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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 di�erent 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 �eld.
However, the conduction band level of hematite is not suitable for unassisted water
splitting and it su�ers from poor intrinsic charge transport properties. For this reason
the photoanodes studied in this Thesis have been modi�ed 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 modi�ed 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 e�ects 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 modi�cation of hematite has a profound e�ect
on the charge carrier behaviour. The observed e�ects 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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1 Introduction

Mankind consumed 110 petawatthours of energy in 2014.1 The energy consumption has
been estimated to more than double by 2050 due to economic and population growth.2

Currently over 80 % of the total energy supply comes from the burning of fossil fuels,
mainly oil, coal, and natural gas.1 Even though fossil fuels are by nature non-renewable,
they are estimated to support our increasing demand for energy for several centuries
to come.3 However, carbon dioxide emissions from fossil fuel combustion exceeded 32
gigatons of CO2 in 2014.1 Increasing CO2 emissions have lead to a rapid growth in
atmospheric CO2 levels, exceeding 400 ppm (parts per million) for the foreseeable future
in 2016.4 A doubling of the preindustrial CO2 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 e�ects on both ecosystems and human society. TheCO2 level has grown
by approximately 2 ppm yearly in the 21st century, indicating that a doubling of the
preindustrial CO2 level will occur sometime in the next 20 �30 years unless drastic action
is undertaken to reduce our dependency on fossil fuels.5 Currently there exist three viable
options that supply su�cient amounts of energy by themselves in a carbon neutral way:2

� Continued use of fossil fuels in conjunction with carbon sequestration

� Nuclear power

� Solar energy

Each of the above-listed options su�er from speci�c 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 �nite. Solar energy also su�ers from setbacks, the main one being
that it is diurnal and di�use when it reaches the Earth. 2

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 % e�cient solar cells would su�ce to ful�ll the whole
yearly energy demand.2,3 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

1



2 Chapter 1. Introduction

chemical bonds, i.e. solar fuels. Viable solar fuels include the direct photoelectrochemical
conversions ofCO2 to methanol or methane and water to hydrogen. However, the half-
reactions for the conversion ofCO2 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.6

Another bene�t 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 �rst to report on a complete water photoelectrolysis
system. The system was based on ann-type titanium dioxide ( TiO 2) metal oxide
photoanode that was connected to a platinum counter electrode through an external
voltage supply and immersed into aNaOH electrolyte. When the TiO 2 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 2 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,7 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 2 su�ers from one major setback regarding it’s potential use for large scale water
splitting. It’s band gap is approximately 3.2 eV (anatase crystal form), meaning that it
only absorbs ultraviolet radiation. This results in a maximum photoconversion e�ciency
of only 1.3 %.9 An optimal material for water splitting should have a band gap of
approximately 2 eV, absorbing light with a wavelength below 600 nm. Hematite (� -
Fe2O3) has a near optimal band gap of 2.2 eV, leading to a theoretical maximum e�ciency
of 12.9 %.9 Other bene�ts of hematite include natural abundance, high chemical stability,
and low production costs.10,11 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 di�usion length is short. 12�15 Numerous di�erent strategies
have been adopted to improve these intrinsic shortcomings of hematite. These include
tuning the electrode morphology,16�23 activating the surface with the use of catalysts,24�30

doping with various metal cations,31�38 passivating interfaces with inactive metal oxide
layers or high temperature annealing,39�45 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 modi�ed 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 modi�cation of hematite photoanodes resulted in increased photoelectrochemical
performance. However, the source of this increased performance is di�cult 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 a�ect 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
�rst 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 �elds of physical chemistry
and materials science. The thesis is divided into 5 chapters.

Chapter 2 is an introduction into the �eld of photoelectrochemical hydrogen production.
The focus is on the properties and utilization ofn-type metal oxide water
splitting photoanodes. The properties of hematite and titanium dioxide
are summarized. The chapter covers the requirements needed for e�cient
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 e�ects 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 �eld.



4 Chapter 1. Introduction

The four original research papers that form the basis of this Thesis include photodynamic
studies on the charge carrier recombination and transfer dynamics of modi�ed hematite
photoanodes using transient absorption spectroscopy. The samples inPaper I and
Paper II were obtained from collaborators directly, however, the author was involved
in designing the samples with regard to the speci�cations dictated by the measurement
setups. The author was involved in the sample design and preparation inPaper 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 �rst contribution presents the e�ects on charge transport properties
from preparing photoanodes from a mixed hematite and titanium dioxide
nanoparticle dispersion. The resulting mesoporous photoanode exhibited
segregation of the di�erent 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 a�ect 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 Zürich.

Paper II The second contribution presents the e�ects 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 III 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 Universität 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 �uorine doped tin dioxide (FTO) is
typically the preferred substrate. The high annealing temperatures lead to
ion di�usion 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
a�ect 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 di�erent 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 �eld of photoelectrochemical water splitting
using n-type metal oxide semiconductors. The chapter focuses on the properties ofn-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.51

2 H+ + 2 e � �! H2 E � = 0 :000 V (HER)
2 H2O �! O2 + 4 H + + 4 e � E � = � 1:229 V (OER)

2 H2O �! 2 H2 + O 2 E �
cell = � 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.51

2 H2O + 2 e � �! H2 + 2 OH � E � = � 0:828 V (HER)
4 OH � �! O2 + 2 H 2O + 4 e � E � = � 0:401 V (OER)

2 H2O �! 2 H2 + O 2 E �
cell = � 1:229 V (overall)

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

� G� = � nF E �
cell ; (2.1)

where � G� 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 E �

cell is the reaction cell potential. Under standard conditions the Gibbs free energy
change for the conversion ofH2O to H2 and 1=2 O2 is � G� = +237 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� G� ). 6

7



8 Chapter 2. Photoelectrochemical water splitting

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

� =
hc
E

�
1240nm/eV

E
; (2.2)

where � is the wavelength of the incident photon, h is the Planck constant, c is the speed
of light, and E is the required energy in eV.

According to equation 2.2 the photon wavelength needs to be under 1000 nm for it
to have su�cient 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/m2 (or 100 mW/cm 2). 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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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. 52

However, the above calculation does not give an accurate description of the e�ciency
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 �ux 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,9 meaning that the
photon energy should exceed 2.03 eV, or have a wavelength smaller than 620 nm according
to equation 2.2.9,23 This leads to a maximum photoconversion e�ciency of 16.8 % for
water splitting using a single photoanode made of a hypothetical ideal material with a
band gap of 2.03 eV.9

The overall solar-to-hydrogen (STH) e�ciency for a single photoanode can be calculated
with 6
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Figure 2.2: Solar photon �ux in the AM1.5G spectrum. 52

� STH =
Jph (Vredox � Vbias )

Plight
; (2.3)

where Jph is the photocurrent density per illuminated area, Vredox 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,Vbias is the potential di�erence
between the working and counter electrodes (not the bias applied in a three-electrode
cell), and Plight is the illumination power density (100 mW/cm 2 for AM1.5G).

The STH e�ciency can be more directly determined by measuring the rate of hydrogen
generation (� H 2 ) and multiplying it with the Gibbs free energy of hydrogen formation
(G�

f; H 2
= 237 kJ=mol)

� STH =
� H 2 G�

f; H 2

Plight
(2.4)

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

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

IPCE( � ) =
hc
q

Jph (� )
�P (� )

; (2.5)

where Jph (� ) and P (� ) are the photocurrent and illumination power at wavelength � ,
respectively, and q is the elementary charge. IPCE can also be used to calculate the
internal quantum e�ciency, or absorbed photon-to-current e�ciency (APCE)

APCE( � ) =
IPCE

1 � R � T
; (2.6)

where R and T are the re�ectance and transmittance of the sample, respectively. The
absorbanceA, or optical density, of a sample can be calculated from transmittance and
re�ectance with A = � log [T=(1 � R)].
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Absorbance is further related to the absorption coe�cient � and sample thicknessd with
� = ln(10) A=d. Light penetration depth is de�ned as the inverse of the absorption
coe�cient, � � 1. It is the distance in which the intensity of the illumination light has
dropped to 1=e ( 37 %) of the original value. The absorption coe�cient can be used to
determine the optical band gap of a semiconducting material with Tauc plots. Tauc plots
are obtained by extrapolation from a (�h� )m vs. h� plot, where the h� 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. 6

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 �lled valence band and the un�lled conduction band,
with the energy di�erence between the bands known as the band gap. In metals the
conduction band is either partially �lled 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 �lled 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 calledn-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 calledp-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 ann-type or a p-type semiconductor, respectfully.53

Increasing the number of donors in ann-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.6

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.53 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 coe�cient of indirect semiconductors near the band gap energy.6,54

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 sp3
hybridized orbitals. The bonding is di�erent 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.6,10

However, the initial orbital assignment of the band structure suggested that the band
gap in hematite is due to an indirect Fe3+ d �d transition, whereas a higher energy
direct transition occurred from oxygen 2p to iron 3d, leading to two di�erent 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.10,55�58 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. 10

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 �nal 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.59

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).6 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 �eld in the topmost layer of the semiconductor bulk. This �eld induces a
potential drop across the space charge region due to the inbuilt electric �eld, also known
as band bending. The free electrons will continue transferring to the surface states until
the potential barrier due to the electric �eld grows too large for electrons to cross. After
this no net electron transport takes place, and a dynamic equilibrium is established.6 An
external anodic bias voltage can be employed to lower the Fermi level of the semiconductor,
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further increasing the electric �eld 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 �nding an electron is 1

2 . 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 a�ect 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. 60 The quasi Fermi levels for holes and electrons can be interpreted
as the thermodynamic driving force behind the reactions in which they take part.6

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 ¯ 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 di�erence 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 inn-type semiconductors. This is di�erent
for the case of a metal counter electrode, where any overpotential applied must fall across
the Helmholtz layer.6
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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 withW ,
illustrating the space charge region width. The absorption of a photon with energyh�
that is larger than the band gap leads to the generation of an electron-hole pair a .
Within the space charge region rapid charge carrier separation takes place, resulting in
the electrons travelling towards the bulk due to electron drift b and holes travelling
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towards the semiconductor-electrolyte interface due to hole drift c . The electron-hole
pair may also separate due to di�usion or recombine directly d or through a bulk trap
state (not shown). The electrons must di�use to the external circuit through the bulk.
The distance and direction that the electrons must di�use for water reduction at the
counter electrode is illustrated with the electron di�usion length L Dn . The introduction
of excess carriers due to illumination leads to the splitting of the Fermi levels into quasi
Fermi levels for electrons and holes,EF n and EF p , respectively. Holes that are generated
within the hole di�usion length L Dp can travel to the space charge region, where they
are swept up by the inbuilt electric �eld. The valence band holes can react with water
splitting intermediates or recombination centers on the surface e , marked as surface
states SS. The conduction band electrons can also recombine with the holes in the surface
states f .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.6,39

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
�uctuating 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 di�erent
charge of the ion. The energy required for this is given by the reorganization energy (� re).
The probability distribution of the �uctuating 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 �uctuations are
given by � E � 0:53

p
� re . The reorganization energy ranges typically from 0.3 eV to more

than 1 eV. Charge transfer in the case of an illuminatedn-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 �uctuating 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.6 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.65

2.4 Requirements for e�cient photoanodes

E�cient 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 speci�ed earlier, and the lower end is due to the solar photon �ux 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 e�ciency separated, indicating that the optimal
�lm thickness is d � � � 1 � L D + W . This ties a material’s absorption coe�cient to its
electronic properties, since with a high light penetration depth a sample also requires more
e�cient charge transport in the semiconductor for e�cient water splitting to occur. One
way to a�ect the problem of penetration depth rarely coinciding with the depletion region
width and di�usion 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 di�usion length is much longer than the hole di�usion length in hematite,
nanostructuring enables the optimization of charge collection e�ciency 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.6

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.6 Oxide semiconductors are typically more
stable, but may be prone to anodic decomposition due to surface holes, as is the case
with zinc oxide. 66 The hole transfer across the SEI should be su�ciently 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 decreases the built-in electric
�eld and increases electron-hole recombination as a direct result. Catalytically active
surface species can be added to metal oxide photoanodes, such asRuO2 or IrO x , however,
catalytically active surface sites can also act as e�cient recombination centers. The
catalysts may also increase the back reaction between hydrogen and oxygen if they are
not well separated in the photoelectrochemical cell.6

Stability against photocorrosion typically increases with increasing bad gap, which means
that good absorption properties are a trade-o� with photoanode stability. In addition to
the band gap a�ecting the absorption and stability of a semiconductor, the conduction
and valence band edges should straddle the HER and OER potentials. No semiconducting
material exist that straddle both potentials while remaining stable under operating
conditions with a small enough band gap for visible light absorption. Most metal oxide
semiconductors favour water oxidation due to their low valence band level. The band gaps
and band edge positions of hematite, anatase titanium dioxide and tin dioxide are shown
in Figure 2.4. The conduction band level of hematite is approximately 0.3 eV lower than
the HER potential. This means that an external bias voltage is required to supply the
conduction band electrons energy to take part in the HER. Raising the electron energy
by 0.3 eV is not enough due to the overpotentials required for the OER and HER.6
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3 Transient absorption spectroscopy

This chapter introduces the transient absorption equipment and kinetic analysis methods
used in all of the publications in this Thesis. The chapter focuses on device speci�cations
and requirements needed for e�cient determination of charge carrier behaviour inn-type
hematite photoanodes. An in-depth explanation of the methods used for kinetic analysis
of the recorded transient data is also given.

The fundamental idea behind transient absorption spectroscopy is to use short pulses
of light to excite the material under study. The excitation results in either increased or
decreased absorption due to changes in the system states. The absorption dynamics can
be studied to determine the pathways of charge transfer processes and reaction rates.
Typically the excitation pulse width determines the fastest possible time response of a
given system, although the monitoring light intensity and detector choice do play a major
role in the time and absorption resolutions. The systems used for transient absorption
measurements in this Thesis are nanosecond �ash-photolysis and femtosecond pump-probe
spectroscopies.

3.1 Nanosecond �ash-photolysis spectroscopy

The �ash-photolysis method was developed by George Wreyford Norrish and George
Porter in the 1950’s.68,69 Their system used short pulses from a �ash lamp to excite gas
molecules, triggering a chain of reactions that could be followed spectroscopically. They
were awarded the Nobel prize in chemistry in 1967 "for their studies of extremely fast
chemical reactions, e�ected by disturbing the equilibrium by means of very short pulses
of energy" along with Manfred Eigen.70 Flash-photolysis measurements were performed
for Paper I , Paper II , and Paper IV .

The key to the �ash-photolysis method is the use of short pulses of excitation light, known
as pump pulses, to disturb the equilibrium ground state of a molecule or material. The
absorption of a photon raises one electron to a higher energetic state. The excited molecule
can relax back to the ground state directly or through intermediate states, or take part
in a photoreaction such as charge transfer. The transient excited and intermediate states
have their own absorption spectra, which can be monitored via the change in the intensity
of monitoring light, or probe beam, passing the excited material. The probe beam can be
either pulsed or continuous.

A simpli�ed optical scheme of the �ash-photolysis system is presented in Figure 3.1,
along with a scheme of the PEC cell. Continuous probe monitoring light from a halogen
lamp is collimated with a plano-convex lens L1 into the photoelectrochemical (PEC) cell.
The sample is excited with a pulsed nanosecond laser with quasi-parallel orientation of
the pump and probe beams. The laser beam width is adjusted with lenses to cover the

17
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whole monitored area of the sample inside a PEC cell. The excitation pump beam comes
from the SEI side through the electrolyte to enable e�cient charge separation at the
interface. The probe beam is collected into a detection monochromator that is coupled
with a photodetector. The signal from the photodetector is recorded with an oscilloscope,
showing the transient decay at the selected detection wavelength.

Lamp
L1

Laser

Trap

L2

Monochromator

PD

Oscilloscope

PEC cell

WE RE CE

Vbias

Vcounter

0.1 M NaOH

Figure 3.1: Optical scheme of the �ash-photolysis method. For measurements with bias voltage
a three electrode PEC cell was �lled with 0.1 M NaOH electrolyte, with the sample connected as
working electrode (WE) with a Ag/AgCl reference electrode (RE) and a platinum wire counter
electrode (CE). Vbias is the applied bias voltage between the working and reference electrodes
and Vcounter is the voltage applied to the counter electrode to ensure that the counter electrode
passes the same current as the working electrode.

The absorption change with respect to time and wavelength, or transient absorption
decay, can be calculated using

� A(t; � ) = � log10

�
1 +

� I (t; � )
I 0(t; � )

�
; (3.1)

where � I (t; � ) is the change in monitoring light intensity after excitation and I 0(t; � ) is
the intensity before excitation. Since the photodetector signal is linearly proportional
to the light intensity, the absorption change can be calculated from the voltage data
recorded by the oscilloscope using

� A(t; � ) = � log10

�
1 +

� V (t; � )
V0(t; � )

�
; (3.2)

where� V (t; � ) is the change in recorded voltage after excitation andV0(t; � ) is the voltage
recorded before excitation. The oscilloscope is pre-triggered with a fast photodiode that
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sends a voltage signal to the oscilloscope when the excitation laser �ash is generated.
V0(t; � ) is then calculated from the average voltage recorded before the excitation beam
arrives at the sample.71 A transient absorption spectrum can be obtained by scanning
the detection monochromator and repeating the measurement for the desired probe
wavelengths.

The third harmonic of a neodymium-doped yttrium aluminium garnet (Nd:YAG) laser
operating in Q-switched mode was used as the excitation pump. The excitation wavelength
in each above-mentioned paper is 355 nm, generated by sum frequency generation of
the primary 1064 nm and second harmonic 532 nm pulses. The third harmonic FWHM
(full width at half maximum) was approximately 10 ns. The laser was pumped with a
�ash lamp discharged with a 10 Hz repetition rate. The Q-switch was operated so that
the actual excitation repetition rate was 0.33 �0.17 Hz, exciting the sample once every
3 �6 seconds. The low repetition rate was necessary to allow the sample to return to the
steady state condition before the next excitation pulse. The excitation densities used
ranged from 200 to 1000� J=cm2.

The components in the �ash-photolysis system used in this Thesis are given in Table 3.1.

Table 3.1: Flash-photolysis system components

Pump laser Solar TII LF 117 with F015 third harmonic generator

Probe source Thorlabs SLS201/M 9 W stabilized halogen lamp

Monochromator Digikröm CM110

Photodetector New Focus 2107-FS-M 10 MHz balanced Si photoreceiver

Oscilloscope Tektronix TDS3032B or TDS 5032B

System control Luzchem mLFP-111 or in-lab program

A stabilized halogen lamp was used as the monitoring probe. Typically high power xenon
lamps are used to provide the monitoring light, since higher probe power increases the
signal to noise ratio. However, the output of a xenon lamp often has relatively large
vibrations in intensity coming from plasma �uctuations due to power supply instability
that are absent from halogen lamps due to the light originating from a heated metal
coil. The xenon �uctuations disturb mainly long-lived signals (> 1 ms) with very low
signal intensities (� A < 10� 3 mOD). Since the long-lived transient absorption in metal
oxide semiconductors is often very low in intensity, the halogen lamp provided increased
monitoring light stability in the millisecond to second time scale.

However, since the time resolution of a �ash-photolysis measurement is inversely propor-
tional to the monitoring light intensity, 71 the use of a low power halogen lamp inherently
limits the time resolution to some extent. The other factors that limit the time resolution
of a �ash-photolysis measurement are the laser FWHM and the photodetector response
time. Nanosecond time resolution with Nd:YAG lasers and photomultiplier tube detectors
are achievable if the monochromatic monitoring light intensity is much higher than that
obtainable from the halogen source. The excitation laser has a FWHM of 10 ns, whereas
the photodetector rise time is 80 ns. This results in a maximum time resolution of
approximately 80 ns, when used with a high intensity monitoring light source. However,
the time resolution of the photodetector was further reduced by the need to increase the
signal gain in the balanced photoreceiver to achieve higher recorded voltages due to the
low intensity of the halogen lamp. At maximum gain ampli�cation of 3 � 104 the 10 MHz
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bandwidth of the photodiode is reduced to 250 kHz, corresponding to a signal rise time
of 4 � s.

The system used for the measurements in this Thesis was built to optimize the detection
of long-lived low amplitude signals, limiting the time resolution obtainable in the same
measurement. Indeed, since the transient absorption signal was often below10� 4 mOD,
even electrical noise from the photodiode ampli�er needed to be accounted for to achieve
a reasonable signal to noise ratio. To obtain the highest reasonable signal to noise ratio
for millisecond �second timescale measurements the electrical noise was reduced with a
40 � s RC-�lter in front of the oscilloscope input. The practical time resolution in the
�ash-photolysis measurements presented in this Thesis is 40� s.

The measurements were repeated 30 �300 times for each wavelength, depending on
if the measurement was controlled by the Luzchem mLFP-111 or the in-lab system.
Since repeating the measurementsN times improves the signal to noise ratio by

p
N ,71

increasing the amount of averaging tenfold improves the signal to noise ratio by a factor
of

p
10 � 3:2. However, the Luzchem mLFP-111 measurement program su�ered from

16-bit integer over�ow, resulting in an inversion of the transient absorption data if a value
of 32 767 was surpassed for the product of monitoring light read out voltage and number
of averages. This severely limited the signal to noise ratio of the Luzchem system.

The mLFP-111 program also worked only with the Tektronix TDS 3032B oscilloscope,
limiting the number of data points per measurement to 10 000. This means that a
measurement with 40� s time resolution could only be 400 ms long in total. Thus separate
measurements had to be made to distinguish between submillisecond and second timescale
processes. An in-lab control program was coded to surpass the problems of data inversion
and to enable using a Tektronix TDS 5032B oscilloscope that can handle 4 000 000 data
point measurements. The in-lab program could thus be used for an unlimited number
of averaging of 2 second long data sets with just 50 000 data points using 40� s time
resolution. Unfortunately, the in-lab program was �nalized after each paper included in
this Thesis was published. However, data measured with the new in-lab program will be
included into the results of this Thesis in Chapter 4.

3.2 Femtosecond pump-probe spectroscopy

Flash-photolysis is limited to the hundreds of picoseconds response time due to the
continuous monitoring light used for the system. The pump-probe method was developed
to overcome these limitations with the use of a short monitoring pulse in addition to the
short excitation pulse. One of the �rst groups to study chemical reaction dynamics in
the tens of femtoseconds time range was led by Ahmed Zewail,72,73 who received the
Nobel price in chemistry in 1999 "for his studies of the transition states of chemical
reactions using femtosecond spectroscopy".74 Femtosecond pump-probe measurements
were performed for all publications included to this Thesis.

A simpli�ed optical scheme of the pump-probe system is presented in Figure 3.2. Ultrashort
laser pulses from a titanium doped sapphire (Ti:Al 2O3 or Ti:sapphire) laser are split
into two beams with uneven energy. Approximately 90 % of the primary pulse energy is
directed into an optical parametric ampli�er (OPA) for the generation of excitation pulses
of desired wavelength. The excitation pulse is then focused at the sample inside a PEC cell.
The remaining 10 % of the primary pulse energy is directed to a motorized translational
stage, or delay line. After crossing the delay line the pulses are directed to a 2 mm thick
sapphire crystal (S) or water cuvette for the generation of short white continuum probe
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pulses. The spectrum of the white continuum depends on the transparent medium in
which it is generated. The white continuum generated from a water cuvette is higher in
intensity in the visible range close to UV but the intensity in the near IR is lower than
from the sapphire crystal. The probe is then split into two pulses of roughly equal energy
before they are directed to the sample. The signal probe pulse crosses the sample at the
exact same position at the SEI where the excitation pump hits, whereas the reference
probe pulse crosses the sample away from the excitation spot. Both probe pulses are
collected at a spectrograph with a Si photodiode array for the calculation of absorbance
change.

Laser
Beam

splitter

M1

Delay line

S
M2

M3 PEC cell
Trap

Imaging
spectrograph

OPA

Figure 3.2: Optical scheme of the pump-probe method.

The spectra of both the signal and reference probe pulses are used to calculate the
change in absorbance between them. The ratio of the two spectra is calculated as
R(� ) = I S (� )=IR (� ). However, this ratio contains unwanted noise since the spectra are
not identical in intensity due to imperfections in the optical components. This is solved
by measuring two consecutive sets of probe pulses, �rst a baseline without the excitation
pulse and second with the excitation pulse allowed to hit the sample. This is implemented
with an optical chopper that is synchronized with the laser pulses, blocking every second
pump pulse. The spectral ratios are then used as baselineR0 and excitation R for the
calculation of absorbance change71

� A(� ) = � log10

�
R
R0

�
; (3.3)

The delay line is used to retrieve transient absorption data with regard to time. The
system is calibrated so that at time zero the pump and probe pulses arrive at the sample
surface simultaneously. The measurement is started so that the probe pulses arrive at the
sample a few hundred femtoseconds before the pump pulse. Since the sample is not in an
excited state, there is no change in absorbance. After this the delay line is consecutively
lengthened so that the probe pulses arrive at the sample later in time. At time zero the
pump and probe pulses coincide, and scanning the delay line further returns absorbance
change with respect to the di�erence in time between the excitation pump and monitoring
probe pulses. The maximum optical path length of the delay line is approximately two
meters, corresponding to a maximum delay of 6.6 ns between the pump and probe pulses.

The laser system providing the base pulses for the optical scheme shown in Figure 3.2 is a
sub-100 femtosecond Ti:sapphire laser. A mode-locked Ti:sapphire seed laser is pumped



22 Chapter 3. Transient absorption spectroscopy

with a diode-pumped frequency doubled Nd:YVO 4 (neodymium-doped yttrium vanadate)
laser in continuous wave mode. The seed laser generates sub-100 femtosecond pulses at
800 nm with a repetition rate of 80 MHz. The pulses from the seed laser need to be
ampli�ed for the generation of high power ultrashort pulses. This is performed by �rst
pumping an ampli�er Ti:sapphire crystal with a diode-pumped frequency doubled Nd:YLF
(neodymium-doped yttrium lithium �uoride) high power ampli�er laser operating at 1 kHz
repetition rate. The seed pulses are passed through the excited ampli�er Ti:sapphire
crystal. Since the peak power of the ultrashort pulses is in the gigawatt range, the pulses
need to be ampli�ed using a beam extender-ampli�er-compressor scheme. This limits
the peak power of the pulses so that they do not self-focus destructively when passing
through the optical components. The �nal laser output is 1 mJ sub-100 femtosecond
pulses at 800 nm with a repetition rate of 1 kHz.

The components in the pump-probe system used in this Thesis are given in Table 3.2

Table 3.2: Pump-probe system components

Pump laser Coherent Inc. Libra F with Vitesse seed and Evolution 15/30 ampli�er lasers

Laser output sub-100 ps pulses at 800 nm, 1 kHz repetition rate, 1 mJ energy

OPA Light Conversion TOPAS-C with output range 240 � 2600 nm

Probe source White continuum from 2 mm thick sapphire crystal or water cuvette

Measurement system CDP Systems Excipro

Detector Si photodiode array

The transient absorption spectra were recorded by averaging 2 500 �10 000 consecutive
spectra at each delay time. Furthermore, the whole measurement scan was repeated 1 �5
times to compensate for possible excitation intensity �uctuations.

3.3 Kinetic analysis

Transient absorption measures the change in the absorbance of the sample with respect
to time and the ground state absorbance.71 Intermediate states are formed after pho-
toexcitation due to photochemical reactions, such as charge transfer or trapping. The
change in the population of a stateni with time can be written for a chain of �rst order
reactions as

dni

dt
= �

0

@
nX

j =1

kji

1

A ni +
nX

j =1

kij nj ; (3.4)

where kji are the rate constants with which ni is reduced to form other states,kij are
the rate constants with which ni is increased through the relaxation of other states,n is
the total number of possible states, andi 6= j . kji and kij are intrinsic rate constants for
single reactions. The total population of all states must remain constant, since a decrease
in the population of one state must lead to an increase in population for another. The
general solution for the occupancy of a single population is the sum of exponential terms

ni (t) =
nX

j =1

cij e� k j t ; (3.5)
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where cij are pre-exponential factors that can be positive or negative if the populationni
is increased or decreased, respectively,kj are the observable rate constants, andi 6= j .
The observable rate constant is associated with the lifetime of a species via� = 1=k. If
the number of states in a reaction scheme isN , the temporal population of any state can
be described with a sum ofN � 1 exponents, although there may be at mostN (N � 1)
intrinsic rate constants.

The absorbance of a speci�c state depends on it’s relative population at any given time.
The transient absorbance can be expressed as

� A(�; t ) =
N � 1X

j =1

A j (� )nj (t) � Ag(� )nj (t); (3.6)

where the sum is taken over all intermediate states with absorbanceA j and population
nj . Since the transient absorbance is calculated relative to the ground state, and the
excited state population is formed by excitation from the ground state, the reduction in
the ground state absorption (Ag) must be included in equation 3.6. Since the excited
state populations often change according to �rst order kinetics, the transient absorption
can be mathematically expressed as

� A(�; t ) =
N � 1X

j =1

bj (� )e� k j t ; (3.7)

wherebj (� ) are the pre-exponential factors like in equation 3.5.71 However, some processes
may decay with di�erent dynamics. For example, a stretched exponential function of
the form e� (kt ) �

, where � is the stretching coe�cient, can be used for �tting transient
absorption decays associated with trap states.75

The transient absorption decays obtained from �ash-photolysis or pump-probe mea-
surements are �t using global �tting with function 3.7, �tting the decays at separate
wavelengths with the same set of rate constants. This results in global lifetimes with dif-
ferent amplitudes for each component at di�erent wavelengths. The transient absorption
spectra can thus be deconvoluted by the separate exponential rate constants or lifetimes
obtained for di�erent processes. The wavelength dependent amplitudes of the separate
exponential decay components can be drawn together to obtain decay component spectra.
The sum of the amplitudes of the components gives the spectrum that is measured
immediately after excitation.





4 Charge carrier dynamics in
modi�ed hematite photoanodes

This chapter forms the core of this Thesis, presenting the experimental results along
with a discussion on their implications. Here the results obtained for hematite based
photoanodes with transient absorption measurements are covered thoroughly. The �rst
section discusses ultrafast recombination in hematite photoanodes and how it was changed
after modifying the hematite layer or interfaces. The second section focuses on electron
trapping and the timescales in which it is associated. The third section ties the long-lived
hole population together with the PEC performance of the photoanodes by comparing
water splitting dynamics from TAS measurements. All of the measurements presented
in this chapter were performed in a three electrode photoelectrochemical cell with a
Ag/AgCl reference electrode and platinum counter electrode in 0.1 M NaOH electrolyte,
unless otherwise stated.

The absorption spectra and Tauc plots for a mesoporous hematite layer fromPaper I are
given in Figure 4.1. Since the layer is porous, the absorption coe�cient was calculated
using the sample thickness of 250 nm. However, this changes only the value of the
absorption coe�cient uniformly, and does not lead to a di�erence in the determination of
optical band gap with Tauc plots.
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Figure 4.1: (a) The absorption spectrum of a 250 nm thick mesoporous hematite layer from
Paper I and (b) the associated Tauc plots.

The Tauc plots give 2.16 eV for the indirect and 2.22 eV for the direct band gaps. The
indirect band gap was determined from the onset of the steepest slope due to a slight

25
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interference wave in the absorption spectrum. Thus, both the indirect and direct band
gaps are approximately 2.2 eV, corresponding to the literature value.9,67
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Figure 4.2: (a) Current density � voltage curves of a PECVD grown hematite layer on top of
ITO/FTO from Paper IV and (b) the associated solar-to-hydrogen e�ciency as calculated with
equation 2.3 in 1.0 M NaOH.

The photocurrent density � voltage curve of a PECVD grown hematite layer from Pa-
per IV is presented in Figure 4.2a. The photocurrent onset voltage is 0.7 V versus the
reversible hydrogen electrode (RHE), and reaches a value of 2.2 mA/cm2 at 1.23 V vs.
RHE. The shape is typical for a hematite electrode, with a plateau in the photocurrent
observable at higher potential values. The solar-to-hydrogen e�ciency as a function of
bias voltage is presented in Figure 4.2b, calculated according to equation 2.3. However,
the bias voltage is shown against the reference electrode, not the counter electrode. The
maximum STH e�ciency is 0.22 %, obtained at 1.02 V vs. RHE. The high onset potential
that is typical for hematite photoanodes is one of the main reasons for the very low STH
e�ciency.

4.1 Ultrafast decay dynamics

Fast recombination in hematite has long been known to be a major problem for e�cient
PEC performance.76�79 This section presents ultrafast transient absorption spectroscopy
results for hematite photoanodes measured with the pump-probe method. The focus of
the section is on ways in which the ultrafast decay dynamics are a�ected by recombination
and modi�cation of the hematite layer. The section begins with a discussion on the e�ects
that excitation energy density has on the transient absorption dynamics, followed by a
discussion on the fast recombination inherent to hematite, as measured for a reference
hematite sample under an inert nitrogen atmosphere. The section concludes with a
discussion on the ultrafast recombination observed in the publications included into this
Thesis.



4.1. Ultrafast decay dynamics 27

4.1.1 Excitation density

The e�ects of excitation energy density on the charge carrier dynamics in the sub-
picosecond to nanosecond timescale are illustrated in Figure 4.3 for a PECVD grown
hematite layer. Increasing the excitation density over a certain threshold value leads to
faster sub-picosecond band to band recombination due to the increased charge carrier
concentration.53 Excitation densities under this threshold result typically in �rst-order
kinetics for the fast recombination component that are not changed any more by reducing
the excitation density. Increasing the energy density leads also to an increase in the
transient absorption, as shown in Figure 4.3a. The energy density at which the fast
recombination accelerates occurs at > 1 mJ/cm2, as can be seen from the normalized
transient absorption decays in Figure 4.3b. This limit corresponds to a single pulse energy
of 2 � J when focused to a 0.5 mm diameter spot on the sample surface. To avoid this
increased recombination all transient absorption measurements were performed with an
excitation density of 100 �1000 � J/cm 2.
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(b) Normalized transient absorption decays.

Figure 4.3: E�ect of excitation energy density with 500 nm excitation on the pump-probe
decay dynamics in hematite under nitrogen �ow, (a) as-measured and (b) normalized transient
absorption decays at 580 nm.

The excitation wavelength for all transient absorption measurements was in the range
of 355 �500 nm. The energy of an excitation photon corresponds to 2.5 �3.5 eV when
calculated with equation 2.2. This equals to 5� 10� 19 J per photon, leading to a photon
�ux of roughly 1015 photons per cm2 per excitation pulse. Since the excitation frequency
was 500 Hz, the average excitation �ux used is approximately of the same order of
magnitude as the whole portion of the AM1.5G reference spectrum (Figure 2.2) absorbed
by hematite. This means that the excitation energy densities used roughly corresponds
to exciting the sample with visible light illumination.

4.1.2 Fast recombination

The transient absorption spectra for pristine hematite under nitrogen �ow are shown in
Figure 4.4. They are drawn as 2D colormaps with the color indicating the absorption
change. Spectra are shown for excitation at 365 nm in Figure 4.4a and at 425 nm in
Figure 4.4b with an excitation density of 500 � J/cm 2 for both wavelengths. The transient
absorption spectra and dynamics remain unchanged with di�erent excitation wavelengths
(same sample was also measured using 500 nm excitation, not shown), supporting the
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conclusion that the valence to conduction band transition in hematite is due to electron
transfer from O 2p to Fe 3d states, leading to only a single type of hole (see section 2.2
for further discussion). The di�erences in the amount of absorption change between the
excitation wavelengths are due to the increased absorption of the sample and reduced
number of photons at 365 nm, compared to those at 425 nm.

(a) Excitation at 365 nm. (b) Excitation at 425 nm.

Figure 4.4: Pump-probe transient absorption spectra of hematite under nitrogen �ow, shown
as 2D colormaps that have been corrected for group velocity dispersion (chirp) with 500 � J/cm 2

excitation density at (a) 365 nm and (b) 425 nm.

The most prominent feature of the transient absorption spectra is the positive absorption
change band localized around 580 nm, with a smaller positive band at 500 nm and ground
state bleach below 450 nm. The 580 nm feature was previously proposed to be mainly
due to the positive absorption of excited conduction band electrons.80 The transient
absorption band at 580 nm has a di�use boundary at longer and a sharper boundary at
shorter wavelengths. The sharp boundary was the main reason for this assignment in Ref.
[80], since the valence band density of states is much more continuous than the density of
states in the conduction band.

Assigning the transient absorption feature at 580 nm to the absorption of photoexcited
valence band holes is supported by a larger amount of evidence. Huang et al. [77] �rst
showed that holding a hematite photoanode under cathodic bias leads to a negative steady
state absorption below 470 nm, while holding under anodic bias leads to a positive steady
state absorption band at 580 nm, matching the features observed with transient absorption
spectroscopy. Cathodic bias leads to an accumulation of conduction band electrons into
hematite, bleaching the band to band (ground state) absorption along with inducing a
smaller positive absorption at higher wavelengths due to the absorption of the conduction
band electrons. On the other hand, anodic bias leads to an accumulation of valence
band holes, with a localized positive absorption band. Barroso et al. [81] later showed
that the positive steady state absorption increases linearly with increased bias voltage
above the �at band potential, indicating that the positive absorption is associated with
oxidized states within the depletion region that are possibly related to oxygen vacancies
within the hematite lattice. Klahr et al. [ 82] later correlated this positive absorption
with the accumulation of holes in surface states observed with electrochemical impedance
spectroscopy and cyclic voltammetry.83,84 Using operando infrared spectroscopy the same
surface state was recently observed by Zandi and Hamann [85] to be a water splitting
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intermediate (FeIV �� O) that is formed after hole transfer to a surface hydroxyl group.
However, the FeIV �� O species was not observed to form at bias voltages as low as 0.8 V
vs. RHE, where the positive absorption was already observable by Barroso et al.81 Thus
the 580 nm absorption feature is probably formed from the absorption of both water
splitting intermediates and oxidized states within the depletion region.

Figure 4.5 shows the transient absorption spectra at select delay times, globally �tted
four exponential decay component spectra, and transient absorption decays at select
wavelengths. The spectra, �ts, and decays in Figures 4.5a, 4.5b, and 4.5c, respectively,
have been corrected for chirp. The sum of the four decay component spectra, denoted
with "at 0 ps" in Figure 4.5b, matches well with the maximum transient absorption
spectrum obtained at a delay of 0.3 ps. The fastest decay component with a lifetime
of 0.79 ps also has the largest amplitude. This means that a majority of the charge
carriers recombine within the �rst picosecond as a result of the localized nature of the
photoexcited charge carriers in hematite. The longest decay component in Figure 4.5b
does not have a de�nitive lifetime, since the lifetime for the �t is much longer (> 10 ns)
than the pump-probe system’s maximum allowed delay line length (6.5 ns). The long
component spectrum matches that at the maximum delay time, shown as the transient
absorption spectrum at 5 ns in Figure 4.5a. The transient absorption decays in Figure 4.5c
illustrate the di�erent processes occurring in bulk hematite. The ground state bleach can
be observed clearly in the decay at 435 nm in the whole measurement time scale, however,
a longer lived component of the bleach is visible at also 500 and 535 nm with a lifetime
of 1.8 ns. The decays at 580 nm and 700 nm are composed primarily of recombination,
with a half-life ( � 1=2) of 2 �3 ps. The fast decay of the 580 nm transient absorption band
supports the conclusion that this feature is mainly composed of the absorption of an
excited and localized hole in bulk hematite that recombines rapidly.

The picosecond to nanosecond transient absorption dynamics of hematite do not change
much as a function of applied bias voltage or after changing the dopants coming from
the substrate in high temperature annealing. The transient absorption decays at 580 nm
of a pristine mesoporous hematite layer held under di�erent bias voltages vs. RHE are
shown in Figure 4.6a. The decays are indistinguishable from each other, with half-lives in
the range of � 1=2 = 3 � 5 ps. The half-lives are similar to those observed at 580 nm for a
PECVD grown hematite layer held under a nitrogen atmosphere.

The transient absorption decays at 565 nm of PECVD grown hematite layers on di�erent
substrates at 1.23 V vs. RHE are shown in Figure 4.6b. In this case the modi�cation of
the FTO substrate with a sputtered ITO layer leads to a change in the types of dopants
present in the hematite layer, with the high temperature annealing doping the hematite
layer with indium instead of tin. However, the change in doping does not a�ect the
picosecond to nanosecond charge carrier dynamics, with the recombination occurring with
a half-life of � 1=2 = 2 :2 � 2:5 ps.

Incorporation of a PECVD grown TiO 2 overlayer accelerates the picosecond timescale
recombination of a PECVD hematite layer selectively excited with 475 nm light through
the TiO 2 layer, shown in Figure 4.6c. The increased recombination is due to the valence
band of TiO 2 being at a lower energy than the valence band of hematite (see Figure 2.3),
blocking hole transfer into the TiO 2 layer. On the other hand, intercalating a PECVD
grown few-layer graphene layer between the two metal oxide layers reduces the ultrafast
recombination in the hematite layer due to hole transfer into the graphene layer, reducing
interfacial recombination. The graphene layer is also proposed to enable more e�cient
electron transfer from TiO2 to hematite due to reduced interfacial recombination.
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Figure 4.5: Pump-probe (a) transient absorption spectra, (b) decay component spectra, and
(c) transient absorption decays of a PECVD grown hematite layer with 500 � J/cm 2 excitation
density at 365 nm under nitrogen �ow. The time scale is linear until 2 ps and logarithmic at
longer delays in (c).

Ultrafast bulk recombination in hematite is one of the main reasons for the low photoelec-
trochemical performance shown in Figure 4.2. Since a majority of bulk charge carriers
recombine within a few picoseconds, there is no way for them to take part in the water
oxidation or reduction reactions. Retarding ultrafast recombination should be taken into
account in photoanode design.

Passivation of interfacial states has been shown to retard recombination, for example with
an interfacial graphene layer as shown in Figure 4.6c. Passivation reduces the amount of
interfacial states that can act as e�cient recombination centers. Another way to passivate
hematite is by utilizing ultrathin metal oxide under- or overlayers, such as ALD grown
interfacial TiO 2, Al 2O3, or Ga2O3 layers.40,41,43 Passivation of surface recombination
states increases the onset potential of hematite photoanodes, whereas doping induced from
underlayers can increase the photocurrent. Overlayers may also a�ect the water oxidation
dynamics, discussed more in depth in Chapter 4.3. Passivation withTiO 2 overlayers
was employed inPaper II , where both 30 nm and 85 nm thick ALD TiO 2 layers were
observed to retard recombination in the tens of picoseconds timescale. Doping induced
e�ects were studied in Paper IV , however the doping did not have an appreciable e�ect
on the sub-picosecond to nanosecond decay dynamics, as shown in Figure 4.6b. TheTiO 2
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(a) 580 nm decay of mesoporous hematite bi-
ased vs. RHE with 120 � J/cm 2 excitation den-
sity at 355 nm from Paper I .
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(c) 650 nm decay of PECVD grown hematite
and TiO 2 with intercalated few-layer graphene
at 1.23 V vs. RHE with 400 � J/cm 2 excitation
density at 475 nm from Paper III .

Figure 4.6: Normalized pump-probe transient absorption decays.

overlayers employed inPaper III were thicker than typical passivation layers, since they
were designed to form heterojunctions with photoelectrochemical performance from both
metal oxide layers. Passivation of interstitial recombination sites and improved charge
transfer dynamics were achieved with the intercalated few-layer graphene layer.

Increasing charge carrier separation will also a�ect the photoelectrochemical performance.
One way to optimize charge carrier separation is by nanostructuring of the material. In
optimized nanostructures the distance that photogenerated holes need to di�use from
where they are generated to the semiconductor-electrolyte interface is minimized. Utilizing
nanoscale structures at the interface typically leads to a depletion of charge carriers in the
surface layer, meaning that the holes need to speci�cally di�use to reach the SEI. Since
the electron di�usion length is larger than the hole di�usion length in hematite, thin
nanorod-like or mesoporous structures will enable electron extraction from the photoanode,
while simultaneously minimizing the hole di�usion length. A mesoporous structure was
employed in Paper I to minimize the distance from the hole generation sites to the SEI.
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4.2 Electron trapping

The picosecond to nanosecond transient absorption dynamics of a mesoporous hematite �
titania photoanode di�er gradually from that of pristine hematite when a bias voltage
is applied. A negative component that is formed instantaneously after excitation and
lasts longer than the measurement range of 6 ns can be seen with increased bias voltages
in the transient absorption decays, as presented in Figure 4.7a. This component turns
into a visible bleach within a few hundred picoseconds that is centered around 580 nm,
seen in the four exponential decay component spectra at 1.60 V vs. RHE, presented in
Figure 4.7b.
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(a) Transient absorption decays biased vs.
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Figure 4.7: Pump-probe (a) transient absorption decays at 580 nm as a function of bias
voltage vs. RHE and (b) the decay component spectra at 1.60 V vs. RHE of a mesoporous
hematite � titania mixture (15 % TiO 2) with 120 � J/cm 2 excitation density at 355 nm from
Paper I .

The formation of this long-lived bleach due to increasing anodic bias is clearly visible when
only the longest lived (� > 10 ns) components are drawn as a function of bias voltage,
presented in Figure 4.8a. The bleach at 580 nm is also associated with an increase in
the absorption in the wavelength ranges 480 �550 nm and 620 �710 nm. The immediate
formation of the bleach is illustrated in Figure 4.8b, where the di�erence immediately after
excitation between the spectra measured without electrical connection to the photoanode
and with a bias of 1.60 V vs. RHE is nearly identical with the � > 10 ns component
spectrum at 1.60 V vs. RHE.

The �ash-photolysis transient absorption decay at 575 nm for the same photoelectrode at
1.60 V vs. RHE is shown in Figure 4.9a along with the two exponential global �t with
lifetimes � 1 = 0 :3 ms and � 2 = 360 ms (� 1 �t with a small energy distribution model, see
Ref. [86] for details). The corresponding decay component spectra at 1.60 V vs. RHE
are presented in Figure 4.9b.

The � 1 component spectra as a function of bias voltage are presented in Figure 4.10a. The
bleach component is visible still in the millisecond time scale, and the spectrum obtained
with �ash-photolysis matches the � > 10 ns component from the pump-probe measure-
ments, as shown in Figure 4.10b. This means that the �ash-photolysis measurement only
sees the tail of the bleach component.
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Figure 4.8: (a) Long-lived decay components with � > 10 ns as a function of bias voltage vs.
RHE and (b) the di�erence in spectra immediately after excitation (at 0 ps) without electrical
connection and at 1.60 V vs. RHE of a mesoporous hematite � titania mixture (15 % TiO 2) with
120 � J/cm 2 excitation density at 355 nm from Paper I .
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Figure 4.9: (a) Flash-photolysis transient absorption decay at 580 nm and (b) the decay
component spectra of a mesoporous hematite � titania mixture (15 % TiO 2) biased at 1.60 V vs.
RHE with 400 � J/cm 2 excitation density at 355 nm from Paper I , measured with the mLFP-111
system with 30 �80 averages.

The negative component is suggested to arise due to electron trapping into oxidized
electron states in the space charge region inPaper I . The trapping being observed with
the mixed hematite � titania photoanode, but not with the reference hematite photoanode,
was proposed to be due to reduced recombination due to the formation of a pseudobrookite
(Fe2TiO 5) surface layer that enhances charge separation.87 Similar trapping was also
observed by Pendlebury et al. [79] in Si-doped hematite.

This explanation is compatible with electrons excited within the space charge region
becoming rapidly trapped into vacant surface states, as illustrated in Figure 2.3. The
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(b) � > 10 ns and � = 0 :3 ms decay component
spectra at 1.60 V vs. RHE.

Figure 4.10: (a) Flash-photolysis fast � = 0 :3 ms decay component spectra biased vs. RHE
and (b) longest lived pump-probe ( � > 10 ns, see Figure 4.8a) and fast lived �ash-photolysis
(� = 0 :3 ms) decay component spectra at 1.60 V vs. RHE of a mesoporous hematite � titania
mixture (15 % TiO 2) with 400 � J/cm 2 excitation density at 355 nm from Paper I .

surface states may be water splitting intermediates, speci�cally theFeIV �� O state observed
by Zandi et al. [85]. Since the sample is excited with 355 nm light, it is probable that
an electron is not directly excited into this state. Rather, the electron is excited into
the conduction band, after which it rapidly thermalizes to the conduction band edge
and is trapped by a surface state. Trapping of the electron on the surface explains the
very long lifetime of the bleach component that is observed on timescales spanning 9
orders of magnitude. This interpretation is supported by the observation of a bleaching
of steady state absorbance at 572 nm associated with electrons �lling surface states in
hematite.82 The recovery from the bleach is proposed to be due to a hole transfer from the
valence band into the surface state, reforming theFeIV �� O state. Detrapping by electron
extraction from the surface state into the external circuit is also possible, although this
does not explain the faster decay process observed for holes at 650 nm with the same
lifetime as the detrapping, illustrated later in Figure 4.11.

Electron trapping occurs on a faster time scale than the ultrafast recombination. It can
retard the recombination discussed in Chapter 4.1.2 since it is a competitive pathway for
conduction band electrons. Anodic bias voltage increased the transient absorption of the
long-lived pump-probe component in mesoporous hematite in the whole probe range by
approximately up to 50 % due to the formation of long-lived holes in the space charge
layer, as shown inPaper I . However, the ultrafast electron trapping observed for the
mesoporous hematite � titania photoanode increased absorption in the wavelength ranges
480 �550 nm and 620 �710 nm by more than 100 %, as shown in Figure 4.8a, attributed
to valence band holes surviving from ultrafast recombination as a direct result of electron
trapping. Electron trapping can thus be shown to increase the photoelectrochemical
performance due to improved charge separation. If the electron trapping is mainly
occurring into water splitting intermediates, as discussed earlier, it is probable that
increased electron trapping is indicative of more active surface sites in the photoanode.
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4.3 Water oxidation

Water splitting occurs on the milliseconds to seconds timescale due to slow reaction
dynamics on the hematite surface. The �ash-photolysis transient absorption decays of
O2-plasma treated PECVD grown hematite at 575 nm and 650 nm biased at 1.50 V
vs. RHE are shown in Figure 4.11. The black lines show the global two-exponential �ts
with a fast stretched exponential component of� 1 = 0 :12 ms, with exponential stretching
factor � = 0 :74, and a long-lived exponential component of� 2 = 320 ms. The recovery
of the bleach component observed at 575 nm is due to the recombination or electron
detrapping process discussed earlier. The transient absorption decay component observed
at 650 nm with the same lifetime is due to valence band holes again �lling the surface
state, simultaneously decreasing the positive transient absorption due to photoexcited
holes in the valence band. The long-lived decay with� = 320 ms is visible at both
wavelengths, and is attributed to long-lived valence band holes taking part in the OER.
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Figure 4.11: Flash-photolysis transient absorption decays of O2-plasma treated PECVD grown
hematite at 575 nm and 650 nm biased at 1.50 V vs. RHE with 540 � J/cm 2 excitation density
at 355 nm, measured with the in-lab system with 300 averages. The black lines show the global
two-exponential �ts with � 1 = 0 :12 ms stretched exponential (� = 0 :74) and � 2 = 320 ms.

The amplitude at 50 ms of the long-lived hole absorption at 650 nm correlates with
the photocurrent of a mesoporous hematite � titania mixture (15 % TiO 2), presented in
Figure 4.12. Also in Paper IV a doubling in the amplitude of long-lived holes coincided
with a doubling of photocurrent.

The slow transfer dynamics of the long-lived holes has been described as the rate-limiting
step of the OER.88 Back-electron recombination is a competitive process to the OER at low
bias voltages,89 reducing the long-lived hole lifetime observed with transient absorption
spectroscopy, as shown in Figure 4.13. The amplitude of the long-lived hole absorption
increases with bias voltage due to a widening of the space charge region increasing the
hole collection distance. No long-lived holes are observed with bias voltages below the
photocurrent onset potential of 0.9 V vs. RHE, shown in Figure 4.12. The transient
absorption rate constant of the long-lived hole decay (kta = ( � ta ) � 1) can be correlated
with the OER rate constant ( koer ) and back-electron recombination rate constant (kber )
with

kta = ( � ta ) � 1 = koer + kber : (4.1)
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Figure 4.12: Photocurrent density � voltage curve and �ash-photolysis amplitudes at 50 ms of
the long-lived hole absorption at 650 nm of a mesoporous hematite � titania mixture (15 % TiO 2)
biased vs. RHE with 400 � J/cm 2 excitation density at 355 nm, measured with the mLFP-111
system with 30 �80 averages.
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Figure 4.13: Flash-photolysis long decay component spectra and lifetimes of a mesoporous
hematite � titania mixture (15 % TiO 2) biased vs. RHE with 400 � J/cm 2 excitation density at
355 nm from Paper I , measured with the mLFP-111 system with 30 �80 averages.

However, at applied bias voltages above 1.40 V vs. RHE the back electron recombination
is retarded signi�cantly. This means that the measured transient absorption rate for
the long-lived hole component matches the water oxidation rate. The water oxidation
rates at high applied bias voltage for several di�erent hematite photoanodes are listed in
Table 4.1. The transient absorption spectra were measured only at 1.23 V vs. RHE for
the PECVD hematite samples in Paper IV , so the OER rate constant listed in Table 4.1
is overestimated due to back-electron recombination.

The water oxidation rate is much slower for bare hematite than it is for the samples that
have been modi�ed with TiO 2. The transient absorption rate constants for long-lived
holes in hematite have been between 0.3 �0.7 s� 1 in previous publications,88�90 and the
rate constant of 1.1 s� 1 obtained for PECVD grown hematite in Paper II is similar to
the previously reported values.

The water oxidation rate constant increases noticeably when aTiO 2 overlayer is deposited
on top of the hematite photoanode. This is due to the fact that photogenerated holes in



4.4. Charge carrier lifetimes 37

Table 4.1: Transient absorption amplitudes, lifetimes, and water oxidation rates constants of
hematite samples under 355 nm laser excitation.

Sample Publication Voltage (V vs. RHE) � ta (ms) koer (s� 1 )

� -Fe2O3 with 15 % TiO 2 Paper I 1.60 360 2.78
� -Fe2O3 Paper II 1.60 900 1.11
35 nm TiO 2 on � -Fe2O3 Paper II 1.60 550 1.82
80 nm TiO 2 on � -Fe2O3 Paper II 1.60 330 3.0
� -Fe2O3 on FTO Paper IV 1.23 310 3.22
� -Fe2O3 on ITO/FTO Paper IV 1.23 360 2.78

TiO 2 exhibit faster reaction dynamics than in hematite.88 This is seen with the increasing
rate constant from 1.82 s� 1 with 35 nm thick overlayers to 3.0 s� 1 with 80 nm thick
overlayers.

The water oxidation rate constant for a mesoporous hematite photoanode mixed with 15 %
TiO 2 is 2.78 s� 1, almost the same as for the photoanode with a thickTiO 2 overlayer. This
also matches the previously published methanol oxidation rate constant with hematite
photoanodes.88 The fast reaction dynamics with this photoanode is assigned to faster
hole transfer from hematite due to the formation of a pseudobrookite (Fe2TiO 5) mixed
metal oxide surface layer. The incorporation of titanium in the pseudobrookite layer leads
to similar reaction dynamics as those observed for bare and overlayer TiO2.88

4.4 Charge carrier lifetimes

The charge transfer processes observed in the transient absorption measurements in this
Thesis are illustrated in Figure 4.14, whereas the lifetimes of the processes are given in
Table 4.2.

�

�

�
�

�

�

� dt

� t
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� oer� ber

H2O

O2

Figure 4.14: Charge carrier transfer and reaction rates in s� 1 that were observed with transient
absorption spectroscopy.

Electron trapping ( � t ) was observed instantaneously in the pump-probe measurements,
indicating that it is due to either direct excitation from the valence band into the trap
state or, more probably, rapid trapping of a thermalized electron in the conduction band.
Bulk recombination ( � rec ) mostly occurred within one picosecond, although recombination
continued into longer delay times. Even though electron detrapping (� dt ) probably
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Table 4.2: Rates constants for di�erent processes in hematite photoanodes detected with
transient absorption spectroscopy. Back-electron recombination lifetimes and rates approximated
from Paper I .

Process Symbol Lifetime (s)

Electron trapping � t < 10� 13

Bulk recombination � rec 0:78 � 10� 12

Electron detrapping � dt � 0:12 � 10� 3

Back-electron recombination � ber 0.01 � 10
Water oxidation � oer 0.33 � 0.90

occurred already in the nanosecond to microsecond time scales due to heterogeneity of the
surface traps, the �ash photolysis system could still see the tail of the detrapping process.
The lifetime obtained for the tail of detrapping gives an upper limit to the lifetime of the
detrapping process. The detrapping was proposed to be due to hole recombination from the
valence band into the surface trap state or water splitting intermediate, although electron
detrapping by extraction into the external circuit is a possible alternative detrapping
route especially at high bias voltages. Back-electron recombination (� ber ) of conduction
band electrons with long-lived valence band holes within the space charge region was
also observed inPaper I , from which the lifetimes are taken from. The BER lifetime
is dependent on the amount of bias voltage applied to the working electrode, with the
lifetime assumed to be zero at 1.60 V vs. RHE bias. Finally, the long-lived hole lifetimes
of hematite photoanodes at high applied bias voltages are given as the lifetime of the
OER ( � oer ). It is impossible to accurately determine if the OER pathway for long-lived
valence band holes occurs by direct transfer from the valence band or via water splitting
intermediate surface states in the hematite.



5 Conclusions

In this Thesis transient absorption spectroscopy was used to study the charge carrier
behavior in hematite photoanodes in the subpicosecond to seconds time scales. Transient
absorption measurements under operating conditions revealed electron trapping into
surface states instantaneously after excitation, ultrafast recombination with a lifetime
under one picosecond, hole transfer to surface states in a timescale between nanoseconds
and milliseconds, and water oxidation with long-lived surface holes in the hundreds of
milliseconds timescale. The water oxidation reaction in hematite may advance through
the oxidation of surface adsorbed hydroxyl species via trap states or through direct hole
transfer from the valence band. Whichever route the OER advances through, the probing
of long-lived holes in hematite o�ered direct monitoring of the water oxidation reaction
rates.

Electron trapping was observed inPaper I to be a competitive pathway for excited
conduction band electrons, reducing the amount of ultrafast charge carrier recombination.
Since ultrafast recombination is deleterious with regard to water splitting performance,
the electron trapping aided in the charge carrier separation and lead to greatly increased
photocurrent values due to an increased amount of long-lived holes and improved oxygen
evolution reaction dynamics.

The formation of heterojunctions with passivating ALD grown TiO 2 overlayers inPaper II
was observed to increase charge carrier separation and retard fast recombination. Faster
water oxidation dynamics were also observed for the passivated photoanodes since hole
transfer to water splitting intermediates from TiO 2 occurs more rapidly than from hematite.
On the other hand, growing thicker PECVD grown TiO 2 overlayers inPaper III resulted
in increased recombination due to the formation of interfacial recombination sites. These
recombination sites were passivated with an intercalated graphene layer that also increased
electron transfer between the two metal oxide layers.

The amount of long-lived holes grew two-fold when the hematite layer was grown on ITO
covered FTO substrates inPaper IV , coinciding with a doubling of the photocurrent.
The dynamics of both ultrafast recombination and water oxidation reaction remained
the same on both substrates. The improved hole collection and photoelectrochemical
performance were thus assigned to improved conductivity in the In and Sn codoped
hematite layer. The higher conductivity lead to more e�cient charge carrier separation,
possibly simultaneously retarding back-electron recombination due to the improved
electron extraction from the photoanode.

The results of this Thesis indicate that the modi�cation of hematite has a profound
e�ect on the charge carrier behaviour. However, transient absorption spectroscopy can-
not directly distinguish the water splitting intermediates on the hematite surface. The
intermediates could possibly be identi�ed by combining transient absorption spectroscopy

39
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with time-resolved infrared spectroscopy. Future breakthroughs in advancing the photo-
electrochemical performance of hematite can be expected after the rate limiting steps in
water oxidation on hematite surfaces are identi�ed. By optimizing the reactivity of these
rate limiting steps, water splitting with hematite photoanodes can possibly overcome the
currently limited e�ciency.
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