrRuO3buffered SrTiO3 substrates.142
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Figure 6.2. PEC measurements for 13 nm and 29 nm thick un-doped BFO films showing in (A) the potentodynamic
scans and in (B) potentiostaic scans at 1.4V vs RHE under chopped light illumination.

Figure 6.2B shows the potentiostatic photocurrents acquired at a fixed potential of 1.4V vs
RHE. It can be clearly seen that both samples showed a very good stability with a constant
photocurrent during the stability test (15 min.). These results show a great potential of BFO as
a photocatalyst for water splitting as high stable photocurrents were obtained with low onset
potential even without loading of any co-catalyst or applying any modification to the surface.
This is different from the case of oxynitrides as shown before where stability is a major issue.
In order to study the effect of Y doping on the performance of the BFO photoanodes, films of
different doping levels were prepared. 3%, 5% and 10% Y-doped BFO thin films were prepared
for this investigation with different thicknesses.
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Figure 6.3. PEC measurements for 3% Y-doped BFO films with different thicknesses. (A) and (B) show,
respectively, the potentodynamic and potentiostaic scans at 1.4V vs RHE under chopped light illumination.

A similar trend to that observed for un-doped BFO films is observed in Figure 6.3 for 3%Ydoped BFO films with four different thicknesses: 22 nm, 31 nm, 61 nm and 75 nm. The thinner
film showed the highest photocurrent of 0.72 mA.cm-2 then the photocurrent dropped
significantly with increasing the thickness to reach 0.06 mA.cm-2 for the 75 nm thick film. The
3% Y-doped BFO photoanodes showed also a stable performance for all the thicknesses.

Figure 6.4. (A) Potentodynamic and (B) potentiostaic scans at 1.4V vs RHE for 5% Y-doped BFO films with
different thicknesses.

Figure 6.4 shows the PEC performance of three 5%Y-doped BFO films with different
thicknesses. As for the undoped and 3%Y-doped BFO films, the 5%Y-doped BFO photoanodes
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are stable and the photocurrent decreased with thickness with the highest photocurrent of
0.36mA.cm-2 at 1.4V vs RHE for the 13 nm thick film. Therefore, a 12-13 nm film of Y-doped
BFO was prepared with a higher doping of 10%. As shown in Figure 6.5, the 10%Y-doped
BFO film resulted in a stable photocurrent of 0.32mA.cm-2 at 1.4V vs RHE.

Figure 6.5. (A) Potentodynamic and (B) potentiostaic scans at 1.4V vs RHE for a 12.5 nm thick 10% Y-doped
BFO film.

In order to study the effect of doping on the BFO films, the photocurrents were normalized to
the light absorption and the APCE values were calculated. The absorbance of the films was
determined from their extinction coefficients. Considering the smooth film surfaces, the diffuse
reflectance of the films can be neglected and the absorbance (A) can be calculated from the
transmittance (T) as follows:
𝑇=

𝐼
𝐼0 × 𝑒 −𝛼.𝑡
=
= 𝑒 −𝛼.𝑡
𝐼0
𝐼0

𝐴 = 1 − 𝑇 = 1 − 𝑒 −𝛼.𝑡

(6.1)
(6.2)

With 𝑡 being the thickness of the film and 𝛼 the absorption coefficient at a certain wavelength
(𝜆) which can be determined from the extinction coefficient 𝑘 as shown in equation (6.3):
4𝜋𝑘
(6.3)
𝜆
Using these equations, the APCE values of the BFO films at the wavelength of the laser
𝛼=

(𝜆=405nm) can be calculated according to equation (1.13).
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The extinction coefficients (k) of the un-doped and Y-doped BFO films at 404nm obtained from
spectroscopic ellipsometry measurements are shown in Figure 6.6 as a function of thickness
variation. Y-doping improved the absorbance of BFO films with the highest extinction values
for the 3%Y-doped BFO films after which k values started dropping with further doping. The
10%Y-doped BFO showed the lowest k values showing that a slight variation in the doping
level can result in enormous change in the optical properties of the films. For the 3% and 5%
Y-doped BFO films, a clear trend between the k values and the thickness exists. Increasing the
thickness resulted in a decrease in the extinction coefficients for both doped films.

Figure 6.6. Extinction coefficient versus thickness of un-doped BFO, 3% Y-doped, 5% Y-doped and 10% Y-doped
BFO thin films.

Table 6.1 reports the properties of the different BFO films in terms of doping level, thickness,
extinction coefficient k at 404nm, photocurrent density (J) and APCE values at 1.4V vs RHE.
The APCE values decreased with thickness for a constant doping level. As presented in Figure
6.7, for both 3% and 5%Y-doped BFO films, the APCE values showed a similar trend to the
photocurrent density values. This means that the decrease in performance with increasing the
thickness is not a result of the change in light absorption with thickness. The change of PEC
properties with respect to thickness is studied in more details in the next section for 3% Y-BFO
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films. The effect of doping on the PEC performance of BFO films with similar thicknesses will
be discussed in section 6.4.
Table 6.1. The thicknesses, extinction coefficients, photocurrent densities and APCE values at 1.4V vs RHE for
3%, 5% and 10% Y-doped BFO films compared to un-doped BFO films.

% Doping

Thickness (nm)

K404

J (mA.cm-2) at

APCE at 1.4V

1.4V vs RHE

vs RHE

3%

61

0.86718

0.13

0.003797

3%

75

0.92066

0.06

0.001601

3%

31

1.05918

0.3

0.011056

3%

22

1.15764

0.72

0.031038

5%

127

0.58453

0.025

0.000654

5%

89

0.6437

0.03

0.00085

5%

13

0.88802

0.36

0.028158

10%

12.5

0.22681

0.32

0.089483

Un-doped

29

0.60178

0.375

0.02112

Un-doped

13

---

0.88

---

Figure 6.7. APCE and photocurrent densities of (A) 3% and (B) 5% Y-doped BFO thin films versus thickness.
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6.3 Understanding the effect of film thickness on the PEC performance of 3%
Y-doped BFO thin films
For this study, 3% Y-doped BFO films were selected to investigate in detail the change in PEC
performance with thickness. The -2 X-ray diffraction patterns for Y-BFO thin films with
different thickness values are shown in Figure 6.8. A pure perovskite phase is obtained for all
films without traces of any parasitic phase, as can be noticed from the (00l) reflections of the
Y-BFO films and STON substrates.

Figure 6.8. Ѳ-2Ѳ XRD measurements for 3% Y-BFO films deposited on STON (001) substrate with 4 different
thicknesses.

Similar to previous results obtained on 5% Y-BFO/STO films, the addition of the Y atoms with
smaller atomic radii compared to Bi showed a huge effect on the mosaicity of the BFO structure
through crystalline coherence length breaking.218 For the thinnest film, which is the most
strained sample, the FWHM value is much smaller compared to thicker samples as depicted in
the rocking curves in Figure 6.9. This implies that due to strain, the mosaicity of the thin films
is less affected by defects and dislocations and the coherence length is preserved on larger
nanoregions /nanodomains. The Y-BFO lattice distortion towards out-of-plane direction takes
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place due to Y-addition and gradual relaxation of epitaxial strain which favors extended defects
to expand in the films, as the thickness increases.

Figure 6.9. Full width at half maximum (FWMH) values of the rocking curves of the (002) peaks of 3%Y-BFO
films with different thickness values.

The detailed structural parameters of 3% Y-BFO films are depicted in Table 6.2. The out-ofplane aout of plane parameters of Y-BFO thin films are obtained from the conventional (00l)
reflections. The in-plane ain plane values are obtained from off-axis diffraction scans at different
tilt angles for the four azimuthal angles.
Figure 6.10 shows the variation of aout of plane and ain plane parameters of 3% Y-BFO films with
thickness. As expected, for the thinnest sample, the out-of-plane parameter has the highest
value, aout of plane = 4.0473 Å, due to high substrate induced strain state. All the values for the
aout of plane of Y-BFO films up to thickness of 75 nm, are higher as compared to Bi0.97Y0.03FeO3
ceramics (about 3.94 Å). From the straight line fitted to the aout of plane values in Figure 6.10, a
thickness of 145 nm corresponds to aout of plane of 3.905 Å that is equal to that of the STON
substrate. Therefore, a 3% Y-BFO film with this thickness is considered to be completely
relaxed. Using this value, the strain percent was calculated.

167

Chapter 6

Table 6.2. The structural parameters of 3% Y-BFO films with variable thickness values.
Thickness
(nm)

aout of
plane (Å)

ain plane
(Å)

aout of
plane/ain

𝑳⊥
(nm)

Microstrain
𝜺⊥ (%)

FWMHω(002)
(deg)

𝑳∥
(nm)

αtilt
(deg)

Strain percent
(%)

plane

22

4.0473

3.910

1.035

21

0.15

0.145

36

0.493

3.64

31

4.0217

3.923

1.025

28

0.59

0.210

29

0.662

2.99

61

3.9834

3.954

1.007

60

0.47

0.789

14

1.543

2.01

75

3.9726

3.951

1.005

69

0.45

0.437

25

1.279

1.73

The in-plane lattice parameter of 3.910 Å for the thinnest sample shows the fully strained state,
being very close to the cubic STON substrate lattice parameter (3.905 Å). As the thickness
increases, ain

plane

values of the films are following the same trend revealing the gradual

relaxation of the strain.

Figure 6.10. Out-of-plane and in-plane lattice parameters of 3% Y-BFO films as a function of their thickness
values.

For understanding the effect of the Y-dopant on the films, and to distinguish the possible
contributions to the increasing mosaicity, the Williamson-Hall model was employed.219 In this
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method, the epitaxial films are assumed to be consisting of defect-free domains, termed mosaic
blocks, with a mean vertical and lateral dimension called vertical and lateral coherence length
assosciated to directions parallel or perpendicular to the surface, respectively. A slight
misorientation of the mosaic blocks with respect to each other is assumed to exist with the outof-plane rotation of the blocks being called mean mosaic tilt angle.
Using this method, the out-of-plane or perpendicular coherence length 𝐿⊥ and the associated
microstrain values have been extracted and presented in Table 6.2. The out-of-plane coherence
length is connected to films thickness for systems with defects running mainly parallel to the
substrate surface normal. The out-of-plane coherence length (𝐿⊥ ) and the heterogeneous
microstrain Bragg reflection (𝜀⊥ ) are derived from the Williamson-Hall plots using the (00l)
symmetric reflections and applying the following equation:
𝛽 cos(𝜃)
1
𝑠𝑖𝑛(𝜃)
=
+ 4𝜀⊥
𝜆
𝐿⊥
𝜆

(6.4)

With λ being the X-ray wavelength, β the FWHM and θ the Bragg angle. The strain and the
vertical coherence are determined from the slope and intercept of the plot of
𝑠𝑖𝑛(𝜃)
𝜆

𝛽 cos(𝜃)
𝜆

versus

.

𝐿⊥ and 𝜀⊥ are caused by defects, strain or composition gradients in the out of plane direction.
The reported values of 𝐿⊥ in Table 6.2 are comparable to the nominal film thickness. However,
a limitation due to defect densities should be still considered in particular for the region near
the film/substrate interface.
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Figure 6.11. The parallel coherence length and the tilt angle of the 3% Y-BFO films as a function of thickness.

Analyzing the broadening of the rocking curve of the (00l) reflections, using the same
Williamson−Hall approach, the coherence length parallel to the substrate surface (𝐿∥ ) and the
tilt angle (αtilt) have been extracted220 and are presented in Figure 6.11 as a function of thickness.
The parallel coherence length values decrease with film thickness, which means that for the
thickest films much smaller nanodomains are grown along the substrate compared to the thinner
films. Following the same trend, the tilt angle is higher for high thickness values, with an
inflexion point at 61 nm thickness for both 𝐿∥ and αtilt.
The use of small miscut angle STON substrates without any surface treatments leads to a
Stranski- Krastanov type of growth for the Y-BFO films with the initial monolayers being
followed by island formation. This growth mode has been revealed by TEM analysis. The HRTEM in cross-section for the 22 nm and 31 nm thick samples, presented in Figure 6.12, revealed
for both samples film-substrate interfaces with defects due to lattice mismatch between Y-BFO
and the STON substrate.
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Figure 6.12. High resolution TEM images for (A) 22 nm and (B) 31 nm 3% Y-BFO thin films.

As shown in the previous section, the photocurrent density and APCE values decreased with
increasing thickness of Y-BFO films (Figure 6.3 and Figure 6.7A). In a recent study on epitaxial
BFO films with thicknesses ranging between 20 and 100 nm, the photocurrent density have
been shown to increase with the thickness till a thickness of 50 nm after which the photocurrent
density starts decreasing. This was explained by the charge transfer model where above an
optimal thickness, the charge carrier recombination becomes critical having a detrimental
influence on the photocurrent. Below this thickness, the light absorption is the limiting factor.207
In contrast to these findings, the Y-BFO films studied herein show a different trend where the
photocurrent values follow closely the strain behavior exhibited by the Y-BFO samples as a
function of thickness, as presented in Figure 6.13.
The photogenerated currents of the 22 nm Y-BFO sample are more than two times higher than
that of the 31 nm sample. The explanation of photogenerated carriers’ recombination for such
a high difference in the photocurrent values, taking into account the relatively similar out-ofplane and parallel coherence length as well as the mediated strain values, is not sufficient.
Considering the difference in the absorbance between the Y-BFO films of different thicknesses,
the APCE values showed the same trend as J versus thickness with the difference in the PEC
performance being more evident between the 22 nm and 31 nm films (Figure 6.7A).
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Figure 6.13. A plot of photocurrent density and strain as a function of thickness for the 3% Y-BFO films.

In a recent study by Li et al, an optically induced dynamic enhancement of the strain gradient
in epitaxial BFO thin films has been reported by mapping of the spatio-temporal strain profile
in BFO films. This enhancement depends on the film thickness and lasts for few nanoseconds.
The enhancement was shown to result from a piezoelectric effect which is caused by a transient
screening field mediated by excitons. The observed effect is more pronounced for thinner films
where the enhancement was reported to be almost one order of magnitude for 20nm films
compared to 35nm films.108 Based on this study, similar enhancement in the strain gradient due
to light illumination is expected for our 3% Y-doped BFO films. This can explain the observed
decrease in the photocurrent and APCE values with increasing the film thickness as being
related to the larger strain enhancement for thinner films.
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6.4 Understanding the effect of Y-doping on the PEC performance of BFO
thin films
The role of Y-doping in improving the PEC performance of BFO thin films was investigated
using films with different doping levels and similar thicknesses. As shown in the previous
sections, the photocurrents increased with decreasing the thickness for the un-doped and doped
BFO films. Therefore, un-doped and Y-doped BFO films with thicknesses in the range of 1522nm were selected.
The detailed structural parameters of un-doped BFO, 3%, 5% and 10% Y-doped BFO films are
depicted in Table 6.3. The out-of-plane aout of plane parameters of the thin films are obtained from
the (00l) reflections. 𝐿⊥ and 𝜀⊥ are determined from the Williamson-Hall approach discussed
in the previous section. For the sake of comparison, the aout of plane parameter was considered
pseudo-cubic for all the samples. The strain percent defined as (a-ao)/ao where ao is the
experimental lattice parameter without strain and a is the lattice parameter under strain,
respectively. The experimental lattice parameter without strain was determined by extrapolation
from the plots of lattice parameters (aout of plane) versus thickness.
Table 6.3. The structural parameters of un-doped and Y-doped BFO thin films.
Samples

aout of plane (Å)

𝑳⊥ (nm)

Microstrain 𝜺⊥ (%)

Strain percent (%)

BFO/STON

4.06425

22

0.05

16.9

3%Y-BFO /STON

4.04734

21

0.15

7.3

5%Y-BFO /STON

4.04515

14.5

0.13

4.5

10%Y-BFO /STON

4.05477

23

0.14

3.1

It can be observed from Table 6.3 that the strain percent for very thin films is the highest for
un-doped BFO and then it decreases with the doping % where the 10% Y-BFO film exhibited
the lowest strain.
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From the photocurrent density values reported in section 6.2, it can be seen that the photocurrent
values dropped with doping for films with similar thicknesses even though the absorbance was
increased with 3% and 5% Y-doping compared to the un-doped film. Similarly, Mn doping of
BFO was shown not to be beneficial for its performance, even though it resulted in a reduction
of the band gap of BFO. This result was attributed to the formation of defects during the doping
process which has a more significant influence on the photoresponse of the photoanodes than
the resulting improved absorption.213 This could explain the observed decrease in the
photocurrent values with Y doping.
Additionally, as shown in Figure 6.14, the photocurrent densities of the films follow the same
trend as the strain. Higher strain for the un-doped BFO films results in higher photocurrents.

Figure 6.14. A plot of the photocurrent density values at 1.4V vs RHE and strain percent as a function of the doping
percent in BFO thin films.

However, these results are not sufficient and further work to understand the effect of doping on
the PEC performance of the BFO films is needed. Thin films used here for the comparison don’t
have exactly the same thicknesses which can contribute to the observed strain level. Moreover,
for efficient comparison between the un-doped and Y-doped films, the difference in the
absorbance must be considered through calculating the APCE values. Indeed, the APCE values
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for the doped BFO samples are reported in Table 6.1. The APCE value for the un-doped BFO
sample couldn’t be calculated because it was not possible to determine the extinction coefficient
from ellipsometric measurements of the 13nm BFO film due to a different topography with
large and deep discontinuities compared to the other films. Therefore, it is necessary to prepare
new films with the same thicknesses and variable doping levels and then to measure their
photocurrent densities and absorbance to be able to determine their APCE efficiencies and
compare it for a more accurate understanding of the role of doping.
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6.5 Conclusion
In this chapter, BiFeO3 was investigated as a photocatalyst for solar water splitting. Un-doped
and Y-doped BFO thin films were deposited using PLD. The films were prepared with different
thicknesses and variable Y doping %.
The photoelectrochemical measurements show that for every set of BFO films with constant
doping amount, the photocurrent density and APCE values decreased with increasing thickness.
This trend is proportional to the strain variation with thickness. Therefore, the increased PEC
performance for thinner films is attributed to the increased strain. The additional enhancement
for the thinner films is related to the enhancement of the strain gradient driven by the optical
stimuli. This effect originates from a piezoelectric effect mediated by excitons.
The effect of doping on the performance of the films was studied through comparing the
performance of films with similar thicknesses. It was observed that the un-doped BFO films
exhibited the highest photocurrent values and the performance decreased with the increase of
doping percent. The strain in the films followed the same trend as the photocurrent densities,
.decreasing with increased doping. The current data are not sufficient for a complete
understanding of the effect of doping on the performance of BFO thin films and further
experiments are required. It would be also interesting in future experiments to study the effect
of other dopants on the PEC performance of the BFO films to check if the observed results with
Y doped BFO samples are dependent on the dopant element. In addition, loading the un-doped
and doped BFO films with different co-catalysts would be one of the future prospects to achieve
higher PEC performances of the films.
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7.1 Brief introduction
An alternative approach for hydrogen production using photocatalysts is through an inorganicbio hybrid system. In this environmentally friendly process, an inorganic photocatalyst is
combined with a biocatalyst for efficient hydrogen production. As shown in Figure 7.1, the
process is divided into two steps. First, an electron is photogenerated at the inorganic
photocatalyst and is then used in the reduction of an electron mediator. The second step is the
hydrogen generation using the biocatalyst by oxidizing back the electron mediator.

Figure 7.1. Schematics of H2 production in an inorganic-biohybrid system.

Among the most used biocatalysts are the hydrogenase enzymes that catalyze both the
production and oxidation reactions of H2 at active sites composed of iron- or nickel/iron
complexes, when combined with an electron donor or acceptor, respectively. Different
approaches to produce hydrogen by combining hydrogenase with inorganic semiconductors are
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reported in literature starting from using TiO2-bacterial hydrogenase hybrids221,222 to extending
the H2 production into the visible light range by using dye-sensitized TiO2 combined with
[NiFeSe]-hydrogenase.223 However, these semiconductor/enzyme systems were restricted from
practical use due to the difficulty and low yield of hydrogenase enzyme purification from the
original cells.224 For this reason, the use of a whole cell as the biocatalyst instead of using the
purified hydrogenase was investigated. Combining inorganic photocatalysts with different
bacteria cells such as Clostridium butylicum,225 Rhodopseudomonas capulata226 and
Escherichia coli (E. coli)224 in the presence of an electron mediator such as methyl viologen
(MV) resulted in photocatalytic hydrogen production with the advantage of a higher stability
than purified enzymes. In the work presented herein, E. coli was used as a whole cell biocatalyst
because of the easy, simple, cheap and low-time consuming methods required for the
preparation of the cells compared to the need of conditions as high temperature and pressure
for growth of other bacterial cells.224 The work was done in collaboration with Dr. Nuttavut
Kosem in the group of Prof. Tatsumi Ishihara in the International Institute for Carbon –Neutral
Energy Research (WPI-I2CNER) in Kyushu University, Japan.
A recent study by this group compared the combination of different inorganic photocatalysts
with E. coli for hydrogen production with using MV as an electron mediator.227 Three types of
TiO2 were investigated under different conditions in an attempt to find the optimized conditions
for the first step of MV reduction which would result in an improved efficiency for the whole
system. It was shown that P-25 TiO2 exhibited higher MV reduction than anatase and rutile
TiO2 in all the examined conditions. Even though anatase has a higher conduction band than
rutile, it showed the lowest reduction rate because of the larger particle size and reduced surface
area. The optimized condition for MV reduction was chosen to be a mixture of 100mM Tris
(hydroxymethyl)amino methane (Tris) titrated with HCl to pH=7, 150mM NaCl, and 5% (v/v)
glycerol and was used to study the MV reduction by other inorganic photocatalysts such as
ZnO, KTa(Zr)O3 and GaN:ZnO. However, among these photocatalysts, P-25 was still the best
performing for the MV reduction and was therefore used to investigate the hydrogen production
in combination with whole-cell E. coli biocatalysts.227
In this chapter, the hydrogen production using oxynitrides as the inorganic photocatalysts
combined with the whole-cell E. coli biocatalyst was investigated. Oxynitrides are investigated
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in this system for the first time aiming to extend the hydrogen production to the visible light
region which is the limiting factor in TiO2 bio-hybrid systems. LaTiO2N, BaTaO2N and Ta3N5
powders were selected for this investigation. The oxynitrides were prepared as described in the
experimental section.
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7.2 Photocatalytic measurements for the inorganic bio-hybrid system
7.2.1 MV reduction by oxynitrides
The oxynitride photocatalysts were studied at different conditions to optimize the first step of
MV reduction and thus to improve the overall efficiency for hydrogen production. In order to
determine the MV reduction rate, the amount of reduced MV was determined by measuring the
absorbance at 605nm which corresponds to the absorption peak of the reduced MV (MV+·)
molecules. Triethanolamine (TEOA) was used as a sacrificial electron donor and was titrated
with HCl to the desired pH. Mixtures of the oxynitride, TEOA-HCl at different pHs and MV2+
were first prepared in a glass vial and purged with N2 for 20min. to remove oxygen from the
solutions. Table 7.1 reports the different experimental conditions used to study the reduction of
MV by the oxynitrides.
Table 7.1. The experimental conditions used for investigating MV reduction by oxynitrides.

Condition 1

10mg oxynitride

10% TEOA-HCl (pH=7)

Condition 2

(LaTiO2N, BaTaO2N or

20% TEOA-HCl (pH=8)

Condition 3

Ta3N5) + 5mM

MV2+

Condition 4
Condition 5

10% TEOA-HCl (pH=8)
20% TEOA-HCl (pH=11)

10mg BaTaO2N

20% TEOA-HCl (pH=9)

+ 5mM MV2+
The mixtures were illuminated for different times and the absorbance was measured after every
illumination time to calculate the MV reduction rate. The mixtures were centrifuged before
measuring the absorbance so that the oxynitrides would precipitate and wouldn’t contribute to
the absorbance of the solution. Figure 7.2 shows the absorbance spectra of the three
photocatalysts before and after white light illumination at three different conditions. For the
three photocatalysts, the maximum absorbance was reached in shorter illumination time when
the pH was increased from 7 to 8 using 10% TEOA-HCl. Condition 2 with 20%TEOA-HCl
(pH=8) resulted in a faster increase in the absorbance which means a faster reduction of MV.
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Figure 7.2. The absorbance spectra of solutions containing LaTiO2N, BaTaO2N and Ta3N5 oxynitrides as a
function of illumination times at different experimental conditions.

Figure 7.3. Reduction rates of MV using LaTiO2N, BaTaO2N and Ta3N5 under conditions 1, 2 and 3.

The amount of reduced MV was calculated from the absorbance at 605nm according to Beer’s
law:
𝐴= 𝜀×𝑙×𝐶

(7.1)

with 𝐶 being the concentration of MV+· in 3ml of the mixture, 𝜀 the extinction coefficient which
was taken as 13000 M-1.cm-1 and 𝑙 the path length which is the vials width (1 cm).227 Then,
from the amount of reduced MV, the reduction rate was determined.
As shown in Figure 7.3, the best rate of MV reduction was 0.22µmol.min-1 for BaTaO2N in
20%TEOA-HCl (pH8). Higher pHs were investigated in order to check the best performance
that can be attained by this photocatalyst using 20%TEOA-HCl. For the photocatalytic
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hydrogen evolution from the oxynitride powders, alkaline electrolytes up to pH=13 are usually
preferable and result in better performance. However, in the case of biocatalytic hydrogen
evolution, the range of pHs is more limited by the survival of bacteria and therefore the
maximum pH that can be investigated is pH=11. Figure 7.4 presents the absorbance spectra of
BaTaO2N at pHs of 9 and 11 in comparison with the MV reduction rates using this oxynitride
at conditions 1,2 and 3. The rate decreased with increasing the pH of 20%TEOA-HCl and
condition 2 is still the best for reduction of MV by BaTaO2N. This rate is still more than 30
times lower than that of P25-TiO2 in the optimized condition of 100 mM Tris-HCl
pH7/NaCl/glycerol under full arc Xe lamp illumination (1.2W.cm-2) which reached a value of
6.644 µmol.min-1. The lower reduction can be explained by the different particle size and the
surface area of the two photocatalysts. P-25 TiO2 has a BET surface area of 45m2.g-1 which is
more than 10 times higher than that of BaTaO2N (3.86 m2.g-1). Indeed, the MV reduction rate
using BaTaO2N is half of that using anatase which has a surface area of 9.6m2.g-1. In addition,
BaTaO2N shows higher MV reduction rates compared to oxides, such as ZnO and Ta2O5, and
GaN:ZnO oxynitride photocatalysts.227 These results show the potential of using BaTaO2N as
a photocatalyst for biocatalytic hydrogen evolution, if the surface area could be increased.

183

Chapter 7

Figure 7.4. Absorbance spectra of MV with 20%TEOA at (A) pH 9 and (B) pH 11 using BaTaO2N oxynitride and
(C) the resulting reduction rates by BaTaO2N in comparison to those obtained at the first 3 conditions.

7.2.2 Photocatalytic hydrogen evolution using BaTaO2N-biohybrid system
The hydrogen evolution from 50mg of BaTO2N photocatalyst combined with 0.1g of
hydrogenase-producing E-coli in 10ml of water was investigated. 25.7mg of methyl viologen
and 10ml of 20% TEOA-HCl (pH=8) were added to the solution. Figure 7.5 shows the amount
of hydrogen evolved during the first 90min of irradiation. The hydrogen evolution increased to
reach 200 µmol after 90min. The rate of hydrogen evolution was 1.862 µmol.min-1. No oxygen
was detected and a very slight increase in the N2 evolution was observed after 90min. of
irradiation. For the bio-catalytic hydrogen evolution, the photogenerated holes at the inorganic
photocatalyst are consumed by a hole scavenger (TEOA in this experiment) and therefore no
oxygen evolution is expected. The increase in N2 evolution is due to the self-oxidation of the
oxynitride by the photogenerated holes releasing N2, however, the evolved N2 was very small
9.12µmol after 90min of irradiation showing the relative stability of this oxynitride.
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Figure 7.5. Gas evolution from BaTaO2N bio-hybrid catalyst during the first 90 minutes.
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7.3 Conclusion and future work
In this chapter, the potential of evolving hydrogen using oxynitrides in a new approach via the
combination of these inorganic photocatalysts with a whole-cell biocatalyst was presented. The
obtained preliminary results showed the potential of BaTaO2N in the biohybrid system. Since
the activity of this photocatalyst was shown to be limited mainly by its small surface area, future
work would involve modifying the synthesis procedure of the oxynitrides to obtain higher
surface area.
Moreover, the MV reduction rate must be studied using different sacrificial electron donors
such as 2-amino-2-hydroxymethyl-1,3-propandiol (Tris)227 with different concentrations to
optimize the conditions for hydrogen production.
In addition, it would be interesting to compare the hydrogen evolution of BaTaO2N and TiO2
with the whole-cell biocatalyst under monochromatic light illumination at wavelengths in the
visible light range to confirm the potential of the oxynitrides compared to wide-band gap
oxides.
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8.1 Conclusion
The work presented in this thesis discusses several approaches for achieving solar water
splitting and can be divided as follows:
1- Solar water splitting using oxynitride photoanodes based on particles:
In this part, the PEC performance was shown to be dependent on the morphology of the
particles considering CaNbO2N photoanodes as an example. Additionally, for this
photoanode, improvements in photocurrent values were observed when depositing CoPi as co-catalyst and an Al2O3 passivation layer. The stability of the photoanode was
enhanced by depositing TiO2 as protective layer. Moreover, an approach of increasing
the surface area of the oxynitride powders was presented for the specific case of
BaTaO2N. It was shown that pulsed laser fragmentation of the powders resulted in an
increase in the surface area, however, it didn’t induce improvements in the PEC
performances of the photoanodes mainly because of the increase of impurities with
fragmentation. Lastly, the enhanced PEC performance of LaTiO2N powder-based
photoanodes as a result of co-catalyst deposition was investigated to understand the
function of different co-catalysts.

2- Oxynitride thin films for solar water splitting:
Three different oxynitride materials were deposited as thin films using Pulsed Reactive
Crossed-beam Laser Ablation (PRCLA) method. The effect of deposition conditions on
the structure and composition of the thin films was presented. The obtained properties
were further related to the PEC performance of the films. In the case of LaTiO2N thin
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films, the photoactivity of the films was shown to depend on their crystallinity and
crystallographic orientations. In addition, the performance of these films was improved
by the deposition of co-catalysts and an Al2O3 passivation layer. In the case of
CaNbO2N and BaTaO2N, the performance was analyzed on the basis of the films’
compositions. For both oxynitride materials, obtaining stoichiometric cationic
composition was not possible within the investigated deposition conditions and
therefore further work on optimizing the depositions must be performed.

The PEC performance of oxynitride thin films was compared in details with that of
oxynitride powder-based photoanodes. It was revealed that even though powder-based
photoanodes show higher photocurrent values due to their high electrochemical active
surface area and improved light absorption, thin films are more efficient in utilizing the
absorbed light for the water splitting reactions. This is attributed to the poor connection
between the particles in powder-based photoanodes and to the presence of more grain
boundaries compared to thin films which causes more recombinations of the
photogenerated carriers. These results show that thin films are good model systems to
determine fundamental properties of oxynitrides that can’t be determined using powder
systems.

3- Ferroelectric un-doped and Y-doped BiFeO3 thin films for PEC water splitting:
In this study, BiFeO3 (BFO) was investigated as a photocatalyst for water splitting
benefiting from its small band gap and ferroelectric properties. Thin films of BiFeO3
with and without doping with Y were prepared with different thicknesses. The
performance of the un-doped and Y-doped BFO films increased with the decrease of
the thickness of the films. This was attributed to the increase of the strain at lower
thicknesses. In addition, for films with the same thickness, the un-doped BFO exhibited
higher performances compared to the doped films.

4- Bio-catalytic hydrogen evolution using oxynitrides:
In this approach, the inorganic photocatalyst is combined with a biocatalyst where the
hydrogen evolution occurs. The transfer of electrons from the inorganic semiconductor
to the biocatalyst occurs through a redox mediator. For this work, the process of electron
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injection from the inorganic photocatalyst using three different oxynitrides to the redox
mediator (methyl viologen) was optimized. Also, BaTaO2N was combined with E-coli
bacteria as the biocatalyst and the hydrogen evolution rate was measured. The obtained
rate is lower than that obtained using oxide inorganic photocatalysts and therefore
further optimizations of the process are required.
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8.2 Outlook
In light of the aforementioned results in this thesis on the importance of co-catalysts, passivation
and oxynitride morphology and surface area, it would be interesting to use the following
strategies for an improved PEC performance of powder-based photoanodes:
-

Applying different layers on the oxynitrides to passivate the surface of the
photoanodes. The surface states act as recombination sites of the photogenerated
carriers lowering the performance of the photoanodes. It is important to search for a
passivation layer that can reduce the overpotential and improve the performance of the
photoanode yet being stable in the experimental conditions used. For instance, the
Al2O3 passivation layer was shown to be good for an enhanced performance of the
CaNbO2N photoanodes in this work but their activity was limited by their instability
in the pH of the electrolyte typically used for PEC measurements. Therefore, new
layers might be applied to passivate the surface such as Ga2O3, Nb2O5 which are stable
in the alkaline PEC electrolyte. Another approach is to deposit a thin layer of TiO2 on
top of the Al2O3-passivated photoanode. TiO2 was shown in this thesis to act as
protection layer for CaNbO2N photoanodes hence improving their stability. Further
insights on the mechanism of how each of these layers modify the surface would be
interesting and might be realized by electrochemical impedance measurements, for
instance, to check if the layers affect the flat band potential, the space charge layer
capacitance, Helmholtz capacitance, or donor density of the photoanodes.

-

Investigate the role of CoOx, IrOx and NiOx co-catalysts on the CaNbO2N and
BaTaO2N and compare it to the observed results on LaTiO2N photoanodes. Also,
combining these co-catalysts with passivation layers could show a remarkable effect
on the performance of the photoanodes and can be utilized for an efficient water
splitting process.

-

Nanostructuring to overcome the recombination of the photogenerated carriers which
was one of the main drawbacks of the studied photoanodes. For example, the
photoanodes could be prepared by the hydrothermal method to produce oxynitride
nanotubes or nanostructures which increase the surface area and reduce the diffusion
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length of the minority charge carrier. As a result, the holes would reach the surface
and react with the electrolyte before recombining with electrons.
Concerning the oxynitride thin films, future investigations could include:
-

The study of the effect of the thin film thicknesses on their PEC performance. This
could be achieved by depositing thin films of different thicknesses but with similar N
content. This study would allow to find the optimal thickness understanding some
properties of the oxynitride, such as the charge transfer and carrier separation in more
detail.

-

Investigation of the performance of co-catalysts deposited on oxynitride thin films
with different crystallographic orientations to understand if the co-catalysts act
differently on different planes of the oxynitride.

-

Optimizing the deposition conditions of CaNbO2N and BaTaO2N thin films in order to
achieve stoichiometric cation contents of the films. This is important as it affects the
PEC activity of the thin films where the excess of one of the cations affects the N
content of the films and results in the formation of defects and vacancies.

-

Study the charge carrier diffusion length and mobility of polycrystalline and epitaxial
oxynitride thin films. This can be achieved using Near-field Scanning Optical
Microscopy (NSOM).228 As shown in Figure 8.1, these measurements allow the
investigation of the charge carrier recombination and their spatially resolved transport
in the material. More details about this method are reported in references 228-229.

In addition, to the work on oxynitrides, future investigations might include improving the
performance of BFO thin films. This can be achieved by:
-

The loading of co-catalysts on the BFO epitaxial thin films. The co-catalysts used for
the study of the oxynitride thin films can be also studied in the case of BFO samples.

-

Doping with cations other than Y. BFO thin films doped with single or co-substitution
of metals can be investigated in order to understand if the observed decrease in
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performance with the Y doping will be observed with other dopants or if there will be
an increase in the performance instead.

Figure 8.1. Schematics of carrier motion and recombination processes detected by DSNOM. The figure is modified
from reference229.

Moreover, based on the high PEC performance achieved with the ferroelectric BFO films, it
would be interesting to investigate ferroelectric oxynitride thin films. For instance, SrTaO2N
which is a ferroelectric oxynitride can be investigated. SrTaO2N thin films can be deposited
by pulsed reactive crossed-beam laser ablation on TiN-buffered substrates in a similar
approach to that used for the oxynitrides investigated in this thesis. The effect of crystallinity
and crystallographic orientations of SrTaO2N thin films on the PEC performance can be
studied and related to the change in the ferroelectric polarization with different thin film
orientations. Also, SrTaO2N powders can be prepared with thermal ammonolysis for
comparison with thin films.
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9.1.1 Appendix A. Understanding the role of the co-catalysts by electrochemical impedance
measurements
A more detailed study on the role of each of the co-catalysts discussed in section 3.3 is presented
herein. For this investigation, impedance measurements were carried out without light
illumination at potentials between 0.2 and 1.23V vs RHE. The obtained spectra were fitted into
the Randle circuit shown in Figure 9.3B which has been proven to represent the dark
phenomena.230 𝑅𝑠 is the electrolyte resistance, 𝐶𝑆𝐶 and 𝐶𝐻 are the space charge layer and
Helmholtz capacitances, respectively, which constitute the interfacial capacitance C. The donor
density (𝑁𝐷 ) and the flat band potential (𝐸𝑓𝑏 ) can be determined from the Mott-Schottky
equation given by:
𝐴 2
2
𝑘𝐵 𝑇
( ) =
(𝑉 − 𝐸𝑓𝑏 −
)
𝐶
𝜀0 𝜀𝑟 𝑒𝑁𝐷
𝑒

(9.1)

With A being the electrochemical active surface area (determined from CV measurements at
different scan rates), 𝜀0 the vacuum dielectric constant (8.854 × 10−12 𝐹. 𝑚−1) 𝜀𝑟 the
dielectric constant (8.91),231 𝑒 the elementary charge, 𝑘𝐵 the Boltzmann constant and 𝑇 the
temperature. Figure 9.1 shows the MS plots of the bare and co-catalyst modified LTON
photoanodes.
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Figure 9.1. Mott-Shottky plot of LTON, LTON-NiOx, LTON-IrOx and LTON-CoOx photoanodes.

The donor density and flat band potential of the photoanodes were determined form the slope
and intercept of the MS linear fits and are reported in Table 9.1. It can be observed that the
donor density decreased with the CoOx and NiOx co-catalyst deposition with LTON-CoOx
showing the lowest ND value. The flat band potential of LTON of -0.047V vs RHE wasn’t
modified with the CoOx co-catalyst loading which indicates that the enhanced performance is
not due to a change in Efb. However, with IrOx and NiOx it was shifted negatively by 50mV and
140mV, respectively.
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Table 9.1. Donor density and flat band potentials of the LTON electrodes extracted from MS plots.

Photoanode

ND (m-3)

Efb (V vs RHE)

LTON

1.15 × 1021

-0.047

LTON-CoOx

2.63 × 1019

-0.049

LTON-IrOx

5.07 × 1021

-0.09

LTON-NiOx

2.33 × 1020

-0.18

The effect of co-catalyst modification on the charge transfer and interfacial properties of LTON
were further investigated by electrochemical impedance spectroscopy (EIS). The Nyquist plots
of bare, CoOx-, NiOx- and IrOx- LTON photoanodes under dark and light conditions at a bias
of 1.23V vs RHE are presented in Figure 9.2. It can be observed that the curves for the cocatalyst modified samples have smaller diameters compared to the bare LTON photoanode
which reveals the faster charge transfer kinetics when loading the co-catalysts. Usually, in dark
conditions, one semicircle is obtained that is fitted to the “Randle circuit” and under
illumination, two semicircles are obtained which can be fitted into the “General circuit”. The
equivalent circuits used for fitting are shown in Figure 9.3. Rs is the resistance between FTO
and LTON, Rbulk is the resistance due to accumulation and trapping of charges in LTON and
Rct is the resistance associated to the charge transfer from the surface states to the electrolyte.
Cbulk is the capacitance related to the LTON bulk including the space charge layer (CSC) and
Helmholtz capacitance (CH). The capacitance of the surface states is determined as Cct.
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Figure 9.2. Nyquist plots measured in dark (black points) and under illumination (red points) for (A) LTON, (B)
LTON-CoOx, (C) LTON-NiOx and (D) LTON-IrOx photoanodes.

In our experiment, at the bias of 1.23V vs RHE and under illumination, one semicircle is
observed and a distinct semicircle is not observed at low frequency. This can be attributed to
fast charge transfer from the photoanode surface to the electrolyte which prevents the buildup
of charges and hence results in small values for the charge transfer capacitance (Cct) and
resistance (Rct).232 Therefore, the observed semicircles under both dark and light conditions
were fitted to the Randle circuit. The fitting parameters obtained for each of the photoanodes
under dark and light conditions are reported in Table 9.2.
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Figure 9.3. Equivalent circuits for electrochemical impedance (EIS) data fitting (A) under illumination (general
circuit) and (B) in dark conditions (Randle circuit).

From the values of Rs, it can be observed that the bare LTON photoanode exhibited the highest
resistance and the CoOx-loaded LTON exhibited the lowest values in dark and under
illumination. This shows that loading the co-catalysts improved, and most significantly for the
CoOx co-catalyst, the electrical contact between the photoanode and the FTO substrate. Rbulk
was lower under illumination for all the photoanodes compared to dark conditions. In addition,
the highest values were determined for the bare LTON. The co-catalyst deposition decreased
the bulk resistance with the lower value achieved for LTON-CoOx under illumination
suggesting the efficient charge separation by the co-catalysts. Cbulk was decreased with the CoOx
and NiOx deposition which means that fewer charges were accumulated for these two cocatalysts. In the case of IrOx, the capacitance was even increased compared to the bare LTON.
These results suggest that in the case of CoOx and NiOx, the co-catalyst captures the holes and
can efficiently transfer them to the electrolyte to contribute to the OER. This is consistent with
the observations in section 3.3.2 where the positive shift in the dark OCP of these two cocatalyst result in more oxidative holes compared to IrOx. In addition, as depicted from the
front/back photocurrent values at 1.23V vs RHE, CoOx and NiOx are more efficient in the
separation of the photogenerated carriers than IrOx at this potential which results in less
accumulation and lower capacitance values. Hence, these results confirm the observations
presented in section 3.3.2.
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Table 9.2. Parameters obtained from EIS study under dark and light conditions for the LTON photoanodes.

Rs (𝛀.cm-2)

Rbulk (𝛀.cm-2)

Cbulk (µF.cm-2)

LTON/light

1.3

19728

0.78

LTON/dark

1.28

40753

0.1

LTON-CoOx/light

0.08

43

0.2

LTON- CoOx/dark

0.08

150

0.24

LTON- NiOx/light

0.31

74

0.35

LTON- NiOx/dark

0.33

145

0.33

LTON- IrOx/light

0.57

65

1.1

LTON- IrOx/dark

0.64

492

0.89
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