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Abstract

The search for sustainable energy sources is one of the greatest problems facing mankind
in the 21st century. Most renewable sources do not have adequate potential to cover the
growing need for energy in order to sustain economic and population growth. Solar power
is a plausible way to fully cover mankind’s continuously growing need for energy. However,
sunlight is diurnal, and the amount of sunlight received at different latitudes of the Earth
varies drastically. Harnessing solar energy into chemical bonds is an attractive approach to
enable the storage of energy for transportation and later use. Direct photoelectrochemical
water splitting produces only oxygen and hydrogen, of which hydrogen can be used to
sustain a possible hydrogen based economy. The materials used in this Thesis are metal
oxide semiconductors that act as photoanodes, performing the water oxidation reaction
on their surface and supplying electrons for the water reduction reaction.

Hematite is an n-type metal oxide semiconductor that has a band gap suitable for the
absorption of a noticeable fraction of solar radiation. The absorption of light leads to
the generation of electron-hole pairs that are separated due to a built-in electric field.
However, the conduction band level of hematite is not suitable for unassisted water
splitting and it suffers from poor intrinsic charge transport properties. For this reason
the photoanodes studied in this Thesis have been modified with doping and by forming
heterojunctions with other metal oxide semiconductors, namely titanium dioxide.

This Thesis studies the evolution of the primary charge carriers responsible for water
splitting in modified hematite photoanodes. The method selected to probe the charge
carrier dynamics is transient absorption spectroscopy that enables the monitoring of
charge carriers from the subpicosecond timescale up to seconds. The measurements were
performed in a three electrode photoelectrochemical cell to see the effects of additional
bias voltage on the charge carrier dynamics and how the recombination and oxygen
evolution reaction are changed when a photocurrent is generated.

The results of this Thesis indicate that the modification of hematite has a profound effect
on the charge carrier behaviour. The observed effects range from changes in recombination
on the picosecond timescale, to nanosecond timescale trapping of electrons into intraband
or surface states, and all the way to changes in the reaction rates of long-lived holes in
the hundreds of milliseconds timescale.
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Back-electron recombination

Chemical vapor deposition

Fluorine doped tin dioxide

Full width at half maximum

Hydrogen evolution reaction

Incident photon-to-current efficiency
Indium tin oxide

Neodymium-doped yttrium aluminium garnet
Neodymium-doped yttrium lithium fluoride
Neodymium-doped yttrium vanadate
Oxygen evolution reaction

Optical parametric amplifier
Photoelectrochemical

Plasma-enhanced chemical vapor deposition
Reference hydrogen electrode
Semiconductor-electrolyte interface
Scanning electron microscopy
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Abbreviations and symbols

AFE Width of electron transfer probability distribution

E° Standard electrode potential

E2 . Standard potential for a redox reaction
 Ho Gibbs free energy of hydrogen formation

AG° Gibbs free energy change

h Planck constant

1 Light intensity

AT Change in light intensity

J Current density

Jph Photocurrent density

k Rate constant

k Wayve vector

Bight Illumination power density

q Elementary charge

R Reflectance

T Transmittance

%4 Voltage

Vbias Bias voltage

Viedox Voltage associated with an electrochemical cell reaction
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1 Introduction

Mankind consumed 110 petawatthours of energy in 2014.' The energy consumption has
been estimated to more than double by 2050 due to economic and population growth.?
Currently over 80 % of the total energy supply comes from the burning of fossil fuels,
mainly oil, coal, and natural gas.! Even though fossil fuels are by nature non-renewable,
they are estimated to support our increasing demand for energy for several centuries
to come.?® However, carbon dioxide emissions from fossil fuel combustion exceeded 32
gigatons of CO, in 2014.1 Increasing CO, emissions have lead to a rapid growth in
atmospheric CO, levels, exceeding 400 ppm (parts per million) for the foreseeable future
in 2016.* A doubling of the preindustrial CO, level of 278 ppm has been estimated to
carry a high risk of global warming of more than 2 °C, the results of which will likely have
severe adverse effects on both ecosystems and human society. The CO, level has grown
by approximately 2 ppm yearly in the 21st century, indicating that a doubling of the
preindustrial CO, level will occur sometime in the next 20—30 years unless drastic action
is undertaken to reduce our dependency on fossil fuels.® Currently there exist three viable
options that supply sufficient amounts of energy by themselves in a carbon neutral way: 2

o Continued use of fossil fuels in conjunction with carbon sequestration
e Nuclear power

e Solar energy

Each of the above-listed options suffer from specific setbacks. Carbon sequestration is
energy intensive, and even minuscule leaks in carbon reservoirs will nullify the end result
with time. Nuclear waste remains radioactive for hundreds of thousands of year, and the
uranium resources are finite. Solar energy also suffers from setbacks, the main one being
that it is diurnal and diffuse when it reaches the Earth.?

However, solar energy is by far the most prominent option. Practically exploitable
renewable resources are very limited: 0.5 TW for hydroelectric, less than 2 TW in all
tides and waves in oceans, 12 TW for the total geothermal energy at the surface of
the Earth, and 2—4 TW of technical potential for wind power. On the other hand,
120 000 TW of solar radiation reaches the surface of the Earth. Covering only 0.16 %
of the surface of Earth with 10 % efficient solar cells would suffice to fulfill the whole
yearly energy demand.?? However, this area is larger than those of Germany and Finland
combined. Sustainable energy production requires a simultaneous contribution from
multiple renewable sources.

The storing and transporting of solar energy remains a major challenge for large scale
utilization. One attractive solution to this problem is storing the energy of sunlight into
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chemical bonds, i.e. solar fuels. Viable solar fuels include the direct photoelectrochemical
conversions of CO4 to methanol or methane and water to hydrogen. However, the half-
reactions for the conversion of CO, into methanol or methane involve complex six- and
eight-electron transfer steps, respectively, while the reduction of water into hydrogen
requires a two-electron pathway. Water is also very abundant, with just 0.01 % of the
annual global rain fall containing enough hydrogen to store the annual energy need.®
Another benefit of hydrogen is that it can be used directly to produce electricity in a fuel
cell, with the only emission being water.

Fujishima and Honda [7, 8] were the first to report on a complete water photoelectrolysis
system. The system was based on an n-type titanium dioxide (TiO,) metal oxide
photoanode that was connected to a platinum counter electrode through an external
voltage supply and immersed into a NaOH electrolyte. When the TiO, anode was
illuminated a current was generated between the two electrodes. The photogenerated
electrons drove the hydrogen evolution reaction (HER) at the counter electrode, whereas
holes left in the TiO, valence band drove the oxygen evolution reaction (OER) at the
anode. The overall reaction is the cleavage of water, or photoelectrochemical water
splitting. The HER is a two-electron reaction, whereas the OER, requires four electrons
to produce one molecule of oxygen. The OER can further be seen as the primary stage in
photosynthesis,” and a large amount of research into various metal oxide photoanodes
used for water photoelectrolysis has been published after the seminal work done by
Fujishima and Honda.

TiO, suffers from one major setback regarding it’s potential use for large scale water
splitting. It’s band gap is approximately 3.2 €V (anatase crystal form), meaning that it
only absorbs ultraviolet radiation. This results in a maximum photoconversion efficiency
of only 1.3 %.° An optimal material for water splitting should have a band gap of
approximately 2 eV, absorbing light with a wavelength below 600 nm. Hematite (a-
Fe,04) has a near optimal band gap of 2.2 eV, leading to a theoretical maximum efficiency
of 12.9 %.° Other benefits of hematite include natural abundance, high chemical stability,
and low production costs. %11 However, the conduction band level of hematite is too low
to drive the HER alone, it requires a high overpotential to drive the OER, the electron
mobility is low, and the hole diffusion length is short. > 1> Numerous different strategies
have been adopted to improve these intrinsic shortcomings of hematite. These include
tuning the electrode morphology, 1623 activating the surface with the use of catalysts,24 30
doping with various metal cations,?' 38 passivating interfaces with inactive metal oxide
layers or high temperature annealing,3 4% and forming heterojunctions with other metal
oxides. 19:46-50

1.1 Aim and scope of this work

Transient absorption spectroscopy studies of charge recombination and transfer dynamics
in doped, heterostructured, and interfacially modified hematite photoanodes form the
core of this Thesis. The main aim of this research was to study the primary processes that
drive charge carrier generation, recombination, trapping, and transfer. These processes
are of paramount importance in order to optimize metal oxide photoanode materials used
for solar water splitting, since charge transfer is the basis of all photoelectrochemical
reactions.

The modification of hematite photoanodes resulted in increased photoelectrochemical
performance. However, the source of this increased performance is difficult to identify.
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Especially the interfacial hole transfer into a surface adsorbed water oxidation precursor
gives direct information on the water splitting capabilities of a photoanode. Transient
absorption spectroscopy was used in this Thesis to monitor photogenerated charge carriers
spanning their whole lifetime, from generation in the subpicosecond timescale to the
transfer of long-lived holes in the hundreds of milliseconds timescale. The research question
in this Thesis was studying dynamic charge carrier processes in hematite photoanodes in
order to elucidate how they affect the photoelectrochemical performance.

The purpose of these studies was to shine light on the ways in which the charge carrier
dynamics, and by extension the photoelectrochemical performance, are changed as a
result of modifying the photoanode with interfacial layers. These studies constitute the
first transient absorption studies of charge carrier dynamics in mixed or multilayered
titania—hematite based photoanodes under water oxidation conditions to the best of the
author’s knowledge.

1.2 Outline

This Thesis presents the basis of photoelectrochemical water oxidation, transient absorp-
tion methods that were used to study charge carrier dynamics, and the results of four
original articles published in peer-reviewed journals in the fields of physical chemistry
and materials science. The thesis is divided into 5 chapters.

Chapter 2 is an introduction into the field of photoelectrochemical hydrogen production.
The focus is on the properties and utilization of n-type metal oxide water
splitting photoanodes. The properties of hematite and titanium dioxide
are summarized. The chapter covers the requirements needed for efficient
performance, with an emphasis on interfacial phenomena and charge transfer.

Chapter 3 introduces the reader to time-resolved transient absorption methods. The
measurement systems are described in depth, along with the constraints
inherent to each system. The chapter also presents how kinetic analysis is
performed for transient absorption measurements.

Chapter 4 is the results section of the Thesis. The transient absorption results are
discussed in this chapter, along with their implications. The transient
absorption results are also tied with the performance of hematite. Chapter
4.1 contains additional data not published in the four articles included into
this Thesis, comprising the effects of excitation density and the transient
absorption features of a reference hematite photoanode under nitrogen
atmosphere.

Chapter 5 concludes the Thesis. A review of the results is presented in this chapter. The
Thesis concludes with a discussion on the further research that is considered
important to further advance this field.
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The four original research papers that form the basis of this Thesis include photodynamic
studies on the charge carrier recombination and transfer dynamics of modified hematite
photoanodes using transient absorption spectroscopy. The samples in Paper I and
Paper IT were obtained from collaborators directly, however, the author was involved
in designing the samples with regard to the specifications dictated by the measurement
setups. The author was involved in the sample design and preparation in Paper III and
Paper IV, in which they were initiated during the author’s four month research visit to
Department of Chemistry, University of Cologne. All four research papers were prepared
within the framework of the EC-FP7 project SOLAROGENIX (NMP4-SL-2012-310333),
coordinated by Prof. Dr. Sanjay Mathur from the University of Cologne.

Paper I The first contribution presents the effects on charge transport properties
from preparing photoanodes from a mixed hematite and titanium dioxide
nanoparticle dispersion. The resulting mesoporous photoanode exhibited
segregation of the different metal oxide layers, leading to a formation of a
surface pseudobrookite layer on top of the mesoporous hematite structure.
The surface layer was seen to greatly affect the charge separation, leading
to increased photocurrent performance due to an increased amount of
long-lived surface holes that are required for the OER. The publication was
realized in collaboration with the Laboratory of Multifunctional materials,
Department of Chemistry, ETH Ziirich.

Paper II The second contribution presents the effects of growing an ALD titanium
dioxide overlayer on a PECVD grown hematite structure. The formation
of a heterojunction was observed to promote in charge separation mainly
due to enhanced electron extraction from the titanium dioxide overlayer.
The overlayer was also observed to aid in the dynamics of long-lived hole
transfer into water splitting intermediates. The publication was realized
in collaboration with the Department of Chemistry and Department of
Physics and Astronomy at Padova University, the Electron Microscopy for
Materials Research group at University of Antwerp, the Department of
Chemistry at University of Cologne, and the Chemistry for Technologies
Laboratory at University of Brescia.

Paper IIT  The third contribution is an indirect continuation of the second contribution.
Here a PECVD grown few layer graphene sheet was incorporated between
a PECVD grown hematite underlayer and titanium dioxide overlayer. The
graphene middle layer was observed to aid in charge separation between
the two layers, noticeably lowering the photocurrent onset potential of
the photoanode. Retarded primary electron-hole recombination in the
picosecond timescale was observed for the graphene intercalated photoanode.
The publication was realized in collaboration with the Department of
Chemistry at University of Cologne and Applied Laser Technologies research
group at Ruhr Universitdt Bochum.
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Paper IV

The fourth contribution arose from an interest to study the doping induced
into a hematite layer from the transparent conducting oxide (TCO) on
which it is grown. Hematite is generally annealed at high temperatures to
passivate recombination states. This results in a loss of conductivity in
indium tin oxide substrates (ITO), so fluorine doped tin dioxide (FTO) is
typically the preferred substrate. The high annealing temperatures lead to
ion diffusion from the TCO, thus doping the photoanode unintentionally.
The use of FTO in stead of ITO results in increased tin doping of the
photoanode due to the fact that FTO is doped tin oxide, whereas ITO only
contains roughly 10 % tin dioxide. The unintentional high temperature
doping was taken advantage of by sputtering thin layers of ITO on top of
FTO substrates, thus leading to indium doping and reduced tin doping
while maintaining the conductivity of the TCO. The doping was observed to
affect millisecond to second timescale charge transfer dynamics drastically,
leading to increased PEC performance due to a noticeably increased long-
lived hole population. On the other hand, the subnanosecond charge
carrier dynamics were observed to remain unchanged between the hematite
layers deposited on different substrates. The publication was realized in
collaboration with the Department of Chemistry at University of Cologne.






2 Photoelectrochemical water
splitting

This chapter introduces the reader to the field of photoelectrochemical water splitting
using n-type metal oxide semiconductors. The chapter focuses on the properties of n-type
metal oxide semiconductors and the formation of the semiconductor-electrolyte interface
(SEI). The properties of the SEI are important to understand the primary processes in
water splitting, namely interfacial charge transfer and recombination.

2.1 Cell reactions and energetics

The water splitting half reactions are typically written as they occur in acidic conditions
(pH=0) along with the associated half cell potentials versus the standard hydrogen
electrode. ®?

2HT +2e¢ — H, E° =0.000 V (HER)
2H,0 — O, +4H" +4e  E°=-1.229V (OER)
2 H,0 — 2 H, + O, o = —1.229 V (overall)

In an alkaline electrolyte (pH=14) the half reactions can be written as follows by taking
the dissociation reaction of water to protons and hydroxyl ions into account. !

2H,0 +2e¢ — H,+20H  E°=-0828V (HER)
40H — 0,+2H,0+4e E°=-0401V (OER)

2H,0 — 2H, + O, °n = —1.229 V (overall)

The Gibbs free energy change for the overall reaction is given by the equation

AG® = —nFE? (2.1)

cell»

where AG° is the Gibbs free energy change, n is the number of moles of electrons
transferred in the reaction, F' is the Faraday constant (charge per mole of electrons),
and EZ,, is the reaction cell potential. Under standard conditions the Gibbs free energy
change for the conversion of H,O to H, and 1/2 O, is AG®° = 4237 kJ/mol. The positive
Gibbs free energy change shows that the reaction is thermodynamically uphill, unlike in
photocatalysis reactions where the reactions are spontaneous (negative AG®).6

7
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For sunlight to be able to drive the water splitting reaction, the energy of a photoexcited
electron needs to surpass the reaction’s thermodynamic potential. The photon energy
thus needs to be at least 1.23 eV. This energy can be converted to the wavelength of
incident light by using equation 2.2

h 1240 \Y
A= he 1240 nm/eV (2.2)
E E
where ) is the wavelength of the incident photon, A is the Planck constant, ¢ is the speed
of light, and F is the required energy in eV.

According to equation 2.2 the photon wavelength needs to be under 1000 nm for it
to have sufficient energy to enable the water splitting reaction. This covers the whole
ultraviolet —visible range all the way into the near infrared region, containing 78 % of the
total solar irradiance of 1000 W/m? (or 100 mW /cm?). The solar spectrum at the top of
atmosphere and surface of the Earth are shown in Figure 2.1 to illustrate the relative
amount of energy contained in the irradiation band below 1000 nm.
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o —— AM1.5G
£
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Figure 2.1: Solar irradiance at the top of atmosphere (TOA) and for air mass 1.5 global
(AM1.5G) according to ASTM G173-03.%2

However, the above calculation does not give an accurate description of the efficiency
obtainable with PEC water splitting. First, assuming that one photon can only excite one
electron, a majority of the energy contained in a short wavelength high energy photon
is lost thermally. The AM1.5G solar photon flux is shown in Figure 2.2, illustrating
the number of photons at each wavelength arriving to the surface of the Earth. Second,
the Gibbs free energy change of the water splitting reaction does not take into account
the overpotential needed to overcome the entropic loss associated with the generation of
conduction band electrons and the kinetic losses due to the overpotentials for the OER
and HER. Together these losses amount to approximately 0.8 eV,” meaning that the
photon energy should exceed 2.03 eV, or have a wavelength smaller than 620 nm according
to equation 2.2.%23 This leads to a maximum photoconversion efficiency of 16.8 % for
water splitting using a single photoanode made of a hypothetical ideal material with a
band gap of 2.03 eV.?

The overall solar-to-hydrogen (STH) efficiency for a single photoanode can be calculated
with®
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Figure 2.2: Solar photon flux in the AM1.5G spectrum. 52

Jph (‘/redox - Vbias)
-Plight

TNISTH — s (23)
where Jpp, is the photocurrent density per illuminated area, Viedox is usually the voltage
calculated from either the more commonly used Gibbs free energy change (1.23 V) or
the enthalpy change (1.48 V) of the overall cell reaction, Vi, is the potential difference
between the working and counter electrodes (not the bias applied in a three-electrode
cell), and Pjignt is the illumination power density (100 mW/cm? for AM1.5G).

The STH efficiency can be more directly determined by measuring the rate of hydrogen
generation (®y,) and multiplying it with the Gibbs free energy of hydrogen formation
(G, =237 kJ/mol)

o
(I)H2 fHa

NSTH = (2.4)

-Plight

However, for this calculation the water splitting reaction needs to be stoichiometric, no
sacrificial agent should be used, and no external bias should be applied. In an optimal
case these two methods give the same result for STH efficiency.

The incident photon-to-current efficiency (IPCE) gives the external quantum efficiency of
a photoanode as a function of illumination wavelength

_ he Jw(Y)
C g APV’

IPCE()) (2.5)

where Jpn(A) and P(A) are the photocurrent and illumination power at wavelength A,
respectively, and ¢ is the elementary charge. IPCE can also be used to calculate the
internal quantum efficiency, or absorbed photon-to-current efficiency (APCE)

IPCE

(2.6)
where R and T are the reflectance and transmittance of the sample, respectively. The

absorbance A, or optical density, of a sample can be calculated from transmittance and
reflectance with A = — log [T'/(1 — R)].
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Absorbance is further related to the absorption coefficient o and sample thickness d with
a = In(10) A/d. Light penetration depth is defined as the inverse of the absorption
coefficient, a~!. It is the distance in which the intensity of the illumination light has
dropped to 1/e ( 37 %) of the original value. The absorption coefficient can be used to
determine the optical band gap of a semiconducting material with Tauc plots. Tauc plots
are obtained by extrapolation from a (ahv)™ vs. hv plot, where the hv intercept gives
the band gap of the material. The constant m = 1/2 for an indirect band gap and m = 2
for a direct band gap transition.%

2.2 Metal oxide semiconductors

Materials can be divided into three groups according to their electronic properties;
insulators, semiconductors, and metals. In crystalline solids with a periodic structure the
linear combinations of atomic orbitals leads to the formation of a band structure, where
the individual atomic orbitals form continuous bands of energies available for electrons.
The bands are split into two, the filled valence band and the unfilled conduction band,
with the energy difference between the bands known as the band gap. In metals the
conduction band is either partially filled or the two bands overlap, leading to high electrical
conductivity due to electrons travelling in the conduction band. On the other hand, in
insulators the valence band is completely filled and the conduction band remains empty.
Semiconductors have a band structure similar to those found in insulators, however, the
band gap in these materials is small enough to allow the thermal excitation of electrons
from the valence band to the conduction band. Thus semiconductors typically have
conductivities between those found in metals and insulators. 53

Intrinsic semiconductors have the same amount of holes in the valence band as they
have electrons in the conduction band. Semiconductors that have a more electrons in
the conduction band than they have holes in the valence band are called n-type, and
the majority charge carriers in these materials are the conduction band electrons. If the
situation is reversed the majority carriers are holes and the semiconductor is called p-type.
The semiconductor type can be changed with doping, where either donor or acceptor atoms
are infused in the crystal lattice. The donor atoms donate a conduction band electron,
whereas the acceptors remove one electron from the valence band, increasing the number
of valence band holes. Thus by increasing the number of donors or acceptors in an intrinsic
semiconductor it can be made into an n-type or a p-type semiconductor, respectfully.>3
Increasing the number of donors in an n-type semiconductor leads to an increase in the
number of majority carriers, increasing the conductivity of the material. However, the
concentration of dopants is typically limited to 1-2 %, with higher concentrations leading
to a segregation of the dopant phase.

A valence band electron can be optically excited to the conduction band by the absorption
of a photon with energy larger than the band gap. If the valence band maximum and
conduction band minimum of the semiconductor occur for the same wave vector (k) value
the electron transition is called direct.?® However, if the valence band maximum and
conduction band minimum are displaced from each other the transition requires a change
in the crystal momentum and is called indirect. Since photons carry negligible momentum
the transition requires the absorption of a phonon (lattice vibration) along with the
absorption of the photon. This makes the transitions less likely to occur, lowering the
absorption coefficient of indirect semiconductors near the band gap energy. %54

In conventional semiconductors, such as silicon or germanium, the atoms bond together
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covalently. The bonds are composed of the outer 3s and 3p orbitals that form sp?
hybridized orbitals. The bonding is different in metal oxide semiconductors due to the
high electronegativity of oxygen. Since metals are much less electronegative than oxygen,
the valence electrons are at least partially transferred to the oxygen atoms. Therefore
the bonds have a highly polar character in metal oxide semiconductors. In hematite
and titanium dioxide the valence band is occupied by electrons in oxygen 2p orbitals
that have been transferred from the iron or titanium atoms when the bond was formed.
On the other hand, the conduction band has mainly iron or titanium 3d character. :1°
However, the initial orbital assignment of the band structure suggested that the band
gap in hematite is due to an indirect Fe*™ d—d transition, whereas a higher energy
direct transition occurred from oxygen 2p to iron 3d, leading to two different types of
holes in hematite. More recent electronic structure calculations, supported by X-ray
absorption and emission spectroscopy, indicate that the valence band in hematite is
mostly oxygen 2p in character. 1955758 Metal oxide semiconductors typically have lower
charge carrier mobilities and conductivity than conventional semiconductors, with pure
hematite exhibiting the characteristics of either a charge transfer or a Mott-Hubbard type
insulator. 19

Charge carriers in many transition metal oxide semiconductors are not free in the
same sense as they are in conventional semiconductors. Because the charge carriers in
metal oxide semiconductors move relatively slowly through the lattice they displace the
surrounding atoms. The potential well due to the lattice displacement may lead to the
charges becoming self-trapped, only moving forward when the surrounding atoms suitably
alter their position. This is called a polaron. Two types of polarons exist; large polarons
occur when the lattice distortion spreads over many structural units and small polarons
occur when the distortion collapses into a singe unit. Polaron formation is spontaneous
when the energy gained by the lattice due to charge trapping exceeds the displacement
strain of the nearby ions, thus minimizing the free energy. The charge transport in
transition metal oxides occurs mainly by small-polaron hopping, in which the highly
localized charge carrier moves to the next suitable position along with the lattice distortion.
A hop can only occur if the initial and final sites have equal electronic energies. The small-
polaron hopping typical to metal oxides has an Arrhenius type temperature dependence.
This means that the drift mobility in metal oxide semiconductors is temperature dependent,
increasing with higher temperatures.®®

2.3 Semiconductor-electrolyte interface

Water molecules dissociatively adsorb on a metal oxide semiconductor surface when it is
brought into contact with an aqueous electrolyte (and even in humid air).® This results
in the surface being terminated with hydroxyl groups, breaking the bulk symmetry of the
lattice and forming electronic surface states within the band gap of the semiconductor.
Since the energy levels of these surface states are below the conduction band minimum,
free electrons from the conduction band occupy them. The ionized donors from which the
free carriers originated remain in the bulk, forming a positive space charge and inducing
an electric field in the topmost layer of the semiconductor bulk. This field induces a
potential drop across the space charge region due to the inbuilt electric field, also known
as band bending. The free electrons will continue transferring to the surface states until
the potential barrier due to the electric field grows too large for electrons to cross. After
this no net electron transport takes place, and a dynamic equilibrium is established.® An
external anodic bias voltage can be employed to lower the Fermi level of the semiconductor,
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further increasing the electric field strength and widening the space charge region. When
the semiconductor is in equilibrium the Fermi levels for both holes and electrons will
remain at the level where the probability of finding an electron is % However, when
the equilibrium is disturbed, for example with illumination, the Fermi levels will split
into quasi Fermi levels. In an n-type semiconductor the quasi Fermi level for electrons
will remain at approximately the same level as in the equilibrium situation since changes
in charge carrier concentration do not affect the distribution of majority carriers much.
However, the quasi Fermi level for holes will drop to a noticeably lower level than in the
equilibrium situation.%® The quasi Fermi levels for holes and electrons can be interpreted

as the thermodynamic driving force behind the reactions in which they take part.®

The counter charges to the surface trapped electrons are provided by the ionized donors
in the bulk of the semiconductor and an accumulation of oppositely charged ions in the
solution. The ions are surrounded by a solvation cloud of polar water molecules, that
forces the ions to remain 2-5 A away from the semiconductor surface. The region
between the surface and the closest solvated ions is called the Helmholtz layer. When
an external bias voltage is applied to the semiconductor with respect to a reference
electrode, the potential difference is distributed over the space charge and Helmholtz
layers. Since the capacitance of the Helmholtz layer is much larger than the capacitance
of the space charge layer, changes to the applied voltage will fall across the space charge
layer. This means that applying an anodic external bias voltage (reverse bias) will result
in an increase of the space charge layer width in n-type semiconductors. This is different
for the case of a metal counter electrode, where any overpotential applied must fall across
the Helmholtz layer.
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Figure 2.3: Charge carrier behaviour after excitation.

The processes occurring in an illuminated metal oxide semiconductor in contact with
an electrolyte are illustrated in Figure 2.3. The space charge region is marked with W,
illustrating the space charge region width. The absorption of a photon with energy hv
that is larger than the band gap leads to the generation of an electron-hole pair @
Within the space charge region rapid charge carrier separation takes place, resulting in
the electrons travelling towards the bulk due to electron drift @ and holes travelling
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towards the semiconductor-electrolyte interface due to hole drift @ The electron-hole

pair may also separate due to diffusion or recombine directly @ or through a bulk trap
state (not shown). The electrons must diffuse to the external circuit through the bulk.
The distance and direction that the electrons must diffuse for water reduction at the
counter electrode is illustrated with the electron diffusion length Lp,. The introduction
of excess carriers due to illumination leads to the splitting of the Fermi levels into quasi
Fermi levels for electrons and holes, Er,, and Ef,, respectively. Holes that are generated
within the hole diffusion length Lp, can travel to the space charge region, where they
are swept up by the inbuilt electric field. The valence band holes can react with water
splitting intermediates or recombination centers on the surface @, marked as surface
states SS. The conduction band electrons can also recombine with the holes in the surface
states @.6’61’62 There may also be recombination centers in the surface that are not
associated with water splitting intermediates. If the density of these surface states is high
they may cause Fermi level pinning. -39

Marcus [63] developed a theory to describe the dynamics of electron transfer reactions
between a donor and acceptor molecule using potential surface coordinate diagrams of
the Gibbs free energy of the species involved. An important concept in this theory is
that every molecule or ion is surrounded by a cloud of oriented solvent molecules forming
the inner sphere. In addition, the ions have coulomb interactions with solvent molecules
and ions at a longer distance, known as the outer sphere. This leads to a concept of
fluctuating energy levels in the electrolyte. Gerischer [64] later used a similar approach
to electron transfer reactions between a semiconductor and an electrolyte species using
the electronic energy levels of the redox species involved. After reduction or oxidation of
an ion, the surrounding solvent molecules will rearrange themselves due to the different
charge of the ion. The energy required for this is given by the reorganization energy (\ye).
The probability distribution of the fluctuating energy levels depends on the standard
potentials of the redox species as well as the required reorganization energy. At room
temperature the widths of the reduced and oxidized species probability fluctuations are
given by AE = 0.53v/\e. The reorganization energy ranges typically from 0.3 eV to more
than 1 eV. Charge transfer in the case of an illuminated n-type semiconductor in contact
with a basic electrolyte takes place by hole transfer from the top of valence band to a
water splitting intermediate, if charge transfer via surface states is neglected. The charge
transfer itself takes place by tunneling. Tunneling is an iso-energetic process, indicating
that the fluctuating energy level of the reductant species should be equal to the energy
of the hole in the valence band. This means that a large overlap of the energy level
distribution in the electrolyte and valence band level in the semiconductor are required
for more probable charge transfer. Another conclusion is that the probability of charge
transfer decreases if the valence band energy is at a much lower energy level than the
energy distribution of the reductant, in this case hydroxyl species and water splitting
intermediates in the oxygen evolution reaction.® However, it is important to note that
this analysis does not take into account that water oxidation requires the transfer of
four separate holes to produce one molecule of oxygen, changing the energy levels of the
reductant in each step, and that charge transfer from metal oxide semiconductors often
occurs through surface states. %

2.4 Requirements for efficient photoanodes

Efficient water splitting requires high absorption of light in the optimal spectral window
between 400—620 nm. The higher end of the range comes from the thermodynamic
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requirements specified earlier, and the lower end is due to the solar photon flux dropping
rapidly below 400 nm, as can be seen in Figure 2.2. This imposes a band gap limit of
2.0-3.1 eV on the material. The light penetration depth should also be less than the
distance in which charge carriers can be efficiency separated, indicating that the optimal
film thickness is d ~ a~! ~ Lp + W. This ties a material’s absorption coefficient to its
electronic properties, since with a high light penetration depth a sample also requires more
efficient charge transport in the semiconductor for efficient water splitting to occur. One
way to affect the problem of penetration depth rarely coinciding with the depletion region
width and diffusion length is nanostructuring the photoanode so that photogenerated
holes have a shorter distance to reach the SEI from where they are generated. Since
the electron diffusion length is much longer than the hole diffusion length in hematite,
nanostructuring enables the optimization of charge collection efficiency for both majority
and minority carriers. It also increases the electrode’s surface area, leading to an increased
number of active surface sites that leads to enhanced charge transfer dynamics. %

A photoanode also needs to be chemically stable in basic conditions under illumination
and external voltage. This limits the usefulness of many photoactive materials, since
under these conditions most non-oxide semiconductors either dissolve or form a thin
oxide layer that prevents charge transfer.® Oxide semiconductors are typically more
stable, but may be prone to anodic decomposition due to surface holes, as is the case
with zinc oxide.%8 The hole transfer across the SEI should be sufficiently fast for it to
outcompete the anodic decomposition reaction. The reaction should also be fast enough
to minimize the accumulation of surface charges, since this decrea