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Abstract
The world population growth has been increasing exponentially during the last century. Not
surprisingly, the worldwide energy consumption more than doubled during the last 60 years.
Unfortunately, most of the energy supply is still delivered by non-renewable energy sources,
including oil, gas, coal and nuclear power. While nuclear power has long been regarded as a relative
save and climate friendly energy source, recent incidences have been forcing governments to explore
and implement renewable energy sources. However, non-renewable energy sources such as fossil
fuels are among the most unfavorable with respect to their impact on the climate- and ecosystem
considering their combustion, processing and production. The relative inexpensiveness of fossil fuels
nowadays yields relatively cheap hydrogen which can be obtained via natural gas reforming.
For obtaining carbon neutral hydrogen, the energy provided by the sun as an almost infinite source of
energy offers a promising solution to produce hydrogen via electrolysis, thermolysis, photobiological
water splitting, or photoelectrochemical water splitting. In order to make such alternative routes
economically viable, these processes rely on highly stable and efficient components.
Photoelectrochemical water splitting uses solar energy directly to split water on the surface of the
semiconductor. Semiconductors which simultaneously evolve hydrogen and oxygen exist, however,
the requirements, ranging from stability, optimal bandwidth as well as band position and hence the
aim to harvest a large part of the visible light, are often too high to be accomplished by a single
material. Within this thesis, an overview over photoanode materials is provided which were
investigated to address one part of the half-cell reaction, specifically the oxygen evolution. Thus, in
order to study the performance of a photoanode immersed into an aqueous electrolyte, an external bias
is applied. The implementation of a photoanode and a photocathode within one tandem cell could be a
possibility to drive water splitting, addressing oxygen evolution and hydrogen production
simultaneously without the need of applying a bias, but this would go beyond the scope of this work.
In order to obtain a highly efficient photoanode, the requirements to the semiconductor comprise a
suitable bandwidth and band position, leading to optimal visible light absorption, as well as a good
intrinsic electrical conductivity. Moreover, a high carrier mobility and lifetime enabling fast hole
transfer to the aqueous electrolyte solution is desired. Additionally, the semiconductor photoanode is
supposed to be stable over a long period of time. WO3, Fe2O3, BiVO4 and TiO2 are among the most
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studied photoanode materials and encompass a relatively good stability owing to the oxidic anions.
More recently, highly efficient tantalum (oxy)nitrides were reported as photoanode materials but they
require the addition of protecting layers to ensure stability under (photo-)electrolyzing conditions. To
the disadvantages of metal oxide semiconductors, the oxide anion shifts the valence band position into
more positive direction compared to their (oxy)nitride counterparts, and thus moves the portion of the
absorbed light to shorter wavelengths as a result of a wider bandgap.
Within the scope of this thesis, photoanodes were prepared by depositing preformed nanoparticles,
obtained by non-aqueous sol-gel synthesis. This relatively cheap and simple deposition method was
proven to be competitive compared to conventional coating methods such as chemical/physical vapor
deposition, hydrothermal and (photo-)electrochemical deposition, spray pyrolysis etc.
During the first part of the thesis work, titania nanoparticles were obtained following a known recipe
in which an oil-bath assisted synthesis was used to obtain functionalized titania nanoparticles.
Nanopowders were processed into a porous, hyperbranched network rationalized by a controlled
gelling process induced by the selective desorption of Trizma from the {001} facets by water which
promoted oriented attachment along the [001] direction of the approximately 3 nm sized titania
nanoparticles. The viscous dispersion was coated on a conductive F:SnO2 substrate via doctor blading
followed by subsequent annealing, yielding an extremely porous titania film as observed by scanning
electron microscope analysis. A photocurrent up to 0.4 mA/cm2 at 1.23 volts versus reversible
hydrogen potential was measured, comparable to reported values in the literature. Moreover, the
performance was also superior compared to photoanodes fabricated by depositing agglomerated
nanoparticles of titania phase polymorphs by doctor blading.
In the second part of the thesis work, the photoelectrochemical performance of hematite as
photoanode material was reported to be enhanced by several orders of magnitude through the addition
of titania nanoparticles. This part was a collaborative effort between different partners in a EU-funded
project. Mixed dispersions containing preformed amorphous iron oxide nanoparticles roughly 2-4 nm
in size and crystalline 3-4 nm sized titania nanoparticles were deposited via spin coating. The
photoanode yielded a photocurrent up to 1.3 mA/cm2 at 1.23 volts versus reversible hydrogen
potential after subsequent annealing. Photoanodes with different titania contents were investigated in
collaboration with the group of Prof. Dr. Joan Ramon Morante in the Department of Advanced
Materials for Energy in Spain. The improved performance of the titania containing photoanodes was
attributed to the formation of a photoactive interface, Fe2TiO5, which enabled a cascade charge
transfer between Fe2O3 in a type II heterojunction, while the TiO2 phase (which acted as an
unfavorable “hole mirror” compound) was no longer detectable. Moreover, impedance measurements
conducted by our collaborators revealed that the improved performance is due to increased donor and
surface state densities, indirectly evincing that Ti is effectively incorporated into hematite. In addition,
transient absorption spectroscopy of hematite-titania films with different titania ratios were measured
in the group of Prof. Dr. Helge Lemmetyinen and it could be shown that the titania containing
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photoanode exhibited improved charge carrier dynamics, displaying faster electron trapping and faster
decay rates for long-lived holes, which resulted in superior catalytic efficiency compared to the bare
hematite photoanode. The efficiency of the composite hematite-titania photoanodes could further be
slightly improved by using Nb doped TiO2, possibly attributed to improved donor densities of the
resulting Nb doped Fe2TiO5 phase.
In the third part of the thesis, the effect of a catalyst layer with the nominal composition
Fe20Cr40Ni40Ox deposited on a hematite-titania photoanode (as described in the second part) was
studied. The performance of the photoanode could further be improved and rose from 1.9 mA/cm2 to
2.5 mA/cm2. The origin of the improvement was originally attributed to better water oxidation
kinetics, however, impedance measurements of the illuminated multilayer photoanode conducted
between 0.8 – 1.1 VRHE revealed a capacitance value increase, which was one order of magnitude
higher after the addition of the catalyst. This observation pointed towards the function as a p-n
junction of the catalyst containing photoanode. Moreover, the catalysts did not seem to improve water
oxidation kinetics, as indicated by the similar charge transfer resistance value for the bare hematitetitania and the overlayered hematite-titania photoanode, respectively. Thus, the increase in
performance was attributed to thermodynamic effects, while the catalyst layer also seemed to be
effective with respect to charge separation, namely hole extraction from traps of surface states in the
hematite-titania film, as indicated by the reduced charge trapping resistance.
The last part of the thesis sheds light on the role of interfaces in heterostructures. An overview is
provided on the effects of interfacing different materials for photocatalytic applications including
photoelectrochemical water splitting and photocatalysis, energy storage in batteries, chemoresistive
gas sensors and composite multiferroics. Within these interdisciplinary research activities,
mechanisms are highlighted, which lead to synergistic effects by discussing illustrative examples for
selected materials combinations. In each of these sections, we start with a general introduction to the
working principle and then we discuss examples of interfaces between metal oxides and metal oxides,
between metals and metal oxides, and finally between metal oxides and carbon, where carbon usually
plays the functional role of the metal.
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Zusammenfassung
Das Wachstum der Weltbevölkerung hat während des letzten Jahrhunderts exponentiell zugenommen.
Nicht überraschend hat sich der weltweite Energieverbrauch in den letzten 60 Jahren mehr als
verdoppelt. Bedauerlicherweise basiert ein grosser Teil der Energieversorgung auf nicht erneuerbaren
Energiequellen, einschliesslich Öl, Gas, Kohle und Kernenergie. Während Kernenergie lange als
sichere und klimafreundliche Energiequelle galt, haben die jüngsten Atomkatastrophen die
Regierungen gezwungen, erneuerbare Energiequellen zu erforschen und einzusetzen. Nicht
erneuerbare Energiequellen sind am unvorteilhaftesten hinsichtlich ihrer Auswirkungen auf das
Klima- und Ökosystem in Bezug auf deren Verbrennung, Verarbeitung und Produktion. Die aktuell
relative Billigkeit von fossilen Brennstoffen liefert relativ preisgünstigen Wasserstoff, der über die
Dampfreformierung gewonnen werden kann.
Die Sonnenenergie als nahezu unerschöpfliche Energiequelle bietet eine vielversprechende Lösung an
um kohlenstoffneutralen Wasserstoff durch Elektrolyse, Thermolyse, photobiologische- oder
photoelektrochemische Wasserspaltung zu erhalten. Um die Herstellung ökonomisch sinnvoll zu
gestalten, ist es notwendig, dass die Komponenten zur Wasserstoffgewinnung stabil und effizient
sind. Photoelektrochemische Wasserspaltung basiert auf der direkten Nutzung von Sonnenlicht wobei
Wasser direkt auf der Halbleiteroberfläche gespalten wird. Halbleiter auf denen gleichzeitig
Wasserstoff und Sauerstoff entstehen, existieren, jedoch sind die Bedingungen welcher ein solcher
Halbleiter erfüllen muss, wie z.B. hohe Stabilität, optimale Bandlücke- und Position resultierend in
einer optimalen Absorption von sichtbarem Licht, oft zu hoch als dass ein einziger Halbleiter diese
erfüllen kann. Im Rahmen dieser Doktorarbeit wird ein Überblick über Photoanodenmaterialien
gegeben, welche untersucht wurden in Bezug auf eine Halbzellenreaktion, spezifisch; die
Sauerstoffentwicklung. Um die Leistung der Photoanode zu messen, welche in eine wässrige
Elektrolytlösung getaucht wird, wird eine Spannung angelegt. Die Implementierung einer Photoanode
und einer Photokathode in eine Tandemzelle wäre eine Möglichkeit um Wasserstoff und Sauerstoff
simultan zu erhalten ohne die Notwendigkeit einer extern angelegten Spannungsquelle. Die
Erforschung dieser Materialkombination würde jedoch den Rahmen dieser Arbeit sprengen.
Um eine hocheffiziente Photoanode zur erhalten braucht es ein Halbleiter welcher eine passende
Bandlücke als auch Bandposition aufweist, um eine gute Absorption im sichtbaren Spektrum zu
v

gewährleisten, als auch eine gute intrinsische Leitfähigkeit. Des Weiteren sind eine hohe
Ladungsmobilität

als auch

Ladungsträgerlebensdauer

wünschenswert

um

einen

schnellen

Lochtransfer zum wässrigen Elektrolyten zu ermöglichen. Ferner sollte das Halbleitermaterial stabil
sein über einen längeren Zeitraum. WO3, Fe2O3, BiVO4 und TiO2 sind die besterforschten
Photoanodenmaterialien und weisen gute intrinsische Stabilitäten, aufgrund der oxidischen Anionen,
auf. Erst kürzlich sind Tantal (oxy)nitride beschrieben worden als Photoanodenmaterialien, diese
benötigen jedoch eine Schutzschicht um die Stabilität während der (Photo-)elektrolyse zu
gewährleisten.

Metalloxid

Halbleiter

haben

den

Nachteil,

dass

das

Oxid

Anion

die

Valenzbandposition in positive Richtung verschiebt, verglichen mit (Oxy)nitriden wird die
Absorption von Licht zu kürzerer Wellenlängen hin verschoben als Resultat der grösseren Bandlücke.
Im Rahmen dieser Doktorarbeit erfolgte die Präparation der Photoanoden durch Abscheidung von
vorgeformten Nanopartikeln, die durch eine nicht-wässrige Sol-Gel Synthese erhalten wurden. Diese
relativ günstige und einfache Beschichtungsmethode erwies sich als kompetitiv im Vergleich zu
herkömmlichen Methoden wie z.B. chemisch-physikalische Gasphasenabscheidung, hydrothermale
Verfahren, (photo-)elekrochemische Beschichtung, Sprühpyrolyse etc.
Im ersten Teil der Doktorarbeit wurden Titandioxid Nanopartikel erhalten via Ölbadsynthese. Gemäss
einem bekannten Verfahren sind die Nanopartikel während der Synthese funktionalisiert worden.
Durch einen kontrollierten Gelierungsprozess wurden die Nanopulver in poröse, hochverzweigte
Netzwerke prozessiert, induziert durch selektive Desorption von Trizma durch Wasser von der {001}
Kristalloberfläche, welches die gesteuerte Verknüpfung entlang der [001] Richtung der ungefähr 3 nm
grossen Titanoxid Nanopartikel begünstigte. Die viskose Dispersion wurde via Rakelbeschichtung auf
ein leitfähiges F:SnO2 Substrat aufgetragen, welche nach einer Heizbehandlung einen extrem porösen
Titandioxidfilm ergab, gemäss rasterelektronenmikroskopischer Analyse. Ein Photostrom von bis zu
0.4 mA/cm2 bei 1.23 Volt wurde gemessen gegenüber der reversiblen Wasserstoffelektrode,
vergleichbar mit Literaturwerten. Des Weiteren war diese Photoanode in Bezug auf die Leistung
überlegen gegenüber den Photoanoden welche durch Rakelbeschichtung von agglomerierten
polymorphen Titandioxid Nanopartikeln erhalten wurden.
Im zweiten Teil der Doktorarbeit wurde die photoelektrochemische Leistung von Hämatit
Photoanodenmaterialien untersucht, welche durch die Zugabe von Titandioxidnanopartikeln um
mehrere Grössenordnungen gesteigert werden konnte. Dieser Teil wurde gemeinsam mit
verschiedenen Partnern im Rahmen eines EU-finanzierten Projektes erarbeitet. Gemischte
Dispersionen mit vorgeformte amorphen, ungefähr 2-4 nm grossen Eisenoxidnanopartikel und 3-4 nm
grossen, kristallinen Titandioxidnanopartikel wurden via Rotationsbeschichtung aufgetragen. Nach
dem Heizen der Photoanode wurde eine Leistung von 1.3 mA/cm2 bei 1.23 Volt gemessen gegenüber
der reversiblen Wasserstoffelektrode. Photoanoden mit verschiedenen Gehalten an Titandioxid
wurden weiter untersucht in Zusammenarbeit mit der Gruppe von Prof. Dr. Joan Ramon Morante in
der Abteilung für fortgeschrittene Materialien für Energie in Spanien. Der Grund für die verbesserte
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Leistung der Titandioxid enthaltenden Photoanoden wurden in Verbindung gebracht mit der Bildung
einer photoaktiven Phase, Fe2TiO5, welche einen Kaskadenladungstransfer ermöglichte in einem Typ
II Heteroübergang mit Fe2O3, während TiO2 (welches einen ungünstigen „Loch-Spiegel“ Effekt
aufweist) nicht mehr nachgewiesen werden konnte.
Ferner haben Impedanzmessungen, durchgeführt von unseren Projektpartnern, ergeben dass die
verbesserte

Leistung

auf

eine

höhere

Donatorendichte

als

auch

auf

eine

höhere

Oberflächenzustandsdichte zurückzuführen ist, was indirekt darauf hindeutet, dass Ti effektiv in
Hämatit inkorporiert wurde. Des Weiteren konnte durch transiente AbsorptionsspektroskopieMessungen, durchgeführt in der Gruppe von Prof. Dr. Helge Lemmetyinen, gezeigt werden, dass die
Titandioxid enthaltenden Photoanoden eine verbesserte Ladungsträgerdynamik aufweisen, anhand des
schnelleren Elektroneneinfangs und der schnelleren Zerfallsraten der langlebenden Löcher, was zu
einer verbesserten katalytischen Effizienz führte, verglichen mit der reinen Hämatit Photoanode. Die
Effizienz der Komposit Hämatit-Titandioxid Photoanode konnte weiter verbessert werden, indem Nb
dotiertes TiO2 verwendet wurde, was möglicherweise auf höhere Donordichten der resultierenden Nbdotierten Fe2TiO5 Phase zurückzuführen ist.
Im dritten Teil der Doktorarbeit wurde der Effekt einer katalytisch aktiven Schicht mit der nominalen
Zusammensetzung

„Fe20Cr40Ni40Ox“,

abgelagert

auf

eine

Hämatit-Titandioxid

Photoanode

(beschrieben im zweiten Teil), untersucht. Die Leistung der Photoanode konnte weiter verbessert
werden und stieg von 1.9 mA/cm2 auf 2.5 mA/cm2 an. Ursprünglich wurde die Verbesserung auf eine
bessere Wasseroxidationskinetik zurückgeführt, jedoch zeigten Impedanzmessungen der beleuchteten
mehrschichtigen Photoanode zwischen 0.8 und 1.1 VRHE eine Zunahme des Kapazitätswerts um eine
Grössenordnung. Diese Beobachtung wies auf einen p-n Übergang hin zwischen Photoanodenmaterial
und Katalysator. Im Weiteren schien der Katalysator die Wasseroxidationskinetik nicht zu verbessern,
erkennbar am ähnlichen Ladungsdurchstrittswiderstand der Hämatit-Titandioxid Photoanode und
derselben Photoanode mit Katalysatorbeschichtung. Somit wurde die Verbesserung der Leistung mit
thermodynamischen

Effekten

in

Verbindung

gebracht,

jedoch

deutete

der

geringere

Haftladungswiderstand der katalysatorbeschichteten Photoanode darauf hin, dass Haftlöcher in
Oberflächenzuständen im Hämatit-Titandioxidfilm effektiv von der Katalysatorschicht extrahiert
werden konnten und somit zur Ladungstrennung beitrugen.
Der letzte Teil der Doktorarbeit beleuchtet die Rolle von Grenzflächen in Heterostrukturen. Ein
Überblick der auftretenden Effekte als Folge der Kopplung von Materialien an Grenzschichten ist
gegeben

anhand

von

Beispielen

in

photokatalytischen

Anwendungen

inklusive

photoelektrochemische Wasserspaltung und Photokatalyse, Energiespeicherung in Batterien,
chemoresistiven Gas-Sensoren und Verbund-Multiferroika. Im Rahmen dieser interdisziplinären
Forschungsarbeit werden Mechanismen hervorgehoben, die zu synergistischen Effekten führen,
indem illustrative Beispiele diskutiert werden anhand von ausgewählten Materialkombinationen. In
jedem dieser Abschnitte beginnen wir mit einer allgemeinen Einführung in das Arbeitsprinzip und
vii

diskutieren dann Beispiele von Schnittstellen zwischen Metalloxiden und Metalloxiden, zwischen
Metallen und Metalloxiden und schliesslich zwischen Metalloxiden und Kohlenstoff, wobei dem
Kohlenstoff üblicherweise die Funktion des Metalls zukommt.
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1 Introduction
1.1 General Introduction
Carbon dioxide emissions as the main combustion product of non-renewable energy sources including
coal, oil and natural gas have been growing exponentially within the last 100 years.1 The recent
growth of the world economy together with a high carbon intensity have contributed to the rapid rise
in CO2 emission, which seems to be accelerating when comparing the growth rate between 1990-2000
and 2000-2006 and rose from 1.3% to 3.3% per year. Moreover, carbon sinks have been declining due
to increased land use including farming and deforestation.2 It is widely accepted that the rise of
greenhouse gases is accompanied by increasing world temperatures. In November, 2016 the Paris
Agreement went into effect, which targets to limit global warming to well below 2 °C with respect to
pre-industrial levels, although the term pre-industrial has not been exactly defined i.e. it is the time
frame 1951-1980.3 If the term pre-industrial is defined as the time frame from 1951 to 1980, then the
symbolic number of 1 °C has already been reached in the year 2016 as depicted in (Fig. 1.1).
Therefore, the need for replacing fossil fuel derived energy seems to be an urgent issue within this
century.

Fig. 1.1: Global means surface-temperature change from 1880 to 2016 with respect to the 1951-1980 mean. Values taken
from Ref. [346].
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Clear advantages of fossil fuel use with respect to energy production are the relative inexpensiveness
and the relatively high energy density (e.g. 46 MJ/kg for gasoline) with the advantage that the energy
carrier combustion can be readily adapted to the energy demand thus circumventing intermediate
energy storage.4 The storage of energy contributes to the difficulties for obtaining cheap energy via
renewable pathways, because wind and solar energy exhibit different peak electricity production.
However, alternative energy sources are emerging and are expected to be on the rise (Fig. 1.2).
Techniques to store energy efficiently exist and cover the following; battery storage (e.g. Li-ion
batteries) with an efficiency of 74% after 8000 cycles,5 pump storage delivering a 80% efficiency6 and
compressed air storage through which 30% of energy is lost upon storage.7 Thermal electrolysis of
water ideally uses the energy of the sun, and reaches efficiencies between 14% and 38%, depending
on the reactor design and metal oxides used.8 Alternatively, carbon containing solar fuels can be
derived from CO2 and water using solar thermal energy.9 Hydrogen has the advantage of having the
highest energy density (120 MJ/kg),10 which even outperforms gasoline and has the advantage of
being able to be easily compressed. By using cryogenic capable pressure vessels, hydrogen can be
further compacted paving the way for future vehicles operated with hydrogen only, capable of tank
fillings that allow a reasonable driving range up to 500 km.11
In order to cover the increased worldwide energy demand, it is not surprising that non-renewable
energy sources are not cut. Fig. 1.2 illustrates the predicted world net electricity production and it is
forecasted that nuclear energy production and the use of natural gas are on the rise; concomitantly the
energy produced by renewables is predicted to be more than doubled within the next three decades.
Hydrogen cars relying on “green” electricity could provide an alternative to gasoline driven cars.

Fig. 1.2: World net electricity consumption predictions 2012-2040. Taken from Ref. [347].

Humanity is facing a great challenge to reduce carbon emissions also due to the fact that annual global
carbon emissions have never been as high as today (Fig. 1.3). Locally, carbon emissions have
stagnated or even declined as observed for developed countries that have implemented renewable
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energy sources into their power plans. The great advantage of renewable energy sources is not only
related to their relative environmental friendliness but also to their costs, which have declined
massively within the past decades.12

Fig. 1.3: Global CO2 emission per region from fossil-fuel and cement production for industrialized and developing countries.
Taken from Ref. [348].

In order to facilitate a possible market application, the price for renewables has to compete with nonrenewable energy sources. Regarding the price per kilogram hydrogen, costs vary from $0.7913–
6$/kg.14 The cheapest source for hydrogen is obtained via natural gas reforming, while electrolysis
accounts for more expensive hydrogen. In spite of the fact that hydrogen derived from natural gas is
relatively cheap, hydrogen obtained via sustainable pathways may be beneficial also in terms of
economics. Not only is harvesting natural gas geopolitically sensitive, it also goes along with variable
prices. Thus, sustainable hydrogen paves the way for stable production prices and it can be expected
that prices are going to fall. The price for electricity contributes up to 79%15 to the costs if H2 is
obtained via electrolysis. Moreover, renewable energy sources are further expected to get cheaper.16
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1.2 Electrochemical Water Splitting
Another pathway for obtaining clean hydrogen relies on solar energy. To electrochemically split water
according to (eq.1.1), the amount of 237.2 kJ/mol energy needs to be supplied to accomplish the
energetical uphill reaction.

1
H 2O → H 2 + O2
2

(1.1)

During electrolysis of water two gases H2 and O2 are evolved at the cathode and anode, respectively.
Hence, the cathode reaction involves a reduction reaction, which is the following:

2 H 2O + 2e − → H 2 + 2OH −

(1.2)

Whereas the anodic oxidation reaction is written as follows:

1
2OH − → O2 + H 2O + 2e−
2

(1.3)

Eq. 1.3 can also be rewritten as follows

1
2OH − + 2h + → O2 + H 2O
2

(1.4)

The redox potential to drive the reduction reaction depicted in eq. 1.2 requires 0 volts while -1.2 volts
are required to evolve oxygen according to (Eq. 1.3). Thus, (Eq.1.2) + (Eq. 1.3) yields (Eq. 1.1) and a
standard potential of -1.2 volts, meaning that a potential difference of 1.2 V has to be overcome to
shift the equilibrium towards the right-hand side of (Eq. 1.1). Since the conductivity of pure water is
low,17 the electrolyte requires the addition of “impurities” for obtaining a low electrolyte resistance in
order to allow the anode- and the cathode reaction to occur. Historically, a saline solution (“brine”)
has been used allowing the industrial production of hydrogen and chlorine gas. Although the redox
potential for the 2 Cl- to Cl2 would favor oxygen evolution instead, chlorine is evolved owing to the
lower overpotential of most electrode materials towards chlorine evolution.18 Nowadays, electrolysis
is done with proton exchange membrane electrolyzers with the advantage of a having a solid
electrolyte, thus no corrosive electrolytes are needed. Moreover, gases can be more effectively
separated and the efficiencies are generally higher.18
One reason for the relatively high overpotential needed to evolve oxygen can be directly seen in (Eq.
1.4). To evolve one molecule of O2, four holes are required, whereas the evolution of chlorine from
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chloride demands only two holes. The oxidation states involved in the oxygen evolution (OER) with
respect to oxygen are -2, -1, and 0 until gaseous oxygen evolves. This goes along with different
intermediates generated at the anode surface, each of which is supposed not to bind too tightly nor to
loosely for optimally lowering the kinetics for oxygen evolution.19
It is therefore not surprising that up to know bias-free overall photochemical water splitting has been
demonstrated only for wide-gap semiconductors (in brackets: bandgap of the semiconductor) such as
RuO2 modified LiNbO320 (4.0 eV) and Zn2GeO421 (>4.5 eV), and NiOx modified NaTaO322 (4.0 eV)
and SrTiO323 (3.3 eV, indirect bandgap). Moreover the valence band position must be much more
positive to ensure water oxidation reaction. To drive hydrogen evolution, a much smaller
overpotential is required and Pt has proven to exhibit the lowest overpotential for hydrogen
evolution.24 Moreover in semiconductors capable of overall water splitting, hydrogen is produced on
the same nanoparticle yielding a mixture of O2 and H2, leading to separation problems. Therefore, the
scientific community has focused on the development of materials, which either promote hydrogen
evolution using p-type semiconductors with holes as majority charge carriers, reducing water to
hydrogen at the photocathode or n-type semiconductors with electrons as major charge carriers,
promoting oxygen evolution at the photoanode.
Regarding the economics of photoelectrochemically derived hydrogen, the cost estimations vary and
mainly depend on the performance of the photoelectrode. An estimate regarding the production costs
for hydrogen is given in Fig. 1.4.

Fig. 1.4: Capital cost of hydrogen per kg as a function of the photocurrent. Reprinted from Ref. [349] with permission from
Springer US (2012).

1.3 Semiconductors Considered for Photoelectrochemical Water Splitting
As briefly mentioned in Chapter 1.2, the separation of the cell reactions (Eq. 1.2, Eq. 1.4) can be
achieved by either only using a photocathode or photoanode with a counter electrode, which requires
the application of a potential or in a tandem mode, requiring both, an illuminated photoanode- and
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cathode through which bias free water splitting can be achieved. Fig. 1.5 illustrates bandgaps of
selected semiconductors.

Fig. 1.5: Band edge positions of semiconductors in an aqueous electrolyte at pH=0 relative to normal hydrogen electrode
(NHE). The redox potentials for the hydrogen evolution (HER) and oxygen evolution reaction (OER) are shown for
comparison. Reprinted from Ref. [25] with permission from The Royal Society of Chemistry (2016).

The bandwidths and -positions are often not ideal with respect to the reduction and oxidation potential
of hydrogen and oxygen, respectively. Ideally, a photoanode (photocathode) would exhibit a valence
(conduction) band which is slightly below (above) the oxygen evolution potential (hydrogen evolution
potential). Moreover, the boundary between n-type and p-type conduction is fluent and imposed by
doping. However, Fe2O3, WO3, TiO2, ZnO, TaON, Ta3N5, BiVO4, CdSe, CdS are considered as
intrinsic n-type materials exhibiting a better electron than hole conductivity, whereas CuO and Cu2O
belong to the group of intrinsic p-type semiconductors exhibiting a better hole than electron
conductivity.25 The n/p –type conductivity in GaP, GaAs, SiC, MoS2 and Si is dependent on the
valence and ionization of dopants.26 A typical scheme for bias assisted water splitting is shown for a
photoanode in Fig. 1.6.
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Fig. 1.6: Working principle of a biased photoanode for water oxidation with a Pt cathode for hydrogen evolution. Note: The
reference electrode is not shown.

TiO2 was the first material reported to be active towards photoelectrochemical (PEC) water splitting
as originally discovered by Fujishima in 1972.27 Titania is white and has a bandgap of 3.0 – 3.2 eV,
depending on the phase composition, allowing only the ultraviolet part of the light to be absorbed. To
improve its performance, nanostructuring,28,29 doping and heterostructuring have been investigated.
The main bottleneck is the large bandgap. Dopants which would effectively enhance the visible light
response lead to energy levels located within the bandgap, but also act as potent electron hole
recombination centers.30 The maximum solar-to-hydrogen efficiency of anatase and rutile is reported
to be 1.3% STH and 2.2% STH, respectively.31
WO3, α-Fe2O3, BiVO4, TaON and Ta3N5 are the most studied photoanode candidates.32 Among these,
α-Fe2O3 has the smallest bandgap of 2.1 eV and is thus able to absorb a large portion of the visible
light. However, hematite has an indirect bandgap and a high carrier effective mass which limits its
solar energy utilization. Moreover, its electron conductivity is relatively low due to strong on-site
Coulomb repulsion that results in a large splitting of the d bands and is thus considered as a charge
transfer insulator.33 However, the theoretical solar-to-hydrogen efficiency of hematite is 16%,
suggesting that upon tackling its intrinsic drawbacks through engineering such as doping,
heterostructuring etc. it may become a suitable photoanode material. Moreover, hematite is known to
have a short hole diffusion length (2 – 4 nm) which requires nanostructuring in order to compensate
for electron-hole pair recombination. In addition, the activity towards oxygen evolution is relatively
low demanding the addition of a co-catalyst to accelerate water oxidation.34
The bandgap of WO3 is 2.6 eV, and due to an indirect gap, the absorption coefficient is even lower
than the bandwidth suggests. Compared to hematite, its hole diffusion length (150 nm) is much larger
but due to the low absorptivity of the material, requiring a relatively thick film design, photoanodes
containing WO3 must be nanostructured to limit charge carrier recombination within the bulk.35
Moreover, WO3 possesses different crystal structures in the temperature range from 180 – 900 °C,
each of which exhibits entirely different properties with respect to bandgap, catalytic activity towards
7
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different reactions. In addition tungsten oxide has an outstanding ability for incorporating dopants into
its lattice. Its structural diversity offers advantages towards substitutional doping, not only to enhance
its visible activity or conductivity but also to alter the crystal structure and thus to gain control over
CB and VB positions.32
BiVO4 has been recently investigated as a candidate for photoanode materials and it is still unclear
whether it exhibits a direct or indirect bandgap, however its bandwidth is 2.4 eV. Unmodified bismuth
vanadate exhibits, similar to hematite, unfavorable intrinsic properties such as poor charge carrier
mobilities for both electrons and holes, leading to fast electron-hole recombination. In addition BiVO4
shows slow water oxidation kinetics. Strategies to address charge separation difficulties not only
include substitutional doping, but also the formation of photoactive heterojunctions. The slow water
oxidation kinetics further requires the addition of a co-catalyst. Owing to the poor stability, the
catalyst layer ideally accelerates water oxidation and passivates the surface, thereby inhibiting the
photocorrosion of bismuth vanadate.36
The advantage of nitride based photoanodes such as TaON and Ta3N5 is their higher absorptivity in
the visible solar spectrum, owing to the lower electronegativity of nitrogen compared to oxygen with
the consequences of higher lying N2p orbitals which shift the valence bands into the negative
direction, resulting in a narrowed bandgap.32 The relative instability is due to the oxidation of N3anions under working conditions and requires the addition of overlayers to protect the photoactive
phase from photocorrosion.37
Within this PhD thesis, the aim is to engineer n-type semiconductors for implementation as
photoanode materials.

1.4 Photoanode Material Design
1.4.1 Nanostructuring
Electrons are considered as majority charge carriers in n-type semiconductors, since they are
primarily responsible for charge transport, while holes are less good conducted and thus represent the
minority charge carriers. A nanostructured photoanode design is advantageous, enabling the aqueous
electrolyte to penetrate a percolated network of nanoparticles and extract holes at the semiconductor
electrolyte interface (SEI). The diffusion length (L) is defined as follows:

L2 = qDτ

(1.5)

where q is the dimensionality factor (2, 4, 6 for one-, two-, or three dimensional diffusion) and τ the
carrier lifetime.

8

Chapter 1. Introduction
Since Le > Lh, a nanostructured design benefits from hole extraction of the penetrating electrolyte.
Moreover, the optimal photoanode film thickness d is in the same range as Le to ensure optimal
majority charge carrier collection at the back contact. This represents a typical trade-off situation in
which the film thickness is the limiting factor for semiconductors with poor hole and electron
mobility. For obtaining maximum light absorption, the film thickness often exceeds the values for L,
thus a maximum efficiency of the film might be obtained at film thicknesses below maximal light
absorption. However, a rough surface benefits from improved light distribution enabling the light to
penetrate the film more homogeneously compared to a flat surface. To the disadvantage of
nanostructured photoanodes, increased recombination occurs at grain boundaries and surfaces of the
nanoparticles, which is further dependent on the roughness factor. Moreover a porous surface
decreases the total absorbed photon flux if scattering is neglected.

Fig. 1.7: Space charge layers in large and small nanoparticles. Reproduced with permission from Ref. [350], Copyright,
1994, Springer/Heidelberg.

While the carrier collection pathways are shortened thanks to a nanostructured design, the width of
the space charge layer might be larger than the size of the nanoparticles, assuming a constant doping
level. Thus, charge carrier separation is more difficult compared to bulk materials, leading to
increased charge carrier recombination (Fig. 1.7). In addition, majority charge carriers tend to move
by diffusion instead of drift in nanoporous photoanodes. On the other hand, the larger specific surface
area of nanostructured photoanodes can compensate for the slow water oxidation kinetics of some
semiconductors and thus contribute to an increased efficiency.38
Photoanode materials with a small absorption coefficient (α), including metal oxides with an indirect
bandgap suffer from charge carrier generation far away from the surface and the generated charge
carriers are prone to recombine before they reach the surface of the photoanode (Fig. 1.8).30
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Fig. 1.8: Absorption regions in a photoanode. The intensity of the light (Φ) decreases exponentially with respect to the
distance from the surface. Charge carriers contributing to the photocurrent are generated within a distance LD + W from the
surface, while all charge carriers generated in region III recombine. Reprinted from Ref. [30] with permission from Springer
US (2012).

However, nanoparticulate photoanodes are annealed at relatively high temperatures leading to particle
growth and thus the impact arising from reduced charge carrier separation is reduced. Moreover, the
negative impact of grain boundaries is expected to be lowered as the degree of crystallinity increases
upon sintering. Besides, a contribution arising from a quantum confined effect can be neglected, also
due to the fact that mainly other metal chalcogenides than metal oxides exhibit such an effect.
Moreover, extremely small nanoparticles would negatively contribute in terms of abovementioned
drawbacks.38

1.4.2 Doping
Metal oxides used as photoanode materials generally suffer from low conductivities while the
conductivity is given by:

σ = neµe + peµh

(1.6)

where n = NC e − ( EC − EF )/ kT represents the concentration of free electrons in the conduction band,
respectively, while

3/2
 2π me*kT 
NC = 2 

 h2 

(1.7)

accounts for the temperature (T) dependency and the effective mass (m*) of electrons in the
semiconductor. Furthermore, within this approximation, the Fermi level is assumed to be more than
~3kT away from the conduction- or valence band.
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Table 1.1 Charge carrier mobilities and effective masses at room temperature

Mobility (cm2/V/s)

Effective carrier masses (·me)

Material

Electrons

Holes

Electrons

Si

1’500

450

GaAs

8’500

400

0.07

0.68

39,40

CdS

340

50

0.19

0.8

39,40

ZnO

200

180

0.24

0.45

39,40

2 · 10-3[a]

>10

0.8

41,42

TiO2

Holes

References
39

(Anatase)
WO3
α-Fe2O3

~10
[b]

0.1

~0.9
0.2

[c]

43
44

[a] Theoretical estimate. [b] Measured at 1’200K. [c] Measured at 1’400K
In order to compensate for low charge carrier mobilities (µe/h), dopants can be introduced with the
goal to increase the availability of charge carriers. Typically, the charge carrier mobilities are low in
metal oxides (Table 1.1). Aliovalent doping e.g. Mx4+ on a My3+ site in My2O3, typical for n-type
doping, or Mx2+ on a My3+ site in My2O3, typical for p-type doping replace metal sites with lower (ntype doping) or higher (p-type doping) valence and increase number of the respective charge carriers.
The introduced electrons by n-type doping can be excited into the conduction band and contribute to
the increased number of charge carriers. If the replaced lattice site is of higher valence than the
dopant, the p-type conductivity is enhanced. However, the ionization, and thus the availability of the
free electrons (holes) is determined by the energetic position of the n-type (p-type) dopant level.
Dopant energy levels located within ~2kT of EC or EV will be almost fully ionized at room
temperature and are referred to as shallow-type dopants.30

Fig. 1.9: Energy levels of shallow donors/acceptors (ESD, ESA) and deep donors/acceptors (EDD, EDA) in a semiconductor.
Deep donor or acceptor states (EDD, EDA) can also occur below or above the midgap, respectively. Midgap states (ERC)
represent efficient recombination centers and can be donor or acceptor like.
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For ionic materials such as metal oxides, doping can be described by the Kröger-Vink notation.45
Compared to covalently binding materials such as GaAs, InP etc., the Kröger-Vink notation accounts
for the conservation of lattice site stoichiometry. Moreover, the conservation of mass and charge are
taken into account. Ti doped Fe2O3 represents an important example in which the poor electron
conductivity of Fe2O3 can be surpassed. The substitutional doping of Fe2O3 by Ti4+ leads to lattice
sites in hematite which are occupied by positively charged Ti (TiFe·). The nine oxygen sites in 3 Fe2O3
remain occupied, and since an excess of formally three oxygen atoms and the additional electrons
from titania substituted lattice sites create an extra of six electrons, the ionic compensation can be
written as in (Eq. 1.8). The equation can also be written in another form by adding another equivalent
of Fe2O3, resulting in an electronic compensation mechanism. Twelve oxygen sites from TiO2 occupy
twelve oxygen sites in the Fe2O3 while two iron sites remain empty, resulting in two negatively
charged iron vacancies (VFe’’’) as shown in (Eq. 1.9). Subtracting the ionic (Eq. 1.8) from the
electronic (Eq. 1.9) compensation reaction yields (Eq. 1.10), and represents a simple reversible
oxidation/reduction reaction.

(1.8)

(1.9)
(1.10)
After subtracting the ionic from the electronic compensation reaction (Eq. 1.10) it becomes clear that
the dopant is not the only factor contributing to enhanced conductivity. The equilibrium also depends
on the partial pressure of the atmosphere (here oxygen) with a low oxygen pressure shifting the
equilibrium towards the right-hand side of (Eq. 1.10).46

The improvements achieved by (substitutional) doping are often not only due to increased charge
carrier concentration as a consequence of the formation of additional states within the bandgap as
illustrated in Fig. 1.9. Since n-type doping does not improve hole conductivity, which is often
bottlenecking the overall performance, the enhancement in overall efficiencies is also related to other
effects. For example, the carrier mobility or lifetime can be enhanced through doping. Moreover,
doping can further induce changes in the orientation of the crystal lattice during nanoparticle growth,
or passivate surface states with the result of a decreased charge carrier recombination.47
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1.4.3 Oxygen Evolution Reaction
The unfavorable conduction band position of most metal oxide based photoanodes is not the only
reason why additional potential has to be applied to match the reduction potential of H2 allowing
overall PEC water splitting to occur. The great kinetic barrier for water oxidation contributes to the
high overpotential that needs to be applied. Interesting to note is that the valence band position of
most oxide semiconductors would actually match the oxygen evolution potential. The ability to
evolve oxygen is dependent on the semiconductor itself. The kinetic barrier for the OER arises due to
a four electron process, in which four different intermediates (Fig. 1.10) are involved and each
intermediate has different binding strength to the (metal oxide/catalyst) surface.

Fig. 1.10: A schematic for the oxygen evolution mechanism. The horizontal lines denote the surface of the
catalyst/semiconductor and the * sign marks an empty adsorption site. Reprinted with from Ref. [351] with permission from
American Chemical Society (2014).

The catalyst leading to desirable energetics is supposed bind the intermediates with medium strength.
If the interaction is too weak or too strong, the catalytic activity will be lower, according to the
Sabatier’s principle.48 This behavior is illustrated by a volcano plot where the enthalpy of the
formation (catalyst-intermediate adsorbate) is plotted against the temperature/overpotential required to
allow the reaction to proceed (not shown). A maximum is reached when the rate of adsorption is equal
to the rate of desorption.
Typically, the performance of an oxygen evolution catalyst (OEC) is usually assessed by the Tafel
slope which is defined as the dependency of the ohmic drop-corrected overpotential ɳ of the current
density j:

d lg( j ) 2.3 ⋅ RT
=
dη
α zF

(1.11)

where R is the ideal gas constant and F is the Faraday constant and T the temperature. z is the number
of transferred electrons while α is the transfer coefficient.19
13

Chapter 1. Introduction

Fig. 1.11: Tafel plot for an anodic process. Reproduced from Ref. [352].

In principal, the Tafel slope (Fig. 1.11) is representing the current density changes with increasing
overpotential.
However, OEC are being studied as single materials. Unlike in OER catalysis, oxygen evolving
catalysts for photoanodes must be transparent in order to allow light to fully penetrate the catalyst
layer to facilitate charge carrier generation within the photoactive material.49 Even though the photo
induced charge carriers in biased photoanodes yield highly energetic holes, an interface is formed
between the photoanode and OEC which often demands to be studied individually. In addition the
activity of the catalyst is highly dependent on its chemical composition, crystallinity, roughness factor
and thus porosity.50-53

1.4.4 Stability
Photocorrosion impacts the long term performance of photoanode materials. Even though metal
oxides are considered to be among the most stable semiconductors and are supposed to persist under
such harsh conditions such as anodic polarization in an aqueous electrolyte, some are prone to
decomposition. If a sufficiently positive bias is applied any metal oxide can be oxidized to oxygen and
the corresponding metal ion dissolves. A semiconductor is considered to be inert towards oxygen and
hydrogen evolution if the anodic decomposition potential (Ep,n) is below the valence band maximum,
and the cathodic decomposition potential (En,d) above the conduction band minimum (Fig. 1.12).30, 54
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Figure 1.12: Position of decomposition potentials En,d and Ep,d vs. Ec and Ev of selected semiconductors. Reprinted from Ref.
[54] with permission from Elsevier (2002).

1.5 Characterization Methods
1.5.1 Current-Voltage Measurements
The current-voltage measurement is one of the most crucial measurements to give information about
the photoanodes’ performance. The measurement is conducted in the dark and under illumination and
the current response of the photoanode is measured with respect to an anodic applied potential,
starting from the open circuit potential which is characteristic for each semiconductor or photoanode,
respectively. Usually, at a scan rate of 10 mV/s, the potential is swept and the (photo-)current is
measured. Under illumination, the measured current is an indirect indicator of evolved hydrogen on
the Pt counter electrode exhibiting the lowest overpotential for hydrogen evolution among all
hydrogen evolution catalysts.24 The measurement in the dark is conducted to ensure that no oxidation
reactions of the photonanode material itself contributed to the photocurrent. The onset potential
(Eonset) is related to the flat band potential (Efb) and is an indication that at positive values of Eonset a
depletion layer starts to form, after which minority charge carriers start to contribute to the
photocurrent. Moreover, under chopped illumination conditions, the transient photocurrent response
can be measured providing information about recombination processes which can be due to i)
accumulation of holes near the surface, ii) accumulation of electrons in the bulk or iii) trapping of
electrons or holes at surface states. To estimate the contribution of accumulation of electrons in the
bulk, the response of the photoanode to backside illumination can be measured. If the photocurrent for
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backside illuminated samples is higher, then this is an indication that electron transfer is limited
within the bulk, since charge carriers are generated near the substrate-film interface when using this
method.55 Impedance measurements provide more detailed information about the exact location of
accumulated charge carriers and can distinguish between i) and iii).

1.5.2 Impedance Measurements
Impedance measurements can provide information about the capacitance (C) and resistances (R) of
the photoanode. However, the measured impedance has to be fitted to the corresponding equivalent
circuit. In theory, different interfaces contribute to overall resistances and capacitances, including the
back contact of the semiconductor-substrate interface, the bulk resistance of the semiconductor and
the Helmholtz capacitance (CH) at the semiconductor electrolyte junction (SEI), acting as a doublelayer capacitance at the outer layer of an electrode and consists of charged ions. In practice, these
contributions can often be neglected leading to a simplified equivalent circuit which takes only the
overall resistance, and the resistances and capacitances with respect to the semiconducting material
into account. Moreover, if the sample is measured in the dark, only the electrolyte resistance (Rsol) and
the space charge resistance (RSC) with the corresponding space charge capacitance (CSC) is
considered. From the determination of CSC, information about the donor density (ND) and flat band
potential (Efb) of the photoanode can be obtained. The Mott-Schottky Equation is defined as follows:

1
CSC 2

=

2
kT 

E A − EFB −


ε oε r N D A2 
e 

(1.12)

The intercept of 1/CSC in the linear region of the capacitance with the x-axis (Efb +kBT/e) yields the
flat band potential. Moreover, the slope (2/ε0εrA2eND) provides information about the donor density.
The flatband potential is the potential that needs to be applied to reduce band bending of the
semiconductor in the electrolyte solution to zero. The donor density can provide information about the
degree of doping or defect concentration in the semiconductor.
Furthermore, the donor density can give information about the choice of the circuit used to evaluate
impedance data from an illuminated sample. For samples with extremely high donor densities (>1020
cm-3), the Helmholtz capacitance which has a constant value of 10-20 µF/cm2 can no longer be
ignored and may be lower than CSC of the sample. Most often, CH can be neglected and the following
circuit is taken for the analysis of the impedance of illuminated sample:55
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Fig. 1.13: Equivalent circuit (EC) of the charge transfer process at the illuminated photoanode/electrolyte interface mediated
by surface states. Rs, resistance associated with the electric contacts of the electrode, electrolyte, etc. Rtrapping, resistance
associated with charge trapping at surface states. Cbulk, capacitance associated with charge accumulation in the bulk. Rct,ss,
resistance associated with the charge transfer process form surface states. Css, capacitance associated with charge
accumulation on the surface states.

The circuit illustrated in Fig. 1.13 is based on the assumption that charge transfer is guided via surface
states. The contribution of charge transfer with respect to minority charge carriers via valence band
(Rct,bulk) is excluded.56

1.5.3 Efficiencies
The conversion efficiency is one of the most crucial factors to judge the performance of a photoanode.
The following equation (Eq. 1.13) is valid under the assumption that all photogenerated electrons and
holes are used for the water splitting reaction. The solar-to-hydrogen efficiency (STH) is given by:

P out
− Pin
j photo (Vredox − Vbias )
η STH = electrical electrical =
Plight

Plight

(1.13)

The power output is subtracted from the power input of the photoanode. The power input is related to
the potential that needs to be applied (Vbias) in order to achieve a reasonable photocurrent. Vredox is the
thermodynamic potential for water splitting and adopts the value 1.23 V.30 Based on this formula, the
efficiency is zero for any value of Vbias equal or above 1.23 V. However, the photocurrent value
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obtained at 1.23 V is often reported since most active photoanodes show a reasonable photocurrent
value at this potential. The STH efficiencies of selected photoanode materials are shown in Fig. 1.14.

Figure 1.14: Dependence of the theoretical STH efficiency and the photocurrent density of different photoanode materials
under AM 1.5 G illumination (100 mW/cm2). Reprinted from Ref. [223] with permission from the Royal Society of
Chemistry (2015).

The wavelength-dependent efficiency of an illuminated photoanode can be assessed by incident
photon-to-current efficiency measurements. A monochromator transmits only a narrow band of
wavelengths of the light source and the photocurrent response of the photoanode is measured at a
constant potential. The incident-photon-to current efficiency (IPCE) is given by:

IPCE ( % ) =

1240(V ⋅ nm) ⋅ I ph ( A)

λ (nm) ⋅ Plight (W )

i100

(1.14)

where Iph is the photocurrent density, 1240 V·nm represents a multiplication factor of the Planck
constant (h) with the speed of light (c) divided by the elementary charge (e) and Plight is the calibrated,
monochromatic illumination power intensity at the wavelength λ. Moreover, the IPCE measurement
does not take into account the absorbance of the film. The absorbed photon-to-current efficiency
(APCE) is derived by dividing the values obtained for IPCE by the absorbance (%).30

1.5.4 Oxygen Evolution Measurements
It is assumed that the measured photocurrent corresponds to the evolution of hydrogen and oxygen
with a ratio of 2:1 at a Faraday efficiency of 100%. However, a platinum wire serves as counter
electrode for the evaluation of the photoanodes’ performance exhibiting excellent hydrogen evolution
characteristics.24 The bottleneck is the kinetically sluggish evolution of oxygen of most photoanode
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materials.50,57,58 Its detection is crucial to assess the efficiency towards oxygen evolution of the
photoactive material. Oxygen can be measured with a luminescent O2 probe or a Clark-type electrode
directly in solution.59

1.6 Nonaqueous Sol-Gel Synthesis
The building blocks for the films are nanoparticles which are formed in a non-aqueous sol-gel
process. Compared to aqueous sol-gel synthesis, an organic reaction medium offers typically more
control over crystallinity, size and shape of the nanoparticles. The moderate reactivity of the oxygen
carbon bond is advantageous because it enables precise control over the particle growth, due to slower
reaction rates. The anion for the nanoparticle formation can either be supplied by the solvent or by the
organic constituent of the precursor. Besides, the choice of the organic solvent and the precursor can
be varied, leading to different reaction pathways including:60

- Alkyl halide elimination (Eq. 1.15)
- Ether elimination (Eq. 1.16)
- Condensation of carboxylate groups (ester and amide eliminations) (Eq. 1.17)
- C-C coupling of benzylic alcohols and alkoxide molecules (Eq. 1.18)
- Aldol/ketimine condensation (Eq. 1.19)
(1.15)
(1.16)

(1.17)

(1.18)

(1.19)

Among the solvent-controlled syntheses, benzyl alcohol is an interesting solvent because it is nontoxic, relatively cheap and has favorable properties such as a high boiling point and a moderate
reactivity. In addition, the benzyl ring can have a beneficial function with respect to the stabilization
of the intermediate carbocation occurring during monomer formation. Moreover, this enables the
formation of hydroxyl leaving groups to act as oxygen source.61
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Furthermore, surfactant-directed synthesis can reduce agglomeration and poor redispersibility of the
as synthesized nanoparticles.60 However, nanoparticles can also be stabilized postsynthetically by the
addition of surfactants to a nanoparticle dispersion. Commonly, catechols, carboxylic acids,
oleylamine, oleic acid etc. are used, only to mention a few examples.60 Compared to conventional
heating as it is carried out for autoclaves and in oil bath assisted routes, the microwave-assisted
heating as an emerging route offers great advantages over abovementioned routes, such as a high
reaction speed, the tuneability of the stirring rate and power input, which is often difficult to control
otherwise. Together with a homogenous heating, the microwave-assisted route is a powerful tool to
control the reaction conditions more precisely also because it leads to homogenous heat distribution.
Therefore chemical reaction times can be reduced by several orders of magnitude.62

1.7 Aim of the Thesis
The aim of the thesis was to fabricate photoanode materials based on preformed nanoparticles.
Preformed nanoparticles were obtained by non-aqueous sol-gel routes and microwave assisted
synthesis served as a tool to screen different reaction conditions quickly. The photoelectrochemical
measurements were performed under standard conditions (AM 1.5 G illumination) on conductive
F:SnO2 substrates with a nanoparticulate film on top. As coating methods, doctor blading and spin
coating were used, as these techniques were readily available in our laboratories. The characterization
was focused on photoanodes, especially with respect to evaluate their photoelectrochemical
performance (PEC).

The whole project was linked to a European Union Project while my part of the work was to fabricate
either preformed nanoparticles or thin film photoanodes for our project partners in Poland (Laboratory
for Photoelectrochemistry and Solar Energy Conversion at the University of Warsaw), Spain
(Department of Advanced Materials for Energy, Catalonia Institute for Energy Research) and Finland
(Department of Chemistry and Bioengineering, Tampere University of Technology). However,
characterization of the nanopowders or photoanodes could also be realized in our laboratories by
means of photoelectrochemical impedance measurements, X-ray diffraction measurements (XRD),
optical measurements (UV-visible spectroscopy), oxygen evolution measurements, scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA), and
transmittion electron microscopy (TEM).
At the first stage of the project, preformed titania nanoparticles consisting of different polymorphs
were sent to our collaborators in Poland for film processing via doctor blading. The performance of
these films was compared with another synthesis route leading to porous titania films in our
laboratory.
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The second part of the thesis is strongly linked with a collaboration work. My part of the project was
to fabricate optimized composite photoanodes. Hematite-titania films with different titania contents
were sent to our Spanish and Finnish collaborators who studied the mechanism leading to superior
photoactivity.
The third part of the work was also a part of a collaboration work involving our project partners in
Poland. However, in this case the major part of the analysis was conducted in our laboratories. The
effect of a catalyst overlayer in conjunction with an already studied hematite-titania photoanode was
evaluated.
The last part of the thesis is based on a review article we recently wrote, focusing on interfaces within
different research topics, covering water photoelectrolysis and photocatalysis, battery materials and
the interplay of junctions in chemoresistive gas sensors as well as in composite multiferroic materials.
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2 Titania Based Photoanode Materials
2.1 Abstract
Nanostructured TiO2 photoanodes were fabricated via doctor blading phase mixtures with different
anatase/rutile ratios which were prepared in an in-situ non-aqueous sol-gel process. It could be shown
that pure anatase containing photoanodes outperform the composite films, and the photoanodes only
composing of rutile. A maximum photocurrent of ca. 0.3 mA/cm2 at 0.9 VRHE could be measured for a
pure anatase photoanode under simulated AM 1.5 G illumination (100 mW/cm2), while the
photocurrent dropped the lower the content of anatase was, and reached only 0.6 µA/cm2 at 0.9 VRHE
in the case of a pure rutile film. SEM imaging of the dried nanoparticle powder revealed that the
morphological properties of the nanoparticles ranged from needle like agglomerates, in the case of
rutile, to ball-like agglomerates, as observed for pure anatase. The primary crystal size as estimated by
the Scherrer equation based on the X-Ray diffraction (XRD) pattern of the as synthesized particles
range from 11-18 nm with respect to rutile and anatase, respectively.
To address minority charge carrier extraction, which led to supposedly low photocurrent in
abovementioned photoanodes, another approach based on fine-structured titania nanoparticles has
been pursued. Functionalized titania nanoparticles were used and selective desorption of Trizma from
the anatase {001} facet by water induced oriented attachment along the [001] axis. Oriented
attachment of nanocrystals led to a chain of quasi single crystals. Through disoriented junctions, the
particles assembled into a network. The viscous dispersion containing the nanoparticles was then
coated via doctor blading on a F:SnO2 (FTO) substrate, yielding a plateau photocurrent of 0.43
mA/cm2 under simulated AM 1.5 G (100mW/cm2) illumination.
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2.2 Introduction
Titania is widely used in different fields, ranging from catalysis, photocatalysis, chemoresistive gas
sensing to batteries etc. The thermodynamically most stable form is rutile. Typically, metastable
phases namely, anatase and brookite transform to rutile at temperatures higher than 600 °C.63 Due to
different band alignments and bandwidths of anatase and rutile, heterojunctions thereof can lead to a
favorable type II alignment through which charge carriers can be facilitated in a cascade charge
transfer mechanism.64 However, due to the relatively large (phase dependent) bandgap of 3.0-3.2 eV,
a maximum of only 2.2% solar-to-hydrogen efficiency (STH) can be achieved with respect to its
activity towards water oxidation.65
The catalytic activity of titania is highly dependent on its crystallinity,66,67 surface area,68 optimal
particle size,69,70 and crystal phase.71 It is known that rutile forms peroxide species upon illumination
in aqueous electrolyte, while anatase and brookite tend to form OH· radicals. Besides, it is reported
that trapped states near the valance band occur in anatase and brookite, which is not observed for the
rutile phase. The trapped states near the valence band can in turn facilitate the kinetically sluggish
oxygen evolution reaction. A combinatorial approach involving both phases can be beneficial with
respect to water oxidation, since the formation of OH· radicals is a two electron process and requires
lower (applied) potentials than the oxygen evolution occurring via peroxide species formation as a
four electron process.71 Also, titania possesses a conduction and valence band position theoretically
allowing bias free water splitting. Moreover, the catalytic activity is directed by the energy of
different faces, which depending on the synthesis procedure, can be differently exposed or exhibit
different potential differences.72 The free energy profiles for the first proton removal reaction in
photocatalytic water oxidation on rutile {110} and anatase {101} surface shows more favorable
kinetics for the rutile phase, which is not due to the redox level of the hole but instead attributed to a
more favorable local bonding geometry on the surface.73
Impurities, such as dopants do not only influence the surface energies of different facets, they also
have been used to shift the light absorption of titania into the visible part of the spectrum. However,
their effect on enhancing visible light activity is limited and the concomitant formation of states
within the bandgap has adverse effects with respect to recombination of charge carriers.74-76
Although nanosizing has negligible effects on the intrinsic properties of titania, minority charge
carriers are more easily separated upon nanostructuring. Here, we present two different methods for
obtaining a nanostructured titania photoanode.28,29,77 Firstly, we demonstrate the possibility to deposit
preformed titania nanoparticles containing intimately connected anatase and rutile polymorphs.
Secondly, a modification of a known process to obtain hyperbranched titania is shown, leading to a
percolated network of oriented attached anatase nanoparticles. The deposition of the macroscopic gellike dispersion leads to an ultraporous film morphology and the respective photoanode exhibits a
reasonable photocurrent of 0.4 mA/cm2 at 1.23 VRHE.
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2.2.1 Anatase/Rutile Composites for Photoelectrochemical Water Splitting
A part of the content in this chapter was a collaboration work with our Polish project partners
(Laboratory for Photoelectrochemistry and Solar Energy Conversion at the University of Warsaw).
Preformed titania nanoparticles with different anatase/rutile phase compositions were sent to our
collaborators who deposited thin films containing different polymorphs of titania on conductive
substrates FTO and measured the photoanode performance.

2.2.1.1 Results and Discussion
Nanoparticle Characterization
In this study, we present titania nanoparticles, derived by a non-aqueous autoclave assisted route.
Phase pure anatase and rutile titania nanoparticles were obtained as well as phase mixtures, simply by
varying the type of precursor used, by adjusting the concentration of the solvent or the reaction time.
Solvent based approaches to tune the targeted phases have been well explored and it is known that the
concentration of the titania precursor can favor anatase or rutile formation. The pH plays a key role
with respect to phase evolution.78-80 Thus, the concentration of the titania precursor (TiCl4) releasing
HCl upon dissolution, has been varied. The formation of pure anatase is promoted if Ti(OiPr)4 was
used as the titania precursor, while TiCl4 as precursor favored the formation of the rutile phase
formation using the same concentration. Phase composites have been realized by either pursuing a
mixed precursor approach which involved both precursors such as in the case of the 78% anatase
composition, or by decreasing the total concentration of precursor (TiCl4) used, as in the case of the
40% anatase composition or by a longer reaction times, which facilitated the formation of rutile.
Rutile can heterogeneously grow on anatase nanocrystals and a longer reaction time can therefore
promote the phase transformation from anatase to rutile in the reactor as it was observed in the case of
the sample containing 7.9% of anatase.81 The phase composition was estimated by XRD analysis (Fig.
2.1). The (110) peaks (rutile) and the (101) peak (anatase) was taken and with the integrated
intensities of these peaks, the weight percent of anatase could be calculated as follows:82

X anatase =

K ⋅ I anatase
K ⋅ I anatase + I rutile

where Ianatase/rutile are the integrated peak intensities and K adapts the value of 0.79 if the content of
anatase is higher than 20% and 0.68 otherwise.
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Figure 2.1: XRD patterns of titania nanoparticles. Reference peaks (vertical bars) of anatase (ICDD PDF no. 01-070-6826)
and rutile (ICDD PDF no. 01-072-7374) are shown in black and cyan, respectively.

The particle sizes of the as synthesized nanoparticles were calculated from the Scherrer equation:

d(hkl ) =

κλ
β cos θ

(2.2)

where κ is the shape factor, adapting a value of 0.9 if the crystallite is not known, λ is the wavelength
of X-ray of Cu Kα radiation, β the full width at half maximum (FWHM) of the (h k l) peak in radians,
and θ is the diffraction angle.
Phase pure anatase was calculated to exhibit a crystallite size of 18 nm and phase pure rutile exhibited
an average crystallite size of 11 nm. However, the particle size distribution, for example, by
transmission electron microscopy (TEM) analysis or dynamic light scattering (DLS) has not been
conducted.83
The film deposition by doctor blading was done with the dried particles. Therefore, the dried powders
were investigated by scanning electron microscope analysis (SEM). Selected SEM images for titania
with an anatase content of 0%, 40%, and 100% are shown in Fig. 2.2. The microscopic insight shows
a needle like morphology for the pure rutile phase and a ball-like morphology for the pure anatase
phase. Regarding the composite titania, the rutile phase seems to be grown on the anatase phase. (Fig.
2.2)
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Figure 2.2: SEM analysis of titania powders containing 0% (left), 40% (middle), and 100% anatase (right).

Film Characterization
The photoelectrochemical film characterization was conducted in the laboratory of our collaborators
in Poland (Laboratory for Photoelectrochemistry and Solar Energy Conversion at the University of
Warsaw). Titania nanoparticles with 100%, 78%, 40%, 8% and 0% anatase content were coated on an
FTO substrate via doctor blading. The performances were compared with a P25 photoanode, also
known as Degussa P25 consisting of a mixture of ~80% anatase, ~15% rutile and 5% amorphous
titania.84 The P25 photoanode exhibited a saturation photocurrent of 0.28 mA/cm2. A similar
efficiency was observed for photoanodes consisting of pure anatase. The higher the content of rutile,
the lower the photocurrent was. The pure rutile photoanode exhibited a negligible photocurrent of 0.6
µA/cm2 at 0.9VRHE. Unfortunately, the film thickness is not known, however, based on SEM imaging

all titania polymorphs seemed to form agglomerates upon drying, which then may have led to very
non-uniform films.

Experimental Section
Materials: TiCl4 (99.9%, Aldrich), Ti(OiPr)4 (99.999%, Aldrich), NaOH (99.99%, Aldrich), acetone
(Sigma Aldrich, ≥99.5%), ethanol (≥99.5%) All chemicals were used as received without further
purification. FTO glass substrates (7Ω/sq) were purchased from Solaronix.

Nanoparticle Synthesis
100% anatase polymorph
5.26 mL Ti(OiPr)4 was poured into a glass vessel containing 13 mL acetone in a glovebox under Ar
atmosphere. The glass vessel was put into a 45 mL Teflon cup inside a steel autoclave, which was
sealed inside the glovebox. The autoclave was then taken out and heated in a furnace at 130 °C for 24
h. The resulting suspension was centrifuged at 4000 rpm for 15 minutes to separate the precipitate
from the mother liquid. Excess organic impurities were removed by washing the precipitate three
times with ethanol. The almost white powder was subsequently dried in air at 60 °C overnight.
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100% rutile polymorph
1.96 mL TiCl4 was carefully injected into 13 mL acetone inside a glass vessel. To reduce the
evaporation of the solvent, the glass vessel was cooled in an ice bath. After dissolving the precursor,
the vessel was put into a Teflon cup with 45 mL volume and the acid digestion bomb was closed
under atmospheric conditions. The reaction was performed at 110 °C and kept at this temperature for
24 hours. The product was obtained after centrifugation the reaction mixture at 4000 rpm for 15
minutes. The crude product was washed three times with acetone, followed by drying in air at 60 °C
overnight. The obtained product exhibited a greyish color and the yield was relatively low.

62% anatase polymorph
1.31 ml Ti(OiPr)4 was put into 13 mL acetone under inert atmosphere. Outside the glovebox, TiCl4
(1.46 ml, 2.52 g, 13.32 mmol) was carefully injected into a cooled glass vessel containing the reaction
mixture. The vessel was put into a 45 mL Teflon cup of the acid digestion bomb. Then, the autoclave
was heated at 110 °C for 48 hours. The resulting suspension was centrifuged off to separate the
precipitate from the mother liquid. Excess organic impurities were removed by repeated washing in
acetone. The white powder was subsequently dried in air at 60 °C for 12 hours.

30% anatase polymorph
1.96 mL TiCl4 was carefully injected into 14.4 mL acetone. The mixing of the precursors was
performed under atmospheric conditions in a cooled glass vessel which was put into a 45 ml Teflon
cup inside a steel autoclave. The sample was treated at 110 °C for 48 hours. The product of the
reaction was centrifuged and washed three times with 25 mL acetone. The greyish powder was
subsequently dried in air at 60 °C.

17% anatase polymorph
1.96 mL TiCl4 was carefully injected into 14.4 mL acetone. The mixing took place under atmospheric
conditions in a cooled glass vessel which was placed into a 45 mL Teflon cup inside a steel autoclave.
The autoclave was treated at 110 °C for 24 hours. After centrifugation of the reaction mixture, the
product was washed three times with acetone. The greyish powder was subsequently dried in air at 60
°C for 12 hours.

Film deposition
Titania films were prepared by doctor blading a slurry containing the titania polymorphs. The recipe
is adapted from the literature.85 110 mg of the respective titania powders were mixed with 25 µL of
10% acetylacetone in hexyl alcohol and with 1.25 mL of 1% acetylacetone in isopropanol. The
mixture was sonicated for 1 h and afterwards, 20 mg hydroxypropyl cellulose was added and stirred
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overnight. One layer was deposited and the height of the blade was set to + 90 µm with respect to the
FTO substrate. The speed of the blade was set to 15 mm/s and the deposited film was dried at 60 °C
for 15 minutes, followed by annealing at 500 °C for 2h at a heating ramp of 15 °C/min.

Characterization
Powder and film X-ray diffraction patterns were measured in Bragg-Brentano mode in θ-2θ geometry
with Cu Kα radiation on a PANanalytical Empyrean diffractometer at 45 kV and 40 mA. Scanning
electron microscopy (SEM) was performed on a Carl Zeiss LEO 1530 microscope equipped with a
field-emission gun operating at 3 kV. Photoelectrochemical measurements were conducted in a Teflon
cell containing 0.1 M HClO4 + 0.5 M NaClO4 solution as electrolyte. A Hg/Hg2SO4 electrode
(Radiometer Analytical) was used as a reference. To convert the measured potential into the reversible
hydrogen potential, the pH of the electrolyte was assumed to be 1. Moreover a potential of +0.640 V
was taken for the reference electrode. The scan speed was 10 mV/s using a CHI 660 electrochemical
workstation under simulated AM 1.5G solar light (100 mW/cm2) provided by an Oriel 150 Watt solar
simulator.

2.2.2 Hyperbranched Anatase Titania Nanostructures for Photoelectrochemical Water Splitting
2.2.2.1 Results and Discussion
Nanoparticle Characterization
Anatase nanoparticles were synthesized through an oil bath assisted nonaqueous sol-gel route while
the functionalization was obtained by adding Trizma prior to synthesis.86,87 XRD analysis of the as
synthesized powder confirmed to formation of the anatase phase. The average crystallite size was
about 3 nm as determined by powder X-ray diffraction (Fig. 2.3).
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Figure 2.3: XRD pattern of as synthesized TiO2 nanoparticles, obtained via oil bath synthesis. Reference XRD peaks
(vertical bars) of anatase TiO2 (ICDD PDF no. 01-070-6826).

Tuning the viscosity and hence the degree of oriented attachment is one of the most crucial factors to
obtain a reproducible film thickness. The oriented attachment is obtained via heating Trizma
functionalized nanoparticles under mild conditions in distilled water, which induces the selective
desorption of Trizma from the (001) surface of anatase, and promotes the agglomeration of this high
energy facet.88 Complete gelling leads to the formation of a brittle, macroscopic gel that could further
be used for aerogel processing.89 On the other hand, if the as synthesized nanoparticles were used, the
viscosity would have been too low to allow reasonable film thicknesses (i.e. via doctor blading).
Therefore, the heat treatment of the Trizma functionalized nanoparticles in aqueous solution was
carefully chosen to obtain a gel-like, viscous slurry which showed right properties with respect to
viscosity and brittleness. A TEM analysis was conducted of the gel-like dispersion of oriented
attached titania nanoparticles and is shown in Fig. 2.4.
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Figure 2.4: TEM image of oriented attached anatase-titania nanoparticles showing some degree of oriented attachment as
well as disoriented (hyperbranched) junctions.

Film Characterization
Photoanodes for photoelectrochemical water splitting were fabricated via doctor blading. The
complete transparency of the film (not shown) confirmed that no larger chunks were formed during
the annealing procedure. SEM analysis of the film revealed the formation of a morphology consisting
of interconnected network of nanoparticles. (Fig. 2.5)

Figure 2.5: SEM top view (left) and cross section (right) analysis of a TiO2 photoanode.

Moreover, no anatase to rutile phase transformation could be observed according to grazing incidence
X-ray diffraction (GI-XRD) analysis (Fig. 2.6) of the annealed photoanode treated at 600 °C. This
observation is in agreement with a literature report in which the anatase to rutile phase transformation
is described to be extremely slow below 610 °C.90 The incident beam also penetrated the SnO2
containing FTO substrate. According to the intensity of the reflections, cassiterite SnO2 is the major
phase.
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Figure 2.6: GI-XRD pattern of the annealed titania photoanode. Reference XRD peaks of anatase TiO2 (ICDD PDF no. 01070-6826, vertical black bars) and cassiterite SnO2 (ICDD PDF no. 01-077-0452, vertical blue bars).

The photoelectrochemical activity of the titania photoanode was studied in 1M NaOH under AM 1.5
G chopped illumination (100 mW/cm2). A photocurrent of ca. 0.4 mA/cm2 at 1.23 VRHE could be
measured comparable to the performance of photoanodes derived from commercially available P25
(Fig. 2.7).91

Figure 2.7 Photocurrent density of a TiO2 photoanode in 1 M NaOH measured under AM 1.5 G chopped illumination (100
mW/cm2).
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Experimental Section
Materials: TiCl4 (99.9%, Aldrich), benzyl alcohol (anhydrous, 99.8%, Aldrich), 1,3-propanediol
(99%, Alfa Aesar), NaOH (99.99%, Aldrich), hexyl alcohol (98%, Acros), methanol (Merck,
EMSURE®), 2-amino-2-(hydroxymethyl)-1,3-propanediol (Trizma) (≥99.7%, Fluka), chloroform
(Alfa Aesar, 99.5%), diethyl ether (Sigma Aldrich, >99.8%). All chemicals were used as received
without further purification. FTO glass substrates (7Ω/sq) were purchased from Solaronix.

Nanoparticle Synthesis
The synthesis of the hyperbranched titania nanoparticles was adapted from the literature.86,87 In
principal, 2 ml TiCl4 was added to a solution containing 186 mg Trizma dissolved in 40 mL benzyl
alcohol under vigorous stirring. The mixture was heated in an oil bath at 80 °C for 24 hours. The
nanoparticles were separated from the mother liquid by centrifuging at 4000 rpm for 15 minutes.
After washing the nanocrystals twice with chloroform and diethyl ether, the precipitate obtained by
decanting the mother liquid was dispersed in 13 mL distilled water. The aqueous dispersion was
subsequently heated at 40 °C for one hour under a slight vacuum at a pressure of 0.1 bar to remove
remaining organics. To induce partial gelation, the aqueous dispersion was heated at 90 °C and
carefully monitored. After four minutes, the dispersion started to exhibit a higher viscosity and
generally after 4.5 minutes the reaction flask containing the gel-like dispersion was quenched in an ice
bath to stop any further gelation. A solvent exchange of the aqueous gel has been performed and
water was removed and replaced gradually with a methanolic solution in the following listed volume
percentage: 5%, 10%, 20%, …, 90%, 95%. In between the solvent exchange, the gel-like dispersion
was left in solution for 1 h. After solvent exchange, 1,3-propanediol and hexanol were added to yield
a methanolic dispersion with 10% 1,3-propanediol and 10% hexanol content.

Film deposition
Titania films were prepared by doctor blading one layer of the gel-like dispersion which was stirred
overnight. The speed of the blade was 15 mm/s and its height was set to 90 µm towards the substrate.
The film was dried at 60 °C for 15 minutes, followed by a heat treatment at 600 °C for 45 minutes at a
heating ramp of 60 °C/hour.

Characterization
Powder X-ray diffraction (XRD) patterns were measured in Bragg-Brentano mode in θ-2θ geometry
with Cu Kα radiation on a PANanalytical Empyrean diffractometer at 45 kV and 40 mA. The film was
measured with a grazing incidence analysis using a value of 0.6 ° for the incident angle. Scanning
electron microscopy (SEM) was performed on a Carl Zeiss LEO 1530 microscope equipped with a
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field-emission gun operating at 3 kV. For the cross-section images, the photoanode was cut in the
middle with a diamond knife. Transmission electron microscopy (TEM) images were recorded with a
Philips CM12 device operated at 100 kV. Powders were dispersed in ethanol and dropped on carbon
coated copper grids. Photoelectrochemical measurements were conducted in a Teflon cell equipped
with a quartz window by illuminating the photoanodes form the front at an angle of 90 °. The
measurements were carried out using a typical three-electrode setup with a Pt counter electrode and a
Ag/AgCl (3 M KCl, saturated AgCl) reference electrode (Radiometer Analytical). A theoretical pH of
13.6, and a potential of 0.197 V (Reference electrode) were taken to convert the potential into the
reversible hydrogen potential. Measurements were performed with a VMP3 BioLogic potentiostat.
Simulated AM 1.5 G solar irradiation was provided by an Oriel solar simulator equipped with a 300
W Xe lamp and fitted with an AM 1.5 G filter. Light intensity was measured with a calibrated
reference cell (Oriel, 91150V) and adjusted to 100 mW/cm2 with a neutral density filter (Newport,
FS-ND). The surface are illuminated on the photoanode was 0.28 cm2. The scan speed for the
voltammetric measurements was 10 mV/s.

2.3 Conclusions
Photoanodes containing nanoparticles of the anatase/rutile polymorphs exhibited a rather low
photocurrent. According to SEM analysis, the primary particles seemed to be highly agglomerated
into micron-sized particles. Therefore, the low photocurrent obtained for these kinds of photoanodes
is not surprising. However, the pure anatase containing photoanode exhibited a photocurrent
comparable to the P25 reference photoanode.
A more sophisticated and better performing photoanode was obtained by using oriented attached
titania nanoparticles. The outstanding film porosity is highly interesting in terms of minority charge
carrier collection. The low absorptivity of titania due to intrinsic properties might be tuned by the
introduction of dopants. However, the introduction of dopant precursors prior to synthesis of the
functionalized titania nanoparticles may lead to unfavorable changes with respect to surface potential
energy of facets and thus may have an adverse effect in regards to the oriented attachment of the
nanoparticles. More interestingly, the hyperbranched titania films might serve as a matrix and could
be combined with semiconductors showing increased visible light responses and favor a type II
heterojunction. In principal, the synthesis concept could be extended to other semiconductors while
semiconductors with low hole diffusion length would benefit the most.
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3 Hematite-Titania Nanostructured Photoanodes for
Photoelectrochemical Water Splitting
3.1 Abstract
A nanostructured hematite-titania composite photoanode derived from preformed iron oxide and
titania nanoparticles is presented. In the first section, the effects of titania incorporation into hematite
are evaluated. The 15-fold photocurrent increase up to 1.3 mA/cm2 at 1.23 VRHE compared to a bare
hematite photoanode was attributed to different effects. HR-TEM and EELS measurements showed
that upon photoanode annealing, an in-situ solid state reaction occurred between titania and hematite.
Titania transformed into pseudobrookite (Fe2TiO5) and acted as an active interface which was not
only favorable with respect to its photoactivity but also in terms of cascade charge transfer as it
formed a type II heterojunction in combination with the remaining Fe2O3. Moreover, Ti4+ ions seemed
to substitute the iron lattice sites in hematite, as indirectly evinced by Mott-Schottky analysis,
reflected in the higher donor density (ND) compared to a bare hematite photoanode. Impedance
measurements further revealed that the surface charge transfer was one order of magnitude faster
upon TiO2 incorporation, accompanied by a higher density of states, as implied by the lower surface
charge transfer rate (Rct,ss) and the higher surface state capacitance values (Css). Thus, the
incorporation of titania into hematite seemed to influence the electronic structure of the composite in a
favorable way, as reflected by the high activity towards water oxidation. In the second section,
niobium doped titania was combined with hematite following the same approach, leading to a superior
performance compared to the hematite-titania photoanode, possibly attributed to a higher donor
density (ND) most likely due to the formation of niobium doped Fe2TiO5.
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3.2 Introduction
Hematite is a relatively inexpensive material and highly attractive for photoelectrochemical water
splitting owing to its relatively narrow bandgap of 2.1 eV.92 However, with respect to its n-type
conductivity it does not only exhibit poor minority charge conductivity, accompanied by slow hole
diffusion length, but also exhibits a poor electron conductivity due to the d-d correlation, and the O2p
Fe3d hybridization, leading to charge-transfer insulation in unmodified hematite.33,93 Moreover, the
visible light absorption depth is below the hole diffusion length which is 2-4 nm.94
The main approaches to tackle intrinsic bottlenecks of hematite are the introduction of dopants and the
formation of a nanostructured design. The introduction of Sn,95-97 Si,98 Mo,99 Pt,94 or Ti100-102
impurities has been proven to drastically improve the performance of hematite based photoanodes. In
addition, the formation of heterojunctions with other semiconductors at the back contact, within the
photoanode or at the top with passivating layers or catalytically active materials, as well as
hierarchical assemblies have been proven to be a successful approach towards moderately performing
photoanodes.103,104 However, the photoanode deposition was rarely performed with non-aqueous solgel derived preformed nanoparticles102,105 whose performances were reported to compete with more
sophisticated deposition processes such as pulsed laser deposition (PLD),106 atomic layer deposition
(ALD),107 atomic oxygen assisted molecular beam epitaxy,108,109 atmospheric pressure chemical vapor
deposition,110 radio frequency magnetron/reactive/DC (co-)sputtering,100,111,112 reactive ballistic
deposition,113 electrodeposition,114 spray pyrolysis deposition,115,116 or ultrasonic spray pyrolysis.117
Reasonable photocurrents for doped titania fabricated through non-sophisticated methods have only
been reported for hydrothermal methods118 and deposition-annealing processes.119
Here we present a simple film fabrication method based on non-aqueous sol-gel derived synthesis
methods, in which amorphous iron oxide nanoparticles are mixed with anatase titania nanoparticles at
different ratios. Subsequent annealing of the photoanode not only promotes ion diffusion at the
interphase between these compounds, but also lead to the formation of an additional phase Fe2TiO5,
which in junction with hematite exhibits a favorable type II alignment, allowing cascade charge
transfer to occur. Moreover, impedance analysis suggests that Ti4+ ions are at least partially
incorporated into the hematite lattice, according to the higher donor densities of photoanodes
containing titania impurities compared to bare hematite photoelectrodes.120 Transient absorption
spectroscopy measurements further revealed the formation of long-lived holes under anodic bias upon
the addition of titania, which is necessary to promote water oxidation at the surface of the
nanostructured photoanode.121 If Nb:TiO2 was used instead of titania, the photocurrent further
improved by ca. 10%, possibly due to the increase of donor density of the subsequently formed Nb
doped Fe2TiO5 phase.
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3.2.1 TiO2-Fe2O3 - Nanostructured Photoanodes for Photoelectrochemical Water Splitting
The major contributor with respect to the results presented in this chapter was our Spanish project
partner Prof. Dr. Joan Ramon Morante (Department of Advanced Materials for Energy, in Barcelona).
Films with different titania contents were also sent to our Finnish project partner and transient
absorption spectroscopy was measured in the group of Prof. Dr. Helge Lemmetyinen (Department of
Chemistry and Bioengineering, Tampere University of Technology).

3.2.1.1 Results and Discussion
Nanoparticle Characterization
The characterization of the as-synthesized nanoparticles was limited in the case of iron oxide due to
its amorphous character and due to the fact that it was annealed later on. However, transmission
electron microscope (TEM) analysis was conducted of a dispersion containing titania and iron oxide
nanoparticles. Interestingly, the two distinct nanoparticles seem to exhibit roughly the same sizes. The
X-ray amorphous iron oxide (Fig. 3.2) nanoparticles exhibited sizes in the range between 2-4 nm and
the size of the anatase nanoparticles was about 3-4 nm (Fig. 3.1).

Figure 3.1: TEM images of a dispersion containing preformed titania (black circle) and amorphous iron oxide nanoparticles
(red circles).

The size estimation for titania nanoparticles is in good agreement with X-ray diffraction (XRD)
measurements and the calculated crystallite size, as evinced by the Scherrer equation (Eq. 2.2, S. 26),
was 3.6 nm.
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Figure 3.2: XRD patterns of titania nanoparticles obtained by a surfactant directed oil bath synthesis and amorphous iron
oxide nanoparticles obtained by a microwave assisted synthesis containing an excess of surfactants. The black vertical bars
represent the reference peaks for anatase TiO2 (ICDD PDF no. 01-070-6826). The used surfactant was 1,3-propanediol in
both cases.

Scanning electron microscopy (SEM) imaging of the dried iron oxide nanoparticle powder further
revealed the formation of a porous network, as shown in Fig. 3.3.

Figure 3.3: SEM image of a dried amorphous iron oxide nanopowder.

In order to determine the amount of organics present on the surface of the amorphous iron oxide
nanoparticles, thermogravimetric analysis (TGA) was performed (Fig. 3.4). In accordance with the
synthesis procedure it could be proven that the nanoparticles contained large amounts of organics.
Additionally, a phase transformation to the thermodynamic stable Fe2O3 could be confirmed by XRD
(not shown).
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Figure 3.4: TGA analysis of the dried powder consisting of amorphous iron oxide.

The individual analysis of the as synthesized nanoparticles was not further investigated due to
possible in-situ solid state reactions occurring during photoanode annealing.

Film Characterization
Photoanodes with different contents of titania (0%, 5%, 10%, 15%, 20%) were fabricated via spin
coating the respective stabilized dispersions. The photoanode changed its color from yellowish to
reddish upon subsequent annealing which is a first hint towards an in-situ solid state transformation.
The complete transparency of the film further suggests that the nanoparticle growth was limited,
indicating the successful nanostructuring of the photoanode (Fig. 3.5).

Figure 3.5: Digital photograph of a hematite-titania photoanode.

SEM images revealed the formation of an interconnected network of nanoparticles and the film seems
to exhibit a relatively high porosity. Moreover, the film thickness was estimated by cross sectional
SEM analysis and was determined to be ca. 180 nm (Fig. 3.6).
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Figure 3.6: SEM top- (left) and cross-sectional view (right) of a hematite-titania composite layer coated on FTO (blue
color).

According to transmittance measurements of the bare and hematite-titania (10%) photoanode, the
transmitted light was roughly the same, especially with respect to the region in which hematite (and
titania) absorbs the largest portion of light, i.e., up to 600 nm in the case of hematite. Thus, any
change in electrochemical performance of the photoanode is assumed to be primarily caused by other
effects than the optical properties (Fig. 3.7).

Figure 3.7: Transmittance measurements of a bare and a hematite-titania (10%) photoanode.

Photoelectrochemical measurements were conducted in a 1M NaOH aqueous electrolyte under AM
1.5 G illumination (100 mW/cm2). A total of four cycles were taken, two in the dark and two under
illumination. Regarding the photoactivity of hematite-titania photoanodes with different contents of
titania, the photocurrent increased from 0.15 mA/cm2 up to 1.3 mA/cm2 at 1.23 VRHE when comparing
the bare with the 10% hematite photoanode and decreased again at larger percentages of titania. The
opposed behavior with respect to the oxygen evolution reaction (OER) onset potentials, leading to the
highest OER onset potential for the 10% photoanode may be related to Fermi level unpinning
phenomenon upon illumination and/or surface state redistribution induced by the incorporation of
titania.102,122 Some insights with respect to charge transfer processes can be seen in the backside
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illuminated samples. The illuminated bare hematite photoanode clearly shows the poor electronic
conductivity of unmodified hematite photoanode. The trend reverses at a titania content of 5% and is
equal for front- and backside illumination at a titania ratio of 10%. It seems that the charge transfer
properties are negatively affected at tianita contents higher than 15%, pointing towards an optimized
electronic structure of the hematite-titania composite at a ratio of 10% which is in agreement with the
photoelectrochemical performance measured with front side illumination (Fig. 3.8).

Figure 3.8: Photocurrent measurements of hematite-titania photoanodes with different contents of titania. The sample was
illuminated from the front- and backside with simulated AM 1.5 G irradiation (100 mW/cm2).

The voltammetric measurements were in line with incident photon-to-current efficiency (IPCE)
measurements of the photoanodes (Fig. 3.9). The highest IPCE value could be observed for the
sample containing 10% titania, showing a maximum IPCE value of ca. 25% between 300-350 nm.
Although, the tendencies observed for backside illumination do not perfectly correlate with those
observed with voltammetric measurement, the trends are in good agreement. The slightly different
behavior could be explained by the fact that non-linear effects occur with respect to exciton
generation, since much lower light intensities are applied in IPCE measurements. Moreover, the glass
substrates absorbs most of the ultraviolet (UV) light, which explains the lower IPCE values below 350
nm in all samples measured.
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Figure 3.9: IPCE measurements of hematite-titania photoanodes containing different amounts of incorporated titania
measured at 1.23 VRHE in 1 M NaOH.

Capacitances and resistances associated with charge trapping and transfer within the bulk and on the
surface were determined with (photo-)electrochemical impedance measurements. To gain information
about the capacitances in the dark, Mott-Schottky analysis was performed using a randles circuit.
From the capacitance plotted (1/C2) an increase in donor density (ND) could be observed for the
photoanodes containing titania. A maximum donor density (of about 2.7 · 1018 cm-3) was observed for
the 5%, 10% an 15% sample, according to the Mott-Schottky model. For the interpretation of the
Nyquist plots of the illuminated photoanodes, the model described in (Fig. 1.13, S. 17) was taken. The
model is valid under the assumption that charge transfer occurs predominantly via surface states (SS)
and assumes that minority charge transfer via valence band (VB) states is negligible.56 Impedance
measurements conducted at potentials between 0.9-1.23 VRHE revealed a lowering of both resistances,
associated with charge transfer from the surface states (Rtrapping) and to the electrolyte solution (Rct,trap)
at a titania content of 10%. Interesting to note is the lowering of the charge transfer resistance (Rct,trap)
by ca. two orders of magnitude observed for the 10% sample at a potential of 1.23 VRHE compared to
the bare hematite photoanode. Regarding the trend for the capacitances, associated with charge
trapping in the bulk (Cbulk) and on surface states (Ctrap) opposite behavior was observed. While Cbulk
typically decreases in n-type semiconductors with increasing applied potential, Ctrap exhibits a peak
which is typically located at the photocurrent inflection potential.56 Photoanodes containing titania
exhibited the highest values for Ctrap at potentials between 1.0-1.23 VRHE showing an optimum at 10%
titania content, meaning that the density of states (DOS) is the highest for the optimized sample and
thus together with the lowest Rct,trap resistance explains the superior performance compared to bare
hematite and photoanodes with different titania content (Fig. 3.10).
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Figure 3.10: Resistances (top) and capacitances (bottom) associated with the charge trapping (Rtrapping, Cbulk) and transfer
(Rct,trap, Ctrap) at/from surface states with different applied potentials (below and at the thermodynamic value for water
oxidation) and titania doping levels, as obtained upon fitting their respective Nyquist plots to the equivalent circuit (EC)
shown in Fig. 1.13, S. 17. Error bars stem from the goodness of these fittings. Electrolyte 1M NaOH. Illumination: Front
illumination, AM 1.5 G (100 mW/cm2). Adapted from Ref. [120] with permission from The Royal Society of Chemistry
(2015).

In order to gain further insights about the microscopic phase composition, high-resolution
transmission electron microscopy (HR-TEM) and electron energy loss spectroscopy (EELS) has been
conducted by our collaborators. It could be shown that pseudobrookite (Fe2TiO5) coexists with
hematite but only at the surface of hematite (Fig. 3.11). Moreover, in bulk solid state solutions of
hematite and titania, pseudobrookite and hematite coexist at a 47 mol% of titania while
pseudobrookite and titania phases coexist at 52 mol% (at ca. 1400 °C).123 Considering the fact that
these observations were made for bulk materials, it appears realistic that lower ratios of titania would
eventually yield phase coexistence even at moderate temperatures. The formation of Fe2TiO5 in
addition to doping leads to a favorable cascade charge transfer across the semiconductor junctions as
illustrated in Fig. 3.12.
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Figure 3.11: HR-TEM micrograph (top) and EELS chemical composition maps (bottom) of a hematite-titania (20%)
sample. SAED patterns (top center) and colored inverse FFT image (top right) showing the Fe2O3 (red) and Fe2TiO5 (green
crystallographic phases). STEM micrograph (bottom left) and element maps (bottom right) from the red square area of the
STEM micrograph. Individual Fe (red), Ti (green) and O (blue) maps and compositions of Fe-O, Ti-O and Fe-Ti are shown.
The scale bar (20 nm) is the same for all composition maps. In all cases, the brightness of the colors is positively correlated
with the amount of the element(s). Reprinted from Ref. [120] with permission from The Royal Society of Chemistry (2015).

Figure 3.12: Thermodynamic scheme of the charge generation, transfer and recombination processes at the biased
semiconductor electrolyte interface (SEI) under illumination with respect to the optimized (10%) sample. The black arrow
refers to charge generation processes upon illumination and the dashed arrow refers to recombination processes. For
simplicity it is assumed that charge transfer processes (curved arrows) occur via valence- or conduction band (VB, CB)
states without any contribution from interfacial surface states (SS). Note: Band bending is not shown.
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Experimental Section
Materials: Fe(acac)3 (Sigma-Aldrich, ≥99.9%), benzyl alcohol (Sigma-Aldrich, anhydrous, 99.8%),
1,3-propanediol (Alfa Aesar, 99%), diethyl ether (Aldrich, ≥99.8%), methanol (Merck, EMSURE®),
acetylacetone (Fluka, ≥99.5%), ethanol (Aldrich, ≥99.8%), TiCl4 (Aldrich, 99.9%), isopropanol
(Sigma-Aldrich, ≥99.8%), acetone (Sigma-Aldrich, ≥99.9%), ethanol (Fluka, ≥99.8%), synthetic air
(Synthetic air 5.0, Pan Gas). All chemicals were used as received without further purification. F:SnO2
(FTO) glass substrates (7Ω/sq) were purchased from Solaronix.

Preparation of the nanoparticles
Preparation of the amorphous iron oxide
3532 mg iron(III) acetylacetonate was dissolved in 45 mL benzyl alcohol and 5 mL 1,3-propanediol .
After stirring for 20 min, the solution was transferred into ten glass vessels with 10 mL inner volume
and then sealed with a Teflon cap. The precursor solution was heated (75 °C/min) in a microwave
(MW) reactor (CEM Discover) at 175 °C for 30 min with a high stirring rate. Then, the reaction
vessels were cooled to 60 °C with compressed air in approximately 3 min. The entire content of two
MW tubes was combined and centrifuged at 4000 rpm for 15 min. Only the supernatant was further
used which was mixed with 40 mL diethyl ether to obtain a precipitate. Then, the precipitate was
washed once with 40 mL diethyl ether. After removing diethyl ether by decanting, the precipitate was
immediately dispersed in 0.5 mL methanol and 40 µL acetylacetone. A transparent red dispersion was
obtained without stirring after 12 hrs. Finally, the dispersion was combined with the dispersions of the
remaining four batches, which were treated in the same way. The concentration of the dispersion was
65 mg/mL as determined by drying the dispersion at 700 °C to be sure that all the organics were
removed and that the iron oxide was fully oxidized.

Preparation of the titania nanoparticles
Titania (anatase) nanoparticles were prepared following a slightly adapted procedure.124 In brief, 5 mL
ethanol was poured into a dry round-bottom flask. Then, 1 mL TiCl4 was injected under vigorous
stirring. After 5 min, 20 mL benzyl alcohol was added to the solution and the reaction mixture was
stirred again for 5 min. Then, 250 µL 1,3-propanediol was added to the solution. The reaction solution
was refluxed under continuous stirring for 2 h in an oil bath set at 160 °C (temperature inside the
flask, 105-110 °C). Afterwards, the reaction solution was quenched by immersing the flask into an ice
bath for 5 min. To precipitate the TiO2 nanoparticles, 6 mL of the reaction solution was mixed with 40
mL diethyl ether and centrifuged at 4000 rpm for 15 min. Subsequently, the product was washed once
with 40 mL diethyl ether. After decanting diethyl ether, the product was dispersed in 18 mL methanol.
To eliminate the agglomerates, the dispersed nanoparticles were centrifuged for 15 min. at 4000 rpm.
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The concentration of the dispersion was 8.2 mg/mL with respect to TiO2, as determined by heating at
700 °C to remove the organics. The particle size was ca. 4 nm as calculated with the Scherrer formula
from the (101) reflection (Fig. 3.2).

Preparation of the photoanodes
To study the effect of titania in the hematite photoanode, films with different amounts of titania were
prepared. Dispersions with a Ti(mol%)/[Ti(mol% + Fe(mol%)] content of 0%, 5.5% (denoted as 5%),
10.9% (denoted as 10%), 15.3% (denoted as 15%) and 20.4% (denoted as 20%) were mixed and
stirred for 5 min. The dispersions were diluted with methanol to 27 mg/mL with respect to the
residual TiO2 and Fe2O3 remaining after heating at 700 °C. Prior to the preparation of thin films, the
FTO substrates were washed by sonicating in acetone followed by cleaning with a (1:1) mixture of
soap and water. After rinsing the FTO substrates thoroughly with distilled water, the substrates were
washed in ethanol and then dried in air at 300 °C for 2 h. A part of the substrate (ca. 1 cm × 1.5 cm)
was covered with a polymer tape prior to coating. The uncoated part of the FTO was later used as a
contact for the electrodes in the PEC cell. The films were coated inside a particle-free glovebox which
was constantly purged with synthetic air. Before each deposition cycle, the FTO substrate was spin
coated once with isopropanol. The mixed dispersions were spin coated twice on a FTO glass substrate
at 4000 rpm for 25 s with a ramp of 400 rpm/s. Approximately 0.20 mL of the dispersion was
necessary to cover the whole substrate. After each deposition, the coated FTO was put on a hot plate
and heated at 220 °C for 10 min at a ramp of 30 °C/min. One deposition at a relative humidity of
about 30% yielded a film thickness of ca. 90-100 nm. The final heat treatment was carried out in a
tube furnace (Carbolite, MTF 12/38/250) under an oxygen flow. The sample was treated at 680 °C for
one hour (heating rate: 20 °C/min) and subsequently quenched in air within 5 min. Photoanode
thicknesses were in the (190 ± 10) nm range, as determined by cross-section scanning electron
microscope (SEM) imaging (Fig. 3.6).

Characterization
The X-ray diffraction (XRD) patterns of the powders and films were measured in Bragg-Brentano
mode and in θ-2θ geometry with Cu Kα radiation on a PANalytical Empyrean diffractometer at 45 kV
and 40 mA. Scanning electron microscopy (SEM) was performed on a Carl Zeiss LEO 1530
microscope equipped with a field-emission gun operating at 3 kV. To record the cross section image,
the sample was cut in the middle with a diamond knife. Transmission electron microscopy was
performed with a field-emission electron-source transmission electron microscope (JEOL 2010 F). A
diluted dispersion of the nanoparticles was deposited on a perforated transparent carbon foil supported
on a copper grid. Thermal gravimetric analysis (TGA) was measured on a Mettler Toledo SDTA851e
analyzer using 1.04 mg amorphous iron oxide powder at a temperature ranging from 25 to 800 °C at a
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heating rate of 5 °C/min and with an air flow of 50 mL/min. UV-visible (UV-vis) transmittance
spectra of the films was measured with a JASCO V-670 spectrophotometer with an ILN-725
integrating sphere. Photoelectrochemical measurements were conducted in a Teflon cell equipped
with a quartz window by illuminating the photoanodes form the front at angle of 90 °. The
measurements were carried out using a typical three-electrode setup with a Pt counter electrode and a
Ag/AgCl (3 M KCl, saturated AgCl) reference electrode (Radiometer Analytical). A theoretical pH of
13.6 (1 M aqueous NaOH solution), and a potential of 0.197 V (Reference electrode) were taken to
convert the potential given by the reference electrode into the reversible hydrogen potential (VRHE).
Measurements were performed with a VMP3 BioLogic potentiostat. Simulated AM 1.5 G solar
irradiation was provided by an Oriel solar simulator equipped with a 300 W Xe lamp and fitted with
an AM 1.5 G filter. Light intensity was measured with a calibrated reference cell (Oriel, 91150V) and
adjusted to 100 mW/cm2 with a neutral density filter (Newport, FS-ND). The surface are illuminated
on the photoanode was 0.28 cm2. The scan speed for the voltammetric measurements was 20 mV/s.
Incident photon-to-current efficiency (IPCE) measuremrnts were carried out in an aqueous 1 M NaOH
solution at 1.23 VRHE using a 1000 W Xe lamp coupled with a monochromator. A Si photodetector
(Optronic Laboratories) was used to measure irradiance at each selected wavelength. IPCE was
calculated using Equation (1.13).

3.2.2 Nb:TiO2-Fe2O3 Nanostructured Photoanode
3.2.2.1 Results and Discussion
Nanoparticle Characterization
The preparation of the composite films with hematite niobium doped titania photoanode was based on
the same synthesis procedure (as mentioned in chapter 3.2.1, S. 48). However, the synthesis of the
Nb:TiO2 nanoparticles was performed differently. The powder X-ray diffraction (PXRD) pattern
shows typical peak shifts for the niobium doped titania sample. Compared to undoped titania, the
grain size of the crystallites seems to be larger if niobium was added as an impurity and increased
from ca. 7 nm to ca. 13 nm (Fig. 3.13). Moreover, a peak shifting regarding the (101) and (220)
reflections could be observed, pointing towards the effective incorporation of Nb5+ (radius 64 pm) on
Ti (Ti4+, radius 60.5 pm) sites in the crystal lattice, according to Vegard’s law.56
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Figure 3.13: XRD patterns of the as synthesized doped and undoped TiO2 nanoparticles. Reference XRD peaks (vertical
bars) of anatase TiO2 (ICDD PDF no. 01-070-6826) are shown. The inset highlights the peak shifting observed for the (101)
and the (200) reflection.

Film Characterization
Hematite titania photoanodes with different contents of niobium dopant in TiO2 were fabricated via
spin coating of the respective stabilized dispersions. Scanning electron microscopy (SEM) imaging
revealed a film thickness of about 180 nm, in line with the optimal film thickness (mentioned in
chapter 3.2.1, S. 42) for undoped titania (Fig. 3.14). According to top view SEM analysis, the film
morphology seems to be dominated by a high degree of porosity.

Figure 3.14: SEM top- (left) and cross-sectional view (right) of a hematite-Nb:TiO2 composite photoanode.

Photolectrochemical measurements were conducted in a 1M NaOH aqueous electrolyte under AM 1.5
G illumination (100 mW/cm2). The measurements were performed under chopped light illumination.
An increased photoactivity of about 2.2 mA/cm2 was observed for the 1% Nb:TiO2 embedded in the
hematite matrix. The photoanode containing 10% Nb:TiO2 nanoparticles exhibits the lowest
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photocurrent below 1.23 VRHE, however, it outperforms the bare hematite-titania photoanode above
1.3 VRHE, which exhibits roughly plateau photocurrent above 1.23 VRHE (Fig. 3.15). This phenomenon
is typically observed in modified hematite photoanodes where a high value for the slope of the
photocurrent curve is usually detected for doped hematite photoanodes which have an increased
charge carrier concentration. The beneficial effects of doping becomes apparent at a higher degree of
band bending (i.e. at higher applied potentials), because the minority carrier lifetime for band-to-band
recombination is inversely proportional to the majority carrier concentration ND.125,126 However, at
low applied potentials the PEC performance is mainly dependent on surface quality of the
semiconductor. The higher the degree of doping is, the more likely defects will contribute to increased
recombination within the bulk, in the depletion region and at the surface.127
It is expected that upon annealing of the photoanode, the niobium doped titania transforms to niobium
doped Fe2TiO5, embedded into the hematite matrix, as evaluated for the undoped titania-hematite
photoanode reported in chapter 3.2.1.

Figure 3.15: Photocurrent measurements of hematite-titania photoanodes with different contents of niobium dopant in
titania under simulated chopped AM 1.5 G illumination (100 mW/cm2).

Experimental Section
Preparation of titania nanoparticles
Nb(OEt)5 (Aldrich, 99.95%), Ti(OPr)4 (Aldrich, 98%) benzyl alcohol (Aldrich, anhydrous, 99.8%),
acetic acid (Aldrich >99.7%) were purchased from Aldrich and used without further purification.
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32 mg Nb(OEt)5 (0.1 mmol) and 248 µL Ti(OPr)4 (0.9 mmol) were placed into a 10 mL glass vessel
containing 1 mL acetic acid and 4.5 mL benzyl alcohol under Ar atmosphere. The vessel was sealed
with a Teflon cap and taken out of the glovebox. Subsequent heating under high stirring rate was
performed in a microwave reactor (CEM Discover) at 200 °C for 15 min. The product was obtained
by centrifugation at 4000 rpm for 15 minutes and washed two times with diethyl ether and one time
with chloroform. After decanting the mother liquid, the as synthesized nanoparticles were dispersed in
25 mL methanol and stirred overnight. For the synthesis of 1% Nb:TiO2 or undoped, 0.01 mmol
Nb(OEt)5 and 0.99 mmol Ti(OPr)4 was used, or 1 mmol Ti(OPr)4, respectively. The concentration of
the dispersions was determined by drying the dispersions at 700 °C and was in the range between 6-8
mg/ml.

Preparation of the amorphous iron oxide and photoanodes:
Amorphous iron oxide was prepared according the method described in chapter 3.2.1
Preparation of the photoanodes:
The photoanodes were prepared according the method described in chapter 3.2.1

Characterization
The powder and film X-ray diffraction (XRD) patterns were measured in Bragg-Brentano mode and
in θ-2θ geometry with Cu Kα radiation on a PANalytical Empyrean diffractometer at 45 kV and 40
mA. Scanning electron microscopy (SEM) was performed on a Carl Zeiss LEO 1530 microscope
equipped with a field-emission gun operating at 3 kV. To record the cross section image, the sample
was cut in the middle with a diamond knife. Photoelectrochemical measurements were conducted in a
Teflon cell equipped with a quartz window by illuminating the photoanodes form the front at angle of
90 °. The measurements were carried out using a typical three-electrode setup with a Pt counter
electrode and a Ag/AgCl (3 M KCl, saturated AgCl) reference electrode (Radiometer Analytical). A
theoretical pH of 13.6 (1 M aqueous NaOH solution), and a potential of 0.197 V (Reference electrode)
were taken to convert the potential given by the reference electrode into the reversible hydrogen
potential (VRHE). Measurements were performed with a VMP3 BioLogic potentiostat. Simulated AM
1.5 G solar irradiation was provided by an Oriel solar simulator equipped with a 300 W Xe lamp and
fitted with an AM 1.5 G filter. Light intensity was measured with a calibrated reference cell (Oriel,
91150V) and adjusted to 100 mW/cm2 with a neutral density filter (Newport, FS-ND). The surface are
illuminated on the photoanode was 0.28 cm2. The scan speed for the voltammetric measurements was
10 mV/s.
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3.3 Conclusions
It could be shown that preformed nanoparticles serve a powerful tool in obtaining highly porous
photoanodes. Mixing nanoparticles of amorphous iron oxide with titania enabled the formation of a
photoactive interface (pseudobrookite, Fe2TiO5) formed within an in-situ solid state reaction upon
annealing of the photoanode which enabled cascade charge transfer in junction with hematite.
Moreover, Mott-Schottky analysis measurements evinced indirectly that hematite is partially doped
with Ti4+, as indicated by the higher donor density upon TiO2 incorporation. In addition, impedance
measurements are in line with the photoanodes’ performance and the improved efficiency of the
photoanodes with optimized Ti content is mainly linked with enhanced charge transfer to the
electrolyte solution and the higher density of surface states. Replacing TiO2 with Nb:TiO2 leads to
superior performance which is possibly attributed to a higher donor density due to the replacement of
Ti by Nb in Fe2TiO5.
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4 A Multicomposite Nanostructured Hematite-Titania
Photoanode with Improved Oxygen Evolution: The Role
of the Oxygen Evolution Catalyst
A part of the content of this chapter is in preparation for publication : M. Bärtsch, R. Solarska, M.
Sarnowska, O. Krysiak, C. Huber, L. Pillatsch, S. Reinhard, M. Johann, J. Augustyński and M.
Niederberger

4.1 Abstract
We present a sol-gel processed hematite-titania based photoanode which exhibits a photocurrent of up
to 2.5 mA/cm2 at 1.23 VRHE under simulated AM 1.5 G illumination (100 mW/cm2) thanks to the
addition of a Cr containing NiFe based catalyst. Within the scope of this work, we studied the effect
of the addition of an amorphous co-catalyst with the nominal composition Fe20Cr40Ni40Ox at the
hematite-titania interface. To gain further insights into the role of the co-catalyst interconnected to
hematite we performed impedance measurements. It could be shown that the function of the catalyst
resembles an adaptive junction which behaves p-n like, according to the one order of magnitude
higher surface state capacitance value (Css) while the surface charge transfer resistance (Rct,ss) was
unchanged at potentials between 0.8-1.1VRHE. The understanding of the role of oxygen evolution
catalysts is particularly important for water splitting, because most oxygen evolution catalysts are
studied at considerably higher potentials compared to the potentials in which photoanode materials are
active.
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4.2 Introduction
The urge to replace fossil fuels by a renewable energy source will be predominant in this century in
order to limit global warming. While solar cells exhibit excellent quantum efficiencies, losses occur
when electricity is stored in batteries to bypass peaks with high power generation. With direct
photoelectrochemical water splitting, one has the clear advantage to transform sunlight directly into
hydrogen which has a high energy density per unit weight.128 Compared to TiO2 and WO3, hematite
photoanodes exhibit a high theoretical achievable solar-to-hydrogen (STH) efficiency (15.5%),
coinciding with its narrow bandgap of ca. 2.1 eV.129,130 However, inherent drawbacks such as poor eand h+ conductivity, low charge carrier mobility and lifetime, large visible light absorption depth and
slow water oxidation kinetics limit its performance in reality. These shortcomings which lead to
increased charge carrier recombination131,132 have been circumvented by nanostructuring,38 the
construction of hierarchical assemblies,133 doping (e.g. with Sn,95-97 Si,98 Mo,99 Cr,99 Pt94 as well as
with Ti100-102) and through the introduction of underlayers at the back contact and on top of the
photoanodes’ surface.103,104 Ti,119 Si,100,134 Sn95,97,135 and Pt94,136 have revealed to be the most effective
dopants, however minor improvements are reported for hematite doped with Mo,99 Mg,137 Ta,138
Nb,137,139 Zn140 and Ge etc.141 The introduction of heterojunctions has been proven to enhance the
photoresponse for multiple reasons; charge carriers may be transported in a cascade e-/h+ transfer
thanks to differently aligned valence- and conduction bands in heterojunction engineered
photoanodes142 as it was reported for Fe2O3-Fe2TiO5, or hematite may be completely transformed into
another phase, for example, through high temperature annealing as reported for a WO3-Fe2WO6
photoanode.143 Charge transport is further reported to be promoted by the introduction of thin layers at
the hematite F:SnO2 contact, while the beneficial effects depend on the type of the coating. Whereas
SiOx coating indirectly leads to improved morphology since it acts as a seeding layer for the
subsequently deposited hematite layer,144 the role of Nb2O5 underlayers is attributed to a “hole-mirror”
effect and hence inhibits recombination.145 Moreover, such ultrathin (1-2 nm) underlayers enable n/ptype125 doping at the interfaces upon annealing, comparable to Sn doping at the hematite F:SnO2
interface detected after high temperature treatments, thus improving charge transfer.105 Improvements
in conductivity regarding hematite based photoanodes have also been achieved by “disorder
engineering” upon annealing under reducing conditions. Besides, the photocurrent enhancement
through hydrogen (plasma) reduction is highly dependent on the procedure and intends to avoid the
formation of Fe3O4, responsible for dramatic performance lowering.146 Wet chemical reduction with
“H” sources leads to a pronounced improvement of the performance, attributed to surface engineering
of the hematite photoanode which points towards the importance to differentiate between beneficial
surface and adverse bulk effects of reduced α-Fe2O3 leading to Fe2+ impurities.147
Generally, hematite based photoanodes show a rather high onset potential, attributed to intrinsic
surface states which pin the Fermi level and cause a fixed barrier height. Consequently, the degree of
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band bending, which in turn is positively correlated with e-/h+ separation is dictated by the density and
energetic distribution of surface states.148,149 Attempts to reduce the negative impacts of surface states
and thus lower the flat band potential (Efb) have been made and comprise high temperature
annealing,102 long annealing times150 or surface modifications with fluoride151 or zinc ions.152
Moreover, passivation of hematites’ surface states has been realized with Al2O3103 and Ga2O3104
ultrathin coatings.
Oxygen evolution catalysts (OEC) in turn facilitate hole transfer to the solution, while both effects,
passivation of surface states and acceleration of hole transfer lead to a cathodic shift in onset
potential.103 Besides, the activity of a co-catalyst depends on the photoanode itself, hence the interface
quality and energetics needs to be considered.50 Additionally, the phase composition of the co-catalyst
may determine its functionality. A good example is represented by cobalt phosphate (“Co-Pi”) which
is among the most studied oxygen evolution catalysts. Its role as a catalyst on hematite photoanodes
has been debated before and the enhancement in performance was assigned to an acceleration of water
oxidation, while other researchers attributed the cathodic shift to an increase of the space charge layer
width of the photoanode.52 Another study links the performance improvement to a catalytic effect in
which a Co(OH)2/Co3O4 layer on hematite was confirmed to accelerate water oxidation.51 These
contradictory results stem from the fact that function of the catalysts is presumably highly dependent
on the nature of the photoanode underneath, considering aspects like porosity, donor density, surface
quality and consequently the energetic distribution and density of surface states etc. Moreover, the
preparation history of the co-catalyst itself and the resulting phase composition may determine
whether such an overlayer acts in a truly catalytic manner as a water oxidation catalyst (acceleration
of hole transfer to the solution),51 as an adaptive junction (permeable electrocatalyst which
accumulates charges),53 as a passivation layer (removing surface recombination centers)103,104 or as a
Schottky-type heterojunction (increased band bending)153 attributed to desirable charge separation.
A plethora of studies have been conducted on various oxygen evolution catalysts (OEC), however
these studies mostly focus on the catalyst as single materials and are typically measured at potentials
above 1.4 VRHE. The “library” of OEC ranges from single materials such as Ni (is only active when
traces of Fe are present),154 Fe-,155 Co-,156,157 Mn oxides,158-160 carbon nanotubes CNT,161 IrO2162 to
binary compositions with Ni-Co,163 Ni-Fe,164-166 Co-Fe167 and even multicomponent compositions, as
well as composites thereof with gold168, and reduced graphene oxide (rGO).169 Not surprisingly,
multicomponent materials usually outperform their single counterparts thanks to synergistic effects as
e.g. electronegative Au facilitates the formation of active Co4+ sites154 and rGO enhances the
conductivity.169 Synergistic effects regarding OER catalysis are also reported for Fe-Ni mixtures and
arise from electronic interactions and stabilization effects of Ni and rationalize the observation of Fe4+
which is supposed to be active at defective sites.166,170 Generally, a trade-off between stability and
activity is reported for noble metal oxides in regards to their porosity and degree of crystallinity,
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whereas the least crystalline and most porous OEC is indeed the most active but is prone to
dissolution thereby impacting the long term stability.171
In this contribution we present a hematite-titania photoanode covered with a catalyst fabricated
(simply) by spin coating. The hematite-titania composite layer comprises liquid phase processed
nanoparticles with defined size, crystallinity and shape, while the improved activity compared to bare
hematite stems from Ti doped α-Fe2O3 which forms a heterojunction with Fe2TiO5.120 We demonstrate
the application of an amorphous ternary Fe-Ni based co-catalysts,172,173 of which the nominal
composition “Fe20Ni40Cr40Ox” elaborated by Gerken et al.174 has been shown to be the most promising
candidate with respect to oxygen evolution characteristics. Since most studies regarding OEC were
conducted in the dark in the oxygen evolution potential range, we wanted to gain further insights into
the interplay between photoanode and catalyst which are studied at much lower potentials (e.g. 0.81.1VRHE). Impedance spectroscopy measurements revealed that the driving force for the dramatic
improvement of the photocurrent through coating of the catalysts on top of the photoanode does not
stem from accelerated hole transfer to the electrolyte, but instead at the photoanode-catalyst interface
an adaptive p-n like junction is formed. Moreover, we want to emphasize that the conclusion drawn
from this work should be carefully extended to other photoactive materials since the functionality of
the catalysts layer seems to be highly dependent on composition, porosity, crystallinity and lastly on
the photoactive material underneath.

4.3 Results and Discussion
Voltammetric and efficiency measurements
The hematite-titania photoanodes’ performance (in the following labeled as “bare-Fe2O3-TiO2”) could
be drastically improved after the addition of the overlayer (in the following labeled as “over-Fe2O3TiO2”) with the nominal composition “Fe20Cr40Ni40Ox” as depicted in Fig. 4.1 by voltammetric
measurements.
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Figure 4.1: Photocurrent density of a Fe2O3-TiO2 photoanode before and after the addition of an amorphous overlayer with
the composition “Fe20Cr40Ni40Ox” measured in 1 M NaOH under simulated AM 1.5 G illumination (100 mW/cm2).

The observed changes such as a cathodic shift in average of about 80-100 mV in onset potential of the
illuminated photoanodes and the increase in photocurrent by about 25% on average paved the way for
a detailed study revealing insights into the interplay of the catalyst and the photoactive layer. Firstly,
the amorphous overlayer comprises a surprisingly good stability as the photocurrent of the multilayer
photoanode has proven to be stable over the course of 24 hrs (Fig. 4.2).

Figure 4.2: Stability measurement of an overlayered Fe2O3-TiO2 photoanode at 1.23 VRHE under simulated AM 1.5 G
irradiation (100 mW/cm2). The origin of the spikes is due to oxygen bubbles which accumulate at the photoanodes’ surface
and block the semiconductor electrolyte junction. The electrolyte (1 M NaOH) was replaced after the first scan which ran for
24 hrs. Note: The measured photoanode is not identical with the photoanode illustrated in Fig. 4.1 and 4.3.

The increase was also observed with respect to the incident photon to current efficiency (IPCE) of the
photoanodes. The improvement caused by the overlayer is represented in Fig. 4.3 with a maximum
IPCE value from ca. 25% to 40% between 300 and 330 nm. The efficiency enhancement is less
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pronounced in the visible range and accounts for about 10% improvement between 400 and 500 nm,
while at longer wavelength the enhancement is negligible. Besides, the catalytically active layer
shows no parasitic light absorption, and enables nearly full light penetration of the photoanode (Fig.
4.4).

Figure 4.3: Incident photon to-current efficiency of a bare Fe2O3-TiO2 and an overlayered Fe2O3-TiO2 photoanode,
measured in 1 M NaOH under simulated AM 1.5 G illumination at a potential of 1.4 VRHE.

Figure 4.4: Transmittance measurement of a bare Fe2O3-TiO2 and overlayered photoanode. Note: One part of the hematitetitania photoanode was covered with a tape while the other part was overlayered with “Fe20Cr40Ni40Ox”.

The chopped light scan (Fig. 4.5) reveals that the cathodic photocurrent decay is much higher for
“over-Fe2O3-TiO2” as compared to the bare photoanode, while the trend reverses between 1.0 and 1.2
VRHE. The cathodic photocurrent decays are about the same magnitude in “bare-Fe2O3-TiO2” over the
entire voltage range. The cathodic transient photocurrent decay can be ascribed to three different
recombination pathwas: i) accumulation of holes near the surface, ii) accumulation of e- in the bulk,
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iii) or trapping of e- or h+ at surface states.55 Backside illumination of the bare photoanode showed that
the photocurrent is nearly identical or even slightly lower (Fig. 4.6).

Figure 4.5: Photocurrent density of a Fe2O3-TiO2 photoanode before and after the addition of an amorphous overlayer with
the composition “Fe20Cr40Ni40Ox” measured in 1 M NaOH under simulated chopped AM 1.5 G illumination (100 mW/cm2).

Therefore, accumulation of electrons in the bulk (ii) can be ruled out. In the work of Du et al.175 and
Jang et al.176 the open circuit potentials in the dark are anodically shifted after depositing a NiFeOx
overlayer. The cathodic shift under illumination was understood to result from a greater photovoltage
generation, thus the increase in photocurrent was attributed to improved thermodynamics, rather than
improved oxygen evolution kinetics. Moreover, the observation that the photocurrent enhancement
given throughout the entire potential range could point towards improved thermodynamic processes.

Figure 4.6: Photocurrent density of a Fe2O3-TiO2 photoanode illuminated from the front- and backside. Measured in 1 M
NaOH under simulated AM 1.5 G irradiation (100 mW/cm2).
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Impedance measurements
In order to unveil the role of the overlayer with respect to charge transfer processes and capacitances,
we performed impedance measurements (Fig. 4.11, Table 4.2; Fig. 4.12, Table 4.3). Since the
photoanodes’ surface is sensitive to surface quality losses during impedance measurements, two
similarly performing “bare-Fe2O3-TiO2” were used and only one was overlayered with the nominal
composition “Fe20Cr40Ni40Ox”. Firstly, we performed Mott-Schottky analysis (in the dark) to
determine Efb and the donor density (ND). The Nyquist plots (Fig. 4.7) were fitted to a Randles circuit
(i.e. resistance and capacitance in parallel) and the potential dependent capacitances were plotted
according to the Mott-Schottky equation:

1
2
kT 

E − E fb −
=


C 2 eε 0ε r N D 
e 

(4.1)

where ND is the donor density (cm-3), Efb is the flat band potential (V), ɛ is the vacuum permittivity
(8.85 · 10-12 Fm-1), ɛr is the relative dielectric constant of hematite (ɛr = 60),177 k is the Boltzmann
constant (1.38 · 10-23 JK-1) and T is the absolute temperature (in K).

Figure 4.7: Nyquist (imaginary vs. real component of impedance) plots in the dark of a “bare-Fe2O3-TiO2” and “over-Fe2O3TiO2” photoanode in the 0.7–1.4 VRHE potential range. The measurements were conducted in 1M NaOH electrolyte in the
100 mHz-1 MHz frequency range and the AC amplitude was 10 mV.

Model corrections due to the dielectric state of the mesoporous thin film in the dark have been
excluded.59 The slope is inversely proportional to ND meaning the larger the doping is, the less steep is
the slope. The estimated ND values (Table 4.1) are uncorrected for Sn diffusion as a result of the high
temperature annealing of the photoanode.95 However, since the two investigated photoanodes were
prepared from the same batch and underwent the same heat treatment; we assume that Sn diffusion in
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both photoanodes used is similar. The analysis of the slope for the “bare-Fe2O3-TiO2” photoanode
showed that the donor density (ND) is about 3.19 · 1018 cm-3, while a donor density of about 2.12 · 1018
cm-3 was measured for “over- Fe2O3-TiO2”. The slightly lower value obtained for the overlayered
photoanode suggests that the donor density dropped. Indeed, the randles circuit includes both, the bare
photoanode and the overlayer, thus this result may indicate that these two layers are somewhat
opposed. When looking at the intersect of (1/C2) at the x-axis, Efb is obtained (Fig. 4.8, Table 4.1).
The values for “over-Fe2O3-TiO2” and “bare- Fe2O3-TiO2” were 0.68 V and 0.66 V, while the
standard deviation suggests that these two photoanodes do not significantly differ, indicating that the
enhanced performance is not due to a shift in flat band potential.

Figure 4.8: Mott-Schottky plots (1/C2 vs. E) for a “bare-Fe2O3-TiO2” (left) and “over-Fe2O3-TiO2” (right) photoanode. Each
point was obtained upon fitting the corresponding Nyquist plot at each potential in the dark to a classic Randles circuit
(resistance and capacitance in parallel; for fittings the capacitor was replaced by a constant phase element, the value for n
was never lower than 0.88). The linear fitting was performed in the 0.7-1.0 VRHE potential range. The measurements were
conducted in 1M NaOH electrolyte in the 100 mHz-1 MHz frequency range and the AC amplitude was 10 mV.

Table 4.1: Flat band potential values (Efb), (uncorrected for Sn diffusion) bulk donor densities (ND) of both, “bare-Fe2O3TiO2” and “over-Fe2O3-TiO2” photanode. Efb and ND values were estimated from the x-intercepts (at 1/C2=0) and the slopes
of the Mott-Schottky plots (Figure S8, ESI†). Errors stem from the goodness of the linear fittings.

Bare Fe2O3-TiO2
Over Fe2O3-TiO2

Efb / VRHE
0.66 ± 0.01
0.68 ± 0.02

ND /1018 cm-3
3.19 ± 0.06
2.12 ± 0.05

Assuming that charge transfer occurs predominantly via surface states and due to the fact that the
contribution of the Helmholtz capacitance (CH) can be neglected, because ND is well below 1020 cm-3,
the circuit shown in (Fig. 1.13, chapter 1.5.2, S. 17) has been used and proved to be a good estimation
for surface state capacitance (Ctrap), bulk capacitance (Cbulk), surface charge transfer resistance (Rct,ss)
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and trapping resistance (Rtrapping) as well as Rsol, the resistance of the solvent.55 This circuit further
assumes that charge transfer predominantly occurs via surface states.56
Impedance measurements of the illuminated samples were performed in the potential range between
0.8-1.1 VRHE. As expected, the bulk capacitance (Cbulk) is not significantly influenced by the addition
of the overlayer (Fig. 4.9).

Figure 4.9: Bulk capacitance plotted as 1/C2 at different applied potentials for a bare and an overlayered photoanode as
obtained upon fitting the respective Nyquist plots (Fig. 4.11, Table 4.2; Fig. 4.12, Table 4.3) to the equivalent circuit (EC)
shown in Fig. 1.13, S. 17, chapter 1.5.2. The measurements were conducted in 1 M NaOH under simulated AM 1.5 G
illumination. Error bars stem from the goodness of the fittings. Note: The Fe2O3-TiO2 photoanode exhibited a slightly less
high performance as compared to the photocurrent density shown in Fig. 4.1 and Fig. 4.3.

The similar Rct,ss value for both photoanodes (Fig. 4.10) proposes that the charge transfer to the
aqueous electrolyte is not improved by the overlayer. However, the Css value for “over-Fe2O3-TiO2” is
substantially higher, namely by approximately one order of magnitude compared to “bare-Fe2O3TiO2”. Furthermore, the peak of Css is consistent with the inflection potential as seen in the
photocurrent. If “Fe20Cr40Ni40Ox” layer acted as a true water oxidation catalyst, a lowering of Css
would have been expected.51 Furthermore, Css is much higher over the entire potential range which
suggests that the photocurrent improvement stems mainly from the capability of the catalyst to store
holes, and represents a thermodynamic improvement. Thus, the assumption that the hematite“NiFeOx” junction acts as a n-p junction based on the observation that fill factor and the turn on
photocurrent slope were significantly improved with NiFeOx,176 as stated by Zhandi et al.,47 is in
agreement with our results. Moreover, Rtrapping is slightly lower after coating the photoanode. This
supports the observation made by Du et al.175 that FeNiOx type overlayers on hematite are able to
reduce Fermi level pinning. A lower Rtrapping value indicates that the catalyst thus extracts holes located
in the traps created by surface states in the hematite-titania layer. These traps are presumably located
few hundred millivolts more negative than the valence band position of the hematite-titania
composite, and induced by the addition of titania, which we previously ascribed to the improved
performance compared to bare hematite.120
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Figure 4.10: Resistances and capacitances associated with charge trapping (Rtrapping) and transfer (Rct,ss, Css) at different
applied potentials for the bare and the overlayered photoanode as obtained upon fitting the respective Nyquist plots (Fig.
4.11, 4.12) to the equivalent circuit (EC) shown in Fig. 1.13, S. 17, chapter 1.5.2. Resistance and capacitance values obtained
from fitting are listed in Table 4.2 and Table 4.3. The measurements were conducted in 1 M NaOH under simulated AM 1.5
G illumination. Error bars stem from the goodness of the fittings. Note: The measured Fe2O3-TiO2 photoanode exhibited a
slightly lower performance as compared to the photoanode shown in Fig. 4.1 and 4.3.

Figure 4.11: Nyquist (imaginary vs. real component of impedance) plots of an illuminated “bare-Fe2O3-TiO2” photoanode”
in the 0.8-1.1 VRHE potential range. The dotted line represents the best fittings of the experimental data do the equivalent
circuit depicted in Fig. 1.13, S. 17, chapter 1.5.2.
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Table 4.2: Resistances associated with charge trapping (Rtrapping) and transfer (Rct,ss), capacitance associated with charge
trapping (Cbulk) and transfer (Css) and the corresponding values for n (constant phase element) at different applied potentials
for the “bare-Fe2O3-TiO2” photoanode obtained upon fitting the respective Nyquist plots (Fig. 4.11) to the equivalent circuit
shown Fig. 1.13, S. 17, chapter 1.5.2.

Potential Rs / Ohm
/ VRHE
28.61 (0.15)
0.8
0.9

27.63 (0.22)

1.0

27.06 (0.29)

1.1

26.52 (0.21)

Cbulk / F

CPE:
nCbulk

Rtrapping /
Ohm

Css / F

CPE:
nCss

Rct,ss /
Ohm

36.84 · 10-6
(1.47 · 10-6)
34.53 · 10-6
(10.06 · 10-6)
13.18 · 10-6
(2.35 · 10-6)
5.462 · 10-6
(0.372· 10-6)

0.87

1928 (345)

0.89

0.82

159 (19)

0.88

47’867
(307)
3355 (410)

0.86

195 (6.77)

0.79

353.1 (18.7)

0.92

737.9
(27.72)

8.03 · 10-6
(1.47 · 10-6)
79.44 · 10-6
(9.58 · 10-6)
2.85· 10-4
(4.05 · 10-5)
1.17 · 10-4
(6.09 · 10-5)

0.88

203.2 (42.5)

Figure 4.12: Nyquist (imaginary vs. real component of impedance) plots of an illuminated “over-Fe2O3-TiO2” photoanode
in the 0.8-1.1 VRHE potential range. The dotted line represents the best fittings of the experimental data do the equivalent
circuit depicted in Fig. 1.13, S. 17, chapter 1.5.2.
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Table 4.3: Resistances associated with charge trapping (Rtrapping) and transfer (Rct,ss), capacitance associated with charge
trapping (Cbulk) and transfer (Css) and the corresponding values for n (constant phase element) at different applied potentials
for the “over-Fe2O3-TiO2” photoanode obtained upon fitting the respective Nyquist plots (Fig. 4.12) to the equivalent circuit
shown in Fig. 1.13, S. 17, chapter 1.5.2.

Potential Rs / Ohm
/ VRHE
28.37 (0.32)
0.8
0.9

27.57 (0.26)

1.0

28.38 (0.21)

1.1

28.15 (0.20)

Cbulk / F

nCbulk

Rtrapping /
Ohm

Css / F

nCss

Rct,ss / Ohm

40.65 · 10-6
(2.44 · 10-6)
68.31 · 10-6
(8.31 · 10-6)
12.16 · 10-6
(1.77 · 10-6)
7.93 · 10-6
(0.30· 10-6)

0.87

494 (13)

0.68

5912 (457)

0.77

157 (4)

0.70

2671 (1434)

0.95

107 (2)

0.65

278 (29)

0.96

412 (4)

4.204 · 10-4
(1.08 · 10-5)
1.59 · 10-3
(3.95 · 10-5)
4.21· 10-3
(3.09 · 10-4)
1.03 · 10-3
(1.56 · 10-5)

0.72

267 (2)

Microscopic linkage and porosity effects
However, these results are in contrast to the effects measured by impedance spectroscopy conducted
by Morales-Guio et al.49 According to their results, the Css values decrease with the deposition of
FeNiOx on hematite. It has to be noted that the Fe:Ni ratio was 70:30 in their work and they pursued a
photoelectrochemical deposition method. Besides, elemental analysis of our precursor solution
showed a Fe:Ni:Cr ratio of about 58:24:40 (Table. 4.4).
Table 4.4: Elemental analysis (ICP-OES) with external calibration.

Fe

Ni

Cr

Ratio 57.50 ± 0.03 23.77 ± 0.04 40.06 ± 0.18

Moreover, XPS analysis (Fig. 4.13) revealed that Cr disappeared from the top of the film after
prolonged polarization which is in agreement with pourbaix diagrams showing, that chromium oxides
are prone to dissolution especially in alkaline media under positive applied potential.178
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Figure 4.13: Fe2p (A), Ni2p (B), Cr2p (C), O1s (D) and C1s (E) XPS spectra of an “over-Fe2O3-TiO2” photoanode before
and after polarization.

However, qualitative SIMS analysis revealed that Cr persists within the layer (Fig. 4.14, Fig. 4.15)
Besides, for Ni-Fe it is known to become more active after conditioning in working conditions
ascribed to the formation of hydroxylation of the surface which leads to a layered double hydroxide
(LDH) structure.179

Figure 4.14: Qualitative SIMS depth profiles of the sample described in Fig. 4.14.

68

Chapter 4. The Role of the Oxygen Evolution Catalyst

23

28

+

+

40

+

48

Ca

Si

+

Ti

Front

Top

Na

52

+

56

+

Fe

58

+

Ni

120

+

Sn

Front

Top

Cr

Figure 4.15: Qualitative depth profiles of an “over-Fe2O3-TiO2” photoanode after prolonged polarization for Na (electrolyte
impurity), Si (Glass underneath FTO layer), Ca (electrolyte impurity), Ti (film layer), Cr (overlayer), Fe (both overlayer and
film), Ni (overlayer) and Sn (FTO layer).

Interestingly, the photopeaks of Ni2p are better identifiable after polarization while the photopeaks of
Fe2p remain unchanged. Moreover, our preparation method which involves spin coating of metal 2ethylhexanoates might lead to a different microscopic composition as compared to the
photoelectrochemical deposition conducted by Morales-Guio et al. In addition, the XPS measurement
could confirm the presence of traces of organics (C-C) which seem to disappear after electrochemical
conditioning (Fig. 4.13). The loss of Cr and the change of the Ni2p photopeaks (XPS) further suggest
that the catalyst layer rearranges upon polarization. In addition, the chemical etching process is
believed to increase the porosity of the catalyst. The composition “Fe20Ni40Cr40Ox” was among the
catalysts with the highest roughness factor which was determined to be 162 in a study conducted by
Gerken et al.174 Only earth alkaline containing compositions outperformed the composition
Fe20Ni40Cr40Ox with respect to the roughness factor according to the screening of catalysts as reported
by the same author.174 Likewise, the high activities of Ba- and Sr-containing perovskite catalysts180
have been attributed to A-site leaching of Sr or Ba while the catalyst activation was related to an
increase in solvent accessible B-site cations.181 The porous nature of the catalysts further influences
the potential drop at the Helmholtz layer (catalyst-electrolyte interface). Compared to a dense catalyst,
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no potential drop across the Helmholtz layer is expected to occur because the electronic charge is
compensated by the coupled ion motion occurring in the electrolyte.53 For Ni-Fe layered double
hydroxide (LDH) catalysts, it is known that an increase in the spacing of the LDH causes an increased
activity towards the oxygen evolution reaction.31
Oxygen evolution measurements were performed to study the effect of the catalyst on the faradaic
efficiency (Fig. 4.16). The faradaic efficiency is measured with respect to the photocurrent which
directly allows us to gain further insights regarding the ability of the catalyst to evolve oxygen.
Indeed, the faradaic efficiency rises by about 9% and points towards the ability of the catalyst to
improve the oxygen evolution (kinetics). Although the main improvement in photocurrent is linked to
thermodynamic effects, according to our results obtained by impedance spectroscopy, it has to be
emphasized that the oxygen evolution was measured at a potential of 1.23 VRHE, whereas the
impedance analysis was conducted at potentials between 0.8 and 1.1 VRHE. Regarding the
implementation of such a photoanode into an optimized tandem cell, the observations made at low
potential are important also because the photocurrent cross over point for tandem cells lies in the
lower potential range.49 Moreover, the oxidative power of holes becomes larger the more anodic the
applied potential is, and thus effects such as partial charge transfer activation, where the “Ni-O-Fe”
bond facilities the charge transfer between Ni and Fe are expected to occur, enabling the stabilization
of redox shuttles which are supposed to drive the water oxidation.166,182

Figure 4.16: Oxygen evolution measurements of a bare Fe2O3-TiO2 and an overlayered Fe2O3-TiO2 photoanode, measured
in 1 M NaOH under simulated AM 1.5 G illumination at a potential of 1.23 VRHE.

4.4 Conclusions
The deposition of a NiFe-type catalyst layer drastically raised the photocurrent of a hematite-titania
photoanode over the entire voltage range while a minor cathodic shift for the onset potential of about
80-100 mV was observed in average. The photocurrents plateau above 1.3 VRHE and increased from
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ca. 1.9 mA/cm2 to 2.5 mA/cm2 at 1.23 VRHE after the addition of the catalyst layer, representing one of
the highest values achieved for photoanodes containing preformed non-aqueous sol-gel derived
nanoparticles. The cathodic current transient revealed the charge decay to be higher in the lower
potential range (0.8-1.0 VRHE) but only with deposited overlayer pointing towards the ability of
catalyst to hold charges. To further investigate this observation we conducted impedance analysis,
which indeed showed a remarkable hole storage capability of the catalyst layer, pointing towards an
adaptive p-n like junction, supported by the fact that the surface state capacitance (Css) increased by
one order of magnitude while the charge transfer resistance (Rct,ss) remained unchanged when
compared to the bare photoanode. Moreover, the slightly reduced trapping resistance (Rtrapping)
showed, that the catalyst layer is able to efficiently extract holes from surface states of the hematitetitania photoanode. However, oxygen measurements measured at 1.23 VRHE unveiled a slightly better
faradaic efficiency after addition of the catalyst, possibly addressed to the higher applied potential
compared to the potentials applied at which impedance analysis was conducted. Thus, it seems, that
the catalyst is becoming active towards OER the higher the oxidative power of the holes, and
consequently the applied potential, is. This study provides a basis for understanding the interplay
between photoactive materials and catalyst and may pave the way for further improvements, e.g. the
addition of a catalyst that accelerates hole transfer to the solution at lower potentials. Lastly,
amorphous materials are prone to destabilization as confirmed after prolonged (48 h) electrolysis.
Thus, it remains a trade-off to accomplish both functionalities, namely high activity and long-term
stability.

4.5 Experimental Section
Preparation of amorphous iron oxide nanoparticles
A microwave assisted non-aqueous sol gel route using (Fe(acac)3 Sigma-Aldrich, ≥99.9%) benzyl
alcohol (Sigma-Aldrich, anhydrous, 99.8%) and 1,3-propanediol (Alfa Aesar, 99%) was pursued as
described in detail in Ref. [120] The concentration of the obtained dispersion in methanol was
determined to be 65 mg mL-1 by drying at 700 °C to remove organics and oxidize the iron oxide. The
particle size ranges from 2-4 nm according to a previous transmission electron microscopy (TEM)
analysis.121 The amorphous iron oxide nanoparticles were dispersed in methanol at a concentration of
approx. 65 mg mL-1.

Preparation of titania nanoparticles
The approx. 4 nm sized anatase titania nanoparticles were obtained using an oil bath synthesis. First,
TiCl4 (Aldrich, 99.9%) was dissolved in ethanol (Aldrich, ≥ 99.8%), followed by addition of BnOH
and 1,3-propanediol. A detailed synthesis procedure can be read in Ref. [120].
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Preparation of nanostructured hematite-titania photoanodes
Hematite-titania photoanodes with different ratios with respect to titania were prepared by spin
coating of mixed dispersions of amorphous iron oxide and anatase TiO2 nanoparticles on F:SnO2
substrates (7Ω/sq, Solaronix) as described elsewhere.120 The performance could further be
dramatically enhanced by about 50% mainly ascribed to the higher annealing temperature of the
photoanode, which was held at 750°C in a pure oxygen atmosphere for 20 min, followed by
quenching in air. The best performing hematite-titania photoanode was obtained at a TiO2 content of
Ti (mol%)/[Ti (mol% + Fe(mol%)] = 12%. However, energy-dispersive X-ray spectroscopy (EDX)
analysis showed that the atomic percentage of Ti was 10.13% (Fig. 4.17).

Figure 4.17: SEM micrograph (left) and EDX spectrum (right) of a “bare-Fe2O3-TiO2” 12% photoanode. Ti and Fe atomic
percentages (from EDX): 10.13% ± 0.13% Ti, 89.87% ± 0.35% Fe. Note: the SEM micrograph (top) represents the area
where the EDX spectrum was taken.

Preparation of the hematite-titania- Fe20Cr40Ni40Ox Photoanodes
The preparation of the overlayers was inspired by the deposition process used by Smith et. al,173 and
prepared in a slightly different way: 2-ethylhexanoates of Fe3+ (50% in mineral spirits, Alfa Aesar,
214 µL), Cr3+ (70% in mineral spirits, ABCR Chemicals, 273 µL) and Ni2+ (78% in 2-ethylhexanoic
acid, ABCR Chemicals, 184 µL) were dissolved in 7.6 mL n-heptane (ACROS, >99%, extra dry),
stirred for 2 hrs and then centrifuged at 4000 rpm for 15 min to remove tiny agglomerates prior to
deposition. The solution was spin coated on a hematite-titania photoanode at 3000 rpm for 60 s. The
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overlayered photoanode was then dried on a hot plate at 150 °C for 1 hr. Infrared spectroscopy was
employed to follow the thermochemical decomposition of the metal-organic precursors. After the heat
treatment, the C-H (2800-3000 cm-1) and C=O (~1680 cm-1) vibrations disappear, as shown for KBr
coated discs in (Fig. 4.18A). The thicknesses of the hematite-titania film and the OEC layer were in
the range of 180–200 nm and about 100 nm, respectively, as determined by cross-sectional scanning
electron microscopy (SEM) analysis (Fig. 4.18B). However, after electrolysis, the thickness of the
overlayer decreases drastically to <20 nm as estimated by cross-section SEM analysis (Fig. 4.18C).
Moreover, it is assumed that the catalyst covers the entire surface of the porous photoanode.
Elemental analysis of the precursor solution for the deposited catalysts revealed a Fe:Ni:Cr ratio of
about 58:24:40 (Table 4.4).

A

B

C

Figure 4.18: A: IR spectrum of a KBr disc with deposited precursor solution containing 2-ethylhexanoates of Fe(III), Ni(II)
and Cr(III) at a ratio of 20:40:40 before (black) and after annealing at 150 °C for 1 hr (red). B: False color cross sectional
SEM image of an “over-Fe2O3-TiO2” photoanode. The different layers are colored in blue (F:SnO2), orange (Fe2O3-TiO2)
and green (Fe20Cr40Ni40Ox). C: Cross sectional SEM analysis (top) of an “over-Fe2O3-TiO2” photoanode after prolonged
electrolysis.

Optical, structural and morphological film characterization and photoelectrochemical
measurements
X-ray photoelectron spectra (XPS) were recorded on a Sigma 2 spectrometer (Thermo scientific)
using a polychromatic Al Kα X-ray source, where binding energy was calibrated taking C 1s = 284.8
eV. EDX was performed on a Hitachi SU-70 scanning electron microscope operated at an acceleration
voltage of 15 kV (Schottky type field emission gun) and equipped with an X-Max 80 detector (Oxford
Instruments). SEM analysis was performed on a Carl Zeiss LEO 1530 microscope equipped with a
field-emission gun operating at 3 kV. For the cross-section images, the photoanode was cut in the
middle by means of a diamond knife with efforts to not damage the film. FT-IR Spectroscopy was
performed on a Spectrum 100 FT-IR spectrometer using a KBr pellet. UV-vis spectra were obtained
using a JASCO V-670 spectrophotometer with an ILN-725 integrating sphere accessory. Since the
same sample was used for the respective measurements, no background correction was conducted.
Photoelectrochemical (PEC) measurements were conducted with a VMP3 BioLogic potentiostat.
Simulated AM 1.5 G solar irradiation was provided by an Oriel solar simulator equipped with a 300
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W Xe lamp and fitted with an AM 1.5 G filter. Light intensity was measured with a calibrated
reference cell (Oriel, 91150V) and adjusted to 100 mW/cm2 with a neutral density filter (Newport,
FS-ND). The surface area illuminated on the photoelectrode was 0.28 cm2. Measurements were
performed at a scan rate of 10 mV/s. The potential was transformed to the reversible hydrogen
electrode (RHE) with the following equation: E(VRHE) = E(VAg/AgCl) + 0.0591·pH + 0.197. The pH of
the electrolyte (1M NaOH) was assumed to be 13.6 and the potential of the Ag/AgCl/KCl/Sat. KCl
reference electrode (Radiometer Analytical) was 0.197 V. Incident photon-to-current efficiency
(IPCE) measurements were carried out in 1 M NaOH at 0.4 V vs. Ag/AgCl/Sat. KCl using a 1000 W
Xe lamp coupled with a monochromator. A Si photodetector (Optronic Laboratories) was used to
measure irradiance at each selected wavelength. IPCE was calculated with the following equation:

IPCE ( % ) =

1240(V ⋅ nm) ⋅ I ph ( A)

λ (nm) ⋅ Plight (W )

i100

(4.2)

(Photo)electrochemical impedance spectroscopy (EIS) data was acquired with an AC perturbation of
10 mV in amplitude and a 100 mHz-1 MHz frequency range, both in the dark and under illumination,
and at selected DC potentiostatic conditions (0.7-1.4 VRHE ). Nyquist plots (imaginary vs. real
components of impedance, ZIm vs. ZRe) were fitted to the corresponding equivalent circuits using
EC-Lab® software (Bio-Logic, V10.44). Fitted resistances and capacitances are referred to the
electrode real surface and a roughness factor of ca. 20 for mesoporous hematite is taken according to
Kay et. al.98 Error bars stem from the goodness of the fittings. Oxygen was detected quantitatively
using a PyroScience fluorescence based oxygen sensor (OXB430-OI). The cell was filled with 1 M
NaOH and degassed with argon prior to the measurements. The oxygen probe was inserted through a
rubber septum and continuous O2 readings were conducted at 1 s interval throughout the experiment.
The probe was calibrated using 2 points (argon: 0% O2 and air: 20.9% O2) with an error of 5% on the
reading. Prior to the experiment, the baseline was measured for 30 minutes followed by 10 min
illumination with simulated AM 1.5 G irradiation (100 mW/cm2) at 1.23 VRHE. Oxygen leakage was
subtracted from the measurements by measuring the leakage rate before and after the measurement.
Secondary ion mass spectrometry (SIMS) with high depth resolution was performed by means of a
time-of-flight-mass spectrometer (TOFMS) from Tofwerk AG (model C-TOF) integrated on a
focused ion beam instrument (Lyra FIB) from Tescan. Low impact energy (5 keV) Ga+ ions with a
primary ion current of 180 pA has been used for the elemental separation of the different layers.
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5 The Role of Interfaces in Heterostructures

This chapter is published in ChemPlusChem : Mario Bärtsch, Markus
Niederberger, The Role of Interfaces in Heterostructures

5.1 Abstract
Nanocomposites represent an interesting class of materials because their applications are of
multidisciplinary importance. Herein, interactions at the interface of heterostructures, leading to
superior performance and sometimes to synergistic interactions, are highlighted. Although the types
of junctions seem to be similar in different fields, the requirements for their function is devicedependent and thus no generally valid recipe can be utilized. Nonetheless, the overlap between
research fields unveils the unique opportunity to combine the different knowledge and expertise as an
inspiration to designing new composites for photoelectrochemical water splitting, photocatalysis,
chemoresistive sensors, batteries, and composite multiferroics. A non-comprehensive overview is
provided with focus on selected examples to highlight the concepts behind these nanojunctions.

5.2 Introduction
Already at around 3500 BC, humanity has witnessed a huge step forward after which an epoch has
been named: the Bronze Age, which followed the Neolithic epoch, the so called “Stone Age”. Bronze,
as emerging material, was becoming more commonly used as it outperforms the properties given by
the
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single material of which it is composed; it is harder than copper itself and exhibits other useful
properties such as machinability, stiffness, and ductility.183 Not only have materials combinations
been known since ancient times, but also nanoparticles were applied by Romans in stained glass and
by Islamic potters in metallic luster decorations of glazed ceramics more than 1000-1500 years ago.184
Nowadays, the controlled synthesis of a great variety of nanoparticles has been documented for an
immense range of applications, taking advantage of size dependent properties.5,185 For example, the
bandgap of CdSe gets larger through nanoscaling, also known as quantum size effect.186 In nano-gold
the metallic bond distance decreases, which makes it catalytically active.7 Not only does size matter,
in fact, morphological aspects as realized in hierarchical structures, such as nanodisks, nanotubes,
nanobelts, nanowires, nanoflowers etc., can inherently pronounce a feature like a crystal facet that is
preferentially exposed or a nanostructure that can be aligned in one direction.89,187 However, the lack
of a single material to fulfill the desired requirements can be caused by one single intrinsic property,
which bottlenecks the overall device performance, and typically it is difficult to systematically
improve such limitations. Whereas a modification appears to be favorable in one field, it seems to
have adverse effects in another application, such as it is observed for small nanoparticles with reduced
space charge layer, which leads to superior activity in semiconductor (SC) gas sensing,188,189 but
worsens the performance in photoelectrochemical water splitting and photocatalysis owing to reduced
band bending, if the nanoparticles are too small.10,12,190 The crystal structure cannot be considered as
infinite on the nanoscale, therefore transitions within the bandgap, which are forbidden in the bulk,
are now allowed through introduction of states by surface terminated species.13,14,191 Additionally,
defective sites can occur in the case of an improper termination of the crystal lattice. In materials with
ionic bonding character, the terminating species can be lattice oxygen (OL2-) (donor) or lattice metal
ions (MLx+) (acceptor), which are named as Tamm states. Similarly, in covalent materials, also termed
as Schockley states, such dangling bonds with either bonding (donor) or antibonding (acceptor)
character define the character of the surface states in metals and narrow-bandgap semiconductors,
respectively. Surface states are located within the bandgap and may induce band bending themselves,
depending on their position with respect to the Fermi level. In doped semiconductors, the Fermi level
of the bulk may be different as compared to the Fermi level of the surface states and upon
equilibration of the charges, the bands become bent. Therefore, the strength of the band bending
correlates positively with the amount of the dopant added, although at higher dopant concentrations
the width of the space charge layer lies below the photon penetration depth and therefore represents a
self-limiting factor, which is also due to the formation of defective sites.16,17,192,193 Another intrinsic
factor that influences band bending is the dielectric constant. Band bending tends to be higher in
semiconductors with lower permittivity for (photo-)generated electrons.30,14
Furthermore, band bending depends on the nature of the bonded surface species, and different facets
in turn exhibit different preferences for adsorbing species.194 Surface states appear even more diverse,
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if we consider extrinsic surface states such as adsorbed species on the surface, defective surfaces, and
all types of interfaces. In chemoresistive sensing and photocatalysis as well as in
photoelectrochemical water splitting, surface adsorbed species play a key role. Thanks to the different
electronic structure of adsorbates (analyte), the gases can be distinguished because they induce
different kinds of band bending. This effect is disadvantageous in the field of water splitting, in which
only one adsorbate binds to the semiconductors surface, meaning that the semiconductor has to be
designed in such a way that it fits the chemistry of water.195
This minireview depicts the principles and effects of composite structures and their interfaces in
selected fields. We are particularly interested in interactions at the interfaces, which lead to improved
properties and performances. Sometimes even a synergistic effect is observed. Interactive effects of
two or more constituents, which induce a desirable property greater than each single constituent, is
called a synergistic interaction/effect. Interestingly, interfaces designed for many different
applications are made from the same material combinations, which mainly include heterojunctions of
metal oxides (MO) and metals (M) such as M-M and M-MO, crystal phase junctions, and carbon
additives in its various allotropes. Within these interdisciplinary research activities, we highlight
mechanisms leading to synergistic effects by discussing illustrative examples for selected material
combinations. We start with examples from photoelectrochemical water splitting, followed by
photocatalysis, chemoresistive gas sensing, batteries and finally multiferroics. In each of these
sections, we start with a general introduction to the working principle and then we discuss examples
of interfaces between metal oxides and metal oxides (MO-MO), between metals (M) and metal oxides
(M-MO) and finally between metal oxides and carbon, where carbon usually plays the functional role
of the metal.

5.3 Theoretical Background of Heterojunctions
Generally, metal-semiconductor junctions are known to form a Schottky barrier ΦB (Fig. 5.1C). The
height of the barrier is a result of the interface between the metal and semiconductor and depends on
the work function of the metal and the electron affinity of the semiconductor. The larger the Schottky
barrier is, the more likely depletion of the semiconductor is to occur and, as a consequence, the
current remains insensitive to an increase in the applied voltage until the current depletion breaks
down and allows electrons to flow through the junction. The opposite is true for small barriers, where
the current voltage characteristics show a rather linear voltage-current relationship and resemble an
ohmic contact. Also doping may shift the Fermi level and thus influences the current voltage
behavior. Generally, a high dopant concentration favors the condition for an ohmic contact. Ideally,
the dopant is fully ionized, allowing delocalization of charge carriers, which generally leads to
shallow energy levels below the conduction band (CB) or above the valence band (VB). However, no
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recipe with respect to the position of the introduced states can be given at this point. Each material,
irrespective of the dopant, exhibits different electronic structures. At an interface, the wave function
of electrons is substantially different as compared with the bulk, and thus allows electrons to occupy
energy levels in between the bandgap of the respective metal/semiconductor.
If we look at the wavefunction of a particle (e.g., electron) in a periodic environment like an infinite
one-dimensional lattice, at the surface the wavefunction decays both into the vacuum and into the
semiconductor (Fig. 5.1B). The band structure is shown in Fig. 5.1A at the boundary of the first
Brillouin zone. The decay of wavefunctions into one or another semiconductor may also occur in
semiconductor heterojunctions, where the electronegativity of the atoms in each semiconductor
contributes to the band alignment. Also, for Schottky contacts, it is known that the states of the metal
decay into the semiconductor and vice versa, and this effect is known as “metal-induced gap states”.
If the population of surface states is high, Fermi level pinning may occur, which means that the Fermi
level will show only a small deviation with respect to a change in electric field. Thus, the band
bending will remain constant. Any species bonded to the surface, such as adsorbates, is able to induce
extrinsic surface states, and the electronegativity of any bonded species plays a crucial role.195,30
We want to highlight that each composite is individual with respect to synthesis history, structure,
heat treatment, defects etc. Thus, no general recipe can be given based on theoretical assumptions.
Although modeling is a powerful tool to allow predictions, it is inevitable to conduct the experiment
under “real world conditions”, also because computational methods do not allow all parameters that
may influence the device performance to be simulated. In the following sections, we highlight the
current state of the art in each research field and provide insights into processes to improve device
performance.
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Figure 5.1: A) Complex band structure. The width of the forbidden gap is |2V1|. B) Wavefunction of surface states; note that
the wave function decays both, into the vacuum and into the semiconductor. C) The Schottky barrier and the effect on band
bending in the semiconductor as a function of the distance to the metal (from i to iii) is illustrated. Figure A and B are
reprinted from Ref. [195] and C from Ref. [353] with permission from Springer-Verlag Berlin Heidelberg (1993).

5.4 Photoelectrochemical Water Splitting
As an alternative to direct electrolysis of water, photoelectrochemical (PEC) water splitting requires a
smaller bias to generate hydrogen and oxygen as byproduct. To trade off maximum light absorption
and bandwidth, the desired bandgap ideally exhibits a slightly higher conduction and lower valence
band offset than the redox potentials of water to facilitate the hydrogen (HER) and oxygen evolution
reactions (OER).30,196 Neglecting stability issues under working conditions, CdSe quantum dots would
perfectly suit this purpose, owing to their suitable bandwidth and alignment.197,198 But lack of stability
is one of the biggest drawbacks in water photoelectrolysis, of which photocathodes are affected the
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most.199 Even n-type metal oxides as candidates for photoanode materials still leave much room for
improvement38 as they are prone to performance decay as a result of surface passivation or changes in
the surface quality or, in the worst case, due to the loss of material under working conditions.38,85,200
Other shortcomings include poor visible light absorption owing to the large bandgap, fast charge
carrier recombination as a result of low charge carrier mobility and short charge carrier lifetime, poor
majority charge carrier conductivity, as well as poor water oxidation/reduction kinetics. For possible
future applications, a tandem device, which runs unbiased, requires a high fill factor, and thus an early
onset of photocurrent at the lowest possible potential is desired. To give an overview, Table 1
summarizes the highest achieved photocurrents for the most commonly studied semiconductors
BiVO4, Fe2O3, WO3, Ta3N5 and TaON. Titania is not shown because the maximum theoretical solarto-hydrogen (STH) efficiency is only about 1%, as illustrated in Fig. 5.2E, which shows the STH of
the most studied n-type semiconductors. Based on cost estimations of the cell and the production
costs, at least 5 mA/cm2 at 1 V or below is required to make photoelectrochemical water splitting
attractive.201 Strategies to improve the most studied semiconductors for photoanodes are well
documented and have been individually reviewed for Fe2O3,32,47,92,202 TiO2,34,202,203 WO332,204and
BiVO4.202,205
Generally, a nanostructured design helps to extract minority charge carriers at the semiconductorliquid junction thanks to the high surface area. However, this beneficial aspect comes along with
increased surface recombination, because surface states have a density of states located within the
bandgap.206 In addition, charge migration can occur via diffusion instead of the desired drift
mechanism as a consequence of a particle size that is below the thickness of the space charge layer.38
Strategies to improve the bulk charge transport by means of separating charges was achieved by
introducing heterojunctions (Fig. 5.2A). To get a detailed description of materials combinations the
reader is referred to several reviews.64,202,207 Type II heterojunctions allow cascade charge transfer of
holes and electrons, whereas type I heterojunctions may be used to block minority charge carriers
from entering the fluorine-doped tin oxide (FTO) interface. In contrast, type III heterojunctions have
never been used so far, presumably owing to the difficulty of finding a material combination with a
bandgap difference that would satisfy the boundary conditions under working conditions (Fig. 5.2A).
It has to be considered that charge carriers in type I heterojunctions may be promoted owing to band
bending (if the charge carrier has to enter a energetically unfavorable level), depending on the energy
level difference and the applied bias (Fig. 5.2B).208 On the other hand, a similar effect is obtained in
type II heterojunctions with low lying valence bands such as in SnO2, which is reported to prevent
hole injection into defect states at the FTO/BiVO4 interface.209 By annealing anatase TiO2 and FeOx
nanoparticles, we recently demonstrated that the in-situ formed type II heterojunction between Fe2O3
and Fe2TiO5 synergistically contributed to the PEC efficiency through a favorable band offset,
although the bandwidth of both semiconductors is roughly the same.120 However, we do not only
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ascribe the advantageous effect to the formation of a heterojunction. Ti atoms also seem to diffuse
into the Fe2O3 layer at the Fe2O3-Fe2TiO5 interface, as a result of the heat treatment. As a matter of
fact, monodoping leads to unequal charge distribution not only in the bulk, but also on the surface,
and thus the energetic position of these surface states are altered as well. On the one hand, this can
facilitate cascade charge transfer and promote the minority charge carriers to the semiconductorelectrolyte interface. On the other hand their oxidative power may be lowered as they enter a higher
lying energy level. Thus, charge imbalance caused by doping may lead to unfavorable midgap states
(Fig. 5.3E) and altered surface states. At the end of this section, we will summarize how different
strategies were employed to coat the surface with an additional layer either to speed up the hole
transfer, to lower hole recombination, or to passivate the surface of the semiconductor. However, an
effective strategy to directly address charge imbalance is co-doping while one co-dopant is supposed
to neutralize the charge imbalance caused by the other dopant. For example W/C co-doped titania
displays photocurrent value of 1.8 mA/cm2 more than a two-fold improvement compared with
undoped titania as reported in the same work. It is tempting to oversimplify the charge balancing
effect, as many other parameters such as the size of the dopant compared to the host material, etc.,
have to be considered and often the effect of dopants is calculated separately by density functional
(DFT) calculations. Also, regarding the synthesis method, many other effects (e.g. how the dopant
incorporation affects further crystal growth) are important to consider.210 Another report predicts,
based on DFT calculations, that Cr/N and Mo/N co-doped BiVO436,211 reduce the width of the
bandgap by about 0.34 and 0.15 eV, respectively, enabling visible light absorption and a cascade
charge transfer for holes (and electrons). Experimental evidence indeed showed the superior activity
of Fe/W co-doped BiVO4, outperforming single doped BiVO4 by about 50%.212 Co-doping is a useful
strategy to balance the charge inequality of the dopants. Depending on the electron donor (acceptor)
ability, states just below the conduction band (above the valence band) are created and allow excited
electrons (holes) to enter an energy level within the bandgap in the bulk material (Fig. 5.2E).
However, often it is difficult to determine the uniform distribution of the dopant within a nanoparticle.
It is likely that dopant concentration is lower on the nanoparticle surface than in the core and vice
versa, depending on the preparation method. A further aspect is the ionization degree of the dopant.
Localized charge carriers favor increased light absorption and are often observed for not fully ionized
dopants, whereas delocalized dopants contribute to increased electrical conductivity.

213,214

These

opposed properties again lead to a “trade-off” situation, in which the optimization of one parameter
(light absorption) leads to a decrease in electrical conductivity and vice versa.
High temperature annealing is often necessary to assure a high degree of crystallinity and to minimize
bulk and surface defects. However, such a temperature treatment is often accompanied by exchange
of ions at the interface of heterostructures. This effect is similar to the desired Sn4+ diffusion from the
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FTO layer on glass into hematite at the back contact.105 Although this ion interdiffusion is desired in
some cases, it remains rather arbitrary and it is difficult to control quantitatively.
All these modifications have the common goal to either improve the photocurrent or to reduce the
need to apply a bias. In this sense, the acceleration of the oxidation kinetics, which is reflected in a
higher charge-transfer rate of holes at the semiconductor-liquid interface, is only one possibility
leading to a cathodic shift of the photocurrent. An acceleration of the charge transfer at the
semiconductor-liquid junction has been realized with IrOx, molecular Ru catalysts, and Co(OH)2,
Co3O4, and Co-Pi. The photocurrent curve can also be shifted cathodically without acceleration of the
charge transfer. Junctions of type p-n (Fig. 5.2C), including NiFeOx or p-type Fe2O3 compensate the
poor hole mobility of n-type semiconductors by their capability to store holes which is reflected in a
higher surface state capacitance (CSS). To reduce the flat band potential and in turn enable a higher
degree of band bending, a high temperature treatment would be ideal; however, this is accompanied
by (most often) undesired particle growth. It was found that surface decorations with CoF3 (on Fe2O3)
can also lead to a lowering of the flat band potential.150 This is necessary to obtain a photoelectrode
with a low onset potential and a low flatband potential increases the band bending, helping to separate
charges. Apart from doping, which improves the bulk charge transport, or nanostructuring, which
helps to extract holes at the surface of the photoanode, passivation strategies with wide-bandgap
semiconductors such as Al2O3,103 Ga2O3104 and TiO2,215 are known to reduce the surface
recombination, also resulting in a cathodic shift of the photocurrent and thus in an increased
photocurrent. For a comprehensive summary, the reader is referred to the review of Liu et al.130
Allotropes of carbon such as graphene (GR),216,217 reduced graphene oxide (rGO),218 carbon
nanotubes202 (CNT) or carbon nitride (C3N4) nanosheets (CNN)202 have been reported to
synergistically improve the performance by charge separation or by actively participating in the water
splitting reaction. The positive effect can be divided into three different processes: i) increased charge
transport ii) sensitizer and iii) co-catalytic activity.219 i) Addresses the metallic like conductivity of
graphene derivatives, ii) refers to the function as sensitizer due to semiconductor like properties of
C3N4 (bandgap=2.7eV) and iii) includes the co-catalytic activity of C3N4 and graphene derivatives,
leading to hydrogen and oxygen evolution as reported for C3N4 with its bandgap in the visible
range.202 Moreover, the 3D network in N-doped graphene can be stabilized by Ni nanoparticles,
preventing it from restacking. This is just one example that illustrates the structural advantages of
sandwiching semiconductors with graphene.220 Conversely, the agglomeration of Ni-Fe layered
double hydroxides in another work was inhibited by reduced graphene oxide layers embedded into
this double layer structure.221,222
A more exotic Schottky contact is exemplified by the combination of gold nanoparticles with other
semiconductors. The role of plasmonic nanoparticles as additives has widely been studied, and they
also contribute in a synergistic fashion to the improvement of the PEC performance. Their role has
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been reported and individually reviewed223,127 or published.224,225 In summary, three different
enhancement mechanisms have been suggested, which are induced by plasmonic light absorption: i)
charge transfer from excited plasmonic metal into the semiconductor, ii) near-field electromagnetic
enhancement and iii) scattering of resonant photons, which is strongly related to the composition, size,
morphology, interparticle distances, and local dielectric environment (Fig. 5.2D, Fig. 5.3B). As we
will see in the next section, Au can also serve as electron sink at a Schottky contact owing to its
relatively high work function, which promotes band bending at the interface (Fig. 5.1C).
In analogy to photovoltaics, the ideal photoelectrode is supposed to consist of multiple layers.
Possible heterojunctions of type II will reduce the recombination in the bulk because electrons and
holes are transferred in opposite directions. Ideally, these heterojunctions are of optimal thickness
with a sufficiently high absorption coefficient for different wavelengths to absorb a large portion of
the visible solar spectrum. Moreover, the stability of the top layer must be extremely high, since a
short lifetime of a photoelectrode would make the device as a whole economically unviable.

Table 5.1: High-performance photoelectrodes and their features are listed.
Semiconductor

Performance

Preparation

Mechanism for high

Max. Theoretical

[mA/cm2] at 1.23

Method/Deposition

performance

photocurrent

VRHE` (AM 1.5

Technique

[mA/cm2]

G)
WO3187

3.7

WO3 seeds on FTO[a] +

Exposure of {002} facet +

subsequent hydrothermal

nanoplate structure that suppresses

reaction

peroxo-species formation and

3.9223

increase charge transfer
Fe2O3 94

4.3

Hydrothermal, Heterogeneous

Pt dopant +Co-Pi

10.5223

7.4223

growth on substrate
BiVO4226

~5.8

Deposition Bi , V and Mo

BiVO4/Ni/FeOOH heterojunction,

dopant precursor on substrate

Mo-doping

Ta3N5227

12.1

Anodization of Ta foil

Ta3N5- Ferrihydrite (HSL)[b]-

subsequent nitridation of

Ni(OH)x (HSL) layer

12.9223

NaTaO3
WO3-BiVO4228

6.7

Type II heterojunction + CoPi

7.4223

Hydrothermally HF etched Ta

p-n heterojunction/protective

~2.5- ~8[c] 230

foil, subsequent Ta2O5 Nanorod

carbon layer

Bandgap of TaON

Glancing Angle Deposition
(WO3)/
Electrodeposition (BiVO4/CoPi)

TaON-Cu2Ocarbon229

~4.2

ammonolysis

calc. = 3eV

[a] FTO = fluorine-doped tin oxide. [b] Hole storage layer (HSL) while Ni(OH)x has different hole storage capacity at lower bias than
ferrihydrite. [c] Depending on the O/N ratio in TaON.
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Figure 5.2 A) The three types of heterojunctions are shown; straddling gap, (type I), staggered gap (type II) and broken gap
(type III). B) Type I heterojunction under applied bias that allows “uphill” hole transfer. C) Schematic for n-p type
heterojunction, valuable for any type of band offset; the band bending is shown. D) Schottky-junction, in which the metal
can also be replaced by conductive allotropes of carbon (CNTs, GO, etc.). E: Dependence of the theoretical maximum solarto-hydrogen (STH) efficiency and the photocurrent density of photoelectrodes on the bandgap under AM 1.5 G irradiation.
A: Reprinted from Ref. [202] with permission from The Royal Society of Chemistry (2015). B: Modified from Ref. [208]
with permission from Wiley-VCH (2015). C: Reprinted from Ref. [354] with permission from The Royal Society of
Chemistry (2013) D: Reprinted from Ref. [207] with permission from The Royal Society of Chemistry (2014). E: Reprinted
from Ref. [223] with permission from the Royal Society of Chemistry (2015).
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5.5 Photocatalysis
Photocatalytic degradation of pollutants, reduction of CO2, and many other photocatalytic reactions
require a semiconductor, that is capable of harnessing a large portion of the visible light, and which is
ideally non-toxic, has a high reactivity, long durability and easy recoverability. Similar to
photoelectrochemical water splitting, particle size, bandwidth and position, crystal phases, surface
characteristics and exposed facets play a critical role. The main bottlenecks are i) high recombination
rates, ii) low visible light activity and iii) poor selectivity.231
To avoid overlap with the previous section, we will explicitly discuss examples that run unbiased. The
contribution of the bulk becomes less important because no charge carriers have to be transported
across the semiconductor to the counter electrode. Therefore, the surface plays an even more
pronounced role than in photoelectrochemical water splitting. Nevertheless, a low bulk defect
concentration is desired for enhancing the lifetime of the charge carriers.
One of the earliest described synergistic interaction is represented by the phase junction of titania
between anatase and rutile in P25 (Evonik-Degussa Aeroxide), typically a mixture between anatase
and rutile at a ratio of 80:20.64 Kavan et al. determined the conduction band (CB) edge of anatase to
be 0.2 eV more positive (with respect to vacuum level) than that of rutile, resulting in a staggered
(type II) alignment (Fig. 5.2A).232 The band offset is relatively small. Therefore, the driving force for
charge separation is supposedly low and depends on a good interface quality. This observation
inspired other research groups to relate the beneficial effect to the crystal facets of anatase and rutile
with different oxygen adsorption capacities for the oxygen reduction, acting in an additive
manner.232,233 Other possible reasons were proposed to be defective sites, such as oxygen vacancies.
They serve as adsorption sites for water and the adsorbed water easily dissociates to form OH· groups.
The OH· groups in turn have a similar local electronic environment as the oxygen vacancy and
therefore can be considered as active sites.234
Other junctions, namely heterojunctions, also benefit from band offsets. Ideally, visible light active
single components are involved. Recently, we observed a synergistic interaction in a Au-WOx
nanoparticle composite, which was embedded into a hyperbranched TiO2 matrix.89 Whereas the WOxTiO2 heterojunction accelerated dye degradation, Au nanoparticles favored OH· radical formation as
indicated by using terephtalic acid as radical trap,235 thus enabling a pseudo synergistic interaction
based on complementary effects. Owing to its work function, Au may function as an electron trap. In
analogy, a comparable result was observed for hydrothermally annealed SnO2-TiO2 heterojunctions,
which displayed an enhanced rate constant for hydroxyl radical formation with an optimum at 20
wt.% SnO2. The favorable effect was ascribed to a cascade charge transfer guided by the band offsets
of the heterojunctions aligned in type II, allowing charge carriers to increase their life time.236
Heterojunctions with visible light active materials not only enhance the absorbed portion of the solar
spectrum, but favor, depending on the type of junction (Fig. 5.2A, 5.2C), effective charge separation.
86

Chapter 5. The Role of Interfaces in Heterostructures

More recent work sheds light on the possibility to attach nanoclusters of metal oxides of TiO2,
SnO/SnO2, PbO/PbO2, ZnO and CuO on anatase/rutile surfaces. This approach clearly benefits from
the fact that charge-trapping midgap states are avoided as they may occur in the case of bulk
doping.237 However, regarding the application of these composites, it has to be considered that the
components have to resist basic and acidic media, which impedes the usage of Fe2O3 and CuO
(sensitive to acidic environment) and WO3 (sensitive to basic media), ZnO and CuO. Furthermore,
SnO may be oxidized to SnO2 and PbO2 may be reduced to PbO. Another aspect in photocatalysis that
should be considered more critically is the fact that the degradation is mostly tested only for a specific
dye, often methylene blue or Rhodamine B. Thus, the selectivity is not tested. In addition, many dyes
may spill photoexcited electrons into the conduction band of TiO2, synergistically speeding up the
photodegradation under UV-Vis radiation, which would otherwise not occur, if the dye was not active
in a spectrum in which the semiconductor would otherwise be inactive. Furthermore, the
electronegativity of the surface-bound ligand may increase band bending, if it is of acceptor type, or
favor downward bending, if the ligand is a donor. Thus, the model dye might act in a completely
different manner compared to other adsorbates (e.g., waste water compounds).238
It is known that surface energies of facets differ with respect to each other. Hydrothermal and
solvothermal methods are among the most powerful techniques to gain control of exposed facets. One
possibility is to use additives, which influence the crystal growth, leading to well-faceted particle
morphologies. Other techniques exist for achieving selective facet exposure including selective
etching, (metal) doping induced thermodynamic and kinetic control, high energy facets stabilization
by non-surfactants, and epitaxial growth.239 An example for selective etching (with Se) on Cu to
produce high energy facets by high energy facet etching has been reported recently. The high energy
facets in turn showed enhanced activity towards CO2 reduction compared to the non-etched copper.
This approach benefits clearly from the advantage of leaving the surface energies free from ligand and
solvent effects.240 In general, for TiO2 it is known that differences in surface potentials guide e-/h+ pair
separation as the e- preferentially accumulates at the low energy facet {101}, whereas it is
energetically favorable for holes to accumulate on the {001} high energy facets241 (Fig. 5.3A). The
lack of photocatalytic (PC) activity of sol-gel derived titania is a consequence of the preferentially
exposed low-energy facet favored by thermodynamics, whereas a balanced ratio of exposed high- and
low energy-facets were realized by using fluoride ions242 or long-chain fatty acids during the
solvothermal or hydrothermal synthesis.243,244 We recently pursued a synthetic route involving
aliovalent co-doping, which on the one hand directed the nanoparticle growth during the non-aqueous
synthesis, but also enhanced the visible-light activity through introduction of states within the
bandgap (Fig. 5.3E).The highest PC activity was achieved with Sb/TiO2, which was attributed to the
favorable alignment of surface potentials. Interestingly, the low-energy and the high-energy facets
were energetically attractive for both electrons and holes, as elucidated by DFT calculations.72
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Epitaxial growth is another potential method to control facet exposure. Moreover, it is an elegant
method to create clean interfaces. The group of Amal made use of the epitaxially driven phase
transformation from anatase to rutile of Sn/TiO2, which occurred already at 500 °C through
segregation of SnO2, and which enabled the formation of relatively small-sized anatase-rutile
heterojunctions in conjunction with a good interface quality (Fig. 5.3C).245 In comparison, undoped
titania transformed only between 600 °C and 915 °C, leading to unfavorable and extensive growth of
the nanoparticles. This is another trade-off situation. Heteroepitaxial growth often demands the
application of a high-temperature treatment, which at the same time might lead to unwanted particle
growth. Moreover, the heterojunctions might experience interfacial doping by diffusion of foreign
atoms across the interface. This effect can be controlled by the annealing temperature and clearly
material dependent. Doping at the interface can lead to population of energy levels within the
bandgap. Thus, it is important to select material combinations in such a way that the interfacing
phases do not contain elements, whose ions introduce deep acceptor/donors, because they are known
to act as trap centers for unwanted bulk recombination.30 Another consequence of doping is that the
dopant might influence the crystal phase transformation behavior during annealing, similar to the
example mentioned above. Oxygen vacancies seem to play a crucial role during the anatase to rutile
transformation and it was observed that dopants with a lower valence than Ti4+ promote the phase
transformation, whereas higher valent dopants tend to inhibit this transformation. Moreover, a large
radius of the cation seems to delay the transformation. To fulfill charge neutrality in metal oxides,
dopants with lower valence than the host generally favor oxygen vacancies, whereas those with higher
valence lead to the formation of cation vacancies.246 Another aspect of doping is the effect on surface
states. For example, it was reported that adsorbed Al3+ on TiO2 indirectly increased the performance
for OH·-driven degradation. This surface modification was suspected to reduce the amount of organic
adsorbates on the surface of titania and thus blocked the evolution of organic species through
reductive pathways.247
In general, the conditions that a particle system experiences during synthesis play a crucial role with
respect to the performance. Considering that most photocatalysts are not heat treated after synthesis, it
is clear that the performance is strongly dependent on the surface characteristics and synthesis history
of the nanoparticles. For example, it is crucial whether the precursor contains a halide or an organic
ligand, since residues from the synthesis on the surface of the nanoparticle can alter the energy nature
of surface states by either donating or withdrawing electrons. In cases where halide precursors are
used, halide impurities on the nanoparticle surface may even be able to catalyze reactions like the
transformation of alkyl alcohols to alkyl halides.248
Nanoparticles can also be dispersed on a support. In heterogeneous catalysis, the active material is
often deposited on a support, which is assumed to be inactive. Nevertheless, it is widely accepted that
the supports often take an active part in the reaction. Similarly, titania-silica composites displayed
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photoinduced wettability, resulting from the synergistic interaction of the photoactive TiO2 and the
superior ability of Si4+ to adsorb more hydroxyl groups on its surface, as recently reviewed by
Banerjee et al.249,250 A further aspect of heterojunctions in photocatalysts with non-transition metal
oxides is the basicity/acidity of the support, which can be exploited in order to favor/disfavor surface
adsorption of certain species.
One possible reason why titania is one of the most studied photocatalyst, apart from its stability,
might be due to the relatively strong reductive power of excited conduction band electrons as a result
of its position (Fig. 5.3D). Another method to improve visible-light activity of wide-bandgap
semiconductor has been realized in nano-sized noble metal nanoparticles junctions. Apart from the
improved charge carrier separation, which also depends on the work function of the respective noble
metal, surface plasmon resonance plays a key role in these junctions (Fig. 5.3B). A plethora of
research activites has been devoted to the role of these effects, which are i) charge transfer from
excited plasmonic metal into the semiconductor, ii) near-field electromagnetic enhancement and iii)
scattering of resonant photons, which are strongly related to the composition, size, morphology,
interparticle distances, and local dielectric environment. To gain further insights, the reader is referred
to read the corresponding reviews223 or publications.224,225 Furthermore, interaction effects between
the photocatalyst and support propose a relationship with heterogeneous catalysis. Some principles of
heterogeneous catalysis are also important for semiconductor gas sensing, which are discussed in in
the next section.
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Figure 5.3: A) The difference in surface potential of {001} and {101} facets favors electron and hole accumulation on the
respective surfaces. B) Schottky barrier with plasmonic Au nanoparticles showing the Fermi sea of electrons and the transfer
of photoexcited electrons to the semiconductor (red). C) Effect of a defective interface on band bending, affecting charge
transfer as represented by the scheme below. D) Conduction and valence band potentials of different semiconductors with
respect to the energy levels of the redox couples in water. E) Left: Energy levels of shallow and deep donors (SD, DD) and
acceptors (SA, DA) in a semiconductor. Deep donor or acceptor states (DD, DA) can also occur below or above the midgap,
respectively. Midgap states (RC) often act as efficient recombination centers. Right: Energy diagram for a metal oxide,
showing several shallow and deep donor and acceptor levels with respect to oxygen/cation vacancies and substitutional
dopants. A: Reprinted with permission from Ref. [355] with permission from The Royal Society of Chemistry (2015), B:
Reprinted from Ref. [356] with permission from The American Chemical Society (2016). C: Reprinted with permission from
Ref. [226] from Wiley-VCH (2015). D: Reprinted from Ref. [284] with permission from Wiley-VCH (2012). E: Reprinted
from Ref. [30] with permission from Springer US (2012).
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5.6 Chemoresistive Sensors
The attractiveness of n-type (SnO2, ZnO, TiO2, WO3, MoO3, Fe2O3, etc.) and p-type (CuO, NiO)
semiconductors as gas sensors stems from their high sensitivity, abundance, and easy implementation
into electronic devices at low-cost.251,252 The local electronic structure of a nanoparticle system
depends on its surface characteristics, such as exposed facets, surface termination, but also on
dopants, vacancies, and morphology.253,254 Surface adsorption of gases results in altered
resistivity/conductivity, depending on the reducing/oxidizing character of the gas as well as on the
p/n-type conductivity of the respective metal oxide as a function of the analyte concentration.
Unfortunately, even mixed metal oxides typically require a high operating temperature of several
hundred degrees, because the gas sensing mechanism depends on surface reactions/adsorption in order
to enable local changes in the electronic structure.251,255 Downsizing and shaping of metal oxides to
nanoparticles with different morphologies leads to amplified response as a result of the large number
of active exposed sites, and the small size of the nanoparticles allows for better charge carrier
depletion/accumulation, represented by the Debye length. The lack of room temperature sensing, low
sensitivity, poor selectivity, long response and recovery times demands a composite strategy to tackle
these shortcomings. In a rather exotic example for a gas sensing mechanism, H2S reacts chemically
with the sensor material of a CuO-SnO2 p-n junction by an in-situ reduction of CuO to CuS256,257 (Fig.
5.4A). As the sulfidization takes place at room temperature and owing to the fact that CuS displays
metallic-like conductivity, its sensitivity is extremely high, pushing the detection limit down to the
ppb level. The sulfidization of CuO and the concomitant hydrogenation of the n-type SnO2
synergistically enhance the sensor response, together with the ohmic contact formed at the metalliclike CuS junction. A similar sensing mechanism involves the simultaneous degradation and detection
of analytes, assisted by complementary behavior of constituents in composite materials. Such a case is
demonstrated for a SnO2-ZnO2 alcohol sensors, in which SnO2 dehydrogenates the alcohol to
aldehyde, which is further degraded to alkenes catalyzed by ZnO.258,259 As already stated in the review
by Miller et al.,251 these mechanisms are directly related to catalysis. Such analogies can be found in
the literature for heterogeneous catalysis, including oxidation reactions of methane (to methanol), CO
oxidation, methane steam reforming and hydrogenation, just to mention a few examples of great
importance in this field.
In catalysis, most reactions are dependent on the size of the catalytically active nanoparticles. With
decreasing particle size, typically the rate of the reaction kinetics becomes faster, but also the
tendency of the nanoparticles to agglomerate increases. Therefore, the function of the support is
mainly related to stabilization. Another role of the support can be seen at the M-MO interface, for
example, Au-MgO, where, depending on the interface type, intermediates during CO oxidation can
further be stabilized or weakened depending on the support-noble metal interfacing.260-262 The
keywords addressing the catalytic moieties are spillover effect, active sites, as well as proximity of
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support and noble metal/metal oxide, porosity effects and the defective nature of the catalyst
materials, and finally the basicity/acidity263 of the metal oxide heterojunctions. For example,
nanoparticulate M-MO junctions can act as “chemical sensitizers”, which includes dissociation of the
analyte specimen. After activation, the analyte is transferred to adjacent semiconductor/support,
which is also known as spill-over effect (Fig. 5.4B left, C). Hence, the metal promoter facilitates the
transfer of the analyte to the semiconductor and thus indirectly increases the sensitivity of the
semiconductor. On the other hand, an “electronic sensitization” effect is observed, when the metallic
promoter chemically reacts with the analyte. This process changes the work function, as, for example,
CuO-SnO2 gets reduced by the analyte H2S to form CuS-SnO2. The CuS represents the “metal” and its
oxidized form CuO, the semiconductor (Fig. 5.4A, B right).264
Regarding interfacing, a plethora of strategies have been pursued, such as surface decoration with
noble metal nanoparticles such as Au265, Ag266, Pt267and Pd.268 Whereas metallic Pt nanoparticles are
capable of H2 sensing, their composites with (n/p-type) metal oxides may benefit from the
abovementioned effects like spill over, etc. However, similar to photoelectrochemical water splitting
and photocatalysis, the architecture plays an important role and modifications have been realized by
using nanotubes269 or nanowires,270 porous 1D,271 2D272 and hierarchical (3D)273 structures, which are
capable of hosting graphene,274 rGO,275 CNTs,276 conductive polymers like polyanilline,
polythiophene, polypyrrole,277-279 or ionic liquids (ILs).280
The synergistic effect between metal oxides and a carbon compound is mainly ascribed to the high
metallic-like conductivity of carbon. Furthermore, carbon compounds can easily be doped to become
of p- or n-type in nature. Owing to the tendency of graphene to agglomerate due to π-π stacking, the
incorporation of other nanostructures can effectively prevent restacking, helping to maintain a porous
structure. Conductive polymers or rGO can be combined to build up a hierarchical structure, where,
for example, polyaniline was anchored to the surface of rGO.281 Graphene derivatives based gas
sensors are not limited by their conductivity. The function of the organic sensitizer can be further
modified by doping, as, for example, N-doped graphene exhibits selectivity for CO in the presence of
oxygen in contrast to its parent compound.282 Polymer materials equipped with functional groups can
either chemically react with the analyte gas, or lead to electrostatic repulsion/attraction or
complexation.283 Recently, a co-worker of our group developed a CO2 sensor material that used
La2O2CO3

and

the

tetraalkylammonium-based

polyionic

liquid

poly[p-

vinylbenzyl)trimethylammonium hexafluorophosphate] both of which are intrinsically nonconductive, unless combined with each other at a certain ratio. The mechanism is driven by the
interface, where conductive channels form through synergistic interaction of the polyionic liquid and
the metal oxycarbonate. The reason was hypothesized to be due to the higher mobility of the [PF6]anions upon CO2 uptake, pointing towards a mediated mechanism.283 Carbon allotropes, especially
graphene are also a central compound in batteries, as will be discussed in the next section.
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Figure 5.4: A) The p-n junction between CuO and SnO2 is transformed into a Schottky-like junction upon H2S sensing,
because the formed CuS exhibits metallic properties. As a consequence, the charge conduction channel markedly increases
and thus alters the sensor signal drastically. B) Schematic of a chemical sensitization (left) and electronic sensitization (right)
mechanism on a SnO2 surface. C) Spillover of monoatomic specimens that are chemisorbed and transferred to the support.
A: Reprinted with permission from Ref. [257] with permission from Elsevier (2013). B: Taken from Ref. [264] with
permission from Wiley-VCH (2015). C: Reprinted with permission from Dr. N. Stadie (Ref. [357]).

5.7 Batteries
For the (de)-intercalation of Li+/Na+ in batteries, a highly porous structure is beneficial to achieve
good cyclability.284 As the ionic radius of Na+ is about 70 % larger than Li+, the drive to find suitable
materials to intercalate Na+ efficiently is of great interest.285 Commonly, nanoparticulate derived
battery materials are affected by volume changes induced by strain effects occurring under operating
conditions.286-288 A hierarchically porous nanostructure including macro- (pore diameter >50 nm),
meso- (pore diameter 2-50 nm) and micropores (<2 nm) can help to compensate this volume changes
in materials with low stress/tension resistance. In addition, such an architecture provides a high
surface area allowing ions to be trapped thanks to strong electric potentials in the micropores, whereas
the mesopores provide channels for cation diffusion.286 As the cationic radius determines the impact
on structural changes, Na-ion batteries are even more sensitive to these strain effects.289 Cationic
doping can at least partially address this issue, and doping is reported to have effects on capacitance
(if the cation is redox active) or (if redox inactive) to have stabilizing effects with respect to the
structural integrity. For example, in mixed cathode materials such as ternary Ni-Mn-Co-Fe oxides,
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redox active metals such as Ni (Ni2+/Ni3+/Ni4+),285,290 Co (Co3+/Co4+),291 and Fe (Fe3+/Fe4+)292,293
actively contribute to the capacitance improvement, compared with binary or single metal oxide. On
the other hand, redox inactive elements289 in these ternary mixed oxides such as Mn4+294,295 tend to
stabilize the layered structure.296 The instability is mainly caused by Mn3+, which is sensitive to the
Jahn-Teller effect that leads to distortion. Furthermore, Mg2+ substitution also disfavors the formation
of Mn3+ and instead favors Mn4+ formation as a result of charge balance297. In multi-metal oxide
junctions, the intrinsic properties of each materials like good ionic diffusivity, as it is observed in
NaxCoO2, and high redox potential of, for example, NaFeO2 can be combined to compensate for the
intrinsic drawbacks of the single-component oxide, pointing towards additive effects.298 In MO-MO
heterojunctions such as in TiO2-MoO3 core-shell nanowire arrays (Fig. 5.5A), TiO2 represents the
electrochemically stable core material, which serves as scaffold that counteracts the poor cycling
stability of molybdenum oxide, while the overall performance is no longer limited by the inferior
capacity of TiO2.299 Such passivating mechanisms enable long-term cycling stabilities even at higher
charging rates (Fig. 5.5A).300 Also in our group, we demonstrated that the enhanced cycling stability
of the cathode material V2O5 as core material could be attributed to the stabilizing function of a TiO2
coating.301 The fading rate per cycle is less than half of the decaying rate of V2O5 alone. Another
example is illustrated for core-shell structures composed of a Li[Ni0.8Co0.1Mn0.1O]2 core and
Li[Ni0.5Mn0.5]O2 shell, which deliver superior cyclability owing to the high capacity of the core
material and the stability of the shell.302,303 It seems that nano-sized phases with disordered cation
distributions favor high-rate capability at cost of cyclability. On the other hand, cyclability is
improved in micron-sized ordered phases.304,305
In addition to MO-MO heterojunctions, in particular, the implementation of carbon materials in
battery electrodes has attracted extensive attention. Although carbon as emerging material in its
various forms has been ubiquitously applied, it plays an exceptional role in the field of battery
research. CNTs,306 (reduced) graphene (oxide),307,308 C3N4,309 carbon310 and (co-) doped carbon311 offer
mechanical flexibility and tunable electronic structures, which can be further changed by doping or by
attaching functional groups to provide topological defects as reservoirs for Li+ storage.307 The
intriguing effects of carbon materials besides the conductivity are mostly due to stabilizing effects that
prevent nanoparticles from agglomeration. Carbon nanotubes (CNTs) provide conductive channels
through which electrons can easily pass.312,313 On the other hand, rGO possesses a 2D geometry and
not only allows for e-/Mx+ conducting/storage pathways, but also synergistically prevents metal oxide
nanoparticles from agglomeration, whereas the nanoparticles, on the other hand prevent restacking of
rGO314 (Fig. 5.5B). The synergetic effect is further believed to be responsible for improved cycling
performance by balancing volume expansion.314 Our research group recently pursued a similar
strategy in which spinel-type ferrites (MnFe2O4, Fe3O4, NiFe2O4 or Co3O4) were encapsulated into a
rGO network, resulting in dramatically improved rate capability as well as long-term stability linked
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to the porous architecture and the pillar effect of the spinel nanoparticles.305 Doped graphene (B/N/P,
N, S co-doped) finds application not only in ORR reactions important for air batteries, but it also
helps to achieve a balance between Li+ binding and diffusion, leading to high capacitance and
outstanding cycling stability (96% retention after 5000 cycles).315,316 With respect to (dis-)charging of
metal-air electrochemical cells, the oxygen (reduction)/evolution reaction dictates the overall cell
performance, which further benefits from the knowledge gained in the field of (photo-)electrolysis.
The OER catalysts were briefly discussed in the photoelectrochemical water splitting section. Indeed,
air batteries offer the advantage of capturing oxygen from the air and thus one half-cell reaction is
excluded from the battery. This concept is not only similar to petroleum combustion, but delivers
approximately a 10 times better energy density than standard lithium-ion batteries, which is
competitive to petroleum.317

Figure 5.5: A) Schematic illustration of the function of TiO2 as scaffold that protects the nano-MoO3. B) MnO2 embedded in
graphene and CNTs. A: Reprinted from Ref. [300] with permission from Wiley-VCH (2015). B: Reprinted from Ref. [358]
with permission from Elsevier (2015).

5.8 Composite Multiferroics
The simultaneous occurrence of ferroelectric/magnetic/elastic/toroidal domains within one material in so called multiferroics - is rare. Usually, the term multiferroics is restricted to a material that
intrinsically exhibits at least two ferroic parameters, which are ferroelectricity and ferromagnetism
(Fig. 5.6A, B).318 It is interesting to note that, to the authors’ knowledge, the term “synergism” is
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rarely used in reports describing multiferroics. However, three different kinds of composite effects are
described, namely 1) sum properties, 2) scaling properties and 3) product properties. The first two
effects summarize magnetoelectric (ME) effects, which arise from the intrinsic properties of each
component, whereas the third effect refers to properties present only in the composite form. Thus,
these composites are called “artificial/composite multiferroics”319 (Fig. 5.5C). The immense interest
for creating artificial/composite multiferroics is a consequence of the rarely observed occurrence of
both ferroelectric and magnetoelectric order within the same material. Only very few intrinsic
multiferroic materials have been discovered up to now.
The interaction in ME composites are mediated by strain coupling,320-322 exchange coupling323-325 and
charge coupling.326,327 Whereas the strain-mediated effect profits from epitaxial growth, the exchangebias magnetoelectric coupling is often mediated by adjacent oxygen atoms. In charge-mediated
magnetoelectric coupling, the magnetic properties strongly depend on the charge carrier density of the
adjacent phase as the electric field effect influences the magnetic phase.
The strain mediated effect (Fig. 5.6D) is guided by two phenomena taking place, namely, the
translation of the applied field to strain and the conversion of stress into polarization. These
composites benefit from the epitaxial alignment within three possible structures: a) single-phase,
epitaxial films interconnected to a single-crystal substrate, b) horizontal heterostructures with
epitaxially interleaved magnetic and ferromagnetic phase, and c) vertical analogs of b) with nanorods
epitaxially embedded in a matrix of the other phase328 (Fig. 5.6E). A co-worker of our group recently
fabricated BaTiO3-CoFe2O4 composite films from preformed nanoparticles.329 In spite of the small
size of the nanoparticles, electrical and magnetic studies provided evidence for a significant coupling
between the electrical order of BaTiO3 and the magnetic order of CoFe2O4 at ambient temperatures.
The exchange-bias (Fig. 5.6D) mediated ME effect in artificial or intrinsic multiferroic composites is
understood to be controlled by uncompensated interfacial spins between an antiferromagnetic and a
ferromagnetic phase.326,327 The indirect exchange component mediated by oxygen centers favors an
antiferromagnetic alignment of the spins. Ferromagnetic metal-multiferroic BiFeO3 (BFO) junctions
are often used to control the magnetic properties by applying an electric field.330,331 Furthermore, if the
ferroelectric also possesses ferroelasticity, the induced deformation may also modify the preferred
orientations of the magnetic domains and thus the macroscopic magnetization such as for cobaltdoped iron (Co0.9Fe0.1) with an underlying layer of BiFeO3.332
Regarding charge-mediated (Fig. 5.6D) magnetoelectric coupling, the charge carrier density
modulation is occurring at the interface, where an electric field leads to the accumulation of charges
(e-/h+), which can alter the interface magnetization as a result of spin-dependent screening of the
electric field. Charge redistribution between non-ferromagnetic oxides leads to emerging
ferromagnetism owing to the superexchange interaction as observed for LaMnO3/SrMnO3.333 Another
example of charge redistribution effects in perovskites occurs in SrTiO3/LaTiO3 (LTO/STO)
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superlattices. A metallic behavior is observed at the phase boundaries as a result of spatial Ti3+
distribution perpendicular to the interface, which can be considered as a leakage of electrons from
LTO into STO.333-335 Even superconductivity at the interfaces between non-superconducting oxides
was observed in LaAlO3/SrTiO3 at a few hundred millikelvin.333,336 However, the nature of the pairing
in the “artificial” superconductor, which changes charge carrier density and the effective disorder at
the interfaces, remained unexplored.
Nonmagnetic M-MO junctions with high work function metals such as Pt or Au are used in resistive
switching devices in combination with metal oxides, for example, Nb:SrTiO3, and they are promising
candidates for computing technologies.337 The quality of the interface in these devices is of critical
importance. Aliovalent doping is also used to gain control over oxygen vacancies in intrinsic or
artificial multiferroics. Co-doping strategies allow not only to suppress the formation of oxygen
vacancies which, as defects, promote unwanted leakage current,338,339 but also favor structural
distortion,340 which enhances the magnetic and ferroelectric properties as reported for Eu, Sr and Ba,
and BiFeO3 co-doped with Sm.338,341
The combination with a π-conjugated system, such as an organic semiconductor and a ferroelectric
polymer for ferroelectric switching, also represents a class of composites that is being used in resistive
switching memories. The role of the π-conjugated polymer depends on the memory device.342 Organic
electronics also emerge in photovoltaic cells or rollable displays such as ferroelectric poly(vinylidene
fluoride).343 Self-assembled (ferroelectric) poly(vinylidene fluoride-co-trifluoroethylene) nanodots
between the active photovoltaic layer and the anode showed strengthing of the photovoltaic
parameters.344
Regarding their photoactivity, inorganic ferroelectrics display intriguing properties such as abovebandgap photovoltage, switchable photocurrent, and photovoltaic charge generation and separation
arising at nanoscale domain walls.345
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Figure 5.6: A) The perovskite structure is a prime example for multiferroics. The interactions mediated by different spins,
charge, and orbital degrees of freedom are shown. B) The complex interactions guided by strain, charge transfer, frustration,
electrostatic coupling, and symmetry breaking as a function of charge and spin, as well as orbital and lattice
interactions/perturbation is illustrated. C) Illustration of the relative dissimilarities among the different classes of multiferroic
materials. D) Schematic of different magnetoelectric response in artificial multiferroics. E) Schematic of different types of
thin film architectures: i) single-phase epitaxy, ii) horizontal heterostructures, in which a magnetic phase is epitaxially
interleaved to form an engineered magnetoelectric, iii) the vertical analogue of ii. A, B: Reprinted from Ref. [359] with
permission from Annual Reviews (2011). C: Reprinted from Ref. [360] with permission from IOP Publishing Ltd (2011). D:
Reprinted from Ref. [326] with permission from IOP Publishing Ltd (2012). Reprinted from Ref. [328] with permission
fromNature Publishing Group (2007).

5.9 Summary and Outlook
We have provided a brief overview of selected concepts that arise as a consequence of interfacing
different materials for photocatalytic applications, energy storage, chemoresistive gas sensors and
multiferroics.
The photocatalytically active composites were differentiated according to whether they are biased
(water splitting) or non-biased (photocatalysis). In the field of photoelectrochemical water splitting,
significant progress towards highly efficient photoelectrodes has been achieved within recent years.
This progress is, apart from nanostructuring, mainly due to the optimization of crystal facet control,
efficient nanoparticle doping, optimized deposition techniques to reduce grain boundaries, and a result
of the creation of heterojunctions. It is apparent that type II heterojunctions capable of harnessing a
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major portion of the light are best for cascade charge transfer between the conductive substrate and
electrolyte. To protect the surface from photocorrosion, wide-bandgap semiconductors help to
stabilize the photoelectrode, but the layer thickness must not exceed 1-2 nm in order to remain
permeable for the minority charge carriers. Such passivation layers may benefit from epitaxial growth,
thus enabling high quality interfacing. They may be combined with (p-n) junctions or with oxygen
evolution/hydrogen evolution layers. The combination with plasmonic metals to broaden the visible
light absorption range and to facilitate charge transfer or to suppress charge carrier recombination
seems promising, although for scale-up the costs may bottleneck the implementation of noble metal
nanoparticles. The increase of charge transfer can also be achieved with organic compounds such as
graphene derivatives, although they may suffer from poor long term stability. Stability is also an issue
in purely inorganic photoelectrodes. Contact with water leads to (photo-)corrosion not only as a result
of reactive intermediates from oxygen the evolution reaction , but also owing to small bandgaps that
may cause intrinsic instability as often observed for photocathodes. The long-term stability seems to
be the biggest drawback and durability tests often do not measure stability for more than 24 hours.
But in spite of all these challenges, there is still an immense potential to optimize photoelectrodes, in
particular by taking advantage of a combinatorial approach involving the combination of different
materials to produce a highly efficient and stable photoelectrochemical cell.
In photocatalysis we focused on unbiased particle systems, which are suspended in a solution or
dispersed in a matrix. Most of the research has been directed towards titania owing to its high stability
in basic and acidic media and its good availability. However, environmental concerns impede the
application of nanoparticles, because their removal remains difficult. Magnetic composites or coreshell structures may offer a solution to this problem. With respect to unbiased processes, type II
heterojunctions are promising for reducing intrinsic (photo-)instabilities of the coupled
semiconductors. For example, type II p-n heterojunctions with titania as an electron sink may help to
overcome the stability issues of p-type semiconductors. Selectivity issues could be tackled by facet
engineering. Epitaxial growth and selective etching seem to be viable routes to expose desired facets.
Doping may change surface energies and can be used as a tool for directed growth. They also allow
oxygen vacancies to be stabilized, enabling control over active sites. However, especially with respect
to dispersed nanoparticles, it is important to keep in mind that the space charge layer thickness might
exceed the radius of the nanoparticles, making heterojunction formation with other semiconductors or
plasmonic nanoparticles even more promising in terms of charge separation.
In the field of chemoresistive gas sensors, we encounter a similar problem as in photocatalytic
processes, namely the interaction of the semiconductor with a variety of adsorbates. Interferences
represent the dominant perturbations, because different adsorbate species may have similar effects.
Other issues include the relative insensitivity of inorganic materials towards adsorbates, which
requires a high operation temperature, and the low electrical conductivity of metal oxide
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semiconductors. Here, combination of materials into composites opens up different solutions to tackle
these problems. Particularly promising seems to be the combination with carbon allotropes. Graphene
oxide, carbon nanotubes, (poly)ionic liquids, or conductive polymers not only dramatically solve the
conductivity issue, allowing gases to be detected at room temperature, but their functionalization also
allows for the specific detection of gases. In addition, similar to batteries, the organic part may
support the nanoparticles and prevents them from agglomeration.
Strain is the dominating term in battery research. Mechanical stress due to electrochemical cycling
demands strategies to preserve the structural integrity in batteries. Nanostructuring helps to reduce
strain effects. Doping may also help to tune the capacity or, if redox inactive, to preserve the structure
from irreversible phase transformations and to increase the electronic conductivity. Also in the field of
batteries, materials combinations play an outstanding role. In particular, graphene-based composite
materials have turned out to be one of the most powerful approaches to synergistically improve the
intrinsic limitations of each component. Nevertheless, current battery technology still needs to be
improved in terms of energy density and rate capability. The dream of a battery researcher remains the
development of a stable air battery in analogy to the combustion of fossil fuels. It may deliver a
comparable energy density, because it works the same way as the combustion of fuel. Detailed
understanding and modeling of the electrochemical reaction mechanisms during cycling is key to
address the weakest points of electrode materials and represents the basis for further improvement.
The lack of intrinsic materials capable of multiferroicity and the increasing demand in oxide
electronics has driven research on composite strategies that involve magnetoelectric coupling at the
interface between a ferromagnetic magnetostrictive and a ferroelectric piezoelectric material. Effects
in such heterostructures are complex and mediated by strain, exchange-bias and charge coupling. The
quality of the interface is of major importance, for example, to avoid leakage current, which can occur
as a consequence of charge redistribution effects. Similar to photoelectrochemical water splitting and
photocatalysis, doping is extensively used, although with the goal to lower the conductivity, to
alleviate oxygen vacancies, or to influence the structural distortion to enhance the magnetic and
ferroelectric properties. Even carbon composites are reported for resistive switching memories that
enable the fabrication of flexible devices, which are also increasingly desired in the field of batteries.
Although inorganic ferroelectrics display interesting properties such as above-bandgap photovoltage,
switchable photocurrent, and photovoltaic charge generation and separation, these intriguing
properties are mainly of theoretical interest (proof of concept) and therefore have not found
application in photoelectrochemical water splitting. Regardless of the type of junction, special
attention is drawn to the quality of the interface in the field of multiferroics, as the materials
properties are extremely sensitive to the interface/surface quality.
In conclusion, interfaces between different materials play an outstanding role in many fields of
materials science. Their optimization represents a fundamental step towards improving the properties
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and performance of materials. The nature of interfaces is influenced by many factors. Defects, degree
of doping, annealing temperature and duration, and the quality contribute significantly to the behavior
of the composite material. It is important to note that the properties of the interface must be
reconsidered for each material combination. Of course some trends can be foreseen as a result of
known properties like bandgap and band position, electron/hole conduction type, crystal structure,
degree of doping, quality, metal/nonmetal, stability in the selected medium of the individual
components in the selected medium. Also, known effects such as acidity/basicity of metal oxides,
porosity, spill-over effect, surface plasmon resonance, electronegativity, etc. can be taken into
account. However, experimental evidence is indispensable, not least because the synthesis of the
compounds, any post-synthetic treatments as well as the implementation into the respective
application is individual in each case.

5.10 Acknowledgements
We thank Christoph Willa for helpful discussions. Financial support from ETH Zurich,
SOLAROGENIX NMP4-SL-2012-310333 and from the Polish-Swiss Research Programme PSP132/2010

is

acknowledged.

101

6 Conclusion
Within the scope of this thesis, different materials were investigated and tested with respect to their
ability for photoelectrochemical water splitting. More specifically, n-type semiconductors for
photoanodes, mainly TiO2 and Fe2O3 were examined. The performances obtained for hematite based
photoanodes are clearly above average compared to literature reports. This work demonstrated, that it
is possible to achieve good performing photoanodes through simple and low-budget deposition
methods, such as doctor blading and spin coating.
The application of titania in photoanodes seems to be limited. Its low solar-to hydrogen efficiency of
maximum 2.2% corresponding to 1.8 mA/cm2 does not fulfill the requirements in order to produce
hydrogen in an economic manner. In order to shift the light absorption into the visible part of the
light, dopants introducing deep traps would be required, and this in turn has adverse effects on the
performance, attributed to increased recombination. However, titania could still be used in
combination with other photoactive materials since it exhibits interesting features, such as good
stability, a low lying valence band allowing to block holes and reduce recombination if positioned at
the back contact of a composite photoanode.
Hematite on the other hand has a relatively small bandgap, theoretically allowing a solar to hydrogen
efficiency of 15.5%, yielding a photocurrent of up to 12.6 mA/cm2. However, such a photocurrent
could not be reached even though tremendous researchers have devoted their attention towards the
bottlenecks of hematite. The main drawbacks of hematite are its poor conductivity and slow oxygen
evolution reaction. Recently, the scientific community has been recognizing the limits of this material
and the research focus shifted to metal nitrides as possible alternatives.
However, every material has its own disadvantages, e.g. metal nitrides are thermodynamically not
stable under such harsh conditions and need to be protected from corrosion. Therefore, not only
performance measurements are crucial. To assess a photoanode candidate thoroughly, it is important
to measure stability, charge transfer properties, the elemental distribution, size, morphological aspects
etc. Although it is difficult to draw a conclusion from one material to another, it might be possible to
design

a
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photoanode, benefitting from effects which have been observed in another material combination or
even in another research field.
Photoelectrochemical water splitting is a rather difficult approach for obtaining hydrogen. Even with
respect to a possible optimized, high-performance photoelectrode which could be implanted in tandem
water splitting devices, the long-term stability may be the last tailback which limits its application. A
lifetime of at least five years is required in order to compete with existing technologies on the
hydrogen market.
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Abbreviations

ALD

Atomic Layer Deposition

AM 1.5 G

Reference Global Spectrum at Air Mass 1.5

APCE

Absorbed photon-to current

BC

Before Christ

BFO

BiFeO3

CB

Conduction Band

CNN

Carbon Nitride Nanosheets

CNT

Carbon Nanotube

DC

Direct Current

DFT

Density Functional Theory

DOS

Density of States

DLS

Dynamic Light Scattering

EC

Equivalent Circuit

EDX

Energy-Dispersive X-ray Spectroscopy

EELS

Electron Energy Loss Spectroscopy

EIS

Electrochemical Impedance Spectroscopy

FFT

Fast Fourier Transform

FIB

Focused Ion Beam

FTO

Fluorine Doped Tin Oxide

GR

Graphene

HER

Hydrogen Evolution Reaction

HR-TEM

High Resolution Transmission Electron Microscopy
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ICCD

International Center for Diffraction Data

IPCE

Incident-Photon-to-Current Efficiency

IR

Infrared

LDH

Layered Double Hydroxide

LTO

LaTiO3

M

Metal

MO

Metal Oxide

OEC

Oxygen Evolution Catalyst

OER

Oxygen Evolution Reaction

PEC

Photoelectrochemical

PLD

Pulsed Laser Deposition

RHE

Reversible Hydrogen Electrode

rGO

Reduced Graphene Oxide

SAED

Selected Area Diffraction

SC

Semiconductor

SEI

Semiconductor Electrolyte Interface

SEM

Scanning Electron Microscopy

SIMS

Secondary Ion Mass Spectrometry

STEM

Scanning Transmission Electron Microscope

STH

Solar-to-Hydrogen Efficiency

STO

SrTiO3

TEM

Transmission Electron Microscopy

TGA

Thermogravimetric Analysis

TOFMS

Time-of-Flight-Mass Spectrometer

UV

Ultraviolet

VB

Valence Band

XPS

X-ray photoelectron spectroscopy

XRD

X-ray Diffraction
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Symbols

Symbol

Description

Unit

α

Absorption coefficient

[nm-1]

C

Capacitance

[F]

e

Elemental charge

[C]

ε0

Vacuum permittivity

[F/m]

εr

Relative permittivity

Efb

Flatband potential

[V]

ΦB

Schottky Barrier

[eV]

nSTH

Solar-to-hydrogen conversion efficiency

[%]

jphoto

Photocurrent density

[mA/cm2]

k

Boltzmann constant

[J/K]

λ

Wavelength

[nm]

L

Diffusion length

[nm]

µ

Charge carrier mobility

[cm2/(V·s)]

me

Electron mass

[kg]

ND

Donor density

[cm-3]

ω

Incident angle

[°]

Plight

Incident light intensity

[mW/cm2]

R

Resistance

[Ω]

θ

Diffraction angle

[°]

T

Temperature

[K]

Vbias

Applied potential

[V]

VRHE

Potential versus reversible hydrogen electrode

[V]
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